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ABSTRACT 

The movement a n d  f a t e  o f  heavy metal  i n p u t s  (Cd, Zn, Mn, Cu, 

A1 , Fe, Pb, Ili and C r )  f rom highway r u n o f f  were i n v e s t i g a t e d  i n  a  

t h r e e - y e a r  s t u d y  on a  1.3 h e c t a r e  r e t e n t i o n  f a c i l i t y  n e a r  t h e  

Ma i t land  In terchange on I n t e r s t a t e  4, n o r t h  o f  Orlando, F l o r i d a .  

Phys i ca l  c h a r a c t e r i s t i c s  o f  t h e  r e t e n t i o n  pond and surrounding 

watershed were d e f i n e d  and f i e l d  i n s t r u m e n t a t i o n  was i n s t a l  1  ed. 

S t o  r~nwater  samples were c o l  1  ec ted  over  a  one-year per iod ,  

r ep resen t i ng  a  wide range o f  i n t e n s i t i e s  and antecedent d r y  per iods.  

Stormwater c h a r a c t e r i  s t  i c s  were compared w i t h  average r e t e n t i  on pond 

water  qua1 i t y  t o  determi  ne removal e f f i c i e n c i e s  f o r  heavy metal  s  

w i t h i n  t h e  pond. A  t o t a l  o f  138 c o r e  samples were c o l l e c t e d  i n  t h e  

pond over  a  th ree-year  p e r i o d  t o  i n v e s t i g a t e  t h e  h o r i z o n t a l  and 

v e r t i c a l  m i g r a t i o n s  o f  heavy meta ls  w i t h i n  t h e  pond. Sediment core  

samples were a1 so c a r r i e d  th rough a  s e r i e s  o f  sequen t i a l  e x t r a c t i o n  

procedures t o  examine t h e  t y p e  o f  chemical a s s o c i a t i o n s  and 

s t a b i l i t y  o f  each meta l  i n  t h e  sediments. An apparatus was b u i l t  

which a l lowed sediments t o  be incuba ted  under va r i ous  c o n d i t i o n s  of 

redox p o t e n t i a l  and pH t o  i n v e s t i g a t e  t h e  e f f e c t s  of changes i n  

sediment c o n d i t i o n s  on t h e  s t a b i l i t y  o f  metal-sediment assoc ia t ions .  

F i  ve groundwater m o n i t o r i n g  we1 1  s  were a1 so i n s t a l  1  ed t o  mon i t o r  

meta l  movement and accumul a t i  ons under stormwater management 

systems. 



H e a v y  m e t a l  i n p u t s  f r o m  h ighway  r u n o f f  were  f o u n d  t o  be 

p redominan t l y  p a r t i c u l a t e  i n  nature,  w i t h  d i s s o l v e d  f r a c t i o n s  f o r  

most m e t a l s  o f  o n l y  25 percen t .  Upon e n t e r i n g  t h e  r e t e n t i o n  pond, 

most  m e t a l  spec ies s e t t l e d  i n t o  t h e  sediments w i t h i n  60-90 m o f  t he  

i n 1  e t .  Removal e f f i c i e n c i e s  f o r  meta ls  a f t e r  e n t e r i n g  t h e  pond 

averaged 70-90 percent  f o r  p a r t i c u l a t e  spec ies and about 50 percent  

f o r  d i sso l ved  species.  Sediment concen t ra t i ons  o f  heavy meta ls  were 

h i  ghest  near  t h e  sur face,  w i t h  r a p i d l y  decreas iny concen t ra t i ons  

w i t h  i n c r e a s i n g  depth. Meta l  -sediment assoc ia t i ons  appear t o  be 

v e r y  s t r o n g  f o r  most metals,  w i t h  t h e  vas t  m a j o r i t y  o f  metal  i n p u t s  

i n t o  t h e  pond over  t h e  e i gh t - yea r  l i f e  s t i l l  remain ing i n  t h e  t o p  10 

cm. 

Concent r a t i o n s  o f  a1 1  heavy metal  s  measured were h i g h e r  i n 

g roundwa te rs  beneath t h e  pond t han  i n  t h e  pond water;  b u t  f o r  most 

m e t a l s ,  t h e  inc reases  o n l y  extended t o  depths o f  1-3 m beneath t h e  

pond. I n  general  , metal  concen t ra t i ons  beneath swale areas were 

s i  y n i  f i  c a n t l y  h i g h e r  t han  concent r a t i o n s  beneath t h e  r e t e n t i  on pond. 

Due t o  s l o w  g r o u n d w a t e r  movement i n  t h e  a rea ,  t h e  e f f e c t s  o f  

increased metal  concent r a t i o n s  a r e  very  1  ocal  i zed. Evidence was 

p r e s e n t e d  t o  suggest t h a t  t h e  m o b i l i z a t i o n  o f  meta ls  i n t o  

groundwaters  cou ld  s u b s t a n t i  a1 l y  i nc rease  w i t h  t ime  i f  maintenance 

procedures a r e  n o t  conducted. 
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CHAPTER 1 

INTRODUCTION 

W i t h i n  t h e  pas t  decade, a  s u b s t a n t i a l  amount o f  research  has 

a c c u m ~ ~ l  a ted  re1 a t i n y  t o  t h e  water  po l  1  u t i o n  caused by t h e  ope ra t i on  

o f  m o t o r  veh ic les .  Th i s  concern i s  based 1  a r g e l y  on t h e  p o t e n t i a l  

aqua t i c  t o x i c i t y  o f  heavy me ta l s  such as lead, z inc ,  and chromium. 

Heavy meta ls  have been proposed by severa l  researchers  as t h e  major  

t o x i c a n t  p resen t  i n  highway r u n o f f  samples (Shaheen 1975, Winters  

and G i  d l  ey 1980). Many heavy me ta l s  a r e  known t o  be t o x i c  i n  h i  yh 

c o n c e n t r a t i o n s  t o  a  wide v a r i e t y  o f  aqua t i c  p l a n t s  and animals 

(W i l be r  and Hunter  1977). 

On a  na t i onw ide  bas is ,  t h e  two most commonly used techniques 

f o r  management o f  t h e  p o l l u t i o n  p r e s e n t  i n  h i ghway  r u n o f f  a r e  

roads ide  swal es and d e t e n t i o n / r e t e n t i o n  f a c i l  i t i e s .  Many s t a t e s  now 

r e q u i r e  t h a t  s p e c i f i e d  amounts o f  excess r a i n f a l l  f rom developed 

areas be c o l l e c t e d  and t r e a t e d  i n  such systems. Cu r ren t  (1985) 

r e g u l a t i o n s  s p e c i f i e d  i n  Chapter 17-25 o f  t h e  F l o r i d a  A d m i n i s t r a t i v e  

Code r e q u i r e  new developments i n  F l o r i d a  t o  p r o v i d e  e i t h e r  r e t e n t i o n  

o r  d e t e n t i o n  w i t h  f i l t r a t i o n  o f  t h e  r u n o f f  f rom t h e  f i r s t  one i n c h  

o f  r a i  n f a l l  , o r  as an op t ion ,  f o r  p r o j e c t s  w i t h  d ra inage  areas 1  ess 

than  100 acres, f a c i l i t i e s  which p rov ide  r e t e n t i o n  o r  d e t e n t i o n  w i t h  

f i l t r a t i o n  of t h e  f i r s t  one-ha1 f i n c h  o f  r u n o f f .  



As these d e t e n t i o n / r e t e n t i o n  f a c i l  i t i e s  rece i ve  cont inua l  

i nputs o f  stormwater con ta in ing  heavy metal s, processes such as 

p r e c i p i t a t i o n ,  coagul a t i on ,  s e t t l  ing, and b i o l  og i ca l  uptake w i l l  

r e s u l t  i n  a  l a r g e  percentage o f  t h e  i n p u t  mass being deposi ted i n  

t he  sediments. Over t ime, t h i  s  cont inua l  accumulat ion may begin t o  

present a  t o x i c i t y  o r  p o l l u t i o n  p o t e n t i a l  t o  surrounding sur face 

waters o r  groundwater, p a r t i c u l  a r l  y  i f phys ica l  and chemical changes 

occur w i t h i n  t h e  stormwater management f a c i l  i t y  which mobi 1  i z e s  

c e r t a i n  species f rom t h e  sediment phase i n t o  t h e  water phase. With 

t h e  1  arge number o f  re ten t i on /de ten t i on  f a c i 1  i t i e s  e x i s t i n g  i n  

F l o r i d a  and o t h e r  p a r t s  o f  t h e  country, t h e  p o t e n t i a l  f o r  

contaminat ion of  o t h e r  waters by these systems i s  magn i f ied  i f  heavy 

metal s  become mobi 1  ized. No prev ious d e f i n i t i v e  s tud ies  have been 

conducted t o  determine t h e  f a t e  o f  t o x i c  species, e s p e c i a l l y  heavy 

metal s, i n  these stormwater management systems. 

The purpose o f  t h i s  research was t o  i n v e s t i g a t e  t h e  f a t e  o f  

heavy metal s  w i t h i n  stormwater management systems. The s p e c i f i c  

ob jec t i ves  were t o :  

1. Determine t h e  ex ten t  t o  which d isso lved heavy metal s  i n p u t  
by stormwater a re  removed from the  water phase o f  t h e  
r e t e n t i o n  pond 

2. I n v e s t i g a t e  t h e  ho r i zon ta l  and v e r t i c a l  m i g r a t i o n  o f  
p a r t i c u l a t e  and s e t t l e d  heavy metals  i n  t h e  sediments of t h e  
r e t e n t i  on pond 

3.  Determine f r a c t i o n s  of heavy metals i n  t h e  sediments which 
can be s o l u b i l i z e d  by  va r ious  e x t r a c t i o n  procedures 



4. Determine t h e  s p e c i f i c  changes i n  pH and redox p o t e n t i a l  
which may r e s u l t  i n  m o b i l i z a t i o n  o f  heavy m e t a l s  f rom t h e  
sediments i n t o  t h e  water  phases 

5. Determine t h e  p o t e n t i a l  f o r  meta l  t r a n s p o r t  i n t o  s o i l s  and 
p o s s i b l e  con tam ina t i on  o f  groundwater 



CHAPTER 2  

LITERATURE REVIEW 

Occurrence o f  Heavy Meta ls  i n  Highway Runof f  

Heavy metal  s  i n  h i  yhway r u n o f f  have been repo r ted  t o  o r i g i n a t e  

n o t  o n l y  f rom t h e  o p e r a t i o n  o f  motor  veh i c l es  and d i r e c t  f a l l o u t ,  

b u t  a1 so f rom t h e  highway m a t e r i a l s  as w e l l .  Sources o f  meta ls  

i n c l  ude gasol i ne (Pb) , exhaust enii ss ions  (Pb, N i )  , crankcase and 

l u b r i c a t i n g  o i l s  (Pb, N i ,  Zn), grease (Zn, Pb), t i r e  wear (Cd, Zn), 

wear on moving bear ings  (Cu, Pb), d e c o r a t i v e  and p r o t e c t i v e  coa t ings  

(A1 , Cd, Cu, Zn, Ni , Fe) , brake  1  i n i n g  wear (Cu, C r ,  Ni  ) , moving 

e n g i n e  p a r t s  (Fe, Mn, C r ,  Co), and aspha l t  pav ing  wear (Ni ,  V) 

(Hopke e t  a l .  1980, Novotny and Chesters 1981, and P o r t e l e  e t  a l .  

1982). Ch r i  stensen and Guinn (1979) i n d i c a t e d  an average d e p o s i t i o n  

o f  0.0030 y z inc /veh ic le /km predominan t l y  f rom t i r e  wear, and 0.0049 

g  1  ead/vehic l  e/km f rom 1  ead i n  gasol  ine.  

I n  a  s t u d y  on t h e  c o n t r i b u t i o n  o f  urban roadway use t o  water  

p o l l u t i o n ,  Shaheen (1975) s t a t e d  t h a t  t h e  m a j o r i t y  o f  s o l i d s  

deposi ted on roadways a r e  v e h i c l e  dependent w i t h  ove r  95 pe rcen t  o f  

t h e  m a t e r i a l  be ing  i n o r g a n i c  i n  nature.  He found t h a t  l e s s  t han  5 

percent  of t h e  s o l i d s  depos i ted  on t h e  roadway o r i g i n a t e d  from t h e  

v e h i c l e s  t h e m s e l v e s ,  and t h a t  v e h i c l e s  a c t  p r e d o m i n a n t l y  as a  

t r a n s p o r t  mechanism f o r  p o l l u t a n t s  p i cked  up a t  o t h e r  l o c a t i o n s .  



Several  i n v e s t i g a t o r s  have found c l o s e  c o r r e l a t i o n s  between metal  

c o n c e n t r a t i o n s  and t o t a l  so l  i d s  concen t ra t i ons  i n  h i  yhway r u n o f f  

(C la r k  e t  a1 . 1981, and P o r t e l e  e t  a1 . 1982). The combust ion o f  l e a d  

c o n t a i  n i  ng f u e l s  was r e p o r t e d  by Goyer and Chisolm (1972) t o  be t h e  

p r i m a r y  source o f  l e a d  i n  t h e  atmosphere, r e s u l t i n g  i n  a  re l ease  o f  

approx imate ly  163,265 m e t r i c  t ons  i n t o  t h e  environment i n  1971. 

S t i n g e r  and Hanson (1969) suggested t h a t  t h i s  source i s  thought  t o  

account f o r  about 98 percen t  o f  a l l  known atmospheric l e a d  emissions 

w i t h  approx imate ly  ha1 f o f  t hese  emissions be ing  depos i ted  w i t h i n  30 

m e t e r s  o f  t h e  h ighway.  The U.S. P u b l i c  Hea th  S e r v i c e  (1966 )  

repor ted  atmospheric concen t ra t i ons  o f  l e a d  i n  a  t y p i c a l  urban area 

3  3  o f  1 t o  3  yg/m and t o  t o  40 ug/m i n  a i r  near h e a v i l y  t r a v e l e d  

roadways. However, t h e  gradual  removal o f  1  ead from gas01 i ne d u r i n g  

t h e  1980s may decrease t h i s  f i g u r e  somewhat i n  f u t u r e  years.  

The cadmium con ten t  o f  d i e s e l  f u e l s  and hea t i ng  o i l s  was found 

t o  range f rom 0.07 t o  1.0 ppm and f rom 0.42 t o  0.54 ppm, 

r e s p e c t i v e l y  (Lagerwer f f  and Specht 1970). The cad i  um c o n c e n t r a t i o n  

i n  mo to r  o i l  was repo r ted  t o  average 0.48 ppm by t h e  Nat iona l  A i r  

Pol  1  u t i o n  Cont ro l  Assoc ia t i on  (1969). Lagerwer f f  and Specht (1970) 

r epo r ted  t h a t  t h e  concen t ra t i ons  o f  cadmium i n  s o i l  and vege ta t i on  

bes ide  major  highways decreased w i t h  d i s t a n c e  f rom t h e  t r a f f i c .  

They s t a t e d  t h a t  t h e  cadmium concen t ra t i ons  i n  s o i l  and vege ta t ion  

were r e l a t e d  t o  t h e  average cadmium concen t ra t i on  i n  t h e  motor  o i l  

and t i r e s  o f  t h e  v e h i c l e s  which t r a v e l  t h e  roadway. 



The s i g n i f i c a n c e  o f  t h e  c o n t r i b u t i o n  o f  d i r e c t  p r e c i p i t a t i o n  i n  

c o n t r i b u t i n g  heavy metal  s  t o  highway r u n o f f  has been s t u d i e d  w i t h  

c o n f l  i c t i n g  r e s u l t s .  W i l be r  and Hunter (1977) found t h a t  

c o n c e n t r a t i o n s  o f  heavy me ta l s  i n  p r e c i p i t a t i o n  were i n s i g n i f i c a n t  

i n  r e l a t i o n  t o  t h e  concen t ra t i ons  found i n  highway r u n o f f .  However, 

La rsen  (1973) s t a t e d  t h a t  bu l  k p r e c i p i t a t i o n  i n  western Washington 

c o n t r i b u t e d  s i g n i f i c a n t  q u a n t i t i e s  o f  t r a c e  metals.  B o u r c i e r  and 

H i n d i n  (1979) conducted an i n v e s t i g a t i o n  i n  which t hey  measured 

d e p o s i t i o n  r a t e s  o f  heavy me ta l s  i n s i d e  a  v i aduc t  t o  represen t  

d e p o s i t i o n  due so l  ey t o  o p e r a t i o n  o f  v e h i c l e s  and compared these  

va lues t o  d e p o s i t i o n  r a t e s  a t  a  c o n t r o l  s t a t i o n  o u t s i d e  t h e  v iaduc t ,  

i n  -an a r e a  u n a f f e c t e d  by  h i ghway  t r a f f i c .  A summary o f  t h e i r  

f i n d i n g s  i s  p r e s e n t e d  i n  T a b l e  2-1. They c o n c l u d e d  t h a t  t h e  

r e l a t i v e l y  l ow  l oad ings  o f  me ta l s  a t  t h e  c o n t r o l  s t a t i o n  compared t o  

t h a t  f o r  t h e  v i aduc t  i n d i c a t e  t h a t  t h e  ~ i i a j o r  source o f  heavy meta l  

d e p o s i t i o n  i s  v e h i c l e  r e l a t e d .  Each o f  t h e  t o t a l  me ta l s  found i n  

t h e  runof f  e x i s t e d  p r i m a r i l y  i n  p a r t i c u l a t e  form w i t h  o n l y  a  smal l  

percentage i n  t h e  d i  s s o l v e d - c o l l o i d a l  f r a c t i o n .  They a1 so conc l  uded 

t h a t  a  r e s i d u a l  amount o f  meta ls  w i l l  remain on t h e  road su r f ace  

a f t e r  each storm. 

Among t h e  t o x i c  meta ls ,  Pb, Zn, and Cu a r e  t h e  most abundant 

i n  highway r u n o f f  and have rece i ved  t h e  most study. Wi lber  and 

Hunter  (1977) found t h a t  t h e  ma jo r  c o n t r i b u t o r s  o f  heavy me ta l s  i n  

s  tormwater were 1  ead , z i  nc, and copper. Together, these  accounted 



TABLE 2-1 

DEPOSITION RATES OF METALS I N  DUST SAMPLES 
AT VIADUCT STATIONS AND CONTROL STATION 

MEAN STANDARD RANGE OF VALUES 
HEAVY METAL ERROR OF 

(mglm21day ) THE MEAN (mg/m2/day ) 

V i  aduct  S t a t i o n s  1 

F e  
Pb 
C r 
Z n  

Cont ro l  S t a t i o n s  2  

F  e 
Pb 
C r 
Z n  

NOTES: 1. n  = 18 
2. n = 6  

SOURCE: B o u r c i e r  and Hi n d i n  (1979) 

f o r  approx imate ly  90 t o  98 pe rcen t  o f  t h e  t o t a l  meta ls  observed, 

w i t h  l e a d  and z i n c  t oge the r  account ing  f o r  as much as 89 percent .  

N i c k e l  and chromi um were found i n  cons ide rab l y  sma l l e r  q u a n t i t i e s .  

It was a l s o  r e p o r t e d  t h a t  peak concen t ra t i ons  o f  heavy me ta l s  were 

observed s h o r t l y  a f t e r  t h e  i n i t i a t i o n  o f  r u n o f f ,  u s u a l l y  w i t h i n  t h e  

f i r s t  30 minutes. They a l s o  r e p o r t e d  a  tendency f o r  s o l i d s  t o  

s e t t l e  o u t  i n  t h e  storm sewers d u r i n g  t h e  l a t t e r  stages o f  t h e  storm 

flow. 



The s i  gn i  f i cance  o f  average d a i  1y t r a f f i c  (ADT) , percen t  

imperviousness, and d u s t f a l l  t o  meta l  concen t ra t i ons  i n  h i  yhway 

r u n o f f  was examined b y  Gupta  e t  a l .  ( 1 9 8 1 ) .  B o t h  s i m p l e  and 

m u l t i p l e  c o r r e l a t i o n s  were performed between c h a r a c t e r i s t i c s  o f  t h e  

s t u d y  s i t e ,  such as average d a i l y  t r a f f i c ,  percen t  imperviousness, 

and d u s t f a l l  and measured heavy meta l  concen t ra t ions .  For  t h e  

s imple c o r r e l a t i o n s ,  heavy meta l  concen t ra t i ons  were found t o  

c o r r e l a t e  bes t  w i t h  percen t  imperviousness, a1 though s i g n i f i c a n t  

c o r r e l a t i o n s  were found w i t h  o n l y  Pb, I n ,  and Cu. However, when 

mu1 t i  p l  e  c o r r e l  a t i o n s  were cons idered,  t h e  c o r r e l  a t i  ons improved 

cons ide rab l y  w i t h  t h e  combinat ion o f  a l l  t h r e e  s i t e  c h a r a c t e r i s t i c s  

p roduc ing  t h e  bes t  c o r r e l a t i o n s .  

The q u a n t i t i e s  o f  heavy m e t a l s  i n  highway r u n o f f ,  and t h e  forms 

i n  wh i ch  t hey  e x i s t ,  depend t o  a  l a r g e  degree on t h e  phys i ca l  and 

c h e m i c a l  behav io r  o f  t h e  s p e c i f i c  elements. Lead has been shown t o  

e x i s t  on t h e  highway i n  a  p redominan t l y  i n s o l u b l e  p a r t i c u l a t e  form 

w h i c h  i s  l a r g e l y  i n o r g a n i c  i n  n a t u r e  (Laxen and Ha r r i son  1977). It 

was a l s o  found t h a t  most o f  t h e  l e a d  em i t t ed  froni automob-i le exhaust 

o c c u r s  i n  two d i s t i n c t  p a r t i c l e  s i z e s :  l e s s  t han  1 mic ron  and 5 t o  

50 microns. Hab ib i  (1970) found i n  wind tunne l  exper iments  t h a t  

between 50 percen t  t o  60 pe rcen t  o f  Pb p a r t i c l e s  g r e a t e r  than  9  

m i c r o n s  a re  depos i ted  w i t h i n  7  m o f  t h e  exhaust pipe. Wang e t  a l .  

( 1 9 8 2 ) ,  i n  a  s t u d y  c o n d u c t e d  i n  Wash ing ton  s t a t e ,  f o u n d  t h a t  

app rox ima te l y  92 percen t  o f  t h e  t o t a l  l e a d  p resen t  was assoc ia ted  

w i t h  p a r t i c l e s  g r e a t e r  than  20 mic rons  i n  s ize .  



Actua l  concen t ra t i ons  and l o a d i n g  r a t e s  o f  heavy meta ls  i n  

highway r u n o f f  have been presented by  numerous researchers  from many 

a r e a s  o f  t h e  coun t ry .  Most o f  t h e  d a t a  i s  h i g h l y  s i t e  s p e c i f i c  and 

r e f l e c t s  v a r i a t i o n s  i n  d u s t f a l l ,  average d a i l y  t r a f f i c ,  l a n d  use i n  

t h e  a r e a  o f  t h e  h ighway ,  as  w e l l  as  many o t h e r  c o n t r i b u t i n g  

parameters. However, one o f  t h e  most ex tens i ve  s t u d i e s  of meta ls  i n  

h ighway  r u n o f f  was conducted by Gupta e t  a1 . (1981).  Samples were 

c o l l e c t e d  a t  s i x  highway s i t e s  i n  f o u r  s t a t e s  (Pennsylvania,  

Tennessee, W i  scons i  n, and Col orado),  r ep resen t i ng  a  wide range o f  

ADT va lues,  geographic l o c a t i o n s ,  d ra inage  areas and des ign  

c h a r a c t e r i  s t i c s ,  pavement types,  and r e c e i v i n g  water  

c h a r a c t e r i s t i c s .  A  summary o f  highway r u n o f f  da ta  f o r  159 s torm 

events i s  l i s t e d  i n  Table 2-2. I n  most highway r u n o f f  

i n v e s t i g a t i o n s  i t  i s  found t h a t  Zn, Cu, and Cd a r e  a l l  cons ide rab l y  

more s o l u b l e  t han  Pb. Shaheen (1975) observed t h a t  d i s s o l v e d  Zn was 

a lmos t  a lways,  h i g h e r  than  d i s s o l v e d  Pb i n  roadway runo f f ,  d e s p i t e  

t h e  f a c t  t h a t  Pb was approx imate ly  e i g h t  t imes  more abundant i n  

m a t e r i  a1 s  depos i ted  on t h e  highway. 

E f f e c t s  o f  Heavy Meta ls  on Aquat i c  Communities 

I n  s p i t e  o f  t h e  known t o x i c  e f f e c t s  o f  numerous heavy meta ls ,  

1  i t t l e  r esea rch  has been done t o  ana lyze  t h e  impact o f  these me ta l s  

on t h e  a q u a t i c  communi t y  ( P o r t e l  e  e t  a1 . 1982). T h i s  anayl s i  s  i s  

c o m p l i c a t e d  b y  t h e  f a c t  t h a t  heavy  m e t a l s  may e x i s t  i n  many 



TABLE 2-2 

SUMMARY OF HEAVY METALS I N  HIGHWAY RUNOFF 
AT SEVEN LOCATIONS DURING 1976-77 

METAL CONCENTRATION METAL LOADINGS METAL LOADINGS 
HEAVY (mg/ l )  (Kg/ ha/EVENT) (Kg/ha/cm RUNOFF) 
METAL 

AVERAGE RANGE AVERAGE RANGE AVERAGE RANGE 

SOURCE: Gupta e t  a1 . (1981) 

d i f f e r e n t  chemical spec ia t i ons ,  each o f  which e x h i b i t s  a unique 

t o x i c i t y  and method o f  movement i n  t h e  environment. The m a j o r i t y  o f  

s t u d i e s  p resen t i ng  da ta  on heavy me ta l s  i n  highway r u n o f f  have 

presented r e s u l t s  f o r  t o t a l  meta ls  w i t h o u t  regard  f o r  t h e  phys i ca l  

s t a t e  o r  chemical s p e c i a t i o n  o f  t h e  me ta l s  present .  

A1 though t h e  e f f e c t s  o f  va r i ous  heavy meta ls  on a l g a l  growth 

has been e x t e n s i v e l y  documented, ve ry  1 i ttl e i s  a v a i l  a b l e  concern ing 

t h e  s p e c i f i c  e f f e c t s  o f  heavy m e t a l s  i n  highway r u n o f f  on a l g a l  

p r o d u c t i v i t y .  I n  one o f  t h e  few s t u d i e s  which t e s t e d  t h e  e f f ec t s  o f  

a c t u a l  highway r u n o f f  on a1 ga l  p r o d u c t i v i t y ,  Harper e t  a1 . (1980) 

r epo r ted  i n  b ioassay exper iments u s i n g  Selenastrum capr icornutum, 

t h a t  a d d i t i o n s  o f  highway r u n o f f  i n  concen t ra t i ons  l e s s  than  25 

p e r c e n t  t o  Lake  E o l a  w a t e r  w o u l d  s t i m u l a t e  and i n c r e a s e  a l g a l  



p roduc t i on .  However, i n  concen t ra t i ons  g r e a t e r  t h a n  25 percent ,  a  

s i  gn i  f i  can t  dec l  i ne i n  t o t a l  a1 ga l  p roduc t i on  was observed a1 ong 

w i t h  i n i t i a l  c e l l  deaths rang ing  f rom 25 percen t  t o  90 percent ,  

depending on t h e  r e l a t i v e  concen t ra t i on  o f  highway r u n o f f  used. 

I n  ano the r  r ecen t  study, Winters  and G i d l e y  (1980) concluded 

t h a t  1  ead and z i n c  appeared t o  be t h e  f a c t o r s  r espons ib l e  f o r  t h e  

i n h i b i t i o n  o f  a l g a l  growth i n  s i m i l a r  experiments. P o r t e l e  e t  a l .  

(1982), i n  a1 ga l  b ioassays conducted u s i n g  Sel enastrum capr icornutum 

t o  assess  t h e  p o t e n t i a l  t o x i c i t y  o f  r u n o f f  f r o m  1-5, f o u n d  a  

d e f i n i t e  t r e n d  toward reduced growth as t h e  r a t i o  o f  highway r u n o f f  

t o  r e c e i v i n g  water  increased. It was suggested t h a t  h i ghe r  

c o n c e n t r a t i o n s  o f  s o l u b l e  z i n c  and copper were respons ib l e  f o r  t h e  

obse rved  t o x i c  response. It was a l s o  repo r ted  t h a t  t h e  t o x i c i t y  o f  

t h e  stormwater cou ld  be reduced, as i n d i c a t e d  by 96-hour t o x i c i t y  

t e s t s ,  by t r a v e l  o r  passage th rough a  grassed channel. Reduct ions 

of 6 1  pe rcen t  and 77 percen t  were repo r ted  f o r  a c i d  e x t r a c t a b l e  

c o n c e n t r a t i o n s  o f  t o t a l  z i n c  and lead,  r e s p e c t i v e l y ,  d u r i n g  t r a v e l  

th rough  t h i s  grassed channel . 
B a r t l e t  and Rabe (1974) i n  a  s e r i e s  o f  b ioassay s t u d i e s  w i t h  

Selenastrum repo r ted  t h a t  i n h i b i t i o n  o f  a l g a l  growth would occur  

when t h e  c o n c e n t r a t i o n  o f  copper reaches 50 11911, when z i n c  reaches 

30 ' Y y l l  , and when cadmi um reach 50 p g l l .  Complete i n h i  b i t i o n  was 

found a t  90 Pg11 f o r  copper, 120 v g / l  f o r  z inc ,  and 80 11911 f o r  

cadmium. Braek e t  a1 . (1976) i n v e s t i g a t e d  t h e  e f f e c t  o f  s y n e r g i s t i c  

o r  a n t a g o n i s t i c  a c t i o n s  o f  va r i ous  heavy me ta l s  i n  combinat ion on 



t o x i  c i t y  . He concluded t h a t  f o r  c e r t a i n  a l g a l  spec ies  t h e  

comb ina t ion  o f  copper and z i n c  produced a n t a g o n i s t i c  e f f e c t s  whi 1  e  

produc ing s y n e r g i s t i c  r e a c t i o n s  f o r  o t h e r  spec ies.  

The e f f e c t s  o f  v a r i o u s  heavy m e t a l s  on f r eshwa te r  zooplankton 

have been examined by  severa l  researchers .  Borgman e t  a l .  (1980) 

r e p o r t e d  t h a t  concen t ra t i ons  o f  cadmium, mercury, and copper a t  

cons ide rab l y  1  ower 1  eve1 s  t han  necessary t o  produce mor ta l  i t y  cou ld  

s i g n i f i c a n t l y  i n h i b i t  t h e  growth o f  copepods. B i e s i  nger and 

Chr is tenson (1972)  suggested t h a t  t h e  t o x i c  e f f e c t s  o f  heavy me ta l s  

on zooplankton a r e  due t o  cova len t  bonding o f  t h e  me ta l s  a t  t h e  c e l l  

s u r f a c e .  Gup ta  e t  a l .  ( 1 9 8 1 )  r e p o r t e d  no t o x i c  r e s p o n s e  t o  

Hexagenea ( m a y f l y  nymph), o r  Daphnia d u r i n g  a  four -day exposure t o  

u n d i l  u ted  highway r u n o f f ,  whereas Gammarus (amphi pod) was found t o  

have  a m o r t a l  i t y  o f  40 percent.  P o r t e l e  e t  a1 . (1982) found t h a t  

t h e  t o x i c  e f f e c t s  o f  highway r u n o f f  on zooplankton a r e  r e l a t e d  t o  

t h e  number o f  v e h i c l e s  pass ing  d u r i n g  t h e  storm. I n  exper iments 

u s i n g  Daphnia, t h e  72-hour s u r v i v a l  r a t e  was 96.7 pe rcen t  f o r  a  l o w  

t r a f f i c  s t a t e  r oad  compared t o  o n l y  13.3 pe rcen t  f o r  1-5. 

The e f f e c t s  o f  heavy me ta l s  on f i s h  have been i n v e s t i g a t e d  by 

numerous researchers .  I n  one study, Skidmore (1964) r epo r t ed  t h a t  

t h e  h a t c h i n g  r a t e  o f  ra inbow t r o u t  eggs was reduced t o  ze ro  a t  z i n c  

c o n c e n t r a t i o n s  as l o w  as 40 1 The s u r v i v a l  r a t e  o f  j u v e n i l e  

t r o u t  was reduced t o  o n l y  46 pe rcen t  a t  z i n c  concen t ra t i ons  o f  10 

y g / l  . The t o 1  e rab l  e  c o n c e n t r a t i o n  o f  z i n c  was found t o  i nc rease  as 

t h e  f i s h  matured t o  t h e  p o i n t  where t h e  48-hour LC50 f o r  t r o u t  



f i n g e r l  i n g s  inc reased  t o  600 1 z i nc .  P o r t e l  e  e t  a1 . (1982) 

conducted exper iments  on rainbow t r o u t  us i ng  b o t h  f i l t e r e d  and 

u n f i  1  t e r e d  h i  yhway r u n o f f .  Exper iments performed w i t h  f i 1  t e r e d  

water produced no t o x i c  e f f e c t s ,  whi 1  e  t h e  impact was s i g n i f i c a n t l y  

i n c r e a s e d  w i t h  u n f i l t e r e d  stormwater. It i s  suggested t h a t  t h e  

m o r t a l i t i e s  were due t o  t h e  presence o f  suspended s o l i d s  o r  

pol  1  u t a n t s  assoc ia ted  w i t h  t h e  p a r t i c u l  ates.  

S tud ies  on t h e  b i o t o x i c i t y  o f  l e a d  on brook t r o u t  were 

conducted by Dorfman and Whi twor th  (1969) i n  a  s e r i e s  o f  l a b o r a t o r y  

i n v e s t i g a t i o n s .  They found t h a t  a  l e a d  dosage o f  25 mg/l reduced 

t h e  growth o f  t r o u t ,  b u t  no e f f e c t  cou ld  be de tec ted  on growth a t  

1  ower 1  ead 1 eve1 s. 

I n  a  s i m i l a r  study, L l oyd  (1961) r e p o r t e d  t h a t  t h e  t o x i c i t y  o f  

lead, z i nc ,  and copper s a l t s  t o  rainbow t r o u t  inc reased  as t h e  

d i sso l  ved oxygen con ten t  o f  t h e  water decreased. Th i  s  increased 

t o x i c i t y  was 1 i nked  t o  an i nc rease  i n  exposure due t o  increased 

r e s p i r a t o r y  f l o w  r a t h e r  than  a change i n  meta l  s p e c i a t i o n  due t o  a  

redox p o t e n t i a l  induced t r ans fo rma t i on .  

Chemist ry  o f  Metal I ons  i n  Aerobic  Natu ra l  Waters 

Metal i o n s  i n  n a t u r a l  waters  a r e  p resen t  i n  many v a r i e d  forms. 

These i o n s  can e x i s t  i n  t h e  f r e e  metal  form, i n  complexes w i t h  

i n o r g a n i c  spec ies such as c h l  o r ides ,  su l  f a t e s ,  carbonates and 

phosphates, i n  o rgan ic  complexes w i t h  a  l a r g e  number o f  n a t u r a l  and 

s y n t h e t i c  l i gands ,  as w e l l  as i n  a s s o c i a t i o n s  w i t h  o t h e r  metal  



species.  Each o f  these  compl exes a f f e c t  t h e  so l  u b i  1 i ty, movement, 

r eac t i ons ,  s t a b i  1  i t y ,  and t o x i c i t y  o f  t h e  p a r t i c u l  a r  meta l  . 

Ino rgan i c  Compl exes 

Many i n o r g a n i c  molecules and i o n s  can fo rm s t a b l e  complexes 

w i t h  metal  spec ies  i n  n a t u r a l  waters. React ions w i t h  hydrox ides and 

carbonates a re  q u i t e  common, and many hydroxy, carbonate and 

h y d r o x y - c a r b o n a t e  s p e c i e s  a r e  known t o  e x i s t .  I n  e q u i l  i b r i  um 

systems c o n t a i n i n g  severa l  meta l  s  and severa l  1  i gands, t h e  

concen t ra t i on  as w e l l  as t h e  d i s t r i b , u t i o n  o f  any meta l  o r  l i g a n d  

w i l l  depend on t h e  t o t a l  concen t ra t i on  o f  a l l  t h e  o t h e r  c o n s t i t u e n t s  

o f  t h e  system. Me ta l s  and l i g a n d s  combine t o  form coniplexes and 

s o l i d s ,  each one o f  which i s  a  node i n  t h e  network o f  i n t e r a c t i o n s .  

F o r  many i o n s  t hese  spec ies form t h e  l i m i t s  f o r  s o l u b i l i t y  o f  t h e  

meta l  . Complexes w i t h  c h l o r i d e s ,  su l  f a t e s ,  and phosphates a1 ong 

w i t h  many o t h e r  m ino r  i o n s  can a1 so be formed. The presence of  

compl e x i  ng spec ies wi 11 g e n e r a l l y  i nc rease  t h e  so l  u b i  1  i ty  o f  

s l i g h t l y  s o l u b l e  meta l  s a l t s .  

Organic Compl exa t  i on 

Organic  m a t t e r  i n  n a t u r a l  waters  i n c l u d e s  a  g r e a t  v a r i e t y  o f  

o r g a n i c  complexes which a r e  u s u a l l y  p resen t  i n  m inu te  

concen t ra t i ons .  Organic m a t e r i a l s  appear t o  be p resen t  t o  some 

e x t e n t  i n  most n a t u r a l  waters  and, i n  some cases, a r e  s u f f i c i e n t l y  

c o n c e n t r a t e d  t o  c o l o r  t h e  w a t e r  ye1  l o w  o r  brown.  Most  o f  t h e  



na tu ra l  o rgan i c  chemica ls  found i n  su r f ace  waters  can be regarded as 

p roduc ts  o f  b o t h  s y n t h e s i s  and degrada t ion  of  b i o l o g i c a l  compounds. 

Humic substances and compounds, which a r e  formed by t r a n s f o r m a t i o n  

of b i ogen i c  substances w i t h i n  t h e  s o i l  and water,  a r e  be l i eved  t o  

r ep resen t  t h e  most s i g n i f i c a n t  f r a c t i o n  o f  t h i s  oganic  mat te r .  

Accord ing t o  F o r s t n e r  and Wittman (1979), about 60 percen t  t o  80 

percen t  o f  t h e  d i s s o l v e d  o rgan i c  carbon and p a r t i c u l a t e  o rgan i c  

carbon i n  f r e s h  wate rs  c o n s i s t s  o f  humic substances. 

Humi c  substances a r e  b a s i c a l l  y polymers w i t h  mol ecul  a r  we igh ts  

between 300 and 30,000 which c o n t a i n  pheno l i c  OH and c a r b o x y l i c  

groups a long w i t h  some a1 i p h a t i c  OH groups (Stumm and Morgan 1981). 

Humic substances a r e  u s u a l l y  d i v i d e d  i n t o  t h r e e  f r a c t i o n s  based on 

t h e i r  so l  u b i l  i t y  i n  a1 ka l  i n e  and a c i d  so l  u t i o n s :  

1. Humic Ac id :  s o l u b l e  i n  a l k a l i n e  s o l u t i o n ,  b u t  i n s o l u b l e  
i n  a c i d  s o l u t i o n  

2. F u l v i c  Ac id :  t h e  humic a c i d  f r a c t i o n  t h a t  remains i n  t h e  
a c i d i f i e d  s o l u t i o n  

3. Humin: n o t  so l  u b l e  i n  e i t h e r  a c i d  o r  base 

The phys i ca l  s t r u c t u r e s  o f  t h e  t h r e e  f r a c t i o n s  a r e  thought  t o  

be q u i t e  s i m i l a r  w i t h  o n l y  small d i f f e r e n c e s  i n  mo lecu la r  weight  and 

f unc t i ona l  groups (Stumm and Morgan 1981). F u l v i c  a c i d  has p robab l y  

t h e  lowes t  mol ecu l  a r  weight  b u t  con ta ins  more hyd roph i l  i c  f u n c t i o n a l  

groups (Schni t z e r  1969). Fu l  v i c  ac i ds  a r e  general  l y  cons idered t o  

b e  d e g r a d a t i o n  p roduc t s  o f  t h e  more i n s o l u b l e  humic ac ids,  and as a  

resu l  t o f  t h e i  r h i g h e r  so l  ub-i 1  i ty, a r e  genera l  l y  t h e  ~ i i o s t  abundant 



humic substance occu r i  ng na tura l  l y  i n  water. A suggested s t r u c t u r e  

of f u l v i c  ac id  by Schn i t ze r  (1969) i s  g iven i n  F igu re  2-1. 

OH 
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F i  gure 2-1. Proposed S t  rucu ture  o f  Ful v i c  Acid (Schni t z e r  1969). 

I n  a d d i t i o n  t o  humic substances, tann ins  (which are  d e r i v a t i v e s  

o f  g a l  1  i c  ac id )  a r e  o f t e n  present i n  f r e s h  waters where leach ing  o f  

b a r k  and l e a f  1  i t t e r  i s  abundant (see F igure  2-2). Tannins have 

chemical p r o p e r t i e s  s i m i l a r  t o  those o f  humic substances (Stumm and 

Morgan 1981). 



F igu re  2-2. S t r u c t u r e  o f  Tannic Ac id  (Stumm and Morgan 1981). 

Black and Christman (1963) v e r i f i e d  t h a t  f u l v i c  ac ids,  as we l l  

as most o rgan ic  m a t t e r  i n  sur face  waters, can be viewed as 

p o l y e l e c t r o l y t i c  weak ac ids  which c a r r y  a negat ive  charge. The most 

probabl  e r e a c t i o n  mechani sm between humic compounds and metal i ons  

i s  t h e  fo rmat ion  o f  coniplex bonds w i t h  carboxyl  and pheno l ic  groups, 

some o f  which form q u i t e  s t a b l e  combinations. However, it has been 

n o t e d  t h a t  a l l  metal  i o n s  w i l l  n o t  reac t  i n  t h e  same fashion w i t h  

t h e s e  a c i d s .  I n  general ,  t h e  s t a b i l i t y  o f  humic complexes has been 

shown t o  inc rease w i t h  i n c r e a s i n g  pH due t o  t h e  proposed i o n i z a t i o n  

o f  more func t i ona l  groups o f  t h e  humic-pol ye e c t r o l y t e  mol ecul e. An 

i n c r e a s e  i n  t h e  i o n i c  s t r e n g t h , o f  a water w i l l  r e s u l t  i n  a decrease 

i n  t h e  measured s t a b i  1 i t y  o f  humic-metal compl exes (Schni t z e r  and 

Hansen 1970). 

An i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  o f  complex organics,  such as 

f u l v i c  acid, on heavy meta l  spec ia t i on  under ae rob i c  c o n d i t i o n s  has 

been conducted by Yousef (1985). I n  t h i s  i n v e s t i g a t i o n ,  a computer 

program known as WATEQZ, developed by t h e  U.S. Geologica l  Survey 



(1980) ,  was used t o  determine meta l  s p e c i a t i o n  o f  z i nc ,  copper, 

cadmium, n i c k e l ,  and l ead  w i t h  v a r y i n g  concen t ra t i ons  o f  f u l v i c  a c i d  

between 1 and 50 m y l l .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  showed 

t h a t  z i nc ,  n i c k e l  and l e a d  formed no app rec iab le  meta l  o rgan ic  

complexes, even a t  h i g h  concen t ra t i ons  o f  f u l v a t e .  Cadmium began t o  

e x h i b i t  a  meta l  o rgan i c  complex a t  concen t ra t i ons  o f  f u l v i c  ac i d  

g r e a t e r  t han  10 tqg l l ,  as i n d i c a t e d  i n  F i g u r e  2-3. Copper, however, 

e x h i b i t s  a  s i g n i f i c a n t  metal  o rgan i c  complex even a t  low 

concent ra t ions  o f  f u l  v a t e  ( F i g u r e  2-4). 

