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EXECUTIVE SUMMARY 

The disposal site for polychlcrinated biphenyl (PCB) contaminated waste at Los Alamos 
National Laboratory (LANL) is located at Arr,a G in Technical Area (T A) 54 on Mesita del 
Buey. The Environmental 'Protection Agency (EPA) has expressed concern about the potential 
for continual incident precipitation to transport PCBs from the PCB landfill at Area G through 
fractures in the underlying volcanic ~ff [memo from W. Honker, EPA Region 5 to J. Bellows, 
DOE-LAAO, July 1992]. EPA's concern stems from the fact that the landfill is currently 
exempted from liner and leachate collection system requirements. The Environmental 
Management Divi.~ion at LANL bas asked us to respond to the EPA's concerns. 

The waste at Area G is buried in shafts and pits excavated in Bandelier Tuff. Bandeher Tuff is 
the fractured volcanic rock that caps the site. Current pi'3Ctice is that equipment containing fluid 
is drained and flushed prior to disposal at Area G. Area G does not accept free liquid PCBs, 
however, liquid PCBs have been disposed of at Area Gin the pasL According to the waste 
management group at LANL, the liquid PCB waste was stabilized (containerized) by placing 
the PCB object in a secondary container which was then filled with an absorbent substance 
(i.e., vermiculite) or the PCB material was absorbed in .dtu in the primary container 
(transformer housing). In this report. we make the assumption that no free liguid fCBs exist 
at the site. 

We assume that the major concern is potential contamination of the main aquifer directly 
beneath the site through downward vertical contaminant migration and, in this report, have 
therefore not considered other potential transport pathways, such as lateral movement of PCBs 
from the waste site to the walls of the adjacent canyons. We are aware, however, that these 
other possible transport pathways exisl 

To address EPA's concerns, we did the following: 

• We reviewed internal LANL reports and other documents and spoke with various 
LANL technical staff regarding the hydrogeologic environment at Area G. We paid 
particular attention to what is known about fractures and tlow and transport through 
fractures at the site. ' 

• We reviewed the scientific literature on flow and transport in fractured rock and 
assessed its relevance to the Area G situation. In our literature review, we emphasized 
modeling flow and transport in unsaturated rock in which the rock matrix has 
significant porosity and penneability. 

• We assessed infomiation on PCB chemical properties· relevant to PCB fate and 
transport at Area G •. We also researched case studies of PCB transport via fracture 
flow at other sites. 

• We performed analytic calculations and computer simulations of water tlow through 
fractures in Bandelier Tuff in response to episodic, high-intensity infiltration events. 

The potential ptbway of concern is transport of PCBs dissolved in water. Separate phase 
NAPL (non-aqueous phase liquid) transport of PCBs is highly unlikely given the assumption 
that no free liquid PCBs exist at the site. 

The ayailable eyidence indicates that it is yecy Unlikely that water ttavels from the toP of Mesita 
del Buey to tbe main aguifer yia fractures. The likelihood that PCBs from LANL's PCB 
landfill travel from the top of Mesita <iel Bucy to the main ilQJlifer yia fractyres is even lower. 

The evidence includes the following: 

• The vadose zone beneath Area G is -260m thick. 

• Infiltration is believed to be low. Rainfall is moderate and evapotranspiration is high. 
The maximum daily precipitation for a return period of 100 years (similar in concept to 
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a 100-ye&r flood estimate), is -6 em. Runoff is an easily observable and important 
hydrologic process on the Pajarito Pla~u. 

• Band~lier Tuff has moderate permeability and high porosity and extremely high 
capillary retention. Extremely high capillary retention means that the Tuff acts much 
like a sponge in that it readily imbibes large quantities vf water and water does not drain 
from the rock easily. 

• Fracture.~ are unlikely to be continuous from the top of the mesa to the main aquifer due 
to stratigraphic layering. Since the flow of water along a fracture is replaced by much 
slower matrix flow when the fracture intersects an unfractured porous medium, it is 
unlikely that water infutrating from the mesa surface via fractures would reach the main 
aquifer. Near-vertical fr3Ctures in the Tshirege member of the Bandelier Tuff are 
common. Fractures ue typically ab!Oen~ however, from the Otowi Member of the 
Bandelier Tuff which underlies the Tshirege Member in the subsurface beneath Mesita 
del Buey. Also, within several meters of the land surface at Area G, and beneath any 
disposal pit or shaft, fractures are likely to be filled with clays and other materials. 

• A laboratory experiment concerning flow of water through a sample of Bandelier Tuff 
with an artificial fracture indicated that the fracture was not a preferential flow path. 

• Measured moisture contents in ·Bandelier Tuff are generally very low, about 5-10%. 
There is no evidence from field monitoring after storm events that suggests that water 
infutrates beyond the top few meters. (There are field observations, however, that do 
indicate that at least in the near surface environmen~ fractures are a preferential flow 
pathway and we are unaware of any monitoring efforts focused specifically on 
fractures.) 

• Under partially saturated conditions, an open fracture in volcanic tuff is expected to be a · 
barrier to the flow of water. Water will only enter a fracture if the surrounding matrix 
is nearly saturated or if water is added directly to the fracture. If water does enter the 
fracture, it is rapidly wicked into the matrix due to capillary suction. (It is not clear, 
however, that we unde~d flow and transp<?.rt in this environment well. Flow and 
transport in unsa~ated fractured rock, especially rock with moderate permeability and 
porosity such as volcanic tuff, is an area of active ~h.) 

• Analytic solutions for fracture flow indicate that transient infutration pulses affect only 
the near surface of the mesa. It is possible to compute a fracture penetration distance 
which is equal to or beyond the vadose zone thickness at Area G only if extraordinary 
assumptions are made about what constitutes an extreme infiltration event (e.g., several 
meters of water in the fracture) and continuous wide fractures are presumed to exist 
from the top of the mesa to the water table. 

• Computer simulations based on modeling a fracture as a thin porous layer with sand­
like hydraulic properties in a layered porous medium show that even large infutration 
pulses added to the system are damped very near the surface. (Additional studies are 
needed, however, to verify the ability to model the system at Area G.) 

• The solubility of PCBs is low, varying from several parts per billion to several parts 
per million. 

• Dissolved chemicals are.expected to travel less distance in fractures than the water itself 
due to diffusion into the matrix. An experimental study of saturated water flow and 
contaminant transport in Bandelier Tuff has demonstrated that diffusion of a chemical 
dissolved in water introduced into a fracture from the fracture into the matrix is a 
significant process. 

• PCBs sorb to rock and are therefore retarded relative to groundwater in terms of travel 
times. Uncter equilibrium conditions, the retardation factor for PCBs on Bandelier tuff 
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is approximately 300. This means that if water takes 10 years to travel a certain 
distance through the tuff, PCBs would take 3000 years to travel the same distance. 

We stress. boweyer. tbat current ucderstandine of flow and transport in unsaturated. fractured 
yofcapic tyff. and our ability to mocJel such systems. is yery limited. 
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INTRODUCTION 

The disposal site for polychlorinated biphenyl (PCB) contamjnated waste at Los Alamos 
National Laboratory (LANL) is located at Area Gin Technical Area (TA) 54. The PCB waste 
is buried in unlined shafts and pits excavated in Bandelier Tuff. Bandelier Tuff is the fractured 
volcanic rock that caps the site. Current practice is that equipment containing fluid is drained 
and flushed prior to disposal at Area G [Sandoval et al., 1993]. Area G does not accept free 
liquid PCBs, however, liquid PCBs have been disposed of at Area G in the past [Stanford, 
1993]. According to Stanford [1993]: 

The liquid PCB waste was stabilized (containerized) by placing the PCB object 
in a secondnry container which was then filled with an absorbent substance 
(i.e., vermiculite) or the PCB material was absorbed in situ in the primary 
container (transformer housing). 

