


Cover. Mini-piezometer installation in the bed of Pipe Elm Branch, Dover Air Force Base, Delaware.

[Photograph by Jeffrey R. Barbaro, U.S. Geological Survey.]



U.S. Department of the Interior
U.S. Geological Survey

Distribution and Mass Loss of Volatile Organic Compounds
in the Surficial Aquifer at Sites FT03, LF13, and WP14/LF15,
Dover Air Force Base, Delaware, November 2000 -
February 2001

by Jeffrey R. Barbaro and Pradumna P. Neupane

Water-Resources Investigations Report 02-4121

In cooperation with the
United States Air Force
Dover Air Force Base

Baltimore, Maryland
2002



U.S. Department of the Interior
GALE A. NORTON, Secretary

U.S. Geological Survey
Charles G. Groat, Director

The use of trade, product, or firm names in this report is for
descriptive purposes only and does not imply endorsement
by the U.S. Government.

For additional information contact:

District Chief

U.S. Geological Survey
8987 Yellow Brick Road
Baltimore, MD 21237

Copies of this report can be purchased from;

U.S. Geological Survey

Branch of Information Services
Box 25286

Denver, CO 80225-0286



Contents

ADSEIACE ...ttt ettt ettt ee s sttt e ea et et e s e et a a8 e SRS ae e eAnR e et aR b e SRRt E A aneaeh At et e bt caeEeEeeeae s et st es e ann etk eb bbbttt 1
IIEFOTUCTION ..ottt et ettt et st eeeat et ese et e st eanesesaases ot esasaesesseaes e ntestaseseasese s eataseseaseeatanbasanesenseseesensseatesaseatsbensranasasan 2
PUIPOSE AT SCOPE ...ttt sttt ettt ettt st e st et e e s et ettt ae et e et et s e st 2
DeSCriPtion OFf STIAY GIEa.....ccceuvueieiiirieeeert ettt es e s sttt et sttt ettt ne s e sasesn b e bt enesenas 3
INtENAed USE FOI QALA........eeerieeee et e e ettt se st s ss st sesrssren s s s oranenes 4
ACKNOWIBAZINENLS ......vaeceiiiirt ettt ettt c s et e e te st s cateaesseeaees e s eeate g aeseae st seanene st sen e asbeneseasataseeeasteneatenenenes 4
MethOdS Of INVESLIZALION ......eeveecreceiierereieieietietet et eeetessereessasesasnsseastasesessaeeassaes s eestansaseasteneeasos b aeateasessnaesmnsensestsnsesaseasens 7
Ground-water SAMPIE COLIECTION. ......cevieiiirreruiieiriete e sertet et et e st eeet e ssesesaeatereserse st e e sseresensesesesasaseneessanesaesesens 9
Direct-PUSH AIIILTI..c.eeeveeiieiii ettt et et e sttt e e st et eae st s e s rans 9
IMIDI-PIEZOMELET ....euviveerieieireeenriiete e rtesesies eseaaesesessessessasasestebe e sseabesasaasesesseabesen s et asertasertasesenssseateseatasastasessene 9
IMUIHIEVEL PIEZOMMELELS. ... ..coeveeeeeieteereeeteectesteseeee s e besesteseasesessssseresen s seanssassesnssessasansasassnsasassenssesanesasesensessres 9
Surface-water SAMPLE COLLECHION. ......cecuiiri ettt ettt er ettt ese st sen e sa e s e st e se sas st en s sre st s s enanns 9
Quality-control SAMPLE COLLECHON ....o..emrtiriiiere ettt ettt st e st en et sa st st se et emastsassnien 9
ANALYLICA] IIEHNOAS ...ttt ettt et ettt e e et et sant e setsert st setsert s tnacnantrens 12
Distribution of volatile 0rganic COMPOUNGS............c.everrierrercrtrrreetctseer et eaeerees e ss et se s st srs st e st sr s seneeresasn 12
GIOUNA WALET «..voererisitiei ettt eeeiet et etk e s o b b seab bt s b st seeseas b mer e b et eseseheb s eetbs s ebesenerbas b nsbarens 12
FT03 et ettt ae e e te e e e e e st sr e e e ba s e et sae b e e s e e ke eat et eeteant sttt e enee e e e teaateas e eeane et e resaeenennrens 23
3 2 OSSOV UU OO USRS URROPPON 24
WP TA/LELS .ottt ettt et ettt et e e se et e b et et eas et e b et sat s s e aen et eatsesanne 24
Ground-water dISCRAIZE AIEAS ..........ccueervereeriercereiiettetirerteeteeesseeseseeoseeatrsseesaesaasseestessanseemssinsestessasarasssassseesteanenases 25
SUITACE WALET ... it e et st ettt e e eat e te e e s e esae e aeneenasse sate st e seansesnt e bereteneeemasatcesesanessteurenesntssaeeneenrabanaessessns 25
QUALILY-CONIOL SAMPLES...ceouiieeieeeieteieete ettt et en e sttt e st et ebe seese b e et e et e e sas e st e e es s e e et ee e e nes et aneeneasans 26
Assessment of volatile organic compound mass 10ss at WPT4/LF 15 .....ccoccoiiinnininnniiinreneiscee st essssseas 30
IMESS FIUX ottt ettt ettt r e er et st ses ettt et e a e bR s SR ed R s s RS es bbb st 30
CONCENTALION TALIOS. c..vevcverereiuriererireteete et ettt et eueateseest s easee bt e s e s b b eresen s et as e s ea st s s eas e s s s aesess b e sem s s b et esesomsesaraseien 31
MOLE fTACHIONS ...ttt ettt et st st a bt e e st e ee et e e et see e b et s st eetates et sae e emeteteses e e ne s e nsnares 32
SummAary and CONCIUSIONS.....c.ccurtetrieiir et ertet et e sttt ettt et st et eses e et s et eaeere e st ae et ses e st s st et emeetesesenemesesaestsanonss 34
REFEIENCES CIEA ...ttt sttt et ettt bbbt b s bt s s bt s b e e st ds s e st s s bbb e ensnessne e sen 35
ADPPDEIAIXES v cvenieteiraieeeterertee et tea e stes b esbasse st s aaseaseese st ar s et e e s sesnasessaR e e aseReeat eh b e atane s R ee et e at et ah e eh e Rt eh et eneans et e ne st sensen et e sananene 36
Figures
la—c. Maps showing:
a, Location of Dover Air Force Base, Dover, Delaware ..........ccccvevveveeuveevvereeiiree et 3
b. Location of the East Management Unit and the natural attenuation study area
at Dover Air FOrce Base, DELAWATIE .........cocvevveeeiiiriiriceieeriteneeereessseeectesseeinsessaessessssesssensasssnessnsessasanees 4

c. Location of contaminant source areas within the natural attenuation study area,
East Management Unit, Dover Air Force Base, Delaware..........cco.ecevevevenrcnciricncniicncnnecce e 5
2-3. Map showing hydraulic-head distribution in the East Management Unit, March 15-16, 2000:
2. Upper part of the surficial QUITET ......cccevuieierienreiiere ettt ettt et sttt st s ns s sone 6
3. Lower part of the surficial aqQUIifer..........ccociiniiirniniic s s 7

4. Map showing location of ground-water and surface-water sampling sites and traces of sections
A-A’, B-B’, C—C’, and D-D’, in the natural attenuation StUAY Are@............ccerrererrerererrerersessnsenessassssanseses 8

5. Photographs showing (a) mini-piezometer installation in the bed of Pipe Elm Branch,
(b) mini-piezometer screen, and (c) manometer used to measure relative ground-water and
SUITACE-WALET TEVELS ...ttt ettt ettt sttt et ae e e mt e e e s b e e 10



Figures—Continued

6 a—. Maps showing distribution of the following compounds in the surficial aquifer
at sites FT03, LF13, and WP14/LF15 in the natural attenuation study area,
November 2000-February 2001:

A, TetraChlOTOBTRENE ... ..ccuvierteeieiceecteeee ettt st s e et e e e e s aaesras e saae s beessesssaassaeessannesassnssnsanas 16
B. TIICRIOTOEIRENE ..c.vvieeeeeeee ettt et etee v s vae st e s esbeeeae e estessnesss s sesebesssaeanssssessanesaneersnnsnneas 17
C. CiS=1,2-DICRIOTOGIHENE ....uveeeeeeeeieieete ettt et et e s e e eae e e e e st s e s assessesbe e s saeaessessbesrseasassesbessrssensnsen 18

7 a~c. Diagrams showing the vertical distribution of (a) tetrachloroethene, (b) trichloroethene, and
(c) cis-1,2-dichloroethene on section A—A” at site FT03, November—December 2000.............ccovevurenn. 19

