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EXECUTIVE SUMMARY

This original project was funded in FY *98 and designed to achieve three main objectives. These
are: 1) The continued serial monitoring of contaminant, geochemical constituents, and indicators
of bioremediation at two actual sites of fuel and/or solvent contamination and during a BTEX-
MTBE natural gradient tracer test conducted at the former Wurtsmith, AFB near Oscoda, MI,

2) The improvement and maintenance of the existing historical database on the progress of
intrinsic (i.e. natural) bioremediation at these sites which extends from the late 1980’s, and

3) Statistical analyses of the impact of observed spatial and temporal variability in contaminant
source mass distributions on the reliability of estimates of rates of net mass removal (i.e. the
progress of bioremediation), and projected timeframes for site closure. The project was
subsequently amended after briefings to the SERDP Science Advisory Board in early 1998. The
statistical analyses proposed in objective 3 above were then focused on the time series analyses
of bioremediation performance indicators to test two hypotheses. The hypotheses were: Simple
field measurements provide adequate reliability and confidence intervals on apparent
bioremediation rate coefficients; and, semi-quantitative estimations of NAPL source strength
terms favorably compare with those required by simple bioremediation fate and transport

models. The project was terminated in FY "99.

The actual fuel (KC-135 crash site) and fuel/solvent (Fire Training Area-02) were monitored on a
quarterly basis throughout the project period. A total of eighty-five wells were sampled for: field
parameters (i.e. pH, conductance, O,, temperature, redox potential and Fe™) and volatile organic
compounds (EPA Method 8260). Most conventional wells had dedicated bladder pumps while
multilevel installations were sampled with peristaltic pumps using low-flow (minimal-draw
down) sampling techniques. During several sampling events total cation and anion
determinations were made to calculate mass and charge balance on the inorganic constituents.
Field spikes, standards and duplicate samples were used in addition to laboratory standards to

insure acceptable levels of QA/QC throughout the project.

The results of this phase of the project disclosed that plumes from single contaminant releases

(KC-135) showed indications of a decline in the overall extent of contamination and more stable



oxidation-reduction (redox) zones. At the FT-2 site, where fire-training had been conducted for
over forty years, the overall contaminant plume extent declined somewhat, but both contaminant
distributions and redox zones were quite variable in time and space. Individual contaminants at
this site varied over a range of two to five times the annual mean on a quarterly basis. Analytical
and sampling errors of the toxic, volatile fuel and solvent contaminants generally represented less
than 20% of these variations. The remainder could be attributed to natural variability. The
natural variability should be carefully considered in the uncertainty of fate and transport model

predictions of the rates of natural attenuation, plume decay and eventual “cleanup”.

The natural gradient reactive tracer test employing BTEX constituents and MTBE was staged to
evaluate the performance of the Michigan Integrated Remediation Technology Laboratory
(MIRTL), established in a previously uncontaminated area of the base. Initiated in October of
1998, the tracer solution was injected in a fully-instrumented test lane. It contained the BTEX
compounds, MTBE as well as Br', SF, and perfluorinated benzene and toluene as non-degradable
tracers. Migrating at a bulk ground-water flow rate of ~ 1.2 ft/d the plumes were tracked for over
200 days through successive transects of multilevel samplers. Over 10,000 samples were
collected and analyzed during this experiment. The experiment verified the concept and
performance of this in-situ facility and provided qualitative proof of the degradability of MTBE
to tertiary butyl alcohol (TBA) under suboxic and highly oxidizing ORC® permeable reactive

barrier conditions.

Evaluation of source stability at the KC-135 site begun in 1998 was ended in 1999 due to the
termination of the project. A rapid field method (Petroflag®) for total petroleum hydrocarbon
determinations was proven to correlate better with a compound specific gas-chromatography-
mass spectrometric method than the time and labor intensive standard, EPA 418.1 method.

Given the wide distribution of chlorinated solvents and fuel constituent related NAPL at the FT-2
site, the in-plume source areas were too scattered for accurate evaluation. The method was
applied to two sites of fuel, petroleum product spills with success. Its use will significantly

enhance source evaluation efforts at lower cost.



Apparent biodegradation rate constants for the BTEX constituents at the KC-135 site were found
to vary by a factor of five over the course of four years. Values, by the method of Alcantar and
Buscheck, varied from ~ 0.1 to 5.5 percent .d"'. Apparent biodegradation rate constants in the
reducing-suboxic source zone were consistently below those in the plume area which was in

transition from suboxic to oxic due to the infiltration of oxygenated recharge water.

The results of this work will be made available on a continuing basis to a number of DoD-
SERDP and other cooperating technology development groups. This will insure that the value-

added benefits of the project continue to accrue for DoD’s cleanup efforts.