In this report. we make the assumption that no free liQ.pid PCBs exist :u the site. 

The Environmental Protection Agency (EPA) has expressed concern about the potential for 
continual incident precipitation to transport PCBs from the PCB landfill at Area G through 
fractures in the underlying volcanic tuff [memo from W. Honker, EPA Region 5 to J. Bellows, 
DOE-LAAO, July 1992]. EPA's concern stems from the fact that the landfill is currently 
exempted from liner and leachate collection system rf'.quirements. The Environmental 
Management Division at LANL has asked us to respond to the EPA's concerns. We assume 
that the major concern is potential contamination of the main aquifer directly beneath the site 
through downward vertical contaminant migration an~ in this report, have therefore not 
considered other potential transport pathways, such as lateral movement of PCBs from the 
waste site to the walls of the adjacent canyons. We are aware, however, that these other 
possible transport pathways exist. 

This report contains the results of our work. First. we summarize relevant information about 
the hydrogeology at Area G, paying particular attention to what is known about fractures and 
flow and transport through frattures at the site. Second, we report on our review of the 
relevant scientific literature on flow and transport in fractured rock. Third, we present 
information on chemical properties of PCB important in governing fate and transport in the 
subsurface, and information about PCB transport via fractures at other sites. Fourth, we 
present the results of simple analytic calculations and computer simulations to assess the flow 
of water through fractured Bandelier Tuff. 
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HYDROGEOl.OGY OF AREA G 

The vadose zone at Area G is - 260 m thick. The top -90 m of the vadose zone at Area G is 
Bandelier Tuff. The uppermost unit is the Tshirege Member ( -45 m thick), which is underlain 
by the Otowi Member (aiso -45 m thi~k). 

The hydrogeological environment of Area G is discussed in detail elsewhere [I.ANL, 1992a,b; 
Rosenberg and Turin, 1993; and references within these documents]. Information regarding 
infiltration, the hydraulic properties of Bandelier Tuff, and fractures in the Bandelier Tuff is 
presented here. 

Infiltration 
Rainfall in this region is moderate ( -40 cm/yr). In general, precipitation is greatest during July 
and August with a little more than one-third of the annual precipitation occuning during these 
months. Most of this rainfall is concentrated in the afternoon and evening hours. Details 
regarding the pattern of precipitation at and near Area G are given in Bowen [1990]. The 
maximum daily precipitation for a return period of 100 years (similar in concept to a !00-year 
flood estimate), 1S 6.4 em according to Bowen [1990]. 

Evapotranspiration is high at Mesita del Buey. The percentage of this Fipitation which 
infiltrates the mesa surface is not known, however, runoff is an easdy observable and 
important hydrologic process on the Pajarito Plateau. We are unaware of any defmitive field 
measurements that quantify natural recharge through local mesa tops. Recharge through sand 
at a semi-arid site in southern New Mexico has been estimated at 5-20% of the total 
precipitation [Stephens and Knowlton, 1986]. 

The Bandelier Tuff is generally dry with moisture content values of less than -5%. This low 
moisture content suggests that recharge from mesa tops through the Bandelier Tuff is low. 
Assuming unit gradient conditiohs (i.e., a steady-state system in which the hydraulic potential 
gradient is from the gravity component alone), the unsaturated hydraulic conductivity is equal 
to the Darcy velocity which is equal to the steady infiltration rate. Recharge must be less than 1 
mm/yr to produce a measured field moisture content of 10% (i.e., if the inflltration were 
greater, the rock would be more saturated). Note that this assumes that the Bandelier Tuff can 
be treated as a uniform porous medium (i.e., no fast paths) and the data given in Loeven and 
Springer [1992], which reports typical laboratory unsaturated permeability values for the 
Bandelier Tuff, are representative. 

Field data suggest that inflltrating water does not effect the subsurface beyond the top few 
meters [Wheeler et al., 1977; Abeele et aL, 1981; LANL, 1992b]. IT Corporation [1987] 
collected moisture data daily after several fall storms in 1986. They concluded that 
precipitation bad no influence on moisture contents below a few meters. We are unaware of 
any monitorina done specifically in fractures. ' 

Hydraulic Pm~s of Bandelier Tuff 

Hydraulic parameters for Bandelier Tuff have been measured by numerous investigators. In 
general, saturated water permeabilities are -o.1-1 darcy, porosities are -SO% and capillary 
retention is very high [Kearl et aL, 1986; Loeven and Springer, 1992; Stoker et aL, 1991; and 
references within these documents]. High capillary retention indicate..; that the Bandelier Tuff 
acts much like a sponge in that it readily imbibes large quantities of water and water does not 
drain from the rock easily. These hydraulic properties indicate that water entering fractures in 
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the Bandelier Tuff is likely to be wicked quickly into the rock matrix and water in the Bandelier 
Tuff is unlikely to flow from the rock matrix into open fractures. 

Fractures in Bandelier Tufl' 

Cbaracterization 

Individual flow units within the Tshirege Member contain vertical cooling joints or fractures 
that may or may not cross flow unit boundaries. In ash-flow tuffs, cooling joint spacing varies 
primarily with thickness of Lite unit, emplacement temperature, substtate temperature, and 
topography. Joint density tends to be greatest in welded tuff and least in nonwelded tuff 
[Crowe et al., 1978]. Several studies discuss the nature of fractures at Area G. Studies by 
Purtymun and Kennedy [1971] and Rogers [1977) report that joint spacing in the pits averages 
-2m. Purtynuua et al. [1978] found that the joint spacing in horizontally-drilled boreholes 
beneath Area G is somewhat less, probably because minor joints, not readily visible in the pits, 
broke open in the cores. Where the Otowi Member crops out, cooling joints are typically 
absent [Baltz et aL 1963]. . 

More recently, LANL geologists have completed a major fracture-mapping project at the newly 
excavated Pit 39, located in the center of Area G. Their report, currently available only in draft 
fonn [written communication from Steve Reneau and Dave Vaniman, 1993], presents both the 
results of their Pit 39 study and a review of previous fracture studies, both at Area G 
[Purtymun and Kennedy, 1971; Rogers, 1977; and Purtynuua et aL, 1978] and elsewhere at 
the Laboratory [written communications from Dave Vaniman and Kenneth Wohletz, 1990-. 
1993]. The recent results from Pit 39 are similar to previous Area G results. Near-vertical· 
fractures through the tuff are ubiquitous. Mean and median fracture spacing are about 1 m and: 
the median aperture ranges from 2 to 4 mm. The maximum fracture aperture observed was 100 · 
mm. Near-surface fractures (within 3m of the land surface) in Pit 39 are often clay-filled, and 
show calcite and opal mineralization. Both mineralization and clay filling decreased with 
depth. In some of the PCB disposal units, the top of fractures is expected to be filled with 
crushed tuff as a result of excav,tion with heavy equipment. 
In conttast to cooling joints, tectonic fractures are more likely to cross flow-unit and lithologic­
unit boundaries, and may provide more continuous and deeper penettating flow paths for 
contaminant ttansport than cooling joints. Adequate subsurface data are not available to 
confidently detennine the presence or absence of subsurface faults beneath Mesita del Buey. 
Faults that have broken the surface of the Bandelier Tuff several kilpmeters west of Area G 
[Gardner and l:louse, 1987] have produced broad zones of intense fracturing that are 
superimposed on the primary cooling joints. 

