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Pathway Analysis at Material Disposal Area T
Los Alamos National Laboratory (ILANL)
Los Alamos, New Mexico

EXECUTIVE SUMMARY

The primary objectives of this pathway analysis are to (1) estimate unsaturated flow
conditions and contaminant transport using available data, and (2) define data
requirements necessary for completing a remedial investigation at Material Disposal Area
T (MDA T). This pathway analysis has been instrumental in developing a conceptual
model for MDA T that may be tested and refined during the remedial investigation.
This model, with minor refinements, may be applied to other sites at LANL that are
characterized by similar hydrogeologic properties and settings. Furthermore, remedial
investigation activities and technologies developed for MDA T may also be transferred
to other LANL sites.

The conceptual model for MDA T describes a heterogeneous system where the addition
of both liquid waste and waste-free water provides a contaminant source and a driving
force for at least limited downward migration of radionuclides. Fracture systems in the
Bandelier tuff are considered to play an important role in moisture migration. The rate
and depth of contaminant migration is largely controlled by the rate of water movement
and retardation caused by adsorption of radionuclides within the vadose zone matrix. It
is estimated that the volume of water discharged to adsorption bed number 1 during the
period between 1945 and 1967 has already passed through vadose zone system. The
relatively high adsorptive capacity of the Bandelier tuff, as reflected in estimated
distribution coefficient values, would have severely retarded the migration of
radionuclides. In the case of fracture-dominated flow, matrix diffusion may have acted
to significantly retard the movement of dissolved constituents.

It is recognized that some of the parameters controlling flow and transport today and
into the future may be quite different compared to conditions that governed flow and
transport during the application of water and liquid waste in the past. Natural recharge
is presently the primary force for migration. Its magnitude is not considered sufficient
to induce measurable transport of radionuclides through fractures or the rock matrix.
Other processes, such as lateral migration, canyon recharge, or groundwater flow, may
affect the distribution of any contaminants that may have passed through the vadose zone
with moisture pulses associated with past input.  Fractures were probably the
predominant avenue for flow and transport during the application of large volumes of
water and liquid waste in the past. Under ambient recharge conditions the same
fractures are thought to behave as natural barriers to flow and migration.

Distinguishing whether the flow and transport processes are primarily controlled by rock
and fracture permeabilities or by other chemical or physical properties is critical to the
design of a characterization program at MDA T. If observed subsurface peaks in
moisture content and radionuclide concentration reflect downward migration of pulses




from past waste discharges, then water flux and travel times can be computed on that
basis. If subsurface peaks reflect instead remnants of water and solutes retained by
higher retention and adsorption capacity, then entirely different interpretations result.
Migration pathway analysis results indicate that the bulk of the moisture applied to bed
number 1 has migrated through the vadose zone within an estimated 10-year period, and
subsurface peaks in moisture content and radionuclide concentration are thought to
represent remnants of past applications of water and liquid waste that have been retained
by the adsorption capacity of the tuff.

Pathway analysis results also indicate uncertainty in some input parameters compared to
previous estimates, particularly hydraulic conductivities and distribution coefficients. To
explain available data and modeling results, either the matrix| saturated hydraulic
conductivity is substantially greater than previously estimated by, Abeele and others
(1983), or fractures add considerably to secondary permeabilities alnd play a significant
role in flow processes occurring at the time of liquid waste application in the past.

In order to match subsurface radionuclide concentrations measured by Nyhan and others
in 1984, distribution coefficients (K,) must be considerably lower than those measured
for other tuffs to allow for faster transport. One of two conclusmns may be drawn;
either the sorptive characteristics of the Bandelier tuff are cons1derably different than
those reported for other tuffs, or other factors involving physical or chemical
characteristics of the wastes cause a reduced K.

Two-dimensional simulation results suggest that increases in saturatxon could occur in the
vadose zone at substantial lateral distances from adsorption beds at MDA T. The
possibility of lateral flow and migration to points of release along the wall of Los Alamos
Canyon to the north is addressed as a remedial investigation data Irequlrement

Other data requirements for a remedial investigation at MDA T are listed and remedial
investigation activities are recommended. The relationship between lithology, water
saturation, contaminant concentrations, and geographic setting is|emphasized. Four
recommended phases consist of further background research to obtain a more-detailed
waste inventory, bench-scale studies to observe waste chemistry behavior in tuff samples,
field investigation activities designed to obtain moisture and contaminant profiles at
depth, and confirmatory modeling to integrate collected data into the migration pathway
analysis and refine the current conceptual model. Potential remedial measures are
-presented that address both source removal and plume stabilization. A description of
each technology includes benefits and constraints.




1.0 INTRODUCTION

1.1 General

This study is a part of the remedial investigation scoping and feasibility study process
under the Environmental Restoration Program. The Environmental Restoration Program
is a Department of Energy (DOE) program designed to bring DOE facilities into
compliance with Comprehensive Environmental Response, Compensation, and Liability
Act (CERCLA) requirements. The ER Program Technical Support Office (TSO) is
responsible for conducting several phases of the CERCLA investigations, including the
completion of the Preliminary Assessment/Site Investigation (PA/SI), the Remedial
Investigation/Feasibility study (RI/FS), and verification sampling. In addition to
responsibility for these site-specific investigations, the TSO is also responsible for
providing integrated technical direction and program management for the ER Program.

1.2 Purpose and Scope of Work

This study is designed to estimate subsurface migration rates, distances and directions of
moisture and associated dissolved waste constituents of radionuclide waste materials
disposed between 1945 and 1967 at Material Disposal Area (MDA T). Study results will

be used to help define remedial investigation (RI) data requirements and to design RI
activities.

The primary goal is to provide a sound technical basis from which to develop the
remedial investigation. The planning and implementation of a remedial investigation
based on defensible technical rationale will help assure acceptance of the remedial

investigation program by regulatory agencies. Specific technical objectives of the study
are to:

e develop a working conceptual model of MDA T to formulate, test and
evaluate hypotheses, plan site characterization activities, and assess the
relative feasibility and effectiveness of potential remedial actions;

e cstimate the present lateral and vertical subsurface distribution of key
radioactive and non-radioactive waste constituents;

e identify those physical and chemical parameters that control the
migration of waste-products;

e prioritize field measurement criteria pertaining to sampling frequencies
and sampling or measurement sensitivity requirements;
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e estimate the future potential for vertical and lateral movement of fluid
and waste radionuclides in the site vicinity;

e identify existing data deficiencies that should be addressed as part of
future RI activities or confirmatory modeling.

