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ABSTRACT 

Lawrence Livermore National Laboratory (LLNL) is investigating the fate and transport 
of vadose zone contaminants at their Livermore site in Livermore, California. The principal 
objectives of this work are to identify potential source areas at the Livermore site which 
require remediation, to prioritize those areas, and finally, to optimize the remediation process. 

Primary contaminants of interest for this investigation are volatile organic compounds 
(VOCs) and tritium. A fully integrated, three-part program, consisting of quantitative 
modeling, field studies, and laboratory measurements, is in progress. 

To evaluate and predict vadose zone contaminant migration, quantitative modeling is 
used. Our modeling capabilities are being enhanced through the developer, -nt of a 
mult icomponent, three-dimensional, nonaqueous phase liquid-Hquid-vapor.non isothermal flow 
and transport computer code. This code will be also used to evaluate vadose zone remediation 
requirements. 

Field studies to acquire LLNL site-specific soil (sediment) characteristics for computer 
code calibration and validation include subsurface lithologic and contaminant profiling, in sim 
soil moisture content, ground surface emission flux of VOCs and tritium, transpiration of 
tritium, and ground surface evapotranspi'rati'on of water. Multilevel varfose zone monitoring 
devices are used to monitor the gaseous and aqueous transport of contaminants. 

Key physical, chemical, and hydraulic properties of Livermore site vadose zone 
unconsolidated sediments are being measured in the laboratory to calibrate the coefficients 
used in the computer code (e.g., the apparent gaseous diffusion coefficient of VOCs and tritium 
in different sediments and at different soil moisture contents, and soil moisture retention 
curves). Additionally, borehole soil and water samples are analyzed to determine contaminant 
nature, extent, and spatial variability. 

KEY WORDS: Vadose zone investigation, vadose zone quantitative modeling, vadose zone field 
studies, vadose zone laboratory measurements. 



INTRODUCTION 

The LLNL Livermore site in Livermore, California, is approximately a 3 km 2 research 
and development facility (Fig. I) owned by the U.S. Department of Energy and operated by the 
University of California. It was placed on the Superfund National Priority List in 1987 on the 
basis of volatile organic compounds (VOCs) in ground water and the proximity of drinking 
water supply wells within about 5 km of the facility. The responsibility for characterizing and 
remediating contaminants at LLNL lies with its Environmental Restoration Division (ERD), 
which is part of the Environmental Protection Department. All soil and ground water 
investigations at LLNL are conducted with U.S. Federal and California State regulatory 
participation. 

Characterization of the nature and extent of hazardous materials in soil (sediments) and 
ground water at the Livermore site is reported in the LLNL Livermore Site Remedial 
Investigation (Rl) report (Thorpe et al., 1990). The Livermore site is underlain by alluvial 
sediments consisting of interfingered gravel, sand, silt, and clay. Eight chlorinated solvents, 
trichloroethylene (TCE), perchloroethylene (PCE), 1,1-dichloroethylene, 1,2-dichloroethylene 
(1,2-DCE), 1,1-dichioroethane, i,2-dichioroetbane, carbon tetrachloride, and chloroform, have 
been detected in ground water at the study area in concentrations exceeding U.S. Federal or 
California State Maximum Contaminant Levels (MCLs), or California State Recommended 
Drinking Water Action Levels. TCE and PCE are the predominant VOCs in ground water at 
the Livermore site. Other relatively minor contaminants of interest in ground water are fuel 
hydrocarbons, radionuclides (principally tritium), and metals. 

An overview of vadose zone investigations at the Livermore site is presented in Figure 
2. Subsurface hazardous material release sites were identified by utilizing information on the 
use, storage, and disposal of hazardous materials at LLNL coupled with anecdotal reports, and 
geologic, hydrologic, and chemical data for the unsaturated and saturated zones. These 
individual sites were grouped geographically into potential source areas and were prioritized 
for further investigation (Yukic et al., 1988). A total of 14 VOC potential source areas were 
investigated for the Livermore site RI (Fig. 3; Thorpe et al., 1990). 