Eyidence for flow fathwm 

Observations of fractures exposed in pits and intersected by drill holes provide evidence that 
water has inrllttated preferentially along some fractures. 11\flltration of water through the soU 
and flow along fractures during heavy rainfall is documented by observations of water 
emerging from fractures in a pit at Area G during a heavy rainfall in September 1973, for 
example [Rogers, 1977]. Also, several fracture zones at TA-54 show an increase in moisture 
content relative to the adjacent rock matrix [Kearl et aL, 1986]. 

Indirect observations also suggest preferential water flow through fractures. Roots have been 
observed extending along fractures to the base of pits at Area G, 7-9 m dc:ep, and are partially 
associated with fresh watennarks on the fractures [Rogers, 1977]. In addition, roots have 
been observed to depths of 12m in drill holes at TA-54 [Kearl et aL, 1986]. Deposits and 
alteration along fractures also document downward ttansport of water. Calcium carbonate 
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(caliche), precipitated by water, has been observed in fractures to depLhs of-12m at Area G 
[Kearl t!t al., 1986; Purtymun et aL, 1978]. 

There ll: no evidence for preferential water flow through fractures at depths greater than -12 m. 
A recent report for the LANL Enviionmental Restoration program concluded th:lt the primary 
concern for potential liquid flow in fractures is in canyon bottoms, not on mesa tops [Stephens 
et al., 1993] and several studies [e.g., LANL, 1992b] have concluded that fractures are not 
likely to be a significant pathway for liquid phase contaminant transport unless large volumes 
of liquid waste were buried. (In contrast, volatile phase transport is a concern and in fact there 
is evidence for migration of tritium, possible along fractures or other preferential flow paths, 
from mesa top WlSte sites.) Fractures may initially provide a pathway for water i.'lfiltration into 
the mesas, but they may also play ;t role later in removing water (as water vapor) from the 
mesa. 
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FLOW AND CONTAMINANT TRANSPORT IN FRACTURED ROCK 

Flow and transport in fractured r::1edia, especially unsaturated fractured media, are not well 
understood and modeling such phenomena is complex. The lack of understanding and 
complexity makes it an area of active research [e.g., Schmelling and Ross, 1989; National 
Research Council, 1991; Bear et aL, 1993; Wang and Narasimhan, 1993a]. 

Research on flow through fractures has taken many fonns, including field mapping for 
descriptions of systems, experimental work on flow in natural and synthetic fractures, 
field-scale observations, and computational studies to develop predictive models for flew and 
transport. Most of the work that has been done on flow and transport in fractured rock has 
focused on water saturated systems and much of the work done on unsaturated systems 
concerns crystalline rock [see for example Neretniek.s, 1993]. In these systems, the m&trix acts 
mainly to block fluid movement, with flow predominantly in the fractures. The behavior of 
flow and transport in these other systems is sufficiently different from that in the system of 
interest that results based on those conditions are not useful to our study here. 

We are concerned with water flow and aqueous phase transport in unsaturated, fractured 
volcaDic rock. This means that most of the literature on flow and transpOrt in fractured rock is 
not directly applicable. Research related to the Yucca Mountain Site Characterization Project 
(YMP) is the major exception [Wang and Narasimhan, 1993]b. YMP's mission is to 
determine the feasibility of developing a mined repository for high-level nuclear w:lSte in 
unsaturated, fractured volcanic tuff at Yucca Mountain in southern Nevada and, as such, is a 
somewhat similar system to the one at Area G. 

Conceptual Model 

Our conceptual model of water flow in fractured tuff is as follows. When the system is 
saturated, fracture penneability is much greater than matrix permeability, so flow is 
fracture-dominated. In responSQ to even relatively low capillary pressures, however, fractures 
rapidly drain while the matrix remains mostly wet; flow becomes m\trix-dominated. This 
bappem because fracture apertures are larger than matrix pores and can therefore be desaturated 
with 5maller capillary pressures. The fracture penneabilities change from values much larger 
than matrix values (when saturated) to values much less than matrix values (when unsaturated). 

Therefore, under partially saturated conditions an ideal open fracture in a porous matrix is 
expected to be a barrier to the flow of water. Water only enters a fracture if the surrounding 
matrix is nearly saturated or if water is added directly to the fracture. Note that this implies that 
fractures filled with crushed tuff at the surface are less likely to transport water from the mesa 
surface to depth than completely open fractures. If water does enter the fracture, it is rapidly 
'wicked' into the unsaturated matrix due to capillary suction. The amount of water retained by 
the fracture and the distance below the surface the water will travel depend on several factors, 
including the properties of the fracture and the matrix, the f~ture-matrix interface, the initial 
saturation of the matrix, and the magnitude and duration of the inflltration event Dissolved 
chemicals travel shorter distances along fractures than the water itself due to the effects of 
dispersion/diffusion into the matrix. 

Exactly what happens in fractured volcanic tuff in the field. however, is not completely clear. 
Field studies of flow behavior in heterogeneous soils containing large root channels and wonn 
holes support this conceptual model [studies cited by Wang and Narasimhan, 1993a], but as 
Wang and Narasimhan note, the "change in the role played by the fractures, as active main 
conduits for flow in saturated conditions and becoming passive dry pores in unsaturated 
conditions, has not yet been substantiated in the [Yucca Mountain] tuff site". In addition, the 
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role of processes such as channeling, film flow, and the importance of flow inhibition ty 
fracture coatings is not well understood. 

Even describing a fractured rock is difficult. The information required to describe the most 
basic aspects of a fracture include aperture (separation between fracture walls), extent (length 
and width), strike and dip (orientation of the fracture) and effective hydraulic properties (e.g., 
permeability, porosity, moisture characteristic curves). Some of these factors, such as the 
hydraulic properties of a fracture, ,are not easy to describe. Fracture apenures vary throughout 
a given fracture, being reduced to zero in places. Also, fracture surfaces can be rough and 
fractures can be partially fllled with deposits of clay or other minerals that have either been 
carried as particulate matter or precipitated from solution. 

Additional information, such as fracture spacing and distribution, is needed to describe a 
network of fractures. To describe flow i..._ a fractured medium with a permeable matrix, more 
information is required. It is necessary to know the nature, extent and distribution of the 
fracture-matrix interface and hydraulic characteristics of the matrix such as permeability, 
porosity, initial saturation, and capillary suction. Characterizing contaminant ttansport, as 
opposed to water flow alone, requires even more information. 

Numerical Models 

There are a number of different modeling approaches that have been used to study flow and 
transport in fractured systems. Models for flow and transport in fractures may be divided into 
roughly five categories: equivalent porous medium; discrete fracture networks; dual porosity 
and dual porosity/dual permeability; individual fracture; and analytic solutions. These different 
models have varying capabilities, applications, and limitations. Some are used in general 
applications and some are limited to research applications. 

Egpivalent Porous Medium 

The most frequently used appro£h to model flow in fractured media is to assume an equivalent 
porous medium [e.g., Billaux and Guerin, 1993; Pankow et al., 1986; Long et al., 1982; 
Peters and Klavetter, 1988]. In this approach, the matrix and fracture responses are combined 
and the system is described as a single equivalent porous medium with some average 
constitutive characteristics. EPM models do not explicitly address fracture-matrix interaction. 
All characteristics are lumped into effective properties. 