8 a—c. Diagrams showing the vertical distribution of (a) tetrachloroethene, (b) trichloroethene, and
(c) cis-1,2-dichloroethene on section B-B’ at sitt WP14/LF15, November-December 2000 ................ 20

9 a—c. Diagrams showing the vertical distribution of (a) tetrachloroethene, (b) trichloroethene, and
(c) cis-1,2-dichloroethene on section C~C” at site WP14/LF15, November-December 2000 ................ 21

10 a—c. Diagrams showing the vertical distribution of (a) tetrachloroethene, (b) trichloroethene, and
(c) cis-1,2-dichloroethene on section D-D” at site WP14/LF15, November 2000—February 2001 ......... 22

11. Map showing the distribution of tetrachloroethene, trichloroethene, and cis-1,2-dichloroethene
in ground-water samples collected from the surficial aquifer underlying Pipe Elm Branch
and the drainage ditch adjacent to site FT03 in the natural attenuation study area, January 2001 ......... 26

12. Diagram showing cell boundaries and concentrations used to calculate the mass flux of
trichloroethene across SECHON BB’ .........c.ccoceveeiieicieieieitee et ees s et sae s e tn s enes s anns 31

13. Graphs showing the logarithms of concentrations of selected pairs of volatile organic
compounds in ground-water samples collected along section D-D at site WP14/LF15,
November 2000—February 2001 ...ttt st et ebe s e 32

14 a-b. Graphs showing mole fractions of tetrachloroethene, trichloroethene, and cis-1,2-dichloroethene
for (a) a hypothetical case where reductive dechlorination of tetrachlorethene occurs
continuously along a flow path, and (b) the observed case on section D-D” at
site WP14/LF15, November 2000-February 2001..........cccccocernicrnerirenenrerecreneeseteresresessaeroneasesoneans 33

Tables

1. Drilling and sampling data and field-constituent concentrations in ground-water samples collected
from the aquifer underlying Pipe Elm Branch and the drainage ditch adjacent to site FT03,

Dover Air Force Base, Delaware, January 2001 .........coc.ooerieieieerieieecieiiee et eteseeeeess st seesasseeesessraebessesnsanseenns 11
2. Method detection limits for volatile organic COMPOUNAS ..........covviiveiniiimiiieie it senees 12
3. Concentrations of volatile organic compounds in ground-water samples collected from multilevel

piezometers at site WP14/LF15, February 21, 2001 .........ccoiimiriiiiirriiniiiieteese et seeseeesenseseesenesaeesasaens 13
4. Concentrations of volatile organic compounds in ground-water samples collected from the aquifer

underlying Pipe Elm Branch and the drainage ditch adjacent to site FT03, January 2001 ..........cccceevrvvernveecnnerennns 14
5. Concentrations of volatile organic compounds in surface-water samples collected from

Pipe Elm Branch and the drainage ditch adjacent to site FT03, January 2001 .........occeceeeenriircnnerninceeerieene 15
6. Concentrations of volatile organic compounds in quality-control samples, November 2000—February 2001 .......... 27

7. Comparison of tetrachloroethene, trichloroethene, and cis-1,2-dichloroethene concentrations in samples
from monitor wells and direct-push boreholes, March—November 2000 ..........ccoeverieninevineieneenneieeeeeseneenns 29

8. Mass fluxes of tetrachloroethene, trichloroethene, and cis-1,2-dichloroethene across sections B-B” and
C—C’, November—December 2000 .............c.ecueverurueeuereressessessesaesssesssssessessessessssaesssssssesssssesssssssssssssssssessassasees 31



Appendixes

1. Dirilling and sampling data and field-constituent concentrations in ground-water samples collected with
a direct-push drilling rig at sites FT03, LF13, and WP14/LF15, Dover Air Force Base, Delaware,
November—DecembBer 2000 ...........cccccuieiieiiueicieeeirereseeeessreesiesarasessesssssessaesssesssessssesssesssessssssssssssesssseensesssesassesasasens 37

2. Concentrations of volatile organic compounds in ground-water samples collected from direct-push boreholes
at sites FT03, LF13, and WP14/LF15, November—December 2000 ...........ccoocerveericnrirrniienierierceenee e sseeseesanenaes 52

Acronyms and Abbreviations

A area

AFRL Air Force Research Laboratory
bgs below ground surface

BTEX benzene, toluene, ethylbenzene, total xylenes
DAFB Dover Air Force Base
cis-1,2-DCE cis-1,2-dichloroethene

cm centimeter

DO dissolved oxygen

DNTS Dover National Test Site

E concentration below detection limit
EMU East Management Unit

Joc weight fraction of organic carbon
ft foot

ft/d foot per day

ft/ft foot per foot

ft sl feet above or below sea level
FT03 Fire Training Area Three

g gram

g/ gram per gram

g/yr gram per year

in. inch

L length

LF13 Rubble Area Landfill

LF15 Receiver Station Landfill

LT™ long-term monitoring

LTt lenght per unit time

MCL maximum contaminant level
My mass flux across cell i

My, total mass flux across a transect
mg/L milligrams per liter

mL milliliter

ML2 mass per unit area

ML?3 mass per unit volume

MT! mass per unit time

MTBE methy! zert-buty! ether



Acronyms and Abbreviations—Continued

NETTS National Environmental Technology Test Site
ND not detected

NWQL National Water-Quality Laboratory
PCE tetrachloroethene

QC quality control

q specific discharge

R retardation factor

TCE trichloroethene

USEPA U.S. Environmental Protection Agency
USGS U.S. Geological Survey

VOC volatile organic compound

WP14 Liquid Waste Disposal Landfill

pg/L micrograms per liter

uL microliter

VC vinyl chloride

yr year

Conversion Factors and Vertical Datum

Multiply By To obtain
inch (in.) 2.54 centimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
foot per day (ft/d) 30.48 centimeter per day
acre 0.4047 hectare

Water temperature in degrees Celsius ("C) can be converted to degrees Fahrenheit (‘F) by use of the following equation:
F=9/5C+32
Vertical datum: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929—a geodetic datum
derived from a general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum
of 1929.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at 25°C).

Concentrations of chemical constituents in water are given in either milligrams per liter (mg/L) or micrograms per liter
(ng/L).

vi



Distribution and Mass Loss of Volatile Organic Compounds
in the Surficial Aquifer at Sites FT03, LF13, and WP14/LF15,
Dover Air Force Base, Delaware,

November 2000—February 2001

By Jeffrey R. Barbaro and Pradumna P. Neupane

Abstract

Ground-water and surface-water sampling was
conducted in the natural attenuation study area in
the East Management Unit of Dover Air Force
Base, Delaware to determine the distributions of
volatile organic compounds in the vicinity of four
sites—Fire Training Area Three, the Rubble Area
Landfill, the Receiver Station Landfill, and the
Liquid Waste Disposal Landfill. This work was
done by the U.S. Geological Survey, in coopera-
tion with the U.S. Air Force, as part of an
ongoing assessment of the effectiveness of natural
attenuation at these sites. The specific objectives
of the study were to (1) determine the areal and
vertical extent of the contaminant plumes and
source areas, (2) measure volatile organic com-
pound concentrations in ground-water discharge
areas and in surface water under base-flow condi-
tions, (3) evaluate the potential for off-site migra-
tion of the mapped plumes, and (4) estimate the
amount of mass loss downgradient of the Liquid
Waste Disposal and Receiver Station Landfills. A
direct-push drill rig and previously installed multi-
level piezometers were used to determine the
three-dimensional distributions of volatile organic
compounds in the 30-60-foot-thick surficial
aquifer underlying the natural attenuation study
area. A hand-driven mini-piezometer was used to
collect ground-water samples in ground-water
discharge areas. A total of 319 ground-water and
4 surface-water samples were collected from
November 2000 to February 2001 and analyzed
for chlorinated solvents and fuel hydrocarbons.

The contaminant plumes migrating from Fire
Training Area Three and the Rubble Area Landfill
are approximately 500 feet and 800 feet, respec-

tively, in length. These plumes consist predomi-
nantly of cis-1,2-dichloroethene, a daughter pro-
duct, indicating that extensive dechlorination of
tetrachloroethene and trichloroethene has occurred
at these sites. With an approximate length of
2,200 feet, the plume migrating from the Receiver
Station and Liquid Waste Disposal Landfills is the
largest of the three plumes in the East Manage-
ment Unit. In this plume, the parent compounds,
tetrachloroethene and trichloroethene, as well as
cis-1,2-dichloroethene, are present downgradient
of the source. Vinyl chloride was not detected in
the natural attenuation study area. Vertical water-
quality profiles indicate that volatile organic com-
pounds are present mainly in the upper part of the
surficial aquifer. Plumes of fuel hydrocarbon
constituents were not detected in the natural
attenuation study area.

