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ACRONYMS
ARD

anaerobic reductive dechlorination

b

saturated thickness

bgs

below ground surface

CAH

chlorinated aliphatic hydrocarbon

COC

chain of custody

COPC

chemical(s) of potential concern

cVOC

chlorinated volatile organic compound

DO

dissolved oxygen

DPT

direct push technology

EESH

Energy, Environment, Safety and Health

EGIS

environmental geographic information system

ft/day

feet per day

ft/year

feet per year

FID

flame ionization detector

GAC

granular activated carbon

g/d/ft

gallon(s) per day per foot

gpm

gallon(s) per minutes

GPR

ground penetrating radar

IDW

investigation derived waste

ISCO

in situ chemical oxidation

K

hydraulic conductivity

kg

kilogram(s)

lbs

pounds

Lockheed Martin

Lockheed Martin Corporation

LMCPI

Lockheed Martin Corporation Properties, Inc.

m

meter

2

square meters per day

3

m /day

cubic meters per day

MDE

Maryland Department of the Environment

µg/kg

microgram(s) per kilogram

µg/L

microgram(s) per liter

m /day

3

µg/m

microgram(s) per cubic meter

mg/kg

milligram(s) per kilogram
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mg/L

milligram(s) per liter

ml/minute

milliliter(s) per minute

MRC

Middle River Complex

MSDS

material safety data sheet

NaBr

sodium bromide (tracer)

ORP

oxidation reduction potential

PAHs

polycyclic aromatic hydrocarbons

PDF

portable document file

PID

photoionization detector

PPE

personal protective equipment

psi

pounds per square inch

psig

pound force per square inch gauge

PVC

polyvinyl chloride

Q

flow

rx

distance from injection well to observation point x

RAP

response action plan

ROI

radius of influence

sx

observed hydraulic head change at observation point x

SVOC

semivolatile organic compound

TCE

trichloroethene

TCLP

Toxicity Characteristic Leaching Procedure

Tetra Tech

Tetra Tech, Inc.

USDOT

United States Department of Transportation

USEPA

United States Environmental Protection Agency

VOC

volatile organic compound
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Section 1

Introduction
On behalf of Lockheed Martin Corporation (Lockheed Martin), Tetra Tech, Inc. (Tetra Tech) has
performed an injection pilot test at the Lockheed Martin Corporation Middle River Complex
(MRC) at 2323 Eastern Boulevard in Middle River, Maryland. Site investigations at the Middle
River Complex facility have identified impacts to soil and groundwater associated with historical
plant activities. Accordingly, Lockheed Martin has assumed responsibility to assess and clean up
environmental impacts at the Middle River Complex. A Draft Groundwater Response Action
Plan for the Middle River Complex (Tetra Tech, 2011a) was prepared and submitted to the
Maryland Department of the Environment (MDE) in June 2011; MDE’s comments on that
document do not require modification of the selected remedial alternative.
The Draft Groundwater Response Action Plan addresses the impacts to groundwater in three
areas with elevated concentrations of chlorinated volatile organic compounds (cVOCs). The
Draft Groundwater Response Action Plan selects in situ bioremediation as the remedial
alternative to address groundwater contaminated by cVOCs. Multiple injection wells,
underground distribution piping, and aboveground injection equipment will be installed in three
areas exhibiting elevated concentrations of chlorinated volatile organic compounds. These
injection wells will introduce necessary biological amendments into the subsurface to enable
reductive dechlorination of cVOCs. A conceptual design of the selected remedial alternative is
described in Section 8 of the Draft Groundwater Response Action Plan (Tetra Tech, 2011a).
The main design parameters (such as the number and spacing of injection wells, injection rates,
and volumes) were determined based on groundwater modeling of the injection process.
However, achievable injection rates are difficult to predict accurately for the low permeability,
heterogeneous geology of the Middle River Complex. Therefore, as part of a pre-design
investigation, a field injection pilot test was recommended. The test objectives, rationales, and
methodology were developed in the Injection Pilot Test Work Plan (Tetra Tech, 2011b). The main
objectives of the injection pilot test (based on the work plan) were to:
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determine sustainable injection rates and volumes



verify the performance and design of injection wells



determine the injection wells’ effects on the aquifer



determine if injected material is transported from the injection areas via flow through
utilities or utility bedding

The three locations for the injection pilot test were:


southwest trichloroethene (TCE) area



southeast TCE area



northern TCE area

The injection pilot test involved the following general activities:


obtaining site and utility clearance



installing three injection wells



installing eight monitoring well clusters (two screened intervals per cluster)



performing the injection tests at each injection well at three different injection rates (low,
intermediate, and high) using de-chlorinated potable water with added sodium bromide
tracer



having a Maryland-licensed surveyor survey the injection and monitoring well locations



collecting, storing, and characterizing investigation derived waste (IDW) and disposing of
that waste at an off-site Lockheed Martin -approved treatment or disposal facility

This report is organized as follows:
Section 2—Test Layout and Methodology: Describes the injection test layout, injection wells
and monitoring points, equipment set-up, and methodology.
Section 3—Test Results: Describes the results for all nine tests.
Section 4—Results Summary and Conclusions: Summarizes the injection test results,
compares the areas tested, and evaluates potential impacts on the full-scale bioremediation
system design.
To avoid redundancy, detailed MRC background information is not included in this report. Refer
to the Draft Groundwater Response Action Plan (Tetra Tech, 2011a) and the Injection Pilot Test
Work Plan (Tetra Tech, 2011b) for MRC background information. However, two prior pilot test
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studies (in situ chemical oxidation [ISCO] and anaerobic reductive dechlorination [ARD]) at the
MRC are located near two of the injection pilot test locations.
The ISCO study was conducted in the southwest TCE area and the ARD study was conducted in
the north TCE area. Therefore, the ISCO and ARD pilot tests are particularly important with
regard to the current injection test. Accordingly, discussion of the previous ISCO (Section 3.2.6)
and ARD (Section 3.3.6) pilot studies is included in the results section of this report for the
southwest and north TCE areas’ injection tests, respectively. For detailed information, refer to the
ISCO and ARD pilot test reports (Tetra Tech 2009a, b).

7821 TETRA TECH ● LOCKHEED MARTIN, MIDDLE RIVER COMPLEX ● INJECTION PILOT TEST REPORT

PAGE 1-3

MRC SITE MAP
LOCKHEED MARTIN MIDDLE RIVER COMPLEX
MIDDLE RIVER, MARYLAND

Section 2

Test Approach
and Methodology
Before field activities began, appropriate Tetra Tech, Inc. (Tetra Tech) personnel became familiar
with the injection work plan, the site-specific health and safety plan (HASP), and the respective
Safe Work permits and emergency response plan included in the HASP. Tetra Tech conducted
mandatory health and safety tailgate meetings before each day’s field events. Safety
requirements are addressed in detail in the site-specific HASP.

2.1

SITE ACCESS, UTILITY CLEARANCE, PERMITS

Field activities planned for the locations identified in each of the three test areas were
coordinated with Lockheed Martin Corporation Properties Inc. (LMCPI). Utility clearance work
and documentation conform to the provisions of Lockheed Martin Corporation’s (Lockheed
Martin) Remediation Contractor’s Energy, Environment, Safety and Health (EESH) Handbook,
Revision 1, June 10, 2009, or the latest update. All required utility clearance activities were also
completed, including clearing each boring location of subsurface utilities. Tetra Tech obtained all
access agreements, required clearances, and permits before beginning any field testing, as
follows:


notified the Miss Utility underground utility location center (1-800-257-7777;
www.missutility.net)



reviewed facility and site utility maps



used a private utility locating firm (Enviroscan Inc. of Lancaster, Pennsylvania) to
identify any subsurface utilities/anomalies. As part of the subcontract, Enviroscan Inc.
submitted a full report of utility clearance.



followed Enterprise Operations-28 and Lockheed Martin Minimum Requirements for
Intrusive Fieldwork Work Plans, completed the digging authorization form, and obtained
the required signatures
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obtained drilling and injection permits. A Rule Authorization letter has been requested of
and received from the Maryland Department of the Environment (MDE) to allow
injection of the water

A geophysical survey located and marked any underground utility lines at the proposed injection
and monitoring well locations. A combination of electromagnetic resistivity/conductivity line
locating and ground penetrating radar (GPR) ensured that all proposed sampling locations were
clear of all underground utilities. Enviroscan, Inc. marked any underground utilities and
anomalies, in accordance with Lockheed Martin’s Remediation Contractor’s EESH Handbook,
Revision 1 (June 10, 2009) and other procedures for intrusive work. All utilities within a 40-foot
radius of each designated drilling location were identified using the appropriate technology and
the ground surface was marked with paint to delineate utility locations.

2.2

INJECTION AND MONITORING WELL INSTALLATION

Injection and monitoring wells were installed for the injection test in the three selected areas of
the Middle River Complex (MRC): the southwest trichloroethene (TCE) area (near the 2008 in
situ chemical oxidation ISCO pilot study area), the southeast TCE area, and the north TCE area
(near the 2008 anaerobic reductive dechlorination [ARD] pilot study area) (Figure 2-1). One
injection well and three monitoring well clusters were installed in the southeast and southwest
TCE areas, and one injection well and only two monitoring well clusters were installed in the
north TCE area, where an existing set of wells was used as the third monitoring cluster. Two
screened intervals were used for each monitoring well cluster: a shallow screened interval at
approximately 15 feet, and an intermediate screened interval at approximately 35 feet. The
monitoring well clusters are approximately five feet, 10 feet, and 15 feet from each injection
well. These distances were selected based on the injection process groundwater simulation
presented in the Draft Groundwater Response Action Plan (Tetra Tech, 2011a).
A decontamination pad was set up for pressure washing all drilling equipment after completion
of each well. Volumes of liquid related to drilling that were generated during decontamination
were collected on a bermed pad. Decontamination liquid volumes were kept to a minimum. The
fluid level in the pad was monitored continuously during equipment decontamination. The pad
was never filled to more than 50% of its capacity. Liquid accumulated in the decontamination
pad was pumped out at the end of each workday and handled as IDW.
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2.2.1

Injection Wells

Borings for the injection wells were advanced using a sonic rig (Roto-Sonic method) operated by
a Maryland-licensed driller. The Roto-Sonic method involves a drill rod/override casing set up
(with temporary casing) to install the well to its total depth. Soil was continuously sampled
during drilling using a 10-foot-core barrel. Soil samples were collected for screening, including
lithologic characterization, visual observations (e.g., staining, discolorations, etc.), and odor
detection. Soil samples were screened for volatile organic compounds (VOCs) using a portable
photoionization detector (PID) and a sealed bag headspace technique. A qualified Tetra Tech
field geologist performed lithologic logging. All pertinent information, including boring location,
soil/lithology descriptions, and PID readings, was included on soil boring log forms (see
Appendix A). Soil samples for laboratory analysis were not collected. No refusal was
encountered during well drilling.
Construction details for the injection test wells are shown in Figure 2-2. The injection wells were
constructed using two-inch-diameter flush threaded Schedule 40 polyvinyl chloride (PVC) well
casing and manufactured PVC well screens. Well screens were 15–20 feet long with 0.010-inch
wire wrapped openings. The screened intervals were placed from 15–35 feet below ground
surface (bgs), as shown in Table 2-1.
Table 2-1
Injection Wells Screened Intervals
Lockheed Martin, Middle River Complex
Well

Top of screen

Bottom of screen

IW-E

15

35

IW-N

20

35

IW-W

15

35

A sand filter pack of washed 20×40 mesh (0.0331×0.0165 inch) silica sand was placed around
the well screen at least one foot above the top of the well screen. The required depth to sand was
confirmed using a weighted tape. Following placement of the sand pack, each well was
pre-developed via the drill rig using a combination of surging and air lifting to settle the sand
pack around the well screen. A two-foot-thick bentonite seal was installed above the sand pack
and allowed to hydrate during installation. Grout (consisting of Type II Portland cement and
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powdered bentonite gel) was placed above the bentonite seal to approximately one foot below
the ground surface. Grout was made by mixing a 94-pound bag of Type II Portland cement with
nine pounds of powdered sodium bentonite and no more than eight gallons of water per bag of
cement.
A protective, locking, traffic rated flush mounted well cover, 12 inches in diameter and 12 inches
high, was secured over the well casing to protect each injection well. A concrete pad (six inches
thick by 24 inches square) was installed around the well cover. The PVC well casing was cut
below ground and made watertight by installing a locking, expandable, sanitary seal in the well
casing top. Well construction details were recorded in the field logbook and on a well
construction form.
Following well installation, each injection well was developed by Boart Longyear to remove
fines from the well filter pack and casing to ensure a hydraulic connection between the well and
the geologic formation. Well development was performed as soon as possible following
installation once a minimum of 24 hours had elapsed following well construction (to allow the
grout to set up). Wells were developed by gentle surging and airlifting to remove fines and
sediment from the sand pack and well screen. Development began at the bottom of the well
screen and was accomplished by working up incrementally to the top of the screened interval and
then back down to the bottom of the well.
Following installation, Tetra Tech personnel continued well development. During this phase of
well development, water level drawdown measurements were monitored and groundwater
parameters (including pH, temperature, specific conductance, dissolved oxygen [DO], and
oxidation reduction potential [ORP]) were collected using a water quality meter. These data were
recorded in a site-specific logbook and on well development records (Appendix B). Turbidity
readings were also collected using a separate turbidity meter and recorded in the field logbook
and on a well development record.
Development was considered complete when the monitored water quality parameters stabilized
in accordance with the information contained in the following paragraph, or when a minimum of
three saturated well casing volumes had been removed, or when the well was purged dry.
Development was considered complete when three consecutive readings, taken at five-minute
intervals, were achieved, as follows:
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±0.1 standard units for pH,