Equivalent porous medium models have been shown to be valid for modelinf flow in saturated 
systems where fracture density is high, fracture widths are not highly vanable and fracture 
orientations are not uniform. As in the application of continuum models in general, the scale of 
the problem must be large with respect to heterogeneities in the medium, in this case, the 
individual fractures [Long et aL, 1982]. Whether or not these requirements hold true in 
unsaturated systems is not clear. This modeling approach has not been proven accurate for 
solute transpOrt and first anival times, this tends to be underpredicted. Pankow et al. [1986] 
studied the accuracy of the equivalent porous medium approach at two sites with different 
fracture aperture and spacing. They established that predictions using an equivalent porous 
medium model were acceptable for systems where matrix-fracture equilibrium was quickly 
established, . but tended to break down when fracture spacing increased and the diffusion 
coefficient and matrix porosity decreased. · 

The benefit of the equivalent porous medium approach is that a fracture-matrix system can be 
modeled using any of the existing porous media computer codes, and that very little 
information about the fractures is required. However, the penalty for using an equivalent 
porous medium model is that the flow and transport predictions are averaged behaviors, and so 
may not always be conservative in tenns of travel time predictions or first arrival times. 
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Discrete Fracture Networks 
To model a large domain, fracture networks are often used. Fracture networks may be broken 
up into two categories - those that account for the matrix and those that do not. In discrete 
fracture networks [e.g. Sudicky and Frind, 1982; Smith and Schwartz, 1984; Long and 
Billaux, 1987] all flow is assumed to be in the fractures. The matri."t is assumed to be 
impermeable or have zero porosity. Such a model is most applicable to fractured crystalline 
rock such as granite. The fractures are defmed as tubes, lines, or planes. The fracture network 
may be defmed by placement on a regular grid, by some stochastic technique, or based on field 
measurements. The complexity of a discrete fracture network model increases with increasing 
fracture interconnection and increasing variability of fratture properties across the system. 

The primary use of discrete fracture networks, at this time, is as a research tool for saturated 
systems. Discrete fracture networks have been used to model a variety of phenomena, 
including dispersion [Lee et al., 1993] and multiple fracture scales [Karasaki, 1993]. One of 
the advantages of using discrete fracture networks is that there are exact solutions for certain 
(restricted) cases. The major disadvantages are two-fold. First, their usefulness is limited by 
our ability to characterize an actual fracture network. There is rarely enough information 
available to generate a fracture network that reflects fracture distribution at a site. Second, it is 
usually assumed that flow is dominated by the fractures, and any matrix flow can be neglected. 
This usumption may be reasonable for fractured systems in crystalline rocks, but not for 
systems in which the matrix plays a significant role. 

Dual Pomsity!DuaJ Porosity and Dual Penneahility 

The second type of fracture network model accounts for both the fractures and the matrix and 
includes the dual porosity and dual porosity/dual permeability approaches [Pruess and 
Narasimhan, 1985; Zyvoloski et aL, 1992; Tsang et al., 1993]. These app~aches treat the 
fractured rock as two overlapping and interacting continua - the matrix system and the fracture 
system. In the dual porosity model a matrix block can interact only with the local fractures; the 
matrix acts only as a storage term for the fractures. In the dual porosity/dual permeability 
model a matrix block can interact with both local fractures and local matrix blocks. Thus, flow 
can occur in both the fractures and the matrix. The dual porosity model is appropriate for 
saturated system or systems in which flow through the matrix is negligible. The dual 
porosity/dual permeability approach can be used to model unsaturated systems in which flow 
occurs in both·frac~and matrix. The dual porosity and dual porosity/dual permeability 
approaches for unsaturated media are currently DDplemented in at least one application model 
(FEHM) of which we are aware [Zyvoloski et al., 1992]. In this case, both the fracture system 
and the matrix system are modeled as porous media and the interaction between the two 
systems is handled with a transfer term. Validation work for unsaturated systems is in 
progress. 

lndiyidua} Frastun;s . 
Another approach to modeling fractures is to consider individual fractures. The fractures may 
be modeled as any one of a number of possibilities, including a porous medium, a tube, a plane 
with flat walls, a plane with rough walls, and a plane with porous surfaces. The key is that 
each fracture is handled explicitly. As the number of individual fractures exceeds one or two, 
the model rapidly becomes more complex. The individual fracture approach is almost 
exclusively used as a research tool as the complexity of the fracture description and/or number 
of fractures increases. 
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One common variation of this approach is to model an individual fracture in a permeable matrix 
as a layered porous medium [e.g., Nitao, 1991]. In this case, the fracture is modeled as a thin 
high permeability zone embedded in a \ess penneable medium. Often the fracture is assumed to 
have the hydraulic properties of sand- high permeability and porosity, low air entry pressure, 
and rapid desaturation with increasing capillary pressure. One major benefit of this approach is 
that it can be used with one cf the many porous media modeling tools available. The error 
introduced by assuming a fracture behaves like a thin penneable porous layer, however, is 
difficult to quantify. 

Analytic Solutions 

Finally, there are analytic solutions. Such solutions exist for very simple systems, such as 
flow between parallel plates, flow over plates with porous surfaces, and droplet or fllm flow 
over inclined planes. 

Several studies have used a simple analytic method to estimate the depth to which a pulse of 
water would tra•Jel vertically in an initially partially saturated system of fractured tuff [Travis et 
al., 1984; Martinet., 1988; Wang et al., 1993]. Flow is assumed to follow a Poiseuille 
function, which has a cubic dependence on the spacing between the plates (fracture aperture). 
Transfer of water from the fracture to the matrix is modeled as a diffusion term. A given 
volume of water is assumed to be added to the top of the fracture or a constant pressure top 
boundary condition is used. 

Nitao and Buscheck [1991] used a more sophisticated analytic approach to simulate flow in a 
single vertical fracture in a matrix to study fracture-dominated versus matrix-dominated flow.; 
They defmed three flow regimes: high flux, under which fracture flow was dominant, low 
flux, under which matrix flow was dominant, and a region between the two, during wh,ch 
matrix influence on the fracture increases. Flow regime can change with time; that is, initially 
fracture-dominated flow will become matrix-dominated flow as the matrix saturates. This type 
of analysis provides a tool whic~ can be used to estimate which regime a given condition might 
fall under, thus allowing a better selection of additional modeling tools or better design of a 
laboratory experiment. This study and the ones discussed in the preceding paragraph were all 
motivated by concern for potential fracture flow at Yucca Mountain and therefore use fracture 
and matrix properties and dimensions appropriate to the Yucca Mountain site. 

Analytic solutions may give some insight into basic fracture flow transport and have the 
advantage of not· requiring sophisticated codes or computers. They are too limited, however, 
to be easily extrapolated to natural systems. Studies that have compared flow and transport in a 
parallel plate fracture model to that of a more complex but more realistic fracture geometty have 
shown that the parallel plate model generally overpredicts flow and transport, though under 
some conditions can underpredict these quantities. Only under very simplified conditions 
(e.g., minimal or no surface roughness or aperture variability) does the parallel plate model 
agree with the laboratory and field systems [Berkowitt. anp Braester, 1991; Thompson and 
Brown, 1991). 

·• 
Experimental Studies 
A number of relevant experimental studies have been reported in the literature. Foltt. et aL 
[1993] conducted an experiment using an x-ray imaging technique to study fracture-matrix 
interaction. Preliminary results were reported for a sample (longest dimension 14 em) of 
partially welded, fractured volcanic tuff (Timber Mountain Tuff collected near Ranier Mesa on 
the Nevada Test Site). Fracture flow was found to dominate. 

