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Soi l i s the  th in  ou ter zone o f the  earth ’ s c rust  tha t  su pports  roo ted  p lan ts a nd  is

the produc t  o f c l im a te  and  liv ing  organ ism s ac ting  on  rock.  Throughou t  the

w orld , soi ls are con tam inated  to  som e  extent  by  loca l, regiona l,  and g lobal  po l-

lu t ion  sou rces  o f  bo th  na tura l  and  hum an  orig in . Sources o f  so il  con tam ina t ion

are  iden t i ® ed  an d  d iscu ssed .  With  the  possib le  excep tion  of  agricu l tura l app li-

ca t ions of  pest ic ides  and  fert i li zers,  m ost  con tam inan t re leases to  so il  a re not

ea si l y  q uan t i ® ed  and ,  as a  resu l t ,  rem ain  h ig h ly un certa in .  In  es tab l ish ing  a

com prehen sive  fram ew o rk  for  hu m an  exp osu re  to  so i l  con tam in an ts , i t  i s

revea led  tha t such  exposure  occurs  through  m ul tip le  transfer processes.  The

process for linking  hum an  exposure to  so i l  con tact  i s cons idered  and  i t  is  found

tha t  the  m agn itude and persis tence  o f  exposure  depend  no t  on ly on  the level  o f

so i l contam ina t ion  bu t also  on  physica l  and  chem ica l  propert ies o f soi l , chem i-

ca l  propert ies  o f  the  con tam inan t ,  an d  the  frequency  and  dura t io n  o f  hum an

fac tors such  as occupat iona l  and  recreat iona l ac tivi ties  or the consum pt ion  of

hom e-grow n food,  wh ich  resu lt  in  d irect  and  ind irect  so i l con tac t.  A ll  of  these

fac tors possess som e degree o f  variance that  leads to probabi li ty d istribut ions

for  represen ting  to ta l  exposure  and  risk .

K e y w o r d s hum an  expo su re ,  p e rs is tence ,  so i l  co n tam in a t io n ,  t ra nsfo rm a-

t io n ,  t r an sp or t
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T h r o ug h o ut  the  w o r ld ,  so il s  a re  co ntam ina ted  to  som e  exten t  b y  lo ca l ,

r eg io n a l ,  an d  g lo b a l  p o l lu t io n  so u r ces o f  b o th  n a tu r a l  an d  h u m an  o r i-

g in .  T h is  ar t ic le  f ocu ses o n  th e  exp o su re  co m p o n en t  o f  th e  r i sk  a ssess-

m en t p ro cess  fo r  so il  co n tam in at ion .  S p eci ® ca lly,  i t  ad d r e s ses  p e r t i n e n t

to pics  d ea l in g  w i th  th e  in t ro d uc t io n  an d  fo r m at ion  o f  to x ic  su bstan ces

in  so i l ,  th e i r  m o v em en t  w i th in  an d  b e tw ee n so i l  an d  ad jacen t  en v i r o n-

m e n t s ,  a n d  t h e  c o n t a c t  o f  h u m a n s  a n d  b i o t a  w i t h  t h o se  m e d i a .

P r in c ip les ,  m e th o d s,  a n d  su p p o r t in g  d a ta  r eq u i r e m en ts  f o r  q u a n t i f y in g

th e  e f f ec t  o f  co n tam in a ted  so i l s  o n  h u m a n  h ea l th  a r e  d i scu ssed .

S o i l  is  th e th in  ou ter  zo ne  o f  th e  ea r th ’ s  c r u st  th a t  su p p o r t s  r o o t ed

p lan ts  an d  i s  th e  p r od u c t  o f  c l im a te  an d  liv in g  o r ga nism s a c tin g  o n

rock . A t r ue  so i l  i s  a  m ix tu re  o f  a i r,  w a t e r,  m iner a l,  an d  o r gan ic  co m p o-

n en ts  ( H or n e ,  1 9 78 ) .  T he  r e la t iv e  m ix  of  these  co m po n en ts  d e te r m in es

th e  v a lu e  o f  th e  so i l  f o r  ag r icu l tu r a l  an d  o th e r  h u m a n  u ses.  T h is  re la-

t iv e  m ix  a l so  d e te r m in es,  to  a  l a rg e  ex ten t ,  h ow  a  ch em ica l  ad ded  to  so il

w i l l  b e  t r an sp o r ted  an d  t ran s f o rm ed  w i th in  th e  so i l .  S o i l s  a re  ch a r ac-

te r i s t ica lly  h e te ro g en eo u s.  A t ren ch  du g  in to  th e  so il  zo ne  ty p ica lly

r ev ea l s  sev e r a l  h o r izo n ta l  l ay e r s  w i th  d i f fe r en t  co lo rs  an d  tex tu res .

T h ese  m ul tip le  l ay er s  o f ten  a re  d iv id ed  in to  th ree  m ajo r  ho r izo ns:  ( 1)

t h e  A h o r izo n ,  w h ich  en com p asses the  r oo t  zo n e  a nd  con ta in s  a  h ig h

co ncen tr a t io n  of  o rg anic  m at te r ;  (2 )  th e  B  h o r izo n , w h ich  i s  u nsa tu-

r a ted ,  i s  be lo w  th e  ro o ts  o f  m o st  p lan t s ,  and  co nta in s  a  m u ch  low er

o r g anic  ca r b on  co n tent ;  an d  ( 3 )  th e  C  ho r izo n , w h ich  i s  th e  un sa tu r a ted

zo ne  of  w ea the r ed  pa r ent  ro ck  co nsi s tin g  o f  b ed r ock , a llu v ia l  m ate r ia l ,

g lac ia l  m a te r ia l ,  an d/or  so il  o f  an  ear lie r  geologica l pe r iod  (B ow en ,

1979) .

S o i ls  a r e  co m po sed  o f  th ree  m ajo r  p h asesÐ gases,  l iq u id s,  an d  so l id s .

T h e f rac tio n  by  volum e of  so il  th at  is  gas rang es f ro m  10 %  in  c lay  so il s

to  2 5%  in  san d y so i l s  an d  ty p ica l ly  dec r eases  w i th  in c r easin g  dep th

(Ju ry  e t  a l . ,  1 98 3 ; Bo w en , 19 79 ) .  T h e so il  so lu tion  i s  m ost ly  w a te r  b u t

a l so  in c lu des d i sso lv ed  m in er a l s  an d  n u t r ien t s .  T he  v o lu m e  f r ac t io n  of

so i l  th at  i s l iqu id  rang es f ro m  10 % , w hich  is  typ ical  f or  san dy  so i ls ,  to

40% , w h ich  is  typ ical fo r  clay  so i ls ( Jury  et  a l . ,  1 983; B ow en, 1 979) .  T he

frac tion  of  so l id  m ater ial  in  so il  accou nts for  som e 50%  to  8 0%  b y v ol-

um e an d  75 %  to  90 %  by m ass (B ow en, 19 79) .  S o il  so lids  inc lud e bo th

m in e r a l  ( i .e . ,  th e  p a r en t  r o ck )  a n d  o r g an ic  co m p o n en ts ,  in c lu d i n g

h u m ic  a c id s  a n d  d ec ay in g  m a t te r.  T he  o rganic  ph ase of  so i l  is  d e ® n e d

b y i t s  o rg anic  ca rb o n co n ten t .  W her eas th e  m in era l  co m p o nen t of  so il

r an g es f ro m  ap p ro x im ate ly  7 0 %  to  9 0 %  b y m ass,  th e  or g anic  ca r bo n

co ntent  o f  so il  ran ges f ro m  m uch  le ss  than  1%  by  m ass fo r  d ese r t  o r

san dy  so i l s  to  a s  m u ch as  5 %  b y  m ass fo r  c lay  so i ls  and  ev en  as  h ig h  as

10 %  o r  gr ea te r  b y  m ass f or  p ea t b og s ( Ju ry  e t  a l . ,  1 98 3;  Bo w en, 1 97 9) .

S o i l s  ex i s t  w h e re  th e  a tm o sp h er e ,  th e  h y d r o sp h er e ,  th e  g eo sp h er e ,

an d  the  b io sp h ere  al l  co n v erg e .  T h er e fo r e ,  co n tam in an ts  in  so i l  can
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a f f ec t  h u m an  h e a l th  a n d  th e  en v i r o n m en t  th ro u g h  a  co m p lex  w eb  o f

in te ra c t io n s .  T h e  su b seq u en t  s ec t io n s i n t r o d u ce  th r e e  i s su e s re la ted  to

so il  and  h um an ex p osu r e:  (1 )  th e  p o ten t ial  fo r  so i l  co n tam in a t io n  b y

chem ica l ,  b io lo gica l,  and  rad io ac tiv e con tam inan ts;  (2 )  the  po ten t ia l

f a te ,  in c lu d in g  b o th  t r an sp o r t  an d  t r an sf o r m at io n  p r o ces ses ,  f o r  co n ta-

m in an ts  in  so i l ;  an d  ( 3 )  th e  ty p es of  d i r ec t  a nd  in d i r ec t  h u m an  a nd  an i-

m a l  co n tac t s  w i th  so i l  co n ta m in a n ts  th a t  c an  r e su l t  in  r i sk s  to  h u m an

and  eco lo g ica l  hea l th .

