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PREFACE

This report was prepared by Applied Research Associates, Inc., New England Division,
RR#1, Box 120-A, Waterman Road, South Royalton, VT 05068, and PRAXIS Environmental
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93-C-0020, Subtask 8.01.5 for the U.S. Air Force and the Armstrong Laboratory Environics
Directorate (USAFRL/MLQE) 139 Barnes Drive, Suite 2, Tyndall Air Force Base, FL 32403-
5323. .

This technical report describes the background, methodology, system design, and results
of a steam injection/vapor extraction treatability study conducted at the OU-1 site, Hill Air Force
Base, Ogden, Utah.

The authors wish to acknowledge the technical and logistical support provided by Kevin
Bourne and Jon Ginn of Hill AFB and Dr. Carl Enfield and Dr. Lynn Wood from the USEPA’s
Robert S. Kerr Laboratory (RSKRL).

The work was performed between April 1, 1995 and March 31, 1997. The AL/EQM

. project officers were Captain Jeffrey Stinson and Major Paul Devane.
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EXECUTIVE SUMMARY

A. OBJECTIVE

- Steam injection, combined with soil vapor extraction, was demonstrated in situ at Operable
Unit One (OU-1), Hill Air Force Base (Hill AFB), Utah. The purpose of this research was to
evaluate steam injection technology for the removal of noh-aqueous-phdsé liquid (NAPL)
contamination from the subsurface. This experiment was part of a cooperative research effort
funded by the United States Environmental Protection Agency (USEPA) and the Strategic  « .
Environmental Research and Development Program (SERDP). The results of this research were
used to evaluate eight innovative remediation technologies for the removal of NAPL and to
evaluate these technologies for their potential inclusion in the Record of Decision (ROD) for the
OU-1 site. Applied Research Associates, Inc. (ARA) and Praxis Environmental Technologies,
Inc. demonstrated the utility of steam injection combined with soil vapor extraction as a
remediation technique. In addition, the experiment included the use of a partitioning tracer test,
which was employed to estimate the quantity and distribution of the NAPL prior to and
immediately following the steam treatment.

B. BACKGROUND

Subsurface contamination by NAPLs, such as hydrocarbon fuels and halogenated organic
solvents, is a serious environmental problem facing the Department of Defense and industry in
general. Once the NAPLs migrate into the subsurface environment, significant quantities of the
liquid become trapped in the soil by capillary forces, providing a continuous source of
groundwater contamination. Complete removal of these contaminants by conventional
technologies is difficult, time-consuming and expensive. Historically, technologies such as
pump-and-treat and soil vapor extraction have been used with moderate success, but in general,
they are inefficient and costly technologies to achieve the desired clean-up goals. Recent studies
have demonstrated the utility of using steam injection and subsequent vacuum extraction of
steam to remove NAPL contamination from in situ soils.'

The use of steam injection to remediate NAPLs and saturated zone contamination is an
innovative application of a recently developed remedial technology. Many of the technology
principles have been tested extensively in analogous field applications (e.g., enhanced oil
recovery). However, steam injection has been applied only recently to the remediation of
shallow subsurface contamination where required recovery rates are much higher. Most of this
recent experience applies to soil above the water table and these efforts were not instrumented
adequately for understanding the process. Hence, this project will be a carefully monitored and
documented effort to advance the understanding and the state of design of steam injection.

C. SCOPE

This document presents and analyzes the findings of the steam injection/vapor extraction
treatability experiment conducted at the OU-1 site located at Hill AFB, Ogden, Utah. Section I is

! Stewart and Udell, 1987, and Olsen et al., 1991.




an introduction to the technology and includes a brief literature review, description of the site,
and the project objectives. Section II presents an overview of the methodology followed during
the course of the study and includes descriptions of the test cell construction, leak testing, and
pre- and posttreatment cell characterization. It also includes a conceptualized narrative of the
steam injection/vapor extraction system. Section III includes detailed descriptions of the
processes and procedure followed during the test execution for all phases of the experiment.

This section includes discussions about both the fluorescein dye and the partitioning interwell -

tracer tests, the steam injection process equipment and finally, the implementation of the steam
injection experimental phase’s. The results of the experimentation are presented in Section IY
and finally the conclusions and recommendations are presented in sections V and VI,
respectively.

D. METHODOLOGY

To achieve the goals of this experimental research, the project was divided into two phases.
Phase 1 consisted of the cooperative development of a workplan by all of the individual research
groups, the EPA, and Hill Air Force Base. It also involved some preliminary bench scale testin g
by the researchers to aid in the experimental design. Preliminary field investigations were also
conducted during Phase I to collect site characterization data to assist with cell placement.
Finally, Phase I included the installation of the eight individual experimental cells.

Phase II consisted of several subtasks. First, an extensive characterization effort was
conducted for each of the individual cells. This characterization included the collection and
logging of soil samples, and subsequent chemical analysis of these samples. These data provided
an estimate of the pretreatment NAPL saturation and distribution, and served as a baseline to
compare to the posttreatment results. Coinciding with the cell characterization activities, was the
installation of the multilevel sampling points, steam injection/extraction wells, and piezometers.

Once cell construction activities were completed, a partitioning interwell tracer test (PITT)
was conducted as an additional method to estimate the saturation and distribution of the NAPL
within the cell prior to steam treatment. Groundwater samples were collected before and after
the PITT to determine the static and dynamic equilibrium concentrations of the target analytes in
the groundwater.

Following the characterization efforts, the steam treatment activities commenced, consisting
of five individual stages: (1) dewatering the cell, (2) pre-steam-injection soil vapor extraction,
(3) steam injection, (4) post-steam-injection soil vapor extraction, and (5) reflooding the cell and
cooling.

Once the cell cooled to the pretreatment in situ temperature, a posttreatment PITT was
conducted to estimate the residual saturation of the NAPL within the cell. These data were used
as a secondary method to estimate the efficiency of NAPL removal from the cell. As with the
pretreatment PITT, groundwater samples were collected under dynamic (prior to the PITT) and
static (after the PITT) conditions.
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Finally, the posttreatment characterization was conducted to collect soil samples for
chemical analysis and to further define the lithology of the cell. All of the data associated with
this experiment is presented in this report with the exception of postdemonstration PITT analysis.
This analysis was conducted by others and was not complete as of this date.

E.  TEST DESCRIPTION
1. Partitioning Interwell Tracer Test (PITT)

The PITT test consists of the simultaneous injection of a slug of dilute concentrations of
both partitioning and non-partitioning tracers into the test cell under constant flow conditions.
The tracer solution is subsequently sampled through the MLS sampling grid and extraction wells.
The non-partitioning tracers flow through the cell unimpeded by the NAPL, behaving much like
a particle of water. The partitioning tracers interact with the NAPL, moving in and out of the
NAPL solution at a rate proportional to the NAPL/tracer partitioning coefficient. The net result
of this interaction is that the partitioning tracers are retarded with respect to the non-partitioning
tracers. By plotting concentration breakthrough curves for each tracer and comparing the first
moments (mean residence time) of each, an estimate of the magnitude and distribution of NAPL
can be determined.

2.  Steam Injection / Vapor Extraction Treatment

The steam injection/vapor extraction test consisted of injecting steam into vertical injection
wells placed within the region of contamination and subsequent removal from the extraction
wells placed within and around this region. First, relatively high pressure gradients develop in
the steam zone due to the high vapor velocities. These pressure gradients force the effective
displacement of original water and contaminant in place. Liquids that are “pushed” into the well
are removed via pumps until steam breakthrough occurs. Application of a vacuum to the
recovery wells during the injection of the steam aids in directing flow of steam toward the
extraction wells through the vadose zone, and contaminant recovery is identical to that of soil
vapor extraction technology until steam breakthrough. After breakthrough, the steam vapor
behaves like air during soil venting, only now the soil is at an elevated temperature. The vapor
pressures of typical organic compounds increase by factors from 25 to 40 over those at ambient
soil temperatures. This greatly accelerates evaporation rates and reduces remediation duration.

F.  RESULTS

Based on visual descriptions of the soil corings collected during the pre- and posttreatment
characterization activities, a detailed three-dimensional model of the soil stratigraphy was
developed. The model shows clearly that there are four distinct stratigraphic sections within the
cell consisting of three interbedded soil types; (1) poorly graded sands, (2) well-graded gravelly
sand mix, and (3) clay. Chemical analyses of the soil core samples show elevated concentrations
of all of the target analytes within the cell with the highest levels located at about (18-20 feet)
below grade. This coincided with the lithologic section with the highest hydraulic conductivity.
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Data analysis of the pre-steam injection PITT using the method of moments technique
indicates an average NAPL saturation of about 5 percent and an estimated 469 liters (124
gallons) of NAPL in the saturated zone of the test cell. The results from the method of inverse
modeling support the results obtained using the method of first temporal moment analysis. Both
methods indicate that the avérage NAPL saturation in the test cell is approxxmately S5 percent.
However, due to a slightly different cell geometry assumed for the method of inverse modeling, .
the volume of NAPL estimated was 394 liters (104 gallons).

Based on the results of the pre- and posttreatment groundwater chemical analyses, the .
average percent recoveries of the target analytes ranged from 88 percent removal (1,1,1-
trichloroethane) to 28 percent removal (TCE). Concentrations of several of the less volatile
compounds increased significantly (88 percent increase for 1,2-dichlorobenzene). This result
occurred because of changes in the NAPL makeup. As the more volatile compounds are stripped
out, the less volatile compounds, such as 1,2-DCB are left at a higher mole fraction. The higher
mole fraction then yields a higher equilibrium groundwater concentration despite significant
removal of the compound. Yet, only two of 15 target compounds (TCE and 1,2-DCB) were
above drinking water standards at the end of the test.

The mass of target compounds removed during the pre-steam SVE, steam injection and
poststeam SVE tests was estimated from the measured extraction rate and the measured

concentrations. These results are summarized below;

Phase Extracted Extraction Average Total Total Mass Removed
Volume of Air Period Target Compound (kilograms)
) (hours) Concentrx;tion
(mg/m’)
Pre-Steam SVE 2030 47 445 0.9
Steam Injection 3194 100 1900 6.0
Post-Steam SVE 24,260 356 106 2.6

Analysis of the posttreatment PITT results is being conducted by others and is currently not
available. This analysis, along with a discussion comparing the results to the chemical analytical
results of the soil cores, will be included as an addendum to this document upon receipt.

G. CONCLUSIONS

The total NAPL volume estimated from the method of first moment analysis was determined
to be approximately 469 liters (124 gallons). This value was obtained by tracer data
extrapolation up to 16 days. It represents the NAPL volume in the saturated zone of the entire
test cell, which corresponds to an estimated tracer-swept volume of 9.3 m®. Because of the
irregularly shaped boundary of the test cell, the simulation grid for the inverse modeling -
technique only represents the rectangular portion of the test cell between the rows of the injection
and extraction wells. The estimated volume of NAPL within this region is 394 liters (104
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gallons). Assuming a porosity of 0.28, this contains a pore volume of 8.19 m>. For both
scenarios, the ratio of volume of NAPL to volume of pore space is approximately 50 liters/m>.
The NAPL is nonuniformly distributed in the test cell ranging from O to 10 percent in saturation.
The average NAPL saturation is higher in the intermediate layers of the test cell.

The vapor concentrations of the more volatile compounds such as 1,1,1-trichloroethane
(1,1,1-TCA) and heptane in the waste stream during the initial ambient soil vapor extraction
(SVE) were initially high and exhibited the exponential decay characteristic of long-term SVE.
For moderately volatile compounds such as toluene and nonane, the vapor concentrations e
appeared to decrease slightly during the tests. Concentrations of compounds with relatively low
volatility, such as 1,2-dichlorobenzene (1,2-DCB) and undecane, were erratic and did not appear
to decrease during the SVE testing.

Careful examination of the results from the SVE and steam injection portions of the
remediation indicate disequilibrium of the NAPL (i.e., a nonuniform mixture) that would result
from weathering of the NAPL over time or the presence of two distinct NAPL layers. The site
usage history indicates two NAPL sources: one NAPL was the result of hydrocarbon usage for
fire training, while the other NAPL resulted from chemical disposal pits that included the release
of solvents. Approximately 34 kg (75 pounds) of NAPL were removed from the cell through the
vapor stream during the course of the experiment. Assuming a unit weight of 0.75 g/cm” for the
NAPL, this equates to about 45.5 liters (12 gallons). An additional 9.5 liters (2.5 gallons) were
recovered in the NAPL/water separator.

The final soil and groundwater concentrations in the test cell were significantly reduced
from the pre-test concentrations. Estimates of mass removed based on soil concentrations before
and after steaming reveal over 90% removal for volatile compounds, 80 to 90% removal for
moderately volatile compounds and 70 to 80% for semi-volatile compounds. In addition, soils
swept directly by the steam exhibited excellent cleanup and the soils which were not swept -
showed reductions but not as profound. The steam swept soils were cleaned of the target
compounds by over 94% including the semi-volatile compounds. A deeper steam sweep was not
possible in this field test because the groundwater pump inlets could not be placed deeper than 6
m. It is expected the same high levels of removal would have been achieved in the lower soils if
deeper screen and pump placement had been possible.

A bank of NAPL preceding steam breakthrough was considered possible; yet, only about 9.5
liters (2.5 gallons) of NAPL were recovered in the NAPL/water separator after steam
breakthrough. This indicates the steam injection was not effective at driving the residual NAPL
out of the cell. This occurred because the viscosity of the NAPL was too high and the saturation
too low to allow the formation of a stable NAPL bank ahead of the steam condensation front.
Theory predicting the maximum NAPL viscosity which allows a stable NAPL bank to mobilize
was developed and suggested the maximum NAPL viscosity allowing stable displacement by
steam injection at OU-1 is about 2.5 centipoise (cP). The NAPL at Operable Unit One has a
viscosity significantly higher than 2.5 cP.
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H  RECOMMENDATIONS

Based upon the results obtained during the course of this project several recommendations
can be made. The results from this study showed steam injection to be very effective in distiliing
contaminants from the mixed NAPL at OU-1, Hill AFB. Yet, the increase in vapor
concentrations of the moderately volatile compounds was not as high as expected based upon the
vapor pressures of these compounds at the elevated temperature. Further study is warranted to
evaluate the reasons for this lack of increase. In particular, the role which liquid water may play
in this process needs more investigation because further understanding could lead to substantidl -
improvements in the technology implementation. Additionally, a substantial bank of NAPL was
not pushed ahead of the steam condensation front in this demonstration. Theory was presented
suggesting a relatively low limiting viscosity for such a push to occur. This theory requires
additional laboratory and field studies for validation because of the potential impact this result
could have on how the technology is applied to heavier hydrocarbons. Also, the evaluation of the
technology for other contaminants and soil types should be pursued.

Any of these additional studies should also comment on the costs of using steam injection as
a remediation technology. For coarse, gravely soils, such as those at Hill, the injection and
extraction wells can be relatively far apart, whereas for fine grained soils, more wells per unit

“area may be required, driving the cost higher than experienced during this study. These costs

need to be considered when performing a complete evaluation of steam injection remediation for
a site. In addition, the feasibility of using pushed wells for injection and extraction of the steam
should be studied. This well installation procedure has the potential to be faster, cheaper, and
more informative without any loss in performance.

A second recommendation is to further enhance and develop the Partitioning Interwell
Tracer Test (PITT). Although this test was very useful in determining the pre- and post-
contaminant locations and saturation levels, performing the test was relatively expensive and
very labor intensive. Additional methods to reduce the costs of performing these tests would
greatly assist in increasing the utility of these tests. A new approach would still use partitioning
tracers, but rather than collect samples over a 10-day period (over 2,000 samples were collected
and analyzed for each PITT test during this demonstration), a monitoring system could be used to
monitor the partitioning in-situ. This would require a sensor network to be installed and different
tracers to be selected that matched with the sensing technology chosen for the network. One
sensing technology that should be investigated is fluorescence techniques. If partitioning
fluorescence sensors can be selected, then a network of simple fluorescence probes could be used
to monitor the experiment. Since the sample collection rate would not be limited by actual
sample collection time, more detailed results can be collected at low additional cost. A Cone
Penetrometer fluorescence sensor version can be used to monitor the tracers in an open field
condition, under a lower gradient. These approaches effectively reduce costs and allow more
flexibility in the tracer flow field.
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SECTION I
INTRODUCTION

A. OBJECTIVE

Subsurface contamination by non-aqueous-phase liquids (NAPLS), such as hydrocarbon
fuels and halogenated organic solvents, is a serious environmental problem facing the "
Department of Defense and industry in general. Once the NAPLs migrate into the subsurface
environment, significant quantities of the IiQuid become trapped in the soil by capillary forces
providing a continuous source of groundwater contamination. Complete removal of these
contaminants by conventional technologies is difficult, time-consuming and expensive.
Historically, technologies such as pump-and-treat, and soil vapor extraction have been used with
some success, but in general, they are inefficient and costly because the time required to operate
these systems to achieve the desired clean-up goals is typically many years. Recent studies have
demonstrated the utility of an alternative remediation technique involving the injection and

subsequent vacuum extraction of steam to remove NAPL contamination from in situ soils

(Stewart and Udell, 1987, and Olsen et al., 1991).

Steam injection, combined with soil vapor extraction, was demonstrated in situ at Operable
Unit One (OU-1), Hill Air Force Base (Hill AFB), Utah. The purpose of this research was to
evaluate steam injection technology for the removal of NAPL contamination from the
subsurface. This experiment was part of a cooperative research effort funded by the United
States Environmental Protection Agency (USEPA) and the Strategic Environmental Research
and Development Program (SERDP). The results of this research were used to evaluate eight
innovative remediation technologies for the removal of NAPL and to evaluate these technologies
for their potential inclusion in the Record of Decision (ROD) for the OU-1 site. Applied .
Research Associates, Inc. (ARA) and subcontractor Praxis Environmental Technologies, Inc.
(Praxis), under contract with the U.S. Air Force’s Armstrong Laboratory (SETA contract
No. F 8635 93 C0020 Subtask 8.01.5), demonstrated the utility of steam injection combined with

soil vapor extraction as a remediation technique. In addition, the experiment included the use of




a partitioning interwell tracer test (PITT) that was employed to estimate the quantity and

distribution of the NAPL prior to and immediately following the steam treatment.

B. BACKGROUND

1. Description of Technology

L ~

The use of steam injeétion to remediate non-aqueous-phase liquids (NAPLs) and
saturated zone contamination is an innovative application of a recently developed remedial
teclinolo'gy. Many of the technology principles have been tested extensively in analogous field
applications (e.g., enhanced oil recovery). However, steam injection has been applied only
recently to the remediation of shallow subsurface contamination where required Tecovery rates
are much higher. Most of this recent experience applies to soil above the water table and these
efforts were not instrumented adequately for understanding the process. Hence, this project will
be a carefully monitored and documented effort to advance the understanding and the state of

design of steam injection.

Thermal techniques to increase the recovery of volatile and semi-volatile liquids from
porous media are not new. A large body of research on steam injection for enhanced oil recovery
exists in the petroleum literature (Man&l and Volek, 1969, Volek and Pryor, 1972, and
Konopnicki et al., 1979). This resgarch concentrated on viscosity reduction and distillation.
Recent research has investigated ;team injection for light-oil recovery (Stewart and Udell, 1987,
and Olsen et al., 1991). However, the use of thermal processes for the in situ recovery of
contaminants has a short history. Exploratory field work on steam injection was performed in
the Netherlands in the mid 1980s (Hilberts, 1985). Radio frequency heating (Dev, 1986) and in
situ vitrification (Fitzpatrick et al., 1986) are other innovative thermal techniques under
development. The combined steam injection and vacuum extraction process was laboratory-

tested and field-demonstrated (Udell and Stewart, 1989) in 1989.

2.  Site Description

Hill Air Force Base is located in northern Utah on a topographic plateau about 300 feet
above the Weber River Valley (Figure 1). In July 1987, Hill AFB was placed on the National
Priorities List (NPL). Eight operable units at Hill AFB have been identified; each of these
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Site Location Map Depicting the Operable Units at Hill AFB.




operable units is associated with the past disposal of hazardous waste and consists of two or

more waste sites. The description that follows is paraphrased from Montgomery Watson (1994).

Operable Unit 1 (OU-1) is located along thé eastern boundary of Hill AFB, as shown in
'Figure 1, and includes the former Chemical Disposal Pits 1 and 2, Landfills 3 and 4, Fire
Training Areas 1 and 2, the waste oil/phenol pit, and the waste oil storage tank. The primary area

of concern for the steam injection demonstration is near the chemical disposal pits (Figure 2).

Many soil borings have been logged at the OU-1 site. Borehole depths ranged from a few
feet to 120 feet below ground surface (bgs). Examination of the geologic logs from test wells
and soil borings r_éveals that lithologic changes occur over vefy short distances both vertically
and horizontally. Thé aquifer is composed of interbedded silts, sands, and gravels of the Provo
Formation. Cross sections developed by Montgomery Watson indicate that an aquitard
consisting of laminated clay with thin silt and sand interlaminae exists from depths of about 25 to
30 feet bgs. These deposits are characteristic of the Alpine formation. The top surface of the
aquitard is very irregular and possibly represents an erosional surface on which the coarser-

grained channel deposits of the Provo Formation were deposited.

Groundwater at OU-1 occurs aﬁproximately 20 to 25 feet below ground surface in the
uppermost unconfined aquifer and flows to the northwest and west towards the Weber River
Valley. This shallow aquiferuis separated from deeper regional drinking water sources by about
two hundred feet of principally low-permeability clays. During wet seasons, a number of seeps
and springs occur off base on the face of the slope north of the site. Studies by Montgomery
Watson indicate that the upper unconfined aquifer saturated thickness is only a few feet above

the aquitard in the vicinity of the Chemical Disposal Pits.

An accumulation of light, non-aqueous-phase liquid (LNAPL) has been identified
floating on the water table in the uppermost aquifer in the vicinity of Chemical Disposal Pits 1
and 2. The LNAPL accumulation is the result of fuel usage at Fire Training Area 1 and disgosal
practices at the Chemical Disposal Pits and Landfill 3. The LNAPL plume has migrated to the
northwest under ihe Chemical Disposal Pits. The continued presence of the contamination is a

threat to deeper regional drinking water aquifers.
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C.  SCOPE

Applied Research Associates, Inc. and Praxis conducted a controlled remediation
demonstration using steam injection enhanced vapor extraction. This research effort is partofa
collaborative study funded by the Strategic Environmental Research and Development Program
(SERDP), the Advanced Applied Technology Demonstration Facility (AATDF) and the United
States Environmental Protecfion Agency (EPA). This research was conducted at Operable Unit
One (OU-1) located on Hill AFB, Ogden, UT. '

The purpose of the SERDP Treatability Studies was to evaluate eight innovative remediation
technologies for the removal of non-aqueous-phase liquid (NAPL) constituents from saturated
and, in some cases, unsaturated soils, and to conduct treatability studies of these technologies for
remediation of LNAPL contamination at Hill AFB Operable Unit One (OU-1). The evaluation
was conducted by developing site-specific design information for each technology in the
laboratory, then demonstrating the respective technologies in situ at a designated area at the OU-
1 site. Each field demonstration was executed inside a test cell constructed to hydraulically
isolate the cell volume and minimize migration into or out of the cell. In many cases, this was

the first time some of these innovative technologies were demonstrated in the field.

Specifically, ARA/Praxis were tasked to develop and execute an experimental design
employing vapor extraction enhanced by steam injection to remediate NAPL contamination in an

isolated test cell.

An innovative technique known as a Partitioning Interwell Tracer Test (PITT) was used to
establish the concentration levels and volumetric distribution of the NAPL within the test cell
prior to and following the steam injection experiment. The test involved the injection of various
alcoholic tracers, both partitioning and nonpartitioning into the test cell under constant hydraulic
gradient. Subsequent sampling from a multilevel groundwater sampling grid and chemical
analysis of the cell fluid provided individual breakthrough curves for each of the tracers.
Mathematical analysis of the breakthrough-curve data using the method of moments and inverse
modeling techniques provided an estimate of both the NAPL saturation and distribution within

the test cell. Comparison of the saturation data prior to and following the steam injection




treatment yielded an estimate of the quantity of NAPL removed and some insight into the

effectiveness of the remediation technique.

D. OBJECTIVES

The overall objectives of the treatability studies were:

A

e To advance the development of these eight remedial technologies through research in
the laboratory and demonstration in the field. '

¢ To evaluate the relative perfoririance of these eight technologies on a common basis
for removing the NAPL constituents at Hill AFB.

* To obtain and document data of suitable quantity and quality to support evaluation of
these innovative technologies in Feasibility Studies (FS) for inclusion in the Record
oof Decision (ROD) for the OU-1 site.

® To obtain design information necessary for scale up, cost estimating and
implementation of the technologies at Hill AFB.

This report discusses the findings of the steam injection experiment only. A comprehensive
report covering all eight rernediation technologies will be compiled by the National Risk
Management Research Lab (NRMRL), Subsurface Protection and Remediation Division in Ada,
Oklahoma. - “




SECTION II
METHODOLOGY

A. TEST CELL CONSTRUCTION

During the Spring of 19935, preliminary site characterization activities of the OU-1 site were
conducted to determine suitable locations for the individual test cells. The criteria for locating‘ )
the test cells were depth to clay, presence and extent of NAPL, depth to groundwater an&
logistical constraints. In addition, an effort was made to orient the cells so that the long axis of
the cell ran parallel to the direction of the natural groundwater gradient at the OU-1 site. ‘This
allowed the experiments to be conducted, utilizing the naturally occurring in situ flowpaths. -

The results of the preliminary investigation concluded that the underlying clay aquitard was
at an acceptable depth in the area proximate to the Chemical Disposal Pit 2. Based on the data
gathered during this preliminary investigation, the eight cells were sited and cell construction

activities began in the Fall of 1995.

1. Test Cell Description

Experiments in test cells were éonducted to isolate the test area from the surrounding
aquifer to prevent mobilization or solubilization of contaminants that are currently immobile or
slightly soluble under normal in situ conditions. The cells measured 3 by 5 meters (10 by 16
feet) (nominal) in plan view and extended approximately 9 meters (30 feet) into the earth, seating
into the underlying Alpine Formation. The cells were constructed by driving interlocking steel
sheet piles into the ground, forming a rectangular volume. The cell is sealed off beneath by an
underlying clay aqﬁitard, effectively eliminating downward migration out the bottom of the cell.
Figure 3 illustrates the location and layout of the completed Cell 7 that was used during this

experiment.

Standard, 9.5-mm (.37 inch) thick by 10.7-meter (35-foot) long, Z-shaped, cold-rolled,
steel sheet piles with hook-and-grip interlocking joints were used to construct the test cells.

Angle iron was welded to the back of each sheet-pile joint to form a void that could be grouted to
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seal the joints. The piles were installed using a vibratory power drive hammer (APE Model 200
Vibro) attached to a crane. The individual piles for the steam injection test cell (Cell 7) were
driven to the depths described in Table 1. Each joint was grouted and allowed to cure for

approximately 30 days. After the cure period, all cells were tested as described below in § ILB.

TABLE 1. ESTIMATED SHEET PILE PENETRATION INTO THE SILTY CLAY

L

LAYER FOR CELL 7.
Steam Injection
Depth to clay: 27.0 ft !
Joint # Cleared Joint Depth | Depth Into Clay Cleared
() ()
1 31.5 4.5
2 30 3
3 32 5
4 30 3
5 20* -7
6 30 3
-7 30 3
8 29 2
9 30 3
10 33 6
11 30 3
12 30 3
13 35 8
14 - 30 3
15 30 3
16 30 3
17 30 3
18 34 7
19 30 3
20 30.5 3.5
21 30 3
22 31 4
23 30 3
24 31 4

! According to Fugro’s CPT logs, the clay does not appear to be a continuous unit.
* Broke off bit - still in cavity.
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2. Well/MLS Construction

After the cell construction activities were completed and the grout allowed to set,
preliminary cell characterization, and well/multilevel sampler (MLS) construction commenced.
These activities began in.-November 1995, when ARA mobilized to the OU-1 site and, working
closely with the EPA and the .EPA’s subcontractor, ManTech Environmental Services, Inc.,
installed the injection/extraction wells and the MLS sampling grid. The layout of the completéd’

cell is shown in Figure 4 and shows:

e abank of four injection wells (U1-2741 through U1-2744) on the south end of the
cell, .

e abank of three extraction wells (U1-2751 through U1-2753) on the north end,
e one steam injection well (U1-2771) in the center of the cell,

e two piezometers (U1-2761 and U1-2762) on the respective north and south ends of
the cell, and finally,

e 12 MLS sampling clusters (U1-2711 through U1-2734) forming a matrix evenly
spaced between the injection and extraction wells.

a. MLS Construction

The MLS sampling clusters allowed for the collection of groundwater and/or soil gas
samples from five discrete levels within the formation. There were 12 ciusters,’ each fabricated
from five different lengths of 3.2-xﬁm (.12-inch) (OD), tempered stainless steel tubing with
100-microsintered stainless steel filters attached to the bottom end using stainless steel
Swagelock® fittings. All tubing and filters were flushed with methylene chloride to remove any
residual oils prior to construction of the MLSs. The five different lengths of tubing with attached
filters were bunched together, staggering the filters every 0.6 meters (2 feet). The bunches were

bound together using nylon snap ties at 0.3-meter (1-foot) intervals.

Once assembled, the MLS clusters were pushed into thé cell using the US EPA’s
cone penetrometer technology (CPT) truck so that the deepest MLS filter was approximately
7 meters (23 feet) below ground surface. Each MLS bunch was sandpacked, then sealed at the

surface with a bentonite seal. Installation of all of the MLSs created a three-dimensional
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Figure 4. Detailed Layout Showing the Relative Locations of the Imectlon/Extractlon
Wells, Piezometers, and MLS Sampling Points.
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sampling matrix, allowing the collection of samples from five discrete planer surfaces defined by

the 60 individual MLS points (e..g., 12 MLS clusters with five sampling depths per cluster).

b. Injection/Extraction Wells and Piezometer Construction

The location and spacing of the injection/extraction wells were based on the results*of
groundwater modeling aimed at optimizing uniform flow conditions within the cell. A bank of
fom; evenly spaced injection wells (U1-2741 through U1-2744) were located along a line
approximately 0.3 meter (1 foot) f£0m the south end of the cell. The three extraction wells (U1-
2751 through U1-2753) were located along a line offset approximately 0.3 meter (1 foot) from
the north end of the cell. A centrally located steam injection well (U1-2771) was installed and

used as the primary injection point for the steam.

The injection/extraction wells served dual purposes. During the PITT testing, the
injection wells were used to inject the tracers into the cell and maintain a constant hydraulic head
at the south end of the cell. The extraction wells were used to extract the cell fluids, again
maintaining a constant, but lower, hydraulic head at the north end of the cell. This provided the

gradient necessary to maintain flow thrbugh the cell during the PITTs.

During the steam injection/vapor extraction phase of the experiment, both the
injection and extraction wells served as extraction wells to remove liquid and vapor phase from

within the cell while the centrally located injection well was used to inject the steam.

Due to the elevated temperature within the cell during steam injection, all
injection/extraction wells were constructed from 2-inch (51 mm) diameter continuous v-wrap
stainless steel screen. The screened portions were positioned to span the NAPL smear zone as
determined from soil samples taken during cell construction (e.g., approximately 4 to 7 meters

[13 to 23 feet] bgs).

Two piezometers were installed on either end of the cell to allow monitoring of the
groundwater elevation within the cell. The down-gradient well (north end of cell) was also used

to house the extraction pump during both PITTs. These were constructed of schedule 80 PVC,
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which was used to allow the proper clearance for the Grundfos Rediflo® pump that was used to

maintain flow out of the cell.

Finally, a héstéd—pair 6f small diameter (e.g., 3/:-'inch ¢ PVC) rﬁonitqrir;g wells were
.installed just dutside the cell on the downgradient (north) end. Tﬁese were used to monitor
groundwater quality during the tracer test to insure that the tracers were not leaking from the cgll
and also to determine if a vertical gradient existed close to the cell. Table 2 lists the as-built
details of all of the wells installed within the cell. Further details covering the well installation

methods and procedures are covered in the Phase I Workplan.

TABLE 2. WELL CONSTRUCTION DETAILS

Screened

Well ID Well Type/Description Material Total Depth Interval
(meters) (meters)

U1-2741 | Injection 2”-¢ Stainless Steel 6.95 3.92-6.95
U1-2742 | Injection 2”-0 Stainless Steel 7.01 3.96-7.01
U1-2743 | Injection 2”-¢ Stainless Steel 7.14 4.09-7.14
U1-2744 | Injection 2”-¢ Stainless Steel 7.30 4.25-7.30
U1-2751 | Extraction 2”-¢ Stainless Steel 7.28 4.23-7.28
U1-2752 | Extraction 2”- Stainless Steel 7.21 4.16-7.21
U1-2753 | Extraction ) 2”-¢ Stainless Steel 7.16 4.11-7.16
U1-2761 | Inside Cell Piezometer/Pumping | 2”-¢ PVC 7.26 4.21-7.26
U1-2762 | Inside Cell Piezometer 2”-0 PVC - 751 4.46-7.51
U1-2771 | Central Steam Injection 2”-¢ Stainless Steel 7.80 4.76-7.80
U1-2781 | Shallow Outside Cell Piezometer 3”-0 PVC 7.20 5.67-7.20
U1-2782 | Deep Outside Cell Piezometer 3%4”-0 PVC 11.28 9.76-11.28

B. LEAK TESTING

Once installed and grouted, the cells were leak tested to determine if they leaked and if so, at
what rate. This was done by flooding the cells to the top of the NAPL contaminated soil, then
observing the water table elevations inside the cell for a period of one week. At the end of that
period, the cell was again flooded, recording the volume of water required to bring the water
table back up to the top of the NAPL zone. The cell leakage rate was calculated and reported as
an average daily rate in liters per day (Ipd). The maximum acceptable leakage rate was 0.3

percent of the saturated cell pore volume per day (29 Ipd). The leakage rate for Cell 7 was

14




determined to be approximately 100 Ipd, exceeding the acceptable rate. The excess leakage rate
was mitigated by maintaining a lower in-cell water level during all demonstration activities than
was originally planned (e.g. =4.0m vs. 3.6m bgs). This was deemed acceptable to Hill AFB, so

no further action was taken.

C. PRE AND POST TREATMENT CELL CHARACTERIZATION

1. Introduction

Characterizing the spatial distribution of contaminants within-the cell before and after
treatment was critical for evaluating the effectiveness of the steam injection/vapor extraction
technology. The performance of each of the eight innovative technologies will be based
primarily on the change in the amount of chemical contamination within each of the test cells.
The amount of chemical contamination was determined from the analysis of soil and
groundwater samples collected from within the cell both before and after the treatment. The
specific compounds selected as target analytes that were used for comparison are listed in Table
3. The results from the PITT tests were also considered in the comparison of the various
technologies, although since the PITT is a new technology and not compound specific, these

results were not heavily weighted.

2. Soil Characterizatiqn

Pre- and posttreatmeht soil samples were collected from a total of 14 locations within the
treatment cell. The pretreatment soil cores were collected from eight locations corresponding to
the locations of the six injection/extraction wells and two MLS locations. Upon completion of
the steam injection treatment, an additional six borings were completed. Figure 5 illustrates the

relative locations of these 14 soil borings.

The borings were advanced using a Mobile B-51 auger drill rig outfitted with 4-inch ID,
continuous-flight augers. Samples were collected using a 3-inch ID by 4-foot long sampling tube
driven by a mechanical drop-hammer at 4-foot intervals as the augers were advanced into the
earth. The samples were collected from the NAPL-saturated zone beginning at about 3.6 meters
(11.8 feet) below ground surface (bgs) and continuing to 7.3 meters (24 feet) bgs. At one
location, the boring extended to the underlying aquitard, approximately 8.2 meters (27 feet) bgs,

15




@ Pretreatment Soil Sampling Location
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Figure 5. Location of Pre- and Posttreatment Soil Borings.
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to cdnﬁrm its presence. The samples were logged by ARA’s field engineer based on the Unified
Soils Classification System (USCS). Each sample was screened for total volatile organic
compounds (VOCs) using a Photovac MicroTip® photoionization device (PID). The cores were

divided into 0.3-meter (1-foot) intervals and sub-samples were collected for chemical analysis.

To minimize the loss of VOCs from the samplés during shipping and handling, it was .
necessary to produce field extracts. The chemical analytical method specified placing ‘
approximately 5 grams (0.18 ounce) of soil into a pre-weighed vial containing five-milliliters of
dichloromethane, the extractant, and a small amount of hydrochloric acid, a preservative. The
samples weré capped, agitated to mix thoroughly, then packaged in coolers and shipped to
Michigan Technical University (MTU) for analysis by method RSKSOP-72 (Appendix A).

Since an extraction method was used, it was necessary to determine the gravimetric water
content of the soil so that the concentrations of the target analytes could be converted from
concentrations in dichloromethane to concentrations in soil. This was accomplished by
collecting a corresponding sub-sample of soil and analyzing it for soil moisture content as

described by ASTM Method D 4959.

A composite sample from each :boring was prepared by combining portions from each
core section. These composites were analyzed for dioxins, furans, and PCBs by standard EPA
methods, using EPA Level i protocol. These samples were collected by Montgomery-Watson
personnel and sent to Quantera Laboratories for analysis. These data was sent directly to the
EPA and will be incorporated into the master document covering all of the research projects,

which will be assembled by the EPA.

3. Groundwater Characterization

The intent of groundwater sampling during the pre- and posttreatment sampling activities
was to evaluate the changes in groundwater quality resulting from the steam injection/vapor
extraction treatment. These data were also used to determine the effect of the treatment on the
individual contaminants partitioning between the soil and groundwater at equilibrium before and
after treatment. In addition, these samples were used to estimate the mass of contaminant present

in groundwater before and after treatment.
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Four sepai'ate sampling events were used to achiévé the objectives of the groundwater
sampling program. There were two under dynamic flow conditions (pre- and posttreatment), and
two under static conditions (pre- and posttreatment). Dynamic conditions were defined as the
steady-state flow conditions established to conduct the PITT, and samples were collected prior to
both the pre- and post-PITT tests. Static conditions were defined as the no-flow conditions
within the cell abproximately 48 hours following the completion of the pre- and posttreatment » -

PITTs.

D. CONCEPTUAL STEAM INJECTION/VAPOR EXTRACTION SYSTEM

In a conceptual cleanup, vertical steam injection wells are placed within the region of
contamination and extraction wells are placed within and around this region. Steam can be
injected both above and below the water table, assuming contamination exists in both zones. The
process is illustrated in Figure 6. The steam injection pressure must be higher than the
hydrostatic pressure of the aquifer to enable injection. In the extraction wells, contaminated
groundwater and préduct are removed and the highest practical vacuum is applied. This aids in
directing the steam toward the extraction wells. The soil is heated as the steam condenses until it
reaches steam temperature, creating a steam zone, which grows toward the extraction wells and
pushes much of the contaminant ahead 6f it. In the steam zone, residual contaminants are
volatilized and swept toward the extraction wells by the flowing steam. After steam breaks
through in the extraction weHs, the injection continues until recovery of contaminants

diminishes.

Steam injection can enhance cleanup technologies such as pump-and-treat, soil venting, and
bioremediation through several different thermodynamic mechanisms. First, relatively high
pressure gradients develop in the steam zone due to the high vapor velocities. These pressure
gradients allow the effective displacement of original water and contaminant in place. Liquids
that are pushed into the well are pumped until steam breakthrough occurs. Application of a
vacuum to the recovery wells during the injection of the steam aids in directing flow toward the
well through the vadose zone, and contaminant recovery is identical to that of vapor venting until

steam breakthrough. After breakthrough, the steam vapor behaves like air during soil venting,
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except that now the soil is at an elevated temperature. The vapor pressures of typical organic
compounds increase by factors from 25 to 40 over those at ambient soil temperatures. This

greatly accelerates evaporation rates and reduces remediation duration.
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SECTION III
TEST DESCRIPTION

A. FLUORESCEIN DYE TRACER TEST
1. Introduction

Before the pretreatment PITT tests, a fluorescein dye tracer test was conducted to
establish the sampling plan for the PITT tests, confirm operation of the samplers, and assist in the
identification of any prefefential flowpaths that might exist within the cell. Although the
fluorescein dye does not interact with the NAPL contamination as the partitioning tracers do, it
assisted by establishing the time frame for the non-partitioning tracer to flow through the cell.
i’-‘rom this test, the travel times for the partitioning tracers were estiinated and a sampling
schedule determined. The sampling schedule determined during this test served as a baseline to
ensure 10 points on each rising edge and 20 points on each falling edge for each partitioning
tracer. The schedule remained flexible throughout the PITTs based on the real-time results. One
. of the goals of the fluorescein dye tracer test was to ensure that significant amounts of

oversampling do not occur.

Since the MLS sampling system was used for both the PITT tests and the dye tracer tests,
the dye tracer test provided confirmation that all the samplers and the sampling network were
operational and fully functioning ;;rior to the PITT. The sampling system details are described
under § IIL.B.2. Figure 4 illustrates the relative locations of the MLS clusters.

The third benefit of performing a dye tracer test was that, combined with the
three-dimensional sampling grid, identification of any preferential flowpaths within the cell
could be determined from the dye tracer breakthrough curves. For example, if the dye shows up
in a downstream point (MLS 1,4) at a depth of 6.1 meters (20 feet) prior to any dye appearing at
points MLS 2,4 or MLS 3,4, that would indicate a preferential flow path down the east edge of
the cell at a depth of 6.1 meters (20 feet). These types of trends. identified during the dye tracer
test are beneficial in the analysis of both the PITT results, which showed similar trends, and the

steam demonstration in terms of regions that were more likely to be remediated than other

regions.

20




2. Test set-up-- - -

The fluorescein tracer test was initiated on April 19th, 1996, and continued for 72 hours.
Samples were collected using a variable schedule that collected the first round at the 1-hour
point, the second round at the 2-hour mark, and the third round at the 4-hour mark. Sampling
~ “continued every 2 hours between 4 and 12 hours and then switched to every 4 hours between 12
and 28 hours. Between 28 and 72 hours, samples were collected every 8 hours. The actual .
sampling times, as well as the measured fluorescence values of each groundwater sample

collected, are included as Appendix B.

Samples were collected from all of the multilevel samplers (MLS) during each sampling
round, as well as from the three extraction wells. The sampling of the MLSs was accomplished

using the manifold system developed for the PITT testing, as described in § IIL.B.2.

Fluorescein was selected based on previous experience, nonreactiveness, and documented
studies shqwingﬂqorescein to be harmless to the environment. The tracer was injected at a
concentration of 500 parts per billion (ppb). Based upon a cell size of 3 m by 5m, 4.3 m of
saturated material and a mobile porosity estimate of 17 percent, the saturated pore volume was
9,702 liters (2,563 gallons). The tracer slug was selected to be one-ténth of the saturated pore
volume, and, therefore, 969 liters (256 gallons) of tracer were required for the experiment. The
initial concentration of the tracer was selected at 500 ppb based upon the detection rahge of the
fluorescence sensor, which covered 50 to 500 ppb. For a 500 ppb mixture in 969 liters
(256 gallons) only 0.48 gram (.01 ounce) of the concentrated Fluorescein was required. The
water and Fluorescein were thoroughly mixed in a large tank and plumbed into the injection well
line for input into the system. The injection and extraction flow rates were each set at 3.8
liters/min (1.0 gallons/min) based upon a desired residence time for both the fluorescence tracer
and the PITT tracers of just under 2 days, as well as prior experience from the University of

Florida cell experiment.

