ISSN : 0974 - 7451 Volume 6 | ssue 6

Snviconmental Science

Tradve Sreience Inc. A Tndian W
—=  Qurrent Research Peaper

ESAIJ, 6(6), 2011 [320-328]
Total levelsand equilibrium-based phyto- and bioaccessibility of heavy
metalsastoolsto assesssediment quality in recreational water ways

Tsanangurayi Tongesayi’, Ester Booth, Sade Stevens, Eric Winter
Department of Chemistry M edical Technology and Physics, M onmouth Univer sity, 400 Cedar Avenue, West L ong Branch,
NJ 07764, (USA)
ttongesa@monmouth.edu
Received: 8" July, 2011 ; Accepted: 8" August, 2011

ABSTRACT KEYWORDS
Deal Lakeisoneof themajor recreation sitesin the state of New Jersey, and Dredging;
itsvitality isrestored by periodic dredging. The quality of the Lake’s sedi- Sediment quality;
mentsisextremely crucial for the health of its ecosystem and human heal th. Phytoaccessibility;
Dredged sediments are often used for land reclamation and beach restora- Bioaccessibility.

tion, which potentially expose humans to chemical hazards. We assessed
the quality of the Lake’s sediments by determining heavy metal(loid) con-
centrations, and the phytoaccessibility and bioaccessibility of the metals.
A certified reference material, Ref1944, was used to validate the anal ytical
measurement. Total metal levelsof As, Cd, Cr, Pb and Zn were significantly
higher than the National Oceanic and Atmospheric Administration’s Prob-
able Effects Levels. Arsenic level was highest at the site closest to the
Power and Light Plant, probably due to effluent from arsenic-containing
wood preservatives, and was lowest at the site which had an overgrowth of
weeds, probably due to uptake by weeds in place of phosphorus.
Phytoaccessibility and bioaccessibility showed dependence on binding
preferences and binding strengths. We proposed equilibrium-based avail-
ability modelsthat depict the 24-hour phytoaccessibility and the 60-minute
bioaccessibility as equilibrium concentrations. Uptake by cells shifts the
equilibria towards dissolution, meaning that larger proportions of metals
can become available than predicted.
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INTRODUCTION roleand pollution. Centuriesago, it usedto becalled

Lake Uliquecksby the LelaneIndians, thenit became

Dedl Lake, thelargest freshwater coastal lakein  theWhite’s Pond, the Hogs Swamp Pond, the Boylston
New Jersey, hogsrecregtiona activitieslikesport fish-  Great Pond andinthelate 1800s, the Deal Lake. Dur-
ing, boating, canoeing, kayaking, wildlifewatchingand  ingthe Revolutionary War, the British soldiersused to
surfing®. Thelong history of Ded Lakeincludesname,  gather fish, clams, and oysters from the lake to feed
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peopleback in England. The Lake, then, hadaninletto
theoceanwhich facilitated asdf purifying mechanism,
ensuring that fish and other seafood it nourisheswere
safefor human consumption. However, aland devel-
oper who namedit Deal Lakeinthelate 1800s sealed
off thelake’s ocean inlet, effectively turning it into an
effluent, storm water, trash, silt, and waste collecting
pond™.

Theincreasein pollution prompted theseventowns
surrounding thelaketolaunchtheDedl Lake Commis-
sionin 197414, The mission of the commissionisto
restore and preservethelakeand itswatershed by un-
dertaking activitiesthat decontaminate and reduce wa-
ter pollution. Decontamination and pollution reduction
activitiesinclude dredging; seaweed eradication; pick-
ing of litter; community education on problems associ-
ated withwater quality, siltation, lakerestoration and
the benefitsof preserving thenatura environment of the
lake; and liaising with the NJ department of environ-
mentd protection (NJDEP) for theefficient implemen-
tation of aRegiona Storm Water M anagement Plan.
Dredged material isgenerally sediment that has col -
lected into waterwaysthrough erosion. Itsmanagement
can becostly, especidly if it iscontaminated with chemi-
cals. Relatively uncontaminated dredged material can
be used for beach replenishment, land reclamation, and
soil conditioning among other beneficial uses?4. Re-
gardlessof the extent of contamination of the dredged
sediments, their use on land and beaches present a
source of environmenta contamination> .,