INTRODUCTION

Currently available data on hydrogeologic, geochemical and microbial conditions in fuel and
chlorinated solvent contaminated sites at DoD installations are normally limited to the results of
short-term (i.e. < 1 year) remedial investigations followed by annual or biannual sampling and
analysis of ground water from existing wells in support of feasibility studies for selection of
remediation options. It is rare, in these instances, to obtain updated contaminant distribution data
particularly on sorbed organic contaminants or free non-aqueous phase liquids. For sites where
either intrinsic bioremediation or risk-cost-based corrective action (RBCA) is the remedy
selected, long-term monitoring is limited to annual ground water sampling and analysis from
compliance or sentry wells at the leading edge of the dissolved plume. These remedies are being
proposed with increasing frequency as funds available for cleanup activities and must be focused

on sites which pose actual risk to human or environmental health.

Intrinsic (i.e. natural) bioremediation and RBCA approaches assume that continued contaminant
release from non-aqueous phase liquids and spatial variability in plume concentrations reflect
steady-state or diminishing conditions. Implicit in these assumptions is that the dissolved
contaminant plume is either stable or shrinking due to natural processes (e.g. dispersion,
volatilization, sorption and biodegradation) which effectively offset any continued release

(Chiang et al., 1989; McAllister and Chiang, 1994; Buscheck and Alcantar, 1995). Then simple



(i.e. 1 or 2 dimensional) analytical fate and transport models are often used in order to estimate
the rates of contaminant loss and the time frames for site closure (Domenico and Schwartz,
1990). This general approach has been proposed by a number of workers (Caldwell et al., 1992;
Wiedemeier et al., 1995), the ASTM (ASTM E50.01) storage tank subcommittee, and the
American Petroleum Institute (API, 1991).

The predicted rates and closure periods rarely include estimates of uncertainty because they are
based on short-term datasets from a few monitoring wells along the axis of plume transport. It is
recognized, however, that considerable uncertainty is associated with ground water contarninant
concentration values due to: well construction details and sampling methods (Robbins et al.,
1991; Martin-Hayden et al., 1991); spatial heterogeneity in aquifer transport properties
(Garabedian et al., 1987; Sudicky, et al., 1983); and temporal variability in ground-water quality,
flow gradient and magnitudes (Barcelona et al., 1989a,b, 1984; Stoline et al., 1993; Varljen et al.,
1999). Concentration variations of 2 to 10 fold are common on a seasonal timeframe or at
distances of sample separation of < 5Sm. Quantification of uncertainty in rates of contaminant
loss and closure periods is critical to the design of post-closure monitoring networks at all sites
(regardless of the remedy selected) as well as to realistically budget for operational costs in the
out-years. Since intrinsic bioremediation and RBCA are essentially active monitoring
approaches in lieu of active remedial operations (e.g. excavation, venting, sparging, etc.), it is
important to have a defensible technical basis for their selection and estimates of their long-term

reliability. This is not possible for datasets of one or two year duration.

An historical database is indeed the fundamental infrastructure for a test location focused on in-
situ remediation. Data on existing conditions represent the benchmark for changes due to a
natural mass removal processes. The uniquely rich database for the former Wurtsmith, AFB also
contains QA/QC data (e.g. accuracy and precision for lab and field standards, matrix spikes,
blanks) which permit one to independently distinguish analytical and sampling variability from
natural variability in water quality (Barcelona et al., 1989a). In addition to the monitoring
database, results from collaborating ground-water microbiologists, geologists and modelers
enhance the record. The proposed project will document long term (i.e. approaching or

exceeding 5 years) plume behavior at three actual sites of fuel and/or solvent contamination with



existing, spatially dense networks of monitoring points which have been sampled on a quarterly
frequency. The statistical analyses should: better quantify uncertainty in model inputs and
outputs, explore the sensitivity of predictions to effective sample size (i.e. after effects of auto
correlation and serial correlation are removed), and provide design guidelines to maximize
monitoring network information value with minimum numbers of samples and analytical
parameters. The project is unique and capitalizes on the considerable DoD investment at the site

as well as others across the country.

EXPERIMENTAL

Routine Monitoring Methods

Methods used in the course of this project followed state-of-the-art recommendations for the
practice of: ground-water and sediment sampling, and USEPA Level III QA/QC methods for
analysis of geochemical and contaminant constituents. The primary references for these methods
are included in: the NCIBRD-EGR field sampling plan (NICBRD-EGR, 1995) developed for the
SERDP-NETTS test location (Wurtsmith AFB), Puls and Barcelona (1996), Wiedemeier, et al.
(1995) and the laboratory’s standard operating procedures (NCIBRD-EGR, 1999).

Field sampling and analysis operations were documented in hard-bound field notebooks which
were verified and keyed to unique sample numbers and chain of custody (COC) records. The
COC’s accompanied samples in transport via courier to the laboratory and served to track sample
results through the analytical reporting process. When complete, the results were verified on the
laboratory data management system and later entered into the EGR relational database
management system (RDBMS). This results’ path was followed through successive refinements

of the RDBMS.



Specialized Methods:

Total Petroleum Hydrocarbons (TPH)

TPH determinations of contaminated sediment and water samples were performed by three
methods: EPA 418.1, Petroflag®and a specific compound gas-chromatography-mass
spectrometry (GC-MS) method. (Xie, et al. 1999). This publication verified method performance
and the validity of the rapid-field Petroflag® procedure for evaluations of TPH in hydrocarbon

source areas. A complete description of the method and results is in Appendix 1.

