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Use of Tree-Rlng Chemlstry to Document
- Historical Ground-Water Contamlnatlon Events

by Don A. \I'robleskya and Thomas M. Yanoskyb

Abstract

The annual growth rmgs of tulip trees (Liriodendron tultpzfem L.) appear to preserve a chemical record of ground-water
contamination at a landfill in Maryland. Zones of elevated iron and chlorine concentrations in growth rings from trees
immediately downgradient from the landfill are closely correlated temporally with activities in the landfill expected to
generate iron and chloride contamination in the ground water. Successively later iron peaks in trees increasingly distant from
the landfill along the general direction of ground-water flow imply movement of iron-contaminated ground water away from
the landfill. The historical velocity of iron movement (2 to 9 m/ yr) and chloride movement (at least 40 m/yr) in ground water
at the site was estimated from element-concentration trends of trees at successive distances from the landfill. The tree-ring-
derived chloride-transport velocity approximates the known ground-water velocity (30 to 80 m/yr). A minimum horizontal

hydraulic conductivity (0.01 to 0.02 cm/s) calculated from chloride velocity agrees well with values derived from aquer tests
(about 0.07 cm/s) and from ground-water modelmg results (0.009 to 0 04 cm/s).

Introduction .
Ground-water investigations at hazardous-waste sites
often confront a lack of historical data regarding the trans-
port of subsurface contaminants. Such information may
provide data necessary to assess the future movement of the
contamination. Moreover, historical information on the
transport velocity of conservative tracers is useful as an
indicator of ground-water velocity, which can be used with a

measured hydraulic gradient to calculate aquifer horizontal

hydraulic conductivity. The necessary data may be difficult
to obtain using existing methodology because tracer tests
are time-consuming, aquifer pumping tests may discharge
or affect the distribution of contaminated ground water, and
slug tests are valid only for the screened interval of the well
(Lohman, 1979). The purpose of this study is to determine
whether such information can be derived from the chemical
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contenf of growth rings of tulip trees (Liriodendron tulipifera
L.) at a hazardous-waste landfill in Maryland (Figure 1). To

~ test the hypothesis that the chemistry of tree rings may

provide an areal and temporal record of geochemical
changes 1n the ground water, the distribution of iron (Fe)

~ and chlorine (Cl) in the growth rings of tulip trees near the
- hazardous-waste landfill was compared to the record of

historical activity within the landfill. Fe and Cl are constitu-

~ents of the ground-water contamination and have been
- shown not to be translocated across growth-ring boundaries
~in other studies (Hall, 1987, Wardell and Hart, 1973; Tout

and others, 1977; McClenahen and others, 1989).
Tree-ring chemistry has been related to soil contamina-
tion (McClenahen and others, 1987, 1989; Meisch and

- others, 1986; Bowers and Melhuish, 1988; Bondietti and
‘others, 1989) and surface-water contamination (Sheppard

and Funk, 1975). A number of studies also have shown an
apparent relation between air pollution and tree-ring chemi-

cal composition (Robitaille, 1981; Symeonides, 1979; Kardel

and Larsson, 1978; Baes and McLaughlin, 1984; Bondietti
and others, 1989) and between leaf and stem chemistry and
ground-water chemistry (Zielinski and Schumann, 1987:
Kalisz and others, 1988). Meredith and Hites (1987) noted
that polychlorinated biphenyls (PCBs) were present in the
bark of trees growing near a PCB-contaminated landfill, but



they found none in the wood. However the potential for A S R N
usinig tree-ring chemistry to examine ground-water chemis- N S '
try has not been examined. Because the availability of an
element for uptake by trees may also be influenced by site
microclimate and competition from other elements (Berry,

1986; Brooks, 1972), absolute concentrations probably are .
of secondary importance to elemental trends when relating
tree-nng chennstry to ground-water chemistry. oz EXPLANATION
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- The study area is near a landfill (Flgure l)m Aberdeen L EEEEEE e ' D sﬂ,-.d

Proving Ground, Maryland, that was periodically used for L T =g ow
disposal of munitions, chemical-warfare agents, industrial e === "@I
solvents from mustard-gas manufacturing plants, and petro- s e '

leum products. The types of chemical-warfare agents dis- Fig. 2. Cross section A-A’.
posed potentially includes all that were developed prior to R
the late 1950s. The materlal was disposed on the ground or
in unlined trenches to a depth near the surface of the water

tabl m near the shorehne of Watson Creek Borehole data and
able.

