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ABSTllACT

Deterninai;on ol larious chenical torrns of Cd in soil is

imponant to e!aluale its mobiiil,./ and bio:rvailabilit). Lifllc is knoNn

about the chenistn ofCd species in soil soiution and soil solid phase

conirolling the Cdr' acli\ it] in soil solution. A sludy \!as conducred lo
measure liee Cdr species in soil Jrore $at.r. previousl] treated wilh
seNage sludge. using .atifn .\change r.sif (Amberlite iR 12o-plns

res;nl. Tle con.erI]arior: r,l irc.' Cd in soil pore \\'aler \las ven
snrail (lcss ilan :.8 rLgl '). \hich r.prcscnted appro\inralel) 0.10.

0.34. and 8.-1.11, ,rl soil toul CJ coritent. DTPA. aod NHaNOi
e\racrable Cd. reipecti\el) Ho\ercr. il represonted approxitnately
909'" ofs!,lLrble Cd. Highly significant positive correlations (Rr = 0.83.

Rr - 0.98. Rr= 0.7i, and Rr = 0.12. respectivcly: p < 0.01) wcre found
bcl* een loul- soluble. DTPA- NHr\O I contcnls of CC and pore \rater
liee Cdr . respecrivcly. llowever, a highly significant negative

correlaiion \as iound betrveen porc rater liee Cd']tand soil pH (Rr =

0.89r P < 0.01). The solubiliry diagram suggests that in this sludy the

Cdt'e:Or in cquilibrium with soil Fe and Fe(OII)3 arnorphous
regulated the Cdr rctiviti.s in soil solution lrom sewage sludge

treated soils.
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1. DiTRODUCTTON

Soil solulion rD agriculturnl soiis. iludge-arnend€d soils and

induslriall) poiluled soils oiicn contain hcarl meuls such ai Cd The

nrot,lit ,,i tn.." metals iD terms of bioavailabili! to plants and

i"".t ut,it;t1 lo glortnd\\'ater mav depend noL onl) on the iolal

"on".routl,,n 
ill soil soiulion bui also on lhe species oflhiJ melals

iglreLuln. ll/.. 198-l Dalies. 1980: Bernhard ?I al l986:Urearrd

ir-.. i.on- fcq-s. lluangerd/., 1998)' Soil s'rlutxJl1s ma] conlainCdai

difterenl chcrnical spccies iree di\aleItl ca'ticn inorganic 
"'rnple\er'

,rril ,e.irr.o,,,p.,. ' 'rrrr'rl'r nL'i ' '' " c'rl 'c'rr'l'a '
;.." :,.....,*.' ',, '..'-,(tn. , "r, ^ll''n r'rar

.on."n,ru,lo" tll nreLsl andlig0nd(e3 \l'('rerh"i'ri 1986' tlirsoh

alrd Banin. i99ll. EI-l3lak] .r 'ri i991: Bal$rl L992l but these

nrot not ,..,,rr,.11 p.edicl lhe jpcciej irr si)il :!r1ulilrns beclLlsc ofthe

.J^ .ulnplr. ll_d \o. | ' sl ""1'"' ' 
r t ' " ,' ,' 

' 
i i n t 

' 

t c t

";".."i t4.'1, ,r. 'r.\f-ri. <nlarr {<i(rm' n- ''' p'-'-ri 'n 'lrd
.ll.Lr l- l"Lio,r '.rmllL' ur- lnir(r'rc Ieq ''r'J'__ 

The meciranisms that conftol Cd solubilit-! il1 soils are Poorl)

undcrst(Dd. A.lsorptiorr is reported as a likely conirol mechanism at

iort t"""rr. *hercas perception predominarcs ar a hrgh Cd

roncentralions (El+'alaky er .r/ - 1991: BadaBy l992; Streer dl 
'Jl"