Once the samples were collected from the MLSs, they were allowed to settle for 2 hours
in a dark room before measurement. This allowed any fines in the sample to settle out and not

interfere with the measurements. Measurements were made using a 10-AU digital Fluorometer
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from Turner Designs. The instrument was calibrated by taking groundwater samples from the
site and establishing a blank baseline valiie. Next, two calibration samples were prepared by
mixing groundwater and Fluorescein WT at concentrations of 100 ppb and 400 ppb. The
instrument response from these two samples were 87.6 and 397, respectively. These data points
were used in an internal calibration routine within the instrument, which allowed the instrument

to produce actual concentration readings directly. These concentration values are tabulated in .

Appendix B.

B. PARTITIONING INTERWELL TRACER TEST

This section describes the Partitioning Interwell Tracer Tests (PITTs) conducted both before
and after the steam injection/vacuum extraction treatment study. The objective of the PITTs was
to evaluate the effectiveness of the steam injection by estimating the mass and spatial distribution
of NAPL present within the cell both before and after the steam injection treatment. PITT
technology was developed in the oil-field industry but has recently been applied to the
environmental field by Dr. Gary Pope at The University of Texas, and was first used at Hill AFB
at the OU-1 site under the direction of Dr. Mike Annable from the University of Florida.

The PITT test consists of the simultaneous injection of a slug of dilute concentrations of
both partitioning and non-partitioning tracers into the test cell under constant flow conditions.
The tracer solution is subsequently sampled through the MLS sampling grid and extraction wells.
The non-partitioning tracers flow fhrough the cell without reacting with the NAPL, behaving
much like a particle of water. The partitioning tracers interact with the NAPL, moving in and out
of the NAPL solution at a rate proportional to the NAPL/tracer partitioning coefficient. The net
result of this interaction is that the partitioning tracers are retarded with respect to the non-
partitioning tracers. By plotting concentration breakthrough curves for each tracer and
comparing the first moments (mean residence time) of each, an estimate of the magnitude and

distribution of NAPL can be determined.

1.  Partitioning and Non-Partitioning Tracer Selection

The tracers used for the PITTs were selected based on their partitioning behavior between

water and NAPL from the test cell (e.g., the partitioning behavior should emulate the selected
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NAPL constituents). In addition, characteristics such as toxicity, degradability, volatility,

detectability in the presence of NAPL, cost, and availability were also considered.

- The decision as to which tracers to use was based in part on previous work conducted by
the University of Fl_orida and the US EPA’s RSKRL at the QU-1 site. From this work, a ‘short

list’ of potential tracers was distributed among the researchers. For uniformity’s sake, RSKRL

.
requested that each group use at least one nonpartitioning and two partitioning tracers from the

‘short list.” The tracers selected for the pretreatment PITT in Cell 7 are tabulated in Table 3.

TABLE 3. TRACERS USED F OR THE PRETREATMENT PITT IN CELL 7.

Tracer Type Partitioning Coefficient*,
KNW
Bromide Non-Partitioning 0
Methanol Non-Partitioning =0.1
n-Pentanol Partitioning 14
n-Hexanol Partitioning 4.6
2,2-dimethyl-3-Pentanol Partitioning 12.9

*Values from Annable et al., 1994,

A different set of tracers was used for the posttreatment PITT, since the NAPL had

changed due to the steam experiment. Methanol proved to be a functional non-partitioning tracer

during the pretreatment PITT, so bromide was omitted from the list for the posttreatment PITT.

To account for the altered chemical cor_nposition and reduced quantity of NAPL as a result of the

treatment, and to allow for adequate separation of first moments of the tracer breakthrough

curves, it was recommended by Dr. Richard Jackson of Intera, Inc., Austin, Texas, and Dr. Gary

Pope from The University of Texas, Austin, Texas, that a tracer with a much higher partitioning

coefficient be used for the posttreatment PITT. Based upon their recommendations, the three

tracers listed in Table 4 were selected for the post-demo tracer test.

TABLE4. TRACERS USED FOR THE POSTTREATMENT PITT IN CELL 7.

Tracer Type Partitioning Coefficient*,
_ KNW
Methanol Non-Partitioning =0.1
2,2-dimethyl-3-Pentanol Partitioning 12.9
n-Heptanol Partitioning 20.0

*Values from Annable et al., 1994,
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2. MLS Sampling System

A vacuum sampling system incorporating a centralized vacuum source and distribution
system allowed sampling from all 60 MLSs in the system, any combination of isolated rows of
MLSs, or a combination of individual MLSs simultaneously. During each sampling event, the
sampling apparatus was purged with a minimum of three times the volume of the upstream
segment, to avoid cross-contamination between sampling events. The upstream segment is .
defined as consisting of the porous stainless steel filter buried in the ground, the stainless steel
transfer line between the filter and the ground surface, and the space within the MLS vacuum
manifold between the transfer line and the end of the fill needle that extends into each sample
bottle through the lid septum. The vacuum sampling apparatus is shown schematically in Figure
7. Pistons in the éy]indrica] purge water chambers begin at the bottom of the chamber. When the
vacuum pump is switched on, the piston is drawn to the top of the chamber, pulling an ample
purge volume through the apparatus and into the purge water chamber to ensure‘ sample quality.
After sampling, vials are removed from their guide tubes and the purge water is forced back out
of the system for collection in a trough.

g. == ! Secondary Vecuum Manifold |‘|
K| Cutoff Valve ﬁ1l‘ }t‘
<l E<2
E [ S Cutoff Valve From Other MLS In Row
: 1 S O S A
& . g .
(=% 2 -
T E3 ﬂ
To Vacuum Chamber
Pump
Sampling
Manifold
Pre-Labeled
o 11
Sample
Vial MLS Ports

Figure 7. Schematic of Vacuum Sampling Apparatus for MLSs. MLSs to be sampled are
selected by operation of cutoff valves.
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"The purge water was collected in a purge water chamber, which consists of a sealed
cylinder within which a piston is installed. The piston is free to move in the direction of the
pressure gradient within the cylinder, and requires a differential of about 5 psi to overcome static

friction. The piston protects the vacuum pump from drawing in water, and meters the volume of

'sample drawn from the MLS. The metered volume is greater than the sum of: (a) three volume

equivalents of the upstream segment of the sampling apparatus; (b) one sample vial volume, t9 .
protect against analyzing the front end of the sample, where reduced air pressure may draw tracer
alcohols out of solution, and (c) the volume that the air in the air-filled portion of the upstream

segment expands to under the reduced sampling pressure.

Once a sampling round is completed, all filled sample vials were removed from their
sampling manifolds and transferred to custody of the analyst(s). Then a positive pressure is
applied to the system to discharge the purge water into a trough located below the sampling

manifolds. The trough drained into a covered wastewater collection tank at the end of each row.

New sample vials were used for each sampling event. The sample containers were 40-ml
certified clean glass vials with Teflon®-faced septum lids. Each vial was labeled with a unique
sequential number that was recorded on the master sampling schedule. The master sampling
schedule listed all of the MLS locations, and the extraction wells along with the time and date the
samples wére collected. This provided a quick and efficient methodology for tracking the
sampling location and time. Aft-c‘a‘r collection, the vials were immediately chilled and stored in a
refrigerator at approximately 4°C in Armstrong Laboratory’s mobile laboratdry. Samples were
subsequently subsampled into 2-ml autosampler vials for analysis on a Hewlett-Packard Model

5890 Series IT Gas Chromatograph.

3.  Flow Control System
a. Injection System

The water injection control system supplies water to three injection wells
simultaneously at a rate necessary to maintain a constant hydraulic head within the cell. This is
accomplished by using an active control system that consists of three basic components; a

feedback loop, controller circuit, and servo system.

25




-~ .--—-- - Feedback is accomplished by the use of a sensitive pressure transducer placed in a
fixed location at the bottom of one of the injection wells. As the level of the water in the well
rises, the voltage output signal of the pressure transducer increases proportionally. This signal is
supplied to a controller circuit that' produces a corresponding signal based on the difference
between the feedback signal and a set point, which coincides with the desired water level. The

‘output signal produced is a function of displacement and velocity. This allows the system to
equilibrate at the same water level (displacement), and at any flow rate (velocity). The control‘ ‘
signal is fed into a pneumatic servo that produces a pressure proportional to the control signal.
The pneumatic pressure, ranging from 20-103 kPa, is connected to a diaphragm actuator that
displaces a distance proportional to the pressure in the diaphragm. This mechanism is coupled to
a water pressure regulator. The resulting valve assembly provides the ability to regulate water
pressure with a control signal. The variable water pressure is fed to a flow control valve that

allows adjustment of the flow range. As water pressure is varied by the control signal, the flow

rate is varied, maintaining a constant water level within the cell.

The water supply used for both the pre- and posttreatment PITTs was potable water
supplied from Hill AFB’s potable water system. A 23-cubic-meter (812-cubic-foot) storage tank
;vas used as a reservoir to eliminate the possibility of interrupted flow should the main water
supply be shut off temporarily. A water line connected the storage tank to the main feed
pump/pressure tank that increased and maintained the water pressure to a usable range of 206-
345 kPa. The water was filtered t(; protect downstream equipment then metered to record the
volume of water pumped into the cell. The water meter provided both a digital signal that was

recorded by a data acquisition system and an analog gauge for manual recording of the flow.

| After the water meter, or totalizer, the water was fed into the pneumatically controlled
pressure regulator. This regulated the pressure down to an operating pressure of =69 kPa. This
allowed room for increased and decreased flow as necessary. The water then flowed through the
flow control valve, flow restrictor, and then to a manifold. The manifold fed all three wells by |
means of a siphon. The siphon connection of all three wells allowed the levels in each well to

equalize.
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- b. Extraction System

The water extraction control system removed water from four wells simultaneously at
a rate necessary to maintain a constant level at the north end of the cell. This was accomplished
by using an active control system similar to the injection system. The control system has three

basic components; a feedback system, a controller circuit, and an extraction pumping system.

Feedback was accomplished by the use of a sensitive pressure transducer similar tc; ‘
that used on the injection system. The transducer was placed in a fixed location at the bottom of
one well. As the level of the water in the well changed due to pumping, the voltage output signal
of the pressure transducer changed proportionally. This signal was amplified and supplied to a
controller circuit' that produced a control signal based on the difference between the feedback
signal and a set point. The set point was the desired water level. The output signal produced was
a function of displacement and velocity allowing the system to equilibrate to the same water level
at any flow rate. The control signal was fed to a Grundfos® 3-phase motor controller that drives
the extraction pilmp motor at a speed proportional to the control signal, thus controlling the
extraction flow rate. The motor speed ranged from 22 Hz to 377 Hz, and although the motor was
always running, the flow approached zero, because at 22 Hz there was not enough head produced

to pump any water out of the cell.

The extraction water originated in four wells connected together with a siphon. The
siphon was used for maintaining a constant and equal water level in the three extraction wells.
The pump was placed in a fourth extraction well, and that was also tied into the siphon manifold.

The water was pumped through a filter and finally through a water meter. The water meter

accumulated the volume of water pumped out as described in the injection system. The water

was then directed to a 83-cubic-meter (2,931-cubic-foot) collection tank and later pumped to the

base waste treatment facility.

4.  Alcohol Tracer Chemical Analysis

The analytical methodology for detecting alcohol tracers in groundwater was adapted
from the previous experience of Annable et al. (1994) with tracer studies conducted at Operable

Unit 1. Analyses for the tracer alcohols were performed by direct injection gas chromatography
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using a flame ionization detector (FID). An SOP was developed based on EPA Method 8015 to
formalize the method and add pertinent QA/QC topics. The purpose of this SOP was to ensure
reliable and reproducible analytical results of the tracer alcohols in groundwater samples for on-
site or laboratéry-based gas chromatography analyses. The cdmplete SOP is included as
Appendix C. The analytes of éoncern included methanol, n-pentanol, 2,2-dimethyl-3-pentanol,

n-hexanol and heptanol.

Approximately 2,000 samples were collected and analyzed during both the pre- and
posttreatment PITTs for a total of about 4,000 samples. Two auto-sampler-equipped gas
chromatographs (GCs) were employed on site during the tracer tests to keep up with the hi gh
volume of samples collected. Both GCs were run continuously but were unable to keep up with
the demand. The remaining samples were stored in Armstrong Laboratory’s M(_)bile GClab
refrigerator until the conclusion of the respective PITTs, then shipped to ARA New England

Division’s laboratory for analysis.

5. Computational Analysis of PITT Data

After the chemical analysis of the PITT tracer data was reviewed, the data were
forwarded to INTERA Inc., Austin, Texas, for analysis using both the method of moments and
the method of inverse modeling techniques. Analysis of the PITT data is based on the
chromatographic separation of the partitioning and nonpartitioning tracer responses ‘i.n the
extraction wells and MLSs. .The theoretical and experimental foundations for using PITT testing
to characterize NAPL are presented elsewhere (Jin et al. 1995; Jin 1995; and Pope et al. 1994;
Pope et al. 1995). Below are excerpts from INTERA's data repons discussing the analytical
‘techniques used to process the PITT data.

a. First Moment Analysis

One simple method of analysis is the method of first moment analysis. The details of
the method of first moment theory for the NAPL partition interwell tracer test can be found in Jin
et al. (1995) and Pope et al. (1995). Only pertinent equations that relate to the estimation of

NAPL volume and average saturation are presented here.
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For a partitioning interwell tracer test with multiple injectors and extractors, the

volume of NAPL (V;) in the swept pore vdlume of extraction well i, is calculated as:

MK (1)A

where M is the total mass of tracer produced, m; is the total mass of tracer produced from the

extraction well i. K is the partition coefficient of the partitioning tracer defined as the ratio of the

tracer concentration in NAPL phase to that in water phase. V, and v, are the first moments of

the non-partitioning and partitioning tracers, respecfively, and obtained by integrating

corresponding tracer response curve over the total volume of water injected (v) as:

J'V'c d
, Vv (V) V_Xs_

) | (2)
I, Yo way 2

V=

where Vf is the total volume of water injected at tracer test cutoff time, V, is the total volume of
water injected at the end of tracer slug injection and C,(v) is the tracer concentration in

extraction well i.
The total volume of NAPL (Vy) is the summation of the volumes estimated from each

extraction well and is given by:

Vo=V, 3)
where N, is the total number of extraction wells.

The retardation factor R; is related to the partition coefficient and average NAPL

saturation, Sy, by:

The first step in the data analysis process is to evaluate the available field daté and

select a pair of non-partitioning and partitioning tracers to use for NAPL volume and saturation
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.estimation. Theoretically, each pair of non-partitioning and-partitioning tracers data can give an
independent estimate of NAPL volume and saturation. Practically, however, the retardation
factor should be greater than 1.2 in order to increase the estimation accuracy (Jin,1995). The
retardation factors of péntanol and hexanol from this tracer test are much smaller compared with
2,2 dimethyl, 3-pentanol. Therefore, for the purpose of this experiment, calculations will be :

based on the tracer response data of methanol and 2,2 dimethyl, 3-pentanol.

To estimate the NAPL volume accurately, the tracer response data should also be
corhplete, because much of the information is contained in the tails of the response curves. It has
been shown that the tails of the tracer response curves can be extrapolated with an exponential
function (Jin, 1995). The tracer data from this test are complete and can be used without
extrapolation. The tracer analysis was done by fitting the tracer response data of methanol and
2,2 dimethyl, 3-pentanol with two smooth curves. NAPL volume estimation is Based on the
smooth curves. The tracer data from the pretreatment PITT indeed exhibit the exponential
decline. Therefore, any incomplete tracer data or the data that showed significant scattering
because of the effect of GC detection limits were extrapolated using the exponential decline

function to increase the estimation accuracy.

b. Inverse Modeling Technique

The idea of using the method of inverse modeling for NAPL characterization based
on the data obtained from paﬁitioﬁing interwell tracer test was proposed in Jin et al. (1995).
Recently, Harneshaug (1997) has successfully used this method to analyze the data from a
partitioning tracer test in a similar test cell at the same site conducted by researchers from the
University of Florida in 1994 (Pope et al. 1994, Annable et al. 1994). Inverse modeling involves
minimizing the difference between the model predictions and observed values by adjusting some
unknown model parameters. The most common technique used in inverse modeling is nonlinear

least-squares regression.

There are two main steps in analyzing the test cell tracer data using the method of

inverse modeling. The hydraulic conductivity distribution in the test cell is first obtained from
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..the conservative tracer.data.--This is done by minimizing the differences between field measured

tracer concentrations and the model prediéted tracer concentrations as:
1 n
min f(x) = E-E,:(Ci.modcr" Ci.ﬁeu)z o ' (5
= .

where f(x) is the objective function, C,,,,, the model-predicted concentration at location i,
and C, ,,,, the field measured tracer concentration at the same location. The simulator iteratively

changes the hydraulic conductivity in each grid-block to obtain the hydraulic conductivity field
for which the objective function reaches a minimum. A minimum objective function implies a

good match of the field data.

When a good match of the field data was obtained, the corresponding conductivity
field was considered as the actual hydraulic conductivity field. The partitioning tracer data were
then used to obtain the NAPL saturation distribution. This was done by minimizing the
differences between the retardation factors from the field measured data and the retardation

factors from the model predicted tracer concentrations. That is,
. 1
min f(x) = Eg(Ri.madel - Ri.ﬁeld )? (6)

where R, ,,,,,, and R, 4, are the retardation factors calculated from the model predicted data and

the field data, respectively. -

Similarly, the simulator iteratively changes the NAPL saturation in each grid block to
obtain NAPL saturation distribution so that the objective function reaches a minimum. A
minimum objective function implies a good match between the model predicted and field
measured tracer concentrations. When a good match of the field data was obtained, the

corresponding NAPL distribution was considered as the actual NAPL distribution in the test cell.

o)) Numerical Simulators. Two numerical simulators were used for the data
analysis. The CONJUGATE code, developéd at the University of Texas at Austin (Datta-Gupta,
1992; Kurihara, 1995), and later modified at Texas A&M University by Datta-Gupta (1995), was
used to find the hydraulic conductivity distribution. This code uses the conjugate gradieht

method to minimize the objective function. The other code, UTSTREAM, also developed at the
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University of Texas at Austin (Kurihara, 1995, Harneshaug, 1997), was used to estimate the
NAPL saturation distribution from the partition tracer data. This code uses Newton’s method to

minimize the obJectlve function.

) Model Develooment The selection of 81mulat10n domam is primarily based

on the well pattern of the test cell. The finite-difference grid used for this simulation has 16
columns (x direction), 7 slices (y direction) and 9 layers (z direction). An x-y plan view of the* -
grid and the well locations is shown in Figure 8, and an x-z cross-sectional view is shown in

Figure 9.

Although the main purpose of the inverse modeling simulation was to determine the
hydraulic conductivity and NAPL saturation distribution, several forward simulation runs were
conducted to estimate the dispersivity and porosity of the sand aquifer within the cell. The results
indicate that a dispersivity of =0.2 meter (=0.66 feet) seemed to be suitable. The porosity of the
test cell wés estimated to be 0.28. The effect of the residual NAPL on the relative permeability

to water was assumed to be negligible.

Since the bromide and methanol data are almost identical, either one of them can be
used as the conservative tracer. In this report, the methanol data was chosen as the conservative
tracer for hydraulic conductivity field estimation, and 2,2-dimethyl, 3-pentanol (partition
coefficient of 12.9) was used as the partitioning tracer for the NAPL saturation distribution

estimation.

C.  DESCRIPTION OF TREATMENT PROCESS EQUIPMENT

This section describes the equipment installation for the steam injection treatability study.
The equipment used in the steam injection study is the equipment trailer; the extraction,
injection, and monitoring wells; and the piping to the wells. The equipment trailer contained a
steam generator, a condenser, a NAPL/water separator, a water cooling system, a regenerative
blower and an activated carbon adsorption system. This system is illustrated in the process flow
diagram, shown previously in Figure 6. The subsurface installation of wells, plezometers and

monitoring and sampling probes was described previously in § IL.A.2.
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1. Liquid Extraction and Treatment System

Positive displacement pneumatic pumps were used to pump liquids from the four
extraction wells located nearest the corners of the test cell (Wells U1-2741, U1-2744, U1-2751,
and U1-2753 shown in Figure 4). The liquids were pumped into the bottom of the condenser
located on the process trailer and then through a NAPL/water separator. Separated NAPL was
routed through a double-contained pipeline to a tank in the effluent tank farm. Contaminated .
water from the NAPL/water separator was cooled in a heat exchanger. Cooling water for the heét
exchanger was provided by a water loop that passed through a small cooling tower located on the
process trailer. The cold, contaminated water was sent to the condenser to cool the extracted
vapors. When the water level in the condenser reached a pre-set height, contaminated water was
automatically pumped through a double-contained line to a storage tank in the tank farm. The
volume of liquid in the process equipment was held to a tight tolerance such that the discharge

rate to the storage tanks was equal to the extraction rate from the test cell.

2. Vapor Extraction and Treatment System

The vapor control and treatment system consisted of a condenser, a regenerative blower, and a
carbon adsorption vessel. The equipment was located on the process trailer and connected to the
extraction wellheads through a manifold and piping. The regenerative blower supplied a vacuum
for the extraction of vapors from the four extraction wells. The vapors passed through a
condenser to remove steam and cool the noncondensable gases. Condensed liquids were pumped
directly into the NAPL/water separator as described above. After the condenser, the vapors
passed into the blower and were pumped through a 180-kilogram (397-pound) vessel of granular

activated carbon before release to the atmosphere.

3. Steam Generation System

Steam was provided by a small, skid-mounted electric boiler, located on the process
trailer. The steam was carried to the single injection well (U1-2771) at the center of the test cell

through insulated steel piping.
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4.  Subsurface Temperature Monitoring System

Thermocouples were installed into the subsurface with each of the multilevel samplers
shown in Figure 4. In ten of the MLSs, strands with eight thermocouples spaced 0.8 meter
(2.6 feet) apart were installed. In MLSs U1-2721 and Ul-2722, the thermocouples were spaced
at 0.3-meter (1-foot) intervals for a total of 15 per strand. The thermocouples extended from
roughly 7-meters (23 feet) below the ground surface to 1.5 meters (5 feet) below the ground _
surface. The temperatures at a location were logged with a computerized data acquisition system
accepting up to 15 thermocouples. After logging, the system was rhanually disconnected and

moved to a new MLS location. Temperatures were recorded regularly throughout the study.

5. Insti'umentation and Control

The steam injection wellhead had pressure and temperature gauges, an isolation valve,
and a pressure relief valve. Extraction wellhead instrumentation and control were provided for
both the vapor and liquid flow streams. The system consisted of pressure and temperature
gauges, flow méter’s, manually operated flow control valves, air-operated submersible pump flow
controllers and sampling connections. The multilevel samplers were monitored with pressure
gauges and thermocouple connections. Control of the soil vapor extraction system included
suction and discharge pressure gauges, a vapor flow meter, a discharge temperature monitor,

manually operated flow control valves, and an automatic vacuum relief valve.

Automatic control was pro;/ided to protect equipment and personnel in emergencies
caused by equipment failure. The first level of automatic system control and protection was a
local emergency shutdown switch of all facility equipment. The second level of control was the
protection of equipment by automatically monitoring the water level in the condenser. This
allowed excess water to be discharged as appropriate and allowed make-up water to enter the

system as needed.

D. PHASES OF IMPLEMENTATION

The subsections that follow describe the three major phases of the treatability study. The
phases are summarized in Table 5. The first phase consisted of dewatering the test cell and

performing soil vapor extraction (SVE) to provide a baseline for comparing the recovery
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TABLE 5. SUMMARY OF OPERATIONAL PHASES.

PHASE \ ACTIVITY DURATION
Groundwater and Soil ,
Vapor Extraction De-Watering of the Test Cell .7 hours
SVE with Injection Well Closed 12 hours
System Shutdown for Rebound : " -9hours
) SVE with Injection Well Open to Atmosphere 4 hours
System Shutdown for Rebound 2 hours |,
SVE with Injection Well Open to Atmosphere 10 hours|
System Shutdown for Rebound 16 hours
SVE with Injection Well Closed 21 hours
Steam Injection
and Dual-Phase Extraction  |Steam Injection for Initial Cell Heating 19 hours
Steady-State Steam Injection and Extraction - 54 hours
Steam Injection with Reduced Extraction ' 22 hours
Steady-State Steam Injection and Extraction 4 hours
Soil Vapor Extraction
and Cell Cooling SVE with Injection Well Open to Atmosphere 357 hours
(No Steam Injection) Re-Hydration of the Test Cell 5 hours

enhancement from steam injection. The second phase was steam injection with dual phase
extraction. The third phase cooled the test cell by continuing SVE after ceasing steam injection.

The results of each test phase are-presented and discussed in subsequent sections.

1.  Groundwater and Soil Vapor Extraction

In the first phase of the study, the test ceil was dewatered and a variety of SVE tests were
performed. Due to the elevated water level required for the PITT, a total of 1,302 liters (344
gallons) were removed in 6.5 hours to dewater the test cell. NAPL was not visible in the
extracted water during this initial pumping. The water level was lowered 1.23 meters (4 feet)
during the dewatering and the area of the test cell is approximately 14 meters squared (150 feet
squared). For these dimensions, the air-filled porosity of the dewatered soil was about 7.5

percent.
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__ . _After the dewatering was complete, a series of soil vapor extraction tests were performed over a

7-day period. Chemical and physical data were collected during each test. Physical data from
the tests were used to determine the air permeability of the dewatered soil. Chemical data were
collected to determine the equilibrium vapor concentrations of volatile organic compounds

- (VOCs) in the cell, to predict long-term SVE performance for comparison with heating, and to
evaluate mass transfer constraints. As shown in Table 5, SVE was performed with the center
injection well either open or closed, and short shutdown periods were implemented to assess

concentration rebound.

2. Steam Injection and Dual-Phase Extraction

In the second phase, steam was injected in the center well while vapors and liquids were
pumped from four extraction wells. Throughout the steaming period, the injection rate was
maintained at a steady 113 kilograms (250 pounds) per hour. Temperature profiles were
recorded at each MLS to track the growth of the steam zone. Steam reached Extraction Well U1-
2741 after 11 hours of injection and well U1-2744 after 14 hours. The steam zone reached wells
U1-2751 and U1-2753 after 19 hours of injection. Shortly after steam breakthrough in all four
extraction wells, the flow became effectively steady with the steam extracted equaling the steam
injected. This steady operation was continued for 54 hours. The steady flow was followed by
variations in the extraction rate from different wells and observation of the resulting changes in
the steam zone growth. These testslasted 22 hours. The period of variable extraction was

followed by steady flow and extraction for 4 hours before the steam injection was terminated.

A total of 2,540 liters (671 gallons) of water were removed in the form of steam
condensation and groundwater during this phase. NAPL was removed, but only about 8 liters
(2 gallons) were separated by the system. The low yield of NAPL is a result of one or all of the
following: the NAPL was not significantly mobilized, the main process pump emulsified the
NAPL in the water such that separation did not occur, or the estimate of NAPL in the cell from
the tracer test was too high. Extensive chemical and physical data were collected during this

phase.
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3. Soil Vapor Extraction and Cell Cooling R S

In the third phase, only soil vapor was extracted. The injection well was opened to the
atmosphere to allow air to be drawn through this pathway. The thermocouples were monitored
closely following the cessation of steam to observe the cooling rate in the cell. This phase lasted
for 15 days. Water was extracted in vapor form, and a total of 3,320 liters (877 gallons) were
removed. Chemical and physical data were collected at a reduced frequency as compared to the
steam injection phase. At the conclusion of the test, the cell was re-hydrated back to its original

water level. A total of 2,220 liters (587 gallons) were injected.

4. Sampling and Analyses for Process Performance

The number of samples collected for chemical analyses are summarized in Table 6.
Eighty-one process vapor samples were collected during the test and analyzed with the on-site
gas chromatograph (GC). Nine vapor samples were collected and sent off-site for analysis by a
GC and mass spectrometer (GC/MS). Forty-one liquid effluent samples from the process were
collected and an.alyzed with the on-site GC. Twenty-five liquid effluent samples were sent to an
off-site laboratory for analysis with a GC/MS. The off-site analyses were used to verify and

calibrate the on-site analytical work.

TABLE 6. NUMBER OF SAMPLES COLLECTED FOR CHEMICAL ANALYSIS.

= Number of Samples
Sample Matrix Analysis | Primary | Duplicate | Ambient | Trip | Equipment | Total
Analysis Method Level : Blank | Blank Blank

VOCs (TO 14) 9
VOCs Onsite GC 98
TPH 9
VOCs (SW 8240) 25
VOCs (Onsite GC) I 47
SVOCs (SW8270) 0
TPH (SW8015) 0

m

VOCs (SW 8240) I 0 0 0 0 0 0
SVOCs (SW8270) | I 0 0 0 0 o | o
0 0 0 0 0 0

TPH (8015) I
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—SECTION1V
RESULTS

A.  FLUORESCEIN DYE TRACER TEST

a Resi)onseé from each of the samples collected during the dye tracer experimenf wére
tabulated and plotted. Both the tabulated results and the individual time histories from each of « .
the MLS sampling points are presented in Appendix B. For the following discussion, we will
refer to the individual time histories as Figures B-1 through B-15. Analysis of the tabulated
results indicates that only 5 of the 60 MLS samplers were non-productive during some portion
and these were all corrected during the course of the dye tracer test or before the PITT test. The
fluorescent responses for each MLS are plotted in a time history format for each MLS such that

the dye tracer break through can be observed.

1. Extraction well results

Using a flow rate of 3.8 liters per minute (Ipm) (1 gallon per minute) as described in the
test set-up, the initial front of the dye tracer took approximately S hours to reach the center
extraction well as shown in Figure B-14. The peak of the dye tracer concentration reached the
center extraction well at the 10 hour sarﬁpling interval. It is interesting that both of the side
extraction wells show lower concentrations and a slower response. This is most likely due to the
reduced radius of influence of the these wells due to boundary effects of the cell walls, but could
also be due to preferential flow paths. Depth variations as presented for the MLSs are not

possible in the extraction wells since they were screened over the entire saturated thickness.

2. Rowl1-MLSs

Results from the fluorescent testing of the samples collected from the row closest to the
injection point (Figures B-1 through B-3) show a very strong rise in concentrations, initially with
a peak between 6 and 14 hours for nearly all samplers located in this row. Nearly all of the tracer
slug has passed this row by the 20-hour mark. Both MLS 1,1 and MLS 3,1 show curves exactly
.as expected. From these two locations it is interesting to note that the concentrations are highest

at both the shallowest (4.3 meters, black [14 feet]) depth and the deepest (6.7 meters, yellow [22
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feet]) depth, with all responses peaking above 100 ppb. The measurements at the center MLS in
this row (MLS U1-272,1) show a different response trend, with only the lower two samplers
barely reaching the 100-ppb level and the upper samplers showing a much different and slower
Breakthrough. This indicates that the region in the center of the cell near the top of the saturated

region is less permeable than the side and lower portions of the cell.

3. Row2-MLSs .

; All three of the deepest samplers (6.7 meters [22 feet] yellow) located on row 2 indicate
a rapid flow of the tracer past this row as shown in Figures B-4 through B-6. In all three
instances the concentrations peak at around 3 to 5 hours and are completely diminished by 20
hours. The sampiers located at the 6-meter (20-foot) ‘depth (white) show a fairly similar response
at MLS 1,2 and MLS U1-272,2 but the response is delayed at MLS 3,2. The upper most
samplers also show good peak breakthrough response at locations MLS1,2 and MLS U1-272,2,
but with a small amount of retardation. Difficulties were encountered with the sampling
manifold for this row, making sample collection difficult for some depths. The samplers in the
middle region (4.9 and 5.5 meters [16 and 18 feet] deep; blue and red, respectively) do not show

much breakthrough response, but rather a slow increase in the fluorescence concentration.

4. Row3-MLSs

Results from the samplers-in the third row are similar to those ih the second row. Early
breakthrough of the tracer is notec{ at the 6.7-meter (22-foot) depth (yellow), especially on the
sides and slightly less in the center (Figures B-7 through B-9). On the west side of the cell (MLS
U1-272,3 and MLS 3,3) response is also noted in the 10- to 20-hour time frame for a peak
response at a depth of 6 meters (20 feet) (white). Breakthrough at this depth on the other side of
the cell (MLS 1,3) is significantly delayed and the peak does not occur until 30 to 40 hours. Also
at the same location, the sampler at 5.5 meters (18 feet) (red) exhibits this same response. At
location MLS 3,3 the breakthrough at a depth of 4.9 meters (16 feet) (blue) is very similar to the
breakthrough at 6 meters (20 feet) (white), although the flow at the 4.3-meter (14-foot) depth
(black) is retarded significantly. The breakthrough of the fluorescent dye in the sampler located
at the 4.3-meter (14 foot) depth (black) for this row is delayed more than at other rows such as 2
and 4.
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5.  Rowd4-MLSs

The last row of samplers before the extraction wells again shows many of the same trends
noticed in the early rows. The earliest bfeakthrough occurs at the 6.1- (white) and 6.7-meter (20:
and 22-foot) (yellow) depths at all three Iocatioﬁs as shown in Figures B-10 through B-12. There
is breakthrough, although ‘significantly retarded relative to the flow at deeper depths for the
samplers located at depths of 4.9 meters (16 feet) (blue) and 5.5 meters (18 feet) (red). This ,
response is especially true along the sides. The upper most sampler level (4.3 meters [14 feet],
black) shows a fluorescent peak at the 40-hour time frame, indicating that flow through the upper

materials is significantly slower than the lower materials but not nearly as slow as the 4.9- to 5.5-

meter (16- to 18-foot) region.

Overall the fluorescent tracer test proved beneficial and provided excellent results for
determining an appropriate sampling schedule for the PITT. It also provided some insi ght
regarding possible preferential flow paths. Based upon the tracer breakthrough results, we
expected the noh-partitioning tracer to take approximately 4 to 6 hours to reach the extraction
wells and the peak to occur at approximately 10 to 14 hours. To reach the extraction well this
quickly, the tracer is flowing through the lower materials at a depth of 6.1 meters (20 feet) to 7.3
meters (24 feet) bgs. This is the most permeable region of the cell. Another trend indicated by
the fluorescent tracer test is that flow that occurs through the middle of the sampled region (i.e.,
depths of 4.9 meters [16 feet] and 5.5 meters [18 feet]; blue and red, respectiveiy) is retarded
- when compared to the both the 6.1-meter (20-foot) (white) and 6.7-meter (22 foot) (yellow)
depths, as well as the 4.3-meter (14-foot) (black) depth. Analysis of a CPT penetration profile
from a test conducted approximately 23 :meters (75 feet) away indicates that the soil materials at
the 4.3-meter (14-foot) (black) to 4.9-meter (16-foot) (blue) depth may contain more fines.
Figure 10 presents this CPT profile and shows that the tip stress is reduced from depths of 4.3
meters (14 feet) (black) to 4.9 meters (16 feet) (blue). Unfortunately, the sleeve response in this
region is negative, so the friction ratio can not be calculated, but it is postulated from material
changes seen in the tip stress response and from other CPT profiles in the area that the fine-

grained content increases slightly in this region, resulting in a less permeable region.
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Figure 10.  CPT Profile Illustrating Reduced Tip Stress from Depths Ranging from 4.0
to 4.9 Meters (13 tol6 feet) at a Location Approximately 23 Meters (75.5 feet)
South of Cell 7.
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_ Another note is that generally the breakthrough occurred earlier at the edge sampler
locations than in the center region of the cell. This could possibly be due to disturbance effects

caused by the vibratory installation of the sheet pile walls of the cell. -

B. PARTITIONING INTERWELL TRACER TEST
1. Pretreatment
a. Method of Moments

The NAPL volume and saturation Were estimated as a function of tracer cutoff time.
As expected, the estimated NAPL volume and saturation approach a plateau as the tracer test
approaches completion. The NAPL volume was estimated by first calculating the first moment
of each tracer response curve using Equation (2) in § IILB.5.a. Equation (1) was then used to
estimate the volume of NAPL in each swept volume, and Equation (4) was used to estimate the

NAPL saturation.

Figure 11 shows the tracer response of methanol and 2-2 dimethyl, 3-pentanol in
extraction Well U1-2751 and their corresponding smooth fitting curves. Figure 12 shows that
about 27 percent of the total methanol and 23 percent of the total 2-2 dimethyl,3-pentanol
injected were recovered from the extraction Well U1-2751 during the tracer test. Figure 13
indicates that tracers captured by extraction Well U1-2751 swept a pore volume of approximately
3.6 cubic meters (127 cubic feet). Figure 14 indicates that the average NAPL saturation in this
swept volume is about 5.8 percént, which corresponds to a total volume of approximately 208

liters (55 gallons) as shown in Figure 15.

The tracer responses of methanol and 2-2 dimethyl, 3-pentanol in the extraction Well
U1-2752 and their smooth fitting curves are shown in Figure 16. Approximately 29 percent of
the total methanol and the total 2-2 dimethyl,3-pentanol injected were recovered from extraction
Well U1-2752 as shown in Figure 17. The estimated capture zone of extraction Well U1-2752 is
about 2.2 m®, as shown in Figure 18. Figure 19 indicates that the average NAPL saturation in
this swept volume is about 5 percent, which corresponds to a total volume of 106 liters (28

gallons) as shown in Figure 20.
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Figure 21 shows the tracer response of methanol and 2-2 dimethy!l, 3-pentanol in
Extraction Well U1-2753 and their correéponding smooth fitting curves. Figure 22 shows that
about 27 percent of the total methanol and 23 percent of the total 2-2 dimethyl,3-pentariol were
recovered from extraction Well U1-2753. Figure 23 indicates that the tracers captured by |
Extraction Well U1-2753 swept a pore volume of 3.6 m’. Figure 24 indicates that the average
NAPL saturation in this swept volume is about 4.3 percent, which corresponds to a total volume

L

of approximately 155 liters (41 gallons), as shown in Figure 25.
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Figure 21.  Extraction Well U1-2753 Tracer Response Data and Corresponding Fitting
Curves.
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The total volumes of NAPL in the saturated zone of the test cell are 469 liters
(124 gallons), which are the summation of the NAPL in the swept volumes of three extraction :
wells estimated using Equation (3). The recoveries of the methanol and 2,2-dimethyl-3-pentanol

tracers are summarized below in Table 7.

TABLE7. RECOVERIES OF PARTITIONING AND NON-PARTITIONING
TRACER ALCOHOLS.

Extraction Well ID | Methanol Recovery | 2,2-Dimethyl-3-Pentanol
(Non-Partitioning) Recovery (Partitioning) |

51 27% 23%

52 29% 29%

53 27% 23%
Total = 83% Total =75%

The results indicate that only 83 percent of the methanol and 75 percent of the 2,2-
dimethyl-3-pentanol were recovered from the extraction wells. This could be attributed to a
variety of reasons, including evaporation of the alcohols from the tank prior to injection and a
small amount of residual tracer mix that remained in the injection tank. There was also a
significant mass of tracer removed from the MLS points due to the quantity of samples collected

throughout the duration of the test.

Figures in Appendix E illustrate the tracer responses of methanol and 2-2 dimethyl-

| 3-pentanol, estimated retardation factor and residual NAPL saturation at each of the multilevel
sampler (MLS) points except MLS32 black, MLS13 red and yellow, for which the tracer data
Were not available. Table 8 summarizes the estimated NAPL saturation results based on these
monitor point tracer data. It should be noted, however, that the estimated residual saturation does
‘not necessarily indicate the residual saturation at the monitor point, rather, it is the average

NAPL saturation in the stream tube connecting the injection well and the monitor point.

Based on the estimates of the NAPL saturation derived from the pretreatment PITT, a
three-dimensional “potato in space” was developed using EarthVision®, illustrating the

distribution of NAPL in the cell (Figure 26).
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TABLE 8. SUMMARY OF THE ESTIMATED NAPL SATURATION BASED ON THE

PRETREATMENT PITT.

Saturation Black Blue Red White Yellow
(percent)  (4.3m,14ft) (49m,16ft) (5.5m,18ft) (6.1 m, 20 ft) (6.7 m, 22 £1)
MLS11 2.8 ‘14 - 63 6.5 4.2
MLS21 23 . 5.6 : 79 34 6.0
MLS31 30 3.8 6.8 6.2 33
MLS12 3.0 53 2.8 57 4.6 i
MLS22 2.5 33 59 5.7 44

‘1 MLS32 : N/A 5.7 6.1 8.0 5.0
MLS13 29 4.7 N/A 5.6 N/A
MLS23 2.6 32 5.6 6.5 4.2
MLS33 2.8 4.4 53 5.6 4.1
MLS14 35 3.7 53 6.7 4.5
MLS24 30 3.1 6.2 6.4 2.3
MLS34 3.1 3.5 5.8 6.9 4.6

b. Inversé Modeling Technique

In the conductivity distribution estimation run, a hydraulic conductivity field that
roughly resembles the hydraulic conductivity based on the first moment analysis of methanol was
used as the first approximation. Then the CONJUGATE simulator was run to optimize the
hydraulic conductivity field;to improve the matches of the field methanbl data. Cross-sectional
and plan views of the resulting hydrau]ic conductivity field are shown in Figure 27. This
hydraulic conductivity field has an arithmetic average of 2.7x102 cm/s. This is typical for
gravels, which range from 10" to 10% cr/s. Figure 28 shows the histogram of the resulting
hydraulic conductivity field. This hydraulic conductivity field was obtained after 35 iterations
with the CONJUGATE simulator. Each iteration requires the forward problem to be solved 1008
times (once for each gridblock). The objective fimction, the sum of the least squares differences
between simulated tracer concentrations and field methanol concentrations, was reduced from 5.6

to 2.1.

Upon completing the hydraulic conductivity field matching run, UTSTREAM was
run to find the NAPL saturation distribution. A uniformed residual NAPL saturation of 5 percent
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was used as an initial guess. UTSTREAM then made adjustments to the saturation at each
gridblock so that the simulated retardation factors of 2,2-dimethyl-3-pentanol were matched to

the retardation factors from the field data.

The final NAPL saturation distribution was obtained after a convergence of the
'objective functién was achieved. Several plan and“crossjsectional views of the resulting NAPL
saturation-distribution are shown in Figure 29 through Figure 32. Figure 33 shows the histogram
of this NAPL saturation distribution. Based upon the NAPL saturation in each gridblock and
; griéiblock size, it was estimated that a total volume of 394 liters (104 gallons) of NAPL was

present.

The results from the method of inverse modeling are in good agreement with the
results from the method of first temporal moment analysis. Both methods indicate that the
average NAPL saturation in the test cell is approximately 5 percent. Although the total NAPL
volume from the method of first moment analysis was approximately 469 liters (124 gallons), it
was obtained by tracer data extrapolation up to 16 days. Therefore, it represents the NAPL
volume in the saturated zone of the entire test cell. The estimated tracer swept volume was 9.3
m’. Because of the irregularly shaped boundary of the test cell, the simulation grid only
represents the rectangular portion of the test cell between the rows of the injection and extraction
well. The 394 liters (104 gallons) of NAPL from the inverse modeling, therefore, represent the
NAPL volume in the pore space getween the rows of the injection and extraction wells.

Assuming a porosity of 0.28, this contains a pore volume of 8.19 m>,

The NAPL is non-uniformly distributed in the test cell ranging from 0 to 10 percent in
saturation. The average NAPL saturation is higher in the intermediate layers of the test cell (5.3
percent for Red and 5.7 percent for White) compared to the top (4.2 percent black) and bottom
(4.1 percent yellow) layers of the test cell. This kind of variation is also consistent with the

results from the method of first moment analysis.

