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The purpose of this investigation was to determine
whether tree-core analysis could be used to delineate

shallow groundwater contamination by chlorinated ethenes.

Analysis of tree cores from bald cypress [Taxodmm
distichum (L.) Rich], tupelo (Nyssa aguatica L), sweet

gum (Liquidambar stryacifluaL.), oak {Quercus spp.), sycamore
(Platanus occidentalis L.), and lobiolly pine (Pinus taeda

) growing over shallow groundwater contaminated with cis- |

1,2-dichloroethene (¢DCE) and trichloroethene (TCE)
showed that those compounds also were present in the
trees. The cores were collected and analyzed by headspace
gas chromatography. Bald cypress, tupelo, and loblolly
pine contained the highest concentrations of TCE, with
lesser amounts in nearby oak and sweet gum. The

concentrations of ¢cDCE and TCE in various trees appeared

to reflect the conflguratlon of the chlorinated-solvent
- groundwater contamination plume. Bald cypress cores

collected along 18.6-m vertical transects of the same trunks' I

showed that TCE concentrations decline by 30—70%
with trunk height. The ability of the tested trees to take

-up ¢DCE and TCE make tree coring a potentially cost-effe ctive |

and simple approach to optimizing weII placement at
this site.

Introduction .
The use of vegetation in studies of groundwater contamina-
tion has received increasing attention for a variety of reasons.
Plants can remove contaminants from the subsurface by

‘direct uptake and degradation (1—6), transpiration of volatile
contaminants to the atmosphere (6—8), binding contami- -
nants to plant tissue (4—6), and enchancing microbial growth
and bioremediationin the rhizosphere (9—13). Direct uptake
of contaminants is controlled by a variety of factors, butin
general, moderately hydrophobic organic compounds (oc- -
‘tanol—water coefficient, log K,w = 0.5—3), such as trichlo-
roethene (TCE) and cis-1,2-dichloroethene (cDCE), readﬂy B

enter vegetation transpiration streams (10, 14).

This investigation shows that TCE and ¢DCE are present_
in tree trunks growing above cont_ammated shallow ground-

water. To owr knowledge, this is the first investigation

demonstrating that headspace analysis of tree cores can be

an inexpensive and rapid method to delineate shallow TCE

and ¢cDCE groundwater contamination. In addition, this

mvestlgatmn presents data shomng varlatmns in concentra—
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FIGURE 1'. Loﬁation of studf area.

tmns of those compounds vertically upward along a tree

- trunk. Cores were collected from 97 mature trees growing

above and in the vicinity of contaminated groundwater. Six

i different species of trees were examined. Cores from one

tree were collected at various heights along the trunk.
Study Area. The study area is a forested flood plain of the
Savannah River near the TNX Area, Savannah River site, SC
(Figure 1). The flood plain consists of an upper and lower
terrace, separated by an embankment ranging from about
1 to 2 m high. Northeast of the upper flood plain, land surface
rises sharply to an upland terrace (the TNX Area) containing
a former seepage basin. For a few days to a few months per
year, the Savannah River inundates the lower flood plain
(Figure 2). During most of the year, however, standing water
is limited to low-lying areas of the upper and lower flood
plains, indicated by marsh syrnbols in Figure 2. |
- Chlorinated solvents are present in the gmundwater
beneath parts of the upper flood plain. The dominant
contaminants are TCE and cDCE. The probable source of
the chlorinated solvents is leakage from a former seepage
basin in the TNX Area (Figure 2). Groundwater flows through
unconsohdated sands toward a drainage ditch that empties
into the Savannah River. Depth to the water table beneath

‘the flood plain ranges from the land surface to about 1.5 m.

The gmundwater ﬂnw rate in the flood plainis appmmmately
0.46 m/day (15).

Vegetation in the swanms of the flood plain primarily
con313ts of bald cypress [Taxodmm d:snchum (L) Rich],

- 10.1021/es980848b CCC. $18.00 © 1999 American Chemical Society

Published on Web 12/29/1998



-\, Stream-bed
ai. \ pore-water
R sampling
- -\, site 37,

-----

bbbbbb

il

100 200 300 FEET : | EXPLANATION
- 50 METERS —l et bt
T 7 TREEIDENTIFICATION  © BALDCYF’RESS
N ~ NUMBER & OAK
e OBSERVATION WELLAND O LOBLOLLY PINE
-V IDENTIFICATION NUMBER - SYCAMORE '
* STREAM-BED PORE-WATER A TUPELO
SAMPLINGPOINT — , SWEETGUM