The highest concentrations of VOCs reported by Thorpe et al. (1990) were located in the 
southern and northwestern portions of the Building 518 Area (number 12 in Fig. 3). The latter 
area also shown in Figure 3, is referred to as Building Si 1. The maximum concentration of total 
VOCs detected in the Building 518 Area was CA parts per million (ppm) at about 6 m below the 
ground surface, with TCE the dominant VOC constituent at a maximum concentration of 6.1 
ppm. In the Building 511 Area, the maximum concentration of total VOCs detected was about 
1 ppm at a depth of 3 m below the ground surface. The dominant VOC in this area was 
J.2-OCE at 590 parts per billion (ppb). Depth to the top of the water table in this portion of 
the Livermore site was about 31 m. These two areas were designated as potentially active 
source areas that warranted further investigation to assess their potential effect on atmospheric 
and ground water VOC concentrations (Fig. 2). A conceptual illustration of the vadose zone 
fate and transport analysis conducted is presented in Figure 4. 

A three-dimensional semi-analytical model with first-order decay was used to calculate 
the migration of a VOC through the vadose zone to ground water in these potentially active 
source areas. Gaseous diffusion was determined as the dominant vadose zone transport 
mechanism at the Livermore site because the average net 30-y infiltration rates (Stone et al., 
1982) and the VOC concentrations are low. The analysis showed that over 60% of the TCE mass 
in-place at the Building 518 Area will escape to the atmosphere in 60 years from the present. 
The predicted maximum aqueous TCE concentration at the top of the water table was 
calculated at 17 ppb in about 50 years from the present. The MCL for TCE in ground water 
is 5 ppb. The predicted maximum aqueous 1,2-DCE concentration at the top of the water table 
in the Building 511 Area was calculated at 0.14 ppb, which is significantly below it's ground 
water regulatory limit of 6 ppb and 10 ppb, depending on the 1,2-DCE isomorph. The less of 



1,2-DCE to the atmosphere was negligible because the area is paved. 
Sensitivity analyses were used t~ evaluate tbe effects of uncerta.nties in model 

parameterization of initial contaminant distribution, sediment type at the top of the water 
table, liquid saturation, porosity, solid sorption of contaminant, Henry's law constant, 
degradation half-life, ground water velocity, and fine-scale and large-scale layered 
heterogeneities, for the Building 518 Area. Degradation half-life and the soil moisture content 
of the horizontal sediments were found to be the critical site parameters affecting future 
contamination of the ground water at this site. 

Details of these modeling results are presented in Appendix G of the LLNL Livermore 
Site Feasibility Study (Isberwood et al., 1990) and in Nitao et al. (1991). The remainder of this 
paper focuses on enhanced vadose zone investigations of potentially active source areas (Fig. 
2) being conducted at the Livermore site. 

VADOSE ZONE INVESTIGATE W PROGRAM 

The modeling results presented above indicate that remediation may be required at the 
Building SIS Area. The scientific and economic impact of this determination warranted 
further investigation to validate the model predictions. Consequently, a comprehensive and 
practically oriented Vadose Zone Investigation Program (VZIP) was formulated and is in 
progress. VZIP is a fully integrated evaluation system consisting of: 

• Quantitative modeling. 

• Field studies. 

• Laboratory measurements. 

Quantitative modeling supports and is in turn supported by both field studies and 
laboratory measurements. The VZIP strategy for the Livermore site is presented in Figure 5. 
The program's primary objectives are to more rigorously determine if remediation is required, 
and to optimize the remediation process, including timing of remedial actions. Secondary 
objectives of this program are to: 

1. Verify, calibrate, and validate the results of tbe gaseous diffusion analysis 
described in the preceding section (Appendix G in Isberwood et al., 1990). 