It should be noted, however, that although most of the tracer response data match the
model predictions, the conductivity and NAPL saturation distributions obtained are not unique,

and these results contain some uncertainties. There are many factors which may affect the final
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a) A plan view at the BLACK multilevel sampling points.
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Figure 29.  Plan view of Estimated NAPL Distribution in the Test Cell.
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Figure 30.  Plan View of Estimated NAPL Distribution in the Test Cell.
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Figure 31.  Estimated NAPL Distribution in the Test Cell.
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Figure 32.  Estimated NAPL Distribution in the Test Cell.
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--results of inverse modeling. The geometry of the simulation grid, for example, contributes to the

uncertainty of the accuracy of the results. The boundary of the test cell has an irregular shape and
is not straight lines as in the model. Such an irregular shape would cause tracer partlcles to move
slowly along the boundary. Asa result the tails of the tracer response curves from the field data

for the extraction wells were prolonged compared to the model predlctlons

| Secondly, the CONJUGATE simulator uses the conjugate gradient method. The *
conjugate gradient method is an iterative method for finding the minimum of the objective
fu;lction, and requires an initial guess close to the correct solution. The results presented in this
report are the best results we obtained from a series of simulation runs with different initial

guesses of hydraulic conductivity and NAPL saturation.

- Thirdly, the quality of the tracer data also affects the accuracy of estimation. The
tracer data used in this analysis contain tracer data from a total of 60 multilevel samplers and 3
| extraction wells. The simulator treats the data from each point as having the same accuracy.
Therefore, errors from one monitor point can have a big effect on the estimation results. Based
on the experience of this data analysis, it is impossible to obtain a perfect match in each

observation point.

Nonetheless, the estimated conductivity and NAPL saturation allow for a large part of
the tracer data to be matched, therefore, they must be reasonably representativé of the actual
spatial distribution of hydraulic conductivity and NAPL saturation in the test cell. Although the
results from inverse modeling.contain some uncertainties, the combination of the results from the
method of first temporal moment analysis and inverse modeling provide a reliable assessment of

the hydraulic conductivity and NAPL saturation distributions.

2. Posttreatment

ARA is currently awaiting the results of the posttreatment PITT data analysis, which is
being performed by INTERA, Inc. These results will be forwarded upon receipt as an addendum.
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C. SOIL CORING RESULTS
1.  Stratigraphy

Based on visual descriptions of the soil corings collected during the pre- and
posttreatment characterization activities, a detailed three-dimensional model of the soil
stratigraphy was deVeloped using the software package “EarthVision®.” The model is
representéd in Figure 34 and illustrates a ﬁorth-south profile and an east-west cross-section, a$ -
well as 3-D isometric view from a south-west perspective. The model shows clearly that there
aré four distinct stratigraphic sections within the cell consisting of three interbedded soil types;
(1) poorly-graded sands, (2) well-graded gravely sand mix, and (3) clay. This appears to be
consistent with previous investigations of the OU-1 site, which state that the aquifer is composed
of interbedded silts, sands, and gravels of the Provo and Alpine Formations. Cross sections
aeveloped by Montgomery Watson indicate that an aquitard consisting of laminated clay with
thin silt and sand interlaminae exists from depths of about 7.6 to 9.1 meters (25 to 30 feet) bgs.
The top surface of the aquitard is very virregula'r and possibly represents an erosional surface on

which the coarser-grained channel deposits of the Provo Formation were deposited.

2.  Chemical Analyses

The soil samples collected during the pre- and posttreatment characterization were
analyzed at Michigan Technological University (MTU) in accordance to RSKSOP-72 (Appendix
A). The target analytes included:"

TABLEY9. TARGET ANALYTES SELECTED FOR PRE- AND POST-SOIL

CHARACTERIZATION.
1,1,1-Trichloroethane 1,3,5-Trimethylbenzene
Trichloroethene Decane
Toluene 1,2-Dichlorobenzene
m+p Xylene Undecane, and
o-xylene Naphthalene

MTU reported the results in units of mass of target analyte per unit volume of solvent
(e.g., mg of target analyte/Liter of dichloromethane; mg/L). These values were converted to units
of mass of target analyte per unit mass of dry soil (e.g., mg of target analyte/mass of dry soil;

mg/kg) using the following relationship:
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mass of target analyte (mg) - mass of target analyte (mg) 9 volume of dichloromethane (L)
mass of dry soil (kg)  volume of dichloromethane (L) . mass of dry soil (kg)

Concentration of tar{et analyses in dry soil Concentration of targe analytes in solvent ) Volume of extractant used
’ Mass of the dry soil based on moisture content calculations

The mass of the dry soil in the actual sample was back-calculated based on the moisture
content of a duplicate sample. The soil moisture content data was determined at ARA’s soil Jab
in accordance with ASTM Method D 4959, Appendix D presents the tabulated concentration
results from both the pre- and posttreatment characterization efforts determined usmg the above

calculations.

Once the data were processed, they were reviewed and two of the analytes considered to
be representative of the target analyte list were modeled in three dimensions (3-D) using the
software package “EarthVision®.” Isometric views of the resulting 3-D interpretations of the
decane and o-xylene distributions from the pre- and posttreatment soil characterization data are
presented in Figures 35 through 38, respectively. Horizontal slices of these 3-D models,
including the concentrations of all of the target analytes detected at the various locations and

depths are presented in Appendix 1.

The pre-treatment distribution; of o-xylene throughout the cell at five discrete depths is
illustrated in Figure I-2 in Appendix I. In general, the highest concentrations (e.g., .10-mg/kg to
<20-mg/kg) appear to be cdﬁcentfated in the 5.6- to 6.2-meter (18- to 20-foot) bgs region with
isolated ‘hot spots’ located in the south-central and northwest portions of the cell. The highest
concentration, measuring 31.4 mg/kg, was detected at location U1-2753 at a depth of 5.6 meters
(18 feet) bgs. The profile and cross-sectional views of Figure 34 indicate that this stratigraphic
section is the most permeable region of the cell, consisting of well-graded gravel/sand mix. This
correlates with the estimated hydraulic conductivity field presented in Figure 27. Based on

Figure 27, the hydraulic conductivity within this region is on the order of 0.05 to 0.08 cm/s.

D. GROUNDWATER SAMPLING CHEMICAL ANALYTICAL RESULTS

There were four separate sampling events during this study to ascertain the chemical composition

of the groundwater before and after steam injection treatment; two under dynamic flow

67




Figure 35. Three-Dimensional Interpretation of the Decane Distribution Within the Cell
Based on the Results of the Pretreatment Soil Characterization Data.
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Figure 36.  Three-Dimensional Interpretation of the o-Xylene Distribution Within the
Cell Based on the Results of the Pretreatment Soil Characterization Data.
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Figure 37.  Three-Dimensional Interpretation of the Dacane Distribution Within the Cell
Based on the Results of the Posttreatment Soil Characterization Data.
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Figure 38.  Three-Dimensional Interpretation of the o-Xylene Distribution Within the
Cell Based on the Results of the Posttreatment Soil Characterization Data.
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conditions (pre and posttreatment) and two under static conditions (pre and posttreatment). The
following subsections are organized into two primary sections: Pre-, and Posttreatment
Characterization. These sections are further divided into subsections that discuss the individual

Dynamic and Static Sampling Events.

1. | Pretreatnient Groundwater Characterization

The purpose of the pretreatment sampling events was to develop a baseline of the
groundwater quality from which to compare to the posttreatment results. The dynamic sampling
eveﬁt was conducted after achieVing steady-state flow conditions just before beginning the pre-
and post treatment PITTs. Static conditions are defined as the no-flow conditions within the cell

after a minimum of 48 hours following the completion of the pre- and posttreatment PITTs.

a. Dynamic Sampling Event

- Prior to beginning the pretreatment PITT, a steady-state flow regime was established

within the test cell that was maintained throughout the duration of the PITT. After flushing

approximately three pore-volumes of potable water through the cell, under steady-state flow
conditions at an average rate of 4.1 liters per minute (Ipm) (1.08 gallons per minute), a total of
ten samples were collected from the MLS sampling grid and three from the extraction wells. The
design of the MLS sampling system allowed for the collection of all of these samples
simultaneously to provide a “snapshot” in time of the groundwater quality throughout the cell.
The samples were stored in the mot;ile laboratory’s refrigerator, where they were maintained at
4°C prior to shipment to RSKRL for analysis of the project target analyte list By Method
RSKSOP-148. A copy of the Standard Operating Procedure (SOP) for Method RSKSOP-148 is
included as Appendix F.

The results of the chemical analyses show that seven of the eleven target analytes
were detected in at least some of the 13 locations sampled during this event. Vinyl chloride, -
1,1,1-trichloroethane, trichloroethene, toluene, and 1,2-dichlorobenzene were the most prevalent
compounds while m+p xylene and o-xylene were detected at only four locations each. In

general, the concentrations of all of the analytes ranged from nondetectable (ND) to a high of

807-ppb 1,2-dichlorobenzene. The concentrations of vinyl chloride range from ND to 111-ppb at




- Extraction Well U1-2751:-This is noteworthy as it may be an indication that natural degradation
of some of the other chlorinated compounds is occurring. The remaining target compounds,
1,3,5-trimethylbenzene, decane, undecane, and naphthalene were not found at any of the

locations.

One clea} obser\;ation from these results is that the highest concentrations of the target
analytes occurs in the 6.1- to 6.7-meter (20- to 22-foot) zone. This depth correlates with the * -
well-graded gravel sand mix strata as shown previously in Figure 34. It does not, however,
coﬁeléte with the highest concentrations detected in the soils. The soils show higher
concentrations in the 16- to 18-foot strata. One possible explanation for this discrepancy is that
the NAPL is funneling through the most permeable strata resulting in higher concentrations of

target analytes.

b. Static Sampling Event

Upon Completion of the PITT, the flow through the cell was terminated and water
remaining in the cell allowed to equilibrate for 6 days. At that time, 37 samples from the MLS
points, three from the extraction wells, and three from the injection wells were collected and
delivered to RSKRL where they were analyzed in accordance with RSKSOP-148 for the target
analyte list. As with the dynamic sampling event, the MLS samples were collected‘
simultaneously using the MLS sampling system to provide a “snap-shoi” of the grouhdwater

quality at a discrete point in time. The results of these analyses are included in Appendix G.

The samples collected from the injection and extraction wells were collected using
low-flow sampling techniques employing a peristaltic pump and a flow-through cell to monitor
groundwater parameters for temperature, pH, conductivity, dissolved oxygen and turbidity.

These parameters were recorded and the data are included in Appendix H.

Samples were also collected from the injection and extraction wells by Montgomery-
Watson personnel for analysis of VOCs, BNAEs, Pesticides and PCBs, and dissolved
Dioxins/Furans, and TPH. These data have not been released as of this date and will not be

discussed further.
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At least one or more of the target analytes were detected in each of the MLS sampling
locations. This is also true for all of the ihjcction/extraction wells with the exception of injection
well U1-2743 where none of the target analytes were detected. Vinyl chloride, 1L,1,1-
trichioroethane, 1trich16foefhene, and toluene were prevalent at most of fhe sampling loéations.
M+p Xylene and o-xylene were found at relatively few MLS sampling locations and were found
exclusively at the 6- to 6.7-meter (20- to 22-foot) (bgs) sampling depths plus at the three R

extraction wells. This depth interval correlates with the interface between the well-graded

gravel/sand mix and the poorly-graded sand stratigraphic sections.

The analytes 1,3,5-Trimethylbenzene, decane, undecane, and naphthalene were all
undetected at all of the MLS sampling locations but were detected in the three extraction wells.
This may be an indication that pools of NAPL are located within the cells such that the MLSs are

not detecting them.

In general, inspection of the results show that the levels of the target analytes were
higher during the static sampling event as compared to the dynamic event, particularly for the
heavier compoundé such as decane, 1,2-dichlorobenzene, undecane and naphthalene. This trend
is illustrated in Figures 39 through 41, which show the comparison of the results from the
pretreatment static and dynamic sampiing events at the three extraction wells (e.g., U1-2751
through U1-2753). Intuitively, this makes sense, since for the static sampling event, the target
analytes have been allowed"sign_i*ﬁcantly more time to partition into the groundwater prior to

sampling.

2. Posttreatment Groundwater Characterization

After the steam injection/soil venting treatment was completed, the cell was allowed to
cool to approximately 22°C. The cooling process within the cell was accelerated by establishing
the flow of potable water required to conduct the posttreatment PITT. This promoted the
removal of residual heat from within the cell, and provided an opportunity to establish a dynamic

equilibrium inside the cell.
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Concentration in ppb

b Dynamic
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Decane

Vinyl Chloride
Trichloroethene
Toluene
m+p Xylene
o-Xylene
1,3,5-Trimethylbenzene
1,2-Dichiorobenzene
Undecane
Napthalene

1,1,1-Trichloroethane

Figure41l.  Comparison of Groundwater Sampling Results from the Pretreatment Static
and Dynamic Sampling Events at U1-2753 Extraction.

a. Dynamic Sampling Event

Approximately 2.5-pore volumes of potable water were flushed through the cell at a rate
of 3.6 liters per minute (Ipm) (.95 gallons per minute) prior to collecting the posttreétment
dynamic groundwater samples. A total of 52 samples, three from the extraction wells and 49
from the MLS sampling grid, were collected for chemical analysis of the target analytes. As with
the pretreatment sampling events, the MLS samples were collected simultaneously to provide a
“snapshot” in time of the groundwater quality throughout the cell. These samples were
immediately stored in coolers, then moved to the mobile laboratory where they were stored in a
refrigerator and maintained at 4°C prior to shipping to RSKRL for analysis using EPA Method
RSKSOP-148. The results are included in Appendix G and are discussed in the following

paragraphs.

Chemical analysis of the groundwater samples collected during this sampling event
show a significant reduction in the levels of the target analytes relative to pretreatment dynamic

sampling event. This is clearly illustrated in Figures 42 through 44, showing a comparison of the
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Figure 44. Comparison of Groundwater Sampling Results From the Pre- and
Posttreatment Dynamic Sampling Events at U1-2753.

pre- and posttreatment dynamic sampling from each of the extraction wells. These data show
that vinyl chloride and undecane have essentially been removed from the cell; vinyl chloride was
detected only once at location U1-2734 at the 4.3-meter (14-foot) depth, while undecane was not
detected in any of the sampling lecations. M+p xylene, 1,3,5-trimethylbenzene, decane and
naphthalene were detected at on1y>thrce or four locations and at relatively low concentrations.
Trichloroethene appears to be the most prevalent target analyte detected during this event with
values ranging from non-detect to 14.9-ppb. 1,1,1-trichloroethane, toluene, o-xylene, and 1,2-
dichlorobenzene were consistently found together at approximately ten MLS sampling locations.

Relatively high levels of 1,2-dichlorobenzene were detected in four MLS sampling locations with

values ranging from 834-ppb to 324-ppb.

One noteworthy observation of these data, besides the fact that they are significantly
reduced relative to the pretreatment sampling events, is that the target analytes detected at the
MLS stations do not appear to be reaching the extraction wells. This may be indicative of soil

regions bypassed by the flowing steam from which the NAPL was not effectively removed.

78




b. Static Sambling Event

The final groundwater sampling event occurred after completion of the posttreatment
~ PITT. Once the flow through the cell was shut down, the water within the cell was.allowed to

equilibrate with the surrounding aquifer for a period of approx1mately 66 hours. At that time, a

" complete round of groundwater samples was collected to provide a final ‘snapshot’ of the water

quality within the cell. A total of 63 samples were collected from the MLS sampling grid and the
six injection/extraction wells. These samples were handled and analyzed in the same manner as
-in’the previous sampling events. The results of the analyses are included in Appendix G and will
be discussed below.

A close look at the results (Figures 45 through 47) shows that more volatile
compounds such as vinyl chloride, 1,1,1-trichloroethane, trichloroethene and toluene were
significantly reduced in the posttreatment groundwater samples. This reduction is particularly
apparent in the concentration of 1,1,1-trichloroethane, where pretreatment concentrations ranged
from 500-600 ppb and posttreatment concentrations were reduced to less than 100 ppb. Some of
the less volatile compounds such as the xylenes, 1,3,5-trimethylbenzene and 1,2-dichlorobenzene
show increased concentrations in the posttreatment groundwater samples, particularly with
regards to the 1,2-dichlorobenzene. This increase is most likely due to the increased mole
fraction of these compounds in the NAPL by the steam leaving higher mole fractions of the less
volatile compounds and therefore. higher equilibrium groundwater concentrations. Interestingly,
since these compounds are sparingly soluble in water only a small amount of NAPL remaining in
the cell is required to yield the high observed groundwater concentration‘s; hence these

groundwater concentrations are not indicative of the NAPL saturation remaining in the cell.

The injection and extraction wells were sampled using peristaltic pumps as described
in § IV.D.Lb. Duplicates of these samples were collected by Montgomery-Watson and analyzed
for VOCs, BNAEs, Pesticides and PCBs, dissolved Dioxins/Furans, and TPH. As discussed

previously, these results are not available at this time and will not be discussed further.
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Figure 47. Comparison of Groundwater Sampling Results From the Pre- and
Posttreatment Static Sampling Events at U1-2753,

E. SOIL VAPOR EXTRACTION

1. Cell Dewatering

As discussed in Section III, the test cell was dewatered before initiating soil vapor
extraction. A total of 1,770 liters (468 gallons) of groundwater were extracted, lowering the
water table 1.34 meters (4.4 feet) to a depth of about 6.7 meters (22 feet) below ground surface.
The leakage rate of surrounding groundwater into the cell was also evaluated during this period.
In 2 days of monitoring, the water level did not change significantly, indicating cell leakage was

very low. Leakage had been observed previously, but during a season when the water table was

about 4 feet higher.

2. Soil Vapor Extraction Results

Soil vapor extraction was initiated in the test cell after dewatering to provide baseline
concentrations for evaluating the enhancement in contaminant recovery by steam injection. The

SVE testing lasted 73 hours and included four periods of extraction separated by three periods of
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no flow to allow vaper concentrations to rebound. The periods are described in Table 5. The
total air extraction rate from the test cell during the SVE testing is plotted in Figure 48. The
measured total extraction rate varied between 0.60 standard cubic meters per minute (scmm)

~ (21 cubic feet per minute) and 0.71 scmm (25 cubic feet) when the system was operating. The =
vacuums applied to the wellheads to achieve these flows were 483 millimeters of water column
(mmH;0) (19 inches of water column [inH,0)) during the first period, 432 mmH,0 (17 inH,0)
during the second, 559 mmHzO (22 inH20) during the third, and 559 mmH,0 (22 inH,0) during
the fourth. As noted in Table 5, the center injection well was open during the first and second
tests and closed during the third and fourth tests. The wellhead vacuums were smaller and the
extraction flow rate was higher when the center injection well was open. The total extraction

flow rate was about 8 percent lower when the injection well was closed.

During open injection well tests, the air flow drawn into the cell through the center well
was about 0.19 scmm (6.7 scfm) or almost 25 percent of the total. The other 75 percent was
drawn from the surface down. Vacuums in the cell during SVE were measured at the MLSs.
The measured vacuums were used with a three-dimensional subsurface air flow model to
estimate the air permeabilities of the test cell during SVE. The values were estimated to be
0.0193 cm/s and 0.00676 cm/s for the horizontal and vertical permeabilities, respectively. These
permeabilities are typical of sands and gravels and the horizontal value matches extremely well
with the arithmetic average of 0.027 cm/s estimated by the inverse modeling technique. The
permeability of the de-watered soil to air is expected to be less than to water since the soil
remains moist. The ratio of the measured horizontal permeabilities yields an air relative
permeability of 0.72, which indicates an approximate residual water saturation of 20 percent after

de-watering.

Vapor concentrations of 12 of the target compounds measured with the on-site GC during
SVE are plotted versus time in Figure 49. The concentrations of the more volatile compounds
such as 1,1,1-tﬁéh]oroethane (1,1,1-TCA) and heptane were initially high and exhibited the
exponential decay characteristic of long-term SVE. The concentrations of these compounds
dropped about 80 percent during this short period of testing. For moderately volatile compounds
such as toluene and nonane, the vapor concentrations appeared to decrease slightly during the
tests. Concentrations of compounds with relatively low volatility, such as 1,2-dichlorobenzene

(1,2-DCB) and undecane, were erratic and did not appear to decrease during the SVE testing.
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“Measured concentrations of the compounds were variable, and this is attributed to the changing

content and distribution of moisture in the cell, since QA/QC sampling verified the repeatability

of the sampling procedure.

- For an extraction rate of 0.62 scmm (22 scfm) and an effective porosity of 35 percent, the
test cell pore volume was flushed about every 45 minutes. As observed in Figure 49, this period
corresponds to the extractionA time required to reach the peak vapor concentration after startup Yor
each extraction period. Moderate concentration rebounds are evident at the start of test periods 2
and 4 after brief periods of shutdown. Given the short shutdowns, the rebound was probably the
result of vapor diffusion from NAPL-contaminated zones not in good contact with the flowing
air rather than a liquid-liquid diffusion limitation, which would require much longer equilibration

periods.

The mass of target compounds removed during the SVE test was estimated from the
measured extraction rate and the measured concentrations. These calculated masses are
presented below iﬁ Table 10. During the pre-steam SVE, 2,030 cubic meters (71,672 cubic feet)
of air was extracted from the test cell. This volume yields an average total target compound
concentration of 445 mg/m°>. The total period of extraction in this phase was 47 hours, yielding

an average target mass removal rate of 19 grams (0.7 ounce) per hour.

F. STEAM-ENHANCED EXTRACTION

After the dewatering and soil vapor extraction tests, steam injection was initiated to
assess the increase in contaminant removal provided by heating. Steam was injected in the
Center Well U2-2771, while dual-phase extraction was applied in the four corner wells. After
several hours of injection, the steam began reaching the extraction wells. The time for steam to

reach different extraction wells varied because of heterogeneities in the cell soil. After steam had

reached all four extraction wells, steady steam injection was continued. The discussions of the

steam injection and contaminant recovery are presented in two parts: the initial soil heating, and

the subsequent quasi-steady steam injection and extraction.
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TABLE 10. CUMULATIVE MASS OF TARGET COMPOUNDS REMOVED

DURING SVE.
Target Compound : Pre-Steam SVE Cumulative
: Mass Removed
(grams) (pounds)
Hexane | 161 0.04
cis-1,2-DCE ' 617 015 ..
1,1,1-TCA 32.8 0.07
Heptane 783 - - 0.17
Benzene 0.3 0.00
TCE . 11.9 : 0.03
Octane ‘ 48.2 ) 0.11
Toluene 22.6 ' 0.05
Nonane 67.3 0.15
m+p-Xylene | 45.4 0.10
o-xylene - 12.6 0.03
Decane ' 173.4 0.38
1,3,5-TMB 4.2 0.01
Undecane : 254.4 0.56
1,2-DCB 17.1 ‘ 0.04
Dodecane T 510 | 0.11
Total 903.5 1.99

1. Initial Cell Heating

Steam injection followed an extended period of SVE with the center well closed. Just
before the start of injection, the center well was under a vacuum of 490 mmH,O (19.3 inH,0),
which decreased to 241 mmH,0 (9.5 inH,0) after steam injection started. The steam injection
rate was 'roughly steady at 113 kg/hr (250 pounds per hour) throughout the steam injection phase
and the well remained under a vacuum. The steam injection well was screened from 3.8 to 7.6

meters (12.5 to 25 feet) below ground surface (bgs). The water level in the cell was at a depth of
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about 6.75 meters (22 feet) when steam injection'was initiated. The initial growth of the steam
zone was tracked with thermocouples installed with the MLSs. Based on the thermocouple
measurements, the steam preferentially flowed toward the south end of the cell. The steam zone
appeared umformly in MLS U1-2722 spaced 0.4 meters (1.3 feet) from the injection well in less
than 30 minutes of i 1njectlon. In contrast, at MLS U1-2723, spaced 0.4 meters to the north of the
injection well, the steam reached the MLS after 3.6 hours of injection. As illustrated in

Figure 50, steam flow to the north was also not vertically uniform. Steam first reached MLS o
U1-2723 at a depth of about 4.4 meters (14.4 feet). Steam then reached this MLS at depths of
3.54 meters (11.6 feet) and 5.84 meters (19 feet) after about 5 hours of injection. The soil
interval at about 5.33 meters (17.5 feet) did not reach steam temperature until long after steam
injection was initiated. The geologic logs in the vicinity of this MLS identify a poorly graded
sand layer at this approximate depth surrounded by well-graded gravels. The sand interval has a
lower permeability and provides a greater resistance to steam flow forcing the steam to move
through the gravel layers, as observed in Figure 50. As discussed later, the contaminant
concentrations were alsd highest nearest this sand interval. This indicates the NAPL was
concentrated atop or within this sand. A high, immobile NAPL concentration further reduces the
permeability of this material and inhibits steam flow through it. Temperature profiles from
MLSs 21 and 33 also illustrate the impact of heterogeneities on the steam zone growth (see
Figures 51 and 52). The steam bypasses lower permeability lenses or zones with high, immobile
NAPL saturations, which must l;e heated by conduction. In addition, heating the residual NAPL

results in distillation of volatile components, which acts as a heat sink, further inhibiting a

temperature increase in a NAPL-contaminated zone.

The times for steam to reach other locations across the test cell are summarized in Table
11 and shown graphically in Figure 53. This figure illustrates the preferential flow toward the
southeast extraction well (U2-2741). Steam reached Extraction Well 41 after approximately 11
hours of injection and Well U1-2744 after about 14 hours. The steam zone reached Extraction
Wells U1-2751 and U1-2753 after about 20 and 21 hours, respectively. This preferential
southerly flow is in direct contrast to the results of the inverse modeling that estimated the soil
permeability to be higher to the north around well U1-2751 as shown in Figure 27. This

discrepancy could be explained by anisotropic permeability in the horizontal plane, since the
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TABLE 11. TIME FOR STEAM TO REACH VARIOUS CELL LOCATIONS.

Location Distance from Time for Steam
~ Injection Well to Reach Location
(meters) (hours)
11 1.43 7.5
12 . 0.86 R I 1.6 .
13 0.86 39
14 . 1.43 ' 14.0 .
21 1.21 5.6 '
22 0.39 <0.6
23 - 0.39 3.6
24 1.21 11.7
31 1.43 ) 8.8
32 . 0.86 6.7
33 0.86 9.6
34 1.43 15.8
41 2.24 11
44 2.24 14
51 2.13 20
53 2.13 21
North
[ 21 20 \
well 53D @ well 51
158 1.7 14.0
o & & @
9.6 36 3.9
D 3%] @
West @ Injection Well East
&® @ @
6.7 <0.6 16
23] @ (3]
8.8 56 75
well 44 @ @ wela
K 14 11 /
South

Figure 53.  Illustration of Time in Hours for Steam to Reach Various Cell Locations.
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flow directions differed in the two tests, but no data exist to support this conclusion. -Shortly
after steam breakthrough in all four extraction wells, the flow became effectively steady with the
steam extracted nearly equaling the steam injected. The steam breakthrough times for the
extraction wells were determined from measurements of the vapor temperature at the wellhead.
The.temperature histories for the extraction wells are pldtted in Figure 54. Steam breakthrough- -
was defined as the time when the extracted vapor temperature reached 50°C, since heat losses
occur in the well casing and the temperature rise is sharp. The vapor temperature does not
suddenly rise to steam temperature, because the steam initially condenses in the well and mixes
with ambient air entering the well. After the well casing reaches steam temperature, the vapor
temperature still continues to rise slowly as an equilibrium proportion of extracted steam and
ambient air is approached. The vacuum at the extraction wellhead also changes during steam
injection as shown in Figure 55. The vacuum histories illustrate the rise in vacuum that occurs
when steam enters the well. The steam reduces the screen area available for ambient air to enter
the well, and steam initially condenses in the casing, both of which tend to increase the vacuum
in the well. Figure 55 also shows the vacuum increasing in Wells 51 and 53 before steam
reaches these wells. This increase is caused by the reduced air flow in Wells 41 and 44, which

raises the overall vacuum produced by the blower.

The total extracted flow rate of non-condensable gas (air) was also measured during this
phase downstream of the condenser. The air flow from individual wells could not be measured
because of the mixing with steam. The total extraction flow rate is presented in Figure 56. The
total air flow rate remained relatively steady through steam breakthrough in Wells 41 and 44, but
rose sharply just before breakthrough in Wells 51 and 53 at 20 hours of steam injection. This
increase in total flow corresponds to the rise in vacuum producéd by the reduced area for air

flow, as discussed above.

Based on laboratory studies and field results from enhanced oil recovery, a bank of NAPL
preceding steam breakthrough was possible. Yet, only about 2.5 gallons of NAPL were pumped
off the top of the NAPL/water separator after steam breakthrough. As discussed earlier, the bank
may have been larger, but the separator could have been inefficient because of an emulsion

created by the water circulation pump. In any case, the steam injection was not effective at
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~-driving the residual NAPL out of the cell. This result probably occurred because the viscosity of
the NAPL was too high and the saturatioh too low to allow the formation of a stable NAPL bank
ahead of the steam condensation front. Theory predicting the maximum NAPL viscosity that
allows a stable NAPL bank to mobilize is develope.d' in Appendix L The theory reveals a
surprising result that the steam injection rate does not influence the maximum NAPL viscosity "
for a stable drive. This result occurs because as the steam injection rate increases, the velocit): of
the NAPL bank increases proportionally. Therefore, the ratio of the vapor to NAPL pressure 7
gradient does not change. This leads to the conclusion that increasing the injection rate does not
extend the applicability of a steam drive to more viscous NAPLs. Using typical properties for
Operable Unit One, the maximum NAPL viscosity allowing stable displacement by steam
injection is about 2.5 centipoise (cP) at an injection quality of about 0.43. The NAPL at
Operable Unit One has a viscosity significantly higher than 2.5 cP and therefore is not expected
to be displaced. In addition, the steam injection during the field study was maintained at a
quality close to one that has a maximum NAPL viscosity of only one cP for stable displacement.
Therefore, the primary recovery mechanism is expected to be distillation of the NAPL

components, which is discussed later.

2.  Quasi-Steady Steam Injection and Extraction

After steam breakthrough in all four extraction wells, the injection of steam into the cell
and the discharge of water from the process equipment were nearly balanced. Heating in »tvhe cell
was limited to bypassed, low-permeability regions. The downhole pumps for liquids were turned
off, because very little, if any, fluids were being pumped from the wells. A mass balance for
water in the test cell is illustrated in Figure 57. The time scale is set to zero at the start of SVE.
Data at negative times corresponds to the initial groundwater pumping to dewater the cell, and
illustrates the initial cell dewatering of 1,770 liters (468 gallons). No water was extracted during
the SVE testing. As shown by the steam injected data, steam injection began at 73 hours and
ended at 173 hours. The steam injection rate was essentially steady, but before steam
breakthrough, the liquid discharge rate was less. This resulted in a net increase in water in the
cell as illustrated by the dip in the water removed from the cell around 89 hours (i.e., after 16
hours of steam injection). At this time, a bank of steam condensate from heating the soil arrived

at the extraction wells and was pumped out. After steam breakthrough in all four extraction
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wells, the discharge rate slightly exceeded the steam injection rate and the cell was dewatered by
an additional 150 liters (40 gallons) over the initial groundwater pumping. The additional
dewatering probably resulted from evaporating water out of low permeability regions. A second
dip in the water removed from the cell occurred around 146 hours (i.e., after 73 hours of steam

injection) when a test of variable extraction rates in individual extraction wells was undertaken,

which is déscribed later in this section. In summary, at the end of steam injection a total of -
11,735 liters (3,200 gallons) of water had been discharged from the process equipment, 9,971
liters (2,634 gallons) had been injected as steam, and 437 liters (115 gallons) had been added to
the process stream as makeup water leaving a net volume removed from the test cell of 1,327

liters (351 gallons).

The total extracted air flow rate from all four extraction wells during steam injection is
given in Figure 56 and shows a gradual decrease in extracted air after steam breakthrough. The
plot also shows three periods when electrical outages on the base shut the system down (i.e., 33
hours, 41 hours, and 90 hours). Variations in the total extraction rate are observed from 73 to 83
hours when variable flow testing occurred. The general trend was of a decreasing total air flow.
The decreasing rate resulted from a combination of condensate collecting in extraction lines and
steam vapor gradually displacing air flow into the extraction wells. During the electrical
shutdown at 85 hours, the extraction lines were drained and the flow rebounded to near initial
rates, but began dropping until s;éam injection was terminated at 100 hours. If operated longer,
the system would be expected to reached an equilibrium point for the prbportion of air extracted

compared to the steam extraction rate.

Vapor concentrations of 12 of the target compounds measured with the on-site GC during
steam injection are plotted versus time in Figure 58. The concentrations during the first 10 hours
of steam injection, before steam breakthrough, showed no significant change from the SVE
concentrations. Even after steam breakthrough, the most volatile of the target compounds (e.g.,
1,1,1-TCA; heptane; TCE) did not increase significantly in concentration with the temperature
increase. This indicates these compounds are probably not dissolved in the NAPL or exist
primarily in the vadose zone above the original water table. To further illustrate this poini, the

maximum vapor concentrations of the target compounds detected during SVE and steam
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injection are compared in Table 12. The compounds are listed from most volatile (hexane) to
least volatile (dodecane). The peak concéntration of the volatile compounds during early SVE
was higher than the maximum concentration detected during steam injection. The maximum
‘concentrations during SVE are expected to be close to equilibrium values for the soil,
-grourdwater, and contaminant mixture, since the cell had undergone very littie extraction before =
SVE began. During SVE, the volatile contaminants were stripped from the exposed, residual
groundwater, since the cell had been dewatered. The comparison of maximum concentrations. \
also indicates disequilibrium within the NAPL (i.e., a non-uniform mixture), which would result
from weathering of thé NAPL over time. The more volatile compounds are more readily
transported away. In addition, the increased temperature is not expected to increase the
concentration of volatile compounds as much as semivolatile compounds, as indicated by the last
column in Tai)le 12 where the relative increase in vapor pressure is listed. The concentrations of
moderately volatile compounds such as octane, toluene, nonane, and xylenes showed a
signiﬁcant increase with the increase in temperature, but not nearly as much as would be
predicted by the increase in their vapor pressures. The weathering and disequilibrium are
expected to be at a lesser degree than the volatile compounds, as was observed in the data. For
the semi-volatile compounds such as 1,2-DCB, undecane, and dodecane, the vapor
concentrations were much increased during steam breakthrough, although the concentrations
dropped to apparent steady state values after steam breakthrough. These steady values remained

much higher than the ambient SVE concentrations but still remained much less than would be

predicted from vapor pressure increases.

The mass of target compounds removed during the steam injection was calculated from
the measured extraction rate and the measured concentrations. These calculated masses are
presented below in Table 13. During the steam injection, 3,194 cubic meters (112,788 cubic
feet) of air was extracted from the test cell. This volume yields an equivalent average total target
compound concentration of 1900 mg/m® in the air (neglecting the steam vapor). The total period
of steam injection and extraction was 100 hours yielding an average target mass removal rate of

60.7 grams (2.14 ounces) per hour.
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- TABLE 12,  COMPARISON OF MAXIMUM VAPOR CONCENTRATIONS DURING

SVE AND STEAM INJECTION.
Target Maximum Vapor Concentration Ratio of Ratio of
Compound | . ) (,mg/m?) ~ Steam to'SVE Steam to SVE
' Concentration Vapor Pressure
"SVE | |. . Steam ‘
Hexane 40.8 17.5 : 0.43
cis-1,2-DCE 143.9 47.3 0.33 , 14 "
1,1,1-TCA 53.4 273 0.51 16
‘Heptane 101.6 - 748 0.74 22
Benzene 4.0 23 0.58 17
TCE 14.7 11.8 0.80 20
Octane 542 - 88.1 1.63 33
Toluene 21.5 311 1.45 25
Nonane - 574 242.0 422 49
m+p-Xylene 41.6 138.4 3.33 36
o-xylene , 11.2 61.2 5.46 39
Decane 184.7 957.6 5.18 70
1,3,5-TMB 9.7 52.6 5.42 50
Undecane 262.8 1939.3 7.38 105
1,2-DCB 27.0 T 2484 9.20 43
Dodecane 61.4 1899.0 309 155
Total 1090 5839 5.81
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TABLE 13. CUMULATIVE MASS OF TARGET COMPOUNDS REMOVED DURING

STEAM INJECTION.
Target Compound Cumulative Mass Removed
: During Steam Injection
(grams) » (pounds)
Hexane | 24.7 0.05 >
cis-1,2-DCE - 103.1 0.23
1,1,1-TCA 57.4 0.3
Heptane 99.2 0.22
Benzene 1.6 v 0.00
TCE 419 - 0.09
Octane 122.9 027
Toluene 47.6 0.11
Nonane _ 333.8 0.74
m+p-Xylene 190.5 0.42
o-xylene 64.8 0.14
Decane 1290.7 2.84
1,3,5-TMB - 91.6 0.20
Undecane 2204.5 - 486
1,2-DCB : | . 4809 1.06
Dodecane 916.2 2.02
Total 6071.3 , 13.37

G. POST-STEAM VAPOR EXTRACTION

After 100 hours the steam injection was terminated while the vapor extraction system was left
operating. The continued vapor extraction served two purposes: to remove heat from the test
cell and to evaporate residual contamination. The SVE was continued for over 2 weeks after the
steam injection ceased. The cell cooling followed an exponential decay as illustrated by the
vapor temperatures measured at the extraction wells shown in Figure 54. The majority of the

cooling occurred within the first 48 hours of operation. The applied vacuum at the extraction
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wells remained relatively constant at 559 mmH,O throughout this phase (see Figure 55). The
total air extraction rate increased at the start of cooling and then was nearly constant at |
1.13 scmm (40 scfm). This is illustrated in Figure 59. As less water vapor was removed, more
air was extracted. The evaporation of pore water can also be seen in Fi gure 57 where the water
removed from the cell increased exponentially at the beginning of the cooling. The cooling
removed an additional 1,263 liters (334 gallons) of water from the cell. Comparing the air
extraction rate during SVE to the air extraction rate during cooling is also an indicator of watey
removal. The ratio of SVE to cooling air flow is 0.63, which suggests an approximate initial

water saturation ’of 23% if the cooled soil is assumed dry. Displacement of fine particles from

pore spaces by steam flow could also have increased the absolute permeability.

Vapor concentrations of 12 of the target compounds measured with the on-site GC during
the cell cooling are plotted versus time in Figure 60. The contaminant concentrations dropped
off exponentially as the cell cooled. The final vapor concentrations were almost two orders of

magnitude less than the final SVE concentrations preceding steam injection.

The masses of target compounds removed during the cell cooling were calculated from the
measured extraction rate and the measured concentrations. The majority of the mass was
recovered during the initial cooling. These calculated masses are presented below in Table 14.
During the cell cooling, 24,260 cubic meters (856,650 cubic feet) of air was extracted from the
test cell. This volume yields anda‘verage total target compound concentration of 106 mg/m>. The
total period of extraction in this phase was 356 hours yielding an average target mass removal

rate of 7.2 grams (.25 ounce) per hour.

H. NAPL AND TARGET COMPOUND REMOVAL EFFICIENCY
1. Mass Balance

A mass balance was performed by comparing estimates of contaminant masses in the soil
before and after steam injection with estimates of the mass removed in the effluent streams. In
addition, several soil samples were analyzed for total petroleum hydrocarbons (TPH). The TPH
measurements were combined with the concentrations of target compounds to develop mass

fractions 'of target compounds in the NAPL. The estimated NAPL makeup and mass from these

103




4

...533_.:_ w3} § Juised)) 13)Jy ey MOL] JTy Pajenxy [e10], *6S 2andig

(siop) uondafuy ureayg jo uonessa)) woij pasde[qg o,

0se 00¢ 0s¢ - 00T 0s1 001 0s
[N L

L I 1 i 1 L I I L

(=)

L i L L | 1 I L 1 ] 4 i L A

LI L B B B B

LANLINL LY L B B B L LI B B (NS B B

L g} (=]

(=]
-

o
g & R

wv)
<

(ugos) S3e MOJT Y PaIOBIIXE [EI0],

104




‘uondIfuy wieay § 3ursea)) SuLdy suonenunuo)) sodep g9 aIndiy

(s1oy) uonosfuy ures)s Surses)) 1o1e swi ], pasdelq (smoy) uonoofuy ureayg Juisea)) 1oyye auny, pasdelg
00y 0OSE 00¢ O0ST 00T OSI 00I OS O 00y 0SE€ 00€ OST 00T OSI 00l OS 0
0 % ._.V._..-._...._...._...._...__._.._O%
0018 s 8
00z § 01 m
00€ m 51§
ULRPOT e 00V m. SURUON g 0C m,.
ouwspU  — g 005 5 WO —g— 25
MW g cowamw e : om.Wv
0oL Ege™
(smov) uonoofuy ureals Surseo)) 1oye sun, pasdelg (simoy) uonoofuy uresys Suises)) soye suny, pesdelg
00 o0se oom 0S¢ 00 onﬁ..a.x_v—.._.o_m._..m_vo _ oo.vpa.umm.om_vm.ommoa_vw 0T 001 OS oo
pivimimle T < < <
M W i e,w
e 3 %g
;. m 0¢ m
ANLSET —om ) e or g
owlhx-dpu  — g M . M HL —g— 0S m
LouonoL ) rm\w VOLI'I'l ~fg— 09 mw
- 6

o
~

105




TABLE 14. CUMULATIVE MASS OF TARGET COMPOUNDS REMOVED DURING

CELL COOLING.
Target Compound Cumulative Mass Removed
- During Cell Cooling
(grams) (pounds)

Hexane - B 9.7 ~ 002
cis-1,2-DCE : 115.2 ' 0.25 .
1,1,1-TCA 22.5 0.05
Heptane 23.5 0.05
Benzene " 0.1 0.00
TCE A 26.6 0.06
Octane ’ 84.0 0.19
Toluene 22.1 0.05
Nonane v 128.7 0.28 -
m+p-Xylene 17.5 0.04
o-xylene | 14.2 0.03
Decane - 437.4 0.96
1,3,5-TMB _ 34.6 0.08
Undecane 854.0 1.88
1,2-DCB 239.4 0.53
Dodecane 544.9 1.20
Total - 725745 5.67

calculations are presented in Table 15. As shown, the target compounds makeup a small portion
of the NAPL. Other compounds, in particular heavier alkanes, are expected to makeup the
majority of the NAPL. The total mass of contaminants in the test cell was estimated to be 406 kg
(896 pounds) which for a NAPL density of 0.75 g/cm3 yields 545 liters (144 gallons). This
estimate is higher than predicted by the PITT but the calculation does not account for partitioning

in the volatilized, dissolved, and adsorbed phases which would tend to reduce the estimate.

The masses of target compounds in the soil were based on measured soil concentrations
and assuming blocks of uniform concentration around point measurements. 89 samples were
used to calculate the initial mass and 47 were used for the post-steam mass. Effluent masses

were calculated using measured concentrations and flowrates of extracted air and groundwater
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- TABLE 15. ESTIMATED INITIAL NAPL MAKEUP AND MASS.