197?i. Sanillan-lvrmedrano and Jurinak (19i5) condu$ed equilibrium

batch studies to obtrin solubilit] data of Cd in soils, a dfounda

dccrease in Cdr acli!ity as pll increases' At a lrigh Cd conccntration'

lhe precipilaiion of CdCO. or Cldr(PO])r v!3s belleved to regulate Cd

.ntui,itinr *t,itc al low Cd concenlration. the equilibrluol soiution

*as unienaturatcd \\'ith regard lo both minerals El_l;alak1' erdl-

1991: Bada\\),, 1992 reporled thal thc Cd actiliR'in soil soluri{D is

controlled by CdFerOr in slightl) alkalinc soili
'I he anrr ofthis papciuas to detemrine liee Cd: spccies in soil

n,ric \\dLcr L)'nq on e\jlrx A( le'in l'r'l'" J' d lJ l' rd<nliry ll'e ' ll

l.l'.1 ;n,* .oni'cr'i.r,' { d ,t.rr!ir:c' irI I ''r"r'Jr' .1 rhc '(rage

sludge trealed soilJ.
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Theory

The method prereDted iD tlis stud] delermines the activity ol
fret; djvalent Cl' in the samples. This theoretically well-defined
dercrmination, is bascd on the equllibrium established bet\leen the
acljvilies of lhe mctel ions in tlre sanple solution and the amount of
metal ions exohaDged onlo a calion exchange rcsir origjnallv saturated
rvith C'n.

The equilibriun cbcmi:r+ ofthe Cd in rhe samples is generally

described b) the equation:

Cdl.+ L"' a Cdl-,2 
j lrl

Where Cl is abbreliation for the line (--1l ion. Z,,r i! a gerlcral ter,n

lirr ligands potenliaily comptexing Ll , n denotes the nurnbcrof
diflcrent ligands that ar(, preseni in the sample, and a.zil,,'?ris the
conpler lormcd licrr (il and 1.,,] iu litc lirllo$ing equalior..l js

laken lo be equal 2. The siabilit) olrua,, complex is chara.-tcrizcd b)
thc corresponding stability constanl, .l(" 

". 
For example.

12\

\urerc t ) den..ter aqueiLrs iha!. acrl\ ities.
The total netal cadmium lt.drl i. solution before adding rcsir.

dcrermin(d l-\ a' .r 'rc.r! T on.pellrophJlorn(ter. i\

[c'a,]=lca'l-lcar.l t3l

\\jherc I I denoles concentration. lhe tolal cadmiLnn concentralion

[a',lrl is the on1] direclly mcasurable paranleter in cq.[]l and [:1.
The equilibriun of thc i,rtcraction belveen the sample in

contact r ith a solid phase such as a rcsin is described by:

RCd e> Cd,2* + L,..'' <: CdL," l1l
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Where R(./ relers to tfie C'l- erchanged onto tbe resin and the

subscripl .! denotes thc solution phase at equilibriun *illi thc resin'

Assuming that onl) thc free divalent netai ion e\changes onto the

resin the equilibriun distribution bet\\€en the resin and the solulion

can be describcd by the distribution coefficienl, (d-

[5]

where i(.l h is defincd as the oonocnlration of ( l'intheresir
phase, and JCI 1,, is dotined as the activilv in the solution phase at

equilibrium $ith the resin.

The t,rtal cadmium in:oiution at cquilibrium \1ith ihe resir is:

a-o,.)-. - l,=.r'* l. * L<=,.rL--l,

t7f

t6l

Assumilg tlal the concenliahon ofmetals on the resin is [Cd]lR , the

mas. balance )relds al equilibrium:

f<:,t-l^ * rl : <I<::.r-)- L<..r- l-> *r'

II= the \!eight ,rfresirt
f= volume of the sampie solLrlior

The distribution coefficient lor ihe lample erirerinent is er.pressed b!:

.,-tft #+,-tr##: b s

whcre/r is the acti!ity cocfficient fordivalent ions.

Ihe distributioB cocfllcient ol the(l iono lotheresinwill
depend strongly on thc ionic slrength. cation.ompositlon and pll of
thc samples. A reference experimcnt nlirci -s 

lhc sample wilh respccl

to lhese chanctcristics. bur triihLrul iiSands. mus! he conducted io

dererfiine the distribution coefilc;enl as a rclirence e\perimcnt
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1., 1' fca,l' " l, a,l' 1ca, S .

