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Figure 38 shows the simulated conditions in 2030, 20 years into production of the existing wells,
15 years into production of the one-half-mile wells, 10 years into production of the N/S wells,
and 5 years into production of the adjacent wells. Two slices are shown (y38 and y69) to see the
effects of multiple wells on the pressure distribution (the one-half-mile wells are out of the
plane). The concentration distribution is little changed since 2025 and is not being affected by
the nearby well production. However, an obvious connection exists between the pressure
drawdown at the well immediately west of the site and the remnant lower pressure region of the
detonation zone (Figure 38P). Two additional contours (2,850 and 2,875 psi) were added to these
and subsequent plots to highlight this effect. The additional contours cause the green colors to be
much expanded from previous plots (a visual effect only). The green now represents about

2,800 psi (2,500 psi previously), which is not much different from the unaffected formation
pressures of 2,900-3,000 psi. These small differences are well within the natural range of
pressures seen among the different sandstone reservoirs of the formation and would likely not be
detectable. The small pressure gradient is not sufficient to affect transport in the simulation given
the retarding effects of the partitioning of tritiated water from the gas phase to the aqueous phase.
However, if the local equilibrium assumption is violated in the unlikely event that gas were to
migrate through a preferential pathway where a significant portion of the gas does not come into
contact with water, the pressure connection between a producing well and the detonation zone
could potentially allow transport of a small amount of tritiated water vapor to this well.

Figure 39 shows the simulated conditions in 2035, 25 years into production of the existing wells
(production ends at this time), 20 years into production of the one-half-mile wells (out of the
plane), 15 years into production of the N/S wells, and 10 years into production of the adjacent
wells. The concentration distribution is little changed since 2030 and is not being affected by the
nearby well production. The connection between the pressure drawdown at the well immediately
west of the site and the remnant lower pressure region of the detonation zone (Figure 39P)
persists, though pressures in the lower part of the detonation zone continue to recover.

Figure 40 shows the simulated conditions in 2045 (end of the simulation), 10 years after
production from the existing wells ended, 30 years into production of the one-half-mile wells,
25 years into production of the N/S wells, and 20 years into production of the adjacent wells. The
concentration distribution is little changed since 2035, though the highest concentration color
contour has decreased an order of magnitude since the beginning of the simulation. The
concentration distribution still is not affected by the nearby well production. The connection
between the pressure drawdown at the well immediately west of the site and the remnant lower
pressure region of the detonation zone (Figure 39P) has increased, though pressures in the lower
part of the detonation zone continued to recover. The recovery of pressures at the existing wells,
off production for 10 years in the simulation, can be seen by comparing Figure 40P with

Figure 39P. The one-half-mile wells (producing for 30 years at this time) show lower pressures
than the existing wells that have been off production for 10 years because they are out of the
plane, and there is limited north-south communication between the wells.

Figure 41 shows the simulated conditions in 2045 with pressures below 2,250 psi blanked.
Pressures above 2,250 psi are greater than the lowest pressure measured by drill stem testing of
the productive interval in the exploratory well prior to the detonation. This shows limited
communication between the one-half-mile wells (the section cuts between wells) and limited
communication between perforated intervals in the adjacent wells. The vertical communication
between the upper perforation interval of existing well 26-33B (at the top of the lower two-thirds
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of the Williams Fork Formation immediately below the upper one-third of the Williams Fork)
suggests the model properties of the upper one-third of the Williams Fork could be adjusted.
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A plot of the temperature distribution (Figure 42) at the end of the simulation (2045) shows that
the temperature within the detonation zone did not materially change during the gas well
simulation. This was caused by the constant temperature source of the melt glass. The plot also
shows the decrease in temperature at production wells in response to the lower pressures during

production.
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6.0 Summary and Conclusions

The primary objective of this study was to enlarge the model domain so that drilling activity,
both present and future (Rulison Path Forward), could be simulated and the potential effects on
the Rulison site could be evaluated. The model simulated the production from existing wells
(installed in 2010) and theoretical future wells installed in a staged approach. The model was
calibrated to both the historical production and pressure data from the reentry well and to the
production data from the recently installed gas wells. Attempts were made to be more
conservative than previous models by elongating the detonation zone (both the chimney and
surrounding nuclear fractured region) in the direction of the natural fracture trend in the area.

This study confirmed the results of the previous Rulison modeling in that it predicts that
contamination, in the form of tritiated water, is contained within the institutional control
boundary of Lot 11. This is based on a conceptual model that assumes the fractured formation
can be simulated using an equivalent porous media approach. The frequency, connectivity, and
limited permeability extent of individual fractures perform as a pore matrix within a
representative elementary volume the size of the individual model elements.

The finding that THO did not migrate from the detonation zone was fully expected considering
the retarding effects of THO vapor coming into contact with liquid water. However, the
possibility that production from nearby gas wells will reduce pressure in the formation enough to
make a connection with the detonation zone was confirmed, at least for a few perforated intervals
in a simulated well in the most vulnerable location adjacent to the detonation zone. The induced
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pressure gradient was less than observed natural pressure variations in different sandstones in the
same well and was not sufficient to induce contaminant migration or alter the shape of the
contaminant distribution within the detonation zone. However, the pressure connection between
a simulated gas production and the detonation zone should not be completely discounted.

