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Project Background

The goal of locating buried UXO and landmines is a significant challenge to science and
technology. Technology development efforts are under way to use chemical sensors that
can discriminate inert ordnance and clutter from live munitions that continue to be a
threat. However, the chemical signature is affected by multiple environmental
phenomena that can enhance or reduce its presence and transport behavior, and can affect
the distribution of the chemical signature in the environment. For example, the chemical
can be present in the vapor, aqueous, and solid phases. The distribution of the chemical
among these phases, including the spatial distribution, is key in designing appropriate
detectors, e.g., gas, aqueous or solid phase sampling instruments. A fundamental
understanding of the environmental conditions that affect the chemical signature is
needed to describe the favorable and unfavorable conditions of a chemical detector based
survey to minimize the consequences of a false negative. Figures 1 and 2 show the
principal subsurface phenomena and the principal surface boundary conditions that are
being explored in this project. '
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Figure 1. Subsurface Environmental Fate and Transport Phenomena

Objective

The objective of this project is to develop a validated subsurface transport model that can
be used to predict the spatial, temporal, and phase specific concentration of chemical
signature molecules derived from shallow UXO and buried landmines under the
influence of specific environmental conditions. Other government programs are
developing chemical detector platforms that can provide a separate unique signal to
classify subsurface objects identified with existing geophysical systems. It is estimated
that eleven million acres of land needs assessment to identify subsurface UXO - with
costs estimated to be about $1.4M/acre. The ranges where UXO can be found are

distributed throughout the country where environmental conditions vary significantly. It

is the hypothesis of this project that these environmental conditions will have a
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significant impact on the transport of chemical signature molecules from subsurface
UXO and buried landmines to the surface before presentation to a chemical detector
system.

If through this systems analysis, one can show the ranges and/or combinations of
environmental parameters that improve the transport of chemical signature molecules to
the chemical detector system, and conversely, those that constrain this movement, end-
users seeking to locate buried UXO will be better positioned to understand the merits and
limitations when looking to deploy the chemical detector technology.

Figure 2. Soil Surface Boundary Conditions

Technical Approach

This project is a cooperative effort involving Sandia National Laboratories, US Army
Corps of Engineers - Cold Regions Research and Engineering Laboratory, the University
of California Riverside and Lawrence Berkeley Laboratory. This project has been co-
funded by the DARPA program for the chemical/biological detection of explosives in
landmines. The project is divided into five major tasks.

Task 1: Model Development/Utilization - The task involves completion of a sensitivity
analysis of known input parameters in a one-dimensional analytical contaminant transport
model, expanding this model to assess two-dimensions to explore the surface area
footprint from buried UXO, and modifying an existing numerical simulation code
(TOUGH?2) (surface boundary conditions, multiple chemical components, liquid
diffusion) for use as the complete systems analysis tool. Inverse modeling will be used to
assess input parameter sensitivity and as a tool for the design of laboratory validation
experiments in task three.

Task 2: Fundamental Properties - This task involves the measurement of specific
transport parameters currently not available in the literature for explosive signature
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molecules. These include temperature dependent water solubility, vapor-solid sorption as
a function of soil moisture content and source-term emission rates.

Task 3: Laboratory-Scale Experiments — This task involves a laboratory validation study
that will confirm the most critical parameters included in the simulation model through
soil column transport experiments.

Task 4: Operational Strategy — This task will utilize the simulation tools to assess the
impacts of environmental conditions on the transport of chemical signature molecules
from shallow UXO and support end-user queries on the utility of chemical sensor
platforms for the classification stage in the identification of true unexploded ordnance.

Task 5: Ordnance Source Term — This task was added in August 1998 to evaluate the
source term from actual ordnance items.

Project Accomplishments

Task One — Model Development/Utilization

The environmental fate and transport of organic chemicals including volatilization and
leaching losses has been used to explore the distribution of agricultural pesticides in soils
(Mayer et al. 1974, Farmer et al. 1980, and Jury et al. 1980). These models were
primarily intended to simulate specific.circumstances. However, Jury et al. (1983, 1984a,
1984b, 1984c) developed and validated a general screening model (Behavior Assessment
Model, BAM) that included volatilization, leaching, and degradation to explore the major
loss pathways of agricultural pesticides as a function of specific environmental
conditions. The Behavior Assessment Model was adapted for evaluation of chemicals in
buried soils and has been termed the Buried Chemical Model (BCM)(Jury et al., 1990).
The model simulations can be used to assess the behavior of different chemicals under
particular environmental conditions, but are not intended to predict a definitive
concentration distribution in the field. As such, the predictions from the screening model
are only an indication of expected conditions.