U n t i l  r ecen t l y ,  t h e  o r i g i n  o f  o rgan i c  compounds i n  n a t u r a l  

waters has been s t r i c t l y  b i ogen i c  i n  nature.  However, i n p u t s  o f  

s y n t h e t i c  o rgan i c  conipl exes i n  n a t u r a l  waters  by man has increased 

s i g n i f i c a n t l y  over  t h e  pas t  few decades. 'This i n t r o d u c t i o n  o f  

man-made substances i n t o  n a t u r a l  wa te rs  has r e s u l t e d  i n  a  wide 

spectrum o f  new r e a c t i v e  chemical species.  

The most common and widespread o f  these new o rgan i c  complexes 

a r e  n i t r i l o t r i a c e t a t e  and c i t r a t e ,  b o t h  o f  w h i c h  a r e  used as 

s u b s t i t u t e s  f o r  penta-sodium t r i - po l yphospha te  i n  de te rgen ts .  These 

compounds can be found today i n  v i r t u a l l y  every  wate r  system which 

has been a f f e c t e d  by t h e  i n f l u e n c e  o f  man. Lerman and C h i l d s  (1973) 

s t a t e  t h a t  n i t r i l o t r i a c e t a t e  and c i t r a t e ,  as w e l l  as o t h e r  man-made 

substances, a r e  l i k e l y  t o  be s t r onge r  complexing agents than  

n a t u r a l l y  o c c u r r i n g  l i g a n d s  such as humic and f u l v i c  ac ids.  

By u s i  ny a  model f r e s h  water  system s i m i l a r  t o  t h a t  p resen t  i n  

Lake On ta r i o  and u t i l  i z i n g  e q u i l  i b r i u m  cons tan t s  o f  
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n i t  r i  1  o t r i a c e t a t e  (NTA) and c i t r a t e  complexes, Lerman and Chi 1  ds 

were  ab le  t o  p r e d i c t  t h e  impor tance o f  metal-NTA complexes and 

metal  - c i  t r a t e  con~pl exes f o r  v a r i o u s  heavy metal  s. Copper was found 

t o  p r e f e r e n t i a l l y  complex w i t h  n i t r i l o t r i a c e t a t e  a t  low 

c o n c e n t r a t i o n s  o f  NTA a l m o s t  t o  t h e  e x c l u s i o n  o f  o t h e r  m e t a l  

spec ies .  As t h e  concen t ra t i on  o f  NTA increases,  t h e  calcium-NTA 

compl ex becomes impor tan t .  For  c i  t r a t e  complexes b o t h  copper and 

i r o n  were p r e f e r e n t i a l l y  complexed w i t h  c i t r a t e  a t  low 

concen t ra t i ons  o f  c i  t r a t e  w i t h  c a l  c i  um compl exa t  i o n  becomi ng 

s i g n i f i c a n t  a t  h i ghe r  concen t ra t ions .  

Schn i t ze r  and Hansen (1970) conducted a  s tudy  i n  which 

s t a b i  1  i t y  cons tan t s  f o r  n i n e  d i v a l e n t  metal  i o n - f u l  v i c  a c i d  

corlipl exes were measured. The va lues were g iven  a t  pH va lues  of  3.5 

and 5.0 and a r e  l i s t e d  below: 

l o g  Ka, pH = 3.5: 

l o g  Ka, pH = 5.0: 

I t  i s  apparent f rom these  va lues  t h a t  t h e  s t a b i l i t y  cons tan ts  

i n c r e a s e d  as t h e  pH inc reased  f rom 3.5 t o  5.0. Th i s  was a t t r i b u t e d  

t o  t h e  g r e a t e r  number o f  f u n c t i o n a l  g r o u p s  w h i c h  i o n i z e  as pH 



i n c r e a s e s .  I n  reduc ing sediments where t h e  pH tends  t o  approach 7, 

i t  f o l l o w s  t h a t  even more s t a b l e  organo-metal1 i c  complexes may be 

p resen t  as a  resu l  t o f  g r e a t e r  i o n i z a t i o n  o f  t h e  o rgan i c  m a t e r i a l  . 

Consequental Species o f  Heavy Meta ls  i n  Highway 
Runoff and Re ten t i on  Ponds 

One o f  t h e  most ex tens i ve  i n v e s t i g a t i o n s  i n t o  t h e  s p e c i a t i o n  o f  

heavy me ta l s  assoc ia ted  w i t h  highway r u n o f f  and stormwater 

management systems was conducted by  Yousef e t  a l .  (1985). I n  t h i s  

s tudy t h e  s p e c i a t i o n  model o f  Bat1 ey and F lo rence  (1976) was used t o  

d i  v i d e  sampl es o f  r a i n f a l l  , highway r u n o f f ,  and r e c e i v i n g  body 

waters  i n t o  t h r e e  r e a c t i v e  o r  l a b i l e  forms and f o u r  non - reac t i ve  o r  

non-1 ab i  1  e  forms. 

One o f  t h e  two  sample s i t e s  i n v e s t i g a t e d  by  Yousef e t  a l .  

(1985) was an i n t e r s e c t i o n  o r  i n t e r change  between I n t e r s t a t e  4 and 

M a i t l a n d  Boulevard n o r t h  o f  t h e  c i t y  o f  Orlando, F l o r i d a .  A t  t h i s  

l o c a t i o n ,  samples o f  r a i n f a l l  , highway r u n o f f ,  and t h e  su r f ace  water 

i n  one o f  t h e  r e t e n t i o n  ponds r e c e i v i n g  r u n o f f  f rom t h e  in te rchange 

were c o l l e c t e d  and c a r r i e d  th rough t h e  s p e c i a t i o n  scheme. A summary 

o f  t h i s  s p e c i a t i o n  o f  r a i n f a l l  , highway r u n o f f ,  and r e t e n t i o n  pond 

water  a t  t h e  M a i t l a n d  In te rchange s i t e  i s  presented i n  Tables 2-3 

t h rough  2-5. 

The  s p e c i a t i o n  o f  Cd, Zn, Pb, and Cu i n  r a i n f a l l  w a t e r  

c o l l e c t e d  a t  t h e  Ma i t l and  s i t e  (Tab le  2-3) appears t o  be 

p redominan t l y  i n  t h e  r e a c t i v e  i n o r y a n i c  ( l a b i l  e) s t a te .  Sol ub l  e  
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metal  f r a c t i o n s  o f  spec ies o t h e r  than  i n o r g a n i c ,  i n  general ,  

accounted  f o r  l e s s  than  5 percen t  o f  any g i ven  ca tegory  w i t h  t h e  

excep t ions  o f  a  so l  u b l e  non- reac t i ve  (non-1 ab i  1  e) i n o r g a n i c  cadmium 

f r a c t i o n  (12.8%), a  c o l l o i d a l  non- reac t i ve  i n o r g a n i c  1  ead f r a c t i o n  

(21.2%), and a  c o l  l o i d a l  r e a c t i v e  o rgan ic  copper f r a c t i o n  (22.6%). 

The s p e c i a t i o n  o f  me ta l s  i n  r u n o f f  water  a t  t h e  Ma i t l and  s i t e  

(Tab le  2-4) was s i m i l a r  t o  t h a t  observed f o r  r a i n f a l l .  The dominant 

d i  s s o l v e d  f r a c t i o n  was again r e a c t i v e  i n o r g a n i c  spec ies compr is ing 

i n  excess o f  75 pe rcen t  o f  t h e  t o t a l  d i sso l ved  meta l  concen t ra t i on  

f o r  a1 1  meta ls  except  copper. The dominant form o f  copper i n  t h e  

r u n o f f  water, approx imate ly  45 percen t  o f  d i s s o l v e d  meta l ,  was a  

non- reac t i ve  o rgan i c  c o l l o i d a l  species. D isso lved  concen t ra t i ons  o f  

cadmium and l e a d  were s i m i l i a r  i n  bo th  ra i nwa te r  and r u n o f f  water.  

However, t o t a l  d i s s o l v e d  concen t ra t i ons  o f  z i n c  were approx imate ly  

four  t imes  h i g h e r  i n  r u n o f f  than  i n  ra inwate r ,  w h i l e  copper was 

approx imate ly  t h r e e  t imes  h ighe r  i n  r a i nwa te r  than  r u n o f f .  

A summary o f  t h e  d i s s o l v e d  heavy m e t a l  s p e c i a t i o n  i n  t h e  

r e t e n t i o n  pond wate r  a t  t h e  Ma i t l and  s i t e  i s  g i ven  i n  Table 2-5. 

The s p e c i a t i o n  o f  cadmium -in t h e  pond wate r  i s  s i m i l a r  t o  t h a t  

obse rved  f o r  r a i n w a t e r  and r u n o f f .  The dominant form o f  z i n c  i n  

t h i s  water i s  s t i l l  a  r e a c t i v e  i n o r g a n i c  spec ies  s i m i l a r  t o  t h a t  

observed i n  r a i n w a t e r  and r u n o f f ,  b u t  t h e  s o l u b l e  p o r t i o n  o f  t h i s  

spec ies has been s u b s t a n t i  a1 l y  reduced and t h e  c o l  1  o i d a l  p o r t i o n  

s u b s t a n t i a l l y  increased. 'The s p e c i a t i o n  o f  1  ead i n  t h e  re tent i ,on 



pond was observed t o  have undergone s u b s t a n t i a l  changes from t h e  

ra i nwa te r  and r u n o f f .  A l though t h e  r e a c t i v e  i n o r g a n i c  c o l l o i d a l  

f r a c t i o n  i s  s i m i l a r  t o  t h a t  measured i n  r a i n f a l l  and r u n o f f ,  t h e  

s o l u b l e  species was found t o  have decreased. T h i s  t r a n s f o r m a t i o n  

seemed t o  have resu l  t e d  i n  increased concen t ra t i ons  o f  non- reac t i ve  

s o l u b l e  i n o r g a n i c  forms. The s p e c i a t i o n  o f  copper i n  t h e  pond was 

observed t o  be s i m i l a r  t o  highway r u n o f f  except t h a t  t h e  dominant 

ca tegory  o f  non - reac t i  ve o rgan ic  co l  1  o i d a l  spec ies i n  r u n o f f  has 

been conver ted t o  r e a c t i v e  o rgan i c  c o l l o i d a l  spec ies i n  t h e  

r e t e n t  i on pond. 

Concent ra t ions  o f  t o t a l  d i s s o l v e d  metal  i n  t h e  r e t e n t i o n  pond 

wate r  were s u b s t a n t i  a1 l y  reduced from those  measured i n  highway 

r u n o f f  w i t h  a  genera l  r e d u c t i o n  i n  c o n c e n t r a t i o n  o f  approx imate ly  50 

percent  f o r  t h e  samples measured. The r e t e n t i o n  pond wate r  was a l s o  

found t o  have lower  d i s s o l v e d  metal  concen t ra t i ons  t han  r a i n f a l l  f o r  

a1 1  me ta l  s  t e s t e d  w i t h  t h e  p o s s i b l e  excep t ion  o f  z inc .  Yousef e t  

a l .  (1985) concluded t h a t  t h e  r e t e n t i o n  pond was ve ry  e f f i c i e n t  i n  

t h e  removal o f  heavy metal  s  f rom highway r u n o f f .  It was suggested 

t h a t  a f t e r  removal f rom t h e  wate r  column these  me ta l s  accumulate i n  

t h e  r e t e n t i o n  pond s e d i ~ i ~ e n t s .  

The E f f e c t s  o f  pH on Metal Spec ia t i on  and S o l u b i l i t y  

The s p e c i a t i o n  and s o l u b i l i t y  o f  meta l  i ons  i n  a q u a t i c  systems 

i s  c o n t r o l l e d  by  changes i n  pH values. As i n d i c a t e d  p rev ious l y ,  

m e t a l  i o n s  can  e x i s t  i n  a  f r e e  i o n i c  f o r m  i n  complexes  w i t h  



i norgan i c  species such as hydrox ides,  carbonates, and su l  f a tes ,  as 

w e l l  w i t h  a  wide v a r i e t y  o f  o rgan i c  l i gands .  The s o l u b i l i t y  of each 

of these  species i s  r egu la ted  t o  a  1  a rge  degree by pH. 

The impor tance o'f pH i n  r egu la t - i ng  aqua t i c  e q u i l i b r i a  can be 

seen i n  t h e  e q u i l i b r i u m  express ions  f o r  metal spec ies i n  n a t u r a l  

env i  ronments. Many o f  these  express ions i n v o l v e  r e a c t i o n s  w i t h  

d i s s o c i a t i o n  p r o d u c t s  o f  H20 such  as H+ o r  OH-, d i s s o c i a t i o n  
- - 3  p r o d u c t s  o f  a  phosphate system such as H2P04 , HPO~- ' ,  o r  PO4 , o r  

d i s s o c i a t i o n  p roduc ts  o f  t h e  system such as so4", HS' o r  S-'. 

Since t h e  dominance and c o n c e n t r a t i o n  o f  each o f  t hese  spec ies i s  

r e g u l a t e d  by pH, t h e  r e s u l t i n g  s p e c i a t i o n  and e q u i l i b r i u m  

c o n c e n t r a t i o n s  o f  complexes formed between these  spec ies and metal  

i o n s  a r e  cor respond ing ly  r egu l  ated. 

The e f f e c t s  o f  pH on meta l  s p e c i a t i o n  and s o l u b i l i t y  i n  aerob ic  

sur face  waters  were i n v e s t i g a t e d  by Yousef e t  a l .  (1985). As a  p a r t  

o f  t h i s  s t u d y ,  numerous l i t e r a t u r e  and r e f e r e n c e  s o u r c e s  were  

examined t o  o b t a i n  a  complete 1  i s t  o f  thermochemical d a t a  p o s s i b l e  

i n  sur face  waters.  S o l u b i l i t y  diagrams were t hen  cons t ruc ted  f o r  

each metal  which p r e d i c t  t h e  dominant metal  spec ies and l i m i t i n g  

concen t ra t i on  f o r  meta l  i o n s  i n  an aqua t i c  system. These s o l u b i l i t y  

diagrams a r e  g i ven  i n  F igu res  2-5 t o  2-10. 

The s o l u b i l i t y  diagram f o r  i r o n  i s .  presented i n  F i g u r e  2-5. I n  

+3 an aerob ic  environment t h e  f e r r i c  (Fe ) form i s  dominant. T h i s  

form o f  i r o n  i s  r e l a t i v e l y  i n s o l u b l e  i n  t h e  pH range o f  6 t o  10. 

+ 
The d o m i n a n t  s o l u b l e  s p e c i e s  o f  i r o n  was f o u n d  t o  be Fe(OH)* 



Figure 2-5. Solubi 1 i t y  o f  Ino rgan ic  I ron  Ions i n  Natural Su r fac  
Waters ( A  sumptions: C = 5 x 1 0 - 4 ~ ;  JC1-1 = 5 x 10-4 M;  \SO4-lI 
= 1 x 1 0  M; and I P O ~ - ~ ]  = 1 x M) (Yousef e t  a l .  !985 . 



- 
be tween a  pH o f  4  and 8 and Fe(OH)4 between a  pH o f  8 and 14. The 

dominant  so l  i d  spec ies under most c o n d i t i o n s  i s  t h e  hydrox ide,  

I no rgan i c  s p e c i a t i o n  f o r  z i n c  i s  presented i n  F igu re  2-6. The 

dominant i n o r g a n i c  d i s s o l v e d  spec ies a r e  t h e  znC2 i o n s  below a  pH of 
- 

7.0, znCo30 between a  pH o f  7.0 and 9.0, and Z~I(OH)~ above a  pH o f  

10. S o l i d  phases a re  formed w i t h  t h e  hydrox ide  (Zn(OH)2), t h e  

c a r b o n a t e  (ZnC03), t h e  phosphate (Zn(P04)2) ,  and t h e  ox ide  (ZnO). 

Z i nc  has been shown t o  be one o f  t h e  most mob i l e  o f  t h e  heavy me ta l s  

(Khal i d  e t  a1 . 1977). 'They repo r ted  t h a t  z i n c  compounds formed w i t h  

common i o n s  a r e  s o l u b l e  i n  bo th  a c i d  and a1 ka l  i n e  so lu t i ons .  

T h e  s o l u b i l i t y  d i a g r a m  f o r  c o p p e r  i s  shown i n  F i g u r e  2-7. 

Copper was shown t o  e x h i b i t  s o l u b l e  forms w i t h  c h l o r i d e s ,  

carbonates, su l f a tes ,  and hydrox ides,  a l t hough  t h e  CU+' and C U ( O H ) ~ ~  

forms a r e  dominant. The e q u i l i b r i u m  so l  i d  forms o f  copper a re  t h e  

ox ide  and a  hydrox ide-carbonate form. . The chemist ry .  o f  copper and 

z i n c  appear t o  be c l o s e l y  r e l a t e d ,  a l t hough  i n  genera l ,  copper 

compounds a r e  l e s s  so l  u b l e  (Khal i d  e t  a1 . 1977). Organic complexes 

have  been shown t o  p l a y  a  more impo r tan t  r o l e  i n  t h e  so l  u b i l  i t y  o f  

coppe r  t han  z inc ,  s i n c e  copper has been shown t o  form more s t a b l e  

complexes w i t h  f u l  v i c  ac i ds  t han  o t h e r  metals.  

As i n d i c a t e d  i n  F i g u r e  2-8, l e a d  can e x i s t  w i t h  a  m u l t i t u d e  o f  

i n o r g a n i c  spec ies such as c h l o r i d e s ,  su l  f a t e s ,  hydroxides, and 

+2 carbonates. The dominant d i s s o l v e d  spec ies below a  pH of 7  i s  Pb , 
- 

P ~ C O ~ O  f r o m  a pH o f  7  t o  10 ,  and Pb(OH)3 above  a  pH o f  10. 



Figure 2-6. S o l u b i l i t y  of Inorgan ic  Z inc  Ions i n  Natural Surface 
Waters Assumptions: CT = 5 x 10-4 M ;  IC1-] = 5 x 10-4 M ;  [.So4-*] = 
1 x M; and IPo4-3l = 1 x low5 M) (Yousef e t  a1 . 1985). 



Figure 2-7. S o l u b i l i t y  of  Inorganic Capper Ions in  Natural Surface 
Waters Assumptions : CT = 5 x 10-4 M ;  [CIS] = 5 x 10-4 M ;  [so4-2 1 = 
1 x 1 0  ; a n  I P O ~ - ~  1 = 1 x 10-5 M) (Yousef e t  a l .  1985). 



Figure 2-8. Sol ubi 1 i t y  o f  I no rgan ic  Lead Ions i n  Natura l  S ~ ~ r f a c  -5 Waters (Assumptions: C = 5 x 10-4 M; [ C l - ]  = 5 x 10-4 M; [SO4 ] 
= 1 x 10-4 M; and  PO^-^] = 1 x 10-5 M) (Yousef e t  a l .  1985). 



I m p o r t a n t  s o l i d  phases o f  l ead  a r e  t h e  hydrox ide  (Pb(OH)2), t h e  

carbonate (PbC03) , and t h e  ox ide  (PbO) . 
I n  a  s i m i l a r  s tudy  us ing  a  mathematical  approach, Hahne and 

K r o o n t j e  (1973) examined t h e  e f f e c t s  o f  hydrox ide  and c h l o r i d e  i o n s  

on t h e  s p e c i a t i o n  o f  s o l u b l e  i n o r g a n i c  lead. I n  c h l o r i d e - f r e e  

4-2 w a t e r ,  as pH was i n c r e a s e d ,  d i v a l e n t  l e a d  (Pb ) was f o u n d  t o  

t 
d o m i n a t e  up t o  pH 5.0. The PbOH form inc reased  i n  importance t o  a  

pH o f  6.0 where t h e  two  forms were e q u a l l y  impor tan t .  Above a  pH of 

6.0, t h e  dominant form was t h e  hydroxide, P~OH'. A t  l e v e l s  o f  pH 

where  t h e  pbt2 i o n  was dominant, t h i s  form remained dominant up t o  

c h l o r i d e  l e v e l s  o f  3500 mg/l. A t  g r e a t e r  c h l o r i d e  l e v e l s ,  t h e  l e a d  

c h l o r i d e ,  ~ b ~ l * ,  was t h e  c h i e f  i o n i c  form. I n  c h l o r i d e  l e v e l s  

approach1 ng t h a t  o f  seawater, t h e  uncharged P ~ C I  2 °  accounted f o r  

a lmost  a l l  o f  t h e  t o t a l  s o l u b l e  concen t ra t ion .  

I n o r g a n i c  s p e c i a t i o n  o f  cadmiuni i o n s  i s  g i ven  i n  F i g u r e  2-9. 

Cadmium can  a1 so e x i s t  as  complexes  w i t h  c h l o r i d e s ,  s u l f a t e s ,  

carbonates, and hydrox ides.  The dominant d i  s so l  ved species i s  t h e  

~ d + '  i o n  below a  pH o f  8, cdc030 between a  pH o f  8  and 10, and 

C ~ ( O H ) ~ '  above a  pH o f  10. Only two s o l i d  phases a r e  impor tan t ,  t h e  

carbonate (CdC03) and t h e  hydrox ide  ( C d ( 0 ~ ) ~ ) .  

Gard iner  (1974),  i n  a  s e r i e s  o f  s t u d i e s  on t h e  s p e c i a t i o n  o f  

cadmium i n  r i v e r s  and lakes ,  r epo r ted  t h a t  a  s u b s t a n t i a l  p o r t i o n  o f  

t h e  t o t a l  cadmium presen t  i n  r i v e r s  and l a k e s  was p resen t  as t h e  

f r e e  m e t a l  i o n ,  ~ d + ~ ,  w i t h  i n c r e a s i n g  i m p o r t a n c e .  as pH v a l u e s  



Figure 2-9. So lub i l i ty  of Inorganic Cadmium Ions in N tura l  Surface 
Waters Assumptions: CT = 5 x 10j4 M ;  [Cl-] = 5 x M ;  [so4-2] = 
1 x 10-4 M; and [PO;~] = 1 x 10- M) (Yousef e t  a l .  1985). 



decreased.  It was a1 so r e p o r t e d  t h a t  cadmium can  f o r m  s t a b l e  

complexes w i t h  carbonates and hydrox ides as we l l  as a wide v a r i e t y  

o f  o rgan ic  1 igands. 

The s o l u b i l i t y  diagram f o r  n i c k e l  i ons  i s  presented i n  F igu re  

2-10. N icke l  was shown t o  exh i  b i t  so l  ub l  e species i n  compl exes w i t h  

ch l  o r ides ,  hydroxides, su l  f a tes ,  and carbonates. Four  dominant 

n i c k e l  spec ies  were found t o  be impor tan t :  Ni+' a t  pH va lues below 

7, N i  C O ~ O  a t  pH values between 7 and 10, N i  f rom pH values 
- 

o f  10 t o  11, and N i  (OH)3 a t  pH values above 11. The dominant s o l i d  

phases a r e  t h e  phosphate (Ni3(P04)2)  and t h e  hydrox ide  (N i  (OH)2). 

The computer program, WATEQ2, was used by Yousef e t  a l .  (1985) 

t o  p r e d i c t  t r a c e  metal s p e c i a t i o n  i n  r a i  n f a l l  , highway r u n o f f ,  and 

d e t e n t i o n  pond water f rom t h e  Mai tl and Interchange. The dominant 

p r e d i c t e d  s p e c i e s  i n  M a i t l a n d  r a i n f a l l  f o r  each o f  t h e  t e s t e d  

m e t a l  s, w i t h  t h e  except ion  o f  copper, was t h e  ~ e + '  form. Th i s  form 

accounted f o r  96 percen t  o r  more o f  t h e  s o l u b l e  forms o f  z inc,  

cadmium, lead, and n i c k e l .  Copper was s p l i t  a lmost even ly  between 

t h e  CU+' form and t h e  Cu - fu l va te  complex. These p r e d i c t e d  values 

agreed w i t h  t h e  ac tua l  measured concent ra t ions  presented i n  Table 

2-3 f rom t h e  l a b o r a t o r y  s p e c i a t i o n  i n v e s t i g a t i o n s  by Yousef e t  a l .  

(1985). 

The dominant metal  spec ies p resent  i n  Ma i t l and  r u n o f f  va r i ed  

cons iderab ly  from t h e  p r e d i c t e d  r a i n f a l l  concentrat ions.  Only z i n c  

and cadmium s t i l l  e x h i b i t e d  dominant Me+' species i n  r u n o f f  w i t h  t h e  

M ~ H C O ~ '  and t h e  Meco30 forms e x h i b i t i n g  f r a c t i o n s  o f  5 percent  o r  



Figure 2-10. S o l u b i l i t y  of Inorganic Nickel Ions i n  Natural Surface 
Waters Assumptions : = 5 x 10-4 M; IC1-1 = 5 x 10-4 M; [so4-2l = 
1 x 10-4 M; and rpo,-3F~= 1 x 10-5 M) (Yousef e t  a l .  1985).  



more. Lead was p r e d i c t e d  t o  be p resen t  p redominan t l y  as pbCo30, 

w i t h  Pb'' and P ~ H C O ~ '  o f  l e s s e r  importance. Copper was p r e d i c t e d  t o  

b e  p resen t  m a i n l y  as t h e  C u - f u l v a t e  complex, fo l l owed by C U C O ~ ~ ,  

C U ( O H ) ~ ~ ,  and w i t h  Cuf2 compr i s i ng  o n l y  9 percen t  o f  t h e  t o t a l .  

N i c k e l  was found  t o  be  p r e s e n t  p r e d o m i n a n t l y  a s  t h e  c a r b o n a t e  

+2 
N ~ c o ~ O ,  w i t h  a  sma l l e r  f r a c t i o n  o f  N i  . 

Pred i c t ed  s p e c i a t i o n  o f  me ta l s  i n  t h e  pond water  was v i r t u a l l y  

i d e n t i c a l  t o  t h e  s p e c i a t i o n  p r e d i c t e d  i n  highway r u n o f f .  Z i nc  and 

cadmium were  p r e s e n t  p r e d o m i n a n t l y  i n  t h e  ~ e ' *  f o rms ,  l e a d  a s  

P ~ C O ~ ~ ,  copper as t h e  Cu - fu l va te  complex, and n i c k e l  as ~ 1 ~ 0 ~ ~  and 

I n  genera l ,  t h e  p r e d i c t e d  s p e c i a t i o n s  ob ta ined  f rom WATEQ2 were 

ve ry  c o n s i s t e n t  w i t h  t h e  measured va lues  f rom t h e  s p e c i a t i o n  

exper iments .  More than  95 pe rcen t  o f  t h e  Zn, Cd, Pb, and N i  were 

f o u n d  t o  be accounted f o r  by  r e a c t i v e  i n o r g a n i c  forms such as t h e  

lyeC2 ion ,  meta l  carbonates,  and b i ca rbona te  species. The o n l y  

d e v i a t i o n  was noted f o r  Pb which was found d u r i n g  t h e  s p e c i a t i o n  

exper iments  t o  have an o r g a n i c  complex t h a t  accounted f o r  15 pe rcen t  

o f  t h e  t o t a l  meta l  concen t ra t i on ,  w h i l e  t h e  IdATEQ2 model d i d  no t  

p r e d i c t  any. It was suggested by Yousef e t  a l .  (1985) t h a t  accu ra te  

r e a c t i o n s  and thermodynamic d a t a  f o r  Pb-organic corr~pl exes a r e  no t  

a v a i l a b l e  and, t h e r e f o r e ,  n o t  i n c l u d e d  i n  t h e  WATEQ2 model. 



The Role of Redox P o t e n t i a l  i n  R e g u l a t i n g  
Metal  E q u i l  i b r i a  

Oxidat ion-Reduct ion Processes 
i n  Aquat i c  Systenis 

The redox p o t e n t i a l  o f  a  s o i l  o r  water  i s  a  measure o f  t h e  

e l  ec t roche~ i i i ca l  p o t e n t i a l  o r  e l e c t r o n  a v a i l  a b i l  i t y  w i t h i n  these  

systerns f o r  o x i d a t i o n - r e d u c t i o n  t y p e  reac t ions .  Equi 1  i b r i  um 

express ions i n v o l  v i n y  redox r e a c t i o n s  should be viewed as a  boundary 

c o n d i t i o n  toward which t h e  system i s  proceeding (Stumm and Morgan 

1981). A  p a r t i a l  1  i s t  o f  i m p o r t a n t  redox processes i n  aqua t i c  

systems i s  g i ven  i n  Stumni and Morgan (1981). 

S ince  niany redox r e a c t i o n s  w i  11 be o c c u r r i n g  s imu l taneous ly  a t  

any g i v e n  t ime, a  measurement o f  redox p o t e n t i a l  f o r  a  system i s  

a c t u a l l y  a  mixed p o t e n t i a l  which r e f l e c t s  a  weighted average o f  t h e  

p o t e n t i a l s  c o n t r i b u t e d  by each o f  t h e  redox couples p resen t  i n  t h e  

system (Bohn 1971). S ince o rgan i c  m a t t e r  i s  c o n t i n u a l l y  be ing  added 

o r  d e p o s i t e d  i n  most n a t u r a l  systems, which can i n  t u r n  be o x i d i z e d  

and s e r v e  as an e l e c t r o n  donor, a  redox e q u i l i b r i u m  i s  a lmost  never 

a t t a i n e d  i n  a  n a t u r a l  system (Bohn 1971). 

Measurements o f  redox p o t e n t i a l  i n  aqua t i c  systems a r e  o f t e n  

c l o s e l y  c o r r e l  a ted w i t h  measurements o f  d i  s so l  ved oxygen. Th i  s  

c o r r e l a t i o n  i s  due t o  t h e  f a c t  t h a t  oxygen, when a v a i l a b l e ,  i s  used 

as t h e  t e rm ina l  e l e c t r o n  accep to r  by b a c t e r i  a1 popul a t i o n s  accord ing  

t o :  



Sediments g e n e r a l l y  c o n t a i n  a  cons ide rab le  amount o f  p a r t i a l l y  

decomposed o rgan ic  m a t t e r  which i s  d e r i v e d  p r i m a r i l y  f rom t h e  dea th  

and decay of  bo th  p l a n t  and animal mat te r .  T h i s  o rgan ic  m a t t e r  i s  

u t i l i z e d  as a  food and energy source by predominant ly  h e t e r o t r o p h i c  

b a c t e r i a l  popu la t i ons  i n  t h e  o x i d a t i o n  process o f  r e s p i r a t i o n .  I f  

oxygen i s  a v a i l a b l e ,  b a c t e r i a l  popu la t i ons  u t i l i z e  i t  as t h e  

p r e f e r r e d  t e rm ina l  e l e c t r o n  acceptor .  I f  t h e  demand f o r  oxygen 

exceeds t h e  supply,  f i  r s t  f a c u l t a t i v e  and t hen  anaerobic popu la t i ons  

become a c t i v e  and r e d u c i b l e  compounds such as n i t r a t e ,  o x i d i z e d  

forms of i r o n  and manganese, and o t h e r  i n o r g a n i c  o r  o rgan ic  spec ies 

a r e  reduced by m i c r o b i a l  r e s p i r a t i o n .  As oxygen i s  dep le ted  i n  a  

sediment a long  w i t h  t h e  o x i d i z e d  forms o f  many redox couples, t h e  

number o f  reduced compounds i nc reases  w i t h  a  corresponding i nc rease  

i n  e l e c t r o n  a c t i v i t y .  The degree o f  t h i s  sediment r educ t i on  i s  then  

i n d i c a t e d  by t h e  magnitude o f  t h e  redox p o t e n t i a l  ( K h a l i d  e t  a l .  

1977). 

Redox P o t e n t i a l s  i n  S o i l s  and Sediments 

P a t r i c k  and Mahapatra (1968), however, suggested t h a t  redox 

p o t e n t i  a1 s  coul  d  be ca tego r i zed  i n t o  f o u r  general  redox ranges. At  

a  s tandard  pH va lue  o f  7.0, s o i l s  c h a r a c t e r i z e d  by a  redox p o t e n t i a l  

o f  +400 mv o r  more a r e  cons idered t o  be ox id ized ,  f rom +400 t o  + l o 0  

mv a r e  modera te ly  reduced, f rom + l o 0  t o  -100 mv a re  reduced s o i l s ,  

and 1 ess t han  -100 mv a r e  h i g h l y  reduced so i  1  s. The o x i d i z e d  1  ayer 

a t  t h e  sediment su r f ace  i s  u s u a l l y  ve ry  t h i n ,  and beneath t h i s  



o x i d i z e d  1 ayer  t h e  sediments become reduced qu i ck l y .  T h i s  p a t t e r n  

was observed by We i l e r  (1973) d u r i n g  i n v e s t i g a t i o n s  on Lake Ontar io .  

He o b s e r v e d  t h a t  t h e  o v e r l y i n g  w a t e r  co lumn was w e l l  o x i d i z e d  

( y r e a t e r  t han  +400 mv) . However,, as t h e  sediment-water i n t e r f a c e  i s  

reached, t h e  redox p o t e n t i a l  drops q u i c k l y ,  becominy s t r o n g l y  

r educed  ( l e s s  t han  -100 mv) a t  a  dep th  o f  10 cm. He a l s o  observed 

t h a t  sediments which con ta ined  very  1  i t t l e  o rgan i c  carbon were o n l y  

moderate ly  reduced ( y r e a t e r  than  +200 mv) a t  a  dep th  o f  10 cm. 

The sanle. yenera l  conc lus ions  were reached by Mor t imer  (1971) 

who i n v e s t i  ya ted  t h e  redox p o t e n t i a l  p r o f i  1es across t h e  

s e a i m e n t - w a t e r  i n t e r f a c e  f o r  Lake  W i  ndermere  i n  E n y l  and. The 

o v e r l y i n g  wate r  colurnn had measured redox va lues between +2UO and 

+3UU mv. T h i s  p o t e n t i  a1 dropped r a p i d l y  upon e n t e r i n g  . the sediments 

t o  a  h i g h l y  reduced va lue  o f  -2U0 mv a f t e r  o n l y  4  cm. Mor t imer  a l s o  

observed t h a t  coarse sediments c o n t a i n i n g  1  i t t l e  o r  no o rgan i c  

carbon were yenera l  l y  we1 1  o x i d i z e d  whi 1  e  f i  ne- tex tu red  sediments 

c o n t a i n i n g  cons ide rab le  o rgan i c  carbon were h i g h l y  reduced. It was 

a l s o  noted t h a t  d u r i n y  t h e  w i n t e r  months, t h e  redox p r o f i l e s  s h i f t e d  

t o  va lues which were approx imate ly  1U0 mv h ighe r  t han  d u r i n g  t h e  

surnlner months. He suggested t h a t  t hese  seasonal f l u c t u a t i o n s  a r e  a  

1  i k e l y  r e f 1  e c t i o n  of t h e  tempera tu re  i n f l  uence on b i o l o g i c a l  

a c t i v i t y .  

Measurements o f  redox p o t e n t i a l  i n  t h e  sediments of t h e  

Mai tl and Pond were conducted by Hvi  tved-Jacobsen e t  a1 . (1984). A 

summary o f  t h e i r  f i n d i n g s  f o r  redox p o t e n t i a l s  a t  t h r e e  s t a t i o n s  i n  



t h e  p o n d  i s  g i v e n  i n  F i g u r e  2-11. Each o f  t h e  t h r e e  c u r v e s  

i n d i c a t e d  i n  t h e  f i g u r e  represen t  an average va lue  o f  redox 

p o t e n t i  a1 s  i n  two d i f f e r e n t  co re  sarr~pl es a t  each s i t e .  

The redox measurements i n d i c a t e  t h a t  t h e  ae rob i c  ( o x i d i z e d )  

l a y e r  o f  t h e  sedi~ i lents  i s  about 0.5 cm t h i c k  a t  two o f  t h e  t h r e e  

s t a t i o n s .  Ext remely  low redox p o t e n t i a l s  were n o t  found i n  any o f  

t h e  a n a e r o b i c  o r  r educed  zones b e l o w  t h i s  l a y e r .  The l a c k  o f  

ex t reme ly  reduced c o n d i t i o n s  i n  these  sediments was 1  i nked  t o  t h e  

low oxygen demand o f  t h e  sediments. 

The E f f e c t s  o f  Redox and pH on Metal E q u i l i b r i a  

Many equi  1  i b r i  um model s  based on thermodynamic d a t a  have been 

used t o  p r e d i c t  t h e  chemical m o b i l i t y  o f  . inorganic metal  spec ies i n  

f reshwater  under va r i ous  env i  ron~ l len ta l  cond i t i ons .  Some o f  t h e  more 

commonly used models a r e  pH-redox p o t e n t i a l  diagrams which desc r i be  

t h e  s t a b i l i t y  f i e l d s  o f  so l  i d s  and predominant d i s s o l v e d  metal  

s p e c i e s  i n  va r i ous  systems, such as: C02 + S + H20. Such pE-pH 

s t a b i  1  i t y  f i e l d  diagrams show, i n  a  comprehensive way, how protons 

and e l  ec t rons  simul taneous ly  sh i  f t  t h e  e q u i l  i b r i a  under va r i ous  

c o n d i t i o n s  and can i n d i c a t e  which spec ies  dominate under any g iven  

c o n d i t i o n  o f  pE and pH. The b a s i c  va lue  o f  a  pE-pH diagram i s  t h a t  

i t  p rov ides  an a i d  i n  t h e  i n t e r p r e t a t i o n  o f  e q u i l i b r i u m  cons tan ts  by 

p e r m i t t i n g  t h e  s i~ l lu l taneous  r e p r e s e n t a t i o n  o f  many reac t i ons .  

Under reduced environments, t h e  s o l u b i l i t y  o f  many metal  

s p e c i e s  i s  r e g u l a t e d  b y  t h e  SO - S  -H  S sys tem ( F o r s t n e r  and 
4 ( s )  2 
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F i g u r e  2-11'. Redox P r o f i l e s  Measured on Sed i~ i i en t  Cores C o l l e c t e d  
From M a i t  l a n d  West Pond on 3/21/83 (Hv i  tved-Jacobsen e t  a1 . 1984).  



W i  t t m a n  1979). A pE-pH diagram f o r  t h i s  system i s  g i ven  i n  F i g u r e  

2-12 (Stumm and Morgan 1981). I n  genera l ,  t h e  ~ 0 ~ - ~  spec ies  i s  

dominant under o x i d i z e d  c o n d i t i o n s  and a t  va lues  o f  pH g r e a t e r  t h a n  

2.0. Under reduced and a c i d i c  c o n d i t i o n s ,  SO4 -2 i s  reduced t o  H2S 

which i s  i n  e q u i l i b r i u m  w i t h  HS- and f2 by t h e  f o l l o w i n g  reac t i ons :  

S i n c e  t h e  s u l f i d e  ( s - ~ )  f o r m  o f  mos t  heavy  m e t a l s  i s  h i g h l y  

i n s o l u b l e ,  r e d u c t i o n  t o  s u l f i d e  g e n e r a l l y  r e s u l t s  i n  a  decrease i n  

concen t ra t i ons  o f  meta l  spec ies which e x h i b i t  i n s o l u b l e  s u l f i d e s .  

The redox p o t e n t i  al-pH d iagram f o r  s i r r~p l  e  i o n s  and hydrox ides 

o f  i r o n  i s  p r e s e n t e d  i n  F i g u r e  2-13, ( K r a u s k o p h  1979 ) .  Under  

a1 k a l  i ne c o n d i t i o n s  f o r  b o t h  o x i d i z e d  and reduced s ta tes ,  i r o n  

e x h i b i t s  r a t h e r  s t a b l e  s o l i d  phases such as Fe203, FeC03, Fe(OHl3, 

FeS2, and Fe304. Under a c i d i c  c o n d i t i o n s  b o t h  t h e  ~e~~  and ~e~~  

forms a r e  p resen t  w i t h  ~ e + ~  domina t ing  a t  redox p o t e n t i a l s  l e s s  t han  

750 mv. 

The Eh-pH d iagram f o r  l e a d  showing t h e  s t a b i l i t y  f i e l d s  o f  t h e  

m o r e  i m p o r t a n t  s p e c i e s  i n  t h e  p r e s e n c e  o f  M o f  b o t h  C02 

( e q u i l  v a l e n t  t o  61 mg/l o f  H C O ~ - )  and S (abou t  96 mg/l as  SO^-^) i s  

g i v e n  i n  F i g u r e  2-14 (Hen1 and Durum 1973). Equi 1  i b r i  um 

concen t ra t i ons  o f  d i s s o l v e d  1  ead a r e  shown i n  F i g u r e  2-14 by so l  i d  

l i n e s  f o r  t h e  minimum amount cons idered,  1 1  , and f o r  t h r e e  

h i ghe r  va lues:  10, 100, and 1000 v g / l .  The thermodynamic da ta  



F i g u r e  2-12.  E q u i l i b r i u m  D i s t r i b u t i o n  o f  S u l f u r  Spec ies  i n  Water 
a t  250C and 1 Atmosphere T o t a l  P ressu re  ( G a r r e l s  1960).  



Figure  2-13. S t a b i l  i t y  Diagram f o r  I r o n  Species i n  the  System 
Fe + C02 + S + H20 a t  25% (Krauskopf 1979). 



F igure  2-14. S t a b i l i t y  Diagram f o r  Lead Species i n  t h e  System 
Pb + C02 + S + H20 a t  2 5 ' ~  (Stumm and Morgan 1981). 



p r e s e n t e d  i n  F i g u r e  2-14 show t h a t  t h e r e  a r e  f i v e  s o l i d  forms o f  

l e a d  w h i c h  have f i e l d s  o f  s t a b i l i t y  i n  t h i s  system. Under reduc ing 

c o n d i t i o n s ,  t h e  s t a b l e  s o l i d  i s  PbS. T h i s  m a t e r i a l  has a  l o w  

s o l  u b i l  i t y ,  b u t  i s  conver ted t o  1  ead hydrox ide o r  carbonate when 

- 2  s u l f u r  i s  o x i d i z e d  t o  SO4 . The p a r t i t i o n i n g  between t h e  hydrox ide 

and carbonate forms a r e  a  f u n c t i o n  o f  t h e  a v a i l a b i l  i t y  o f  d i sso l ved  

c a r b o n  d i o x i d e  species.  When t h e  C02 i s  l e s s  t han  0.8 mg/l as 

H C O ~ - ,  o r  when t h e  p a r t i a l  p ressure  o f  C02 i n  t h e  atmosphere i s  l e s s  

than 10 -3*44 atm (equal t o  o r d i n a r y  a i r )  t h e  carbonate  f i e l d  i s  

absent .  The bas i c  carbonate Pb3(0H)2(C03)2 i s  thermodynamica l ly  

s t a b l e  i n  o n l y  a  smal l  area i n  t h e  system i n d i c a t e d  i n  F i g u r e  2-14. 