SOIL CONTAMINATION

C o n tam in a t io n  in  th e  so i l  can  o ccu r  thr o u g h  sev er a l  d i f f e r en t  t r an sf e r

p r oces ses:  r a in  an d  d r y  d ep o si tio n  o f  co n tam in an ts  f r o m  a i r ;  t ran sf e r  to

so i l  th r ou g h  th e  u se  o f  co n tam in a ted  w a te r  f o r  i r r ig a t in g  f a r m s , g a r-

d en s,  o r  l aw n s;  an d  b y  r e leases  o f  co n tam in an ts  in h e r en t  to  th e  so i l

m a tr ix  th r ou g h  na tu ra l  p h ysica l  or  b io lo g ica l  p ro cesses  ( L ay to n  e t  a l . ,

1 9 9 3 ) .  M e ta l  sp e c i es  a n d  r ad io n u c l id es  r e le ased  f r o m  c o m b u s t io n

p ro cesses  o r  f r om  v o lcan o es and  p e r sis ten t o r g an o chlo r in e  co m p o un d s

a r e  ex am p les  o f  a g en ts  th a t  can  b e  c a r r ie d  g lo b a l ly  in  th e  a tm o sp h er e

(Tr a v i s  a n d  H e s te r, 1991; Wa n i a  a n d  M a c k a y, 1 99 5 ) .  T h ese  re leases  can

resu l t  in  lo w  leve l s of  so i l  co ntam in at io n  du e  to  dep osi tion  f r om  th e

a tm o sp h ere .  I n  co n t ras t ,  p est i c id e  u se  an d  th e  d i sp o sa l  of  r ad io ac t iv e ,

b io log ica l ,  an d  ch em ica l w astes  can  lead  to  m u ch  h ig her  b u t loca l ized

lev e ls  o f  so il  con tam in a tio n  ( U .S . E n v ir on m en tal  P r o tec tion  A gency,

1 9 8 9 ) .  S o m e n a tu r a l  so u rc es o f  co n tam in a t io n  in te r n a l  to  th e  so i l

in c lu de  loca lly  h igh  con cen tr at io ns of  tox ic  e lem en ts  (e.g . ,  ar sen ic ,

lead) ,  the  pr od uc tio n  o f  r ad on in  so ils ,  and  th e r ep lica tion  o f  tox ic

o r ga nism s.  I n  th e  su bseq uen t  se c tio n s,  so u rces  o f  so il  co n tam in a tio n

a r e  id en t i ® e d  an d  d i scu ssed .

Direct Application of Contaminants to Soil

D irect  re leases to  so il  m ost  o f ten  o ccu r  in  the  for m  of  pest ic id e,  h erb i-

c id e ,  an d  f er ti l ize r  app l ica tio ns;  b u r ia l  o r  l and  f a rm in g  o f  do m est ic  an d

in d u st r i a l  w astes;  ap p l ica t io n s o f  sew er  s lu d g e  to  ag r icu l tu r a l  l an d s;

an d  ch r on ic  re leases  f r o m  m o to r  veh ic les  f ro m  th e  w ear  o f  b r akes an d

t ir e s  and  o il  l eaks.  I n  add i tio n ,  accid enta l  d i sch arg es to  the  so i l  f ro m

sto r ag e  tan k s an d  m isce l lan e o u s sp i l l s  d u r in g  th e  t r an sp o r t  o f  to x ic

su b s tan ces a l so  o ccu r.  C o n tam in a n t  r e leases  to  so i l  a r e  n o r m al l y  q u an-

t i ® ed  in  t e r m s o f  m ass pe r  u n i t  o f  a rea  pe r  u n i t  o f  t im e . F o r  ex am p le ,

p est i c ide  ap p l ica t io n s to  ag r icu l tu r a l  ® e ld s  can  r an g e  f r o m  les s  th an  1

k g /h a  to  m o re  th an  2 0  k g /ha  ( Waucho pe , 197 8) .  With  th e excep tio n  o f

ag r icu l tu r a l  ap p l ica t io ns,  ho w ev er,  m o st  co n tam in ant  r eleases  to  so i l

a r e  n o t  eas i ly  q u a n t i ® ed  an d ,  a s  a  r e su l t ,  r em ain  h ig h ly  u n c er ta in .
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Deposition from the Atmosphere

C o n tam in a n ts  in  t h e  a tm o sp h e r e  ca n  b e  t r a n sf e r r e d  to  so i l  d i r ec t ly

e i th e r  th r o u g h  d r y  d ep o si t i o n ,  w e t  d e p o s i t i o n ,  o r  g as  p a r t i t i o n in g

(Cul len ,  1995 ) . A tm osp h er ic  d ep osi t io n  a l so  o ccur s  in d ir ect ly  th ro ug h

d ep o s i t io n  to  p la n t s  an d  an im als  w h o se  ch em ic a l  co n st i tu e n ts  u l t i-

m a tely  b eco m e in cor po ra ted  in to  th e so il  ( Jon es e t  al . ,  1 99 1) .  D r y  d ep o-

si t io n  is  th e  p r o cess  b y  w h ic h  p a r t i cu la te  m a tte r  se t t l e s  o u t  of  th e

a t m o sp h e r e  an d  o n to  so i l  o r  p lan t  su r f ace s.  C o n ta m in a n ts  t h a t  a r e

a t tach ed  to  th ese  p a r t i c le s  a r e  ca r r ie d  to  so i l  th r o u g h  th i s  p r o cess .

C o n tam in a n ts  o n  a i r b o r n e  p a r t i c l e s  a l so  a r e  w ash ed  f r o m  t h e  a i r  to  th e

so il  w ith  r a in  o r  sn o w  b y  w e t  d ep o sit ion  o f  p a r t i cle s .  C o ntam in an ts  d i s-

so lved  in  th e  g as p hase  o f  a i r  a l so  can  be  t r an sf e r red  to  so il  o r  p lan t s

th ro u g h a  co m bin a t io n  o f  w e t  d ep o si t io n  an d  ch em ica l  p a r t i t ion in g .

Wa t e r- so lu b le  c o n t a m i n an t s  i n  th e  a i r  p h a se  p a r t i t i o n  in t o  w a t e r

d r o p le ts  an d  a r e  w ash ed  o u t  o n to  so i l  du r in g  r a in  o r  sn o w. T his  p r ocess

i s  t e r m ed  ª w e t  d ep o sit io n  o f  a  g as  p h ase .º  In  ad d i tio n ,  co n tam in an ts

th a t  a r e  w a te r  so lu b le  can  b e  t r a n sf e r r ed  f r o m  a i r  to  so i l  th ro u g h  p a r t i-

t ion ing ,  w h ich  invo lves th e d if fusion  o f  chem ical  f ro m  so lu t ion  in  a ir  to

so lu t ion  in  th e  so i l  w a te r.  S im i la r ly,  c o n ta m in an ts  t h a t  a r e  r e la t i v e ly

in so lu b le  in  w a te r  bu t  h igh ly  l ip id  so lub le  can  b e  tr an sf e r r ed  f r o m  a ir

to  so i l  b y  p ar ti t io n in g  in  the  o rg an ic  p hases o f  so i l .  In  th i s  p ro cess ,  th e

co ntam in an ts  d if fu se  f r om  so lu tio n  in  a i r  to  so lu t io n  in  the  o r g an ic

ph ase  of  so i l .  F ina lly, co n tam in a n ts  in  a i r  ca n  b e  t r a n sf e r r ed  f r o m  a i r  to

p lan t  su rf aces b y  dr y  d ep o si tio n ,  w e t  d epo si t io n ,  an d  b y  p a r t i t io n in g

in to  th e  l i p id  an d  w a te r  p h ases  o f  p lan t s .  W h en  th e  p lan t s  a r e  m o w ed

o r  ag e  an d  sh ed  leav es,  r e sid u a l  co n tam in a t io n  i s  t r an sf e r red  to  so i l .

Use of Contaminanted Water for Irrigation

T h e  u se  o f  co n tam in a ted  w a te r  su p p l ie s  to  i r r ig a te  f a r m  lan d s ,  g a r-

d en s ,  an d  law n s  c an  re su l t  in  t h e  a ccu m u la t io n  o f  p e r si s ten t  co m-

p o u n d s in  th e  i r r ig a ted  so i l .  O rg an ic  co n tam in an ts  w i th  lo w  w ate r  so lu-

b il i ty, w h en in t ro du ced  to  the  so i l ,  b in d  to  th e  o rg an ic car b on  p hase  o f

th e  so i l  w h er e  th ey  can  b e  r e ta in ed  an d  accu m ula te  f o r  r e la t iv e ly  lo n g

p er io d s.  S o m e m eta l  sp ec ies  a l so  can  accu m ula te  an d  p e rsi s t  in  so i l  i f

th e i r  so i l  ch em ist r y  f av o r s  th e  b in d in g  o f  th ese  co n tam in an ts  in to  th e

m in e ra l  p h ase .  O n ce  d ep o s i ted ,  m e t a l s  p e r si s t  in  th e  so i l  u n less  t r an s-

po r ted  o ff  si te.

Contaminant Sources Internal to the Soil

In  so m e  cases ,  th e  sou rce  o f  so i l  co ntam ina tion  i s  the  so il  i tse l f .  F or

ex am p le ,  so i l s  r i ch  in  to x ic  e lem en ts  su ch  as  se len ium , a r senic ,  l ead ,
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m e r c u r y, cad m iu m , an d  so  f o r th  pr o vid e  th e i r  o w n  sou r ce  of  co ntam in a-

t ion .  I n  ad d i t io n ,  so i l s  r i ch  in  u r an ium  an d i t s  r ad ioac t iv e  d ecay  pr o d-

u c t r ad iu m  p ro v id e  co nt in uo u s lon g - te r m  sou r ces of  the  r ad io ac t iv e  g as

rado n in  so il  (U N S C E A R , 1 98 8) .  T he  rado n can  d if fuse f ro m  so il  in to

th e  a ir  o f  bu i ld ing s o r  in to  g r ou n d w ate r,  w i th  r e su l t in g  r ad ia t io n  ex p o-

su r e s  t o  h u m a n  a n d  a n i m a l  p o p u l a t i o n s .  O t h e r  p o s s i b l e  i n t e r n a l

so ur ces o f  co n tam in a t io n  a re  b io lo g ica l  o rg anism s, w h ich  m ay  b e  e i the r

d i rec t ly  h ea l th  th rea ten ing  o r  w h ich  pr o d uce  to x ic  ch em ica l s .  A l th o u g h

in h eren t  so u r ces o f  co n tam in a t io n  e x i s t  in  m an y  so il s ,  i t  is  im p o r tan t to

co n s id e r  th e  r a t e  a t  w h ich  th e se  so i l - b o r n e  co n ta m in an ts  a r e  r e lea sed

in to  th e  su r r o u n d in g  en v i r o n m en t .  T h is  r a te  can  b e  g r e a t ly  in ¯ u e n c e d

b y  h u m an  ac t iv i t i e s  th a t  d i s tu r b  th e  o r g an i za t i o n ,  s t r u c tu r e  o r  ch em-

is try  of  th e so il .