1.3 Site Description and Waste Disposal History

Liquid and solid wastes containing plutonium and other radionuclides have been
disposecit Los Alamos National Laboratory (LANL) since the begmmng of Laboratory
operations in the early 1940’s. Open pits or trenches have provided the principal
disposal facilities. For special waste forms vertical shafts and covered seepage pits have
been used (Abeele and others, 1981). All shafts, pits, and trenches are excavated into
the Bandelier tuff. The Bandelier tuff is the principal rock type exposed in the Los
Alamos area. The tuff is a nonwelded to welded volcanic ash that{comprises an upland
area called the Pajarito Plateau. Numerous east-west trending|canyons dissect the
Plateau draining east to the Rio Grande River. Most of the LANL facilities, including
the waste disposal sites, are located on top of the finger-like mesas (Abeele and others,
1981).

At Los Alamos a wide variety of disposal operations are performed. Disposal activities
range from shaft disposal of cylinders containing millicurie qua‘ntmes of tritium to
demolition and burial of entire contaminated buildings. During theé LANL’s early years,
liquid wastes were discharged directly into seepage pits. Since 1952, the sludges
resulting from liquid waste treatment are placed in drums or mixed with cement and
poured into shafts (Abeele and others, 1981).

From 1945 through 1968 liquid radioactive wastes at TA-21 DP West were discharged
into a series of four seepage beds excavated into porous tuff |underlying Material

Disposal Area T (Figure 1.1). A previous site investigation (Nyhan and others, 1984)

indicated that the vadose zone beneath Material Disposal Area T (MDA T) may act as
a contaminant migration pathway.

MDA T consists of four absorption beds, Building 257, a Retrievable Waste Storage
Area and cement paste shafts. The scope of this study is limited to the four absorption
beds. :

Waste treatment operations shifted to a new treatment plant (TA-21-257) in 1968,
replacing Building 35. The raw and treated waste storage tanks and cement silo from
Building 35 were incorporated into the operation of Building 257! The Building 257
plant generated sludge residue contaminated with plutonium and americium. In 1968,
a pug mill operation was started to mix the sludge with cement. The resulting cement
paste was pumped directly into asphalt coated vertical shafts augered between absorption
beds 2 and 4 (Figure 1.2). This procedure continued through 1974.
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In late 1974, a new disposal technique was implemented at MDA T. A Retrievable
Waste Storage Area was excavated between beds 1 and 3. This storage area was
composed of a pit 36.6 m long, 7.3 m wide, and 5.8 m deep. Corrugated metal pipes
(CMP) were filled with transuranic cement pastes and placed in the pit. Low-level
cement paste was pumped into shafts at the site through April 1983. In August 1984,
the 70 CMP’s were relocated from MDA T to MDA G. They contained transuranic
wastes with concentrations below 100 nCi/g.

An inventory of recorded radionuclide content and composition of solid wastes disposed
at LANL since the beginning of Laboratory operations was conducted by Rogers (1977).
Waste disposal records were highly variable in quality and incomplete until the mid-
1950’s (Abeele and others, 1981). Detailed records of waste content and composition
were started in 1959. The quality of recording has apparently improved steadily since
that time (Abeele and others, 1981). Waste disposal records specifically pertaining to
the MDA T site have limitations and uncertainties similar to those associated with
Laboratory-wide data.

1.4 Current Site Conditions

Environmental surveillance of Material Disposal Area T is part of LANL’s program of
routine environmental surveillance of low-level radioactive waste management areas, as
required for compliance with appropriate standards. Objectives of this surveillance
program are to (1) identify undesirable trends that may require remedial actions, and (2)
monitor the performance of waste confinement.

Radioactive concentrations in air (particulate and moisture), water, soil, and sediment
samples are measured regularly along with the levels of external penetrating radiation.
These monitoring data are available in the current edition of the environmental
surveillance report (Environmental Surveillance Group, 1988).

Surface stabilization at the four absorption beds was completed in 1987. Stabilization
included measures to control runoff from paved portions around MDA T (i.e., reroute
parking lot drainage around MDA T into a paved ditch instead of through Area T).
After grading, the site was contoured to less than a 5 percent slope, and covered with
approximately forty inches of fill material. The site was revegetated with a native seed
mix typically used on LANL waste sites. Long-term stabilization of the steep bank on
the north perimeter of the disposal area is difficult because of erosion. Routine
surveillance activities are conducted to monitor and maintain site stability and integrity.

1.5 Report Description and Organization

To present the information provided in this study as succinctly as possible, this report is
divided into four general areas: (1) background literature search and evaluation of data




needs;
characterization activities and remedial alternatives.
briefly discussed below and outlined in Figure 1.3.

(2) model selection and description; (3) pathway ana1y51s and results; (4 )
The approach for this study is

The input and output of the pathway analysis are reported 1} metric units. The
dimensional units referenced from other authors are not generally converted to a
consistent standard convention. For convenience a standard conversion table is included

as Appendix A.

Backeround Literature Search and Evaluation of Data Needs

To formulate a preliminary conceptual model and to obtain data necessary for the
pathway analysis, a review of previous investigators work and conclusions pertaining to
the hydrogeological conditions at Los Alamos was performed. This information review
also aided in the identification of data deficiencies and enabled parameter uncertainties

to be estimated.

Formulation of Initial Conceptual Model

The initial conceptual model was formulated to facilitate the selection of appropriate

numerical models, develop the modeling approach and to assign
conditions to the problem domain. During the pathway analysis f
model was further tested and refined.

Model Selection and Description

The numerical codes SOILSIM (Huyakorn, 1989) and HYDRUS
selected to perform the pathway analysis because few (if any) othe

boundary and initial
he initial conceptual

y (Kool, 1987) were
r codes are available

that will simulate sharp wetting fronts caused by the addition of large volumes of fluid
moving through very dry conditions. Complete descriptions of the models, together with

the assumptions and limitations associated with each, are included

Pathway Analysis

in Section 3.0.

The pathway analysis involved several integrated tasks which are discussed below.