Theuseof dredged contaminated sedimentsinland
reclamation and beach restorations, among other uses,
potentialy expose humansto toxic metal sduring nor-
mal daily activities”9. Theoral routeremainsoneof
the major routes of exposure of sediment/soil-bound
metalsto humans. Thelow pH inthestomachwill result
inthe dissolution of sediment/soil-bound metals, ren-
dering them bioavailabl €14, Bioaccessibility isrou-
tinely used to determinebioavail ability of metalsfrom
theinadvertent ingestion of contaminated soilsand sedi-
ments. It involvesextraction of metalsfrom thesolid
matricesusingartificid gastrointestingl fluid. Smulated
gastric fluidsusedin bioaccessibility studiescanbea
smpleHCl solution (0.1M HCI) or complex mixtures
that gastrointesting fluidsand nonacidic condtituentsthat
include enzymes, lipids, or mucins, whose pH is ad-
justed to gastric pH using HCI™', Someresearchers
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have used the US Pharmacopoeiaformulawhichis
commonly used to S mulatedrug dissolutioninthestom-
achi’t 33 used the simplified physiol ogical-based ex-
tractiontechnique (SBET), asolution of glycine (0.4M)
adjusted to pH 1.5 using HCI, to determine
biocaccessibility of heavy metalsinsoils.

Plantsarethe primary producersin ecologica food
chains and represent one of the exposure routes of
heavy meta sto organismsup thefood chain. Humans
can access metd sfrom contaminated sedimentsthrough
consumption of contaminated agricultural products, if
the dredged sediment-reclaimed land is used for agyri-
cultural activities™>8, Total metal concentrationisnot
ameasureof the phytoavailability of traceheavy metas
becausenot al formsof themetal will beavailablefor
uptake. Meta s can al so be phytotoxic, depending on
metal load and form, so useof contaminated sediments
can potentially eradicate vegetation. Without vegeta-
tion, theland isexposed to eros on, increasing chances
of siltation and contaminating nearby water systems.
Solutionsthat areroutingy usedto extract phytoavailable
metal s pool sinclude aqueous solutions of saltssuch as
sodium chloride (NaCl), cacium chloride(CaCl,), cal-
ciumnitrate(Ca(NO,),), anmoniumchloride(NH,Cl),
and ammonium nitrate (NH,NO,)*> 1. Chelating
ligands such as diethylenetriaminepentaacetic acid
(PTPA) have a so been used®®, Accordingto litera-
ture, these solutions seem to yield satisfactory results,
but sol utions containing the chloride (Cl) may givean
underestimate of the phytoavail able Cd dueto thefor-
mation of stable Cd-Chlorocomplexed®.

To assessthe potential health risk posed by Deal
L ake sediments, we determined the total metal con-
centration, bioaccess bility and phytoavailability of se-
lected heavy metals in the sediments. The
bioaccessi bility fraction, whichisthemaxima amount
of contaminantinaparticular environmental matrix that
can be absorbed by an organism, wasextracted using
SBET. Inthisstudy, 1M NH,NO, was used to extract
the phytoavailablefraction of each meta from accu-
rately measured sediment samples.

EXPERIMENTAL

Sudy area

Ded Lake¥, showninFigurel, isthelargest fresh-
water coastal lakein the state of New Jersey located
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andislocated inthe middle of Monmouth County. It
coversabout 158 acresand hasan average depth of 5
to 6 feet. Itismade of anumber of shalow pondsand
channelsclustered together. Itslong, thintentaclesreach
municipditiesof theAllenhurst, Dedl, and Interlaken bor-
oughs; LochArbour Village; the City of Asbury Park,
and Neptuneand Ocean townships. Themain activities
onthelakeinclude sport fishing, boating (unlimited
horsepower), Canoeing, kayaking, wildlifewatching
(raccoons, osprey, herons, chipmunks, egrets, malards,
loons, painted turtles, and snapping turtles), surfing on
thewavesof theAtlantic.