±3% for specific conductance and temperature,



±10% for DO and ORP



less than 50 nephalometric turbidity units for turbidity

All development water was collected in U.S. Department of Transportation (USDOT)-approved
55-gallon steel drums and temporarily stored in a facility-approved location.
2.2.2

Monitoring Well Clusters

Similar to the injection well installations, the monitoring well clusters were advanced using a
sonic rig (Roto-Sonic method) operated by a licensed Maryland driller. For monitoring well
clusters consisting of an intermediate and a shallow well, the borings were completed using a
six-inch drill casing. Soil was continuously sampled during drilling using a 10-foot core barrel.
Soil samples were collected for screening, including lithologic characterization, visual
observations (e.g., staining, discolorations, etc.), and odor detection.
Soil samples were screened for VOCs using a portable PID and a headspace screening
methodology (e.g., sealed bag headspace technique). A qualified Tetra Tech field geologist
conducted lithologic logging. All pertinent information, including boring location, lithologic
descriptions, and PID readings, was recorded on soil boring log forms. Soil samples for
laboratory analysis were not collected.
Construction details for the monitoring well clusters are shown in Figure 2-2. Monitoring well
clusters were constructed of one-inch-diameter flush threaded Schedule 40 PVC well casing and
manufactured PVC well screens. Well screen sections were 5–10 feet long with 0.010-inch
slotted or wire wrapped openings. The depth of the shallow wells varied from
13–22.5 feet bgs; intermediate well depths were from 30–35 feet. The screen depth and length
(or slot size) were adjusted in the field to address the depth to groundwater, formation material,
type/thickness of soil, or installation of a surface seal (Table 2-2).
All of the intermediate wells had a 10-foot screened interval. Four of the shallow wells had
10-foot screened intervals; the other four had five-foot intervals. Each well had at least five feet
of well screen. A sand filter pack of washed 20×40-mesh (0.0331×0.0165 inch) silica sand was
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placed around each well screen up to at least two feet above the top of the screen. The depth to
sand was measured using a weighted tape. Additional sand was used as needed to bring the sand
pack up to the desired depth.
Table 2-2
Monitoring Wells’ Screened Intervals
Lockheed Martin, Middle River Complex
Well

Top of screen

Bottom of screen

MPE-1S

11

21

MPE-1I

25

35

MPE-2S

12.5

22.5

MPE-2I

25

35

MPE-3S

8

18

MPE-3I

25

35

MPN-1S

9

14

MPN-1I

20

30

MPN-2S

9

14

MPN-2I

20

30

OW-1B1

15

20

OW-1C

25

30

MPW-1S

10

15

MPW-1I

25

35

MPW-2S

7

17

MPW-2I

25

35

MPW-3S

8

13

MPW-3I

25

35

For each screened interval, a two-foot-thick bentonite seal was installed above the sand pack and
allowed to hydrate during installation. Grout, consisting of Type II Portland cement and
powdered bentonite gel, was placed above the bentonite seals between the intermediate bentonite
plug and the shallow filter sand packs, and above the shallow bentonite plug, to approximately
one foot below ground surface. Grout was made by mixing a 94-pound bag of Type II Portland

1

OW-1B and OW-1C were installed earlier and used as pilot test observation points.
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cement, nine pounds of powdered sodium bentonite, and no more than eight gallons of water per
bag of cement. The relative thicknesses of the bentonite seal and the surface seal and grout were
adjusted to accommodate the well depth relative to ground surface.
A 12-inch-diameter by 12-inch-high protective, locking, traffic rated flush mounted well cover
was secured over the well casing to protect each injection well. A concrete pad (six-inches thick
by 24-inches square) was installed around the well cover. The PVC well casing was cut below
ground and made watertight by installing a locking, expandable, sanitary seal in the well casing
top. A concrete floor (two-inches thick) covered with sand was installed at the bottom of the well
cover around the well casing. Following well installation, each monitoring well was developed in
a similar manner as described in the previous section for injection well installation. All
development water was collected in USDOT-approved, 55-gallon steel drums and temporarily
stored in a facility-approved location pending disposal at a Lockheed Martin-approved off-site
disposal facility.
2.2.3

Surveying

A Maryland-licensed professional land surveyor surveyed the site to provide horizontal and
vertical coordinates for each new well. Well locations were surveyed to the nearest 0.01 foot for
vertical elevations in the North American Vertical Datum 1988, and 0.1 foot horizontal
coordinates in the North American Datum 1983, at the top of the well casings. Ground elevations
at the wells will be surveyed with a vertical accuracy of 0.1 foot. This information will also be
used to update the Middle River Complex (MRC) environmental geographic information system
(EGIS).

2.3

WASTE MANAGEMENT

A waste management plan was prepared conforming to Lockheed Martin EESH Remediation
Waste Management Procedure No. EROP-03, Revision 4 (effective April 17, 2009). This plan
was followed during this investigation to store, manage, test, and dispose of investigation derived
waste (IDW). IDW consisted of all drill cuttings and soil cuttings, decontamination rinsate water,
excess soil from sampling, well purge water, and personal protective equipment (PPE). Soil
cuttings and decontamination water were collected and stored in USDOT-approved 55-gallon
drums. All drums were appropriately labeled and logged on a drum inventory form (Appendix C).
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Wastes were characterized and disposed of in accordance with applicable state and federal
regulations and the MRC Waste Management Plan (Tetra Tech, 2011d). After waste generation, the
drums were relocated to a drum staging area identified by Lockheed Martin personnel. Personal
protective equipment IDW was brushed off, placed in trash bags, and disposed of in a facility
trash receptacle.
Samples of IDW were collected and submitted for Toxicity Characteristic Leaching Procedure
(TCLP) organic and inorganic analyses, corrosivity, and reactive sulfide and reactive cyanide.
Upon receipt of the IDW analytical data, the generated IDW was removed from the drum storage
area and properly disposed of in accordance with federal, state, and local regulations. Disposal
documentation and waste characterization analytical results are in Appendices C and G,
respectively.

2.4

TEST OBJECTIVES AND METHODOLOGY SUMMARY

The main parameters of the bioremediation system at MRC (such as the number and spacing of
injection wells, injection rates, and volumes) were determined in the Draft Groundwater
Response Action Plan using groundwater modeling of the injection process. However, achievable
injection rates and effects on the aquifer are difficult to predict accurately for the low permeable
heterogeneous geology of the MRC. Also unclear was whether the injection would cause the
injected fluid to daylight, channel, or produce other undesired effects. The injection pilot test was
intended to reduce these uncertainties. The main objectives of the injection pilot test included:


determining sustainable injection rates and volumes that can be achieved without the
injected fluid daylighting or channeling



verifying the performance and design of the injection wells



determining the injection wells’ effects on the aquifer



determining if injected material is transported from the injection areas via flow through
utilities or utility bedding

The injection test approach can be summarized as follows:


The tests involved injecting potable water containing a sodium bromide tracer at three
injection locations, one in each of the three TCE areas where the future bioremediation
system will be installed.
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Residual disinfectants (such as chlorine and chloramines) were removed from the potable
water before injection using granular activated carbon (GAC).



Each of three injection locations was tested at three different injection rates, each for
approximately 24 hours.



The injected fluid’s effects on the aquifer were monitored at each location using
monitoring well clusters. Changes in water levels were measured using in-well pressure
transducers and manual depth to water measurements.



The total injected fluid volume ranged from approximately 2,600 gallons at the southwest
TCE area to 2,700 gallons at the north TCE area, which is comparable to the design
injection volume per injection well stipulated in the Draft Groundwater Response Action
Plan (Tetra Tech, 2011a).

Available catch basins (i.e., MH-10 [IL-3], IL-X1, and X-11A) at each test location were
sampled and observed during the tests to confirm that the injected material was not entering the
site utility system.

2.5

INJECTION TEST SET-UP SUMMARY

The injection test equipment and logistics were selected to ensure safety during field procedures,
minimize cost, and reduce overall impact while achieving the stated design objectives. The
following steps summarize the injection tests’ sequence and equipment:


All monitoring wells were sampled to determine bromide base levels.



Three rented water storage tanks were delivered and placed at each of the testing
locations. The tanks were EZ Kleen™ cross-linked polyethylene tanks with 2,400 gallons
stated capacity.



A local water hauling company was contracted to deliver and fill the three storage tanks
with potable water from the nearest municipal water treatment plant. A tank trailer
suitable for hauling drinking water was used.



Dissolved sodium bromide tracer was added to each of the water storage tanks.
Approximately 10 pounds (lbs) of sodium bromide was placed in each tank. Fourteen
kilograms (kg) (equal to 30.8 lbs) of sodium bromide was purchased and divided equally
between three tanks, resulting in approximately 10 lbs of bromide per each tank. At each
injection site, sodium bromide was placed into a five-gallon pail and mixed until
completely dissolved before transferring the bromide solution into the tank. The resultant
sodium bromide concentration in the injected water ranged from 350–600 milligrams per
liter (mg/L). The contents of each tank were agitated with a high-volume mixing pump to
thoroughly mix the bromide solution. (Sodium bromide is a common nontoxic tracer for
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groundwater studies. Refer to Appendix D for the sodium bromide material safety data
sheet [MSDS]).


At each injection site, a Tetrasolve HPP-50 granular activated carbon (GAC) filter with
approximately 3.5 feet carbon bed height and 10-inch-diameter (Appendix E) removed
residual chlorine from water before injecting. Total chlorine was measured before and
after GAC filtration at the beginning of each test using a Hach® kit (total of nine tests).
The chlorine kit detection range is from 0.02 milligrams per liter (mg/L) to 3.5 mg/L of
total chlorine.



Before starting the injection test at each location, the data logging liquid level transducers
(Shlumberger Micro-Diver; see Appendix E) were placed in each of the deep-screen
monitoring points and into each injection well for an automatic liquid level measurement.
Four transducers were used at each injection location.



Injection tests used Proactive model Mini-Typhoon® 12-volt DC pumps with a variable
speed controller. The selected pump’s capacity can be varied from a maximum of
one gallon per minute (gpm) at 13 pounds per square inch (psi) to as low as 40 milliliters
per minute (ml/minute). Refer to Appendix E for the pump and controller details.
Deep-cycle batteries powered the pumps. The batteries were replaced and charged as
necessary from available 115-volt AC wall outlets.



Three different injection rates were used at each injection location: low, intermediate, and
high. Each injection rate was tested for approximately 24 hours. The groundwater table
was allowed to equilibrate between tests at different injection rates.



The presence of bromide tracer was determined by collecting analytical samples from the
monitoring wells at each injection location. The samples were collected from each
monitoring well cluster at the conclusion of each test. Therefore, 18 samples were
collected at each injection location during the three tests.



Catch basins near each injection test area were also tested for bromide tracer after each
test. Three catch basins (i.e., MH-10 [IL-3], IL-X-1 and X11A) were identified for this
purpose. Nine bromide samples were collected at catch basins during the tests. Bromide
sampling to determine the background concentrations in catch basins in the southeast
TCE area was also performed (see Section 3.1.5).



Injection pressure and flow was adjusted and maintained using a variable speed pump
controller and an effluent needle valve. The equipment set-up was identical for each test
area. Refer to Figure 2-3 for the injection equipment process schematic, instrumentation,
and controls.



All injection tests were performed in parallel to reduce time in the field. The injection test
equipment was configured so it could function unattended or with little field personnel
involvement. However, the injection process was monitored by field personnel at all
times, including during nighttime operation.
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The most consistent way to evaluate the actual injection pressure is to express it as an increase of
the hydraulic head in the injection well compared to the static level. This hydraulic head increase
is the actual stress to the formation caused by the injection in a particular location; it therefore
reflects the formation’s hydraulic permeability in a particular location. Another useful reference
point is an injection pressure measured at the wellhead (surface level pressure). The latter is
useful when evaluating a potential for the injected fluid to daylight. Both the hydraulic head
increase and the wellhead pressure were recorded during the injection tests.

2.6

SAMPLING PROCEDURE FOR BROMIDE

Bromide tracer analysis results were used to estimate the radius of influence (ROI) of the
injection wells. The bromide results are attached as Appendix F. This information will later be
used during the remedial design phase. A standard low-flow sampling technique was used to
collect representative formation groundwater samples for tracer analyses.
Monitoring wells were purged using a peristaltic pump and disposable polyethylene tubing. The
pumping rate ranged between 100–300 ml/minute. The final adjustment of the purge rate
depended on water stabilization and how fast the wells recharged without drawdown below the
initial static water level.
During groundwater purging, water level drawdown measurements and groundwater parameters
(including pH, temperature, specific conductance, DO, and ORP) were collected every five to
10 minutes, or after each purge volume, whichever was quicker, until purging was complete, and
this information was recorded in the appropriate site-specific logbook, as well as on Low Flow
Purge Data Sheets. Water quality parameters were measured using an inline water quality meter.
Purging was considered complete when the monitored water quality parameters had stabilized,
the well was purged dry, or purging had taken place for one hour. Stabilization was considered
achieved when three consecutive readings, taken at five-minute intervals, were within ±0.2
standard units for pH, ±5% for specific conductance and temperature, ±20% for DO and ORP,
and less than 20 nephalometric turbidity units for turbidity, or when a maximum of one hour had
elapsed. If a monitoring well was purged dry, the water level in the well was allowed to recover a
minimum of 80% of its initial static water level before groundwater sampling.