^" = ko''l' = tcdji lcd,'1'" t',
V,

" ,,,. t9]

Where supersoript'relers to the rclcrcnce e\perimcna.
Assuning tlar rhe liee dl\alcnt Cdr has the same aitlril lor

the resin in both the samples and relerence cxperilnenl, thc
distributi(nl coet'ficiefrs for thc samples and reference cxperiment are
th. same, anri t}ar II = w'. y = r', f, = i'the fbllo$iigcan be
derived fron Eq.l8l and [9]:

L<:,t,7- r:a"t,
lr:,1.,1,

@r,l' LC.!r1's
lcd*1" "

tr cll

Rearranging and dividing tr) LCdd.ibr rhe sample in equilibrium wirh
dre resin ; ields:

lcd,)" "
lc'a,l^ rc:a,l "

l.r 1l

All variables ort lhe right side ofdre equalion cao be measured (Fig.1)
and in the lillo$'irg ir is sho*n thatthe tiaction ofthe toral metal io
solutioi prlijscnl ai liee di!alent i.ni in the sample in equilibriuur rvith
the resin is the sanle as tire liaclior of free di\alent meial in thc
origin.rl sample.

Il the Iigand c o ncenlrario-n :ubslantra i1) e\ceeds thc total metal
concentration. the ratio ol a:f to the btal metal concentr.ation does
Dot chinge *hcn the sample is exposedto thc resin.'! his statement
can be e\pressed as loll(nrs:

(cdL) (cdL)
[12]Kc= or = K,it) 1= (cd" )cd'')G )

lf L1'>> Cd;*. i\en L2': Lr,where L1= L1 +Cdt.Md
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( <--.,2' ti.. { L,) : i._.1=:;
I t,31

Because the ligand complexed with Cl* as Cd' constitutes only a

iir"t-pJ 
"f 

,ir"."r rigand (21) This rneans lhatlcdLl= Kcx lhl
x[Cl'] and that

lcd' 1:
la-d,.1

I c.t'- I
lCd" l(K"LL.\+ 1)

i14l
lc.lll: lcdl' )

Ar lona ei thc assLtrrrplii'n /r : ' r-'drl is satisfied- th' Iiaction ofLhc

,"i"ir*t"ii,, ",f",i.,ipresenr 
as frce di\alent ioDS does ncL depend on

the tolal nelal conccnLrtlion e\prctscJ as:

I c.r'* l"
I <:d,1,

Relatine this to Eq.[]ll yieldsthe final equatior for dcteminiEg ihe

free div-alcnt Cd'z

lt sl

[l61
lca,)" rca,.{,

LC.!'' f
l.<:.17: I

tc.t*) lcar\ t9d,t' ,
lcd,) Lcd , L

2. }IATERIALS AND }tgTtIODS

2.1. Soil samplcs- - fle soiis c.e sampled in spring l()99 trL'rn , lin!' lcrnr

.,,,.. i".t i\rir -!,. ',(,0 -' \t)\\lr'.. .'r .t H-et rI' r':'

r ,,',..1 <',oa.l,. l' r ,1. rr( E\p(_rnr \ r' _' 'hr"rrcd I l06l rr

,1,. f.,,.fa1,,gr", f..p*lorenlal Flusbarrdry Sririnn $arrvickshirc orr a

\ona. l,ru*'*or,".l roil (11'l,cla\)' S'$ag! sludg's oblairrcd lio0l

:;it,*" ""tt" "lri.f, h.rd sludges naturall] ri'hi'€Llhcrln Crr'Ni
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:-.: 
r,r 