Eompound Estimated |Molecular{ Estimated |Estimated Mass| Estimated Mass
NAPL Mass| Weight [INAPL Mole| Basedon |Based on NAPL
Fraction Fraction Soil Makeup and Soil
(a) Concentrations | Concentrations
(grams) (grams)
Solvents - :
cis-l,2-DCl¥ (b)| 96.944 ®) NA NA
1,1,1-TCA )| 133.405 ®) 75.23 75.23
TCE (b)| 131.389 ® - 1.28 1.28
1,2-DCB 0.003167] 147.004 0.00421 1,439.67 1,286.267
Aromatics
Benzene (b) 78.114 ) 1.21 1.21
Toluene 0.000724| 92.141 0.00154 274.43 27443
Ethylbenzel 0.000277| 106.168 0.00051 103.47 1 12.70ﬂ
m&p-Xylenn  0.000566] 106.168 0.00104 198.76 229.90
0-Xylene 0.001385( 106.168 0.00255 505.49 56241
1,3,5-TMB| 0.000827] 120.195 0.00134 308.62 335.73
NaphthalenL -0.000505; 128.174 0.00077 217.11 205.22
Alkanes
Hexane ()] 86.178 ®) NA NA
Heptane 0.000077} 100.205 0.00015 NA 31.23
{Octane 0.000174| 114.232 0.00030 NA 70.55
Nonane 0.001010f 128.259 0.00154 NA 410.29
Decane 0.007583f 142.286 0.01042 3,012.84 3,079.87
Undecane 0.017275] 156.313 0.02160 7,016.24 7,016.24
Dodecane 0.012595| 170.340 0.01445 NA 5,115.61
Other 0.953835| 198.394 0.93959 NA 387,406.44
TOTAL 1.000000 1.00000 406,214.60j

NA = Not Analyzed

(a) Mass fractions estimated from soil, groundwater, vapor, and NAPL samples collected

before steam injection. v
(b) These compounds are not expected to be dissolved in the NAPL because of weathering.

Sum MW/ Mass Frac= 0.005117 Gallons 143.8
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along with the separated volume of recovered NAPL. 91 samples were used to calculate the
mass removed in the vapor phase while 68 samples were used for the water phase. The masses
of contaminants in the separated NAPL were calculated using the estimated mass fractions
presented in Table 15. The results of mass balances for 12 of the target compounds are presented
in Table 16. The first columns compare estimated masses in the soil before and after steaming.”
These estimates reveal over 90% removal for volatile compounds, 80 to 90% removal for
moderately volatile compounds and 70 to 80% for semi-volatile compounds. Estimates for th:e ‘
target compound mass removal in the effluent streams reveals that over 90% was extracted in the
vapor phase. The estimates of masses removed in the effluent streams were consistently lower
than the estimates from the changes in soil concentrations but the same order of magnitude was '
achieved which is surprising given the complexity of the NAPL and geology. The total mass of
N:APL removed in the vapor phase was qualitatively estimated by averaging the sum of the areas
of the target compounds in the gas chromatography results relative to the total areas of the
chromatograms. The calculated average revealed that the target compounds made up rou ghly
19% of the total mass in each sample. Using this factor, the total mass removed in the vapor

phase was estimated to be about 33,000 grams (73 pounds) as indicated in Table 16. Assuming a
unit weight of 0.75 g/cm3 for the NAPL, this equates to about 45.5 liters (12 gallons).

Further insight into the impact of the steam injection can be gained by evaluating soil
concentrations as a function of depth. The average soil concentrations before and after steam
injection for toluene; 1,2-DCB an—d undecane are plotted versus depth below the surface in Figure
61. These plots are typical for the target compounds and reveal excellent removal from the top of
the NAPL-contaminated soil down to a depth of about 6 meters (20 feet). Reviewing Figures 50
to 52 shows that the bottom of the steam zone was at a depth of about 6 m. Therefore, the soils
exhibiting excellent cleanup are those which were swept by the steam. The soils which were not
swept show reductions but not as profound. The difference in average concentration reductions
for the two regions is presented in Table 17. The steam swept soils were cleaned of the target
compounds by over 94% including the semi-volatile compounds while reductions in the soils
below the steam zone were much less. A deeper steam sweep was not possible in this field test

because the groundwater pump inlets could not be placed deeper than
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Figure 61. Comparison of Pre-Steam and Post-Steam Soil Concentrations Versus Depth.
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TABLE 17. COMPARISON OF AVERAGE PRESTEAM AND POSTSTEAM SOIL

CONCENTRATIONS.
'{Compound Average Soil Concentrations Average Soil Concentrations
from Depths 4.2 t0 6.1 m from Depths 6.1t0 7.3 m
(Steam Zone) ~ (Below Steam Zone)
Pre-Steam Post-Steam % Reduction | Pre-Steam Post-Steam % Reduction|
1,1,1-TCA 0.555 0.001 99.7% 1.102 0.053 95.2%
TCE : 0.013 0.031 (@) - 0.015 0.023 (a)
1,2-DCB 14701 0.287 98.1% 11.992 8.812 26.5%
Benzene 0.007 0.007 3.7% 0.010 0.006 36.7%
Toluene 3.264 0.011 99.7% 2.064 0.372 82.0%
Ethylbenzene 1.251 0.007 99.4% 0.762 0.416 45.5%
m&p-Xylenes 2.582 0.019 99.3% 1.253 0.684 45.4%
o-Xylene - 6239 0.068 98.9% 3.644 1.785 51.0%
1,3,5-TMB 3.927 0.074 98.1% 2.026 1.374 32.2%
Naphthalene 2.296 0.119 94.8% 1.980 1.167 41.0%
Decane 35.018 1.218 96.5% 24.776 16.425 33.7%
Undecane 80.594 4.807 94.0% 56.148 35.912 36.0%
Total 150.448  6.649 95.6%| 105772 67012  36.6%
—_—

(a) The TCE concentrations could not have increased; many samples were non-detect.

6 m. It is expected the same high levels of removal would have been achieved in the lower soils

if deeper screen and pump placement had been possible.

2. NAPL Distillation

As described above, the primary mechanism for contaminant removal was distillation into
the flowing vapor. This process is similar to the evaporation which occurs during soil vapor
extraction and the results from SVE and steaming can be almost directly compared to determine
the effectiveness of the steam enhancement. To facilitate modeling of the process, the soil inside

the test cell was considered to be a single lump (i.e., a well-stirred mixture). This approach is
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valid after steam breakthrough when transients in the test cell are relatively slow. To compare
SVE and steam, a lumped recovery efﬁciéncy (i) is defined as the measured vapor
concentration of compound i at the extraction manifold divided by its saturated, pure-component

vapor concentration at the system temperature:

c

my =—fomedl ©
sat, i ..
and
v Pvl iMi
Caat i~ ¢))

R,T

where Pv,i is the pure component vapor pressure at the system absolute temperature T, Mi is the
component molecular weight, and Ru is the universal gas constant. This definition compares the
measured vapor concentration with the theoretical maximum concentration which would result
from equilibrium between the flowing vapor and a pure liquid. This approach lumps the mass
transfer constraint of dissolution in the NAPL with other constraints and soil heterogeneities. If
the NAPL makeup were known, the saturated concentration could be multiplied by the mole
fraction of the component to separate out this constraint. In this study, the NAPL is weathered
and the composition of the NAPL changes during the test so that the mixture constraint is
included in a single system efficiency. The definition of the saturated concentration reveals it to
be a strong function of the system temperature since the component vapor pressure is a stron g
function of temperature. For the cﬁmparison of SVE and steam distillation, the SVE is assumed

to occur at 15 °C and the steam distillation at 90 °C.

The thermodynamic properties of the target compounds are presented in Table 18. The
table includes vapor pressure at ambient soil température (15°C), water solubility, Henry’s
constant, and calculated saturated vapor concentrations at 15 °C and 90 °C. The final column
lists the ratio of steam to ambient vapor concentrations providing an indicator of the
concentration increase over SVE expected under ideal steam injection conditions. Volatile
compounds are expected to increase by one order of magnitude while semi-volatile compounds

may increase by two orders. Pseudo-steady vapor concentrations are listed for SVE and steam
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- - -TABLE 18.- -THERMODYNAMIC PROPERTIES OF TARGET COMPOUNDS.

Compound | Vapor |Solubility in Henry's Saturated Saturated | Concentration
Pressure | in Water Constant Concentration | Concentration Ratio
at15°C| at20°C at15°C | at90°C 90°C/15°C

(kPa) (mg/L) | (kPam”3/mol)| (mg/m*3) | (mg/mr3) |
Solvents
cis-1,2-DCE 17.345] 3500.0000 0.768 701,882 7,822,547 11
1,1,L1-TCA 10.408] 720.0000 2.800 579,566 7,136,913 12
TCE 4.957| 1100.0000 0.923 271,882 4,814,796 18
1,2-DCB 0.199] 145.0000 0.190 12,181 348,986 29
Aromatics
Benzene 7.8241 1780.0000 0.550 255,099 3,513,704 14
Toluene 1.821} 515.0000 0.670 70,026 1,649,862 24
Ethylbenzene 0.559 152.0000 0.800 24,777 850,537 34
mé&p-Xylenes 0.452f 162.0000 0.710 20,043 769,820 38
o-Xylene 0.364 175.0000 0.500 16,130 650,355 40
1,3,5-TMB 0.109 97.0000 0.370 5,469 363,611 66
Naphthalene 0.012 34.4000 0.043 621 53,599 86
Alkanes _
Hexane 12.823 10.0000 200.0 461,256 5,383,377 12
Heptane 3.608 2.9300 230.0 150,931 2,606,100] - 17
[Octane 1.028 0.6600 300.0 49,025 1,268,053 26
Nonane 02211  0.1220 500.0 11,809 609,277 52
Decane 0.061 0.0520 700.0 3,642 245,672 67
Undecane 0.017 0.0440 1900.0 1,125 144,578 128
Dodecane 5.17E-03 0.0034 786.0 367 70,185 191
Tridecane 1.46E-03 112 25,378 226
Tetradecane | 8.52E-04 110.0 70.55 16,630 236
Pentadecane | 1.21E-04 10.75 5,512 513
Hexadecane | 4.45E-05 4.20 2,886 687
Heptadecane | 1.39E-05 1.40 1,406 1,005
Octadecane 7.84E-06 0.833 926 1,112
Nonadecane | 2.36E-06 0.264 444 1,681
Eicosane 4.23E-07 0.050 158 3,162
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injecticn-in-Table-19. The SVE concentrations are averages of the last two samples during SVE
and the first sample during steam injection which can be observed in Fi gures 50 and 59. The
pseudo-steady steam concentrations are averages over the period from 50 to 100 hours of steam
injection. The fourth column of Table 19 lists the ratios of the steam to SVE average
concentrations. When this ratio is-compared to the ratio of saturated concentrations lisfed in the
last column of Table 18, it is apparent the steam heating did not increase the recovery rate as
much as the increase in volatility indicated. Further, the vapor sampling procedure during stean; ‘
injection followed these steps: draw off a sample in a gas tight syringe, bring the sample to
ambient temperature (the steam condensed), equilibrate the gas in the syringe to ambient
pressure, and subsample the air in the syringe. The measured air concentration must then be
corrected to an apparent steam vapor concentration by calculating the mass ratio of steam to air
in the original sample and accounting for contaminant mass in the condensed steam which was
not measured. The results of this correction are listed as the steam corrected vapor concentration

in Table 19. The corrected concentrations are lower than the measured air concentrations

because the air content in the original vapor samples was less than the steam vapor content.

Comparison of the vapor concentrations before and during steam injection provides
insight into the mechanisms of the contaminant recovery as presented in Figure 62. The ratios of
the steam to SVE average concentrations show the most volatile compounds did not see a
significant increase in concentration (ratio ~ 1). For compounds with ambient vapor pressures
higher than 1 kPa, the steam had no'impact on recovery. This can be explained by weathering of
the NAPL. Over time the more volatile compounds have partitioned out of the NAPL (if these
compounds were ever in the original NAPL) into groundwater and air. The general trend in
Figure 62 is for an increasing concentration ratio for decreasing saturated concentration with two
exceptions showing greater increases. The 1,2-DCB and 1,3,5-TMB both exhibited greater
increases than the general trend predicts. A plausible explanation for this observation is the hi gh
solubility of these compounds in water compared to the alkanes in the NAPL. Liquid water is
present in the steam zone and can inhibit distillation if it exists between the NAPL and steam
vapor. This effect is lessened the more soluble a compound is in water. Also, the steam passed

over a portion of the NAPL-contaminated zone and these compounds may have been more
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readily volatilized because of their solubility. The solubility of these compounds is roughlji 3
orders of magnitude higher than the alkanes.

The removal efficiencies of SVE and steam injection as defined above are both shown in
Table 19. The steam efficiency was calculated using the corrected concentration. The efficiency”
during the vapor extraction accompanying the cell cooling is also listed. The cooling phase
efficiency was determined by using the average temperature of the test cell and plotting a best fit
curve of the calculated saturated concentration at the cell temperature multiplied by the efficiency
sirhultaneously with the measured vapor concentrations. The 4decay in vapor concentrations
illustrated in Figure 60 followed closely the decay in temperature within the test cell. The
removal efficiency at the end of the SVE bhése was roughly two orders of magnitude better than
during steady steam injéction as suggested by the relatively modest increase in concentrations
during steam injection. The efficiency during the cooling phase was also higher than during the

steam phase.

Two possible explanations for the low efficiency during the steam injection are: (1) the
introduction of water as steam may “encapsulate” the non-wetting NAPL providing a
liquid/liquid diffusion barrier to evaporation into the vapor phase, and (2) an increased relative
permeability in the NAPL zone of the ihree-phase system which increases the by-pass of vapor
flow. The water encapsulation is the result of liquid from condensing steam which provides the
energy for distillation; a balance must exist between the rate of steam condensing and the rate of
NAPL distillation - the question becomes, how much does the liquid water inhibit the
distillation? Also, capillary condensation in the interstitial pore space can bring liquid water to
the NAPL zone.
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ie=— SECTION V
CONCLUSIONS

A.  PRETREATMENT PITT
| 1. Method of Moments Analysis

The data set from the pretreatment PITT that was provided to INTERA by Applied * -
Research Associates, Inc. was analyzed using the Method of Moments technique. Data analysis
resillts indicate that about 469 liters (124 gallons) of NAPL are present in the saturated zone of
the test cell. The NAPL is nonuniformly distributed in the test cell with NAPL saturation
ranging from 1 percent to 8 percent. The average NAPL saturation over the entire saturated zone

is approximately 5 percent.

2. Inverse Modeling Technique

The inverse modeling technique was used as a second method to determine an estimation
of the spatial distribution of the hydraulic conductivity and NAPL saturation in the test cell. The
analysis was performed on the same data set that was used above for the Method of Moments
Analysis. The hydraulic conductivity fleld was obtained by the history matching of the field
measurement of methanol data. The NAPL saturation was obtained by using both methanol and
2,2-dimethyl, 3-pentanol data. In general, the results from the method of inverse mbdeling are in
good agreement with the reéﬁlts from the method of first temporal moment analysis. The results
from the inverse modeling indicate that there are approximately 393 liters (104 gallons) of NAPL
present in the pore space between the rows of injection and extraction wells. The NAPL is non-
uniformly distributed in the test cell, ranging from 0 percent to 10 percent in saturation. The

average NAPL saturation in the test cell is approximately 5 percent.

B. STEAM INJECTION/VAPOR EXTRACTION

In the previous sections, the results of the steam treatability study were described in three
major phases. The first phase consisted of dewatering the test cell and performing SVE at
ambient temperature to provide a baseline for comparing the recovery enhancement from steam

injection. The second phase was steam injection with dual phase extraction. The third phase
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consisted of cell cooling by continuing SVE after ceasing steam injection. The conclusions from

each phase are presented below.

The vapor concentrations of the more volatile compounds such as 1,1,1-trichloroethane
(1,1,1-TCA) and heptane during the initial ambient SVE were initially high and exhibited the
exponential decay characteristic of long-term SVE. The concentrations of these compounds
dropped about 80 percent duﬁng this short period of testing. For moderately volatile compounds
such as toluene and nonane, the vapor concentrations appeared to decrease slightly during the
tests. Concentrations of compounds with relatively low volatility, such as 1,2-dichlorobenzene
(1,2-DCB) and undecane, were erratic and did not appear to decrease during the SVE testing. A
cumulative mass of 903.5 grams (1.99 pounds) of the target compounds were extracted during
the initial SVE at an average rate of 19 grams (.67 ounce) per hour andan average vapor

concentration of 445 mg/m’.

Steam injection was initiated to mobilize NAPL and evaporate contaminants. The initial
steam flow was preferential toward the southeast extraction well (U2-2741). Steam reached
Extraction Well 41 after approximately 11 hours of injection and well U1-2744 after about 14
hours. The steam zone reached Extraction Wells U1-2751 and U1-2753 after about 20 and 21
hours, respectively. Shortly after steam breakthrough in all four extraction wells, the flow
became effectively steady with thg steam extracted nearly equaling the steam injected. This
preferential flow could not l'iave_been predicted from the several, closely spaced geologic logs

from the cell.

A bank of NAPL preceding steam breakthrough was considered possible; yet, only about
9.5 liters (2.5 gallons) of NAPL were recovered in the NAPL/water separator after steam
breakthrough. This indicates the steam injection was not effective at driving the residual NAPL
out of the cell. This occurred because the viscosity of the NAPL was too high and the saturation
too low to allow the formation of a stable NAPL bank ahead of the steam condensation front.
Theory predicting the maximum NAPL viscosity which allows a stable NAPL bank to mobilize
was developed and suggested the maximum NAPL viscosity allowing stable displacement by

steam infection at OU-1 is about 2.5 centipoise (cP). The NAPL at Operable Unit One has a
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viscosity significantly higher than 2.5 cP. Therefore the primary recovery mechanism was
distillation of the NAPL components.

The measured vapor concentrations of target compounds during the first 10 hours of steam
injection, before steam breakthrough, showed no significant change from the SVE
concentrations. Even after steam bfeakthrough, the most volatile of the target compounds (e.g.,
l,I,l-TCA' heptane; TCE) did not increase significantly in concentration with the temperature* -
1ncrease This indicates these compounds are dissolved in a NAPL or water that is not being
heated In fact, the peak concentrations of the volatile compounds during early, ambient SVE
were higher than the maximum concentrations detected during steam injection. This comparison-
of maximum concentrations also indicates disequilibrium within the NAPL (i.e., a nonuniform
mixture) that would result from weathering of the NAPL over time or the presence of two
distinct NAPL layers. The site history indicates two NAPL layers: one NAPL was the result of
hydrocarbon usage for fire training, while the other NAPL resulted from chemical disposal pits
that included the release of solvents. The concentrations of moderately volatile compounds such
as octane, toluene, nonane, and xylenes showed a significant increase with the increase in
temperature, but not nearly as much as would be predicted by the increase in their vapor
pressures. The weathering and disequilibrium are expected to be at a lesser degree than the
volatile compounds as was observed in the data. For the semi-volatile compounds such as 1,2-
DCB, undecane, and dodecane the vapor concentrations were much increased during steam
breakthrough, although the concexitrations dropped to apparent steady state values after steam
breakthrough. A cumulative target compound mass of 6,071 grams (13.4 pounds) was removed
during the steam injection phase. The average total target compound concentration during steam
injection was 1,900 mg/m? in the air (neglecting the steam \;apor). The total period of steam
injection and extraction was 100 hours yielding an average tar\éet mass removal rate of 60.7

grams (2.14 ounces) per hour.

After 100 hours, the steam injection was terminated while the vapor extraction system was
left operating. The continued vapor extraction served two purposes: to remove heat from the
test cell and to evaporate residual contamination. The SVE was continued for over 2 weeks after

the steam injection ceased. The cell temperature followed an exponential decay and the majority
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-of the cooling occurred within the first 48 hours of operation. The target compound
concentrations also dropped exponentially as the cell cooled. The final vapor concentratlons
were almost two orders of magmtude less than the final SVE concentrations precedmg steam

injection.

The majBrity of the n;ass of target cbmpourids removed during the ceil ‘coolin'g were
recovered during the initial cooling. The average total target compound concentration was 106 -
mg/m’ at an average target mass removal rate of 7.23 grams (.25 ounce) per hour. A cumulative
target compound mass of 2,575 grams (5.7 pounds) was removed during the post-steam m_]ectlon
SVE phase.

The final soil and groundwater concentrations in the test cell were significantly reduced
from the pre-test concentrations. Estimates of mass removed based on soil concentrations before
and after steaming reveal over 90% removal for volatile compourids, 80 to 90% removal for
moderately volétile compounds and 70 to 80% for semi-volatile compounds. In addition, soils
swept directly by the steam exhibited excellent cleanup and the soils which were not swept
showed reductions but not as profound. The steam swept soils were cleaned of the target
compounds by over 94% including the semi-volatile compounds. A deeper steam sweep was not
possible in this field test because the g}oundwater pump inlets could not be placéd deeper than 6
m. Itis expected the same hlgh leve]s of removal would have been achieved in the lower soils if

deeper screen and pump placement had been possible.

Approximately 34 kg (75 pounds) of NAPL were removed from the cell through the
vapor stream during the course of the experiment. Assuming a unit weight of 0.75 g/cm3 for the

NAPL, this equates to about 45.5 liters (12 gallons). An addltlonal 9.5 liters (2.5 gallons) were
\

AY

recovered in the NAPL/water separator.

C. * POSTTREATMENT PITT

. ARAs currently awaiting the results of the data analysis from the posttreatment PITT being
conducted by INTERA, Inc. A copy of the results and a discussion comparmg the pre- and

posttreatment PITT results will follow as an addendum upon recelpt
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S w-- - = - - SECTION VI

RECOMMENDATIONS

Based upon the results obtained during the course of this project several recommendations
can be made: The results from this study showed steam injection to be very"effectiVe in distilling
contaminants from the mixed NAPL at OU-1, Hill AFB.  Yet, the increase in vapor .
concentrations of the moderately volatile compounds was not as high as expected based upon th;e
vapor pressures of these compounds at the elevated temperature. Further study is warranted to
evaluate the reasons for this lack of increase. . In particular, the role which liquid water may play
in this process needs more investigation because further understanding could lead to substantial
improvements in the technology implementation. Additionally, a substantial bank of NAPL was
not pushed ahead of the steam condensation front in this demonstration. Theory was presented
suggesting a'relative]y low limiting viscosity for such a push to occur. This theory requires
additional laboratory and field studies for validation because of the potential impact this result
could have on how the technology is applied to heavier hydrdcarbons. Also, the evaluation of the

technology for other contaminants and soil types should be pursued.

Any of these additional studies should also have comments as to the costs of using steam
injection as a remediation technology. For coarse, gravely soils, such as those at Hill, the
injection and extraction wells can'be relatively far apart; whereas for fine grained soils, more
wells per unit area may be required, driving the cost higher than experienced during this study.
These costs need to be considered when performing a complete evaluation of steam injection
remediation for a site. In addition, the feasibility of using pushed wells for injection and

extraction of the steam should be studied. This well mstallatwn procedure has the potential to be

faster, cheaper, and more informative w1thout any loss in perfotmance.

" A second recommendation is to further enhance and develop the Partitioning Interwell
Tracer Test (PITT). Although this test was very useful in determining the pre- and post-
contaminant locations and saturation levels, performing the test was relatively expensive and
véry labor intensive. Additional methods to reduce the costs of performing these tests would

greatly assist in increasing the utility of these tests. A new approach would still use partitioning
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tracers, but rather than collect samples over a 10-day period (over 2,000 samples were collected
and analyzed for each PITT test during this demonstration), a monitoring system could be used to
monitor the partitioning in-situ. This would require a sensor network to be installed and different
tracers to be selected that matched with the sensing technology chosen for the network. One
sensing technology that should be investigated is fluorescence techmques. If partitioning
fluorescence sensors can be selected, then a network of simple fluorescence probes could be used
to monitor the experiment. Since the sample collection rate would not be limited by actual
sample collection time, more detailed results can be collected at low additional cost. A Cone
Penetrometer fluorescence sensor version can be used to monitor the tracers in an open field
condition under a lower gradient. These approaches effectively reduce costs and allow more

flexibility in the tracer flow field.

Once the PITT data has been collected, additional detailed analysis is needed to better
understand the permeability and NAPL saturation distributi_ons. Two numerical approaches have
been presented but additional graphical display and numerical modeling to ensure the flow
situations are correct should be performed. The PITT provides excellent insight into the site
specific ﬁow field conditions as well as where the pockets of contamination are located. By
using this information, the remediation techniques can be efficiently focused to ensure a cost

effective solution to the contamination problem.

Finally, it is recommended that an additional study very similar to this study, but at a
different site, be performed to confirm the results that were obtained for the effectiveness of the
steam injection remediation techniques at this site. This type of testing would allow a different

soil type and contaminant mix to be evaluated. In addition, this test should be conducted in a
free field configuration to eliminate unique characteristics due‘t‘o the cell configuration.
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APPENDIX A
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QUANTITATIVE JP-4 JET FUEL IN COARSE AND MEDIUM
TEXTURED SOILS BY GAS CHROMATOGRAPHY
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STANDARD OPERATING PROCEDURE
QUANTITATIVE JP-4 JET FUEL IN COARSE AND MEDIUM
TEXTURED SOILS BY GAS CHROMATOGRAPHY

RSKSOP-72
Revision No. 1.1 .
Date: 07/25/95

H3.0.1. Disclaimer: This is a revised Standard Operatiﬁg Procedure that originally was
prepared for use by the Robert S. Kerr Environmental Research Laboratory of the USEPA
and may not be specifically applicable to the activities of other organizations.

H3.1 SCOPE AND APPLICATION

H3.1.1. This method is applicable to the quantitative analysis of aviation gasoline
(AVGAS), JP-4 jet fuel, and select individual compounds of;the fuels in coarse and medium
textured soils. -Although not determined when developing this method, these fuels can be
quantified in water by this procedure (ref. 3.2). The m- & p-xylenes co-elute on the column
used in this procedure. Fuel carbon values may be less accurate if fuel has been subjected
to weathering. Approximately 10 analytical runs can be performed/8 hour day. The use of
an autdinjector allows for unattended operation and overnight analyses. This method is
restricted to use by or under the supervisidn of the analysts experienced in the use of gas
chromatography and in the interpretation of chromatography. ‘

H3.2 SUMMARY OF METHOD

A soil sample is added to a VOA vial and extracted with methylene chloride and water. The
methylene chloride extracts are analyzéd by capillary column gas chromatography-flame
ionization detector and/or MS. Based on a 15 g sample, the concentration range
igvestigated is apprdxixhately 15-15,000 mg/kg for total fuel and 0.2-200 mg/kg for

individual compounds.

L
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H3.4 PROCEDURE
H3.4.1. Sample Vial Preparation

H3.4.1.1. Prepare 40 ml VOA vials for sub-samples of subsurface material in the
laboratory. Put labeling tape around vials and weigh. Add 5 ml of organic-free water
(Milli-Q water) acidified with H2SO4 (pH<2) Reweigh the vial and water along with screw
cap and Teflon-lined septum. Add 5 ml GC/GC-MS grade methylene chlonde thh a glass
5 ml syringe, Teflon upped barrel, cap, and reweigh.

H3.4.2. Sampling in the Field

H3.4.2.1. Jars for collection of core samples will be pre-washed, assembled with lid liners,
and labeled in the laboratory. Core samples will be placed in pint (6’ of core material) or
quart (12' of core material) jars with aluminum-lined lids, and sample identification will be
recorded. Core samples will be taken to an on-site traileI\and subsampled for extraction.
Subsamples of each core-subsection will be placed in the pre-prepared VOA vials
contammg the extracting solvent. Immediately prior to addition of soil to the VOA vials,
reweigh VOA vials, record weights, and compare to original vial weights with solutions
“added. If the weights are different by more than 0.1 g, the vials are not used. ‘Take a 10 to
15 gram sub-sample from the core sample jar with a stainless steel spatula. Reweigh VOA

-
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v1als with soil, and record sample weight and sample ldenuﬁcauon Shake samp]es
rigorously for a few mmutes  and placc m icechest. .

H3.4.3. Extraction and Analysis

H3.4.3.1. Allow soils to remain in contact with methylene chloride/water extracting solution
for approximately 2 days prior to analysis. Maximum holding time 14 days. Secure the
vial to a wrist action shaker and shake the sample for 10 minutes. Remove sample and ,
allow phases to separate. (If requiréd, sonicate the sample for about one minute to break up
any emulsion present, or freeze sample to separate phases.) Using a 1 ml glass syringe',
Teflon tipped barrel, remove approximately 1 ml of the methylene chloride and transfer it to
the head of a drying column prepared from a Pasteur pipette containing approximately 2
. inches of fired (400° C 4 hrs) sodium sulfate above a glass wool plug. Allow the dried
extract to drain into a 2 ml septum vial. Prepare a method blank every 20 samples, or 1 per -
set of samples received if sample set is less than 20, by extracting 5 ml of organic free water
with 5 ml methylene chloride following the same procedure. ‘
H3.4.3.2. In order to obtain soil moisture content, decant'rerﬁaining solution to wastes and
allow vials with extracted soils to air-dry followed by drying in an oven at 105° C for 24
hours. Reweigh vials with soil (no caps). Moisture contents may also be deterrmned by
weighing a subsample from the core sample jar onto a pre-weighed aluminum wexghmg pan

and drymg in oven at 105 C for 24 hours.

H3.4.4. Sample Analysis -

H3.4.4.1. Sample analysis is done using a gas chromatograph (GC) with either FID and/or
MS analysis. Data acquisition and proéessing by a chromatographic software package. See
Appendix I-4 for the GC method and MS analysis. For'FID analysis, quantitation is based
on a 4 point, external standard curve. Calibration stang!‘ards containing the individual
compounds are prepared in methylene chloride from individual pnmary neat compounds.
-Using the following equation to calculate compound volumes, a 1000 pg/ml primary
mixture made up to 50 ml is prepared by adding appropriate volumes of each compound.

I

Vorig = [(Cson/density)*(Vsoim)]*(1000) m
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where:

= volume of neat corﬁpoun'd-which will be added to the 50 ml volumetric flask

tu;) :

Vorig

Csoln _= desired ﬁna] concentratan of md1v1dua.l neat compound (1 g/ml = 1000
}lg/ml) .o

e
LRI IR S

density = mass of the peet ‘c‘empound mgrams divided by voluime of the compound in 1"~

ml (g/ml)
-~ Vsoln - = final volume (50 mljof ;;etﬂyiene chloride solution ~
1000 = t'actor to convert mﬂhhterrsto ttﬁcfbliters

H3.4.4.2. Appropriate dxlunons are made from this pnmary dilution to prepare the
remaining stock standards at 100-10-1 pg/ml. Retention umes are determined for each

individual analyte. A four pomt externa.l callbranon curve (1- 10-100 1000 pg/ml) is
established for each individual analyte '

i Fhite
H3. 4 4.3. The orxgmal concentrauon of the soxl core 1s calculated usmg the followmg

equations:
Corig = (Csoln)(Vext)/Ms : SN | (V)
Vext=(Vi)- (SwVw/dMO) © ' o 3
where:
Corig = the concentration (mg/kg) of the analyte in thé\on' ginal core.
Csoln = the concentration in the ectuéd dilution analyzed via GC (mg/L).
M; = dry weight of sample (g)
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Vi = uunal methylene chlonde (ml) added to 8011

Vet = methyleﬁe chloride adde'd"to sample after ,equilibration with aqueous phase -
(mab). - o |
 Sw = aqueous solubility of methylene éhloride (34,000 mglL at25’C)
Vw = added water plus residu::ﬂ‘v&éter from soil core (ml). ..
dMC = density of methylene chloride (g/L)

H3L5 MISCELLANEOUS

- H3.5.0.1. The analytes in thxs method are extremely volatile. Care should be taken to
minimize losses.

H3.6 PRECAUTIONS .

H3.6.0.1. When working with methylene chloride and/or preparing standards from neat
compounds it is advisable to work inside a fume hood and to wear protective gloves. Safe

‘laboratory practice is advised.
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Volatile and Semivolatile Organics by Gas Chromatography/Mass
spectrometry (GC/MS): Capillary Column Techmique

1.0 Sscope and Application:

Analytical Method used for soil core samples from Hill AFB

shipped in 40 ml vials with pH adjusted water and methylene
-chloride. Alterations to these core samples such as the use of
surfactants may require changes to be made to this method.

A

2.0 Summary of Method:

Upon receipt of samples the vials are stored at 4°c until ready
_for analyses. Samples are removed from the refrigerator allowed
to equilibrate with room temperature and then sonicated for 15
minutes. After sonication the samples are centrifuged and an
aliquot of the methylene chloride phase transferred to a 1.8 ml
autosampler vial, internal standard added, and is ready for GC/MS

analyses.
3.0 Interferences:’ L

Raw GC/MS data from all blanks, samples, and spikes must be
evaluated for interferences. If possible‘'these interferences
must be eliminated or reported.

Contamination by carryover can occur whenever high-concentration
and low-concentration samples are sequentially analyzed. To
reduce carryover it is helpful to rinse the syringe used for
injection into the GC/MS numerous times before and after
injection. Whenever an unusually concentrated sample is
encountered, it should be followed by the analysis of methylene
chloride to check for tross contamination. Since these samples
tend to have a highly concentrated background, blanks need to be
analyzed as freguently as possible. o

4.0 Apparatus and Materials:

Gas Chromatograph-~ Hewlett Packard 5890 with capillary injection
Mass Spectrometer- Either a Hewlett Packard 5970 or 5972

Automatic Sampler- Hewlett Packard ALS 7§73

Data Station- Hewlett Packard Chemstation

Column- J&W Scientific DB-1701, 30 meters, .25 mm
“w I.D., .26 um film thickness

Syringe- 10 ul . -

Balance- Analytical, 0.0001 g

Bottles- : . Glass with Teflon-lined screw caps or crimp

tops ’ '

§.0 Reagents:

Water- Millipore Corporation Milli-Q UV Plus
Methylene Chloride- Aldrich Cat. # 32,399-3 99.9+% PRA Grade
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‘Viscosity Delay-

organic Analytes- 97% pure or greater ... - . - -
calibration Standards and Stocks- prepared according to MTU-EEL
' ) Procedure entitled Standard

Preparation Procedure 5/19/92
DLP .

Internal Standard- Tetrachloroethene

MS Tuning Standard- Perfluorotributylanine

6.0 Sample CQllection, Preservation, and Eandlin§§

~

' This is to be performed by others,.method unknown. Once samples

are received at MTU-EEL they are stored at 4°C for :not more than

7.0 Procedure: '
I I A

7.1 Sample Preparationm: e

In attempt to insure complete extraction from the soil/water
matrix into the methylene chloride all samples are sonicated, at
room temperature, in our sonicator at 21 kilocycles per second
for 15 minutes. After sonication the samples are centrifuged at
2300 revolutions per minutes for 15 minutes to separate the
phases. After phase separation a 1.0 ml aliquot is removed from
the vial and put into an HP autosampler yial with a Teflon lined
septum and crimp cap. - ' C 4

7.2 Operating Conditiens for the HP 5890 GC:

Injection port- 250°c

oven Temp Initial Time- 3 minutes
Ooven Temp Initial Value- 35°%

Oven Temp Program Rate- 6°¢c

Oven Temp Final Time- 0 minutes
Oven Temp Final Value- 137°%
Transfer Line Tenmp- 280°%
Column Head Pressure-. 8.5 psi

‘Approximate Column Flow-Rate- .9 ml/minute

Septum Purge Flow Rate=- 8.0 ml/minute
split Vent Flow Rate- 31.3 ml/minute
Splitless Time- .5 minutes

7.3 Operating Conditions of the HP ALS 7673:

Sample Wash- | 3
Sample Pumps- 3
'Sample Volume- .. 2 ul

- 2 seconds
Solvent A (methylene chloride) Wash- 3

Solvent B (methylene chloride) Wash- 3
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7.4 oOperation conditions of the HP Mass Selective Detector:

Electron Multiplier Voltage' (Relative to Autotune)- 200
Selective Ion Monitoring (SIM) Mode

Compound L SIM - - - Start Time Cycles/Sec
1,1,1-trichloroethane _97.0 2.3 2.80
berizene = c 78.0 2.3 2.80
trichloroethene 130.0 2.3 2.80
toluene - 91.0 4.0 7.63
tetrachloroethene (I.S.) 166.0 5.0 4.10 *-
ethylbenzene 91.0 - 5.0 4.10
o-Xylene 91.0 5.0 4.10
decane T 142.0 9.5 2.80
1,3,5-trimethylbenzene 105.0 9.5 2.80
undecane ' 156.0 11.5 ' 2.80
dichlorobenzene 146.0 11.5 2.80
naphthalene : 128.0 14.2 7.63

Average Pressure- 2.6 X 107

8.0 cCalibration:

A seven point calibration curve must first be analyzed to verify
proper operdation of the GC/MS. After fitting the standards all
analytes must meet acceptance criteria. This criteria includes:

1. percent relative standard deviations of less than 15 percent
for the first seven compounds in section 8.1, 25 percent for
.naphthalene and o-dichlorobenzene, and 35 percent for
undecane. This is used to determine if the GC/MS is
‘exhibiting a deterioration of response (as determined in
SW-846 Method 8270B section 7.3.4.1 page 13),

2. deviation of any single concentration point greater than;
35 percent for naphthalene and benzene,

20 percent for 1,3,5-trimethylbenzene, undecaﬁe; and
ethylbenzene, ) :

35 percent for the lowest standard\%£ 1,1,1-trichloroethane,
trichlorocethene, toluene, o-xylene, and decane and 20
percent for the remainder of the concentrations of these
compounds, from the predicted value of the calibration
curve, see calibration curves in appendix 2. :

3. Reproducibility will be monitored with the use of a range
table or shewart plot as described in "Handbook for
Analytical Quality Control in Water and Wastewater
ILaboratories™ USEPA, ‘June 1972. .
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-In general, the higher concentratxon standards should exhibit

lower errors than the lower concentrations and the errors should
be randomly distributed and the fit be approximately linear.

Range tables for this ana1y51s are not completely statlstlcally,
defined yet as the defining population for determination is not -
yet large enough. However; range tables have been provided wlth
this method to illustrate the technique and -to provide .
preliminary data for measuring the methods ability to provide
reproducible data, see appendix 1. 1In the tables in appendix 1
you will also find the reproduclblllty data for the samples LSRN
already analyzed by this method. Many of these points are above
the upper control limits currently set. This could be partially
due to the population being low or due to a more serious problem.
During the time period allowed for approval of this method a
greater population will be generated and other potential problems
will be investigated by further analyzing the ‘samples that we
currently have.

As you will note from both the calibration curves and from the
range tables benzene and naphthalene presented higher than
expected errors for reproducibility. Unfortunately, time does
not allow further statistical investigation of this until after
this report is sent. It is believed that ;this situation can be
corrected for: by providing new calibrations for these compounds
earlier than required for the other target compounds. This will-
be investigated during the approval period.

As standards are prepared by using the actual analytes
verification of operation and calibration can be easily
determined. To help correct for errors due to injection all
analytes are divided by the internal standard, tetrachloroethene,
and plotted as area ratios. If any sanples have an internal
standard area higher than that of the standards then the average
internal standard area from the standards will be used for
determining that samples area ratio. After initial verification
at least three standards should be analyzed after every 10
samples at or near the quantitation limit, a mid range standard,
and a standard at or near the highest concentration of the
calibration curve. This is performed to insure that the
calibration does not drift as a function of time. If these,
"calibration Check Compounds", as called khy SW-846 Method 8270B
section 7.4.4. page 15 differ less than or equal to 20 percent
the initial calibration is assumed to be valid. If the criterion
is nbt met for any one Calibration Check Compounds corrective
action must be taken. :

Since the standards are prepared in house and of good quality
reagents we considered these to be the "true value® and matrix
spikes will be used to determine the percent recovery or
accuracy. Since the- samples are sent to us pre—-extracted, the
spike is performed by injecting 30 ul of methylene chloride
containing the target analytes into the extractant. It should be
noted that this recovery only accounts for matrix interferences

136




in the methylene chloride extractant. ..

10 percent of the samples are analyzed in duplicate and 20
- percent of the samples should be blanks.

8.1 oQuantitation Limits: .

Compound . ‘Quantitation Limit ug/l
1,1,1-trichlorocethane 56
benzene ) 76
trichloroethene ' 61

. toluene . 57 : S
ethylbenzene 54 S A
o-xXylene : 58 .
decane 84
1,3,5-trimethylbenzene 192. S
undecane 206 - . Do
o-dichlorobenzene 207 LT
naphthalene 192 , ST

9.0 GC/MS aAnalysis:s

Once the standard or sample is in the autosampler vial a 7 ul
injection of tetrachloroethene in methylene chloride is added to
act as an internal standard to yield a concentration of 5636
ug/l. Samples that regquired dilution weré diluted
volumetrically. Direct injection of 2 ul of the methylene
chloride phase is made into the injection port via a splitless
injection on the GC/MS where separation and detection occur based
on the conditions stated in sections 7.2 to 7.4. A sample
chromatogram is given in appendix 3. Loy '

10.0 Data Interpretation:
10.1 Qualitative analyses:

The qualitative identification of compounds determined by the
method is based on retention time, and on comparison of the
sample mass spectrum. In order to obtain the greatest
sensitivity for these samples typically only one characteristic
ion has been chosen for identification purposes. The relative
retention time of the sample component should not exceed +/=- 0.06
retention units. . ' \

\

10.2 Quantitative Analyses: SN

When a compound has been identified, the quantitation of that
compound will be based on the integrated abundance of that

characteristic ion. -

The calibration curve is expressed by the following equation
Concentration mg/l = Parameter 1 * Area Ratio ** Parameter 2.

In order to determine the concentratibn of the sample the area
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ratio, which is the area of the target analyte d;v;ded by the _
internal standard, is taken to the power of parameter 2, which j
should be very close to 1, and multiplied by parameter 1. This _
Yields the concentration of the target analyte in the methylene
chloride phase. This is the number that should be reported.

11.0 Quality Control:
The requirements for this project are:.

1. Before processing any samples, the analyst should .
" denonstrate through the analysis of a method blank,

- that interferences from the analytical systen,
glassware, and reagents are under control. Since
samples are being supplied with no reagent, trip, field
etc. blanks it is impossible to assure that _
interferences from the glassware and reagents are under
control. o

2. The experience of the analyst is invaluable to the
success of the method. Each day that the analysis is
performed the daily calibration standards should be
evaluated to determine if the chromatographic system is
operating properly. Questions that should be asked
are: Do the peaks look normal?;  Is the response
obtained comparable to the response from previous
calibrations? Careful examination of the standard )
chromatogram can indicate whether the column is still :
good, the injector is leaking, the injector septum
needs replacing, etc. If any changes are made to the
system (e.g. column changed), recalibration of the
system nust take place.
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A quality control reference sample concentrate is
required containing each target analyte. The QC
reference sample concentrate may be prepared from pure -
standard materials. This reference sample concentrate
is then injected into methylene chloride and the :

. recovery determined. This should be done at three
concentrations one near the guantitation limit, one mid
range, and at or near the highest concentration used
for the calibration curve. For each analyte compare
the standard deviation of the recovery in ug/l and the
average recovery .in ug/l with the corresponding
acceptance criteria for precision and accuracy.