analysis of ground water 1ndlcate that much of the contami-

nation 1is prevented from movmg deeper than about § m

- below land surface by the presence of a laterally contrnuous
layer of clay at that depth (thure 2). .
The shallow ground water is recharged by precrpltatlon _

~infiltration. Shallow ground-water movement beneath the

~ disposal area is from southwest to northeast toward

The subsurface nlaterial in the vicinity of the landﬁll
consists of unconsolidated sand and silt, with laterally dis-
continuous lenses of clay. The depth to the water table
ranges from about 2.5 m near the edge of the fill to about 0.3

7 o | _'-'-i--“Watson Creek, where it discharges (Frgure 3). The ground-
[T TR ",;;“""“"_’""_""“"“‘,'.“I S water velocrty through the area is about 30-80 m/Yl‘ based
; e '~ N 5, BALTIMORE PF R _on ground-water flow modeling of the site and assummg a
o *T‘_"‘;;.__.{ PR, R porosity of 0.3 percent (Vroblesky and others 1989).

o o | ‘*H\% | * P \ et ‘Ground-water samples collected quarterly during

e TN 1986-87 and weekly for selected wells, show that the water-

o ? 20 40 MILES .?""f ] _ table aqutfer within the contannnated zone contains hrgher-
0 20 40 KILDMETEHS ALN N\

concentrations of i iron (Fe) (19 8to 87 3 mg/1), chloride (Cl)
_ a8 - (32t02,150 mg/ 1), manganese (0. 45 to 17 mg/l), zinc (0.88 to
| 8 mg/ l) arsenic (0.11 to 2mg/1), and ahphatlc and aromatic
_organic solvents than are found in adjacent uncontami-
' nated ground water. Uncontamlnated ground water con-
“tains approxnnately 0. 1 mg/l Fe 2-8 mg/1 Cl, 0.05 mg/ |

'.'manganese 0.3 mg/l Zinc, and no. arsenic or- orgamc
| solvents |
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A major source of dissolved Fe appears related to the
disposal of organic compounds. Contaminated ‘ground
water at the site is anaerobic, probably due to microbial
‘degradation of disposed organic compounds (Vroblesky
and others, 1989), whereas uncontaminated ground water in
- the area is aerobic. Reduction of ferric-oxide grain coatings

in the presence of anaerobic ground—water contamination
- probably accounts for much of the Fe in solution. Because
the disposal pits were unlined and the aquifer material is

relatively permeable ground—water contamination by the
| orgamc compounds probably occurred soon after disposal.
Thus, it is likely that anaerobic ground-water conditions
also existed during periods of maximum landfill use. Such
periods would be expected to produce relatlvely thh con-
centrations of dissolved Fe. - ' -

A variety of chemicals, termed decontaminants, were
applied extensively to the site to render the chemical-

warfare agents less toxic. The dominant decontaminants

were DANC (an acronym for Decontaminating Agent

NonCorrosive, a chloramide dissolved in tetrachloroethane),

hypochlorite-based bleaching agents, and chlorinated lime.

Decontaminants were used whenever the site activities, such

as burial or munitions recovery, involved chemical-warfare
agents. Munitions recovery and destruction were accom-
plished by removing, defusmg, mcmeratlng, or detonating
the ordnance.

Much of the Cl contammatlon 1n the ground water
“appears to be due to the application of decontaminants
‘(Vroblesky and others, 1989). Prior to 1951, the dominant
decontaminants used at the landfill were DANC and lesser

amounts of chlormated lime (Gary Nemeth, 1988, U.S.
Army Environmental Hygiene Agency, personal commun) o

Limited amounts of Cl contamination may have occurred

from the use of DANC. However, by 1953, after exhaustmg '_
the stockpiles of DANC, hypochlorite-based bleaching
agents became the dominant decontaminants (Gary Nemeth,
1988, U.S. Army Environmental Hygiene Agency, personal |
commun) and would have been substantially greater ﬂ

sources of Cl.