7821 TETRA TECH ● LOCKHEED MARTIN, MIDDLE RIVER COMPLEX ● INJECTION PILOT TEST REPORT

PAGE 2-11

2.7

HYDRAULIC CONDUCTIVITY ESTIMATE

The formation hydraulic conductivity was estimated using the following equation (Dupuit
equation) for a steady state flow in an unconfined aquifer (Driscoll, 1986):

where:
K

= hydraulic conductivity (square meters per day [m2/day])

Q

= flow (cubic meters per day [m3/day])

b

= saturated thickness (meters [m])

s1

= observed hydraulic head change at first observation point (m)

s2

= observed hydraulic head change at second observation point (m)

r1

= distance from injection well to first observation point (m)

r2

= distance from injection well to second observation point (m)

During the injection tests, the observed hydraulic heads in the test areas stabilized quickly and
remained relatively constant during the injection process. Therefore, assuming a steady state
flow would not, in this case, be expected to lead to significant errors. A steady state Dupuit
equation solution and a common method for evaluating the pump test results (Theis by
AQTESOLV software) were compared for the southeast TCE area injection test done at a high
injection rate. The comparison indicates that the calculated values of hydraulic conductivities
produced using these two methods are indeed close (within approximately 15%). A steady state
Dupuit equation was therefore selected as a method for calculating hydraulic conductivity
values, as it allows a simpler data evaluation for the multiple tests conducted at the site.
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Section 3

Test Results
The injection test parameters include the injection pressures, injection flows, total injection
volumes, water levels, and bromide tracer concentrations. Associated observations, such as
injected fluid daylighting, channeling, injection rate adjustments, and other pertinent information
were also recorded as appropriate. The following sections present the results for each of nine
tests performed at three test locations using low, intermediate, and high injection rates.

3.1

SOUTHEAST TRICHLOROETHENE AREA

This section describes the results of the injection tests performed at the southeast trichloroethene
(TCE) area (Figure 3-1) during the period of November 8–15, 2011.
3.1.1

Low-Rate Injection Test

Before the test start-up, a total chlorine concentration was measured before and after the granular
activated carbon (GAC) filter while circulating the injection solution in a closed loop at a rate of
one gallon per minute (gpm). Approximately 90 gallons were passed through the GAC filter
before taking chlorine measurements. The GAC filter influent chlorine level was 0.5 milligrams
per liter (mg/L) while the effluent chlorine was below detection limit of the Hach® kit (less than
0.02 mg/L).
The low-rate test at the southeast TCE area began at 9:35 a.m. on November 8, 2011. The initial
injection rate was approximately 0.27 gpm. After several hours, the injection rate drifted upwards
to 0.42 gpm and was later reduced to approximately 0.3 gpm. The average injection flow was
0.3 gpm for the entire 24-hour test period, based on the flow totalizer. The injection used a
gravity flow due to low injection pressure requirements. Based on the flow totalizer, 436 gallons
of bromide solution were injected during this test. Table 3-1 summarizes the injection flow rates
and volumes recorded at the southeast TCE area during the low-rate test.
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Note that during the low-rate test, the water level drawdown in the tank could not be used to
calculate the injected volumes (and thus compared with the flow totalizer readings) due to an
irregular geometry at the top portion of the tank. This comparison was made during the later
tests, when the water level reached the cylindrical portion of the tank. Injection at this flow
resulted in a relatively small hydraulic head increase above the static level in injection well
IW-E. As shown in Figure 3-2, the hydraulic head in the injection well ranged from
approximately 1.2–1.8 feet above the static level during the low-rate test. The wellhead pressure
gauge indicated no wellhead pressure because the water level in the injection well remained at
least six feet below ground surface during the injection.
The test was stopped at 9:40 a.m. on November 9, 2011 after 24 hours and five minutes of
continuous injection. The injection was not interrupted. When the injection was stopped, the
hydraulic head in the injection well quickly decreased, and was measured within 0.1 feet of the
static level after only one hour of recharge (Figure 3-2).
3.1.2

Intermediate-Rate Injection Test

The intermediate-rate test at the southeast TCE area began at 9:04 a.m. on November 10, 2011.
The initial injection rate was approximately 0.6 gpm. At the beginning of the test, the total
chlorine concentration was measured before and after the GAC filter. The GAC filter influent
chlorine level was 0.16 mg/L, while the effluent chlorine was below the detection limit of the
Hach® kit (less than 0.02 mg/L).
Several adjustments kept the injection rate at a constant level. The average injection flow was
0.57 gpm for the 24-hour test period, based on the flow totalizer. The injection was performed
using a battery operated pump. Based on the flow totalizer, a total of 826 gallons of bromide
solution was injected during this test. Note that based on the water level measurements in the
tank and the tank diameter (8.5 feet), 832 gallons of bromide solution were injected during this
test. The injected volumes calculated by these two methods (flow totalizer and tank water levels)
are remarkably close. However, the method based on water level measurements in the tank is
likely less accurate due to an inaccuracy in detecting water levels, irregularities in the tank’s
dimensions, and other factors. Therefore, flow totalizer readings were used to calculate the
reported injection volumes and flow rates, and tank water levels were used for injection volume
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verifications. Table 3-2 includes a summary of the injection flows and volumes recorded at the
southeast TCE area during the intermediate-rate test.
As shown in Figure 3-2, the hydraulic head in the injection well IW-E ranged from
approximately 2.6–3 feet above the static level during the intermediate-rate test (approximately
two times higher as compared to a low-rate test). The wellhead pressure gauge recorded no
wellhead pressure because the water level in the injection well remained at least five feet below
the ground surface during the injection. The test was stopped at 9:04 a.m. on November 11, 2011
after 24 hours of continuous injection. The injection was not interrupted. When the injection was
stopped, the hydraulic head in the injection well quickly decreased and was soon close to the
pre-test static level (Figure 3-2).
3.1.3

High-Rate Injection Test

When the intermediate-rate test was finished, the remaining water volume in the tank was
estimated at 873 gallons (calculation in Table 3-2). However, an injection volume of
1440 gallons was required for the high-rate test, given the projected injection rate of 1 gpm and
24 hours (1440 minutes) duration. Therefore, an additional quantity of potable water (estimated
at 546 gallons; see Table 3-3) was delivered to the site and pumped into the tank to obtain an
injection volume of approximately 1440 gallons for the high-rate test. Note that the bromide
tracer concentration was subsequently reduced due to the addition of fresh water. Refer to
Section 3.1.5 for the calculated bromide concentration during the injection tests in the
southeastern TCE area.
The high-rate test at the southeast TCE area began at 7:35 a.m. on November 14, 2011. The
initial injection rate was approximately 1.08 gpm. At the beginning of the test, the total chlorine
concentration was measured before and after the GAC filter. The GAC filter influent chlorine
level was 0.1 mg/L, and the effluent chlorine was below the detection limit of the Hach® kit (less
than 0.02 mg/L).
Several adjustments kept the injection rate constant. The average injection flow was 1.01 gpm
for the 24-hour test period, based on the flow totalizer. The injection was performed using a
battery operated pump. A total of 1419 gallons of bromide solution was injected during this test.
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Note that 1437 gallons of bromide solution were injected during this test, based on the water
level measurements in the tank and the tank diameter (8.5 feet).
Similar to the intermediate test described in the previous section, the injection volumes
calculated using these two methods (flow totalizer and tank water levels) are very close. As noted
earlier, the flow totalizer readings were used to calculate the reported injection volumes and
flow-rates while the tank water levels were used to verify injection volumes. Refer to Table 3-3
for a summary of the injection flows and volumes recorded at the southeast TCE area during the
high-rate test.
As shown in Figure 3-2, the hydraulic head in injection well IW-E ranged from approximately
4.2–6.2 feet above the static level during the high-rate rate test (approximately two times higher
as compared to the intermediate-rate test). The wellhead pressure gauge indicated no wellhead
pressure, as the water level in the injection well remained at least two feet below the ground
surface during the injection. The test was stopped at 7:00 a.m. on November 15, 2011 after
23 hours and 25 minutes of continuous injection. When the injection was stopped, the hydraulic
head in the injection well quickly decreased and, similar to the low- and intermediate-rate tests,
was soon close to the pre-test static level (Figure 3-2).
3.1.4

Monitoring Wells’ Hydraulic Response

The static depth to water in each southeastern TCE-area monitoring well was measured before
each test using an electronic water level meter. Depth to water in this test area generally ranged
from approximately 8–8.5 feet below the ground surface (Table 3-4). Note that the static water
levels in this area tended to decrease slightly over time and were approximately 0.7 feet lower
before the high-rate test when compared to the low-rate test (Table 3-4). This general decrease in
the water table is likely associated with factors such as formation reaction to changes in
atmospheric pressure and other factors not directly related to the injection tests.
Note that no significant rain occurred during the injection tests. The only minor rainfall during
these tests occurred on November 10, 2011 (0.05 inches of precipitation total). Historical
groundwater level observations at this location and the distance from the shoreline suggest that a
tidal influence is not a likely factor in the observed changes in the groundwater table.
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Hydraulic conductivity values were calculated for all three tests in the southeast TCE area using
three different combinations of observation points. The hydraulic conductivity values calculated
for the high- and intermediate-rate injection tests are consistent, ranging from 2.1–2.9 feet per
day (ft/day). The hydraulic conductivities calculated for the low-rate test are lower
(0.8-1.3 ft/day). Refer to Table 3-5 for the hydraulic conductivity calculation details.
3.1.4.1

Deep Monitoring Points

Water levels in all three deep monitoring points (MPE-1I, MPE-2I, and MPE-3I) responded very
quickly to the injection events at all three injection rates. The changes in the hydraulic head for
the low-, intermediate-, and high-rate tests are shown in Figures 3-3, 3-5, and 3-7 respectively.
For each test, the hydraulic head increased quickly (within five minutes) after the injection began
and decreased quickly (within five minutes) when the injection was stopped. As expected, the
strongest response was in the monitoring point closest to the injection well (MPE-1I,
approximately five feet from the injection well). However, the hydraulic response in the more
distant monitoring points (MPE-2I at 10 feet and MPE-3I at 15 feet from the injection well) was
generally in the same range. For example, during the high-rate injection test the hydraulic head
increase in MPE-3I was approximately 0.8 feet over static, compared to 1.0 foot in MPE-1I
(Figure 3-7). In general, the observed changes in the hydraulic head point indicate that the deeper
interval in the southeast TCE area (25–35 feet) is relatively permeable.
3.1.4.2

Shallow Monitoring Points

Changes in hydraulic head for the low-, intermediate-, and high-rate tests are shown in
Figures 3-4, 3-6, and 3-8 respectively. Water levels in the shallow monitoring points (MPE-1S,
MPE-2S, and MPE-3S) appear to have responded to the injection events. However, the data
trends are not as clearly indicative of a hydraulic response related to the injection events as was
demonstrated for the deep monitoring wells. In some cases, observed water levels fluctuated in
ways that are difficult to explain and relate to the injection events. For example, during the
intermediate-rate injection test, water levels in all shallow monitoring points decreased
approximately 0.3 feet (after the 11:35 p.m. measurement) following at least 14 hours of
continuous injection. Some difficult to explain fluctuations in the water levels were also
observed during the low-rate and the high-rate injection tests (Figures 3-4 and 3-8, respectively).
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The shallow monitoring wells’ responses were not clearly related to their distance from the
injection well. For example, during the high-rate test (Figure 3-8), the hydraulic response in the
most distant monitoring point (MPE-3S, 15 feet from the injection well) was the same or even
greater than the response in the nearest monitoring point (MPE-1S, 5 feet from the injection
well). The shallow observation points’ hydraulic responses to the injection events were also not
as immediate and sharp as in the deep monitoring points, and water levels took longer to
equilibrate. However, the magnitude of the hydraulic response to the injection events was
generally in the same range as for the deep monitoring wells.
These complicated data trends make drawing clear conclusions regarding the hydraulic
permeability of the shallow zone and the degree of hydraulic interconnectivity between the
shallow and deep intervals somewhat difficult. The shallow zone appears to be less permeable
compared to the deep zone, and seems somewhat hydraulically isolated from the deeper zone.
Tracer results (discussed in the following chapter) would appear to support the conclusion that
the deep interval is not directly connected to the shallow zone.
3.1.5

Bromide Tracer Results

The initial concentration of sodium bromide (NaBr) tracer in the solution tank was calculated
based on the known quantity of sodium bromide that had been dissolved in the tank (10.3 lbs),
and the estimated initial water volume in the tank (2135 gallons, as calculated in Table 3-4), as
follows:
Low and Intermediate Tests Sodium Bromide Tracer Concentration =
10.3 lbs/2135 gallons/8.327 lbs/gallon * 1,000,000 mg/L = 579 mg/L of sodium bromide