L3N

-
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Compound o Ave. Recovery Std.- Dev.
1,1,1-trichloroethane 100.15 . 3.J34
benzene 100.32 3.60-.
trichloroethene . 100.74 " 7:25¢
. toluene 100.26 5.11

ethylbenzene 100.37 7.76
o-xXylene ‘ 101.14 8.62.
decane 101.86 - 11.03
1,3,5-trimethylbenzene 100.98 7.35
undecane . . _ . .- - 101.65 10.25
dichlorobenzene 102.46- 13.00
naphthalene - . 101.51 10.36

\
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Appendix 1
Range Tahles

Volatile -and Semivolatile Organics by Gas Chromatography/Mass

Spectrometry (Gc/Ms) @ Capillary Column Technique

Compound: 1,1, l-trichloroethane

2%

Conc. Range-mg/l L Sample t Sample Range UWL UCL

0.06 = 0.07 . -i-... '.'ii‘i.f"" oo 0.07 0.09
0.07 - 0.15..- -1, 2, 3, J‘o 04, 0.02,°0. 01‘ ST ..
0.15 - 0.45 - . 4, 6, 9,.0. 03, O 02, 0.02 0.07 0.09
0.45 - 0.89 - e - . 0.07 .09
1.62 - 3.32¢ SERREY, - 0,14 0.19
3.32 - 6.84° BT 00 ‘0.49 . 0.64
6.84 - 14.712 I o -0.84 " ©1.09

14.71 - 20.22° v g ——— —

Compound. benzene '

Conc. Range mg/l Sample f Sample Range : UWL - UCL
0.08 - 0.10-: “ 0.08 0.10
0.20 - 0.20 ‘ 0.08 0.10
0.61 - 1.20 0.28 0.36
1.20 - 2.19 0.31 0.40
2.19 - 4.48 0.78 1.01
4.48 - 9.22 2.33 3.03

.9.22 - 12.39 3.00 3.90

Compound: trichloroethene

Conc. Range mg/l  Sample # Sample Range UWL ucL
0.06 - 0.08 1 0.00 0.08 0.10
0.08 - "0.16 2 0.00 . 0.08 0.1l0
0'16 - 0.48 4' 5 0002' 0-051 0008 o-lo
0.48 - 0.95 3 0.06 \ 0.038 0.10
0.95 - 1.70 \\ 0.08 0.10
1.70 - 3.57 0.24 0.31
3.57 = 7.35 0.28 0.36

.7.35 - 9.22 0.70 0.91
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Compound: toluene

13.76
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Conc. Range mg/l Samﬁle # Sample Range UWL UCL
0.06 - .0.08° o 0.07 0.09
0.08 - 0.15 4 - 0.02 oo 0.07 0.09
0.15 - 0.45 2, 3 0.00, 0.01 0.07 0.09
0045 - 0090 ’ "A ) ' - 0007 000_9
0.90 - 1.64 1 0.03 0.08 0.10
l1.64 - 3.35. Lo 0.09. .12
3.35 - 6.89 : S 0.23 0.30
6.89 - '9.26 s 0.18 0.86 1.'12

Compound: ethyl benzene

Conc. Range mg/l. . Sample #‘"Sgﬁh}eﬂkange ’ UWL - UCL
0.05 - 0.07 | ' 0.07 0.09
0.07 - 0.14 0.07 0.09
0.14 - 0.43 1, 2 0.03, 0.02 0.07 0.09
0.43 - 0.84 ' 0.07 0.09
0.84 = 1.54 o 0.07 0.09
1.54 - 3.16 3 0.16 - 0.16 0.21
3.16 - 6€.50 4 0.07 _ 0.29 0.37
6.50 - 8.73 - b 0.50 1.17

Compound: o-xXylene

Conc. Range ﬁg/l Sample #d;33@ple Rénge UWL - ~ucL
.06 - 0.08 0007 0.09
0.08 - 0.15 3 0.02 a 0.07 0.09
0.15 - 0.46 i, 2, 5 0.02,.0.02, 0.13  0.07 0.09
-0.46 - 0.92 4, 7 "0.08, 0.07 0.07 0.09
0.92 - 1.68 - ‘ T ' 0.10 0.13
1.68 = 3.44 : 0.11 0.15
3.44 - 7.06 6 0.40 0.31 0.40
7.06 - 9.50 1.50 1.94
9.22 -‘12.39 3.00 3.90

‘Compound: decane . ‘

. - N oy

Conc. Range mg/l Sample # Sample Ran&e UWL UCL
0.08 - 0.20 0.11 0.14
0.20 - 0.22 o . . 0.11 0.14
0.22 - 0.67 3, 4, 5 _0.24, 0.18, 0.05 ' 0.11 0.14
0.67 - 1.33 1 ' 0.20 0.11 0.14
1.33 - 2.43 A 0.12 0.16
2.43 - 4.98 . 0.29 0.37
4.98 - 10.24 . 2, 7 0.49, 1.41 0.37 0.48

10.24 - 6 1.75 1.55 2.02




. Compound: 1,3,Sftrime£hylbenzene

6.55

8.81.
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‘Conc. Range mg/l. sample # Sample Range ucL
0.06 - -0.08 ) | 0.07 0.09

. _,0-08 - 0.15 7 ' o 0.07 0.09
0.15 - 0.46 . 1 0.04 0.07 0.09
0.46 - .0.91 ‘2, 4 .09, 0.15 " 0.07 0.09
0.91 - 1.67 Y 0.10 0.13
1.67 = 3.42 5 0.90 0.14 0.18
3.42 - 7.03 -~ 3 0.47 . 0.33 0.43

Compound: undecane .

- Conc. Rabge'mg/l . Sample # Sample Range UWL UCL
0.06 - 0.08 T 0.11 0.15
0.08 - 0.15 0.11 0.15
0.'15 - 0.46 AN . R 3 0'11 0.15
0.46 = 0.91 : 0.11 0.15
0.91 -  1.67 4 0.09 0.14 0.18
1.67 - 3.42 ' 3 0.26 0.12 0.16
3.42 - 7.03 L 0.32 0.83

Compound: o-dichlorobenzene

Conc. Range mg/l Sample # -Sample Range UWL ucL
0.06 - 0.08 - 0.07 0.09
0.08 - -0.15 0.07 0.09
0.15 - 0.46 j 0.07 0.09
0.46 - 0.92 S 0.29 S 0.31 0.40
0.92 - 1.68 2; 3 0.22, 0.21 0.17 0.22
1.68 - .3.43 4 0.39 0.76 0.929
3.43 - 7.06 : . 1.29 1.68
7.06 - 9.49, 1.74 2.27

~ Compound: naphtha}ene v ‘

Conc. Range mg/l 'Sample # 'Samp1e Ragge UWL ucL
0.05 - 0.07 a 0.07 0.08
0,07 - 0.23 - T - 0.07 0.09
°o23 - 0043 1; 2 ) 0-03, 0.02 0009 0011
0.85 - 1055 R ' '_' * . 0.58 0175
1.55 - 3.19 3 . ) ‘0.16 1.39 1.81
3.19 - 6.55 -4 0.07 2.20 2.86

- . . >_ 4.17 4.42
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Appendix 2
Calibration Curves

Volatile and Sermvolan]e Organics by Gas :hromazographyMass Spectromeuy (GCMS):
- Capillary Cc!umn Technique . A

1o 20
i L5
ot 1 ,
- .
+ 1 !
WAt 0
e
& - aur
: -
- « E
s -
.. .
. .
e s
I T : - v
o - -
LR :
. .
R e
AL
- PR
TG T -
RN
hd T
R H -~
- A
2% -
¢ -
e .
-
-~
) i
- he
Y
L4
3
- 3
.

143




7/06/95 Sy
1lltca yemovivy AP i ¥ .L«-(L\—lj' ' . .

INDEPENDENT VARIABLE,X, IS: area ratio L
DEPENDENT VARIABLE,Y, IS: concentration MG/L

'EQUATION OF THE FORM: Y=PAR(1)*X**PAR(2) -
PARAMETERS FOUND BY MINIMIZING THE SUM OF SQUARES OF THE PERCENT ERRORS
BEST FIT PARAMETER VALUES |

PARAMETER PAR(1) = .395917E+01
PARAMETER PAR(2) = .101459E+01

X Y PREDICTED ¥ RESIDUAL PERCENT ERROR

.019 .056 .069 -.013 = -18.695
.012 .056 .046 ’ 011 - 23.694
.012 _ .056 .046 40011 23.490
.026 .092 .098 -.006 -5.981«
.027 . .092 J101 . =.009 -9.375
.025 © .092 .093 -.002 -1.807
.027 .092 . .101 -.009 -9.341
.022 .092 .080 .011 14.058
.022 .092 .082 .010 12.465
.033 .092 .126 ~-.034 -27.050
.031 .092 . .117 -.026 -21.828
.059 .201 .225 ~-.024 ~10.766
.057 .201 .218 -.017 - =7.829
.057 .201 +216 ~-.016 -7.271
.185 .697 .715 ~-.018 -2.540
.183 .697 .707 -.010 -1.422
.185 ) .697 <715 - =.018 -2.508
.191 .697 .740 -.043 -5.763
.187 .697 .723° ~.026 -3.565
.285 1.079° 1.107 ~.028 -2.568
.280 1.079 1.088 - =.009 ~.809
.290 1.079 1.127 -.048 ~4.236
<269 1.079 - 1.044 . 035 3.317
.281 1.079 1.091 -.012 ~1.067
o 276 1.079 - 1.074 - - .005 .458
.546 2.164 2.141 .023 . 1.054
.563 2.164 2.212 -.048 -2.188
.563 2.164 2.209 ~-.046 -2.065
.523 2.164 . 2,053 2111 5.400
1.158 4.485 4.594 -.110 -2.386 - i
1.087 4.485 4.308 177 4.108 ; :
1.098 '4.485 4,353 .132 3.034 :
1.125 4.485 4.462 .023 .515
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1.050 - 4.485 - 4,161 - © ce324 - 74777

1.096 4.485 4.346 .138 _ 3.185
1.017 4.485 4.027 ~ .458 11.375
2.203 5.187  8.823 .363 4.120
2.226 9.187 . 8.915  .272 3.047
2.202 9.187 - g.s818 .369 4.182

5.615 20.224 22.798 -2 573, -11.288

. AVERAGE INDEPENDENT VARIABLE,XBAR = .613843 -
SUM OF THE SQUARES OF THE RESIDUALS = 7.38837 .
SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 40.9355
VARIANCE = .189445 ' ,
STANDARD ERROR = .435253 )
STUDENT T VALUE = 2.0230 CORRESPONDING TO 39 DEGREES OF FREEDOM

ACTUAL DEGREES OF FREEDQM = 39

e~
.

95% CONFIDENCE INTERVALS
X Y LOWER ¥ PREDICTED Y UPPER Y

.019 .056 -.091 - .069 .229
.012 .056 -.115 ~ .046 - .206
.012 : . 056 -.115 .046 .206
.026 .092 ~-.062 .098 .257
.027 .092 . -.058 .101 .261
.025 2092 -.066 .093 . .253
.027 .092 -,058 .101 261
.022 .092 . =.079 .080 .240
.022 .092 -.078 .082 .241
.033 . .092 -.033 .126 .285
.031 .092 . -.042 «117 - «277
.059 .201 - .068 .225 .382
. 057 .201 . 060 .218 .375
. 055 .201 .049 . .207 .365
. 057 ’ .201 . .059 .216 .374
.185 .697 .566 .715 .865
.183 .697 «557 [ 707 " .857
.185 <697 . ,.565 " 715 .865
.191 ~ .697 .590 , w740 .839
.187 .697 . .573 2723 .872
.285 1.079 .963 1.107 1.252
. .280 1.079 -~ .943 1,088 1.233
Y .290 1.079 . .982 1.127 1.271
269 1.079 " .899 1.044 1.190
.281 : 1.079 .946 1.091 1.235°
.276 1.079 .929 1.074 . 1.219
.546 2.164 2.003 2.141 .- 2.279
.563 . 2,164 - 2.074 2.212 2.350 .
.563 . 2.164 . 2,072 . 2.209 : 2.347
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1.158 4.485
1.087 . 4.485
1.098 . 4.485
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1.125 ° 4.485

1.050 - '4.485 -
.1.096 ~4.485

1.017 4.485

2.203 9.187 .

2.226 9.187
2.202  9.187

5.615 20.224

1.915
4.438
4.156
4.200

4.307.
4,011
4.194
‘3,878
8.565

8.560
22.096
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Benzene o, LY. efo ot 1 ¢ st h

INDEPENDENT VARIABLE,X, IS: area ratio _
DEPENDENT VARIABLE Y, IS. concentratzon MG/L

EQUATION OF THE FORM;‘Y=PAR(1)*X**PAR(2) - .,
PARAMLTERS FOUND BY MINIMIZING THE SUM OF SQUARES OF THE PERCENT ERRORS

Y

BEST FIT PARAHETER VALUES

'PARAMETER PAR(l) = .246008E+01
PARAMETER PAR(2) = .101516E+01

X - Y PREDICTE’D Y RESIDUAL PERCENT ERROR

.026 .076 .061 .015 . 24.433
.030 . .076 .069 .007 10.273
.029 ... .076 . 068 008 11.768
.047 .076 .111 -.035 -31.651
. 049 - <124 .114 .009 8.246
. 049 <124 115 .009 7.385
.044 .124 .104 .020 119.367

. .054 .124 .127 -.003 -2.151

" .052 124 - .123 .001 : «662
.061 . .124 .145 -, 021 -14.498
.072 124 .171 -.047 . ~27.568
.061° T .124 . <143 -.019 -13.352
.077 .124 - .183 '-,059 = =32,233 . ”~
.111 .271 .263 .008 2.924
.116 .271 .277 -.006 -2.148
113 .271 .269 .002 ©.749
.123 .271 .293 -.022 -7.533
.153 .271 .366 - =-.095 -26.031
.47 .940 1.145 - ' =-,205 -17.917
370 . .940 ' .896 . »044 4.934
.374 _ .940 .906 - * 034 3.802
.395 .940 .959 -.019 -1.969

. +449 .940 1.090 -.150 -13.763

.476 .940 1.157 - -.217 . -18.784
.520 - 1.455 1.267 .188 14.837
.552 1.455 1.345 .110 8.163
.562 1.455 1.370 .085 ' 6.195
.558 1.455 1.359 .096 . 7.025
.597 1.455 1.458 ~.003 . =.187 :
. 699 1.455 ~1.710 . =-,255 ~14.889 :

1.430 2.918 - 3.536 -.618 -17.490

1.105 2.918 2.721 .196 7.213

1.178 2.918 2.9038 . .009 .319

1.324 2.918 - 3.270 -.352 -10.768
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1.329 2.918 " 3.285  -.367 ~11.1270

2.137 6.048 5.318 .729 © 13.714
2.111 6.048 5.253 .795 15.139
2.160 - 6.048 5.376 .671 12.489
2.200 6.048 " 5.477 .571 10.417
3.608 . 6.048 . 9.050 -3.002 . -33.174
2.268 6.048 '5.650 . .398 7.042
2.555 6.048 6.376 -.328 =5.140
5.762 . 12.389 ~ 14.557 -2.168 "=~14.893
4.332 12.389 10.897 1.492 ° 13.693
4.564 12.33% 11.491 .898 . 7.816
4.833 12.389 12.176 $212 . 1,744

SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 96.0403
VARIANCE:= ,453172 . |

STANDARD: ERROR = ,673180 v )
STUDENT T VALUE = 1.9900 CORRESPONDING TO 44 DEGREES OF FREEDOM

ACTUAL DEGREES OF FREEDOM = 44

95% CONFIDENCE INTERVALS

X Y LOWER ¥ PREDICTED Y UPPER Y
.026 ' .076 . =,184 .061 ' .307
.030 .076 -.176 .069 -314
.029 .076 -.177 .068 .313
.047 .076 '=.132 -112. 355
.049 <124 - -.129 114 .358
.049 .124 -.128 .115 .359
. 044 <124 -.140 .104 348
. 054 L +124 -.117 T .127 .370
. .052 .124 ~-.120 .123° 366
.061 -124 -.098 . +145 «387
.061 .124 -.100 "\e143 ' .385
.077 124 -.059 Y183 .424
.111 .271" - 024 .263 .502
115 271 .038 ' .277 .518
Y L1213 271 . 030 .269 .507
.123 .271 .055 . 293 .530
.153 .271 ~.130 P .366 : .601
T .471 .940 ' .930 1.145 1.360
.370 +940 : .675 .896 1.117
.374  .940 . .685 . - +906 © - 1,326 - _
.395 +940 <740 ~ «959 .. 1.178
. 449 -940 - . . .874 1.090 7 1.306
.476 . .940 ' .943 ~ 1.157 . 1.372
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.520  1.455 1.055 1.267

.552 1.455 - . .1.134 1.345
.562 1.455 1.160 1.370
.558 1.455 1.149. 1.359

o -

.597 1.455 1.249 . 1.458.
- 699 1.455 . 1.505 1.710
- 1.430 2.918 3,333 3.536

1.105 ‘ 2.918 2.524 2.721 .-

1.179 2.918 2.711 1 2.908
1.324 2,918 3.070 3.270
~1.329 2.918 3.084 3.285
2.137 6.048 $.075 5.318-

2.111 - 6.048 5.011 5.253 °
2.160 6.048 5.131 . 5.376
2.200 . 6.048 5.228 5.477
3.608 6.048 8.653 3.050
2.268 6.048 . 5.395 5.650
2.555 6.048 ‘ 6.094 6.376
5.762 12.389 13,888 14.557
4.332 12.383- . 10.412 ..10.897
4.564 12.389 °  '10.976. -11.491
4.833 12.389 11.628 12.176
L

N
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" 1.570

1.666
1.914
3.739
2.919
3.106
3.470
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_5.562
5.494
5.622
5.726
9.447
5.905
6.657
15.225
11.382
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INDEPENDENT VARIABLE,X, IS: area ratio :
DEPENDENT VARIABLE,Y, IS: concentration MG/L:
; )

EQUATION OF THE FORM: Y=PAR (1) X*+PAR(2)
PARAMETERS FOUND BY MINIMIZING {THE SUM OF SQUARES OF THE PERCENT ERRORS
BEST FIT PARAMETER VALUES '
PARAMETER PAR(1) = .437029E+01

PARAMETER PAR(2) .100093E+01
X. . Y ° PREDICTED Y RESIDUAL PERCENT ERROR

.015 .061 . .067 -.007" ~10.077

.014 .061 .060 - i .000 .662

.023 .099 . .102 -.003 -3.081

.023 .099 . .099 . "\ 000 -.436

.022 : .099 .095 © %003 3.339

.023 .099 .099 -.001 -.829

.023 .099 102 - «,004 - =3.453

.019 .099 ..084 . .015 . 17.328

.022 .099 .098 .003 2.916

.023 .099 - .100 . =.001 -1.132

.053 - _ .216 .229° . =,014 ~5.964

.0S51 . ,216 .220 ~-.005 -2.11C

.048 .216 .210 .006 2.815 4
.048 . .216 .207 . .008 3.983

-.176 .749 .768 -.019 -2.502 .

177 .749 : 771 ~-.022 -2.844

175 . «749 .76S - =, 016 -2.062 v

-178 - 7489 . <776, -.027 -3.441
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'.266 1.160 _1.161 '-.001  =.097

<276 '1.160 1,203 -,043 -3.589

<270 1.160 1.176 T =017 =1.437

.263 1.160 ' 1.147 : 012 . - 1.078

«269 1.160 - 1.174 ~.014 - «1.213

.549 2.325 2.397 -.072 -=3.002

.543 2.325 2.372 -.047 -1.961

<571 2.325 2.454 -.169 -6.773
1.105 4.820 4.828 =-.009 -.182
1.118 4.820 4.886 - =.067 -1.369 '
1.078 4.820 4,711 .108 2.302 T oa
1.086" 4.820 4.745 075 1.573
1.047 . 4.820 4.574 246 5.373
1.066 4.820 4.658 T .161 3.466
2.192 9.873 9.587 .286 2.984
2.195 9.873 ) 9.600 T 6272 2.838°

1

AVERAGE INDEPENDENT VARIABLE,XBAR = .441288

SUM OF THE SQUARES OF THE RESIDUALS = .305247

SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 11.4660
VARIANCE = .953896E-02 o
STANDARD. ERROR = ,976676E-01

STUDENT T VALUE = 2.0400 CORRESPONDING TO 32 DEGREBS OF FREEDOM

ACTUAL DEGREES OF FREEDOM‘- 32

95% CONFIDENCE INTERVALS

X Y LOWER Y PREDICTED Y UPPER Y
.015 . 061 Tlo2s . .067 .110
.014 061 .018 -060 .103
.023 .098 __ .060 \.102 -144
.023 .099 057 . \oso .141
.022 .099 L0583 .095 .138
.023 .099 .057 .099 - L1842
.023 .099 . .060 .102 .144 :
.019 .099 -.042 .084 . .126
.022° . .09% .054 .096 .138
.023 099 - .058 .  .100 - 142
.053 .216 188 .229 270
.051 .216 179 .220 .262
.048 .216 169  .210 .251

. ..048 .216 .166 .207 .249

176 C.749 131 768" -806 -
177 749 © L7133 L7171 .809
175 749 .727 765 . .802
178 S245 . .73m 776 813
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INDEPENDENT VARIABLE,X, IS: area ratio
DEPENDENT VARTIABLE,Y, IS: concentration MG/L .

EQUATION OF THE FORM: Y-PAR(I)*X**PAR(Z) .
PARANETERS FOUND BY MINIMIZING THE SUM OF SQUARES OF THE PERCENT ERRORS
BEST FIT PARAMETER VALUES '

PARAMETER PAR(1) = .173233E+01

PARAMETER PAR(2) = .998549E+00
X Y 'PREDICTED Y RESIDUAL PERCENT-ERROR
.031 .054 .055 -.001 -1.323
.032 .054 .055 -.001 -1.976
.031 .. .054 - .054 . «000 -.407
043 .088 .076 .012 16.302
.069 ' .088" .121 -.033 -27.117
.051 .088 .088 .000 -.080
.067 - .088 , .116 -.028 -23.979
.039 .088 .068 .020 29.476
.059 .088 .103 - =.015 -14.686
.071 - .088 T .123 -.035 -28.424
.072 .088 .125 -.037 -29.617
.058 .088 .101 -.013 -12.927
.095 .192 — .166 .026 15.939
.092 192 160 .033 © 20.413
101 .192 .175 .017 9.912
.135 _ .192 .235 -.042 -13.011
.140 . .192 - .244 -.051 . -21.048
".314 .668 .545 .123 22.570
.385. .668  .667 . +001 .118
.470 , .668 .815 -.147 -17.993
.560 .668 .971 -.303 -31.197
.529 .668 .917 . -Xe49 -27.144
.468 1.034 .811 .223 27.456
-y -470 1.034 .815 - .219 - 26.928
.467 1.034 .810 .224 27.620
.546 1.034 .947 .087 9.163
K1.458 1.034 2.524 ~1.490. -59.029
.823 1.034 1.427 -.393 -27.521
1,237 2.074 2.142 -.068 '=3.193
1.458 _ 0 2.074 2.524 -.450 ~17.835
1.715 '2.074 2.969 ‘=.895 -30.157
1.664 2.074 2.881 -.807 -28.024
2.086 4.299 . 3.610 .689 19.088

1.714 ' 4.299 2.968 1.331 44.853
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1.966 © 4.299- - 3.402 .896 26.347

2.020 4.299 ' 3.495 : -804 22.991
2.166 4.29% ) 3.748 «550 14.680
2.885 4.289 . . 5,007 ' -.709 =-14.151
3.335 4.299 5.767 -1.468 -25.463
4.219 8.805 7.293 1.512 ™ 20.731
5.775 - 8.808 @ 9,980 -1.174 =11.766
6.423 8.805 11.097 = -2.,291 . -20.647

AVERAGE INDEPENDENT VARIABLE,XBAR = 1.10359

SUM OF THE SQUARES OF THE RESIDUALS = 19.9640

SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 94.9758
VARIANCE = ,499101

STANDARD ERROR = .706471

STUDENT T VALUE = 2.0210 CORRESPONDING TO 40 DEGREES OF FREEDOM
ACTUAL DEGREES OF FREEDOM = = 40

—

_ 95% CONFIDENCE INTERVALS o
X Y LOWER Y ° PREDICTED Y UPPER Y

.031 - - ,054 -.216 .055 +325
.032 - .054 -.215 .055 - .326
L0317 = .054 -.216 .054 «325
.043 .088 -.194 .076 - .345
.069 - .088 -.147 . .121 - .388
.051 - .088 - -,181 .088 - " 357
.067 - .088 . -.152 <116 - - .383
.039. . .088 -.202° .068 . .338
.059 .088. ~-.165 ©.103 - .37
-071 .088 - -.144 .123 .390
.072 .088 -.142 .125 .392
.058 .088 -.167 »102 .369
.085 . .192 -.099 .166 .431
.092 .192 -.106 . .160 +425
101 .192 ' =.090 . 175 -440
.135 ' .192 -.023 .235 -497
" .140 <192 =.018 \ »244 <505 -
.314 .668 »296 \.545 .794
.385 .668 . .423 -667 .912
) -470 .668 - .576 -815 1.054
Y .560 .668 .737 .971 - 1.205
-529 .668 .681 . .97 1.153
-468 1.034 - ,572 .811 1.051
".470 1.034 .576 +815 1.054
.467 1.034 T .57 ~ .810 1.050
~ .546 ©1.034 712 -947 1.182 |
1.458 "1.034 2.298 2.524 - 2.750

.823 1.034 1.203 1.427 - 1.651
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1.237
1.458
1.715
1.664

RS

2.086
1.714
+1.966
2.020
2.166
2.895

3.335
4.219
5.775
6.423

2.074
2.074
2.074
2.074

4.299
4.299
4.299
4.299
4.299
4.299
4.299

8.805 R

8.805
8.805

l.921

' 2.298

2.646

'3.346

2.730

.3.148
3.237
3.479
4.665
5.373
6.787
9.261

10.287

154 -

2.142 : f2-363

2.524 2.750
2.969 3.207
2.881 - 3.116
" 3.402 3.656
3.495 . 3.753
3.748 ~ 4.018
5.007 5.350
5.767- 6.161
7.293 . 7.800
9.980 10.699
11.097 11.906
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A”’ppendix 3
Sample Chromatogram

Volatile and Sem:volattle Organics by Gas ch:omatography/Mass Spectrometly (GCIMS)
Capﬂla.ry Column Technique - »
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ATTACHMENT H-5

TOTAL PETROLEUM HYDROCARBONS
DIESEL-RANGE ORGANICS
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~ Total Petroleum Hydrocarboms .
Diesel Range Organies =~
by Gas Chromatography/Mass. Spectroscopy or Flame Ionization
Detection: Capillary Column Technique :

" phis methed includes sectiens directly copied from wWisconsin

Department of Natural Resource Fublication PUBL.-SW~-141 Nodified
DRO Method for Determining Diesel Range Organies. ,

1.0 Scope and Applicatioen:

This method is designed to measure the concentration of diesel *-
range organics in soil. This correspoends to a hydrocarbon range
of C;p to C; and a boiling point range between approximately 170°C
and 430°C. Alterations to these core samples such as the use of
surfactants may require changes to be made to this method.

The quantitation limit of this method is 2 mg/l per component of
the Diesel Compound Standard in methylene chloride.

This method is based on a methylene chloride, pH adjusted water,
soil extraction followed by gas chromatographic separation and -
either mass spectrometric or flame jonization detection. This -
method should be used by, or under the supervision of, analysts
experienced in solvent extraction and the‘use of gas
chromatographs. The analyst should be skilled in the
interpretation of gas chromatograms and their use as a

quantitative tool.

This method is designed to measure mid-range petroleum products
such as diesel or fuel oil. This method combined with Volatile
and Semivolatile Organics by Gas Chromatography/Mass Spectrometry
(Gc/MS): Capillary Column Technique is believed to give an '
accurate representation of the contamination of the Hill AFB

2.0 Summary of Hethod:v

This method provides gas chromatographic conditions for the
detection of volatile petroleum fractions such as diesel, fuel -
oil #2, or kerosene. Samples analyzed are partially extracted
prior to receipt and completed by sonication after receipt. The
sample after sonication is centrifuged and the methylene chloride
phase is removed for analysis by gas chromatography with either
masS‘spectrometric‘or‘flame'ionizationwdetection. ~Quantification. .
is based on response compared to a diesel component standard.

-
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3.0 Definitions: |
Diesel Range Organiecs (DRoff““’”"

All chromatographic peaks eluting between n-decane (n-Cy,) and n-
octacosane (n-C;). Quantification is based on direct comparison
. of the area withinh this range to the total area of the 10 . | |
components in the Diesel Component Standard.

" piesel Component Standard: -
a ten coﬁponent‘blend of typical diesel compounds: .

- Decane

' Dodecane
tetradecane
hexadecane
octadecane -
.eilcosane
docosane
tetracosane
hexacosane
octacosane

This standard mixture serves as a quantitation standard and a
retention time window for diesel range organics.

Diesel Component Spike:

A reagent water or method blank sample spiked with the Diesel
component Standard and run with five percent of all samples as a
quality control check. = At a minimum one Diesel Component Spike
must be run. TR . - '

4. Interferences:.

Other organic compounds; including chlorinated hydrocarbons,
phenols, and phthalate esters are measurable. As defined in the
method, the DRO results include these compounds. Spills of neat
products 'should be quantified by specific analysis for the
product in question.’ - '

Method interferences can be the result of, contaminated glasaware
and reagents. Reagent blanks should be analyzed with each batch
or for every 20 samples to demonstrate that the samples are free
from, method interferences. As the samples are being supplied
partially extracted and all reagents are supplied from the site
it is up to the people collecting the samples to provide these
blanks. The laboratory will verify separately it reagents and
glassware. ' '

- Contaminaéion by carryover can occur whenever hiéh—level and low-
level samples are sequentially analyzed. Whenever an unusually
concentrated sample is encountered, it should be followed by
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analysis of a solvent blank to check for cross-contamination.

S.0 Apparatus and uaterials;

Gas Chromatograph- Hewlett Packard Sésotvith capillary injection
Mass Spectrometer- Either a Hewlett Packard 5970 or 5972
Automatic Sampler- Hewlett Packard ALS 7673

Data Station- Hewlett Packard Chemstation or integrator

Colunn- J&W Scientific DB-1701, 30 meters, .25 mm

, ' o I.D., .26 um film thickness '

Syringe- 10 ul . : N

Balance- " Analytical, 0.0001 g .

Bottles- : Glass with Teflon-lined screw caps or crimp
tops - .

6.0 Reagents:

‘Water- Millipore Corporation Milli-Q UV Plus

Methylene Chloride~ Aldrich Cat. # 32,399-3 99.9+3% PRA Grade

Organic Analytes- 97% pure or greater

Calibration Standards and Stocks- prepared according to MTU-EEL
) Procedure entitled Standard -

Preparation Procedure 5/19/92

DLP or prepared from a stock

purchased for Aldrich Chemical

CO. .
MS Tuning Standard- Perfluorotributylamine

7.0 Sample Collection, Preservation, and Handling:

This is to be performed by)others, method unknown. bnée'samples

are received at MTU-EEL they are stored at 4°C for not more than
47 days. : : o

8.0 Procedure:
8.1 8ample Preparation:

In attempt to insure complete extraction from the soil/water

matrix into the methylene chloride all samples are sonicated, at
room temperature, in our sonicator at 21 Xilocycles per second :

for 15 minutes. After sonication the samples are centrifuged at
2300 revolutions per minutes for 15 minutes to separate the '
phases. After phase separation a 1.0 ml aliquot is removed from
the wial and put into an HP autosampler vial with a Teflon lined

septum and crimp cap. ,
8.2 Operating Conditions for the HP 5890 GC:

Injection port- - 250°c : v .
Oven Temp Initial Time- 2 nminutes

Oven Temp Initial Value- 35°% .~

Oven Temp Program Rate- 10° .

Oven Temp Final Time- 6 minutes
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oven Temp Final Value- 275°%¢ -~
Transfer Line Temp- . 280°¢ ‘)
Column Head Pressure- - 8.5 psi--—-.

Approximate Column Flow Rate- .9 ml/minute

Septum Purge Flow Rate- 8.0 ml/minute

Split Vent Flow Rate- . 31.3 ml/minute

splitless Time- - .5 minutes ' .

e.3 Operating Conditions of the HP ALS 7673:

Sample Wash- 3

‘Sample Pumps- . ’ - 3 .

Sample Volume= ' . . 2 ul ‘ ..
Viscosity Delay- 2 seconds '

Solvent A (methylene chloride) Wash- 3
Solvent B (methylene chloride) Wash- 3

8.4 Operation Conditions of the HP Mass Selective Detector and
Flame Xonization Detector: - ‘ _

Electron Multiplier Voltage (Relative to Autotune)~ O .
Scan Range- - 50 to 850 -
Sclvent Delay- 3.4 minutes

Average Pressure-" 2.6 X 107 . —

Flame Ionization Detector Temperature- 250°C

9.0 calibfation: : --)

2A minimum of a five point calibration curve must first be ,
analyzed to verify proper operation of the GC/MS or FID. After
fitting the standards all analytes must meet acceptance criteria.
This criteria includes: : ' '

1. percent relative standard deviations of an expected less :
than 30 percent, which is used to determine if the GC/MS or
GC/FID is exhibiting deterioration of response (as
determined in SW-846 Method 8270B section 7.3.4.1 page 13)
based on the DRO Standard

2. deviation of any single concentration point greater than
30%, this 30 percent error is only an educated guess based
on limited data, from the predicted value of the calibration
curve. A preliminary calibration curve is included in

appendix 1.

\

3.  Reproducibility will be monitored with the use of a range
' table or shewart plot as described in "“Handbook for
Analytical Quality Control in Water and Wastewater
Laboratories™ USEPA 19721

Range tables are not yet defined for this methoed. The best that

can be said at this time is that the highest error in "
reproducibility yet seen for this method so far is 23 percent. :
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. stated in sections 8.2 to 8.4. ‘\

In general, the higher~cohcentraﬁion standards. should exhibit
lower errors than the lower concentrations and the errors should
be randomly distributed and the fit be approximately linear.

As standards are prepared by using the actual analytes
verification of operation and calibration can be easily -
determined. After initial verification at least three standards
should be analyzed after every 10 samples at or near the
quantitation limit, a mid range standard, and a standard at or
near the highest concentration for the.calibration curve. This
is performed to insure that the calibration does not drift as a
function of time. If these "Calibration Check Compound", as
called by SW-846 Method 8270B section 7.4.4. page 15, differ less
than or equal to 20 percent the initial calibration is assumed to
be valid. If the criterion is not met for the Calibration Check

Compound corrective action must be taken.

Since the standards are prepared in house and of good quality
reagents, stock purchased from Aldrich Chemical Co., we
considered these to be the "true value" and matrix spikes will be
used to determine the percent recovery or accuracy. Since the -
samples are sent to us pre-extracted the spike is performed by .
injecting 30 ul of methylene chloride containing the DRO Standard
into the extractant. It should be noted that this recovery only
accounts for matrix interferences in the méthylene chloride

extractant.

10 perceni of the samples are analyzed in duplicate and 15
percent of the samples should be blanks. :

9.1 Quantitation Limits: '

The guantification limit for this method should be 2 mg/l per
component of the DRO Standard. : o

10.0 GC/M8 Analysis:

Samples that require dilution will be diluted volumetrically.
Direct injection of 2 ul of the methylene chloride phase is made
into the injection port via a splitless.injection on the GC/MS or
FID where separation and detection occur based on the conditions

N
11.0 Data Interpretation:

T w
11.1 Qualitative Analyses:

L d

.The qualitative identification of compounds determined by the. .

method is based on retention time. All chromatographic peaks
eluting between n-decane and n-octacosane should be added

together and reported.

Quantitation is based on direct comparison of the area within
this range to the total area of the ten components in the Diesel
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, Component Standard. The retention time window is defined as .
. beginning approximately 0.1 minutes before the retention time of 4
- n-decane and ending 0.1 minutes after the retention time of n- .
octacosane in.the calibration run.

" If there are éignificant peaks outside the chromatographic
window, this fact must be reported. )

If there is a rise in the baseline but no peaks in the
chromatogram report no detect (ND), but note the raise in the
baseline in the comments section of the report. If there are
Peaks you must quantitate and report the results as DRO. ..
However, if the peaks represent a small percentage of the total
DRO peak area as compared with the area associated with the raise
in’'the baseline then you may flag the data and qualify it in the
comments section of the report. ' :

11.2 Quantitative Analyses:
When -qualitative analyses parameter are met the quantitation of

that sample will be based on the integrated abundance of that
scan in MS or the raw area in the case of the FID..

" The calibration curve is expressed by the following equation
Concentration mg/l = Parameter 1 * Total irea ** Parameter 2.

In order to determine the concentration of the sample the total
area is taken to the power of parameter 2, which should be very
. close to 1, and multiplied by parameter 1. This yields the
concentration of the DRO in the methylene chloride phase. This
is the number that should be reported. . - )

12.0 Quality Control:

The requirements fér this project are:

1. Before processing any samples, the analyst should
demonstrate through the analysis of a method blank,
that interferences from the analytical systenmn,
glassware, and reagents are under control. Since
samples are being supplied with no reagent, trip, field
etc. blanks it is impossible to assure that
interferences from the glassware and reagents are under
control.

2. The experience of the analyst is invaluable to the
success of the method. Each day that the analysis is
performed the daily calibration standards should be
evaluated to determine if the chromatographic systenm is
operating properly.. Questions that should be asked
are: - Do the peaks look normal?; 1Is the response
obtained comparable Lo the response from previous
calibrations? Careful examination of the standard
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chromatogram can indicate whether the column is still
good, the injector is leaking, the injector septum’
needs replacing, etc. If any changes are made to the'
system (e.g. column changed), recalibration of the
system must take place. ‘

A quality control reference sample concentrate is
required containing each target analyte. The QC
reference sample concentrate may be prepared from pure
standard materials or purchased. This reference sample
concentrate is then injected into methylene chloride
and the recovery determined. This should be done at ..
three concentration one near the quantitation limit,
one mid range, and cne at one at or near the highest
concentration used for the calibration curve. The
average recovery should be approximately 100% and the
standard deviation should be approximately 8%, we are
currently determining these recoveries. -

'
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Appendix 1
_Calibration curve

Total Pet?oleun‘HyHrdcafSons Diesel Range Organics by Gas
Chromatographic/Mass Spectrometry of Flame Ionization Detection:

Capillary COlumn'Techniquewf o

RTINS S T T e

—
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DRO
7/28/85

i ENDENT VARIABLE,X, IS: area
DEPENDENT VARIABLE,Y, IS: conc. mg/L

‘EQUATION 'OF THE FORM: Y=PAR(1)*X+*PAR(2)

LN
PARAMETERS FOUND BY MINIMIZING THE SUM OF SQUARES OF THE PERCENT ERRORS
BEST FIT PARAMETER VALUES

PARAMETER PAR(1) = -.577528E-09
PARAMETER PAR(2) = -114951E+01

X Y PREDICTED ¥' RESIDUAL PERCENT ERROR
PR 1.974 1.749 .226 12.907
kkkkthkdk - 5.118 4,285 .833 19.434
kEkhkkdd . 10.304 13.094 . -2.790 -21.307
kdkkokkkkkk 20.911 26.930 -6.019 -22.350
kkddkdkkkd . 70,304 12.081 «1.777 -14.709
ETIITITT ©20.911 22.760 -1.850 -, -8.12€
hk ok dkkok 48.396 39.408 8.988 " 22.807

AVELKAGE INDEPENDENT VARIABLE,XBAR = ,125057E+10

SUM OF THE SQUARES OF THE RESIDUALS = 132.111 :

SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = -462382E+19
VARIANCE = 26.4222 L
STANDARD ERROR = - 5.14025" L -
STUDENT T VALUE = 2.5710 CORRESPONDING TO 5 DEGREES OF FREEDOM
ACTUAL DEGREES OF FREEDOM = 5 ‘ o oo

95% CONFIDENCE INTERVALS
X Y LOWER Y PREDICTED Y UPPER ¥

khkkkhhkht s 1.974 -6.527 1;7@@ 10.024
hkkhkkdk 5.118 -3.008 4.28% 11.578
thkk Akt hkhk 10.304 7.902 13.094 . 18.286
AL T E 20.911 '~ 20.497 26.930 33.362
I TIIT 10.304 6.757 12,081 -17.404
dkkdkdkkhk 20.911 17.195 22.760 28.326
ktdt it thh 48.39%¢6 29.409 - 39.408 _ 49.407
DRO

7/28/95
(- '
+--.~PENDENT VARIABLE,X, IS: area
DEPENDENT VARIABLE,Y, IS: conc. mg/L
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Appendix 2
4 _8ample Chromatogram

Total Petroleum Hydrocarbons Diesel Range Orgam.cs by Gas
Chromatograph:.c/uass Spectromerty of Flame Ionization Detection:
_Capillary Column 'rechm.que
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2,494 .
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1.161
1.203
1.176

“1.147

1.174

- 24397

2.372

4.886
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4.623
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2/06/95

Toluene : CQW\JLL& c'_:i‘ €, S{.‘L = C—D ?e,-f i

INDEPENDENT VARIABLE, X, IS. area. rat:.o :
DEPENDENT VARIABLE Y, Is. concentration HG/L

EQUATION OF TH:E FORM. Y-PAR(J.) *X**PAR(Z)
PARAME‘I'ERS FOU'ND BY HINIMIZING sTHE SUM OF SQUA.'RES OF THE PERCENT ERRORS
BEST FIT PARAMETER VALUES

PARAMETER PAR(1) = -.199447E+01
PARAMETER PAR(2) = .101000E+01

X . Y PREDICTED Y  RESIDUAL PERCENT ERROR

.030 .057 .057 : .000 - =.841
.027 . . 057 .053 - 004 7.975
.025 - .057 - .049 . 008 16.061
.024 - . 057 .046 ".011 23.911
.050 .093 .097 . =.004 ~4.595
.053 .083 .102 -.010 -9.331
. 049 .093 .095 -.002 - -2.371
.051 .093 : .099 -.007 -7.014
.045 .093 .088 .005 5.364
. 050 .093 .097 -.005 . -4.997
.050 .093- .097 -.004 -4.422
.051 .093 .098 -.005 -5.377
.112 .202 . .218 ~.016 =7.122
<111 .202 .217 ¢ ~-.015 . =6.878
.108 ' .202 .211 © =,009 ~4.166
.100 .202 .194 .008 4.215
.107 .202 - .209 - ,=.006 -3.062
.372 .703 .734 ~.032 -4.307

© .373 .703 .736 . =,.033 -4.493
.363 .703 .717 - -So14 -2.013
.373° .703 .737 -.035 -4.690
-~y <364 .703 .719 . =.017 - =2.312
.562 1.088 1.114 -.026 - -2.376
.565 1.088 1.120 -.032 -2.891
.569 1.088 . 1.129° -.041 -3.648
.558 1.088 1.106 -.018 - ~1.629
.568 ~1.088 S 1.127 ~.039 -3.482
1.118 - 2.182 2.232 -.050 -2.251
1.105 2.182 2.206 < =,025" -1.111
1.117 2.182 2.230 -.048 ~2.167
1.104 , 2.182 - 2,205 . =.023 -31.048
2.241 - 4.522 4.505 : .017 .375
2.241 4.522 - 4,506 . .015 . .342
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2.230 4.522 4.484 .038 .845
2.234 4.522 4.492 .030 .674
2.153  4.522 4.327 .185 - .  4.510"
2.185 4,822 = 4.391 131 2.974
2.142 4.522 4.304 .217 '5.052
4.511 9.263 . 9.134 .129 1.409
4.333 9.263  8.770 " .493 " - 5.620
4.135 9.263 8.366 . .897.  10.724

AVERAGE INDEPENDENT VARIABLE, XBAR = ,919342°*

SUM OF THE SQUARES OF THE RESIDUALS = 1.18586 .
SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 62.0272
VARIANCE = ,296465E~-01 X

STANDARD ERROR = ,172181 ;"
STUDENT T VALUE = 2.0210 CORRESPONDING TO - 40 DEGREES OF FREEDOH

ACTUAL DEGREES OF FREEDOM = 40

95% CONFIDENCE INTERVALS

X : Y LOWER Y PREDICTED Y ©UPPER Y
.030 .057 -.009 .057 .124
.027 .057 -.014 .053 .119
.025 .057 -.018 .049 .116
.024 .057 -.021 .046 .113
.050 .093 . 031 .097 .163
.0583 .093 .036 .102 .168
.052 .093 .035 .101 .167
.049 : .093 _. .029 .095 .161
.051 ‘ .093 . .~ .033 - .099 - .165
.045 .093 .022 .088 .154
.050 .093 . .031 - 097 . .163
.050- - .093 .031 .097 .163 .
.051 .093 .032 .098 .164 :
.112 .202 ‘ .153 © .218 .282 . :
.211 . .202 .153 217 . .282 :
.108 .202 <147 §11 .276 ;
.100 .202 .129 .259 :
.107 .202 CJ144 .209 .273 :
.372 .703 .676 .734 .793

TY.373 .703 .. .677 .736 .795
.363 .703 ~ .658 717 .776
.373 .703 . .679 © .737 .796
.364 .703 .660 .719 .779
.562 1.088 1.058 1.114 ~1.170

- .565 . .1.088 1.064 1.120 - - 1.176 -
.569 1.088 L. 1.073 ~1.129 '1.185 -
.558 1.088 1,050 1.106 - 1.162
.568 1.088 1.071 1.127 1.1383
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1.118
1.105
1.117
1.104

2.241 .
©2.241

2.230
2.234
2.153
2.185
2.142
4.511
4.333

4.135

2.182
2.182
2.182

2.182 .