_\rc'e 
den..(o r. cUrin a rar,g( ol.oil m<lal conrenrrarroa.. I h", 

l.l',,,1. "r.,,.*:"rtJnrinirco \:rhao t onr-.t nollrn.rct enrrched. u,]:(r\a: u<d strcre --\e\.n .o r.akc up.tuarrrrrie...orhataf. Liu:eo p, ,. r(.( \cd l): .d. tra, ,rr i.,t,8. or o. . .,. annrilapplications of 3l rds ha belilcen 1968 and l97t Ten ;e;;i(.Jdl- e.r. scfe crtdblr,hcd lr(.udrn,r Ln,r<at(" ,"il ;;iun.ontanlinated sludge control rreatmeor" i.t.ulrt" t). Th" d;;" lii
"^r. 1.,. r,ed bl-.k *,rh tour rcfJicarc tt.r. p<r rr.a.r,cjl I h( initr.lh i rllo pl.t ,iue, u6.e r ,i,n \ l.:.n In J,rr\ lool, ti..
l. l ^... r'.x\drc(J and lJn.,crrcr tu Atr\\ R....;;;;.Hl. ,ll,* st--erc,.,rdrcd pJ.r. (,.--rn \ t..m,qe-..(.r.bti,he.l
I i ns,rl rcmnsrcd hrrJbo.rrd

T,tbtc I sho*s rlre rreatnrents sanrphd;n,Aprii i999. rhirry
)ears elier siudge adJitior ceascd. .f*crtr 

soilcores werc collectedfrom ei.h plot 1L_. a depth r.f i5 cn Lrsirig 
" U,,,.i, 

";g;r;;;,;Ln ner-d ..-. . , l' .;-d J I (..c o Lr.r . -,:.: -''1,"i;,:li";::li,;:
):\ec d.(l.,r.. j'.,. 

"- ., rt\ hr.i. o.r . , .,-tripli.ate jamples tor each plot.

2.2. Soil anaiysis
Rep.e\(nlar,\e s"rb-.rmple. \,J the\oil. (<redrrd-icd- c.o, n.'u 150 n in an agare b.rtl m.rr ard d;Berrcd ,.1;;:;;:.I;;:;tL\,, H( rai.o. {,:i ! \r. rl\lcura,h u,,r, rn;,,". Ioi1j,. loral(.dconcentratiors \r'erc delermined b], tnducli\cly c"rpfla'ii".."

)::,.T. l:, *'*. \necrronerrl rr:p rrs: .qcruri.r. 
"1a,,r.ir,,,.,.unrdje qt, rnr. \b..rp on So(ctrome.n rperkrn I lrDcr Cr ifS-

,ll0r,/1,. sirl.,/ecman bacLE(,Lnd ."ncrrj,r.tivr d t.rtpUanaEC. \!erc determincd in deicniserl distjlled warer (i:2.j r,/v). and soil0 o{ 
. 
a,rd 'o\ r\.nB d I ec^ c,,nroJ\lr(,n 

"nutr.,".,i ..,i , i.'fi;;;:
DTPArxt.actable Cd: Cadnrium *as deiermined fn. nft rrt"J ririi,
::,:l:. ]1.'i, 

40a5,v Drp\ (dnh),.n.,,i"n_,n" o"n,,,_"iiIu,,jrc\rracr a. d(\. hcd b\ I rrd.i\ "n.t \oncjl , iq_t,. VU .,n -extracuble Cd: Cadmium $as extractcd using 1M i,fUrNii 
""aor(l.ur d lor ., I re.led s.. I anDlc. lr.rng t i.ee nor. nron, .sbsurytrL,n \pecir.photomcrer
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2.3. D€termination oflree Cdl* concentration in soil pore water
Rhizon soil moisture s.mplers iiom Rhizosphcre Rescarch

Products, Wageniirgcit. tlollard 1\ere used |o extracr soil pore ],!ater
lbllowing the procedure ofKnight er.rl. (1998). Rriefll,. as sho\ln in
Fig.l. these iamplers cLrnsisl of a ieneah of inert porous (0.2 pm)
plasti! ltrbinel- capped $ith n)lon at one end, through \lhich ihe soil
pore water i\ extracied. l he other.nd is aftched to a 5 ,jm lenglh lr1-

pollclhllene tubing iolncd 1() a funrale luer lock- Two samplers were
placcd diagonall) oppositc erch other irom thelipofthcpottothe
base into each of thrc. repiicare 1.0 kg (dry-' lveight) pots of soil.
Initially. the soil was made up to 50% w ler |olding capacit) (WIIC)
\\iih deioDised \raler. l.tnd t\!o \rccks prior io eltraction. to 759/D