Samplescollection and total organiccarbon (TOC)
analysis

Sampleswere collected fromthe Lake at 4 sites
shownin Figure 1 into polyethylenebagsusing a500-
mL Fisherbrand PTFE Dipper (Fisher Scientific, Pitts-
burgh, PA, USA). At each site, three samples were
collected from adepth of about 10-20 cm. Thesamples
were not mixed, but weretreated and analyzed sepa-
rately. Levelsof metdsfrom thethreesamplescollected
from each sitewere computed to givethe average con-
centrationfor theste. Sampling Sitedirectionsand bear-

Total levels and equilibrium-based phyto- and bioaccessibility of heavy metals

ESAIJ, 6(6), 2011

ingswere measured using the boat compass. Thedepth
and temperature at the sampling siteswere measured
using theboat’s inbuilt devices, while the pH was mea-
sured using aportable pH meter (VWR Scientific Prod-
ucts, West Chester, PA). Inthelaboratory, thecollected
sediment samplesweretranderred to Fisherbrand PTFE
evaporating dishesand driedinan oven at 95°C. The
dried sampleswereground into powder using anAgate
mortar and pestle (Fisher Scientific, Pittsburgh, PA,
USA) and stored in polyethylene bags under moisture-
freeconditionsuntil anayss. Tota Organic carbonwas
determined using theloss-onignition method!*9.
Equipment

A handheld X-Ray Fluorescence Spectrometer
(XRF; Innov-X Systems) wasused for totd meta andy-
siswhilean AtomicAbsorption Spectrometer (AAS;
VarianAA240FS) was used for theana ysisof samples
following digestions. A rugged rotator was used to mix
thesamplesduring extractions. An lsotemp Immersion
Circulator (Fisher Scientific) wasused for digestions
that required controlled temperatures above ambient
conditions. Microwave assisted digestionswere car-
ried outinaSEM MARSX pressmicrowavedigester.

Country Club & Golf Course

Site 4:

N 40° 14.18 nun

W 74° 0.534 min
Depth 0.91m
Temp. 21.3°C

pH 7.82

TOC 20.5£1.1 mg'kg

Site 1:

N 40% 13.86 nun

W 74° 1.28 mun '
Depth 0.91m '
Temp. 19.6°C Y
pH 6.88 ._
~ TOC 19.0:0.1 mg'kg  H-gaw

Siite 2:

pH 8.74

N 48° 13.80 min
W 74" 0.967 min
Depth 0.79m

Temp. 21.3°C |

Site 3: ‘
_____ N 40° 14.57 min

W 74° 0.525 min |
Depth 0.76m |
Temp. 20.7°C

pH 7.88 ‘
TOC 17.5404 mg'kg

«N]J Control
Power & Light ‘

TOC 19.320.7 mg'kg
Figurel: Map of the Deal L akeshowing thesampling sitesand their char acteristics.
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All glasswareand other reaction utensilswere socked
in 10% nitric acid overnight, washed thoroughly with
water and then rinsed with deionized water beforeuse.
All glasswarewasdried in an oven and, together with
other reaction utensils, was kept under dust-free con-
ditions. A modd 2100 pH/Temp/mV meter (VWR Sci-
entific Products, West Chester, PA) was used to mea-
surethepH of the solutions. PTFE Whatman Autovia
Syringeless Filters (0.45 um) were used to filter the
samplesbefore anaysisusing flameatomic absorption
spectroscopy (FAAS).

Reagents

All standardsused for theanaysisof metalswere
plasmagrade SPEX CertiPrep standards (Fisher Sci-
entific, Pittsburgh, PA, USA). Nitric acid optimaand
hydrochloric acid optima(Fisher Scientific, Pittsburgh,
PA, USA) wereused for acid digestions. All other re-
agents were analytical reagent grade, and Millipore
Milli-Q deionized water was used to prepareal | solu-
tions.

XRFAnalysisfor total metal concentration

Most chemicd digestionsfor total metal analysis
use proceduresthat simulate EPA3051/3051A meth-
0ds? 21, These EPA methods are applicable to the
microwaveass sted acid digestion of dudge, sediments,
soils, and oilsfor metalsand other elements. They are
not intended to extract total analytefrom the sample
but to provideaquick multielement acid digestion prior
to andysisof metasand other e ementsto enablefaster
decisonmaking regarding Stecdeanuplevels. They pro-
vide pseudo-total metal concentrations. However, our
preliminary experimentswith reference standardsand
smilar samplesshowed that the EPA methods, particu-
larly the EPA 3051 method which extracts using con-
centrated HCI, gaveresultsthat werestatistically com-
parableto the XRF data. We then decided to use XRF
for total metal analysisbecauseitisfaster and precision
isbetter.

