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Conversion Factors and Datum

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 4,047 square meter (mz)
acre 0.4047 hectare (ha)
square foot (ftz) 929.0 square centimeter (cmz)
square foot (ftz) 0.09290 square meter (mz)
square mile (miz) 259.0 hectare (ha)
square mile (miz) 2.590 square kilometer (kmz)
Volume
gallon (gal) 3.785 liter (L)
cubic inch (in3) 16.39 cubic centimeter (cm3 )
Flow rate
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per minute (gal/min) 0.00223 cubic foot per second (f3/s)
Mass
pound, avoirdupois (Ib) 0.4536 kilogram (kg)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C) + 32

Vertical coordinate information is referenced to the “National Geodetic Vertical Datum of 1929
(NGVD 29).”

Altitude, as used in this report, refers to distance above the vertical datum.

Concentrations of chemical constituents in soil are given in micrograms per kilogram (pg/kg) and
concentrations of chemical constituents in tree-core samples are given as micrograms in head-
space per kilogram of wet core (ug-h/kg).



Assessment of Subsurface Chlorinated Solvent
Contamination Using Tree Cores at the Front Street Site

and a Former Dry Cleaning Facility at the Riverfront
Superfund Site, New Haven, Missouri, 1999-2003

By John G. Schumacher!, Garrett C. Struckhoff', and Joel G. Burken?

Abstract

Tree-core sampling has been a reliable and inexpensive
tool to quickly assess the presence of shallow (less than about
30 feet deep) tetrachloroethene (PCE) and trichloroethene
(TCE) contamination in soils and ground water at the Riverfront
Superfund Site. This report presents the results of tree-core
sampling that was successfully used to determine the presence
and extent of chlorinated solvent contamination at two sites, the
Front Street site (operable unit OU1) and the former dry clean-
ing facility, that are part of the overall Riverfront Superfund
Site. Traditional soil and ground-water sampling at these two
sites later confirmed the results from the tree-core sampling.
Results obtained from the tree-core sampling were used to
design and focus subsequent soil and ground-water investiga-
tions, resulting in substantial savings in time and site assess-
ment costs.

The Front Street site is a small (less than 1-acre) site
located on the Missouri River alluvium in downtown New
Haven, Missouri, about 500 feet from the south bank of the Mis-
souri River. Tree-core sampling detected the presence of sub-
surface PCE contamination at the Front Street site and beneath
residential property downgradient from the site. Core samples
from trees at the site contained PCE concentrations as large as
3,850 pg-h/kg (micrograms in headspace per kilogram of wet
core) and TCE concentrations as large as 249 pg-h/kg. Soils at
the Front Street site contained PCE concentrations as large as
6,200,000 pg/kg (micrograms per kilogram) and ground-water
samples contained PCE concentrations as large as 11,000 pg/L
(micrograms per liter). The former dry cleaning facility is
located at the base of the upland that forms the south bank of the
Missouri River alluvial valley. Tree-core sampling did not indi-
cate the presence of PCE or TCE contamination at the former
dry cleaning facility, a finding that was later confirmed by the
analyses of soil samples collected from the site.
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The lateral extent of PCE contamination in trees was in
close agreement with the extent of subsurface PCE contamina-
tion determined using traditional soil and ground-water sam-
pling methods. Trees growing in soils containing PCE concen-
trations of 60 to 5,700 pg/kg or larger or overlying ground water
containing PCE concentrations from 5 to 11,000 pg/L generally
contained detectable concentrations of PCE. The depth to con-
taminated ground water was about 20 to 25 feet below the land
surface. Significant quantitative relations [probability (p) val-
ues of less than 0.05 and correlation coefficient (r2) values of
0.88 to 0.90] were found between PCE concentrations in trees
and subsurface soils between 4 and 16 feet deep. The relation
between PCE concentrations in trees and underlying ground
water was less apparent (r* value of 0.17) and the poor relation
is thought to be the result of equilibrium with PCE concentra-
tions in soil and vapor in the unsaturated zone. Based on PCE
concentrations detected in trees at the Front Street site and trees
growing along contaminated tributaries in other operable units,
and from field hydroponic experiments using hybrid poplar cut-
tings, analysis of tree-core samples appears to be able to detect
subsurface PCE contamination in soils at levels of several hun-
dred micrograms per liter or less and PCE concentrations in the
range of 8 to 30 pg/L in ground water in direct contact with the
roots.

Loss of PCE from tree trunks by diffusion resulted in an
exponential decrease in PCE concentrations with increasing
height above the land surface in most trees. The rate of loss also
appeared to be a function of the size and growth characteristics
of the tree as some trees exhibited a linear loss with increasing
height. Diffusional loss of PCE in small (0.5-inch diameter)
trees was observed to occur at a rate more than 10 times larger
than in trees 6.5 inches in diameter. Concentrations of PCE also
exhibited directional variability around the tree trunks and con-
centration differences as large as five-fold were observed
around the trunks of several trees. The directional differences
were attributable to spatial differences in PCE concentrations in
soils around the trees and to natural “twisting” of the tree trunks.
The directional differences also may be caused by diffusion of
PCE vapors in the unsaturated zone into the tree roots. Compar-
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ison of PCE concentrations in core and sap samples confirms
laboratory sorption studies and indicates that the vast majority
(greater than 95 percent) of the PCE and TCE reside in the wood
phase and not the transpiration stream.

Introduction

The assessment of shallow, subsurface contamination by
volatile organic compounds (VOCs) generally has involved the
collection of soil, soil-gas, or ground-water samples from bore-
holes. While advances in drilling, sample collection, and on-site
analysis have greatly improved site characterization, the collec-
tion of these samples must still be done by invasive methods
using equipment that typically requires vehicle access across
the site. Unfortunately, cultural features or overgrowth of veg-
etation limits access to many abandoned or potential waste-dis-
posal sites. In addition, contaminants in ground water may
migrate beneath adjacent parcels of land where access for sam-
pling can be limited by local landowners. Recent research has
shown that VOCs are present in core samples from trees
exposed to contaminated ground water (Burken and Schnoor,
1998; Compton and others, 1998; Vroblesky and others, 1999).
Vroblesky and others (1999) demonstrated that trees growing
above contaminated shallow ground water at the Savannah
River site in South Carolina contained concentrations of trichlo-
roethene (TCE) and cis-1,2-dichloroethene (cis-DCE) that gen-
erally reflected concentrations in a chlorinated solvent plume
previously identified by analyses of water samples from moni-
toring wells and piezometers. In laboratory studies, concentra-
tions of TCE in the transpiration stream of hybrid poplar trees
were shown to correlate with TCE concentrations in simulated
ground water (Ma and Burken, 2002, 2003).

The available literature suggests that tree-core sampling
may be an effective tool for the assessment of subsurface VOC
contamination. Tree-core samples have been successfully used
to map subsurface contamination by chlorinated solvents and
guide the placement of monitoring wells at the Riverfront
Superfund Site (U.S. Environmental Protection Agency, 2001).
Tree-core sampling, in conjunction with traditional soil and
ground-water sampling, was used to map the extent and magni-
tude of subsurface VOC contamination at several operable units
at the Riverfront Superfund Site and to identify several addi-
tional areas for future investigation (U.S. Environmental Pro-
tection Agency, 2003). Application of tree-core sampling at the
Riverfront Superfund Site is unique, in that unlike previous
field studies (Vroblesky and others, 1999; Cox, 2002), no sub-
surface data previously existed at the Riverfront Superfund Site
and tree-core sampling was the primary tool used in the initial
site assessment.

Background

The Riverfront Superfund Site is located in Franklin
County, Missouri, about 40 mi (miles) west of St. Louis, Mis-

souri, in the town of New Haven, Missouri (fig. 1). During rou-
tine public water-supply well testing in 1986, the Missouri
Department of Natural Resources (MDNR) detected the VOC
tetrachloroethene (PCE) in two public water-supply wells (W1
and W2) drilled to more than 800 ft (feet) deep in the northern
part of New Haven. Following the discovery of the PCE con-
tamination above the U.S. Environmental Protection Agency
(USEPA) maximum contaminant level (MCL) of 5 pg/L
(micrograms per liter) for PCE, two new public water-supply
wells (W3 and W4) were installed in the southern part of the
city, and several investigations of potential sources of the con-
tamination were made by the MDNR and the USEPA during the
late 1980’s and early 1990’s.

The initial investigations of PCE contamination of the
public water-supply wells indicated several facilities that were
potential sources of the PCE. These facilities included:

e an abandoned manufacturing building in downtown

New Haven on Front Street (Front Street site);

* aformer dry cleaning facility at the intersection of Wall
and Miller Streets;

* ametal fabrication plant (metal plant) in south New
Haven on Industrial Drive (Kellwood site);

* ametal finishing plant unit on the east side of the city
on East Industrial Drive;

e afabric plant in the east part of the city on Orchard
Street;

* the old city dump on the east side of the city limits; and

* an old (abandoned) hat factory on Wall Street south of
public water-supply well W1.

The abandoned manufacturing building in downtown New
Haven and former dry cleaning facility were identified as two
of the most likely sources of the contamination because they are
within 600 ft of the contaminated city wells (fig. 1). In 1998, the
USEPA asked the U.S. Geological Survey (USGS) for technical
assistance in understanding the geohydrology of the New
Haven area and to provide information on the possible direc-
tions of ground-water flow and PCE migration from potential
sources previously identified. The USGS technical assistance
was performed as an Expanded Site Investigation/Remedial
Investigation (ESI/RI) that was completed in 2000 (U.S. Envi-
ronmental Protection Agency, 2001). The ESI/RI included an
initial assessment of several sites using tree cores. In December
2000, as a result of the additional data collected during the ESI/
RI, the site officially was placed on the National Priorities List
(NPL) or “Superfund”. The Riverfront Superfund Site currently
(2003) has five operable units that include several abandoned
and existing manufacturing facilities where PCE was or may
have been used and disposed within the city (fig. 1). Core sam-
ples collected from hundreds of trees have been used in the
characterization of subsurface VOC contamination at the vari-
ous Remedial Investigation (RI) operable units and along sani-
tary sewer lines throughout the city. The RI and Feasibility
Study (FS) for one of the operable units, the Front Street site,
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were completed in 2003 (U.S. Environmental Protection
Agency, 2003; Black and Veatch Special Projects Corporation,
2003). A Record of Decision (ROD) for the Front Street site was
prepared by the USEPA in September 2003.