$ HC.  cid \1ashed disposable s)rinres. attachcd ro rlre luer lock.
alld was uscd 1() €xtract pore \aaler liom thc s.ril. Free Cdr
loncentrations in soil pore 1\,ater !\ere delcrnrined using a calcium
satLrrated cation e\.han_ge resin rnethod (Itolm €t d/., 199-i).

2.4. Statisticsl anal)sis
Cenjrai 5 ll9Er-. l'' ed ) \\ds used lbr all staristical

3, RfSIJLTS A\} DISCL SSIOI

3.1. G! erul prop.rri(s al the soil!- The e\periment \\as estabiished
ir 1968 al the Luddingron F,xpcrimenral Husbandry Srarion.
\amickshire, U.K., on a sandy loam texiured soil(l4olo clar'), and
thc samples tbr this study werc collecred in 1999. Data jn Table (l)
sho$, that the soil C%, N%. and CI{ ralio in all treatments mnged
fro 1.42 to 2.01 %, tio,n 0.152 to 0.201 yo, andliomg_Oto 11,
respectivcl). Soil pH rvas ranged from 6.1 to 6.9- However pH ofsoil
pore *atcr were from 6.8 to 7.,1. The meral oxides conoentration in tll
plots ranged fiom 515 to 6,13 lbr AI,2722 ro I152 lor Fe. and 201 to
l5r rtlg tor \1,r. lre d;..o1\(d.r!arij.drh,,n ,DUL r\riue,
ranged trom -.i h, g: In.l

3.2. Cadhiun in saila d ei/ pare -,.,atet: Soil loui Cd values (Teble.
2) in all plots mnged fiom 0.ll to 1.60 wiihin an arerage 0.{i5 ngksl
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the highcsr valxe was found in high Cr applicalion rare and
representcd approxiJlatell 6 iimes rhat ol th; control t.eatment.
DTPA aud NIlrNor c\rractahle !atues (.Iable. 2) ranged fiom 0.081()
0.80 rvithin an ave.age 0_:6. and liorn 0.002 r., 0.01: *ithin un
averagc 0.01lnrgkgi. respecti\elv. the highes! value \ras found in
high C. application ratc and represented approxinrarel) 10, and 1j
times fiat cI cil1trol lor DTPA and \H]Ne, respeoriveiy. the
percenrase of Cd conrenl exrmcted b).DTPA and NHTNOT;anged
{iom 20 to.+t *jthin an a\erage 32 9,0. and from 0_44 to 2.2 ;nhi;an
d\erag( I -'- tru-1 lorit !orrenL. re,pc(ti\Eh. Hichl\ .ignific,rnt
r(ldr,,n.hp. ne.e r,,Jnd bersrc, bJth DlpA and \H,\()
e\lrr(if,h, srrh r.,rdlCdrR U8h.dflJR,,Et.r<sDerl,!elt;p
0.01). AIso. rhe dala (Fig.2c) shorvs the lincar inc.eas. in NttlNial as
inoreasing in DTPA e\rractable-Cd (R, = 0.;t, p.0 01)..I h.r" o.."
irorease in- soii pore iat€r soluble Cd a5 increased lotal soil content
('Iable2: R- = 0.80; p < 0.01). 'lhe percentage latuc olsoluble Cd
rangcd liom0.05i.r0.ll wirh an average of 0.12 % f.rom the total