Finely ground and thoroughly mixed sediment
samples and the reference samples (Ref 1944 and
Ref1646a) weretransferred to small plastic bags and
then andyzed using an Innov-X Systemshandhe d XRF
instrument. Theandysiswasdoneintriplicate.
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Bioaccessibility

The method used to determine the bioaccessible
pool wasthesmplified physi ol ogical -based extraction
test (SBET), which simulates gastrointestinal condi-
tiong*¥. Sediment samples (0.1g) were extracted asa
function of timefor oneusingasimulated gastric solu-
tion (10 mL, 0.4 M glycineadjustedto pH 1.5+ 0.01
using HCI optima) previoudy equilibrated at 37 + 2°C
inanisotemp immersion circulator. Thesampleswere
filtered through 0.45 um PTFE Whatman Autovial
Syringeless Filtersand andyzed using FAAS. Theex-
tractionsweredoneintriplicate each by threeindepen-
dent analysts, so each dataval uereported represents
anaverageof nineindividud results.

Phytoavailability

The phytoavailablefraction was extracted using a
method described by, Sediment samples (1g) were
extracted withNH ,NO, (10 mL, 1M) asafunction of
time, centrifuged and then filtered through 0.45 um
PTFE Whatman Autovia SyringelessFilters. Theex-
tractionsweredoneintriplicate. Thefiltered samples
wereanadyzed using FAAS.

RESULTSAND DISCUSSION

TheTOC levdsat thefour samplingStesareshown
in Figure 1. A Q-test analysis showed that the TOC
levd at site 3, whichisdightly lower than levelsat the
other threedites, isnot atistically different from TOC
vauesat theother sites, at 90% confidencelevel (t_, =
0.50;t .= 0.76). Natural organic matter (NOM) in
sediments and soilsplaysacrucia roleinthe specia-
tion, mobility, bioaccesibility and phytoaccessibility of
heavy metalsand other chemical species. NOM can
bind metd s, and competewith meta sand other chemi-
cal speciesfor sorption sitesin soilsand sedimentg?
21, Theform of each metal that associate with NOM
condtitutestheoxidizablefraction, and canonly beavail-
ablewhen NOM isoxidized. Most metal s associate
withNOM on aone-to-oneratio, implying that about a
fifth of each of the heavy metalsinthe Lake, particu-
larly thosethat have high affinitiesfor organic carbon
like copper, could bein the oxidizablefraction. The
first three speciation fractions, i.e., the exchangeable,
the bound to carbonates and the M n/Fe oxides-bound
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(reduciblefraction), congtitutetheformsof metalsthat
arereadily availablefractions (Hseu, 2006; Intawongse
and Dean, 2008). Thismeansthat the oxidizablefrac-
tionwill not bereadily available, provided the soil/sedli-
ment conditionsremainreducing. Inwell aerated soils,
theoxidizablefractionwill bemoreavailable compared
to thereduciblefraction. Dredging and the subsequent
use of the sedimentsfor beneficia usessuch asbeach
restorationswill makethe sediment conditionsoxidiz-
ing, whichwill maketheoxidizablemeta formsreadily
available. Regardless of the sediment/soil conditions,
NOM will make those metal s that form weak or no
associationswithNOM, and those metal sthat are out
competed by NOM for sorption sSitesreadily available.