A. Phase Partitioning Phenomena

The formulations of the BAM and BCM models begin by defining phase partitioning
phenomena. These are valuable in that they can express the total concentration of a
chemical in the gas, aqueous and sorbed phases. The total concentration is expressed as

C,=pCs+6C, +aCy

where Cg is the concentration sorbed to the soil, Cy is the solute concentration in the
aqueous phase, and Cg is the gas phase concentration. In addition, Jury (1983) shows
how equation [1] can be rewritten in terms of one of the variables alone

CT = RsCs = RLCL = RGCG

where

f 6K
S—ph Kd aKd

(1]

(3]




R, =p, K, +8+aK,, and

are the solid, liquid and gas phase partition coefficients, respectively.

In their evaluation of vapor phase transport in soils, Ong et al., 1992, added vapor-solid
sorption such that equations [1] and [2] become

Cr =6C, +aCy; +C K, p, +CoK s p,
and

Cp = RCy = R,C, = RGCG = Re:Cy
where

R, =p,K;+0+aK, +p, K, K

K 6
R, =p,—L+—+a+p,K
G = P X, K, Prd s

K K
RSszh+i+aKH+pb 56
K, K, K,

, and

K
o = Pptsy + 6 + a +p,
K Ks; KyKg K

are the liquid, gas and solid-liquid and solid-gas phase partition coefficients, respectively.

This formulation introduces a new term, Kgg that is a function of the overall vapor

partition coefficient (K'y), which is highly dependent on the soil moisture content. Ksg is ‘

defined as (Ong et al., 1992)

K w
Kg =K'y (w)— 2+
Ky 100K,

Below four monomolecular layers of water coverage on soils, K'q is an exponential
function described by

A=1log(K'",)

A= (4, - B(W))e™™ + B(w)

(4]

(5]

[6]

7]

(8]

(%]

[10]

(11]

[12]

(13]

[14]
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Above four monomolecular layers of water coverage on soil, K'y is a function of Ky and

is described by

A=log(—1&—+ ld J
Ky Ky,

Ong et al, 1990, characterize the vapor-solid partitioning in this region as being
controlled by Henry’s Law Constant (HLC). This is because the vapor must first
partition into the soil water prior to partitioning onto the soil particle. The moisture
content at four monomolecular layers of soil water is a function of the soil specific
surface area and is described by

o)

The specific surface area (S,) of soils range from 10 m?/g for sand to 100’s m*/g for
some types of clay. Figure 3 shows the correlation of soil specific surface area to the

moisture content at four monomolecular layers of water. The proportion of clay in soils
strongly influences the soil specific surface area. This is due to the small size of the clay

soil particles.
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Figure 3. Soil Water Content at 4 Monomolecular Layers as a Function of Soil Specific Area
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In their evaluation of toluene and trichloroethene, Kr4 increased about 10* from the point
of four monomolecular layers to oven dry soil moisture contents. The impact of the
vapor solid partitioning is significant at moderately low soil moisture contents. Figure 4
shows how the relative soil gas concentration can decline rapidly as the soil moisture
content declines. Note that the soil moisture contents at four monomolecular layers are at
levels that are not unusually low, and are typically observed in soils after precipitation
and drainage events have occurred. With an extended absence of precipitation, the
surface soil moisture approaches the extremely dry region. It is a potential that this dry
layer could act as a barrier to vapor emission from soils and be a preconcentrator of
analyte signal. Whether this process is fully reversible with the addition of water is
unknown, and may represent an opportunity for enhancement of the chemical signature.
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Figure 4. Relative Soil Gas Concentrations Impacted by Low Soil Moisture Content

In order to understand this phenomenon more, a Monte Carlo simulation approach was
employed. This method specifies a statistical distribution function for various input
parameters, then randomly selects particular values for each input variable within the
specified statitical distribution, and tracks the output of one or more variables. The
following input assumptions and distributions were defined for the soil bulk density, soil
particle density, soil moisture content, soil water partition coefficient, soil specific
surface area and soil vapor partition coefficient at oven dry conditions (A,). Other
parameters that were fixed included soil temperature (22 oC), which defines the Henry’s
Law Constant, the soil specific surface area (80 m¥/g) which defines the soil moisture
content at four monomolecular layers (0.089 g/g) and the total soil concentration (Cy=
1000 ug/kg). The chemical chosen for this simulation was 2,4-DNT, as it may likely be
one of the best signature compounds for chemical detection.

Two forecast evaluations were performed. The first was for soil moisture contents that
were above the four monomolecular layers of soil water (0.13 to 0.30 cnr’/cm?) such that
the vapor solid partition coefficient was in the region controlled by the HLC. The
volumetric moisture content of 0.13 cn/cm? is equivalent to a gravimetric soil mositure
content of 0.089 g/g at a soil bulk density of 1.5 g/cn?, which is the soil moisture content



at four monomolecular layers for a soil with a specific area of 80 m%g. The output
variable is the soil gas concentration. The second forecast evaluation was performed in
the dry region, below four monomolecular layers of soil water (0.01 to 0.13 cm’/cm?),

where the soil vapor partioning is highly non-linear.