TRANSPORT AND TRANSFORMATION OF 
SOIL CONTAMINANTS

T h er e  a r e  a  nu m b er  o f  co m p e t in g  p ro ce sses  th a t  in ¯ u en ce  the  fa te  o f  a

so i l  co n tam in an t .  Tab le  1  i s  a  l i s t  o f  so m e  o f  th e  t ran sp o r t  an d  t r ans fo r-

m atio n  p ro cesses  th a t a re  inv o lved  in  d e te rm inin g  th e  f a te  of  so i l  co n-

tam in an ts .  O n ce  ad d ed  to  o r  f o r m e d  in  a  so i l  co lu m n ,  a  co n tam in an t

can  be  t r an spo r ted  o u t  o f  th e  so i l  co lu m n  to  an o th e r  p a r t  o f  th e  env i r o n-

m en t  o r  b e  t ran sf o r m e d in to  so m e  o th e r  ch em ica l  sp ec ies  o r  d eg r ad a-

t io n  p r o d u c t .  T h er e f o r e ,  o n ce  a  con tam in an t  h as  b een  id en t i ® ed  in  

th e  so i l  co lu m n ,  o n e  a l so  m u st  d e te r m in e  w h e th e r  th a t  su b s tan ce  w i l l

( 1)  r em ain  o r  accu m u late  w i th in  th e  so i l  co lu m n,  ( 2)  be  tr an spo r ted  by

dispe rsio n  or  ad vec tion  w i th in  the  so i l  co lu m n, (3 )  b e  ph ysica lly,  ch em i-

cal ly, o r  b io lo gica lly  tran sform ed w ith in  the  so i l  (e.g . ,  by  hydro lysis,  o x i-

d a t io n ) ,  o r  ( 4 )  b e  t r anspo r ted  to  an o th e r  p a r t  o f  the  en vi r o n m en t  b y

cro ssm ed ia  t ran sfe r  (e .g . ,  v o la t i l iza t io n ,  ru n of f ,  g r ou n dw ater  in ® l t r a-

t ion) .  T h is  sec tio n  pro vid es an  overv iew  o f  the  pr ocesses  by  w hich  co n-

ta m in an t s  a r e  t r an sp o r te d  in  an d  o u t  o f  so i l  l a y e r s  a n d  su m m a r ize s

t r a n sf o r m at io n  p r o ces se s .

Table 1.  P r oc esse s b y  w h i ch  con t am in an ts  a r e  t r an sf e r r ed  to  an d  f r o m  so i ls

G a i n s L o sse s

D iff usion  fr om  a ir D iff usion  to  ai r

Dif fusion  fr om  r oot ing  zone so i l D iff usion  to  roo t ing  zone  so il

Wa sho u t  f r o m  a i r  b y  r a in f a l l A dvec tion  to  r oo ting  zone soi l

D r y  deposi t ion  o f  a i r  pa r t i cle s So i l  so lu t ion  r unoff

C o n t a m i n a n t  so u r c e s E r o sion  ( m ine r a l  r un o f f )  to  su r f ace  w a te r

R esuspen sion  o f  so i l  p ar t ic les

C h em i ca l / ph y si ca l  t r an sf o r m a t io n
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Transport Processes in the Soil Column

To  u nd er stan d  h o w  ch em ica l  sp ec ies  a r e  t r an sp or ted  in  so il ,  i t  i s  im p o r-

tan t  to  r eco g nize  th a t  th e  so i l  co lu m n  c an  b e  v iew ed  as  h av in g  a t  l east

th ree  d is tin c t  r e se r v oi r s  f o r  co n tam in an ts  ( B o w en,  1 9 7 9 ) .  T h ese  r e se r-

v oi rs  a re  (1 )  the  su rface so il  l ay er,  (2)  th e ro oting  zone ,  and  (3)  the

d eep e r  u n sa tu r a ted  zo n e .  T h e  n a tu r e  o f  th ese  so i l  co m p o n e n ts  i s  in t r o-

d uced  in  th e fo llo w in g  sec t io n s.  F ig u re  1  i l lu st r ate s  a  typ ica l  v e r t ica l

p r o ® le  of  so il  com p osit ion  and  ho w  th i s is  d iv ided  in to  m o re  s im p le

ch ar ac te r i s t i c  r eg io n s .

The Ground Surface Soil Compartment
S tu d ies  o f  r ad io ac t i v e  f a l lo u t  in  ag r ic u l tu r a l  l an d  m a n ag em en t  u n i t s

r ev ea l th a t ,  in  th e  ab sen ce  o f  t i l l ing ,  p a r t i c le s  d ep o si ted  f r o m  th e

a t m o sp h er e  a cc u m u l a te  in  an d  a r e  r e su sp en d ed  f r o m  a  th in  g r o u n d  o r

sur face so i l  lay er  w ith  a  th ickn ess  of  0 .1  to  1 .0  cm  (W h icker  and

K ir c h n e r,  19 87 ) .  T he  g ro un d su rf ace  so i l  l aye r  i s  a t  the  top  o f  the  A soil

h or izo n .  T he  g r ou n d sur face  so il  l aye r  ty p ical ly  has a low er  w a te r  co n-

ten t ,  h ig h er  g as  co n ten t ,  an d  o f ten  a  h igh er  f r ac tio n  o f  o r g an ic  m a tte r

th a n  u n d er ly in g  l ay e r s .  C o n tam in an ts  in  th e  su r f ace  so i l  l a y e r  a r e

m o r e  l ik e ly  th an  d ee p er  so i l  co n tam in an ts  to  b e  t r an sp o r te d  h o r izo n-

ta l ly  to  a d jacen t  l an d  u n i t s  o r  n ea r b y  su r f ace  w a te r s  b y  m ech a n ica l

r u n o ff  an d  so il  so lu t io n  r u n o f f .  C o n tam in an ts  a l so  a re  t r an sf e r red  v e r-

t ica l ly  be tw een th e  su rf ace  so il  an d  ov er ly in g  ai r  b y  r esu sp ensio n ,

d ep o sit ion ,  and  vo la t i l i zat ion /d i f f u sio n  an d  b etw een  th e  su rf ace so il

and  th e  ro ot in g  zo ne  so il  by  d if f usion  and  in ® l t r a t io n .  I n  a d d i t i o n ,  su r-

f ace  so i l  con tam in an ts  a r e  su scept ib le  to  w in d  e ro sio n ,  b io d egr ad a tio n ,

t r an s f e r  to  p lan t  su r f ac es b y  r a in sp la sh ,  an d ,  in  co n t r as t  to  co n ta m i-

n an ts  in  d eep er  so i l ,  su r f ace  so i l  co n ta m in an ts  a r e  su sc ep tib le  to  ch em-

ica l tr an sfo r m at io n  b y  ph o to ly si s .

The Rooting Zone Soil
R oo tin g  zo ne  so il  inc lu des th e A ho r izon  an d  p a r t  o f  th e B  ho r izon  be low

th e  su r f ace  l ay e r  ex ten d in g  to  ap p r o x im ate ly  1  m  in  d ep th .  T h e  d ep th

o f  p low in g  in  ag r icu l tu ra l  l an d s ran ges f ro m  15  to  2 5  cm ;  h ow ever,  t h e

r oo ts  of  m ost  p lan t s  a re  typ ical ly  l im i ted  to  the  ® r s t  m e te r  o f  so il  d ep th .

I n  ad di t io n ,  th e  d i f fu sio n  d ep th  be lo w  w h ich  a  co n tam in an t  i s  u n l ik e ly

to  escape  to  th e  a tm o sp h er e  by  d if fu sion  i s  ap p ro x im ate ly  1  m  o r  l e ss

f or  a ll  b u t th e  m o st  v o la ti l e  co n tam in an ts .  T he  p r esen ce  o f  c lay  in  th e

r o o t ing  zo n e  lay e r  s e rv e s to  r e ta in  w a te r.  A s a  r e su l t ,  so i l  w a te r  co n ten t

in  th e  r o o t in g  z o n e  i s  so m ew h a t h ig h er  th a n  th a t  in  su rf ac e  so il s .

C o n tam in an ts  in  r o o t in g  zo n e  so i l  a r e  t ran sp or ted  u p w a rd  b y  d i f f us ion ,
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v o la t i l i za tio n ,  r oo t  u p tak e ,  an d  capi l l a ry  m o tio n  of  w a te r ;  tr an sp o r ted

d o w n w ar d  b y  d i f fu sio n  an d  leach ing ;  and  t ran sf o rm ed  ch em ica l ly  p r i-

m ar ily  by  b io deg rad at ion  o r  h yd ro lysi s  (Ju ry  e t  a l . ,  1 98 3 ) .

Deeper Unsaturated Soil
T he  d eep er  un sa tu r a ted  so i l  in c lu d es th e  so il  l ay e r s  b e lo w  th e  r o ot in g

zo n e  an d  ab o v e  th e  sa tu r a ted  z o n e ,  w h e re  a l l  p o r e  sp aces  a r e  ® l l ed  w i th

w a t e r.  T h is  c om p ar tm en t can  en co m p ass p a r t s  of  b o th  th e  B  an d  C  so i l

h or izon s.  T he  so i l  in  th i s l ay e r  ty p ical ly  has a low er  or ganic  ca rb on  co n-

ten t  an d  lo w er  p o r o si ty  th an  th e  ro o t in g  zo n e  so i l .  C o n ta m in a n ts  in  th i s

lay e r  m o v e  pr im ar i ly  d o w n w ar d  to  th e  g ro u n d w ate r  zo n e  by  cap i l l a ry

m o t io n  o f  w a te r  an d  leach in g .  C h em ica l  t r an sf o r m at io n  in  th i s  l ay e r

o ccu r s  p r im ar i ly  b y  b io d egr ad at io n .