MIRTL 2 Methods

Sampling during the course of the MIRTL 2 experiment was conducted from custom designed
and emplaced stainless steel sampling points in transects at a vertical spacing of 1.0-1.5 feet and
horizontal spacing of 1.5-2.5 feet. Samples were withdrawn via manual syringes, evacuating at
least two sampling point volumes (50 mL) prior to sample collection. This method and

associated procedures are described in detail in Barcelona and Jaglowski, 1999.

RDBMS Structure and Function.

Field and analytical data generated from project activities regardless of researcher, source of
funding, primary research interest, or date, are incorporated into the RDBMS. Data that
otherwise may never have been compared or considered jointly are now immediately available

from a single source.

Due to multiple computing platforms in use (PC-Win, PC-NT, Mac, and UNIX) for data entry
and retrieval, a browser-based user interface was developed. This browser-based user interface
approach allows authorized users to enter data or query the RDBMS regardless of computing

platform or physical location. Browser-based data entry forms are available for all data types



from sample log-in at the EGR analytical laboratory to water level data entry at field locations.

Once entered into the RDBMS, data is immediately available to all authorized users.

Presently, only EGR/NCIBRD staff members have access to the RDBMS. Authorized
collaborators will have access through a public EGR/NCIBRD World Wide Web (WWW) home

page.

The EGR/NCIBRD RDBMS is a uniquely powerful tool that facilitates immediate access to the
body of data available (currently 162,000 unique records). Potential applications of this tool are

virtually limitless.

RESULTS AND DISCUSSION

The results of the project are described in the papers referenced and discussion in the sections to

follow. The sections correspond to the specific objectives of the project.

Quarterly Site Monitoring at KC-135 and FT-2.

Overview

The KC-135 and FT-2 sites have been monitored on a quarterly basis since 7/95 and 6/97
respectively, as a part of the overall NETTS program effort. From October of 1997 through
September 1999 a total of sixteen quarterly sampling events were conducted at the sites (Figures
la, b and 1c). Each conventional well or multilevel installation was inspected, a water-level
was taken and in-well ground water temperatures were measured. Then, well-purging was
conducted prior to field analysis and laboratory sample collection. More than 27,500 samples
were collected. Table 1 and 2 detail the events, numbers of wells sampled and parameter groups

determined during the project.



The results of the field and laboratory determinations documented in the RDBMS and can

be accessed with password at the URL address: hitps://www.umich.edu/ncibrd-bin/main.

Examples of the entry screens, query structure and results reports are shown in Figures 2, 3, 4,
and 5. The results reports are indexed to the corresponding QA/QC data for each specific sample
dataset. These data were used to conduct the overall assessment of: accuracy, precision and the

nature of contaminant variability (i.e. field, analytical and natural) which follow.

Table 1. Site SS-51 sampling events

PARAMETER SAMPLES
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Jun-96 38

Nov-96 40

Mar-97 30

Jun-97 45

Oct-97 41

Feb-98 42

Jun-88 42

Sep-98 42

Dec-98 42

Mar-99 42

Jun-99 42

Sep-99 42

Nov-89 42




Table 2. Site FTA-02 sampling events

PARAMETER SAMPLES

DATE | #OF
WELLS

ISOTOPE
METHANE
METABOLITE
CATIONS
MICROTOX
PURGE

vOC
IC

Dec-93

Feb-94

Mar-94

Jun-94

Sep-24

Jan-95

Mar-95

Jun-95

Oct-95

Jan-96

Apr-96

Jul-96

QOct-96

Jan-97

Apr-97

Jul-97

Oct-97

Feb-98

Jul-98

Aug-98

Dec-98

Mar-89

Jun-99

Aug-99

Dec-99
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Figure 2, RDBMS Entry Screen
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3, RDBMS Query Structure/Screen
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4, Results report for single contaminant at all wells

Query Results

Benzene CONCENTRATIONS AT SITE FTA-02

Location

Date

jconec.

T2

01/20/1997

42,35022374

FT2

07/16/1997

263.32833

Fr2

10/30/1997

214.2672

FT2

02/24/1998

132.75

FT2

09/03/1998

156.0424783

5, Results report for single contaminant at one well over time.

Query Results

Benzene CONCENTRATIONS AT SITE FTA-02

ocation

ate

{Conec.

FT128

01/20/1997

5.559300454

FT128

07/14/1997

0

FT12S

10/29/1997

.56

FT12S

02/17/1998

.93

FT128

08/31/1998

o

Accuracy, Precision and Contaminant Variability

During the course of the project, field spikes, blanks, field duplicates and laboratory
standards were introduced into the analytical process to evaluate contributing sources of
error. Once the sources of error were determined their contributions could be subtracted from

the total variability at selected wells over time. The remainder would constitute natural

15




variability which predictive models of fate, transport and potential exposure predictions at

known points should capture.

In this work, laboratory standards, blanks and duplicates over time were evaluated for the
major dissolved contaminants at selected wells. The normalized variance of these samples
was identified as laboratory error or vartability. Spiked samples from the field, “matrix
spikes”, were evaluated similarly to identify field and laboratory error. This quantity was
subtracted from the total observed variability to identify natural variability. Each
contribution was tabulated with respect to contemporaneous sampling/iab events. The

overall mean values are reported.