2. Evaluate additional vadose zone transport processes that may contribute to 
contaminant migration at the Livermore site, such as aqueous advection due to 
infiltration and/or evapotranspiration. 

A detailed discussion of each of tbe VZIP components follows. Note that all the procedures 
and protocols described below will be published as LLNL ERD documents, and most will be 
also published in the scientific literature. Tbe reader is invited to write to John Ziagos, 
Lawrence Liveraiore National Laboratory, P.O. 80S, L-619, Livermore, California, 94551, for 
a copy of tbe appropriate LLNL ERD publication, prior to it's release in the scientific 
literature. 

Quantitative Modeling 

Because of the complexity of vadose zone processes, quantitative models are important 
tools ior developing a conceptual understanding of vadose zone processes and for predicting 
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contaminant movement. Quantitative models can assist in serving various key functions such 
as: 

1. Characterization of a site and forming a conceptual focal point for data gathering. 

2. Evaluation of whether a site requires remediation. 

3. Determination of aquifer contamination risk if a site is not remediated. 

4. Development, planning, and optimization of remediation strategies. 

5. Monitoring of a site with or without remediation. 

6. Planning of field and laboratory experiments. 

Current vadose zone modeling at the Livermore site uses a three-dimensional finite 
difference code, NUFT, developed by one of the authors, John J. Nitao. NUFT is a 
multicomponent, three-dimensional, nonaqueous phase liquid (NAPL)-Iiquid-vapor, 
nonisothcrmal flow and transport code (J. Bear and J.J. Nitao, written communication, 1992). 
The code solves the balance equations for water, air, contaminants, and energy, and has the 
following capabilities: 

1. Performs full switching of the primary variables as phases appear and disappear. 

2. Consists of several distinct models in subroutine relationships. 

3. Calculates contaminant movement in the gas, aqueous, and NAPL phases. 

4. Includes the transport of volatile contaminants in any of these phases through 
advection and molecular diffusion. 

5. Has a nonisothermal option to calculate the relative importance of 
evapotranspiration in limiting the amount of water that may infiltrate a 
contaminated site. 

NUFT simulates fluid transport through the ground surface, vadose zone, capillary 
fringe, water table, and the saturated zone (Fig. 4). The nonisothermal feature of the model 
will be used to evaluate the efficacy of nonisothermal remediation techniques such as various 
methods of vadose zone beating. This new computer code is in the process of being verified, 
calibrated, and validated. 

Mathematical verification is the process of testing a computer code to verify that the 
balance equations are implemented correctly and that the equations are solved accurately. 
NUFT is being verified by isolating physical processes through setting various transport 
coefficients to zero. By setting various constitutive parameters to specialized values (e.g., 
selected constants and/or linearized constitutive relationships), a simplified mathematical 
problem may be obtained with known analytical or semi-analytical solutions, which can be used 
to verify code-calculated results. 

Benchmarking is the process of comparing a computer code against established computer 
models (e.g., TOUGH) with similar capabilities. This is another facet of the verification 
process that will be applied to NUFT. 

Model calibration is the process of determining various constitutive transport 
coefficients from intercomparisons of model predictions with laboratory and field data. NUFT 
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will be calibrated with (1) laboratory-derived physical, chemical, and hydraulic properties of 
Liverniore site unsatuiated sediments, (2) artificial and natural infiltration field experiments, 
and (3) vadose zone gaseous diffusion field experiments. The infiltration field experiments 
performed at various infiltration fluxes and ground conditions will calibrate the model with 
respect to: 

1. Heat and mass transfer coefficients from the ground surface to the atmosphere. 

2. Large-scale characteristic curves. 

3. Effect of heterogeneity on preferential flow and transport pathways. 

Model calibration will be further assisted by the gaseous diffusion field experiment 
which will determine in situ field-scale gaseous diffusion coefficients. Hence, only those model 
coefficients that cannot be directly determined in the laboratory or in the field will require 
adjustment. 