Transformation

T h e  t ran sf or m atio n  o f  to x ic  su b stan ces in  so il  can  h av e  a  p ro f ou n d

ef fec t  on  th e i r  p o ten tia l  f o r  h u m an  exp o su r e  an d  accu m u la t io n  b y  b io ta .

Tran sf o rm at ion  p r o cesses  in  so i l  in c lu d e  p h ysica l  p r ocesses  su ch  as

rad io act ive  d ecay;  chem ica l p ro cesses  su ch  as  ph oto ly sis ,  h y dr o lysi s ,

o x ida t io n  an d  r edu c tion ; an d  b io log ica l p ro cesses  such  as  m ic ro b ia l

t r an s f o r m a t io n s .  A ll  th ese pr o cesses  can  s ig ni ® c an t ly  r ed u ce  th e  co n-

Figure 1. A typ i ca l  ve r t ic al  p r o ® le  o f  so i l  com po si t ion  and  how  th is  can  be

d iv i ded  in to  m or e  s im p le  cha r ac te r is t i c  r eg ion s.
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cen t r a t io n  o f  a  su b stan c e  o r  a l t e r  i t s  s t r u c tu re  in  su c h  a  w ay  as  to

en h an ce  o r  d im in ish  i t s  h ea l th  e f fec ts  ( L ar so n  a nd  We b e r, 1994; Ly m a n

et  al . , 198 2; H ow ard  et  al . ,  1 978 ) .  S peci ® c  i n f o r m at io n  o n  t h e  r a te s  an d

p a th w ay s of  tr an sfo r m at io n  f o r  in d iv idu a l  chem ica ls  o f  co n cern  m u st

b e  ob ta in ed  d i r ec t ly  f ro m  ex per im en ta l d e te rm in a t ion s o r  d e r iv ed  in d i-

r ec t ly  f ro m  in f o r m a t ion  o n  ch em ica l s  th a t  a r e  s t r u c tu r a l ly  s im i la r.

C o n se q u en t ly,  q u a n t i t a t i v e  e st i m a te s  a r e  d i f ® cu l t  to  d er iv e  for  cla sses

of  com po und s fo r  w h ich  em pi r ical  d ata a re  l ack ing .  T h e fo llo w ing  sec-

t io n s pr o vid e  a  b r ie f  d i scu ssio n  o f  th e m a jo r  t r an sf o rm atio n  p ro cesses

av a i lab le  to  ch em ica l s  in  th e  so i l  en v ir o n m en t .

Radioactive Decay
R ad io ac t iv e  e lem en ts  a r e  m ad e  u p  o f  a to m s in  w h ich  th e  n u c le i  a r e

u n stab le  an d  g iv e  o ff  a to m ic r ad ia t io n  as  p a r t  o f  a  pr o cess  of  a t ta in in g

s ta b i l i t y. T h e  em is sion  o f  r ad ia tio n  tr an sf o rm s r ad io ac t iv e  a to m s in to

an o th e r  chem ica l  e lem en t ,  w h ich  m ay  b e  s tab le  o r  m ay  b e  r ad io ac t iv e

su ch  t h a t  i t  u n d e r g o es f u r th e r  d ec ay.

Photolysis
M an y  or g an ic  co ntam in an ts  a re  cap ab le  o f  u nd er g o in g  e i th e r  d i r ec t  o r

ind ir ec t  ph o to ly tic  decom po sit io n .  S u ch  decom po sit io n  can  b e pa r t ia l ,

r esu l tin g  in  the  fo r m at io n  o f  s tab le  b y -p ro d u cts ,  o r  com p le te ,  r e su l t in g

in  the  dest r uc t ion  of  th e  co m p o u nd . A l th o u g h  so la r  r a d ia t io n  a t  t h e

ea r th ’ s  su r f ace  i s  a t t en u a ted  b y  th e  a tm o sp h er e ,  i t  i s  g en er a l ly  su f ® -

c ien t  to  br eak  b on d s in  m an y  co m p o u n ds .  In  so i ls ,  p ho to t r ans fo r m at io n

aff ec ts  o n ly  th ose  co n tam inan ts  o n  the  so i l  su rf ace ; ho w ev er,  th e  su r-

f ace  reac t io n s m ay o ccur  at  s ig n i ® c an t  r a te s  in  th e  p resen ce  o f  o r g an ic

m ate r ia l .  I n  ad d i t i o n ,  in  ag r icu l tu r a l  l an d s  th a t  a r e  t i l l e d ,  co n t am i-

n an ts  in  th e  t i l l in g  h o r izo n  ( ; 2 0  cm ) can  b e  b ro u gh t  to  th e  su r face

w h e re  p h o to t r an sf o r m a t io n  o c cu r s .  P h o to t r an s f o r m at io n s  can  r esu l t  in

r ela t iv e ly  sh or t  h a l f - l iv es  ( e .g . ,  h o ur s  to  d ay s)  f o r  co ntam in ants  such  as

p est ic ides th at  a re  ap pl ied  d ir ect ly  to  c ro ps o r  sur face so i ls .  P h oto ly tic

b r eakd o w n  o f  p est i c id es can  su b stan t ia l ly  red u ce  th e  co n cen t r a tio n s o f

ch e m ic a l s  th a t  a re  a p p l ied  to  c r o p s a n d  t h e r eb y  d im in ish  p o te n t ia l

ex p o su r e s  t o  h u m a n s an d  an im a ls  th a t  co n su m e th e  c r o p s .  P h o to ly t ic

b reak d ow n  a l so  m ay  o ccu r  b y  ind i rec t  or  sen si t ized  p h o to lysi s  w hen

h u m ic  m ate r ia l  o r  m in er a l  su r f ace s a b so r b  l ig h t  e n e r g y  an d  t r an s f e r  a

p o r t io n  o f  th a t  en e r g y  to  ano th e r  ch em ica l  in  th e  so i l  m a tr ix .

Hydrolysis
H yd ro ly t ic tr ansf or m at io n  o f  or gan ic  ch em ica ls  can  b e  a  s ign i ® c a n t

d est r u c t iv e  p ro ce ss  f o r  to x ic  co m p ou n d s  th a t  a r e  p r esen t  in  th e  aq u eo u s

p h ase  of  so i ls .  H yd r o ly si s  i s  m ost  im po r tan t  f o r  ch em ica l s  th a t h av e

f u n c t io n a l  g r o u p s ( e .g . ,  am id es,  e s te r s ,  ca r b am ates ,  o rg an o p h o sp h a tes)
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th at  can  b e  a lt e r ed  r ap id ly  ( e .g . ,  in  m inu tes  to  d ays)  in  the  p resen ce  of

w a t e r.  F o r  am ides  an d  ca r ba m ates ,  h y d ro ly t ic  c leav ag e  y ie ld s  a ro m at ic

an d  a lip ha t ic  am in es w i th  an  in c r eased  l ik el ih oo d  o f  tox ic  ac t iv i ty.

C o n v er se ly, h y d ro ly tic  d eg rad a t ion  o f  co m po u n d s th a t  con ta in  s tab le

su b s t i tu en ts  ( e .g . ,  h a lo g en a ted  co m p o u n d s  su ch  as  ca rb o n  te t r ac h lo-

r id e )  can  h ave  h al f - l iv es  of  sev e r al  th o usan d  y ea rs .  B ecause  hy d ro ly tic

r eac t ion s a r e dr iven  b y  th e  av ai lab i l i ty  o f  h y d ro g en  an d  hy d ro x ide  io ns,

th e  p H  o f  the  so i l  can  h av e  a  d r am at ic  in ¯ u ence  on  th e  r a te  o f  hy d ro ly-

si s  fo r  any  g iv en  co m p ou n d .  H y d r oly t ic  t r an sf o r m at io n s tha t  a r e  r e la-

t iv e ly  s lo w  a t  a  n eu t r a l  p H  can  o ccu r  a t  r a te s  th a t  a r e  s ev er a l  o r d e r s  o f

m ag n itu d e  gr ea te r  u n d er  ac id ic  o r  b asic  co n di t io n s.

Oxidation and Reduction
M an y ino r g an ic  an d  o r gan ic  ch em ica l s  can  u n d erg o  o x ida t io n  o r  red u c-

t io n  reac tion s in  so il .  A n in dicator  of  a com poun d ’ s ab ili ty  to  b e oxid ized

or  redu ced  is  p rov id ed  b y  a  kn ow led ge  of  i t s ox id at io n  p oten tial ,  w h ich

is  th e  v o l tag e  a t  w h ic h  it  i s  t r an sf o r m ed  to  i t s  r ed u ced  s ta te .  A s i m i l a r

m easu re of  a so il ’ s  ab il i ty  to  r ed u ce  a  co m p ou n d i s p ro vid ed  by  th e

r e d o x  p o t e n t ia l ,  w h i c h  i s  a  m e a su r e  o f  e le c t r o n  a c t i v i t y.  R ed o x

p o ten tia l s  a r e  r e la tiv e ly  h igh  an d  p o si t iv e  in  o x id ized  en v i r on m en ts

( e .g . ,  su r f ace  w a te r s)  an d  h ig h ly  n eg a t iv e  in  r ed u ced  en v i ro n m en ts

( e .g . ,  aq ua t ic  sed im en ts ,  th e  sub su r face  so i l  l ay e rs ) .  T h ese  en v i ro n m en-

ta l  co n d i tio n s a r e  e sp ec ia lly  im p o r tan t  f o r  in o rg an ic  ch em ica l s  th a t  a r e

r a r e ly  p r esen t  in  th e i r  e le m en ta l  f o r m  in  th e  en v i r o n m e n t .  A rsenic,  for

ex am p le ,  ex is ts  p r im ar ily  in  i t s  ox id ized  fo r m  ( a rsena te )  in  th e  a tm o s-

p h er e  an d  in  su rf ac e  w a te r s  a n d  in  i t s  r ed u ced  f o rm  ( a r sen i te )  in

se d i m e n t s .