The s t a b i l i t y  r eg ions  f o r  z i n c  i n  t h e  system: Zn + S  + C02 + 

H20 a r e  presented i n  F i g u r e  2-15 (Hem 1972). Three s o l i d  species 

have s t a b i l i t y  f i e l d s  i n  t h i s  system: t h e  s u l f i d e  ( s p h a l e r i t e ) ,  t h e  

hydroxide, and t h e  carbonate ( s m i t h s o n i t e ) .  So lub le  spec ies  i n c l u d e  
- 

t h e  ~ n + *  i o n  a t  low pH and t h e  a n i o n i c  forms Zn(OH)3 and Z~I(CJH)~ - 2  

a t  h i g h  pH va l  ues. 

The pH-Eh diagram f o r  copper i s  g i ven  i n  F i g u r e  2-16 (Ga r re l s  

and, C h r i s t  1965). Under s t r o n g l y  o x i d i z e d  c o n d i t i o n s  and a t  pH 

v a l  ues l e s s  than  7.0, t h e  dominant copper form appears t o  be t h e  

CU+' ion.  However, under a'l k a l  i n e  c o n d i t i o n s  and o r d i n a r y  

a tmospher ic  concen t ra t i ons  o f  C02, t h e  s t a b l e  form i s  t h e  s o l i d ,  

ma1 och i te .  Under reduced concen t ra t i ons  o f  Cop, t e n o r i t e  (CuO 
( 5 ) )  

may become t h e  more s t a b l e  form f o r  c e r t a i n  pH-Eh c o n d i t i o n s .  The 

s o l u b i l i t y  o f  copper i s  d r a m a t i c a l l y  decreased under reduc ing 



F igu re  2-15. S t a b i l i t y  Diagram f o r  Z i nc  Species i n  t h e  System 
Zn + GO2 + S + H20 a t  250C (Hem 1972). 



Figure 2-16. S t a b i l i t y  Diagram f o r  Copper Species in  the System 
Cu + C02 + S + H20 a t  2 5 O ~  (Garrels  and Chris t  1965). 



c o n d i t i o n s .  Under these cond i t i ons ,  copper i s  o n l y  s l i g h t l y  s o l u b l e  
- - - 2  w i t h  C U ( H S ) ~  , CuC12 , CuC13 , C U ( N H ~ ) ~ + ,  C U ( N H ~ ) ~ O H + ,  and 

C U ( N H ~ ) ~ + '  p resen t  i n  small amounts (Leck ie  and Davis 1979). 

A  pH-Eh diagram f o r  i n o r g a n i c  cadmium species i s  presented i n  

F i g u r e  2-17 (Hem 1972). Under o x i d i z e d  c o n d i t i o n s  and a t  pH va lues 

be low  7.0, most o f  t h e  cadmium was p resen t  i n  t h e  f r e e  i o n i c  form. 

As t h e  pH approached 8.0 and above, t h e  concen t ra t i on  o f  cadmium was 

governed by t h e  so l  i d  CaC03 phase. D isso lved  cadmium species i n  
- 

t h i s  sys tem i n c l u d e d  cd f2 ,  C ~ ( O H ) ~ ' ,  and Cd(OH)3 . Hem a l s o  

repo r ted  t h a t  cadmi um so l  u b i  1  i t y  would drop be1 ow 10 p g / l  a t  h i g h  pH 

v a l u e s  between 8.9 and 10.7 o r  i n  reduced systems w i t h  complete O2 

d e p l  e t i o n .  Hem compared t h e  c a l  c u l  a ted  equi 1  i b r i  um concen t ra t i ons  

and observed concen t ra t i ons  o f  cadmium i n  r i v e r  waters  o f  t h e  Un i t ed  

S t a t e s  and concluded t h a t  t h e  concen t ra t i ons  o f  t h i s  element t h a t  

commonly occur  i n  r i v e r  wa te rs  were s u b s t a n t i a l l y  below t h e  

e q u i 1  i br ium so l  ub i1  i t i e s  o f  t h e  carbonate o r  hydrox ide  form of 

cadmi um. 

The s t a b i l i t y  f i e l d s  f o r  i n o r g a n i c  n i c k e l  i n  t h e  system, Ni + 

C02 + S + H20, a r e  p r e s e n t e d  i n  F i g u r e  2-18. Under  o x i d i z e d  

c o n d i t i o n s  a t  pH va lues 1  ess t h a n  9, t h e  Ni" i o n  i s  t h e  dominant 

species. A t  pH va lues g r e a t e r  t han  9  under ox id i zed  cond i t i ons ,  t h e  

s o l  i d  f o rms  Nig04 and Ni(OH)2 become impo r tan t  up u n t i l  a  pH o f  13. 

Under reduced cond i t i ons ,  t h e  s u l f i d e  (NiS)  i s  dominant a t  pH va lues 

g r e a t e r  than 2. 



F i g u r e  2-17. S t a b i l i t y  Diagram f o r  Cadmium Species i n  t h e  System 
Cd + C02 + S + H20 a t  25OC (Hem 1972). 



F igu re  2-18. S t a b i l i t y  D i a  ram f o r  N i cke l  Species i n  t h e  System 
Ni  + C02 + S  + H20 a t  25OC 7Gar re ls  1960). 



A f i n a l  pH-Eh s t a b i l i t y  d i a y r a m  f o r  i n o r g a n i c  s p e c i e s  o f  

manganese i s  g i ven  i n  F i g u r e  2-19. I n  genera l ,  under o x i d i z e d  

cond i t i ons ,  t h e  ~ n + '  i o n  dominates i n  a c i d i c  s o l u t i o n s  and t h e  s o l  i d  

forms (MnU2, Mnp03, and MnC03) dominate i n  a l k a l i n e  s o l u t i o n s  under 

bo th  o x i d i z e d  and reduced c o n d i t i o n s .  The s u l f i d e  (MnS) i s  s t a b l e  

i n  o n l y  a smal l  area between pH va lues  o f  8 and 10. 

Prev ious  S t u d i e s  on t h e  
A t t e n u a t i o n  o f  Metal  Soecies i n  S o i l s  

I n  a  s o i  1-water system, heavy metal  i o n s  a r e  assumed t o ,  be i n  

equi  1  i b r i  um w i t h  t h e  p r e c i p i t a t e d  i n o r g a n i c  phase, t h e  exchange 

phases, and t h e  s o i l  s o l u t i o n  as desc r i bed  i n  t h e  f o l  l o w i n y  d iayram 

f o r  lead,  as an example: 

Exchanger Pb (PbX) 
A 
I 
I 
I 
I 
I 
I 
I 
I 
v 

Uryan i  c  <--------> ~ b + +  i n  <--------> S o l i d  Phase Pb 
Complexed Pb s o i  1  s o l  u t i  on PbCU3, Pb3(P04)2, e tc .  

A 
1 

I o n  P a i r  Complexes 

P ~ C U ~ ' ,  P ~ S O ~ ~ ,  e tc .  



F i g u r e  2-19. S t a b i l i t y  Diagram f o r  Manganese Species i n  t h e  System 
Mn + C02 + S + H20 a t  2 5 O ~  (Ga r re l s  1960). 



Although t h i s  proposed model i s  w r i t t e n  i n  terms o f  l ead  ca t i ons ,  i t  

can  be app l ied ,  w i t h  s l i g h t  m o d i f i c a t i o n s ,  t o  any metal  i n  a  s o i l  

system. 

Al though no re fe rence  was found concern ing  any p rev ious  s t u d i e s  

w h i c h  d e a l t  w i t h  t h e  a t t e n u a t i o n  o f  heavy meta ls  o r i g i n a t i n g  i n  

stormwater management systems, numerous o t h e r  s t u d i e s  have been 

conducted which i n v e s t i g a t e d  heavy meta l  a t t e n u a t i o n  f rom sources 

such as l a n d f i l l s  and l a k e  sediments, as w e l l  as i n  l a b o r a t o r y  

c o l u m n  s t u d i e s  u s i n g  v a r i o u s  s o i l  t y p e s .  A  few o f  t h e  more  

impor tan t  i n v e s t i g a t i o n s  w i l l  be presented i n  t h e  f o l l o w i n g  sec t ion .  

A ve ry  d e t a i l e d  i n v e s t i g a t i o n  i n t o  t h e  a t t e n u a t i o n  o f  1  a n d f i  11 

l e a c h a t e  by s o i l  t ypes  was conducted by F u l l e r  (1978). A t o t a l  o f  

e leven d i f f e r e n t  s o i l  types, cove r i ng  a  wide range of t ex tu res ,  pH 

v a l  ues, c a t i o n  exchange c a p a c i t i e s  and bu l  k d e n s i t i e s  were t e s t e d  

f o r  a t t e n u a t i o n  c h a r a c t e r i s t i c s  i n  co l  umn s t u d i e s  u s i n g  a  generated 

l a n d f i l l  l e a c h a t e  as a  source o f  raw water .  A  p a r t i a l  summary of t h e  

heavy meta l  c o n s t i t u e n t s  measured i n  t h e  so l  i d  waste generated 

l e a c h a t e  used f o r  t h e  column s t u d i e s  i s  g i ven  i n  Table 2-6, and a  

summary o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  s o i l s  used i n  these  

experiments i s  presented i n  Table 2-7. 

The s o i  1  s  were passed th rough a  2  mm s i e v e  and then  un i  formly  

packed ' i n t o  10 cm d iameter  x  20 cm l o n g  o r  5 cm d iameter  x  10  cm 

l o n g  P V C  colunins f o r  t h e  s tud ies.  Leachate was pumped th rough each 

co lumn  i n  a  C02 f i l l e d  e n v i r o n m e n t  t o  s i m u l a t e  t h e  a n a e r o b i c  



TABLE 2-6 

RANGES OF HEAVY METALS MEASURED I N  THE 
NATURAL LEACHATE GENERATED FROM MUNICIPAL SOLID 

WASTE USED Il l THE COLUMN STUDIES BY FULLER (1978) 

HEAVY 
METAL 

RANGE OF CONCENTRATIONS 
(mg/l)  

NOTE: S p e c i f i c  c o n d u c t i v i t y  ranged from 2400-2600 ~n '~hos /cm 

c o n d i t i o n s  which would be present  i n  a subsurface s o i l .  The f l ow  

was ad jus ted  so t h a t  approximately one pore volume f lowed from each 

column i n  24 hours, and was cont inued u n t i l  approximately 30 pore 

vol  umes had passed through a co l  umn. 

The da ta  obta ined from any one s o i l  column was found t o  f i t  one 

o f  t he  genera l i zed  curves shown i n  F igure  2-20. Curves A and B 

represent s i t u a t i o n s  where an element i s  on l y  weakly r e t a i n e d  by t h e  

s o i  1  , r e s u l t i n g  i n  a compl e t e  breakthrough where C/Co = 1. For 

curve A, t h e  r a p i d  r i s e  i n  e f f l u e n t  concen t ra t i on  ' beg ins  i n  t h e  

f i r s t  sample; whereas, t h e  breakthrough i s  delayed f o r  curve B. The 
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s t e a d y - s t a t e  s i t u a t i o n  i s  represented by curves C and D. Curve E 

represen ts  t h e  extreme case where t h e  concen t ra t i on  o f  t h e  element 

i n  t h e  e f f l u e n t  d i d  n o t  r i s e  above C/Co = 0.1. 

. A  summary o f  t h e  t y p e  o f  adso rp t i on  curves found f o r  t h e  eleven 

s o i l  t ypes  i s  g i ven  i n  Table 2-8. Sharp breakthroughs a r e  seen most 

o f t e n  f o r  sandy s o i l s  w i t h  almost t o t a l  r e t e n t i o n  observed i n  c l a y  

s o i l s .  An impo r tan t  excep t ion  was noted i n  t h e  case o f  chromium i n  

a  s o i l  c o n t a i n i n g  f r e e  CaC03 a t  a  r e l a t i v e l y  h i g h  pH. A l though i t  

has been repo r ted  t h a t  a1 ka l  i n e  pH c o n d i t i o n s  decrease t h e  mobi l  i t y  

of  t r a c e  elements, chromium appears t o  be an excep t i on  (John 1972). 

A  sunimary o f  t h e  exper imenta l  r e s u l t s  o f  F u l l e r  i n d i c a t i n g  t h e  

r e 1  a t i  ve mobi 1  i ty  o f  t r a c e  elements and t h e  re1 a t i  ve e f f ec t i veness  

o f  t h e  s o i l s  i n  a t t e n u a t i n g  them i s  g i v e n  i n  F i g u r e  2-21. I n  

g e n e r a l  , copper and 1  ead were found t o  have low mobi 1  i ty  i n  a1 1  

s o i l s ,  w h i l e  z inc ,  cadmium, and n i c k e l  had l o w  m o b i l i t y  i n  s o i l s  

w i t h  a  h i g h  c l a y  f r a c t i o n  and h i g h l y  mob i l e  i n  s o i l s  w i t h  a  h i g h  

sand f r a c t i o n .  

On t h e  b a s i s  o f  h i s  r e s u l t s ,  F u l l e r  was a b l e  t o  s u g g e s t  a  

g r o u p i n g  o f  broad s o i l  c h a r a c t e r i s t i c s  i n c l  uded i n  h i s  s tud ies  

which a re  impo r tan t  and un impor tan t  i n  a f f e c t i n g  a t t e n u a t i o n  by 

s o i l s .  These groups i n  summary form are: 
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1. Most Impor tan t  Fac to r s  i n  Re ten t i on  

a. c l a y  con ten t  

b. f r e e  i r o n  o x i d e  con ten t  

c. s o i l  l i m e  con ten t  

d. s o l u t i o n  f l  ux o r  f l o w  r a t e  th rough t h e  s o i l  ( h y d r a u l i c  
c o n d u c t i v i t y )  

Least Impor tan t  Fac to r s  i n  Re ten t i on  

a. sand 

b. k i n d  o f  c l a y  m a t e r i a l  

c. c a t i o n  exchange c a p a c i t y  

d. s o i l  pH 

C o r r e l a t i o n  c o e f f i c i e n t s  between va r i ous  heavy me ta l s  and 

se lec ted  s o i l  p r o p e r t i e s  were g i ven  by F u l l e r  and a r e  1  i s t e d  i n  

Table 2-9. 'The percentage o f  c l ay - s i zed  p a r t i c l e s  i n  t h e  s o i l  

s t a n d s  o u t  as t h e  most u s e f u l  means o f  p r e d i c t i n g  whether a  s o i l  

w i  11 r e t a i n  a  p a r t i c u l a r  element. T h i s  c o r r e l a t i o n  does n o t  seem t o  

be a  r e f l e c t i o n  o f  c a t i o n  exchange c a p a c i t y  and suggests t h a t  c a t i o n  

exchange capac i t y  i s  n o t  n e c e s s a r i l y  r e l a t e d  t o  heavy metal  

f i x a t i o n .  S u r f a c e  a r e a  and t h e  p e r c e n t a g e  o f  f r e e  i r o n  o x i d e  

p r o v i d e  t h e  bes t  c o r r e l a t i o n s  nex t  t o  t h e  c l a y  f r a c t i o n .  The bes t  

re1 a t i o n s h i p s  w i t h  su r f ace  area was found w i t h  those  elements which 

e x i s t  as a  M ' ~  ca t i on .  Those elements p resen t  i n  t h e  l eacha te  as 

an ions c o r r e l a t e  more s t r o n g l y  t o  f r e e  i r o n  ox ides  than  t o  sur face  

area. 
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F i n a l l y ,  F u l l e r  presented a  m o d i f i c a t i o n  t o  t h e  p a r t i a l  

d i f f e r e n t i a l  equa t ion  f o r  u n i - d i  r e c t i  onal steady f l o w  i n  groundwater 

presented p rev ious l y ,  which accounts f o r  bo th  adso rp t i on  and 

d e s o r p t i o n  k i n e t i c s  f o r  t r a c e  elements i n  s o i l s .  The m o d i f i c a t i o n  

g iven  was : 

change i n  adso rp t i on  deso rp t i on  
s to rage  o f  te rm te rm 

s o l u t e  i n  s o i l  

where: 

kl = adso rp t i on  r a t e  ( l / d a y )  

3 C = concen t ra t i on  o f  s o l u t e  (mg/cm ) 

k2 = deso rp t i on  r a t e  ( l / d a y )  

3 n  = concen t ra t i on  o f  s o l u t e  i n  t h e  s o l i d  phase (mg/cm ) 

T h i s  model assumes f i r s t - o r d e r  r a t e  terms f o r  b o t h  forward and 

backward r e a c t i o n s  which a r e  e f f e c t i v e  r e a c t i o n  r a t e s  r a t h e r  t han  

mechanic deso rp t i ons  o f  t h e  r e a c t i o n s  t a k i n g  place. Est imates of kl 

and  kp, as  w e l l  as t h e  d i s p e r s i o n  c o e f f i c i e n t s ,  D, and f l o w  

v e l o c i t i e s ,  V, f rom t h e  exper iments by F u l l e r ,  a r e  g i ven  i n  Tab le  

An i n v e s t i g a t i o n  i n t o  t h e  chemis t ry  and t r a n s p o r t  o f  l ead  and 

cadmium i n  s o i l s  was conducted by J u r i n a k  e t  a l .  (1974). I n  t h i s  

study, models f o r  t h e  s p e c i a t i o n  o f  l e a d  and cadmium were developed 
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f r om thermodynamic d a t a  and a  FORTRAN computer program was w r i t t e n  

which was s i m i l a r  t o  WATEQ2 f o r  o n l y  two metals.  The model was then  

t e s t e d  f o r  s e n s i t i v i t y  by conduc t ing  a  s e r i e s  o f  column s t u d i e s  and 

comparing t h e  p r e d i c t e d  and measured e f f l u e n t  concen t ra t i ons  o f  Pb 

and Cd. The computer model i nc l uded  da ta  on d i s s o c i a t i o n  cons tan ts  

and s o l u b i l i t y  products,  as w e l l  as k i n e t i c  data. 

An a n a l y s i s  o f  thermodynamic d a t a  combined w i t h  t h e  c o l ~ ~ m n  

s tudy  r e s u l t s  i n d i c a t e d  t h a t  t h e  main mechani sm regu l  a t i n g  l e a d  

s o l u b i l i t y  i n  a  non-calcareous s o i l  system can be a t t r i b u t e d  t o  t h e  

p r e c i p i t a t i o n  o f  Pb(OH)2 and Pb5(P04)30H. Calcareous so i  1  s  were 

found t o  be e x c e l l e n t  scavengers o f  l e a d  as w e l l .  Cadmium was found 

t o  be approx imate ly  100 t imes  more s o l u b l e  than  l e a d  i n  t h e  pH range 

of 5 t o  9 and co r respond ing l y  more mob i l e  i n  s o i l s .  It was repo r ted  

t h a t  cadmium was r e t a i n e d  i n  t h e  s o i l  m a i n l y  by  a d s o r p t i o n  o r  

exchange a t  b o t h  t h e  o r g a n i c  and i n o r g a n i c  i n t e r f a c e s  and was n o t  

regu l  a ted  by p r e c i p i t a t i o n  reac t ions .  

The column s t u d i e s  a l s o  i n d i c a t e d  t h a t  b a s i c  s o i l s  o f  a r i d  and 

semi -a r id  reg ions  c o n s t i t u t e  e s s e n t i a l l y  an - i n f i n i t e  s i n k  f o r  lead. 

The movement o f  l e a d  i n  p e r c o l a t i n g  w a t e r  i n  t h e s e  s o i l s  was 

e s s e n t i a l l y  zero, even i n  t h e  presence o f  l a r g e  a~iiounts o f  excess 

s a l t .  It was suggested t h a t  a r i d  s o i l s  cou ld  be an e x c e l l e n t  medium 

f o r  scavenging l e a d  and o t h e r  chem ica l l y  s i m i l a r  heavy me ta l s  f rom 

i nd u s t r i  a1 waste w i t h  min imal  danger o f  groundwater po l  1  u t i o n .  

Cadmium was found t o  be f a r  l e s s  e f f i c i e n t l y  removed from 

p e r c o l a t i n g  waters  by t hese  s o i l s .  



I n  genera l  , t h e  computer model developed f rom thermodynamic 

d a t a  was e f f e c t i v e  i n  p r e d i c t i n g  t h e  movement o f  Cd and Pb i n  s o i l  

a f t e r  t h e  i n i t i a l  15-20 pore volumes o f  e f f l u e n t  passed th rough  t h e  

s o i l  columns. Less accura te  p r e d i c t i o n  was ob ta i ned  d u r i n g  t h e  

i n i t i a l  s tages o f  e f f l u e n t  f low.  T h i s  was asc r i bed  t o  t h e  

d i f f i c u l t y  encountered b y  t h e  main model i n  hand1 i n g  t h e  pH change 

caused  by t h e  a d d i t i o n  o f  t h e  a c i d i c  heavy meta l  s o l u t i o n  t o  t h e  

s o i  1  co l  umns. 

The mechanisms c o n t r o l  1  i ng t h e  t r a n s p o r t  o f  cadmium and 

chromi um i n  n a t u r a l  water  systems were eva l  uated by G i  1  b e r t  e t  a1 . 
(1976  ) i n  1  abo ra to r y  s t u d i e s  o f  a d s o r p t i o n / d e s o r p t i  on behav io r  and 

t h e  i n t e r a c t i o n  o f  t hese  me ta l s  w i t h  phytop lankton.  I n  t h i s  study, 

adso rp t i on  o f  cadmium and chromium on to  t h r e e  i n o r g a n i c  c l a y  

m i n e r a l s  was i n v e s t i g a t e d  i n  ba t ch  s tud ies .  

The adso rp t i on  o f  chromium o n t o  i n o r g a n i c  p a r t i c l e s  was found 

t o  be h i g h l y  dependent on i t s  va lence  s ta te .  Chromium e n t e r i n g  

f resh  wate r  systems i n  t h e  hexavalent  s t a t e  w i l l  n o t  be a p p r e c i a b l y  

adsorbed by  suspended i n o r g a n i c  p a r t i c u l a t e s  such as c l a y  p a r t i c l e s ,  

and hydrous i r o n  and manganese ox ides.  However, Cr(V1) i s  

a p p a r e n t l y  reduced t o  C r ( I I 1 )  i n  f r e s h  wate rs  under anox ic  

environments.  The t r i v a l e n t  form can t h e n  be s t r o n g l y  absorbed by  

most i n o r g a n i c  p a r t i c u l a t e s ,  w i t h  t h e  excep t i on  o f  hydrous manganese 

ox ides.  

Cadmium was a1 so found t o  be adsorbed by c l a y  m i n e r a l s  as w e l l  

as hydrous manganese oxides. However, t h e  a d s o r p t i o n  appears t o  be 



an exchange r e a c t i o n  and should, t h e r e f o r e ,  be r e v e r s i b l e  under some 

cond i t i ons .  

G l l  b e r t  e t  a1 . (1976) p r e d i c t e d  t h a t  me ta l s  assoc ia ted  w i t h  

bo t tom sediments w i l l  undergo o t h e r  geochemical t r ans fo rma t i ons  

w h i c h  f u r t h e r  reduce t h e i r  a v a i l a b i l i t y  t o  t h e  aqueous phase. As a  

r e s u l t ,  sho r t - t e rm  resuspens ion o f  t h e  bo t tom sediment does n o t  

appear  t o  r e l e a s e  s u b s t a n t i a l  l e v e l s  o f  cadmium o r  chromium a t  a  pH 

o f  6.5. However, as t h e  pH decreases and t h e  sediments become more 

reduced, chromium was found t o  be s t a b l e ,  w h i l e  cadmium e x h i b i t e d  

some re1 ease. 

The f i n a l  s t udy  t o  be presented was one by  Nelson (1972) on t h e  

f a t e  o f  t r a c e  m e t a l s  i n  s u b s o i l s  a s  r e l a t e d  t o  t h e  q u a l i t y  o f  

groundwater.  I n  t h i s  study, 1  abo ra to r y  exper iments  were conducted 

t o  eva lua te  t h e  meta l  a d s o r p t i v e  c a p a c i t i e s  o f  s i x  s o i l s .  D i s t u rbed  

samples o f  each o f  t h e  s i x  s o i l  t ypes  were p l aced  i n  2.2 cm d iamete r  

x 15.2 cm l o n g  a c r y l i c  columns, and s o l u t i o n s  o f  v a r i o u s  heavy 

m e t a l s  a t  cons tan t  pH were i n f i l t r a t e d  t h rough  t h e  columns u n t i l  

b reakthrough occurred.  

The a d s o r p t i o n  p a t t e r n s  o f  a1 1  s i x  s o i l  t y p e s  were found t o  

resemble  t h e  Langmuir and/or F r e u n d l i c h  a d s o r p t i o n  i so therms and 

i n d i c a t e d  t h a t  e a c h  o f  t h e  s i x  s o i l s  t e s t e d  we re  c a p a b l e  o f  

compl e x i  ng meta l  s  and rende r i ng  them i n s o l  u b l  e  regard1 ess o f  t h e  

o r g a n i c  m a t t e r  con ten t ,  genesi  s, and p h y s i c a l  and chemical  

p r o p e r t i e s  of t h e  s o i l .  However, t h e  degree t o  which a  p a r t i c u l a r  

s o i l  e x h i b i t e d  a d s o r p t i o n  was dependent on t h e  above f a c t o r s  as w e l l  



as on t h e  n a t u r e  o f  t h e  metal  which i s  rendered i n s o l u b l e .  

Complexat ion was found t o  decrease i n  t h e  f o l l o w i n g  o rder :  

mu1 t i v a l e n t  > d i v a l e n t  > monovalent. It was observed t h a t  t h e  

f o r m e r  ones cou ld  rep lace  t h e  1 a t t e r  ones from a complex. I f  t h e  

ma jo r  mechanism f o r  complexat ion o f  t h e  meta l  i s  p r e c i p i t i o n ,  t h e n  

t h e  above s e r i e s  would n o t  n e c e s s a r i l y  apply.  

I n  s o i l s  w i t h  a  h i g h  o rgan i c  con ten t ,  Nelson (1972) r e p o r t e d  

t h a t  che l  a t i o n  and su r f ace  adso rp t i on  a r e  t h e  mechanisms ma in l y  

r espons ib l e  f o r  r ende r i ng  heavy me ta l s  i n s o l u b l e .  I f  t h e r e  i s  ve ry  

l i t t l e  o r  no o rgan i c  ma t te r ,  t hen  d i f f u s i o n  and entrapment were 

found t o  be p r i m a r i  1  y responsi  b l  e. 

P a r t i t i o n  c o e f f i c i e n t s  were presented by Nelson f o r  a  

s o i l - w a t e r  m i x t u r e  f o r  va r i ous  heavy meta ls .  A summary o f  these  

v a l  ues i s g i ven  i n  Tab1 e 2-11. I n  genera l  , a p a t t e r n  appears t o  be 

p resen t  i n  which t h e  p a r t i t i o n  c o e f f i c i e n t  f o r  a  g iven  metal  spec ies 

decreases w i t h  decreas ing  o rgan ic  con ten t  o f  t h e  s o i l .  For  t h e  case 

o f  Pb and Zn, t h e  adso rp t i on  process appears t o  be approx imate ly  40 

percent  i n  an exchange phenomenon w i t h  t h e  remainder bound i n t o  an 

exchangeable form which would presumably be more permanent. 

Chromium, manganese, and cadmium were almost t o t a l l y  i n  an 

exchangeable form w i t h  some s o i l s  e x h i b i t i n g  re1  ease o f  cadmi um and 

manganese r a t h e r  t han  an uptake. 

The maxi~num a d s o r p t i v e  c a p a c i t i e s  o f  t h e  f o u r  s o i l s  t e s t e d  were 

a1 so c a l c u l a t e d  and a r e  presented i n  Table 2-12. The same general  

t r e n d  o f  decreas ing p a r t i  t i o n  c o e f f i c i e n t  w i t h  decreas ing o rgan i c  
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c o n t e n t  was observed f o r  maximum adsorpt ion' ,  w i t h  a  decreas ing 

maximum a d s o r p t i o n  w i t h  d e c r e a s i n g  o r g a n i c  c o n t e n t .  Lead was 

adsorbed t o  t h e  l a r g e s t  degree, f o l l owed  by chromium and manganese, 

and z i n c  and cadmium. However, de te rm ina t i on  o f  t h e  meta l  con ten t  

o f  t h e  s o i l s  p r i o r  t o  t h e  column s t u d i e s  i n d i c a t e d  t h a t  c u r r e n t  

c o n c e n t r a t i o n s  were f a r  below t h e  maximum measured va lue  f o r  each 

s o i l  t y p e .  N e l s o n  sugges ted  t h a t ,  g i v e n  t h e  c u r r e n t  r a t e  o f  

d e p o s i t i o n  o f  heavy me ta l s  i n t o  these  s o i l  types,  i t  was doub t f u l  

t h a t  t h e  maximum va lues  would ever  be reached. 



CHAPTER 3 

FIELD AND LABORATORY INVESTIGATIONS 

S i t e  Descr i  p t i o n  

The s i t e  se lec ted  f o r  these  i n v e s t i g a t i o n s  i s  l o c a t e d  a t  t h e  

Mai tl and In te rchange on I n t e r s t a t e  4  ( I - ) .  ' rhi s  in terchange,  

l oca ted  n o r t h  o f  t h e  c i t y  o f  Orlando, F l o r i d a ,  was c o n s t r ~ ~ c t e d  i n  

1976 t o  p rov ide  access onto Ma i t l and  Boulevard f o r  b o t h  northbound 

and southbound i n t e r s t a t e  t r a f f i c .  A schematic o f  t h i s  in te rchange 

i s  g i ven  i n  F i g u r e  3-1. Ma i t l and  Boulevard crosses over  I n t e r s t a t e  

4  by  means o f  a  b r i d g e  overpass c rea ted  d u r i n g  c o n s t r u c t i o n  o f  t h e  

i nterchange. The Mai tl and Boulevard b r i d g e  c o n s i s t s  of two 

sect ions,  one c a r r y i n g  two lanes  o f  eastbound t r a f f i c  p l u s  one e x i t  

lane, w i t h  t h e  o t h e r  s e c t i o n  c a r r y i n g  two l anes  o f  westbound t r a f f i c  

p l u s  one e x i t  l a n e .  T r a f f i c  vo lume on M a i t l a n d  B o u l e v a r d  i s  

approx imate ly  15,800 ADT (Average D a i l y  T r a f f i c )  eastbound and 

15,600 westbound.  T r a f f i c  vo lume on 1-4 t h r o u g h  t h e  M a i t l a n d  

In terchange i s  approx imate ly  51,000 ADT eastbound and wes tbo~~nd  

( H a r r e l l  1984). 

Du r i ng  t h e  c o n s t r u c t i o n  process, t h r e e  borrow p i t s  were 

excavated t o  p rov ide  f i l l  m a t e r i a l  f o r  c o n s t r u c t i o n  o f  t h e  overpass 

and e x i t  1  anes. A f t e r  complet ion o f  t h e  in terchange,  t h e  excavated 

p i t s  were shaped and u t i  1  i zed as stormwater d e t e n t i o n / r e t e n t i o n  

f a c i l  i t i e s .  The d ra inage  sys te~ i i  f o r  I n t e r s t a t e  4  sur round ing  t h e  



F i g u r e  3-1. Study S i t e  a t  M a i t l a n d  I n t e r c h a n g e .  



i n te rchange was designed so t h e  highway r u n o f f  would f l o w  by g r a v i t y  

t o  t h e  cen te r  grassy median. Stormwater i n l e t s  were cons t ruc ted  a t  

va r i ous  p o i n t s  a long t h e  median t o  c o l l e c t  and d i v e r t  t h e  f low under 

t h e  h i g h w a y  t o  t h e  l a r g e  g r a s s y  swa le  on t h e  e a s t  s i d e  o f  t h e  

northbound 1 ane. Stormwater t h e n  f l  ows th rough t h i s  swal e, pass ing 

under ent rance and e x i t  ramps by way o f  conc re te  c u l v e r t s ,  and 

f i n a l l y  reaches t h e  eas te rn  pond (des ignated as Pond A i n  F i g u r e  

3-1). 

Pond A i s  connected t o  Pond B by  way o f  l a r g e  c u l v e r t s  so t h a t  

when Pond A exceeds i t s  des ign  capac i ty ,  i t  can d i scha rge  t o  t h e  

nor thwes te rn  pond (Pond 0) .  The nor thwestern pond has t h e  

c a p a b i l i t y  t o  d i s c h a r g e  t o  t h e  s o u t h w e s t e r n  pond ( r e f e r r e d  t o  

h e r e a f t e r  as t h e  West Pond)  b y  way o f  t h r e e  90  cm r e i n f o r c e d  

c o n c r e t e  p i p e  c u l v e r t s  when des ign  e l e v a t i o n s  a re  exceeded. The 

t o t a l  des ign dra inage area which d ischarges i n t o  t h e  t h r e e  ponds i s  

19 .8  h e c t a r e s ,  mos t  o f  w h i c h  i s  d i s c h a r g e d  t o  Ponds A and B. 

However,  s i nce  t h e  a v a i l a b l e  vo l  unles o f  b o t h  Pond A and Pond B a r e  

q u i t e  l a r g e  r e l a t i v e  t o  t h e i r  r e c e i v i n g  watersheds, i t  i s  

a n t i c i p a t e d  t h a t  a  d i scha rge  f rom Ponds A o r  B t o  t h e  West Pond 

would o n l y  occur  as a r e s u l t  o f  an extreme r a i n f a l l  event. The 

l a r g e s t  d i r e c t  i n p u t  i n t o  t h e  West Pond o t h e r  than  p r e c i p i t a t i o n  i s  

highway r u n o f f  f rom a watershed o f  approx imate ly  1.6 ha (3.95 acres)  

t h a t  i n c l  udes much o f  t h e  IYai t l  and Boulevard overpass. Stormwater 

r u n o f f  f rom t h i s  watershed i s  d ischarged i n t o  t h e  west end o f  t h e  

pond t h r o u g h  a 45 cm conc re te  p i p e  c u l v e r t  l o c a t e d  a t  t h e  nor thwest  



t i p  o f  t h e  t r i a n g u l a r  pond. The remain ing i n p u t s  i n t o  t h e  West Pond 

a r e  predominant ly  highway r u n o f f  sub jec ted  t o  over land  and swale 

f l o w ,  a long w i t h  a  small watershed on t h e  eas t  s i d e  which d r a i n s  

d i r e c t l y  from 1-4 i n t o  t h e  pond. 

Discharge from t h e  West Pond i n t o  Lake Luc ien  i s  p o s s i b l e  and 

i s  r egu la ted  by a  f l ashboa rd  r i s e r  system and ear then  berm. 

However, t h e  f lashboard  r i s e r s  were cons t ruc ted  t o  f i t  very  l o o s e l y  

i n t o  t h e  e x i t  s t r u c t u r e ,  and wate r  seeps f r e e l y  around and between 

these  boards. As a  r e s u l t ,  t h e  ea r then  berm l o c a t e d  downstream from 

t h e  o u t l e t  c u l v e r t ,  a c t u a l l y  c o n t r o l s  d ischarges  from t h e  pond. The 

minimum e l e v a t i o n  necessary t o  cause a  d ischarge  from t h e  ear then  

berm i s  27.43 m above MSL (89.67 f t ) .  Upon d i scha rg ing  from t h e  

bermed area, pond wate r  i s  r e t a i n e d  i n  a  ve ry  smal l  sha l low wet land 

a rea .  A water  e l e v a t i o n  o f  27.48 m MSL (90.14 f t )  i s  necessary t o  

cause a  d ischarge  from t h e  wet land  area t o  Lake Lucien. 

S i n c e  t h e  pond su r f ace  area i s  q u i t e  l a r g e  i n  r e l a t i o n  t o  t h e  

c o n t r i b u t i n g  watershed, stormwater i n p u t s  under normal c o n d i t i o n s  do 

n o t  cause  l a r g e  changes i n  wa te r  l e v e l .  Pond e l e v a t i o n s  have been 

con t i nuous l y  mon i to red  w i t h  a Stevens Model A-72 water  l e v e l  

r e c o r d e r  s i nce  7/1/83. A summary o f  t h i s  record  f o r  a  one-year 

p e r i o d  i s  presented i n  F i g u r e  3-2. Accord ing t o  t h i s  record,  t h e  

e x i t  e l e v a t i o n  o f  27.48 m (90.14 f t )  i s  exceeded o n l y  a  s m a l l  

p o r t i o n  o f  t h e  t ime,  and as a  r e s u l t ,  d i scharges  f rom t h e  pond i n t o  

Lake  Luc ien occur  i n f r e q u e n t l y .  Because o f  t h e  r e l a t i v e l y  
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w e l l - d e f i n e d  na tu re  o f  b o t h  t h e  i n p u t s  and ou tpu t s  o f  t h e  West Pond, 

t h i s  system was chosen f o r  t h e  i n v e s t i g a t i o n .  

Phys ica l  Charac te r i  s i t i c s  o f  t h e  West Pond 

Morphometr ic  c h a r a c t e r i s t i c s  o f  t h e  West Pond were determined 

d u r i n g  August and September 1982 th rough a s e r i e s  o f  f i e l d  

measurements. A map o f  t h e  shore l  i n e  con tour  was produced us ing  a 

t w o - p o i n t  t r i a n g u l a t i o n  techn ique  as descr ibed  i n  L i n d  (1974), and 

c o n t o u r  d e p t h s  and p r o f i l e s  were  e s t i m a t e d  b y  d e p t h  s o u n d i n g s  

c o l l e c t e d  a t  n i n e  t r a n s e c t s  across t h e  pond. The r e s u l t s  of  t h e  

shore l  i n e  and depth con tour  mappings a r e  shown i n  F i g u r e  3-3, and 

c a l c u l a t e d  con tour  areas and f r u s t r u m  volumes a r e  l i s t e d  i n  Table 

3-1. P l o t s  o f  su r face  area and volume versus water  e l e v a t i o n  a r e  

shown i n  F igu res  3-4 and 3-5. As ev iden t  i n  these  f igu res ,  t h e  West 

Pond has a t r i a n g u l a r  shape w i t h  r e l a t i v e l y  s teep s i des  and an 

approx imate ly  f l a t  bottom. These phys i ca l  c h a r a c t e r i  s i  t i c s  a r e  

presumably a  r e s u l t  o f  t h e  o r i g i n  o f  t h e  pond as a borrow p i t .  

The West Pond has an approximate su r f ace  area o f  1.3 ha and an 

average dep th  o f  1.5 m. Water c l a r i t y  i n  t h e  pond i s  norma l l y  q u i t e  

good w i t h  v i s i b i l i t y  ex tend ing  e a s i l y  t o  t h e  bottom. Concentrat ions 

. o f  n u t r i e n t s ,  e s p e c i a l l y  phosphorus, a r e  t y p i c a l l y  low. The pond 

mai  n t a i n s  a popul a t i o n  o f  E i c h o r n i a  c rass ipes  (wa te r  hyanc in ths )  

which n o r m a l l y  reach a peak i n  numbers d u r i n g  t h e  summer, cove r i ng  

app rox ima te l y  30-50 percen t  o f  t h e  pond sur face.  However, d u r i n g  
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t h e  w i n t e r  months, t hese  p l a n t s  d i e  back t o  a  coverage o f  l e s s  t han  

1 0  p e r c e n t .  The pond  m a i n t a i n s  a  l a r g e  s t a n d i n g  c r o p  o f  t h e  

macro-algae Chara v i r t u a l l y  year-round. I n  c e r t a i n  p o r t i o n s  o f  t h e  

pond, p a r t i c u l a r l y  t h e  c e n t r a l  and western areas, t h i s  spec ies has 

f i l l e d  t h e  e n t i r e  a v a i l a b l e  water  c o l  urnn. I n  many p l aces  t h e  Chara 

i s  i n t e r m i x e d  w i t h  f i l amen tous  algae, such as Sp i rogyra .  A  l a r g e  

and d i v e r s e  f i s h  p o p u l a t i o n  was observed w i t h  severa l  l a r g e  bass and 

ga r ,  a l o n g  w i t h  an abundance o f  s m a l l e r  spec ies  such as sun f i sh  and 

mosqui to f i s h .  A co l ony  o f  A f r i c a n  c i c h l i d s  ( an  impor ted  t r o p i c a l  

f i s h  spec ies)  had become e s t a b l  i shed on t h e  southern shore1 ine ,  

undoubtedly r e1  eased t h e r e  by someone e i t h e r  i n t e n t i o n a l l y  o r  

a c c i d e n t l y .  Large s o f t - s h e l l  t u r t l e s  were a1 so seen on severa l  

o c c a s i o n s .  Because o f  t h e  sha l l ow  wate r  dep th  and l a r g e  amount o f  

a l g a l  p roduc t ion ,  t h e  pond wate rs  remain i n  a  w e l l  oxygenated s ta te .  

Sediment m a t e r i a l  i s  p redominan t l y  sand which i s  covered by a  t h i n  

l a y e r  o f  o rgan i c  ma t t e r ,  approx imate ly  one cen t ime te r .  t h i c k .  

F i e l d  I n v e s t i g a t i o n s  

F i e l d  i n v e s t i g a t i o n s  conducted d u r i n g  1982-1984 a t  t h e  West 

Pond were d i v i d e d  i n t o  t h e  f o l l o w i n g  t asks :  ( 1 )  d e t e r m i n a t i o n  o f  t h e  

q u a n t i t y  o f  heavy me ta l s  e n t e r i n g  t h e  West Pond by way o f  stormwater 

r uno f f ,  (2 )  d e t e r m i n a t i o n  o f  t h e  average heavy meta l  concen t ra t i ons  

i n  t h e  r e t e n t i o n  b a s i n  water, ( 3 )  assessment o f  t h e  h o r i z o n t a l  and 

v e r t i c a l  accumulat ion o f  heavy me ta l s  i n  t h e  sediments o f  t h e  pond, 



and ( 4 )  m o n i t o r i n g  o f  heavy metal  concen t ra t i ons  i n  groundwater 

b e n e a t h  t h e  r e t e n t i o n  bas in .  Each o f  these t a s k s  i s  descr ibed  i n  

t h e  f o l  1  owing sec t ions .  

C h a r a c t e r i z a t i o n  o f  Stormwater Runof f  

To determine t h e  q u a n t i t y  o f  heavy me ta l s  e n t e r i n g  t h e  West 

Pond by way o f  stormwater r u n o f f ,  an ISCO au tomat ic  r e f r i g e r a t e d  

sampl e r  was i n s t a l  1  ed i n  a  t r a i  1  e r  ad jacen t  t o  t h e  45 cm stormsewer 

i n p u t  on t h e  west end o f  t h e  pond. A tygon sample t u b e  was extended 

f rom t h e  t r a i l e r  t o  t h e  stormsewer. A 60 cm x 60 cm plywood box, 

1.25 m l o n g ,  was a t tached t o  t h e  end o f  t h e  e x i t  p ipe ,  and a 90' 

V - n o t c h  w e i r  was p l a c e d  on t h e  end o f  t h e  box.  The sample 

c o l l e c t i o n  ' tube was a t tached i n s i d e  t h e  wooden box. Water 

e l e v a t i o n s  d i s c h a r g i n g  f rom t h e  V-notch we i r  were mon i to red  by an 

ISCO pressure  t ransducer  and conver ted t o  a  v o l u m e t r i c  f l o w  by a 

pre-programmed ISCO f l o w  meter. A record  o f  stormwater volumes 

e n t e r i n g  t h e  pond was made f o r  each s torm event. 