Volatile organic compounds were present at
concentrations above detection limits in 6 of 14
samples collected from the aquifer underlying the
bed of Pipe Elm Branch and the drainage ditch
adjacent to Fire Training Area Three, indicating
that the plumes migrating from Fire Training Area
Three and the Receiver Station and Liquid Waste
Disposal Landfills are reaching these ground-
water discharge areas. In contrast, sampling
results indicated that the plume from the Rubble
Area Landfill does not reach these ground-water
discharge areas. Trichloroethene was present
above detection limits in one of four surface-water
samples collected from Pipe Elm Branch and the
drainage ditch adjacent to Fire Training Area
Three. The trichloroethene concentration is below
applicable Delaware Department of Natural
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Resources and Environmental Control surface-
water-quality standards for human health.

An assessment of chlorinated-solvent mass loss
in the plume migrating from the Receiver Station
and Liquid Waste Disposal Landfills indicates that
tetrachloroethene and trichloroethene mass loss
downgradient of the source is negligible. Cis-1,2-
dichloroethene, however, appears to biodegrade by
an unidentified reaction in the plume. Plan-view
maps of the plume migrating from the Receiver
Station and Liquid Waste Disposal Landfills indi-
cate that tetrachloroethene, trichloroethene, and
cis-1,2-dichloroethene may migrate off Dover Air
Force Base property approximately 1,500 feet
downgradient of the source areas. In this down-
gradient area, the direction of plume migration is
roughly parallel to the Dover Air Force Base
boundary, which probably restricts the extent of
off-site migration. Sampling results indicate that
off-site migration of the other two plumes in the
East Management Unit is unlikely. The ground-
and surface-water samples collected in this study
led to an improved understanding of the areal and
vertical extent of the volatile organic compound
plumes, the occurrence and fate of volatile organic
compounds in the ground-water discharge areas,
and the amount of intrinsic biodegradation down-
gradient of the Receiver Station and Liquid Waste
Disposal Landfills.

Introduction

Fire training and waste-disposal activities that have taken
place during the past 50 years in the East Management Unit
(EMU) of Dover Air Force Base (DAFB), Delaware have
resulted in contamination of shallow ground water with
chlorinated solvents and fuel hydrocarbons (U.S. Army
Corps of Engineers and Dames and Moore, Inc., 1997a;
Bachman and others, 1998). Monitored natural attenuation
is being used to remediate four sites in the EMU: Fire Train-
ing Area Three (FT03), the Rubble Area Landfill (LF13), the
Receiver Station Landfill (LF15), and the Liquid Waste
Disposal Landfill (WP14). The U.S. Geological Survey
(USGS), in cooperation with the U.S. Air Force, is conduct-
ing long-term monitoring (LTM) and an ongoing assessment
of the effectiveness of natural attenuation at these sites
(Bachman and others, 1998; Barbaro, 2002).

In a recent report on the effectiveness of natural
attenuation at these sites, four issues that needed further
study were identified (Barbaro, 2002). These issues are

delineating the areal and vertical extent of the contaminant
plumes in greater detail, determining the fate of volatile
organic compounds (VOCs) in the nearby ground-water
discharge areas, determining the amount of intrinsic
biodegradation downgradient of sites WP14 and LF15, and
evaluating the occurrence and effect of temporal variability
in source concentrations on the plume migrating from sites
WP14 and LF15. A comprehensive round of ground-water
sampling (53 wells and piezometers) showed that the current
monitor well network in the natural attenuation study area
is not adequate for determining the distribution of VOCs in
ground water, or for determining the fate of these com-
pounds in the ground-water discharge areas (Barbaro, 2002).
The network contains many long-screened (defined in this
report as screens greater than 3 ft, or feet, in length) monitor
wells that mix water from geochemically distinct vertical
intervals, and in most areas the network is too sparse to
determine the location of the plume boundaries and the
distribution of concentrations within the plumes. To address
the need for better plume delineation as well as the other
issues identified by Barbaro (2002), additional ground-water
and surface-water sampling was conducted from November
2000 through February 2001 with a Geoprobe direct-push
drill rig, a mini-piezometer, and previously installed multi-
level piezometers.

Purpose and Scope

The purpose of this report is to present and interpret
the results of ground-water and surface-water sampling
conducted in the vicinity of sites FT03, LF13, WP14, and
LF15 from November 2000 to February 2001. Sampling
results were used to (1) determine the areal and vertical
extent of the contaminant plumes and source areas,

(2) determine VOC concentrations in ground-water dis-
charge areas and in surface water under base-flow condi-
tions, (3) evaluate the potential for off-site migration of the
mapped plumes, and (4) estimate the amount of mass loss
(intrinsic biodegradation) downgradient of sites WP14

and LF15. The interpretations in this report are based on
319 ground-water samples, 4 surface-water samples, and
50 quality-control (QC) samples.

At most of the drilling locations, vertical profiles of
water quality were obtained across the surficial aquifer to
determine the three-dimensional distribution of VOCs.
Environmental samples were analyzed for VOCs such as
tetrachloroethene (PCE), trichloroethene (TCE), cis-1,2-
dichloroethene (cis-1,2-DCE), vinyl chloride (VC), methyl
tert-butyl ether (MTBE), the aromatic hydrocarbons
benzene, toluene, ethylbenzene, p,m-xylene, and o-xylene
(BTEX), and field-measured constituents (pH, specific
conductance, dissolved oxygen, and temperature). QC
samples were analyzed for VOCs only. The field-measured
constituents were used mainly during ground-water sam-
pling to determine if samples were representative of aquifer
conditions; therefore, these results are not discussed in
detail in this report.
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used; 14 ground-water samples were collected from the
aquifer underlying Pipe Elm Branch and the drainage ditch
adjacent to FT03 (fig. 4). Surface-water samples also were
collected from 4 locations along Pipe Elm Branch and the
drainage ditch (fig. 4).

Ground-Water Sample Collection

Ground-water samples were collected from the direct-
push boreholes, the mini-piezometers, and the multilevel
piezometers with a peristaltic pump. When the ground-
water yield was adequate (continuous flow), temperature,
pH, specific conductance, and dissolved oxygen (DO) were
measured with a Hydrolab meter. After the field-measured
constituent levels stabilized, samples were collected in
40-mL (milliliter) VOC vials and preserved with concentrat-
ed hydrochloric acid. Re-usable Y-in. (inch) outer-dia-
meter Teflon tubing was used to collect the samples from the
direct-push boreholes and mini-piezometers. The multilevel
piezometers contain dedicated Teflon tubing.

Equipment was decontaminated to prevent cross-con-
tamination. All re-usable Teflon tubing was decontaminated
between sampling events. The direct-push well screen, drill
rods, and mini-piezometer were decontaminated between
sampling locations. Equipment was decontaminated with a
soapy wash followed by a thorough rinse with deionized
water. Following decontamination, field blanks were col-
lected periodically from the Teflon tubing, direct-push well
screen, and mini-piezometer to determine the effectiveness
of the cleaning procedure.

Direct-Push Drill Rig Vertical profiles of VOC con-
centrations were obtained from ground-water samples col-
lected from the direct-push boreholes. To obtain samples,
drill rods (2.1-in. outer-diameter by 1.5-in. inner-diameter)
were pushed or vibrated to the deepest sampling depth
(typically 40-50 ft below ground surface). A 4-ft-long
stainless-steel well screen then was exposed to the aquifer
for ground-water sample collection. After a ground-water
sample was collected with a peristaltic pump, the drill rod
with the exposed screen was pulled up to the next sampling
depth. The vertical interval between samples typically was
8 ft. The last sample from each borehole was obtained near
the water table.

After reaching a given sampling interval, the drill string
generally did not need to be clamped in place, indicating
that the borehole below the drill string collapsed quickly.
Fluid behavior of the saturated sand that makes up the
surficial aquifer has been observed previously (K. Hinaman,
U.S. Geological Survey, oral commun., 2001). The direct-
push boreholes were used only to collect ground-water
samples; permanent wells were not installed. The top part
of the boreholes (above the water table) remained open and
was backfilled to ground surface with bentonite grout.

A total of 292 ground-water samples were collected from
various depths at 77 locations from November 6 through
December 8, 2000 (fig. 4). The direct-push drilling and
sampling data and the concentrations of the field-measured
constituents are presented in Appendix 1. Each sample
identifier consists of the borehole number plus an alphabet-

ical extension indicating the depth of the sample, where “A”
represents the deepest sample collected from a given bore-
hole.