Assumption: Soil Bulk Density

Triangular distribution with parameters:

Minimum
Likeliest
Maximum

Selected range is from 1.04 to 1.68
Mean value in simulation was 1.41

Assumption: Soil Particle Density

Normal distribution with parameters:

Mean
Standard Dev.

1.04
1.51
1.68

2.60
0.01

Selected range is from -Infinity to +Infinity

Mean value in simulation was 2.60

Assumption: Soil Moisture Content

Uniform distribution with parameters:

Minimum
Maximum

Mean value in simulation was 0.22

0.13
0.30

Assumption: Soil Water Partition Coeff (Kd)

Lognormal distribution with parameters:

Mean
Standard Dev.

Selected range is from 0.0 to +Infinity
Mean value in simulation was 3.0

Assumption: A zero

Uniform distribution with parameters:

Minimum
Maximum

Mean value in simulation was 10.50
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The following forecast of soil gas concentrations shows that there is an apparent normal
or log normal distribution of values.
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Figure 5. Soil Gas Concentration — Wet

Figure 6 shows a sensitivity analysis of the input parameters. The strongest parameter is
the soil water partition coefficient, which is clear from a closer examination of equation
[9]. The shape of the histogram in Figure 5 is consistent with that for the soil water
partition coefficient, which is also supported by the strength of the association as shown
in the sensitivity analysis (Figure 6).

Sensitivity Chart

Target Forecast: Sail Gas Concentration (ppt)

Sail Water Partition Qoeff (Kd) -2
Sail Miisture Content 05 .
Sail Bulk Density -01
Sl Particle Density o1
Azm .00
R 05 0 05 1
Measured by Rank Conelation

Figure 6. Sensitivity Analysis ~ Wet

The next simulation was performed by altering only the input values for the soil moisture
content. In this case, the soil moisture range is set to be below four monomolecular

layers of water.




Assumption: Soil Moisture Content

Soll Moisture Content

Uniform distribution with parameters:
Minimum 0.01
Maximum 0.13

Mean value in simulation was 0.07

Figure 7 shows that most of the forecast values for the soil gas concentration are well
below those for the higher moisture content simulation. In addition, the sensitivity
analysis (Figure 8) shows that the principal parameter is now the moisture content, as
K'4(w) becomes dominant (equations [9] and [12]).

Forecast: Soil Gas Concentration (pp9
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Figure 7. Soil Gas Concentration - Dry

Sensitivity Chart

Target Forecast: Soil Gas Concentration (ppt)
Sail st Corer e —
Soil Water Partition Coeff (<d) 21 e
Sail Buik Density .13 ]
Azero -04 l
Soil Particle Density .01

Kl 05 [} 05 1
Measured by Rank Cometation

Figure 8. Sensitivity Analysis — Dry



This analysis shows that when employing vapor sniffing chemical sensing technology,
optimum conditions would be found when the soils contained more moisture than four
monomolecular layers.

B. 1-Dimensional Transport Sensitivity Analysis

A one-dimensional model sensitivity analysis was used to examine the impact of changes
to a single parameter for a given environmental scenario. The output that was evaluated
was the surface vapor flux. The model that was used was the Buried Chemical Model
from Jury et al., 1990. This sensitivity analysis was presented in three conference
proceedings (Appendix A, B and C) and in a report from Dr. Jury (Appendix D). Table
one shows the parameters evaluated and a summary of the impact.

Parameter Impact on steady state surface flux

Soil Bulk Density Direct inversely proportional

Henry’s Law Constant Directly proportional

Soil-Water Partition Coefficient Direct inversely proportional

Source Flux Insignificant compared to initial
surface concentration

Initial Surface Concentration Directly proportional

Burial Depth Increases lag time (very sensitive)

Water Flux (Precipitation or Evaporation) | Evaporation enhances, precipitation
depresses

Biochemical Half-life Insensitive if > 1 year, very
sensitive if < 60 days

Dr. Bill Jury performed a 2-dimensional analysis, which is included in Appendix E. This
showed that the surface vapor flux was greatest directly above a source with a small halo
up to twice the length of the buried source. However, the flux drops off exponentially
with lateral distance.

C. Numerical Model Development

A more detailed mechanistic numerical model is being developed. This model is being
based on TOUGH2 (Pruess, 1991) with modifications pertinent to the UXO/landmine
application and is called T2TNT. The first round of modifications to TOUGH2 has been
completed including:

1. Addition of TNT, DNT, and DNB vapor components — UXO/landmines typically
emit TNT, DNT, and DNB vapors. The behavior of each of these chemicals is
different (vapor pressure, vapor/liquid, liquid/solid, and vapor/solid partitioning), so
each component is modeled separately. Additional components could be added if
necessary.

2. Dusty Gas Model for gas diffusion — Gas diffusion can be a dominant transport mode
for explosive vapors in the subsurface, especially for low moisture content
conditions. In order to mechanistically model gas diffusion in a porous medium, the
Dusty Gas Model (Webb, 1998) has been implemented.