The figures in this text and animations on the accompanying DVD provide simulation results that
simplify the concept of the Rulison Path Forward and gas production in the Piceance Basin
in general.
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Introduction

The U.S. Department of Energy (DOE) and its predecessor agencies conducted a program in the
1960s and 1970s that evaluated technology for the nuclear stimulation of low-permeability
natural gas reservoirs. The objective of the program was to produce natural gas from formations
not conducive to production by conventional means such as hydraulic fracturing. As a result, all
of the tests were conducted in low-permeability formations contained within natural gas
reservoirs. These conditions precluded contact of the test radionuclides with mobile, potable
water, and hence the risk of human exposure was considered very low to non-existent. At the
conclusion of each project, surface facilities were removed, wells were plugged and abandoned,
and drilling restrictions were instituted for the subsurface region immediately around the nuclear
cavities.

In the 1990s, DOE began a thorough environmental restoration program to remediate and close
facilities that supported nuclear testing. The three gas-stimulation test sites (Projects Rio Blanco,
Rulison, and Gasbuggy) are included in the program now under the direction of the Office of
Legacy Management. Although the land surfaces at the sites had previously been cleaned and
closed, additional testing and analysis is being conducted to assure that the closures meet current
environmental standards. Similarly, the disposition of the subsurface regions impacted by the
tests is being re-evaluated. Of particular concern for the subsurface is an assessment of the
drilling intrusion restrictions in place to determine if they are sufficiently protective of human
health and the environment. This concern arises from a lack of documentation on the rationale
used to establish the restricted regions. Standard oil and gas reservoir evaluations are poorly
suited to analyze the problem as they focus on flow of fluids in the subsurface, whereas the
question here is one of transport of radionuclides. Significant advances in understanding
contaminant transport in the subsurface have been made in the decades since the drilling
restrictions were initially established.

Projects Rulison and Rio Blanco are located in west-central Colorado. At Rulison, a 40-kiloton
nuclear device was detonated 2,568 m below the land surface in the Williams Fork Formation on
September 10, 1969. At Rio Blanco, three 33-kiloton nuclear explosives were simultaneously
detonated in a single emplacement well in the Mesaverde Group and Fort Union Formation, at
depths of 1,780, 1,899, and 2,039 m below land surface on May 17, 1973. The objective of these
previous modeling efforts was to estimate lateral distances that tritium released from the
detonations may have traveled in the subsurface and evaluate the possible effect of postulated
natural-gas development on radionuclide migration. Of the radionuclides present in the gas
phase, tritium dominates in terms of quantity of radioactivity in the long term and contribution to
possible whole body exposure. Other radionuclides were considered in the analysis, but the
majority occur in relatively immobile forms (such as nuclear melt glass).

The models only replicated subsurface processes and did not account for additional factors such
as mixing and dilution in a nearby hypothetical gas production well, nor did they account for
exposure scenarios (e.g., transmission and dilution in a pipeline, inhalation routes from gas use)
required to assess either exposure limits or doses.
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2001 Preliminary Report Pertaining to Rio Blanco, DRI Pub. 45186;
also DOE/NV/13609-15

The first report in the series is an outline of an approach toward the development of models for
both the Rio Blanco and Rulison sites, followed by a very preliminary set of simulations of gas,
water, and tritium transport following the three simultaneous 33-kiloton nuclear detonations in
1973 at the Rio Blanco site. A preliminary conceptual flow and transport model was developed
that recognized that the gas ‘reservoir’ is actually in rock of very low matrix permeability and
that the dominant permeable pathway for fluids is through a network of fractures created by
regional tectonism. The gas-in-place is basin-centered, meaning that much of it is located
downdip from water-saturated regions in the formation(s), there are few obvious gas-water
contacts, and there are no obvious trapping mechanisms, as gas is present mostly in lenticular
reservoirs from tens to hundreds of meters in length.

The intrinsic permeability of the formation was estimated prior to the test as being between 8 x
10"® to 107> m?. This is an average value that considers flow through both the sandstone and
shale, and flow through both fractures and matrix (although fractures probably dominated flow).
The degree of heterogeneity was largely unknown, except that the formation contains both sand
and shale lenses (i.e., the actual values of permeability of the individual units was not known).
Post-test drilling indicated that there was no connectivity among the three cavities. The initial
tritium radioactivity release from the three simultaneous detonations was estimated as 3,000 Ci
(curies), with 40 percent of the radioactivity trapped in the melt. Details of the rock matrix and
fractures were largely unknown, and thus ignored in the model, and instead gas and liquid water
were assumed to flow through a fracture network that was modeled as an equivalent

porous medium.

Two-dimensional flow and transport was modeled through a single formation, the Upper
Cretaceous Mesaverde Group, with an intrinsic permeability of 3 x 10"'" m* and a porosity

of 0.105. Although the upper device was detonated in the Ohio Creek Member of the Upper
Cretaceous Fort Union Formation, the member status of the lower two devices was unknown.
Results of the simulations are not discussed here as they were entirely superseded by the results
presented in the 2005 Rio Blanco report.
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2004 Letter Report Documenting Rulison Results

A letter report was prepared in 2004 describing a small study to investigate the gross behavior of
tritium transport away from a chimney created by the Rulison nuclear detonation. This report set
the tone for the 2007 report. A conceptual model was developed, in which the detonation
occurred in the Williams Fork Formation, the chimney was modeled with the same properties as
the nuclear-stimulated fractures (chimney properties were unknown), and a hydraulic fracture
zone was included outward from the production well, which was located 457 m (1,500 ft) from
the emplacement hole. The results showed that for a period of 35 years following the detonation,
molecular diffusion controlled tritium transport (a natural horizontal or vertical gas-phase
gradient, if present, was unknown) traveled about 125 m from the detonation (or working) point,
but never extended beyond the drilling exclusion zone. A period of gas production from the
hypothetical well resulted in minimal tritium migration, which also did not reach the exclusion
boundary. The results are considered obsolete, as the intrinsic permeability of the nuclear-
stimulated zone of fractures (modeled as an equivalent porous medium) was overestimated by
two orders of magnitude and the permeability of the hydraulic (production) fractures was
overestimated by a factor of two (as compared with the 2007 report). Most importantly, the
2007 report presented the results of Monte Carlo simulations through 500 separate random
permeability and porosity fields.