Note that the initial sodium bromide tracer concentration was used during the low- and
intermediate-rate tests. However, an additional 546 gallons of fresh water was placed in the tank
with 873 gallons of remaining solution before the high-rate test to make up the necessary
volume, thus reducing the bromide tracer concentration. The bromide concentration for the
high-rate test is calculated as follows:
High-Rate Test Sodium Bromide Concentration =
579 mg/L * 873 gallons/(873 gallons + 546 gallons)= 356 mg/L of sodium bromide
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Before the injection test, monitoring points in the southeast TCE area were sampled for baseline
bromide levels. Baseline bromide samples were collected between October 28, 2011 and
November 2, 2011. The baseline bromide levels ranged from a maximum of 0.12 mg/L in
MPE-3I to less than 0.050 mg/L in MPE-2S and MPE-3S. They were slightly higher in the deep
monitoring points as compared to the shallow monitoring points. Table 3-6 includes the bromide
sampling summary for the southeast TCE area.
After the low-rate injection test, the bromide tracer concentration slightly increased in two deep
monitoring points (MPE-1I and MPE-2I; see Table 3-6). At this point, the tracer concentration in
MPE-3I (0.36 mg/L at 15 feet from the injection well) was the highest, which may indicate a
preferential flow toward MPE-3I. The bromide concentration in deep monitoring points after the
low-rate injection test ranged from 0.11 mg/L in MPE-1I to 0.36 mg/l in MPE-3I.
After the intermediate-rate injection test, the bromide tracer concentration increased significantly
in all three deep monitoring points (approximately 75–178 times over baseline, Table 3-6). At this
point, the tracer concentration in MPE-3I (13 mg/L at a distance of 15 feet from the injection
well) was higher than in MPE-2I (6.1 mg/L at 10 feet from the injection well), which may again
indicate a preferential flow toward MPE-3I. The bromide concentration in deep monitoring points
after the intermediate-rate injection test ranged from 6.1 mg/L in MPE-2I to 16 mg/L in MPE-1I.
After the high-rate injection test, the bromide tracer concentration continued to increase in all
three deep monitoring points (approximately 233–744 times over baseline, Table 3-6). At this
point, the tracer concentration was progressively lower with increasing distance from the
injection well, which may indicate a more uniform radial flow from the injection well at a higher
injection rate. The bromide concentration in the deep monitoring points after the high-rate
injection test ranged from 28 mg/L in MPE-3I to 67 mg/l in MPE-1I.
In sharp contrast to the deep interval, the shallow monitoring points (MPE-1S to MPE-3S)
exhibited no changes in bromide concentration over baseline levels (Table 3-6). These results
suggest that the shallow zone may be hydraulically isolated from the deep interval, and that the
shallow zone is much less permeable compared to the deep interval. Note that injection well
IW-E was screened from 15–35 feet below the ground, whereas the shallow monitoring points
were screened from 10–15 feet below the ground surface, thus providing a potential for a tracer
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to access the shallow interval. A summary of all bromide detections in the southeast TCE area
monitoring points is in Figure 3-9.
Several bromide samples were also collected from the catch basin (MH-10/IL-3 in Figure 3-10)
approximately 125 feet northeast of injection well IW-E. The sampled catch basin had visible
flow during the test. The first two samples collected after the low- and intermediate-rate injection
tests were within the same range as the baseline sampling results in the monitoring points
(0.1 mg/L on November 10, 2011, and 0.11 mg/L on November 11, 2011, Table 3-6). However,
the third sample, collected after the high-rate injection test on November 15, 2011, indicated
1.7 mg/L of bromide. This bromide concentration indicates a potential preferential path toward
the catch basin from the injection well IW-E. This preferential path may affect the full-scale
bioremediation system implementation in this area2.
Several contradictory observations prevent a clear conclusion regarding a preferential path in this
area, as follows:


A complete absence of bromide tracer detections in all shallow monitoring points
contrasts with clear and significant tracer indications in all the deep monitoring points.
This observation indicates that the flow in the shallow zone is severely impeded. The
catch basin is shallow.



Injection pressures were low at all injection rates (less than six feet above static water
levels), thus reducing any potential to create a preferential pathway.



Hydraulic response in the monitoring points was relatively weak (less than 1.2 feet at
five feet), thus reducing the potential to create a preferential pathway.

3.2

SOUTHWEST TCE AREA

This section describes the results of the injection tests performed in the southwest TCE area
(Figure 3-10) during the period of November 8–15, 2011.

2

Follow-up bromide sampling was performed in three Southeast TCE area catch basins (MH-10/IL-3, IL-2 [175 feet
south of MH-10/IL-3], IL-1 [210 feet south of MH-10/IL-3] and at Outfall 08 (320 feet south of MH-10/IL-3) to
determine if brackish surface water intrusion could be associated with the bromide detection in MH-10 (IL-3). This
sampling indicates that the bromide levels in all three catch basins were near the levels detected in MH-10/IL-3
following the low and intermediate-rate tests (approximately 0.1 mg/L), while the bromide level at Outfall 08 was
approximately 0.5 mg/L. Note that these follow-up samples were collected at low tide, mid-tide, and high tide, and the
results for all tide levels are similar. Refer to Table 3-6 and Appendix H for the follow-up bromide sampling results.
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3.2.1

Low-Rate Injection Test

Before starting the test, a total chlorine concentration was measured before and after the GAC
filter while circulating the injection solution in a closed loop at a rate of 1 gpm. Approximately
80 gallons were passed through the GAC filter before taking chlorine measurements. The GAC
filter influent chlorine level was 0.5 mg/L; the effluent chlorine was below detection limit of the
Hach® kit (less than 0.02 mg/L).
The low-rate test at the southwest TCE area began at 11:00 a.m. on November 8, 2011. The
initial injection rate was approximately 0.3 gpm, but after several hours the injection rate drifted
upwards to 0.4 gpm before later reducing to approximately 0.3 gpm. The average injection flow
was 0.28 gpm for the entire 24-hour test period, based on the flow totalizer. The injection used a
gravity flow due to low injection-pressure requirements. Based on the flow totalizer, 402 gallons
of bromide solution were injected during this test. Table 3-7 contains a summary of the injection
flow-rates and volumes recorded at the southwest TCE area during the low-rate test. Note that,
similar to the southeast TCE area test, during the southwest TCE area low-rate test, the water
level drawdown in the tank could not be used to calculate the injected volumes used for
comparison to the flow totalizer readings, due to the irregular geometry of the top portion of the
tank. This comparison was performed during the later tests, when the water level reached the
cylindrical portion of the tank.
Injection at this flow-rate resulted in a relatively small hydraulic head increase above the static
level in injection well IW-W. As shown in Figure 3-11, hydraulic head in the injection well was
typically three feet above the static level during the low-rate test. However, this was
approximately twice as high as the hydraulic head in southeast TCE area injection well IW-E
(Figure 3-2). At the end of the test, only a slight wellhead pressure (0.1 pound force per
square inch gauge [psig]) was read from the wellhead pressure gauge, because the water level in
the injection well remained near the ground surface during the injection.
The test was stopped at 11:00 a.m. on November 9, 2011 after 24 hours of continuous injection.
The injection was not interrupted. When the injection was stopped, the hydraulic head in the
injection well quickly decreased. However, injection well IW-W re-equilibrated at a slower rate
compared to injection well IW-E, in the southeast TCE area. For example, after 12 hours the
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water level in IW-W was still 0.475 feet above the pre-test static level (Figure 3-11); in IW-E,
water levels returned to pre-test conditions within minutes.
3.2.2

Intermediate-Rate Injection Test

The intermediate-rate test at the southwest TCE area began at 10:20 a.m. on November 10, 2011.
The initial injection rate was approximately 0.5 gpm. At the beginning of the test, the total
chlorine concentration was measured before and after the GAC filter. The GAC filter influent
chlorine level was 0.12 mg/L; the effluent chlorine was below the detection limit of the Hach® kit
(less than 0.02 mg/L).
Several adjustments kept the injection rate constant. The average injection flow was 0.51 gpm
for the 24-hour test period, based on the flow totalizer. The injection was performed using a
battery operated pump. Based on the flow totalizer, 741 gallons of bromide solution were
injected during this test. Note that, based on the water level measurements in the tank and the
tank diameter (8.5 feet), 764 gallons of bromide solution were injected during this test
(Table 3-8). The injection volumes calculated based on these two methods (flow totalizer and
tank water levels) are close. However, similar to the southeast TCE area test, the flow totalizer
readings were used to calculate the reported injection volumes and flow-rates, and the tank water
levels were used to verify injection volumes. Table 3-8 provides a summary of the injection
flows and volumes recorded at the southeast TCE area during the intermediate-rate test.
As shown in Figure 3-11, hydraulic head in injection well IW-E was typically six feet above the
static level during the intermediate-rate test (approximately two times higher compared to a
low-rate test). The wellhead pressure at the end of the test increased to 1.0 psig (Table 3-8). The
test was stopped at 10:20 a.m. on November 11, 2011 after 24 hours of continuous injection. The
injection was not interrupted.
When the injection was stopped, the hydraulic head in the injection well quickly decreased.
However, injection well IW-W re-equilibrated at a significantly slower rate compared to
injection well IW-E, in the southeast TCE area. For example, after 12 hours of recharge the water
level in IW-W was still 1.1 feet above the pre-test static level (Figure 3-11), whereas the water
level at IW-E recharged within minutes.
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3.2.3

High-Rate Injection Test

When the intermediate test was completed, the remaining water volume in the tank was
estimated at 912 gallons (calculation in Table 3-8). However, an injection volume of
1440 gallons was required for the high-rate test, given the projected injected rate of 1 gpm and
24 hours (1440 minutes) duration. Therefore, an additional quantity of potable water (estimated
at 541 gallons, see Table 3-9) was delivered to the site and pumped into the tank to obtain
approximately 1440 gallons for the high-rate test. As a result, the bromide tracer concentration
was subsequently reduced by the addition of fresh water. Section 3.2.5 describes the calculated
bromide concentration during the injection tests in the southeastern TCE area.
The high-rate test at the southwest TCE area began at 8:30 a.m. on November 14, 2011
(Table 3-9). The initial injection rate was adjusted to approximately 1 gpm. At the beginning of
the test, the total chlorine concentration was measured before and after the GAC filter. The GAC
filter influent chlorine level was 0.1 mg/L, and the effluent chlorine was below the detection
limit of the Hach® kit (less than 0.02 mg/L).
Several adjustments kept the injection rate constant. Average injection flow was 1.02 gpm for the
24-hour test period, based on the flow totalizer. The injection was performed using a battery
operated pump. A total of 1453 gallons of bromide solution was injected during this test. Note
that, based on the water level measurements in the tank and the tank diameter (8.5 feet),
1442 gallons of bromide solution were injected during this test.
As noted earlier, flow totalizer readings were used to calculate the reported injection volumes
and flow-rates, and tank water levels were used to verify injection volumes. Table 3-9 contains a
summary of the injection flows and volumes recorded at the southwest TCE area during the
high-rate test. As shown in Figure 3-11, the hydraulic head in injection well IW-W ranged from
approximately 10–13 feet above the static level during the high-rate test (approximately
two times higher when compared to the intermediate-rate test). The wellhead pressure ranged
from 2–3.5 psig during the injection.
The test was stopped at 8:18 a.m. on November 15, 2011 after 23 hours 48 minutes of continuous
injection. When the injection was stopped, the hydraulic head in the injection well quickly
decreased. However, the injection well IW-W re-equilibrated at a significantly slower rate
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compared to the injection well IW-E in the southeast TCE area: after 12 hours of recharge the
water level in IW-W was still two feet above the pre-test static level (Figure 3-11).
3.2.4

Monitoring Wells’ Hydraulic Response

The static depth to water in each southwestern TCE-area monitoring point was measured before
each test using an electronic water level meter. Depth to water in this test area generally ranged
from approximately 2.3–3.0 feet below the ground surface (Table 3-10). The pre-test static water
levels in this area were generally within 0.2 feet between the injection events. This indicates that
the water table largely recovered between injection events.
Hydraulic conductivity values were calculated for the high- and intermediate-rate injection tests
in the southwest TCE area using three different combinations of observation points. The
available data for the low-rate test were insufficient for this calculation. The hydraulic
conductivity values calculated for the high-rate injection test ranged from 1.1–1.3 ft/day. The
hydraulic conductivities calculated for the intermediate-rate test were lower (0.4–0.6 ft/day). The
hydraulic conductivity values for the southwest area were approximately two times lower than
those for the southeast area. Refer to Table 3-11 for the hydraulic conductivity calculation
details.
3.2.4.1

Deep Monitoring Points

Water levels in all three deep monitoring points (MPW-1I, MPW-2I, and MPW-3I) responded
very quickly to the injection events at all three injection rates. Changes in hydraulic head for the
low-, intermediate-, and high-rate tests are shown in Figures 3-12, 3-14, and 3-16, respectively.
These figures show that for each test the hydraulic head increased quickly (within five minutes)
after the injection began, and decreased quickly (within five minutes) when the injection was
stopped.
As expected, the strongest response was in the monitoring point closest to the injection well
(MPW-1I, five feet from the injection well), but the hydraulic response in the more distant
monitoring points (MPW-2I at 10 feet, and MPE-WI at 15 feet) was generally in the same range.
As an example, during the high-rate injection test the hydraulic head increase in MPW-3I was
approximately 5.5 feet over static, compared to 6.0 feet in MPW-1I (Figure 3-16). The
magnitude of the hydraulic response was greater in the southwest test area as compared to the
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southeast area. In general, the observed changes in the hydraulic head indicate that the deeper
interval (25–35 feet) in the southwest TCE area is also relatively permeable, but to a lesser
degree than in the southeast TCE area.
3.2.4.2

Shallow Monitoring Points

Changes in hydraulic head for the low-, intermediate-, and high-rate tests are shown in
Figures 3-13, 3-15, and 3-17, respectively. A relatively weak response appears to have occurred
in the closest shallow monitoring point MPW-1S (five feet from the injection point) during the
intermediate- and high-rate injection tests. Some difficult to explain fluctuations in water levels
were observed during the low-rate injection tests (Figure 3-13).
In general, the hydraulic response in the shallow monitoring points was weaker compared to the
deep monitoring points. Therefore, the shallow zone appears to be less permeable compared to
the deep zone, and the shallow zone is probably hydraulically isolated from the deeper zone.
Tracer results (discussed in the following chapter) also support the conclusion that the deep
interval is not directly connected to the shallow zone.
3.2.5

Bromide Tracer Results

The initial concentration of sodium bromide tracer in the solution tank was calculated based on
the known quantity of sodium bromide dissolved in the tank (10.3 lbs) and the estimated initial
water volume in the tank (2055 gallons, as calculated in Table 3-8), as follows:
Low- and Intermediate-Rate Tests Sodium Bromide Tracer Concentration =
10.3 lbs/2055 gallons/8.327 lbs/gallon * 1,000,000 mg/L = 602 mg/L of sodium bromide

Note that the initial sodium bromide tracer concentration was used during the low- and
intermediate-rate tests. However, an additional 541 gallons of fresh water was placed in the tank
with 912 gallons of the remaining solution before the high-rate test to reach the necessary
volume, resulting in a decreased bromide tracer concentration. The bromide concentration for the
high-rate test can be calculated as follows:
High-Rate Test Sodium Bromide Concentration =
602 mg/L * 912 gallons/(912 gallons + 541 gallons) = 378 mg/L of sodium bromide