F low weighted composite samples were c o l l  ec ted  w i t h  t h e  

automat ic  r e f r i g e r a t e d  sampler over  a  13-month p e r i o d  f o r  15 

separate storm events,  r e p r e s e n t i n g  a wide range o f  r a i n f a l l  

i n t e n s i t i e s  and antecedent d r y  per iods .  The au tomat ic  sampler was 

programmed t o  c o l l e c t  a  o n e - l i t e r  sample o f  r u n o f f  f o r  every 1830 

l i t e r s  ( 100  cub i c  f e e t )  o f  f l ow.  Samples were c o l l e c t e d  as soon as 

p o s s i b l e  f o l l o w i n g  s torm events  and re tu rned  t o  t h e  l a b o r a t o r y  f o r  

n u t r i e n t  and heavy meta l  analyses. 



C h a r a c t e r i z a t i o n  o f  Re ten t i on  Basin Water 

Water sampl es were c o l  1  ected p e r i o d i c a l l y  w i t h i n  t h e  West Pond 

from June 1982 t o  February 1983. An a c r y l i c  f o u r - l i t e r  Kemmerer 

w a t e r  sampler was used f o r  sample c o l l e c t i o n .  Composi t e  samples 

were formed by combining samples c o l l e c t e d  a t  depths o f  0.5 and 1.0 

meters  f rom f i v e  f i x e d  s t a t i o n s  se lec ted  i n i t i a l l y  a t  random w i t h i n  

t h e  pond. The l o c a t i o n s  o f  these s t a t i o n s  a r e  i n d i c a t e d  i n  F igu re  

3-3.  Each o f  t h e  f i v e  samples were a n a l y z e d  s e p a r a t e l y  f o r  

n u t r i e n t s  and heavy metal  s, and an average va lue  was c a l c u l a t e d  f o r  

each parameter on each sampl i n g  date.  I n  a d d i t i o n ,  dep th  p r o f i l e s  

o f  wa te r  temperature,  pH, d i s s o l v e d  oxygen, s p e c i f i c  c o n d u c t i v i t y ,  

and o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  were recorded a t  0.5 rn i n t e r v a l  s  

a t  each s t a t i o n  on each date,  us i ng  a  Hydrolab S e r i e s  8000 Water 

Q u a l i t y  Moni tor ,  t o  p r o v i d e  background i n f o r m a t i o n  f o r  p o s s i b l e  use 

i n  da ta  ana lys is .  

C h a r a c t e r i z a t i o n  o f  Heavy Meta ls  i n  Sediments 

The h o r i z o n t a l  and v e r t i c a l  d i s t r i b u t i o n  o f  heavy meta ls  i n  t h e  

sediments o f  t h e  West Pond was i n v e s t i g a t e d  by c o l l e c t i o n  of a  

s e r i e s  o f  2.5 cm d iameter  co re  samples t o  a  dep th  o f  approx imate ly  

13 cm. A schematic o f  t h e  co re  sample c o l l e c t i o n  d e v i c e  i s  shown i n  

F i g u r e  3-6. Core sample tubes were cons t ruc ted  of  c l e a r  

po lycarbonate  p i p e  approx imate ly  20 cni l o n g  w i t h  a  beveled edge f o r  

ease i n  sediment pene t ra t i on .  The sample tube  was a t tached w i t h  
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h o l d i n g  screws t o  t h e  end o f  a  3  m long,  3.8 cm d iameter  PVC pipe. 

A  s u c t i o n  p lunger ,  cons t ruc ted  f rom rubber  s toppers,  was placed 

i n s i d e  t h e  co re  t ube  a t  t h e  bo t tom near t h e  beveled edge. A  ny lon  

s t r i n g  was a t tached t o  an eyehook i n  t h e  rubber  p lunger .  As t h e  

co re  t ube  was i n s e r t e d  i n t o  t h e  sediments, t h e  rubber  p lunger  was 

s i m u l t a n e o u s l y  p u l l e d  up t h e  t u b e  w i t h  t h e  s t r i n g  so t h a t  t h e  

p lunger  and sediment m a t e r i a l  moved up t h e  t ube  c l o s e  t o g e t h e r  and 

a t  t h e  same ra te .  Th is  t echn ique  c rea ted  a  p a r t i a l  vacuum i n  t h e  

c o r e  t u b e  above t h e  sediments so t h a t  t h e  l oose  sediment would n o t  

f a l l  o u t  o f  t h e  t ube  a f t e r  i t  was ex t rac ted .  

Core samples were c o l l e c t e d  on 10/15/82, 10/15/83 and aga in  on 

4/15/84 i n  o rde r  t o  es t ima te  accumulat ions o f  heavy me ta l s  over t h i s  

p e r i o d .  On each date,  43 separa te  co re  samples were c o l l e c t e d  i n  

t h e  West Pond a t  7.5 m i n t e r v a l s  a long  10 t r ansec t s ,  as shown i n  

F igu re  3-7. The use o f  t r a n s e c t s  a l lowed c o l l e c t i o n  o f  c o r e  samples 

on each c o l l e c t i o n  d a t e  f rom l o c a t i o n s  ve ry  c l o s e  t o  where t h e  o t h e r  

se t s  were c o l l e c t e d ,  so t h a t  accumulat ion r a t e s  o f  heavy me ta l s  i n  

t h e  sediment cou ld  be est imated. 

Upon r e t u r n  t o  t h e  l a b o r a t o r y ,  t h e  co re  samples were f r o z e n  t o  

f a c i l  i t a t e  hand1 i n g  o f  t h e  l o o s e  sediments. The f r o z e n  cores were 

removed from t h e  tubes and sec t i oned  i n t o  t h e  f o l l o w i n g  l a y e r s :  0-1 

cm, 1-3.5 cm, 3.5-6 cm, 6-8.5 cm, and 8.5-13 cm. Sediment l a y e r s  

were s to red  i n  po l ye thy lene  b o t t l e s  under r e f r i g e r a t i o n  u n t i l  

a n a l y s i s .  Metal  concen t ra t i ons  i n  t h e  0-1 cm l a y e r  were used t o  

i n v e s t i g a t e  h o r i z o n t a l  movement o f  heavy metal  s  f rom t h e  p o i n t  o f  





d i s c h a r g e  i n t o  t h e  pond. The e x t e n t  o f  v e r t i c a l  m i g r a t i o n  o f  heavy 

m e t a l  s  was determined us ing  a l l  f i v e  layers .  For  t h e  s e t  o f  co re  

samples c o l l e c t e d  on 10/15/82, each o f  t h e  43 core  samples was 

analyzed f o r  heavy meta ls  sepa ra te l y  a t  each o f  t h e  f i v e  l aye rs ,  f o r  

a  t o t a l  o f  215 sediment samples. Samples c o l l e c t e d  on 10/15/83 were 

d i v i d e d  i n t o  t h e  f i v e  l a y e r s  and t hen  combined t oge the r  by l a y e r  t o  

form a  composi te  sample f o r  each l a y e r .  Each o f  t h e  f i v e  r e s u l t i n g  

samples were analyzed i n  t r i p l i c a t e .  A s i m i l a r  techn ique  was used 

f o r  t h e  sampl es c o l l  ec ted  on 4/15/84. 

Groundwater M o n i t o r i n g  

To i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  groundwater con tamina t ion  by 

1  e a c h i n y  o f  heavy metal  s  f rom stormwater  management systems, f i v e  

mu1 t i p o r t  m o n i t o r i n g  we1 1  s were i n s t a l l e d  a t  l o c a t i o n s  i n d i c a t e d  i n  

F i g u r e  3-1. We1 1  s  des ignated as numbers 2  and 3 were i n s t a l l e d  a t  

t h e  edges o f  t h e  West Pond t o  m o n i t o r  p o s s i b l e  v e r t i c a l  movement of 

heavy me ta l s  beneath t h e  pond. The remain ing t h r e e  m o n i t o r i n g  w e l l s  

were  i n s t a l l e d  a t  va r i ous  l o c a t i o n s  surrounding t h e  storniwater 

management system. Well number 1 was l o c a t e d  i n  a grassy "d r y "  

swa le  area approx imate ly  40 m  sou th  o f  t h e  pond t o  p r o v i d e  f o r  

groundwater m o n i t o r i n g  i n  an area r e c e i v i n g  p e r i o d i c  stormwater 

i n f i l t r a t i o n .  Well number 4  was p laced  i n  an i s o l a t e d  area which 

rece i ves  no d i  r e c t  stormwater d i  scharges and i s  norma l l y  dry .  We1 1  

number 5  was l o c a t e d  east  o f  1-4 i n  a  l ow  "wet" swale area. S ince  

no rma l  g r o u n d w a t e r  f l o w  i n  t h i s  a r e a  i s  t o w a r d  t h e  e a s t  and 



no r theas t ,  any contaminants l e a v i n g  t h e  West Pond and m i g r a t i n g  w i t h  

groundwater m igh t  p o s s i b l y  be d e t e c t e d  a t  t h i s  l o c a t i o n .  

The w e l l  des ign was such t h a t  a l l  sample p o r t s  were housed i n  a  

s i n g l e  two- inch  po l ye thy l ene  p ipe .  A  schematic o f  t h e  mu1 ti p o r t  

sampl ing dev ices  i s  shown i n  F i g u r e  3-8. It was f e l t  t h a t  t h i s  

des ign  would ~ i i i n i m i  ze so i  1  d i s t u r b a n c e  and reduce groundwater 

r ecove ry  t i m e  f o r  o b t a i n i n g  r e p r e s e n t a t i v e  samples when compared t o  

o t h e r  m o n i t o r i n g  w e l l  des igns  such as c l u s t e r  w e l l s .  Sample p o r t s  

w e r e  c o n s t r u c t e d  f r o m  o n e - h o l e  neop rene  s t o p p e r s  w i t h  a  5 mm 

s e m i - r i g i d  po l ye thy l ene  t ube  i n s e r t e d  i n  t h e  h ~ l e .  The s topper  was 

covered w i t h  a  smal l  mesh p l a s t i c  screen t o  p reven t  p a r t i c l e s  f rom 

e n t e r i n g  t h e  tub ing .  The w e l l  c a s i n g  was cons t ruc ted  o f  5 cm PVC 

p i p e .  Sample p o r t s  were i n s e r t e d  i n  t h e  cas ing  a t  depths o f  0.1 m, 

0.5 m, 1.0 m, 3.0 m, and 6.0 m  be low t h e  water  t a b l e  e l e v a t i o n  a t  

t h e  t i m e  o f  placement. Po l ye thy l ene  t u b i n g  was extended f rom each 

sample  p o r t  th rough  t h e  PVC c a s i n g  t o  t h e  su r f ace  where t h e  ends 

we re  permanent ly  marked f o r  i d e n t i f i c a t i o n  o f  sample p o r t s  d u r i n g  

sampl e  c o l l e c t i o n .  

Bore ho les  f o r  t h e  mu1 t i p o r t  w e l l s  were d r i l l e d  by Ardaman and 

A s s o c i a t e s  o f  Orlando, F l o r i d a ,  u s i n g  a  r o t a r y  b i t  t o  a  dep th  o f  

a p p r o x i m a t e l y  7 meters. A  s i x - i n c h  cas ing  was extended i n  2 m 

s e c t i o n s  as t h e  d r i l l i n g  p roy resses  t o  h o l d  t h e  bore h o l e  open. No 

d r i l l i n g  f l u i d s  o f  any k ind ,  excep t  water ,  were used d u r i n g  

d r i l l i n g .  Once t h e  d r i l l i n g  process was completed, t h e  h o l e  was 

backwashed u n t i l  t h e  wash wate r  was c l e a r  and f r e e  o f  suspended 
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s o l  i d s .  The m o n i t o r i n g  we1 1 ' s  po l ye thy lene  housing was i n s e r t e d ,  

and b a c k f i l l i n g  w i t h  c lean  s i l  i c a  sand (20-30 grade) was begun. 

A f t e r  approx imate ly  1.5 meters o f  b a c k f i l l  had been placed, t h e  

d r i l l  cas ing  was r a i s e d  and a s e c t i o n  was removed. Ben ton i t e  seals,  

app rox ima te l y  20 cm t h i c k ,  i n  t h e  form o f  0.75 cm p e l l e t s ,  were 

p laced mid-way between t h e  3 m and 6 m sample por ts ,  and between t h e  

1.0 and 3 m po r t s .  No sea ls  were p laced  between t h e  upper p o r t s  

s i nce  these  p o r t s  were very  c l o s e  t o g e t h e r  and c l o g g i n g  o f  a  p o r t  by 

t h e  b e n t o n i t e  seal  was a p o s s i b i l i t y .  An a d d i t i o n a l  seal  was p laced  

around t h e  m o n i t o r i n g  w e l l  cas ing  a t  t h e  ground su r f ace  t o  m in im ize  

seepage o f  water  around t h e  s ides  o f  t h e  PVC p ipe.  A removable end 

cap cover  was i n s t a l  l e d  on each we1 1 t o  p r o t e c t  t h e  sample tubes. 

A f t e r  c o n s t r u c t i o n  was completed i n  March 1983, no samples were 

c o l l e c t e d  f o r  a n a l y s i s  f o r  a p p r o x i m a t e l y  60 days  t o  a l l o w  f o r  

groundwater d is tu rbances  c rea ted  d u r i n g  t h e  i n s t a l l a t i o n  process t o  

d i s s i p a t e .  I n  a d d i t i o n ,  d u r i n g  t h e  f i r s t  s i x  months f o l l o w i n g  

c o n s t r u c t i o n ,  each p o r t  on each o f  t h e  f i v e  w e l l s  was pumped f o r  10 

m i n u t e s  on a weekly b a s i s  w i t h  a  p e r i s t a l t i c  pump t o  remove any 

remaining groundwater which may have been d i s t u r b e d  d u r i n g  

cons t ruc t i on .  Th i  s  process removed approx imate ly  20 1 i t e r s  f rom 

each sample p o r t  on each weekly v i s i t .  

Groundwater samples were co l  l e c t e d  f o r  a n a l y s i s  on a month ly  

b a s i s  b e g i n n i n g  i n  May 1983. Samples were  c o l l e c t e d  u s i n g  a 

p o r t a b l  e  bat tery-powered p e r i  s t a l  t i c  pump. Approx imate ly  10 1 i t e r s  

o f  groundwater was pumped and d iscarded  f rom each p o r t  before a 



sample was c o l l e c t e d .  Samples were c o l l e c t e d  i n  one-1 i t e r  

p o l  y e t h y l  ene b o t t l  es. The sampl e  b o t t l  e  was a1 1  owed t o  ove r f l ow  

approx imate ly  3  volumes b e f o r e  t h e  sample was accepted. Beginn ing 

i n  December 1983, t h e  groundwater samples were pumped th rough a  f l o w  

c e l l  connected t o  a  Hydro lab System 8000 Water Q u a l i t y  Mon i to r  which 

was p laced i n  l i n e  be fo re  t h e  sample b o t t l e .  T h i s  techn ique  a l lowed 

d i r e c t  measurement o f  temperature,  c o n d u c t i v i t y ,  pH, d i sso l ved  

oxygen and o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  as t h e  sample was be ing 

c o l l e c t e d .  These f i e l d  measurements a r e  a c c u r a t e  f o r  c e r t a i n  

parameters such as pH, d i s s o l v e d  oxygen and ox ida t i on - reduc t i on  

p o t e n t i  a1 which a re  sub jec t  t o  r a p i d  change d u r i n g  storage. 

C o l l e c t e d  samples were re tu rned  t o  t h e  l a b o r a t o r y  f o r  a n a l y s i s  o f  

n u t r i  en t s  and heavy metal  s. 

Labora to ry  I n v e s t i g a t i o n s  

L a b o r a t o r y  i n v e s t i g a t i o n s  d u r i n g  t h i s  research were d i v i d e d  

i n t o  t h e  f o l l o w i n g  tasks :  ( 1 )  analyses o f  d i s s o l v e d  and t o t a l  heavy 

m e t a l  concen t ra t i ons  i n  t h e  r e t e n t i o n  pond water, stormwater, and 

m o n i t o r i n g  we1 1  samples, (2 )  a n a l y s i s  o f  heavy meta l  concen t ra t ions  

i n  sediment co re  samples f rom t h e  West Pond, ( 3 )  an e x t r a c t i o n  

p r o c e s s  which a1 lowed de tenn ' ina t ion  o f  t h e  chemical s p e c i a t i o n  of 

heavy me ta l s  i n  sediment co re  samples, and ( 4 )  a  s e r i e s  o f  

i n v e s t i g a t i o n s  t o  determine t h e  i n f l u e n c e  o f  pH and redox p o t e n t i a l  

on  t h e  c h e m i s t r y  o f  heavy  m e t a l s  i n  sed iments .  Each o f  t h e s e  

procedures i s  descr ibed  i n  t h e  f o l l o w i n g  sect ions.  



Heavy Metal Ana l ys i s  i n  Water Samples 

Heavy meta l  a n a l y s i s  i n  water  samples was d i v i d e d  i n t o  

de te rmina t ions  o f  d i sso l ved  and t o t a l  concen t ra t ions .  For a  

d i  sso l  ved ana l ys i s ,  t h e  sample was f i l  t e r e d  th rough an acid-washed 

Whatman G F / C  g l a s s  f i b e r  f i l t e r .  Each f i l t e r  was soaked b e f o r e  use 

i n  1:l n i t r i c  a c i d  f o r  24 hours. The f i l t e r s  were then  r i n s e d  by 

soaking i n  t h r e e  changes o f  d i s t i l l e d  wate r  f o r  24 hours each. 

Immediately p r i o r  t o  use, t h e  f i l t e r  was r i n s e d  an a d d i t i o n a l  t ime  

by  f i l t r a t i o n  o f  300 ml d i s t i l l e d  water  f o l l o w e d  by 100 ml o f  t h e  

sample t o  be f i l t e r e d .  These i n i t i a l  r i n s e  waters  were discarded, 

and a  sample f o r  metal  a n a l y s i s  was t hen  f i l t e r e d .  The f i l t r a t i o n  

appara tus  was cons t ruc ted  o f  po lycarbonate  t o  avo id  metal  

contaminat ion.  Fo r  t o t a l  metal  analyses no p re t rea tment  was 

performed. 

Both t o t a l  and d i s s o l v e d  samples were t hen  c a r r i e d  th rough an 

a c i d  d i g e s t i o n  procedure. One-hundred m i l l i l i t e r s  o f  sample was 

p l  aced i n  an acid-washed 250 ml E r y l  enmeyer f l a s k  a long  w i t h  2 ml of  

r e d i s t i l l e d  n i t r i c  ac id .  The sample was r e f l u x e d  on a  ho t  p l a t e  

w i t h o u t  b o i l  i n g  u n t i l  t h e  volume was reduced t o  between 5-10 ml . 
The sample was a l lowed t o  coo l ,  d i l u t e d  t o  a  f i n a l  volume o f  20 ml, 

and s to red  i n  a  d i sposab le  po l ye thy lene  beaker covered w i t h  p a r a f i l m  

u n t i l  ana l ys i s .  

A1 1  g l a s s w a r e  used f o r  sample d i g e s t i o n ,  as  w e l l  as  f o r  

p r e p a r a t i o n  and s to rage  o f  s tandards and reagents,  was a c i d  washed 



p r i o r  t o  u.se. Glassware was f i r s t  washed w i t h  a  s t i f f  b rush  i n  ho t  

wa te r  us ing  a phosphate- f ree de te rgen t .  A f t e r  r i n s i n g ,  t h e  

c o n t a i n e r  was f i l l e d  w i t h  h o t  1:l n i t r i c  a c i d  f o r  30 seconds. T h i s  

a c i d  r i n s e  was f o l l o w e d  by f i v e  r i n s e s  w i t h  d i s t i l l e d  water. A l l  

d i s t i l l e d  wate r  used f o r  d i l u t i o n s  and b lanks  i n  metal  analyses was 

f i r s t  de ion i zed  then  g lass  d i s t i l l e d ,  f o l l owed  by a f i n a l  

de ion i  z a t i o n  t h rough  a Barnstead Nanopore C a r t r i d g e  system. 

Ana l ys i s  o f  heavy meta ls  was performed on t h e  a c i d i f i e d  

concentrated sampl es us ing  a d i  r e c t  c u r r e n t  argon p l  asma 

spec t roscop i c  techn ique  on a Spec t romet r i cs  Spectrospan 111. The 

heavy m e t a l  s  analyzed d u r i n g  t h i s  research. were Cd, Zn, Mn, Cu, A1 , 

Fe, Pb, Ni, and Cr. The Spectrospan I11 performed t h r e e  separate 

spectrum analyses f o r  each meta l  on each sample and produced a 

p r i n t o u t  l i s t i n g  each separate ana l ys i s ,  an average value, and a 

s t a n d a r d  d e v i a t i o n  f o r  each  m e t a l .  A s t a n d a r d  s o l u t i o n  and a 

d i  s t i  11 ed wate r  b l ank  were analyzed b e f o r e  and a f t e r  each s e t  o f  6 

t o  8 samples. A computer program was w r i t t e n  and used t o  c o r r e c t  

t h e  average va lues  f o r  each sample f o r  d r i f t  i n  measurements o f  bo th  

t h e  standard so l  u t i o n  and b lank  s o l  u t i on .  

A n a l y s i s  o f  Heavy Meta ls  i n  Sediments 

Ac id  e x t r a c t a b l e  heavy metal  analyses were conducted on t h e  

c o r e  samples c o l l e c t e d  on 10/15/82, 10/15/83, and 4/15/84 f o r  each 

o f  t h e  n i n e  me ta l s  1  i s t e d  p rev ious l y .  Each c o r e  s e c t i o n  was f i r s t  

d r i e d  a t  103' t o  determine mo i s tu re  con ten t  f o l l owed  by i g n i t i o n  a t  



5 5 0 ' ~  t o  determine o rgan i c  content .  The ashed sample was ground 

w i t h  a  m o r t a r  and p e s t l e ,  and a p p r o x i m a t e l y  0.4 g  o f  sed iment  

(we ighed  t o  t h e  neares t  0.1 mg) was placed i n  an acid-washed 250 ml 

Erylenmeyer f l a s k .  F i v e  m i l  1  il i t e r s  o f  r e d i  s t i  11 ed n i t r i c  ac i d  were 

added a long w i t h  100 rr11 o f  g l ass  d i s t i l l e d  and de ion i zed  water. 'The 

m i x t u r e  was re f l uxed  w i t h o u t  b o i l i n g  u n t i l  a  volume o f  approx imate ly  

1 0  m l  was reached.  The f l a s k  was a l l o w e d  t o  c o o l  and t h e  

supernatant  was ca re fu l  l y  decanted i n t o  a  po l  y e t h y l  ene d isposab le  

beake r .  The remainir lg sediment was r i n s e d  w i t h  two a d d i t i o n s  o f  10 

ml o f  d i s t i l l e d  water  which were added t o  t h e  supernatant.  The 

supe rna tan t  was d i l u t e d  t o  a  volume o f  50.0 ml and covered w i t h  

paraf  i 1 m u n t i  1  anal y s i  s. 

Spec ia t i on  o f  Heavy Meta ls  i n  Sediments 

T h e o r e t i c a l l y ,  i t  i s  chem ica l l y  p o s s i b l e  t o  p a r t i t i o n  so l  i d  

m a t e r i a l  i n t o  s p e c i f i c  meta l  f r a c t i o n s  by u s i n g  app rop r i a te  

procedures. Recent ly  Tess le r  e t  a l .  (1979) r epo r ted  an improved 

sequent i  a1 e x t r a c t i o n  procedure f o r  t h e  spec i  a t i o n  o f  p a r t i c u l  a t e  

t r a c e  metals.  T h i s  new procedure e l i m i n a t e d  many o f  t h e  problems 

p r e v i o u s l y  r epo r ted  i n  s i  ng l  e  e x t r a c t i o n  procedures. 

I n  t h i s  p r o c e d u r e ,  f i v e  f r a c t i o n s  were  e x t r a c t e d  and a r e  

i d e n t i f i e d  as f o l l  ows: 

1. So lub le  - metal  i o n s  con ta ined  i n  water  which a re  t rapped 
i n  i n t e r s t i t i a l  pore  spaces 

2. Exchangeable - metal  i o n s  which a re  s p e c i f i c a l l y  adsorbed 
and a r e  i o n  exchangeable 



3. Bound t o  Carbonates - metal  i ons  which a r e  assoc ia ted  w i t h  
sediment carbonates as a p r e c i p i t a t e  o r  co -p rec i  p i  t a t e  

4. Bound t o  I r o n  and Manganese Oxides - i r o n  and manganese 
ox ides may e x i  s t  as nodul e, cement between p a r t i c l e s  

5. Bound t o  Organic Ma t te r  - t h i s  i n c l  udes meta l  s which a r e  
bound by  adso rp t i on  o r  complexat ion t o  v a r i o u s  forms of 
o rgan ic  m a t t e r  such as l i v i n g  organisms, d e t r i t u s ,  and 
coa t i ngs  on m ine ra l  p a r t i c l e s  

A f t e r  a c r i t i c a l  e v a l u a t i o n  o f  t h e  a v a i l a b l e  l i t e r a t u r e ,  t h e  

f o l  1 owing m o d i f i c a t i o n ,  as presented below, o f  t h e  chemical 

e x t r a c t i o n  s teps  proposed by Tessl  e r  e t  a1 . (1979) were adopted. 

A l l  sediment .samples were i n i t i a l l y  a i r  d r i e d  and f i n e l y  ground by 

passage th rough a 600 micron p l a s t i c  mesh t o  remove extraneous 

m a t e r i a l .  A minimum o f  t h r e e  f i n e l y  ground 2-gram samples from each 

composite co re  l a y e r  c o l l e c t e d  on 10/15/83 were taken  th rough t h e  

f o l  l ow ing  metal  s p e c i a t i o n  steps. A1 1 e x t r a c t i o n s  were conducted i n  

50 ml po lypropy lene  c e n t r i f u g e  tubes t o  m in im ize  l osses  of  s o l i d  

m a t e r i  a1 . 

So lub le .  A 2 g sample o f  f i n e l y  ground sediment (weighed t o  t h e  

n e a r e s t  0.1 mg) was p laced  i n  a 50 ml po lypropy lene  c e n t r i f u g e  tube 

w i t h  16 m l  o f  d i s t i l l e d / d e i o n i z e d  water.  The m i x t u r e  was a g i t a t e d  

c o n t i n u o u s l y  f o r  1 hour a t  room temperature ( 2 0 ' ~ ) .  Fo l l ow ing  

e x t r a c t i o n ,  t h e  m i x t u r e  was c e n t r i f u g e d  a t  3000 rpm f o r  30 min. The 

supernatant  was c a r e f u l  1 y decanted and prepared f o r  meta l  ana lys is .  



Exchangeable. The sediment r es i due  f rom above was e x t r a c t e d  a t  room 

t e m p e r a t u r e  ( 2 0 ' ~ )  w i t h  16 m l  o f  1 M MgC12 (ph  7.0) w i t h  cont inuous 

a g i t a t i o n  f o r  1 hour. The supernatant  was removed w i t h  a  p i p e t  and 

prepared f o r  meta l  ana l ys i s .  The sediment r es i due  was washed w i t h  

16 m l  o f  d i s t i l l e d l d e i o n i z e d  wate r  by cons tan t  a g i t a t i o n  f o r  5 

minutes. A f t e r  c e n t r i f u g a t i o n  f o r  30 minutes a t  3000 rpm, t h i s  

second superna tan t  was decanted o f f .  The volume o f  r i n s e  water  was 

k e p t  t o  a  minimum t o  a v o i d  e x c e s s i v e  s o l u b i l i z a t i o n  o f  s o l i d  

m a t e r i a l ,  p a r t i c u l a r l y  o rgan ic  mat te r .  The wash water  f o r  each o f  

t h e  t h r e e  r e p l i c a t e s  f o r  a  p a r t i c u l a r  l a y e r  were combined and l a t e r  

analyzed f o r  heavy meta ls .  The Illass o f  heavy metal  s  measured i n  t h e  

wash water was added t o  t h e  amount re leased d u r i n g  t h e  e x t r a c t i o n  

s t e p  s i nce  heavy me ta l s  p resen t  i n  t h e  wash water  t h e o r e t i c a l l y  

r e p r e s e n t  an amount which was re leased  d u r i n g  e x t r a c t i o n  b u t  no t  

poured o f f  w i t h  t h e  e x t r a c t i o n  s o l u t i o n .  

Bound t o  Carbonates. The sediment r es i due  from above was ex t rac ted  

w i t h  16 m l  o f  1 M IVaOAc (pH 5.0) w i t h  cont inuous a g i t a t i o n  a t  room 

temperature ( 2 0 ' ~ )  f o r  5 hours. F o l l  owing e x t r a c t i o n ,  t h e  m i x t u r e  

was c e n t r i f u g e d  a t  3000 rpm f o r  30 min. The supernatant  was removed 

f o r  a n a l y s i s  and t h e  r e s i d u e  washed w i t h  16 m l  o f  d i s t i l l e d 1  

de ion i  zed water  as be fo re .  Wash waters  were combined and analyzed 

f o r  metal  s  as descr ibed  p rev ious l y .  



Bound t o  Fe-Mn Oxides. The res idue  from above was e x t r a c t e d  w i t h  40 

n l l  o f  0.04 M NH20H ' HCl i n  25% (V/V) a c e t i c  a c i d  f o r  6  hours a t  

9 6 ' ~  w i t h  occas ional  a g i t a t i o n .  A f t e r  c e n t r i f u g a t i o n  a t  3000 rpm 

f o r  30 minutes, t h e  supernatant  was removed f o r  ana l ys i s ,  and t h e  

r e s i d u e  was washed w i t h  16 m l  o f  d i s t i l l e d / d e i o n i z e d  w a t e r  as  

before.  

Bound t o  Organic Ma t te r .  To t h e  res idue  f rom above were added 6  m l  

o f  0.02 M HN03 and 10 ml o f  30% H202 ad jus ted  t o  pH 2  w i t h  HN03. 

The m i x t u r e  was heated t o  8 5 ' ~  f o r  2  hours w i t h  occas ional  

a g i t a t i o n .  A  second 6  m l  a1 i q u o t  o f  30% H20Z ( a d j u s t e d  t o  pH 2  w i t h  

HN03) was then  added and t h e  sample was heated aga in  t o  8 5 ' ~  f o r  3  

h o u r s  w i t h  i n t e r m i t t e n t  a g i t a t i o n .  A f t e r  coo l i ng ,  10 ml o f  '3.2 M 

NH40Ac i n  20% HN03 (V/V) were added, and t h e  sample was d i l u t e d  t o  

40 m l  and a g i t a t e d  c o n t i n u o u s l y  f o r  30 minutes. The a d d i t i o n  o f  

NH40Ac i s designed t o  p reven t  adso rp t i on  o f  e x t r a c t e d  metal  s  on to  

t h e  o x i d i z e d  sediment. A f t e r  c e n t r i f u g a t i o n  a t  3000 rpm f o r  30 

minutes,  t h e  supernatant  was decanted f o r  ana lys is .  

I n f l uence  of pH and Redox P o t e n t i a l  on Chemist ry  
o f  Heavv Me ta l s  i n  Sediments 

The e f f e c t s  o f  changes i n  pH and redox p o t e n t i a l  on re l ease  o f  

heavy meta ls  i n  sediments were i n v e s t i g a t e d  i n  a  s e r i e s  o f  

exper iments conducted u s i n g  a  system which a l lowed r e g u l a t i o n  o f  pH 

and au tomat ic  c o n t r o l  o f  redox p o t e n t i a l  a t  a  p re - se lec ted  value. A  



2 l i t e r ,  4 neck, f l a t  bottom r e a c t i o n  k e t t l e  was used t o  con ta in  

sediment suspensions under se lec ted  cond i t ions .  The apparatus used 

f o r  i ncuba t i ng  sediment suspensions i s  shown i n  F i g u r e  3-9. As 

i n d i c a t e d  i n  t h i s  f i g u r e ,  each f l a s k  was f i t t e d  w i t h  a  p la t inum 

e lec t rode ,  a  g lass  e l  ec t rode  f o r  measurement o f  pH, a  thermometer, 

two calomel h a l f - c e l l  s, g l ass  i n l e t  tubes f o r  a i r  and n i t r ogen ,  an 

o u t l e t  tube  f o r  a l l o w i n g  gases t o  escape, and a  sample p o r t  f o r  

adding ac ids  o r  bases d u r i n g  pH adjsutments o r  f o r  sampl ing t h e  

sed imen ts  a f t e r  cornplet ion o f  incubat ion .  A water  t r a p  was used a t  

t h e  end o f  t h e  o u t l e t  t ube  t o  p revent  atmospheric oxygen d i f f u s i o n  

i n t o  t h e  suspension. 

Sedinient m a t e r i a l  f o r  use i n  t h e  i ncuba t i on  s t u d i e s  was 

co l  1  ected as a  cornposi t e  sarr~pl e  f rom s i x  randomly se lec ted  s t a t i o n s  

i n  t h e  West Pond us ing  an Eckman dredge. Two dredge samples were 

c o l l e c t e d  f r o m  each s t a t i o n ,  combined i n  a  l a r g e  p o l y e t h y l e n e  

con ta iner ,  and covered w i t h  approx imate ly  25 cm o f  pond water. T h i s  

composi te  sample was used f o r  a l l  i ncuba t i on  s tud ies .  Sediments 

were m ixed  b y  s t i r r i n g  p r i o r  t o  sample c o l l e c t i o n  t o  i n s u r e  a  

homogeneous sample. Moi s t u r e  con ten t  and o rgan i c  con ten t  were 

determined on t h e  mixed sample used i n  each i n c u b a t i o n  experiments. 

To begin an experiment,  approx imate ly  300 g  o f  wet sediment was 

p laced i n  t he  acid-washed r e a c t i o n  k e t t l e  a long w i t h  1800 ml of  pond 

w a t e r  f r o m  t h e  West Pond c o l l e c t e d  p r i o r  t o  t h e  s t a r t  o f  t h e  

experirnent. A separate sample o f  pond water was c o l l e c t e d  f o r  

i n i t a l  metal ana lys is .  The r e a c t i o n  vessel was c losed and the  





suspens ion s t i  r r e d  w i t h  a  1  a rge  t e f l  on-coated magnet ic  s t i r r i n g  bar  

covered w i t h  t ygon  t u b i n g  t o  p reven t  excess ive  wear due t o  abrasion. 

A f t e r  s t i r r i n g  was begun, t h e  redox p o t e n t i a l  was ad jus ted  t o  t h e  

d e s i r e d  1  eve1 . For  h i g h l y  o x i d i z e d  redox p o t e n t i a l s  severa l  days 

were o f t e n  requ i r ed  t o  ach ieve  t h e  d e s i r e d  l e v e l s .  Reduced 

c o n d i t i o n s  we re  o b t a i n e d  more  q u i c k l y .  The s u s p e n s i o n  pH was 

ad jus ted  a t  t h i s  t i m e  t o  t h e  p rope r  l e v e l ,  and f u r t h e r  r e f i nemen t  of 

pH and r e d o x  p o t e n t i a l  c o n t i n u e d  f o r  2  t o  5  a d d i t i o n a l  days .  

Sed imen t  s u s p e n s i o n s  we re  t h e n  i n c u b a t e d  f o r  5 d a y s  a f t e r  t h e  

d e s i r e d  pH and redox p o t e n t i a l s  had been reached. Each exper iment 

conducted a t  a  s p e c i f i e d  pH i n c l u d e d  f o u r  redox p o t e n t i a l s  r ang ing  

f rom h i g h l y  o x i d i z e d  t o  h i g h l y  reduced: +500 mv, +250 mv, 0  mv, and 

-150  mv. Values f o r  pH which were t e s t e d  i nc l uded :  5.0, 6.5, and 

no c o n t r o l  which produced va lues  i n  t h e  range o f  7.5-8.0. 

Redox p o t e n t i a l  was measured u s i n g  a  b r i g h t  p l  a t inum e l e c t r o d e  

connected t o  a  Corn i  qg Model 120 pH and m i l  1  i vo l  t meter. A separate  

sa tu ra ted  calomel r e fe rence  e l e c t r o d e  was used t o  complete t h e  c e l l .  

A p l a t i n u m  w i r e  was i n s e r t e d  i n t o  t h e  s i d e  arm o f  t h e  c a l o m e l  

e l e c t r o d e  c o n t a i n i n g  mercury and connected t o  t h e  r e f e r e n c e  s i d e  o f  

t h e  meter.  A meter  r e l a y  was cons t ruc ted  and connected t o  t h e  

t e r m i n a l s  used f o r  measurement o f  redox p o t e n t i a l .  The purpose o f  

t h e  r e l a y  was t o  m o n i t o r  r e d o x  p o t e n t i a l  and a c t i v a t e  a  s m a l l  

aquar ium purnp which would p r o v i d e  a  smal l  stream o f  a i r  t o  t h e  

r e a c t i o n  vessel  when t h e  redox p o t e n t i  a1 o f  t h e  suspension dropped 

be1 ow t h e  d e s i r e d  l e v e l .  The d e s i r e d  l e v e l  f o r  a c t i v a t i o n  o f  t h e  



pump c o u l d  be s e t  i n t e r n a l l y  i n  t h e  r e l a y  so t h a t  any d e s i r e d  redox 

p o t e n t i a l  cou ld  be se lected.  The purpose o f  t h e  a i r  pump was t o  

p rov ide  oxygen t o  o f f s e t  t h e  n a t u r a l  tendency f o r  i s o l a t e d  sediments 

t o  become more reduced w i t h  t ime. The a i r f l o w  from t h e  pump was 

regu la ted  w i t h  a  f l o w  meter a t  5.0 ml/min t o  a l l  ow slow o x i d a t i o n  o f  

t h e  suspension d u r i n g  t h e  a e r a t i o n  cyc le .  When t h e  suspension was 

aga in  ox id i zed  t o  t h e  p roper  l e v e l ,  t h e  meter  r e l a y  a u t o m a t i c a l l y  

swi tched o f f  t h e  ae ra to r .  

I n  s tud ies  requ i  r i n g  a  h i g h l y  reduced environment , n i t r o g e n  gas 

was added t o  t h e  suspension t o  remove excess oxygen. For 

i ncuba t i ons  conducted a t  l e s s  t han  100 mv (Eh), a  cont inuous stream 

o f  n i t r o g e n  gas was bubbled t h rough  t h e  sediment suspension a t  a  

r a t e  o f  5.0 m l lm in .  N i t r ogen  gas was e f f e c t i v e  i n  pu rg ing  excess 

oxygen f rom t h e  system due t o  smal l  l eaks  and prevented a  b u i l d u p  of 

gas ious decomposit ion p roduc ts  such as carbon d iox ide .  Removal o f  

excess  C02 was necessary t o  p reven t  undes i rab le  changes i n  metal  

carbonate chemist ry .  

Suspension pH was ad jus ted  t o  t h e  p roper  l e v e l  i n i t a l l y  and 

t hen  read jus ted  when t h e  pH changed by - + 0.1 u n i t .  Adjustments were 

made us ing  30% Suprapur h y d r o c h l o r i c  a c i d  o r  12 N sodium hyd rox ide  

t h r o u g h  t h e  serum cap l o c a t e d  i n  t h e  cen te r  rubber  stopper.  The pH 

was measured con t i nuous l y  on a  Corn ing Model 12 Research pH Meter 

u s i n g  a g l ass  pH e l e c t r o d e  and a  sa tu ra ted  calomel e l e c t r o d e  as 

desc r i bed  p rev ious l y .  The calomel e l e c t r o d e  was connected t o  t h e  

suspens ion  w i t h  a  sa tu ra ted  potass ium c h l  o r ide-agar  s a l t  b r idge .  



Th i s  r e fe rence  e l e c t r o d e  assembly and g lass  e l e c t r o d e  were s t a t e d  by 

Gambrel1 e t  a1 . (1977) i n  s i m i l a r  i n v e s t i g a t i o n s  t o  be more s t a b l e  

and r e q u i  r e  1  ess f requent  s t a n d a r d i z a t i o n  than  commerci a1 

combinat ion pH e l  ectrodes, p a r t i c u l  a r l y  i n h i g h l y  reduced 

suspensions. Gambrel 1  found t h a t  poss'i b l  e  ~ i i e t a l  su l  f i d e  

p r e c i p i t a t i o n  i n  t h e  f r i  t t e d  ceramic j u n c t i o n  o f  t h e  s i  1  ve r - s i  1  ver  

c h l  o r i d e  cornbi n a t i o n  e l e c t r o d e  c o n t r i  b l ~ t e d  a  j u n c t i o n  p o t e n t i  a1 t o  

t h e  e l e c t r o d e  s y s t e ~ i i  w h i c h  was n o t  c o n s t a n t  w i t h  t i m e .  The 

s t a b i l i t y  o f  t h i s  separate calomel and g lass  e l e c t r o d e  system was 

v e r i f i e d  i n  these  i n v e s t i g a t i o n s .  V i r t u a l l y  no d r i f t  was measured 

i n  pH c a l i b r a t i o n  even i n  suspensions which were ma in ta ined  i n  a  

h i g h l y  r e d u c e d  s t a t e  f o r  30 d a y s  o r  more. A d j u s t m e n t s  t o  t h e  

c a l i b r a t i o n  were  l e s s  t h a n  0.02 u n i t s  i n  a l l  e x p e r i m e n t s  w i t h  

severa l  r e q u i r i n g  no adjustments a t  a l l .  

D u r i n g  i n c u b a t i o n  o f  suspensions, t h e  temperature was 

m a i n t a i n e d  a t  3 0 ' ~  + - lo. The i n c u b a t i o n  t e m p e r a t u r e  was an 

e q u i l i b r i u m  between t h e  hea t  generated by  t h e  s t i r r i n g  motor  and t h e  

rooin temperature.  I f  t h e  suspension temperature inc reased  above 

30°c, t h e  t e m p e r a t u r e  was r e d u c e d  b y  i n s e r t i n g  t h i n  s h e e t s  o f  

p o l y e t h y l e n e  as r e q u i r e d  between t h e  r e a c t i o n  k e t t l e  and t h e  warm 

s t i r r e r  p l a t f o r m  t o  ma in ta i n  t h e  d e s i r e d  temperature.  

The i n c u b a t i o n  apparatus, i l l u s t r a t e d  i n  F i g u r e  3-9, performed 

remarkably  we1 1  throughout  t h e  e n t i  r e  exper imental  per iod .  Once t h e  

calomel e l e c t r o d e s  w i t h  t h e  agar t i p s  had become e q u i l i b r a t e d ,  t hey  

produced ex t reme ly  t r o u b l  e - f r ee  con t inuous  re fe rence  c e l l  s  f o r  b o t h  



pH a n d  r e d o x  p o t e n t i a l .  A t  t h e  b e g i n n i n g  o f  t h e  f i r s t  s e t  o f  

experiments, t h e  pH c a l i b r a t i o n  was checked d a i l y .  Adjustments were 

r a r e l y  necessary and were i n  a l l  cases l e s s  than  0.1 u n i t .  Because 

o f  t h i s  s t a b i l i t y ,  t h e  pH c a l i b r a t i o n  became l e s s  f r equen t  u n t i l  

f i n a l l y  i t  was conducted on a b i -week ly  bas is .  Adjustments, even 

a f t e r  t h i s  extended per iod,  were i n f r equen t .  'The agar p lugs  on t h e  

ca lomel  e l ec t rodes  never r equ i red  replacement and p rov ided  a qu i ck  

response which was s imi  1 a r  t o  a pre-manufactured calomel e lec t rode .  