FIGUHE 2 Locattnn aml Identlflcahon numbers nf test trees and observatmn wells on the Sevsnnah Hwer flood plam TNX Area Savanneh'

Rlver site, SC

tupelc (NySSa aqaatim L.), . and sweet gum (Liqmdambar
stryacifiua L.). In drier parts of the flood plain, oak (Quercus |
spp.), loblolly pine (Pinus taeda 1.), and sweet gum are

and sycamere (Plamnus occzdentalzs L)

Metlmds

Cores were collected mth an mcrement bcrer fmm 97 trees

on the Savannah River flood plain in South Carolina during
January, February, July, August, September, and October 1997
and January and February 1998 (Table 1). The trees included
64 bald cypress, 5 tupelos, 12 loblolly pines, 3 sycamores, 6

‘oaks, and 7 sweet gums (Figure 2). Part of the area contained
- groundwater contaminated with TCE and cDCE Trees 1 1,
16, 17, and 53 were control oak, loblelly pine, sweet gum

not shown in Flgure 2.
The cores used to dehneate contammamm in Flgures 3

proximately 1 5 m above gmund except fm: tree 7a (wluch'

I was co]lected fmm 9 m on August 11, 1997 and frem 3 m
‘on October 1, 1997) and trees 20z and 21z. (whlch were

EE collected from about 1.8 m).
dominant with a relatively small pepulatlen of bald cypress N

Atselected trees, two cores were celiected approxlmately
25 mm horizontally from each other to compare replication.
The average concentration difference between replicate cores

| was 15.2% for TCE in six replicate pairs and 2.5% for cDCE
| inthreereplicate pairs. A bald cypress (tree 7)-also was cored

at various heights along its trunk. A bucket truck was used
- to access the tree, which grew ad] acent to an unpaved road.

“Upon co]lecu(m, the cores (approximately 68 mm in
length) nnmedmtely were removedfrom the coringtoolsand
‘placed in 20-mL glass vials. At selected sites, ambient air

| samples also were collected by waving an empty 20-mL glass

| vialinthe air for several seconds. Teflon-coated septum caps
and sycamore trees, resp ectwely, collected fmm offsne areas

“then were crimped onto the vials. The vials were heated at
40 °C for 12 h to vaporize volatile compounds in the cores.

| The vials then were cooled to room temperature, and a 100
and 4were collected from the northeastem side of the -

respective tree. All cores used to examine areal dlStI'lbuthll' :
of contaxmnatmn were co]lected from a helght of ap-

uL sample of the headspace was collected into a gas syringe.
- Gas samples were analyzed by photoionization detection on
a Photovac 108 Plus gas chromatograph. Concentrations are

1 repurted here as nanomeles of gas per liter of core water
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FIGURE 3. cis-1 2-D|chlnmethene eoncentmtmns in bsld cypress trunks in January and February 1998 and in gmundwater durmg August
1997 and gmundwater flnw dlrectmns (15) TNX ﬂnod plaln Savannah River Site, SC. |

(nmol/L) Statistical tests were dene on concentrationsbased
on core-water volume, and the core dry weight verified that -
the sample nermah_zatmn procedure did not SIgmﬂcantly

| aﬂ‘ect the results.

“Groundwater was purged and sampled fmm wells usmg
a positive-displacement submersible pump. Casing water
was purged until specific conductance stabilized. Ground-
water was sampled from beneath the drainage ditch by

pushing a 6.35-cm i.d. stainless steel sampling point into the

streambed so that the screened interval (7.8 mm) was |
approximately 0.6 m below the stream base. Interstltlal water

was pumped from the piezometer using a penstal’uc pump.

Water was pumped at a slow rate, and a minimum amount |
of water (20 mL) was removed prior to cellectmg a water |

sample for volatile organic carbons (VOCs) to avoid dilution

effects from mixing with streamwater. Water samples were
‘collected in 40-mL glass bottles, capped with Teflon-lined
bottle caps, and analyzed using U S. Emnmnmental Pretec- ';

‘tion Agency Method 8240 (16).