Mini-Piezometer Measurements of VOC concentrations
in the ground-water discharge areas were made with a
5-ft-long, small diameter (Y4-in.) stainless-steel mini-piezo-
meter. Fourteen ground-water samples were collected
during January 2001 from the surficial aquifer underlying
the bed of Pipe Elm Branch and the drainage ditch adjacent
to FTO03 (fig. 4). The piezometer was driven manually into
the streambed until a relatively permeable layer below the
fine-grained streambed sediment was reached. A 2-in.
screen then was exposed to collect ground-water samples
(fig. 5). Depths below the streambed ranged from 2.5 ft to
4.5 ft. In three locations, between SB05 and SB14, SB15
and SB18, and SB21 and SB23 (fig. 4), samples were not
collected because the streambed sediment consisted of a
relatively thick soft mud deposit that did not produce
sufficient water for sample collection. This lack of water
probably indicates that the ground-water flux to the stream
channel is variable spatially along this reach.

Measurements of DO, pH, specific conductance, and
temperature on surface-water and ground-water samples
were compared at each location to verify that the samples
obtained from the mini-piezometer were not affected by
surface-water infiltration. These measurements are listed in
table 1. At most of the sampling locations, a manometer
was used to compare ground-water levels (hydraulic head) to
surface-water levels, and to calculate the magnitude and
direction of the hydraulic gradient. Upward gradients
indicating ground-water discharge conditions were present at
all locations where the gradient was checked (table 1).

Multilevel Piezometers To supplement the direct-
push data, two multilevel piezometers (GS045ML and
GS047ML) near site WP14/LF15 were sampled for VOCs
on February 21, 2001 (fig. 4). The piezometers are con-
structed of a series of 1/8-in.-diameter Teflon tubes attached
to a ¥%-in.-diameter polyvinylchloride center tube. The ends
of the Teflon tubes (the sample ports) are covered with nylon
screen. Piezometer GS045ML contains eight sample ports
spaced 5 ft apart, with the lowest port at —34.55 ft sl (feet
above or below sea level). Piezometer GS047ML contains
5 sample ports spaced 2 ft apart with the lowest port at
-3.99 ft sl. A total of 13 VOC samples were collected from
the multilevel piezometers. Because yields from the piezo-
meters were low, field constituents were not measured.

Surface-Water Sample Collection

Four surface-water samples were collected along Pipe
Elm Branch (3 samples) and the drainage ditch adjacent to
FTO3 (1 sample) by lowering 40-mL VOC vials to the base
of the water column and filling them. The samples then
were analyzed for VOCs.

Quality-Control Sample Collection

The QC samples included 1 source-water blank and 44
field blanks from the direct-push drilling, 4 field blanks from
the mini-piezometer sampling, and 1 field blank from the

Methods of Investigation 9
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multilevel piezometer sampling. The source-water blank
was collected to determine if VOCs were present in the
Delaware Subdistrict Laboratory deionized water used for
field blanks. To verify the effectiveness of the cleaning
procedures, field blanks were collected from the Teflon
tubing, Geoprobe well screen, and mini-piezometer. Most
of the field blanks were taken with the Delaware Subdistrict
Laboratory deionized water. Eight field blanks also were
collected with certified organic-free blank water from the
U.S. Geological Survey’s National Water-Quality Labora-
tory (NWQL) in Denver, Colorado.

Analytical Methods

VOCs were analyzed at the Dover National Test Site
(DNTS) Laboratory at Dover Air Force Base. DNTS is part
of the National Environmental Technology Test Site
(NETTS) program, administered by the U.S. Air Force
Research Laboratory (AFRL). Samples were analyzed fol-
lowing the USEPA Method 8021B procedure (U.S. Environ-
mental Protection Agency, 1996). Samples were run on a
Hewlett Packard 6890A gas chromatograph equipped with
flame ionization and electron capture detectors, a Hewlett
Packard 7694 automatic headspace sampler, and a Supelco
SPB-624 capillary column. To prepare samples and stan-
dards for analysis, 5 mL of water were transferred to 20-mL
headspace vials and sealed. Vials were then injected with
5 microliters (uL) of a 10-pg/L internal standard mixture
(1-chloro-2-fluorobenzene). For quality control, 10 pg/L
check standards (Supelco custom VOC mixture) were run
approximately every 10 samples during each sample run,
and laboratory blanks prepared with reagent-grade deionized
water were run periodically, as needed. A five-point cali-
bration curve was used to determine VOC concentrations.
Environmental samples and field blanks were analyzed for
PCE, TCE, cis-1,2-DCE, VC, MTBE, and BTEX. Method
detection limits for the VOCs are shown in table 2.

In this report, positively identified compounds that fall
below the method detection limits are flagged with an “E,”
denoting estimated results. These concentrations are con-
sidered to be estimates because a result reported below the
detection limit has an increased risk (greater than 1 percent)
of being a false positive (Oblinger Childress and others,
1999). A false positive occurs when a compound is reported
to be present in a sample when it is not present. Because of
the increased false-positive risk, users should carefully con-
sider the low-concentration (approximately 0.01 to 1.0 pg/L)
estimated results in comparison to the field-blank results
when interpreting the data. It also should be noted that a
result reported as “ND” by the laboratory runs a small risk of
being a false negative (a report that a compound is not pre-
sent in a sample that contains the compound) (Oblinger
Childress and others, 1999).

Temperature, pH, specific conductance, and DO were
analyzed in the field using a Hydrolab Model H20 meter.
The Hydrolab was calibrated daily using standard pH and
specific conductance solutions.

Table 2. Method detection limits for
volatile organic compounds,
Dover Air Force Base, Delaware

[png/L, micrograms per liter; PCE, tetrachloroethene;

TCE, trichloroethene; cis-1,2-DCE, cis-1,2-dichloroethene;
VC, vinyl chloride; MTBE, methyl fert-butyl ether;

-, not available]

Compound Detection limit
(ng/L)
PCE 1.3
TCE 0.80
cis-1,2-DCE .60
vC -
Benzene .60
Toluene 1.4
Ethylbenzene 1.3
p.m-xylene 2.6
o-xylene 1.2
MTBE —

Distribution of Volatile Organic Compounds

PCE, TCE, and cis-1,2-DCE are the most prevalent com-
pounds in ground water underlying the natural attenuation
study area. Accordingly, although all VOC results obtained
during the sampling program are described in this section,
only PCE, TCE and cis-1,2-DCE are discussed in detail.
Concentrations of VOCs are listed in Appendix 2 and tables
3,4,and 5. Concentrations above the USEPA MCLs are
listed in bold.

Ground Water

The distributions of PCE, TCE, and ¢is-1,2-DCE in the
surficial aquifer at sites FT03, LF13, and WP14/LF15 are
shown in plan view (figs. 6 a—) and in cross section
(figs. 7 a—c, 8 a—, 9 a—c, and 10 a—). The traces of the
sections are shown in figure 4. To display the three-dimen-
sional data in two dimensions (plan view), vertically aver-
aged concentrations were calculated at each direct-push
borehole location with the approach described by Schirmer
and Barker (1998). To calculate the average, a depth-inte-
grated concentration first was calculated using linear inter-
polation between sampling points (Bevington, 1969,
p- 268). The "sampling point" is defined as the midpoint of
the 4-ft direct-push screened interval. When the sampling

12 Volatile Organic Compounds at Sites FT03, LF13, and WP14/LF15, Dover Air Force Base, DE
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points were equally spaced, the depth-integrated concentra-
tion was obtained from

n-1
Cipe = Az|c;/2+ Z cit+c,/2],
i=2
where
Cint = the depth-integrated concentration [ML?],
) = the concentration at the top sampling point
ML,
¢ = the concentration at the intermediary sampling
points [ML™3],
Cp = the concentration at the bottom sampling point
[ML3], and
Az = the vertical distance between sampling points
(L]
n = total number of sampling points.

When the sampling points were not equally spaced, the
depth-integrated concentration was obtained from

n-1
Cine = 0.5 D Azic;+ ;1))
i=1
where
¢ = the concentration at the ith sampling point
[ML3], and
Az; = the vertical distance between sampling points

c;and ¢; 4 [L].

The vertically averaged concentration at a given direct-push
borehole location then was calculated by dividing the depth-
integrated concentration by the total vertical distance over
which direct-push samples were collected, and is given as

Cavc = Cint/Z ’
where
Cave = the vertically averaged concentration [ML™3],
and

z = the total vertical distance over which direct-
push samples were collected [L].