2005 Report on Rio Blanco, DRI Pub. No. 45215; also DOE/NV/13609-45

The geologic model was improved over the 2001 letter report such that it included the
Mesaverde Group and overlying Fort Union Formation. The upper device was detonated in the
lower part of the Fort Union Formation, while the middle and lower devices were detonated in
the Mesaverde Group (now Formation). Both formations are low-permeability shale
(permeability ~10""" m?), with lenses of slightly higher permeability sandstone spread
throughout. The length of some of these lenses is as great as 1,000 m. The formations are
hydrostatically pressured; horizontally, the pressure gradient(s) were not well known, as
production tests were not run to completion due to the length of time required to reach quasi-
steady state.

The geologic model was incorporated into a conceptual flow and transport model that included
transport of radionuclides (tritiated water and krypton gas) in a two-phase (gas and liquid)
system. The conceptual flow and transport model was developed into a numerical model.
Radionuclides released from the cavity were transported in both liquid and gas phases, and were
allowed to partition between phases in accordance with Henry’s law. Two types of simulations
were conducted: one that investigated flow away from the three nuclear cavities in a regional
pressure field, and the other that investigated flow from only the middle cavity/chimney toward a
producing gas well. The permeability and porosity, however, were that of the Fort Union
Formation (the formation in which the upper detonation occurred) as its permeability is higher,
and this would be a more ‘conservative’ simulation (i.e., transport would be exaggerated). The
reason that flow was only investigated from the middle chimney is that symmetry could be
assumed in the model as fluid flow and tritium transport would be identical in the other two
chimneys, which allowed the upper and lower horizontal boundaries between the detonations to
be streamlines dividing flow between the upper and middle detonations, and middle and lower
detonations, respectively. In addition, a few simulations were conducted that included discrete
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fractures in the vicinity of the cavities. Results showed fractures to be important when flow-
controlling fractures were spaced greater than 20 m apart. For a greater fracture density, flow
through fractures and flow through matrix gas resulted in nearly identical concentrations,
indicating that inclusion of discrete fractures in this model may be unnecessary. The reason is
that matrix diffusion of tritium in the gas phase acts to make the concentration field more
uniform between fractures and matrix. There is an extensive discussion of these simulations in
the report.

Two types of models were developed: Type 1, in which methane gas and liquid water with a
single radionuclide mixed in both phases migrated within the natural gas reservoir in response to
chemical gradients (i.e., liquid and gas diffusion), slight regional pressure gradients, and
radionuclide decay. In these simulations, transport was modeled away from all three
cavity/chimneys. A second type of model was run (Type 2) in which flow and transport was
through a narrow interval, 120 m high (discussed in previous paragraph), away from a single
cavity/chimney toward a producing gas well located outside the current drilling exclusion
boundary. Drilling is currently prohibited within 183 m (600 ft) of the emplacement well. The
well was located 291 m away from the center of the cavity/chimney, such that hydraulic fractures
from the production well were assumed to reach the exclusion boundary. The Type 2 simulations
were also used to conduct uncertainty analysis using the Monte Carlo method to address
parametric uncertainty of porosity and intrinsic permeability.

The Type 1 simulations show that for various combinations of intrinsic permeability and slight
regional pressure gradient, the leading edge of the tritium mass fraction (i.e., concentration) field
never extends beyond 100 m from the center of the three cavity/chimneys (Figure 1). These
results, however, did not address the impact of a hypothetical nearby gas-producing well. To
address this scenario, three-dimensional Type 2 simulations were required.
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Figure 1. Results of a two-dimensional simulation showing mass fraction of tritiated water vapor, XgTHo

from the three detonations. The times are (a) 1 month, (b) 20 yr, (c) 100 yr, and (d) 250 yr. The vertical
line located at x = 404 m shows the location of the drilling exclusion boundary with respect to the location
of the detonations.

The three-dimensional Type 2 simulations modeled flow and transport away from a single
cavity/chimney toward a production well (Figure 2). The reservoir properties were those of the
Fort Union Formation, as intrinsic permeability is about an order of magnitude greater than for
the Mesaverde Group. Several simulations were conducted that investigated sensitivity of
permeability, production rate, initial and residual liquid saturation, and tortuosity. For example, a
one order-of-magnitude increase in intrinsic permeability had little effect on the transport of
tritium, as the Péclet number for gas transport (a ratio between diffusive and advective flow) was
much less than one (the highest gas velocities were never greater than 10 m s™). The value of
initial and residual liquid (and hence gas) saturation had an effect of diffusing tritium in the gas
phase, but the distances varied only by several tens of meters or so. High gas saturation resulted
in more spreading and mixing of tritium in the gas phase, and it allowed the center of the tritium
‘plume’ to diffuse more rapidly than for cases where initial gas saturation was low. The choice of
tortuosity model had the greatest effect on transport; a relative permeability based model resulted
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in radionuclide transport distances approximately 100 m greater than for a saturation-dependent
(Millington-Quirk) model. As little research has been conducted on tortuosity in two-phase
systems in the past 45 years, a lack of understanding of tortuosity may be the greatest limitation
in the models.
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Figure 2. Model formulation for gas flow and tritium transport to a production well