Purpose and Scope

The report describes the assessment of subsurface chlori-
nated solvent contamination using tree cores at two sites in
downtown New Haven, Missouri (Front Street site and the
former dry cleaning facility) that were investigated as part of the
Riverfront Superfund Site. During an initial assessment in
1999, core samples were collected from 32 trees in the down-
town area. Results from these samples were used to scope and
design the subsurface characterization of soils and a ground-
water monitoring network at what would become RI operable
unit OU1 (Front Street site). The former dry cleaning facility is
within several hundred feet of OU1 and was investigated as part
of the OU1 investigation. During the RI, which began in 2000,
hundreds of soil and dozens of ground-water samples were col-
lected to characterize the extent and magnitude of contamina-
tion at these two sites. Additional tree-core samples also were
collected during the RI to better understand the relations
between chlorinated solvent concentration in trees and the sub-
surface. As of May 2003, more than 70 trees have been sampled
in the vicinity of the Front Street site and the former dry clean-
ing facility. Data from tree-core sampling were compared to
more traditional site characterization data, such as data from
soil borings and monitoring wells, to demonstrate that the initial
assessment using tree cores was a reliable indicator of the pres-
ence or absence of subsurface VOC contamination at these two
sites. Relations between concentrations of VOCs in tree cores,
soil, and ground water are presented along with data suggesting
that concentrations of VOCs in the tree-core samples are depen-
dent upon the VOC concentrations in the subsurface, depth to
ground water, collection height, tree size and species, and direc-
tional location around the tree trunk. Practical considerations
and possible limitations on the use of tree coring in site assess-
ment based on experiences at the Riverfront Superfund Site also
are presented.

Description of the Study Area

The Front Street site is on the northwest corner of the inter-
section of Front Street and Cottonwood Street in downtown
New Haven (fig. 2). The site consists of a vacant 15,000 ft?
(square foot), one-story building (Front Street building) situated
on a 1.5-acre lot east of Cottonwood Street, and a 0.1-acre
vacant lot on the west side of Cottonwood Street (fig. 2). The
building lot is level with less than 1.5 ft of relief. Front Street
provides access to a boat ramp on the Missouri River about 500
ft northeast of the site and to the city wastewater lagoon east of
the site. The Front Street site is behind a flood protection levee
designed and built by the U.S. Army Corps of Engineers
(USACE) that surrounds downtown New Haven (fig. 2).

Several industries have operated at the site since the
1950’s and the Front Street building was built in at least five
phases. The initial part of the building was built in the late
1940’s and operated as a local “machine shop”. In the early
1950’s, a major manufacturer of tents and outdoor products
moved several production facilities into New Haven. From the
early 1950’s through 1972, the machine shop was contracted to
manufacture and finish aluminum tent poles and stakes and sev-
eral additions were made to the building to accommodate the
increased business. The process included cleaning the poles
with PCE. After 1972, several other industries operated for
short periods at the facility, including a hospital bed manufac-
turer, a truck spring plant, a golf cart supplier, and an automo-
bile repair shop.

The Front Street site is located on the Missouri River flood
plain about 400 ft from the south bank of the river, and is under-
lain by between 20 and 35 ft of alluvial sediments. The surface
of the alluvium is gently sloping and ranges from an altitude of
about 501 ft near the railroad tracks south of the building to
about 490 ft at the boat ramp northeast of the site (fig. 2). The
edge of the alluvium is immediately south of the railroad tracks,
and its thickness increases toward the Missouri River where it
is more than 50 ft thick. The stratigraphy of the alluvium at OU1
is relatively homogeneous, consisting mostly of silt and silty-
loam from 0 to about 20 ft deep, grading into fine- and coarse-
grained sands deeper than 20 to 25 ft (U.S. Environmental Pro-
tection Agency, 2003). Ground water in the alluvium beneath
the site averages about 20 to 25 ft below the land surface. Dur-
ing periods of flooding, water levels rise to within 10 ft below
the land surface, and may be shallower during prolonged peri-
ods of flooding such as occurred during 1993 and 1995. At nor-
mal river stages, ground-water flow in the alluvium beneath the
site is northeast toward the Missouri River. However, during
periods of high river stages, a trough develops in the alluvial
water table just northeast of the site and parallel to the river (fig.
3).

The former dry cleaning facility is located near the inter-
section of Wall Street and Miller Street near the base of the
upland slope composing the south boundary of the Missouri
River valley (fig. 2). The site is in a residential area and is about
300 ft from the contaminated city well W2. From the late 1950’s
through the early 1970’s, dry cleaning was done in the basement
of what is now a residence situated on a small (less than 0.2
acre) lot on the south side of Wall Street (U.S. Environmental
Protection Agency, 2003). The lot slopes steeply from Wall
Street to the south property line, which borders the back yard of
an adjacent residence. Access to the site is restricted because of
the high density of homes and steep slopes. The site is underlain
by a mixture of loess and colluvium. City utility workers indi-
cate that bedrock beneath Wall Street north of the former dry
cleaning facility is less than 7 ft deep. A small intermittent
creek, which drains about 0.1 mi® (square mile) of residential
area to the south, is about 100 ft south of the former dry cleaning
facility. The creek flows beneath Miller Street north of city well
W2 and enters a concrete storm drain near the railroad tracks.
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Sample Collection and Analysis

Core samples generally were collected from trees with
diameters of 3 in. (inches) or larger. If multiple species were
present at a single location, preference was given to species that
are known to grow rapidly and have deep root systems, such as
mulberry, poplar, and cottonwood. A 0.169- by 6-in. long incre-
ment borer was used to collect the core samples. During the ini-
tial assessment in 1999, composite samples from trees were pre-
pared by collecting two cores from opposite sides of each tree
about 3 ft above the land surface. Only one core was collected
from trees smaller than about 6-in. diameter. Cores from each
tree were placed in a single pre-weighed 40-mL (milliliter) stan-
dard VOC vial fitted with a Teflon-lined septum cap. Cores
were collected as quickly as possible to minimize volatilization
loss. Typically, cores from a single tree were collected within
one minute and the vial was capped immediately after the col-
lection of each core. At least one core sample was collected
from the side facing the suspected contaminated area. For
example, trees on the north side of the Front Street building
were initially cored on the south side, then on the north side
depending on the diameter of the tree. Trees along the railroad
tracks initially were cored on the south side, then on the north
side depending on their diameter. Cores collected from trees at
the former dry cleaning facility were collected from opposite
sides of each tree, but at no specified side because the suspected
area of dumping, if any occurred, was not known at that time.
Because of concerns about PCE volatilization from the vial
when adding the second core, after 1999, only single cores were
collected from each tree.

After collection, vials were returned to the USGS labora-
tory in Rolla, Missouri, and allowed to equilibrate overnight at
room temperature to allow PCE and other VOCs to diffuse from
the cores into the headspace in the vial. A 250-uL (microliter)
sample of the headspace in the vials was collected using a glass
syringe. The samples were analyzed using a Photovac 10S Plus
gas chromatograph (GC) equipped with a photoionization
detector. Chromatographic separation was performed isother-
mally at 40 °C (degrees Celsius) for 500 seconds with a CPSIL
5 capillary column with an air flow rate of 10.5 mL/min (milli-
liters per minute). Standards were prepared daily by placing 5
pL of a methanol-based standard solution containing certified
quantities of PCE, TCE, cis-DCE, benzene, and toluene into a
40 mL septum-capped vial containing 20 mL of organic-free
distilled water. The stock standard solution was obtained from
Supelco in sealed glass ampules and stored at -20 °C until use.
Samples containing concentrations of individual VOCs larger
than 50 pg/L were rerun and diluted by injecting a smaller quan-
tity of sample collected from the headspace of the vial.

Concentrations of PCE and other VOCs in tree cores ini-
tially were expressed as micrograms of VOC per kilogram of
wet core (U.S. Environmental Protection Agency, 2001, 2003).
This was done assuming that the partitioning of PCE and other
VOCs between the headspace and core was similar to that
between air and water. Recent research has provided partition-
ing coefficients between air/wood and wood/water for TCE and
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PCE (Ma and Burken, 2002, 2003; Struckhoff, 2003) and con-
centrations expressed in this report have been adjusted and
reported as mass (micrograms) of VOC in the headspace per
kilogram of wet core (ug-h/kg). This unit of measure was cho-
sen because it is a compromise between the inherent inaccuracy
of reporting only headspace concentration and the more accu-
rate approach of reporting wood and transpiration stream con-
centrations using partitioning coefficients between water,
wood, and air. A limitation of using partitioning coefficients to
determine the fractions of VOCs in wood, water, and air is that
it is necessary to determine partitioning coefficients for every
compound in every type of plant material being sampled.
Recently published values of partitioning coefficients of PCE
into poplar trees indicate that about 95 percent of the PCE is
sorbed into the wood while only about 5 percent is present in the
water phase (Struckhoff, 2003). Because the majority of PCE in
the core resides in the wood phase, the headspace concentra-
tions in this report were normalized to the total core mass, rather
than to the core water mass. By normalizing to total core mass,
all that is required is to multiply the headspace concentration by
the headspace volume and divide by the total core mass.