Although iuforrnation on historical ground-water
chemistry of the site does not exist, much of the history of

disposal and decontamination activities at the site is rela-

trvely well-known as a result of documentation by record -

reviews (Yon and others, 1978), written eyewrtness accounts
(Dickey, 1978), and interviews (Gary Nemeth, 1988, U.S.
Army Environmental Hygiene Agency, personal commun. )

with personnel involved with site activities. The landfill can

“be divided into two major areas, based " on the timing of
-specific drsposal operatlons D1sposal operatlons began in
the phase-l area (Figure 1) in the late 1930s. Maximum
activity was in 1946 when tons of captured munitions and
- chemical-warfare agents were disposed on the ground or in
unlined trenches. Some containers were reported to be leak-
ing at the time of burial (Yon and others, 1978).
Disposal operations in the phase-1 area declined after
1946, and the last reported pit was excavated in 1948 (Yon
and others 1978). The primary decontaminant used during

- phase-1 operations- was DANC, with lesser amounts of
chlorinated lime (Gary Nemeth, 1988, U.S. Army Environ-

mental Hygiene Agency, written commun.). After a period
of site cleanup in 1950, site operations were concentrated in

' the phase-2 areca (Figure 1) of the landfill until 1965, when

site-cleanup operations began (Dickey, 1978) and continued
through the late 1960s and early 1970s (Nemeth and others,

', 1983).

Disposal operations in the phase—2 area (Flgure 1)
began 1n 1944, The landfill was officially closed to disposal

in 1950 (Dickey, 1978); however, an additional disposal pit

in the phase-2 area was excavated in 1953 and used until at

least 1957 (Yon and others, 1978).

Little 1s known about site activities during the period
1957-65, although some decontamination apparently took
place. Dickey (1978) reports that much site cleanup had been
completed when he visited the landfill in 1965. The site was

“fenced, and access was to the phase-2 area; therefore, it is

likely that most disposal or cleanup operations during 1957-
65 would have occurred in the phase-2 area.

Activity at the landfill increased again in 1965 when the
site. was designated as an Explosive-Ordnance-Disposal
Training area (Drekey, 1978). These operations involved

- munitions recovery and destruction. Peak activity during
this period was in 1972, when tons of decontaminants were

spread across the site. The training operations may have

“taken place in both the phase-1 and phase-2 areas of the

landfill, but the descriptions of the types of ordnance
removed imply that operations were concentrated primarily

in the phase-1 area (Gary Nemeth, 1988, U.S. Army

Enwronmental Hygiene Agency, personal commun. )

Methods

The tulip. trees analyzed 111 ﬂ'ﬂS study were 50 to 100
years old. Seven trees grew in areas of known ground-water
contamination and three in areas believed to be unaffected
by the landfill (Flgure 1). Two of the trees from uncontami-

~ nated locations are outside the area shown in Frgure 1 but

within a 300-m radius of the fill. Increment corings were

“extracted from trees at breast height, and borers were rinsed

between cormgs with acetone.

Prior to element analysrs cores were oven—drled
mounted with cyanoacrylate glue into lucite holders, and
shaved to a flat surface with a stainless-steel surgical blade.
Nondestructive multielemental analysis of individual rings
was performed by proton—mduced X-ray emission (PIXE).
In general, odd—numbered rings were analyzed beginning
with the 1987 ring and ending with those from the 1930s. Ina

- few cases, however, consecutive ring series were selectively
~analyzed as well, and, in some trees, fewer rings were ana-

lyzed. Fe and Cl in the wood of tulip trees were analyzed as
elemental iron and chlorine. Comparisons of concentrations
on either side of the heartwood/sapwood boundary were
examined in background trees to assess the potential for
lateral translocation in response to heartwood/sapwood
d]fferentlatlon .

Hydrogeologle data from the site were collected from

37 monitoring wells. Hydraulic gradients were determined

using synoptic water-level measurements and data from
digital water-level momtors that recorded water levels at
~ 15-minute intervals over perlods of up to 18 months.
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Hydrauhc conductmty was calculated from slug—test data
using the Hvorslev (1951) method. S |
Water samples were collected from selected on81te wells

~ five times on a quarterly basis, beginning in December 1985

and ending i in December 1986. Additional samples were

~ collected more frequently from three we]ls Wlthln the arca of

emstmg ground-water contamination.

- The ground-water velocity was calculated from the

'output of a three-dimensional dlgltal ground-water flow

model (McDonald and Harbaugh, 1984) that simulated

steady-state ground-waterﬂowm the upper two aquifers at

the site (Vroblesky and others, 1989). Because the site is in a
rural area where ground water is not pumped, recent hydro-
‘logic analyses were considered representatwe of historical

- ground-water conditions.