3.. 3. liee Cd \pcties in soil porc \at /: Data in Table (2) show fiai
the ,re< r d: rn ,.rl pore \.,rer $ar \e1 5mdll rdtue c.. lhan ,2.R
!rl ,. uh,i,) rcnr(.cnlcd Jnfroxirn,Iel).1r.,0,0 tl. anJ g l4oo L.IJ\ril
tolal Cd contents. DTPA, and NHTNOT extracublc atd. respectilely.
Holever, approximately 90% frcm solubie Cd. Fisures 2a. and 2b- :l
\hL,$. ,eldri, n.l t. P. 0.rb, R ,,.-j. anJ R .,. 2
rc.pecli\<l\: p 0.UllocrueLtr eaJlt ol .otubl<. Dtp\. NH,1\O
cunrenl\ ,,t (d srrh rrre prre $arcr t:ec('d resp.cli\(l]. A hrghll
rgnilicarr rr<gar r1 iurrelatio- \J. thunJ bcl$een p.,ri *n,.rir".(o alo ,oil pH,R 0. ,: p 00t1. tl-t Jtatei./ r/.. lqSo:
BrJe.\\. lo0l renofied rhe .amc rrerrd. rlre. rbuno rhci .J a..rir in in
soil .oru nn in.rcd.<J sirh de(rc6ed roil n .

Cadrniun minerals thal control the level ol Cd in soils \a,cre
pluflco o an eq".lrhJi nr,,IrDiril) dra8rdn, in rermsut r d acli\ i\
and pH,ligJ, ,h< rh.rm tirna'r,r. dar" raler fr,,m I rrrd.ar. t97v
ald I l-l-alele' e, J/ Juqt qe,e u.ed rJ crtrutat. rr11.Ou;];6r;",n
relationships. Figure -i sho*.s that the measured soil Dorc *ater (iir
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I r ble Cadmium content of sludied soils.

DTPA- NHTNOl-

I 0.r09+0.01 0.00540.003 0.26+0.09 0.2t10_06

0.,15+1).03 0.rs3{_04 0-002{.002 0.5{+0.09 0.41i0.11

J 0.194a{.02 0.010{.001 0J4+0.09

High Zn 0.51+0.02 0.281{11.01 0.0r2q).002 057+0.05

5 0.1,154{.03 0-005,14.0r 5 054ao.06 0.4?rll.06
qigh cu 0.90<)_04 0.192{.0,1 0.006+0.002 l3la{,1.3 r.19{.t I

Lo* \l 0.69i11.06 0-z23a{.D 0.010a{t_!{6 1.01!1.2s

8 Hiph \i 0.69+0.06 0.213+O. o.q]r{.003 1-04+0.14 0.91a0_13

03.1E+0.11 0.018a{.007 1.614.r7 1.454{.14

l0 High Cr (high Cd) :.,11r0.t3 0.121+0.1,10 2.77.n.25 ?.51+0.29

.{ll kqtuen! ralua rrt nqis oi.l replisre
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(sEM)

a.!i\ilies are undernrurarei qjrb rlgard r. ttre solubitil-l ofCdSiO. in
cq,r 6r:-. .r rl 5 O. . .l ,o..'. ,i r , ll, ,,
.qurlibriunl !i iili CO: \in. r'.: -:::ruied srtt p..re *arer Cdl
aclivities are unde.i3tu:ared \irih .e:x.c io rhe solubiiit\ olCd.(pO.)-
in equ. .bflrr -i'I.r,er.r,L - l-.,.:..1.,, .r, p.(dr.-..
..rd Dt PD-\ aC...r Ho"<rer. ( n.a.:..o , o: d. i!i\ JI( \urhil
llre l(\el nr3'n'dined o; .ol, r. e .,,.--- $lh \orl I<
maghmite and Fc(OH)r amorphous. This .eprejenred tha! rho Cd:-
acliviry,. in teslcd soils is regulared b) Cdf.ro., .The same lrcnd \!as
lbund hy El-falakq e/.rI/, 1990r and Bada\\1. 1992.

CONCLT]SION
-Ihc 

method io liis l]xper.iment is able ro derennine free ltdr at
low concentration ofCd in soil soiution (0: 2.8 pgt ). Ihe tolv nietat
concenlralion and thc smrU sanrpie volumc were specifira \
addresscd lo rrake thc mcthod afplicable to soil sotLrtions. bur lhc
.rethod is al,io app.oprirtc ti)r samplcs \ ith high.r concentrariolls.
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l'he free cadmium spccies represcntcd a high percentage fionl
soluble fbrm.