TABLE 1 showstotal metal concentrationsof se-
lected metdsinthecertified referencesample, Ref 1944,
asdetermined by XRF. Thereference samplewasused
to vdidatetheandyticd measurement, and asshownin
the TABLE, therewas at |east 90% recovery for each
metal in thereference, and the certified levels of the
metal swerewithin the 98 % confidenceintervals (95
% confidence level for As) obtained from the XRF
analysisof thereference sample. Recoverieswere cal-
culated usingthefollowingformula:

% Recovery = (Avg conc. of metal inref. sample
by XRF/Certified value) x 100

TABLE 2 showsthe X RF-determined total metal
distribution of the selected metal(loids) inthe Lake.
Asshowninthe TABLE, theorder of dbundanceof the
selected metals(loids) was Fe>Ti>Zn>Co>Pb
>Zr>Mn>As>Cr>Cu>Cd. Site 3, whichisclosetoa
golf course, wasthe shalowest of al thefour sampling
stesand had thelowest levelsof Fe, Zn, Coand Ph. It,
however, had the highest levels of Zr. Sites1 and 4
werethe deepest, with the major difference between
thetwo sitesbeing that Site 1 was overpopul ated by
weedsduring thetimeof samplingwhileste4isclose
to New jersey Power and Light plant. Site 1 had the
highest levelsof Ti, Zn, Pb, Mn, and Cd, while Site4
had highest levelsof CuandAs. Arsenicisusedinthe
treatment of

wooden el ectric poleswhileCuisusedin eectric
wires, implying that the New Jersey Power and Light
could bethe source of theelevated levelsof Asand Cu
found at Ste4. Thegolf coursemay not be as contami-
nated asthe other catchment areas around the Lake,
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TABLE 1: Analysisof thecertified reference sample (Ref
1944) using XRF. Unitsof concentration aremg/kg.

98% Conf. Certified
Metal  XRF Interval Value Recovery
. 3420to - .
Ti 4140£180 o 43004300  96.3+7.9%
Cr 240423  206t0274 266424  90.2+11.8%
30300 to 0
Fe  31500:300 “oo-0 " 35000£1600 90.0+4.2%
Zn 676+12 627t0725  656+75 103+7/2%
As 1745 “5t029  18.9+2.8 89.9+29.6%
Pb 306+6 303t0327 330448  92.7+13.6%

Per centages represent recoveries. *Reference values. **95 %
confidence interval

which may explainthelower levelsof someof themet-
dsat ste3. Theshallownessat Site 3 could bearesult
of sltationfromthegolf coursearea, withthesilt cov-
ering or burying the contaminated sediments. Site 1,
which had anovergrowth of weeds, had thelowest levels
of Ascompared to the other sites. Phosphate, whichis
agructura ana ogue of arsenate, isamicronutrient that
Isassociated with agal bloomsand excessivegrowth
of other seaweedsin freshwater. Arsenate and phos-
phate competefor the samebinding sitesin sediments/
soilsand can beinterchangeably taken up by plants.
Thisimpliesthat thelow levelsAsat Site 1, despitethe
sitehaving higher levels of most other metals, could be
dueto uptake of Asby the seaweedsin place of phos-
phorus. Thelevel sof arsenic and copper in soilsaround
theNew Jersey Power and Light and other sitesaround
the Lake, including thegolf course, need to be deter-
mined to establish the anthropogenic sourcesof metds
and metalloids studied. It isaknown fact that plants
cantake up arsenatein place of phosphate but thelev-
elsof phosphateat dl thesites, aswel astheamounts
of phosphorusand arsenicinthe Lakeweeds, need to
be determined to establish if the competitive uptake of
thetwo chemica analogsisthemechanismthat explains
thedisparitiesinarseniclevelsat the sitesinvestigated.

Thetotal meta levelsare not ameasureof thefrac-
tion of each metal that isavailable, but may beindica-
tiveof potentia availability. AsshowninTABLE 2, the
National Oceanicand AtmosphericAdministration’s
Probable Effects Levels for As, Cd, Cr, Pb and Zn
for freshwater sedimentsarelower thantherespective
concentrations of the metalsfound in the sediments.
Probable EffectsLevels(PEL ) represent upper thresh-
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TABLE 2: Total metal levelsin Deal L ake sedimentsby XRF.
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Metal Concentration (mg/kg)