Ci CONCENTRATION, IN PARTS PER MILLION |

Results S SR '
Unllke the background trees (Flgure 4) the Fe and Cl

concentratlons in most trees near the landfill typlcally-_

became elevated across several growth rings durmg periods
of maximum landfill activity (Fi igure 5). The Fe concentra-

tion in tree 4 increased ‘beginning in about 1939 and reached

a peak in 1947 f ollowed thereafter by a decline (Flgure 5). A
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Fig. 6. Fe concentrations in trees successively distant from
the phase-1 area of the landfill in the general direction of
ground-water movement. Dashed lines ‘represent mean

concentrations for the period of record. Shaded peaks are
| used in text for veloclty calculatlons B

srnnlar trend was shown in tree 3, 1mmed1ately to the north

Tree 2, north of trees 3 and 4, also had above average
concentrations of Fe durlng this same perlod but did not

have a srmrlarly pronounced Fe peak. Increased Fe concen-
trations again occurred in trees 2 and 3 beglnnlng in about

‘the 1965 growth nng Trees 2, 3 and 4 are located about 30 )m
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1980

from the phase—l area of the landﬁll along the dlrectlon of
ground-water flow. . -
~ The Cl-concentration trends in the 1940 growth nngs in

~ trees 2, 3, and 4 showed no apparent similarity to the

Fe-concentratlon trends. Although some of the Cl concen-

| tratlons in tree 4 in the 1940s are above the mean eoncentra—- |

tion, the trend is 1rregular and the greatest concentrations
are in the 1935 growth ring. Increasing trends of Cl concen-
tratlon occurred in trees 2 and 3 in the mid to late 1960s.
Tree S, about 27 m from tree 4 in the approxlmate
direction of ground-—water flow, showed increased concen-
trations of Fe beginning in about 1944-45 (Figure 6) and
extendlng to about 1949. Tree 6, about 15 m from tree 5 and

 about 42 m from tree 4 in the approximate direction of

ground-water flow, contain elevated concentrations of Fe
begmmng w1th the 1951 growth nng and extendrng to about-j

_ Tree 7 (Frgure 7) IS w1th1n the present—day (1988) zone
of maximum ground-water contamination approximately
24 m from the southeastern end of the phase-2 area. Fe
peaks in tree 7 did not occur until about 1945 (Fi igure 7).

‘Concentrations were relatlvely low in growth rings from

1950-53, but increased in later growth rings. Additional
peaks occurred from 1961-72. With the exception of two
short-lived peaks in about 1936 and 1941, Cl concentrations
in tree 7 showed no substantial increase until about 1954-55.

Concentratlons thereafter remalned well above the mean

until about 1965

Tree 8, about 40 m from tree 7 along the approxnnate_
dtrection of ground—water flow, showed elevated Cl levels
beglnmng at the same time as in tree 7, and extended to
about the 1967 growth ring (Flgure ). Growth rlngs In tree 8

' pI’lOI‘ to 1949 were not analyzed

Nelther Fe nor Cl was preferentla]ly enrlched on either

| srde of the heartwood-sapwood boundary. However, in
cores. from both contannnated and uncontanrnnated areas

there was a substantra'l 1ncrease in F e concentratlons in the
most recently formed nngs (about 1982—88) (Flgure 9)

100 ;i'llinrlllttrui'“_r

1930 1940 | 1¢

Fig. 7. Fe and CI concentratlons in tree 7, Iocated 24 m trom the phase-2 area of the Iandtlll m the dlrectron ot ground-water
" movement. Dashed lines wnthm graph represent mean concentrations for the perlod of record Perlods ot major stte actmty

are noted along the x-axls
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Dlscusswn
~ The variability in concentrations of Fe and Cl detected
in growth rings of background trees indicate that the trees

are sensitive to environmental variations, such as yearly or
'seasonal effects. Such influences would also be expected to

- occur in trees near the landfill. However, in addition to such

short-term variations, trees 2, 3, and 4, near the phase-1 area

of the landfill in the direction of ground-water flow, showed
a generally synchronous increase in Fe concentrations in
growth rings corresponding to times when the adjacent part
of the landfill was active (Figure 5). Increasing concentra-
" tions began soon after disposal began. Peak concentrations
in tree 4 occurred in the 1947 growth ring, corresponding to
the time of maximum disposal in 1946. Concentrations of Fe

declined within a few years after the last disposal pit was

excavated in 1948, . |
- Increasing Fe concentrations in growth rings again
occurred beginning in about 1965. The source of Fe in

growth rings younger than 1965 is uncertain because of the
limited amount of information on specific site act1v1tles