The results of this analysis for major contaminants are shown in Table 3 and 4 for the two

sites of interest.

16



Table 3: Sources of Variability in Groundwater Sample Results: KC135 site
(Variances expressed in percentage of mean)
Variability
Mean(pg/l) Lab Field Natural Total
Source Wells

ML14 17.20

Toluene 343.7 0.01 103 9896 100
Ethyl Benzene 375.9 0.03 2047 79.50 100
Xylenes (m,p) 1455 0.00 2.15 97.85 100
Xylene (o) 412.6 0.02 7.01 9297 100
ML14 15.73

Toluene 1509 0.00 0.07 99.93 100
Ethyl Benzene 576.5 001 747 9252 100
Xylenes (m,p) 2113 0.00 192 98.08 100
Xylene (o) 790.9 0.01 489 09510 100
ML14 13.60

Toluene 267.8 0.01 1.52 9847 100
Ethyl Benzene 97.5 0.13 85.18 14.69 100 **
Xylenes (m,p) 596.8 0.06 1.10 98.84 100
Xylene (o) 212.6 253 3.04 9443 100
Downgradient Well

W409S

Toluene 15.8 1.68 NA  98.32 100
Ethyl Benzene 157.1 0.1t 0.60 99.29 100
Xylenes (m,p) 245.5 0.06 1535 84.59 100
Xylene (0) 20.5 0.76 545 93.79 100
*k Small sample size

NA  The estimated variance was negative
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Table 4 : Sources of Variability in Groundwater Sample Results: FT2 site
{Variances expressed in percentage of mean)

Mean(ug/)
Source Wells
F12
Benzene 120.8
Toluene 31.7
Ethyl Benzene 205.0
Xylenes (m,p) 403.1
Xylene (o) 14.1
Chiorobenzene 11.6
cis 1,2-Dichloroethene 359.0
1,4-Dichlorobenzene 8.2
1,2-Dichlorobenzene 8.2
FT4S
Benzene 119.8
Toluene 63.8
Ethyl Benzene 165.3
Xylenes (m,p) 251.3
Xylene (o) 28.7
cis 1,2-Dichlorcethene 3704
Vinyl Chloride 108.8
Plume Wells
ET&S
Benzene 74.9
Ethyl Benzene 151.8
Xylenes (m,p) 122.1
Xylene (o) 39
Chlorobenzene 15.8
1,4-Dichlorobenzene 33
Vinyl Chloride 17.4
FI8W
Benzene 90.1
Ethyl Benzene 224.0
Xylenes (m,p) 469.2
Xylene (0) 11.7
Chlorobenzene 49.4
1,4-Dichlorobenzene 6.7
Vinyl Chioride 12.5
Downegradient Well
FT13S
Benzene 63.4
Ethyl Benzene 1229
Xylenes (m,p) 314.8
Xylene (o) 6.8
Vinyl Chloride 26.7
1,4-Dichlorobenzene 3.8
Chlorobenzene 19.5
* Concentrations < 10 pg/l

NA The estimated variance was negative

Lab

0.03
0.03
0.01
0.06
2.53
16.48
0.00
14.17
17.59

0.01
0.00
0.01
0.02
0.17
0.00
0.02

0.05
0.01
0.10
24.01
4.40
66.63
2.15

0.05
0.15
0.06
2.85
1.17
43.39
548

0.04
0.05
0.15
25.55
0.34
51.16
6.13

18

Variability

Field Natural

0.06
1.03
0.12
1.10
3.04
NA
0.05
NA
NA

0.02
0.09
0.11
031
0.20
0.02
0.01

0.12
0.07
1.78
28.89
NA
NA
NA

0.12
1.32
1.07
3.43
NA
NA
NA

0.09
0.5
2.69
30.74
0.01
NA
NA

99.91
98.93
99.87
98.84
94.43
83.52
99.95
85.83
82.41

99.98
99.91
99.88
99.68
99.63
99.98
99.97

99.84
99.93
98.13
47.09
95.60
33.37
97.85

99.83
98.53
98.87
93.71
98.83
56.61
94.52

99.87
99.44
97.16
43.71
99.15
48.84
93.87

Total

100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100

100
100
100
100 *
100
100 *
100

100
100
100
100
100
100 *
100

100
100
100
100 *
100
100 *
100



It is evident from these data that analytical and sampling errors were effectively controlled
during the course of the project and high levels of natural variability are indeed real. This
assures the integrity of the contents of the RDBMS which stands as a principal deliverable of
the project. It further documents the minimum level of variability which model predictions

could show.

Temporal and Spatial Variability of the Plumes.

With the effects of field and laboratory error removed from the contaminant dataset, it was
possible to evaluate the trends in their concentrations over time and space. It should be noted
that field and laboratory errors were generally < 20% representing a constant small
contribution to total concentration variability. Due to the use of simple consistent field

methods and maintenance of analytical method control throughout the project.

KC-135.