There are some limitations associated with expressing con-
centrations as micrograms in headspace per mass of core. First,
the headspace in the vial (empty vial less volume of core) con-
taining the core must be known. The volume of core often is cal-
culated using an assumed density of the tree core. In this report,
the core density was assumed to be 1.0 g/cm3 (gram per cubic
centimeter). Actual densities of trees cored in the New Haven
area probably are in the range of 0.5 to 0.9 g/cm3 reported for
cedar, maple, and oak (CRC Press Inc., 1989). Because of the
generally small volume of core to total vial volume, the error in
reported VOC concentration introduced by assuming the core
density of 1.0 is less than 5 percent. Second, in cases where
composite samples of multiple cores are placed in the same vial,
there can be significant loss of the contaminant in the few sec-
onds while the vial lid is open. This can be understood by con-
sidering that Henry’s Law indicates that about 40 percent of
PCE goes into the headspace and the observation that when a
core is placed into a vial and capped, condensation usually can
be seen almost immediately on the inside of the glass. The rapid
formation of condensation indicates a rapid loss of water, and
probably VOC:s, from the core, and demonstrates that the vials
must be capped as quickly as possible. Another limitation in
headspace analysis is variability between different sampling
procedures such as the use of different sized vials. If two cores
of the same size are placed into different sized vials, measured
VOC concentrations will be different when reported as micro-
grams in headspace per kilogram of wet core. Therefore, the
size of cores in proportion to the vial size should remain approx-
imately the same during field sampling efforts or results will not
be directly comparable.
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Assessment of Subsurface Contamination at
the Front Street Site

Through interviews with local residents and former
employees of the relevant facilities, the USEPA determined that
PCE was used and probably disposed at the Front Street site
during the 1950’s and 1960’s. However, specific information
regarding the quantities of PCE used and manner and location
of disposal at the site was not known. Because the site is near a
USACE-sponsored flood protection levee, stringent limitations
exist on the installation of subsurface borings and monitoring
wells to protect the stability of the levee foundation. In addition
to limitations on subsurface boring and drilling, the property
north and northeast of the Front Street building is residential
and under private ownership. Because of the restrictions on sub-
surface boring and the occasional reluctance of some residential
property owners to grant access for drill rigs, the site was a good
candidate for an initial reconnaissance using tree-coring meth-
ods.

Initial Site Assessment Using Tree Cores

The initial tree-core sampling at the Front Street site was
conducted during July and August 1999. Trees were selected
based on their proximity to the Front Street building. Several
trees were cored again during October 1999 to serve as positive
controls for the initial assessment of the former dry cleaning
facility. PCE was detected in 13 of the 26 trees cored in the
downtown area (fig. 2). Concentrations of PCE detected ranged
from a trace concentration of 0.32 pg-h/kg (microgram in head-
space per kilogram of wet core) in a hackberry tree (TW09)
west of the site to 162 pg-h/kg in a mulberry tree (TW08) on the
north side of the building (table 1). Except for the trace PCE
concentrations (less than 1.0 pug-h/kg) in trees TW09 and TA02,
all PCE detections were in trees along the north side of the
building or on residential property north of the site.

TCE was detected in only five trees and at concentrations
less than 5.0 pg-h/kg (table 1). The largest TCE concentration
detected was 3.14 pg-h/kg in tree TWOS. Concentrations of
TCE generally were positively correlated with PCE concentra-
tions. Four background trees (TGO1, TG02, TG03, and TG04)
were sampled in the western part of the downtown area to serve
as negative controls (fig. 2). None of the background trees con-
tained PCE or TCE, but three of the four did contain detectable
concentrations of toluene (1.32 to 4.44 ug-h/kg) or benzene
(7.47 ng-h/kg). Toluene also was detected in samples from trees
TWOI1 and TWO02 (0.39 and 1.33 pg-h/kg). There was an auto-
mobile dealership, a bulk fuel depot, and several former gaso-
line service stations in downtown New Haven, and several old
underground fuel tanks were identified during the RI (U.S.
Environmental Protection Agency, 2003). Leaks or spills at
these facilities may be a source of the small concentrations of
benzene and toluene detected in some trees. Several trees also
contained small concentrations of what appeared to be cis-

DCE; however, core samples from negative control trees in a
remote national forest contained small (few micrograms in
headspace per kilogram of wet core) concentrations of a com-
pound with a similar retention time to cis-DCE; therefore, con-
centrations of cis-DCE less than 10 pg-h/kg are considered
unreliable.

Considerable variability (52 to 55 percent difference) was
present in replicate core samples collected from trees TW02 and
TWO08 with the replicate sample being smaller. This variability
is probably caused by differences in sampling technique as the
replicate cores were placed in vials that contained 5 mL of
organic-free water and were stored in an inverted position
before analysis. The water was added to reduce the potential for
diffusive loss of VOCs through the septa of the vials. Rather
than preventing VOC loss, the addition of water appeared to
enhance VOC loss because the replicate samples contained up
to 55 percent less PCE than the original sample. The smaller
concentrations in the replicate samples probably result from a
combination of PCE partitioning into the water phase and
slightly longer time required to avoid spilling water from the
vials while adding the core samples. The addition of water to
replicate vials was not done after August 1999.

Based on the results of the initial tree-core sampling, the
USEPA determined that PCE contamination was present at the
Front Street site and that additional investigation of the site was
warranted. The absence of significant PCE concentrations in
trees south and west of the Front Street building was interpreted
to mean that potential spills along the railroad tracks or at the
old automobile dealership (west of the site) probably were not
the source of PCE contamination. Based on the presumed direc-
tion of ground-water flow in the alluvium beneath the site
(north-northeast toward the Missouri River) and the large con-
centrations of PCE in trees along the north side of the building,
a conceptual model of PCE contamination at the site was devel-
oped (U.S. Environmental Protection Agency, 2003). This con-
ceptual model was that PCE was disposed at or in the immediate
vicinity of the Front Street building and that a plume of PCE
contaminated ground water was moving beneath the private
property north of the site and discharging into the Missouri
River.

Comparison of Tree-Core Sampling to Traditional Soil
and Ground-Water Sampling at the Front Street Site

During the RI of the Front Street site, an additional 39 trees
near the site were sampled (U.S. Environmental Protection
Agency, 2003). These trees were sampled as part of a larger
effort to characterize the extent and magnitude of subsurface
contamination at the site, which included the collection of sub-
surface soil samples from more than 140 locations, and ground-
water samples from 7 monitoring wells and 21 temporary drive
point locations in the alluvial aquifer near the site (U.S. Envi-
ronmental Protection Agency, 2003). During the RI, tree-core
samples generally were collected contemporaneously with soil
and ground-water samples. However, in the case of a private



Table 1. Concentrations of tetrachloroethene (PCE) and other volatile organic compounds in tree-core samples collected from downtown New Haven, Missouri,
during 1999

[All concentrations in micrograms per liter in headspace per kilogram of wet core; Rep, replicate; PCE, tetrachloroethene; TCE, trichloroethene; cis-DCE, cis-1,2-dichloroethene; t-DCE, trans-1,2-dichloroethene;
--, no data; <, less than; in., trunk diameter in inches; J, estimated concentration below the method reporting limit]

id:nr:?ier Date Time Rep PCE TCE cis-DCE t-DCE Benzene Toluene Description
Trees sampled near the Front Street building or downtown area

TAO1 08/11/99 -- - 1.38 <0.8 <10 <0.8 <0.8 <0.8 10 in. Hard maple

TA02 08/11/99 - -- 5817 <8 <10 <8 <8 <8 10 in. Birch, 3 trunks

TBO1 08/11/99 -- - 35.7 7] <10 <8 <8 <8 11 in. Walnut

TB02 07/13/99 1236 -- 93 <8 <10 <8 <8 <8 20 in. Silver maple
08/11/99 -- - 99 <8 <10 <8 <.8 <8 20 in. Silver maple

TGO1 08/11/99 -- - <.8 <8 <10 <8 <8 1.32 34 in. Chinese elm

TGO02 08/11/99 -- - <.8 <8 <10 <8 <.8 2.66 34 in. Chinese elm

TGO03 08/11/99 - -- <8 <8 <10 <8 7.47 4.44 36 in. Chinese elm

TG04 08/11/99 - - <8 <8 <10 <8 <8 <8 34 in. Silver maple

TMO1 08/20/99 -- - <8 <8 .64 <8 <8 <8 30 in. Boxelder

T™MO02 08/20/99 -- - <8 <8 <10 <8 <8 <8 38 in. Silver maple

TMO03 08/20/99 -- - <8 <8 <10 <8 <8 <.8 12 in. Hard maple

TRO1 08/11/99 - -- <8 <8 <10 <8 <8 <8 7 in. Hackberry

TRO2 08/11/99 -- - 577 <8 <10 <8 <8 <8 6 in. Chinese elm

TRO3 08/11/99 - -- <8 <8 <10 <8 <8 <8 4 in. Hackberry, 3 trunks

TRO4 08/11/99 - - <8 <8 <10 <8 <8 <8 4 in. Hackberry

TWO1 08/11/99 - -- <8 <8 <10 <8 <8 .39J 11 in. Mulberry

TWO02 08/11/99 -- - 37.1 <8 <10 <8 <.8 1.33 10 in. Eastern red cedar
10/22/99 1719 - 53.2 <8 217 <8 <8 2.38 10 in. Eastern red cedar
10/22/99 1719 R 24.1 <8 5617 <8 <.8 <8 10 in. Eastern red cedar

TWO03 08/11/99 - -- 9.93 <.8 2057 <.8 1.45 <.8 6 in. Chinese elm
10/22/99 1719 -- 9.94 <.8 14117 <.8 <8 <8 6 in. Chinese elm