Model validation is the process of confirming that the model predictions are consistent 
with observations in laboratory and field experiments. Model validation of NUFT will be 
performed by comparisons with laboratory and field experimental data, including those 
available in the literature. Laboratory experiments using physical scale models will include 
transport of a contaminant or a tracer in the vadose zone and in the capillary fringe region. 

Field Studies 

Current VZIP field study areas (and their contaminants under investigation) are the 
Building 518 solvent spill (VOCs), Building 292 underground tank leak (tritium), and Trailer 
5475 former disposal pits (tritium and VOCs). The latter two areas were defined as potentially 
active source areas during source investigations subsequent to Thorpe et al. (1990). 
Additionally, field-scale infiltration and gaseous diffusion experiments are planned for the 
Buffer Zone Area and Building 518 Area, respectively. Locations of the VZIP field study arnas 
are presented in Figure 6. 

The field infiltration experiment will measure evapotranspiration near the ground 
surface, vertical temperature profiles, soil moisture potentials, soil moisture content, and 
transport of tracers. These experiments will simulate the average 1-, 10-, and 100-year storm 
events that occur at the Livermore site. A very high infiltration flux test will allow observation 
of transport in the deep vadose zone. The gaseous diffusion experiment will introduce a 
conservative tracer at a point in the vadose zone and Us concentration will be measured at 
various distances both horizontally and vertically. This will allow for the determination of a 
field-scale apparent diffusion coefficient. Field experiments are conducted for model 
calibration and validation. 

In each of the source areas being investigated, we collect data to determine (1) 
contaminant and lithology distribution; (2) in situ soil moisture content using a neutron probe; 
(3) ground surface evaporation flux of VOCs and tritium using an ERD-modified, U.S. 
Environmental Protection Agency approved ground surface emission flux chamber (Kindbush, 
1985; S.A. Martins, written communications, 1992); (4) evapotranspiration flux (S.A. Martins, 
written communication, 1992); and (5) sediment physical and hydraulic properties. We also 
monitor vadose zone gaseous and aqueous flow znd transport using SEAMIST multilevel, 
borehole sampling systems (Mallon et al., 1992; Keller, 1991; and W. Lowery and CD. Cremer, 
written communication, 1991). Tritium transpiration is also monitored, where appropriate. 

Sediment, water, and gas samples are analyzed to profile contaminant distribution and 
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lithology, to evaluate tbe fate and transport 0/ the site-specific contaminants, and to calibrate 
and validate tbe predictive numerical models. At least four VZIP boreholes will be drilled at 
each of the potentially active source areas with a hollow stem auger to provide sediment 
samples for physical, chemical, and hydraulic measurements described below. These boreholes, 
instrumented for vadose zone monitoring, are in addition to those boreholes/monitor wells 
drilled for characterization purposes. 

Continuous core is collected during the drilling to facilitate lithologic logging and 
classification of retrieved sediments according to the American Society of Testing Materials 
Unified Soil Classification system. Lithologic identification is based on visual estimates of the 
percentages of clay, silt, sand, and gravel. 

Core samples for chemical, physical, and hydraulic parameters are collected during 
drilling on a regular predetermined basis that depends on the known contaminant distribution 
from previous characterization studies. Sediment samples for VOC, tritium, and cbloride-36 
( 3 6Ci) analysis are usually collected at 1- to 3-m intervals or at a lithologic change, whichever 
comes first. Additional samples for VOC analyses are collected at 0.15-m intervals where 
elevated contaminant concentrations are expected based on the analytical results from ibe 
previous characterization boreholes. Samples for physical and hydraulic parameter analyses 
are collected at about 3-aa intervals or at a lithologic change. All samples are sealed, labeled, 
and held either on ice or in a refrigerator, until delivery to the appropriate analytical facility. 
We are also optimizing an in situ soil gas profiling system to be used concurrently with d rilling. 
These data will assist the determination of field-based gas, water, and sediment partitioning 
coefficients. 