Measurements o f  redox p o t e n t i a l  us i ng  a sh iny  p l a t i num 

e l  ec t rode  and a calomel r e fe rence  e l e c t r o d e  were a1 so v i r t u a l l y  

t r o u b l  e - f ree .  The o n l y  problem encountered was a p e r i o d i c  

f l u c t u a t i o n  i n  va lues which was most pronounced when t h e  a i r  pump 

was i n j e c t i n g  a i r  i n t o  t h e  system. Apparent ly ,  t h e  a i r  bubbles were 

a f f e c t i n g  e i t h e r  t h e  p l a t i num o r  calomel e lec t rodes .  The o n l y  

d i f f i c u l t y  which was encountered w i t h  t h e  i ncuba t i on  apparatus was 

t h a t  t h e  s t i r r i n g  bar  would seem t o  l o s e  i t s  magnet ic a t t r a c t i o n  

o v e r  t i m e  and r e q u i r e  replacement. However, t h i s  was o n l y  a minor  

i nconveni ence . 
A t  t h e  t e r m i n a t i o n  o f  an i n c u b a t i o n  per iod ,  a 100 m l  sample of 

c i r c u l a t i n g  sediment suspension was withdrawn from t h e  r e a c t i o n  

vessel u s i n g  a siphon i n t o  a sealed 250 ml po lycarbonate  b o t t l e .  

The wi thdrawn volume was rep laced  by adding an equal volume o f  

d i s t i l l e d  water  t o  t h e  r e a c t i o n  vessel .  I n  s tud ies  conducted under 

r educ ing  cond i t i ons ,  t h e  presence o f  f r e e  oxygen i n  t h e  ex t rac ted  

sarr~ple may cause changes i n  redox p o t e n t i a l  t h a t  cou ld  r e s u l t  i n  



i m m e d i a t e  o x i d a t i o n  o f  m e t a l  i o n s  t o  i n s o l u b l e  fo rms.  Thus, 

1  abo ra to r y  a i r  may be a  p o t e n t i a l l y  s e r i o u s  contaminant d u r i n g  

chemical e x t r a c t i o n s ,  and cons iderab le  ca re  must be exerc ised  t o  

m in im ize  o x i d a t i o n  o f  sediment m a t e r i a l  d u r i n g  e x t r a c t i o n s .  To 

min imize p o t e n t i a l  o x i d a t i o n  o f  e x t r a c t e d  sediments, a1 1  sample 

p r e p a r a t i o n  procedures and f i l t r a t i o n  o f  reduced suspensions were 

conducted under a  n i t r o g e n  purged atmosphere. Each o f  t h e  sample 

c o l l  e c t i  on b o t t l e s  were m o d i f i e d  by s e a l i n g  a  seruni cap i n t o  a  ho le  

d r i l l e d  i n  each b o t t l e  cap t o  pe rm i t  t r a n s f e r  o f  e x t r a c t e d  samples 

t o  and from t h e  b o t t l e  w i t h o u t  oxygen contaminat ion.  The sealed 

b o t t l e  was p u r g e d  w i t h  n i t r o g e n  p r i o r  t o  a d d i n g  an a l i q u o t  o f  

reduced suspension. 

The b o t t l e  c o n t a i n i n g  t h e  sediment suspension was then  

c e n t r i f u g e d  f o r  30 minutes a t  3000 rpm. The supernatant  was removed 

u s i n g  t h e  apparatus shown i n  F i g u r e  3-10. A  s y r i n g e  connected t o  a  

l o w  p r e s s u r e  n i t r o g e n  source was i n s e r t e d  t h rough  t h e  serum cap. A  

po l ye th l yene  p i  p e t  connected t o  a  covered f i  1  t r a t i o n  funne l  was 

i n s e r t e d  i n t o  t h e  a i r  space above t h e  l i q u i d .  A  vacuum was app l ied  

t o  t h e  f i l t r a t i o n  f l a s k  which d i sp laced  t h e  a i r  i n  t h e  f l a s k  by 

p u l l i n g  n i t r o g e n  i n t o  t h e  system. A f t e r  p u r g i n g  f o r  s e v e r a l  

minutes, t h e  s u c t i o n  t ube  was pushed i n t o  t h e  supernatant  which was 

t h e n  drawn i n t o  t h e  f i l t e r .  The supernatant  was f i l t e r e d  i n t o  a  

po lycarbonate  r e c e i v i n g  f l a s k  c o n t a i n i n g  3 m l  o f  r e d i s t i l  l e d  n i t r i c  

a c i d .  A f t e r  f i l t r a t i o n ,  75 m l  o f  t h e  a c i d i f i e d  sample was d iges ted  

as d e s c r i  bed p r e v i o u s l y  and analyzed f o r  heavy metal  s. 



Centrifuged Filtering 
bot t le  apparatus 

older 

Figure 3-10. Apparatus for Fi  1 tering Supernatant Solutions Under 
a Nitrogen Atmosphere: (a )  Pipette in N p  Purge Position a n d  (b )  
Pipette in Filtering Position. 



S t a t i s t i c a l  A n a l y s i s  o f  Data 

A  1  a r g e  number o f  s t a t i s t i c a l  ana lyses were conducted d u r i n g  

a n a l y s i s  o f  t h e  e x p e r i m e n t a l  r e s u l t s  f r o m  t h i s  r e s e a r c h .  A l l  

s t a t i  s t  i c a l  procedures were performed w i t h  t h e  SAS ( S t a t i s t i c a l  

Ana l ys i s  System) computer package on t h e  UCF IBM 4381 system and 

i n c l  uded PROC CORR f o r  c a l  C I J ~  a t i  on o f  Pearson product-moment 

c o r r e l  a t i o n  c o e f f i c i e n t s ;  PROC PLOT t o  produce s c a t t e r  diagrams o f  

t h e  va lues of  one v a r i a b l e  a g a i n s t  t h e  va lues o f  ano ther  v a r i a b l e  

f o r  examinat ion o f  re1 a t i o n s h i p s  and f u n c t i o n a l  forms; PROC MEANS t o  

o b t a i n  simp1 e  u n i v a r i a t e  d e s c r i p t i v e  s t a t i s t i c s  such as means, 

s tandard  d e v i a t i o n ,  minimum, and maximum va l  ues; PROC ANOVA f o r  

a n a l y s i  s o f  va r i ance  procedures i nvo l  v i  ng ba l  anced des igns  and d a t a  

s e t s ;  PROC GLM f o r  a n a l y s i s  o f  va r i ance  procedures f o r  unbalanced 

da ta  se ts ;  and PROC REG and PROC STEPWISE f o r  r eg ress i on  analyses t o  

p r o v i d e  leas t -square  es t ima tes  t o  v a r i o u s  l i n e a r  r eg ress i on  models. 

A1 t hough  most o f  t h e  procedures l i s t e d  above were reasonably  

s t r a i g h t f o r w a r d ,  r eg ress i on  ana lyses  i n v o l v e d  a  number o f  s teps,  and 

as  a  r e s u l t ,  w i  11 be d iscussed  i n  more d e t a i l .  'The purpose o f  t h e  

r e g r e s s i o n  analyses was t o  de te rmine  t h e  "bes t  f i t "  1  east -square 

e q u a t i o n  between v a r i o ~ ~ s  response and p r e d i c t o r  va r i ab l es .  S ince  

t h e  o b j e c t i v e  i n  most cases was t o  de te rmine  t h e  impor tance o f  

s i g n i f i c a n t  p r e d i c t o r  v a r i a b l e s  i n  regu l  a t i n g  heavy meta l  

c o n c e n t r a t i o n s ,  t h e  "bes t  f i t "  reg ress i on  model was d e f i n e d  t o  be 

t h e  model which i n c l  uded t h e  1  a r g e s t  number o f  p r e d i , c t o r  v a r i a b l e s  



w h i c h  were  a1 1  s i g n i f i c a n t  a t  t h e  0.10 l e v e l  o r  b e t t e r .  Regression 

ana l yses  were conducted on stormwater, sediment, and groundwater 

d a t a  s e t s  t o  examine bo th  p r e d i c t i v e  re1 a t i o n s h i  ps between 

c o n c e n t r a t i o n s  o f  heavy meta ls  and v a r i o u s  p r e d i c t o r  va r i ab les ,  as 

we l l  as t o  examine t h e  r e l a t i v e  impor tance o f  s i g n i f i c a n t  p r e d i c t o r  

va r iabes  i n  r e g u l a t i n g  heavy meta l  concen t ra t ions .  

The f i r s t  s tep  i n  a  reg ress ion  a n a l y s i s  was t o  examine t h e  

f unc t i ona l  forms o f  t h e  response and p r e d i c t o r  va r i ab les .  P l o t s  o f  

r e s i d u a l s  and p a r t i a l  r e s i d u a l s  versus each o f  t h e  p r e d i c t o r  

v a r i a b l e s  were used t o  t e s t  f o r  1  i n e a r i t y  o r  t h e  presence o f  h i ghe r  

o r d e r  e f f e c t s .  When f u n c t i o n a l  forms were c o r r e c t l y  spec i f i ed ,  

s t uden t i zed  r e s i d u a l s  were used t o  d e t e c t  o u t l i e r s  i n  t h e  response 

v a r i a b l e s ,  and va lues o f  Cook's D were used t o  d e t e c t  o u t l i e r s  i n  

t h e  p r e d i c t o r  va r i ab les .  Observat ions w i t h  s tuden t i zed  r e s i d u a l s  i n  

excess  o f  2.5, o r  a  va lue  o f  Cook's D i n  excess o f  0.400, were 

d i  scarded as ou t1  i e r s .  Most r eg ress ion  analyses r e s u l t e d  i n  t h e  

removal  o f  v e r y  few d a t a  p o i n t s  as o u t l i e r s .  PROC REG was used t o  

o b t a i n  v a l u e s  f o r  t h e  s tuden t i zed  r e s i d u a l s  and Cook's D. P l o t s  of 

raw r e s i d u a l s  versus t h e  p r e d i c t e d  va lues  o f  t h e  response v a r i a b l e s  

were examined as a  t e s t  f o r  homoscedas t i c i t y  ( e q u a l i t y  of 

v a r i a n c e s ) .  A  random s c a t t e r i n g  o f  t h e  p o i n t s  w i t h  a  s lope  o f  ze ro  

was used t o  i n d i c a t e  e q u a l i t y  o f  var iances.  

I n  most analyses, t h e  purpose o f  t h e  reg ress ion  procedures was 

f o r  model s p e c i f i c a t i o n  and e s t i m a t i o n  o f  t h e  regress ion  

c o e f f i c i e n t s .  As a  r e s u l t ,  PROC REG was used w i t h  t h e  f u l l  model t o  



examine c o r r e l a t i o n s  and mu1 t i c o l  1  i n e a r i  t i e s .  The c o r r e l a t i o n  

m a t r i x  i n d i c a t e d  p r e d i c t o r  v a r i a b l e s  which were s t r o n g l y  c o r r e l a t e d  

and unnecessary v a r i a b l e s  were removed from t h e  model. The presence 

o f  mu1 t i c o l  1  i n e a r i t i e s  was examined us ing  e igenval  ues and 

e igenvec to rs  a long  w i t h  t h e  va r i ance  i n f l a t i o n  f a c t o r .  I n  genera l ,  

va lues  o f  t h e  va r i ance  i n f l a t i o n  f a c t o r  i n  excess o f  10 were used t o  

i n d i c a t e  t h e  presence o f  mu1 t i c o l  1  i n e a r i t i e s .  Va r i ab les  which were 

s t r o n g l y  c o r r e l  a ted  o r  i n v o l v e d  i n  mu1 t i c o l  1  i n e a r i t i e s  were removed 

f rom t h e  model. Va r i ab les  n o t  p roduc ing  a  s i g n i f i c a n t  t e s t  f o r  B=O 

a t  t h e  0.10 l e v e l  o r  b e t t e r  were a l s o  d iscarded  from t h e  model. 

Improvements i n  MSE (mean square e r r o r )  and changes i n  t h e  va lues o f  

R-square were observed a f t e r  removal o f  each va r i ab le .  The model 

p r o d u c i n g  t h e  b e s t  combinat ion o f  a  1  a rge  va lue  o f  R-square w i t h  a  

s m a l l  va lue  o f  MSE w i t h  no s i g n i f i c a n t  m u l t i c o l l i n e a r i t i e s  was 

chosen as t h e  "best  f i t "  model. F o l l  owing s e l e c t i o n  o f  t h e  model , a  

t e s t  f o r  n o r m a l i t y  was conducted f rom a  normal p r o b a b i l i t y  p l o t  o f  

raw r e s i d u a l s .  A s t r a i g h t  1  i n e  on t h i s  p l o t  i n d i c a t e d  a  no rma l l y  

d i s t r i b u t e d  d a t a  s e t .  A r u n s - t e s t  was a l s o  used t o  check  f o r  

c o r r e l a t i o n  o f  t h e  e r r o r  terms. 

Two types  o f  r eg ress ion  equat ions  were c a l c u l a t e d  d u r i n g  t h i s  

research. One equat ion  was t h e  leas t -squares  "bes t  f i t "  p r e d i c t o r  

equat ion.  The o t h e r  equa t ion  was t h e  u n i t  l e n g t h  s tandard ized  form 

o f  t h e  "bes t  f i t "  equat ion  which has t h e  form: 



where u  i s  t h e  mean va lue o f  Y, B1* i s  t h e  s tandard ized l e a s t -  

squa res  es t ima to r ,  and W1 i s  t h e  X1 v a r i a b l e  sca led t o  t h e  u n i t  

l e n g t h  form w i t h  W equal t o  zero  and a  standard d e v i a t i o n  equal t o  

one. Th i s  t y p e  o f  s tandard ized equat ion  i s  more i n f o r m a t i v e  i n  

de te rmin ing  t h e  r e l a t i v e  e f f e c t s  o f  t h e  p r e d i c t o r  v a r i a b l e s  s i n c e  i t  

i s  independent  o f  u n i t s ,  and t h e  magnitude o f  t h e  s tandard ized  

es t imates  i s  a  d i r e c t  r e f l e c t i o n  o f  t h e i r  importance i n  p r e d i c t i n g  



CHAPTER 4  

EXPERIMENTAL RESULTS 

C h a r a c t e r i s t i c s  o f  Highway Runof f  
a t  t h e  Ma i t l and  S i t e  

To e s t a b l i s h  a  record o f  t h e  concen t ra t i ons  o f  va r ious  heavy 

m e t a l s  e n t e r i n g  t h e  West Pond b y  way o f  h ighway  r u n o f f ,  f l o w  

we igh ted  r u n o f f  samples were c o l l e c t e d  a t  t h e  45 cm i n l e t  w i t h  a  

r e f r i g e r a t e d  I s c o  automat ic  sampler f rom A p r i l  23, 1983 t o  May 28, 

1984 over a  wide range o f  r a i . n f a l 1  i n t e n s i t i e s ,  du ra t i ons ,  and 

an teceden t  d r y  per iods .  A  t o t a l  o f  16 s to rm  events,  i n c l u d i n g  a  

t o t a l  o f  150 separa te  r u n o f f  samples were c o l l e c t e d  .and analyzed 

over '  t h i s  p e r i o d  f o r  b o t h  d i s s o l v e d  and t o t a l  heavy metals.  To ta l  

r a i n f a l l  amounts f o r  sampled s torm events  ranged from 0.33 t o  3.23 

i n c h e s  w i t h  antecedent  d r y  pe r i ods  o f  0.24 t o  25.4 days. Average 

f l o w  r a t e s  i n  t h e  45 cm stormsewer, an i n d i r e c t  measure o f  r a i n f a l l  

i n t e n s i t y ,  ranged f rom 0.085 t o  59.4 l i t e r s / s e c .  

Measured concen t ra t i ons  o f  heavy meta l  s  d u r i n g  each o f  t h e  

i n d i v i d u a l  s to rm events  a r e  g i ven  i n  Appendix I f o r  sequent ia l  

3  stormwater samples c o l l e c t e d  a t  i n t e r v a l s  o f  2831 l i t e r s  (100 f t  ) 

o v e r  t h e  r u n o f f  hyd rog raphs .  A  summary o f  t h e s e  heavy  m e t a l  

concen t ra t ions  i s  presented i n  Table 4-1. O f  t h e  heavy meta ls  which 
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were measured a t  t h e  M a i t l a n d  s i t e ,  t h e  f o l l o w l n g  o rde r  was observed 

i n  terms o f  d i s s o l  ved concen t ra t i ons :  

T o t a l  concen t ra t i ons  observed t h e  f o l  1  owi ng o rder :  

With t h e  excep t ions  o f  lead ,  i r o n ,  manganese, and a1 umi num, a l l  

heavy meta ls  i n  t h e  highway r u n o f f  samples appeared t o  be p resen t  

p redominan t l y  i n  a  d i s s o l  ved form. Cadmium, n i c k e l ,  and copper were 

a l l  present  i n  d i s s o l v e d  f r a c t i o n s  which were near  75 pe rcen t  o f  t h e  

t o t a l  metal  measured. On t h e  o t h e r  extreme, lead, i r o n ,  manganese, 

and aluminum were p redominan t l y  p a r t i c u l a t e  i n  na tu re  w i t h  d i s s o l v e d  

f r a c t i o n s  o f  o n l y  approx imate ly  20 percent .  Z inc  and chrorni um 

appeared t o  be approx i rnate ly  equal i n  d i s s o l v e d  and p a r t i c u l a t e  

forms. 

As seen i n  t h e  raw d a t a  p resen ted  i n  Appendix I, as w e l l  as i n  

t h e  summary d a t a  1  i s t e d  i n  Tab le  4-1, a  cons ide rab le  v a r i a b i l i t y  was 

f o u n d  f o r  most heavy meta l  concen t ra t i ons  n o t  o n l y  between t h e  

v a r i o u s  s torm events  b u t  d u r i n g  i n d i v i d u a l  s torm events  as we l l .  

Seve ra l  heavy metal  s  e x h i b i t e d  a  v a r i a b i l i t y  i n  concen t ra t i ons  f o r  

b o t h  d i sso l ved  and t o t a l  spec ies  which covered severa l  o rde rs  of 

mayni tude.  T h i s  v a r i a b i l i t y  was espec ia l  1y apparent f o r  lead,  



copper, z inc ,  i r o n ,  and a1 uminum. As a  r e s u l t ,  f low-weighted metal  

concen t ra t i ons  were c a l c u l a t e d  f o r  each s torm event which a l lowed a  

r a i n f a l l  event  t o  be represented by a  s i n g l e  concen t ra t i on  f o r  each 

m e t a l  . These f 1  ow w e i g h t e d  c o n c e n t r a t i o n s  were  c a l  c u l  a t e d  by  

d i v i d i n g  t h e  t o t a l  metal  mass t r a n s p o r t e d  d u r i n g  a  s to rm event  by 

t h e  t o t a l  f l o w  o f  r u n o f f .  

Average fl ow-wei ghted concen t ra t i ons  o f  heavy meta l  s  a r e  

p r e s e n t e d  i n  Tab le  4-2 f o r  d i s s o l v e d  spec ies and i n  Tab le  4-3 f o r  

t o t a l  metal  species. I n  genera l ,  t h e  v a r i a b i l i t y  o f  mean 

fl ow-wei yhted d i s s o l v e d  meta l  concen t ra t i ons  appears t o  be much l e s s  

than  t h a t  observed f o r  t o t a l  meta l  concen t ra t ions ,  w i t h  most 

d i s s o l v e d  spec ies exhi  b i t i  ny a  f i  ve - f o l d  d i f f e r e n c e  between t h e  low 

and h i g h  concent ra t ions ,  w h i l e  t o t a l  concen t ra t i ons  e x h i b i t e d  over  a  

t e n - f o l d  range i n  most cases. 

As observed p r e v i o u s l y  f o r  t h e  sequent i  a1 hydrograph samples, 

f l  ow-wei ghted concen t ra t i ons  o f  heavy meta ls  ( w i t h  t h e  excep t ions  o f  

l e a d ,  i r o n ,  manganese, and a1 uminum) a re  a l l  p redominan t l y  i n  a  

d i s s o l v e d  s ta te .  Cadmium, n i c k e l ,  and copper were a1 1  p resen t  i n  

d i s s o l v e d  f r a c t i o n s  near 75 pe rcen t  w i t h  lead,  i r o n ,  and aluminum 

e x i  s t i n g  predominant ly  i n  a  p a r t i c u l a t e  form w i t h  d i s s o l v e d  

f r a c t i o n s  o f  o n l y  approx imate ly  20 percen t .  

P r o b a b i l i t y  d i s t r i b u t i o n s  o f  mean f low-weighted heavy metal  

c o n c e n t r a t i o n s  i n  t h e  16 measured s torm events  a r e  presented i n  

F i g u r e s  4 -1  t o  4-3, where t h e  meta l  concen t ra t i on  i s  p l o t t e d  on t h e  

y - a x i  s  on a  1  og sca le .  T o t a l  concen t ra t i ons  o f  heavy meta l  s  appear 
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PERCENTAGE OF VALUES LESS THAN STATED CONCENTRATION 

Figure  4-1. D i s t r i b u t i o n  o f  Lead, N i cke l  and Chromium i n  Highway 
Runoff E n t e r i n g  t h e  West Pond a t  Ma i t l and  Du r i ng  1983-84. 



PERCENTAGE OF VALUES LESS 'THAN STATED CONCENTRATION 

F igure  4-2. D i s t r i b u t i o n  o f  I r o n ,  Copper, and Z i n c  i n  Highway 
Runo f f  E n t e r i n g  t h e  West Pond a t  M a i t l a n d  Du r i ng  1983-84. 
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F i g u r e  4-3. D i s t r i b u t i o n  o f  A1 uminum, Manganese, and Cadmi um 
i n  Highway Runo f f  E n t e r i n g  t h e  West Pond a t  M a i t l a n d  D u r i n g  
1983-84. 



t o  approximate a  s t r a i g h t  1  i ne re1 a t i o n s h i p  i n d i c a t i n g  a  1  og-normal 

d i  s t r i  b u t i o n  o f  concen t ra t i ons  f o r  t h e  events  measured. A  1  i nea r  

f i t  t o  a  log-normal d i s t r i b u t i o n  g e n e r a l l y  i n d i c a t e s  a  p o s i t i v e l y  

skewed da ta  d i s t r i b u t i o n  when p l o t t i o g  t h e  p r o b a b i l i t y  o f  occurrence 

on t h e  y - a x i s  v e r s u s  m e t a l  c o n c e n t r a t i o n  on t h e  x - a x i s .  T h i s  

suggests t h a t  t h e  m a j o r i t y  o f  events  a r e  represen ted  by 

c o n c e n t r a t i o n s  which a r e  on t h e  lower  end o f  t h e  range o f  values, 

w i t h  t h e  more concent ra ted  events  making up a  much sma l le r  

pe rcen tage  o f  t h e  t o t a l  measured concent ra t ions .  Di  sso l  ved 

c o n c e n t r a t i o n s  a l s o  seem t o  approximate a  log-normal d i s t r i b u t i o n .  

However, cadmium appears t o  e x h i b i t  a  convex c u r v i  1  i near 

r e 1  a t i onsh ip .  Th i  s  behav io r  i nd i ca tes  t h a t  a  h i g h e r  o rder  

exponent ia l  f u n c t i o n  may be more a p p r o p r i a t e  f o r  d e s c r i b i n g  t h i s  

d i s t r i b u t i o n .  

A  s e r i e s  o f  c o r r e l a t i o n  analyses were run  w i t h  t h e  SAS 

s t a t i s t i c a l  package u s i n g  t h e  PROC CORR r o u t i n e  (Ray and S a l l  1982) 

t o  determine i f  r e l a t i o n s h i p s  e x i s t  between concen t ra t i ons  o f  heavy 

m e t a l s  i n  highway r u n o f f  and va r i ous  f a c t o r s  such as r u n o f f  pH, 

r u n o f f  f l o w  r a t e  ( a n  i n d i r e c t  measure o f  r a i n f a l l  i n t e n s i t y ) ,  

cumula t i ve  t i m e  s i n c e  s t a r t  o f  a  r a i n f a l l  event, and antecedent  d r y  

p e r i o d .  For  these  analyses, a l l  150 da ta  p o i n t s  f o r  each heavy 

meta l  concen t ra t i on  were used and c o r r e l a t i o n s  w i t h  t h e  var ious  

p h y s i c a l  parameters (which were measured s imu l taneous ly  w i t h  t h e  

sampl e  co l  1  e c t i o n )  were determined. S ince measured concen t ra t i ons  



o f  cadmium were near t h e  l i m i t s  o f  d e t e c t i o n  i n  most samples, t h i s  

meta l  was no t  i nc l uded  i n  these  analyses. 

The f i r s t  c o r r e l  a t i o n s  which were at tempted were c o r r e l  a t i o n s  

between se l  ec ted  heavy meta l  concent r a t i o n s  and measured runof f  

f l  owrates. C o r r e l a t i o n s  were performed f o r  t h e  f o l l o w i n g  

combina t ions  o f  heavy meta l  concen t ra t i ons  and r u n o f f  f l o w r a t e s :  

(1 ) concen t ra t i on  versus r u n o f f  f l  owrate, ( 2 )  c o n c e n t r a t i o n  versus 

t h e  1  og o f  r u n o f f  f l o w r a t e ,  and ( 3 )  l o g  o f  concen t ra t i on  versus l o g  

o f  r u n o f f  f l ow ra te .  These c o r r e l a t i o n s  a r e  in tended t o  d e t e c t  those  

me ta l s  which can be m o b i l i z e d  by  i n c r e a s i n g  f l o w  r a t e s  and r a i n f a l l  

i n t e n s i t i e s .  A summary o f  t hese  c o r r e l a t i o n s  i s  g i ven  i n  Tab le  4-4. 

Maximum va lues  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  were found f o r  

most meta ls  w i t h  t h e  combinat ion o f  metal  concen t ra t i on  and t h e  l o g  

o f  f l o w r a t e .  1ro.n was a p p a r e n t l y  t h e  o n l y  e x c e p t i o n  t o  t h i s  

genera l  i t y .  Maximum c o r r e l a t i o n s  were achieved f o r  b o t h  d i s s o l v e d  

and t o t a l  i r o n  when i r o n  was c o r r e l a t e d  w i t h  t h e  unt ransformed va lue  

o f  t h e  r u n o f f  f l  owrate. The s i g n i f i c a n t  c o r r e l a t i o n s  ( w i t h  t h e  

e x c e p t i o n  o f  i r o n )  were negat i ve ,  i n d i c a t i  ny t h a t  rnetal 

concen t ra t ions  decrease w i t h  i n c r e a s i n g  r a i n f a l l  i n t e n s i t y .  It 

shou ld  be noted, however, t h a t  even though s i g n i f i c a n t  c o r r e l a t i o n s  

were found, c a l c u l a t e d  va lues  f o r  R-square i n d i c a t e  t h a t  t h e  

r e g r e s s i o n  o f  r a i n f a l l  i n t e n s i t y  aga ins t  d i sso l ved  heavy metal 

c o n c e n t r a t i o n s  was capable o f  e x p l a i n i n g  o n l y  approx imate ly  20 

percen t  o r  l e s s  o f  t h e  v a r i a b i l  i t y  i n  t h e  measured d i s s o l v e d  heavy 

metal  concen t ra t ions .  
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S i  g n i  f i c a n t  nega t i ve  c o r r e l a t i o n s  between t h e  1  og o f  r u n o f f  

f l o w  r a t e  and t o t a l  heavy meta l  concen t ra t i ons  were found a t  t h e  

0.05 l e v e l  f o r  lead,  z i nc ,  manganese, n i c k e l ,  and cadmium. These 

reg ress ions  aga ins t  r a i n f a l l  - i n t e n s i t y  produced c a l c u l a t e d  va l  ues o f  

R-square which were equal t o  0.10 o r  l e s s  and, t h e r e f o r e ,  were 

capable o f  e x p l a i n i n g  o n l y  approx imate ly  10 percen t  o r  l e s s  o f  t h e  

v a r i a b i l i t y  i n  t h e  measured t o t a l  meta l  concen t ra t ions .  I n  genera l ,  

i t  appears t h a t  s i g n i f i c a n t  b u t  weak c o r r e l a t i o n s  a r e  p resen t  a t  t h e  

M a i t l a n d  s i t e  f o r  most t o t a l  o r  d i s s o l v e d  spec ies o f  heavy me ta l s  

when c o r r e l a t e d  w i t h  t h e  l o g  o f  r a i n f a l l  i n t e n s i t y .  

I t  s h o u l d  be  n o t e d  t h a t  s e v e r a l  m e t a l  s p e c i e s  e x h i b i t e d  a  

s l  i g h t l y  h i ghe r  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  combinat ion o f  1  og 

o f  m e t a l  c o n c e n t r a t i o n  v e r s u s  t h e  l o g  o f  t h e  r u n o f f  f l o w r a t e .  

D i  sso l  ved concen t ra t i ons  o f  1  ead , manganese, a1 uminum, and chromi urn 

were  a1 1  found t o  be c o r r e l a t e d  t o  a  1  a rge r  degree us ing  a  1  og- log 

re1 a t i o n s h i p  f o r  r u n o f f  f l ow ra te .  

C o r r e l a t i o n s  between r u n o f f  meta l  concen t ra t i ons  and cumul a t i  ve 

t i m e  s i n c e  t h e  s t a r t  o f  a  r u n o f f  a r e  1  i s t e d  f o r  d i s s o l v e d  and t o t a l  

species i n  Table 4-5. 'These c o r r e l a t i o n s  were designed t o  examine 

t h e  " f i r s t  f l u s h "  phenomenon t o  determine i f  heavy metal  

c o n c e n t r a t i o n s  dec l  i n e  w i t h  cumu la t i ve  r a i n f a l l  t ime. C o r r e l a t i o n s  

were t e s t e d  between t h e  f o l l o w i n g  combinat ions o f  runoff  

c o n c e n t r a t i o n s  and cumu la t i ve  t ime :  (1) metal  concen t ra t i ons  and 

cumu la t i ve  t ime,  ( 2 )  metal  c o n c e n t r a t i o n s  and t h e  l o g  o f  cumula t i ve  

t ime, ( 3 )  t h e  l o g  o f  meta l  c o n c e n t r a t i o n  and cumu la t i ve  t ime,  and 

( 4 )  t h e  1  og o f  meta l  c o n c e n t r a t i o n  and t h e  l o g  o f  cumula t i ve  t ime. 
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The s t ronges t  c o r r e l a t i o n  f o r  d i  sso l  ved metal spec ies was found 

f o r  l e a d  u s i n g  t h e  l o g - l o g  t r ans fo rma t i ons .  T h i s  c o r r e l a t i o n  was 

s i g n i f i c a n t  a t  t h e  0.001 l e v e l  and, as i n d i c a t e d  by t h e  va lue  o f  

R -  square, exp l  a i  ned approx imate ly  27 percen t  o f  t h e  v a r i  a b i l  i t y  i n  

t h e  measured va lues  f o r  d i s s o l v e d  lead .  T h i s  t y p e  o f  p o s i t i v e  

re1 a t i o n s i  p  suggests t h a t  1  ead concen t ra t i ons  peak very  q u i c k l y  

a f t e r  t h e  i n i t i a t i o n  o f  t h e  r a i n  event .  A s i g n i f i c a n t  c o r r e l a t i o n  

(0.005 l e v e l )  was a l s o  f o u n d  f o r  d i s s o l v e d  z i n c  when t h e  z i n c  

c o n c e n t r a t i o n  was regressed aga ins t  t h e  l o g  o f  cumu la t i ve  t ime.  

However,  t h i s  r eg ress ion  was ab le  t o  account f o r  or l ly  5 percen t  o f  

t h e  d a t a  v a r i a b i l  i t y .  No s i g n i f i c a n t  c o r r e l a t i o n s  ( a t  t h e  0.05 

l e v e l )  were found f o r  e i t h e r  d i s s o l v e d  copper o r  i r o n .  S i g n i f i c a n t  

c o r r e l a t i o n s  f o r  b o t h  d i s s o l v e d  n i c k e l  and chromium ( b o t h  a t  t h e  

0.001 l e v e l )  were found between t h e  l o g  o f  t h e  meta l  c o n c e n t r a t i o n  

and t h e  l o g  o f  cumula t i ve  t ime.  T h i s  r e l a t i o n s h i p  was a b l e  t o  

e x p l a i n  approx imate ly  8 percen t  o f  t h e  v a r i a b i l i t y  i n  t h e  d i s s o l v e d  

n i c k e l  concen t ra t i ons  and 19 pe rcen t  o f  t h e  v a r i a b i l i t y  i n  t h e  

d i  sso lved chromi um concent ra t ions .  Th i s  t y p e  o f  c o r r e l a t i o n  

i nd i  ca tes  t h a t  these  metal  concen t ra t i ons  peak q u i c k l y  d u r i n g  a  

storm event  and d rop  o f f  r a p i d l y .  

C o r r e l  a t i o n s  betweeen cumul a t i v e  ra- i  n f a l l  event  t i m e  and t o t a l  

me ta l  concen t ra t i ons  were, i n  genera l  , 1  ess s i g n i  f i c a n t  than  

c o r r e l a t i o n s  measured f o r  d i  s so l  ved species. T o t a l  l e a d  

c o n c e n t r a t i o n s  were found t o  c o r r e l  a t e  most c l o s e l y  w i t h  a  1  i near 

p o s i t i v e  re1  a t i o n s h i  p  between c o n c e n t r a t i o n  and cumul a t i  ve t ime.  



However,  t h e  c a l c u l a t e d  v a l u e  o f  R -squa re  i n d i c a t e d  t h a t  t h i s  

r e l a t i o n s h i p  was o n l y  ab le  t o  e x p l a i n  l e s s  than  4 percen t  o f  t h e  

v a r i a b i l i t y  i n  t o t a l  l e a d  concent ra t ions .  S i m i l a r  c o r r e l a t i o n s  were 

observed  f o r  t h e  remain ing t o t a l  meta l  concen t ra t i ons  f o r  va r ious  

combina t ions  o f  concen t ra t i on  and cumula t i ve  t ime. However, these  

r e y r e s s i o n s  were  i n  g e n e r a l  c a p a b l e  o f  e x p l a i n i n g  l e s s  t h a n  5 

p e r c e n t  o f  t h e  v a r i a b i l i t y  i n  t h e  measured t o t a l  metal  

concent r a t  i ons . 
C o r r e l a t i o n s  between measured va lues  o f  r u n o f f  pH and heavy 

m e t a l  c o n c e n t r a t i o n s  were  a l s o  pe r fo rmed .  A summary o f  t h e s e  

c o r r e l a t i o n s  i s  g i v e n  i n  T a b l e  4-6. S i g n i f i c a n t  c o r r e l a t i o n s  

between pH and t h e  l o y  o f  t h e  d i s s o l v e d  meta l  c o n c e n t r a t i o n  were 

observed a t  t h e  0.05 l e v e l  f o r  z inc ,  i r o n ,  and n i c k e l ,  a l though 

t h e s e  rey ress ions  were a b l e  t o  e x p l a i n  a t  most 10 pe rcen t  of t h e  

da ta  v a r i a b i l i t y  and i n  yenera l  l e s s  t h a n  5 percent .  

T h e r e f o r e ,  i n  yeneral  i t  appears t h a t  w h i l e  sequent ia l  

hydroyraph measured concen t ra t i ons  o f  b o t h  t o t a l  and d i  sso l  ved heavy 

me ta l s  i n  highway r u n o f f  a t  t h e  M a i t l a n d  s i t e  d i d  produce 

s i  yn i  f i c a n t  c o r r e l a t i o n s  w i t h  c e r t a i n  combinat ions o f  r a i  n f a l l  

i n t e n s i t y ,  pH, and antecedent d r y  per iod ,  t h e  c o r r e l a t i o n s  were ab le  

t o  e x p l a i n  o n l y  a  smal l  f r a c t i o n  o f  t h e  v a r i a b i l i t y  measured i n  t h e  

d a t a  s e t .  I n  most cases t h i s  r eg ress ion  accounted f o r  l e s s  than  1U 

percen t  o f  t h e  t o t a l  v a r i a b i l i t y  and these  f a c t o r s  a r e  n o t  t h e  major  

f a c t o r s  r e y u l  a t i  ng concen t ra t i ons  o f  heavy me ta l s  measured a t  t h e  

Ma i t l and  s i t e .  
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Cor re l  a t i o n s  were a1 so examined us ing  t h e  composite 

f 1  ow-wei ghted r u n o f f  concen t ra t i ons  o f  d i  s so l  ved and t o t a l  meta ls  

c a l c u l a t e d  f o r  each o f  t h e  16 s torm events. C o r r e l a t i o n s  were 

t e s t e d  between t o t a l  r u n o f f  volume and t o t a l  r a i n f a l l  f o r  each 

event,  mean r a i n f a l l  i n t e n s i t y ,  r a i n f a l l  d u r a t i o n ,  and antecedent 

d r y  p e r i o d  t o  t e s t  whether r e l a t i o n s h i p s  e x i s t  between these  

parameters and measured heavy meta l  concen t ra t ions .  When these  

c o r r e l a t i o n s  were performed, no s i g n i f i c a n t  c o r r e l a t i o n s  a t  t h e  0.05 

l e v e l  were found between any o f  t h e  f o u r  parameters and any t o t a l  o r  

d i  s so l  ved heavy meta l  concen t ra t ions .  However, f low-weighted 

c o n c e n t r a t i o n s  o f  b o t h  d i s s o l v e d  copper and t o t a l  copper had a  

s i g n i f i c a n t  c o r r e l a t i o n  w i t h  t o t a l  r u n o f f  volume a t  t h e  0.06 l e v e l  

w i t h  a  c o r r e l  a t i o n  c o e f f i c i e n t  o f  -0.487 f o r  d i  sso l  ved copper and 

-0.451 f o r  t o t a l  copper. These nega t i ve  c o r r e l a t i o n s  suggest a  

general dec l  i ne i n  copper concen t ra t i ons  w i t h  i nc reas i  ng r u n o f f  

vo l  ume. D i  s so l  ved cadmi um was p o s i t i v e l y  c o r r e l  a ted  w i t h  t o t a l  

r a i n f a l l  a t  t h e  0.06 l e v e l  w i t h  a  c o r r e l a t i o n  o f  0.479. T h i s  

c o r r e l  a t i  on suygests  t h a t  cadmi um concen t ra t i ons  i nc rease  when t h e  

t o t a l  r a i  n f a l  1  vo l  ume increases.  

Heavy Metal Concent ra t ions  i n  t h e  
Mai t l  and Pond Waters 

Water samples were c o l l e c t e d  p e r i o d i c a l l y  form 6/82 t o  2/83 t o  

c h a r a c t e r i  ze average concen t ra t i ons  o f  heavy meta l  s  i n  t h e  West 

Pond. A t o t a l  o f  40 depth coniposite wate r  samples were c o l l e c t e d  a t  

f i v e  f i x e d  s t a t i o n s  d u r i n g  t h i s  per iod ,  and heavy meta l  analyses 



were conducted on 30 o f  these  samples. Concent ra t ions  o f  heavy 

meta ls  measured i n  these  depth composite samples a t  each o f  t h e  f i v e  

sample  s t a t i o n s  on each  sample c o l l e c t i o n  d a t e  a r e  l i s t e d  i n  

Appendix I I. 

A summary o f  heavy metal  concen t ra t i ons  i n  t h e  West Pond d u r i n g  

t h e  sampl i ng p e r i o d  i s  presented i n  Tab1 e  4-7. Mean va l  ues o f  most 

heavy meta ls ,  w i t h  t h e  excep t ions  o f  i r o n  and aluminum, were near o r  

be1 ow a  l e v e l  o f  20 p g / l .  Most meta l  spec ies a1 so v a r i e d  w i t h i n  a  

r e 1  a t i v e l y  narrow range o f  concen t ra t i ons  d u r i n g  t h i s  per iod ,  w i t h  

maximum concen t ra t i ons  f o r  a l l  spec ies except  t o t a l  i r o n  and t o t a l  

a luminum near o r  l e s s  t han  100 p g / l .  Nine o f  t h e  20 metal  spec ies 

( d i s s o l v e d  and t o t a l  z i nc ,  d i s s o l v e d  and t o t a l  n i c k e l  , d i s s o l v e d  and 

t o t a l  chromium, d i  sso l  ved manganese, and d i s s o l v e d  and t o t a l  

cadmium) never exceeded 20 p g / l  as a  maximum value. As seen i n  

Table 4-6, t h e  ma jo r  f r a c t i o n  o f  a l l  metal  spec ies  (excep t  i r o n ,  

a1 umi num, and manganese) was i n  t h e  d i  sso l  ved s t a t e ,  w i t h  d i  sso l  ved 

f r a c t i o n s  o f  about 65 pe rcen t  o r  g rea te r .  Zinc,  copper, and cadmium 

e x h i b i t e d  d i s s o l v e d  f r a c t i o n s  o f  approx imate ly  80 percen t  o r  

g rea te r .  

A summary o f  f i e l d  measured va l  ues o f  pH, d i s s o l v e d  oxygen, and 

ORP a t  t h e  t i m e  o f  sample c o l l e c t i o n  a r e  a l s o  l i s t e d  i n  Tab le  4-7. 

'The mean pH va l  ue o f  t h e  r e t e n t i o n  pond water  was s l i g h t l y  a1 ka l  i n e  

a t  a  v a l  ue o f  7.46. The measured r a n g e  o f  pH v a l u e s  c o v e r e d  

a p p r o x i m a t e l y  t w o  pH u n i t s  w i t h  v a l u e s  be tween 6.62 and  8.46. 

Measurements o f  d i s s o l v e d  oxygen i n d i c a t e d  an ae rob i c  water  column 
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on a1 1  sample co l  l e c t i o n  dates. The mean val ue f o r  d i sso l ved  oxygen 

was 5.6 my11 w i t h  a  range between 2.8 and 9.1. Measurements o f  ORP 

a1 so i n d i c a t e d  an ox id i zed  environment w i t h  most measured values i n  

excess o f  500 mv(Eh). 

A compar i son  o f  mean pond c o n c e n t r a t i o n s  w i t h  mean r u n o f f  

c o n c e n t r a t i o n s  i s  l i s t e d  i n  t h e  l a s t  column o f  T a b l e  4-7. As 

i nd i ca ted  by t h e  re1 a t i v e l y  1  ow f r a c t i o n s  o f  heavy metal s  remai ning, 

pond concentrat ions o f  most heavy metal s, except manganese, are 

subs tant i  a1 l y  1  ower than i n  t h e  r u n o f f  water. Pond concent ra t ions  

o f  t o t a l  lead and t o t a l  z i n c  were on ly  approximately 10 percent o f  

t he  mean concentrat ions i n  t h e  incoming water. To ta l  metal 

concen t ra t i ons  f o r  a l l  meta ls  except manganese were reduced t o  a  

greater  degree than t h e  d i sso l ved  por t ions .  The order  f o r  reduc t i on  

o f  t o t a l  r u n o f f  concentrat ions upon en te r i ng  t h e  West Pond i s :  

D i  ssol  ved concentrat ions o f  heavy metals  i n  h i  yhway r u n o f f  were a1 so 

reduced upon en te r i ng  t h e  r e t e n t i o n  pond, al though no t  t o  t h e  degree 

noted f o r  p a r t i c u l a t e  species. The order  f o r  reduc t ion  o f  d isso lved 

r u n o f f  species upon en te r i ng  t h e  West Pond i s :  



Concen t ra t i ons  o f  b o t h  d i  sso l  ved and t o t a l  manganese inc reased  i n  

t h e  r e t e n t i o n  pond water  over  concen t ra t i ons  m6asured i n  highway 

r u n o f f .  