Microbial Transformation
Because  of  the ir  b ro ad  range  of  enzym atic capabili t ies ,  m icro -organism s

ar e  cap ab le  o f  t r an sfo r m ing  m any  ino r g an ic  an d  o r g anic  co m p o u n d s.

S u ch  t r an s f o r m at io n s  r e su l t  in  th e  p a r t i a l  d eg r ad a t io n  o f  a  c o m p o u n d

(e .g . ,  con version  of  t r in it ro to lu en e  to  d in i tr o to luen e) ,  m inera l iza tion

( i .e . ,  co m p le te  t ran sfo rm atio n  to  ca r bo n  d io x id e  an d  w ate r ) ,  o r  sy nth e-

sis  o f  a  s tab le  p ro du c t ( e.g . ,  f o rm at io n  of  m e th y l a rsen ica ls  f ro m  a rsen-

a te ) .  A l th o u g h  th ese  p ro cesses  g en er a l ly  r e su l t  in  th e  d e tox i ® ca tion  of

th e  p a r en t  co m p ou n d , to x ic  p r od u c ts  o r  p r od u c ts  w ith  g rea te r  m o b i li ty

in  th e  en vi r o n m en t  a l so  m ay  b e  f o r m ed .

HUMAN CONTACT WITH SOIL

H u m an  co n tac ts  w ith  so i l  can  be  m u l t ip le  an d  co m p lex  ( M cK o n e  an d

D an ie l s,  19 91 ; N a tion a l R esea rch  Co un c il ,  19 9 1) .  Ta b le  2  l i s t s  a  m a t r ix
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o f  p o te n t ia l  h u m an  c o n ta c t s  w i th  so i l s  th a n  ca n  r e su l t  in  h u m an  u p ta k e

o f  so i l  co n tam in an ts  th r o u g h  in h a la t io n ,  in g est io n ,  an d  d e r m al  ex p o-

su re  ro u tes .  In  th e  f o llo w in g  sec tio ns,  w ha t  is  kn o w n abo u t so m e  of

th e se  e x p o su r e  p a th w a y s an d  h o w  t h ey  m ig h t  b e  as ses se d  in  a  r i sk

assessm en t  o r  o th e r  h ea l th  e f f ec t s  s tu d y  a r e  co n sid e r ed .  F ig u r e  2  p r o-

v id es an  i l lu st ra t io n  o f  h o w  co n tam in an ts  m ig r a te  f r o m  so i l  in to  th e

m e d i a  th a t  co m p o se  th e  h u m an  en v i r o n m en t .

Direct Soil Ingestion

B o th  ad u lt s  an d  ch i ld r en  co n t in u o u sly  in g es t sm a l l  am o u n ts  of  so i l

th r o u g h  in a d v er te n t  h an d - to - m o u th  ac t i v i t i e s .  C h i ld r e n  w h o  sp en d  a

g rea t  d ea l  o f  t im e ou td o or s  h av e  b een  o b se r ved  to  h ave  con tac t w i th

an d  in g est so i l .  T h ro u g h  ac t iv i t i e s  su ch  as  g a r den in g ,  ou td o or  lab o r,

an d  c lean in g ,  ad u lt s  a r e  a lso  su b jec t  to  in ad v er ten t so i l  in g est io n .  S o m e

in d iv id u a l s  h av e  b een  o b se r v ed  to  in te n t io n a l ly  in g es t  r a th e r  l a r g e

q uant it ie s  o f  so i l .  T he  ing est io n  of  no nf oo d su bstan ces su ch  as  so i l  i s

ca lled  p ica .  G eo p hag ia i s the  in ten t io n a l,  ch ro nic ,  and  o f ten  ad d ic t iv e

co n su m p t io n  o f  ea r th .

S ever a l  s tu d ies  h ave  b een  co nd u c ted  to  ch a rac te r ize  so i l  in g est io n  b y

ch ild r en  (e .g . ,  C a labr ese  an d  S tan ek , 1 9 91 ) .  S o m e stu d ies  m ak e  u se  o f

so i l  loading  on  ch ildren ’ s  han d s in  co m b in a t ion  w i th  ob se r v a t ion s o f

h an d - to - m o u th  ac t iv i ty  to  e s t im a te  so i l  u p tak e .  A n o th e r  ap p r o a ch  to

est im a t in g  so i l  in g est ion  m akes  u se  of  t race r  e lem en ts  in  feces.  B o th

the  feces o f  ch ildr en  an d  th e  so i l  in  th e i r  p lay  y a rd  a r e  an aly zed  fo r  e le-

m e n ts  su c h  a s  a lu m in u m ,  s i l i co n ,  a n d  t i t an i u m Ð e lem e n ts  t h o u g h t  to

Table 2. M a tr i x  o f  ex p o su r e  p a t h w a y s t h a t  l i n k  h u m an s  w it h  co n t am i na t ed

so i l s  t h r o u gh  d i r ec t  and  in d i r ec t  con tac t

E x p osu r e  P a t h w ay s L in k i ng  C o n tam i na te d  S o i l  

E x p o su r e  R o u t e s w i t h  H u m a n  C o n t a c t

I n g es t i o n D ir ec t  so i l  in gest io n  by  hu m an s

I n gest io n  o f  f r u i t s ,  v eg et ab l e s ,  an d  g r a i ns  con tam i na t ed  b y

tr an sf e r  f r om  so i l

I n ges t i on  o f  m ea t ,  m il k ,  and  eg gs  con t am in a ted  b y  t r an sf e r

f r om  so i l  t o  p lan ts  t o  an im a ls

I n ges t i o n  o f  m ea t ,  m i lk ,  a nd  eg gs  co n t am i n a ted  t h r o u gh

so i l  ing est i on  by  an i m a ls

I n gest io n  o f  g r o un dw a te r  co n t am in a ted  b y  so i l

I n h a l a t i o n I nh a la t io n  o f  so i l  vap or s  th a t  m ig r a te  to  i nd oor / ou tdo or  a i r

I nh al a t ion  o f  so i l  p ar t ic le s  t r ansf e r r ed  to  ind oo r/ ou tdo or  a i r

D e r m a l  co n t ac t D e r m a l  co n t ac t  w i t h  so i l
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b e po o r ly  ab so rb ed  in  th e  g ut .  A ssu m in g n o  no nso il  sou rces of  th ese  e le-

m en ts  an d  a  f ecal  exc re t io n  r a te ,  so il  in gest io n  f o r  each  ch i ld  is  e st i-

m a ted  o n  th e  b asi s  o f  the  m ass o f  each  t r ace r  e lem en t  in  f eces r e la tiv e

to  tha t  in  so i l .  H o sp ita l ized  ch i ld ren  w h o  hav e  l i t t l e  co n tac t  w i th  so i l

o f ten  a r e  u sed  as  co nt r o l g ro u p s.

Transfer of Soil Contaminants to 
Vegetation and Food Products

S o il  co ntam in ants  can  b e  tr an sf e r r ed  to  ed ib le  pa r t s  of  veg e ta t io n  f ro m

the  ro ot in g  zo ne  so i l  b y  ro ot  up tak e  an d  f r om  th e  su rf ace  so i l  lay e r  by

r esusp en sion /d epo si t io n ,  ra in sp lash ,  and  vo la ti l i za tio n  f o l lo w ed  b y  p a r-

t i t io n in g  (Jon es e t  a l . ,  1 99 1 ) .  C o n tam inan ts  in  th e  r o o t in g  zo n e  a r e

t ran sf e r red  to  p lan t  r oo t s  f r o m  so il  gas  an d  so il  l iq u id  w ith  p o ten tia l

t r a n s f e r  i n  th e  t r an sp i r a t io n  s t r e am  to  a b o v e- g r o u n d  p la n t  p a r t s .  T h e

ease  w i th  w h ich  no n ion ized  chem ica l s  a r e  t aken  u p  f r om  so i l  in to  r oo t

m a te r ia l  i s  in ¯ u en ced  b y  the  ch em ical ’ s  o c tan o l/w a te r  p ar ti t io n  co ef ® -

c ien t ,  K
O W

,  w h ich  is  a  com m o nly  u sed  m easu re  o f  l ip op hy lici ty,  an d  b y

th e  w a t e r  so lu b i l i ty.  C h em ica l s  h av in g  h ig h  K
O W

v a lu e s t en d  to  b e

e i th e r  s t r o n g ly  b o u n d  to  o r g an ic  m a te r ia l  in  th e  r o o t ,  m ak in g  th em  les s

a v a i la b le  f o r  m o v em e n t  i n  th e  t r a n sp i r a t io n  s t r e am ,  o r  b o u n d  to

o r gan ic  m a te r ia l  in  th e  so il  r ed u c in g  th e i r  av a i lab i l i ty  to  ro o t  u p take .

I n c reas in g  th e  w a te r  so lu b i l i ty  o f  a  che m ica l  t en d s to  in c r ease  th e

am o u n t  o f  ch e m ica l  av a i la b le  f o r  u p tak e  f r o m  th e  so i l  w a te r  an d

Figure 2. C o n t am i n an t s  m i g r a t e  f r om  so i l  i n to  t h e  e xp o su r e  m ed ia  th a t

c o m p o se  t h e  h um a n  en v i r o n m e n t  i n  t h e  m an n e r  i l l u s t r a t e d  h e r e .
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in c r ea ses  th e  l ik e l ih o o d  o f  m o v em en t  w i th  th e  t r an sp i r a t io n  s t r eam ;

h o w ev e r,  th e  ro o t  m em b r a n e  o n  m o st  p lan t s  r e s t r i c t s  u p tak e  o f  h ig h ly

solu ble  or  ion ized  species .