Testing and refinement of the preliminary conceptual model. The development of a well

formulated conceptual model was one of the primary goals of the

pathway analysis. A

sound conceptual model should include known gross characteristics of the system and

should account for known major system responses to stresses.
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The conceptual model serves as the basis to guide the formulation and refinement of the

numerical models, sensitivity analyses, the testing of various alternat

priorities for collecting or estimating additional needed parameters.

Model calibration. The calibration of the model involved the ad
recharge rates, rock properties and distribution coefficients within
expected or known values to approximate measured data from the

Sensitivity analysis. The sensitivity analysis was designed to test tl

of the system to various key parameters which may influence flow

Historical comparison.

ives, and establishing

justment of ambient
reasonable ranges of
field.

he relative sensitivity
and transport. ‘

A series of moisture and radionuclide profiles that were

constructed from data collected during several previous field investigations are used as

the focus of the historical comparison.
pathway analysis are compared against the measured values.

Site Specific Model Simulations

The numerical simulations designed to reproduce conditions at MD
three cases, which are described below.

Case I- Ambient Flow Simulations

Saturation and radionuclide output from the

A T are divided into

In Case I simulations, the steady-state flow regime was simulated under estimated

ambient conditions to establish a baseline for other simulations.

Using this baseline,

effects of various man-induced stresses were then simulated and compared (Cases II and

IID).

Case II - Man-induced Flow Simulations

Three unsaturated flow scenarios simulated known or estimated man-induced stresses on

the system. These include: (1) the intermittent addition of liquid

wastes applied from

1945-1967; (2) two discrete moisture pulses applied in 1960-61 during infiltration studies;

and (3) a simulated pipe leak of 0.03 gpm.

Each of the flow scenarios used the input from the calibrated flow

analysis in Case I as

the initial condition. During Case II the documented or estimated

man-induced stresses

placed on the system since 1945 were superimposed on the natural hydrologic system

calibrated during Case L




Case III - Contaminant Transport Simulations

The transport simulations performed in Case III of this analysis coupled the flow
simulations used in Case II with contaminant transport simulations.

Characterization Activities and Remedial Alternatives

Pathway analysis results were used to help select components of a proposed
characterization program and will be useful in selecting appropriate remedial measures.

1.6 Previous Investigations

Currently, archive searches and interviews are being conducted to better define the
composition and quantity of waste stream input into the four absorption beds at MDA T.

Some of the earliest environmental monitoring surveys at LANL that include data on
MDA T, are presented in "Survey of Los Alamos and Pueblo Canyon for Radioactive
Contamination and Radioassay Tests Run on Sewer-Water Samples and Water and Soil
Samples Taken from Los Alamos and Pueblo Canyons," (Kingsley and others, 1947).

The collection of effluent samples from the DP-Site chemical sewer outlets began at two
month intervals in April 1947. Samples were assayed for plutonium, polonium, and
uranium. The first report was issued October 20, 1947 (Tribby, 1947).

The fluorine concentration for DP West seepage, main drain, MDA T, was 4.2 mg/l.
The monthly report for October 21 to November 20, 1947, gives a radioassay in ¢/m/l
(counts/min/liter) as 29,836 for plutonium and 5.8 for polonium (Cox and Schnap, 1948).
Samples collected September 20-30, 1947, were reported January 2, 1948, with the
following comment: “"As expected the highest activity due to plutonium was found at
DP-W Seepage Pit Main Drain ("B") with 65,639 d/m/l (disintegrations/min/liter).
Records on studies and monitoring at MDA T from 1948 to 1953 were either not kept
or were not available.

In 1953 the United States Geological Survey (USGS) conducted a study at MDA T to
determine "the fate of plutonium contained in liquid wastes discharged onto or just below
the surface of the earth” (Herman, 1954). Five test borings were drilled in and around
the absorption beds. Samples were collected at 0.3-m intervals. All samples were
analyzed for plutonium, and ion-exchange capacity was measured on three samples.
Results appear to be fairly representative of each test boring (Appendix B). According
to Rogers (1977) the observations pertaining to the travel of plutonium through the
earth, sand, gravel, and rock media are:
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1. No appreciable horizontal movement of the plutonium| occurs in the
first 20 feet of depth.

2. The plutonium is readily retained by the various earth media (sand,
clay, gravel and rock).

3. Apparently retention of the plutonium is greater in finer materials.

4. Penetration of the plutonium into the underlying strata is not to be
expected.

Initial laboratory studies of the interaction of radionuclides in the hquld wastes with local
soils and geologic materials were performed at LANL. Cores of Bandelier tuff, exposed
to waste solutions of plutonium, retained essentially all of the rad10nuc11des in the top
few millimeters of the core. Subsequent attempts to leach the sorbed plutonium failed
(Christenson and others, 1958).

In 1959, a field study was initiated to determine the distribution of plutonium previously
discharged into an absorption bed at MDA T (Christenson and Thomas, 1962). Unlike
the previous laboratory study, the 1959 field study showed thalt plutonium species
penetrated as far as 8.5 m into the Bandelier tuff and that this p'enetration may have
taken place along fissures in the tuff. Clays occurring non-uniformly in the tuff by local

weathering, were speculated to have adsorbed plutonium species. This preferential

adsorption resulted in localized areas of high plutonium concentrations.

In the summer of 1960, DP waste flows were discharged to seepage bed 1 for one month
at an average rate of 8,700 gpd. The following month tap water vas applied at a rate
of 6,600 gpd. Moisture profiles were collected during and after these runs (Christenson
and Thomas, 1962) (Appendix C).

In 1961, DP raw waste was again diverted to seepage bed 1. An average rate of 6,400
gpd was maintained from June 30 to August 1. From August 2 to August 26,
approximately 7,100 gpd of tap water was applied. Moisture, radionuclide, pH and total
dissolved solid profiles from that experiment are reported in Christenson and Thomas
(1962), and are presented in Appendix B.

LANL and USGS conclusions from the 1960-61 addition of water, summarized in
Christenson and Thomas (1962) and Abrahams (1963), include:

1. The waste-water movement through the tuff may have changed some
of the physical properties of the tuff, such as pore and particle sizes by
chemical alteration (Abrahams, 1963).
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10.