TWO04 08/11/99 -- - 47.6 .10 <10 <8 .04] <8 3 in. Mulberry, 2 trunks

TWO05 08/11/99 -- - 345 <8 <10 <8 <8 <8 4 in. Mulberry

TWO06 08/11/99 -- - 75.9 1.85 <10 <8 4817 <8 3 in. Mulberry

TWO07 08/11/99 - -- 41.1 1.37 <10 <.8 <8 <.8 10 in. Cottonwood

TWO08 07/13/99 1226 - 84.0 4217 <10 <8 <8 <8 8 in. Mulberry
07/13/99 1226 R 55.4 171 <10 <8 <8 <8 8 in. Mulberry
08/11/99 -- - 162 3.14 2.581 <8 371 <8 8 in. Mulberry

TWO09 08/11/99 - -- 3217 <8 <10 <8 057 <8 20 in. Hackberry

TW10 08/11/99 -- - <.8 <8 <10 <8 121 <8 3 in. Chinese elm
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Table 1. Concentrations of tetrachloroethene (PCE) and other volatile organic compounds in tree-core samples collected from downtown New Haven, Missouri,
during 1999—Continued

[All concentrations in micrograms per liter in headspace per kilogram of wet core; Rep, replicate; PCE, tetrachloroethene; TCE, trichloroethene; cis-DCE, cis-1,2-dichloroethene; t-DCE, trans-1,2-dichloroethene;
--, no data; <, less than; in., trunk diameter in inches; J, estimated concentration below the method reporting limit]

ol

id:r:(tai(faier Date Time Rep PCE TCE cis-DCE t-DCE Benzene Toluene Description
Trees sampled near the former dry cleaning facility

DF-1 10/20/99 1125 -- <0.8 <0.8 04817 <0.8 <0.8 <0.8 36 in. Chinese elm, east side
DF-1 10/21/99 1125 R <.8 <.8 4117 <.8 <.8 <.8 36 in. Chinese elm, west side
DF-1 10/20/99 1140 -- <8 <8 7.617] <.8 <8 <8 36 in. Chinese elm, west side
DF-2 10/20/99 1130 -- <8 <.8 1.077J <8 <8 <.8 30 in. Silver maple, west side
DF-2 10/21/99 1130 -- <.8 <.8 9517 <.8 <.8 <.8 30 in. Silver maple, east side
DF-3 10/20/99 1135 - <.8 <.8 <10 <.8 <.8 <.8 30 in. Silver maple, east side
DEF-3 10/20/99 1135 - <.8 <.8 <10 <.8 <.8 <.8 30 in. Silver maple, west side
HS-1* 09/09/99 1615 -- <8 <8 <10 <8 <8 <8 34 in. Chinese elm, south side
HS-2?% 09/09/99 1615 -- <8 <8 <10 <8 <8 <8 10 in. Mulberry, 2 trunks, south side
HS-3% 09/09/99 1625 -- <8 <8 <10 <8 <8 <8 20 in. Hackberry, south side
HS-4* 09/09/99 1630 -- <8 <8 <10 <8 <8 <8 20 in. Chinese elm, south side
HS-5% 09/09/99 1635 -- <8 <8 <10 <8 <.8 <8 22 in. Redbud, south side
T201 07/13/99 1216 -- <8 <8 <10 <8 <.8 <8 34 in. Silver maple, north side
T201 07/13/99 1216 R <.8 <8 <10 <8 <.8 <8 34 in. Silver maple, north side
T202 08/11/99 - - <.8 <.8 <10 <.8 <.8 <.8 12 in. Chinese elm, north side
Count 32 16 4 1 <10 2 5
Minimum detected concentration 0.93 0.10 0.64 <10 1.45 1.32
Maximum detected concentration 161.92 3.14 0.64 <10 7.47 4.44
Average detected concentration 42.10 1.61 0.64 <10 4.46 243
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Assessment of Subsurface Contamination at the Front Street Site 11

residence between the site and the Missouri River, permission
was given for the collection of tree-core samples in 2001, but
permission for soil and ground-water sampling was not
obtained until 2003. Results of tree-core sample analysis from
this parcel were used to select locations for the collection of soil
and ground-water samples.

Results of the tree-core sampling during the ESI/RI and RI
indicate subsurface PCE contamination on the south and north
sides of the Front Street building, and in an area extending from
the building to the Missouri River (fig. 4). The area of contam-
ination was estimated to be about 600 ft long and 200 to 300 ft
wide. The largest PCE concentrations (370 to 3,850 ug-h/kg)
detected within this area were in tree TW11 (a 6-in. diameter
Chinese elm) adjacent to the south side of the building. Large
PCE concentrations also were detected along the north side of
the building in trees TWO02 (35.4 to 1,017 pg-h/kg), TWO06 (27.2
to 1,410 pg-h/kg), and TW28 (146 to 1,090 pg-h/kg). The core
sample from tree JS77, located on the private parcel between
the Front Street building and the Missouri River, also contained
a large PCE concentration (717 ng-h/kg).

Comparison of Tree-Core Sampling to Traditional Soil
Sampling Methods

Results of the soil investigation indicated substantial PCE
contamination at the site with PCE detected at 128 of the 144
soil locations sampled (U.S. Environmental Protection Agency,
2003). The soil samples were collected from a combination of
soil borings made during the RI and from borings and excava-
tions made during a 2000 USEPA emergency removal action to
replace a contaminated municipal water-supply line and associ-
ated soils beneath Front Street (fig. 4). Soil samples from bore-
holes generally were collected every 2 ft in depth and most
boreholes extended to the base of the alluvium (about 28 to 32
ft deep beneath the site). The largest PCE concentrations [as
large as 6,200,000 pg/kg (micrograms per kilogram)] were
detected beneath the southeastern part of the Front Street build-
ing and along Front Street (fig. 4). In general, PCE concentra-
tions and the lateral extent of PCE contaminated soils increased
with increasing depth and reached a maximum at the 14- to 16-
ft depth interval.

Concentrations of PCE in trees appear to be a good indica-
tor of PCE concentrations in subsurface soils. In general, PCE
was detected in trees growing in areas where soil samples from
less than 16 ft deep contained PCE concentrations greater than
60 ng/kg, whereas trees growing outside of these areas gener-
ally contained little or no detectable PCE (fig. 4). A quantitative
relation between PCE concentrations in tree-core samples and
soil samples also was observed. Regression analyses indicate a
statistically significant (probability values, p, less than 0.05)
positive correlation between PCE concentrations in tree-core
samples and soil samples collected from 4, 6, 8, 10, 12, and 16
ft below the surface (fig. 5). Concentrations were converted to
logarithms (base 10) because PCE concentrations in soil
spanned more than 7 orders of magnitude, and PCE concentra-

tions in tree cores spanned more than 4 orders of magnitude.
Results of the regression analyses for each depth were similar
with correlation coefficient (%) values ranging from 0.88 to
0.90. The best fit (r2 of 0.90) was a linear equation obtained
between PCE concentrations in trees and soils at 12 ft deep:

log[PCE in tree (png-h/kg)] =
0.598*10g[PCE in soil (ng/kg) at 12 ft deep]

The regression constants were not significantly different
from zero (p values much larger than 0.05). The similar r? val-
ues for the various depths probably are related to the correlation
between PCE concentrations at various depths. In most loca-
tions where trees were cored, soil samples collected from
between 4 to 16 ft deep had PCE concentrations of similar mag-
nitudes.

Soil samples generally were collected for the purpose of
mapping the extent of subsurface PCE contamination, and not
for the expressed purpose of defining the relation between PCE
concentrations in the tree and adjacent soil. Therefore, soil bor-
ings were not always located near each tree sampled and PCE
concentrations in soil beneath each tree were estimated as a
weighted average of PCE concentrations from the nearest three
soil sample locations (in some cases several tens of feet from
the sampled tree). However, soil borings were made adjacent to
trees containing the largest PCE concentrations (TW02, TWO06,
TWO08, TW11, and TW28).

The strong relation between PCE in trees and soil samples
at the site may be related to PCE being sorbed to soils during
periods of high ground-water levels and the probable shallow
tree root depth compared to the average depth to ground water.
During periods of high Missouri River stage, contaminated
ground water that normally is 20 to 25 ft beneath the land sur-
face rises to within 10 ft or less of the land surface, and PCE is
sorbed to soils in what normally is the unsaturated zone. This
mechanism explains the detection of PCE in soils above the
water table outside of areas along Front Street where it was dis-
posed (fig. 4) such as on the residential property between the
site and the Missouri River (U.S. Environmental Protection
Agency, 2003). For example, PCE concentrations in soil sam-
ples from the residential property gradually increased from
below detection at the surface to a maximum of 180 pg/kg at
depths of about 16 ft (probable top of the capillary fringe under
normal river stages), then increase steadily to as large as 2,780
png/kg at depths below 25 ft (U.S. Environmental Protection
Agency, 2003). Trees at the Front Street site are not flood-tol-
erant species and their root systems likely will not develop in
the permanently saturated, oxygen limited (iron to sulfate
reducing conditions) soils that exist beneath about 20 ft deep.
Runoff from the site is restricted because of the flood protection
levee, and the soils are silty-loams that have high infiltration
rates leading to sufficient soil moisture contents (20 to 25 per-
cent by weight) for tree growth throughout the year at depths
below about 6 ft (U.S. Environmental Protection Agency,
2003). Because of the sufficient supply of soil moisture, root
systems in trees at the Front Street site probably develop at
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Assessment of Subsurface Contamination at the Front Street Site 13

PCE IN TREE-CORE SAMPLES, IN MICROGRAMS
IN HEADSPACE PER KILOGRAM OF WET CORE
3,
T

10! ° N log(PCE_tree) = 0.804 + 0.414log(PCE_gw)  _|
log(PCE_tree) = 0.598log(PCE_soil12) r2=0.17
r2=0.90 p value = 0.001
p value = 0.000
10-2 1 1 1 1 1 1 1 1 1 1 1 1
102 10" 10° 10" 102 108 10*  10°  10® 107! 100 101 102 103 104 10°

LOG PCE IN SOIL SAMPLE AT 12 FEET DEEP,
IN MICROGRAMS PER KILOGRAM

LOG PCE IN GROUND-WATER SAMPLE,
IN MICROGRAMS PER KILOGRAM

NOTE: Error bars represent one standard deviation from the
mean PCE concentration detected in each tree sampled

Figure 5. Relation between tetrachloroethene (PCE) concentrations in tree-core samples to PCE concentrations in
soil and ground-water samples from the Front Street site.

depths less than about 10 to 12 ft. The suspected shallow root
depths as compared to the average depth to ground water (20 to
25 ft deep) is an important factor contributing to the strong rela-
tion between PCE in trees and soil at the site.