C o n tam in an ts  in  th e  r o o t in g  zo n e  can  b e  t r an sf e r r ed  to  sur f ace  so i l

b y  p low ing  and  t i l l in g  o r  b y  th e  ac t iv i t ie s  o f  b ur ro w in g  an im als  such  as

w o r m s ,  a n t s ,  an d  r o d e n t s .  T h e se  co n ta m in a n t s  th en  c an  b e  t r a n s f e r r ed

to  ed ib le  p lan t  p a r t s  th r o u g h  r esu sp en si o n /d e p o si t i o n ,  r a in sp la sh ,  an d

v ola t i l i za tio n /p a r t i t io n in g .  Resu sp ensio n /d ep osi t io n  is  the  p ro cess  b y

w hich  so i l  p ar ti c le s  ar e  b lo w n by  th e  w in d  f ro m  th e  so il  su rf ace  on to  th e

leav es of  v eg e ta tio n .  T h e  so i l  con tam in an ts  can  r em ain  o n  th e  lea f  su r-

f ace  f o r  an  ex ten ded  pe r io d  o r  b e  ab so r b ed  in to  th e  p lan t  t i ssu e  w h er e

th ey  m ay  b eco m e av a i lab le  f o r  t ran spo r t  to  o th e r  p a r t s  o f  th e  p lan t .

R a in sp lash  is  a  p r ocess  th r ou g h  w h ich  th e  e f fec t  o f  f a ll ing  ra in  d ro p s

cau ses so i l  p a r t i c le s  to  be  sca tte r ed  o nto  p lan t sur f aces.  Vo la t i l i za-

t io n /p a r t i t io n in g  i s  a  tw o - step  p r o cess  b y  w h ich  co n tam in an ts  w i th  a

su f ® c i en t ly  h ig h  v apo r  p ressu re  vo lat i l i ze  f ro m  the  so il  an d  th en  co l lec t

in to  th e  w ax y  su rf ace  o r  th e  w a te r  po r t io n  o f  l eav es th r o u gh  an  a ir / l ip id

o r  a i r /w a te r  ex c h an g e .

C o n tam in an ts  in  v eg e ta t io n  ca n  b e  t r an sf o rm ed  to  f o o d  p ro d u c ts .

T h e  lev e l of  con tam in at io n  in  veg etat ive  f oo d  pr od u cts  o f ten  d epend s o n

w h ich  p ar t  o f  a  p lan t  i s  b e in g  con su m ed.  Tr an slo ca tio n ,  w h ich  i s  th e

p r o cess  b y  w h ich  a  co n tam in an t  i s  t r an sf e r red  f r o m  o n e  p a r t  o f  a  p lan t

t o  a n o th e r,  can  r esu l t  in  s ign i ® c an t  d i f fe r en ces in  co ntam in an t  co n cen-

t r a t i o n  b e tw e en  th e  to ta l  p lan t  an d  th e  p a r t  o f  th e  p la n t  b e in g  c o n-

su m ed , th a t i s ,  th e  f ru i t  o r  seed s.  In  add i tio n ,  ing est io n  b y  f oo d -p r od u c-

in g  a n im a ls  o f  co n tam in a ted  so i l  an d  so i l - co n tam in a ted  p a stu r e  o r

g ra in s  can  lead  to  th e  con tam in a t io n  o f  an im al - b ased  f oo d  p ro d u c ts ,

su ch  as  m ea t ,  m i lk ,  d a i r y  p r o d u c ts ,  an d  eg g s.

Dermal Contact with Soil

D erm al  ex p o su re  to  con tam in an ts  in  so i l  can  o ccu r  d ur in g  a  v a r ie ty  o f

ac t iv i t i e s ,  su ch  as  co nst r u c t io n  w o rk ,  g a r d enin g ,  an d  o utd o o r  r ec r e-

a t i o n .  A du l t s  w h o  w o rk  an d  ch ild r en  w ho  p lay  ou td o or s  can  h av e  h ig h

so il  lo adin g  o n  th ei r  sk in .  L ip id- so lu ble  ch em ica ls  h ave  a  s t ro n g  ten-

d en cy  to  m ov e  f ro m  a so i l  l ay er  on  the  sk in  sur face  to  the  l ip id- r ich

o u te r  l ay e r  o f  h u m an  sk in .  H o w ev er,  t h e  r a te  a t  w h ic h  th i s  t r an sf e r

takes p lace  is  o f ten  ve r y  s lo w  an d  co uld  req u ir e  h o u rs  o r  ev en  d ays to

r ea ch  a n  eq u i l ib r iu m  s ta te .  E s t im a t in g  d o se s t h a t  r e su l t  f r o m  c o n ta c t

w i th  a  c o n tam in a ted  so i l  in v o lv es  m an y  p a r am e te r s  th a t  a re  o f ten  d i f ® -

cu l t  to  m e asu r e  in c lu d in g  th e  co n tam in an t  co n c en t r a t io n  in  so i l ,  th e

so i l - to- sk in  ad heren ce f ac tor,  th e chem ical -spec i ® c  absorp tio n  facto r  for

th e  sk in ±soi l  sy stem , th e  e xp o sur e  f re qu en cy,  an d  th e  ex p o su r e  t im e .

T h e  ex po su r e  f r equ en cy  ex p resses  h o w  o f ten ,  in  day s p e r  y ea r,  t h a t  a n
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in d iv idu a l  i s  in vo lv ed  in  an  ac t iv ity  th a t re su l ts  in  so i l  co n tac t .  T h e

ex po su re  t im e  i s  a  m easu re  o f  h ow  lo ng  in  h ou r s  the  so i l  i s  in  co n tac t

w i th  sk in  d u r in g  an  ex p o su r e  ac t iv i ty.

D o se  est im a tes  f o r  so i l  co n tac t  w i th  sk in  a re  h ig h ly  u n cer ta in .  In

ad d i t io n  to  u n ce r ta in ty  in  th e  p r ev io u sly  m en t io n ed  p ro c esses  an d

p ar am e te r s ,  u n ce r ta i n ty  ab o u t  th e  d o se  r ece iv e d  th r o u g h  so i l  co n tac t

in c lu d es  u n cer ta in ty  ab o u t  th e  t r a n sp o r t  o f  c h em ic a l s  w i th in  th e  sk in

lay er ;  th e  in te r ac t io n  o f  th e  so i l  lay e r  on  th e  sk in  w i th  th e  sk in  su r face ;

th e  dy n am ic  co n d it io n s a lw ay s in v o lv ed  in  scen ar io s  ad d res sin g  in te r-

ac tion  of  th e  sk in  su rface  w i th  chem ica ls ,  so il ,  a ir,  a n d  w a t e r ;  a n d  t h e

lev el of  pro tection  p rovided  b y  clo th ing .

Inhalation Soil Particles Suspended As Dust

S o i l  c o n tam in an ts  th a t  a r e  b o u n d  to  so i l  p a r t i c le s  ca n  b e  r esu sp en d ed

an d  in h a l ed  a lo n g  w i th  th e  ® n e  p a r t i c l e s  to  w h ic h  th ese  c o n ta m in an ts

a r e  a tt a ch ed . In h a la tio n  o f  su sp en d ed  p a r t i c le s  o cc ur s  b o th  o u td o o r s

an d  in sid e  b u i l d in g s.  I n  r ecen t  y ea r s ,  th e r e  h as  b e en  re co g n i t io n  th a t  a

f r ac tio n  of  the  ® n e  an d  co ar se  p a r t i c le s  in  th e  in d o o r  en v i r o nm en t  o r ig-

ina tes  f ro m  ou td o or  so ur ces.  S o il  en te r s  th e in d oo r  en vi r on m en t b y

p r o cesses  su ch  as  r e su sp en sio n ,  de po si t io n ,  an d  so i l  t r ack in g .  S o i l

t rack in g  is  th e  p r o cess  b y  w h ich  so il  p a r t ic le s  a r e  ca r r ied  in to  th e

in d oo r  en vi r o n m en t  b y  sh o es an d  c lo th in g  of  h um an  o ccu pan ts  an d  b y

the  f ee t  and  f ur  o f  pe t s.  T h ese  ou td oo r  sou rces ty p ical ly  accou nt  f or

abo u t 2 0%  to  50 %  o f  in d oo r  p ar t icu la tes .  T h e  r em aind er  is  du e  to

ind o or  so u rces su ch  as  co o kin g ,  sm ok ing , ca rp e t w ear,  a n d  th e  s lo u g h-

in g  o f  sk in  ce ll s  f r o m  h u m an s an d  p e ts .

Contaminant Vapor Transport into Buildings

T he  v apo r  of  vo la t i le  co ntam inan ts ,  su ch  as  r ado n  and  v ola t i le  o rg an ic

co m p o u nd s,  can  b e  tr an spo r ted  th r o ug h  d i f fu sion  f r o m  the  so i l  p or e

sp aces in to  b u ild ing s.  T h r ee  pr inc ip a l  fac to rs  a re  n eed ed  to  d e ® n e  t h e

r a t io  o f  co n tam in an t  co n cen t r a t io n  in  in d o o r  a i r  to  o b se r v ed  co n-

t am i n a n t  c o n c e n t r a t i o n  i n  so i l  g a s :  ( 1 )  t h e  d i s ta n c e  b e t w ee n  t h e

co n tam in an t  so u r ce  an d  th e  b u i ld in g  f ou n d a t io n ,  ( 2 )  th e  p e r m ea bi l i ty

o f  th e  so i l ,  an d  (3 )  th e  a rea  o f  cr acks in  the  f o un da t ion  r ela tiv e to  th e

to ta l  a r ea  o f  th e  f o u n d a t io n  ( Jo h n so n  an d  E t t in g e r, 1991) .

Groundwater Contamination

S o i l  con tam in ants  can  b e  t ran sf o rm ed  by  p h ysica l ,  ch em ical ,  o r  b io log i-

ca l  p r o cesse s .  T h o se  th a t  a r e  n o t  t r an sf o rm ed  can  b e  ca r r ied  to  g r o u n d-
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w ate r  in  a r eas  o f  n e t  r ech arg e .  O n ce  co n tam in an ts  m o v e  f r om  so il  in to

g r o u n d w a t e r,  t h e se  c o n ta m i n a n t s  ca n  co n t ac t  h u m an s  th r o u g h  a  n u m-

b e r  o f  e x p o su r e  p a th w a y s,  su ch  as  d i r ec t  w a te r  in g es t io n ,  d e r m al

u ptak e in  sh ow er s  o r  b aths ,  i r r iga t io n  o f  cr op s,  feed in g  f oo d- pr od uc in g

an im a ls ,  an d  so  f o r th .