Some of the wastes discharged in the east end of the disposal pit may
have moved laterally through the sandy material along the sloping top
of the tuff and then vertically into the tuff (Abrahams, 1963).

The lower moisture values seem to coincide with areas of tuff in which
the greatest amount of staining has occurred. The stained areas may
indicate a different stage of weathering than that at the clay layer due
to alternate wetting and drying cycles (Abrahams, 1963).

The moisture content and gross alpha activity of the cores collected in
the study area decreased significantly from east to west and with depth.
This decrease in activity indicated that much of the liquid discharged
into the pit moved only a short distance laterally through the sandy
material before infiltration into the tuff (Abrahams, 1963).

The tuff is extensively jointed and the tendency for liquid to move
through the joints is indicated by higher gross alpha activity in local
areas. This observation is supported by the gross alpha count of 1,000
per minute per dry gram at the 20 foot depth (Abrahams, 1963).

In the east group of holes, the joints are more numerous with
increasing depth. Waste water penetrated the fine line joints to depths
of at least 22 feet and subsequently altered the tuff adjacent to the
joint as much as one-quarter to one-half inch into the matrix away from
the joint. Clays developed locally and impeded drainage so that the
joints retained water to the extent that the moisture content of the tuff
was locally as much as 35 percent (Abrahams, 1963).

Water in the low moisture range apparently moved to depths greater
than 90 feet. Water in unknown quantities apparently moves through

open joints or joints which may have been enlarged by solvents in the
wastes (Abrahams, 1963).

Below a depth of about 15-20 ft the alpha activity was low, except for
local areas of relatively high activity. Apparently, these local areas of
high alpha activity are where water carried the activity along the joints.
The occurrence of rapid movement of water through joints was
substantiated during these infiltration studies (Abrahams, 1963).

Total hardness and total solids are correlated with alpha activity
(Appendix B) (Christenson and Thomas, 1962).

Total solids and total hardness increase with depth, suggesting solution

or re-solution of previously deposited material (Christenson and Thomas,
1962).
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11. There is some indication of an inverse relationship between gross alpha
content and pH. It is possible that at the lower pH values the
plutonium is oxidized to +6 and although it is fairly unstable, it is more
mobile than the Pu** and Pu*? species (Christenson and {Thomas, 1962).

12. The irregularity of the saturation curves (sudden decrease in percent
moisture) obtained from field data suggests that percolating water may
cause perched zones, or may travel rapidly along fissures. Fracture
transport and perched water will exert a marked influence on the
accumulation and sorption of radionuclides in the areas involved
(Christenson and Thomas, 1962).

13. Under field conditions, plutonium species have been shown to penetrate
to at least 28 feet. Moisture and flow rate data, and physical inspection
indicate that the penetration apparently takes place |along fissures
(Christenson and Thomas, 1962).

14. It is apparent that one cannot extrapolate from laboratory studies on
intact core samples to conditions which preva,ll in the field (Christenson
and Thomas, 1962). :

In 1974, a detailed series of laboratory studies were initiated with crushed and intact
Bandelier tuff at Argonne National Laboratory. Results suggest that waste and aqueous
solutions of plutonium and americium exhibit anomalous migration|behavior (Fried and
others, 1975, 1976, 1977, 1978). This research shows that plutomum may exist in two
forms one of which (probably a hydrolyzed form) migrates much more rapidly than the
"ionic" form when moving by aqueous percolation. The experlmental results suggest a
penetration rate of the more mobile plutonium species of about 217 cm/y when
transported by unsaturated water flow in the tuff (Fried and other% 1975).

The objective of a comprehensive field study performed by Nyhan and others, (1984) was
to determine the distribution of plutonium, americium and water beneath two absorption
beds at MDA T as a function of depth. Results of their study indicate that the vertical
distributions of radionuclides and water are related to the occurrences of fractures and
variations in geologic properties of tuff units in each profile.

1-12




2.0 SITE CONDITIONS
2.1 Hydrogeological Setting

The Los Alamos facilities are located on the western part of the Pajarito Plateau
(Figure 2.1), which forms an apron of volcanic and sedimentary rock around the eastern
flanks of the Jemez Mountains. The MDA T site is situated along the northern border
of the Los Alamos facilities (Figure 1.1). The Pajarito plateau is aligned approximately
north-south and is about 20 to 25 miles in length and five to ten miles wide. The
Plateau is bounded to the east by White Rock Canyon, which contains the Rio Grande.
The Puye Escarpment borders the Plateau on the north and northeast while the Sierra
de los Valles are adjacent to the Plateau on the west. The Plateau dips gently eastward
from an elevation of about 7,500 feet near the mountains toward the Rio Grande where
it vanishes at an elevation of about 5,400 feet. The Rio Grande has cut steep slopes
and cliffs into the Plateau. The Plateau is dissected into a number of narrow mesas by
intermittent streams that trend southeastward.

The volcanic and sedimentary rocks that are present in the Los Alamos area range in
age from Miocene to Holocene (Abeele and others, 1981). Rock types include
sandstones and siltstones, crystalline rocks, and ash-flow tuffs (Figure 2.2). The oldest
rock unit in the Los Alamos area is the Tesuque Formation of Miocene age which
consists of fossiliferous siltstones and sandstones with lenses of clay that were deposited
as basin fill in the Rio Grande structural trough (Abeele and others, 1981). The main

water supply for LANL and domestic use is groundwater from the Tesuque Formation
(Abeele and others, 1981).

The Puye Conglomerate overlies the Tesuque Formation in the central and eastern parts
of the Pajarito Plateau. The Puye Conglomerate consists of well-rounded pebbles,
cobbles, and small boulders of Precambrian quartzite and granite in a matrix of coarse
arkosic sandstone grading into a poorly consolidated, silty, sandy conglomerate containing
interlayered lapilli-tuff beds and volcanic mudflow deposits (Abeele and others, 1981).

The Puye Conglomerate is overlain by the Tschicoma Formation which forms the major
part of the interior mass of the central Jemez Mountains. Rock types are porphyritic
dacite, rhyodacite, and quartz latite containing phenocrysts of pyroxene, hornblende,
biotite, plagioclase and quartz. The maximum thickness of the Tschicoma Formation
exceeds 900 m (Abeele and others, 1981).