3. Liquid diffusion of dissolved explosive gases — Liquid diffusion can be a dominant
transport mode for explosive vapors in the subsurface, especially for moderate and
high moisture content conditions. Liquid diffusion was not present in the original
version of TOUGH2. Liquid diffusion using Fick’s Law has been included because
of the significant chemical concentration in the liquid phase.

10




4. Partition coefficient as a function of saturation — The solid partition coefficient may
be a strong function of saturation, especially at low moisture content where the
partition coefficient may increase dramatically (Petersen, et al. 1995). The capability
of including a saturation-dependent partition coefficient has been included.

5. Biodegradation — A simple half-life approach has been implemented to model
biodegradation of the explosive vapors.

6. Surface Boundary Conditions — Due to the shallow burial depth of many
UXO/landmines, the fluid conditions surrounding the UXO/landmine are strongly
influenced by the surface conditions. The parameters necessary to adequately model
the surface boundary conditions are numerous, including solar and long-wave
radiation, the surface boundary layer which is a function of wind speed and other
parameters, precipitation and evaporation at the surface, plants and their root
systems, and the diurnal and seasonal variation of these parameters. The models used
for these boundary conditions are discussed in more detail below.

The surface boundary conditions discussed above are complex in their own right.
Numerous models have been developed to analyze the soil-air-plant system. In order to
expedite the inclusion of the important surface conditions into T2TNT, a number of
existing models have been evaluated. As a result, the SISPAT model developed by Braud
et al. (1995, 1996) has been selected for inclusion into T2TNT with the kind permission
of M. Vauchlin of LTHE in Grenoble, France. Subroutines from SiSPAT have been
included directly into T2TNT as necessary.

SiSPAT has been applied to a number of field studies as documented by Braud et al.
(1995, 1995), and Boulet et al. (1997), and more are in progress. Therefore, SISPAT
should provide a well-documented and tested approach for modeling the soil-plant-
atmosphere interface in the T2TNT code.

At the present time, the surface boundary conditions for a bare soil have been
implemented, including the surface boundary layer, solar and long-wave radiation,
precipitation, and other conditions including the diurnal and seasonal variation of the
parameters. Incorporation of the plant portion of the SiSPAT model into T2TNT is
expected in 1999.

As part of the verification process for T2TNT, comparison to results of the one-
dimensional screening model presented by Phelan and Webb (1997) have been
performed. The conditions are for a low desert environment with moderate moisture
content; the parameters are summarized in Table 1 as presented by Phelan and Webb
(1997). The precipitation/evaporation cycles have not been included in this simulation in
order to provide comparison with the buried chemical analytical solution of Jury et al.
(1990).

Note that some of the assumptions made in the analytical model can only be
approximated in the numerical code, such as uniform moisture content. In addition, there
are differences in the gas diffusion model, which could lead to slightly different answers.
However, in general, the analytical and numerical problems are essentially equivalent.




Table 1. Simulation Parameters

Parameter units base case
) cm’/ cm’ 0.25
) cm’/ em® 0.434
Pb glem® 1.5
K4 cm’/g 2.5
Ky -- 5.9E-7
air boundary cm 0.5
layer
tin days 180
C, pg/em’ 4.6E-3
e pg/cm’day  8.6E-6
DY cm?/day 0.432
/
D cm?/day 4320
g
burial depth, cm 5
top
burial depth, cm 15
bottom

Figure 9 compares the TNT flux at the surface from the analytical solution and from
T2TNT. The predicted surface flux values are higher than the analytical solution,
especially at smaller times. The difference is due to numerical diffusion of the numerical
method and is expected. At longer times, the agreement between the analytical and
T2TNT solutions is good.
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Figure 9. Comparison of TNT surface flux from Analytical and Numerical Models

12



Figure 10 shows the subsurface distribution of TNT after 1 year for the Jury et al. (1990) model
and from T2TNT. The agreement in the concentration distribution is excellent at all locations.
Overall, the solution from T2TNT agrees well with the analytical solution of Jury et al. (1990)
except for some surface flux differences at early times due to numerical diffusion.

Figure 10. Comparison of Depth Profile from Analytical and Numerical Models

Additional verification and sensitivity studies will be performed with the newly-
developed model, including the effect of the boundary layer on the results, drying
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simulations including non-uniform moisture content, diurnal and seasonal variations, and
multidimensional effects to determine the degree of lateral spreading including the
“footprint” of a landmine.