A  summary o f  mean heavy metal  concen t ra t i ons  a t  each o f  t h e  

i n d i v i d u a l  sample s t a t i o n s  i n  t h e  Ma i t l and  West Pond i s  g i ven  i n  

Tab le  4-8. These concen t ra t i ons  were i n v e s t i g a t e d  t o  determine if 

changes i n  heavy metal  concen t ra t i ons  cou ld  be de tec ted  d u r i n g  

t r a v e l  through t h e  r e t e n t i o n  pond from t h e  p o i n t  o f  i n p u t  t o  t h e  

d i s c h a r g e .  The SAS PROC GLM procedure (Ray and S a l l  1982) was used 

t o  conduct an a n a l y s i s  o f  va r iance  f o r  t h e  heavy meta l  da ta  by 

s t a t i o n  f o r  t h e  sample per iod.  Those parameters which produced a  

s i g n i f i c a n t  F - t e s t  a t  t h e  0.05 l e v e l  were sub jec ted  t o  t h e  ~ l i u l t i p l e  

c o m p a r i s o n  t e c h n i q u e  o f  Tukey t o  d e t e c t  where t h e  d i f f e r e n c e s  

occurred. 

The  a n a l y s i s  o f  v a r i a n c e  p r o c e d u r e '  p r o d u c e d  a  s i g n i f i c a n t  

F - t e s t  a t  t h e  0.05 l e v e l  o n l y  f o r  concen t ra t i ons  o f  d i s s o l v e d  and 

t o t a l  z i  nc. D i f f e r e n c e s  between pond s t a t i o n s  f o r  d i  sso l  ved z i n c  

were s i g n i f i c a n t  a t  t h e  0.015 l e v e l  and t o t a l  z i n c  was s i g n i f i c a n t  

a t  t h e  0.031 l e v e l .  The ~ l i u l t i p l e  cornparison techn ique  of  Tukey 

f o u n d  S t a t i o n  1 near t h e  storniwater i n l e t  t o  be d i f f e r e n t  from t h e  

o t h e r  f o u r  s t a t i o n s .  Thus, i t  appears t h a t  t h e r e  i s  evidence t o  

i n d i c a t e  t h a t  concen t ra t i ons  o f  t o t a l  and d i sso l ved  z i n c  may be 

d i f f e r e n t  a t  S t a t i o n  1 than  a t  t h e  o t h e r  f o u r  s t a t i o n s .  As seen i n  

T a b l e  4-8, t h e  mean va lue  f o r  z i n c  concen t ra t i ons  a t  S t a t i o n  1 i s  

approx imate ly  t w i c e  as h i g h  as t h e  o t h e r  measured s t a t i o n s .  
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Accumulat ion o f  Heavy Meta ls  i n  t h e  Sediments 
o f  t h e  Mai t l  and West Pond 

The h o r i z o n t a l  and v e r t i c a l  d i s t r i b u t i o n s  o f  heavy me ta l s  i n  

t h e  s e d i m e n t s  o f  t h e  M a i t l a n d  West Pond we re  c h a r a c t e r i z e d  by  

co l  1  e c t  i on and anal  y s i  s  o f  mu1 t i  p l  e  co re  sampl es. Core sampl es were 

c o l l e c t e d  i n  t h e  West Pond on 10/15/82, 10/15/83, and 4/15/84. On 

each  d a t e  a  t o t a l  o f  46 separa te  co re  samples were c o l l e c t e d  a t  

s p e c i f i e d  i n t e r v a l s  a long  11 f i x e d  t r ansec t s .  On t h e  f i r s t  sample 

d a t e  (10/15/82),  t h e  46 co re  samples were analyzed i n d i v i d u a l l y  by  

s e c t i o n i n g  each sample i n t o  t h e  f o l l o w i n g  l a y e r s :  0-1 cm, 1-3.5 cm, 

3.5-6 cm, 6-8.5 cm, and 8.5-13 cm. The heavy meta l  concen t ra t i ons  

i n  t h e  0-1 cm l a y e r  were used t o  c h a r a c t e r i z e  h o r i z o n t a l  metal  

d i s t r i b u t i o n s ,  w h i l e  average concen t ra t i ons  i n  each o f  t h e  separa te  

l a y e r s  were used t o  i n v e s t i g a t e  v e r t i c a l  m ig ra t i on .  On t h e  l a s t  two 

sampl e  c o l l  e c t i o n  da tes  (10/15/83 and 4/15/84), t h e  46 separa te  

samples were combined t o g e t h e r  by l a y e r  so t h a t  average 

c o n c e n t r a t i o n s  a t  each 1  ayer  were ob ta ined  f o r  v e r t i c a l  m i g r a t i o n  

s tud ies .  Raw measured va l  ues o f  sediment heavy meta l  concen t ra t i ons  

f o r  each o f  t h e  t h r e e  sample da tes  a r e  l i s t e d  i n  Appendix 111. The 

r e s u l t s  o f  t h e  h o r i z o n t a l  d i s t r i b u t i o n s  and v e r t i c a l  m i g r a t i o n s  a re  

d iscussed sepa ra te l y  i n  t h e  f o l  1  owi ng sect ions.  

H o r i z o n t a l  D i  s t r i  b u t i o n s  o f  Heavy Meta ls  

An a n a l y s i s  o f  t h e  h o r i z o n t a l  d i s t r i b u t i o n s  o f  heavy me ta l s  i n  

t h e  sediments o f  t h e  West Pond i s  u s e f u l  i n  c h a r a c t e r i z i n g  t h e  

s e t t l i n g  p a t t e r n s  o f  va r i ous  heavy me ta l s  upon e n t e r i n g  t h e  



r e t e n t i o n  pond water.  As seen i n  t h e  d a t a  g i ven  i n  Appendix 111, 

c o n c e n t r a t i o n s  o f  heavy meta ls  i n  t h e  0-1 cm l a y e r  appear t o  be 

h i g h e s t  f o r  most meta ls  near t h e  i n f l u e n t  p o i n t s  f o r  stormwater 

r uno f f ,  w i t h  r a p i d  decreases i n  concen t ra t i ons  as t h e  d i s t a n c e  from 

t h e  i n p u t  increases.  The g r e a t e s t  su r f ace  concent r a t i o n s  f o r  most 

me ta l s  were measured near t h e  45 cm i n l e t  on t h e  west end o f  t h e  

p o n d  w h i c h  i s  assumed t o  be t h e  m a j o r  i n p u t  i n t o  t h e  system. 

However, e l eva ted  concen t ra t i ons  were a1 so found near o t h e r  i n p u t  

p o i n t s  such as t h e  small conc re te  channel i n  t h e  no r theas t  co rne r  

w h i c h  r e c e i v e s  d i r e c t  r u n o f f  f rom a smal l  p o r t i o n  o f  1-4, a long  t h e  

n o r t h e r n  shore where severa l  stormsewer 1 i n e s  d r a i n  smal l  p o r t i o n s  

o f  t h e  ad jacen t  b r i d g e  area ( M a i t l a n d  Boulevard),  and a long  t h e  

s o u t h e r n  s h o r e  where  p e r i o d i c  f l o w  f r o m  t h e  s w a l e  a r e a  e n t e r s  

t h r o u g h  a 90 cm RCP l i n e .  I n  genera l ,  e leva ted  concen t ra t i ons  of 

Pb, N i  , C r ,  and A1 near i n l e t  p i pes  were approx imate ly  t w i c e  as h i g h  

as  t h e  average pond concent ra t ion ,  w h i l e  sediment concen t ra t i ons  of 

Cd, Cu, and Fe were approx imate ly  1.5 t imes  as g rea t  as mean values. 

Concentrat ions o f  Zn near i n l e t  p i pes  were approx imate ly  t h r e e  t imes  

t h e  average sediment Zn concent ra t ions .  

A summary o f  average sediment meta l  concen t ra t i ons  i n  t h e  0-1 

cm l a y e r  a long  t r a n s e c t s  a t  v a r i o u s  d i s tances  from t h e  45 cm RCP 

i n l e t  i s  g i v e n  i n  T a b l e  4-9. These  v a l u e s  r e p r e s e n t  t h e  mean 

concen t ra t i ons  f o r  each metal  measured i n  each o f  t h e  f i r s t  s i x  

t r a n s e c t s .  Transects  7, 8, and 9 were no t  i nc l uded  s i n c e  these  

t r a n s e c t s  a r e  i n f l u e n c e d  by i n p u t s  f rom t h e  swale area as w e l l  as 

t h e  channel i n  t h e  nor theas t  corner .  
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The d i s t r i b u t i o n s  o f  se lec ted  heavy meta ls  as a  f u n c t i o n  o f  

d i s t a n c e  f rom t h e  45 cm RCP i n l e t  a r e  i n d i c a t e d  'in F igu re  4-4. 

C o n c e n t r a t i o n s  o f  Pb and Zn appear t o  peak q u i c k l y  a f t e r  a  d i s t a n c e  

o f  1 5  m f rom t h e  i n l e t  w i t h  a  r a p i d  d e c l i n e  i n  sedminient 

concen t ra t i on  w i t h  i n c r e a s i n g  d is tance .  Concent ra t ions  o f  Cr and Ni 

appear  t o  reach a peak l e s s  q u i c k l y  w i t h  maximu~ii va l  ues measured a t  

a  d i s t a n c e  o f  approx imate ly  30 m f rom t h e  i n l e t .  The d e c l i n e  i n  

concen t ra t i on  w i t h  i n c r e a s i n g  d i s t a n c e  f o r  these  two meta ls  i s  much 

l e s s  pronounced than  t h a t  observed f o r  Pb and Zn. Concentrat ions o f  

Cu appear t o  be r e l a t i v e l y  evenly d i s t r i b u t e d  w i t h  on l y  a  small peak 

observed between 15 and 60 m. 

The d i s t r i b u t i o n s  o f  Fe and A1 as a  f u n c t i o n  o f  d i s t ance  from 

t h e  o u t f a l l  a r e  shown i n  F i g u r e  4-5. Bo th  Fe and A1 appear t o  peak 

a t  a  d i s t a n c e  o f  30 m f rom t h e  i n l e t  w i t h  gradual d e c l i n e s  observed 

w i t h  i n c r e a s i n g  d is tance .  

V e r t i c a l  D i  s t  r i  b u t i  on o f  Heavy Metal s  

The v e r t i c a l  d i s t r i b u t i o n  o f  heavy me ta l s  i n  t h e  sediments o f  

t h e  Ma i t l and  West Pond was c h a r a c t e r i z e d  by a n a l y s i s  o f  average 

sed imen t  meta l  concen t ra t i ons  on each o f  t h e  t h r e e  sample dates. A  

summary o f  t h e  mean concen t ra t i ons  a t  each sarnple depth on each 

sample d a t e  i s  p resen ted  i n  Tab le  4-10. Aluniinum was t h e  most 

abundant meta l  p resen t  i n  t h e  M a i t l a n d  Pond sediments a t  a l l  depths, 

w i t h  average aluminum concen t ra t i ons  severa l  o rders  o f  magnitude 

l a r g e r  than  most o f  t h e  o t h e r  meta ls .  The second most abundant 

m e t a l  p resen t  was i r o n  w i t h  average concen t ra t i ons  a t  a l l  depths 
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measured approx imate ly  one o rder  o f  magnitude 1  a rge r  than  o t h e r  

metals.  Lead was t h e  t h i r d  most abundant heavy meta l  present,  

f o l l o w e d  by  z i n c  and chromium, c o p p e r  and n i c k e l ,  and f i n a l l y  

cadmi urn. Concent ra t ions  o f  cadmi um were general  l y  ve ry  small w i t h  

many measured va l  ues, especi  a1 l y  i n  t h e  1  ower sediment depths, 

approaching t h e  l i m i t s  o f  de tec t i on .  

I n  general  , concen t ra t i ons  o f  a1 1  heavy meta ls  were h i ghes t  i n  

t h e  s u r f a c e  l a y e r  w i t h  a  r a p i d  d e c r e a s e  i n  c o n c e n t r a t i o n  w i t h  

i nc reas ing  depth. The same general  t r e n d  was a l s o  observed f o r  

mo i s tu re  con ten t  and o rgan i c  con ten t  as w e l l .  Sediment 

c o n c e n t r a t i o n s  o f  z i n c ,  i r o n ,  1  ead and chromium appea r  t o  b e  

a t tenua ted  a t  t h e  most r a p i d  r a t e  w h i l e  cadmium, copper, aluminum, 

and n i c k e l  seem t o  be a t tenua ted  l e s s  q u i c k l y .  The a t t e n u a t i o n  o f  

heavy metal  concen t ra t i ons  i n  t h e  sediments i s  shown i n  F i g u r e  4-6. 

The a t t e n u a t i o n  o f  heavy meta l  s  th rough  t h e  r e t e n t i o n  pond 

sed iments  was modeled u s i n g  t h e  PROC GLM package o f  SAS (Ray and 

S a l l  1982) w i t h  a  v a r i e t y  o f  models such as meta l  concen t ra t i on  

versus depth, l o g  o f  meta l  concen t ra t i on  versus depth, metal  

concen t ra t ion  versus l o g  o f  depth, l o g  o f  metal  c o n c e n t r a t i o n  versus 

l o g  of  depth, as w e l l  as va r i ous  o t h e r  combinat ions o f  i n v e r s e  

f u n c t i o n s  of  t h e  meta l  concen t ra t i on  and depth. O f  t h e  

r e 1  a t i o n s h i p s  t es ted ,  t h e  bes t  va lues  o f  R-square and MSE (mean 

square e r r o r )  were ob ta ined  f o r  b o t h  i n d i v i d u a l  sample da tes  as w e l l  

as f o r  t h e  combined d a t a  u s i n g  semi- log and l o g - l o g  r e l a t i o n s h i p s .  

H summary o f  t h e  r e g r e s s i o n  s t a t i s t i c s  f o r  t h e  semi- log model i s  

l i s t e d  i n  Table 4-11. 



' t .  
O N  

03 
c\ 
O W  
'r rl 
+'\ 
l a 0  
sr l  
c 
alu 
C, al 
W C ,  < 0 

al - 





As seen i n  t h e  r e l a t i v e l y  h i g h  va lues f o r  R-square l i s t e d  i n  

T a b l e  4-11, t h e  semi- log r e l a t i o n s h i p  appeared t o  f i t  t h e  da ta  

p o i  n t s  ex t reme ly  we1 1  . Wi th  few excep t ions  , t h e  c a l  c u l  a ted v a l  ues 

o f  R - s q u a r e  were  g e n e r a l l y  i n  e x c e s s  o f  0.90 f o r  each  o f  t h e  

i n d i v i d u a l  sample dates. Us ing t h e  va lues  o f  K as a  measure o f  t h e  

r a t e  o f  a t t e n u a t i o n  d u r i n g  t r a v e l  t h rough  t h e  pond sediments, i t  

appears t h a t  sediment assoc ia ted  z i n c  was a t t enua ted  a t  t h e  f a s t e s t  

r a t e  o n  each o f  t h e  sample da tes ,  f o l l o w e d  by lead,  i r o n ,  copper, 

chromium, n i c k e l ,  and aluminum. I f  t h e  va lues  o f  K f o r  t h e  combined 

d a t a  s e t  a re  used as a  measure o f  t h e  r a t e  o f  a t t e n u a t i o n  o f  t h e  

sediment bound meta ls ,  t h e  a t t e n u a t i o n  o f  t h e  measured heavy m e t a l s  

can be arranged i n  t h e  f o l l o w i n g  o rde r :  

most r a p i d  l e a s t  r a p i d  

a t t e n u a t i o n :  Zn < Mn < Pb < Fe < C r  < Ni  < C ~ J  < Cd = A l :  a t t e n u a t i o n  

T h i s  a t t e n u a t i o n  o f  heavy  m e t a l s  i s  p r e s e n t e d  g r a p h i c a l  l y  f o r  

n i c k e l ,  z inc ,  cadmium, copper, l ead ,  and chromium i n  F i g u r e  4-6. 

S p e c i a t i o n  o f  Heavy Me ta l s  i n  Sediments 

Composi t e  sed i~ i ien t  sampl es c o l  1  ected a1 ony t h e  f i x e d  t r a n s e c t s  

on 10/15/83 were processed t h rough  a  s e r i e s  o f  chemical e x t r a c t i o n  

s t e p s  t o  i d e n t i f y  and q u a n t i f y  heavy meta l  a s s o c i a t i o n s  w i t h  t h e  



f o l l o w i n g  f i v e  f r a c t i o n s :  so lub le ,  exchangeable, bound t o  

carbonates, bound t o  i r o n  and manganese ox ides,  and bound t o  o rgan ic  

mat te r .  It i s  g e n e r a l l y  be l i eved  t h a t  t h e  s t a b i l i t y  o f  m e t a l - s o i l  

a s s o c i a t i o n s  i nc reases  i n  t h e  f o l  l o w i n g  o rder :  s o l u b l e  < 

exchangeable < bound t o  carbonates < bound t o  i r o n  and manganese 

o x i d e s  < bound t o  o rgan i c  mat te r .  A  summary o f  t h e  e x t r a c t i o n  

r e s u l t s  i s .  presented i n  Tabl e  4-12. 

As seen i n  Tabl e  4-12, o n l y  a  smal l  p o r t i o n  o f  t h e  t o t a l  meta ls  

p r e s e n t  were e x t r a c t e d  w i t h  t h e  so l  ub l  e  f r a c t i o n .  T h i s  f r a c t i o n  

i n d i c a t e s  metal  i o n s  which a r e  t rapped i n  i n t e r s t i t i a l  pore spaces 

and n o t  bound t o  t h e  sediments. Z i nc  appeared t o  be p resen t  i n  t h i s  

s o l u b l e  form t o  t h e  l a r g e s t  degree o f  a1 1  me ta l s  measured, a l though 

t h e  measured va lues  were r e l a t i v e l y  smal l  when compared t o  t h e  t o t a l  

me ta l  concen t ra t i ons  present .  Most o f  t h e  heavy meta ls  measured 

( w i t h  t h e  excep t ions  o f  cadmium, i r o n  and manganese) e x h i b i t e d  1  arge 

increases i n  s o l u b l e  concen t ra t i ons  i n  t h e  8.5-13 cm l a y e r .  

When t h e  sediment suspension was t e s t e d  f o r  adsorbed o r  i o n  

exchangeable metal  species,  many o f  t h e  heavy me ta l s  measured (such 

as z i  nc, copper, n i c k e l  , and chromi um) e x h i b i t e d  exchangeabl e  va l  ues 

s i m i l a r  t o  t hose  measured f o r  t h e  s o l u b l e  o r  i n t e r s t i t i a l  f r a c t i o n .  

However, s i g n i f i c a n t l y  h i g h e r  concen t ra t i ons  o f  cadmium, a1 uminum, 

i r o n ,  and l e a d  were measured i n  t h e  exchangeable f r a c t i o n s  than  i n  

t h e  so l  ub l  e  f r a c t i o n .  Whi 1  e  most o f  these  i nc reases  measured were 

on t h e  o r d e r  o f  2 t o  10 t imes  g r e a t e r  t han  was measured f o r  t h e  

so l  ub le  p o r t i o n ,  i r o n  and l e a d  were p resen t  i n  an exchangeable form 
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approx imate ly  50 t imes  g r e a t e r  than  t h e y  were i n  a  s o l u b l e  form. 

F o r  those me ta l s  which e x h i b i t e d  e l eva ted  concen t ra t i ons  as an 

exchangeable f r a c t i o n ,  t h e  measured concen t ra t i ons  appeared t o  be 

h i g h e s t  near t h e  sediment sur face  and decreased w i t h  i n c r e a s i n g  

sediment depth. However, t h e  decrease w i t h  dep th  o f  t h e  exchange 

f r a c t i o n  was n o t  as r a p i d  as t h e  decrease i n  metal  concen t ra t ions  

d i  scussed p r e v i o u s l y  f o r  t h e  s o l u b l e  f r a c t i o n .  The r a t h e r  1  a rge  

inc rease  i n  concen t ra t i ons  which was no ted  i n  t h e  bot tom l a y e r  o f  

t h e  s o l u b l e  p o r t i o n  was p resen t  i n  t h e  exchange f r a c t i o n s  as w e l l .  

Metal  spec ies  bound t o  carbonates a r e  a l s o  i n d i c a t e d  i n  Table 

4-12. T h i s  t e s t  separates those  metal  i o n s  which a r e  assoc ia ted 

w i  t h  sediment carbonates as a  p r e c i p i t a t e  o r  co -p rec ip i t a te .  I n  

general ,  concen t ra t i ons  o f  most heavy me ta l s  bound t o  carbonates 

were s i m i l a r  t o  concen t ra t i ons  measured as a  s o l u b l e  form, and were 

l e s s  than  concen t ra t i ons  i n  t h e  exchange f r a c t i o n .  T h i s  d e c l i n e  i n  

c o n c e n t r a t i o n s  i s  p a r t i c u l  a r l y  ev i den t  f o r  cadmium, i r o n ,  and 1  ead 

which e x h i b i t e d  l a r g e  inc reases  i n  t h e  exchange f r a c t i o n .  The o n l y  

heavy metal  which produced any i nc reased  concen t ra t i ons  i n  t h e  

ca rbona te  f r a c t i o n  was a1 uminum which inc reased  severa l  f o l d  over  

c o n c e n t r a t i o n s  measured i n  t h e  exchange f r a c t i o n .  The s u b s t a n t i a l  

i n c r e a s e  i n  concen t ra t i ons  which was ve ry  apparent i n  t h e  bot tom 

l a y e r s  of t h e  s o l u b l e  and exchange f r a c t i o n s  was l e s s  pronounced f o r  

t h e  carbonate e x t r a c t i o n s .  

Heavy metal  assoc ia t i ons  w i t h  i r o n  and manganese ox ides were, 

f o r  most heavy meta l  s  tes ted ,  s u b s t a n t i a l l y  1  a rger  t han  any o the r  



assoc ia t i on .  The o n l y  excep t ion  t o  t h i s  g e n e r a l i t y  was f o r  cadmium 

w h i c h  e x h i b i t e d  i t s  major  a s s o c i a t i o n  w i t h  t h e  exchangeable 

f r a c t i o n .  Concent ra t ions  o f  o t h e r  heavy meta ls  bound t o  i r o n  and 

manganese ox ides were severa l  o rde rs  o f  magnitude l a r g e r  t h a n  any 

p rev ious  assoc ia t i on .  The same genera l  t r e n d  was observed where t h e  

l a r g e s t  concen t ra t i ons  o f  Fe/Mn bound meta ls  were measured a t  t h e  

su r f ace  w i t h  s l i g h t  decreases w i t h  i n c r e a s i n g  depth. 

The f i n a l  assoc ia t i on ,  bound t o  o rgan i c  ma t te r ,  r e s u l t e d  i n  

l a r g e r  concen t ra t i ons  f o r  most me ta l s  than  were measured f o r  t h e  

s o l  ub le ,  exchangeable, o r  ca rbonate  f r a c t i o n s ,  b u t  were g e n e r a l l y  

l e s s  t h a n  those  nieasured f o r  i r o n  and manganese oxides. 'The o n l y  

excep t i on  t o  t h i s  g e n e r a l i z a t i o n  was f o r  i r o n  which had 

c o n c e n t r a t i o n s  i n  t h e  o rgan ic  f r a c t i o n  s i m i l a r  t o  t h e  f r a c t i o n  

assoc ia ted  w i t h  i r o n  and manganese oxides. 

F r a c t i o n a l  d i  s t r i  b u t  i o n s  o f  t h e  t o t a l  ex t rac ted  heavy meta l  s  

f o r  each o f  t h e  f i v e  e x t r a c t e d  spec ies  a re  presented i n  Tab le  4-13. 

Most o f  t h e  metal  spec ies t es ted ,  w i t h  t h e  excep t ions  o f  lead,  i r o n ,  

and cadmium, appear t o  be p redominan t l y  assoc ia ted  w i t h  o n l y  one 

m a j o r  f r a c t i o n .  For  most meta ls ,  t h e  dominant f r a c t i o n  i s  t h e  one 

which i s  bound t o  Fe/Mn oxides. However, cadmium i s  predominant ly  

assoc ia ted  w i t h  t h e  exchangeable f r a c t i o n .  Lead a l s o  has a  ma jo r  

a s s o c i a t i o n  w i t h  t h i s  f r a c t i o n .  Aluminum and i r o n  apear t o  have 

s i g n i f i c a n t  f r a c t i o n s  w i t h  o rgan i c  p a r t i c l e s .  Very few o f  t h e  heavy 

m e t a l s  p resen t  i n  t h e  sediments appear t o  be p resen t  i n  a  d i s s o l v e d  

o r  carbonate form a1 though cadmium, z i n c  and n i c k e l  had d i  sso l  ved 
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f r a c t i o n s  o f  approx imate ly  10 percent .  Cadmium was a1 so present  as 

a  carbonate w i t h  a  t o t a l  f r a c t i o n  o f  12 percent .  

A comparison o f  t o t a l  a c i d - e x t r a c t a b l  e  sediment metal  

concen t ra t i ons  f o r  co re  samples c o l  1  ec ted  on 10/15/83, as determined 

th rough t h e  n i t r i c  a c i d  d i g e s t i o n  procedure and t h e  sum o f  t h e  

e x t r a c t e d  meta l  concen t ra t i ons  ob ta ined  d u r i n g  t h e  sequent ia l  

e x t r a c t i o n  p r o c e d u r e ,  i s  p r e s e n t e d  i n  T a b l e  4-14. The t o t a l  

sediment meta l  concen t ra t ions ,  as determined by t h e  r i g o r o u s  n i t r i c  

a c i d  d i g e s t i o n  technique, p r o v i d e  a  good e s t i m a t i o n  o f  t h e  t o t a l  

m e t a l  con ten t  o f  t h e  sediments, w i t h  t h e  p o s s i b l e  excep t ion  o f  

m e t a l s  bound i n t o  sand o r  s i l i c a  p a r t i c l e s .  A  more r i g o r o u s  and 

dangerous h y d r o f l  u o r i c  a c i d  d i g e s t i o n  procedure would be necessary 

t o  d i  sso l  ve t hese  p a r t i c l e s .  Assuming t h a t  t h e  e x t r a c t i o n  

procedures were s u b s t a n t i a l l y  complete, t h e  d i f f e r e n c e s  between t h e  

two  t e c h n i q u e s  can be a t t r i b u t e d  l a r g e l y  t o  meta l  i ons  p resen t  i n  a  

bound c r y s t a l  1  i ne form. 

As seen i n  T a b l e  4-14, t h e  p e r c e n t  r e c o v e r y  o f  mos t  m e t a l  

species p resen t  i n  t h e  t o p  l a y e r  ( w i t h  t h e  excep t ions  o f  z inc,  lead, 

and manganese) i s  l e s s  than  50 percent .  Therefore,  a  l a r g e  f r a c t i o n  

o f  t h e  meta l  spec ies appears t o  be bound i n  a  c r y s t a l l i n e  form and 

was no t  e x t r a c t e d  even by t h e  somewhat r i g o r o u s  techniques i nvo l ved  

d u r i n g  t h e  o rgan i c  o x i d a t i o n  steps. There a l s o  appears t o  be a  

g e n e r a l  t r e n d  f o r  t h e  e x t r a c t e d  p e r c e n t a g e  t o  i n c r e a s e  as t h e  

sediment dep th  inc reases  and o rgan ic  f r a c t i o n  decreases. Manganese 

and cadrniuni seen1 t o  e x h i b i t  t h e  1  a rges t  e x t r a c t a b l e  f r a c t i o n s ,  w h i l e  
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a1 uminum and n i c k e l  appear t o  have t h e  sma l les t .  Ex t rac ted  

c o n c e n t r a t i o n s  o f  lead, i r o n ,  and i n  some cases, chromium were 

g r e a t e r  i n  c e r t a i n  samples t han  t h e  t o t a l  n i t r i c  a c i d  e x t r a c t e d  

sediment concen t ra t ion .  

I n f l uence  o f  pH and Redox P o t e n t i a l  on t h e  
Chemi s t r v  of  Heavv Meta ls  i n  Sediments 

A summary o f  heavy  m e t a l  c o n c e n t r a t i o n s  r e l e a s e d  f r o m  t h e  

sediment suspension under va r i ous  redox p o t e n t i a l s  a t  an average 

suspens ion  pH o f  5.0 i s  presented i n  Table 4-15. U n l i k e  t h e  o t h e r  

two  experiments, t h e  minimum redox p o t e n t i a l  c o u l d  n o t  be achieved 

a t  t h i s  somewhat a c i d i c  pH o f  5.0. A f t e r  approx imate ly  20 days o f  

con t inuous  purg ing,  t h e  redox p o t e n t i a l  cou ld  n o t  be reduced below 

-90 mv. As a r e s u l t ,  t h i s  va lue  was se lec ted  as t h e  minimum and a 

sample was c o l l  ec ted a t  t h a t  po in t .  Under t h e  o t h e r  two pH va lues 

(6.5 and 7.5-8.5), t h e  minimum r e d o x  p o t e n t i a l  o f  -150  mv was 

achieved a f t e r  approx imate ly  5-7 days o f  con t inuous  pQrging w i t h  

n i t r o g e n  gas. 

Adjustment o f  pH d u r i n g  t h e  t h r e e  exper iments was achieved by 

manual a d d i t i o n s  o f .  u l t r a - p u r e  HC1 i n  drop form. Measurements o f  pH 

were recorded c o n t i n u o u s l y  on a s t r i p  c h a r t  r eco rde r  so t h a t  t h e  

r a t e  o f  change cou ld  be monitored. F l u c t u a t i o n s  i n  pH f o r  a l l  

exper iments  occurred genera l  l y  very  s l  owly. Adjustments were made 

whenever t h e  mon i to red  pH va lues d e v i a t e d  by more t han  0.1 u n i t  f rom 

t h e  d e s i r e d  value. I n  general ,  ad justments  were requ i red  more 
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f r e q u e n t l y  d u r i n g  t h e  i n i t i a l  days o f  an i n c u b a t i o n  and decreased i n  

f r equency  as t h e  i n c u b a t i o n  t i m e  increased. However, ad jus tments  

were necessary th roughou t  t h e  e n t i r e  i n c u b a t i o n  per iod ,  even though 

t h e  f r e q u e n c y  may have d e c r e a s e d  t o  once  e v e r y  f ew  days .  The 

g e n e r a l  tendency was f o r  t h e  sediments t o  i nc rease  i n  pH va lue  w i t h  

t i m e  toward t h e i r  i n i t i a l  value. The i n c u b a t i o n  a t  a  pH of  5.0 

r e q u i r e d  an a d d i t i o n  o f  app rox ima te l y  20 m l  o f  HC1 over  t h e  e n t i r e  

p e r i o d ,  w h i l e  t h e  i n c u b a t i o n  a t  a  pH o f  6.5 r e q u i r e d  an a d d i t i o n  o f  

o n l y  about  8 m l  . 
As seen i n  Tab le  4-15, heavy meta l  r e l ease  f o l l o w e d  b a s i c a l l y  

t h r e e  m a j o r  p a t t e r n s :  me ta l s  wh ich  were re leased  a t  a  g r e a t e r  r a t e  

d u r i n g  c o n d i t i o n s  o f  l ow  redox p o t e n t i a l ,  me ta l s  which were re1  eased 

a t  a  g r e a t e r  r a t e  d u r i n g  c o n d i t i o n s  o f  h i g h  redox p o t e n t i a l ,  and 

m e t a l s  w h i c h  w e r e  r e l e a s e d  i n  a  f a s h i o n  w h i c h  appea red  t o  b e  

independent o f  redox p o t e n t i a l .  A t  a  pH o f  5.0, cadmium, manganese, 

aluminum, lead ,  and n i c k e l  a l l  appeared t o  e x h i b i t  t h e i r  l owes t  

r e l e a s e  p o t e n t i a l  u n d e r  c o n d i t i o n s  o f  l o w  r e d o x  p o t e n t i a l  and 

h i  g h e s t  re1 ease p o t e n t i a l  under h i g h l y  o x i d i z e d  cond i t i ons .  Z i nc  

and i r o n  seemed t o  be more s o l u b l e  under c o n d i t i o n s  o f  l ow  redox 

p o t e n t i  a1 w i t h  decreas ing  so l  u b i  1  i t y  under o x i d i z e d  c o n d i t i o n s .  

Copper and chromium appeared t o  be r e l a t i v e l y  u n a f f e c t e d  by changes 

i n  redox p o t e n t i a l  a t  t h e  t e s t  pH va lue  o f  5.0. A l though  most o f  

t h e  m e t a l s  t e s t e d  e x h i b i t e d  a  range o f  r e l ease  va lues  o f  

approx imate ly  2 between t h e  maximum r e l e a s e  and minimum re lease ,  t h e  

r e l e a s e  o f  i r o n  covered a  range o f  a p p r o x i ~ n a t e l y  50. The maximum 



. . 

r e1  ease o f  i ron, approx imate ly  90 ug/g, occur red  a t  reduced 

p o t e n t i a l  s  o f  -90 and 0  mv. Upon e n t e r i n g  t h e  o x i d i z e d  region, t h e  

re1 ease of i ron dropped t o  about 2-3 .ug/g sediment. 

A l though t h e  l a r g e s t  phys i ca l  r e l ease  r a t e s  a t  a  pH o f  5.0 were 

ob ta ined  w i t h  manganese, a1 uminum, i ron, and 1  ead, t h e  q u a n t i t y  

re leased  ( w i t h  t h e  excep t ion  o f  manganese) was o n l y  a  smal l  f r a c t i o n  

of t h e  t o t a l  sediment metal  c o n c e n t r a t i o n  present .  Values f o r  t h e  

f r a c t i o n  o f  t o t a l  metal  re leased  a t  each redox p o t e n t i a l  a r e  1  i s t e d  

i n  paren theses  i n  Tab le  4-15. Wi th  t h e  excep t ions  o f  manganese and 

cadmium, t h e  f r a c t i o n  o f  t o t a l  meta ls  re leased  was l e s s  than  5-7 

p e r c e n t  f o r  mos t  m e t a l s ,  w i t h  many i n  t h e  1-2 p e r c e n t  range.  

However, manganese was re1 eased v i  r t u a l  l y  comple te ly  a t  each redox 

p o t e n t i  a1 . Cadmium was re1 eased i n  amounts ra f lg ing between 0  and 35 

p e r c e n t  o f  t h e  t o t a l  m e t a l  p r e s e n t ,  d e p e n d i n g  upon t h e  redox  

p o t e n t i a l  . 
The  r e l e a s e  o f  heavy  m e t a l s  f r o m  M a i t l a n d  s e d i m e n t s  unde r  

v a r i o u s  redox p o t e n t i a l s  a t  an average pH o f  6.5 i s  presented i n  

Table 4-16. The t o t a l  r e l ease  o f  most me ta l s  was s i m i l a r  t o  o r  l e s s  

than  t h e  re l ease  measured a t  a  pH o f  5.0, a l t hough  many o f  t h e  

t r e n d s  f o r  i n c r e a s i n g  o r  decreas ing  concen t ra t i ons  w i t h  changes i n  

redox p o t e n t i a l  were n o t  p resen t  a t  t h i s  pH. The re l ease  o f  cadmium 

a t  a  pH o f  6.5 was s t i l l  observed t o  i nc rease  w i t h  i n c r e a s i n g  redox 

p o t e n t i a l  , a1 though t h e  magnitude o f  t h e  i nc rease  was s u b s t a n t i a l l y  

reduced from t h e  i nc rease  measured a t  a  pH o f  5.0. The re l ease  of  

z i n c  was again shown t o  decrease w i t h  i n c r e a s i n g  redox p o t e n t i a l  b u t  

t h e  r a t e  o f  decrease was much l ess .  
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The r e l e a s e  o f  i r o n  f rom t h e  sediments a t  a pH o f  6.5 was a l s o  

s t i l l  found t o  decrease w i t h  i n c r e a s i n g  redox p o t e n t i a l  . However, 

t h e  magni tude o f  t h e  re leases  o f  i r o n  a t  each redox p o t e n t i a l  was 

much sma l l e r  than  t h a t  observed a t  t h e  lower  pH. The remaining 

heavy metal  s measured (manganese, copper, a1 uminum, 1 ead, n i c k e l ,  

and chromium) seemed t o  be f a i r l y  independent o f  changes i n  redox 

p o t e n t i a l  a t  t h e  t e s t  pH o f  6.5, a l though severa l  o f  t hese  me ta l s  

e x h i b i t e d  a maximum r e l e a s e  n e a r  a r e d o x  v a l u e  o f  0 mv w i t h  

decreased re1 ease r a t e s  bo th  above and below t h i s  value. 

The f i n a l  exper iment t o  be conducted was a sediment i ncuba t i on  

a t  v a r i o u s  redox p o t e n t i a l s  i n  which t h e  pH was n o t  c o n t r o l  l e d  and 

was a l l o w e d  t o  f l u c t u a t e  f r e e l y .  T h i s  e x p e r i m e n t ,  w i t h o u t  pH 

c o n t r o l ,  was e s s e n t i a l l y  conducted tw ice ,  once when t h e  exper imenta l  

apparatus was f i r s t  cons t ruc ted  t o  t e s t  i t s  opera t ion ,  and aga in  a t  

a l a t e r  date.  Du r i ng  t h e  f i r s t  exper iment,  no sediment samples were 

c o l l e c t e d .  However t h e  suspension was c a r r i e d  th rough each of  t h e  

redox p o t e n t i a l  changes, and t h e  pH was recorded c o n t i n u o u s l y  d u r i n g  

these'changes. The second exper iment was c a r r i e d  o u t  i n  t h e  fash ion 

desc r i bed  p r e v i o u s l y  w i t h  sampl es c o l l e c t e d  a t  t h e  a p p r o p r i a t e  

i n t e r v a l  s. 

The i n i t i a l  sediment pH va lue  a t  t h e  s t a r t  o f  t h e  i n c u b a t i o n  

p e r i o d  a f t e r  t h e  sediment s l u r r y  had reached e q u i l i b r i u m  was 

approx imate ly  7.3 f o r  b o t h  o f  t h e  experiments. As t h e  sediments 

were purged w i t h  n i t r o g e n  and t h e  sediment redox va lue  began t o  

decrease toward t h e  f i r s t  d e s i r e d  s e t t i n g  o f  -150 mv, a general  s low 



i nc rease  i n  pH va lue  was observed i n  each case. By t h e  t i m e  t h e  

redox p o t e n t i a l  had reached an e q u i l  i b r i u m  a t  -150 mv, t h e  

suspension pH had inc reased  t o  a  f a i r l y  s t a b l e  va lue  o f  7.8. The 

g e n e r a l  i n c r e a s e  i n  pH v a l u e  c o n t i n u e d  as t h e  s e d i m e n t  r edox  

p o t e n t i a l  was inc reased  t o  0  mv, a l though a t  a  much s lower  r a te ,  

r e a c h i n g  an e q u i l i b r i u m  v a l u e  o f  8.1-8.2. However,  when t h e  

sediment suspension was aera ted  i n t o  an o x i d i z e d  s t a t e  a t  250 IIIV, 

t h e  pH va l  ue decreased sha rp l y ,  reach ing  a  f a i r l y  s t a b l e  e q u i l  i brium 

a t  a  va lue o f  8.0 f o r  t h e  f i r s t  exper iment and a  va lue  o f  7.6 f o r  

t h e  second. Th i s  d e c l i n e  i n  pH va lue  con t inued  as t h e  sediments 

were o x i d i z e d  t o  500 mv, r each ing  a  f i n a l  e q u i l i b r i u m  pH o f  7.8 f o r  

t h e  f i r s t  and 7.3 f o r  second a t  t h e  end o f  t h e  25-28 day i ncuba t i on  

p e r i o d .  The changes i n  pH w i t h  i n c u b a t i o n  t i m e  and redox p o t e n t i a l  

a r e  i l l u s t r a t e d  i n  F i g u r e  4-7 f o r  each o f  t h e  two exper iments.  

The re l ease  o f  heavy me ta l s  f rom t h e  sediment suspension under 

c o n d i t i o n s  o f  no pH c o n t r o l  i s  shown i n  T a b l e  4-17. S e v e r a l  

f a m i  1  i a r  p a t t e r n s  a r e  apparent  i n  t h i s  data. F i r s t ,  t h e  re l ease  of  

cadmium from t h e  sediments was found t o  inc rease  w i t h  i nc reas ing  

redox p o t e n t i a l  as observed i n  b o t h  o f  t h e  two p rev ious  experiments. 

However, t h e  re1 ease r a t e s  were s u b s t a n t i a l l y  lower  t han  observed 

p rev ious l y ,  w i t h  l e s s  t han  10 percen t  o f  t h e  t o t a l  cadmium 

c o n c e n t r a t i o n s  re1 eased. Second, as observed i n  t h e  f i r s t  

e x p e r i m e n t  conducted a t  a  pH o f  5.0, t h e  re l ease  o f  l e a d  inc reased  

and t h e  re1 ease o f  i r o n  decreased w i t h  i n c r e a s i n g  redox p o t e n t i a l  , 

a l though t h e  t o t a l  r e l e a s e  as w e l l  as t h e  f r a c t i o n s  re leased  were 
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l e s s  t h a n  those  observed i n  t h e  o t h e r  experiments. The re l ease  o f  

manganese and a1 uminum a1 so decreased w i t h  i n c r e a s i n g  redox 

p o t e n t i a l  a t  these  pH values, a l t hough  t h e  measured amounts o f  

manganese were t h e  lowes t  and t h e  aluminum t h e  h i ghes t  o f  any o f  t h e  

t h r e e  exper iments.  No obv ious p a t t e r n s  were apparent f o r  z inc ,  

copper, n i c k e l  , o r  chromium, a1 1  o f  which were re1 eased i n  amounts 

g e n e r a l l y  l e s s  t han  1% o f  t h e  t o t a l  meta l  sediment concen t ra t ions .  

A summary o f  t h e  f r a c t i o n a l  r e l e a s e  r a t e s  o f  t h e  t o t a l  sediment 

metal concen t ra t i ons  o f  cadmium, z i nc ,  and manganese i s  presented i n  

F i g u r e  4-8. A general  p a t t e r n  appears t o  e x i s t  f o r  a l l  t h r e e  meta ls  

f o r  maximum re lease  t o  occur a t  a pH o f  5.0, minimal r e l ease  under 

u n c o n t r o l l e d  c o n d i t i o n s  o f  pH, and a  r e l e a s e  somewhere between these  

two  extremes f o r  a pH o f  6.5. Cadmium appeared t o  e x h i b i t  a  t r e n d  

f o r  r e l ease  r a t e s  t o  be h i y h e r  under h i g h l y  o x i d i z e d  c o n d i t i o n s  and 

l o w e r  d u r i n y  h i g h l y  reduced c o n d i t i o n s .  Re lease  o f  z i n c  f r o m  

sediments appeared t o  decrease w i t h  decreas ing  redox p o t e n t i a l  a t  a  

pH o f  6.5, and remain a  cons tan t  va lue  a t  a  n a t u r a l  pH o f  7.5-8.5. 