Following drilling, SEA MIST impermeable membranes are inserted into the boreholes. 
Installed at each source area, in separate boreholes, are a liquid absorbent pad and a gas port 
SEAMIST membrane for aqueous and gaseous sampling and monitoring, respectively. 

The liquid absorbent pad SEAMIST membrane tube has porous pockets on its outside 
surface spaced at varying intervals, which permit insertion of polypropylene absorbent 
sampling pads. When the tube is inflated with air, it presses the absorbent pads against the 
inside surface of the borehole, permitting moisture to be passively sorbed onto the pads from 
the formation. Borehole stability and direct absorbent pad contact to the borehole walls are 
provided by pressurizing the membrane with air. Once the absorbent pads come into 
equilibrium with the formation water, the membrane is retrieved, and the pads are removed 
and sent to analytical facilities for VOC and/or tritium analysis of the sorbed water. 

The SEAMIST soil gas collecting system consists of an impermeable membrane tube 
fitted with gas sampling ports, which are placed in direct contact with the walls of the 
borehole. Direct contact with the borehole walls is maintained by filling tbe membrane with 
sand, which also provides borehole stability. 

Laboratory Measurements 

Laboratory measurements of key physical, chemical, and hydraulic properties of 
Livermore site unsaturated sediments are used to calibrate NUFT and to correlate physical and 
hydraulic properties. Additionally, chemical analyses on sediment core samples are used to 
identify the extent, nature, and spatial variability of contaminant distribution in potential 
source areas. 

The Particle Characterization Laboratory at LLNL is developing a protocol to measure 
on single cores (1) saturated and unsaturated hydraulic conductivity; (2) soil moisture retention 
curves; (3) air permeability; (4) surface area; (S) porosity; (6) density; (7) particle-size 
distribution; and (8) pore-size distribution (H,W. Newkirk et al., written communication, 1992). 
We are pursuing the development of an American Society for Testing and Materials standard 
based upon this laboratory protocol with Steve Cull en of the University of California at Santa 

6 



Barbara, Vadose Zone Monitoring Laboratory. 
Adjacent core material is used for sorption studies in ERD s Soils Laboratory. After 

the sediment core is dried, an aliquot of the core is analyzed for organic carbon and cation 
exchange capacity. The sorption studies are performed by the following two methods. The 
batch isotherm procedure (Bishop et al., 1939) is used to determine maximum sorption of the 
VOCs from solution by the sediment material. Vapor phase sorption of the VOCs onto the 
sediments is performed by staff at Stanford University according to the procedure of J. Farrell 
and M. Reinhard (written communication, 1992). 

Cores collected for VOC analysis are sent to ERD's Analytical Chemistry Laboratory 
where core subsamples are inserted into special soil vials and analyzed using a purge and trap 
gas chromatographic technique. Additional core samples are analyzed in the bulk, thermal 
desorption chamber (BTDC) developed by Rice et al. (1991). The BTDC permits the entire core 
to be thermally desorbed of VOCs onto a sorbent lube. This sorbent tube is then placed in a 
desorbing unit and analyzed on a gas chromatograph following standard laboratory calibration 
and analysis protocols. 

Vadose zone pore water will be extracted from selected cores using the pore water 
extraction chamber (PWEC) also developed by Bishop et al. (1991). In this procedure, an entire 
core is inserted into the PWEC, which is then centrifuged and the collected pore water is 
analyzed in a gas chromatograph. This permits analysis of pore water obtained at a specified 
depth. By analyzing adjacent cores in the BTDC and PWEC devices, field based, depth-specific 
sorption constants (Kds) can be determined (Bishop et al., 1991). 