TerraTek Corporation [TerraTek, 1991] conducted a study for LANL (Everett Springer. 
EES-15) of water flow through a fractured sample of Bandelier Tuff, also using x-ray 
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techniques to image saturation fields. The sample was a cylindrkal core -50 mm in diameter. 
An anific.ial fracture (aperture not reported) wllS created by cutting the ~ore in half lengthwise 
with a wire saw. Water flow was initiated over the surface of the core (fracture vertical) at 
several different flow rates (0.1 mUmin - 5 mUmin). The study concluded that the fracl:ure 
did n~.>t influence the fluid flow; flow was reported to have been fairly uniform over the core 
cross-section. Both thi3 study and the F?ltz et al. [1993] study were designed primarily to 
demonstrate imaging technology and are therefore limited in terms of contributiou to our 
knowledge o( fracture-matrix interactions. 

Others performed experiments that indicate simple porous media models do not capture some 
aspects of flow in real fractured sy~tems. Models generally assume two continuous, non­
interfering fluid phases (air and water). That is, the relative penneabilities of the air and water 
phases sum to one, the ratio varying with saturation. Experiments have shown, however, that 
the sum of the air and water relative permeabilities in fractures can be significantly less than 
one, due to interference of the two phases (e.g .• pockets of air blocking water) [e.g., Persoff 
tmd Pruess, 1993; Thamir tmd Kwicklis, 1993]. 

Another assumption in most simple models is that flow down fractures is uniform (e.g .• slug 
flow). A number of experiments have observed that fluid does not flow uniformly down 
fractures [e.g., Haldem1J11 et al., 1991; Nicholl et al., 1993]. Experiments run in a fractured 
block of Apache Leap Tuff from near Superior, Arizona showed that initial fracture saturation 
increased from -10% at the beginning of the experiment to almost 100% after some time 
[lntraval, 1992], suggesting :hat flow was initially channeled. Also, Thamir and Kwicklis 
[1993], in their experiments on unsaturated, fractured, welded tuffs, noted that the pre-existing 
wetted structure in a fracture exerts sttong conttols on subsequent infiltration with the existing 
wetted s1rUCture providing a preferential pathway. 

Thoma et aL [ 1992] studied the effect of fracture coatings on the fracture-matrix interface using 
a tuff sample containing natural fractures from units in southern Nevada. Such fracture 
coatings may exist as a result of a number of processes. including weathering, transport of fme 
particulate in the fracture, and chemical reactions. Thoma et aL [1992] found that the coatings 
may act as low permeability membranes on the fracture surface, significantly reducing the 
imbibition of water into the matrix from the fracture. 

In addition to the TemTek study discussed above, we are aware of one other experimental 
study regarding flow and transport through fractured Bandelier Tuff. Investigators are 
studying solute transport through a small block (longest dimension -12 em) of saturated 
Bandelier Tuff from the Jemez Mountains near Los Alamos. Preliminary results and test plans 
are discussed by Reimus et aL [ 1993]. These experiments have demonstrated that diffusion 
into the matrix from fractures is a significant process for conservative tracers (e.g., iodide). 

Lessons from Yaeea Mountain 

Yucca MountaiD is in many respects similar to Area G. Both sites have thick vadose zones of 
welded and unwelded volcanic tuff (although in general, th~rocks are more saturated and less 
permeable at Yucca Mountain). Both have a dry climate, although recharge is believed to be 
lower at Yucca Mountain. The interest in potential contaminant transport through fractured 
rock at both sites is great. Much of the experimental and modeling work done on flow and 
transport in fractured tuff (including some of the work discussed in the previous section) has 
been motivated and/or directly funded by YMP. · 

Wang tmd Narasimhan [1993a] recently reviewed and discussed the processes, mechanisms 
and parameters governing partially saturated flows in fractured volcanic tuff at Yucca 
Mountain. They report that initial, scoping calculations have led to several preliminary 
conclusions. The first is that matrix flow is dominant over fracture flow under ambient 
conditions at Yucca Mountain. The second is that transient inftltration pulses are damped by 
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near-surface units. The studies that support these conclusions arc discussed in more detail L'l 
WIJIJg and Nar.JSimhan [1993b]. 

Geohy<!rologic data collected in tunnels in volcanic tuff at Rainier Mesa, several kilometers 
from Yucca Mountain at the Nevada Test Site, also provide potentially relevant infonnation. 
Most of these tunnels are in zeolitized tuffs which are near saturation. Fractures intersected by 
these tunnels have yielded significant amounts of water. The rate of water discharging from 
one tunnel system several hundred meters below the surface (U12n tunnel) had been estimated 
to be about 35,000 m3fyr. This corresponds to 10% of the total infJ.ltration through the area 
believed to be the catchment basin [data reported in Wang et al., 1993]. The amount and the 
chemistry of this water suggests that fractures may be serving as fast paths from the surface to 
the tunnel. There are many differences between Rainier Mesa and Mesita del Buey (e.g., the 
units at Rainier Mesa are near saturation while those at Mesita del Buey are very dry) and it is 
unclear what this infonnation means for the Area G site. 

I 
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PCB FATE AND TRANSPORT 

Chemical Properties 

Several primary chemical characteristics determine the fate and transport behavior of orglll"ic 
chemicals in the environment These include sorption properties (expressed by a partitioning 
coefficient, such as K0 ), volatilization properties (expressed by the Henry's Law Constant, 
H), persistence (often expressed as a degradation half-life) and solubility. 'These values a.re not 
constant for a given compound, but depend on the environme11tal setting. The situation is 
further complicated for PCBs, which are not well-defmed compounds, but are poorly defmed 
mixtures of 209 different molecules, each of which has slightly different transport properties. 
Even if the specific PCB mixture at the source was known, environmental partitioning and 
degradation processes tend to fractionate the mixture in space and time, so that the actual PC:S 
composition m~~!:!f through the environment is generally unpredictable. In the Area G 
situation, the ori · PCB composition is not known. 

Despite this uncertainty, certain generalizations about PCB behavior can be presented. PCB 
molecules can contain from one to ten chlorine atoms each, and the fate and transport properties 
tend to correlate with the degree of chlorination of the biphenyl structure. Commercial PCB 
products, such as Monsanto's 'Aroclor' series, were sold on the basis of an average weight 
percent chlorine in the mixture. These range from Aroclor 1221, 21% chlorine, which contains 
primarily molecules with 0-4 chlorine atoms, through Aroclor 1260, 60% chlorine, consisting 
primarily of molecules with 4-8 chlorine atoms, to Aroclor 1270, 70% chlorine [Chou and 
Griffin, 1986; Erickson, 1986]. The most popular mixture in the United States was Aroclor 
1242 (42% chlorine), which accounted for over 60% of PCB sales in 1970 [Cairns et aL, 
1986]. Natural fractionation of the mixtures in the environment is demonstrated by the 
observation that the PCB mixtures most often detected in environmental samples more closely 
resemble Aroclor 1254 or 1260 (54-60% chlorine) [Environment Canada, 1988]. This 
correlates with the fact (discussed below) that the more chlorinated molecules are less volatile 
and less degradable, and therefore generally more persistent in the environment 

I 

Somtion Parameters 

The degree of sorption of an organic molecule onto geologic material is a function of both the 
molecule and the material, and can be measured experimentally .using laboratory batch 
techniques. To the best of our knowledge, no direct measurements of PCB sorption onto 
Bandelier Tuff have been conducted, so the sorption must be estimated by measurements of 
PCBs onto other soils. 