QUANTIFYING HUMAN CONTACT WITH 
SOIL-BORNE CONTAMINANTS

T h e  ob jec t iv e  o f  ex p o sur e  a ssessm en t i s  ty p ica l ly  to  e stim a te  the  p oten-

t i a l  ave rag e  d a i ly  d ose  (A D D p o t )  r ece iv ed  b y  an  in d iv id u a l  in  an

ex p o sed  p o p ula t io n .  E x p o su r e  o ccu r s  th r o ug h  m u l t ip le  en v i r o nm en ta l

m ed ia ,  m u l t ip le  ex p o su r e  p a th w ay s,  an d  m u l t ip le  ex p o su r e  r o u tes .  T h e

e s t i m a t e d  A D D p o t i s  u sed  a lo ng  w i th  a  d ose±r esp o n se  fu n c tio n  to

r e la te  th e  p oten t ia l  d ose  to  th e  l i f e tim e  p r o bab i l i ty  of  d et r im en t  o r  r i sk

p er  in d iv id ua l w i th in  th e  ex p o sed  p o p ula t io n .  I n  g en er a l ,  th e  ex p o su r e

as sessm en t  co m p o n e n t  o f  a  r i sk  a s ses sm en t  ( 1 )  id en t i ® e s  th e  ch e m ica l

o f  co n cer n  an d  ch ar ac te r izes  i t s  so u rce s an d  i t s  d i s t r ib u t io n  a m o n g  th e

v ar io u s en v i r on m en ta l  m ed ia ,  ( 2 )  id en t i ® e s  eac h  p o ten t ia l  e x p o su r e

p a th w a y  an d  p r o v id e s m ea su r em en ts  o r  e s t im a tes  o f  th e  co n ce n t r a t io n

o f  co n tam in an t  in  each  o f  th e  va r io u s co n tac t  m ed ia ,  (3 )  e stim a tes  th e

f re qu en cy  an d  d u r a t io n  of  co n tac t  b e tw een  th e  ex p o sed  in d iv id u a l  an d

each  co n tac t  m ed iu m ,  a n d  ( 4 )  ch a r ac te r izes  th e  u n ce r ta in ty  o r  v a r iab i l-

i t y  i n h e r e n t  to  t h e  p a r a m et e r s  u se d  i n  t h e  a s ses sm en t  p r o c es s  an d  th e

r e su l t i n g  u n ce r ta in ty  i n  th e  ® na l  e s t im a te  o f  d o se .

Total Exposure Models

T h e  sou r ce  t e r m  o r  in i t i a l  co n tam in an t  in v en to r y  in  th e  so i l  l ay e r s  i s

l in k e d  to  th e  d i f f e r e n t  en v i r o n m en ta l  m ed ia  th r o u g h  a  m u l t i m ed ia

en v i r o n m e n ta l  f a te  an d  t r an sp o r t  m o d e l ,  su ch  a s  a  r eg io n a l  m u l t im e d ia

m o de l (C ohen e t  a l . ,  19 90 ) ,  a  M ack ay - ty pe  f ug ac ity  m od el  (M ack ay,

19 91 ) ,  o r  th e  t ransp or t  co m p on en t o f  th e  C a lT O X  m od el  (M cK on e ,

1 9 9 3 a ,  1 9 9 3 b ) .  T h is  i s  i l lu st r a ted  in  F ig u r e  2 .  T h e  en v i r o n m en ta l

m ed ia  co n c en t r a t io n s  a re  in  tu r n  l in k ed  to  th e  v a r io u s ex p o su r e  m e d ia

u sin g  in te r m ed ia  t r an sf e r  fa c to rs ,  a s  i s  d o n e  in  th e  ex p o su r e  co m p o n en t

of  the C alT O X  m o de l (M cK o ne , 1 993 c) .  T he  ex posur e m ed ia  con centr a-

t io n s  a r e  th en  t r a n sf o r m e d  to  d o se  u s in g  a  m u l t ip le  p a th w a y  ex p o su r e

m o d e l  th a t  acc o u n ts  f o r  an d  q u an t i ® e s  h u m a n  b e h a v io r  p a t t e r n s  th a t

r esu l t  in  co n tac t  w i th  th e  ex p o su r e  m ed ia .  F in a l ly,  th e  d o se  is  r e la ted  to

r i sk  th r o u g h  a  r o u te - sp ec i ® c  d o se±respo n se  f u nc t io n .  T he se  s tep s a r e

sy ste m a tic a l ly  l ink e d  in  a  to ta l  ex p o su r e  m o d e l  w h er e  th e  d i s tr ib u t io n

o f  l if e t im e  r i sk ,  H ( t) ,  i s  con st ru c ted  fo r  an  ex po su re  d ur a tio n ,  E D , s ta r t-

in g  a t  so m e  t im e ,  t ,  in  th e  f u tu r e  su ch  th a t  
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1

2

w h e r e  C
i
/C

k
i s  th e  in te rm ed ia  t ran sf e r  f acto r  th a t d esc r ib es th e  re la t io n-

sh ip  be tw een  the concent ration  in  contact  m edia i  ( i .e . ,  ou tdoor  and

in do or  a ir,  ho u seh old  d u st,  d r in k in g  an d  b a th in g  w a te r,  h om egrow n veg-

e tab les)  to  the  con cen tra tion  in  en vi ron m ental  m ed ia  k  ( i .e . ,  am b ient  a ir,

su r f a ce  w a te r,  surface so il ,  roo ting  zone so il , g roundw ater) ;  IU
i
/BW  is the

in take  or  up take  rate f r om  con tact m ed ia i  pe r  un it  o f  bod y w eight ;  an d

E F, E D , and  AT  a re  th e ex po sure  f requen cy  in  d ay s pe r  y ear,  exp osu re

d ur at io n  in  yea rs ,  an d  aver ag e  t im e  in  d ays,  r esp ec t iv ely.

T h e  to ta l  r i sk  ( E q . 1)  can  b e  u sed  in  a  f o rw ard  d i r ec t ion  to  e st im a te

th e  r i sk  a t  so m e  t im e  in  th e  f u tu r e  r e su l t in g  f r o m  a  c o n tam in a n t  co n-

cen t r a t io n  cu r r en t ly  f o u nd  in  th e  so i l .  I n  ad d i t io n ,  th e  eq u a tio n  can  b e

r ea r ran g ed  b y  so lv ing  fo r  C
S
( 0 )  an d  u sed  in  th e r ev e rse  d ir ec t io n  to  e st i-

m a te  a  so i l  c o n cen t r a t io n  o r  t a r g e t  c l ean u p  g o a l  th a t  w i l l  m a in ta in  th e

ex p ecta t io n  o f  r i sk  a t  som e  t im e  in  the  f u tu r e  b e lo w  a  p red e ® n e d  t a r g e t

r i s k .

T h e  t r u e  v a lu e  fo r  e ach  p a r am ete r  in  th e  to ta l  ex p o su r e  m o d e l i s

o f te n  u n kn o w n . T his  i s  d u e  in  p a r t  to  h e te r og en e i ty  ( sp a t ia l  o r  t em p o-

r a l  v a r ia b i l i ty )  in h e r en t  to  m a n y  o f  th e  p a r a m ete r s  an d  in  p a r t  to

u n cer ta in ty  o r  a  l ack  o f  sc ien t i ® c  kn ow led ge .  T h e o vera l l  va r iance  in

eac h  p a r am ete r  i s  ch a ra c te r ize d  u s in g  in d iv id u a l  p r o b ab i l i t y  d e n si ty

w h e r e  F [C
S
(0) ®  C

k
( t ) ]  i s  a  m u l t im ed ia  d i sp e r sio n  f u nc tio n  th a t  u ses

o u r  cu r r en t  u n d er sta n d in g  o f  th e  w o r ld  to  t r an sf o r m  th e  m ea su r ed  co n-

tam in an t  c o n cen t r a t io n  in  th e  so i l  a t  t im e  ze r o ,  C
S
(0 ) ,  in to  th e co ntam-

in a n t  co n c en t r a t io n  i n  en v i r o n m en t a l  m ed ia  k  a t  t im e  t  in  th e  f u tu r e ,

C
k
(t);  Q

j
(A DD

j k i
)  i s  th e  d o se±r esp on se  f u n c t io n  th a t  r e la te s  th e  p o ten -

ti a l  do se  b y  ro ute  j  to  r isk ;  and  A D D
j k i

/C
k

is  th e un i t  do se fac to r  fo r

ex p o su r e  r o u te  j  l in k ed  to  en v i r o n m en ta l  co m p ar tm e nt  k  b y  co n tac t

m ed ia  i .

T h e  u ni t  d ose  f ac to r  is  de r iv ed  b y  r e lat in g  th e  exp o su re  to  th e  co n-

cen t r a t io n  in  e n v i r o n m en ta l  m e d iu m  k ,  av e r a g ed  o v er  th e  ex p o su r e

d u r a t io n .  T h e  g en e r a l  e x p o su r e  eq u a t io n  i s
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f u n c t i o n s  th a t  a r e  a ss ig n ed  b ased  o n  t h e  cu r r en t  u n d er s ta n d in g  o f  t h e

sy stem .  T h is  v a r ia n ce  i s  th en  p r o p ag a ted  t h r o u g h  th e  ca l cu la t io n s

u sin g  av a i lab le  co m p u te r  so f tw a re .  T h e  o u tco m e  i s  th e n  p r esen te d  as  a

d i s tr ib u t io n  o f  r i sk  o r  t a rg e t  c leanu p  g o a l  to  su p po r t reg u la to r y  d ec i-

s io n s r e la ted  to  co n tam in a ted  so i l s .