4.522

4.522
4.522
*4.522

4.522:

4.522

. 4.522
3.263

9.263
9.263

2.177
2.152
2.175
2.150

4.426
4.427 »" )
4.405

4.413
4.250 -

4.228
8.967
8.610

170

2.232
2.206
2.230
2.205

4.505
. 4.506

4.484

4.492

84327,

4.391°
. 4304

fo 2

- "9.134 ..

'y

8.770°

. /8.366

.

2.286
2.260
. 2.284
. 2.259

5 4.584
" 4.586
: 4.563
4.571
Ty 24+403
S 4.469
DT 4.381
91302
T, +.-8.930
. ~i8.518




-7/06/95 . . T
Ethylbenzene cx,,‘,ut A §-d~\

INDEPENDENT VARIABLE x IS: area ratio ' .
DEPENDENT VARIABLE r, IS. concentration MG/L . :

EQUATION or THE FORK° Y—PAR(I)*X**PAR(z) , ..
PARAMETERS FOUND BY MINIHIZING THE SUM OF squanzs OF THE PERCENT ERRORS
str FIT PARAMETER VALUES ‘

PARAMETER PAR(1) = .154434E+01
PARAMETER PAR(Z) = . .993846E+00

X . Y  PREDICTED Y RESIDUAL PERCENT ERROR

.036 .054 .057 ~-.004 -6.651
.029 .054 .046 {1,008 17.102
.029 . +054 .046 .007 15.518
. 057 .087 .090 . -.003 ~ =3.110
.061 .087 . .095 -.008 -8.388
.057 .087 .090 . =-.003 -2.840
. 057 - .087 .090 ~.002 -2.637
.060 7. .087 . - .094 -.007 -7.200
.051 .087 .081 .006 7.865
. 056 .087 .088 -.001 -.943
.062 . .087 . .097 -.009 ~-9.750
.055 .087 . . 087 .000 .483
.122 - . L1911 .192 -.001 . =.451
<129 .191 .202 -.012 -5.773
.123 .191 .192 -.001 -.588
114 .191 -179 . .012 6.510
.128 .191 .195 ¢ ~.008 -2.314
.426 . 662 .661 -, .001 .186
.431 .662 .669 voo7 -.978
<443 .662 - .688 T =-.026 ~3.755
., -460 .662 _ .714 ~.052 -7.268
.444 -662 .690 -.027 ~3.949
" .669 1.025 1.036 -.011 -1.050
.682 1.025 1.055 . -.030 -2.838
.670 1.025 1.038 S =.012 -1.193
.672 1.025 1.040 =.015 = - -1.463
.694 - 1.025 1.074 -.049 -4.591
.691 _ 1.025 1.069 -.044 -4.097
1.344 2.056 2.071 -.015 -=,747
"'1.387 2.056 . 2.137 -.081 - =3.,799
1.403 2.056 © 2,162 - =.106 -4.896
1.372 2.056 - 2.115 .~ =.060 - ~2.817
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2.701 4.261 4.146 ,118 2.778

. 2.778 4.261 4.263 -.001 -.032
2.795 4.261 4.289 -,028 -.648
- 2.722 4.261 4.178 .084 1.999
2.674 T 4.261 4.105 <187 3.819
2.610 4.261 4.008 254 6.332
2.678 4.261 4.106 “«188% 3.776°
5.619 8.729 8.586 «143 1.668 v
5.574 8.729 8.517 212 2.486

'5.242 8.729 - 8.013 - .716 - - 8.942

AVERAGE INDEPENDENT VARIABLE,XBAR = 1.10359

SUM OF THE SQUARES OF THE RESIDUALS = .744904 .

SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 99,3303
VARIANCE =. .177358E-01

STANDARD ERROR =" ,133176
STUDENT T VALUE = 1.9980 CORRESPONDING TO 42 DEGREES OF FREEDOM

ACTUAL DEGREES OF FREEDOM = 42

: 95% coanDENCE INTERVALS f}
X ' Y - LOWER YA PREDICTED Y UPPER Y

.033 .054 .003 .052 .101
.036 .054 © .008 .057 .107
.029 .054 -.004 . 046 .095
.029 .054 _ =.003 .046 .096
.057 .087 - .041 - .090 .139

© .061 .087 - .046 .095 . <144
.057 .087 .041 .090 . .139
.057 .087 .041 .090 .138
.060 .087 .045 .094 0143
.051 . .087 .032 . .081 .130
.056: .087 .039 . .088 .137
.062 .087 .048 . .097 .145
.055 .087 . .038 087 .136
<122 .191 144 Je92 .239
.129 .191 .155 .202 .250

v <123 .191 144 .192 .240
.123 .191 .144 .192 .240
.114 .191 .131 .179 .227
.125 .191 .147 ~ ,195 .243
.426 .662 .617 - .661 © .705
.431- .662 .625 .669 - .713
.443 - 662 © .644 .688 .732 .
.460 = .662 . J671. 714 .758 -
.444 .662 . .646- .690 .733
.669 1.025 .994 1.036 1.078

.682 . 1.025 - 1.013 1.055 1.097
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«670-

-672

.694

.691

1.344
1.387
"1.403

1.372

2.701
-2.778
2.795
2.722
2.674
2.610

2.675

5.619
5.574
5.242

2.031 .
2.096 .
o 2.121

2.075
4.088
4.203
4.229
4.119
4.047
3.951

-4.048

8.459
8.392
7.895
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1.038
1.040

1.074
1.069, -

1.079
1.082

1.116 -
1.111

2.112

2.178
2.203
2.156

- 4.205
-4.323

4.350
4,237

4.163

4.064
4.164
8.713
8.643
8.130




. 2.654 4.634 4.720 . -.086 -1.823
~2.641 4.634 o 4.696 - =,062 T =1.321
.20612 . -4.634 : 40;45 —0011 -3239
2.567 4.634 4.566 .068 l.480
2.503 4.634 4.452 .181 4.069
2.398 4.634 ' 4.267 <367 . 8.600
5.336 9.492 T 9.446 - .046 . " .487
4.978 9.492 8.815 ) «677 7.675 R

4.759 9,492 . 81430 1.061 12.591

AVERAGE INDEPENDENT VARIABLE, XBAR = 1.05343

SUM OF THE SQUARES OF THE RESIDUALS = 1.80709 :
SUM.OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 84.5420
VARIANCE = .440753E-01

STANDARD ERROR = .209941
STUDENT T VALUE = 2.0020 CORRESPONDING TO . 41 DEGREES OF FREEDOH

ACTUAL DEGREES OF FREEDOM = 41 o

95% CONFIDENCE INTERVALS

X Y IOWER Y PREDICTED Y UPPER Y
.035 .058 ~-.015 .064 .143
0035 0058 -1016 0063 0142
.027 . .058 -.029 .050 130
. 025 .058 - -.033 .046 : .126
.050 .095 .013 .092 .170
. «087 .095 - 025 . .103 . .182
.055 .095 .022 .100 179
0055 ’ .095_ -021 .100 . -179
.057 . 095 .026 .105 .183
'’ .051 ~ .095 .014 .093 172
. <056 . 095 .023 .102 " .181
: .056 . 095 " .022 .101 .180
. +047 . 095 . .007 i ,086 .165
.119 . «207 °  ,138 .215 .292
127 .207 .154 ‘\.231 .308 '
- .120 . .207 .140 217 . .294 .
0108 : 0207 ’ 4119 -197 0274
-« 110 .207 .123 .200 .277
© .416 .720 .679 .749 .819
.420 .720 . 684 ~  .755 . .825
.407 . - .720 .661 .732 - + 802
<417 .720 679 <749 .820
.407 .720 . .663 4733 .804.
..652 . -~ 1.115 1.104 1.170 1.237 -
.650 1.115 1.100 1.166 . 1.233
.651 1.118 © 1,101 1.163 1.235

.648 . 1.115 1.095 1.162 1.229
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7/06/95 ' - C ) N
Xylene Q,meu_L % O - e

IN'DEPENDEN‘I' VARIABLE,X, IS: area ratio
DEPENDENT VARIABLB Y, IS° concentration MG/L

 EQUATION OF THE FORM: Y=PAR(1) *X+4PAR(2) . .
PARAMETERS FOUND BY MINIMIZING THE SUX OF SQUARES OF THE PERCENT ERRORS
_BEST FIT PARAMETER VALUES '
pam;}mmm PAR(1) = 178509401
PARAMETER PAR(2) = .993643E+00

X Y  PREDICTED Y RESIDUAL PERCENT ERROR

. 035 .058 .064 -.006 -8.885
.03 .058 .063 -.005 -7.653
. 027 .058 . 050 ,008 16.240
.025. . .058. .046 .012 25.824
. 050’ ' .095 .092 .003 3.524
.057 .095 .103 -.009 ~8.269
.055: _ .095 .100 -.006 -5.487
. 055’ . 095 .100 -.005 - -5.058
.057 .095 .105 -.010 -9.458

- .051 ' .095 ~ - .093 .002 1.951
.056 .095 .102 -.007 -7.097"
.056 , . 095 .101 -.006 -6.265
.047 .095 — .086 .009 10.570
.119. . «207 = .218 -.008 - =3.626
.127 .207 . .231 -.024 ~10.242
.120 ".207 .217 -.009 -4.371
.108 ‘ 207 .197 .011 5.391
.110. 207 .200 .007 3.587
416 .720 .749 .=.029 ~3.849
.420 . .720 .755 -.035 -4.578

" .407 - .720 .732 -.011 -1.561
.417 .720 .749 ~do29 -3.909
.407 .720 .733" -.013 . -1.777
.y =652 1.115 1.170 -.056 -4.761
.650 " 1.115 1.166 -.052 -4.427
.651 1.115 1.168 -.053 -4.552
.648 1.115 1.162 -.047 -4.078
.636 1.115 1.142 -.027 -2.363
.626 ~1.,115 1.123 . =.008 -.752
1.315° . 2.235 2.349 -.113 -4.826
.1.253- 2.235 2.239 . -.003 -.153
1.273. 2.235 . 2.275 ~.039 -1.720
1.238 2.235 . 2.212 .023 1.048
2.649 - 4.634 4.710 ~.076 .~1.620
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.636 . 1.115 1,075 1,142

1.209
«626 l1.135 - - 31.056 . 1.123 1.190
.1.315 2.235 2.284 | 2.349 2.414
2

1.273. 2.235 2.210 2.275 . 2.339
1.238 2.235 2.148 - 2.212 ° 2.277
2.649 4.634 4.613 ‘4.710 4.807
2.654 - 4.634 - 4.622 - 4.720 4.817
2.641 4.634 4.599 4.696 - 4.792
2.612 4.634 4.549 4.645 _ 4.741
2.567 4.634 - 4.472 4.566 ' -~ 4,660
2.503 . | 4.634 . 4.360 - 4.452 ' 4.545
2.398 ° ' 4.634 - 4.178 4.267 4.355

5.336 9.492 9.240 8.446 9.651

4.978 9.492 . 8.624 8.815 .- 9.005
4.759 9.4982° " 8.249 - - 8.430 i 8.611
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7/06/95 :
Decane C°"Y!u-l- “,}a gc_-{.- ‘

INDEPENDENT VARIABLE X, IS: area ratio-
DEPENDENT VIRIABLE,Y, IS. concentration MG/L

-~

EQUATION OF THE FORH. Y-PAR(I)*X**PAR(Z)

PARAMETERS FOUND BY MINIHIZING THE SUM oF SQUARES OF THE PERCENT » "ERRORS
' BEST FIT PARAMETER VALUES -
PARAMETER PAR(1) = .270308E401
PARAMETER pAR(z) = .101705E+01

x b 4 .PREDICTED Y RESIDUAL PERCENT ERROR

.037 ° . 084 .096 -.011 . =11.59%
.031 .084 ° .078 ' . 006 7.700
.047 .084 .122 =.037 -30.530
.051 138 .132 .oos 4.515
.060 .138 .154 -.017 ~10.903
.054 .138 . <140 -.002 .. -1.734
.053 .138 .137 .000 .329
.057 .138 .147: -.009 . ~6.291
T .049 .138 .126 .012. 9.517
_.074 .138 .191 -.053 -27.941
.051 .138 .132 .006 4.308
.043 .138 .109 .028 26.009
.112 «301 .292 - .009 . .2.974
.121 «301 T <316 -.016 -4.964
.108 .301 .280 ) .020 7.254
.105 ] T 301 «272 .028 - 10,381
.113 .301 .294 .- .007 2.232
.388 1.044 - 1.031 .013 1.230
.395 1.044 1.052 -.008 -.723
.3%0 1.044 1.038 .006 - .545
.400 1.044 1.064 -,020 ~1.859
.388° 1.044 1.032 - .012 1.204
.558 1.616 1.494 «122 8.196
.614 1.616 1.646 . =,030 -1.847 )
.618 1.616 1.657 -,040 ~2.445 .
.600 - 1.616 1.607 009 .550
.618 1.616 - 1.657 -.B41 ~2.448
.587 1.616 1.573 T .043 2.762
1.258 3.241 3.412 ~.171° - «5,025
T 1.235 3.241 3.351 -.110 .. =3.289
1.232 3.241 - 3.342 -.101 -3.026
1.168 3.241 3.167 . .074 2.345
2.441 6.718 6.700 .017 257

2.388 - 6.718 6.551 -167 2.542
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i

2.491 6.718 . 6.838 -,120 -1.761

2.531 6.718 6.950 . =.232 -3.343
2.300 6.718 6.305 413 + = 6.548
5.129 13.761 - 14.255 =494 -3.465
5.062 13.761 - 14.068 2 =.307 . .=-2.181

4.580 13.761 12.706 1.055 8.304

AVERAGE?INDEPENDENT VARIABLE,XBAR = '1.03482 R
SUM OF THE SQUARES OF THE RESIDUALS = 1.80842 .
SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 78.6294
VARIANCE = .452104E-01 '

STANDARD ERROR = *.212627 '
STUDENT ‘T VALUE = . 2.0210 CORRESPONDING- TO 40 DEGREES OF FREEDOH

ACTUAL DEGREES OF FREEDOM = 40

| 95% CONFIDENCE INTERVALS
X Y . LOWER.Y PREDICTED ¥ UPPER Y -

.037 ¢ . .084 .014 .096 . .178
.031 .084 -.004 .078. .161
.047 .084 .040 .122 .203
.051 .138 © .050 .132 . -.213
.060 .138 .073 .154 .236
.054 .138 .058 .140 .221
. 053 .138- .055 .137 ©.219
.057 - .138 .065 <147 .223
.049 .138 .044 .126 .207
.074 .138 .110 <191 .272
.051 .138 .050 .132 .213
.043 .138 .027 .109 T .2191
<112 .301 .212 .. .292 .372
.121 .301 237 - .316 .396
.108 .301 " .200 \6280 .360
.105 .301 .192 \.272 . .353
.113 .301 .214 .294 .374
v .388 1.044 “.958 1.031 ©  1.105
.395 1.044 - .979 1.082 - 1.125
.390 1.044 .965 . 1.038 1.112
.400 1.044 .991 ' 1.064 1.137
.388 1.044 - .958 1.032 1.105
.558 1.616 . 1.423 1.454 1.564
.614 1.616 1.577 - 1.646 1.716
.618 1.616 1.587 1.657 1.726 -
.600 1.616 = 1.538 . 1.607 1.677
.618 1.616  1.587 " 1.657 1.726

.587 . 1.616 .1.503 _ 1.573 1 1.642
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'1.258 3.241 3.345 3.412 -+ 3.480

.-1.235. 3.241. . 3.284- - —-3.351 . 3.418
1.232 3.241 . 3,278 3.342 3.409
1.168 3.241 3.100 3.167 3.233

2 )
&7
2.441 6.718 ° = 6€.605 6.700 - - 6.796
2.388 - 6,718 6.458 .6.551 | 6.644
2.491 6.718 .6.741 6.838 - ~ 6.935
2.531 6.718 6.852 6.950 7.048
2.462 6.718 6.663 T 6,759 - - 6.854
2.463 €.718 . 6.664 6.760 6.856
2.300 6.718 ° 6.215 6.305 6.395
5.129- - 13,761 - 14.046 14.255 14.464°
5.062 13.761  13.862 - 14.068 14.274
4.580 13.761 12.522 . 12.706 12.890
g . cal :
=AY Y . - kY
37, e
B a6, e
1 = . N
;O A
4 \ -
| \
-




7/06/95 e | , ~
1,3 S-tra.methylbenzene <,-L-,,,,,‘,lz"°[~= o, vt (

INDEPENDENT VARIABLE,X, IS: area ratio | .
DEPENDENT VARIABLE,Y, IS: concentration MG/L )

EQUATION OF THE FORM: Y=PAR(1)*X¥*PAR(2)
PARAMETERS FOUND BY HINIHIZING THE SUM OF SQUARES OF THE PERCENT 'ERRORS
str FIT PARAMETER anuns
PARAMETER PAR(I) ‘= .183211F+01 e
PARAMETER PAR(Z) = -100135E+01 -

X V"f Y ' PREDICTED Y RESIDUAL PERCENT ERROR

.035 .058 .063 -.005 -7.929
.031 .058 .057 : .002 - 2.778
.025 . .058 .046 012 - 24.979
. 049 .058 .090 -.031 -35.150
.057 .094 .104 -.009 -8.838
.066 - 094 . .120 -.026 -21.323 )
+057 : .094 ' .104 ~.009 -~8.999
.057 .094 .103 ~.009 ~-8.516
.054 - .094 .098 ~.00& ° =3.926
.046 . .09¢ .084 .010 12.353
.063 .094 . 0114 . =.020 =17.163
.049 ' .094 . .090 .005 5.479
.046 .094 .083 011 13.337
‘.124 . .206 .227 -.020 -8.847
.125 206 .228 -.022 -9.432
.106. .206 ) .195 . »012 6.153
.094 -206 +172 " .034 . 19.906
.100 .206 . .183 - .023 12.611
.399 .717 +729 -3p12 ~1.654
.402 T .717 . .735 - -.018 . -2.390
.395 717 T .724 " -.007 . =,932
.387 .717 .709 . .008 © 1,167
.411 - 717  .753 -.035 = -4.695
.637 1.110 1.166 -.056 ~-4.767
.650 . 1.110 1.190 -.079 -5.675
.631 1.110 1.155 - - -.045 -3.875
.622 1.110 " 1.139 -.029 -2.513
.614 1.110 1.125 -.014. -1.274
. .595 1.110 . 1.090 .020 1.831
1:308 2.226 2.398 -.172 -7.183 . . _
1.218 2.226 2.232 -.005 -.228 : )
1.195 2.226 2.190 .036 1.653 .
1.217 2.226 2.231 - <-,005 - -.203
2.637 - 4.61S " -4.838 ~.223 ~4.606
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2.570 4.615  4.714 . -.099 -2.105

2.513 4.615 4.611 .004 .091
2.556 4.615 4.689 -.074 -1.587
2.486 4.615 4.560 .055 1.196
2.411 4.615 4.423 - .182 -4.335
2.362 4.615 4.332 .283 6.529
5.141 9.453 - . 9.439 " .014-7.. = .153
4.877 . 9.453 8.955 . .499... -5.569 .-
4.677 9.453 .8.587 .866 .- 10.090

AVERAGE INDEPENDENT VARIABLE,XBAR = 1.02551

SUM OF THE SQUARES OF THE RESIDUALS = 1.23519

SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 80.1908
VARIANCE = .301266E-01 .

STANDARD. ERROR = .173570

STUDENT T VALUE = 2,0020 CORRESPONDING TO - 41 DEGREES OF FREEDOM

ACTUAL DEGREES OF FREEDOM = 41 v

95% CONFIDENCE INTERVALS

X Y LOWER Y PREDICTED Y UPPER Y
.035 .058 -.002 ©.063 .129
.031 ~ .0s8 -.009 - ,057 .122
.025 .058 . -.019 .046 W112

" .049 .058 .024 .090 . .155
. 057 .094 .039 .104 .169
.066 .084. .055 .120 - .185
.057 .094 - .039 .104 .169
.057 .094 .038 .103 .168
.054 .094 .033 - .098 <163
.046 .094 . .019 .084 149
. 063 .094 .049 114 .179
.049 .094 ©.024 . .090 .155
.046 .094 . .018 - .083 .149
.124 .206 .163 L L.227 . .290
<125 .206 .165 \228 .291
.106 .206 .131 .195 .258
.094 .206 -.108 .172 .236
.100 .206 . 119 .183 - .247
.399 <717 .671 .729 .788
.402 - : <717 . .677 v .138 . «793
.396 .717 .666 .724 .782
.387 .717 .651 . .709 .768
.411 . .717 695 - ,753 .811.
":637 1.110 1.111 . 1.166 1.221 -
.650 1.110 . 1.135 1.190 1.245
.631 1.110 1.100 1.155 1.210

.622 . 1.110 1.084 1.139 1.194
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.614 -
.595

1.308

1.218

(AT

RO
o 7

1.29857%"
1.217

2.637

2.570
2.513
2.556
2.486

2.411

2.362
S5.141
4.877 -
4.677

_Wl,. 110 [P

1.110 .
2.226
2:226

- 1.069

1.035
2.344
2.178

2.137

2.177. .
4.756
4.634
4.532
4.610
4.483
4.348
4.258
9.271
8.796
8.436
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1.125

1.080
2.398
2.232

251905&,é
2,231 ¢

4.838 -
4.714
4.611

v

4.68%9
4 0560— :‘.' =

4.423
4.332
9.439%

- 8.955

8.587

1.180
1.146
2.452

'2.285

2.244

. 2,285

4.920
4.794
4.689
4.769

. 4,638
“4.499

4.406
9.607
9.113

. 8.738

e e Mt

.ﬁ




AVERAGE INDEPENDENT VARTIABLE,XBAR = .564256

SUM OF THE SQUARES OF THE RESIDUALS = .735634

SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 19.3472 .
VARIANCE = .229886E-01 : o
STANDARD ERROR = ,.151620

STUDENT T VALUE = 2.0400 CORRESPONDING TO 32 DEGREES OF FR..EDOM

AC‘I‘UAL DEGREES OF FREEDOM = 32 ; .

95% CONFIDENCE INTERVALS

X Y LOWER Y PREDICTED Y TUPPER Y
.029 ~ .058 .030 .095 - .161
.012 .058 -.025 .041 .106
.034 .094 .049 . =114 .179
.040 .094 .067 ".132 .196
.038 .094 .061 .126 .190
.041 . .094 .071 .135 +200
.033 . 094 .044 .109 .174
.023 .094 .010 .076 _ .141 .
.026 .094 . .023 .088 ‘' .153
.031 .094 .036" .101 " .166
.070 .206 .168 .231 .295
.069 .206 . .167. .230° <294
.062 .206 -142 .206 . .270
.058 .206 .129 .193 - «257
.227 .717 691 749 " .807
.225 .717 .682 .740 .798
.217 717 <657 .715 774
.204 .717 . .613 .672 _ .731
.351 1.110 _1.099 © 1,154 1.210
.345 1.110 1.079 1.134 1.189
.351 1.110 © 1.098 \1.153 1.208
. .296 1.110 .917 .Y .973 1.029
. .345 1.210 1.078 1.133 1.188
Y .698 2.226 2.230 2.284 2.338
.674 2.226 2.154 2.208 2.262
- .702 2.226 2.245 2.299 2.353
1.511 4.615 4.843 4.928 5.013
S 1.291 4.615 4.140 4.213 4.287
1.388 - 4.615 4.449 4.528 4.606
1.404 4,615 4.502 4.581 . 4,660
1.243 4.615 3.986 4.058 4.129
1.375 4.615 4.407 4.485 4.563
2.950 9.453 9.413 9.589 9.765

2.822 . 9.453 9.007 9.175 = 8.342
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7/06/95,

Dichlorol?gn'zene omplle ¢ Y—«-‘H:

INDEPENDENT VARIABLE,X, IS: area ratio ... .
DEPENDENT VARIABLE,Y, IS: concentration MG/L

EQUATION OF THE FORM: Y=PAR(1) *X+*PAR(2)

PARAMETERS FOUND BY MINIMIZING THE SUM OF SQUARES OF THE PERCENT ER
BEST FIT PARAMETER VALUES '

PARAMETER PAR(1) =
PARAMETER PAR(2) = .939865E+00

X
.019
.011
.031
.039
.036
.036
.041
.024
) .046
Y .026
.062
.081
.066
.063
»257
c293
.311
.326

Y

.058
.0S8
. 095
*® 095
.095
. 095
.095
.095
.095
.085
.207
.207
.207
.207
«720
.720
«720
.720

PREDICTED Y RESIDUAL PERCENT ERROR

. 064
.039
.102
© .125
" .117

2116

»133
079
146
.085
194
© +250
T <206

»195
+736

.833
.882

- 1922
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«264168E+01

-.006

.020
-.007
-=.030
-.022
\i.021
=, 038

. 015

~.051
010

.013
-,042
+001
- «012

e 016

-.113
-.161
—-e202

50.404
-6.908
-24.110
~18.802
~-18.378
~-28.587
- 19.484
=-35.040
11.633
6.756
-16.998
« 540
6.275

: =2.134
. =13.546

-18.308
-21.912




.397 1.115 1.108 .007 . .593

.401 1.115 1,118 -.004 -.328
.423 -, 1.115 1.177 =.062.. = ~5,274
.425 1.115 .1.183 -.068 -5.756
-475 1.115 . 3,311 =-.197 -14.987 |
.985 . . 2,235 2.604 ~.369 ~14.159
.921 . 2.235 . 2.445 -.210 -8.582
.970 2.235 2.567 - =-.333 -12.912
1.640 4.634  4.205 .428 10.188
1.2901 4.634 ' 3.358 1.275 37.978
1.618 - 4.634 . 4.152 - .482 11.602
1.670 4.634 4.278 356 8.321
1.727 4.634 4.414 L2189 4.969
1.956 4.634 4.964 ~.330 -6.648 .
3.415 9.492 8.380 1.111. 13.261
3.779 9.492 9.216 . ..276 2.994
1

¢

AVERAGE INDEPENDENT VARTABLE,XBAR = .701818

SUM OF THE SQUARES OF THE RESIDUALS = 4.06275 .
SUM OF THE SQUARES OF THE DEVIATIONS FROM XBAR = 29.8166
VARIANCE = .126961 .

STANDARD ERROR = .356316 ’ K
STUDENT T VALUE = 2.0400 CORRESPONDING TO .32 DEGREES OF FREEDOM

ACTUAL DEGREES OF FREEDOM = 32

95% CONFIDENCE INTERVALS o
X Y LOWER Y PREDICTED ¥ UPPER Y

.019 .058 -.090 ..064 «219
.011 .058 " -.116 .039 . .194
.031 .095 -.051 .102 " .255
.039 .095 -.028 - 125 .278
.036 .098 -.037 .16 «269
.041 .095 ~.020 .13 .285
.024 .095 . =075 ' «079 .233
.046 .095 -~.006 .146 .298
v .026 .095 -,069 .085 . +239
.062 .207 ' .043 194 .345
.081 .207 .100 .250 : .399
.066 : .207 .056 . .206. 4357 '
.063 .207 .044 .195 .346
.257 .720 .598 . 736 .874
.293 - T .720 . 697 .833 . +969
“311 .720 ' 747 .882 1.017

.326 .720 . .788 .922. .057
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APPENDIX B

FLUORESCEIN TRACER TEST RESULTS

186




APPENDIX B

: Fluoresécin Tracer Test Results

19-Apr]  19-Apri  19-Apr] _ 19-Apt] __ 19-Apr] 20-Apri  20-Apr| 20-Apr] 20-Apr]  20-Apr] _ 20-Apr
Well | Level 15:30 16:38 18:32 20:30 22:35 0:30 2:30 727 10:30 14:30 18:40
1D _{(Color)| 1.00 213 4.03 6.00 8.08 10.00 12.00 1695 20.00 2400 | "28.47°
iblack | -5.60E+00] 1.26E+02] 2.02E+02| 2.23E+02] 1.50E+02| 4.80E+01 2.17E+01} -1.00E-01| -2.00E-01] -4.00E+00/ -4.60E+00
blue | 4.20E+00| 9.25E+00! 5.89E+01] 1.07E+02] _|_1.16E+02| 1.20E+02] 955E+01| 4.20E+01| 1.80E+01 9.86E+00
red -1.60E+00/ -3.00E-01} 2.53E+01] 7.84E+01| 1.14E+02] 1.12E+02 9.56E+01| 6.15E+01]| 4.50E+01] 3.27E+01] 2.54FE+01
white | 1.12E+01] 5.63E+01i 7.50E+01] 6.34E+01| 5.35E401 7A49E+01] 9.03E+01| 647E+01] 3.95E+01] 2.07E+01] 1.12E+01
yellow | 7.60E+00| 1.01E+02] 1.69E+02] 1.67€+02] 8.36E+01| 4 41E+01 2.55E+01| 1.04E+01] 5.49E+00] 2.68E+00 7.18E-01
21lblack | -3.80E+00| 5.04E+01; 3.44E+01] 4.26E+01] 4.59E401] 5.33E+01] " 3.80E+01] 2.21E+01] 1.97E+01] 3.00E+01]
blue 5.60E-01] 4.01E+00] 2.83E+00| 3.70E+00| 4.34E+00| 8.25E+00] 1.10E+03 1.99E+01| 5.29E+01[ 6.77E+01 6.11E+01
red 1.06E+01| 9.07E+00| 1.13E+01] 2.14E+01] 2.70E+01| 3.84E+01| 4.82E+01] 259E+01 2.19E+01
white | 8.15E+01| 6.71E+01] 1.41E+02] 6.90E+01] 2.71E+01] 1.75E401 1.56E+01| 1.61E+01] 1.54E+01] 1.35E+01] 7.561E400
yellow | -2.70E+00! 1.30E-01] 1.70E+01| 6.79E+01] 8.17E+01] 7.14E+01] §.59E+01 267E+01] 1.40E+01] 6.41E+00
Btiblack | -5.20E+00] -4.20E+00! 1.68E+01] 5.95E+01] 1.00E+02| 1.22E+02 1.33E+02| 4.12E401] 1.52E+01] 2.60E+00] -1.50E+00
blue | -3.70E+00| 4.17E+01; 1.55E+02| 2.17E+02| 1.43E+02] 5.79E+01 2.33E+01] 1.90E+00] -1.60E+00] -3.70F+00| -4.00E+00
red 6.50E400| 3.25E+00; 3.67E+01| 1.14E+02| 1.33FE+02] 1.30E+02| 9.94E+01 441E+01] 2.86E+01] 1.94E+01] 2.27E+01
white | 2.58E+01]| 5.10E+01] 7.60E+01] 1.08E+02] 1.12E+02| 8.01E401 6.22E+01] 3.84E+01| 1.72E+01] 1.88E+01| 1.94E+01
yellow | 227E+02| 2.31E+02| 1.50E+02] 5.61E+01| 1.94E+01] 1.07E+01| 4.41E+00 -1.30E+00] -2.60E+00| -3.90F+00] -4.50E+00
12]black ~4.80E+00{ 1.82E+01] 8.25E+01| 1.45E+02] 1.54E+02] 1.27E+402] 6.08E+01 3.24E+01| 1.15E+01] 2.32E+00
blue -2.40E+00/ -1.20E+00] 244E+00| 3.17E+00] 3.82E+00] 1,45E+00] 4.27E+00 1.44E+01]| 4.99E+01] 5.85E+01
red 2.25E+01] 1.28E+01| 1.28E+01] 2.35E+01 3.16E+01| 2.52E+01] 2.59E+01] 3.10E+01] 3.86E+01
white 4.30E+01] 4.90E+01] 7.79E+01] 7.26E+01| 5.47E+01] 6.71E+01| 6.75E+01 6.31E+01] 4.87E+01] 4.38E+01
yellow 3.73E401] 7.24E+01| 1.05E+02| 1.01E+02| 599F+01] 5.62E+01| 2.87E+01 1.93E+01| 1.06E+01] 6.46E+00
22]black -4.60E+00( -2.40E+00| -1.40E+00| 1.16E+01] 3.62E+01] 1.04E+02] 1.95E 1.01E+02| 7.03E+01| 4.47E+01
biue 7.50E+00] 8.60E+00] -1.20E+00] 1.00E+01| 6.97E+00] 1.72E+01] 2.99E+01 2.38E401] 1.43E+01] 1.41E+01
red 1.15E-01 _
white 2.73E401] 1.04E402| 1.43E+02] 1.38E+02| 7.25E401] 2.69E401| 5.10E-02] -2.70E100 -3.90E+00| -4.20E+00
yellow 7.29E+01] 1.60E+02] 1.67E+02| 1.21E+02| 7.08E+01| 3.54E+01| 4.60E+00 -2.00E-01} -3.30E+00] -4.20E+00
32[black -2.60E+00| -3.00E+00| 2.20E+01] 6.55E+00 6.78E+01
blue
red _1.66E+01]| 1.85E+01] 241E+01] 3.02E401| 4.74E+01| 2.56E201 1.01E+01] 1.57E+01] 1.90E+01] 2.32E+01
white 3.25E+00| 1.75E401! 5.95E+01] 7.65E+D1| 6.08E+01] 6.11E+01] 6.90E+01] 4 10E+01 1.63E+01] 1.38E+01
yellow 1.99E+02| 1.40E+02| 7.68E+01] 4.75E+01] 2.69E+01| 1.76E+01| 5.67E400] 2.20E+00 ~1.30E+00[ -1.50E+00
13]black
blue i
red 6.80E+00] -1.60E+00| -2.00E+00[ -2.00E+00] -1.20E+00] 8.20E-01| 1.34E+01 3.56E+01| 7.69E+01
white 2.36E+01] 1.11E+01] 2.06E+01] 1.36E+01] 1.84E+01| 2.30E+01] 3.74E+01| 4.64E+01 5.50E+01
yellow 1.14E+02] 1.57E+02| 1.39E+02] 1.03E+02| 6.32E+01| 3.13E+01] 2.07E+01 1.63E+01| 9.09E+00
23]black -3.20E+00] -2 40E+00{ -1.70E+00] 4.48E+00] 2.10E+01| 5.87E+01| 7.98E+01 - 5.39E+01
blue -3.20E+001 -2.90E+00] -2.30E+00| -2.00E-01] 4.52F+00| 1.18E+01] 3.11E+01 5.04E+01] 5.45E+01
red 149E+00| 1.84E-01] 8.00E-02| 1.38E+00] 4.08E+00] 1.04E+01] 1.71E+01 2.44E+01] 2.28E+01
white 3.64E400| 7.87E+01] 1.38E+02] 1.39E+02| 8.91E+01] 4.25E+01| 2.82E+01 1.43E+01] 1.08E+01
yellow 6.48E+01| 1.02E+02] 1.05E+02| 9.59E+01] 7.36E+01] 3.82E+01] 2.32E+01 1.18E+01] 9.24E+00
33{black -3.80E+00/ -3.40E+00] -3.50E+00] -3.60E+00] -3.40E+00| 9.76E-01 1.50E+01] 4.16E+01] 8.90E+01
blue -1.50E+00| 8.72E+00| 3.14E+01| 5.15E+01 7.16E+01| 6.13E+01] 4.38E+01] 2.67E+01
red 1.61E+401| 1.15E401| 1.19E+01] 1.11E+01] 1.49E+01] 1.38E+01] 1.35E+01 1.18E+01] 1.46E+01
white 4.70E+00] 1.49E+01] 4.91E+01| 8.03E+01] 8.97E+01] 0.80E+01] 8.13E+01 - 4.40E401| 1.97E+01
yeliow 1.92E402| 1.27E+02| 7.99E+01| 4.81E+01] 2.85E401] 7.53E+00] 2.39E400 -1.80E+00] -2.60E+00
14black -1.00E-01| 7.49E-01| 1.89E+00] 7.96E-01| 4.32E+00| 6.67E-01] 4.57E-01] 4.90E+00 7.28E+01
blue .
red 744E+400| 8.23E+00| 1.08E+01] 1.27E+01| 9.36E+00| 6.54E+00| 5.80E+00 1.83E+00] 3.28E+00
white =1.80E+00! -4.60E+00| 1.42E+00] 5.20E+01] 1.15E+02| 142E+02] 6.95E401 2.56E+01{ 1.30E+01
yellow ‘| 2.64E+01] 8.70E+01]| 1.18E+02| 1.21E+02| 8.47E+01| 4.70E+01 1.62E+01] 9.80E+00
24|black -2.30E+00] -1.60E+00] -1.70E+00| -1.50E+00] -1.30E. 5.46E+00] 1.31E+01] 2.83E+01| 5.15E+01
blue -3.70E+00) -4.50E+00] -3.30E+00{ -1.90E+00] 5.19F. 3.51E+01] 4.52E+01] 4.86E+01] 4.45E+01
red -2.10E+00] -1.80E+00{ -2.00E+00| -2.00E+00] -1.70F+00] -2.20E+00] 4.31E+00 1.03E+01] 2.80E+01
white -3.80E+00] 5.21E+01] 1.86E402| 2.40E+02| 1.64E+02] 2.71E+01] 6.24E400 -2.00E+00{ -3.40E+00
yellow -4.20E+00] 1.04E+01| 3.87E+01| 8.53E+01] 1.31E+02| 1.03E+02| 4.71E401 1.80E+01] 4.01E+00
34®lack 1.40E-02] 2.06E-01| 1.17E+01] 6.22E+00] 1.04E+01] 1.17E+01] 1.32E+01 1.95E+01] 4.02E+01
blue -1.90E+00] -1.80E+00] -7.00E-01| 2.74E+00| 1.20E+01] 1.80E+01| 1.75E+01 2.57E+01] 3.86E+01
red 1.54E+001 1.76E+00| 2.0BE+00| 1.89E+00| 2.41E+00] 4.06E+00] 4.31E400 6.01E+00] 8.73E+00
white -3.90E+00] -4.00E+00] -2.50E+00] 4.32E+00] 3.47E+01] 9.26E+01] 8.24E+01 4.98E+01] 2.91E+01
yellow 3.46E+01] 540E+01! 6.48E+01] 8.17E+01| 9.73E+01] 7.59E+01] 4.78E+01 1.93E+01] 8.38E+00
51 51 -1.30E+00! 1.72E+00| 8.90E+00| 1.86E+01] 2.28E+01| 4.04E+01 2.52E401| 2.22E+01
52 52 1.73E+401] 5.26E+01] 6.60E+01| 7.90E+01] 6.25E+01] 3.66E+01] 3.03E+01 2.00E+01] 1.65E+01
53 53 =9.00E-01] -1.30E+00] -8.00E-01] 1.01E+00] 2.96E+00] 1.26E+01] 2.12E+01 2.55E+01] 3.21E+01
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Fluofescein Tracer Test Results (Continued)

2¢-Aprt  21-Apri  21-Apr]  22-Apr]  22-Apr]  22-Api]
Well | Level 2:15, 1030 18:45 0:10 9:00 14:30,
ID_|{Color)] 3575 44.00 5228 §7.67 66.50 72.00
11|black | -4.90E+00] -5.30E+00! -5.50E+00] -5.40E£+00 -4.90E+00
blue 3.73E+00] -1.00E-01] -1.70E+00] -1.80E+00 -2.80E+00
red 1.90E+01] 8.13E+00] 6.25E+00] 2.71E+00 1.03E+00
white 5.31E+00] 7.36E-01] 5.24E-01] -5.00E-01 -1.30E+00
yetiow | 1.57E-01] -2 30E+00] -2.60E+00] -3.10E+00 -4.30E+00,
21 black 6.20E+00] 3.81E+00{ 3.19E+00] 1.45E-01
blue 4.19E+01} 1.71E+01] 1.18E4+01] 5.18E+00
red 3.04E+01] 3.79E+01, 248E+01] 1.84E+01 3.05E+00
white 144E+01] -6.30E+00] 3.12E+00] 4.00E-02 =1.00E+00
yollow | 9.62F-01} -2 S0E+00] -2.50E+00) -3.10E+00 -3.80E+00
3ijblack | -3.40E+00| 44.50E+00! -5.00E+00| 4.90E+00 -3.10E+00
blue -5.00E+00] -5.30E+00! -4.90E+00} -5.00E+00
red 1.71E401] 1.81E+01] 8.60E+00| 5.40E+00
white 240E+01] 1.10E+01] 1.46E+01] 3.63E+00
yellow | -4.50E+00] ~4.80E+00| -5.20E+00] -5.60E+00
12/black | -1.60E+00} -3.50E+00| -2.90E+00] -4.20E+00
blue 6.72E+01] 4.30E+01] 2.23E+01| 1.50E+01 1.20E+01
red 149E+01| 7.34E+00] 2.56E+01 6.87E+00
white 3.25E+01] 1.71E+01] 1.25E+01] 9.13E400 ~1.00E-01
yellow 6.20E+00| -1.20E+00| -3.00E-01{ -3.20E+00 -4.90E+00
22}black 1.81E+01] 4.62E+00! 0.00E+00| -9.00E-01 -1.10E+00
blue 241E+01] 274E+01] 2.51E+01] 1.88E+01 4.56E+00 :
red -
white -4 40E+00]| -5.50E+00] -5.20E+00 ~4.40E+00
yellow | -4.80E+00| -5.50E+00/ -5.80E+00] -5.70E+00 -5.70E+00
32)black 1.04E+01
blue - .
red. 2.93E+01| 1.77E+01| 2.42E+01| 1.83E+01 1.85E+01
white 6.29E+00| -1.70E+00] -2.10E+00 -2.10E+00
yellow | -3.60E+00| ~4.70E+00] -5.20E+00) -5.30E+00 -5.30E+00
13|black
blue
red 5.80E+01| 3.38E+01] 2.1SE+01] 8.71E+00] 1.04E+01] 1.08E+01
white 5.67E+01] 3.89E+01] 2.41E+01| 1.27E+01] 1.04E+01| 1.18E+01
yellow | 2.67E+00| -5.00E-01] 1.04E+00]-1.20E+00] 3.50E+00] 1.12E+00
23)black 3.29E+01| 1.40E+01] 8.33E+00| 3.52F+00] 1.65E+00| 1.49E+00
blue 347E+01] 1.39E+01] 8.22F+00] 6.41E+00| 6.44E+00] 1.13E+01
red 2.56E+01] 2.03E+01] 1.91E+01| 1.88E+01] 1.41E+01] 9.59E+00
-~ |white | 5.81E+00] -220E+00] -1.00E-01 -3.60E+00| 5.75E-01]| 2.27E+00
yellow | 7.37E+00] 3.00E+00| 1.59E+00] 3.85E+00| 7.46E+00 6.42E-01
33jblack 3.14E+01] 1.62E+00| -2.30E+00] -2.90E+ 00| -3 20E+00] -3.80E+00
blue 1.14E+01| 3.10E+00| 245E+00{ 5.786-01] 2.87E+00] 1.93E+00
red 2.83E+01] 3.33E+01] 2.34E+01| 2.17E+01] 2.61E+01] 2.07E+01
white 7.65E+00| 2.00E+00] 0.00E+00] -9.00E-01] 2.45E+00] 0.00E+00
yellow | -3.60E+00] ~4.80E+00| -4.80E+00| -4.90E+00| -4.10E+00] -3.60E+00
14 iblack 8.62E+01] 2.91E+01] 1.07E+01| 6.90E+00] 3.87E+00| 2.31E+00
blue 6.84E4+00
red 8.37E+00] 1.49E+01] 2.62E+01| 3.83E+01] 4.52E+01| 3.76E+01
white 8.42E+00] 4.60E+00] 3.80E+00] 1.43E+00| 3.41E+00] 1.67E+00
yellow | 3.74E+00] 0.00E+00] -1.80E+00| -1.70E+00] -2.20E+00 -3.40E+00;
24|black 5.04E+01] 2.14E+01| 8.52E+00] 5.51E+00| 3.23E+00| 1.04E+00 \
biue 3.16E+01] 1.60E+01| 9.07E+00| 6.35E+00] 2.67E+00] 4.30E-01 \
red 3.24E+01) 2.34E+01| 1.90E+01| 1.71E+01] 1.24E+01| 6.74E+00
white | -4.10E+00] -4.90E+00] -5.20E+00| -5.30E+00| ~4.90E+00 -5.60E+00
- |yellow | -2.40E+00| -4.30E+00/ -5.00E+00| -5.10E+00] -4.80E+00 -5.30E+00
34 |black 7.02E401] 5.15E+01] 3.62E+01] 147E+01] 1.30E+01| 3.94E+00
blue 2.77E+01] 1.70E+01! 1.67E+01| 1.71E+01| 1.17E+01] 4.84FE+00
red 8.28E+00] 1.17E+01] 2.55E+01] 3.05E+01] 2.75E+01| 2.00E+01
white 240E+01] 1.18E+01| 1.10E+01| 5.20E+00] 6.21E+00] 2.10E+00
yellow | 8.14E-01] “2.50E+00] -3.80E+00] -4.20E+00] -4.30E+00| ~4.90E+00
51 51) 2.04E+01] 1.39E+01| 9.09E+00| 1.09E+01] 6.86E+00] 6.47E+00
52 52| 1.13E+01] 6.83E+00| 8.83E+00| 4.35E+00| 1.58E+00 =1.00E-01
53 53] 2.76E+01] 1.90E+01] 1.10E+01] 1.04E+01] 6.86E+00] 4.84E+00] -
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APPENDIX C

TRACER SOP

STANDARD OPERATING PROCEDURES
FOR -
NON-HALOGENATED VOLATILE ORGANICS
(TRACER ALCOHOLS)
BY GAS CHROMATOGRAPHY
MODIFIED SW846 METHOD 8015
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STANDARD OPERATING PROCEDURES
| | " FOR |
NON-HALOGENATED VOLATILE ORGANICS
(TRACER ALCOHOLS) BY GAS CHROMATOGRAPHY
MODIFIED SW846 METHOD 8015

" Draft October 6, 1995
Revision 1- October 12, 1995

' 1.6 Scope and Appliéation |

1.1  This method is used to determine the concentration of nonhalogenated
volatile organics (tracer alcohols) in water samples. The analytes to be analyzed by
this method are methanol, n-pentanol, n-hexanol, and 2,2-dimethyl-3-pentanol.
The purpose of this SOP is to ensure reliable and reproducible analytical results of
the tracer alcohols in water samples for on-site._or laboratory-based Gas
- Chromatograph (GC) analyses. ' T '

2.0 Summary of Method

2.1 This method describes the analytical procedures and the general gas
chromatographic conditions necessary for the detection of tracer alcohols used as
partitioning tracers. Samples are analyzed by direct injection. Detection is
achieved using a flame ionization detector (FID) and the gas chromatograph is
temperature programmed to-separate the organic compounds of interest.