The volcanic rocks of Chino Mesa are 0-460 m thick and were deposited less than
2.8 million years ago over the Tschicoma Formation. These volcanic rocks are mostly

basaltic andesite flows and tuffs containing xenocrysts of quartz (Abeele and others,
1981).

The Bandelier tuff was formed during the Pleistocene by volcanic activity in the Jemez
Mountains and consists of a series of rhyolite and quartz latite domes, ash flows, air-fall
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pumice, and obsidian. The Bandelier tuff forms the upper parts of the Jemez Plateau
on the western flanks of the Jemez Mountains and the Pajarito Plateau on the eastern
flanks of the Jemez Mountains. It is therefore the most extensivel unit at Los Alamos.
The formation is divided into two members, the lower Otowi and upper Tshirege. Each
member is composed of a basal air-fall pumice overlain by a series of ash-flow units.
The thickness of the tuff ranges from 10 to 320 m.

In the Los Alamos area, the 1.4-million-year-old Otowi Member consists of a 0- to 10-
m-thick basal bedded air-fall pumice overlain by massive to poorly bedded nonwelded
ash-flow deposits containing abundant lithic fragments. Ash flow units in the Otowi
often easily erode to form characteristic pinnacle-shaped features. |The thickness of this
member in the Los Alamos area ranges from 0 to 80 m (Abeele and others, 1981).

The Tshirege Member is 1.1 million years old and consists of a 0.3-m-thick basal bedded
air-fall pumice overlain by nonwelded ash flows containing hornblende-rich quartz latite
pumice and accidental lithic fragments. The base of the Tshirege rests on the irregular
erosional surface of the Otowi.

Physical properties of the tuff that may affect fluid flow result primlarily from induration
(which includes vapor-phase crystallization, devitrification, and welding) and jointing
(Abeele and others, 1981).

Joints, formed by cooling of ash flows, commonly divide the tuff into irregular blocks.
The predominant joint sets are vertical or nearly vertical and joint frequency generally
increases with a greater degree of welding (Abeele and others, 1981).

22 Primary Aquifer System

The main aquifer of the Los Alamos area rises westward from the {Rio Grande through
the Tesuque Formation into the lower part of the Puye Conglomerate beneath the
central and western parts of the plateau (Figure 2.3). The water in the aquifer moves
from the major recharge area in the Valles Caldera eastward toward the Rio Grande.
This is the only aquifer capable of yleldmg mumCIpal and mdustnal supplies (Purtymun,
1984). The upper surface of the main aquifer rises westward from the Rio Grande, and
partially dlscharges into the river through seeps and springs. The |major recharge area
for the aquifer is the intermountain basin formed by the Valles (,aldera The upper
parts of the sediments in the basin are lacustrine deposits of clq , sand and gravels.
These deposits are underlain by volcanic debris resulting from collapse of the caldera.
The sediments and volcanics in the basin are highly permeable and saturated.

24




ELEVATION ABOVE MSL (m)

LOS ALAMOS, NM

MEAN ANNUAL PRECIP - 15 inches.

460 mm.
WEST 'EPHEMERAL STREAM

BURIAL GROUNDS

WATER SUPPLY WELL

SETY
Siesildny,
33

Hin
.......

a,gzii;; A EAST

350811

MAIN AQUIFER

[ TUFF PIEZOMETRIC SURFACE IN

ALLUVIUM MAIN AQUIFER
E=BASALT

FFH CONGLOMERATE

[ SEDIMENTS APPROX. 3 MILES
PERCHED WATER (5 km)

Figure 2.3. Illustration of geologic-hydrologic relationships in the Los Alamos
area (LANL, 1987).

2-5




Characterization of the hydraulic and chemical properties of the main aquifer is based
on information obtained from supply wells, stock wells, test wells and springs. Aquifer
tests and pumping from production wells and test holes have enabled the determination
of the physical characteristics of the main aquifer (Figure 2.4) (Purtymun, 1984). The
physical characteristics of the aquifer will govern the quantity and the rate at which the
water will move. The rate of water movement in the geologic formations of the main
aquifer is presented as Figure 2.5.

2.3 Vadose Z_one Conditions

2.3.1 General

The term moisture is defined in this report to include both liquid water and water vapor.
Moisture flow and storage therefore include the combined flow and storage of liquid
water and water vapor. Under partially saturated conditions, water |vapor will be present
within the pore gas. The pore gas may be regarded as a mixture of{air and water vapor.
Under most natural conditions, water vapor and liquid water will be in local
thermodynamic phase equilibrium within the pore and fracture |space. In partially
saturated porous media, the equilibrium vapor pressure is a function of both temperature
and matric potential and at constant temperature decreases with decreasing saturation.
°Liquid-water movement in a partially saturated porous media is described using Darcy’s
law (flux is dependent upon hydraulic gradient, cross-sectional aréa and a constant of

proportionality), whereas water-vapor movement proceeds either as molecular diffusion -

under a water-vapor concentration gradient or by advection accompanymg bulk pore-gas
flow.

For this study, degree or percent saturation refers to liquid-water saturation and is
defined to be the fractional pore volume or fracture space occupied by liquid water.
Degree of saturation and other bulk hydrologic properties are meaningful only when
defined as averages over volumes of rock sufficiently large to enclose many pores or
fractures (over which the saturation and other bulk hydrologic properties may be taken
to be averaged) but yet must be small compared with the overall size of the macroscopic
hydrologic system.

Under partially saturated conditions, liquid water is bound to the solid within the pore
and fracture openings either by surface-tension (capillary) forces or, at very low
saturations, by physical or chemical adsorption. The strength of the bonding force is
measured in terms of an equivalent negative pressure, or pressure| head, designated as
the matric potential.

In a fractured medium, the matric potential within the fractures need not be equal to
that within the enclosing rock matrix, although pressure equilibration will tend to be
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established over time. Large differences in matric potential between rock matrix and

fractures may occur under transient conditions, and thus may affect moisture movement
under such conditions.

Matric potential is a function of liquid-water saturation. An analytic or graphical
representation of the functional relationship defines the moisture-retention curve for the
porous medium. Moisture-retention curves for most media are not unique; they display
hysteresis in which the precise relation between matric potential and saturation depends
on the wetting and drying history of the medium.