Numerous studies of PCB sorption onto natural soils have been conducted and are reviewed by 
Erickson [1986) and Chou aiul Griffin [1986]. These studies unanimously agree that PCBs 
are very stronpy sorbed onto natural soils, with K0 values on the order of 100-500 mUg. 
Sorption ap~ to be well-correlated with soil organic carlton content, with a proportionality 
constant (Koc>for Aroclor 1242 of approximately 11,000 mUg [Chou and Griffin, 1986]. 
Koc can then be correlated to other chemical properties, including the aqueous solubility and 
octanollwater partitioning coefficient <Kow ). These values of Koc and K0 categorize PCBs as 
"immobile" in natural soil environments [Chou and Grijfin, 1986]. 

The Koc-Ko relationship can be used to predict sorption K0 values for untested soils. 
Unfortunately, the relationship may break down in very low organic carbon content situations, 
such as the Bandelier Tuff which contains only 0.11% in the vicinity of Area G [Fuentes et al., 
1990]. In this environment, mechanisms other than organic-phase partitioning become 
significant. One laboratory study looked at sorption of PCBs onto Ottawa Silica Sand ( <0.1% 
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OC) [Chou and Griffin, 1986], ~md found a K0 of 22 mUg, while the Koc-predicted value 

would be less than 11 mUg. Without any other information available, we shall assume that the 

K0 for sorption of PCBs onto Bandelier Tuff is approximately 20 mL'g, similar to the 

measured value for Ottawa Silica Sand. 

Using the well-known relationship between K0 and the retardation factor Rp [Bouwer, 1991]: 

RF=1+!!. KD 
(J 

At an assumed bulk density (pB) of 1.5 g/mL [Abrahams, 1963] and a moisture content (e) of 
10%. we can predict a PCB retardation factor of approximately 300 for the Bandelier Tuff. In 

other words, if water takes 10 years to travel a certain distance through the Ulff, we predict that 

PCBs would take 3000 years to travel the same distance. 

It is important to remember that this retardation Iactor calculation assumes local chemical 

equilibnum at all times. In a typical porous medium situation in which water transport rates are 
slow relative to sorption kinetics and the solution is in intimate contact with the mediwn, this is 

a reasonable assumption. In situations with very rapid flow, or where pore or fractures sizes 

are so large that contact between the solution and the medium is not assured, then chemical 

disequilibrium may cause lower than predicted transport retardation. 

Yolatilization Parameters 
H, the Henry's Law constant, reflects the partitioning of a given compound between the 

dissolved aqueous phase and the vapor phase. Achmlm et aL [1993] present an exhaustive list 

of log H values for PCB congeners. The list shows that volatility decreases with increasing 

chlorine content. Most of the values range from -5 to -3.5, corresponding to H values of 1 o-s -
3x10-4 atm-m3/mole. These values are lower than those for other familiar organic 

contaminants, such as trichlorotthylene (8.92x1Q-3 atm-m3/mole) [Ruling and Weaver, 1991], 

but are high enough to permit Chou and Griffin [1986] to conclude that .•• PCBs do have a 

moderate vapor pressure and a likely path for redistribution or migration in soils may be by 

vapor phase ttansport through the unsaturated pores [p. 118].' 

Demdation Parametm 
Like most halogenated hydrocarbons, PCBs resist biodegradation and are relatively persistent 

in the subsurface environment. The environmental persistence is directly related to the degree 

of chlorinization: one study of microbial degradation reported half-lives ranging from 3.2 days 

for monocblorobiphenyls to 3,445 days for pentachlorobiphenyls [reviewed by Erickson, 

1986]. The biodegradation rate is obviously dependent on the presence of suitable 

microorganisms and necessary nutrients, and is likely much lower in unsaturated tuff, where 

moisture, nutrients, and microorganisms are all in short supply. We can therefore conclude 

that PCBs may be extremely long-lived in the subsurface beneath Area G. 
·• 

SolubiJi1Y Parametm 
Solubility vnries widely among the different PCB molecules, generally decreasing with 

increasing degree of chlorination. The full range goes from 7.2 ppm for unchlorinated 

biphenyl to <I ppb for the hexachlorobiphenyls and more chlorinated congeners [Erickson, 

1986]. Solubilities of the commercial Aroclor products range from 2.7 ppb for Aroclor 1260 

to 3500 ppb (3.5 ppm) for Aroclor 1221 [Chou Dnd Griffin, 1986]. 
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In some cases, PCBs may be present in the subsurface environment as a separate PCB liquid. 

This type of liquid is sometimes referred to as a NAPL for Non-Aqueous Phase Liquid. 

NAPL flow is highly unlikely at Area G, since no liquid PCBs were buried at the site. 

Cases Reported at Other Sites 

Very few studies of PCB transport through fractured rock have been reported. The two ~ite 

reports of which we are aware both concern saturated systems. Also, in both cases a ,·ery 

large volume of liquid PCB leaked making NAPL phase transport a strong possibility. Neither 

of these reports lends much instght into the situation at Area G, which differs significantly. 

In one case [Mclelwain et aL, 1989] a large volume of PCB waste was found to have migrated 

from the buried disposal site in Canada. The site had received several hundred thousand liters 

of PCB liquid waste. There was a 6-10 m clay layer under the pit in which the PCBs were 

disposed. It was assumed that this clay layer would provide an impermeable boundary and that 

any leakage would be along surface or near-surface paths. PCBs were, however, found 

beneath the clay layer. 'lbe most probable path of the PCBs was determined to be weathered 

saturated fractures in the clay layer. 

Roberts et al. [1982] and Schwartz et.aL [1982] report another case of PCB leakage to the 

subsurface in Canada. Between 7,000-20,000 liters of PCB-containing transformer oil was 

spilled when an underground pipe burst The situation is very similar to that reported by 

Mclelwain et al. [1989]. A large amount of PCB oil was spilled due to a pipe break. 

Preferential flow of the PCBs OCCUlTed through saturated fractures in a clay layer. 

I 



i I 

J 

1 
I 
] 

14 

CALCULATIONS AND SIMULATIONS 

In this section, we present results from simple analytic calculations and computer simulations. 

We believe that they are useful in exploring the issue of the significance of fracture flow in 

Bandelier Tuff. We have chosen to cor.sider extreme precipitation events in our modeling 

because these cases represent 'worst cases'. Preliminary modeling indicated that the depth to 

which water penetrates is greater for an extreme infiltration event than for a longet senes of 

more moderate inflltration events with the same total amount of inflltration. Our rationale is 

that if the extreme events considered here indicate that the potential for fracture flow from the 

surface to the main aquifer is unlikely, then the potential for such flow is even less likely given 

moderate precipitation. 

We stress that additional studies are needed to verify the ability to model real systems. As 

discussed earlier, ability to model fracture flow and transport in unsaturated volcanic tuff is 

limited. In addition, there are discrepancies between our modeling results and some field 

observations at the site. 

Analydc Calculations 

We have applied two simple analytic approaches found in the literature [Travis et al., 1984; 

Nitao and Buscheck, 1991] to the Area G situation. Both of these methods are based on a set 

of parallel, uniformly spaced fractures in a homogeneous porous matrix. The repeated 

fracture-matrix configuration can be broken down into a single fracture embedded in a porous 

matrix having a width equal to the fracture spacing. Symmetry across the vertical line in the . 

center of the fracture, and across the vertical line in the center of the matrix between two , 

fractures, allows the solution to consider only half d1e single fracturelmatrix domain. 