- Statistics were performed usmg the SAS seftware paclcage
(SAS Institute Inc. , Cary, NC). Analysis of variance tests (PROC |
GLM) were used to evaluate differences in TCE and ¢cDCE |-
concentrations among tree species and between sites (control
vs contaminated). Linear regression analysis was used to -

test fm' changesin TCE and cDCE mth helght abeve greund

..Ilesults anll Dlscnssmn

' "TCM3 centamed 3577 and 1187 nmolf Lof TCE respectwely

(William Pidcoe, Westinghouse Savannah River Company,

~ written communication, July 1997). Well TCM 3 also con-
| tained 246 nmol/L of ¢DCE. Numerical simulations (15)
- suggest that the path of contaminated gmundwater flowfrom
| the former seepage lagoon is toward a reach of the drainage
| ditch near the embankment separating the upper and lower
| flood plains (Figure 3). Groundwater beneath the ditch,
| -collected from a drive-point well screen (Figure 2) in the
‘probable contaminant-discharge zone, contained 134 nmol/L
of ¢cDCE and 822 nmol/L of TCE in August 1997, providing
‘| supporting evidence fer the hypethesmed path of contami-
_*'nant transport.

-¢is-1,2-Dichloro ethene was present in cores from several

| bald cypress trees growing in the area of cDCE-contaminated
| groundwater. The area where cDCE was found in bald cypress
-trees was along a path coincident with the groundwater flow
~path from the former seep age basin (Figure 3) and coincided
{ with areas where cDCE was found in greundwater The data
~ strongly suggest that the ¢cDCE in tree trunks is derived from
‘the contaminated gmundwater ongmat:.ng fmm the fermer
_seep age basin. |

- TCE alsowas feund in bald cypress trunks grewmg in the

- area of TCE-contaminated groundwater downgradient from
-{ the former seepage basin (Figure 4). The distribution of bald
- cypress containing TCE was more widespread than the
| 1 dlstnbutmn ofbald cypress contammg ¢DCE. Moreover, TCE
Groundwater in the vicinity of several test trees contained |

TCE and lesser amounts of cDCE (Table 1). These compounds
were not detected in air samples adjacent to the trees,
 indicating that the compounds were derived from belowland
surface. In May 1997, water samples from wells TIR 3Band

also was found in tree 78 and the nelghbm'mg trees farther

~ south than the flow path from the former seepage basin
~ (Figure 4). These data suggest a second plume of TCE in the
-aquifer. Although no data was collected from well TNX 26D
‘during 1997-1998, 4184 nmollL ef TCE was found in
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'groundwater at ‘the well dunng 1996 Wﬂham Pldcee" R
Westinghouse Savannah River Cempany, written com- | o e
munication, Iul}r 1998), supporting the hypotheels that the l e Ak | @ southemirunk (uiy1997). | |

spatial distribution of TCE among bald cypress sampled - ~ | <O~ Southem trunk (August 1997) | -
~ acrossthearea reflects the dlstnbutlen ef TCE in t.he sha]lew | -‘17- Northen trunk {August 1997)
__ aquer | . - - -
- Examination of cores co]lected at varlous trunk helghts
of a bald cypress (tree 7) growing in an area-of groundwater l e

contaminated with TCE showed that concentrations of TCE
decreased significantly with increasing trunk helght W=
0.001) (Figure 5) although ¢DCE concentrations d1d not (p |
= 0.4) (data not shown). Tree 7 branched into two'trunksat | .
“aheight of 2.1 m above ground. The two trunks aredesignated | .
" as southern and northemn. TCE concentrations along the |
southern trunk of tree 7 during July and August decreased |
by about 70% and 53%, respectively, from near the ground |
to a height of about 17—18.6 m (Figure 4). The northern |
unk of tree 7 showed an approximate 30% decreasein TCE |
concentratmns over the same vertlcal dlstance mAugust 1997 |

_(Flgu1'95) . Sl l |

~ Height of tree core, in meters
T

The specific mechamsm causing decreasmg concentra- |
v | tions of TCE with increasing height in tree 7 (Figure 5) ismot | |
/. ~ known. One possibility is that there is a loss mechanismfor | 0 —
¥  TCE along the transport pathway up the tree. Suchaloss | = 2000 4,000 6,000 8, 090 19 000
‘mechanism could be VOC volatilization followed by diffusion |
through the tree bark. The fact that water vapor is known to. l o Tnchleroethene concentratlon |n tree cores,

~ escape through the bark of trees, chiefly through lenticels in nanomoles Of gas per hter of core water
- (17),is consistent with the loss of TCE through the tree bark.

The Henry’s law constant is slightly larger for TCE (0.007 m® FIGUHE 5 Trrchlornethene cnncentratmn in cores along the trunk
atm/mol) than for ¢DCE (0.0032 m?® atm/mol), indicating | of tree 7 (bald cypress). Cores from the nnrthem trunk were not
that TCE has a shghtly larger tendency to velatlhze that cDCE B colleetetl in July 1997 : o L
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(18). Additional possible explanations include TCE -degrada o

-tion or sorption within the trunk, the potential for spiral
transport of fluids up the trunk (19), or temporal changes in
greundwater contaminant cencentrations.