The strong relation between PCE concentrations in trees
and soil at this site has important implications for the use of tree
cores in mapping subsurface contamination by chlorinated sol-
vents. Although Vroblesky and others (1999) first demonstrated
that trees growing above a known plume of shallow (less than 5
ft deep) contaminated ground water can uptake chlorinated sol-
vents, results from the Front Street site indicate that where
depths to contaminated ground water are deeper (20 to 25 ft),
VOC concentrations in the soil or unsaturated zone may have
more affect on the VOC concentrations detected in trees.

Comparison of Tree-Core Sampling to Ground-Water
Sampling

Ground-water samples collected from a network of 7 mon-
itoring wells and 21 temporary direct-push well screen loca-
tions during 1999-2003 indicate that a plume of PCE contami-
nated ground water extends from Front Street south of the Front
Street building northeast to the Missouri River (fig. 6). The
plume is about 600 ft long and less than 300 ft wide. The areal
extent of the PCE plume defined by ground-water sample anal-
yses is of similar size and shape to the subsurface plume esti-

mated using the tree-core data (fig. 4). The core of the ground-
water plume, which contains PCE concentrations between 500
and 11,000 pg/L, is less than 100 ft wide (fig. 6). The largest
PCE concentrations were detected in ground-water samples
from beneath the east part of the Front Street building at tempo-
rary well screen locations G67 (11,000 pg/L), G50 (6,600 ng/
L), and G51 (6,100 pg/L). Large PCE concentrations also were
detected about 500 ft downgradient (northeast) from the build-
ing near the boat ramp in samples from monitoring well TW-G
(less than 1 to 670 pg/L) and temporary well screen locations
GP22 (less than 130 to 1,100 pg/L) and GP28 (5.9 to 340 pg/L).
PCE was not detected upgradient (south) from the site in moni-
toring well TW-A or west of the site in monitoring well TW-F.
A qualitative relation also exists between the detection of
PCE in tree cores and the presence of PCE in ground water at
the Front Street site. Trees overlying the ground-water PCE
plume generally contained detectable concentrations of PCE,
whereas trees outside the area of PCE contaminated ground
water generally did not contain detectable concentrations of
PCE (fig. 6). However, in contrast to the strong quantitative
relation between PCE concentrations in tree cores and soil, the
relation between PCE concentrations in trees and underlying
ground water was less apparent (fig. 5). Regression analyses
indicated a poor relation (r2 of 0.17) between PCE concentra-
tions in tree cores and PCE concentrations in the underlying
ground water. The regression constant was significantly differ-
ent from zero (p value of 0.012) and was included in the regres-
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sion. This poor relation is in contrast to previous work that has
shown direct relations between concentrations of TCE in trees
and ground water or bulk solution concentrations in laboratory
studies (Neitch and others, 1999; Vroblesky and others, 1999;
Orchard and others, 2000; Ma and Burken, 2003).

The poor relation between PCE concentrations in trees and
underlying ground water at the Front Street site probably occurs
because the tree roots are not in contact with the ground water,
and PCE sorbed to soils in the unsaturated zone is not in direct
proportion to PCE concentrations in the underlying ground
water. Because it is unlikely that roots of trees at the Front
Street site are in direct contact with the water table, water (and
its associated PCE) taken into the transpiration stream by roots
is most likely from the capillary fringe or shallow unsaturated
zone, and may be at or near equilibrium with PCE concentra-
tions in soils. If PCE at the water table was being directly incor-
porated into the tree roots, diffusive exchange with PCE in soil,
soil moisture, and vapors in the unsaturated zone would likely
modify PCE concentrations in the transpiration stream moving
up through the roots. Struckhoff (2003) has shown that diffusive
exchange between roots and PCE vapor in the unsaturated zone
can be as important or more important than PCE concentrations
in the ground water. While Vroblesky and others (1999) dem-
onstrated that concentrations of TCE and cis-DCE in trees at the
Savannah River site reflected the distribution of TCE and cis-
DCE in the underlying shallow ground water, the depth to the
contaminated ground water was less than about 5 ft. In contrast,
Cox (2002) did not detect TCE in trees growing above a plume
of TCE contaminated ground water at McChord Air Force Base
(AFB) in Washington. Although TCE concentrations at the
McChord AFB site and Savannah River site were of similar
magnitude (tens to a few hundreds of micrograms per liter), the
depth to ground water at the McChord AFB site (about 30 ft)
was more than six times the depth to ground water at the Savan-
nah River site. Cox (2002) postulated that the absence of TCE
in trees at the McChord AFB site might be because ground
water at the site was below the depth that tree roots growing at
the site could reach in addition to cumulative losses within the
plants. The poor quantitative relation between PCE in trees and
ground water at the Front Street site is consistent with observa-
tions by Cox (2002) and indicates that the depth to the contam-
inated ground water is an important factor controlling VOC
concentrations in trees.

Assessment of Subsurface Contamination at
the Former Dry Cleaning Facility

The former dry cleaning facility near the intersection of
Wall Street and Miller Street is about 500 ft southwest of the
Front Street site (fig. 7). Because of its proximity to contami-
nated public water-supply wells W1 and W2 (fig. 1), the former
dry cleaning facility was considered a possible source of the
PCE contamination detected in wells W1 and W2 (Singleton,
1987). However, no sampling was done at the former dry clean-

ing facility during the initial investigations conducted during
the late 1980’s and early 1990’s (Singleton, 1987; Jacobs Engi-
neering Group, Inc., 1994). Dry cleaning operations took place
in the southeast corner of the basement of a small (about 35 by
50 ft) two-story building, which currently (2003) is a private
residence. Interviews of local residents conducted by the
USEPA during the RI of the Front Street site determined that
waste dry cleaning fluids were dumped on the land surface in a
small (about 20 by 40 ft) area along a short (7 ft high) but steep
(45 degree) slope behind the former dry cleaning facility. How-
ever, the interviews could not establish the types of dry cleaning
fluids used, only that the fluids used were apparently flamma-
ble; therefore, probably not TCE or PCE (Shelley Brodie, U.S.
Environmental Protection Agency, written commun., March
2003). Because of the uncertainly regarding the type of dry
cleaning fluids used, the absence of environmental samples
from the site, and proximity to the contaminated city wells, the
USEPA conducted reconnaissance sampling of the former dry
cleaning facility as part of their investigation of the Front Street
site. The site was selected for an initial tree-core reconnaissance
because access to the area where waste dry cleaning fluid was
reportedly dumped is limited by steep slopes and closely spaced
homes.

Initial Site Assessment Using Tree Cores

Because of difficulty contacting various property owners
at and in the vicinity of the former dry cleaning facility, the pre-
liminary assessment of the site using tree-core sampling was
conducted over a 4-month period from July through October
1999. Core samples were collected from a total of 11 trees at the
site and vicinity (fig. 7). Core samples were collected immedi-
ately down slope of the building where dry cleaning took place
(trees DF-1, DF-2, and HS-3), within and near the area where
dumping reportedly occurred (trees HS-1, HS-2, and HS-4) and
along a short gravel drive (HS-5) near the dump area. Trees
were sampled along the side most likely to face the dumping
area. The surface of the dumping area was covered with rocks,
gravel, and scrub brush and had obviously been disturbed. Core
samples also were collected from two trees (T201 and T202)
along an intermittent creek south of the dumping area. None of
the core samples contained detectable concentrations of PCE or
other chlorinated solvents. However, several unknown VOCs
suspected to be hydrocarbons with GC retention times between
vinyl chloride and cis-DCE were present in core samples from
trees HS-1 and HS-5.

Comparison of Tree-Core Sampling to Traditional Soil
Sampling at the Former Dry Cleaning Facility

Five additional trees (DF101 through DF105) were cored
in January 2002 to verify the results of the preliminary recon-
naissance of the site. These trees were located within and
slightly west and down slope of the reported dumping area (fig.
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Figure 7. Location of tree-core and soil samples at and in the vicinity of the former dry cleaning facility near
downtown New Haven, Missouri.

7). Sample DF105 was a composite of two trees growing along  of the trace concentration of TCE detected in sample DF104,
the south property line in the back yard of an adjacent private four soil borings (HSS01 to HSS04) were done in February
residence. None of the trees cored in January 2002 contained 2002. The soil borings were done using a hand auger and drilled
detectable concentrations of PCE, but trees DF101, DF102,and  to 3 ft deep. Soil samples were collected at 1 ft intervals and
DF105 contained trace concentrations (0.25 to 1.6 pg-h/kg) of  analyzed for VOCs by headspace using the portable GC and by
toluene (table 2, at the back of this report), and sample DF104  the USGS contract laboratory in Arvada, Colorado, using
contained a trace concentration (0.73 pg-h/kg) of TCE. Because ~ USEPA method 8260. Soils in borings HSS01, HSS02, and
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HSSO03 were stained gray and appeared to contain lint or some
other powdery material. The presence of stained soils is consis-
tent with information provided by USEPA interviews, which
indicated that the waste material from the dry cleaning facility
was a gray color. The portable GC detected toluene (0.45 to
21.44 ng-h/kg) in samples from boreholes HSS01, HSS02, and
HSSO03 and a possible trace concentration of PCE (0.16 pg-h/
kg) in the 1 ft deep sample from borehole HSS04. Laboratory
samples did not contain detectable concentrations of PCE or
other VOCs.