Observed trends in contaminant concentrations have been depicted for selected contaminants

at wells in both source and plume areas.

Trends in BTEX Constituents and Redox Indicators at KC-135.

The KC-135 site (designated 55-51) resulted from the tragic crash of a KC-135 tanker aircraft
in October 1988. Moritoring of a sporadic nature occurred shortly after the crash through

1994 as a part of the former Wurtsmith, AFB Installation Restoration Program (IRP).

In the decade that followed the incident, water levels at the site rose from 1992 through 1995
and since then have declined, as have regional water levels in the Great Lakes states. Wells
USGS4 and 409s were in place before 1994 in the source area and ~ 275 feet downgradient in
the plume, respectively. (Figures 6 and 7). Over the past five years, these wells show the
typical two-to five-fold variability in total BTEX constituents between sampling events. At~

0.5 ft/day bulk ground-water flow rates, the travel time between the wells would be expected

19



to be ~ 550 days. The resuits of advective dispersion, volatilization, biodegradation, and

sorptive loss mechanisms caused an approximate two to five fold decrease in overall BTEX

concentrations in this shallow contaminant plume. It is of note that benzene, considered the

most easily degradable BTEX constituent, had nearly disappeared as a major contaminant

during the same time period. Given this known human carcinogen is a principal risk driver

the documentation of benzene disappearance is a major output of the project.

Table 5 contains the estimates of KC-135 plume area in meters squared from 1995 through

1999. The areas were estimated from the indicated contours developed for each sampling

event by manual planimetry. The largest plume “footprint” was identified from < 0.5 mg/l

oxygen concentrations within the consistently > 6 mg/l background condition. This footprint

and the corresponding suboxic to reducing portions (i.e. < 1 mg/l and < 0.5 mg/l) varied by &

50% or more on an event basis over the time period. Owing to the relative stability of the

single limited source conditions at the KC-135, the BTEX (> 50 pug/1) footprint varied by less

that = 20% over the same time period. The plume’s overall indication is stable in overall

dimension super imposed over significant geochemical variability on a quarterly basis.

Temporal trends in BTEX constituents at wells USGS4 (Figure 6) and 409S (Figure 7).

Figure 6
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Figure 7
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Table 5

KC-135 plume area{meters squared X10-3) over time

DATE

Jul-95
Mar-96
Jun-96
Nov-96
Mar-97
Jun-97
Oct-97
Feb-98
Jun-98
Sep-98
Dec-98
Mar-99
Jun-89
Sep-99
Dec-99

AVERAGE

STDEV

DO<5mg/l
432
4.45
4.34
3.94

4.8
1.68
2.07
277
3.28
1.39

3.3
2.83
2.61
2.62
2.36

2.36

1.0594235

DO<1mgl

0.01
0.46
0.44
0.34
1.01
0.21

0.4
0.16
0.62
0.28
0.69
0.41
0.73
0.41
0.44

0.440666667

0.247774859

21

DO<0.5mg/l BTEX>50ug/l
1.92
0.1 1.48
0.05
0.1 1.63
0.23
0.07 1.71
0.1 1.71
0.03 1.41
0.29 1.3
0.1 1.34
0.18 1.94
.11 1.69
0.26 1.68
0.1 1.78
0.1 1.89
0.132857143 1.652307692
0.08068616 0.213430467




The Fire-Training Area Site FT-2 (IRP designation FTA-02) resulted from more than 40
years of fire-training activity at the former Wurtsmith AFB. These activities were conducted
at a large number of locations in the overall area. Quantities of waste solvents, fuels,
lubricants and other liquid wastes were used in the course of these exercises. The current
monitoring network was set up in the late ‘80’s and early ‘90’s by the USGS and accordingly
focuses mainly on a central source area near the existing training pad, shown in Figure 1.
The ground water flow gradient in this portion of the base is more pronounced than at the
KC-135 site, giving rise to flow conditions quite similar to those at MIRTL 2 to the E-NE.

(see following section)

Consistently high (i.e. > 500 png/l) BTEX concentration have been documented at or near the
training pad as depicted in Figure 8 for well FT-2. Average BTEX concentration at this well
have been > 600 ug/l + 50% from 1994 through 1999. At well 8S (Figure 9) approximately

800 feet downgradient, BTEX concentration have lower, averaging ~ 200 ug/l1 £ 50%. Since

a well-defined source term has not been identified at the FT-2 site, speculations on trave!l

time and loss mechanisms are more difficult to unravel.

Nonetheless, the distal end of the plume has been consistently found between the transects at
wells 12, 13, 14 and that of 15, 16, 17 ~ 1,000 feet downgradient over the past five years.
Clearly, loss mechanisms have been at work at the site controlling downgradient movement

of the plume constituents.

At the FT-2 site the effects of oxygen utilization as an electron acceptor resulted in a
consistently larger plume "footprint” than other indicators (Table 6) as was the case at the
KC-135 site. Spatially, the plume at FT-2 has been more variable than that at KC-135 due to
the presence of multiple “hot-spots,” presumably coincident with localized past releases.