Confronting and Reducing Uncertainty

B ecause o f  th e  h igh  d eg r ee of  v a r iab i l i ty  o f ten  asso c ia ted  w i th  p ar am e-

te r s  in  th e  to ta l  ex p o su re  m o d e ls ,  i t  m ay  b e  n ecessa r y  to  t ak e  s tep s

to w ar d  r ed u c in g  u n cer ta in ty  in  th e  o u tco m e  d i s t r ib u t io n  to  pr o v id e

in fo r m at io n  th a t  w i l l  f ac i l i t a te  r eg u la tor y  d ec i s ion s.  G iv en  tha t th e

r e l iab i l i ty  o f  th e  p r o b ab il i ty  d en si ty  f u n c t io n s f or  th e  in pu t  p a ram ete r s

d ir ec tly  in ¯ u ences th e  r e l i ab i l i ty  o f  th e  m o d e l o u tpu t ,  r e sou r ces sh ou ld

b e  d ir ec ted  to w ar d  im p ro v in g  th e re l i ab i l i ty  o f  th e  m o st in ¯ u e n t i a l

p a r am ete r s  i n  th e  m o d e l .  T h is  r e q u i r es  th a t  th e  i m p o r tan t  co n t r i b u to r s

to  ou tcom e  v a r iance  ® r s t  b e  id en t i ® e d .

To  id en t i f y  th e  im p o r tan t co nt r ib u to rs  to  o u tco m e  v a r ian ce ,  r ep ea ted

an a ly si s  o r  M o n te  C a r lo  s im u la t io n s can  b e  r u n  to  p r o d u ce  a  d i s t r ib u-

t io n  o f  m o d e l  o u tco m es  th a t  ca p tu r es  t h e  to ta l  v a r ian ce  a t t a in ed  w h en

a l l  u n ce r ta i n  p a r am ete r s  a r e  t r e a te d  s to ch a st i ca l ly  ( e .g . ,  p a r am ete r s

d e ® n ed  a s  p r o b ab i l i ty  d en si ty  f u n c t io n s r a th e r  th an  p o in t  v a lu es ) .

R an d o m  no ise  ab o u t  th i s  d i s t r ib u t io n  i s  th en  de te r m in ed  f r om  a  s e t  o f

M on te  Car lo  s im ulat io ns fo llow ed  b y  a  s tep w ise select io n  of  ind iv id u al

p a r am et e r s  th a t ,  w h en  t r e a t e d  s t o c h a s t i c a l ly,  co n t r ib u te  th e  m o st  to

th e  to ta l  o u tco m e  v a r ian ce .  T h e  pa ram ete r  s e lec t io n  p ro ce ss  co n t in u es

step w ise ,  a d d in g  o n e  p a r am ete r  a t  a  t im e  u n t i l  th e  se lec t io n  o f  an  a d d i-

t io n a l  u n ce r ta in  p a r am ete r  n o  lo n g er  r e su l t s  in  a  n o t ice ab le  ch an g e  in

th e  o u tco m e  d i s t r ib u t io n .  R eso u r ces th en  can  b e  a l loc a ted  to w ar d  ® e l d

m easu r em en ts  o r  l ab o r a to r y  in v est ig a t io n s d esig n ed  to  im p r o v e  th e

r el i ab i l i ty  of  th o se  pa r am ete rs  f ou n d to  b e  s ig n i ® c an t  c o n t r ib u to r s  to

o u tco m e v a r ian ce .

CalTOX

O n e  ex am ple  of  an  exp o su r e  m o d e l tha t  p r o v ides a  to ta l  ex po su r e

f r am ew o r k  i s  th e  C a l T O X  m o d e l  d e v e lo p e d  f o r  th e  C a l i f o r n i a

D e p ar tm e n t  o f  Tox ic  S u bstan ces C on tr o l  ( D T S C ) . T h e  D T S C w i th in  th e

C a l i f o r n ia  E n v ir o n m en ta l  P r o tec t io n  A gency, has  th e r e spo n sib il i ty  fo r

m a n a g in g  th e  s ta te ’ s  h a za r d o u s  w as te  p r o g r am . A s pa r t  o f  th i s  pr o-

g r am , th e  D T S C  f u n d ed  th e  d ev e lo p m en t  o f  th e  C a lT O X  p r o g r am

(M cK on e, 1 99 3a ,  19 93b , 1 993 c) .  Ca lT O X  is  a  set  o f  spread sh ee t m od els

a n d  sp r e ad sh e e t  d a t a  s e t s  d e s ig n ed  to  a ss i s t  in  a sses s in g  h u m a n  ex p o-
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su r e s  a n d  d e ® n in g  so i l  c le an u p  lev e l s  a t  u n co n t r o l led  h aza r d o u s w a stes

si t e s .  C a lT O X  ad d r esse s  co n tam in a te d  so i l s  an d  th e  co n tam in a t io n  o f

a d j a c en t  a i r,  su r f ace  w a te r,  s ed i m e n ts ,  an d  g r o u n d w a te r.  T he com po-

n en ts  o f  C a lT O X  in c lu d e  a  m u l t im e d ia  t r an sp o r t  a n d  t r a n sf o r m at io n

m o d e l,  ex p osur e  scen ar io  m o d e ls ,  and  ad d - in s  to  q u an t i fy  u n cer ta in ty

an d  v a r ia b i l i ty.  T h e  m u l t im e d ia  t r a n sp o r t  an d  t r an s f o r m a t io n  m o d e l  i s

a  d y n am ic  m o d e l  th a t  can  b e  u sed  to  a sses s  t im e- v ar y in g  c o n cen t r a-

t io n s o f  con tam inan ts  in t ro du ced  in i t ia l ly  to  so i l  lay e rs  or  fo r  con tam i-

n a n ts  r e l eased  co n t in u o u sly  to  a i r,  so i l ,  o r  w ater.  T h is  m o d e l  a ss i s t s  th e

u se r  in  ex am in in g  h o w  ch em ica l  an d  lan d scap e  p ro p er t i e s  a f f ec t  bo th

the  u lt im ate  ro u te  an d  q u an t i ty  of  hu m an co ntac t .  M ul t im ed ia ,  m u lt ip le-

p a th w a y  ex p o su r e  m o d e ls  a r e  u sed  in  C a lT O X  to  e st im a te  av e r ag e

d a i ly  d o se s  w i th i n  a  h u m a n  p o p u la t io n .  T h e  e x p o su r e  a s se s sm e n t

p r o cess  co n si s ts  o f  re la t in g  co n tam in an t  co n c en t ra t io n s  in  the  m u l t i-

m e d i a  m o d e l  c o m p a r t m e n t s  t o  c o n t a m i n a n t  c o n c e n t r a t i o n s  i n  t h e

m ed ia  w i th  w h ic h  a  h u m an  p o p u la t i o n  h as co n tac t ,  th a t  i s ,  p e r so n a l

a i r,  t a p  w a te r,  f oo ds,  ho useh old  d usts ,  so i ls ,  an d  so  f or th .

DISCUSSION

T h e  pu rp ose  o f  th i s ar ti cle  is  to  co nside r  th e n a tu re  o f  so i l s,  ho w  so il s

a r e  c o n t am i n a t ed  b y  h u m an  ac t iv i t i e s ,  h o w  th e se  co n ta m in a n ts  a r e

t r an sp o r ted  a n d  t r an s f o r m ed  in  th e  so i l  co lu m n ,  th e  ty p e s o f  h u m an

ac t iv i t i e s  th a t  co u ld  r esu l t  in  h u m an  ex p o su r e  to  so i l  c o n tam in an ts ,

an d  m eth od s f o r  q u ant i fy in g  th ese  ex po su r es .  S oi l s  a re  co m plex  sy s-

tem s  t h a t  ex i s t  a t  t h e  in te r f a ce  am o n g  a tm o sp h e r e ,  b io sp h er e ,  h y d r o-

sp h er e ,  an d  l i th o sp h er e .  A t r u e  so i l  in c lu d es  g as,  w a te r,  m i n e r a l ,  a n d

o r g an ic  co m p o n en ts .  P o ten t ia l  h u m an  co n tac t s  w i th  so i l  c an  r esu l t  in

in h a la t io n ,  in g e st io n ,  an d  d e r m al  u p ta k e  o f  so i l  co n ta m in an ts  th r o u g h

b o th  d i r ec t  an d  in d i r ec t  ex p o su r e  p a th w a y s.  T h e  m ag n i tu d e  an d  p e r si s-

ten ce  of  ex po su re  depend s n o t on ly  o n  the  leve l o f  so il  co ntam in a tion

b ut  al so  o n  the  ph y sica l  an d  chem ica l  p ro p er t ie s  of  so i l ,  the  chem ica l

p r o p er t i e s  o f  th e  co n ta m in an t ,  an d  th e  f r eq u e n cy  an d  d u r a t i o n  o f

h u m an  ac t iv i t i e s ,  su ch  as  o c cu p a t io n a l  an d  r ec r ea t io n a l  ac t iv i t i e s  o r

use  of  ho m e-gro w n  fo od, w hich  resu lt  in  d i rect or  in d ir ec t so i l  con tact .

A ll  o f  these  fac tor s  po ssess  so m e d eg ree  of  va r ian ce  th a t u lt im a te ly  pr o-

d u ces  a  d i s tr ib u t io n  o f  r i sk  o r  a  t a rg e t  c lean u p  g o a l  th a t  su p p o r t s  r eg u-

lato ry  d eci s ion  m ak ing . I f  va r ian ce  in  th e  e st im a te  o f  ex p osu re  i s  too

la rg e  to  sup p o r t  re l i ab le  reg u lato r y  d ec is io n s,  re so u rces can  b e  d i rec ted

to w a r d  r ed u c i n g  th e  v a r ia b i l i ty  o f  th o se  p a r a m ete r s  th a t  co n t r ib u te

m o st  to  th e  o u tco m e  v a r ian ce .  T h e  r esu l t  i s  an  im p r o v em en t  in  b o th  th e

p r ec i s io n  in  th e  ex p o su r e  e st im a te  an d  in  th e  o v er a l l  u n d er sta n d in g  o f

th e  s c ien ce  o f  ex p o su r e  a ssessm en t .
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