Based on the Type 2 simulations with gas production, uncertainty of tritium transport in the gas
reservoir was assessed using the Monte Carlo method. Permeability and porosity of the Fort
Union Formation were considered as random parameters due to their heterogeneity in the site.
Distributions of and the correlation between the two variables were identified based on their
onsite core measurements from two boreholes, assuming that the measurements were
representative. Five hundred realizations of correlated random fields of the two parameters were
generated and used to construct the TOUGH?2 input files. Except for these two random
parameters, other model parameters remained the same as those of the Type 1 simulations with
reference parameters. The stabilization of the statistics of quantities of interest obtained from the
500 realizations was examined empirically and the results suggested that 500 realizations were
sufficient to yield meaningful statistics used to quantify tritium transport uncertainty. The 50th
percentile represented the prediction of tritium transport in an average sense, while the Sth and
95th percentiles quantify associated predictive uncertainty caused by the uncertain values of
permeability and porosity due to their heterogeneity at the site. The 5th and 95th percentiles were
considered superior to the mean and variance of the mass fractions for uncertainty assessment in
this project, since there is no evidence that the simulated mass fractions followed normal
distributions. Whereas the 50th percentile tritium plume did not approach the production well
during the entire simulation period, the 95th percentile trititum plume approached, but did not
reach, the production well during and after the production period (Figure 3). The breakthrough
curves of the 95th percentile of tritium mass fraction at the production well indicated that the
trittum concentration could be several orders of magnitude higher than the mass fraction of
deterministic Type 2 simulations, suggesting that the uncertainty was not negligible.
Nonetheless, the peak mass fraction at the production well was close to the environmental
background value. Additional uncertainties remain that could not be quantified by the Monte
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Carlo analysis either due to lack of data (e.g., the lateral gradient) or because they are a

conceptual component (e.g., location of production well, presence of multiple wells).
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Figure 3. (a) Mean (u), (b) upper bound of the 95 percent confidence interval (u+2a), (c) 50th percentile,
(d) 75th percentile, (e) 95th percentile, and (f) 99th percentile of mass fraction of tritium in gas phase at

66 years after the detonation (one year after the end of gas production).
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2007 Report on Rulison, DRI Pub. No. 45224; also DOE/NV/13609-54 and Ye et al., 2009,
Reservoir Evaluation & Engineering, 12(6), pp. 974-984; doi 10.2118/114920-PA.

The objectives of this work were to calculate the nature and extent of tritium contamination in
the subsurface from the Rulison test from the time of the test through the year 2007, and to
evaluate tritium migration under natural-gas production conditions to a hypothetical gas
production well in the most vulnerable location outside the DOE drilling restriction. The natural-
gas production scenario involves a hypothetical production well located 258 m horizontally away
from the detonation point, outside the edge of the current drilling exclusion area. The production
interval in the hypothetical well is at the same elevation as the nuclear chimney created by the
detonation, in order to evaluate the location most vulnerable to tritium migration. The basic idea
is similar to that of the Rio Blanco model, but the manner in which the model was implemented
was more complex than that of the Rio Blanco model. The most important difference is that
permeability and porosity were treated as spatially variable, such that the permeability fields
were completely heterogeneous, in contrast to the Rio Blanco work in which permeability and
porosity were uniform throughout each computer simulation. Other differences between these
simulations and those of the Rio Blanco site are that the range of permeability and porosity was
different, as was the distance from the detonation point to the hypothetical producing natural

gas well.

A three-dimensional geologic model was developed of the local Williams Fork Formation at the
Rulison site that includes a sequence of sandstone and shale lenses conditioned on observations
at two site wells. The dominant flow and transport direction is east-west, in agreement with the
direction of regional fractures in the area. The average sandstone lens length is approximately
161 m and mean thickness is 7.5 m. The sandstone lenses are characterized by very low intrinsic
permeability in core measurements (on the order of 10~'® m?), while reservoir tests indicated
higher permeabilities (up to 10™'® m?) presumably as a result of fractures encountered at the field
scale. Porosity of Williams Fork sandstone units was to be between 0.01 and 0.1. Shale units are

considered barriers to flow, with intrinsic permeability of 102° m”.

A conceptual flow and transport model for the area around the emplacement well was developed
to investigate the rates of tritium transport in the subsurface away from the chimney. As was the
case for Rio Blanco, tritium is transported as the tritiated water molecule *HHO in both the gas
and aqueous phases from the nuclear chimney (located in Lot 11) radially outward under a
chemical concentration gradient for 38 years (the time from the nuclear test until 2007). At this
time the hypothetical gas production well was placed in the model 258 m directly to the west, in
Lot 12, and gas production was simulated for 30 years. During this time, transport was enhanced
by the pressure gradient created by the production well.