during that time. However, 1965 was when the landfill was

designated as an Explosive-Ordnance-Disposal Training
area. Site training would have at least included disturbance
of the soil and disposed material, destruction of munitions,
and application of decontaminating agents. '
“The timing of Fe peaks successively later in trees along
the general direction of ground-water flow appears to doc-
ument the movement of Fe contamination away from the
landfill (Figure 6). The transport velocity required to pro-
duce the offset peaks between trees 4 and 5 is 4.5 t0 9 m/yr.
The transport velocity required to produce the offset peaks
between trees 5 and 6 is 2.1 to 3 m/yr and to produce the
offset between trees 4 and 6is 3.5to Sm {yr. The similarity of
velocities provides evidence to support the hypothesis that

the succession of Fe peaks In trees 4, 5, and 6 reflect the

timing of Fe transport in the ground-water plume

“Disposal operations in the phase-1 area of landfill do '

not appear to have left a recognuable signature in the Cl
trends of trees 2, 3, and 4 (Figure 5). The lack of response is
expected because the dominant source of Cl, hypochlorite-
based decontaminants, was used in substantial quantities
only after the phase-1 area was closed. Cl concentrations in
trees 2 and 3 increased in the late 1960s and continued to
increase during the 1970s (Figure 5). A potential source of Cl
during this period would have been the use of hypochlorite-
based decontaminants. The application of such decontami-
nants was intensified in 1972 (Gary Nemeth, 1988, U.S.

Army Environmental Hygiene Agency, personal commun. ),
a period that coincides with high Cl concentrauons in the

‘growth rings of trees 2 and 3. _
Tree 7, located along the direction of ground-water

flow from the phase-2 area of the landfill, also shows -

increased concentrations of Fe in growth rings that formed
during periods of onsite activity (Figure 7). Fe peaks occur
in 1945 and 1949, during the first period of activity (1944-50),
when disposal of organic compounds was greatest. Addi-
tional Fe peaks occur in 1955-57 and 1961-77 and also

correspond with Clpeaks during the same 1nterval Increased_ o
Cl concentrations also occur at the same time in tree 8 '
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Fig. 8. Cl concentratlons in trees successively distant from
the phase-2 area of the landfill in the general direction of
ground-water movement. Dashed lines represent mean
concentrations for the period of record. Shaded peaks are

used in text for veloctty calculatlons

(Figure 9), implying that the Cl and Fe tfeods represent a
related event. The most likely event 1s the second period of
disposal (1953-57) and subsequent site-cleanup operatlons _

‘(begmnmg about 1957).

- Support for the hypothesm that the trees record move-
ment of ground-water contamination can be seen by com-
paring transport velocity and horizontal hydrauhc conduc-
tivity calculated from tree-ring data to values calculated by
other methods. If increased Cl concentration in tree rings
reflect ground—water—contammant migration, it is then fea-
sible to approximate an historical transport velocity of Cl
through the water-table aquifer. Because the Cl peaks in
trees 7 and 8 are synchronous, a maximum transport veloc-
ity cannot be calculated. However, if it is assumed that the
peaks represent movement of ground-water contamination,
then the transport between trees 7 and 8 appears to have
occurred within one year. Thus, a minimum transport veloc-
ity of 40 m/yr can be estimated. The conservative nature of
Cl dictates that -_its' velocity should approximate that of
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. ground water. The tree-ring-derived velocity agrees well |
with the ground-water velocity (30-80 m/yr) calculated from

ground-water—ﬂow modelrng (Vroblesky and others, 1989).

~The minimum ground-water velocity estimated from -

the movement of Cl between tree 7 and tree 8 (40 m/ yr) can

~ be used in conjunction with the measured hydraulic gradient

and an estimated [ porosity to estimate horizontal hydrauhc
conductmty from a mod1ficatron of Darcy S Law

| K—vn/I

where K is the horrzontal hydraulrc conductmty, v is the o
average linear Veloc1ty (40 m/yr), n1s the porosity, and I1s

the hydraulic gradient. Using an average hydraulic gradient
(based on field measurements) of 0.003 and a range of
porosity typical for sand 0f0.25t00.50 (Freeze and Cherry,
1979), a range of K = 0.01 cm/s to 0.02 cm/s is calculated

Although this K represents a minimum value, it agrees well
with the K value calculated from three slug tests at the site

(about 0. 07 cm/s) and from a ground-water model- |
(Vroblesky and others, 1989) of the site (0.009 cm/s t0 0.04
cm/s). The close correlation of tree-ring derived K values to
those calculated by independent methods strengthens the -
hypothesis that tree-ring chemuistry documents temporal -

changes n ground-water chemistry.