ACI(NOWLEDGMfNTS
lhis work was supported b) the InternationalAtomic Energl

Agcncy-Vienna (IAEA). S.H. Badary *ould like to thank the IAEA.
Vienna lor pro\iding tinancial support tir lis fellowship, anddrc
Llritish CoLrncil for assistance duriog his sray at IACR Rothanlstcd"
UK,

l.REFT,RENCES

tsadn*f S.l-1. ( 1992). Studies oli sonre hea\] melals in soils of Egypt
and pLants grolrn thcreon. Ph.D. Thesis. Fac. Agric. Cairo
llni\'. Egrpt.

Ben rard M.. Brinkman F.E. and Sadlers l'.J. (Eds). (1!86). Ihe
impo.tancc l)1''l.lhemjcal Speciation' in theEnvironmenral
Pro.c.((. \pr irr.e..Vcrlag B<rlin

Bingahm 1.T.. Sposito G.. and Strong J.E. l'198.1). Ihe effect of
chloridc on the arailabilit) ofcadmium- J.Enliror. Qual.
13:71-74.

Davics B.E. (1980). Applied Soil Trace Elements. Wilcy, Chichcster.
F:r91and.

Lll:Lrlakl A. A., Abculroos S. A. aDd Lindsay \\.L.(1991).
Measureneni o[ cadmiuln altiriries in slighlly acidioto
alkaline soils. Soii Science Socie.y- ofAmerica. Joumal.
55:97.1-979.

Gcnstat 5 Comminee- ( 1987) Gensrat 5 Referen;e Manual. Clarendon.
Oxford. tiK.

ilirsch D.. and Banin A.(1990.). Cadmium speciarion in soil soluli{)ns.
J. Environ. Qual. l9i 166-372.

Holm P. F-., Christ.nser. T. H.. !ell. J. C.. and Mccrath, S. P.( I995).
Speciation oi cadmium and zinc rvith applications to soil
solulion. J. En\'rion. Qualitv. 24: l8i 190.

Huang P.\1., ,\driano. D.C., Logan, 1.J., Checkai. R.]. (Eds.). ( 1993).
Soil Chenristry and Bcos\srem Hedlth. Soil sci.Soc. Aln..
N4adison. WI. SSSA Spec;,1 Plrblicdioi! 51.

Kinght B.P., Chaudri, ,A.. i\'1.. Mccralh S.P.. and Kenneth E G.



-157-

(1998). Determination of chemical arailability of cadmium and
/in. ,n -uir. ,r.in1 ,r en .. I m . -r.r. .omp.er.. Inrir,,n
l'ollution. 99: 293 298.

Lindsay D. J. ( 1979). Chemical equillbrid in soils. John Wilc), &Sons,
New York.

Lindsay D. J. andNoneilR.A.ltg.8) De\elopmenr ofDTPA soil
tcsl for Zinc. lron. l\{incanele. nnd Copper. Soil Sci. Soc. Am.
J.2,1: 5-13.

Mccrath S. P. and (lunlilli C. lt. it9E5). A simplified orethod lor
lha extraoti r of Lh€ merali Fe. Zn. Cu. Ni. Cd, pb, Cr. Co.
and N{r fnrm loil' and se!\age sludses. Journal of Sc icnce.
Food and Ag.i.uliure l6r :9-l-:gt

N'lccrath S. P.. Sanderi .l R. Laurie S.ll and Tancock N.p. (j986).
E\perjmental dele:nlinalior: and cornput.r predictions oltrace
melal icn conienlr3llnxs in dil,r!e conple\ solution. Anal\st

I 1: r59,i6i.
Santillan \ledrano. J. and Jurinak J.J. (t9l:) The chemisrt oflead

and cadnium in soil: Sotid phase tormation. Soil S.t. Soc. Am.
Proc. j9:851-856.