Before the injection test, the monitoring points in the southeast TCE area were sampled for
baseline bromide levels. Baseline bromide samples were collected between October 28, 2011 and
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November 2, 2011. The baseline bromide levels ranged from 0.073 mg/L in MPW-2I to a
maximum of 0.16 mg/L in MPW-1S. Baseline bromide levels were slightly higher in the shallow
monitoring points as compared to the deeper monitoring points. Table 3-12 summarizes bromide
sampling in the southwest TCE area.
After the low-rate injection test, the bromide concentration increased from a base level of
0.09 mg/L to 12 mg/L in the deep monitoring point MPW-1I, five feet from the injection well
(Table 3-12). Bromide levels in all the remaining monitoring points stayed close to the baseline
levels after the low-rate injection test. After the intermediate-rate injection test, the bromide
concentration in MPW-1I further increased to 200 mg/L. Bromide levels in all of the rest of the
monitoring points remained close to the baseline levels after the intermediate-rate injection test.
After the high-rate injection test, a bromide spike (55 mg/L) was detected in the second
monitoring point (MPW-2I, 10 feet from the injection well). The bromide level in MPW-1I after
the high-rate test was 210 mg/L (compared to 378 mg/L in the injected bromide solution). The
bromide level in the remaining monitoring point stayed close to the baseline levels after the
high-rate injection test.
The shallow monitoring points (MPW-1S to MPW-3S) exhibited no changes in bromide
concentration over the baseline levels (Table 3-12). These results suggest that the shallow zone
may be hydraulically isolated from the deep interval, and that the shallow zone is much less
permeable as compared to the deep interval. Note that the injection well IW-W was screened
from 15–35 feet below ground, and the shallow monitoring points were screened from
10–15 feet below ground, thus providing a potential route for the tracer to access the shallow
interval.
Figure 3-18 is a summary of all bromide detections in the southeast TCE area monitoring points.
Three bromide samples were also collected from the catch basin (IL-X1; see Figure 3-10),
approximately 115 feet northeast of the injection well IW-E. All sampling results are within the
same range as the baseline samples in the monitoring points (0.082 mg/L on November 10, 2011,
less than 0.05 mg/L on November 11, 2011, and less than 0.05 mg/L on November 15, 2011.
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3.2.6

2008 in situ Chemical Oxidation Pilot Test Discussion

An in situ chemical oxidation (ISCO) study (Tetra Tech, 2009a) was performed in the southwest
TCE area in 2008 (Figure 3-10). The study injected chemicals and potable water via seven direct
push injection points. Most of the ISCO pilot study wells were approximately 100 feet northeast
of the southwest TCE area injection test location.
The ISCO pilot study injections were performed at pressures ranging from 20–43 psig and with
injection flows ranging from 1.6–3.7 gpm. Injection volumes ranged from 45–276 gallons. The
injected fluid was observed daylighting during several injection events.
Directly comparing the 2008 ISCO pilot study to the 2011 injection test for the southwest TCE
area is difficult, due to the construction differences in the injection points (small diameter direct
push points versus wells with filter pack and grouting) and due to differences in injection rates (a
maximum 3.7 gpm versus a maximum 1 gpm). The observed injection pressures during the ISCO
test were considerably higher than during the injection test (a maximum of 43 psig versus a
maximum 3.5 psig). Injection wells with properly constructed sand filter packs and
cement/bentonite grouting are likely better suited for injection than are the type of small diameter
direct driven points that were used in the 2008 ISCO study.
The 2008 ISCO pilot study injection wells were at a distance of approximately 100 feet northeast
of the southwest TCE area injection test location. During the injection tests, no indications were
observed that preferential pathways had been created by the 2008 ISCO test. Therefore, we believe
that the formation in the injection test location was not affected by the 2008 ISCO pilot test.

3.3

NORTH TCE AREA

This section describes the results of the injection tests performed at the north TCE area
(Figure 3-19) during the period of November 8 to November 15, 2011.
3.3.1

Low-Rate Injection Test

Before starting the test, a total chlorine concentration was measured before and after the GAC
filter while circulating the injection solution in a closed loop at a rate of 1 gpm. Approximately
80 gallons were passed through the GAC filter before taking chlorine measurements. The GAC
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filter influent chlorine level was 0.5 mg/L and the effluent chlorine was below detection limit of
the Hach® kit (less than 0.02 mg/L).
The low-rate test at the north TCE area began at 12:20 p.m. on November 8, 2011. The initial
injection rate was approximately 0.3 gpm. Several flow adjustments maintained a constant rate.
The average injection flow was 0.29 gpm for the entire 24.5-hour test period, based on the flow
totalizer. The injection was performed using a battery operated pump. Based on the flow
totalizer, 423 gallons of bromide solution were injected during this test. Table 3-13 includes a
summary of the injection flow-rates and volumes recorded at the north TCE area during the
low-rate test.
The injection at this flow-rate resulted in a moderately high hydraulic head increase above the
static level in the injection well IW-N. As shown in Figure 3-20, the hydraulic head in the
injection well was typically 12–15 feet above the static level during the low-rate test, a
significantly higher level than that demonstrated in both the southeast and southwest test areas
(Figures 3-2 and 3-11). Wellhead pressure, as measured by the pressure gauge, ranged from
3–4.6 psig during the injection.
The test was stopped at 12:50 p.m. on November 9, 2011 after 24.5 hours of continuous
injection. The injection was not interrupted. When the injection was stopped, the hydraulic head
in the injection well quickly decreased, and was within 0.5 feet of the pre-test static level after
four hours (Figure 3-10).
3.3.2

Intermediate-Rate Injection Test

The intermediate-rate test at the north TCE area began at 11:30 a.m. on November 10, 2011. At
the beginning of the test, the total chlorine concentration was measured before and after the GAC
filter. The GAC filter influent chlorine level was 0.12 mg/L, and the effluent chlorine was below
the detection limit of the Hach® kit (less than 0.02 mg/L).
Several adjustments kept the injection rate constant. The average injection flow was 0.55 gpm
for the 24-hour test period, based on the flow totalizer. The injection was performed using a
battery operated pump. Based on the flow totalizer, 785 gallons of bromide solution were
injected during this test. As with the tests in the southeast and southwest area, the flow totalizer
readings were used to calculate the reported injection volumes and flow-rates, and the tank water
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levels were used to verify injection volumes. Table 3-14 summarizes the injection flows and
volumes recorded at the north TCE area during the intermediate-rate test.
As shown in Figure 3-20, the hydraulic head in the injection well IW-N was typically 22–23 feet
above the static level during the intermediate-rate test (approximately two times higher than the
low-rate test). The wellhead pressure was approximately 5 psig (Table 3-14). The test was
stopped at 11:30 a.m. on November 11, 2011 after 24 hours of continuous injection. The
injection was not interrupted. When the injection was stopped, the hydraulic head in the injection
well quickly decreased and was within one foot above the pre-test static level after
approximately four hours of recharge (Figure 3-20).
3.3.3

High-Rate Injection Test

When the intermediate test was finished, the remaining water volume in the tank was estimated
at 996 gallons (calculation in Table 3-14). However, an injection volume of 1440 gallons was
required for the high-rate test, given the projected injected rate (1 gpm) and duration (24 hours,
or 1440 minutes). Therefore, an additional quantity of potable water (estimated at 489 gallons,
see Table 3-15) was delivered to the site and pumped into the tank to obtain approximately
1440 gallons for the high-rate test. Note that the bromide tracer concentration was subsequently
reduced by the addition of fresh water. Section 3.3.5 includes the calculated bromide
concentration during the injection tests in the northern TCE area.
The high-rate test at the north TCE area began at 10:00 a.m. on November 14, 2011. The initial
injection rate was adjusted to approximately 1 gpm. At the beginning of the test, the total
chlorine concentration was measured before and after the GAC filter. The GAC filter influent
chlorine level was 0.1 mg/L, and the effluent chlorine was below the detection limit of the Hach®
kit (less than 0.02 mg/L).
Several adjustments kept the injection rate constant. The average injection flow was 1.08 gpm
for the test period, based on the flow totalizer. The injection was performed using a battery
operated pump. A total of 1485 gallons of bromide solution was injected during this test.
Note that, based on the water level measurements in the tank and the tank diameter (8.5 feet),
1420 gallons of bromide solution were injected during this test. As noted earlier, the flow
totalizer readings were used to calculate the reported injection volumes and flow-rates, and the
7821 TETRA TECH ● LOCKHEED MARTIN, MIDDLE RIVER COMPLEX ● INJECTION PILOT TEST REPORT

PAGE 3-17

tank water levels were used to verify injection volumes. Table 3-15 includes a summary of the
injection flows and volumes recorded at the north TCE area during the high-rate test.
As shown in Figure 3-20, hydraulic head in the injection well IW-N ranged from approximately
26–28 feet above the static level during the high-rate test (approximately 1.3 times higher than
the intermediate-rate test). The wellhead pressure ranged from 7.3–8.7 psig during the injection.
The test was stopped at 8:50 a.m. on November 15, 2011 after 22 hours and 50 minutes of
continuous injection.
Hydraulic head in the injection well quickly decreased when the injection was stopped. However,
after the high-rate injection test, injection well IW-N re-equilibrated more slowly than what was
demonstrated at the conclusion of low- and intermediate-rate injection tests at this location.
When the injection was stopped, the hydraulic head in the injection well was still approximately
2.4 feet above the pre-test static level after approximately four hours (Figure 3-20).
3.3.4

Monitoring Wells’ Hydraulic Response

Only two sets of monitoring points were installed in the north TCE test area due to the existing
monitoring wells in the area: MPN-1S/I is five feet from the injection well IW-N, and MPN-2S/I
is 15 feet from injection well IW-N. The existing monitoring well cluster OW-1B/C (nine feet
from the injection well IW-N) was used as the intermediate-distance monitoring point. However,
the screened lengths of the OW-1B/C cluster are placed somewhat differently than the screened
intervals of the monitoring points installed specifically for the test. Therefore, results from the
OW-1B/C monitoring cluster are not directly comparable to the monitoring clusters MPN-1S/I
and MPN-2S/I.
The static depth to water in each northern TCE area monitoring point was measured before each
test using an electronic water level meter. Depth to water in this test area generally ranged from
approximately 9.5–17.5 feet below ground surface (Table 3-16). Before each test, static water
levels in MPN-1I, MPN-1S, and OW-1B were generally within 0.4 feet when measured between
the injection events. This indicates that the water table in these wells largely recovered between
the injection and sampling. However, water levels in OW-1C, MPN-2I, and MPN-2S were not
fully re-equilibrated after bromide sampling events. This was especially pronounced in OW-1C
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(Table 3-16). These observations point to a considerably lower formation permeability in this
area as compared to the southeast and southwest test areas.
Hydraulic conductivity values were calculated for the high- and intermediate-rate injection tests
in the north TCE area using two different combinations of observation points. Data for the
low-rate test were insufficient for this calculation. The calculated hydraulic conductivity values
for the high-rate injection test ranged from 0.02–0.04 ft/day. Hydraulic conductivities calculated
for the intermediate-rate test were lower (0.01–0.02 ft/day). The hydraulic conductivity values
for the north area are considerably lower (approximately two orders of magnitude) as compared
to both the southeast and southwest areas. Refer to Table 3-17 for the hydraulic conductivity
calculation details.
3.3.4.1

Deep Monitoring Points

The response of the deep monitoring points to injection events in the northern area was different
compared to the southeast and southwest test areas. Only the monitoring point closest to the
injection well (MPN-1I) responded quickly to the injection events at all three injection rates
(Figures 3-21, 3-23, and 3-25). The magnitude of the hydraulic response in MPN-1I was the
highest among all test areas.
Hydraulic head in MPN-1I increased by approximately six feet, 19 feet, and 21 feet at the low-,
intermediate-, and high-rate tests, respectively. Monitoring points MPN-2I and OW1-C also
responded to injection, but the response was delayed compared to the response demonstrated in
MPN-1I (Figures 3-23 and 3-25). In general, changes observed in hydraulic head indicate that
the deeper interval (25–35 feet) in the north TCE area is less permeable than in the southeast and
southwest TCE areas.
3.3.4.2

Shallow Monitoring Points

The response of the shallow monitoring points to the injection events was also different
compared to the southeast and southwest test areas. The closest to the injection well monitoring
point (MPN-1S) responded strongly to the injection events at all three injection rates
(Figures 3-22, 3-24, and 3-26). The magnitude of the hydraulic response in MPN-1S ranged from
approximately 3.3 feet during the low-rate test to greater than 10 feet during the high-rate test.
Note that during the high-rate test the water level reached the top of the casing, and the well
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MPN-1S had to be sealed off. Monitoring points MPN-2S and OW1-B responded to the
intermediate- and high-rate injections with a response considerably less pronounced than in
MPN-1S (Figures 3-22, 3-24 and 3-26).
Overall, similar to the southeast and southwest areas, the shallow zone appears less permeable as
compared to the deep zone. However, the shallow zone appears more hydraulically connected to
the deeper zone in the northern area; this may be due to fracturing conducted as part of the 2008
anaerobic reductive dechlorination (ARD) pilot study. Tracer results (discussed in the following
sub-section) also indicate that the shallow interval may be hydraulically connected to the deeper
zone.
3.3.5

Bromide Tracer Results

The initial concentration of sodium bromide tracer in the solution tank is calculated based on the
known quantity of sodium bromide dissolved in the tank (10.3 lbs) and the estimated initial water
volume in the tank (2204 gallons, as calculated in Table 3-14), using the following equation:
Low- and Intermediate-Rate Tests Sodium Bromide Tracer Concentration =
10.3 lbs/2204 gallons/8.327 lbs/gallon * 1,000,000 mg/L = 561 mg/L of sodium bromide