Sitel Site2 Site3 Site4 "PEL [
Fe 81700+ 500 (0.6%) 86300+ 600 (0.7%) 67800+ 400 (0.6%) 81300+ 500 (0.6%)
Ti 4710+ 80 (2%) 3590+ 330 (9%) 4130+ 80 (2%) 3840+ 90 (2%)
Zn 1080+ 10 (0.9%) 763+ 2 (0.3%) 563+ 5 (0.9%) 741+ 6 (0.8%) 315
Co 1040+ 22 (2%) 1190+ 70 (6%) 699+ 15 (2%) 920+ 19 (2%)
Pb 486+ 5 (1%) 414+ 6 (1%) 249+ 3 (1%) 420+ 4 (1%) 91.3
Zr 241+ 2 (0.8%) 241+ 2 (0.8%) 337+ 2 (0.6%) 183+ 1 (0.5%)
Mn 164+ 5 (3%) 119+ 34 (29%) 143+ 4 (3%) 150+ 4 (3%)
As 101+ 11 (1%) 120+ 6 (5%) 126+ 5 (4%) 195+ 3 (2%) 17
Cr 90+ 3 (3%) 88+ 4 (5%) 101+ 11(11%) 93+ 0 (0%) 90
Cu 88+ 2 (2%) 86+ 5 (6%) 69+ 1 (1%) 128+ 2 (2%) 197
Cd 17+ 1 (6%) 10+ 2 (20%) 11+ 5 (45%) 14+ 0 (0%) 35

*PEL: Probable Effects Level. NOAA Screening Quick Reference Tables for Inorganics in Sediments (values are for freshwater
sediments). Percentages in paranthesis represent relative uncertainties (% relative standard deviations). Relative uncertainty =

[standard deviation/mean]x100.

old andidentify chemica substancesthat aremoreprob-
ably elevated totoxic levels. They are based on dose-
response studiesand can be used to predict toxicity of
achemica substance. It can, therefore, be concluded
that the Deal Lake sedimentsaretoxic with respect to
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Sediment/Soil-Bound
Metals
Figure3: Simplified schematicthat depictsbioaccessibility and bioavailability of metalsfollowing inadvertent ingestion of
contaminated soil or sediment by ahuman being.

tion sitesfor themetasinthe sediment/soil, increasing
themobility, and henceavailability of themetals.

To estimate bioavailability, weused SBET to de-
termine the bioaccessible fraction of each of the se-
lected metals. Figure 2 showsthedissol ution of metals
inthe s mulated gastric solution asafunction of time,
with thetota amount dissolved after 60 minutesrepre-
senting the bioaccessible fraction. The 60-minute
bioaccessibility representsthe equilibrium concentra-
tionof ametd inthesmulated gastric solution. Asshown
in Figure 2, a significantly large proportion of the
bioaccessible fraction of each of Cd and Pb wasin
solution after just 10 minutes, with thegraphs almost
horizonta, compared tothat of Cuand Zn. Thisimplies
that theresidencetimein thegastrointestinal tract of
inadvertently ingested contaminated sediment may not
beafactor in determining bioavailability of Caand Pb.
Thebioaccessiblefraction of such metaswill gointo
solutiondmogt ingtantly.

Figure 2 a so showsthat bioaccessibility wasposi-
tively correlated with total metal levels, except for Zn
(sitel). Thisshowsthat, asreported the literatures 16
2527 hioaccessibility is dependent on chemical 1oad
among other factors. Thisimpliesthat more polluted
sedimentsand soilsposeamore hedth hazard thanless
polluted onesintheevent of inadvertent ingestion. The
same Figureaso showsthat therate of biocaccessibility
(mg/kg.min) waspositively correlated with TOC lev-
els. NOM (TOC) hinds metds, influencesmobility of
chemical species, and competesfor binding siteswith
metal samong other chemica species? 23, Thismeans
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Bioaccessibility:
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that metals bound onto soluble NOM, under
bi oaccessible simul ation solution conditions, will be
bioaccessible, aswell asthose metal sthat are out com-
peted by NOM, solubleor insoluble, for binding sites.

Figure 3 showsasmplified schematicthat depicts
bioaccess bility and bioavail ability of metalsfollowing
Inadvertent ingestion of contaminated soil or sediment
by ahuman being. Inadvertent ingestion of contami-
nated soil or sediment will result in the dissol ution of
metal sinthegastric solution, mainly becauseof thelow
pH in the stomach. The presence of equilibrium be-
tween soil-bound metal and the dissolved metal and
the simultaneous dissol ution and uptakewill increase
bioaccess bility beyond that estimated by s mulated gas-
tric solution. Increasing bioaccessibility will increase
bioavailability. Theamount that isabsorbed by human
cdlsrepresentsthebioavail ablefraction. Bioavailability
may be negatively impacted by thelow pH inthe stom-
ach because receptor ligands may be protonated, re-
ducing their capacity to transport meta sacrossthecell
membrane.