Manganese was g e n e r a l l y  more s o l u b l e  under reduced c o n d i t i o n s  and 

l e s s  s o l u b l e  under ox id i zed  cond i t i ons .  

F r a c t i o n a l  r e l ease  r a t e s  f o r  copper, a1 uminum, and i r o n  a re  

presented i n  F i g u r e  4-9. Copper and i r o n  seemed t o  f o l l o w  a  s i m i l a r  

p a t t e r n  w i t h  maximum r e l e a s e  a t  l o w  pH v a l u e s  and l o w  r e d o x  

p o t e n t i a l ,  a l t hough  t h e  t r e n d s  f o r  i r o n  were s u b s t a n t i a l l y  more 

pronounced. Release r a t e s  f o r  pH va lues  o f  6.5 and 7.5-8.5 appeared 

t o  be  v e r y  c l o s e  f o r  bo th  metals.  A1 uminum e x h i b i t e d  v i r t u a l l y  no 
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F igu re  4-8. F r a c t i o n  o f  T o t a l  Sediment Meta l  Concentrat ions o f  
Cadmium, Z inc ,  and Manganese Released a t  Var ious Values o f  Redox 
P o t e n t i a l  and pH. 
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r e l e a s e  a t  pH va lues  o f  5.0 and 6.5 over  t h e  e n t i r e  range o f  redox 

v a l u e s .  However,  a  l a r g e  r e l e a s e  was o b s e r v e d  u n d e r  reduced 

c o n d i t i o n s  i n  t h e  pH range o f  7.5-8.5. T h i s  r e l ease  was e s s e n t i a l l y  

zero under o x i d i z e d  c o n d i t i o n s  a t  t h e  same pH. 

A  f i n a l  summary o f  re1 ease r a t e s  f o r  1  ead, n i c k e l  , and chro~niuni 

i s  p resen ted  i n  F i g u r e  4-10. Release r a t e s  f o r  l e a d  and n i c k e l  

f o l l  owed t h e  f a m i l  i a r  t r e n d  o f  maximum re lease  a t  low va lues o f  pH 

w i t h  a  sma l l  r e l ease  under n a t u r a l  c o n d i t i o n s  o f  pH. Chromium was 

r e l e a s e d  e q u a l l y  w e l l  a t  pH v a l u e s  o f  5.0 and 6.5 w i t h  1  i t t l e  

re lease  under n a t u r a l  pH. No obv ious d i f f e r e n c e s  were noted f o r  

re lease under v a r i o u s  c o n d i t i o n s  o f  redox p o t e n t i a l .  

Heavy Meta ls  i n  Groundwater Flow 

The movement o f  heavy me ta l s  i n  groundwater beneath t h e  West 

Pond and i n  swale areas a t  t h e  M a i t l a n d  In te rchange was moni tored 

u s i n g  f i v e  groundwater m o n i t o r i n g  we1 1  s  i n s t a l  1  ed a t  va r i ous  

l o c a t i o n s ,  a s  d e s c r i b e d  i n  C h a p t e r  3. A  c o m p l e t e  l i s t i n g  o f  

concen t ra t ions  o f  heavy metal  s  measured i n  these  m o n i t o r i n g  we1 1  s  a t  

each o f  t h e  sample p o r t s  i s  g iven  i n  Appendix I V .  

A summary o f  average heavy metal  concen t ra t i ons  i n  each w e l l  a t  

each sample p o r t  over  t h e  16 month p e r i o d  i s  g i ven  i n  Tab le  4-18. 

A1 though a  s u b s t a n t i a l  amount o f  v a r i a b i l i t y  i s  p resen t  i n  these  

mean v a l  ues, a  genera l  t r e n d  appears t o  e x i s t  f o r  most heavy meta ls  

t o  decrease i n  concen t ra t i ons  as t h e  sample depth increases. T h i s  

t r e n d  i s  e s p e c i a l l y  apparent f o r  cadmi um, manganese, 1  ead, n i c k e l ,  
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and chromium and l e s s  apparent o r  nonex is ten t  f o r  z inc ,  aluminum, 

i r o n ,  and copper. There a l s o  appears t o  be a t r e n d  f o r  average 

m e t a l  c o n c e n t r a t i o n s  t o  be h i g h e r  a t  w e l l s  1 and 5 which represen t  

swale areas. The s t a t i s t i c a l  s i g n i f i c a n c e  o f  these t r e n d s  w i l l  be 

examined i n t h e  f o l  1  owing sec t ions .  

Compari sons Between t h e  Mon i t o r i ng  We1 1 s  

The f i r s t  a n a l y s i s  t o  be conducted was a t e s t  o f  d i f f e r e n c e s  i n  

mean v a l  ues between t h e  f i v e  w e l l s  f o r  each heavy meta l .  For  t h i s  

f i r s t  a n a l y s i s  each o f  t h e  sample p o r t s  f o r  a  s i n g l e  w e l l  were 

grouped t oge the r  so t h a t  t h e  w e l l s  cou ld  be t e s t e d  independent l y  o f  

t h e  sample por ts .  

A summary o f  t h e  t e s t  s t a t i s t i c s  r e s u l t i n g -  f r o m  t h e  GLM 

procedure i s  g i ven  i n  Tab le  4-19. The mu1 t i p l e  comparison technique 

o f  Tukey was used t o  d e t e c t  where  s i g n i f i c a n t  d i f f e r e n c e s  o r  

s i m i l a r i t i e s  occurred between t h e  va r i ous  we l l s .  T-ukey's t e s t  i s  

general  l y  cons idered t o  be conse rva t i ve  and wi 11 produce s i g n i f i c a n t  

d i  f ferences more f r e q u e n t l y  t han  o t h e r  mu1 t i p 1  e comparison 

techniques such as Bonferonni  o r  Scheffe.  

As seen i n  Tab le  4-19, s i g n i f i c a n t  d i f f e r e n c e s  between t h e  

v a r i o u s  w e l l s  were found a t  t h e  0.01 l e v e l  f o r  a l l  meta ls  except 

copper and n i c k e l .  Several  genera l  p a t t e r n s  appear t o  be p resen t  i n  

t h i s  s t a t i s t i c a l  summary. F i r s t ,  f o r  each o f  t h e  heavy meta ls  

e x h i b i t i n g  s i g n i f i c a n t  ,p robab i l  i t i e s  o f  unequal means t h e  w e l l s  i n  

swale areas had t h e  h i g h e s t  mean concen t ra t i ons  and were 



T A B L E  4-19 

SUMMARY OF ANOVA PROCEDURE FOR HEAVY METAL 
CONCENTRATIONS I N  WELL SAMPLES W I T H  A L L  

SAMPLE PORTS COMBINED 
( n  = 65 observat ions)  

HEAVY PROB. OF WELL MEAN M U L T I P L E  COMPARISON 
METAL UNEQUAL NO. CONC. TECHNIQUE OF TLIKEY 

MEANS ( ~ ~ 1 1  ) 



TABLE 4 - 1 9  -- CONTINUED 

HEAVY PROB. OF WELL MEAN MULTIPLE COMPARISON 
METAL UIVEQUAL NO. CONC. TECHNIQUE OF TUKEY 

MEANS ( .MI1  ) 

NSD 

* Wel l  t ypes  a r e  denoted by t h e  f o l l o w i n g  symbols: 
S = swale, P = pond, and C = c o n t r o l  

** Means w i t h i n  t h e  same group ings  a r e  no t  s t a t i s t i c a l l y  d i f f e r e n t  
a t  t h e  0.05 l e v e l  

*** NSU = No s i g n i f i c a n t  d i f f e r e n c e s  



s t a t i s t i c a l l y  d i f f e r e n t  f rom t h e  o t h e r  w e l l s  by each o f  t h e  t h r e e  

mu1 t i p l  e  comparison techniques. Second, metal  concen t ra t i ons  i n  

m o n i t o r i n g  w e l l s  beneath t h e  r e t e n t i o n  pond were sma l l e r  i n  

magnitude f o r  most meta ls ,  b u t  n o t  s t a t i s t i c a l l y  d i f f e r e n t  f rom t h e  

c o n c e n t r a t i o n s  i n  swal e  areas. Th i  rd,  concen t ra t i ons  o f  heavy 

m e t a l s  i n  t h e  c o n t r o l  we l l  were, i n  general ,  l ower  t han  i n  w e l l s  

beneath e i t h e r  swales o r  t h e  r e t e n t i o n  pond. 

F o r  those  heavy meta ls  which e x h i b i t e d  s i g n i f i c a n t  d i f f e r e n c e s  

i n  Tab le  4-19, an a d d i t i o n a l  a n a l y s i s  o f  va r iance  procedure was 

conducted between t h e  v a r i o u s  w e l l s  f o r  each metal  a t  each sample 

p o r t  us i ng  PROC GLM t o  determine where t h e  d i f f e r e n c e s  de tec ted  i n  

T a b l  e  4-19 m igh t  occur. Even though Cd and Zn showed s i g n i f i c a n t  

d i f f e r e n c e s  a t  t h e  0.05 l e v e l  w i t h  a l l  p o r t s  combined, t hey  d i d  n o t  

p roduce  any s i g n i f i c a n t  d i f f e r e n c e s  between t h e  va r i ous  we1 1  s  when 

a n a l y z e d  a t  each p o r t  separa te ly .  O f  t h e  remain ing meta ls ,  Mn, A l ,  

Fe, Pb, and C r ,  s i g n i f i c a n t  d i f f e r e n c e s  were observed i n  most cases 

be tween t h e  va r i ous  w e l l s  f o r  a  p a r t i c u l a r  sample p o r t  a t  t h e  0.01 

s i g n i f i c a n c e  1  eve1 o r  b e t t e r .  Summary s t a t i s t i c s  f o r  meta ls  

e x h i b i t i n g  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  va r i ous  sample p o r t s  

a r e  1  i s t e d  i n  Tabl e  4-20. 

The a n a l y s i s  o f  va r i ance  f o r  manganese a t  t h e  va r i ous  sample 

p o r t s  produced t h e  same genera l  t r ends  which were observed 

p r e v i o u s l y .  A t  most o f  t h e  sample depths t h e  swale and pond w e l l s  

had manganese concent ra t ions  which were severa l  t imes  h ighe r  than  

t h e  c o n t r o l  concen t ra t ions .  I n  most cases, t h e  c o n t r o l  



TABLE 4 - 2 0  

SUMMARY OF ANOVA PROCEDURE FOR HEAVY METAL 
CONCENTRATIONS I N  THE F I V E  MONITORING 

WELLS AT  EACH SAMPLE PORT 
( n  = 13 observa t ions)  

HEAVY SAMPLE PROB. OF WELL MEAN MULT IPLE  COMPARISON 
METAL PORT l lNEQUAL NO. CONC. TECHNIQUE OF TUKEY 

DEPTH (m) MEANS (v!J/l)  

NSD*** 

NSD 

N SD 

NSD 

N SD 



TABLE 4-20 -- CONTINUED 

HEAVY SAMPLE PROB. OF WELL MEAN MULTIPLE COMPARISON 
METAL PORT UNEQUAL NO. CONC. TECHNIQUE OF TUKEY 

DEPTH ( m )  MEANS ( . ~ g / l  

30.6 
27.3 
21.7 NSD 
19.9 
18.1 

26.4 
21.7 
19.3 NSD 
18.1 
15.3 

45.8 
24.0 
23.4 NSD 
18.2 
13.2 

30.0 
23.5 
21.0 NSD 
20.9 
17.2 

6.0 76.1 1 ( s )  31.3 
5 6 )  29.5 
2 ( p )  24.7 NSD 
4 ( c )  19.4 
3 ( p )  14.3 



TABLE 4-20 -- CONTINUED 

HEAVY SAMPLE PROB. OF WELL MEAN MULTIPLE COMPARISON 
METAL PORT UNEQUAL NO. C.ONC. TECHNIQUE OF TlIKEY 

DEPTH (111) MEANS (1li.411) 

3.0 99.9 2 (P) 151.3 A 
1 6) 61.9 
5 ( s )  43.6 
4 ( c )  21.9 
3 ( p )  6.6 



TABLE 4-20 -- CONTINUED 

HEAVY SAMPLE PROB. OF WELL MEAN MULTIPLE COMPARISON 
METAL PORT l l  NEQUAL NO. CONC. TECHNIQUE OF TUKEY 

DEPTH (111) MEAIVS (f ig/]  

A1 0.1 45.1 1 (S) 831 
2 ( P )  811 
3 (P) 607 NSD 
4 (C) 401 
5 (S) 265 

0.5 99.7 1 (S) 1426 A 
2 ( P )  1365 A 
5 (S) 256 A B 
3 (P) 214 A B 
4 (C) 94.2 B 

1.0 99.9 1 (S) 2304 A 
3 ( P )  219 B 
5 ( S )  201 B 
2 (P) 168 B 
4 ( 0  44.2 B 

3. U 99.9 5 (S) 178 A 
1 (S) 107 A B 
3 (P) 104 B 
2 ( P I  74.5 B 
4 ( c )  70.7 B 

6.0 99.9 2 (P) 602 A 
3 (P) 483 A 
1 (S) 171  B 
5 (S) 161  B 
4 (C) 112 B 



T A B L E  4 - 2 0  -- CONTINUED 

HEAVY SAMPLE PROB. OF WELL MEAN M U L T I P L E  COMPARISON 
METAL PORT UI IEQUAL NO. CONC. TECHNIQUE OF TUKEY 

DEPTH (m)  MEANS (11!3/1 



TABLE 4 - 2 0  -- CONTINUED 

HEAVY SAMPLE PROB. OF WELL MEAN MULT IPLE  COMPARISON 
METAL PORT ll NEQUAL NO . CONC. TECHNIQUE OF Tl lKEY 

DEPTH (m) MEANS ( v s / ~ )  



TABLE 4 - 2 0  -- CONTINUED 

HEAVY SAMPLE PROB. OF WELL MEAN M U L T I P L E  COMPARISON 
METAL PORT UNEQUAL NO. CONC. TECHNIQUE OF TUKEY 

DEPTH (m) MEANS  US/^) 

NSD 

A 
A B 
A B 
A B 

B 

A 
A B 

B 
B 
B 

A 
B 
B 
B 
B 

A 
B 
B 
B 
B 

* We1 1 types a re  denoted by t h e  f o l l o w i n g  symbols: 
S = swale, P = pond, and C = con t ro l  

** Mean w i t h i n  the  same groupings a re  no t  s t a t i s t i c a l l y  d i f f e r e n t  a t  
t h e  0.05 l e v e l  

*** NSD = No s i g n i f i c a n t  d i f f e r e n c e s  



c o n c e n t r a t i o n s  were sma l l e r  and s t a t i s t i c a l l y  d i f f e r e n t  f rom t h e  

o t h e r  w e l l s  by each o f  t h e  m u l t i p l e  comparison techniques. 

S i  g n i  f i  can t  d i f f e r e n c e s  f o r  a1 umi num were found between t h e  we1 1  s  

f o r  a l l  sample p o r t s  e x c e p t  t h e  t o p  0.1 m p o r t .  I n  g e n e r a l ,  

concen t ra t i ons  o f  a1 uminum a t  t h e  c o n t r o l  w e l l  were lower  than  t h e  

swale area o r  pond area a t  a l l  depths. 

Si  gn i  f i cant  d i  f fe rences  were a1 so observed a t  a1 1  sample depths 

f o r  i r o n  concent ra t ions .  Maximum concen t ra t i ons  o f  i r o n  a t  a l l  

depths occurred i n  Well 1 l o c a t e d  i n  t h e  d r y  swale area. These i r o n  

c o n c e n t r a t i o n s  were i n  general  severa l  t imes  g r e a t e r  than 

c o n c e n t r a t i o n s  i n  any o f  t h e  o t h e r  w e l l s  and were s t a t i s t i c a l l y  

d i f f f e r e n t  f rom t h e  o t h e r  w e l l s  a t  most depths. Concent ra t ions  o f  

i r o n  beneath t h e  r e t e n t i o n  pond f o l l o w e d  t h e  d r y  swale area i n  terms 

o f  magnitude. The nex t  l owes t  concen t ra t i ons  o f  i r o n  were observed 

i n  t h e  we t  swale area a t  We1 1  5. These concen t ra t i ons  were s i m i l a r  

t o  and s t a t i s t i c a l l y  t h e  same as t h e  c o n t r o l  we1 1  a t  most depths. 

Simi 1  a r  t o  t h e  t r e n d s  observed f o r  i ron  , maximum concen t ra t i ons  

o f  1  ead were observed a t  each sample dep th  i n  a  swal e  area we1 1  . 
However, u n l i k e  i r o n  which had h ighes t  concen t ra t i ons  i n  t h e  d r y  

swale area, l e a d  concen t ra t i ons  were h i ghes t  i n  t h e  wet swale we l l .  

These concen t ra t i ons  were s t a t i s t i c a l l y  d i f f e r e n t  f rom t h e  remain ing 

we1 1  s  a t  a1 1  depths measured. The two pond we1 1  s  and t h e  d r y  swale 

we1 1  had s im i  1  a r  concen t ra t i ons  which were i n  genera l  o n l y  50-70 

pe rcen t  o f  t h e  wet swale concen t ra t ions .  Concent ra t ions  o f  l ead  i n  

t h e  c o n t r o l  w e l l  were t h e  lowes t  concen t ra t i ons  measured a t  most 

depths. 



S i g n i f i c a n t  d i f f e r e n c e s  were observed f o r  chromium between t h e  

f i v e  we1 1 s  a t  a1 1 depths measured. Concent ra t ions  measured i n  swale 

areas were g r e a t e r  t han  under t h e  pond o r  c o n t r o l  area. 'The h ighes t  

mean concen t ra t i ons  o f  chromiu~i i  were measured beneath Well 1 i n  t h e  

d r y  swale a t  depths o f  0.1, 0.5, and 1.0, w h i l e  Well 5  i n  t h e  wet 

a r e a  had h i g h e r  c o n c e n t r a t i o n s  a t  t h e  3.0 and 6.0 m l e v e l s .  

C o n c e n t r a t i o n s  o f  chromium i n  t h e  pond and c o n t r o l  w e l l s  we re  

s i m i l a r  a t  a l l  depths w i t h  mean concen t ra t i ons  approx imate ly  50% 

l e s s  t h a n  t h e  swale area. 

Comparisons o f  We1 1 s  i n  Swal e, 
Pond, and Cont ro l  Areas 

A more d e t a i l e d  comparison o f  heavy metal  concen t ra t i ons  i n  

swale, pond, and c o n t r o l  areas was conducted by grouping Wel ls  1 and 

5 i n t o  a  general  ca tegory  o f  "swal e" areas, w e l l s  2  and 3 i n t o  a  

"pond" category,  and we1 1 4 as t h e  c o n t r o l .  An a n a l y s i s  o f  va r i ance  

p rocedure  was conducted f i r s t  w i t h  a l l  t h e  sample p o r t s  combined. 

The ANOVA procedure o f  GLM was used f o r  t h e  ana l ys i s .  The r e s u l t s  

o f  t h i s  a n a l y s i s  a re  presented i n  Tab le  4-21. 

W i t h  t h e  excep t ions  o f  n i c k e l  and copper s i g n i f i c a n t  

d i f f e rences  were de tec ted  a t  t h e  0.05 l e v e l  between t h e  t h r e e  w e l l  

t ypes  f o r  each meta l  tes ted .  Fo r  each meta l  e x h i b i t i n g  a 

s i g n i f i c a n t  d i f f e r e n c e  t h e  swale a rea  concen t ra t i ons  were t h e  

h i g h e s t .  I n  t h e  cases o f  aluminum, i r o n ,  lead, and chromium, these  

concen t ra t i ons  were as much as t w i c e  t h e  concen t ra t i ons  nieasured 



T A B L E  4 - 2 1  

SUMMARY OF ANOVA PROCEDURES BETWEEN METAL CONCENTRATIONS 
I N  GROUNDWATER M O N I T O R I N G  WELLS B Y  WELL T Y P E  

HEAVY PROB. OF WELL ME AN M U L T I P L E  COMPARISON 
METAL UNEQUAL T Y P E  CONC. TECHNIQUE OF TUKEY 

MEANS (u,!l/l) 

NSD 

* We1 1 types are  denoted by t h e  f o l l o w i n g  symbols: 
S = swale, P = pond, and C = con t ro l  

** NSD = No s i g n i f i c a n t  d i f f e rences  



benea th  t h e  pond and approx imate ly  3-10 t imes  h ighe r  than  

c o n c e n t r a t i o n s  i n  t h e  c o n t r o l  we l l .  I n  a l l  cases except  z inc,  t h e  

pond groundwater concen t ra t i ons  were second i n  magnitude behind t h e  

swal e  areas. The c o n t r o l  area concen t ra t i ons  were i n  general  lower  

and s t a t i s t i c a l l y  d i f f e r e n t  f rom t h e  o t h e r  w e l l  types. 

Compari son o f  Groundwater Concent ra t ions  
i n  Wet and Dry Swale Areas 

A  comparison was a1 so conducted o f  heavy metal  concen t ra t ions  

i n  g roundwater  beneath t h e  "wet" and "d r y "  swale areas. An i n i t i a l  

comparison was conducted by combining a l l  sample p o r t s  t oge the r  i n  

o rder  t o  d e t e c t  t h e  presence o f  s i g n i f i c a n t  d i f f e r e n c e s .  The ANOVA 

procedure  o f  PROC GLM was used f o r  t h i s  ana lys is .  The summary 

s t a t i s t i c s  f rom t h i s  a n a l y s i s  a r e  g i ven  i n  Table 4-22. S i g n i f i c a n t  

d i f f e r e n c e s  were found between t h e  two areas f o r  manganese, 

aluminum, i r o n ,  and l e a d .  The f i r s t  t h r e e  m e t a l s ,  manganese, 

a1 uminum, and i r o n  e x h i b i t e d  much 1  a r g e r  and s t a t i s t i c a l l y  d i f f e r e n t  

c o n c e n t r a t i o n s  i n  t h e  d r y  swa le  a r e a  w h i l e  l e a d  had a  l a r g e r  

c o n c e n t r a t i o n  i n  t h e  wet area. 

Comparison o f  Groundwater Concent ra t ions  
Beneath t h e  Re ten t i on  Pond 

A f i na l  compari son was conducted o f  heavy metal  concen t ra t i ons  

i n  t h e  two groundwater m o n i t o r i n g  w e l l s  beneath t h e  r e t e n t i o n  pond. 

One o f  these  m o n i t o r i n g  we1 1  s, We1 1  3, was 1  ocated approx imate ly  20 

m f r o m  t h e  edge o f  I n t e r s t a t e  4, w h i l e  t h e  o t h e r ,  We l l  2, was 



TABLE 4 - 2 2  

SUMMARY OF ANOVA BETWEEN METAL CONCENTRATIONS 
I N  GROUNDWATER MONITORING WELLS BENEATH 

WET AND DRY SWALE AREAS WITH 
ALL SAMPLE PORTS COMBINED 

HEAVY PROB. OF WELL MEAN MULTIPLE COMPARISON 
METAL UNEQUAL NO. CONC. TECHNIQUE OF TUKEY 

MEANS (rig/ 1 ) 

NSD* 

1 ( d r y )  
5 (wet )  

NSD 

1 (d ry )  
5 (wet )  

5 (wet)  
1 ( d r y )  

NSD 

1 ( d r y )  
5 (wet )  

1 ( d r y )  
5 (wet )  

5 (wet)  
1 ( d r y )  

1 ( d r y )  
5 (wet )  

5 (wet )  
1 ( d r y )  

NSD 

* NSD = No s i g n i f i c a n t  d i f f e r e n c e s  



l o c a t e d  on a  en t rance  ramp on t h e  southern shore o f  t h e  pond. An 

i n i ti a1 comparison was conducted by combining a1 1  sample p o r t s  

t o g e t h e r  i n  o r d e r  t o  d e t e c t  s i g n i f i c a n t  d i f f e r e n c e s .  The ANOVA 

p r o c e d u r e  o f  PROC GLM was used t o  t e s t  t h i s  m u l t i v a r i a t e  model. A  

summary o f  t h e  ANOVA s t a t i s t i c s  i s  g i ven  i n  Table 4-23. S i g n i f i c a n t  

d i f f e r e n c e s  between t h e  two r e t e n t i o n  pond w e l l s  were found f o r  

z inc ,  i r o n ,  and lead. Z i nc  and i r o n  were found t o  have g r e a t e r  

c o n c e n t r a t i o n s  and t o  be s t a t i s t i c a l l y  d i f f e r e n t  i n  Well 2  w h i l e  

lead  was found t o  have h i g h e r  concen t ra t i ons  i n  Well 3. 

Heavy Metal  Concent ra t ions  i n  Subsurface 
S o i l s  a t  M o n i t o r i n g  Well S i t e s  

D u r i n g  t h e  i n s t a l l a t i o n  o f  t h e  m o n i t o r i n g  w e l l s ,  co re  samples 

were c o l l e c t e d  us ing  a  5  cm d iameter  s t a i n l e s s  s t e e l  s p l i t  spoon 

co re  sampler a t  t h e  su r f ace  and a t  each 1.5-2.0 m  i n t e r v a l  t o  a  

f i n a l  depth o f  6.5 m. A  t o t a l  o f  f i v e  co re  samples were c o l l e c t e d  

i n  each w e l l  bo r ing .  Each o f  t h e  0.5 m  l o n g  c o r e  samples were mixed 

t h o r o u g h l y  i n  a  po l ye thy lene  con ta ine r ,  and a  s i n g l e  0.5 l i t e r  

sample was c o l l  ected. Analyses o f  mo i s tu re  con ten t ,  o rgan ic  

c o n t e n t ,  and heavy  m e t a l s  we re  c o n d u c t e d  on each  sample. The 

r e s u l t s  o f  these  analyses a r e  1  i s t e d  i n  Tab le  4-24. 

Measurements o f  mo i s tu re  and o rgan i c  con ten t  were s i m i l a r  i n  

each o f  t h e  s o i l  samples. The o n l y  l a y e r  which d i f f e r e d  

s u b s t a n t i a l l y  i n  these  two parameters was t h e  4.5-5.0 m  l a y e r  a t  

We1 1  5. Th i  s  l a y e r  e x h i b i t e d  e l eva ted  va l  ues o f  bo th  mo i s tu re  and 



TABLE 4 - 2 3  

SUMMARY OF ANOVA BETWEEN METAL CONCENTRATIONS 
I N  GROUNDWATER MONITORING WELLS 

I N  THE MATTLAND WEST POND 

HEAVY PROB. OF WELL MEAN M U L T I P L E  COMPARISON 
METAL UNEQUAL NO. CONC. TECHNIQUE OF TUKEY 

MEANS (PS/~) 

NSD* 

NSD 

NSD 

NSD 

NSD 

NSD 

* NSD = No significant differences 



o r g a n i c  con ten t  which were approx imate ly  t w i c e  t h e  va lues observed 

a t  o t h e r  l oca t i ons .  Dur ing  t h e  d r i l l i n g  process a t  t h i s  l o c a t i o n ,  a  

dense l a y e r  o f  gray c l ay ,  approx imate ly  1 m t h i c k ,  was encountered 

a t  t h i s  depth. 

Concent ra t ions  o f  heavy me ta l s  i n  s o i l  samples c o l  l e c t e d  a t  

e a c h  o f  t h e  w e l l  s i t e s  were  s i m i l i a r  w i t h  s e v e r a l  n o t i c e a b l e  

except ions.  F i  r s t  , t h e  su r f ace  concen t ra t i ons  o f  z i n c  appeared t o  

be  h i g h e r  a t  Well 2  than  a t  any o f  t h e  o t h e r  l o c a t i o n s .  

Concentrat ions a t  t h i s  l o c a t i o n  were approx imate ly  2-6 t imes  g r e a t e r  

t h a n  a t  t h e  o t h e r  l o c a t i o n s .  Second, c o n c e n t r a t i o n s  o f  z i n c ,  

a1 umi num , i r o n  and chromium as we1 1  as o rgan i c  con ten t  seemed t o  be 

e l e v a t e d  i n  t h e  4.5-5.0 and 6.0-6.5 m samples c o l l e c t e d  a t  Well 4. 

And f i n a l l y ,  s u b s t a n t i a l l y  h i g h e r  concen t ra t i ons  o f  z i nc ,  a1 uminum, 

i r o n ,  a n d  chromium were  f o u n d  i n  t h e  c l a y  l a y e r  a t  a  d e p t h  o f  

4.5-5.0 m a t  Well 5. 
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CHAPTER 5  

DISCUSSION 

The d i s c u s s i o n  o f  exper imenta l  r e s u l t s  con ta ined  i n  t h i s  

chapter  i s  i n t ended  t o  p resen t  a  l o y i c a l  p rog ress ion  of t h e  f a t e  of  

heavy meta ls  i n  stormwater management systems. It w i  11 beg in  w i t h  a  

rev iew o f  t h e  c h a r a c t e r i s t i c s  o f  highway r u n o f f  co'l l e c t e d  a t  t h e  

M a i t l a n d  s i t e  and p rov ide  comparisons w i t h  o t h e r  n a t i o n a l l y  

p u b l i s h e d  s tud ies .  The f a t e  and s e t t l i n g  c h a r a c t e r i s t i c s  o f  t h e  

stormwater r e l a t e d  heavy meta ls  upon e n t e r i n g  t h e  r e t e n t i o n  pond 

w i  11 be exami ned. 

Metal-sediment i n t e r a c t i o n s  w i l l  be used t o  eva lua te  t h e  metal  

f i x a t i o n  on to  t h e  sediment l a y e r s  and t h e  p o t e n t i a l  f o r  

r eso l  ub i  1  i z a t i o n .  F i n a l l y ,  t h e  p o t e n t i  a1 f o r  groundwater 

con tamina t ion  by heavy meta ls  o r i g i n a t i n g  i n  highway r u n o f f  w i  11 be 

eval  uated. 

C h a r a c t e r i z a t i o n  o f  Highway Runof f  

The m o s t  common v e h i c l e  r e l a t e d  heavy m e t a l s  measured i n  

h ighway  r u n o f f  a t  t h e  Ma i t l and  s i t e  were lead,  z inc ,  and copper i n  

r a t i o s  of 4.70:1.91:1.0, r e s p e c t i v e l y ,  f o r  t o t a l  concen t ra t ions ,  and 

r a t i o s  o f  0.85:1.U4:1.00, r e s p e c t i v e l y ,  f o r  d i s s o l v e d  species. 

Together  t hese  t h r e e  meta ls  accounted f o r  approx imate ly  91  percen t  

o f  t h e  d i s s o l v e d  heavy meta ls  p resen t  and 94 percen t  o f  t h e  t o t a l  

metal concen t ra t ions ,  exc l  ud i  ng a1 umi num, i ron, and manganese. 
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The l a r g e  percentages o f  d i s s o l v e d  and t o t a l  spec ies o f  lead,  

z i n c ,  and copper found i n  highway r u n o f f  a t  t h e  M a i t l a n d  s i t e  a re  

very  s i m i l a r  t o  r e s u l t s  r epo r ted  by Wi lbur  and Hunter  (1977) f o r  

stormwater r u n o f f  c o l  1  ec ted  f rom a h i  yhway s i t e  i n  Lodi  , New Jersey. 

A f t e r  m o n i t o r i n g  e leven  s torm events,  t hey  concluded t h a t  lead,  

z inc,  and copper accounted f o r  approx imate ly  90 t o  98 pe rcen t  o f  t h e  

t o t a l  meta ls  observed, w i t h  l e a d  and z i n c  a lone account ing  f o r  89 

percen t .  N i cke l  and chromium were u s u a l l y  found i n  cons iderab ly  

sma l le r  q u a n t i t i e s  and accounted f o r  approx imate ly  2 t o  10 percen t  

o f  t h e  t o t a l  meta ls  i n  highway r u n o f f .  

A c o m p a r i s o n  was made o f  mean t o t a l  m e t a l  c o n c e n t r a t i o n s  

measured a t  t h e  M a i t l a n d  s i t e  w i t h  f i v e  highway s i t e s  moni tored by 

Gupta (1981). Measured concen t ra t i ons  o f  t o t a l  heavy meta ls  a t  t h e  

M a i t l a n d  s i t e  a r e  s u b s t a n t i a l l y  lower  t h a n  those measured i n  l a r g e  

urban areas by Gupta and o t h e r  researchers and f o r  c e r t a i n  meta ls  

even lower  than  r u r a l  l o c a t i o n s .  There a re  severa l  reasons which 

c o u l d  be speculated a t  t o  why t h i s  d i f f e r e n c e  e x i s t s .  F i r s t ,  t h e  

Orlando area en joys  a l a r g e r  number o f  s torm events  and h ighe r  

runoff  volumes d u r i n g  much o f  t h e  year .  Repeated r a i n f a l l  events  

serve t o  keep t h e  road sur faces  r e l a t i v e l y  c l ean  so t h a t  measured 

concent ra t ions  i n  any p a r t i c u l a r  event  would be r e l a t i v e l y  low. I n  

a d d i t i o n ,  t h e  M a i t l a n d  s i t e  i s  r e l a t i v e l y  f l a t  r e s u l t i n g  i n  s lower  

r u n o f f  v e l o c i t i e s  and 1 ess scou r i ny  and movement o f  p a r t i c l e s  than  

wou ld  be e x p e c t e d  i n  a  more N o r t h e r n  1 o c a t i o n  where  t h e  Gupta 

s tud ies  were conducted. 



Another  somewhat obvious f a c t o r  a f f e c t i n g  t h e  measured heavy 

metal  concen t ra t i ons  i n  highway r u n o f f  i s  t h e  degree and t y p e  o f  

i n d u s t r i a l  a c t i v i t i e s  p resen t  i n  t h e  areas near t h e  sample s i t e s .  

The Milwaukee, Har r i sburg ,  Nashvi 11 e, and Denver areas measured by 

Gupta a r e  a l l  cha rac te r i zed  by dense areas o f  r e l a t i v e l y  heavy 

i n d u s t r y  w h i l e  t h e  Orlando area i s  not.  P a r t i c u l a t e  emiss ions f rom 

h e a v i l y  i n d u s t r i a l i z e d  areas as w e l l  as t h e  increased heavy t r u c k  

t r a f f i c  assoc ia ted  w i t h  t h i s  i n d u s t r y  undoubtedly c o n t r i b u t e  t o  t h e  

inc reased  l o a d i n y s  measured a t  t h e s e  l oca t i ons .  

A f i n a l  f a c t o r  a f f e c t i n g  t h e  q u a l i t y  o f  r u n o f f  i n  no r t he rn  

l o c a t i o n s  i s  t h e  use o f  s a l t  t o  de- i ce  roadways d u r i n g  t h e  w i n t e r  

months. Heavy meta ls  a r e  1  i k e l y  contaminants i n  t h e  s a l t  c r y s t a l s  

w h i c h  a re  used, and t h i s  c o u l d  serve t o  i nc rease  t h e  y e a r l y  mean 

meta l  concen t ra t i ons  i n  r u n o f f .  The tendency f o r  inc reased  

concen t ra t i ons  o f  heavy meta ls  d u r i n g  t h e  w i n t e r  months was r e a d i l y  

a p p a r e n t  i n  t h e  seasonal da ta  g i v e n  by Gupta (1981) f o r  t h e  f i v e  

n o r t h e r n  s i t e s .  A t  t h e  M i l w a u k e e  s i t e ,  f o r  example,  a v e r a g e  

non-wi n t e r  r u n o f f  concent r a t i  ons o f  1  ead, z i  nc, i ron, copper, 

cadmium, and mercury were approx imate ly  50 percen t  l e s s  than  

concent ra t ions  measured i n  w i n t e r  per iods .  I n  a d d i t i o n  t o  t h e  use 

of s a l t ,  Gupta suggested t h a t  t h e  s m a l l e r  w i n t e r  r u n o f f  q u a n t i t i e s ,  

t h e  l e n y t h  o f  t i m e  between w i n t e r  r u n o f f  events, and t h e  r e t e n t i o n  

o f  met a1 s  i n  snow may a1 so be r e s p o n s i b l e  f o r  t h e  inc reased  w i n t e r  

concen t ra t ions .  
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I n  summary, i t  appears t h a t  measured concent ra t ions  o f  heavy 

metals i n  highway r u n o f f  c o l l e c t e d  a t  t h e  Mai t land  s i t e  a re  

subs tan t i  a1 l y  1  ower than co~iiparabl e  no r the rn  areas measured by 

Gupta. The pr imary  f a c t o r s  respons ib le  f o r  these 1  ower 

concentrat ions appear t o  be t h e  increased r a i n f a l l  frequency i n  t h e  

Orlando area, t h e  l a c k  o f  h i g h  i n t e n s i t y  ' i ndus t r i a l  and 

manufactur ing opera t ions  which c o n t r i b u t e  t o  d u s t f a l l  and increased 

t r a f f i c  o f  l a r g e  t rucks ,  and t h e  l a c k  o f  de - i c i ng  a c t i v i t i e s  i n  t h e  

w i n t e r  months. 

Another  c h a r a c t e r i s t i c  o f  t h e  highway r u n o f f  c o l l e c t e d  a t  t h e  

M a i t l a n d  s i t e  i s  t h e  l a r g e  v a r i a t i o n  i n  t h e  p e r c e n t  o f  mean 

d isso lved  measured concent ra t ions  f o r  va r i ous  metals. The heavy 

meta ls  can be d i v i d e d  i n t o  t h r e e  general groups accord ing t o  t h e  

percent d i  sso l  ved f r a c t i o n  present :  those metal s  w i t h  d i  ssol  ved 

p o r t i o n s  o f  20-25 percent ( i n c l u d i n g  lead, i ron, a1 uminum, and 

manganese), metal s  w i t h  d i  ssol  ved p o r t i o n s  o f  approximatl  ey 50 

percent ( i  n c l  u d i  ng z i n c  and chromi um) , and metal s  w i t h  d i  ssol  ved 

f r a c t i o n s  o f  75 percent  ( i n c l u d i n g  copper and cadmium). 

Probably t h e  most important  f a c t o r  r e g u l a t i n g  t h e  so l  ub i  1  i t y  o f  

d i s s o l v e d  s p e c i e s  o f  heavy m e t a l s  i n  s t o r m w a t e r  r u n o f f  i s  t h e  

chemical s p e c i a t i o n  o f  t he  s t r e e t  dus t  and d i r t  which c o n t r i b u t e s  

t h e  loadings.  I n v e s t i g a t i o n s  i n t o  t h e  d i s t r i b u t i o n  and spec ia t i on  

of heavy meta ls  i n  s t r e e t  sweepings have been conducted by Gibson 

and Farmer (1983) and Har r ison  e t  a l .  (1981). I n  these studies,  

s t r e e t  sweepings were c o l l e c t e d  a t  va r i ous  l o c a t i o n s  i n  urban areas 



i n  Glasc~ow, Scot land and i n  Lancaster, England. The sweepings were 

analyzed f o r  t o t a l  metal content then c a r r i e d  through a sequent ia l  

e x t r a c t i o n  procedure s im' i lar  t o  t h a t  used i n  t h i s  research t o  d e f i n e  

t h e  f o l l o w i n g  chemical associat ions:  exchangeable, carbonate bound, 

bound t o  Fe/Mn o x i d e s ,  and o r g a n i c  bound. A summary o f  t h e i r  

f i nd ings  i s  g iven i n  Table 5-1. 

The low s o l u b i l i t y  o f  lead i n  highway r u n o f f  i s  expla ined by 

G i  bson and Farmer (198.1 ) and Harr ison e t  a1 . (1981 ) , a t  ?eas t  i n  

p a r t ,  by t h e  re1 a t i v e l y  small p o t e n t i a l l y  so lub le  exchangeable 

f r a c t i o n  found i n  s t r e e t  sweepings. The remai n i  ny f r a c t i o n s  are 

predomi n a n t l y  carbonate and Fe/Mn bound which e x h i b i t  r a t h e r  s tab le  

c h a r a c t i s t i c s .  S i m i l a r  f i n d i n g s  were reported by Hamil ton e t  a1 . 
(1983) who found lead  i n  s t r e e t  sweepings t o  be p r i n i a r i l y  associated 

w i t h  carbonate and Fe/Mn oxides w i t h  on ly  a small exchangeable 

por t ion.  

The s p e c i a t i o n  o f  z i n c  i n  s t r e e t  sweepings was found t o  have a 

somewhat l a r g e r  exchangeable f r a c t i o n  than l e a d  which may be 

responsib le f o r  t h e  l a r g e r  d isso lved f r a c t i o n  o f  z inc  measured i n  

highway runof f .  Copper was found t o  be one o f  t h e  most so lub le  

heavy me ta l s  i n  t h e  r u n o f f  c o l l e c t e d  a t  Maitland. Copper was found 

t o  be assoc ia ted t o  a l a r g e  degree w i t h  organic complexes i n  s t r e e t  

sweepings. Since t h e  a f f i n i t y  of copper ions  f o r  so lub le  organic 

compounds s i m i l a r  t o  humic and f u l v i c  ac ids i s  w e l l  documented, the  

l a rge  s o l u b i l i t y  o f  copper may be due t o  i t s  assoc ia t ions  w i t h  these 

oryanic ions. 
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Cadmium was found t o  have t h e  l a r g e s t  percent  s o l u b i l i t y  o f  any 

measured heavy meta l  a t  t h e  Mai t land  s i t e .  Cadmium was repor ted  t o  

have a  l o w  exchangeab le  p o r t i o n  i n  s t r e e t  sweepings wh ich  i s  

probably no t  o f  s u f f i c i e n t  magnitude t o  cause t h e  l a r g e  degree of 

so l  ub i  1  i t y  found. The r e l a t i v e l y  l a r g e  f r a c t i o n s  o f  cadmium 

associated w i t h  carbonates and organ ic  ma t te r  may c o n t r i b u t e  t o  t h e  

s o l u b i l i t y  i n  ways which a re  no t  c l e a r l y  understood. 

I n  a  s i m i l a r  i n v e s t i g a t i o n  i n v o l v i n g  t h e  d i s t r i b u t i o n  o f  t r a c e  

metals i n  s t r e e t  sweepings, Wi lbur  and Hunter (1979) found i r o n  t o  

have v i  r t u a l  l y  no assoc ia t i ons  w i t h  exchangeable f r a c t i o n s  (0.005%) 

and an almost t o t a l  spec ia t i on  w i t h  Fe/Mn ox ides (96.02%). Th is  

spec ia t i on  i s  cons i s ten t  w i t h  t h e  low s o l u b i l i t y  o f  i r o n  found i n  

t h e  c u r r e n t  study. 

I n  summary, i t  appears t h a t  t h e  spec ia t i on  o f  heavy meta ls  i n  

t h e  p a r t i c l e s  deposi ted on t h e  s t r e e t  sur face  i s  respons ib le  f o r  

regul  a t i  ng t h e  re1 a t  i ve amounts o f  d i  ssol  ved and p a r t i  cu l  a t e  species 

i n  h i  yhway runo f f .  The low d i sso l ved  f r a c t i o n s  o f  bo th  l ead  and 

i r o n  a r e  e x p l a i n e d  we1 1  by t h e  l o w  p e r c e n t a g e  o f  exchangeab le  

assoc ia t ions  o f  i r o n  and lead i n  s t r e e t  sweepings. The increased 

s o l  u b i  1 i t y  of z i n c  over 1  ead can a1 so be exp la ined by t h e  increased 

percentage o f  exchangeable assoc ia t ions  o f  z inc .  The 1  arye degree 

of so l  ub i  1  i t y  observed f o r  copper was a t t r i b u t e d  t o  assoc ia t ions  

w i t h  so lub le  organics. 