Standard techniques, using mercury intrusion, pressure-plate apparatus, thermocouple
psychrometers, and centrifuges are developed to measure the moisture-retention curves
for small soil or rock samples. However, there are few, if any, reliable means of
measuring the moisture-retention capacity of discrete fractures.

Depending on the representative linear pore dimensions relative to the representative
fracture spacings, a considerable difference may exist between the scale of (1) the bulk-
rock volume appropriate for defining the rock-matrix hydrologic properties, which are
averaged over the pore space, and (2) the volume containing many fractures that is
required to define the bulk properties for the fractures. Under these conditions, the
pores and fractures may define two overlapping continuum systems, each regarded as
equivalent porous media. Such a double-porosity model may be appropriate, for
example, to describe a highly fractured but otherwise homogeneous tuff in which the
fractures bound distinct matrix blocks. At the opposite extreme, the fracture density may
be so low that bulk fracture properties cannot be defined meaningfully, in which case the
fractures that are present would have to be regarded as discrete entities. At this time,
there is not enough information pertaining to which fracture-matrix relationships most
accurately describe the system at MDA T. The Pathway Analysis followed a continuum
approach with the properties of the matrix dominating the system.

The vector volumetric flux of liquid water moving under isothermal and iso-osmotic
conditions through a partially saturated, natural hydrogeologic unit, regarded as an
equivalent porous-medium continuum system, is determined by the spatial gradients of
matric and gravitational potentials and by the hydrologic properties. This functional
dependence is expressed mathematically by Darcy’s law for unsaturated liquid-flow.

The moisture-retention curve together with the relationship between relative hydraulic
conductivity and saturation or, equivalently, matric potential, constitute the set of

moisture-characteristic relations for a particular porous medium under partially saturated
conditions.

In addition to the storage and transport of moisture as. liquid water within the
unsaturated zone, moisture may be stored and transported as water vapor within the air-
filled pore space. The bulk flow of air in pores and fractures is usually regarded to be
Darcian in which the potential gradients are determined by the local pore-gas pressure.




2.3.2 Hydrologic and Transport Properties

A fair amount of information is available on the hydrologic properties of the rocks in
the vicinity of Los Alamos (Abeele, 1979, 1981, 1984, 1986). |However, very little
research has been performed investigating the transport properties of the rocks.
Estimates of distribution coefficients and other rock transport properties are presented
in the section on sensitivity analysis (Section 5.2).

2.3.3 Climatology

Maximum temperatures are generally below 32°C, with the extreme recorded at 35°C
(Abeele and others, 1981). A large diurnal variation keeps summer nocturnal
temperatures in the 12° to 15°C range. Winter temperatures are ﬁypically in the range
of -10°C to 5°C, with the extreme recorded at -28°C. The average relative humidity is
40%, ranging from 30% in May and June to above 50% in July, J anuary, and February.
The mean annual precipitation for Los Alamos is 457 mm (Abeele and others, 1981).

2.4 Waste Characteristics

24.1 General

Records pertaining to the volume, type and quantity of wastes disposed at MDA T have

deficiencies and in some cases are nonexistent. Nonetheless, the|available data were
reviewed and compiled to enable a historical reconstruction to be used as input into the
pathway analysis. Currently, archive searches and interviews are|being conducted to

better define the composition and quantity of waste stream input into the four absorption
beds. A

242 Radionuclide Releases to Material Disposal Area T

Material Disposal Area T (MDA T) was one of the first disposal
(Rogers, 1977). Untreated wastes from the processing of plutonium
pits from 1945 to 1952 (Rogers, 1977). In 1952 a waste disposal t

areas used at LANL
were released to the
reatment plant (DP-

West/Building 35) was installed to remove plutonium and other radionuclides because
the tuff had become clogged with suspended solids. The completi'on and operation of

the treatment plant resulted in a sharp drop in concentrations of

radionuclides being

released to the absorption beds (Table 2.1). Furthermore, when the quantity of wastes

discharged to the absorption beds had reached the order of several
day, the beds had to be abandoned (Rogers, 1977).

thousand gallons per
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Table 2.1.  On-site estimates of radioactivity to absorption beds’
(covered seepage pits, Area T and Area V).

Plutonium

Year Ci

1945 1.4035
1946 1.4035
1947 1.4035
1948 1.4035
1949 1.4035
1950 1.4035
1951 1.4035
1952 0.0035
1953 0.0035
1954 0.0035
1955 0.0035
1956 0.0035
1957 0.0035
1958 0.0035
1959 0.0035
1960 0.0035
1961 0.0035
TOTAL 9.8595

1 Area T beds were operated through 1951, Area V beds through 1961. Most of
Pu, but analyses were not performed to determine specific

the plutonium was

isotopes. Data are estimated (Christenson, 1973).
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At infrequent intervals, slugs consisting of a few hundred gallons ez
were released from DP-West to the absorption beds from 1952 until

ich of treated wastes
1967 (Rogers, 1977).

From 1965 through 1967, absorption beds 1 and 2 also received radioactive wastes from

Disposal Treatment Plant-East (Table 2.2). A new treatment pl
eliminated liquid waste discharged to the absorption beds in 1968

2.4.2.1 Method of Disposal

The configuration of the four absorption beds is presented in Figu

lant was built which
(Rogers, 1977).

re 2.6. Each bed is

36.6 m long, 6.1 m wide, and about 1.2 m deep. The east and west sides of the beds

are sloped so that only the center 30.5 m of each bed has a de
original surface of the site sloped to the north at 12 to 1 (Rogers,
between the centers of beds 1 and 3 and beds 2 and 4 is 24.4 m

The beds were filled with stone, gravel, sand and earth. To form a
the stone was graded from large at the bottom to small at the to
over the gravel. The top layer of fill was earth (Rogers, 1977).

Liquid wastes moved through a 15.2-cm iron pipe from DP West F
5 to a concrete distribution box between beds 1 and 2. The distrib
long, 0.9 m wide, and 1.2 m deep with 15.2-cm walls (Rogers, 197

Wastes were probably diverted into either bed 1 or bed 2 instead ¢
to flow to both (Rogers, 1977). The floor drain from Filter Bu
emptied into a 15.2 cm iron pipe leading into bed 1. Overflow p
connect beds 1 and 3 and beds 2 and 4. The overflow pipes are
and 2 at the top of the stone layer and in beds 3 and 4 at the bot

"Reportedly more water [liquid wastes] moved into pits [Beds
moved into 2 and 4, and at times some of the pits becamc
overflowed, the overflow moving northward toward a can

1977).
2422 Contamination Volumes

The amount of untreated waste released into the absorptlon beds dy
to 1952 was reported to be approximately 53,000 m® (Table 2.3) (R

pth of 1.2 m. The
1977). The distance
Rogers, 1977).