Data from tree rings younger than 1980 were not com— j ; o

pared to landfill activities because of the substanttal increase
in Fe concentrations in the outermost growth rings of the

~ trees examined. (F1gure 9) The similar response of trees both .

| 1ns1de and outsrde the contarnmated areas implies that the
Increase 1S unrelated to ground—water contamination. Sub--
stantial increases of Fe in the outermost growth rings have
also been reported in other studies (Baes and McLaughhn |
_,'1984 Mersch and others 1986) crttng aC1d deposrtron from

air pollutton as a poss1ble source.
Acid deposrtron by ermss1ons from an 1ndustnal plant
about 7 km west. (typrcally upwmd) of the site was COI]SId-

ered as a poss1ble source for the high Fe concentrations. -
Sulfur-dioxide emissions from the plant were at a maxrmum )

during the penods 1963-69 and since 1983. Although some
- trees show an increase in Fe correspondrng apprommately"*’ |
““"i_.:_'f':oreover the increasing Fe con-
centranons in the outermost growth rmgs began before 1983 -
in some trees. Although it cannot be discounted, emissions
from the plant do not appear to have produced an 1dent1ﬁ- :

to 1963—69 most do not

able response in the trees.

Perhaps a more hkely explanatlon 18 that the elevated |
levels of Fe in the outermost Tings reflect the drstrrbutlon of
._metabohc actwrty wrthm the xylem The outermost Vessels E

of anglospcrms contain the greatest amount of water in the-
sapwood because they are involved in the transport of large
- quantities of water and dissolved solutes from the roots to

the crown of the tree (Stewart, 1966). Tree cores in this
1nvest1gatron were dehydrated in an oven. The evaporative
process concentrates dissolved solutes in the residual water

until they eventually precipitate out of solution. Thus, the |

increased Fe in the outermost growth rings may represent a
~ combination of Fe incorporated into the wood structure
- and Fe that precipitated out of the residual water during
evaporative drying of the cores. If so, the effects of residual

Fe precipitation would be lnmted to the outermost growth

- rrngs because the inner rings no longer actively conduct sap.

In e1ther case, the 1ncreased Fe concentrations obscure

~ the relatlon between tree—rlng chemrstry and ground-water

chemistry in the outermost growth rings. Therefore, this
study is only of the rings that formed during the period of
1930- 1979, which includes the time of maximum landfill use

B and maximum probable ground-water contammatron

-~ The lack of preferential enrichment of Fe or Cl on
either side of the heartwood/sapwood boundary in back-
ground trees at the site 1rnphes that neither element 1s later-

'. ally translocated from ring to ring. These ﬁndrngs agree with

those of other researchers who found that Fe (Hall, 1987;
McClenahen and others, 1989) and Cl (Wardell and Hart,
1973; Tout and others, 1977) were not translocated across
ring boundaries. The findings by McClenahen and others
(1989) are partrcularly relevant because they deal with tulip
trees. Thus, with the possible exception of the outermost

-rings, the yearly levels of Fe and Cl represent immobile
‘constituents of rings that apparently reflect differences in the

chemical environment during formation. |

Co'nclusb'ns
In the absence of h15tor1cal data on the ground-water

__chennstry, it cannot be stated unequrvocally that tree-ring
chemistry documents past penods of ground-water contam-

ination; however, a variety of factors suggests such a rela-

' .tron Zones of elevated iron and chlonne concentratlons in

growth rings from trees 1rn_r_ned1ately d owngrad_lent from the

landfill are closely correlated temporally with activities in
- the landfill expected to generate iron and chloride contami--
~ nation in the ground water. Successively later Fe peaks in
trees rncreasrngly distant from the landfill along the general
'drrectron of ground-water ﬂow implies movement of Fe-

contaminated ground water away from the landfill. More-
over, ground-water velomty and aqu1fer horizontal hydrau-
hc conductmty calculated from the growth—rmg chemistry

‘agree well with those calculated by independent methods.
- Thus, tree-ring chemrstry appears to be a potentlal tool for

examrnmg chemical histories of ground water. One impor-

 tant ut111ty of ‘such information is that it may be used to

calculate horizontal hydrauhc conductmty of the shallow -
ground-water flow system. Additional research needs include
an improved understanding of the specres-specrﬁc and

‘metabolic controls on the uptake and incorporation of spe-

cific elements by trees. Use of this method at a variety of sites
also' would help detennrne the range of applrcatlons and
constralnts | " . c
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