The results of soil sampling confirmed the tree-core data,
indicating the absence of PCE contamination at the former dry
cleaning facility. The presence of toluene in several trees and
soil samples and gray stained soils suggests that tree-core and
soil samples were collected in the area where the dry cleaning
waste was disposed. The absence of PCE in tree cores at this site
served as a negative control for tree-core sampling at other
operable units at the Riverfront Superfund Site.

Practical Considerations in Using Tree-Core
Sampling for Site Assessment

Data presented here and ongoing studies at the Riverfront
Superfund Site have demonstrated that tree cores can be an
effective tool for assessing the presence of subsurface PCE con-
tamination. Data in this report are consistent with other investi-
gations that indicated concentrations of TCE and cis-DCE in
trees mimic concentrations of these compounds in underlying
shallow (less than 10 ft deep) ground water (Vroblesky and oth-
ers, 1999; Ma and Burken, 2003). However, Cox (2002) did not
detect TCE in trees where the depth to the TCE contaminated
ground water was about 30 ft. Research into the mechanisms of
VOC incorporation and fate in trees is in its infancy and little is
known about the interaction between the many environmental
variables that affect tree growth and the distribution of VOCs in
the subsurface. Some of these variables include the depth and
concentrations of VOCs in the ground water, VOC concentra-
tion and distribution in soil and soil vapors, diffusion in the sub-
surface and diffusive losses from the tree trunk, variability
between tree species, variability with tree size, age and root
structure, concentration variability around the tree trunk, tran-
spiration rate, and seasonal differences in ground-water concen-
trations, precipitation, and transpiration rate, among others. The
following discussion presents some practical considerations
and possible limitations on the use of tree coring for site assess-
ment based on experiences at the Riverfront Superfund Site.

Diffusion Losses and Uptake, Partitioning, and
Differences Between Species

Research has shown that VOC diffusion out of tree trunks
is a significant loss mechanism to the atmosphere (Ma and
Burken, 2002, 2003). More recently, it has been shown that dif-

fusion between tree roots and vapor in the unsaturated zone can
lead to significant losses, or uptake of PCE in trees (Struckhoff,
2003). Diffusive loss leads to a profile of decreasing VOC con-
centrations in tree trunks with increasing height above land sur-
face. Data presented in Vroblesky and others (1999) and from
trees growing above a TCE plume at the Aberdeen Proving
Ground (Ma and Burken, 2003) indicate that the decrease in
VOC concentrations with increasing height is not linear. A sim-
ilar non-linear decrease in PCE concentrations with increasing
height was observed in trees TW02, TWO08, and TW28 at the
Front Street site (fig. 8). The observed decreases with increas-
ing height in these trees can be closely approximated with an
exponential function (r2 =0.96 to 0.99). However, a linear
decrease in PCE concentrations with increasing height was
observed in tree TW11 (r2 =0.98). From the standard diffusion
equation, the mass of PCE lost by diffusion from the trunk to the
atmosphere should be proportional to the concentration gradi-
ent, surface area, and time (approximated by height), and
inversely proportional to the path length (approximated by the
tree radius). The non-linear decrease in PCE concentrations
with increasing height in trees TW02, TWO0S8, and TW28 is
probably caused by diffusion loss being driven by a changing
concentration gradient. For example, as PCE is lost from the
transpiration stream between 1 and 2 ft in height, there is a
smaller gradient of PCE (difference between PCE concentration
inside and outside the tree) driving diffusion between 2 and 3 ft,
and the proportion of PCE lost to PCE remaining, decreases
each foot and asymptotically approaches zero.

The diameter of the tree trunk also affects the rate of diffu-
sional loss from the tree. The greater surface area to volume
ratio in a smaller diameter section of tree will more quickly
deplete the reservoir of PCE in the trunk, decrease the concen-
tration gradient (diffusive driving force), and result in a non-lin-
ear concentration loss with increasing height. For example,
Struckhoff (2003) showed that a 0.5-in. diameter poplar cutting
planted into contaminated soil or water has a 24 percent concen-
tration loss in 5 in. of height, whereas tree TW11 (a 6.5-in.
diameter Chinese elm) has the same percent loss in 5 ft of
height—about a ten-fold difference. This difference is similar to
the calculated volume-to-area ratios of trees (2 divided by the
radius) with diameters of 0.5 and 6.5 in. of about 7. The linear
loss in PCE concentrations with increasing height in tree TW11
also may be a function of the growth pattern of the tree. Trees
TWO02, TWO0S8, and TW28 have relatively straight trunks,
whereas the trunk of tree TW11 (Chinese elm) forked about
every 4 to 5 ft. Compared to the other trees, tree TW11 is
unusual in that its incremental volume and surface area
decreased as a linear function with height, and interestingly, so
did its PCE concentrations.

In addition to diffusion loss of VOCs from the tree trunks,
there is some indirect evidence that PCE in soil vapors can dif-
fuse into tree roots at the Riverfront Superfund Site. This mech-
anism of PCE incorporation into trees at the site was postulated
by Schumacher (2001). Concentrations of PCE in soil gas were
measured monthly from July 2002 through April 2003 in sam-
ples collected along the north side of the Front Street building.
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Figure 8. Relation between tetrachloroethene (PCE) concentrations in tree-core samples and height

above the land surface.

Soil-gas samplers were installed in clusters at depths of 3.5, 9.0,
12.0, and 14.5 ft deep adjacent to trees TW02, TW06, and
TWO8. A logarithmic increase (r2 of 0.92) in PCE concentration
in soil gas with increasing depth was observed with the maxi-
mum detected PCE concentrations ranging from 1.1 ppmV
(parts per million volume) at 3.5 ft deep to 104 ppmV at 14.5 ft
deep (fig. 9). The dramatic increase in PCE concentration with
increasing depth indicates that the diffusion of PCE into roots
from vapors in the unsaturated zone may be significant. The
average measured PCE concentration (about 50 ppmV) in soil-
gas samplers below 10 ft deep was smaller than the theoretical
average concentration of 260 ppmV calculated using PCE con-
centrations, moisture contents, and organic carbon contents
measured in soil samples from the site. During purging, the soil-
gas samplers lost vacuum within one to two seconds, indicating
porous subsurface conditions. The smaller than expected mea-

sured PCE concentrations in soil gas may be related to vapor
loss to the atmosphere.

An experiment was done to determine if PCE vapors in the
unsaturated zone could be a source of PCE in trees. Two small
(0.5-in. diameter by 16-in. long) poplar cuttings were planted
above contaminated soils adjacent to the south side of the Front
Street building, and two were placed above contaminated soils
at another operable unit (OU2) (fig. 1). The poplar cuttings were
planted in potting soil inside bags constructed from an agricul-
tural mesh that excluded roots. The bags were planted above,
but not within contaminated soils and watered weekly with tap
water. After 2 months, the cuttings and soil inside the mesh bags
were sampled. Two of the cuttings that survived contained mea-
surable concentrations of PCE (80.1 pg-h/kg in the cutting from
the Front Street site and 242 pg-h/kg in the cutting from OU2).
No PCE was detected in soil samples from within the bags. A
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Figure 9. Relation between tetrachloroethene (PCE)
concentration in soil gas and depth below the land
surface along the north side of the Front Street
building.

soil-gas sampler placed within the mesh bag of a poplar cutting
on the south side of the Front Street building contained PCE at
about 0.2 ppmV (about 0.001 pg/L air). The detection of PCE
in this soil-gas sampler and the poplar cuttings in the mesh bags
strongly suggests that PCE in soil vapor accumulates in tree
roots at this site.

During the 1999 initial assessment, it was thought that a
significant fraction of VOCs in tree-core samples was within
the water fraction of the core, and that partitioning from the core
into the vial headspace was similar to that from water to air. As
a result, VOC concentrations in tree-core samples were origi-
nally reported in units of micrograms per liter of core water
(Schumacher, 2001). Other researchers such as Vroblesky and
others (1999) have normalized VOC concentrations in core
samples to core water content. While water content is impor-
tant, recent studies by Ma and Burken (2002, 2003) and Struck-
hoff (2003) have shown that the predominant mass of VOCs in
tree trunks resides in the wood tissue. Struckhoff (2003) calcu-
lated a PCE water-wood (K,) partitioning coefficient of 0.049
L/g (liter per gram) indicating that PCE is about 20 times more
concentrated in the wood phase than the water phase. Core sam-
ples from trees at the Riverfront Superfund Site averaged about
50 percent by weight water indicating that more than 95 percent
of the PCE in the trees resides in the wood and not the transpi-
ration stream. Field data collected from tree TW28 at the Front
Street site substantiate the K,,, value derived by Struckhoff
(2003). Concentrations of PCE in sap samples collected from
tree TW28 at 7.0 and 19 ft above the land surface were 36.8 and
13.6 pg/L, respectively (table 2). These concentrations are com-
parable to concentrations of 12.9 and 10.1 pg/L calculated using
PCE concentrations determined in core samples at these heights
and the K|, (0.049 L/g) value determined by Struckhoff (2003).