The geologic and conceptual models were implemented in the numerical simulator TOUGH2,
and an equivalent porous medium approximation was used to model the fractured environment.
Permeability and porosity distributions were developed based upon a statistical analysis of core
data. Distributions were also developed for fracture permeability and hydraulic fracture
(fractures surrounding the hypothetical gas production well that are induced to enhance flow
around the well bore) length based on a multiple of the core permeability data, and literature
values, respectively. Five hundred realizations were solved in TOUGH2, each representing one
equally likely combination of sandstone-shale geometry and parameter values. Each model
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realization was simulated to determine the most likely length and time scales of tritium transport
away from the chimney.

The simulator allows for partitioning between phases as well as radioactive decay. Results show
that for the first 38 years following detonation of the nuclear device, tritium transport is
controlled by gas diffusion and radioactive decay. The shape of the trititum plume is not
dependent on the permeability field, as diffusion is controlled by tortuosity, which is in turn
controlled by gas saturation and porosity. Based on the 50th percentile of the 500 Monte Carlo
simulations, the maximum travel distance of trititum was approximately 80 m from the nuclear
detonation point during the 38-year period of diffusion. This is essentially the distance fractured
by the nuclear detonation.

Production from the hypothetical gas well begins 38 years after the nuclear detonation (in the
year 2007). Results of the Monte Carlo simulations suggest that tritiated water vapor above
background concentrations will not reach the production well at the 95th percentile (Figure 4).
The peak mass fraction of tritium (mass of tritiated water in the gas phase to mass of the gas
phase per unit volume) in the gas phase at the 95th percentile is 1.01 x 102 g™ gas'l, as
compared to the background mass fraction of trittum prior to nuclear testing, estimated at

10? (mass of tritiated water vapor to mass of gas, estimated from the background atomic ratio of
107" atoms of tritium to atoms of hydrogen). Breakthrough at the production well above
background concentration was observed at the 99th percentile, with a peak mass fraction of
233 x 107" g™o ggas'l, occurring 68 years after the nuclear test. Partitioning of tritium between
the gas and liquid phases resulted in liquid phase mass fractions approximately two times higher
than those in the gas phase.
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Figure 4. Results of Monte Carlo simulations showing the mass fraction of tritiated water vapor at the
50th (left column) and 95th (right column) percentiles for at the start of gas production (38 years after the
nuclear detonation) through the end of gas production (68 years after the detonation). The top of the
simulation is 2,368 m below the land surface.
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2008 Addendum on Rulison

The results of the 2007 report discussed above suggested that there was less than five percent
probability of tritium reaching a hypothetical gas production well located 258 m from the
detonation point. Reviews of the model results indicated concerns with the value of the
partitioning coefficient controlling the distribution of tritiated water between liquid and vapor
phases, the assignment of effective porosity to hydraulically generated fractures surrounding the
hypothetical production well, and the treatment of molecular diffusion in the partially saturated
reservoir. These concerns were addressed in the 2008 addendum through additional computer
simulations that tested the impact of these model features on the degree to which tritium is
transported away from the detonation point.

Independent evaluation of the partitioning coefficient identified that the value used in

Cooper et al. (2007) was inappropriate for the subsurface temperatures present in the gas
reservoir at Rulison. A more correct value leads to no transport of tritium above background to
the production well because tritiated water is strongly favored in the immobile aqueous phase
(Figure 5).
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Figure 5. Results of three simulations in which the inverse Henry’s law constant was changed The three
simulations used realization 10, which represents gas-phase tr/t/um concentration at the 99" percentile in
Cooper et al. (2007). The left-hand column shows the field of X © 38 years after the nuclear detonation
while the right-hand column shows X,""° at 68 years. The first row, (a) and (b), shows the X,"° field for
an inverse Henry’s law constant approprlate for a temperature of 312 °C, while the second row shows the
results for exactly the same simulation but with the inverse Henry’s law constant equivalent to a
temperature of 230 °C. The third row is the same as the first two, but for an inverse Henry’s law constant
appropriate for a reservoir temperature of 101 °C. The yellow vertical line in each figure depicts the
location of the lot 11/12 boundary while the red vertical line shows the location of the gas production well.

Another limitation of the 2007 model was that the hydraulic fractures around the production well
were assumed to have a porosity of 10 percent. This was changed in the 2008 Addendum to
assume that the hydraulic fractures increased intrinsic permeability, but not porosity. This
resulted in porosity values in the hydraulically fractured zone to be the same as the native
formation. Reduction of this porosity to that of the host sandstone increases the velocity of the
gas phase and accompanying tritiated water vapor (Figure 6).
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Figure 6. Results of two simulations that compare the effect of different hydraulic fracture porosity, based
upon realization 10, and using partitioning for 230 °C. The upper row shows gas-phase tritium mass
fraction toward a production well in which the EPM hydraulic fracture porosity is 0.10, while the lower row
shows the same mass fraction field with a hydraulic fracture porosity equivalent to that of the native
sandstone, in this case 0.01275. The yellow vertical line in each figure depicts the location of the lot
11/12 boundary while the red vertical line shows the location of the gas production well.