Note that the initial sodium bromide tracer concentration above was used during the low- and
intermediate-rate tests, but an additional 489 gallons of fresh water were placed in the tank with
996 gallons of the remaining solution before the high-rate test was conducted, thus decreasing
the bromide tracer concentration. The bromide concentration for the high-rate test can be
calculated as follows:
High-Rate Test Sodium Bromide Concentration =
561 mg/L * 996 gallons/(996 gallons + 489 gallons) = 376 mg/L of sodium bromide

Before the injection test, monitoring points in the north TCE area were sampled for baseline
bromide levels. Baseline bromide samples were collected between October 28, 2011 and
November 2, 2011. Baseline bromide levels ranged from 0.083 mg/L in OW-1C to a maximum
of 0.34 mg/L in OW-1B. Baseline bromide levels in the north TCE test area were the highest
among all test areas. The bromide sampling summary for the north TCE area is in Table 3-18.
After the low-rate injection test, the bromide concentration increased in three monitoring points
(see Table 3-18): MPN-1S (from 0.17 to 240 mg/L); MPN1I (from 0.22 to 300 mg/L); and
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OW-1B (from 0.34 to 52 mg/L). Note that two of these locations are in the shallow interval.
After the intermediate-rate injection test, the bromide concentration in OW-1C increased to
13 mg/L from a base level of 0.083 mg/L. After the intermediate-rate injection test, bromide
levels in MPN-1S, MPN-1I, and OW-1B increased further to 330 mg/L, 370 mg/L, and
210 mg/L, respectively, (see Table 3-18).
After the high-rate injection test, the bromide concentration in OW-1C increased to 27 mg/L, and
bromide concentrations in MPN-1S, MPN-1I, and OW-1B declined (see Table 3-18). This
decline is likely associated with the use of a more diluted bromide tracer for the high-rate
injection test, and the greater time interval between the intermediate- and high-rate injection tests
(four days), which allowed tracer dissipation. Note that no significant changes in the bromide
concentration were detected in the most distant monitoring cluster (MPN-2S/I), 15 feet from
injection well IW-N (Table 3-18). Overall, bromide tracer was detected in both shallow and deep
monitoring wells at similar concentrations. These results suggest that the shallow zone is not
hydraulically isolated from the deep interval in the north TCE test area.
A summary of all bromide detections in the southeast TCE area monitoring points is in
Figure 3-27. Three bromide samples were also collected from the catch basin (X-11A)
approximately 140 feet southeast of injection well IW-N (Figure 3-19). All samples were within
the same low range and were similar to catch basins in the other test areas (less than 0.05 mg/L
on

November 9, 2011,

0.072 mg/L

on

November 11, 2011,

and

0.062 mg/L

on

November 15, 2011).
Note that the selected bromide sampling location may not be ideal for intercepting the injected
bromide tracer. For example, the manhole (MH-10) on the main storm-water line approximately
60 feet northeast of the sampled catch basin could possibly be a better bromide sampling location
(Figure 3-19). However, this manhole sampling location was not selected due to logistical
considerations (heavy cover lifting, potential confined space entry).
3.3.6

2008 Anaerobic Reductive Dechlorination Pilot Test

The 2008 ARD study (Tetra Tech, 2009b) was performed in the north TCE area (Figure 3-19).
The study involved a hydraulic fracturing of the formation from a single fracturing point and
injecting a diluted, emulsified, vegetable oil substrate into three temporary injection wells near
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the fracturing point. Injection well IW-N is approximately 27 feet northwest of the fracturing
point (Figure 3-19).
Tetra Tech reported (Tetra Tech 2009b) that nine fractures were created. A mixture of polymer
and sand was placed into the fractures to keep them open. Following the fracturing operation,
approximately 3000 gallons of the substrate solution was injected into three nearby injection
points at an average high-flow rate of 7 gpm. The resultant injection pressure was relatively low
(1–10 psi range), but numerous surface seepages through the asphalt pavement cracks were
observed. The Tetra Tech team suspected that the injected fluid had migrated to an underground
utility line during this test (Tetra Tech, 2009b).
Directly evaluating the effects of the 2008 hydraulic fracturing and injections on the latest
injection test results in the northern TCE test area is difficult. The fracturing point is certainly
close enough (approximately 27 feet) to the injection well IW-N to affect the hydraulic
properties in the injection area. However, the actual injection data do not indicate any
hydraulically conductive fractures near the injection well IW-N.
No surface seepage of the injected liquid was observed. Mounding was relatively uniform in all
directions. The injection pressure was relatively high even at the low injection rates, indicating
that no fractures were intercepted by injection well IW-N. Therefore, the injection test data were
probably not directly affected by the 2008 ARD pilot study activities. However, to be prudent,
we will assume that the hydraulic fracturing and injections performed in 2008 created
preferential pathways (both vertical and horizontal) in the north TCE area. This should be
considered during the full-scale system design for this area.
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Table 3-1
Injection Test #1: Low Rate, Southeast TCE Area
Injection Well IW-E
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Totalizer
reading
(gallons)

Calculated
Flow
(gpm)

Wellhead
pressure
(psi)

11/8/11 9:35 AM

93

0

0

11/8/11 2:30 PM

174

0.27

0

11/8/11 4:09 PM

216

0.42

0

11/8/11 8:10 PM

290

0.31

0

11/8/11 11:50 PM

358

0.31

0

11/9/11 4:00 AM

434

0.30

0

11/9/11 7:30 AM

494

0.29

0

11/9/11 9:00 AM
11/9/11 9:40 AM

519
529

0.28
0.25

0
0

Notes
Injection start (11/8/11 at 9:35 AM)

Flow reduced

Injection stop (11/9/11 at 9:40 AM)

gpm - gallons per minute
psi - pounds per square inch
Total test #1 injected

436 gallons

Average test #1 flow

0.30 gpm

Table 3-2
Injection Test #2: Intermediate Rate, Southeast TCE Area
Injection Well IW-E
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Totalizer
reading
(gallons)

Calculated Wellhead
Flow
pressure
(gpm)
(psi)

11/10/11 9:04 AM

529

0

0

11/10/11 11:36 AM

621

0.61

0

11/10/11 2:30 PM

735

0.66

0

11/10/11 5:00 PM

816

0.54

0

11/10/11 7:50 PM

921

0.62

0

11/10/11 11:50 PM

1075

0.64

0

11/11/11 3:55 AM

1200

0.51

0

11/11/11 7:45 AM
11/11/11 9:04 AM

1314
1355

0.50
0.52

0
0

Depth to
water in
tank
(feet)
2.24

Notes

Injection start (11/10/11 at 9:04 AM)
Flow reduced

3.2
Flow reduced

4.2

Injection stop (11/9/11 at 9:40 AM)

gpm - gallons per minute
psi - pounds per square inch
Total test #2 injected (by totalizer)
Average test #2 flow (by totalizer)
Total test #2 injected (by tank water level1)
Depth to bottom in tank
Volume left in tank at end of test #2 (by tank water level1)
2

Initial tank volume estimate

826 gallons
0.57 gpm
832 gallons
6.26 feet
873 gallons
2135 gallons

1

Tank diameter is 8.5 feet, resulting in 424 gallons per foot.

2

(Volume left in tank at end of test #2) + (total test #1 injected) + (total test #2 injected)

Table 3-3
Injection Test #3: High Rate, Southeast TCE Area
Injection Well IW-E
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Calculated
Flow
(gpm)

Wellhead
pressure
(psi)

Depth to
water in
tank
(feet)
2.87

Date/time

Totalizer
reading
(gallons)

11/14/11 7:35 AM

1355

0

0

11/14/11 8:00 AM

1382

1.08

0

11/14/11 10:55 AM

1566

1.05

0

11/14/11 1:07 PM

1734

1.27

0

11/14/11 3:50 PM

1902

1.03

0

11/14/11 5:50 PM

2043

1.17

0

11/14/11 8:00 PM

2203

1.23

0

4.94

11/14/11 11:25 PM

2374

0.83

0

5.35

11/15/11 2:35 AM

2536

0.85

0

5.74

11/15/11 5:15 AM
11/15/11 7:00 AM

2665
2774

0.81
1.04

0
0

6
6.26

Notes

Injection start (11/14/11 at 7:35 AM)

Flow reduced
Flow reduced

Injection stop (11/15/11 at 7:00 AM)

gpm - gallons per minute
psi - pounds per square inch
1419 gallons
1.01 gpm

Total test #3 injected (by totalizer)
Average test #3 flow (by totalizer)
Total test #3 injected (by tank water level1)
1

Volume left in tank at end of test #2 (by tank water level )
Potable water added to tank 2 at end of test #2

1

Tank diameter is 8.5 feet, resulting in 424 gallons per foot

2

(total test #3 injected) - (volume left in tank at end of test #2)

1437 gallons
873 gallons
546 gallons

Table 3-4
Southeast TCE Area Static Water Levels
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Event

11/8/11 9:00 AM Prior to low rate test
11/10/11 8:30 AM Prior to intermediate rate tes
11/14/11 7:00 AM Prior to high rate test

Depth to water (feet below grade surface)
MPE-1I

MPE-2I

MPE-3I

MPE-1S

MPE-2S

MPE-3S

7.97

8.00

7.85

7.83

7.63

7.63

8.05
8.65

8.09
8.67

7.91
8.50

7.99
8.48

7.91
8.42

7.89
8.30

Table 3-5
Estimated Conductivity Values
Southeast TCE Area Injection Test
Injection Well: IW-E
Lockheed Martin Middle River Complex, Middle River, Maryland
Southeast High Rate
Parameter Description

Symbol in
Dupuit
equation

Unit

MPE-1 and
MPE-3

Southeast Medium Rate

Southeast Low Rate

MPE-2 and MPE-1 and MPE-1 and MPE-2 and MPE-1 and MPE-1 and MPE-2 and MPE-1 and
MPE-3
MPE-2
MPE-3
MPE-3
MPE-2
MPE-3
MPE-3
MPE-2

Saturated thickness

b

ft

70

70

70

70

70

70

70

70

70

GW mounding at distance r1 from injection well

s1

ft

1.12

0.97

1.12

0.5

0.44

0.5

0.25

0.14

0.25

GW mounding at distance r2 from injection well

s2

ft

0.9

0.9

0.97

0.4

0.4

0.44

0.1

0.1

0.14

Distance of first observation point from injection well

r1

ft

5

10

5

5

10

5

5

10

5

Distance of second observation point from injection well
Injection rate

r2
Q

ft
gpm

15
1.01

15
1.01

10
1.01

15
0.57

15
0.57

10
0.57

15
0.3

15
0.3

10
0.3

Calculated transmissivity values from Dupuit equation
Corresponding hydraulic conductivity

T
K

m2/day
ft/day

15
2.2

17
2.6

13
2.1

18
2.8

17
2.5

19
2.9

6
1.0

9
1.3

5
0.8

Average hydraulic conductivity for all tests

Dupuit equation for transmissivity in unconfined aquifer:

Assumptions
1. Steady state conditions
2. Unconfined aquifer
3. Aquifer with infinite aerial extent
4. Aquifer is homogeneous, isotropic, and of uniform thickness
5. Static water table is horizontal
6. Constant pumping/injection rate
7. Fully penetrating pumping/injeciton well

2.0

Table 3-6
Bromide Analytical Results, Southeast TCE Area
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

At Monitoring Points:
Monitoring
Well ID

MPE-1S
MPE-2S
MPE-3S
MPE-1I
MPE-2I
MPE-3I

Baseline
11/1/2011
0.057
<0.05
<0.05
0.09
0.082
0.12

Bromide Detections, mg/L
After
After Low Rate
Intermediate
test
Rate test
11/9/2011
11/11/2011
0.062
0.061
0.051
0.11
0.23
0.36

0.053
0.062
0.054
16
6.1
13

At Catch Basin:
Catch Basin
ID
E-MH10-SW

Bromide Detections, mg/L
After Low After Intermediate After High Rate
Rate test
Rate test
test
11/9/2011
11/11/2011
11/15/2011
0.1
0.11
1.7

mg/L - milligrams per liter

After High
Rate test
11/15/2011
<0.05
0.06
<0.05
67
49
28

Table 3-7
Injection Test #4: Low Rate, Southwest TCE Area
Injection Well IW-W
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time
11/8/11 11:00 AM
11/8/11 11:15 AM
11/8/11 2:15 PM
11/8/11 4:26 PM
11/8/11 8:40 PM
11/9/11 12:10 AM
11/9/11 4:20 AM
11/9/11 7:15 AM
11/9/11 10:30 AM
11/9/11 11:00 AM

Totalizer
reading
(gallons)
80
86
131
171
241
304
372
418
472
482

Calculated Wellhead
Flow
pressure
Notes
(gpm)
(psi)
0
0
Injection start (11/8/11 at 11:00 AM)
0.40
0
0.25
0
0.31
0
Flow reduced
0.28
0
0.30
0
0.27
0
0.26
0
0.28
0.1
Water level in IW-W near top of well
0.33
0.1
Injection stop (11/9/11 at 11:00 AM)

gpm - gallons per minute
psi - pounds per square inch
Total test #1 injected
Average test #1 flow

402 gallons
0.28 gpm

Table 3-8
Injection Test #5: Intermediate Rate, Southwest TCE Area
Injection Well IW-W
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Totalizer Calculated
reading
Flow
(gallons)
(gpm)

Wellhead
pressure
(psi)

Depth to
water in
tank
(feet)
2.15

11/10/11 10:20 AM

482

0

0

11/10/11 11:56 AM

549

0.70

0

11/10/11 2:47 PM

637

0.51

0

11/10/11 5:20 PM

701

0.42

0

11/10/11 8:10 PM

802

0.59

>0

11/11/11 12:15 AM

931

0.53

>0

11/11/11 4:20 AM

1048

0.48

>0

11/11/11 8:00 AM

1153

0.48

0.8

11/11/11 10:00 AM
11/11/11 10:20 AM

1212
1223

0.49
0.55

1
1

Notes

Injection start (11/10/11 at 10:20 AM)
Flow reduced

2.95
Flow reduced

3.95

Injection stop (11/11/11 at 10:20 AM)

gpm - gallons per minute
psi - pounds per square inch
Total test #5 injected (by totalizer)
Average test #5 flow (by totalizer)
Total test #5 injected (by tank water level1)
Depth to bottom in tank
Volume left in tank at end of test #5 (by tank water level1)
Initial tank volume estimate2

741 gallons
0.51 gpm
764 gallons
6.10 feet
912 gallons
2055 gallons

1

Tank diameter is 8.5 feet resulting in 424 gallons per foot.