Although concentrations of PCE may vary depending on
the tree species sampled, data from the Front Street site were not
conclusive. In general, there were few locations where multiple
species of trees existed in proximity to one another. For exam-
ple, the average PCE concentrations in core samples collected
from tree TW28 on June 30, 2003, at heights of 3, 7, and 16 ft
(587, 412, and 268 pg-h/kg) were about twice as large as the
average PCE concentrations in core samples collected from tree
TWOS at the same heights (334, 176, and 106 pg-h/kg). Tree
TW?28 is an 8-in. diameter Chinese elm and tree TWO08 is an 8-
in. diameter mulberry that are growing less than 3 ft apart along
the north side of the Front Street building. Concentrations of
PCE in tree TW28 exhibited considerable directional variability
that may be related to diffusion of vapors from beneath the
building slab. The average PCE concentration on the north side
of tree TW28 (277 ng-h/kg) was similar to the average PCE
concentration on the south side of tree TW8 (253 pg-h/kg). The
PCE concentration of 717 pg-h/kg in tree JS77 (an 18-in. diam-
eter buckeye) was substantially larger than the PCE concentra-
tion of 90.3 pg-h/kg measured in a nearby sweet gum (tree
JS80). Vroblesky and others (1999) noted differences in VOC
concentrations between tree species at the Savannah River site
with bald cypress, tupelo, and loblolly pine containing larger
TCE concentrations than nearby oak and sweet gum. The lim-
ited data from the Front Street site suggest that, although there
may be a difference in the uptake of PCE between different tree
species (for example, elm and buckeye may uptake PCE to a
greater extent than mulberry or sweet gum), this difference may
be overshadowed by directional variability around the tree
trunk.

Directional Variability in Tree Trunks

Concentrations of PCE exhibited directional variability
around tree trunks, which makes the location of the core sample
an important factor to consider when using tree coring as a site
assessment tool. For example, PCE concentrations in core sam-
ples collected from tree TWO02 at 1.5 and 7 ft above the land sur-
face on July 9, 2003, varied by a factor of about 3 to 5 around
the circumference of the tree (table 3). This variability is the
result of spatial differences in PCE concentrations in soils
around the tree and natural “twisting” of the tree trunk with
growth. The smallest PCE concentrations (about 20 to 35 per-
cent of the maximum concentration detected) at each height
were on the southwest side of the tree (fig. 10). This part of the
tree was growing above a concrete storm drain cover buried
about 1.5 ft below the soil surface. The small PCE concentra-
tions on this side of the tree were expected because the soils
above this slab had no detectable PCE concentrations and pre-
sumably roots growing above the slab are in contact with uncon-
taminated soils and infiltration. The fact that any PCE was
detected on this side of the tree may indicate diffusion from
areas of larger PCE concentrations in the trunk or diffusion of
PCE vapors through the unsaturated zone into the area above the
concrete slab. From the exterior of the tree, it is apparent that the
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Table 3. Variation in tetrachloroethene (PCE) concentrations in the trunk of tree TW02 with direction

and height above the land surface

[All concentrations in micrograms in headspace per kilogram of wet core; PCE, tetrachloroethene]

Height above Azimuth
the land surface (degrees from
Tree identifier (feet) Date PCE true north)
OU1-TWO02 1 06/30/03 1,010 75
OU1-TWO02 1 06/30/03 339 255
OU1-TWO02 1 06/30/03 360 5
OU1-TW02 1.5 07/09/03 368 30
OU1-TW02 1.5 07/09/03 755 75
OU1-TW02 1.5 07/09/03 329 120
OU1-TW02 1.5 07/09/03 415 165
OU1-TW02 1.5 07/09/03 252 210
OU1-TW02 1.5 07/09/03 480 280
OU1-TWO02 1.5 07/09/03 286 345
OU1-TW02 3 06/30/03 685 75
OU1-TW02 3 06/30/03 228 255
OU1-TWO02 3 06/30/03 506 5
OU1-TWO02 6 07/09/03 404 55
OU1-TWO02 6 07/09/03 921 120
OU1-TWO02 6 07/09/03 423 165
OU1-TWO02 6 07/09/03 179 210
OU1-TWO02 6 07/09/03 219 255
OU1-TWO02 6 07/09/03 404 300
OU1-TWO02 6 07/09/03 437 10
OU1-TWO02 7 06/30/03 386 75
OU1-TWO02 7 06/30/03 151 255
OU1-TWO02 7 06/30/03 543 5
OU1-TW02 15 06/30/03 303 75
OUI-TWO02 15 06/30/03 249 255

trunk of this eastern red cedar twists in a clockwise direction.
The PCE concentrations reflect this twisting of the trunk as the
maximum concentration shifted from east at 1.5 ft in height to
the southeast at 7 ft in height (fig. 10). The largest concentration
detected at the 7 ft height (921 pg-h/kg) actually was about 20
percent larger than the maximum concentration detected at the
1.5 ft height (755 pg-h/kg). Diffusion from the trunk should
cause concentrations to decrease with increasing height above
the land surface, and the larger concentration in the 7 ft sample
suggests that the density of sampling points around the tree was
not sufficient to completely resolve the directional variability
around the trunk.

Directional variability also was observed in tree TW28.
This tree is growing adjacent to the Front Street building, and it
was impossible to core all sides of the tree at various heights
above land surface. Core samples collected from the south side
of the tree had almost four times the PCE concentrations of
those collected from the north side of the tree (fig. 11). The
large PCE concentrations on the south side of this tree com-
pared to the north are unexpected because PCE concentrations
in soil and ground-water samples in proximity to this tree are
similar. Because this tree is growing adjacent to the building, it

is possible that roots on the south side must reach deeper to
obtain sufficient soil moisture, or that the building slab acts like
a cap trapping PCE vapors in localized areas. Soil samples col-
lected adjacent to tree TW28 indicates a dramatic increase in
PCE concentrations from less than 500 pg/kg at less than 10 ft
deep to more than 7,000 pg/kg at depths below 14 ft (U.S. Envi-
ronmental Protection Agency, 2003). Large concentrations of
PCE vapors in the unsaturated zone were observed during the
excavation of a contaminated water line beneath Front Street on
the south side of the building, and it is possible that these vapors
may be migrating through the gravel backfill beneath the build-
ing slab in the vicinity of tree TW28.

The directional variability in very small diameter trees
may not be evident because of their small root footprint, the
large ratio of core sample to trunk volume, and the fact that a
single core may easily penetrate nearly the entire diameter of
the tree. Ma and Burken (2003) showed that TCE concentra-
tions decreased towards the exterior of a hybrid poplar tree
growing at the Aberdeen Proving Ground site. While providing
additional evidence for diffusion, the decrease toward the exte-
rior of the tree indicates that core samples collected from larger
trees may underestimate VOC concentrations in the trunk
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Figure 10. Directional variability in tetrachloroethene (PCE) concentrations in core samples
from an eastern red cedar tree (TW02).
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because they are sampling a disproportionately larger volume of
wood that contains smaller VOC concentrations.

Sensitivity of Tree-Core Sampling to Detect
Subsurface Contamination

An important consideration in using tree-core analysis to
assess subsurface VOC contamination is the overall sensitivity
of the technique to detect contamination. A wide variety of fac-
tors undoubtedly affect the ratio of VOCs such as PCE in a tree
to concentrations in the underlying soil, soil vapors, and ground
water. Laboratory hydroponic studies (Ma and Burken, 2002,
2003) have shown that TCE concentrations in the transpiration
stream of hybrid poplar trees are about 0.2 to 0.75 times the con-
centration observed in simulated ground water. However, these
studies were performed at simulated ground-water TCE con-
centrations of 50,000 pg/L. Of interest for the Riverfront Super-
fund Site was an estimate of the potential lower threshold of
ground-water concentrations that could possibly be detected in
trees; that is, the sensitivity of the method to detect subsurface
contamination.

A field hydroponic experiment was conducted to provide
an estimate of the maximum sensitivity of tree-core samples to
detect PCE contamination in ground water in contact with the
tree roots. In the experiment, six hybrid poplar cuttings (approx-
imately 0.5-in. diameter by 12-in. long) were planted directly
into each of two PCE contaminated streams, the 500 tributary
and the 210 tributary (fig. 1). The cuttings were planted at low-
flow conditions on July 30, 2003, and removed 8 days later. The
500 tributary is southwest of operable unit OU2, and is affected
by PCE contamination from that facility (U.S. Environmental

Protection Agency, 2003). The 210 tributary is affected by an
unknown PCE source in operable unit OU4. Stream discharge
and PCE concentrations were measured at days 1 and 8. On day
8, the cuttings were removed and samples from them were ana-
lyzed by headspace GC as previously described. During the
experiment, the average PCE concentration in water samples
collected from the 500 tributary was 83 pg/L and its discharge
was estimated at 18 gal/min (gallons per minute). The 210 trib-
utary water samples contained an average PCE concentration of
22 pg/L and had an estimated discharge of about 0.03 gal/min.

Samples from poplar cuttings placed in the 500 tributary
contained an average PCE concentration of 135 pg-h/kg in the
stem sampled just above the water, yielding a calculated tran-
spiration stream concentration of 14 pg/L. Samples from cut-
tings placed in the 210 tributary contained an average PCE con-
centration of 31 pg-h/kg in the stem sampled just above the
water surface, and a calculated transpiration stream concentra-
tion of 4.6 ng/L. The above concentrations were calculated
using the measured headspace concentrations of PCE, wet and
dry mass of core samples, and water-wood (Ky,) and air-plant
or air-core (K,,) partitioning coefficients for PCE in hybrid
poplar trees reported by Struckhoff (2003). The relations
between PCE concentrations in the vapor (headspace), wood
(dry core), and liquid phase (water in the core) are:

c C
= ¥ K,,, = 0.0081 = C—‘

a

where:

C,, = the PCE concentration in the dry wood (dried core
sample), in milligrams per gram;

C,; = the PCE concentration in the aqueous phase in the
core sample (such as transpiration stream), in milligrams per
liter;

C, = the PCE concentration in the plant (wet core sam-
ple), in micrograms per gram; and

C, = the PCE concentration in the air or headspace, in
micrograms per liter.