With respect to tritium diffusion, application of a tortuosity value that was constant and greater
than the Millington-Quirk saturation-dependent model used previously resulted in greater
diffusive spreading of the tritium plume. Both the hydraulic fracture porosity and diffusivity
changes favored enhanced tritium transport away from the nuclear chimney, but their combined
effects were overwhelmed by the effect of the partitioning coefficient, such that the new
simulations predict less tritium transport than presented in Cooper et al. (2007). Only when
partitioning was assumed to occur under the elevated temperature conditions that may be present
in the bottom of the nuclear cavity, was transport observed at concentrations higher than that in
Cooper et al. (2007) Figure 7 and Table 1. These conditions were not representative of the
subsurface in the upper nuclear chimney or the surrounding formation. All of the additional
simulations and sensitivity tests were performed with only the top ten of the 500 equally
probable realizations considered by Cooper et al. (2007). Each of the 500 realizations presents an
equally likely distribution of sandstone and shale; their porosity, permeability, and the length of
the hydraulic fractured zone were selected from ranges possible for the formations. Focusing on
only the ten realizations with the most transport neglected the importance of the sandstone-shale
geometry in limiting transport from the nuclear chimney. Only in those few realizations with
well-connected sandstone between the nuclear chimney and the production well was there any
opportunity for transport. For those low probability cases, the new simulations showed that the
tritiated water partitioning coefficient is the next dominant factor to control transport. Although
low porosity and liquid water contents of the hydraulic fracture zone and small tortuosity values
had the potential to increase tritium transport away from the chimney, they were much less
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important than the configuration of the sandstone-shale geometry and partitioning of tritiated
water between phases.
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Figure 7. Results of two simulations in which the diffusivity model is compared. Realization 10, which was
at the 98" percentile in breakthrough in the 2007 report was used for both simulations. The left-hand
column shows the mass fraction of trltlated water vaporX © 38 years after the nuclear detonation while
the right-hand column shows X,™"° at 68 years. The first row, (a) and (b), shows the X,"° field for a
simulation in which the M//Imgton Quirk tortuosity model was used, while the second row shows the
results for a similar simulation in which the diffusivity was assumed constant. The yellow vertical line in
each figure depicts the location of the lot 11/12 boundary while the red vertical line shows the location of
the gas production well.
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Table 1. Peak tritium mass fraction in the gas phase (X,

THO
)

at the production well location for the ten

Monte Carlo realizations with the most transport. Peak values occur between 48 and 68 years after the
nuclear test. Three model results are shown for each realization: the results from Cooper et al. (2007);
results with H,”" for 101 °C (realistic for most of the chimney except for the lowermost part), lower
hydraulic fracture porosity, and constant diffusivity; and results for H. " for 230 °C (probably only realistic
for the lower part of the chimney where the detonation occurred), lower hydraulic fracture porosity, and

constant diffusivity.

NMC Coo per( ;:Tﬁlo.)(zom)x He l( ;i%% )"C y He :)Z%Eg) °C
10 2.33x107"° ~107% 9.25 x107"7
30 3.38 x107"° ~107% 1.79 x107%°
80 5.48 x107'® ~107% 5.10 x107""
118 6.58 x107%° ~107% 8.58 x107%
143 1.08 x107"° ~107¥ 1.53 x10"
185 2.77 x107"° ~107% 3.95 x10'°
303 5.64 x107%° ~107% 6.83 x10"7
321 2.16 x107'® ~107% 1.07 x10%°
372 1.48 x107"7 ~107% 6.99 x10'®
493 1.09 x107"° ~107% 3.62 x10%°
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2010 Letter Report Update on Rulison

In 2010, a second enhancement (beyond the Addendum, discussed above) was made to the 2007
model. In this case, twelve random permeability/porosity fields were generated based upon
updated statistics of the sandstone percentage (assumed to be 40 percent as opposed to

49 percent in the 2007 Report and 2008 Addendum). The sandstone porosity and permeability
were determined based upon calibration to post-shot production of gas from the chimney. Other
model enhancements included the following:

e  The tortuosity value was changed to a constant value, 0.047 (derived in the addendum),
rather than a parameter that could be as low as 10~ (as was used in the 2007 report)

e  Tritium partitioning between the gas and aqueous phases was completely dependent
upon temperature

e A single value of sandstone permeability and porosity is used, rather than a distribution,
based upon the calibration

e Gas production was simulated using a deliverability approach (production against specified
pressure) rather than prescribed flow

e Nuclear fracture and hydraulic fracture continua were simulated as having ellipsoidal shape
in the horizontal plane rather than cylindrical, resulting in longer fracture lengths in the east-
west direction

e The hydraulic fracture continua simulated fracturing of all rock within 100 m and an outer
zone of increased permeability in only sandstone, rather than the single, smaller, increased-
permeability zone in only sandstone simulated in the previous model

e  Separate capillary pressure and relative permeability curves were used for sandstone, shale,
hydraulic fractures, and the nuclear chimney

A plan view of the simulation domain is shown in Figure 8, showing the ‘ellipsoidal’ fracture
fields. The maximum distance of the nuclear-generated (chimney) fractures in the east-west

(i.e., x-) direction was 100 m from the detonation, while the distance in the y-direction was 60 m.
In the original model, nuclear-generated fractures extended 80 m in both the x- and y-directions.
With respect to the hydraulic fractures, two different zones were developed (Figure 8). Within
the inner zone, it was assumed that both the sandstone and shale units would be fractured, while
in the outer zone, it was assumed that the shale would be too plastic to be fractured, such that
only the sandstone would be fractured. The result of this is that the intrinsic permeability of the
fractures zones was changed. The details are presented in Table 1 of the Addendum.
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Figure 8. Plan view of the computational domain with nuclear chimney, chimney fractures, and inner and
outer ellipsoidal fracture continua. Flow was from the nuclear chimney on the right toward the production
well in the center of lot 12.