2

(Volume left in tank at end of test #5) + (total test #4 injected) + (total test #5 injected)

Table 3-9
Injection Test #6: High Rate, Southwest TCE Area
Injection Well IW-W
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Totalizer
reading
(gallons)

Calculated
Flow
(gpm)

11/14/11 8:30 AM

1233

0.00

0

Wellhead Depth to
pressure
water in
(psi)
tank (feet)

2.7

Notes

Injection start (11/14/11 at 8:30 am)

11/14/11 9:00 AM

1268

1.17

2

11/14/11 11:30 AM

1415

0.98

3

11/14/11 2:30 PM

1611

1.09

3

11/14/11 4:30 PM

1733

1.02

3

11/14/11 6:30 PM

1851

0.98

3.4

4.39

Flow reduced

11/14/11 8:45 PM

2001

1.11

3.5

4.75

11/14/11 11:50 PM

2188

1.01

3.4

5.22

11/15/11 3:00 AM

2369

0.95

3.3

5.62

11/15/11 5:35 AM
11/15/11 8:18 AM

2455
2686

0.55
1.42

2
0

5.85
6.1

Flow reduced

Injection stop (11/15/11 at 8:18 am)

gpm - gallons per minute
psi - pounds per square inch
psig - pound-force per square inch gauge
1453 gallons
1.02 gpm

Total test #6 injected (by totalizer)
Average test #6 flow (by totalizer)
Average test #6 wellhead pressure
1

Total test #3 injected (by tank water level )
Volume left in tank at end of test #5 (by tank water level1)
2

Potable water added to tank at end of test #5

1

Tank diameter is 8.5 feet resulting in 424 gallons per foot

2

(total test #3 injected) - (volume left in tank at end of test #2)

3.0 psig
1442 gallons
912 gallons
541 gallons

Table 3-10
Southwest TCE Area Static Water Levels
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Event

11/8/11 10:50 AM

Prior to low rate test
Prior to intermediate rate
test
Prior to high rate test

11/10/11 10:00 AM
11/14/11 8:00 AM

Deph to water (feet below grade surface)
MPW‐1I

MPW‐2I

MPW‐3I

MPW‐1S

MPW‐2S

MPW‐3S

2.85

2.60

2.55

2.65

2.75

2.40

2.65
3.00

2.50
2.85

2.41
2.75

2.76
2.92

2.29
2.45

2.45
2.58

Table 3-11
Estimated Conductivity Values, Southwest TCE Area Injection Test
Injection Well: IW-W
Lockheed Martin Middle River Complex, Middle River, Maryland
Southwest High Rate

Southwest Medium Rate

Symbol in
Dupuit
equation

Unit

MPW-1 and
MPW-3

MPW-2 and
MPW-3

MPW-1 and
MPW-2

MPW-1 and
MPW-3

MPW-2 and
MPW-3

MPW-1 and
MPW-2

b
s1

ft
ft

70
6

70
5.7

70
6

70
3

70
2.75

70
3

Injection rate

s2
r1
r2
Q

ft
ft
ft
gpm

5.55
5
15
1.02

5.55
10
15
1.02

5.7
5
10
1.02

2.5
5
15
0.51

2.5
10
15
0.51

2.75
5
10
0.51

Calculated transmissivity values from Dupuit equation
Corresponding hydraulic conductivity

T
K

m /day
ft/day

7.7
1.2

8.5
1.3

7.3
1.1

3.3
0.5

2.4
0.4

4.2
0.6

Parameter Description

Saturated thickness
GW mounding at distance r1 from injection well
GW mounding at distance r2 from injection well
Distance of first observation point from injection well
Distance of second observation point from injection wel

Average hydraulic conductivity for all tests

Dupuit equation for transmissivity in unconfined aquifer:

Assumptions
1. Steady state conditions
2. Unconfined aquifer
3. Aquifer with infinite aerial extent
4. Aquifer is homogeneous, isotropic, and of uniform thickness
5. Static water table is horizontal
6. Constant pumping/injection rate
7. Fully penetrating pumping/injeciton well

2

0.9

Table 3-12
Bromide Analytical Results, Southwest TCE Area
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

At Monitoring Points:
Bromide Detections, mg/L
Baseline

After Low Rate test

After Intermediate
Rate test

After High Rate
test

11/9/2011

11/11/2011

MPW-1S

11/1/2011
0.16

0.14

0.16

11/15/2011
0.13

MPW-2S

0.13

0.12

<0.05

0.1

MPW-3S

0.14

<0.05

0.12

<0.05

MPW-1I

0.09

12

200

210

MPW-2I
MPW-3I

0.073

0.092
0.096

0.11
0.098

55
0.11

Monitoring
Well ID

0.074

At Catch Basin:
Bromide Detections, mg/L
After Intermediate
Catch Basin
Rate test
ID
After Low Rate tes
G-IL-XI-SW

11/9/2011

11/11/2011

After High Rate test
11/15/2011

0.082

<0.05

<0.05

mg/L - milligrams per liter

Table 3-13
Injection Test #7: Low Rate, North TCE Area
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Totalizer Calculated
reading
Flow
(gallons)
(gpm)

Wellhead
pressure
(psi)

11/8/11 12:20 PM

81

0

0

11/8/11 1:45 PM

107

0.31

3

11/8/11 2:58 PM

130

0.32

3.6

11/8/11 4:09 PM

161

0.44

4

11/8/11 7:29 PM

209

0.24

4.4

11/8/11 11:30 PM

284

0.28

4.6

11/9/11 3:30 AM

352

0.28

3.8

11/9/11 7:45 AM
11/9/11 12:50 PM

416
504

0.25
0.29

3
3.4

Notes
Injection start (11/8/11 at 12:20 AM)

Flow adjusted
Flow adjusted

Injection stop (11/9/11 at 12:50 AM)

gpm - gallons per minute
psi - pounds per square inch
psig- pound-force per square inch gauge
Total test #7 injected

423 gallons

Average test #7 flow

0.29 gpm

Average test #7 wellhead pressure

3.3 psig

Table 3-14
Injection Test #8: Intermediate Rate, North TCE Area
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Totalizer
reading
(gallons)

Calculated
Flow
(gpm)

Wellhead
pressure
(psi)

11/10/11 11:30 AM

504

0

0

11/10/11 12:30 PM

544

0.67

5.0

11/10/11 3:01 PM

624

0.53

5.0

11/10/11 5:30 PM

725

0.68

5.0

11/10/11 7:30 PM

782

0.47

5.0

11/10/11 11:30 PM

921

0.58

5.4

11/11/11 3:30 AM

1046

0.52

5.0

11/11/11 7:30 AM

1164

0.49

5.0

11/11/11 10:50 AM
11/11/11 11:30 AM

1261
1289

0.48
0.70

5.0
5.0

Depth to
water in
tank
(feet)

Notes

Injection start (11/10/11 at 11:30 AM)

3.6

Injection stop (11/1/11 at 11:30 AM)

gpm - gallons per minute
psi - pounds per square inch
psig - pound-force per square inch gauge
Total test #8 injected (by totalizer)
Average test #8 flow (by totalizer)
Average test #8 wellhead pressure
Depth to bottom in tank
Volume left in tank at end of test #8 (by tank water level1)
2

Initial tank volume estimate

785 gallons
0.55 gpm
5.0 psig
5.95 feet
996 gallons
2204 gallons

1

Tank diameter is 8.5 feet resulting in 424 gallons per foot.

2

(Volume left in tank at end of test #8) + (total test #7 injected) + (total test #8 injected)

Table 3-15
Injection Test #9: High Rate, North TCE Area
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time

Totalizer
reading
(gallons)

11/14/11 10:00 AM

1289

0

0

11/14/11 11:25 AM

1396

1.26

7.7

11/14/11 1:00 PM

1500

1.09

7.9

11/14/11 3:00 PM

1609

0.91

8

11/14/11 5:00 PM

1740

1.09

8

11/14/11 7:00 PM

1862

1.02

8

4.16

11/14/11 9:00 PM

1991

1.07

8.6

4.52

11/14/11 11:00 PM

2119

1.07

8.7

4.83

11/15/11 2:00 AM

2312

1.07

8.5

5.29

Flow adjusted

11/15/11 5:00 AM
11/15/11 8:50 AM

2472
2774

0.89
1.31

7.3

5.68
5.95

Injection stop (11/15/11 at 8:50 AM)

Calculated
Flow
(gpm)

Wellhead
Depth to
pressure water in tank
(psi)
(feet)
2.6

Notes

Injection start (11/14/11 at 10:00 AM)
Flow adjusted

gpm - gallons per minute
psi - pounds per square inch
psig - pound-force per square inch gauge
1485 gallons
1.08 gpm

Total test #9 injected (by totalizer)
Average test #9 flow (by totalizer)
Average test #9 wellhead pressure
1

Total test #9 injected (by tank water level )
Volume left in tank at end of test #8 (by tank water level1)
2

Potable water added to tank at end of test #8

1

Tank diameter is 8.5 feet resulting in 424 gallons per foot

2

(total test #9 injected) - (volume left in tank at end of test #2)

8.1 psig
1420 gallons
996 gallons
489 gallons

Table 3-16
North TCE Area Static Water Levels
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

Date/time
11/8/11 11:00 AM

11/10/11 11:00 AM
11/14/11 8:00 AM

Event
Prior to low rate test
Prior to intermediate
rate test
Prior to high rate test

MPN-1I

MPN-2I

OW-1C

MPN-1S

MPN-2S

OW-1B

10.72

12.50

9.92

10.65

11.00

9.40

10.33

12.14

17.49

10.18

11.73

9.33

10.55

11.02

15.07

10.50

11.12

9.61

Table 3-17
Estimated Conductivity Values, North TCE Area Injection Test
Injection Well: IW-N
Lockheed Martin Middle River Complex, Middle River, Maryland
North High Rate

North Medium Rate

Symbol in
Dupuit
equation

Unit

MPN-1 and
MPE-2

MPN-1 and
OW-1C

MPN-1 and
MPE-2

MPN-1 and
OW-1C

Injection rate

b
s1
s2
r1
r2
Q

ft
ft
ft
ft
ft
gpm

70
20
3.2
5
15
1.08

70
20
3.2
5
10
1.08

70
18
3
5
15
0.55

70
18
1.6
5
10
0.55

Calculated transmissivity values from Dupuit equation
Corresponding hydraulic conductivity

T
K

m2/day
ft/day

0.24
0.04

0.15
0.02

0.13
0.02

0.08
0.01

Parameter Description

Saturated thickness
GW mounding at distance r1 from injection well
GW mounding at distance r2 from injection well
Distance of first observation point from injection well
Distance of second observation point from injection wel

Average hydraulic conductivity for all tests

Dupuit equation for transmissivity in unconfined aquifer:

Assumptions
1. Steady state conditions
2. Unconfined aquifer
3. Aquifer with infinite aerial extent
4. Aquifer is homogeneous, isotropic, and of uniform thickness
5. Static water table is horizontal
6. Constant pumping/injection rate
7. Fully penetrating pumping/injeciton well

0.02 ft/day

Table 3-18
Bromide Analytical Results, North TCE Area
Injection Pilot Test
Lockheed Martin Middle River Complex
Middle River, Maryland

At Monitoring Points:
Bromide Detections, mg/L
Baseline

After Low Rate test

After Intermediate
Rate test

After High Rate
test

11/9/2011

11/11/2011

MPN-1S

11/1/2011
0.17

240

330

11/15/2011
81

MPN-2S

0.3

0.5

0.55

OW-1B

0.34

52

210

0.56
53

MPN-1I

0.22

300

370

220

MPN-2I
OW-1C

0.1

0.2
0.15

0.19
13

0.2
27

Monitoring
Well ID

0.083

At Catch Basin:
Catch Basin
ID
I-X11A-SW

Bromide Detections, mg/L
After Low Rate test

After Intermediate Rate test

After High Rate test

11/9/2011

11/11/2011

11/15/2011

<0.05

0.072

0.062

mg/L - milligrams per liter

Table 3-19
Follow-Up Bromide Sampling Analytical Results
Lockheed Martin Middle River Complex
Middle River, Maryland

Date
2/24/12
2/24/12
2/24/12

Color
Tide
(visual)
Time
825
Slightly
High
1140 Moderate Slightly
1501
Slightly
Low