2.2 The gas chromatograph is calibrated using a five point calibration
curve for the tracer alcohols of interest. Verification of the instrument stability is
checked every ten samples with a mid-point calibration standard. The method has
been found to provide reliable and reproducible quantitation of alcohol tracers for
concentrations >1 g/ml. This value will be verified in a method detection limit
(MDL) study according to Fed Reg. 40 CFR, Part 133~Qvery six months. The method
detection limit study encompasses analyzing seven standard replicates
(concentration at three timeés the expected MDL), calculate the standard deviation
and the MDL is three times the standard deviation. - '

3.0 Sample Containers, Collection, Transportation and Storage

31  Sample Containers. ‘Water samples are contained in 40 ml (Certified
clean) glass amber vials with Teflon-faced septa caps.
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3.2 Sample Collection: each sample vial is completely filled with aqueous
sample, such that no headspace of air exists, and capped. The vials are not opened
until the time of analysis. All vials must be labelled with location, date and time of
~ collection, and technicians initials. In addition proper chain-of-custody

documentation must accompany all vials. T ’

3.3 Transportation and Storage: for field studies the samples are stored in
coolers containing blue ice, and later stored in refrigerators in a trailer located on
the site. Samples may be subjected to on-site GC analysis, and/or shipped to
another analytical laboratory. Those samples shipped to a fixed laboratory are
packed in coolers and shipped via overnight air express (e.g., FED Ex). The
samples are stored in the cold storage room or refrigerator at 4 C until they are
ready for GC analysis. After analysis, the samples are returned to cold storage.
For laboratory studies, the samples are stored in a refrigerator if the period prior to
analysis is expected to exceed eight hours. Samples must be analyzed within 7
days from collection unless chemically preserved with H9S04 to a pH <2 which
allows for analysis within 6-weeks of collection. Holding blanks will be maintained
- during the holding period and analyzed to determine the extent, if any, of biological
degradation.. ' S

4.0 Apparatus and Materials

4.1 Gas Chromatograph System: Hewlett Packard  HP5890 Gas
Chromatograph, this GC system is capable of temperature programming and has a
flow controller that maintains constant column flow rate. - The system must be
suitable for on-column- injéctions, and all required accessories including an FID
detector, a packed or split/splitless injection port, and an autosampler. A data
- system for measuring peak area and/or peak height for data acquisition and
processing is essential.

4.2 Gas Capillary Columns:

. Capillary column: Supelco SPB‘-‘5\ column 30m x 0.32mm i.d,
0.25 m (phase film) o ’
- ( =3820) (separates mostly by bp) or equivalent.
(J&W, DB-5; Restek, RTx-5) '
or : ‘

Capillary column: Supelco Supelcowax 10 column 30m x .25mm
id, 0.25 m {(phase film) ( =250) (separates mostly by polarity). or

equivalent L
(J&W DB-WAX; Restek, Stabilwax)
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The capillary column chosen must meet the needs of the analysis and does not
introduce contaminants which interfere with the identification and quantitation of
the compounds of interest. Caution should be taken in choosing a column as -
introduction of water onto a column may damage it. Manufacture’s
recommendations will be taken into account for column selection. "

: 4.3 Gases: Zero-grade air and ultra-high purity hydrogen are used for the
FID, and ultra-high purity helium is used as the carrier gas.

44 Glassware: Syringes ( sizes to be determined), Class A volumetric
pipettes (1 or 2 ml) required for sample dilutions, Auto sampler vials with Teflon-
. faced caps, Volumetric Class A pipettes 0.5, 1, 2, 5, 10 ml) are required for the
preparations of the calibration standards. '

5.0 Reagents and Standards
5.1 Reagent water: Reagent water is defined as a water in which an
interferant is not observed at the method detection limit (MDL) of the analytes of

interest.
5.2 Standards

5.2.1 Analytical standard solutions are prepared from pure standard
materials or purchased as certified solutions. ( ??Source?? ). Stock standard
- solutions, at 1000 g/ml of each analyte, are prepared in reagent free water and kept
in glass vials with Teflon-lined caps; minimal headspace ensures no volatile losses.
The stock solutions are stored a -10 C to -20 C and should be protected from light.
The solutions must be labelled accordingly: date prepared, preparer, concentration,
batch#, and expiration date. Standards must be prepared every month or sooner if
comparison with the Quality Control Standard or check standard indicates a
problem. : o

5.2.2 Working Stock Solution: prepare & working stock solution by a
one fifth dilution of the stock standard (1000 g/ml ) to a concentration of 200 g/ml.
5.2.2 Working Calibration Standards are prepared by diluting the
stock standard solutions in reagent water. Prepare five calibration levels as
follows: the low standard is prepared at the reporting limit of the method, four
standards are prepared by dilution of the worki g stock solution (e.g. 200 g/ml),
while the fifth is an undiluted solution. This gives five calibration levels ( g/ml) as
follows '




Levell  Level2 =~ Level 3 Level 4 Level
5 - :

Analyte 90nce11tratiqn 099 = 952 18.18 100.0 200.0
6.2.3 Initial Calibration Analytical Sequence

VIBLK : o

Alcohol Level 1 Standard _ s
Alcohol Level 2 Standard '

Alcohol Level 3 Standard

Alcohol Level 4 Standard

Alcohol Level 5 Standard

VIBLK

VIBLK (Volatile instrument blanks) are analyzed to demonstrate that
the system is free of contaminants which may interfere with the analysis. A blank
is a injection of reagent free water. = The VIBLK must not contain target analytes
at or above the reporting limit. .

5.2.4 Linearity Requirements: The calibration curve must havé a
correlation coefficient (r) 0.995 using linear regression for quantitation to be
performed. ' '

5.2.3 Continuing Calibration Check Standards (CC): A calibration
check standard is prepared at the mid-point concentration (Level 3). In order to
ensure instrument stability-the CC is analyzed at a minimum of once every 10
sample injections (not including calibration standards or instrument blanks) and at

the close of an analytical run. In order to continue analyms the CC standard must

meet the following quality control criteria:

The perc_:ent difference (%D) between the calculated
concentration and the nominal concentration must be 15.0%.

%D = Conc. (nominal) - Cone. (cale.) x 160
Conc. (nominal)
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The retention times of the tracer alcohols must fall within the
established retention time windows (See Section 6.3). -

Continuing Calibration Analytical Sequence

inj. __LabID
17 Initial Calibration ,
8 ‘Quality Control Sample - .
9-19 Samples 7
20 VIBLK ‘
21 CC alcohol standard Level 8
22-32 Samples '
Closing VIBLK
: CC alcohol standard Level 3

If the above QC criteria are not met, standards and VIBLK’s may be injected a
second time. If they fail to pass the criteria again, the analysis must end. The GC
system must be inspected for problems to determine the cause and perform
whatever maintenance is necessary before recalibrating and proceeding with the
sample analysis. All samples that were injected after the sample exceeding the
criteria must be reinjected.

- 6.2.4 Quality Control Standard: A quality control sample (QCS) prepared
from an independent source other than that of the calibration standards must be
analyzed after the initial calibration, to ensure proper instrument calibration and
quantitation. The recovery limits for the QCS should be 70-130%. If the QC
recovery limits are not met, the GC system and the standard preparation

* documentation must be inspected for problems to determine the cause and perform
- whatever maintenance is necessary before recalibrating and proceeding with the
sample analysis. All samples injected after a QCS that fails must be reinjected.

6.0 Instrumental Procedures : \

6.1 Gas Chromatographic Configuration
6.1.1 A capillary column chosen to meet the needs of the analysis is
installed into FID of the HP 5890 GC system.
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62 Recommeénded operatin.ér conditions are as follows:

. Injection port temperature 230C - .
FID detector temperature260 C
Initial column temperature .40 C -
Initial hold time - 1min.
Ramp rate - 25 C/min. ' .
Final column temperature 200 C )
Final hold time 2 min. E .
Carrier: helium, 20-30cm/sec (set at 40-60 C)

6.3 Retention time windows (Reference SW846 Method 8000, Section 7.5)

' Before establishing windows, make sure the GC system is within
optimum operating conditions. Make three injections of a mid-level standard

- containing all compounds of interest throughout a 72-hour period. Note: serial

injections over less than a 72-hour period result in retention time windows that are
too tight. Calculate the standard deviation of the three absolute retention times for
each analyte. . Plus or minus three times the standard deviation of the absolute
retention times of each standard will be used to define the retention time window;
however the experience of the analyst would weigh heavily in the interpretation of
chromatograms. The laboratory must calculate new retention time windows for
;each standard on each GC column and whenever a new GC column is installed.
The data must be retained by the laboratory. :

64 Gas Chromatog'_:igphic analysis:

6.4.1 Sample préparation: Water samples are received in 40 ml vials.
An aliquot of the sample is transferred from the sample vials after they reach

ambient temperature to the GC autosampler vials (size, use manufacturer

‘suggestion) using an analyte free sub-sampling device (i.e. syringe). The vial is
capped and properly labelled for placement in the autosampler tray.

6.4.1 Direct Injection: 1.0ul of the sa;hple is injected into the GC

using an automatic sampling device. Sample injections are properly documented
in the analytical runlog.

6.4.2 Sample dilutions: If the responses for any analyte exceed the
linear range of the system, dilute the sample and reanalyze. Use the results from
the original analysis to determine the appropriate dilution required to get the
largest analyte peak within the upper half of the calibrated range. Quantities used

must be documented.
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6.4.3 Contamination by carryover can occur whenever high level and
low level samples are sequentially analyzed. To reduce carryover, the injector
syringe will be rinsed with reagent water three times between analyses. A sample
analyzed after a sample with a response. outside the calibrated range will be )
inspected for carryover and reanalyzed if carryover is suspected. If a sample is
anticipated to be of a level close to exceeding the calibration range, an VIBLK ,

should be methodlcally placed in the autosampler tray.

6.5 Analyte Identlﬁcahon: Analyte 1denhﬁcation is based on absolite
retention time as established in Section 5.3. Establish daily retention time
windows for each analyte using the absolute retention time for each analyte in the
initial mid-level CC standard for that day. The daily retention time window equals
the retention time + three times the standard deviation determined in Section 5.3.

6.6 Aaalyte Concentration: When an analyte has been identified, the
concentration will be based on peak area, which is converted to concentration using
the linear standard cahbratmn curve (External standard cahbratnon)

Concentration (ug/ml) = Calculated conc. (ug/ml) ﬁ'om cahbrauon curve *
D.F. ,

D.F. = dilution factor = Final diluted volume.
Volume of sample added

Gai o wddinge it o

IR

-~ 7.0 Quality Control

7.1  GC injector septa must be changed every 60-80 mJectaons or sooner if )
any related problems occur (i.e. spray back after sample injection, retention time
shift, calibration standard response low).

7.2 Injector liner must be cieaned or changed every 60-80 injections or
sooner if any related problems occur (i.e. increase base line, n01se, integration or
signal deviations).

73 A VIBLK must be analyzed every ten samples and before the closing
CC standard. This blank is prepared in the same manner as the standards. In
order for the VIBLK analysis to be acceptable the blank must not have any target
analytes detected at or above the reporting limit. If a VIBLK fails to meet this
_criteria, all samples associated with this blank must be re-analyzed or analysus '
shou]d not continue unt11 an acceptable blank is ana]yzed ,

74 A method blank (VBLK) must be prepared with each analytlcal batch
The VIBLK is distinctly different from the method blank in that it is prepared at
the same time as the cahbratlon standards whereas the method blank is. prepared
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with the samples, i.e, vial is filled for method blank same time and place as
samples. In order for a VBLK to be acceptable the blank must not have any target
analytes detected at or above the reporting limit. If a VBLK fails to meet this
criteria, all samples associated with this blank must be re-analyzed or analysis
should not coritinue until an acceptable blank is analyzed

7.5. Initial standard calibration must be conducted every time the flame is
started, daily, or for each analytical batch, whichever is more frequent.

7.6 Each analytical sequence, the continuing calibration check standard
should be evaluated (Refer to Section 4.0) to determine if the chromatographic
system is operating properly. Careful examination of the standard chromatogram
can indicate whether the column is still good, the injector is leaking, or the injector
septum needs replacing. If any changes are made to the system (e.g. column
changed), and the CC standard does not met the continuing calibration criteria as
outlined in Section 4.0, recahbratmn of the system must take place. .

7.7 Matrix Spike/Matrix Spike Duplicate Analysis

7.7.1 An MS/MSD is required for every 20 samplés or borhon thereof.
The MS/MSD analysis consists of spiking two aliquots of the same sample prior to
analysis.

- Matrix Spike Compounds Amount Spiked Recovery Limits _RPD

methanol . 18.8ppm (TBD) TBD L LT
n-pentanol ‘ " -
n-hexanol LT ' " e
2,2-dimethyl-3-pentanol ' " '

TBD = To be determined.
Calculate each percent recovery (%R) as follows:

%R = (Spiked Sample coné. - Unspiked Sam\gle'conc.)/Conc. of the spike *
100 )

Ca]culéte Relaﬁw}e Percent Difference as follows:

RPD = |MS %R - MSD %R| * 100
% (MS%R + MSD %R)

Recovery limits (established control limits) should be established when sufficient

data points (20 sample analyses) have been collected. Once a minimum of 20
samples of the same matrix have been analyzed, calculate the average percent
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recovery (p) and standard deviation of the percent recovery (s) for each of the
analytes. Calculate the Upper and lower recovery limit for each compound as
follows: Upper Control limit (UCL) = p + 3s, Lower Control Limit (L.CL) = p - 3s.
Refer to SW846 Method 8000A, Section 8. If the recovery of any matrix compounds
is outside the established limits the deviation will be investigated and the sample
analysis thorcughly reviewed to determine if corrective actions should be taken."

8.0 Compound List and Reporting Limits
8.1 Compound List giveh in Section 1.1

‘82 Reporting Limits |
Compound réporting hmJts as éétéblished from the Method Detection
Limit Study are (3 x MDL). Reporting limits are also evaluated based on the

chromatography of the compound and the sensitivity of the compound. The
reporting limit as determined from pmvious analysis of this method has been 1ppm

(ug/ml). "~
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APPENDIX E

PRE-TREATMENT PITT ANALYSIS PLOTS

\\\

From “First Moment: Analysis of Hill AFB QU1 Partitioning Interwell Tracer Test Conducted by
ARA, April 1996,” INTERA, Inc., Austin, TX, and The University of Texas at Austin, Austin,
TX, August 30, 1996) ' ' '
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Figure 1a Extraction well 51 tracer response data and corresponding fitting curves
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Figure 1d Retardation factor of 22DM3P based on tracer data from extraction well 51
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Figure 5a MLSI 1_BLUE tracer response data and the corresponding fitting curves
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Figure 21a MLS12_RED tracer response data and the corresponding fitting curves
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Figure 25a MLS22 BLUE tracer response data and the cdrresponding fitting curves
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based on tracer data at MLS22_BLUE

241

Average NAPL saturation




S e A A

o o it bk et ottt

1000. 1 ' I I A I
; A  Methanol (data)

o 2—2M\yi.3-pentanol(data)
Methanol (fitting) .
- == Q-ZMW(M) -

hl..
L

Tracer Concentration (ppm)

Time (days)

Figure 26a MLS22_RED tracer response data and the cofresponding fitting curves -

2.20 8.0%
[———nRetardation factor]| - 1 ‘ ; ;
,1.90 = = = gaturation : . ] —t = 1 6.0% .g
5 S Ll " ) ) e
= -
3] o a8
s o et L ]
o) : : e i ‘,’/ . o
S - 160 Ty 40% &
'g ’ " " : z
y/ o
7 &
o - YA i | g
1.30 -+ o/ : 420% 2
. / \ ) <
s : N
Y Loo — ' 0.0%
0 1 2 3 4 S5 6 7 8 9 10
Time (days)

Figure 26b Estimated retardation factor and resldual NAPL saturatlon '
' based on tracer data at MLS22 RED

242




| l
A Methandl (dats)
‘@ 2:2dimetyl3 pentand (data)

R ===Methanol (fitting)
@' = = = 22dimethyl,3-pentancl (fiting)
g
g
= .
3 3-
L LY
g ~ . |e
et E ) ~ ~~ .
" 2
\ .
0. 4 | Sc >,
0.0 0.5 1.0 L5 2.0 25 3.0
Time (days) -

Figure 28a MLS22_YELLOW tracer respoﬁse data and the corresponding fitting curves

1.0 , | - ' 8.0%
==——Retardation factor
= = = Saturation

: . g
1.60 . : 60% .8

| .
8 S e - g
3] - / £
& : S
g : - afws o wo mjmu & = oo -
g 140 —epmet - 40% &

L) : - .
o - z
g g
& | &
_ ; g
120 -20% &

. .
N\
_, 1.00 +— . o 0.0%
) 0.0 0.5 1.0 15 20 25 3.0
Time (days)

Figure 28b Estimated retardation factor and r&éidual NAPL saturation
based on tracer data at MLS22 YELLOW .= :

243




1000. T——— N Y S
’ A Methanol (data)
—~ & 2-2dimethyl,3-pentancl (data)
& ~=——Methanol (fitng) .
g o A = = = 2-2dimethyl,3-pentanol (fitting) ’
' g .. -*. '. °
8 N
g »
A [
§ N .,
g | N
&) M
g ‘s
g 3
a ) * ¢ .
h\ ®
N i

10 15 20 25 30 35 40 45 50

Time (days)
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2.20 : - ' : . 8.0%
| meeemmes= Retardation factor
= = = Saturation o
1.90 = 6.0% =]
| = ’ ! !-' ' i wm s @weim e wm e mmmb 5
o) H L - - 1= - - . “3
3] . B LD 8
& ’ Ve : ' s
= . . I
] . / / .- o =
g 160 v e : 40% &
: y ;
& {, ) Vot g
1.30 7 : : 120% %
M
1.00 _ ' : -+ 0.0%
00 05 10 15 20 25 3.Q 35 40 45 50
Time (days)

Figure 29b Estimated retardation factor and residual NAPL saturation
- based on tracer data at MLS32_BLUE




e et tdi bt

Figure 30a MLS32 RED tracer response data and the corfesponding fitting curves
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Figure 3.7 Shear wave time history forlocation H-LWEF-C04 70 to 150 ft.
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Figure 3.8 Shéar wave time history for location H-CWF-CO4 140 to 157.7 ft.
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Figure 46a MLS14_BLACK tracer response data and tlx‘e'corresponding fitting curves
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Figure 47a MLS14 _BLUE tracer response data and the correspondmg fitting curves
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Figure 48a MLS14_RED tracer response data and the correspondmg ﬁttmg curves
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Figure 49a MLS 14_WHITE tracer response data and the i:on‘esponding fitting curves
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....Figure 4.1. Compression. wave time to peak for- locatxon H-LWF-C04 70 to 150 ft.
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Flgure 50a MLS14 YELLOW tracer response data and the correspondmg fitting curves
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Figure 4.6 Average shear wave particle velocity location H-CIF-C10.
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Figure 57b Estimated retardation factor and residual NAPL saturation
based on tracer data at MLS34_BLUE
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APPENDIX F

RSKSOP-148

STANDARD OPERATING PROCEDURE
DETERMINATION OF VOLATILE ORGANIC COMPOUNDS
IN WATER BY AUTOMATED HEADSPACE
GAS CHROMATOGRAPHY/MASS SPECTOMETERY
(SATURN I1 ION TRAP DETECTOR)
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‘Ref: 95/JAD45

September 1, 1995

Mr. Lynn Wood
R.S. Kerr Environmental Research Lab
U.S. Environmental Protection Agency
P.0O. Box 1198
Ada, OK 74820

THRU: S.A. Vandegriftf;x

Dear Lynn:

As requested in Service Request # SF-1-130, headspace GC/MS
analysis of Hill AFB water samples for VOC’s was completed for the
specified compounds: 1,1,1~-trichloroethane, toluene, 1,2,-

- dichlorobenzene, 1,3,5-trimethylbenzene, o-xylene, m+p-Xxylene,
decane, and naphthalene. A total of 60 water samples and 12
duplicates were received, in 20 ml VOA vials, on July 20, 1995.
Samples were analyzed on August 6-12, 1995. RSKSOP~148
(Determination of Volatile Organic Compounds in Water by Automated
Headspace Gas Chromatography/Mass Spectrometry (Saturn II Ion Trap
Detector) was used for this analysis.

The following modifications were made to RSKSOP-148. Lead
lined septum was used on the headspace vials. The filament delay
was extended to 300 seconds. The acquisition time was extended to
25 minutes. Also the total run time was extended to 55 minutes.

An internal standard calibration method was established for

the compounds. The decane curve ranged from 2.0 to 200 ppb. 1,2-

Dichlorobenzene ranged from 2.0 to 4000 ppb. Naphthalene ranged

from 5.0 to 2000. The other compounds ranged from 1.0 to 2000 ppb.

- The internal standard was fluorobenzene at a concentration of 100
Ppb in the headspace vial. .

A quantitation report for the samples, lab duplicates, field
duplicates, QC standards and lab blanks is presented in Table 1.

Note that because of a computer acquisition failure, samples
sets M8 thru M12 were rerun. The second 10 ml aliquot was taken
from the 20 ml VOA vials. A 10 ml volume of headspace was above 10
ml sample for 48 hours. The field duplicates without headspace
were run to compare possible losses.

Evaluation of the data reveals that duplicate analyses of the
second aliquots of sample from the 20 ml VOA vials had higher

RS. Kerr Environmental Research Laboratory, PO. Box 1198, §19 Kerr Research Drive
Ada_ Okizhoma 74821-1198  405-436-8660 FAX 4054368501
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BTANDARD OPERATING PROCEDURE

' DETERMINATION OF VOLATILE ORGANIC .
I ) COMPOUNDS IN WATER BY AUTOMATED HEADSPACE
: GAs CHROMATOGRAPHY/MASS S8PECTROMETRY
(SBATURN II ION TRAP DETECTOR)

Disclaimer: This Standard Operating Procedure has been
prepared for the use of the Robert S. Kerr
Environmental Research Laboratory of the
-U.S.E.P.A. and may not be specifically applicable
‘to the activities of other organizations.

I. Purpose: (Scope and Application)

This method is applicable to the confirmed identification and
quantitation of purgeable volatile organic compounds (VOC) in
watar using gas chromatography/mass spectrometry (GC/MS) without
the use of cryogenic focusing. It is based on EPA Method 524.2
which is used to determine over sixty VOC in drinking water. 1In
addition to the analysis of aromatics and haloalkenes,
halcalkanes and haloaromatics, this method can also be used for
the determination of petroleum hydrocarbons in contaminated
water. The method is automated in that sampling and GC/MsS
analysis occur automatically after minimum input from the
Cperator. - '

-Approximately eleven analytical runs can be performed per eight
.hour day. The sample tray can be locaded with 50 samples which
can be analyzed within thirty-eight hours.

This method is restricted to use by or under the supervision of
analysts experienced in the use of gas chromatography/mass
spectrometry and in the interpretation of chromatograms and mass

spectra.

II. umm of Method:

A sample is sealed in a headspace vial and heated in the
sampler’s aluminum platen. The headspace gas in the vial is then
sampled with a needle, flushed via a transfer line into a
capillary column at 35°C with no cryogenic cooling in the GC oven
which provides compound separation. The volatile organics are
identified and quantifiead by the GC/Ms software system. Based on
a 10 ml sample ‘
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size a gsample concentration in the range of 0.5 - 1,000 ppb can
be determined. A.method detection limit for 21 aromatic,
haloalkane, haloalkene and haloarcmatic compounds was determired
at a concentration of 0.5 ppb and ranged from 0.06 to 0.5 ppb
{See Table I1I1I). - '

III:. References:

1. Methods for Determination of Organic Compounds in
.Drinking Water - Method 524.2 Measurement of Purgeable Organic
Compounds in Water by Capillary Column Gas Chromatography/Mass
Spectrometry. EPA/600/4-98/039, Dec. 1988. ’

2. Tekmar 7000 Headspace Sampler Operating and Service
Manual, Tekmar Co., Cincinnati, OH.

3. Varian 3300/3400 Gas Chromatograph Operators Manual,
Varian Analytical Instruments, Sugar Land, TX.

4. Saturn II GC/MS Operatoring/Reference/applications
Software Manuals, Varian Analytical Instruments, Sugar Land, TX.

5. Eichelberger, J.W., Bellar, T.A., Donnelly, J.P. and
Budde, W.L., Determination of Volatile Organics in Drinking Water
with USEPA Method 524.2 and the Ion Trap Detector. Journal of
Chromatographic Science, Vol. 28, PP.460-467, Sept. 1990.

6. Definition and Procedure for the Determination of the
Method Detection Limit - Revision 1.11, Code of Federal
Regulations, 40CFR Ch.I (7-1-91 Edition), Pt. 136, App. B,
Environmental Protection Agency, pPp. 554 - 555,

-

. _7. Environmental Chromatography séminar71992, Varian
Analytical Instruments, San Fernando, CAR .

8. RSKSOP-71 Revision No. 4, Date: 11/14/91, Steve
Vandegrift, RSKERL, Ada, OK.

9.. RSKSOP-127 Revision No. 1, Date: 05/28/92, Dennis Fine,
RSKERL, ADA, OK.

IV. Procedurse:
A. Sample Preparation

Weigh out 2.0 grams of sodium chloride into a 20 milliliter
headspace vial. Using a 10 milliliter syringe, add 10 mls of
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sample, or in the case of a blank or standard preparation,
organic free water. - - .

‘Hote 1: For the analysis of a soil, wveigh out 1-2 grams and
record the weight, and then add 10 mls of water.
Analytical results will be qualitative and semi-
quantitative under these conditions.

Note 2: vVolatile organic-free water may be éenerated by boiling
. for one hour water that has undergone reverse osmosis
and treatment by a Millipore water system.

Once the water or the sample has been added to the vial, quickly
‘inject 8.0 pl of fluorobenzene + bromofluorobenzene internal
standard (See Note 3), under the surface of the water/sample.

The vial should be quickly capped and crimpéd. When a standard
is being prepared, a correct amount of standard solution should
also be quickly injected under the surface of the water. It also
should be rapidly capped and crimped.

After the sample or standard vial has been crimped, shake the
vial to completely dissolve the salt.

Note 3: To prepare the internal standard, inject 6.1 pl of neat
fluorobenzene and 4.2 4l of neat p-bromofluorobenzene
into methanol in a 50 ml volumetric flask. Dilute to
the mark with methanol. This results in concentrations
of approximately 125 ng/ul.

"Place the vials in the éaroﬁsel in the order in which they are to
“be analyzed. .

The analysis time for each sample will be approximately 35
minutes. This allows each sample to be'heated at 80°C in the
carousel of the headspace sampler for 30 minutes before it is

analyzed.

\

B. eadspace Sam nq.

Check that the parameters used for operation of the headspace
sampler are as listed in Sect;on Iv. . ‘

Enter the number of vials to be analyzed into the autosampler
menu. (See the Tekmar manual for details.)

Be certain that the GC/MsS is ready for operation by checking the
GC/MS air/water ratio and operation paramaters (See section C).
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Press the start button on the headspace sampler and answer the GC -

Cycle time question. The sampler will gtart automatically.
After heating the sample, the headspace sampler begins its cycle
by piercing the vial’s septum with the sampling needle and ..
pressurizing the vial with helium. The headspace gas is then

vented through the one milliliter sample loop. The filled sample

loop is placed.in series with the GC column and its contents are
transferred through the heated transfer line to the head of the
capillary column. . - ' '

C. go/ug.

Check that the Parameters used for operation of the GC/MS are as
listed in Section IV and in the Gc/Ms method files shown in
Figures 1-2. :

At the start of each analysis, the GC temperature program is
downloaded to the GC by the GC/Ms system software. Upon
completion of analysis the GC will return to its initial set

point of 35 *C and remain there.

The transfer line from the Tekmar 7000 is connected directly to
.the helium Supply line of the split injection port of the Varian
3400 gas chromatograph. A constant split of 30 ml/min is
"maintained at the injector (with a column pressure of 12.5 psi,
the air dead time at 80 e¢ of 83 sec is obtained through the
analytical column). The interface between the GC and the Ms is
accomplished by extending the column through the transfer line.
The column should extend 0.5 mm pPast the end of the transfer
line. rhe transfer line is guided into the manifold until it
will go no further. It is then clamped into place.

The Saturn II Ion Trap Detector (ITD) parameters are shown in
Figures 3-4. : §

The criteria for tuning the ion trap detedtor is based on
spectral parameters set by EPA Method 524.2 using
pP-bromofluorobenzene. These parameters are met before starting
calibration of the system and are checked at the start of each
day before beginning analysis. Figure 5 shows a spectrum and
listing for a calibration check (generated by run Procedure
BFB524B) done on the Saturn II ITD system and the P~
bromofluorobenzene'tuning criteria. .
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Iv.

a.

3t

Headspace gampler Conditions,

Platen Temperature
Valve & Loop Temperature
Carrier Pressure

Equilibrétion Time
Vial Pressurization

ent ating

Pressurize

Pressure Equilibration

Loop

arame

Transfer Line Temperature
Vial Needle Flow

Loop Equilibration

Inject
GC Cycle Time

Column:

Injector Temperature:

Transfer Line Temperature: (GC-MS)

3. Gas Chromatograph Conditjions.

Gas Chromatograph:

"RSKSOP-148
Revision No. ¢
Date: 03/30/93
Page 5 of 75
Bradley D. Black
Dennis D. Fine

80 °C
150 °C

12.5 psi (High
Purity Helium)

30 nmin

8 psi (High
Purity Helium)

200 °C

32 ml/min, helium

1.00 min
0.25 min
0.20 min
- 0.20 min
1,00 min
35 min

Varian 3400
- J&W DB624 30 m x 0.25.
175 eC .

1200 °C

GC Temperatﬁre Program Conditions

GC Method:

Initial value:
Initial Time:
Program Rate:
Final value:
Final Tinre :

Carrier Gas:

Source:
Colunn:

Split Flow:

Septum Purge:

‘Dead time (air Bo0°c): .

281

DB624

35 *C
2.0 nin
8 °C/min

- High Purity Helium

80 psi
12.5 psi
30 ml/min
4 ml/min
83 sec

mm x 0.5 um



RSKSOP-148
-Revision No. 0
Date: 03/30/93
Page 6 of 75 »
Bradley D. Black
Dennis D. Fine

(See FPigure 2 tof GC Operating Parameters.)

c. Mass Spectrometer Conditions,

Mass Spectrometer: ~Varian Ssaturn II Ion Trap Detector

Instrﬁment Set Points

1400 volts

Multiplier Voltage:

Manifold Temperature: 200 °C
Emission Current: 20 pamps
A/M Amplitude Voltage: 2.7 volts

Integrator Zero: :
RF Modulator Response:

EI/AGC Parameters .

0.22 average
415 average

EI Background Mass: 50 amu

EI Maximum Ioniz. Time: 25000 usec
AGC Prescan Ioniz. Time: 100 upsec
AGC Prescan Storage lLevel: 125 dacs

Data Steps in AGC Prescan: 50

RF Dump Value: 4095 dac
AGC Weight Factor: 1 '
Segment Tune Péctors
Segment 1: 110 dacs
Segment _2: 70 dacs
Segment 3: 100 dacs
Segment 4: 90 dacs
Acquisition Parameters
Acquisition Method: a DB624
Mass Range: \ 40 to 250 amu
Seconds/Scan: 0.500
Acquire Time: 18 min
Filament/Multiplier Delay: 60 sec
Peak Threshold: _ 2 counts

Mass Defect:

=50 nmu[loo.amu

Background Mass: 45 amu
Jonization Mode: - EX
Auto Ion Control: Oon
Cal Gas: oft
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APPENDIX G

STATIC AND DYNAMIC GROUNDWATER CHEMICAL ANALYSIS DATA
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Pre-Treatment Static Groundwater Samplmg Results

(in ppb)
) Depth Analytes : ) e
Location | (f) N Vinyl Chloride 1,1,1-Trichloroethane Trichloroethene Toluene] ~ [ m+p Xylene o-Xylene
2711 14 | BLACK 5.6 27 37 ND ND|
2711 16 | BLUE | 875. 6.5 22 52 ND| " ]
2711 18 | RED 1.6 63.7 1.1 43.6 ND|[ a7
2711 22 [YELLOW ND 169 1.8 148 0.9 549
2721 16 | BLUE 39 19.4 --- --- ND|
2721 18 | RED 104 109 1 50.5 B ND -
*2731 16 | BLUE ND 2 --- --- ND|_ T T
2731 20 | WHITE 1.1 261 28 129 ND|- T T
2731 22 |YELLOW ND 24.2 1 --- ND| . T
2712 14 | BLACK 5.5 4.2 1.3 --- ND| |
2712 20 | WHITE 27 288 1.3 102 ND| ——~
2722 20 | WHITE 34 84.3 1.1 14.9 ND ]
2722 22 | YELLOW 3 194 - --- --- NDf ]
2732 16 | BLUE 25 19.9 ---]" a8 ND| T T
2732 18 | RED | - 186 97.8 ---] 841 ND| T 7]
2732 22 | YELLOW ND 85.1 1.2 84 ND )
2713 20 | WHITE 22 111 1.5 273 25 371
2723 | 14 | BLACK 38 194 7.3 ~ | 94 ND T
2723 16 | BLUE 8 101 33 38 ND| ]
2723 | 16 | BLUE 84 103 33 338 ND T
2723 20 | WHITE 1.6 509 31 160 ND ]
2733 14 | BLACK 39 15.6 635 -~ ND| — 77
2733 16 | BLUE 1.5 254 ---] 11 ND ]
2733 18 | RED 394 127 1.1 170 ND ]
2733 20 | WHITE ND 680 2 139 N T
2714 14 | BLACK 30 13.8 29 12.4 ND ]
2714 16 | BLUE 236 16.5 - --- ND| ]
2714 18_| RED 65.7 €3.9 1.5 514 ND| 7]
2714 20 | WHITE 3.3 626 33 23 ND T
2714 22 |YELLOW ND 122 ---] 243 ND| 1.4 |
2714 22 | YELLOW ND 117 ---] 243 ND| 14
2724 14 | BLACK 13.4 258 10.2 23 [
2724 16 | BLUE 21 38.7 3.2 ND ND ]
2734 14 | BLACK ND 10.1 7.2 ND 1ND N
2734 16 | BLUE 46 - 115 ---] 22 ND| ~ ]
2734 20 | WHITE ND 1420 63 214 ND
2734 22 | YELLOW ND 275 24 323 | - 27 442
2744 Injection 1.2 1.6 ND L)
2743 Injection e --- ND ND|
2741 Injection 14 --- 1.1 ND ND
2741 LAB DUP 14 --- 1.1 ND ND ]
2751 Extraction| _ 96.3 334 24 529 116 857 |
2752 Extraction 43 628 3.1 445 37.3 54.8
2753 Extraction| 355 425 35, ~ 145 1.9 10.7
QCo6198 200 ppb 181 "183 194 % 197 195 204 7 |
QC0619C 40 ppb 434 347 40 = 41.5 421 43
QC0619D 200 ppb 191 195 197 204 200 201 |
QCO613E 40 ppb 426 35.7 39.6 412 417 437 |
QCOB19F 200 ppb 185 192 195 201 i 198 198
QC0619G 40 ppb 4256 35.8 39.1 421 41.9 424
QC0619H 200 ppb 183 181 191 208 199 | 1 208
BLO619A ND ND ND ND ND ND
ND = None Detected ---= Below Calibration Limit (1.0 ppb) ### = Below Calibration Limit (5.0 ppb)

= 50ppbin QC QC = Quality Control Std
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Pre-Treatment Static Groundwater Sampling Results (Continued)

(in ppb) _
Depth o
Location | (i) 1,3,5-Trimethylbenzene Decane 1,2-Dichlorobenzene| — |Undecang| Napthalene|
2711 " 14 | BLACK - : ND ' ND L ND : ND ND ]
2711 16 | BLUE ND ND ND ND ND
2711 18 | RED ND ND 108 ND __ND
27111 | 22 |YELLOW ND ND 652 ND ND
2721 16_| BLUE ND ND 37 ND _ND” ]
2721 18 RED ND ND 3.9 ND _ND_ |
2731 16 | BLUE ND ND 6 ND| ~ “ND ™
2731 20 | WHITE ND ND 352 ND ND_ |
2731 22 | YELLOW ND ND 445 ND ND_ |
2712 14 | BLACK ND ND --- ND ND_ |
2712 20 | WHITE ND ND 178 ND g |
2722 20 | WHITE ND ND e ND il
2722 22 |YELLOW ND ND i .-~ ND ND__ |
2732 16 BLUE ND ND 72.7 ND ¥y
2732 18 RED ND ND 46.1 ND L iid
2732 22 |YELLOW ND ND 245 ND i
2713 20 | WHITE ND ~_IND 537 ND i |
2723 | 14 | BLACK ND ND - ND #8E |
2723 16 | BLUE ND ND .-~ ND ND__ |
2723 16_| BLUE ND ND - ND ND_|
2723 20 | WHITE ND ND 173 ND B4k
2733 14 _| BLACK ND ND .-- ND ND_ |
2733 16_| BLUE ND ND - ND ND
2733 18 | "RED ND ND 49.9 ND #o¥_ |
2733 20 | WHITE ‘ND M 63.7 ND ND
2714 14 | BLACK ND ND s ND #i
2714 16 | BLUE ND ND ND ND ND_
2714 18 RED ND MA 76.2 ND ### |
2714 20 | WHITE ND ND 20.4 ND #ith_
2714 22 | YELLOW ND ND 144 ND #it
2714 22 | YELLOW ND ND 139 ND | ot A
2724 14 | BLACK “ND ND --- ND ND
2724 16 | BLUE ND ND 19 ND #it
2734 14 _| BLACK ND ND --- ND Liid
2734 16 | BLUE ND ND 28.2 ND #ER
2734 20 | WHITE — ND ND 110 ND i i
2734 | 22 |YELLOW - ND ND 562 ND e
2744 njection ND 13 -e- ND ND__ |
2743 njection ND ND - ND W
2741 njection ND 13 i 1.8 ND Li
2741 LAB DUP ND A 2 ND| ND
2751 Extraction 238 38 538 15 52.2 _
2752 Extraction 74 4.2 383 201 19.9 ]
2753 Extraction .e- 41 276 27.7 #E¥_
QCo6198 200 ppb 87 - 40.2 * 211 - 366 | * 207
QC0619C 40 ppb 41.8 403 . 46.9 7 _ 1 _ 52
QCo619D 200 ppb 193 39.7 * 207 35 N 198 o
QCO0619E 40 ppb 42.7 48 ¢ 44.8%, 42 * 46.8 .
QCo619F 200 ppb 193 50.6 ¢ 206 % 44.8 * 200 L
|_QC0619G 40 ppb 423 61.7 * 451 448 | * 48.3
QCO0619H 200 ppb 192 41.1 * 228 42.2 . 223
BLOG19A ND ND ND ND ND

ND = Nor:e Detected - - - = Below Calibration
"= 50ppbinQC QC = Quality Control Std
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Limit (1:0 ppb) ### = Below Calibration Limit (5.0 ppb)