The model was calibrated against well test conducted subsequent to the nuclear detonation, in
1970 and 1971. The purpose of the calibration was to determine the best fit values for the native
sandstone, the nuclear chimney, and the nuclear-generated (or explosion-related) fractures. The
model was calibrated by prescribing a known flow rate to the re-entry borehole (the ‘well’ that
was tested) and adjusting the permeabilities until the model pressure response matched that of
the measured pressure during the test.

The tritium partitioning coefficient used in the 2007 report was for a temperature higher than that
existing anywhere in the reservoir, and as a result, the simulations overpredicted tritium transport
(i.e., they were overly conservative). This was changed in the Addendum to include a more
realistic value for the reservoir temperature, realizing that the temperature in the cavity was
much higher, and required a coefficient that would favor additional tritium in the gas phase. In
the 2010 update, the issue was fully resolved by modifying the TOUGH2 program to handle
temperature-dependent partitioning everywhere in the simulation domain. This was an important
improvement over the manner in which partitioning was handled in the previous reports.

The results of the first 41 years of diffusive transport, prior to the implementation of a producing
gas well, are shown in Figure 9. The results show that transport never extends beyond the
boundary between lots 11 and 12. Although the simulation is for one permeability/porosity
realization, the results are nearly identical for all 12 realizations, as diffusive transport is
independent of permeability, and the porosity changes were so small between realizations that
the differences in plume character is not discernible between simulations. The reason that the
plume is now bell-shaped, in comparison to the results of previous simulations, is due to the
higher temperature at the bottom of chimney, where the nuclear device was located, and the
temperature is much hotter, favoring tritium partitioning into the gas phase.

U.S. Department of Energy Modeling of Flow & Transport Induced by Gas Production Wells in the Vicinity of the Project Rulison Site
June 2013 Doc. No. S08716
Page A-17



5 yr after detonation 10 yr after detonation 15 yr after detonation

THO THO xHo
X, Xy l

1E-20 1E-19 1E-18 1E-7 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11 1E-20 1E-19 1E-18 1E-17 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11 1E-20 1E-19 1E-18 1E-17 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11

-2400

©-2500 3
2
£-2600

N
2700

600 400 1000 800 600 400 200 0 1000 800 600 400 200
X, meters X, meters X, meters

20 yr after detonation 25 yr after detonation 30 yr after detonation

THO THO THO
XQ XQ xg

1E-20 1E-19 1E-18 1E-17 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11 1E-20 1E-19 1E-18 1E-17 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11 1E-20 1E-19 1E-18 1E-17 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11
-2400

©-2500

s i
]

2-2600

N
-2700

1000 800 600 400 200 0 1000 800 600 400 200 0 1000 800 600 400 200 0
X, meters X, meters x, meters

35 yr after detonation 40 yr after detonation 41 yr after detonation
XTHO XTHO XTHO
9 g 9

1E-20 1E-19 1E-18 1EA7 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11 1E-20 1E-19 1E-18 1E-17 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11 1E-20 1E-19 1E-18 1E-17 1E-16 1E-15 1E-14 1E-13 1E-12 1E-11

-2400 2400

-2500 ©-2500
2
£-2600 £-2600

N N
2700 2700

1000 800 600 400 200 0 1000 800 600 400 200 0 1000 800 600 400 200 0
X, meters X, meters X, meters

Figure 9. Mass fraction of tritiated water vapor in five-year increments for 41 years following the nuclear
detonation for realization 1. Each pane shows a two-dimensional vertical east-west slice that cuts through
the detonation point. Corresponding values in picocuries are 4 x 10" picoCuries per liter 7(liguid water
equivalent of condensed vapor) for X, =107 (the red end of the scale) to 4 pCi I for X,'"° =107 (the
blue end of the scale). The vertical axis is depth below land surface, and the vertical yellow line depicts
the boundary between lot 11 (to the right of the line) and lot 12.

Simulation results for all 12 permeability/porosity realizations are shown in Figure 10. Each
panel in the figure is for the same time, 30 years after the start of gas production from the
hypothetical gas well, which is the time of maximum transport. After 30 years, production was
assumed to stop which would lead to a relaxation of the drainage gradient toward the well during
production. In all twelve simulations, tritium did not extend beyond the boundary between

lots 11 and 12, and therefore remained more than 200 m from the production well throughout the
simulation. This is consistent with the results of the 2007 report, which showed that trititum
would not reach the well in over 95 percent of the simulations.
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Figure 10. Mass fraction of tritiated water vapor after 30 years of gas production from the well, for all
12 realizations. The vertical axis is depth below land surface. The vertical yellow line is the boundary
between lot 11 (to the right of the line) and 12, while the vertical red line shows the location of the

hypothetical production well.
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TOUGH2 Computer Program

The conceptual model includes flow and transport as coupled processes that must be solved
simultaneously to get a realistic understanding of the radionuclide distribution. The TOUGH2
(Transport of Unsaturated Groundwater and Heat) integral finite difference simulator was used
to implement the model as it handles three-dimensional, multiphase, multicomponent heat and
mass transport through porous media in a fully coupled manner (Pruess et al. 1999). The code
fully accounts for the movement of gaseous and liquid phases, their transport of latent and
sensible heat, and phase transitions between liquid and vapor occurring under pressure, viscous,
capillary, and gravity forces according to Darcy’s law. The program provides options for
specifying injection or withdrawal of energy (heat) and fluids. The equation of state module that
was implemented (EOS7R) is capable of handling four components: water, air, solute and heat.
TOUGH2 is a DOE-sponsored code that has been used extensively to study heat and mass flow
in geothermal reservoirs, saturated/unsaturated zones, and oil and gas reservoirs. Several changes
were made to the TOUGH2 program in order for it to correctly simulate the important processes.
The EOS7R module assumes the gas phase to be air and air/water mixtures. This was easily
changed to replace air properties with those of methane, which are important in the density and
viscosity correlations.
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Appendix B