The analytic model of Travis et al. [1984] calculates the distance a slug of water of a given 

height will travel down a fracture of a given aperture, and the time that it takes to travel this 

distance. 1be assumption is made that the rate of transport between the fracture and the matrix 

is approximately constant over the time the slug is in contact with a given horizontal slice of the 

matnx. The fracture is modeled using the parallel plate (cubic law) approximation which 

assumes permeability is a function of fracture aperture. Note that this approach can result in 

velocities above the laminar flow limit for which the model assumptions apply. For situations 

where such high velocitir.s are calculated, model results will not be valid. Also, this approach 

breaks down at fracture apertures larger than about 4 mm where capillary assumptions are no 

longer valid. 

The flow in the fractures is modeled as slug flow (i.e., the fracture is completely filled with 

water). Travis et al. [1984) assume that the flow in the matrix is strictly orthogonal to the 

fracture, and thetefore consider the matrix as numerous thin slices perpendicular to the fracture. 

An effective penneability is computed based on the satutation gradient between the fracture­

matrix interface and the initial matrix saturation. , 
The input parameters required for the Travis et al. [1984) approach are: fracture aperture, 

saturated matrix permeability, slug thickness, and parameters that describe the diffusive flux of 

water from the fracture to the matrix. Slug thickness is the total amount of water added to the 

system (in units of length squared in two dimensions) divided by the fracture aperture. We 

performed calculations using values of 0.1 and 1 darcy for the saturated matrix permeability, 

values of 2 and 4 mm for fracture aperture and 1 em, 1 m, and 2.5 m for slug thickness. These 

three slug thicknesses represent three different rainfall events of varying magnitude. Values for 

the input parameters that describe the diffusive flux of water from the fracture to the matrix are 

based on our best jud,ment using Bandelier Tuff data and values used for the Yucca Mountain 

calculations reported m Travis et aL [1984]. 

---
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For a fracture of width 4 m:n, the model predicts that the 2.5 em slug would travel 117 m in 9 
seconds (assuming a matrix saturated permeability of 1 darcy) and 370m in 28 seconds 
(assuming a matrix saturated permt!ability of 0.1 darcy). For a fracture of 2 mm aperture, the 
model predict.ed a travel distance of 26m and a travel time of 8 seconds (assuming a matrix 
saturated permeability of 1 darcy) and 83 m in 25 seconds (assuming a matrix saturated 
permeability of 0.1 darcy). For the same cases, a slug of only 1 em would travel less than a 
few meters. 

These results suggest that if there is an open fracture with an effective aperture of 4 mm that is 
continuous down to L~e water table, water from the surface has the potential to reach the 
groundwater almost immediately after an infiltration event. We stress, however, that beyond 
the limiting assumptions discussed above, and the assumption that a 4 mm wide fracture exist 
that is continuous from the mesa surface to the water table, this approach assumes a very 
extreme infiltration event. For a 4 mm fracture aperture and 1 m fracture spacing, assuming 
that all infiltration is through the fracture, a 2.5 m slug thickness corresponds to a rainfall event 
of 10 em in which 100% of the precipitation infiltrates. 

The Travis et al. [1984] model is somewhat simplistic, and very limited in application to the 
conditions at Area G. The Nitao and Buschtck [1991] approach is a more complex solution to 

basically the same situation which more directly accounts for fracture and mauix characteristics 
and fracture-matrix interactions. Solutions are possible for two boundary condition cases on 
the fracture: constant head or constant flux. The mauix top surface is a no flow boundary. 
Nitao and Bus check [1991] computed critical values of certain parameters, outside of which the 
solution does not truly hold. For example, for the fiXed flux boundary condition there is a 
critical flux beyond which ponding occurs. If ponding occurs then the proper solution would 
use the fJJ~:ed head equations. We have used an inflow rate that is equal to the critical flux ·• 
(maximum value). The constant head condition is further broken down into two domains - one 
where gravity is dominant and one where it is negligible. For the system we are concerned 
with a vertical fracture and extremes of infiltration, the appropriate solution is always the 
gravity-dominant domain. 

This approach requires more inr/ut parameters than the Travis et al. [1984] approach. Here we 
input both fracture aperture and spacing, fracture and matrix saturated permeabilities, matrix 
porosity, initial matrix saturations, and fitting parameters for the matrix constitutive relations 
based on the van Genuchten/Mualem formula [Mualem, 1976; van Genuchten, 1980]. Both 
fixed flux and fiXed head boundary condition simulations were run. For the constant entry flux 
case, a flux of -7 em/day was used. For the constant head case, a head of S em water was 
used. 

For the constant entry flux case, this model predicts a penetration de()th of the water front to be 
less than 1m after a single day. At the end of one day, about 7 em infiltrates the system. For 
reasonable Area 0 parameters, a penetration distance on the order of 100m can only be 
achieved after one year at this flux. Note that a continuous infiltration at this flux for one year 
is equivalent to nearly 30 m of water! For the constant flux case the penetration depth is 
directly proportional to the inflow rate, and so the values calCulated for this case can be linearly 
scaled to get penetration depths for a different inflow rate. 

Calculations using the constant pressure head boundary condition were made based on a fixed 
head of 5 em of H20. Under this head, the computed entry flux is approximately 7 em/day, 
and so we are considering the same range of water volumes. The constant head solutions 
predict somewhat larger values for front distance and travel times. In this case, the front 
position is estimated to be less than 10m, after one day. This is approximately an order of 
magnitude higher than predicted from the flux equations, but still not significant in terms of 
reaching the water table. Water reaches a depth of 100m only after 10-100 days (depending 
on exact paramet.er values) of constant 5 em water head. 
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Using the approaches of Travis et al. [1984] or Nitao and Buscheck [1991], it is possible to 
compute a fracture penetration distance which is beyond the vadose zone thickness at Area G 
only if extraordinary assumptions are made aoout what constitutes an extreme infiltration event 

Computer Simulations 
We performed two-<!imensional computer simulations of flow through a single vertical fracture 
in a matrix. Both the matrix and the fracture are modeled as porous media. The fracture is 
given sand-like hydraulic properties- high permeability and porosity compared to the matrix, 
desaturation at a relatively low capillary pressure, and a short presstu-e interval from a fully 
SAturated to nearly desaturated state. The matrix is given hydraulic properties based on typical 
laboratory measurements for the Bandelier Tuff reported in Locven a.'Ul Springer [1992]. We 
used these data rather than the more limited data specific to TA-S4 because of concerns of data 
variability and data quality; hydraulic parameters are difficult to measure at the low saturations 
encountered in the area. Our modeling conclusions are not very sensitive to hydraulic 
parameter variations of the order reported by Loeven and Springer [ 1992]. 

We use the computer code TRACR3D for our calculations. TRACR3D is a finite difference 
code for porous media flow and transport [Travis and Birdsell, 1991] that bas been used 
extensively for modeling contaminant transport in geologic mr.dia. With respect to code 
verification and validation, a version of this code, TRACRN, has met the sttingent quality 
assurance standards of the YMP program. Also, we ran one of the fracture-matrix problems 
reported by NifQO [1991] and obta111ed identical results with Nitao. 

The model assumes that the fracture has an aperture of 2 mm and the spacing between fractures 
is 1 m. The matrix is assumed to have the properties of Bandelier Tuff, except for the top 1/2 
em which is assumed to be nearly impermeable (forcing inflltrating water to enter the system · 
through the fracture). The side and bottom boundaries are assumed to be im~eable to flow. 
The depth of the system is 10 m. (No inftltrating water reaches this depth in these 
calculations.) The initial matrix and fracture moisture contents are set at 10% and 2%, 
respectively. At the start of the simulation, a pond of water 1 em deep is added to the top of the 
system. After this pulse of water enters the system, the top boundary is set to a constant 
atmospheric pressure boundary conditions with 100% air saturation. One day later, we add 
another pond of 1 em to the system. Our computational mesh is a graded rectangular grid and 
we take advantage of the symmetry of the problem and calculate a solution in only half of the 
domain. See Figure 1. We believe this represents a reasonable scenario for episodic, 
high-intensity inflltration. 