3 deck for the gravel
p. Sand was placed

Buildings 2, 3, 4, and
ution box was 1.2 m

7).

f allowing the waste
ilding 12, TA-21-12,
ipes of 15.2 cm iron
positioned in beds 1
tom (Rogers, 1977).

| 1 and 3 than
> clogged and
yon" (Rogers,

iring the period 1945
ogers, 1977). During

this time it is estimated that the concentration of plutonium was 120 dis/min/ml with an
average fluoride concentration of 160 ppm. In addition, 39.6 m> Of effluent, with high
concentrations of ammonium citrate, was released to the beds from June 1951 to July
1952. The plutonium concentration in this waste averaged about 14,000 dis/min/ml,

while fluoride concentrations were about 200 ppm (Rogers, 1977).
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Table 2.2. Reported volumes of wastes discharged to Area T

absorption beds (in cubic meters).

Year From DPE From DPW Year From DPE  From DPW
1945 0 3,000 (est) 1966 4,355 0
1946 0 4,000 (est) 1967 666 0
1947 0 5,000 (est) 1968 0 0
1948 0 6,000 (est) 1969 0 0
1949 0 5,971 1970 0 0
1950 0 10,030 1971 0 0
1951 0 13,600 1972 0 0
1952 0 5,400 1973 0 0
1953 0 822
1954 0 206
1955 - 0 1,389
1956 0 1,970
1957 0 1,587
1958 0 657
1959 0 731
1960 0 750
1961 0 117
1962 0 51
1963 0 230
1964 0 98
1965 2,492 137
Compiled by L.A. Emelity, H-7, May 1974.
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Table 2.3. Historical Pu-239 *releases to MDA T (Rogers, 1977).

Plutonium
Time duration Effluent Concentration
Volume (m?) (dis/min/ml)
1945-1952 53,000 120
June 1951-
July 1952 40 14,000
1953-1967 16,000 0.2
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3.0 PATHWAY ANALYSIS MODELS

3.1 Initial Conceptual Model

The hydrogeologic system in the vicinity of the site appears to be controlled by
interrelated hydraulic properties and processes which, most likely, are complex and vary
widely in space, has boundary conditions with irregular geometries, and has inputs and
outputs that vary in space and time.

Mathematical models may be used effectively to quantify physical systems, provided the
limitations and uncertainties of the models are reasonably well understood.

Before starting the pathway analysis it was important to select a computer code(s) that
would satisfactorily handle the initial and boundary conditions. These conditions at
MDA T are particularly difficult to simulate due to the numerical instabilities caused by
the large volumes of liquid introduced into a very dry system. The selection of the
computer codes was relatively easy because there are few codes that can accommodate
the numerical difficulties posed by the addition of large pulses into a very dry system.

3.2 Rationale for Code Selection

Two numerical codes, HYDRUS (Kool, 1987) and SOILSIM (Huyakorn, 1989), were
chosen to simulate variably-saturated flow and transport under conditions at MDA T.

HYDRUS and SOILSIM are both finite element codes for simulating water flow and
solute transport under transient variably saturated conditions. HYDRUS simulates
vertical (one-dimensional) flow and transport and SOILSIM can perform two-dimensional
cross-sectional, areal or axisymmetric problems. The two codes were selected for this
investigation because of their demonstrated ability and numerical efficiency in simulating
highly non-linear, transient variably saturated flow and contaminant transport problems.
The use of both one and two dimensional codes permits evaluation of both the
importance of multi-dimensional flow and transport as well as the use of an efficient
one-dimensional code for sensitivity analysis.

SOILSIM is a finite element code that is based on the VAM2D code (descendant of
SATURN). Differences between SOILSIM over VAM2D are discussed in Section 3.4.2.
These differences do not affect the simulations performed for the pathway analysis.
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32.1 HYDRUS (one dimensional)

General Features

HYDRUS (Kool, 1987) is a modification of the program WORM, developed by M. van
Genuchten at the United States Department of Agriculture-Agricultural Research Service
(USDA-ARS) Salinity Lab. Enhancements incorporated in HYDRUS include the ability

to simulate the effects of hysteresis in the water retention charag

steristic on flow and

transport, automatic mass balance computation, and expanded capabilities for handling

varying transient boundary conditions. During flow simulations
pathway analysis, it was discovered that due to the manner in
coefficients were computed in HYDRUS, sometimes appreciable

performed for the
| which the storage
mass balance errors

would occur. The code was modified using the procedure described by Milly (1985) to
correct this problem. This correction has since also been implemented in the original

WORM code (M. Th. van Genuchten, personal communication).

HYDRUS solves the one-dimensional Richard’s equation for vertical water flow, and the

advection-dispersion equation for solute transport.

1-D Flow Equation (HYDRUS)

3 3P ay
— [Kky (—-1)] = € —
az az it

where v is pressure head (L), K is the saturated hydraulic conduct

(1)

vity (L/T), k, is the

relative hydraulic conductivity (Dimensionless), C is the storage coefficient (1/L) z is

vertical distance taken to be positive downward (L), and t is time
C is defined as

( T). The coeff1c1ent

(2)

where S, is the water saturation (Dimensionless), S; is the coefficient of specific storage

(1/L), and ¢ is the porosity (Dimensionless).




1-D Transport Equation (HYDRUS)

3 ac ac ac
— (Db —) -V — = § (R— + AC) (3)
az 4z 3z it :

where c is the solute concentration (M/L?), D is the dispersion coefficient (I%/T), V is
the Darcy velocity (L/T), R is the retardation coefficient (Dimensionless), § = ¢S, is the

volumetric water content, and x is the first-order decay coefficient (1/T). The dispersion
coefficient is defined as ’

D = oV + 6D, . (4)

whzere a; is the dispersivity (L) and D, is the effective molecular diffusion coefficient
/).