To determine the total vertical distance, z, vertical inter-
vals that straddled the sampling points were assigned to each
sample in the profile. The upper and lower boundaries of
each interval corresponded to the midpoints between adja-
cent sampling points. Symmetrical distances were used to
locate the upper and lower boundaries of the top and bottom
intervals, respectively, in a vertical profile. The total ver-
tical distance for a given borehole then was obtained as the
sum of the vertical intervals straddling the sampling points.
For example, for four direct-push sampling points spaced
8 ft apart (the most common profile), each vertical interval
was 8 ft, and the total vertical distance was 32 ft. At most
boreholes, the total vertical distance over which direct-push
samples were collected was greater than 50 percent of the
saturated thickness of the surficial aquifer. A value of zero
was assigned to samples that did not contain detectable con-
centrations of VOCs (results reported as “ND” by the labora-
tory). Concentrations below the method detection limits
(MDLs) (values flagged with an “E,” denoting estimated
results) were used at face value in these calculations.

FT03 Thirty-four samples were collected from 10 direct-
push boreholes located in the vicinity of FT03 (fig. 4). Con-
centrations ranged from zero (results reported as “ND” by
the laboratory) to maximum values of 33.9 pg/L for PCE,
4.2 ng/L for TCE, 203 pg/L for cis-1,2-DCE, 8.1 pg/L for
MTBE, 34.2 pg/L for benzene, 3.5 pg/L for toluene, and
1.6 pg/L for o-xylene (Appendix 2). Vinyl chloride and
p.m-xylene were not detected in any sample. Concentra-
tions of PCE and cis-1,2-DCE were above their respective
MCLs in sample GP615.D (Appendix 2).

The approximate length of the contaminant plume at
site FT03 is 500 ft. Vertically averaged concentrations
of PCE, TCE, and cis-1,2-DCE are shown in plan view in
figs. 6 a—c. Vertical concentration distributions are shown
on section A-A” (figs. 7a—c). As shown in figs. 6a—c, the
downgradient edges and the southeastern lateral boundaries
of the plume are well defined; however, the locations of the
upgradient and northwestern boundaries remain uncertain.
The vertical boundary of the plume also is well defined.
The contaminant source appears to be in the upper part of the
surficial aquifer.

To determine the position of the northwestern lateral
boundary, an assumption was made that the plume does not
migrate under the drainage ditch adjacent to FT03 (fig. 6¢).
This assumption implies that the contaminant plume dis-
charges to the drainage ditch along the northern edge of
FT03. The discharge of shallow, contaminated ground
water to the ditch is consistent with the upward hydraulic-
head gradients beneath the streambed (table 1), but drilling
on the northwest side of the ditch to confirm the assumption
of complete plume discharge was not done during this
investigation. Off-site migration of this plume appears un-
likely, however.

Distribution of Volatile Organic Compounds 23



The plume consists predominantly of a chlorinated-
solvent daughter product (cis-1,2-DCE), indicating that the
reductive dechlorination of PCE and TCE is extensive.
Although the site has a history of fuel disposal (U.S. Army
Corps of Engineers and Dames and Moore, Inc., 1997a), a
plume of soluble fuel hydrocarbon constituents (BTEX) was
not present. This lack of a plume probably reflects rapid
intrinsic biodegradation of these compounds.

LF13 Forty-four samples were collected from 11 direct-
push boreholes located in the vicinity of LF13 (fig. 4). Con-
centrations ranged from zero (results reported as “ND” by
the laboratory) to maximum values of 65.4 pg/L for PCE,
285 ng/L for TCE, 505 pg/L for cis-1,2-DCE, 39.9 pg/L for
benzene, 12.7 pg/L for toluene, 3.4 pg/L for ethylbenzene,
6.6 pg/L for p,m-xylene, and 1.6 pg/L for o-xylene
(Appendix 2). VC and MTBE were not detected in any
sample. The concentrations of PCE, TCE, cis-1,2-DCE, and
benzene were above their respective MCLs in 4, 3, 3, and 4
samples, respectively (Appendix 2).

Based on the available data, the approximate length of
the contaminant ptume at this site is 800 ft. Vertically
averaged concentrations of PCE, TCE, and cis-1,2-DCE are
shown in plan view in figs. 6a—c. Because much of the area
surrounding LF13 was inaccessible to the drill rig, drilling
on lines perpendicular to the presumed direction of ground-
water flow was not conducted. As a result, the lateral
boundaries of the plume were not located. In addition,
because LF13 is located in an area with complex ground-
water flow patterns (figs. 2 and 3), the direction of plume
migration is uncertain. Consequently, although the direct-
push sampling improved the understanding of VOC distri-
butions, there still is uncertainty about the boundaries and
migration direction of the LF13 plume.

The plume migrating from LF13 consists mainly of
chlorinated solvents. Fuel hydrocarbon compounds were
not detected beyond the source area. The plume contains
high concentrations (up to 500 pg/L) of cis-1,2-DCE rela-
tive to the other sites and lacks parent compounds, indicating
that extensive reductive dechlorination has occurred at this
site. PCE and TCE were present in concentrations above
detection limits at only one sampling location near the
source area (GP611, fig. 4). Intrinsic biodegradation may
limit the size of the cis-1,2-DCE plume; however, the occur-
rence of biodegradation in this plume cannot be determined
from the available information. Regardless of the precise
size and migration direction of the plume, LF13 is not near
ground-water discharge areas or the DAFB boundary; there-
fore, discharge of VOCs to surface water and off-site migra-
tion of the plume are unlikely.

WP14/LF15 Two hundred twenty-seven samples were
collected from 56 direct-push boreholes and 2 multilevel
piezometers located in the vicinity of WP14/LF15 (fig. 4).
Concentrations ranged from zero (results reported as "ND"
by the laboratory) to maximum values of 280 ng/L for PCE,
332 pg/L for TCE, 591 pg/L for cis-1,2-DCE, 429 pg/L
for MTBE, 5.7 pg/L for benzene, 38.4 pg/L for toluene,
226 ng/L for ethylbenzene, 280 pg/L for p,m-xylene, and

66.7 pg/L for o-xylene (Appendix 2 and table 3). VC was
not detected in any sample. The concentrations of PCE,
TCE, cis-1,2-DCE, and benzene were above MCLs in 51,
58, 5, and 2 samples, respectively (Appendix 2 and table 3).
The vertically averaged concentrations obtained near the
DAFB boundary were less than 10 pg/L (figs. 6 a—). The
highest concentration of TCE in an individual sample near
the DAFB boundary was 10.3 pg/L (sample GP552.B),
above the MCL of 5.0 pg/L (Appendix 2).

With an approximate length of 2,200 ft, the VOC plume
migrating from WP14/LF15 is the largest of the three
plumes in the EMU. Vertically averaged concentrations
of PCE, TCE, and cis-1,2-DCE are shown in plan view in
figs. 6 a—c. Vertical concentration distributions are shown on
sections B-B’, C-C’, and D-D’ in figs. 8 a—, 9 a—c, and
10 a—c, respectively. The plume consists mainly of chlori-
nated solvents. Fuel hydrocarbon constituents (BTEX and
MTBE) were present in concentrations above detection
limits only in discrete areas (for example, direct-push bore-
hole GP562). Results from the ground-water samples col-
lected in the vicinity of the WP14/LF15 source area indicate
that the source is confined to two discrete areas (figs. 6 a—c).
The plume, which is in the upper part of the surficial aquifer
near the source, moves deeper with distance from the source
(figs. 10 a—).

In contrast to the other two sites in the EMU, parent
compounds are present at an appreciable distance (at least
2,200 ft) downgradient of the source at this site. The length
of the plume and the similarity of the spatial distributions of
PCE, TCE, and cis-1,2-DCE indicate that these compounds
are either recalcitrant or reacting slowly downgradient of
the WP14/LF15 source area. The plume also has a hetero-
geneous concentration distribution (figs. 8 a—, 9 a—c, and
10 a—c), possibly resulting from temporal variability in
source concentrations (Barbaro, 2002, p. 35), or from the
heterogeneity of the aquifer sediment. Relatively high PCE
and TCE concentrations (greater than 100 pg/L) are evident
in the core of the plume (figs. 10 a-b). The downgradient
edge of the high concentration core currently (2001) is about
1,000 ft from the DAFB boundary, and at a ground-water
migration velocity of 0.4 ft/d, will reach the boundary in
roughly 7 years. Additional information on geochemical
conditions (concentrations of electron acceptors such as DO,
iron, sulfate, and methane) and potential reaction mechan-
isms would be useful in determining if the high-concentra-
tion ground water in the core of this plume will reach the
boundary.

The vertical boundary of the plume is well defined in
most areas, and a deep chlorinated-solvent source area is not
evident. The northern lateral boundary of the plume also is
well defined. The position of the northern boundary was
determined from drilling on transects perpendicular to the
direction of ground-water flow. To determine the position
of the southern lateral boundary, an assumption was made
that the plume does not migrate under Pipe Elm Branch (that
is, the stream channel and southern plume boundary are co-
incident). Ground-water discharge is consistent with the
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upward hydraulic-head gradients beneath the streambed
(table 1). The effectiveness of Pipe Elm Branch in com-
pletely intercepting the plume could not be confirmed by
drilling on the opposite side of Pipe Elm Branch, however,
because access to this area is restricted.