Accordingly, the > 50 ug/l BTEX footprint was also highly variable over the past five years
averaging ~ 45 x 10° m” + 30%.
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Overall, the dissolved oxygen and elevated conductance plume areas clearly delimited the

spatial extent of the plume and it” response to transient electron acceptor (i.e. O,) influx and

the progress of degradation process.

Figure 8
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Figure 9
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Table 6

FT2 Plume area with time in meters squared X10-3

Date Diss.02(<5mgfl) Diss. O2(<1.0mg#l) Diss. Q2(<0.5mgfl) Conductance Benzene(>50ug/l) BTEX(>50ug/l
)

Dec-89
Sep-99
Jun-99
Mar-99
Dec-98
Sep-98

Jul-98

Jul-97

Jul-g6
Sep-94
Jun-94
Aug-90
Jun-88

average

std.dev.

125
119
107
116
80.6
27.9
55.8
52.7
71.3
124
102

89.20909091

33.4357729

59
22
60
16.8
5.3
9.3
21.7
15.5
21.7
43.4
6.2

25.53636364

19.72988965

{>300uS/cm)

14.2 11.1
5.3 61.1
3.5 425
1.8 44.3
1.6 80.6
6.2 40.3
9.3 43.4
6.2 31
6.2 43.4
3.1 43.4
0.62 52.7
77.5

68.2

5.274545455 49.19230769

3.918612927 19.00348484
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3.6
4.1
3.3
2.8
3.9
24.8
20.5
9.9
12.4
15.5
6.2

9.727272727

48.6
42.4
50.2
493
59.8
34.1
34.1
40.3
248
40.3
46.5

74.4

454

7.672299643 12.92924803



MIRTL 2 Experiment

Experiments at MIRTL take place within the primary unconfined aquifer underlying the
former Wurtsmith Air Force base in Oscoda, MI. At the test location, the aquifer consists of
uncontaminated, unconsolidated medium to fine-grained sand and gravel approximately 60 ft.
thick. This formation is underlain by lacustrine silts and clays estimated to be several
hundred feet thick. The ground water table is approximately 10-20 feet below ground
surface, varying moderately with location and season. The test area is monitored by a
network of recorders that sample water levels and ground water temperatures every 6 hours
when possible (Figures 10, 11, and 12). Detailed data collection at the site commenced in
June 1995 and has indicated that both the hydraulic gradient and the direction of ground
water flow at the site are extremely stable (Figures 13 and 14). The site has already been
characterized extensively including: slug testing, grain size analyses of aquifer core samples,
mineralogical analysis, organic and inorganic carbon assays, and other testing associated with
both previous research and an Environmental Impact Statement created by the U.S.AF.

during decommissicning of the base (USAF, 1993).

During 1996-1997, a pilot study similar to the MIRTL2 study being described was run to
evaluate the feasibility of conducting side-by-side experiments without the use of expensive
interlane barriers or artificial hydraulic controls. Approximately 400 L of a tracer solution
containing potassium bromide (200 mg/L as bromide) and Intracid Rhodamine-WT (200
mg/L) was injected at 1 L/min and allowed to migrate under natural gradient conditions.
Transport of the tracers was observed and analyzed at distances up to 290 ft from the point of
injection, using both 3 dimensional sampling and a flux analysis approach. The final stage of
the experiment encompassed two months of intensive sampling at the downgradient end of
the pilot lane, during which the migration of bromide out of the test area was monitored and
used to calculate long range averages and upper bounds for hydraulic conductivity, porosity,
and longitudinal and transverse dispersivities. These results were then compared against
previous estimates of the parameters obtained via analysis of aquifer cores and slug testing of
wells near the test area. Average porosity was estimated to be 0.28, which compares
favorably with prior work that has cited an average value of 0.30. Hydraulic conductivity

was estimated to be 120 ft/day, which was within the 95-140 ft/day range of conductivities
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that had been estimated by permeametry and grain size analyses. Dispersivities estimated
from the experiment (o, =0.545 ft, o, =0.0075 ft) after 290 ft of migration are well in line

with the trend of dispersivity vs. distance in sandy aquifers that has been summarized in

reviews of prior work by Gelhar et al. (Gelhar et al., 1992)

MIRTL Test Site
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Figure 10: A map of the test location and the water level recorders. The dashed outlines
delineate the four triangular regions desribed in the calculations leading to Figures 4 and 5.
Region 1 (WLRs 4,5, and 7), Region 2 (WLRs 4,5, and 6), Region 3 (WLRs 4,6, and 7), and
Region 4 (WLRs 5,6, and 7).
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Figure 11: Water level record at locations surrounding the test lane. Average surface
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Figure 12: Groundwater temperature record at locations surrounding the test lane.
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MIRTL Hydraulic Gradient
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Figure 13: Hydraulic gradient record for regions enclosing the test lane. A planar
piezometric surface was assumed to connect the water level recorders describing each region.
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The results of this pilot experiment, along with the detailed hydrologic data gathered to
support its execution, led us to conclude that aqueous tracer releases could be reliably tracked
as they migrated through experimentally significant distances at the site. Furthermore, given
the limited variability in hydrologic conditions at the site, experiments could be run in
adjacent test lanes over distances of 100-300 ft with interlane separations of 30-50 ft
providing adequate isolation, negating the need for artificial hydraulic controls (i.e. sheetpile

or slurry walls).