Task Two — Fundamental Property Measurement

Early on in this project, 2,4-DNT was identified as a potential key chemical constituent
that had more favorable properties for chemical detection, than that of 2,4,6-TNT.
However, the only water solubility vs. temperature data available was only room
temperature. We began to evaluate water solubility with 2 method called Dynamic
Coupled Column Liquid Chromatographic method that was developed at the National
Bureau of Standards (now NIST) for polycyclic aromatic hydrocarbons in water (May
and Wasik, 1978). The method is based on generating saturated solutions by pumping
water through a column packed with glass beads that have been coated with the
compound of interest. This method is recommended for low solubility compounds (such
as explosives) and can avert problems such as incomplete equilibration of the solid phase
in water, avoidance of microcrystals in solution and adsorptive loss on containers, filters
and transfers devices. The results from this effort were not satisfactory. The effluent
concentration was dependent on the flow rate passing through the column. The results

13




were not uniform, with some runs showing the concentration to be a positive relationship
with flow rate, and others with a negative slope. Our method used a modified dynamic
system, which used direct collection of effluent rather than an extractor column as
described in the published method. Subsequent to this effort, additional data for 2,4-DNT
were located (Army, 1971) and has been used in the modeling efforts. However, this data
set is lean and additional effort will be spent to fill in the data gaps.

The literature has shown the importance of vapor-solid sorption for environmental
pollutants such as toluene and trichloroethene (Ong et al., 1990). The principal parameter -
for evaluating this phenomenon is the vapor-solid sorption coefficient (K’d). A method
has been developed (Petersen et al., 1988) that is based on the equilibrium partitioning in
closed spaces method. Upon closer evaluation of this method for compounds such as
2,4,6-TNT and 2,4-DNT, it was found that it would be physically impossible due to the
low vapor densities. In July 1998, the DARPA co-sponsor of this project requested
support for field data collection of soil gas concentrations surrounding buried landmines.
The vapor-solid sorption coefficient data collection effort was tabled and a change was
placed in the September quarterly progress report pushing the milestone to December 30,
1998. After consultation with the USA CRREL, an alternate method has been identified
that might be suitable for this measurement. Work is currently in progress to complete
this data collection.

As part of this SERDP/DARPA co-funded effort, the U.S. Army Corps of Engineers,

- Cold Regions Research and Engineering Laboratory has been performing research on the
source term from landmine materials and actual landmines. This effort has found that the
initial surface concentration of explosives varies widely, but is about the same magnitude
as data reported by Hogan, 1992 of about 10 ng/cm?. The source flux values were
evaluated by two methods. One is immersion of pieces of the plastic mine case in water
and measurement of the concentration in water over time. The other method uses whole
landmines in tedlar bags with measurement of the gas and tedlar bag sorbed
concentrations after sufficient length of time. The values determined from this effort
have shown source flux values up to 10° times greater than that measured by Spangler et
al. 1975. Detailed technical reports on this effort will be published by Leggett et al. in
the future.

Task Three — Laboratory Scale Experiments
The laboratory scale experiments have been subcontracted to New Mexico Institute of
Mining and Technology (NM Tech). This effort is currently on schedule with
experimental designs complete. The column testing equipment is being acquired and
configured for use starting in February 1999. The basis for the testing will be soil

columns with detailed soil moisture monitoring with capability for measurement of
surface vapor flux and sorbed soil concentrations.

Task Four — Operational Strategy
No work was scheduled for this task in 1998.
Task Five — Ordnance Source Term

The ordnance source term effort began in September 1998. This effort includes
acquisition of live/unfused ordnance (105 mm cartridges, 60 and 81 mm mortars), testing



for external contamination, performing immersion tests to evaluate long term source flux,
firing the ordnance into the ground, and performing post-firing long-term source flux.
One pallet of each ordnance group (12 individual ordnance items) has been located from
a demil account at Redstone Army Depot and is currently in transit to Sandia National
Laboratories. Fuses will be obtained that can be disassembled to remove the primary
charge. In this way, the fuse impact into soils will be similar to live UXO.

The external swipe tests will be performed in early January 1999 and a six-week long
pre-firing immersion test will follow. Careful consideration was taken in the design of
the firing of the cartridges and mortars. Damaged explosive devices have severe
constraints with transportation on public byways. Therefore, collection of actual UXO
from current range cleanup operations and transportation to Sandia National Laboratories
was not likely. However, Sandia National Laboratories has the capabilities to fire
ordnance into soils, recover the items, and provide on-site transportation.

Two designs were evaluated for firing the ordnance into soils. An above ground soil
berm of compacted soil with concrete containment walls was considered; however,
consultation with penetrator testing groups at Sandia National Laboratories discouraged
this method as containment is typically not guaranteed. Using an Army manual
(Technical Manual TM 5-855-1, July 1965), penetration of the 105 mm cartridge is
expected to be about 7 to 9 feet at an impact velocity of 800 to 900 fps. A low angle (15
to 20°) shot into native, undisturbed soil with a penetration depth of 20 feet yields a depth
below grade of about 10 feet. By probing the soil trajectory path, the angle and total
penetration length can be determined, and recovery of the target can be performed with
traditional excavation equipment. Explosive Ordnance Disposal trained services area
available to recover the fired ordnance. Therefore, a trench will be excavated that will
serve as the face for the low angle shot into undisturbed soil.
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List of Symbols

pp— soil bulk density (g/cm’)

ps — soil particle density (g/em’ )

pw — density of water (1.0 glem’)