IL-1

2/24/12
2/24/12
2/24/12

835
1151
1515

Slightly
High
Moderate Clear
Slightly
Low

7.1
7.48
7.85

0.671
0.605
0.3

8.54
10.32
8.34

35.4
8.1
11.5

11.97
11.4
12.3

7
-26
94

0.1
0.1
ND

94
100
43

IL-2

2/24/12
2/24/12
2/24/12

845
1205
1525

Cloudy
High
Moderate Clear
Slightly
Low

7.29
7.44
7.59

0.662
0.647
0.365

8.39
9.41
8.62

134
8.9
36

12.2
11.69
12.08

-23
-41
11

0.094
0.098
ND

94
93
52

IL-3

2/24/12
2/24/12
2/24/12

900
1215
1535

Slightly
High
Moderate Clear
Clear
Low

7.28
7.29
7.27

0.68
0.691
0.679

10.98
8.84
8.72

72.4
10.9
9.6

12.5
11.94
11.99

-59
-64
-68

0.094
0.078
0.12

98
97
93

Sample ID:
Outfall08

ND-Not Detected

S.C.
DO
ORP

Specific conductance
Dissolved oxygen
Oxidation reduction potential

pH
(S.U.)
6.45
7.76
7.8

S.C.
Temp. Turbidity
DO
o
C)
(
(NTU)
(mg/L)
(mS/cm)
0.884
9.34
18.8
12.85
0.845
10.62
19
10.45
0.877
9.42
30.6
10.05

ORP
244
59
-1

Bromide Chloride
(mg/L) (mg/L)
0.48
190
0.54
190
0.53
210

Figure 3-1 through Figure 3-27
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Section 4

Summary and Conclusions
Injection pilot tests were performed at the Lockheed Martin Corporation Middle River Complex
(MRC) in November 2011 (Figure 1-1) to determine key design parameters for the full-scale
bioremediation system. The tests were performed in three locations at the MRC (Figure 2-1):


southwest trichloroethene (TCE) area



southeast TCE area



northern TCE area

The test layout was similar at each of these locations: an injection well (typically screened at a
depth interval of 15–35 feet) and three monitoring well clusters approximately five feet, 10 feet,
and 15 feet from the injection well (Figure 2-2). Each monitoring well cluster consisted of two
monitoring points: a deep interval (typically screened at 25–35 feet) and a shallow interval
(typically screened at 10–20 feet). Tables 2-1 and 2-2 include a summary of the test wells’
screened intervals, and Figure 2-2 provides a schematic for the test wells’ design.
At each test location, three separate 24-hour injection tests were performed: (1) a low-rate test
(approximately 0.3 gpm); (2) an intermediate-rate test (approximately 0.5 gpm); and (3) a
high-rate test (approximately 1 gpm). Therefore, nine injection tests were performed. Each test
was performed by injecting an aqueous sodium bromide tracer solution into the injection well
and monitoring injection effects in nearby monitoring well clusters. The bromide solution was
prepared in 2,400-gallon storage tanks deployed at each test location. The storage tanks were
filled with potable water containing low levels of residual chlorine. The residual chlorine was
removed from the injected stream by an online granular activated carbon (GAC) filter column.
The injection at each location was performed using a battery operated pump with a speed
controller to achieve the desired injection rate. Figure 2-3 includes a schematic of the injection
equipment and process. Data-logging submersible pressure transducers monitored the injection
influence in the monitoring well clusters, and measured the injection well hydraulic head.
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Bromide samples were collected from the monitoring well clusters and from nearby catch basins.
Changes in hydraulic head and bromide tracer detections were used to evaluate the injections’
radii of influence.

4.1

TEST AREAS COMPARISON

This section summarizes the injection test results and compares the different test areas. The
summary is broken down into different test parameters, such as injection rates, pressures,
hydraulic influence, and bromide tracer results.
Achieved injection rates—The injection rates used during the tests were slightly above the
values estimated in the work plan. Near constant injection rates were maintained throughout each
test without frequent adjustments. The following average injection rates were used at each of the
three test areas.


low-rate test

0.28–0.3 gallons per minute (gpm)



intermediate-rate test

0.51–0.57 gpm



high-rate test

1.01–1.08 gpm

Note that achieving such relatively high sustainable injection rates at all three test areas was
somewhat contrary to expectations. Earlier testing experiences with the direct push injection
(i.e., in situ chemical oxidation [ISCO] pilot test) led to expectations that sustained injection,
especially at higher rates (e.g., greater than 0.5 gpm) would be impossible without having
injected fluid daylighting, or without producing excessive injection pressures, or other
complications. Purpose installed injection wells with filter sand packs and full grouting were
used during these injection tests. Such wells are likely better suited for injection than the direct
push injection points used in earlier studies.
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Resultant injection pressures—The resultant injection pressures were different in the three
tested areas. Such differences are expected due to the differences in the formation geology. The
following table summarizes the injection pressures3 for each of the tested areas:
Table 4-1
Resultant Injection Pressures Summary
Lockheed Martin, Middle River Complex
Typical injection
hydraulic head
(feet above static level)

Test area

Low-rat
e test

Intermediate- rat
e test

High- rat
e test

Typical wellhead pressure (psig)
Low-rat
e test

Intermediate- rat
e test

High- rat
e test

Average
hydraulic
conductivit
y (ft/day)

Southeast

1.5

2.8

5.0

<0

<0

<0

2.0

Southwes
t

3.0

6.0

11.5

<0

1

3

0.9

13.5

22.5

27.0

4

5

8

0.02

North
<
psig

less than
pound force per square inch gauge

Note that wellhead pressure below zero indicates that the liquid level in the injection well was
below the wellhead pressure gauge. This was the case for all tests in the southeast TCE area and
for the low-rate test in the southwest TCE area.
Comparing the estimated hydraulic conductivities for each test area (Tables 3-5, 3-11 and 3-17)
shows that the southeast TCE area has the highest calculated hydraulic conductivity among the
tested areas. Note that even during the high-rate test, the water level in the southeast area injection
well was only approximately five feet above the static level (approximately three feet below
ground surface). The southwest TCE area hydraulic conductivity is approximately two times
lower than the hydraulic conductivity for the southeast TCE area. Note that the injection hydraulic
head was approximately two times higher in the southwest area. However, in absolute terms, the
injection pressures in the southwest TCE area were relatively low during all three tests.

3

Injection pressure in Table 4-1 is expressed as injection hydraulic head: feet of water column during injection
above static level.
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The least conductive among the tested areas is the north TCE area (two orders of magnitude
lower hydraulic conductivity compared to the southeast area). The injection pressures here were
considerably higher than in both the southeast and southwest areas. The maximum wellhead
pressure measured by the pressure gauge was 8.7 pounds force per square inch gauge (psig)
during the high-rate test. In general, the injection pressures achieved in the north TCE area were
close to what was anticipated at all injection areas before the tests.
Hydraulic response—The hydraulic response measured in the deep monitoring wells was clear
and immediate for the southeast and southwest TCE areas. However, the hydraulic response
measured in the shallow monitoring wells was muted and delayed as compared to the deep wells.
Analysis of the tracer results and the character of the hydraulic response support the conclusion
that the deep intervals in both the southeast and southwest TCE areas are more permeable as
compared to the shallow formation in those locations, and that the deep and shallow zones are to
some degree hydraulically isolated from one another. The north TCE area hydraulic response in
the deep and shallow monitoring wells was not clearly differentiated. Bromide tracer was found
in both shallow and deep observation wells, leading to a conclusion that the difference between
the shallow and the deep zone here may not be as pronounced in the north as it is in the southeast
and southwest TCE areas.
Monitoring wells’ bromide tracer—In general, the bromide test results confirm the conclusions
based on the hydraulic response observations. The bromide tracer was clearly detected in all deep
monitoring wells in both the southeast and southwest TCE areas (except the most distant deep
well in southwest). In contrast, no bromide tracer was detected in any shallow well in those
areas. This confirms that the deep intervals in both the southeast and southwest TCE areas are
more permeable compared to the shallow formation, and that a degree of hydraulic isolation
occurs between the deep and shallow zones. Tables 3-6 and 3-12 contain the bromide tracer
results for the southeast and southwest TCE areas, respectively.
The north TCE area bromide tracer concentrations in the deep and shallow monitoring wells
were not clearly differentiated. The bromide tracer was clearly detected in both shallow and deep
monitoring wells. These results support the conclusion that the difference between the shallow
and the deep zone here is not as pronounced as for the southeast and southwest TCE areas. That
could be due to natural formation characteristics, because of the history of construction in the
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area, and could certainly also be a result, in whole or in part, of the hydraulic fracturing
conducted during the 2008 ARD pilot study.
Catch basins’ bromide tracer—Bromide samples were also collected from the available catch
basins. One catch basin at each test area was identified for sampling (Figure 2-1). The distances
between the sampled catch basins and the injection well in each area range from approximately
115 feet in the southwest TCE area to 135 feet in the north TCE area. No appreciable levels of
tracer were detected in the catch basins in the southwest and north TCE areas.
However, following the high-rate injection test, an elevated bromide concentration (1.7 mg/L
versus 0.1 mg/L baseline) was detected in the southeast TCE area catch basin (MH-10/IL-3 in
Figure 3-1). Follow-up sampling in the southeast TCE area catch basins on February 24, 2012
(Table 3-19, Appendix H) does not rule out that the bromide detection in MH10-/IL-3 was
associated with the injection test. However, catch basin MH-10/IL-3 is upgradient from the
injection well IWE-1 (approximately 1.5 feet of hydraulic head difference), and the resultant
groundwater mounding was limited, and quickly dissipated away from the injection well
(approximately one foot at 15 feet from the injection well).
Explaining how the tracer could travel upgradient from the injection well to the catch basin is
difficult. Moreover, the complete absence of detections of bromide tracer in any shallow
monitoring points as compared to the clear and significant tracer concentrations found in all deep
monitoring points indicates that flow in the shallow zone is severely impeded. To be prudent, and
despite the absence of an adequate engineering explanation, we will assume that bromide
somehow traveled from the injection well to catch basin MH-10/IL-3, perhaps via an unknown
existing preferential pathway. In light of this assumption, particular care will be taken during the
design and implementation of any full-scale bioremediation system ultimately installed in this
area.

4.2

POTENTIAL IMPACTS ON REMEDY DESIGN

As stated above, the main purpose of the injection test was to determine if the primary design
parameters of the bioremediation system determined in the Draft Groundwater Response Action
Plan for the Middle River Complex (Tetra Tech, 2011a) are indeed achievable and realistic.
Those parameters include injection rates and volumes, radius of influence, injection pressures,
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injection wells’ spacing, and other design criteria. This section presents a brief and preliminary
discussion of the injection test results on the remedial system design parameters. The following
preliminary conclusions are presented below:
1. Design injection rates and volumes: The design injection rate is assumed in the
Groundwater Response Action Plan to be 0.15 gpm per injection well, with approximately
3000 gallons injection volume. The lowest injection rate during the injection test was
approximately 0.3 gpm for all tested areas, with no indications of increased formation
pressure in the course of injection. Therefore, the selected design injection rate is very
conservative, and higher injection rates and volumes can be considered. Increased
injection rates per well could lead to a lower number of required injection wells, with an
associated reduction in underground piping and maintenance.
2. Injection radius of influence: The radius of influence per injection well assumed in the
Groundwater Response Action Plan is relatively low, resulting in a fairly dense spacing of
injection wells, as follows: approximately 20 feet between the injection wells in a row, and
approximately 40 feet between the rows of injection wells. However, in the southeast TCE
area, a high tracer concentration was detected 15-feet from the injection well after the
intermediate-rate test, and even higher tracer concentrations were detected after the
high-rate test. The tracer detections in the southwest and north TCE areas were found at a
maximum of 10 feet from the injection well. However, we might reasonably expect that
the injected tracer could move further in those areas if the injection was performed over a
longer period. The hydraulic response to injection was very strong in the deep zone of
both southeast and southwest TCE areas at all distances, which further confirms that
longer radii of influence are achievable during injection in these two areas. Therefore, the
selected spacing of the injection wells is conservative, and a reduced density grid of
injection wells can be considered. As part of this consideration, the existing groundwater
modeling simulations will be updated based on the data obtained during the injection tests.
3. Injection pressures: The injection tests demonstrate that low injection pressures can be
achieved (e.g., less than 1 psig at wellhead), even with moderately high injection rates
(e.g., 0.5 gpm) in the southeast and southwest TCE areas.
4. Preferential channeling and injected fluid daylighting: The only indication of
preferential channeling is a single concentration of a bromide tracer detected in the
southeast TCE area catch basin after the high-rate injection test. The potential impact of
this observation to the full-scale design and implementation could involve selection of an
especially conservative injection scenario and careful monitoring during injection
implementation. No daylighting of injected fluid was observed in any location. However,
note that these results (no preferential channeling and daylighting) were obtained using a
single injection well in each area and a relatively small injection volume (approximately
2800 gallons total per injection well).
The Groundwater Response Action Plan (Tetra Tech, 2011a) estimates total injection
volumes of 237,000 gallons, 156,000 gallons and 51,000 gallons for the southwest,
southeast, and north areas, respectively. Therefore, even though the injection test results
are largely favorable in terms of preferential channeling and daylighting, some additional
7821 TETRA TECH ● LOCKHEED MARTIN, MIDDLE RIVER COMPLEX ● INJECTION PILOT TEST REPORT

PAGE 4-6

measures to prevent these negative effects can be considered. Such measures can include,
for example, using extraction wells as a water source for the injection solution (or for
depressing the groundwater level); considerably extending injection time by using only a
small portion of the injection wells for injection at any given time; and abandoning
underground utilities not currently in use. A longer duration low-flow injection test in the
southeast TCE area can also be considered to evaluate the pathway to the catch basin. At
this time, no additional testing is recommended.
5. Residual chlorine removal from potable water by granular activated carbon (GAC):
GAC is a proven method for removing residual chlorine from aqueous sources. The GAC
equipment selected provides a reliable method of chlorine removal and can be easily
scaled up for full-scale implementation.
6. Limitation of groundwater mounding: Injection tests indicate that groundwater mounding
quickly diminished with increasing distance from the injection wells. Full-scale injections
will be managed to keep groundwater mounding below catch basins and other utilities.
Cross-sections indicating the elevations of such utilities will be prepared as part of the
full-scale system design.
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