Pre-Treatment Dynamic Groundwater Sampling Results

(in ppb)
Depth Analtes i ]
Location .| (ft) Vinyl Chioride. 1,1,1-Trichloroethane Trichloroethene Toluene| | m+p Xylene o-Xylene
2711 22 | YELLOW ND 238 2.3 341 9.4 872 |
2712 16 | BLUE 20.3 25.9 ---| 298 ND -]
2721 20 | WHITE 67.1 470 3.6 515 38 533 | |
2721dup | 20 | WHITE 51.8 472 3.6 484 37 517 |
2722 14 | BLACK ND 171 2.8 3.7 __IND ND
2723 20 | WHITE 5.2 436 -5.7. 197 ND| 334
2724 | 14 | BLACK 10.2 31.3 8.2 5.2 ND +| ND]
2731 18 | RED 4.6 144 14 51.3 ND ND]
2713 22 | YELLOW 11.8 191 - 22 696 1.7 289 | |
2732 16 | BLUE 1.3 40.5 ---] 74 ND| ND
;2733 14 | BLACK |- ND 169 14.7 ND| " IND|
2751 Extraction 111 503 3 132 ND S s
2752 Extraction 54 518 3.2 246 3.6 e
2753 Extraction 41.5 575 4 177 ND -]
QC06118A 40ppb NI 40.5 429 445 44.8 435 | |
QC06118B 200 ppb NI 203 193 202 200 198 | ]
QC06118C 40 ppb 458 35.7 39.8 42,6 424 433 | _ |
QC06118D 200 ppb 238 199 197 206 202 203
QCO6119A 40 ppb 47.6 355 38.1 40.8 . 40.7 417 |~
BLOG18A ND ND ND ND ND ND]
Depth
“Location | (ft) ) 1,3.5-Trimethylbenzene Decane 1,2-Dichlorobenzene Undecane Napthalene
2711 22 | YELLOW ND ND 807 ND ND
2712 16 | BLUE ND ND 80.1 ND ND
2721 20 | WHITE ND ND 353 ND ND
2721-dup | 20 |- WHITE ND ND 333 ND ND
2722 14 | BLACK ND ND - ND ND
2723 20 | WHITE ND ND 236 ND ND
2724 14 | BLACK ND ND - ND ND
2731 | 18 RED ND ND 116 ND ND
2713 22 | YELLOW ND ND 228 ND ND
2732 16 | BLUE ND ND --e ND ND
2733 14_| BLACK - ND ND ND ND
2751 Extraction ND ND 33.2 ND|- ND
2752 Extraction ND ND 3 ND ND
2753 Extraction ND ND 1.5 ND| - ND
QC06118A 40ppb 45.4 566 | * 40.8 539 “|* 40
Qco6118B 200 ppb 194 501 | * 197 496 | * 200
QCo6118C 40 ppb 4 519 [ = 456 514 | 47.2
QC06118D 200 ppb 196 546 | * 199 492 |+ 186
QCO8119A 40 ppb 40.5 46 | * 434 423 |+ 47.3
BLO618A ND ND ND ND ND
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Post-Treatment Dynamic Groundwater Sampling Results -

(in ppb)
Analytes : 1
Vial ID# | Location | Depth | Vinyl Chioride 1,1,1-Trichloroethane Trichloroethene Toluene m+p Xylene| |
1897 11 black __|ND __IND 14.9 ND[ -~ IND|
1898 11 blue ND ND -~ ND __ | ND]
1900 11 white ND ND - ND ND _|ND|
1901 11 _ yellow ND 66.1 28 175 24 | |
1902 21 black ND ND 9.7 ND —___IND]
1903 21 blue ND ND 2.6 ND _. IND
1904 21 red ND ND 23 ND N ND|
1905 21 white ND ND 36 ND ___|ND]
1906 21 yellow o 257 29 33.8 I
1907 31 black ND ND 4.2 ND ___|nD]
1907 DUP 31 blue ND - 44 ND ND |
1908 31 red ND - 57 - ND|
1909 31 white ND - - ND ND
1910 31 yellow ND ND - - =
1911 12 black ND 244 114 80.7 |
1912 12 blue ND - 10.3 ND ND |
1913 12 red ND ND ND ND ND|
1914 12 white ND - - ND _|ND|
1915 12 yellow ND ND 3.2 ND ND |
1916 22 black ND 3.9 34 59.1 1.9 | ]
1917 22 blue ND ND 3.1 ND I ND;
1917 DUP 22 red ND ND 3.1 ND ND|
1918 22 white ND ND - ND ND|
1919 22 yellow ND ND - ND ND |
1920 32 . black ND . - 2.3 ND ND
1921 32 blue ND 5.5 5.3 7.7 ND
1922 32 red ND - -~ ND ___IND|
1923 32 white ND - - — _IND|
1924 32 yellow ND ND ND ND ND |
1925 13 black -~ ND ND ND ND
1926 13 blue - 14.1 7.8 19.3 IND]
1927 13 white ND ND -~ -|ND ND|
1927 DUP 23 black ND ND - ND ND|
1928 23 blue ND ND ND ND ND |
1929 23 red ND ND 4.6 ND ND
1930 23 white ND ND - - ND|
1931 23 yellow ~ ND ND ND - ___IND]
1932 33 black ~_|ND ND ND ND ND
1933 33 blue ND ND ND ND ND|
1934 3 red ~— 154 4.1 515 7.1 _
1935 33 white ND - - ND - ND|
1936 33 yellow ND - - ND ND |
1937 14 black - - ND ND ND |
1938 14 blue ND ND ND ND ND
1939 14 white ND 104 _ 68 1.5 ND
1939 DUP 14 yellow ND 10.3 6.6 1.5 ND |
1940 24 _ black ND ND| ND ND ND|
1941 24 red ND ND] N ND ND ND|
1943 24 white ND — - ND ND ND
| 1944 34 black 15 153 3.1 10.8 ; -
1951 34 blue ND ND ND| ~ [ND ND
| 1953 k7] red ND ND NDf =~ |[ND ND
1954 34 yellow - ND ND - ND|
1956 51 ND e 1.6 ND ND
1957 52 - ND - ND ND |
1858 53 e ND ND ND ND
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S e NP PO P

-~ - . Post-Treatment Dynamic Groundwater Sampling Results (Continued)

e
(in ppb)
Vial ID¥ | tocation | Depth | o-Xyene 1,3,5-Trim, Decane 1,2-Dichlorobenzens Undecane| . Napthalene| :
1897 1 black — - ND | ND . - - ND[ - _ND_
898 1 blue ND ND ND ND ND 1. ND_ |
900 11 white ND ND ND 28 ND 4. ND__
1901 It yoliow 4.7 1.2 ND 3.7 ND 1..ND
|__1902 21 black ND ND ND : NOD ND _ND T
903 2 bive ND ND ND ND ND )
904 2 red ND ND ND ND ND _ND__]
1905 2 white o ND ND 48 ND Lt
1906 yellow | 583 ND ND 834 ND| 26 | N
1907 black ND ND ND 1.5 ND _.ND_
1907 DUP,| blue ND ND ND - ND . NO
1908 3 red NO ND ND o ND ND_
1909 3 white ND- ND ND - ND 1..ND
1910 3 yellow 1.1 ND ND 19.7 : ND 1..ND_ _
191 2 black | 70.1 ) ND 768 ND i
1912 12 blue ND ND ND 11 ND _ND |
1913 2 red ND ND ND - ND ND
1914 F white ND ND ND - ND J_._ND
915 2 yokow ND ND 14 13 - ]
1916 22 black 15.6 — ND 44 ND _ND_
1917 2 blue ND ND ND ND NO )|
1917 DUP| 22 red ND ND ND ND ND ND |
1918 22 white ND ND D - ND _ND__
1919 22 yeliow ND ND ND ND ND ND_
1920 32 black ND ND ND - - ND 1__NO
192 32 blue 27.7 ND ND 23 ND 1. .NO__|
922 32 red - ND ND ND NO ND ND__ |
| 1927 32 white ND ND ND ND ND ND_ |
924 32 yellow ND ND ND ND ND ND_ |
1925 black ND ND ND o ND ND |
926 _blue 17.6 ND ND 324 ND -]
1927 white ND ND ND o ND ND
19827 DUP 23 black ND ND ND el ND ND
1928 23 biue ND ND D - ND __ND__
| 1929 2 red ND ND ND - ND ND_ |
1830 white ND ND ND ND ND ND_
1931 X yeliow ND ND ND - ND ND__|
1932 3 black ND ND ND - ND __ND "}
1933 33 blue ND ND ND 1 ND ND
1934 33 red 6.4 17.2 ND 718 ND a1 | ]
935 33 white ND ND ND -~ ND ND__ |
936 . 33 yellow ND ND ND - ND ND_ |
937 14 black ND ND ND ND ND ND
938 4 biue ND ND ND . ND ND |
1939 14 whites ND | — ND ND 3. ND ND |
1939 DUP 4 yellow ND - ND N 2.8 ND ND |
1840 4 black ND ND ND ND ND ND__ |
194 4 red ND ND ND ND ND __ND_
1943 24 white | ND — ND 12 R ND ND
_.1944 34 black | 309 ND ND 3 . NOD ND
1951 34 -blue ND NO ND ND NOD ND__ |
1953 4 red ND ND ND ND ND ND
1954 34 yellow ND ND 38 ND ND| ~ ND
956 51 ND ND | ND| - 13 - ND__|
857 52 ND ND ND _ NO ND ND
058 53 ND ND ND ND ND ND
\
T w
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-~~~ Post-Freatment Static Groundwater Sampling Results

Analytes : i J .
Vial ID# | Location | Depth | Vinyl Chiorida 1,1,1-Trichloroethane Trichlorosthene Toluene: m+p Xylene o-Xylene |
3762 2711 black ND ) ND 14.7 ND ND . ND |
3763 2711 blus ND| - ND 110 ND —_IND =
3764 - | o7i red - ND ND 11.3 — ND _InND|
3765 2711 white ND : ND 5.2 1.1 ND -
3766 27 yollow ND 24.1 5.8 150 14 . 675 |
3767 2721 black ND ND 125 ND ND )
3768 2721 blue ND ND 10 ND ND __IND
3769 2721 red ND NO .92 'ND . _IND __|ND
3770 2721 white ND ND 5.2 - 1.8 4y
kredl 2721 yellow ND 116 52 239 86.6 129 N4 -
3771 DUP| _ 2731 black ND 1.7 53 239 64.4 131 |
3772 2731 blue ND ND 15.1 ND __IND ___IND
3773 2731 red ND ND 8.6 ND ND | ND|
3774 2731 white ND| ° ND 9.2 o ND i ND|
3776 2731 yellow ND 8.5 15.2 35 3.1 §9.2 | _ |
kized 27112 black ND ND 121 ND ND -
3778 2712 blue ND ND 7.7 ND 'ND ND |
3779 2712 red ND ND 4.8 ND ND __IND
3780 2712 white ND ND 69 ND - 1=
3781 712 yellow ND 1.8 9.6 36.2 34 379 |
3782 2722 black ND ND 15.1 ND ND I ND|
3782DUP| 2722 biue ND ND 14.2 i ND ND {ND
3783 2722 red ND ND] 68 |ND ND 4 ND |
3784 2722 white ND ND - ND ND _ 1o
3785 2722 veliow ND ND 8.5 ND ND 1ND
3786 2732 black ND 1 138 | 78 1 245 ]
3787 2732 blue ND ND 7.t ND ND ND_
3788 2732 red ND - 8.1 - ND _1ND]
3789 2732 white ND ND - ND ND ND
3790 2732 yeliow ND ND 1.9 - - -]
3791 {red) black | ND 4.1 144 38.5 53 326 | _ |
3792 (white blue ND ND 26 ND ND ND |
3792 DUP| _(yellow) white ND ND 28 ND ND ND |
3793 2723 black ND ND 8.2 ND ND ND |
3794 2723 blue ND ND 13.6 - ND ND
3795 2723 red ND ND 10.4 ND - o~
3796 2723 white ND ND 64 - ND _IND]|
3797 2723 yellow ND| ND 15 ND ND ] ND]
3798 2733 black ND ND 33 ND . IND ND |
3799 2733 blue ND 27 9.2 46.7 10.5 642 | _ |
3800 2733 red ND . ND 111 ND ND _. | ND]
3801 2733 white ND ND 6 - ND 1 ND|
3802 2733 yellow ‘IND ND - ND ND _IND
3802 DUP| _ 2714 black ND ND - ND ND —__ | NO]
3803 2714 blue ND - 26 o - -
3804 2714 red ND 24 14.2 27.8 10.3 361 j |
3805 2714 white ND ND 24 ND ND ND |
3806 2714 yeliow [ND ND - ND ND ND |
_.3807 2724 black ND ND ND - - 1.2
3808 2724 blus ND ND ND ND ND : ND
3809 2724 red ND 441 : 56 288 12.2 140 | _ |
3810 2724 white ND ND 4.1 ND ND ND |
3811 2724 yellow ND - 4 —- e A=l -
3812 2734 black 13 1.4 -] 13 ND ND |
3812 DUP] 2734 blue 1.2 i3 —1 12 ND ND
3813 2734 red - 47 47 1.3 _ ND -
3814 2734 white ND 62 52 45 ND| 337 | |
3815 ND 32 9.9 ND ND ND |
3816 ND - ND 14 ND ND D]
38Y7 ND ND ND ND IND] ND
3818 ND v ND 15 - ND 1 ]
3819 2734 yeliow ND 728 7.7 265 86.7 109 ]
3820 2751 257 66.6 22 78.1 34 37.7 ]
3821 2752 . 25.2 52.6 23 43.7 1.7 27.7
3822 |- 2753 2.6 72.7 28 50.7 -1 108




Post-Treatment Static Groundwater Sampling Results (Continued)"

Vial ID# | Location | Depth | 1,3,5-Trimethylbenzena Decane 1,2-Dichiorobenzene Undecane Napthalene| ~|
3762 2711 black ND ND ND ND 1nND
3763 2711 |- biue ND ND — ND LT
3764 27 red 'ND ND ND ETT
3765 2711 white == ND 6.2 ND Lidd
3766 | . 2711 yeliow 195 ND - 559 78|
3767 | 2721 black . ND | ND — ND | #a]
3768 2721 biue ND ND - ND InD]
3769 | 2721 red ND ND |- - ND —InND]
3770 2721 white 1.3 45 15.6 ND|” B4 1 T
3771 2721 yellow 347 ND 1010 ND| 112 |

3771DUP|_ 2731 black 24.1 ND 998 ND| 116 | ]
3772 2731 blue ND ND : - ND| W
3773 2731 red_ ND ND 1.1 ND | uae)
3774 2731 white ND ND - ND ND|
3776 2731 yellow 22 ND 519 ND|_ 184 | ND]
3777 2712 black ND ND 1.1 ND ND]
3778 2712 biue ND ND - ND IND]
3779 2712 red ND ND - ND s
3780 2712__| white - MA ND ND #¥¥]
3781 2712__| yellow 5.7 A 361 MW a1 |
3782 2722 black ND ND — ND ¥k

3782DUP| 2723 blue__ ND ND - ND IND]
3783 2722 red ND ND — ND ND |
3784 2722 white ND M - ND ND #aE
3785 2722 | yellow ND ND - ND ND
3786 2732 black — ND 166 ND #i#]
3787 2732 blue ND ND — ND ND |
3788 2732 red ND ND — ND #i#)
3789 2732__| white ND ND — ND ND|

3790 2732 yellow o ND 3.2 ND #i
3791 (red) black 8.8 ND a7e ND| 78 | ]
3792 (white) blue ND ND - ND ND |

3792DUP| (yellow) | white ND ND — ND _IND
3793 2723 black ND ND — ND ND |

3794 2723 blue ND M ND| 57 #28]
3795 2723 red ND ND 1.8 “|ND ND |
3796 2723 white ND ND - ND ND
3797 2723 | yellow ND M ND ND ND|
3798 2733 black Y ND ND e
3799 2733 blue 164 : ND 718 29 85 | ]
3800 2733 red . ND ND — ND | ND]
3801 2733 white ND ND — ND IND]
3802 2733 | yellow ND ND ND ND ND |

3802DUP| 2714 black ND ND - " ND |

3803 2714 biue — A ND ND ##¥|
3804 2714 red 135 ND 353 ND| 132
3805 2714 white ND ND ND N0 ND
3806 2714 | yellow ND ND ND ) ND
3807 2724 black = - ND ND ND |
3808 2724 blue ND A ND ND ND |
3809 2724 red 233 MA \870 MW 624
3810 2724 white ND ND KN ND ND ND |
3811 2724 | yellow ND ND N ND ND ND|

3812 2734 black ND - ND | ND ND
3812DUP| 2734 blug. ND — ND | ND ND

381 2734 red ND — 4.1 ND ND|
3814 2734 white 21 ND 445 ND ND
3815 ND ND 15 ND ND|
3816 ND ND ND ND "I ND]
3817 ND| 2 ND ND IND
3818 ND —_|ND 29.7 ND} - ND
3819 2734 | yellow 16.7 ND 744 _ |ND| 306
3820 2751 9 ND 315 26 196
3821 2752 64 ND 224 ND| #e
3822 |~ 2753 _ND ND 132 ND ND
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APPENDIX H

LOW-FLOW GROUNDWATER SAMPLING LOGS
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PROJECT NO. 2208.1211 8/4/95

GROUND—WATEBISURFACE-WI}TER SAMPLING LOG

Sample Location/(-2 7 4{ Surface Water [J Ground Water (4 Sample ldentmeahon Ut-27¢)
Samplmg Personnel.Z" &cl/ﬁé’i =. s«W DateM . Wealher _g’ggw‘/ 1’ = Yo C
"M, GILDa, £4 .
MEASUREMENT SUMMARY: ' - .
Time_JO 19 Depth to Water / 4~ Depth to Product - - Product Thickness__—_—— °

Total Casmg Depth 2 2. 78 Borehole Dlamater Calculated Purge Volume S0 um
Measuring Pomt_;_‘ Final pH___ Final SC - Final Temp(°C)

SAMPLI
LING SUMMARY: ?&'ﬂ—dr/ﬁ-ﬂ't_ ¢ .
Sampling Method: Dedicated Bladder Pump —— Ponable Bladder Pump —— Bailer__——
Pump Started_//:¢2 _ Pump Stopped_{'2 Tota-Galags 14 __ Organic Vapor at Well Head_ ——

. ., Ligges
. Time  pH SC  Tomp Tumidty Salinty Vol Ga3>  En [3%) .
(military) (umhos/ct) (°C) (N'rul)ty Evac. Comments
H:o1 g 96 381 22.4 {
o2 g6 369 203 2
N:o3 697 -364 - 7221 3
H:o04  &.97 3| 20 Y
eSS b7 353 272 s ot es
123 6.7 220 )18 Y - ) Lrisre
Plee” Saved_ X .
INSTRUMENTATION: - Orion Eh Meter  Relerence Solution
Horiba [ pH Calibration Buffers: . 40 703 100J
SC Refsrence Solution umhos/cm
Turbidity Reference Solution NTUs |
€3T/7¢[3
TME (lifo_vocs_ X BNABs X - et X TPH__X
MSSHED o PESTHHCBs o, .
- o ' HILL AIR FORCE BASE
OPERABLE UNIT 1
TREATABILITY STUDY
GROUND-WATER SAMPLING LOG

" FIGURE A-18
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.PROJECT NO. 2208.1211 8/4/95

GROUND-WATER/SURFACE-WATER SAMPLING LOG

Sample Locahon_ﬂ;;zs_‘}  Surface Water [ Ground Water [J Sample Identilication 1 -275°2
Sampling Personnel__ Date, _@[ﬂ& : Weather_Sumy , T 2#0°F
MEASUREMENT SUMMARY

Time__12:3f~ Depthto Water (S &l Depth to Product _— Product Thickness_ ———~—
Total Casing Depth_2%, Borehola Dlametar____" Calculated Purge Volume__ (.0 eallfons

Measuring Point__T2C~ . FinalpH_G 2 | Final SC_265_ Final Temp(°C)_2 { £~
SAMPLING SUMMARY: . Peristarric. dow®
Sampling Method: Dedlcated Bladder Pump _——__ Portable Bladder Pump __—— Bailer__~—_
Pump Started /250 Pump Stopped l E ﬁotaléa-ﬁﬁg > Organic Vapor at Well Head ———
:(ng—;?y , pH SC ;l;%r;np T?Nd_)rlgny Salinity ng(ag:rgi Eh DO Comments
1251 49 263 243 ]
f2st 695" 262 24.% [
1453 6% - 211 244 3
lesy 635 278 2y i S
L2 61218 2y s Loz
[305~ 6.9 268 & A A

Teril o8 twnrerz PRRGED VTS Rucker— MEASVLED AT (6. SC vsemts
A MEXC #@ﬂuoﬂ&“nb? -

INSTRUMENTATION:  Orion Eh Meter  Reference Solution -
Horiba (] pH CalbrationBuffers: - 43 . 70 100

SC Reference Solution umhos/cm
Turbidity Reference Solution ___ NTUs

TMELZ2:SS vocs X BNAEs __ ¥ Mehm{s \K TPH__X

HILL AIR FORCE BASE
OPERABLE UNIT 1
. TREATABILITY STUDY ‘
. GROUND-WATER SAMPLING LOG
FIGURE A-18
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GROUND-WATER/SURFACE-WATER SAMPLING LOG

Sample Localionu| - 2752 Surface Waler [J Ground Water (] Sample Identification Pl -2.75" 2
Sampling Personnel Date___{ oj2/ 726 Weather
MEASUREMENT SUMMARY: . A
Time_| 135S Depthto Water /31 Q Depth to Product - ‘ Product Thickness__——
Total Casing Depth_25.6S5  Borehole Diamter, " Calculated Purge Volume_S- | _
Measuring Point__ T0C— _ _ FinalpH_6. 4 __ Finalsc_21%__ _Final Temp(*C)__24.6
SAMPLING SUMMARY: ps'LlST" . PumA
Sampling Method: Dedicated Bladder Pump _——"Portable Bladder Pump _——— Bailer__—— 2
Pump Started {237 pump Stopped_ 24 b Total-éaﬂons ~6 Organlc Vapor at Well Head_——
Time pH SC “Temp  Turbidity  Salinity Vol (ga!.—)- Eh " DO
{military) W (°C) (NTU) " Bvac. Comments
Jee 6.4 285 238 {
/241 64% 282 247 ¢
Y7 693 - 274 M8 3,
1245 694 271 Mo Y
o2y 69y 218 4.5 s
1248 694 _ 271§ b b Yoty AR
. : ompcy
I
w
S| INSTRUMENTATION: Orion Eh Meter. * Reference Solution
L
= Horiba [J pH CalibrationBuffers: - 40 700 1003
]
5 SC Reference Solution umhos/cm
Rl Turbidity Reference Solution NTUs
o
Z
-
5 L TatleT ANVALES 3 :
§ TiME_/ 2'(5/ vocs__X . BNAEs _———— Metals/Cations A—— TPH _—————
ES ' ' ‘
v HILL AIR FORCE BASE
' OPERABLE UNIT 1
TREATABILITY STUDY

. " GROUND-WATER SAMPLING LOG
. . - . FIGURE A-18

294




PROJECT NQ. 2208.1211 8/4/95

GROUND-WATER/SURFACE-WATER SAMPLING LOG

Sample LOQUOD_Ql_'El Surface Water [J Ground Water [ Sample Identification Y1 - 2757
Sampling Personnel_ - WA Weather SwaY 7"8 fo°r
MEASUREMENT SUMMARY: ' : . —
Ttme..lLﬂ_ Depth to Water - [ MY [5 Depth to Product ———  Product Thickness
Total Casing Dapth_g_w_ Borehole Dnameter________ - Calculated Purge Volume_5- 3 Gaﬂt')rwé
Measuring Point___ 124 - . Final pH___ Final SC_ Final Temp(°C)
SAMPLING SUMMARY: . !

Sampling Method: Dedicated Bladder Pump e Ponable Bladder Pump Bailer___——
Pump Started { 217 Pump Stopped. 123r Total Gauons [ Orgamc Vapor atWell Head__—

L i el L .
11® 693 206 233 |

1219 613 278 24, v

1220 4§73 291  24.1 3

_Jzzl 694 28T 24y y
oleze p37 281 23 o

71223 694 z21% 24 : e e, |
JZZ.( 613 2606 Zl{,( /S— From_

INSTRUMENTATION: ) 6:ion Eh Meter  Reference Solution
Horiba [J pH Calibrafjon Butters: - 41 70 100

SC Reference Solution : .umhos/cm
Tutbidity Reference Solution NTUs

TMEJ2ZS vocs___ X BNAEs. X Metals/Cations )(\\' 1PH__ X

Dlo;{/u,g_ X ,

HILL AIR FORCE BASE
OPERABLE UNIT 1
' TREATABILITY STUDY
GROUND-WATER SAMPLING LOG
- FIGURE A-18
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PROJECT NO. 2208.1211 8/4/95

GROUND-WATER/SURFACE-WATER SAMPLING LOG

Sample Location v1- 2744  Surace Water [J Ground Water ﬂ Sample Identification 01 -2,725‘
Sampling Personnel Date MZ 2¢/ 'Zé Waalhe; 50;1».)? LT Yo F

l".

MEASUREMENTSUMMARY : .
Time_{/4&°  Depthto Water lﬂ : Dapth to Product ———  Product Thickness__—— _

Total Casing Depth Z} fr Borehole Dlameter Calculated Purge Volume_;"_-Y_-GeIg':?
Measuring Point__T2( . ; Final pH Final SC, Final Temp(°C)
SAMPLING SUMMARY: ) .
Sampling Method: Dedicatéd Bladder Pump —— Portable Bladder Pump _ """ Bailer_— ,
Pump Started_{/$0  Pump Sloppéd AL Totalé’a% /5~ Organic Vapor at Well Head ———
Time pH " 8C- “Temp Turbidﬂy Salinity Vol (gal) _ Eh DO
(military) {umhos/cm) (°C) (NTU) Evac. Comments
(U1 6.7t 299 9y l
Y 694 293 20 2
US> 694 277  _2.¢ 3
sy 623 295 2.3 Ui
LSS bgy 288 20 s
NS, 4oy 288 2o - S Coceer
| LTIl 693 26y . 215 IS Fir
INSTRUMENTATION: O%otrfgh{ﬁn;% Reference Solution
Horiba [] pH Calibration Buffers: - 400 70 100
SC Refarence Solution umhos/cm
Turbidity Reference Solution _NTUs
TIME_[2:00 vocs X . BNAEs.. X Ma%fém \ K TPH___X
D«ox/% X . :
Y : ' * HILL AIR FORCE BASE
OPERABLE UNIT 1
TREATABILITY STUDY

"GROUND-WATER SAMPLING LOG -
: FIGUVRE A-18 .
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GROUND-WATER/SURFACE-WATER SAMPLING LOG

Sample Location vi-274 3 Surface Water [J Ground Water JX Sample Identification p/-274 >
Sampling Personnel . atesine, 3. 6 ypou, ‘Date tfer /16 Weather S#uw LT Yo
M, GiLoeA i :
MEASUREMENT SUMMARY: : ; . .
TimepS3 __  Depthio Water_/5.2( . Depth to Product - Product Thickness__—~
Total Casing Depth_23.4Z _ Borehole Diameter Calculated Purge Volume_ 4, 2 Qaliors>
Measuring Point_12C- . FinalpH. __ FinalSC Final Temp(°C)
SAMPLING SUMMARY:

- Peeesrmne Pums
Sampling Method: Dedicated Bladder Pump ~———__ Portable Bladder Pump ——— Bailer,

. \ Linzs.-
Pump Started_11:2? _ Pump Stopped_//* _’Z?Tolalelaﬂonje /2 Organic Vapor at Well Head_——

PACJECT NO. 2208.1211 8/4/95

: Tme  pH . SC  Temp Tubidty Salnty Volfgan~ Eh )
{military) (umhos/cm)  (°C) (NTU) Evac. Comments
11-30 6.9 295 21 {
0:31  ¢9¢4 292 2.3 2 )
H:3e  6.93 286 245 3
1:3% 69> 284 _2S : Y )
I3 6,93 283 24 ' s 7oA
N4 &ty 269 2,3 12 - Fua
Puece Saver. X
INSTRUMENTATION:  Orion Eh Meter  Reference Solution .
Horiba [] pH Calibration Buffers: - 400 70 100
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LIMITATIONS FOR STEAM INJECTION TO MOBILIZE
RESIDUAL NAPL CONTAMINATION
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_ _ .. LIMITATIONS FOR STEAM INJECTION TO MOBILIZE
RESIDUAL NAPL CONTAMINATION

Steam injection has been applied successfully in enhanced oil récovery (EOR) for over 40
years (Chu, 1985). Early applications of steam injection emphasized the heating of heavy oils by
sweeping steam across the top of the reservoir. In this scenario, heat from the steam is conducted
downward into the oil bearing zones. The heat reduces the Viscosity of the oil and increases the
percentage of the oil originally in place which drains downward by gravity into recovery wel];. \
The fraction of the original oil-left in the reservoir often remains relatively high (>50%) but
further recovery is not economical. Obviously, this approach is unacceptable in environmental
applications where greater than 90% recovery i.s sought. More recent applications of steam
injection for EOR have targeted lighter oils (Blevins et al., 1984) which may be amenable to a
steam drive. Yet, laboratory studies, computer simulations, and field projécts indicate the .
primary recovery mechanism for light 01]s is distillation rather than a pressure-gradlent push of
the oil. A model for the steam drive of a residual oil was developed by Stewart and Udell (1988)
and compared w1th laboratory and field data further substantiating this conclusion. In the
development which follows, the model of Stewart and Udell is used to determine an expression
for the limiting viscosity of a NAPL allowing its displacement in a steam drive. The limiting
viscosity is then determined for the conditions found at Operable Unit 1, Hill Air Force Base,

Utah.

1.  MODEL DEVELOPMENT

Consider a one-dimenéiona.l, linear porous medium saturated with water and a residual
non-aqueous phase liquid (NAPL). The initial NAPL in place is assumed to be uniformly
distributed in the matrix and residual is defined to mean the NAPL is immobile in a waterflood.
The medium is initially at temperature T,;, and is subjected to'steam injection at a constant |
mass flux and enthalpy at x = 0. For a constant steam injection .rate and quality, the problem
becomes quasi-steady, i.e., the steam condensation front progresses at a constant velocity (Vy). If
capillary effects are neglected and the heated zone ahead of the steam condensation front is
small, three regions form. First is the steam zone where the NAPL is assumed to be completely

_ displaced. Second is the coﬁdensate and NAPL bank being pushed by the steam flow. -Third is
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the residual NAPL zone which has yet to be impacted by the steam. The NAPL bank grows at a

faster rate than the steam condensation fr‘ont‘ since it is assumed to be completely displaced. In

formulating the problem, the following assumptions are made for each of the three regions:

PO~

PN

Fluid densities are constant;

The porous medium is incompressible and homogeneous;

All flow is dominated by viscous forces, allowing the use of Darcy’s law;

The temperature gradient in the steam zone is small so that heat conduction canbe  « .
neglected;

Capillary pressure, relative permeabilities, and effective thermal conductivity are single-
valued functions of the local wetting phase saturation;

Heat of vaporization, interfacial tensions, and fluid viscosities are constant;

The water phase is wetting while the steam vapor and NAPL are non-wetting; and

The NAPL and water are effectively immiscible.

The multiple zones are illustrated in Figure I-1. The NAPL is considered non-volatile

and complete steam displacement of the NAPL is assumed to determine the limiting conditions

for the contribution of viscous forces to NAPL recovery during a steamdrive. Because of

different heat- and mass-transfer mechanisms, the regions are formulated separately and coupled

through appropriate boundary conditions at each interface. A more detailed development of the

model presented below can be found in Stewart and Udell (1988).

S
> X > v —p Vf[ 1+S£J
L ' oc
NAPL BANK RESIDUAL NAPL
- > STEAM & CONDENSATE &WATER | °
inj

Figure I-1. Idealized Steam Drive.
.\\
1.  Requirement for Stable NAPL Displacement by Steam Flow

A marginal stability criterion was derived by Saffman and Taylor (1958) for the

immiscible displacement of oil by water in a porous medium. The criterion required that the

pressure gradient in the injected water equal or exceed the pressure gradient in the mobile,

displaced oil. If this condition is not met, then the water fingers through the oil and much of the

oil is left behind. Similar criteria have been developed for miscible displacements and steam
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displacing water. In the current scenano, steam vapor and the NAPL are considered non-wetting

and the margmal stability criterion for stable displacement of the NAPL becomes:

dI:, di:, .
“=2Tw | 1)

L

where P represents the pressure and the subscripts v and o designate the steam vapor and NAPL
phases, respectively. Assuming horizontal displacement and substituting Darcy’s law for the

pressure gradient in (I-1) yields:

mu mp
> I-2
Pk, k- pk, Kk (2)

where m is the mass flux, | is the viscosity, p is the densi.ty,‘kr is the relative permeability, and k

the absolute permeability. Behind the steam condensation front, the vapor mass flux is given by:

m, =m, X - 3)
where m;y; is the mass flux of the injected steam and X is the steam injection quality.

Conservation of mass applied to the NAPL phase yields the mass flux of the NAPL:

S o '
m,=P, 0¢Vf ( 1 +S_or'}soc - lS»:?r) (I-4)

oc
wheye m, is the mass flux of the displaced NAPL, p, is the density of the NAPL, ¢ is the total
porosity of the soil, V¢ is the velocity of the steam condensation front, S, is the residual NAPL
saturation, and S, is the constant NAPL saturation in the NAPL bank being pushed by the
steam. The velocity of the NAPL bank front is V; (14558 c). Because capillary effects are q

neglected, the saturations are constant in each of the three regions and discontinuous at the
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interfaces. Capillarity serves to smoothen the discontinuities and usually occurs over relatively
short intervals. The saturations are illustrated in Figure I-2 where the wetting and non-wetting

phase saturations must add to one in each region.

- STEAM - NAPL BANK RESIDUAL NAPL

: & CONDENS-ATE & WATER

So = Sor
So=Soc
Sv = 1 - Sc ---------------------------- Iy
Sw=1-Sq
____________________________ W = 1 - SOC
0 Sl = Sc

Figure I-2. Saturation Distributions

Substituting (I-3) and (I-4) into (I-2) yields:

m. . X k S '
s Bl [ Zor (s.-s,) (1-5)
P w¢Vf K,p wkro S e

oc

As described above, the relative permeabilities are solely functions of the fluid
saturations. Therefore, it remains only to develop expressions for the liquid saturation in the

steam zone (S,), the NAPL saturation in the displaced bank (Soc), and the condensation front

velocity (Vy).

2. Liquid Saturation in the Steam Zone

For horizontal, one-dimensional flow, the vapor saturation in the steam zone is solely a
function of the steam injection quality. If the quality is one, t{l\e vapor saturation is equal to one
minus the irreducible water saturation (i.e., capillary condensation maintains a limited liquid |
saturation where soil grains contact each other). From multiphase flow theory, equating the
pressure gradients in the steam liquid and>vapor phases and using Darcy’s_ law yields an

expression for the vapor saturation in the steam zone:
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nj L
pvkrvk plkrlk

m Xl m (1= X

-7

where 1 represents the liquid phasé in the steam. Rgarrangirig yields:

8
k" Xpp, @8

The left-hand-side of this expression is solely a function of the saturation while the right-hand-

side is a constant. For this investigation, the relative permeability functions are assumed to be:

3
S -5
| ¢ “Ir
krl [ 1= Sz ) (1-9)
r
_ (s 3 | |
= —-—c-l_ Szr : (I1-10)

Substituting (I-9) and (I-10) into (I-8) and simplifying yields an explicit expression for the liquid
“saturation in the steam zone: ' \

" S +y'/3 ,
. — !r —
Se = 11y 73 (I-11)

If the steam quality is one, then ‘¥ equals 0 and S equals the irreducible liquid saturation, Sy,.

303




3. NAPL Saturation in the Displaced Bank

From multlphase flow theory, equatmg the pressure gradients in the water and NAPL
phases yields an expression for the NAPL saturation in the NAPL bank (S,,):

dP dP

_-—w_—_———o -
= o

Tt "ol 13

K Pk 139

The NAPL mass flux is defined by .(1-4). The water mass flux ig determined from a mass balance

at the steam condensation front and is given by:
m,, =+ (0 =09V, (1-5, -5, ) (-14)
Substituting (I-4) and (I-14) into (I-13) yields:
_m&_».ok_( _] ; (-]_ ~Se | (I-15)
Vi Hekro 14225 (S0 = Sor )~ oo (1 -Sc-Soc)

The right-hand-side of (I-15) is a function of the NAPL bank saturation (Soc), steam liquid
- saturation, and physical constants. The relative penneabilit‘ies' for this study can be expressed in
. : A ;
terms of S, with: \

3
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k :( Soc = S0r ]3 | | -17)
" 1--Swr_sor'. -

where S, is the residual NAPL saturation (i.e., immobile to a waterflood) and Syr is the
irreducible water saturation (i.e., immobile to a NAPL flood). Therefore, it remains only to
develop an expression for the condensation front velocity and then (I-15) yiélds a transcendental

expression for S...

4. Steam Condensation Front Velocity
The steam condensation front velocity is determined from an enérgy balance. The energy
injected (Qjp;) equals the heat (Qye,y) to bring a volume of soil from ambient temperature (To,p)

to steam temperature (Tjy;). The energy in the injected steam is:-

| Xh,
0,,; =m,| Xn, +(1- Xh WAy A= A oot | A (-18)

where h is the enthalpy, Cpw is the heat capacity of water, hgg is the latent heat of vaporization of
water, AT = Tip; - Tamp, Acs is the cross-sectional area to the flow, and At is the duration of
injection. The energy' required to heat a given volume (A * Ax) of soil from ambient to steam

temperature is:

Q.. = [(1 o, AT+ 0, +4{1- S)pvhv]A A a-19)

th:[(l W0, +95,0,0,, w815 )0 ( AT+hfg)]ATAcsAx (20)

Equation (I-20) is derived by noting that in quasi-steady displacement, no NAPL is heated and
only the solid, liquid and vapor phases in the steam zone contain heat above ambient conditions.

Equating (I-18) with (I-20) and rearranging yields the steam condensation front velocity:
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i f \
m‘.nj(“_ Xhﬁ,
vl Pl AT a-21)
T (_1—_4’)_13&,_+S +(1—S )&(H "t
¢pwcpw ¢ ¢ Py | cprT
B. RESULTS ‘

1. MAXIMUM NAPL VISCOSITY FOR A MARGINALLY STABLE STEAM
DRIVE

Rearranging equation (I-5) yields an expression for the maximum viscosity of a NAPL

which can be driven during steam injection:

i ]
w whyT v :
pw¢vf [1 +E::L](Soc - Sor) |
i c

As described above, the relative permeabilities are solely functions of the fluid saturations.

Substituting the expression for the condensation front velocity (I-21) into (I-22) yields:

[(-9)pc h
TLE’._,_SC +(1—Sc)£"-(1+ fZT)
&_ < ﬂvp wkro chPW pW CPW

p - (1-23)
CREECS B VDR AN A
x ¢ AT + S, \Soc = Sor

d

< -

where k;, and k. are defined by (I-17) and (I-10), respectively. Combining (I-15) with (I-21)
and substituting {I-16) and (I-17) yields a transcendental equation the root of which is Soc:
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S - - 3
K, (1 Ssoc:-sswr] [1+§or}Soc_Sor)_(l—::—](l S S )

‘uwl oc or oc w
(1-¢)o,c h -
2 +(1_S )_’1v_ 1+—2_| o4
¢pwcp w ¢ “p,| cprT |
c AT A
pW

Changing the inequality in (I-23) to equal and combining with (I-24) eliminates the NAPL

viscosity and yields a single expression for S

(1-5,-s, ) 1+ Xt
1-S -8 3(1-5 )3 v ¢ “oc c AT :
Xuvp w oc_ “wr r{ _ N dud =1 (I-25)
kP \1=8,, =S, )\ 1=S, | (1-9)pec, , ) hy,
——s +(1-8, )2 14 —E
9P,  puy ¢ P\ AT

Recall that the liquid saturation in the steam zone (S,) is determined with (I-11) and Kpw is

defined by (I-16). With Sc, (I-25) is then solved for S, and the maximum NAPL viscosity for a
marginally stable steam drive is calculated with (I-23) or (1-24). .

Inspection of equations I-11), (I-23) and (I-24) reveals the surprising résult for the
idealized drive that steam injection rate does not influence the maximum NAPL viscosity of the
drive. This result occurs because as the steam injection rate increases, the velocity of the NAPL
baﬁk increases proportionally. Therefore, the ratio of the vapor to NAPL pressure gradient does
* not change.. This leads to the conclusion that increasing the injection rate does not extend the :
apphcablhty of a steam drive to more viscous NAPLs. Thus, the primary parameters determmmg
a steam drive of NAPL are the steam injection quality, total soil porosity, irreducible water
saturation, and the residual NAPL saturation. Of these parameters, only the steam injection
quality lies within the control of the design engineer; the other parameters are fixed by the nafural

system. For a given system, it may also be possible to alter the viscosity of the NAPL with a pre-
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- ...steam surfactant flood but other.problems-may be created (e.g., foaming when steam vapor

contacts surfactant-laden water).

2. APPLICATION OF THE MODEL TO OPERABLE UNIT ONE, HILL AFB

The physical and thermal properties of water and the soil matrix found at OU-1 are listed

in Table I-1. Recall, the density of water was assumed to be the same at injection and ambient
temperatures in the model development. e

) TABLE I-1
PROPERTIES FOR MODELING
Water and Steam Properties
-] Liquid Density (kg/m*3) . 995
Vapor Density (kg/m~3) 0.6
Water Viscosity at T, (cp) 1.0
Water Viscosity at Tiy; (cp) - 0.282
Vapor Viscosity at Ty; (cp) 0.0126
Water Heat Capacity (J/kg/K) 4,190
.Heat of Vaporization (J/kg) - 2,257,000
Injection Temperature (°C) 100
Matrix Properties
Solid Density (kg/m*3) 2,650
Solid Heat Capacity (J/kg/K) 1,000
Total Porosity (%) 38
Irreducible Water Saturation (%) 10
Residual NAPL Saturation (%) 5.
Ambient Temperature (°C) 15

Using the properﬁeé listed in Table I-1, the maximum NAPL viscosity allowing
displacement by steam injection is plotted in Figure I-3 as a function of the steam injection
quality. The figure illustrates an optimum injection quality of about 0.43 which yields a
maximum NAPL viscosity of about 2.5 centipoise (cp). Th;XAPL at Operable Unit One has a
viscosity significantly higher than 2.5 ¢p and therefore is not expected to be dlsplaced In
addition, the steam 1nject10n during the field study was maintained at a quahty close to one which

has a maximum NAPL viscosity of about one cp for stable displacement.
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Figure I-3. Maximum NAPL Viscosity for Stable Steam Displacement

C. CONCLUSIONS

The model presented in'this appendix indicates that residual NAPL found at Operable
Unit 1, Hill Air Force Base, Utah will not be displaced by steam injection because of its
relatively high viscosity. This result was observed in the field demonstration. The primary
recovery mechanism is then expected to be distillation of the NAPL components which was also
observed. General results from the model indicate a residu‘al NAPL with a viscosity greater than
2 or 3 centipoise will not be driven by steam injection. This itaplies hydrocarbon mixtures such
as_djesel (~11 cp) and fuel oil No. 2 (~7 cp) will not be displaced while lighter mixtures such as

gasoline (~0.4 cp) will be mobilized. Kerosene (~3 cp) is an intermediate hydrocarbon mixture

with questionable mobilization potential. Chlorinated hydrocarbons such as trichloroethylene
(~0.6 cp) which makeup dense non-aqueous phase liquids (DNAPLs) generally have favorable

viscosities for a steam drive.
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APPENDIX J

CONCENTRATIONS OF TARGET ANALYTES DETECTED
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Pretreatment Distribution of Decax
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of Decane Based on the Soil Characterization Results.
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Figure J-3. Posttreatment Distribution of De
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of o-Xylene Based on the Soil Characterization Results.
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