Slreet J.J., Lindsay W.1.. and Sabe), B.R. (i97?). Solubilirl and
plant uptake of cadmium in soils anrendcd with 0admium
and setvage sludge. J. Environ. Qrral.6: 72-77.

llreA.M..and Davison C.M. ( 1995 ). Chemioal Speciation in the
F.n\ironment. Blackie Academic and proftssional, I_ondon.



_158_

:ri5tr 'ti -. ij.rr.ll &Jyl dA gj Ferlsjl rltl J-}ajl jiri:
i,LiStrll JlElSl JJLJI| !'irr! .lrii-rr
.eiiJt ;ill rlE tuJJ _ €J.! i,A +J

o /Lil, :&s * - i. .=s - .r.. .:. *r
4:Jrlt ,i'ii.jJ i:,a il.ijl1 (i* _i .

#iJ.

-* J - ra,*:Sll ;,!,. r-1, r-i!i J+r ;-,J1, _,:
..J}-,)r:__,. (r=_-"1 J/-at:BIv) ala,lj j_ i_& J;.
-,--l,:-i..r.-*--S d,- r, ni,j"",* -.LL__Jr-d.-.._- Jz-.- -_ 4 :. 1s, ._....J,.;j. J;r."..,.*-.*a _-,L -.{-.-_s _.i_.r.j:_}-* .::.-:)

--'j.*s.;_ - -_--_ ._;._ _j 5 ._:; . _._
;r---jlsr Jrt__-!r 4;i_j+ ,_.1,: J: ; _:i ,r_.is, ,s ;ritS*
r-G .JLai aJ*.itsl *i .,J+isi; i.i:. ::.s: I i!:ii! i , ..al:lit ril

--J. ___-_--i;l rt_ s3 .\H,\O DIp\ _.:__.;-
,-i

Jl Jr.--s. ,J.-!, i--.lii;l ltlslt 'A jjlJ Jrr, j. ,^. !:;i-4]:iJl rr+.sll U irL/,o-".,rr :*i,t,^_..^ j* l)tpA
.JlLi"J. , . \ t !*i"., ,. rl ,. , ! jr ;srrJ:i \lI NOi Jr--

" 
A/: t: r.\ ".-.Y.\^i J j . e..rs ;- _-_r, - ;* ;,; .,

.re.rsn Glslt JJLJ1 J- %, r .t -t_i+ o/o,l l-, , c .r" .,lr -ri--j:;_r

'-;i,) -+-,*,!.'-jsl i*-,:. jr-r;:f -
J'--iJ,i,.. oio .\,.r . 90 -: , 9o . !!t _!;J,5 (_r! .,;
Jr--l- i-Li-_-""tj r.+.SltJ DTPA J,..i-ttJr +Xr, , -:a:,
':'-:.=* %t. ;-,.. -s -"- - I *--- \H1\e
-)r:+J.-ei\n, jr r j) r_.\:._"sJ J _l t.i-_S.+'r.Jilr ::)Er,itt .! r_ L ...,- ,.lrr ;r.Jt.r i__--_tJl ! ) *11 t_



-1s9-

.t*-ll iJ#l --- --.r;* !;- +j r,.,lti :Sic JuA :illr .1!ll!.11

NFirNOr !_-I!1 .r DTI,A -::*r Jjs.]r ;4tJi ; .jS: , *^rLtll

. -n_:L pH j- a- i-*:.Jt*Ajl ,JLe ilnJl
:l---i.ig-l i----.s-;r :., _.jr _-s-.,J: :.-!j! ijr,lj !:r.J
\:r1l+* '1.i jr: C!: :!5 ,-e.:ls: i.l-:' r+ :1 .rl ;jt rl :J+:sll
it-,-isl J:,;: -:- j-; LI i-isJ:r*jsl .ri-liJ zJr"jl$l
,--1.) .--r.--S =-:: -r.S--- 4-- _i-+*, ,dr^< r,

.ir4:].! iijiJl

i-.) rj' (.') j+; ilrijl i&6 relJjll i:.ISl !.L11 il,Jr
.\1.-)1r: (Y..1 :r+)



-160-