The retardation coefficient R is defined as

sk
R = 1+ —2 (5)
6

where p and ky are the bulk density and distribution coefficient, respectively.

The governing flow equation is solved using a fully implicit, mass-lumped Galerkin finite
element formulation with optional upstream weighting of the relative conductivity. The
evaluation of storage coefficients in HYDRUS has recently been revised to ensure a
mass-conservative formulation. This new formulation results in mass-balance errors of
typically less than 0.5 percent. The solute transport equation is solved using an implicit
Galerkin solution to the classical advection-dispersion equation. The solution allows for
linear equilibrium adsorption and first-order decay reactions. The solution incorporates
an automatic correction of the dispersion coefficient for numerical dispersion.




3.2.1.1 Assumptions of HYDRUS

HYDRUS contains both flow and single species solute transport m
perform variably saturated analysis using pressure head as the depen
assumptions of the flow model are:

Major assumptions of the solute transport model are:

3.2.12 Limitations of HYDRUS

Flow of the fluid phase is considered isothermal and
Darcy’s law;

Vapor-phase water flow is negligible;

odels.

The code can

dent variable. Major

governed by

The fluid is considered slightly compressible and homogeneous;

The fractured rock is treated as an equivalent porous medium;

For variably saturated flow analysis, hysteresis effects in the constitutive
relationships of relative permeability versus saturation, and saturation

versus pressure head are allowed.

Hydrodynamic dispersion and molecular diffusion in the porous medium
system are governed by Fick’s law. The hydrodynarﬁic dispersion
coefficient is defined as the sum of the coefficients of mechanical
dispersion and molecular diffusion. The medium dispersivity is assumed
to correspond to that of an isotropic porous medium and hence related

to longitudinal dispersivity;

Adsorption and decay of the solute are described
equilibrium isotherm and a first order decay constant, re

by a linear
spectively.

In performing a variably saturated flow analysis, the code handles only

one dimensional single-phase flow (liquid water) and ign|

ores the flow

of the second phase (water vapor and air) which, in some instances,

can be significant;

Flow and transport in fractures are not explicitly simulat

The code simulates only transport of a single species solute and does .

not simulate chain reactions;




e The code does not take into account kinetic sorption effects or other
chemical reactions which, in some instances, can be important;

e The code accounts for only one dimension of flow and transport; if
significant flow components occur in the second and third dimensions,
significant simulation errors could result.

3.2.2 SOILSIM (two dimensional)

General Features

SOILSIM (Huyakorn, 1989) uses a Galerkin finite element solution to the two-
dimensional Richard’s equation for variably saturated flow. The code can use either
fully implicit or Crank-Nicholson approximations of the time derivatives, and mass-
lumping of the storage matrix.

Governing Flow Equation

3 ay ay
— [Kjs k. (/— +1)] = C — (6)
6Xi 1J r an at ’

where K is the saturated hydraulic conductivity tensor and x; (i = 1,2) are spatial
coordinates, where x, is the horizontal direction and x, is the vertical direction which is
taken as positive upwards, and the remaining terms are as defined previously.

2-D Transport Equation

a ac ac ac
(D;y —) -V, — = ¢SwR (— + xc) ‘ (7)

ij

where D;; is the dispersion tensor, with elements defined by

2 2
ar (Vq) ap (V,)
D,; = L 1 T 2 + D, (8a)
[ V] V] -
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=D = (ay—Qm)
21 L™ %
V]

(8b)

(8c)

where a; and ap are longitudinal and transverse dispersivities, respectively.

The solute transport equation is solved by the upstream weighted residual finite element

method designed to circumvent oscillations and negative concentrations.

Solute

movement may include linear equilibrium adsorption and first order decay reactions.

3.22.1 Assumptions in SOILSIM

SOILSIM contains both flow and single species solute transport models.
perform two types of flow analysis: (1) variably saturated analysi

The code can
s using pressure head

as the dependent variable, and (2) fully saturated confined or unconfined groundwater

analysis using hydraulic head as the dependent variable. Major as
model are:

Flow of the fluid phase is considered isothermal -an
Darcy’s law;

Vapor-phase water flow is negligible;
The fluid considered is slightly compressible and homo
The fractured rock can be treated as an equivalent po
For variably saturated flow analysis, hysteresis effects in
relationships of relative permeability versus saturation,

versus pressure head are assumed to be negligible;

For areal unconfined saturated flow below the water tab
components and seepage faces are assumed to be negl

sumptions of the flow

d governed by

geneous;
rous medium;
the constitutive

and saturation

le, vertical flow
igible.

3-6

£

[

A . A Y I

A

|
m Em



I I g EE I BE W BN U BN N BE BN B IS W e . .

33

Major assumptions of the solute transport model are:

Hydrodynamic dispersion and molecular diffusion in the porous medium
system are governed by Fick’s law. The hydrodynamic dispersion
coefficient is defined as the sum of the coefficients of mechanical
dispersion and molecular diffusion. The medium dispersivity is assumed
to correspond to that of an isotropic porous medium and hence related
to two constants, the longitudinal and transverse dispersivities;

Adsorption and decay of the solute is described by the linear
equilibrium isotherm and a first order decay constant.

3.2.2.2 Limitations of SOILSIM

[ ]

In performing a variably saturated flow analysis, the code handles only
single-phase flow (liquid water) and ignores the flow of the second
phase (water vapor and air) which, in some instances, can be significant;

In performing an areal unconfined saturated flow analysis, the presence

of seepage faces is neglected and the simplified Boussinesq equation is
used;

Flow and transport in fractures is not explicitly taken into account;

The code simulates only transport of a single species solute and does
not simulate daughter products;

The code does not consider kinetic sorption effects or other chemical
reactions which, in some instances, can be important;

The code accounts for only two dimensional flow and transport, and if
significant flow components occur in the third dimension, significant
simulation errors could result.

Numerical Accuracy

The accuracy of numerical approximations of time-dependent partial differential
equations depends on the size of the nodal or grid spacings and time increments
employed as well as other numerical factors.
particularly for infiltration problems with very dry initial conditions, is highly non-linear.
Even with robust and efficient codes, convergence difficulties may be encountered unless
sufficiently fine spatial and temporal resolutions are used. These requirements make a
significant contribution to the overall computational costs of performing variably
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