0 — volumetric moisture content (cm3/cm )

w — gravimetric soil moisture content (g/g)

w, — water content at 4 monomolecular layers of water (g/g)
¢ — soil porosity (cm3/cm )

a — air filled porosity (cm /em® )

vy — activity of water (~1)

Cr — Total soil concentration (g/cm )

Cs — Concentration on solid phase (g/em®)

Cp — Concentration in soil aqueous phase (g/cm’)

Cg— Concentration in the soil gas (g/cm’)

Csg — Concentration on soil solid phase from vapor sorption (g/cm )
Cg, — Concentration on soil solid phase from hquxd sorption (g/cm’)
Rg — Soil solid phase partitioning factor (g/cm )

R — Soil gas phase partitioning factor (cm*/cm®)

Ry — Soil liquid phase partitioning factor (cm*/cm’)

Rsg — Soil solid-vapor phase partitioning factor (g/cm )

Rg1 — Soil solid-liquid phase partitioning factor (g/em?)

Kd soil water partition coefﬁcxent (cm /g)

— Henry’s Law Constant (cm’, air/cm’ water)
Kso — soil vapor partition coefficient (cm’/g)
K'd — soil vapor partition coefficient (cm’/g)
Ao - log of K'd at oven dry conditions (cm’/g)

— log of K'd at moisture content of 4 monomolecular layers of water

B(w) — fitting parameter

o — fitting parameter for K'¢(w)

Sa — soil specific surface area (m%/g)

MW,, — molecular weight of water (18 g/mole)

MA.,, — molecular area of water (10.8E-20 m%molecule)
A, — Avogadro’s Number (6.02E23 molec/mole)
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‘Chemical Detection of Buried Landmines

James M. Phelan' and Stephen W. Webb?

Of all the buried landmine identification technologies currently
available, sensing the chemical signature from the explosive
components found in landmines is the only technique that can
classify non-explosive objects from the real threat. In the last two
decades, advances in chemical detection methods have brought
chemical sensing technology to the foreground as an emerging
technological solution. In addition, advances have been made in
the understanding of the fundamental transport processes that
allow the chemical signature to migrate from the buried source to
the ground surface. A systematic evaluation of the transport of
the chemical signature from inside the mine into the soil
environment, and through the soil to the ground surface is being
explored to determine the constraints on the use of chemical
sensing technology. This effort reports on the resuits of
simulation modeling using a one-dimensional screening mode] to
evaluate the impacts on the transport of the chemical signature by
variation of some of the principal soil transport parameters.

landmines, chemical sensors, soil transport

1. INTRODUCTION

The organic chemicals of the explosives in the buried
landmine environment can exist in or on four phases: solid
phase of the neat explosive material, vapor phase in the soil
air, aqueous phase in the soil water solution, and sorbed
onto soil solid phases. The chemical signature begins as a
surface coating from production or depot storage and
through continuous emission by permeation through the
mine case or through leaks in seals and seams. Once the
chemicals enter the soil environment, they experience phase
transitions, partitioning into the soil air, soil water and
sorbing onto soil particles. The impact of temperature and
chemical gradients, and precipitation/evaporation will cause
movement of the chemical signature. Part of this transport
is upward to the soil surface where chemical detection
technology is envisioned to be used. Simulation modeling
is a technique that can evaluate the impacts of many of the
environmental variables that can dampen or accentuate the
surface expression of the chemical signature. Model results
will be shown that describe the magnitude of the changes
that accompany variations due to chemical properties of the
explosive and properties of the soil environment.

! Environmental Restoration Technologies Department,
2Mission Analysis and Simulation Department,
at Sandia National Laboratories, Albuquerque, NM.

II. CHEMICALS IN THE SOIL ENVIRONMENT

Soils are porous media with a number of physico-chemical

properties that affect the transport of explosive chemicals.

Soil bulk density is a measure of the compaction of the soil

and is defined as . :
M

=t (1]

pb V

where p, is the soil bulk density (g/cm®), M, is the mass of
soil particles (g), and V, is the volume of soil (cm®). Soils
under natural conditions have bulk densities ranging from
1.0 to 1.8 g/cm®. However, soils that have been excavated
and replaced, such as during the emplacement of a
landmine, may have bulk densities much less than 1. The
soil bulk density is inversely proportional to the soil
porosity as follows
¢ = 1- pb / ps [2]
where p, is the soil particle density (ranges from 2.6 to 2.8
g/cm® for most soils). The soil porosity, or void volume, is
defined as
V,+V.
¢ —_—t g [3]
Vs
where ¢ is the soil porosity (cm’/cm?), V,, is the volume of
soil water (cm®) and V, is the volume of soil air (cm®). Soil
porosity values range from 0.3 for sands to 0.6 for clay rich
soils. The volumetric moisture content describes how
much water is present in the soil and changes greatly during
precipitation/drainage events and evaporation conditions.
Volumetric water content is defined as
V.