Method Used to Create Sandstone - Shale Realizations



This page intentionally left blank



Transition-probability based geostatistical model for the Rulison and Rio
Blanco Sites

Yong Zhang and David Gillespie
Desert Research Institute
April 8, 2011

In this study, logs from the Rulison emplacement well (R-E), the Rulison exploratory well
(R-EX), and six recently drilled Noble Energy gas production wells (BM 26-33b, 26-33c, 26-
33d, 26-34a, 26-34b, and 26-34c) are incorporated into TPROGS [Carle et al., 1998] to simulate
the distribution of sandstone and shale facies. In comparison to traditional variogram-based
geostatistical methods, the transition probability/Markov approach in TPROGS improves
consideration of spatial cross-correlations and facilitates the integration of geologic interpretation
of facies architecture into the model development process.

The results were used to generate several equally probable facies distribution realizations of the
Rulison subsurface (upper and lower Williams Fork Formation) that were used to populate the
model mesh. The wells within the Rio Blanco model domain do not reach the lower Williams
Fork Formation. The statistics from the well data at Rulison were used with the well data at Rio
Blanco to generate several equally probable facies distribution realizations of the Rio Blanco
subsurface (Ft Union Formation, and the upper and lower Williams Fork Formation).

1. Upper Williams Fork Formation (UWF)

The average thickness for sandstone, 13.0 ft, is fitted by the measured transition probabilities
along the vertical direction (Figure 1). Here the transition probability is defined by the following
conditional probability

t;(h) =Pr{j occurs at x+ & | i occurs at x} ,

where x is a spatial location, /4 is the lag (separation vector), and i, j denote facies.

In Figure 1, the intersection of the grey line (tangent of transition probability) with lag axes
indicates the average thickness of each facies. The shale facies is treated as the background
category in TPROGS, since it has a higher proportion than sandstone. The measured average
thickness for shale is 16.46 ft.

The volumetric proportion of sandstone and shale is 44.4% and 55.6%, respectively. This is
similar to the proportion observed in the UWF at Rio Blanco (which is 43.6% and 56.4% for
sandstone and shale, respectively). In Figure 1, the dashed line denotes the proportion of each
facies.

Figure 1 also shows that the Markov chain model fits the measured transition probabilities. The
good agreement is due to the relatively abundant data along the vertical direction.



For the horizontal direction (Figure 2), the calculation of mean length for each facies contains
intrinsic uncertainty, due to the sparse data along this direction (similar to many other sites).
The facies distribution along the horizontal direction is assumed to be isotropic, since no data at
present shows clearly the anisotropic pattern. The mean length along the horizontal direction is
650 and 823 ft for sandstone and shale, respectively. The 650-ft mean length for sandstone is
estimated by the measured transition probabilities along the horizontal direction (Figure 2). It is
also on the same order as the one (528-ft) used by Cooper et al. [2007] for the Rulison site. The
823-ft mean length for sandstone is the best-fit result of TPROGS, based on the measured
transition probabilities (note that in the horizontal direction, shale can also be treated as the
background category).

2. Lower Williams Fork Formation (LWF)

The average thickness for sandstone, 12.4 ft (see Figure 5), is smaller than that in the UWF unit.
Similarly, the proportion of sandstone (42.5%, calculated by driller’s logs), is relatively smaller
than that in UWF. The calculated average thickness for shale is 16.7 ft.

Sandstone is less continuous in the LWF than the sandstone in the UWF. The mean length
(along the horizontal direction) for LWF sandstone is 450 ft, which is 70% of the mean length in
UWEF. A shorter mean length in LWF than UWF is expected, since the LWF was deposited
primarily in an alluvial system and the UWF in primarily a marine depositional system. Note
again that the 450-ft mean length for sandstone is estimated by the measured transition
probabilities (Figure 6), which contain high uncertainty and apparent noise due to the sparse data
on the horizontal direction.

The volumetric proportion of sandstone and shale is 42.5% and 57.5%, respectively. Hence the
LWEF has less sandstone than the UWF.
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Figure 1. UWF-Vertical: The Markov Chain/Transition probability model along the vertical

direction built for UWF, using 6 wells.
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Figure 2. UWF-horizontal: The Markov Chain/Transition probability model along the horizontal
direction built for UWF, using 6 wells.
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Figure 3. Elevation (feet) of the interface between the UWF and LWF. The contour was
generated by interpolating the interface at the 8 wells, using Kriging method. The blue font on
the right side of each well denotes the elevation of the interface. Note that the interface for well
26-33 and 26-34 was interpreted by: “The topmost continuous sandstone unit was picked as the
top of the WF. Around 1200 feet there is a silty zone that seem to separate the thicker more
continuous units and thinner units below. The top of Gas was picked at the first continuous
sandstone unit below the silty zone. The top of the Cameo was selected based on the bottom of
the somewhat continuous sandstone units and the top of the discontinuous units below”. The
interface for R-E and R-EX was picked as the first continuous sandstone unit below the silty

zone.
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Figure 4. Rulison-UWF facies model (3-d view and an exploded view) built by TPROGS (using
the model shown in Figure a 1 and Figure 2).
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