Liquid water passively collected from the vadose zone on absorbent pads with a 
SEAMIST borehole collection system will be extracted and analyzed (1) for VOCs in the ERD 
laboratories using procedures developed by M. Jovanovich et al. (written communication, 1992) 
and (2) for tritium in the LLNL Radiology Laboratory by a scintillation counter method 
developed by Wong and Carlson (1991). This approach allows on-going monitoring of vadose 
zone pore water and provide additional depth-specific verification of pore-water chemical 
concentrations derived from cores. 

Experiments in progress at the LLNL Radiological Laboratory are investigating tritium 
and 3 6 C | analyses on the same extracted water. The 3 6C1 analyses are performed at LLNL's 
Accelerator Mass Spectrometer facility. By evaluating tritium and 3 6C1 ratios with depth, we 
expect to unequivocally determine meteoric water infiltration rates and the extent of gaseous 
migration of tritium in the subsurface. 

The following laboratory experiments are currently being designed to better define 
gaseous diffusion and aqueous advection processes at the Livermore site: 

1. Apparent diffusion coefficients for tritium anr1 selected VOCs for undisturbed 
LLNL vadose zone sediment cores at different moisture contents. 

2. Mass transfer coefficients for VOCs and tritium across the capillary fringe for 
different LLNL homogeneous sediment types under static and oscillating water 
tables and different ground water velocities. 

3. Dispersion of selected VOCs and tritium at the top of the water table and at 
several points below the water table for different LLNL homogeneous sediment 
types and under different ground water velocities. 

ERD staff is collaborating with academic experts to finalize the experimental approach. 
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SUMMARY 

Lawrence Livermore National Laboratory, Environmental Restoration Division is 
conducting a comprehensive Vadose Zone Investigation Program to (1) determine which of its 
potentially active source areas require remediation, (2) prioritize these areas, and (3) optimize 
the remediation. These objectives are achieved through the execution of a fully integrated 
investigation program consisting of quantitative modeling, field studies, and laboratory 
measurements. 

Quantitative modeling assists (1) site characterization and forms a conceptual focal 
point for data gathering; (2) evaluation of the site remediation requirements; (3) determination 
of the risk for aquifer contamination if a site is not remediated; (4) development, planning, and 
optimization of remediation strategies; (5) monitoring of site with or without remediation; and 
(6) planning of field and laboratory experiments. A nonisothermal, three-dimensional finite 
difference code, NUFT, has been developed at LLNL to evaluate any subsurface fate, 
transport, aod remediation processes. NUFT predicts contaminant movement in the gaseous, 
aqueous, and NAPL phases, and includes transport through advection and diffusion. 

Field studies are conducted at several pc.entially active source areas to (1) monitor 
contaminant transport in bo'it the gaseous and aqueous phase; (2) to collect sediment, water, 
and gas samples to evaluate the fate and transport of site-specific contaminants; and (3) to 
calibrate and validate predictive models. Field-scale infiltration and gaseous diffusion 
experiments are also conducted to calibrate and validate the results of quantitative modeling. 

Laboratory measurements of key physical, chemical, and hydraulic properties of the 
Livermore site unsaturated sediments are used to calibrate NUFT's coefficients. Sediment core 
samples are chemically analyzed to identify the extent, nature, and spatial variability of 
contaminant distribution in potentially active source areas. Laboratory experiments are 
currently being designed to better define the gaseous diffusion and aqueous advection processes 
in the vadose zone at the site. 
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FIGURE 3- Potential source investigation study areas at Lawrence Livermore National Laboratory. 
Livermore site (modified after Thorpe et al., 1990). 
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FIGURE 4. Conceptual illustration of the vadose zone fate and transpon analysis. 
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RGURE 5. Vadose zone investigation program strategy at the Lawrence Livermore National 
Laboratory, Livermore site. 
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FIGURE 6. Vadose zone investigation program study areas at the Lawrence Livermore National 
Laboratory, Livermore site. 