0 == [4]
4 -

where 6 is the volumetric water content (cm*/cm?®). Soil

moisture contents have values from near zero up to the soil

porosity value. When the soils are not fully saturated, the

balance of the soil pore space not filled with water is

termed the air filled porosity, and is defined as

NA .
a=7 [5]

5
where V, is the volumetric air content (cm®/cm?).

It is often more convenient to use soil saturation (S,)

because it is a measure of the relative saturation of a
particular soil pore space with water.



\

0
S = a » (6]
Since the explosive chemicals can exist as solutes in the soil
water and the movement of soil water can be a significant
transport mechanism, water solubility is an important
parameter. Water solubility is defined as

M chem
C, = V. [7]
where C, is the concentration in aqueous phase
(g/cm’ soil water) and M, is the mass of chemical (e.g.
TNT) (g). Water solubility, however, is not constant and is

typically an increasing function with temperature.

Henry’s Law constant is a relative measure of the amount
of the chemical that exists in the gas phase to that in the
aqueous phase at equilibrium, and is defined as
C
K,=—% 8
1=, (8]

where K, is the Henry’s Law constant (unitless) and Cg is
the concentration in gas phase (g/cm3 soil gas). Henry’s
Law constant is also a function of temperature because both
C; and C, are functions of temperature.

The soil partition coefficient is a relative measure of how
much of the chemical is temporarily bound to the soil to
that in the soil aqueous phase

Cs
C,
where K, is the linear soil-water partition coefficient

(cm?/g) for water saturated soils and Cg is the concentration
sorbed on the soil solid phase (g/g of soil).

K, = [9]

The soil water partition coefficient is often correlated with
the fraction of organic carbon found in the soils. In this
way, the variability between soils can be reduced. The
organic carbon distribution coefficient is defined as

K,

K, = }.— [10]
oc

where K_, is the organic carbon distribution coefficient and
f... is the fraction of organic carbon.

III. PHYSICAL CHEMICAL PROPERTIES OF EXPLOSIVES

The principal explosive chemicals found in landmines are
TNT and RDX (NGIC, 1995). DNT, as a production by-
product of TNT, is also considered to be a significant
signature chemical for buried landmines. As a group, these
chemicals have very low vapor densities and moderately
low water solubilities. Table 1 shows these properties and
the Henry’s Law constant at 20°C (Phelan and Webb,
1997).

Table 1. Vapor Density, Water Solubility and Henry’s Law
Constant of Explosive Compounds at 20°C

TNT DNT- RDX

Vapor Density (1g/m*) 43.5 122 0.024
Water Solubility (mg/1) 130 270 50
Henry’s Law Constant 3.35E-7 4.51E-7 4.73E-10

Pennington and Patrick (1990) measured the soil water
partition coefficient (K,) of TNT in fourteen soils from
locations across North America. The mean value was 3.8
cm®/g with a standard deviation of 1.34. The highest value
was 6.8 cm’/g and the lowest value was 2.3 cm®/g. Xue et
al. (1995) evaluated two soils and showed mean values for
TNT of 2.66 cm®/g and 3.64 cm*/g. DNT and RDX have
very little data. Xue et al. (1995) showed values for RDX
of 1.59 cm®/g and 1.57 cm*g. McGrath (1995) showed a
K, value of 251 for DNT. For the fourteen soils evaluated
by Pennington and Patrick (1990), the mean value for the
fraction of organic carbon was 0.0173 with a standard
deviation of 0.011. Using these values, the K, for DNT has
a mean value of 4.4+2.7 cm®/g (one std. dev.). In summary,
the soil water partitioning coefficients for TNT, DNT and
RDX all fall into an approximate range between 1.5 and 7.0
cm*g. This is a rather narrow range as common chemicals
can have values one to two orders of magnitude lesser and
greater than these.

The biochemical half-life of explosives in near surface soils
has not been studied well outside of the biotreatment
technology area for contaminated soils. However, long-
term surface soil degradation tests at Los Alamos National
Laboratory (LANL) followed the degradation of soils
doped with 1000 mg/kg of various explosives over 20 years
(Dubois and Baytos, 1991). Table 2 shows the half-lives
estimated from these long-term experiments.

Table 2. Estimates of Half-Lives of Explosives from
LANL Long-Term Surface Soil Tests

Explosive Half-Life (years)
TNT 1
RDX : 36
HMX 39
PETN 92

IV. SCREENING MODEL

The environmental fate and transport of organic chemicals
including volatilization and leaching losses has been used
to explore the distribution of agricultural pesticides in soils
(Mayer et al. 1974, Farmer et al. 1980, and Jury et al.
1980). These models were primarily intended to simulate

' specific circumstances. However, Jury et al. (1983, 1984a,

1984b, 1984c) developed and validated a general screening
model (Behavior Assessment Model, BAM) that included
volatilization, leaching, and degradation to explore the
major loss pathways of agricultural pesticides as a function



of specific environmental conditions. The model
simulations can be used to assess the behavior of different
chemicals under particular environmental conditions, but is
not intended to predict a definitive concentration
distribution in the field. As such, the predictions from the
screening model are only an indication of expected
conditions.