Although low concentrations (less than 10 pg/L) of
chlorinated solvents were present in the samples collected
from the farthest downgradient boreholes, the locations of
the downgradient boundaries of the PCE, TCE, and cis-
1,2-DCE plumes were not determined during this investi-
gation (figs. 6 a—). The plan-view distributions indicate
that these compounds possibly migrate off the DAFB
property approximately 1,500 ft downgradient of the source
area (figs. 6 a—). In this area, the direction of plume
migration is roughly parallel to the DAFB boundary, which
probably restricts the extent of off-site migration.

Ground-Water Discharge Areas

Fourteen ground-water samples were collected from the
surficial aquifer underlying the bed of Pipe Elm Branch and
the drainage ditch adjacent to FT03 (fig. 4). Concentrations
ranged from zero (results reported as “ND” by the labora-
tory) to maximum values of 28.6 pg/L for PCE, 31.9 pg/L
for TCE, 15.9 png/L for cis-1,2-DCE, and 1.6 pg/L for
benzene (table 4). The concentration of TCE was above the
MCL in samples SB14 and SB18. The concentrations of
both PCE and TCE were above MCLs in sample SB23. VC,
MTBE, toluene, ethylbenzene, p,m-xylene, and o-xylene
were not detected in any sample (table 4).

Two of three samples collected from the aquifer under-
lying the drainage ditch adjacent to FT03 contained chlori-
nated solvents at concentrations above detection limits (fig.
11). Sample SBO8 contained TCE (1.2 pg/L) and cis-1,2-
DCE (7.0 pg/L), and sample SBO7 contained cis-1,2-DCE
(6.7 pg/L) and benzene (1.6 pg/L). These compounds are
likely from the plume migrating from FT03.

Four of 11 samples collected from the aquifer under-
lying Pipe Elm Branch contained VOCs at concentrations
above detection limits (fig. 11). Samples SB18 and SB23
contained PCE (2.4 pg/L and 28.6 pg/L), TCE (7.6 pg/L
and 31.9 pg/L) and cis-1,2-DCE (4.6 pg/L and 15.9 png/L).
Samples SB14 and SB15 contained TCE (5.1 pg/L and
1.2 pg/L) only. VOCs were either not detected or present at
very low concentrations (values flagged with an "E", deno-
ting estimated results) in samples collected from the farthest
downgradient locations (SB02 through SB0S), where the
downgradient edge of the plume from WP14/LF15 would be
expected to discharge to Pipe Elm Branch (fig. 11). These
low concentrations could indicate that the plume does not
reach Pipe Elm Branch or encounters a reducing environ-
ment and biodegrades before reaching this boundary.

The VOC distributions in the ground-water discharge
areas generally are consistent with the VOC distributions at
FTO03 and WP14/LF15 shown in figs. 8 a—c. It should be
noted that the fate of the VOCs between the mini-piezometer
sampling points and the streambed was not determined.
Biodegradation could occur in this vertical interval, reducing
the mass flux to surface water. Further study would be

needed to determine the position of the downgradient
boundary of the WP14/LF15 plume, and the location and
amount of contaminant discharge to Pipe Elm Branch and
the drainage ditch adjacent to FT03.

Surface Water

Four surface-water samples were collected along Pipe
Elm Branch and the drainage ditch adjacent to FT03 (fig. 4)
during January 2001. Because the preceding 3—4 weeks
were dry, the streams were under base-flow conditions when
sampled. In this report, base flow is defined as streamflow
derived entirely from ground-water discharge. One sample,
SWO03, contained TCE above the detection limit at a con-
centration of 1.0 pg/L (table 5). The other three samples,
SWO01, SW02, and SW04 contained TCE below the detec-
tion limit at estimated concentrations of 0.16 E pg/L,

0.50 E pg/L, and 0.76 E pg/L, respectively. Samples SW02
and SWO03 also contained cis-1,2-DCE at estimated con-
centrations of 0.08 E pg/L and 0.32 E pg/L, respectively.
PCE, VC, MTBE, benzene, toluene, ethylbenzene,
p.m-xylene and o-xylene were not detected in surface

water during this investigation.

Samples SW01 and SW04 were collected from the
mouths of the culverts where Pipe Elm Branch and the drain-
age ditch adjacent to FT03 enter the natural attenuation study
area (fig. 4). These sampling locations are upstream of the
areas where the plumes from the sources in the natural atten-
uation study area discharge to the streams. Thus, the low
levels (values flagged with an "E," denoting estimated
results) of TCE in these samples indicate that the surface
water contains TCE from unknown sources farther upstream.

Sample SW03 was collected near the WP14/LF 15 source
area. The TCE in this sample may be from the WP14/LF15
plume, or from the unknown upstream source. The farthest
downstream sample collected during this investigation,
sample SW02, contained concentrations of TCE and cis-
1,2,-DCE that were lower than the concentrations in sample
SWO03 (table 5). This result is consistent with the mini-
piezometer results along this reach of Pipe Elm Branch.

Because the discharge of contaminated ground water to
surface water typically is small in relation to the discharge of
uncontaminated ground water, dilution from in-stream mix-
ing reduces contaminant concentrations substantially, even
under low-flow conditions. As a consequence of dilution, it
is possible that plume discharge occurs without an appreci-
able increase in surface-water VOC concentrations. Volatil-
ization across the stream-atmosphere interface also may
remove VOCs from surface water. The rate of volatiliza-
tion depends on properties of both the compound and the
stream (Rathbun, 1998), and cannot be determined with the
available information. The TCE concentration in the sam-
ple collected in January 2001 (SWO03) is below the appli-
cable Delaware Department of Natural Resources and
Environmental Control surface-water quality standards for
human health. Pipe Elm Branch lies within the Little River
Basin, and the fresh water in this basin has designated uses
of primary and secondary contact recreation and industrial
water supply (Delaware Department of Natural Resources
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estimated results). These low concentrations may be the
result of internal laboratory contamination or the tubing
cleaning procedure. Although the source of the contamina-
tion is unknown, concentrations in blanks were not high
enough to bias the VOC distributions described in this
report, and, therefore, do not affect the conclusions drawn
from those distributions. Estimated concentrations of PCE
and TCE in the range 0f 0.01 E pg/L t0 0.10 E pg/L in
ground-water samples should be interpreted with caution,
however.

To determine if vertical profiling with an exposed well
screen caused cross-contamination between sampling inter-
vals, two locations, GP579 and GP585 (fig. 4), were selected
for additional sampling. At these locations, an additional
direct-push borehole was drilled within 2 ft of the profiled
borehole and sampled. The drill rods were advanced direct-
ly from ground surface to the desired sampling intervals
(16 ft bgs, or below ground surface, at GP579, and 32 ft bgs
at GP585), rather than pulling the exposed screen up from
the bottom of the aquifer. Samples GP579.F and GP585.E
were collected from these boreholes. In one location, VOCs
were not present in the sampled interval (samples GP585.B
and GP585.E); in the other location, the concentrations were
similar (samples GP579.E and GP579.F) (Appendix 2). The
relative percent difference, defined as 100 times the ratio of
the difference between values over the average, between
concentrations in samples GP579.E and GP579.F is 15 per-
cent for PCE, 4.6 percent for TCE, and 56 percent for cis-
1,2-DCE. These results, and the spatially consistent con-
centration distributions within the plumes, indicate that this
profiling method did not cause appreciable cross-contamina-
tion between sampling intervals.