Design of the MIRTL2 Study

The purpose of the MIRTL2 experiment was to examine the fate and transport of both MTBE
(methyl-t-butyl-ether) and the more commonly studied BTEX constituents after an
oxygenated fuel spill. In order to generate a sufficiently large plume while minimizing the
long term environmental impact of the study, a simulated release using dissolved phase
constituents and a redox adjustment barrier was planned. The test lane was installed near the
center of a ~40 acre field within the airport boundaries, providing a controlled access
environment that was isolated from day-to-day vehicular traffic. Testing confirmed that
conditions within the selected portion of the aquifer were essentially pristine — groundwater
at the site was oxic, averaging 7.7 mg/LL. D.O., while specific conductivities, pH Ievels,
chloride concentrations, and levels of dissolved organic carbon were similar to those
observed at other background locations at the base. VOC samples taken from the site yielded
scattered indications of TCE at < 2 ppb, but no other chlorinated or aromatic organics were

detected.

The first phase of the experiment was the installation of an upgradient redox adjustment
barrier, which was used to simulate the impact of oxygenated fuel constituents that were not
being introduced in the tracer solution, namely the alkanes, alkenes, and less mobile aromatic
constituents of these fuels that result in the creation of an anoxic to highly reducing source
zone. An in-situ permeable barrier (see Figures 15 and 16) was created 10 ft upgradient from
the injection well by introducing an aqueous suspension of sweet dry dairy whey into an
array of temporary boreholes using a high pressure chemical grouter. The amended saturated

volume was approximately 16 ft wide by 15 ft deep by 3 ft ‘thick’ (along the direction of
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groundwater flow), with the injection beginning just above the mid-summer elevation of the

water table.
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The effect of the barrier upon redox conditions and groundwater chemistry was monitored at
piezometer arrays located immediately upgradient (PA —16) and downgradient (PA —7) from
the barrier via the use of multiparameter flow cells, dissolved organic carbon measurements,
ion chromatography, and colorimetric wet chemical methods. Monitoring of dissolved
oXygen concentrations in pre-injection water samples taken from the injection well revealed a
change to suboxic (<2.0 mg/L) conditions immediately downgradient from the whey barrier.
Monitoring of dissolved oxygen concentrations at Transects 145 and 153 confirmed that a

substantial plume of anoxic groundwater was being generated within the test lane.

The second phase of the experiment encompassed the injection of the aqueous tracer solution
and monitoring of tracer migraticn through the first 100 ft of the test lane. The injection well
consisted of a 3 ft stainless steel wire wrapped screen placed roughly 4 ft below the water
table surface, which was connected to a 3 ft stainless steel riser and a 2” PVC well casing.
The tracer solution was prepared as two solutions, a nonvolatile bulk solution and a saturated
aqueous phase volatile solution, which were mixed during introduction to the injection well.
The bulk solution consisted of groundwater collected from the injection well and mixed with
potassium bromide under a nitrogen gas bianket. The volatile solution consisted of 40 L of
distilled water that had been saturated with sulfur hexafluoride and equilibrated with a NAPL
containing the other components introduced in the study. On October 15, 1998, 660 L of
combined tracer solution was pumped into the screened interval of the injection well at 2
L/min to minimize mounding in and around the well screen. The final composition of the

injection solution, averaged from subsampies collected every half-hour, is shown in Table 7.

Table 7. Composition of the Tracer Injection Solution

Compound Average Injected Concentration Injected Mass
Potassium bromide 200 mg/L 132 g

Sulfur hexafluoride 20 mg/L (nominal} 13 g

MTBE 4500 png/L 297 g
Benzene 1700 pg/L 1.12 g
Hexafluorobenzene 1000 pg/L 0.66 g
Toluene 1000 ug/L 0.66¢g
Octafluorotoluene 500 pg/L 033¢g
Ethylbenzene 1000 pg/L 0.66 g
O-Xylene 1000 pg/L 0.66 g
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On October 18, 1998, sampling at Transect 7 commenced. Each transect in the test lane
consisted of 7-9 multilevel arrays, each containing 9 sampling points distributed at various
depths. The sampling points were constructed of 3” long 1/4” 1D. stainless steel screens
attached to 1/8” stainless steel risers, and had dead volumes of approximately 10 ml.
Transects were placed so that their longitudinal separation increased by a factor of ~2 at each
interval, to allow for multiple estimates of tracer mass and to allow for an examination of
plume behavior at increasingly large scales of interest. Sampling points within the transects
were placed with horizontal and vertical separations of 1.5 ft — the spacings increasing by 0.5
ft downgradient from Transect 36 and by an additional 0.5 ft downgradient from Transect 72.
At regular time intervals, samples were collected from each screened point within a transect
using peristaltic pumps and 60 mL syringes. Field personnel purged each sampling point by
discarding 50 mL of groundwater before collecting samples for analysis. Bromide samples
were collected in 40 mL EPA VOA vials and analyzed on a Dionex ion chromatograph.
Volatile organic samples were collected in 40 mL EPA VOA vials and preserved with 1 mL
of a 40% saturated solution of NaHSO, before analysis on a purge and trap GC/MS or a
headspace PID/ECD in halogen sensitive mode. Additional samples were periodically
collected to seek evidence of BTEX and MTBE degradation through the appearance of
aromatic acid metabolites of BTEX and/or alcohol/aliphatic acid metabolites of MTBE (Fang
and Barcelona, 1998a,b). ‘