This model is valuable in that it can express the total
concentration of a chemical in the gas, aqueous and sorbed
phases. The total concentration is expressed as

C; =p,Cs +0C, +aC; [

where C; is the concentration sorbed to the soil, C, is the
solute concentration in the aqueous phase, and Cj is the gas
phase concentration. In addition, Jury (1983) shows how
equation [11] can be rewritten in terms of one of the
variables alone

Cr = RsCs = RLCL = RGCG [12]
where
0 K
Ry =pb+Z+a-E;L [13]
R, =p,K, +0 +aK,,and [14]
K 0
RG=pb’I—<i+—K—H—+a [15]

are the solid, liquid and gas phase partition coefficients,
respectively.

An adaptation of the BAM was developed to be applicable
to the conditions of contaminated soil buried under a
known depth of clean soil - Buried Chemical Model, BCM
(Jury et al., 1990). Simulations based on a modification of
Jury’s BCM are used in this report to simulate the behavior
of the chemical signature from buried landmines. The
Buried Chemical Model of Jury et al. (1990) is based on the
following assumptions. A detailed discussion of these
assumptions is given in Jury et al. (1990).

1. The chemical may adsorb on the solid phase, be
dissolved in the aqueous phase, or exist in the vapor
phase.

2. The chemical flux is the sum of the vapor flux and the
dissolved solute flux using Fick's law.

3. The porous medium factors for gas and liquid phase

- diffusion are given by the Millington and Quirk
(1961) model as extended for liquid diffusion by
Jury et al. (1983).

4. The chemical will undergo first-order degradation due
to biological and chemical effects. '

5. Chemical movement is one dimensional.

6. The adsorbed and dissolved phases undergo
reversible, linear adsorption.

7. The dissolved and gaseous phase concentrations are
related through Henry's law. '

8. The soil properties are constant in space and time.

9. Water flux is constant in space and time (relaxed in
the present application).

10. Volatilization of the chemical to the atmosphere is by

vapor diffusion through an air boundary layer of
constant thickness.

In the present implementation of Jury’s model, a constant
source term has been added to reflect the chemical source
from the landmine at a specific location.

Under these assumptions (including the source term) the
model formulation becomes
oC, 8°’C, . oC,

-p. 2 _p
o TRCr=De Ve,

where C; is the total chemical concentration, p is the bio-
chemical decay constant, and o is the source term. The
effective velocity (Vp) is defined as

14 oL [17]

Ep,K,;+0 +aK,

where J, is the precipitation/evaporation flux. The
effective diffusion coefficient (D;) of the chemical is
defined as

+o [16]

10/3 10/3 yw
a K, D; +0 *D,
Dy =—;
9> (p, K, +6 +ak,,)
where D; is the diffusivity of the gas phase of the

(18]

chemical in air and D,w is the diffusivity of the chemical in
aqueous phase . The boundary conditions for the problem
are diffusion through a boundary layer at the upper surface,
and a zero chemical concentration at infinity at the lower
boundary. These boundary conditions can be expressed as

- E‘a‘gczl +VCr=—H,C, 9]
where
H, = hE [20]
£ p,K,+6 +aK,
and
h= lif [21]
and




The initial conditions are an initial concentration, C,, over
an interval from L to W, or

L)W
L<z<W

Cr(z,0)=0
CT (Z,O) = CO

The above model results in a closed form solution as a
function of space and time; the results are rather lengthy
and will not be presented here but are given by Jury et al.
(1983, 1990). In the present simulation, the assumption of
constant water flux in time will be relaxed. Therefore,
sequences of water fluxes representing desired conditions
(rainfall followed by evaporation) can be simulated to
determine the effect of water flux variations on the location
of TNT in the soil and the surface TNT vapor flux. A
numerical solution was developed and verified by
comparison to the results given by Spencer et al. (1988)
and Jury et al. (1990) (Phelan and Webb, 1997).

Using this solution, simulations were performed using a
landmine that has contributed an initial soil concentration
(C,) based on the surface contamination of the landmine. It
has been assumed that the entire surface contamination was
completely and uniformly transferred to the soil just prior
to the beginning of the simulation runs. Surface
contamination data (Hogan et al., 1992) showed a median
surface contamination of 15 ng/cm? from 42 domestic and
foreign landmines. Using the dimensions of an anti-tank
(AT) mine of 30 cm diameter by 10 cm high, the surface
contamination would provide 3.5x10°* g of TNT for initial
distribution in the soil. Using the volume of the AT mine
that this mass of TNT is distributed into, the initial
concentration (C,) would be ~5x10” pg/cm’.

The constant source term emanation rate was derived from
vapor collection chamber experiments on two mines
(Spangler, 1975). Values ranged from 