These results lead to a PCE transpiration stream concentra-
tion factor (TSCF) of about 0.2. The calculated TSCF is the
ratio of the PCE concentration in the transpiration stream to the
PCE concentration in the water entering the roots (average PCE
concentration in the tributaries). Because these trees were sam-
pled directly above the water in which they were growing, there
was very little chance for PCE to diffuse from the tree stem into
the atmosphere. These results represent the anticipated upper
limit of PCE transport in a poplar tree compared to the ground
water in contact with the roots under field conditions. The over-
all findings of this report and related research (Struckhoff,
2003) introduce a new mechanism, vapor phase exchange, in
VOC uptake and translocation. The degree of vapor phase
exchange in the subsurface can then alter the observed TSCF at
different sites.



A comparison of the ratios of PCE concentration in the
poplar cuttings and streams in the field hydroponic tests (about
1.4 to 1.6) indicates that at a headspace method detection limit
(MDL) of about 0.8 ng-h/kg, a PCE concentration of 0.5 pg/L
theoretically could be detected in ground water using tree-core
analysis. This is a “best-case scenario”, however, and this sen-
sitivity cannot be achieved in the natural settings because the
field hydroponic experiment did not take into account losses
within the roots and trunk.

A better indication of the practical sensitivity of the tree-
core method is the ratio of PCE concentrations in core samples
collected from trees growing adjacent to the 500 and 210 tribu-
taries to those in the water. Core samples collected from willow
trees adjacent to the 500 tributary at the conclusion of the field
hydroponic experiment in 2003 contained an average PCE con-
centration of 10 pg-h/kg; using the average PCE concentration
in tributary 500 (83 pg/L), a tree core/water ratio of about 0.1 is
obtained. Core samples collected during April 2001 from sev-
eral hackberry, elm, and oak trees growing along the 210 tribu-
tary contained estimated PCE concentrations of 0.23 to 0.52 ng-
h/kg (average of 0.4 pg-h/kg) (U.S. Environmental Protection
Agency, 2003). The average PCE concentration along the reach
of the 210 tributary during April 2001 when the tree-core sam-
ples were collected was 12 pg/L (U.S. Environmental Protec-
tion Agency, 2003), giving a tree core/water ratio of about 0.03.
A comparison of these ratios to the headspace MDL of about 0.8
ng-h/kg indicates that detectable PCE concentrations should be
present in trees in contact with ground water containing PCE
concentrations in the range of 8 to about 30 pg/L. Even under
the best conditions, it seems unlikely that analysis of tree cores
at this site could reliably detect ground-water contamination at
the current MCL of 5 ng/L or smaller.

The sensitivity of tree cores to detected PCE contamina-
tion in soils is difficult to estimate because PCE concentrations
in soils at OU1 typically are large (tens of thousands of micro-
grams per kilogram or more) and because of the potential for a
mixture of contaminated soil, soil vapor, and ground water at
most locations at OU1. Detectable concentrations of PCE have
been found in core samples from trees at the Front Street site
that are growing in soil contaminated with as little as a few tens
to hundreds of micrograms per kilogram. In addition, PCE was
detected in hybrid poplar cuttings planted in soils at operable
unit OU2 that contained PCE concentrations less than 1,000 pg/
kg. The data indicate that PCE should be present in core sam-
ples from trees growing in soils containing PCE concentrations
of several hundred micrograms per kilogram or less.

Summary and Conclusions

Tree-core sampling has been a reliable and inexpensive
tool to quickly assess the presence of shallow (less than about
30 feet deep) tetrachloroethene (PCE) and trichloroethene
(TCE) contamination in soils and ground water at the Riverfront
Superfund Site. Tree-core sampling was used during the initial
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assessment of two sites, the Front Street site (operable unit
OU1), and the former dry cleaning facility, that are part of the
overall Riverfront Superfund Site. Results of tree-core sam-
pling were later compared to, and confirmed by, traditional soil
and ground-water sampling at these two sites. Tree-core sam-
pling detected the presence of subsurface PCE contamination at
the Front Street site and beneath private property downgradient
from the site. Tree-core sampling did not indicate PCE contam-
ination at the former dry cleaning facility, a finding that was
confirmed by later soil sampling.

The Front Street site is on the Missouri River alluvium and
has large PCE concentrations in soil [as large as 6,200,000 pg/
kg (micrograms per kilogram)] and ground water [as large as
11,000 pg/L (micrograms per liter)]. The lateral extent of PCE
contamination in trees at this site was in close agreement with
the extent of subsurface PCE contamination determined using
traditional soil and ground-water sampling. Trees growing in
soils containing PCE concentrations of 60 to 5,700 ug/kg or
larger, or overlying ground water containing PCE concentra-
tions in the tens to as large as 11,000 pg/L, generally contained
detectable concentrations of PCE. Depth to contaminated
ground water is about 20 to 25 feet below the land surface.

A variety of conventions have been used to express vola-
tile organic compound (VOC) concentrations in tree-core sam-
ples. The convention chosen for this report was to express con-
centrations as mass in the vial headspace per mass of wet core.
This convention requires that only the volume of the core placed
in the vials be known. The core volume was estimated from the
mass of core placed in the vial assuming that the core density
was 1.0 g/cm3 (gram per cubic centimeter). This assumption
introduces a small (less than 5 percent) error in the calculated
headspace concentrations at wood densities ranging from 0.6 to
1.0 g/cm3 that are typical for trees growing at the site. Another
popular convention is to express VOC concentrations as con-
centration in the headspace per mass of water in the core. This
convention may introduce error because the partitioning coeffi-
cients generally are not known for each compound of interest
and each tree species sampled.

Significant quantitative relations [probability (p) values of
less than 0.05 and correlation coefficient (r2) values of 0.88 to
0.90] were found between PCE concentrations in trees and sub-
surface soils between 4 and 16 feet deep. The best fit (r2 0f 0.90)
was obtained between PCE in trees and soils at 12 feet below
the surface according to the relation log(PCE in tree, in micro-
grams in headspace per kilogram of wet core) = 0.598*log(PCE
in soil, in micrograms per kilogram). The relation between PCE
concentrations in trees and underlying PCE contaminated
ground water was less apparent (r? value of 0.17). The quantita-
tive relation between PCE concentrations in trees and soils at
this site is thought to represent the distribution of PCE in soils
and soil vapors caused by direct disposal of PCE to the surface
in some parts of the site and by the sorption of PCE to soils in
downgraident areas caused by seasonal rises in underlying con-
taminated ground water. The seasonal rises are driven by
changes in stage of the Missouri River.
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While it was beyond the scope of this field-oriented study
to investigate the various mechanisms that affect the incorpora-
tion and loss of PCE in trees, several observations consistent
with published studies were noted. An exponential decrease in
PCE concentrations in tree-core samples with increasing height
above the land surface was observed in most trees. This loss was
consistent with diffusion of VOCs from tree trunks postulated
by other researchers at the Savannah River site in the late
1990’s and recently confirmed in laboratory studies at the Uni-
versity of Missouri-Rolla. The rate of loss also appeared to be a
function of the size and growth characteristics of the tree. Loss
of PCE in small (0.5-inch) diameter trees was observed to occur
at a rate more than ten times faster than in trees 6.5 inches in
diameter. In addition to loss of PCE by diffusion, there is indi-
rect evidence from the site that PCE vapors in the unsaturated
zone can diffuse into tree roots. PCE was observed in poplar
tree cuttings planted in uncontaminated potting soil above PCE
contaminated soils at the site. Soil-gas measurements con-
firmed the presence of PCE vapor adjacent to the roots of the
poplar cuttings and PCE concentrations in soil gas were
observed to increase logarithmically with increased depth at the
site.

Concentrations of PCE also exhibited directional variabil-
ity around the tree trunks. Three- to five-fold concentration dif-
ferences were observed around the trunks of several trees grow-
ing along the north side of the Front Street building. In one tree,
the directional differences were attributable to spatial differ-
ences in PCE concentrations in soils around the tree. In the other
instance, the differences may be caused by diffusion of PCE
vapors in the unsaturated zone into the tree roots. Directional
differences in PCE concentrations around the tree trunks also
were related to natural “twisting” of tree trunks. PCE concentra-
tions may be dependent upon the tree species, with Chinese elm
and buckeye tending to have larger concentrations than adjacent
or nearby mulberry or sweet gum. The concentration differ-
ences between species at this site may be overshadowed by
directional variability around the tree trunks.

The sensitivity of tree-core sampling to detect subsurface
contamination was estimated using measured PCE concentra-
tions in trees growing along contaminated tributaries at the Riv-
erfront Superfund Site and from field hydroponic experiments.
Data collected from trees growing along PCE-contaminated
streams and hybrid poplar cuttings planted in these streams
indicate that tree-core sampling can be used to detect PCE con-
centrations as small as about 8 to 30 pg/L in shallow ground
water at this site. This range assumes that the tree roots are in
direct contact with the contaminated ground water, and that the
depth to ground water is less than a few feet deep. The sensitiv-
ity of tree cores to detected PCE contamination in soils is diffi-
cult to estimate because PCE concentrations in soils at the Front
Street site typically are large (tens of thousands of micrograms
per kilogram or more), and because a mixture of contaminated
soil, soil vapor, and ground water is present at most locations at
the Front Street site. The data indicate that PCE should be
present in core samples from trees growing in soils containing

PCE concentrations of several hundred micrograms per kilo-
gram or less.
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