- Although all of the cores collected for this analysrs were

directional variability. Core data from different sides of |
individual trees showed concentration differences ranging |

from 44 to 92% for TCE and from 6 to 90% for cDCE The

relatively good replication in cores collected 25 mm apart |
(15.5% for TCE and 2.5% for ¢cDCE) indicates that the coring |
approach did not contribute significant inconsistencies to |
the data. The source of the directional variationis notknown
but may be related to a variety of factors, such as injuries
(20), disease and insect damage (21), gas embolisms (22),

and variations in TCE concentration taken up by root systems

on differing sides of the tree.

All species of trees examined frem areas s of greundwater-

contamination showed evidence of TCE or ¢cDCEin the trunks.

Some species appeared to exhibit snnrlar uptake potenual |

Examination of a cluster of bald cypress and tupelo {trees
19—24, 50—52, and 55) showed no significant differences in

concentrations between the species. In ]anuary 1998, the_ 1
TCE concentration in bald cypress 7 was approximately. | -

2000—3000 nmol/L, and high concentrations of TCE also |

were found in nearby loblolly pines 12, 27, and 54 (1742, | ) McFarlane,J.C.; Pﬂeeger T Fletcher] Envtron Toxicol. Chemn.

- 1241, and 1324 nmol/L, respectively). Bald cypress 43 also

contained similar TCE concentrations (296 nmol/L) as |

“adjacent loblolly pine 42 (479 nmol/L).

Oaks, however, appeared to contain less TCE than ad] acent | |

bald cypress or loblolly pines. In September 1997, oak 11 .| B
contained <50 nmol/L of TCE while a nearby leble]ly pine (10) Sct

(tree 12) contained 730 nmol/L of TCE and a nearby bald | _ .
cypress tree (tree 7) contained 3180 nmol/L of TCE (Table | '-"-"‘"(--11) Anderson, T. A; Waltan, B. T. Abstracts; 10th Aﬂmlal Meetlng,
1). Similarly, in Jahuary 1997, a different oak (tree 35)

contained only 69 nmol/L of TCE, whereas loblolly pines on - | ';"(Zif-’)ﬁl ordahl, J. L; Foster, L; Schneer, LL _Al_varez P. J. Enmmn

either side of tree 35 contained 2263 (tree 34) and 479 (tree

42) nmol/L. Likewise; oak 13 contained less than 50 nmol/L
of TCE while an adjacent loblolly (tree 32) contained 764

nmol/L of TCE. The consistency of the data implies that these

findings are function of tree-species differences rather than -
an artifact of varrabﬂlty due to sarnp]mg a partlcular side of

each tree.

Sweet gum also appeared to contain less TCE than leblelly
pines. Sweet gums 14 and 33 contained <50 and 74 nmol/L
of TCE, respectively, in January 1998, while loblolly pines on
various sides of the sweet gums contained 765 (tree 32);2263

(tree 34), 308 (tree 29), 318 (tree 30), and 751 nmellL (tree -

31) (Table 1). . S L
- Previous mvestrgauens alsn have neted concentratron

differences among species. Selected chlorinated compounds
have been found to be degraded faster in the rhizosphere
~ soil of monocot species than dicot species (23). Loblolly pines -
- have been found to take up more TCE than grasses and

legumes (11). In this investigation, the concentration dif-
ferences ‘also may partly be a function of the water-

conduction differences between species. Conifers (such as'
bald cypress and loblolly pine) conduct water through more
than the outermost ring, whereas in ring-porous trees (such

as oak) nearly all of the water is conducted through the

outermost growth ring (24, 25). Thus, the higher concentra-
- tions detected in conifers relative to the oaks may be because

the cores, being of apprmnmately equallength, mcorp orated
more of the transprratmn strearn in cenlfers than in the rmg-
porous trees. RETERRT | e |

The extensive areas of swamp and penedlc ﬂnedmg lmpart R

difficulties in installing and maintaining effective ground- |
water sampling wells at this site. The large number of trees | received November _ .9_ 1993 Aeeep te‘“? overnber 19 1 998

available, however, and the ablhty of those trees to take up

| By 77“85 .

¢DCE and TCE, even in areas of standing water, make tree
coring a potentially cost-effective and simple approach to
optirnizing-well -Siting in this type of environment.

- '.__--Acknowledgments
from the northeastern part of each tree, selected trees were

cored at various locations around the trunk to examine The use of trade narnes dees ner unply endersernent by the
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