The final phase of the experiment was the installation and monitoring of a downgradient
oxidizing barrier utilizing ORC (Oxygen Releasing Compound, Regenesis Bioremediation
Products, Inc.). Two transects, Transect 145 and Transect 155, were installed upgradient and
downgradient from the barrier to allow for an evaluation of this technology’s effectiveness
with respect to MTBE. A combination of high pressure grouting and in-situ mixing with a 6”
hollow stem auger was used to emplace 800 Ibs. of ORC in a permeable wall that was
approximately 18 ft wide by 15 ft deep by 3 ft ‘thick’ (along the direction of groundwater
flow). In addition to collection the samples described previously, two sampling events were
conducted to examine levels of peroxide and dissolved oxygen on either side of the in-situ

bairier.
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Data Analysis Method

Each transect sampling event yielded a two dimensional array of results corresponding to the
locations of the individual sampling points, as in the example presented in Figure 17. These
results were linearly interpolated onto a higher resolution rectangular grid before further
processing. If the groundwater velocity through the array of sampling points is known,
multiplying the values of the individual grid cells by the velocity and the porosity of the
aquifer material will result in a dataset containing the ‘instantaneous’ flux of an analyte

through the transect (not shown).
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Figure 17: A contoured display of bromide migrating through Transect 7, 6 days after injection of the tracer
solution. + symbols depict the location of sampling points.

If groundwater velocities through the transect are assumed to be constant during transit of an
analyte, a spatiotemporal transformation can be used to provide estimates of mass passing
through the transect and dispersivities via a slightly modified three-dimensional method of

moments. The ‘standard’ three dimensional method of moments integrates concentration
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along the three spatial dimensions to yield estimates of the 0" statistical moment (mass), 1*
statistical moment (velocity vector), and 2™ statistical moment (variance, which leads directly
to dispersivity estimates). By aligning a spatial axis with the mean groundwater flow path
and transforming it into a time axis using the mean groundwater velocity, successive
samplings of a single two dimensional array of wells, or in this experiment a transect, can be

used to produce the same statistical summary of an analyte’s behavior in transport.

Utilizing this transformation provides several distinct advantages. If only a few estimates of
mass are needed, or if an estimate of mass is needed repeatedly in a specific location, the
number of wells and sampling points that must be installed to provide a given level of detail
is greatly reduced — instead of ‘going to the plume’, the plume ‘comes to you’. Furthermore,
sample collection efforts and analytical load can be spread out over much longer periods of
time. Finally, since this method quantitates mass by examining the flux of an analyte
through a two dimensional grid of sampling points rather than ‘static’ concentration data over
a three dimensional field, estimates of the mass of a reversibly sorbing analyte upon the
aquifer solids, which is ‘hidden’ from a three dimensional method until a sorption isotherm is
applied, are no longer required. This limitation is instead replaced with, at least in the
instance used in this study, an assumption that the groundwater velocity across the two

dimensional grid is uniform.

If multiple transects are used in the study, the average groundwater flow velocity does not
have to be known to use this method. A simple estimate of velocity can be used in a
preliminary round of calculations, which will yield the arrival time of the center of mass (i.e.
the 1" statistical moment with respect to the time axis) at each location, which is insensitive
to this parameter. The correct velocity can be estimated from the two arrival times and used

in a final round of calculations to yield correct values of each of the statistical moments.

Development of the Plume and Initial Transport

Injection of the aqueous tracer solution took place on 10/15/98. Geochemical conditions

within the test lane were suboxic, with O, < 2 mg/L, Fe** occasionally detectable at 0.1-5
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mg/L, and dissolved organic carbon concentrations at 5 to 50 times background levels (~0.5
mg/L) due to the slow release of soluble material from the upgradient redox adjustment
barrier. In excess of 11,000 analytical determinations were made upon more than 3,500
sampled locations/times during the eight months following injection of the tracer solution.
Condensed profiles of bromide passing through successive transects (see Figures 17, 18, and
19) demonstrate the existence of reasonably well behaved transport conditions during the
experiment. The tracer plume developed as expected, with bromide, SF,, and MTBE
eventually separating from the sorptive BTEX and perfluorinated constituents (Figures 20
and 21). The retardation coefficients of SF, and MTBE, relative to bromide and averaged
through all six transects, were 1.02 and 1.03, respectively — considering the bounds of
experimental error resulting from the sampling frequencies that proved practical during this

study, these constituents can be considered to be non-sorptive within the environment of the

test lane.
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Figure 18: Bromide flux (mg/day) through the sampling transects. Sampling events are
marked by their respective symbols. Piecewise linear integration can be used to calculate the
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