TABLE 3 showsthe 24-hour phytoaccessiblefrac-
tions of the selected metalsin Deal Lake sediments.
The 24-hour phytoaccessiblefraction representsthe
amount of metd that ismobile(dissolved) inthesoil. It
representsthe equilibrium concentration of ameta at a
giventime. Itisthisform of metd that can beabsorbed
by plant cells. Theamount that iseventually absorbed
representsthe phytoavailablefraction. Because of the
equilibrium that exists between thedissolved metal and
the soil-bound metd , metal uptakeand assmilation by
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TABLE 3: 24-hr phytoaccessiblelevels(mg/kg) of selected
metalsin Deal L ake sediments.

Site 1l Site 2 Site 3 Site4
cu 0.190+0.011 0.342+0.007 0.342+0.007 0.309+ 0.025
(6%) (2%0) (2%) (8%)
0.216+0.013% 0.398+0.025% 0.496+0.012% 0.241+0.020%
(6%) (6%) (2%) (8%)
Pb 0.688+ 0.014 0.653+0.012 0.693+0.064 0.636+ 0.084
(2%) (2%) (9%) (13%)
0.142+0.003% 0.158+0.004% 0.278+0.026% 0.151+0.020%
(2%) (3%) (9%) (13%)
Zn 354+0.6 8.35+1.04 28.2+2.1 3B.7+14
(2%) (12%) (7%) (4%)
3.28+0.06%  1.09+0.14%  5.01+0.38%  4.82+0.19%
(2%) (13%) (8%) (4%)
cd 0.644+0.072 0.406 +0.080 0.486+0.015 0.609 + 0.005
(11%) (20%) (3%) (1%)
3.79+:0.48%  4.06:0.8%  4.42+0.20%  4.35+0.04%
(13%) (20%) (5%) (1%)

Per centages outside the brackets represent the phytoaccessible
fraction (compared to the total) at each site and thosein paren-
thesis are relative uncertainties (% relative standard devia-
tions). % phytoaccessibility = {[mean accessibility + standard
deviation]/ [mean total metal+ standard deviation]} x100; Rela-
tive uncertainty = [standard deviation/mean]x100.

plant cellswill increase solubility (phytoaccessibility),
and hencephytoavailability of themetal. Thismeans
that all formsof ametal, except theresidual form, are
potentially phytoavail able. Figure4 showsasmplified
schemati c that summarizesthe envisaged processes of
phytoaccess bility and phytoavailability of metdsinplants
exposed to contaminated soilsor sediments.

Asshownin TABLE 3, theorder of proportiona
phytoaccessi bility (% phytoaccessibility) wasCd>Zn
> Cu>Pb. The% phytoaccessibility of Znwasdightly
greater than that of Cd at Sites 3 and 4. This order
agreeswiththelrvin-Williams order of heavy metal
competitionfor limited binding Sitesinthesoil isasfol-
lows: Hg?* >Pb?* >Cu?* > Zn?* >Ni?* > Co?* > Cd>13,
Other studieshavealso reported higher availabilities
for Zn and Cd than that for Pb and Cu(**,

CONCLUSION

Based on NOAA’s Probable Effects Levels, Deal
L ake sediments can be regarded astoxic with respect
to As, Cd, Cr, Pb and Zn. Our data confirmed that
indeed bioaccessibility ispositively correlated with
chemica load and have shownthat TOC increasesthe
bioaccessibility rate of the metalsanalyzed. The pro-
posed equilibria-based bioaccessibility and
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phytoaccessibility models suggest that larger propor-
tionsof metalscan be access blethan predicted by the
simulated 60-minute bioaccessibility and 24-hour
phytoavailability respectively. Dredgingisnecessary to
ensurethat waterwaysare navigableand asoto avoid
flooding, but the dredged material should be properly
managed to avoid unnecessary human exposure to
chemica contaminants.
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