Rapid sample-collection methodologies appropriate for
plume mapping were used in this investigation. Consequent-
ly, a majority of the samples collected with the direct-push
drill rig contained substantial turbidity and were collected
under high suction, which potentially could bias the results
through adsorption to particulates and degassing, respec-
tively. To determine if there was observable bias in the data
collected with the direct-push drill rig, VOC concentrations
from ground-water samples collected with the direct-push
drill rig were compared to VOC concentrations from nearby
monitor wells that had been sampled within the previous
year (2000). Samples from direct-push boreholes GP555
and GP625 (Appendix 1) were compared with September
2000 samples from monitor well cluster DM108. This
cluster consists of monitor wells DM108S and DM108D,
with 10-ft well screens (screened intervals are from 4.7 ft sl
to —5.2 ft sl and from —11.3 ft sl to —21.3 ft sl for wells
DM108S and DM 108D, respectively). Boreholes GPS55
and GP625 are 69 ft and 47 ft, respectively, from monitor
well cluster DM 108, but all of these locations are about the
same distance (1,000 ft) from the source (fig. 4). Vertically
averaged concentrations of the chlorinated solvents varied
by a factor of approximately ten or less at these three loca-
tions (table 7). Direct-push sample GP561.B also was com-
pared with the March 2000 sample from monitor well
GSCP5M. Borehole GP561 is 40 ft from monitor well
GSCP5M (fig. 4). The altitudes and lengths of the screened
intervals used in this comparison are similar; the screened
intervals for GP561.B and GSCP5M are from —6 ft sl to —10
ft sl and from —8.3 ft sl to —11.3 ft sl, respectively. Concen-
trations of the chlorinated solvents varied by a factor of
approximately two at these two locations (table 7). Although

Table 7. Comparison of tetrachloroethene, trichloroethene, and cis-1,2-dichloroethene
concentrations in samples from monitor wells and direct-push boreholes,
Dover Air Force Base, Delaware, March—-November 2000

[ng/L, micrograms per liter; PCE, tetrachloroethane; TCE, trichloroethene; cis-1,2-DCE, cis-1,2-dichloroethene; VC, vinyl chloride;
E, estimated result below detection limit; ND, not detected. Values for GP555, GP625, and DM 108 are vertically averaged concentrations
from multiple samples. Values for GP561.B and GSCP5M are concentrations from individual samples.]

Well or

direct-push borehole  Sampling PCE TCE cis-1,2-DCE vVC
identification number date (ng/L) (ug/L) (ng/L) (ng/L)
GP625 11/09/2000 8.1 147 2.1 0.00
GP555 11/08/2000 23.9 50.8 8.7 .00
DM108 10/02/2000-10/03/2000 375 118 19.0 .88
GP561.B 11/06/2000 0.12E 15.6 10.7 ND
GSCP5M 03/06/2000 ND 7.2 45 B5E

Distribution of Volatile Organic Compounds 2



the comparisons shown in table 7 are not exact because
screen lengths differ, and the samples are separated both
spatially and temporally, the reasonable agreement between
the direct-push and conventional monitor well-sample results
indicates that the direct-push samples are representative of
VOC concentrations in the aquifer.

Assessment of Volatile Organic Compound
Mass Loss at WP14/LF15

An assessment of VOC mass loss in the plume migrating
from site WP14/LF15 was made by calculating the mass flux
across two plume transects, and by comparing concentration
ratios and mole fractions of selected chlorinated solvents on
the plume centerline. Because the plume from WP14/LF15
is relatively large (as compared to the plumes from the other
sites) and migrating toward the DAFB boundary, determin-
ing the amount of mass loss is particularly important at this
site. Intrinsic biodegradation probably is the most important
mass-loss reaction in the natural attenuation study area
(Barbaro, 2002, p. 12).

Mass Flux

The amount of mass lost (or gained) between sections
B-B’ and C-C’ (fig. 4) was determined by comparing the
calculated mass flux across each section. Sections B-B” and
C-C’ are approximately 300 ft and 1,100 ft downgradient of
the source, respectively. Mass flux is defined in this report
as the amount of contaminant mass migrating through a
cross section of the aquifer perpendicular to the ground-
water flow direction (Feenstra and others, 1996). The mass-
loss calculation is most accurate when the plume has been
mapped in three dimensions, and the concentrations in the
source area do not vary over time.

Calculations of mass flux (M) for PCE, TCE, and cis-
1,2-DCE were made at sections B-B’ and C—C” using the
method described by Einarson and Mackay (2001). To cal-
culate the mass flux, the concentrations in direct-push sam-
ples were assigned to rectangular cells constructed around
the direct-push screened intervals. This approach is shown
in figure 12 with TCE concentrations on section B-B’. The
lateral cell boundaries were positioned at the midpoints
between the direct-push boreholes. The upper and lower cell
boundaries were positioned at the midpoints between the
direct-push screened intervals. For the peripheral direct-
push sampling intervals in a given section, cell boundaries
were located by assuming that the cells were centered on the
screened interval (that is, symmetrical distances were used to
locate the outer boundaries of the cells) (fig. 12). The mass
flux (M,;) across an individual cell / was calculated by
multiplying the concentration and the area of the cell by the
specific discharge, and is given as

M, = 0.0103gCA, ,

My = the mass flux across cell i [MT"!],
q = the specific discharge [LT'I],
C; = the concentration in cell { ML,
4; = areaofcelli [L?], and
0.0103 = a conversion factor to convert the specific

discharge and concentrations to obtain mass
flux values in g/yr.

The ground-water flow rate was assumed to be uniform
spatially in the vicinity of the WP14/LF15 plume. Thus,
the average specific discharge of 0.1 ft/d calculated by
Barbaro (2002, p. 13) was used for all cells on sections B-B’
and C—C’. The total mass flux (M) in g/yr (grams per year)
was obtained by summing the individual M; flux values for
all n cells on a transect, and is given as

n
M, = Z My,
i=
where
My; = the total mass flux across a transect [MT].

The mass fluxes of PCE and TCE did not change sub-
stantially between sections B-B” and C-C’ (table 8). In
contrast, the mass flux of cis-1,2-DCE decreased between
sections (table §8). Based on the average ground-water
velocity of 0.4 ft/d, the traveltime between the sections is
approximately 5 years. If the plume is depleted in electron
acceptors and sufficient fermentative organic carbon is pre-
sent, reductive dechlorination likely will continue down-
gradient of the source (Wiedemeier and others, 1999,

p. 270), and substantial mass loss from intrinsic biodegrada-
tion could occur in a 5-year period. The similarity in mass-
flux values indicates that PCE and TCE mass loss in the
plume between sections B-B” and C-C’ was negligible,
however. Although concentrations of DO generally were
low (less than 1 mg/L) throughout the surficial aquifer
(Appendix 1), geochemical conditions may not have been
suitable for reductive dechlorination downgradient of the
source in this plume. In contrast, the mass-flux results
indicate that the cis-1,2-DCE mass declined by 65 percent
between these sections. The removal mechanism cannot

be determined from the available information; however,
because there are no common abiotic reactions that affect
cis-1,2-DCE (Barbaro, 2002, p. 20), the most likely reaction
is biodegradation. Studies have shown that cis-1,2-DCE
biodegrades under both aerobic and iron-reducing conditions
(Bradley, 1997; Bradley and Chapelle, 1998).
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Figure 12. Cell boundaries and concentrations used to calculate the mass flux of trichloroethene across section B-B',

Dover Air Force Base, Delaware.

Table 8. Mass fluxes of tetrachloroethene,
trichloroethene, and cis-1,2-dichloro-
ethene across sections B-B’ and C-C,
Dover Air Force Base, Delaware,
November—December 2000

[g/yr, grams per year; PCE, tetrachloroethane;
TCE, trichloroethene; cis-1,2-DCE, cis-1,2-
dichloroethene; traces of sections shown in figure 4]

Compound Upgradient Downgradient
section B-B’ section C—C’
(g/yr) (g/yr)

PCE 193 196

TCE 350 379

cis-1,2-DCE 195 69

Concentration Ratios

Concentration ratios of selected pairs of VOCs from
wells along section D-D’ (fig. 4) were used to determine
whether the decreasing concentrations of VOCs down-
gradient of the source were due solely to dilution from
dispersive mixing, or to both dilution and reaction. If the
concentration ratio of solute A to solute B is constant, then
log A=1.0 log B + log constant. When the logarithms of
the concentrations of A and B plot on the dilution line (slope
of 1.0 relative to the concentration ratio in the source area),
the decrease in solute concentrations is from dilution only. If
the concentrations deviate from a slope of 1.0, transforma-
tion reactions are affecting VOC concentrations downgradi-
ent of the source.

Concentration ratios of PCE and TCE, and TCE and cis-
1,2-DCE from samples collected along section D-D’ are
shown in figure 13. Samples with concentrations below
detection limits (values flagged with an "E", denoting
estimated results) and non-detections are not shown in the
figure. The dilution line in each graph has a slope of 1.0
relative to concentration ratios in the source area. Most
of the values in the graphs of log PCE-log TCE and
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Figure 13. Logarithms of concentrations of selected pairs of volatile organic compounds in ground-water samples
collected along section D-D' at site WP14/LF15, Dover Air Force Base, Delaware, November 2000 -
February 2001. (Trace of section shown in figure 4.)

log TCE-log cis-1,2-DCE are on or near the dilution line.
There may be minor PCE loss relative to TCE (possibly TCE
production) shown in the first graph, and more pronounced
cis-1,2-DCE loss relative to TCE shown in the second graph.
Based on the relations shown in these graphs, PCE and TCE
are not undergoing substantial chemical or biological trans-
formation downgradient of the source. Some cis-1,2-DCE
removal appears to be occurring, however. These results are
qualitatively consistent with the mass-flux calculations.