Results are shown in the form of vertical saturation profiles for the fracture, the matrix 4 em 
away from the fracture, and the matrix 10 em away from the fracture at various times (Figure 
2). The plots in the left column show saturation proflles 1S minutes, 1 1/4 hours, 2 hours, and 
23 hours after the start of the simulation when the fust 1 em pond of water was added to the 
system. The plots in the right column show saturation proftles IS minutes, 1 1/4 hours, 2 
hours, and 4 hours after the second 1 em pond of water was added, one day after the first. 

• f 

These plots show that after about one hour, all of the water from the first pulse has inflltrated 
the system. 'lbe saturation proflle for the fracture shows that at lS minutes, the fracture is fully 
saturated at the top of the system. By 1 1/4 hours, saturation is reduced to about 20% and by 2 
hours, the saturation in the fracture is nearly back to its initial saturation of a 2%. The matrix 
proflles show that the matrix becomes increasingly saturated at first as water is wicked into the 
matrix from the fracture. At later times, the saturation levels begin to decrease as water 
inflltrates deeper into the system and is wicked further horizontally into the matrix. Water in 
the fracture penetrates to a depth of -30 em. The plots show a very similar picture for the 
second 1 em pulse of water. The differences are that the ponded water takes slightly longer to 
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infiltrate than refore. Also, the matrix is a bit wettet than before and water in the fracture 
peneirates slightly further to dept&'t of -35 em. 

These results show that a series of reasonable episodic, high-intensity inflltration events did not 
influence the sy~tem beyond the very near surface. Additional simulations performed to test 
the sensitivity of this conclusion to changes in the system parameters, such as higher initial 
matrix saturations and greater matrix permeability, do not change this conclusion. 

~-----------1 em pond of water 
~ V//////LL/LL/. '/_LI/ L/LLLL/ /L 

\ 
top 1/2 em matrix-
low permeability/ -- fracture low porosity -

2 mm aperture 

matrix 

10m 

I 

~ 

lm 

matrix properties: 

permeability= 0.1 daley 
porosity = SO% 
a=l m-t 
N=l.S 
9r=10% 

fracture properties: 

permeability = 100 darcy 
porosity = 90% 
a= IS m-1 
N=3 
9r=2% 

Figura I. Model domain and input parameters for computer simulations. a, N and 9r refer to 

parameters that describe the relationship betwee.n moisture content. capillary pressures and 
relative permeability [Mualem, 1976; van Ge111lchten 1980] · 
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After 1st pulse of water After lnd pulse of water 
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Figure 2. Plots on the left show depth versus saturation profiles for matrix and fracture at 
various times after the first 1 em pond was added to the system. The plots on the right show 
similar profiles for various times after a second 1 em pond was added to the system 1 day after 
the fusl Refer to text and Figure 1. 
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CONCLUSIONS 

The potentia} pathway of concern is transport of PCBs dissolyed in water. Separ~~ 

NAPL (non-aqueous phase liquid) transport of PCBs is hi&hly unlikely under our assumption 

that no free liQ.Uid PCBs exist a.t the site. 

The ayailable eyidence indicates that it is yeey unlikely tbat water travels from tbe top gf Mesita 

del Buey to tbe main aquifer yja fractures. The likelihood tbat PCBs from LANL's PCB 

la._'ldfill travel frpm tbe top of Mesita del Buey to tbe main aguifer yia fractures is eyeo lower. 

The evidence includes the following: 

• The vadose zone beneath Area G is -260m thick. 

• Infiltration is believed to be low. Rainfall is moderate and evapotranspiration is high. 
The maximum daily precipitation for a return period of 100 years (similar in concept to 
a 100-year flood estimate), is -6 em. Runoff is an easily observable and important 
hydrologic process on the Pajarito Plateau. 

• Bandelier Tuff has moderate permeability and high porosity and extremely high 
capillary retention. Extremely high capillary retention me!lllS that the Tuff acts much 
like a sponge in that it readily imbibes large quantities of water and water does not drain 

from the rock easily. 

• Fractures are unlikely to be continuous from the top of the mesa to the main aquifer due 
to stratigraphic layering. Since the flow of water along a fracture is replaced by much 
slower matrix flow when the fracture intersects an unfractured porous medium, it is 
unlikely that water infiltrating from the mesa surface via fractures would reach the main ·· 
aquifer. Near-vertical fractures in the Tshirege member of the Bandelier Tuff are 
common. Fractures are typically absent, however, from the Otowi Member of the 
Bandelier Tuff which underlies the Tshirege Member in the subsurface beneath Mesita 
del Buey. Also, within several meters of the land surface at Area G, and beneath any 
disposal pit or shaft, fractures are likely to be filled with clays and other materials. 

• A laboratory experiment concerning flow of water through a sample of Bandelier Tuff 
with an artificial fracture indicated that the fracture was not a preferential flow path. 

• Measured moisture contents in Bandelier Tuff are generally very low, about 5-10%. 
There is no evidence from field monitoring after storm events that suggests that water 
infiltrates beyond the top few meters. (There are field observations, however, that do 
indicate that at least in the near surface environment, fractures are a preferential flow 
pathway and we are unaware of any monitoring efforts focused specifically on 
fractures.) 

• Under partially saturated conditions, an open fracture in volcanic tuff is expected to be a 
barrier to the flow of water. Water will only enter a fracture if the sWTOunding matrix 
is nearly saturated or if water is added directly to the fracture. If water does enter the 
fracture. it is rapidly wicked into the matrix due to capillary suction. (It is not clear, 
however, that we understand flow and trans~rt in this environment well. Flow and 
transport in unsaturated fractured rock; especially rock with moderate permeability and 
porosity such as volcanic tuff, is an area of active research.) 

• Analytic solutions for fracture flow indicate that transient infiltration pulses affect only 
the near surface of the mesa. It is possible to compute a fracture penetration distance 
which is equal to or beyond the vadose zone thickness at Area G only if extraordinary 
assumptions are made about what constitutes an extreme infiltration event (e.g., several 
meters of water in the fracture) and continuous wide fractures are presumed to exist 
from the top of the mesa to the water table. 
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• Computer simulations based on modeling a fracture as a thin porous layer with sand­
like hydraulic properties in a layered porous medium show that even large infiltration 
pulses added to the sys~m are damped very near the surface. (Additional studies are 
needed, however, to verify the ability to model the system at Area G.) 

• The solubility of PCBs is low, varying from several parts per billion to several parts 
per million. 

• Dissolved chemicals are expected to travel less distance in fractures than the water itself 

due to diffusion into the matrix. An experimental study of saturated water flow and 
contaminant transport in Bandelier Tuff has demonstrated that diffusion of a chemical 
dissolved in water introduced into a fracture from the fracture into the matrix is a 
significant process. 

• PCBs sorb to rock and are therefore retarded relative to groundwater in terms of travel 
times. Under equilibrium conditions, the retardation factor for PCBs on Bandelier tuff 
is approximately 300. This means that if water takes 10 years to travel a certain 
distance through the tuff, PCBs would take 3000 years to ttavel the same distance. 

We stress. however. tbat current understandina of flow and transgort in unsaturated. fractured 

yolcaniC tyff. and our ability to model SUCh S)'steJDS. is yeO' limited. 

f 
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