Mole Fractions

When reductive dechlorination occurs continuously
along a flow path, the proportion of parent compounds
(PCE and TCE) progressively decreases and the proportion
of daughter compounds (cis-1,2-DCE and VC) progres-
sively increases with distance from the source (fig. 14a)
(Wiedemeier and others, 1999, p. 271). Because reductive
dechlorination produces one mole of product for every mole
of reactant, the total number of moles remains constant;
consequently, the change in mole fractions along a plume
centerline can be a useful indicator of the occurrence of
reductive dechlorination reactions. Because proportions are
used, this approach is not greatly affected by concentration
fluctuations in the source area. Preferential removal of a
given compound by a different reaction mechanism, such as
oxidation, will affect the mole fractions, however. As
indicated by the mass flux calculations, the biodegradation
of ¢is-1,2-DCE is one such reaction that appears to occur in
the WP14/LF15 plume. In the absence of continuous reduc-
tive dechlorination of PCE and TCE, the occurrence of

cis-1,2-DCE biodegradation should cause the mole frac-
tions of PCE and TCE to increase along the flow path.

To determine whether reductive dechlorination continues
to occur downgradient of the source area, mole fractions of
PCE, TCE, and cis-1,2-DCE were calculated from samples
along section D-D’ (fig. 4). Samples from the core of the
plume (samples with the highest concentrations in the verti-
cal profile) were assumed to be representative of water
quality along a single flow path, and, therefore, form a repre-
sentative mole-fraction trend. To calculate the mole frac-
tions, concentrations of PCE, TCE, and cis-1,2-DCE in pg/L
were first converted to molar concentrations. Mole frac-
tions in each sample then were calculated as a percentage of
the total moles of PCE, TCE and cis-1,2-DCE. The mole
fractions of these compounds in samples from wells along
section D-D’ are shown in figure 14b. Variability in mole
fractions is evident, which may reflect temporal variability
in source proportions that propagated downgradient. In
contrast to the hypothetical case of continuous reductive
dechlorination of the parent compounds accompanied by an
accumulation of cis-1,2-DCE (fig. 14a), a clear indication of
decreasing mole fractions of parent compounds is not
evident along section D-D’ (fig. 14b). The mole-fraction
results indicate, therefore, that substantial PCE and TCE
removal does not occur downgradient of the source area in
this plume. This conclusion is consistent with the findings
from the concentration-ratio and mass-flux analyses.
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Summary and Conclusions

Ground-water and surface-water sampling was con-
ducted in the natural attenuation study area in the East
Management Unit of Dover Air Force Base, Delaware in the
vicinity of four sites contaminated with chlorinated solvents
and fuel hydrocarbons—Fire Training Area Three, the
Rubble Area Landfill, the Receiver Station Landfill, and the
Liquid Waste Disposal Landfill. The investigation was
conducted by the U.S. Geological Survey, in cooperation
with the U.S. Air Force, to address issues that were identi-
fied as needing further study in a previous U.S. Geological
Survey report on the effectiveness of natural attenuation.
The specific objectives of this study were to (1) determine
the areal and vertical extent of the contaminant plumes and
source areas, (2) determine volatile organic compound con-
centrations in the ground-water discharge areas and in
surface water under base-flow conditions, (3) evaluate the
potential for off-site migration of the mapped plumes, and
(4) estimate the amount of mass loss downgradient of the
Liquid Waste Disposal and Receiver Station Landfills.

The sample-collection methods used in this study
primarily were “profiling” methods that do not include the
installation of permanent monitoring instrumentation. A
Geoprobe direct-push drill rig was used to determine the
three-dimensional distribution of volatile organic com-
pounds in the surficial aquifer. To supplement the direct-
push data, two previously installed multilevel piezometers
near the Liquid Waste Disposal and Receiver Station Land-
fills also were sampled. To collect samples in ground-water
discharge areas, a hand-driven mini-piezometer was used.
Surface-water samples were collected from four locations
along Pipe Elm Branch and the drainage ditch adjacent to
Fire Training Area Three. The interpretations in this report
are based on a total of 319 ground-water samples and four
surface-water samples collected from November 2000
through February 2001. Tetrachloroethene, trichloroethene,
and cis-1,2-dichloroethene are the most prevalent volatile
organic compounds in the surficial aquifer underlying the
natural attenuation study area. Concentrations above
U.S. Environmental Protection Agency maximum contami-
nant levels were found most frequently in samples collected
near the source areas. Methyl fert-butyl ether, benzene,
toluene, ethylbenzene, m,p-xylene, and o-xylene were
detected in a smaller number of samples, and vinyl chloride
was not detected in any sample.

The contaminant plume migrating from Fire Training
Area Three has an approximate length of 500 feet. The
plume consists predominantly of cis-1,2-dichloroethene, a
daughter product, indicating that extensive reductive de-
chlorination of tetrachloroethene and trichloroethene has
occurred. The plume migrating from the Rubble Area
Landfill has an approximate length of 800 feet, and also is
composed predominantly of cis-1,2-dichloroethene. With an
approximate length of 2,200 feet, the plume migrating from
the Receiver Station and Liquid Waste Disposal Landfills is
the largest of the three plumes in the East Management Unit.

The parent compounds tetrachloroethene and trichloro-
ethene as well as cis-1,2-dichloroethene are present down-
gradient of the source at this site. Vertical water-quality
profiles indicate that volatile organic compounds are present
mainly in the upper part of the surficial aquifer, which is 30—
60 feet thick in the natural attenuation study area. Plumes of
fuel hydrocarbon compounds were not detected in the
natural attenuation study area.

Volatile organic compounds were present at concentra-
tions above detection limits in 6 of 14 samples collected
from the aquifer underlying the streambed of Pipe Elm
Branch and the drainage ditch adjacent to Fire Training Area
Three. These detections indicate that the plumes migrating
from Fire Training Area Three and the Receiver Station and
Liquid Waste Disposal Landfills are reaching these ground-
water discharge areas. The fate of the volatile organic com-
pounds between the mini-piezometer sampling points and
the streambed was not determined, however. In contrast,
sampling results indicate that the plume from the Rubble
Area Landfill does not reach these discharge areas. Tri-
chloroethene was present above detection limits in one of
four surface-water samples collected from Pipe Elm Branch
and the drainage ditch adjacent to Fire Training Area Three.
The trichloroethene concentration was below applicable
Delaware Department of Natural Resources and Environ-
mental Control surface-water quality standards for human
health.

The plan-view maps of the plume migrating from the
Receiver Station and Liquid Waste Disposal Landfills indi-
cate that tetrachloroethene, trichloroethene, and cis-1,2-
dichloroethene possibly migrate off Dover Air Force Base
property approximately 1,500 feet downgradient of the
source area. Inthis area, the direction of plume migration is
roughly parallel to the Dover Air Force Base boundary,
which probably restricts the extent of off-site migration.
Sampling results indicate that off-site migration of the other
two plumes in the East Management Unit is unlikely.

Because the plume migrating from the Receiver Station
and Liquid Waste Disposal Landfill sites is migrating toward
the Dover Air Force Base boundary, an assessment of the
occurrence and amount of chlorinated-solvent mass loss
downgradient of the source areas was made. The assess-
ment consisted of calculating mass fluxes across two tran-
sects perpendicular to the ground-water flow direction, and
comparing the concentration ratios and mole fractions of
selected volatile organic compounds in samples from bore-
holes on the plume centerline. The results of these analyses
indicated that tetrachloroethene and trichloroethene mass
loss downgradient of the source is negligible. Cis-1,2-di-
chloroethene, however, appears to biodegrade by an un-
identified reaction in the plume. Additional information on
geochemical conditions and potential reaction mechanisms
would be useful in determining the extent of intrinsic biode-
gradation of these compounds.

The ground- and surface-water samples collected in this
study led to an improved understanding of the areal and
vertical extent of the volatile organic compound plumes, the
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fate of volatile organic compounds in the ground-water
discharge areas, and the amount of intrinsic biodegradation
downgradient of the Receiver Station and Liquid Waste
Disposal Landfills. The information presented in this report
will be useful in determining the locations of permanent
monitoring instrumentation, and improving the Long-Term
Monitoring program in the East Management Unit of Dover
Air Force Base. Further data collection to (1) determine the
boundaries of the plumes in localized areas, (2) determine
the effectiveness of the surface-water bodies as ground-
water and contaminant discharge boundaries, (3) monitor
the effect of contaminant discharge on surface-water quality,
and (4) better understand the geochemical conditions and
reaction mechanisms in streambed sediments and in the
surficial aquifer downgradient of the Receiver Station and
Liquid Waste Disposal Landfills still may be needed to
conduct future evaluations of the effectiveness of natural
attenuation at these sites.
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