As discussed p rev ious l y ,  var ious  c o r r e l a t i o n s  were performed t o  

determi ne i f r u n o f f  metal concent ra t ions  were c o r r e l  a ted w i t h  
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f a c t o r s  such as r u n o f f  pH, r u n o f f  f l o w  r a t e  (an i n d i r e c t  measure of 

r a i  n f a l 1  i n t e n s i t y ) ,  cumulat ive t ime  s ince  s t a r t  o f  a  r a i n f a l l  

event, o r  antecedent d r y  period. The f i r s t  c o r r e l a t i o n s  which were 

computed were c o r r e l  a t  ions  between se lec ted  heavy metal 

concentrat ions and measured r u n o f f  f l o w  ra tes  t o  de tec t  those metal s  

w h i c h  can be m o b i l  i z e d  b y  i n c r e a s i n g  f l o w  r a t e s  and r a i n f a l l  

i n t e n s i t i e s .  

As i n d i c a t e d  -in Table 4-4, r e l a t i v e l y  small bu t  s i  g n i f i c a n t  

c o r r e l  a t i  ons were found a t  t h e  0.05 1  eve1 between r u n o f f  f l  owrate 

and d isso lved heavy metal concentrat ions f o r  a l l  meta ls  w i t h  t h e  

except ion o f  copper. However, t h e  c o r r e l a t i o n s  ( w i t h  t h e  except ion 

o f  i r o n )  were negat ive  i n d i c a t i n g  a  dec l i ne  i n  concentrat ions w i t h  

i nc reas ing  r a i n f a l l  i n t e n s i t y .  A1 so, s i g n i f i c a n t  c o r r e l a t i o n s  were 

found between r u n o f f  f l o w r a t e  and t o t a l  metal species o f  i r on ,  

n i c k e l  and cadmi um, w i t h  n i c k e l  and cadmium exhi  b i t i n g  negat ive 

c o r r e l a t i o n s  and i ron exhi  b i t i n g  a  p o s i t i v e  c o r r e l a t i o n .  These 

n e g a t i  ve c o r r e l a t i o n s  suggest t h a t  increases i n  r u n o f f  f l  owrates 

produce a  decl i ne i n  metal concentrat ions.  

A p o s s i b l e  exp lana t i on  o f  t h e  dec l i ne  I n  metal concentrat ions 

w i t h  i ncreasiny f l o w r a t e s  can be obtained by examinat ion o f  r u n o f f  

pa t te rns  measured a t  t h e  Mai tl and s i t e .  Dimensionless mass curves 

o f  t o t a l  event r u n o f f  versus cumulat ive d u r a t i o n  f o r  each o f  t h e  

storm events measured a t  t h e  Mai t land s i t e  were superimposed on a  

s i n g l e  yraph us ing  t h e  PROC PLOT procedure o f  SAS. Th is  p l o t  i s  

summarized i n  F igu re  5-1. Three very d i  s t i  n c t  r a i  n f a l  1 pa t te rns  



0.
0 

0.
1 

0.
2 

0.
3 

0.
4 

0.
5 

0.
6 

0.
7 

0.
8 

0.
9 

1 .O
 

R
A

T
IO

 O
F 

C
U

M
U

LA
TI

V
E

 T
lM

E
 

TO
 

T
O

T
A

L
 

E
V

E
N

T
 

T
lM

E
 

F
ig

ur
e 

5-
1.

 
G

en
er

al
iz

ed
 P

at
te

rn
s 

o
f 

R
ai

n
fa

ll
 

D
is

tr
ib

u
ti

o
n

s 
O

bs
er

ve
d 

a
t 

th
e 

M
ai

tl
an

d 
S

it
e

 
D

ur
in

g 
19

83
-8

4.
 



206 

( r e p r e s e n t i n y  95 percent o f  t h e  events measured a t  t h e  Mai t land 

s i t e )  and one l e s s  dominant p a t t e r n  are  apparent i n  t h i s  f igure .  

Bo th  curves  1 x 1  and I V  ( rep resen t i ng  66 percent o f  t h e  t o t a l  events 

measured) i n d i c a t e  r a i  n f a l l  pa t te rns  which increase g radua l l y  i n  

i n t e n s i t y  i n  t h e  e a r l y  p o r t i o n s  o f  t h e  r a i n  event, w i t h  maximum 

i n t e n s i t y  occu r r i ng  a t  l a t e r  p o r t i o n s  o f  t h e  event. For  r a i n f a l l  

e v e n t s  o f  t h i s  type, most o f  t h e  deposited heavy metals  could have 

been mob i l i zed  and t ranspor ted  w i t h  t h e  i n i t i a l  lower i n t e n s i t y  

r a i n f a l l .  When t h e  h igh  i n t e n s i t y  po r t i ons  o f  t h e  storm a r r i ved ,  

t h e  m a j o r i t y  o f  t h e  heavy metals  would be removed and r e l a t i v e l y  

c l e a n  r u n o f f  water would be present.  Th is  type o f  behavior  would 

cause negat i  ve c o r r e l  a t i  ons t o  occur between metal concentrat ions 

and r a i  n f a l  1  i n t e n s i t y  s ince  t h e  1  arges t  concentrat ions would be 

present  du r ing  t h e  per iods  o f  1  owest i n t e n s i t y ,  and reduced 

concent r a t i o n s  woul d  be present  d u r i n g  per iods o f  h i  cjh i n t e n s i t y  . 
The behavior  discussed i n  t h e  prev ious sec t ion  suggests t h a t  a  

" f i r s t  f lush"  e f f e c t  would be present  i n  which t h e  m a j o r i t y  o f  heavy 

metal s  should be mobi 1  i zed and t ranspor ted  w i t h  t h e  e a r l y  po r t i ons  

of  t h e  r a i n f a l l  event. To t e s t  t h i s  suggestion, measured 

concentrat ions of lead, copper, z inc,  i r on ,  and a1 uminum f o r  each o f  

t h e  16 monitored storm events were scaled by expressing each as a  

r a t i o  o f  concent ra t ion  over  maximum concentrat ion f o r  a  p a r t i c u l a r  

storm event. Th i s  converted a l l  metal concentrat ions t o  a  nurr~ber 

between O and 1 f o r  each event, represent ing  each sarnple by the  

f r a c t i o n  o f  t h e  maximum event concentrat ion.  These va l  ues were 
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p l o t t e d  versus s i m i l a r l y  sca led  va lues o f  cumula t i ve  event  t i m e  

u s i n g  t h e  PROC PLOT program o f  SAS. Scaled p l o t s  were cons t ruc ted  

s e p a r a t e l y  f o r  t o t a l  and d i s s o l v e d  species o f  t h e  meta ls  l i s t e d  

above w i t h  a l l  16 s torm even ts  superimposed on a  s i n g l e  graph. 

These p l o t s  p rov ided  i n f o r m a t i o n  on t h e  general  re1 a t i v e  behav io r  of 

each metal  spec ies f o r  t h e  even ts  monitored. 

Upon e x a m i n a t i o n  o f  t h e s e  p l o t s ,  no a p p a r e n t  t r e n d s  we re  

p resen t  f o r  d i sso l ved  spec ies o f  any o f  t h e  f i v e  meta ls  tes ted .  

Re1 a t  i ve concen t ra t i on  p a t t e r n s  appeared t o  be somewhat randoni; 

however, t h e  p l  o t s  o f  t o t a l  meta l  concen t ra t ions  i n d i c a t e d  very  

s i m i l a r  t r e n d s  f o r  lead, z i nc ,  i r o n ,  and aluminum. Those p a t t e r n s  

a r e  i n d i c a t e d  i n  F igu re  5-2. A  f i r s t  f l u s h  e f f e c t  i s  apparent f o r  

t o t a l  c o n c e n t r a t i o n s  o f  t h e  f o u r  m e t a l s .  I n  g e n e r a l ,  maximum 

c o n c e n t r a t i o n s  were mai n t a i  ned th rough approx imate ly  20 percen t  of 

t h e  s to rm du ra t i on ,  f o l l owed  by a  r a p i d  d e c l i n e  i n  concen t ra t i ons  

f o r  20-3U p e r c e n t  o f  t h e  d u r a t i o n ,  w i t h  s u b s t a n t i a l l y  r educed  

concen t ra t i ons  f o r  t h e  remainder o f  t h e  storm. These p l o t s  suggest 

a  s t r o n g  f i r s t  f l u s h  e f f e c t  w i t h  maximum concen t ra t i ons  i n  t h e  f i r s t  

q u a r t e r  o f  any event. 

The t o t a l  mass o f  heavy me ta l s  mob i l i zed  . d u r i n g  va r i ous  

p o r t i o n s  o f  a  r a i n  event were es t ima ted  by g raph i ca l .  i n t e g r a t i o n  o f  

t h e  a rea  under t h e  curve  g i v e n  i n  F i g u r e  5-2. Approx imate ly  47 

p e r c e n t  o f  t h e  t o t a l  metal  mass o f  lead,  z inc ,  i r o n ,  and alum'inum 

were found t o  be t r a n s p o r t e d  w i t h  t h e  f i r s t  q u a r t e r  o f  a  s torm 

e v e n t .  The second q u a r t e r  was found t o  t r a n s p o r t  22 percen t  o f  t h e  
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t o t a l  mass, w i t h  t h e  t h i r d  and f o u r t h  qua r te r s  c o n t r i b u t i n g  

approx imate ly  15 percen t  each. I f  these  percentages a re  expressed 

i n  a  cumula t i ve  manner, t hen  approx imate ly  47 percen t  o f  t o t a l  meta l  

mass f o r  t hese  f o u r  meta ls  would be t r a n s p o r t e d  d u r i n g  t h e  f i r s t  

q u a r t i l e  o f  an event,  69 percent  by t h e  median o r  second q u a r t i l e  

event, and 85 percen t  by t h e  t h i r d  q u a r t i l e .  

T o t a l  meta l  concen t ra t i ons  were found t o  e x h i b i t  a  f i r s t  f l u s h  

e f f ec t  w h i l e  d i s s o l v e d  species d i d  not.  Wi th  t h e  excep t ion  o f  z inc ,  

approx imate ly  80 percent  o f  t h e  t o t a l  concen t ra t i ons  o f  t h e  f o u r  

m e t a l s  1  i s t e d  above a r e  i n  a  p a r t i c u l a t e  form. Z inc  was p resen t  i n  

a  p a r t i c u l a t e  f o r m  o f  a b o u t  50 p e r c e n t .  Chemica l  o r  p h y s i c a l  

r e a c t i o n s  which a r e  respons ib l e  f o r  t h e  re l ease  and m o b i l i z a t i o n  o f  

d isso lved  spec ies  froni  t h e  road sur face a r e  n o t  immediate and may 

occur  s low ly ,  caus ing  a  gradual  re1 ease over  t h e  e n t i  r e  r a i n  event. 

Factors  such as r a i n f a l l  i n t e n s i t y  and r u n o f f  pH among o the rs  can 

a f f e c t  these  r e a c t i o n  t imes. 

C o r r e l a t i o n s  between pH and sequent i  a1 hydrograph 

c o n c e n t r a t i o n s  o f  v a r i o u s  heavy m e t a l  s  i n  h i  yhway r u n o f f  were 

presented i n  Table 4-6. S i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n s  were 

obse rved  between pH and t h e  l o g  of  t h e  metal  concen t ra t i on  a t  t h e  

0.01 l e v e l  f o r  d i s s o l v e d  z i n c  and i r o n ,  and a  nega t i ve  c o r r e l a t i o n  

was obseved a t  t h e  0.01 l e v e l  f o r  d i s s o l v e d  n i c k e l .  However, these 

c o r r e l a t i o n s  were r e l a t i v e l y  weak w i t h  R-square va lues o f  0.10 o r  

l e s s .  Apparent ly ,  t h e  pH o f  t h e  r u n o f f  wa te r  p l ays  o n l y  a  smal l  

r o l e  i n  e x p l a i n i n g  concen t ra t i ons  o f  meta l  spec ies w i t h  t h e  range o f  

pH va l  ues measured (4.95-8.49). 



Si  nce c o r r e l  a t i  ons between sequent i  a1 hydrograph heavy metal 

concen t ra t ions  and parameters such as r u n o f f  f l o w r a t e  and cumulat ive 

r a i  n f a l l  event t i m e  were ab le  t o  e x p l a i n  o n l y  smal l  f r a c t i o n s  o f  t h e  

v a r i a b i  1  i t y  i n  metal  concent r a t i o n s ,  r eg ress ion  analyses were 

conducted u s i n y  metal  concen t ra t i ons  as t h e  response v a r i a b l e  and 

r u n o f f  f l o w r a t e ,  cumula t i ve  t ime, and antecedent d r y  p e r i o d  as 

p r e d i c t o r  v a r i a b l e s .  Func t iona l  forms o f  t h e  re1 a t i  onshi  ps between 

t h e  response and p r e d i c t o r  v a r i a b l e s  were determi  ned through 

examina t ion  o f  p l o t s  o f  r e s i d u a l s  versus t h e  va r i ous  p r e d i c t o r  

v a r i a b l e s  u s i n g  t h e  PROC PLOT procedure o f  SAS. 

I n  g e n e r a l ,  v a l u e s  o f  R-square  f o r  t h e  b e s t  f i t  mode ls  o f  

d i  ssol  ved meta l  concen t ra t i ons  were re1  a t  i v e l y  1  ow. The h ighes t  

v a l u e s  o f  R-square f o r  t h e  se lec ted  bes t  f i t  models were found f o r  

manganese and l e a d  w i t h  a  va lue  o f  0.410 f o r  l e a d  and 0.281 f o r  

manganese. Cumul a t i  ve t i m e  and r u n o f f  f l  owrate were approx imate ly  

o f  equal  impor tance i n  p r e d i c t i  ny d i s s o l v e d  l e a d  values, a1 though 

c u m u l a t i v e  t i m e  was found t o  have a  p o s i t i v e  s l ope  and f l o w r a t e  a  

nega t i ve  slope. Antecedent d r y  p e r i o d  was n o t  impo r tan t  i n  

p r e d i c t i n g  d i  sso l  ved 1  ead va l  ues. D i  sso l  ved concent r a t  i o n s  of 

manganese were found t o  be i n f l u e n c e d  t o  t h e  l a r g e s t  degree by 

f l o w r a t e  w i t h  a  nega t i ve  slope, f o l l owed  by antecedent d r y  p e r i o d  

w i t h  a  p o s i t i v e  s l ope  and cumula t i ve  t i m e  w i t h  a  nega t i ve  slope. 

A1 t h o u g h  t h e  c a l c u l a t e d  R-square  v a l u e s  f o r  t h e  r e m a i n i n g  

p r e d i c t i v e  equa t ions  i n d i c a t e d  a  re1  a t i v e l y  poor  a b i l  i t y  t o  p r e d i c t  

d i  sso l  ved metal  concen t ra t ions ,  i t  i s  never t l i e less  i n t e r e s t ' i n g  t o  



n o t e  t h a t  f l o w r a t e  was p resen t  i n  a l l  o f  t h e  f i n a l  equa t ions  except 

those  f o r  i r o n  and n i c k e l .  A l l  o f  t h e  s lopes f o r  t h e  f l o w r a t e  

p r e d i c t o r  v a r i a b l e s  were n e g a t i v e .  C u m u l a t i v e .  e v e n t  t i m e  was 

impo r tan t  i n  s i x  o f  t h e  n i n e  equat ions,  w h i l e  antecedent  d r y  p e r i o d  

was p r e s e n t  i n  f o u r  o f  t h e  f i n a l  equat ions. Bo th  antecedent d r y  

p e r i o d  and cumula t i ve  event  t i m e  had p o s i t i v e  and nega t i ve  s lopes 

assoc ia ted  w i t h  t h e i  r presence i n  t h e  models. 

Regress ion equat ions  f o r  t o t a l  metal  spec ies were, i n  general ,  

no t  as good as t hose  f o r  corresponding d i s s o l v e d  spec ies  and were 

v e r y  p o o r  i n  t h e i r  a b i l i t y  t o  e x p l a i n  t h e  v a r i a b i l i t y  i n  t h e  

measured metal  concen t ra t ions .  Values o f  R-square f o r  these 

e q u a t i o n s  were l e s s  t h a n  0.20 i n  a l l  cases, w i t h  many l e s s  than 

0.05. Apparent ly ,  t h e  parameters o f  antecedent d r y  per iod ,  runof f  

f l ow ra te ,  and cumula t i ve  t i m e  a r e  o n l y  s l i g h t l y  impor tan t  i n  

r e y u l  a t i n g  concen t ra t i ons  o f  t o t a l  heavy metal  s i n  r u n o f f  a t  t h e  

Ma i t l and  s i t e .  

The r e l a t i v e l y  poor  a b i l i t y  o f  t h e  p r e d i c t i v e  models t o  e x p l a i n  

v a r i a t i o n s  i n  heavy  m e t a l  c o n c e n t r a t i o n s  i s  i n d i c a t i v e  o f  t h e  

s t o c h a s t i c  and p o o r l y  understood and complex phenomenons r e g u l a t i n g  

s tormwater  c o n s t i t u e n t s  and composit ion. These r e s u l t s  a r e  s i m i l a r  

i.n some respec ts  t o  t hose  presented p r e v i o u s l y  by Gupta e t  a l .  

(1981). Gupta found poor  c o r r e l a t i o n s  between meta l  concen t ra t i ons  

and t h e  parameters o f  average d a i l y  t r a f f i c  and d u s t f a l l  which a re  

bo th  i n d i  r e c t l y  re1 a t e d  t o  antecedent d r y  per iod.  

I n  a f i n a l  a t tempt  t o  exami ne causa t i ve  re1 a t i  onshi  ps f o r  'heavy 

m e t a l s  i n  highway r u n o f f ,  c o r r e l a t i o n s  were conducted between t h e  
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f 1  ow-wei ghted r u n o f f  concent r a t i o n s  o f  d i  sso l  ved and t o t a l  heavy 

m e t a l  s  1  i s t e d  i n  Tab1 e  4-2 and 4-3 and t o t a l  r a i  n f a l  , mean r a i  n f a l l  

i n t e n s i t y ,  r a i  n f a l  1  d u r a t i o n ,  and antecedent d r y  per iod .  However, 

when these c o r r e l  a t i  ons were performed, no s i  gn i  f i can t  c o r r e l a t i o n s  

were found a t  t h e  0.05 l e v e l  between any o f  t h e  f o u r  p r e d i c t o r  

v a r i a b l e s  and any t o t a l  o r  d i  sso l  ved f l  ow-we1 ghted metal 

concent r a t  i ons . 
I n  summary, concen t ra t i ons  o f  bo th  d i s s o l  ved and t o t a l  heavy 

me ta l s  i n  highway r u n o f f  were found t o  e x h i b i t  cons iderab le  

v a r i a b i l i t y  bo th  w i t h i n  a  s i n g l e  event as w e l l  as between events. 

Attempts t o  c o r r e l a t e  t h i s  v a r i a b i l i t y  w i t h  o t h e r  r u n o f f  r e l a t e d  

c h a r a c t e r i s t i c s  such as f l ow ra tes ,  antecedent d r y  per iod ,  cumula t i ve  

event t ime,  r u n o f f  pH, r a i n f a l l  du ra t io f i ,  and r a i n f a l l  i n t e n s i t y  

were n o t  c o n c l u s i v e .  R u n o f f  f l o w r a t e  appea red  t o  be somewhat 

impo r tan t  i n  r e g u l a t i n g  concen t ra t i ons  o f  v i  r t u a l  l y  a1 1  metals,  

w h i l e  cumula t i ve  t i m e  and antecedent d r y  p e r i o d  were impor tan t  i n  

r e g u l a t i n g  o n l y  a  few meta l  species. These f i n d i n g s  emphasize t h e  

p o o r l y  understood phenomena which r e g u l a t e  r u n o f f  c h a r a c t e r i  s t i  cs 

and suggest t h a t  f u r t h e r  research  i s  necessary i n  t h i s  area. 

Short-Term Fa te  o f  Heavy Meta ls  
Upon E n t e r i n g  t h e  M a i t l a n d  Re ten t i on  Pond 

From t h e  da ta  p resen ted  i n  Chapter 4, i t appears t h a t  ( w i t h  t h e  

p o s s i b l e  excep t ion  o f  manganese) t h e  M a i t l a n d  pond i s  ve ry  e f f i c i e n t  

i n  t h e  removal o f  heavy meta ls  i n  hiyhway r u n o f f  e n t e r i n g  t h e  pond. 

A  comparison o f  summary s t a t i s t i c s  f o r  highway r u n o f f  and Ma i t l and  



pond wa te r  i s  g iven  i n  Table 5-2. Heavy metal  concen t ra t i ons  i n  

t h i s  t a b l e  have been g i v e n  i n  t e r m s  o f  t h e  c o n c e n t r a t i o n s  o f  

d i s s o l v e d  and p a r t i c u l a t e  spec ies r a t h e r  t han  d i s s o l v e d  and t o t a l  

species.  T h i s  was done so t h a t  t h e  removal c h a r a c t e r i s t i c s  of 

so l  ub l  e  and p a r t i  cu l  a t e  spec ies cou l  d  be examined separa te ly .  

Upon e n t e r i n g  t h e  ,Mai tl and r e t e n t i o n  pond, chemical, phys i ca l ,  

and b i o l o g i c a l  p r o c e s s e s  b e g i n  t o  o c c u r  wh ich ,  f o r  mos t  m e t a l  

spec ies,  r e s u l t s  i n  subs tan t i  a1 reduc t i ons  i n  concen t ra t ions .  The 

most n o t i c e a b l e  removals f o r  heavy me ta l s  occurs f o r  t h e  p a r t i c u l a t e  

species.  P a r t i c u l a t e  species o f  l e a d  and z i n c  a re  reduced i n  excess 

o f  95 percen t ,  cadmium and i r o n  near  85 percent ,  w i t h  copper and 

a1 umi num averaging near 75 percent .  Reduct ions o f  p a r t i c u l a t e  

n i c k e l  and chromium, however, were much l ess ,  w i t h  a  removal o f  o n l y  

25-35 percent .  

A p a r t i a l  exp lana t i on  o f  t h e  above phenomenon can be found i n  

t h e  chemical  , assoc ia t i ons  and spec i  a t i  ons o f  heavy meta ls  i n  highway 

d e p o s i t s  w h i c h  a r e  t h e n  t r a n s p o r t e d  by  t h e  r u n o f f  f l o w .  As 

i n d i c a t e d  i n  Table 5-1, lead, z i nc ,  copper, and cadmium were found 

i n  s t u d i e s  by b o t h  Ha r r i son  e t  a l .  (1981), and Gibson and Farmer 

(1981) t o  e x h i b i t  re1 a t i  v e l y  smal l  r e s i d u a l  f r a c t i o n s  i n  roadway 

d e p o s i t s .  Residual  f r a c t i o n s  a r e  i n d i c a t i v e  o f  meta ls  which a re  

t i  y h t l y  bound t o  l a r g e r  p a r t i c l e s  such as sand o r  d i r t .  These 

p a r t i c l e s  should s e t t l e  r a p i d l y .  Assuming t h a t  t h e  chemical  

s p e c i a t i o n s  o f  heavy meta ls  i n  road  depos i t s  a t  t h e  M a i t l a n d  s i t e  

a re  s i m i l a r  t o  those  repo r ted  i n  t h e  two  p rev ious  s tud ies ,  t h e  l a r g e  
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removal r a t e s  o f  p a r t i c u l a t e  spec ies i n  r u n o f f  wa te r  upon e n t e r i n g  

t h e  pond can be exp la i ned  by r a p i d  s e t t l i n g  o f  t hese  r e l a t i v e l y  

smal l  r e s i d u a l  f r a c t i o n s .  

Whipple and Hunter  (1981) conducted a  survey o f  t h e  s e t t l i n g  

c h a r a c t e r i s t i c s  o f  urban r u n o f f  c o l l e c t e d  a t -  f i v e  l o c a t i o n s  i n  New 

J e r s e y .  A 30 cm x  183 cm g lass  column was used f o r  t h e  s e t t l i n g  

t e s t s .  Samples were c o l l e c t e d  p e r i o d i c a l l y  f rom depths o f  45 cm 

and 140  cm, and a  composite sample was formed f r om t h e  two. T h e i r  

d a t a  i n d i c a t e d  a  maximum se t t l emen t  f o r  t o t a l  lead,  i n c l u d i n g  both 

d i sso l ved  and p a r t i c u l a t e  species,  o f  about 60 percen t  i n  32 hours. 

Zinc, copper, and n i c k e l  a l l  appeared t o  s e t t l e  o u t  i n i t i a l l y  a t  

v e r y  h i g h  r a t e s  f o r  t h e  f i r s t  two hours, a c h i e v i n g  a  removal o f  

t o t a l  concen t ra t ions  o f  about 30 percen t  i n  t h i s  t ime.  Set t lement  

a f t e r  t h a t  t ime  was much slower,  w i t h  r educ t i ons  o f  app rox i~ i i a t e l y  35 

percen t  a f t e r  32 hours. 

A more d e t a i l e d  s tudy  i n t o  t h e  s e t t l i n g  c h a r a c t e r i s t i i c s  o f  

u r b a n  r u n o f f  was conducted by Wan ie l i s t a  e t  a l .  (1982). I n  t h i s  

i n v e s t i g a t i o n ,  s tormwater  samples were c o l l e c t e d  a t  four  l o c a t i o n s  

i n  t h e  Lake Eo la  watershed and exam-ined f o r  s e t t l e a b i l i t y  i n  a  

s e r i e s  o f  l a b o r a t o r y  column s t u d i e s  u s i n g  a  30 cm d iameter  by 2 m 

1  ong p l  e x i  g l  ass co l  urnn. Sampl es were c o l l  ec ted  a t  sample p o r t s  

l o c a t e d  a t  va r i ous  i n t e r v a l s  on t h e  column f o r  a  p e r i o d  of two 

hours. Re~iioval o f  heavy meta ls  d u r i n g  t h i s  d e t e n t i o n  p e r i o d  was 

found t o  be poor, w i t h  maximum removals no t  exceeding 20 percen t  f o r  

any ~ i i e t a l  species. T h i s  poor  s e t t l e a b i l i t y  can be expla ined,  a t  



2 17 

1  e a s t  i n p a r t ,  by t h e  h i g h  d i sso l ved  f r a c t i o n  o f  most heavy meta ls  

i n  t h e  stormwater used i n  these  s tud ies .  Th i s  i s  undoubtedly a  

c o n t r i b u t i n g  f a c t o r  t o  t h e  low removal r a t e s  ob ta i ned  i n  these  

shor t - te rm s tud ies .  

It appears, t h e r e f o r e ,  t h a t  p a r t i c u l a t e  forms o f  lead, z inc ,  

copper ,  i r o n ,  a1 umi num, and cadmium a r e  assoc ia ted  w i t h  p a r t i c l e s  

whi ch  e x h i b i t  good s e t t l  i ng c h a r a c t e r i s t i c s  i n  t h e  M a i t l  and 

r e t e n t i  on pond. However, n i c k e l  and chromi um e x h i b i t e d  removal 

r a t e s  f o r  p a r t ' i c u l a t e  spec ies i n  t h e  range o f  25-35 percent .  S ince 

n i c k e l  and chromium a r e  y e n e r a l l y  p resen t  i n  highway r u n o f f  i n  small 

q u a n t i t i e s ,  t h e y  have rece i ved  l i t t l e  a t t e n t i o n  by ~ i i o s t  researchers,  

and as a  r e s u l t ,  t h e  chemical assoc ia t i ons  o f  these  meta ls  i n  s t r e e t  

sweepings o r  i n  stormwater r u n o f f  a r e  p o o r l y  understood. It i s  

p o s s i b l e  t h a t  t hey  may bo th  be assoc ia ted  w i t h  r e l a t i v e l y  small 

d i  ameter p a r t i  c l  es which e x h i b i t  poor  s e t t l  i ng c h a r a c t e r i s t i c s  even 

a f t e r  prolonged per iods .  However, i t should be no ted  t h a t  t h e  

c o n c e n t r a t i o n s  o f  these  meta ls  measured i n  bo th  stormwater r u n o f f  

and *in t h e  r e t e n t i o n  pond wate r  were near  t h e  l i m i t s  o f  d e t e c t i o n  

f o r  t h e  plasma emiss ion spec t roscop ic  techn ique  used t o  measure 

these  metals.  As a  r e s u l t ,  t h e  l a c k  o f  p r e c i s i o n  a t  these  low 

l e v e l  s  may be p a r t i a l  l y  respons ib l e  f o r  these  r e s u l t s .  

A1 though a  s u b s t a n t i a l  removal o f  p a r t i c u l a t e  meta l  spe'cies was 

expected i n  t h e  r e t e n t i o n  pond, t h e  s i g n i f i c a n t  removal o f  d i s s o l v e d  

metal spec ies was s u r p r i s i n g .  D i sso l ved  forms o f  z i n c  were removed 

t o  t h e  g r e a t e s t  deyree w i t h  an average removal o f  a lmost  90 percent .  



D i s s o l v e d  i r o n  was removed a t  a  r a t e  o f  75 percent ,  f o l l owed  by 

1  ead, copper, a1 umi num, and cadmi um w i t h  removal s  o f  d i  s so l  ved 

spec ies  rang ing  from 50-60 percent .  Removal r a t e s  f o r  d i sso l ved  

n i c k e l  and chromium were ve ry  poor, however, w i t h  average removals 

o f  o n l y  36 and 12 percent ,  r e s p e c t i v e l y .  

An i n v e s t i g a t i o n  i n t o  t h e  chemical s p e c i a t i o n  o f  s o l u b l e  metal  

s p e c i e s  i n  bo th  highway r u n o f f  and t h e  r e t e n t i o n  pond wate r  a t  t h e  

M a i t l a n d  pond was conducted by Yousef (1985) and was p r e v i o u s l y  

d iscussed i n  Chapter 2. Removal o f  d i s s o l v e d  metal  spec ies i s  

c l o s e l y  r e l a t e d  t o  t h e  s p e c i a t i o n  o f  t h e  metal  spec ies i n  t h e  r u n o f f  

water and r e t e n t i o n  pond water.  Those meta ls  which were p resen t  

w i t h  l a r g e  f r a c t i o n s  o f  r e a c t i v e  spec ies (such as z i nc ,  cadmium, and 

lead)  were found t o  be removed e f f i c i e n t l y .  Other  meta l  species 

which were n o t  p resen t  as r e a c t i v e  spec ies o r  were bound t o  o rgan ics  

were removed t o  a  l e s s e r  degree. 

A1 t h o u g h  n o t  s p e c i f i c a l l y  e v a l u a t e d  i n  t h i s  r e s e a r c h ,  t h e  

impor tance  o f  b i o l o g i c a l  up take  i n  t h e  removal o f  d i s s o l v e d  metal 

i ons  should n o t  be underest imated. Yousef e t  a l .  (1984) measured 

concen t ra t i on  f a c t o r s  f o r  heavy metal  s  i n  va r ious  a q u a t i c  p l a n t s  and 

a lgae i n  an urban l a k e  i n  c e n t r a l  F l o r i d a  r e c e i v i n g  highway runof f .  

Concent ra t ion  f a c t o r s  were c a l c u l a t e d  as t h e  r a t i o  o f  metal  

c o n c e n t r a t i o n  i n  mglg o f  oven d r y  weight  o f  p l a n t  m a t t e r  t o  t h e  

concen t ra t i on  o f  t h e  same meta l  i n  mglml o f  t h e  sur round ing  water  

column. The r e s u l t s  o f  t h i s  s tudy  a r e  presented i n  Table 5-3. 



TABLE 5-3 

AVERAGE CONCENTRATION FACTORS OF HEAVY 
METALS BY PLANTS AND ALGAE 

CONCENTRATION FACTOR (ml /g )  
PLANT 

SPECIES 

H y d r i l l a  363 5145 4104 5024 12103 3522 9700 

Spi rogyra  336 3047 3516 ' 13483 25434 52375 7398 

Typha 54 555 255 5 39 2322 444 610 

SOURCE: Yousef e t  a1 . (1984) 

The  r e s u l t s  p r e s e n t e d  b y  Youse f  e t  a l .  ( 1984 )  i n d i c a t e  a  

s i g n i f i c a n t  a b i l i t y  o f  p l a n t  spec ies t o  uptake and concen t ra te  heavy 

meta l  s  i n  t h e i r  c e l l  s. T h i s  concen t ra t i ng  a b i l i t y  was e s p e c i a l l y  

o b v i o u s  f o r  t h e  a l g a l  spec ies  Spi rogyra,  which was an abundant 

s p e c i e s  i n  t h e  M a i t l a n d  pond. S i n c e  t h e s e  p l a n t  s p e c i e s  a r e  

c h a r a c t e r i z e d  by re1 a t i v e l y  r a p i d  t u r n o v e r  r a t e s  f o r  biomass, metal 

spec ies  i nco rpo ra ted  i n t o  t h e i  r c e l l  s  a r e  eventual  l y  depos i ted  i n t o  

t h e  sediments. I n  ponds w i t h  an abundance o f  p l a n t  biomass, such as 

t h e  Ma i t l and  pond, t h i s  t y p e  o f  concen t ra t ion ,  f o l l o w e d  by l a t e r  

d e p o s i t i o n  i n t o  t h e  sediments, may be an i ~ i i p o r t a n t  mechanism f o r  

removal o f  d i sso l ved  metal  spec ies f rom t h e  wate r  column. 

A s e r i e s  o f  i n v e s t i g a t i o n s  i n t o  t h e  f a t e  o f  d i s s o l v e d  metal 

spec ies i n  r e t e n t i o n  ponds was presented by Yousef . e t  a l .  (1985). 



I n  t h e i r  r e s e a r c h ,  i s o l a t i o n  charr~bers were  p l a c e d  i n  a  n e w l y  

cons t ruc ted  r e t e n t i  on pond near  Epcot. Center. The i s o l  a t i  on 

chambers were cons t ruc ted  o f  i n v e r t e d  po l ye thy lene  200-1 i t e r  b a r r e l  s  

w h i c h  i s o l a t e d  a  0.25 m2 area o f  t h e  sediment and t h e  o v e r l y i n g  

water  column. Chambers were cons t ruc ted  w i t h  bo th  open and sealed 

bo t ton is  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  sed'iments on heavy metal  

concent r a t i ons .  The chambers were f i  r s t  i n s t a l  l e d  then  dosed w i t h  a  

s o l u t i o n  of heavy metals.  P e r i o d i c  samples were analyzed f o r  metal  

content .  A summary o f  t h e i r  work i s  presented i n  Table 5-4. 

So lub le  concen t ra t i ons  o f  copper, z inc ,  i r o n ,  and l e a d  were 

added t o  two o f  t h e  t e s t  chambers i n  concen t ra t i ons  between 0.5 and 

1 mg/ l  on 4/1/83. However, when t h e  nex t  sample was c o l l e c t e d  on 

4/4/83, concen t ra t i ons  o f  copper, z inc ,  and l e a d  had been 

s u b s t a n t i a l l y  reduced by an average o f  90 percent;  and by 4/18/83 

( t h e  nex t  sample c o l l e c t i o n  da te )  were i n d i s t i n g u i s h a b l e  f roni t h e  

c o n t r o l  which rece i ved  no meta l  add i t i ons .  No change was noted 

e i t h e r  w i t h  o r  w i t h o u t  sediment con tac t  i n  t hese  metal  

c o n c e n t r a t i o n s  throughout  t h e  t e s t  per iod ,  even when anaerobic  

c o n d i t i o n s  were es tab l i shed .  

Sol ub l  e  concen t ra t i ons  o f  i ron, however, d i d  no t  f o l l  ow t h e  

p a t t e r n  o f  r e d u c t i o n  es tab l  i shed by t h e  o t h e r  metals.  I r o n  

c o n c e n t r a t i o n s  decreased s l  i g h t l y  i n  t h e  ae rob i c  s t a t e  i n s i d e  t h e  

chambers w i t h  sediment con tac t ,  b u t  began t o  inc rease  aga in  as soon 

a s  a n a e r o b i c  c o n d i t i o n s  became e s t a b l i s h e d .  T h i s  b e h a v i o r  i s  

c o n s i s t e n t  w i t h  t h e  widespread b e l i e f  t h a t  i r o n  i s  bound i n t o  t h e  
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sediments  a s  Fe(OH)3 under ae rob i c  cond i t i ons .  However, under 

anaerobic  cond i t i ons ,  i r o n  i s  conver ted f rom t h e  ~ e ' ~  form t o  t h e  

~ e "  form which i s  s u b s t a n t i a l l y  more so lub le ,  and re l ease  f rom t h e  

sediments occurs. The chamber w i t h  no sediment con tac t  d i d  no t  

i n d i c a t e  t h e  inc reased  concen t ra t i ons  o f  i ron. 

A  f i n a l  comment should be made concern ing t h e  ANOVA t e s t s  which 

were conducted t o  d e t e c t  d i f f e r e n c e s  between metal  concen t ra t i ons  a t  

t h e  v a r i o u s  sample s t a t i o n s  w i t h i n  t h e  pond. The o n l y  s i g n i f i c a n t  

d i f f e r e n c e s  which were de tec ted  by t hese  t e s t s  were f o r  d i s s o l v e d  

and t o t a l  concen t ra t i ons  o f  z i n c  which were shown t o  be h i ghe r  a t  

s t a t i o n  1 than  a t  t h e  o t h e r  s t a t i o n s  by t h e  m u l t i p l e  comparison 

t e s t  o f  Tukey  (Ray and Sa l ' l  1982 ) .  S t a t i o n  1 had a  mean z i n c  

c o n c e n t r a t i o n  of 7.7 ..pg/1 f o r  d i s s o l v e d  and 9.5 1  f o r  t o t a l  

spec ies  compared t o  va lues approx imate ly  one-ha l f  o f  those  a t  t h e  

o t h e r  s t a t i o n s .  Th i s  f i n d i n g  i s  n o t  s u r p r i s i f l g  and can be exp la i ned  

by t h e  r e a c t i v e  n a t u r e  o f  z inc .  Apparen t l y  z i n c  i s  be ing  taken  up 

q u i c k l y  d u r i n g  movement th rough  t h e  pond by mechanisms d iscussed 

p r e v i o u s l y .  The r a p i d  na tu re  o f  these  r e a c t i o n s  may account f o r  t h e  

r a p i d  d e c l  i ne i n  concen t ra t i ons  d u r i n g  niovement th rough  t h e  pond. 

I n  summary, i t  appears t h a t  t h e  M a i t l a n d  pond i s  very  e f f e c t i v e  

i n  removal o f  heavy meta ls  measured i n  highway r u n o f f  w i t h  t h e  

e x c e p t i o n  o f  manganese. P a r t i c u l a t e  spec ies o f  heavy metal  s  were 

f o u n d  t o  be removed t o  a  l a r g e r  degree t han  d i s s o l v e d  species. The 

o r d e r  o f  removal o f  p a r t i c u l a t e  spec ies  o f  heavy meta ls  i n  highway 

r u n o f f  was determined t o  be: Zn > Pb > Fe > Cd > A1 = Cu > Ni > C r .  



A l a r g e  p o r t i o n  o f  p a r t i c u l a t e  meta l  spec ies appears t o  s e t t l e  near 

t h e  i n p u t  source. 

Removal o f  d i s s o l v e d  metal  spec ies was r e l a t e d  t o  t h e  

s p e c i a t i o n  o f  t h e  metal  spec ies i n  t h e  r u n o f f  water  and r e t e n t i o n  

pond water. Those meta ls  which were p resen t  w i t h  l a r g e  f r a c t i o n s  o f  

r e a c t i v e  spec ies (such as z inc,  cadmium, and l ead )  were found t o  be 

removed e f f i c i e n t l y .  Other metal  spec ies which were no t  p resen t  as 

r e a c t i v e  spec ies o r  were bound t o  o rgan i cs  were removed t o  a  l e s s e r  

degree.  A1 though no t  s p e c i f i c a l  l y  i n v e s t i g a t e d  i n  t h i  s  research, 

uptake and c o n c e n t r a t i o n  of heavy me ta l s  i n  a q u a t i c  p l a n t s  and a1 gae 

i s  c e r t a i n .  S tud ies  conducted by Yousef e t  a l .  (1985) suggest t h a t  

t h e  removal of d i s s o l v e d  metal  spec ies i s  rap id ,  w i t h  90 percen t  

removal o c c u r r i n g  i n  f o u r  days i n '  i s 0 1  a t i o n  chamber experiments. 

The measured o rder  o f  removal e f f i c i e n c y  f o r  d i s s o l v e d  metal  spec ies 

a t  t h e  M a i t l a n d  pond was: Zn > Fe > Cd > Pb = A1 > Cu > N i  > C r .  

H o r i z o n t a l  D i s t r i b u t i o n s  o f  Heavy Meta ls  i n  t h e  
Sediments o f  t h e  M a i t l a n d  Pond 

O i s t r i  b u t i o n s  o f  heavy meta ls  i n  t h e  t o p  1 cm o f  t h e  M a i t l a n d  

pond sediments (p resen ted  i n  F igures  4-4 and 4-5) suggest t h a t  upon 

e n t e r i n g  t h e  r e c e i v i n g  wate r  body, t h e  m a j o r i t y  of heavy meta ls  

assoc ia ted  w i t h  highway r u n o f f  s e t t l e  o u t  q u i c k l y  and a r e  depos i ted  

n e a r  t h e  p o i n t  o f  i n p u t  f o r  t h e  r u n o f f .  Most o f  t h e  meta ls  i n  t h e  

r u n o f f  water  e n t e r i n g  t h e  Ma i t l and  pond were r e t a i n e d  i n  t h e  pond 

sed iment  w i t h i n  a d i s t a n c e  o f  60-90 m f rom t h e  i n l e t  t o  t h e  pond. 



These r e s u l t s  a r e  s i m i l a r  t o  conc lus ions  reached by Yousef e t  a l .  

( 1984) i n  an i n v e s t i  gat  i on o f  sediment metal  concent r a t i o n s  beneath 

b r idges  w i t h  and w i t h o u t  scupper d ra i ns .  Concent ra t ions  of Zn, Pb, 

N i ,  and Fe were found t o  be s i g n i f i c a n t l y  h i ghe r  i n  t h e  sediments 

beneath b r i d g e s  w i t h  scuppers. It was concluded t h a t  heavy meta ls  

a s s o c i a t e d  w i t h  p a r t i c u l a t e s ,  e s p e c i a l l y  lead,  w i l l  s e t t l e  ou t  and 

become irnniobi 1  i zed i n  t h e  sediments near t h e  ' p o i n t  o f  i npu t .  

The r e s u l t s  o f  t h e  h o r i z o n t a l  analyses o f  heavy meta ls  suggest 

impor tan t  des ign parameters f o r  use i n  des ign ing  r e t e n t i o n  bas ins  t o  

op t im i ze  removal o f  heavy metals.  Many o f  t h e  p a r t i c u l a t e  meta ls  

were f o u n d  t o  s e t t l e  q u i c k l y  near  t h e  p o i n t  o f  i n p u t ,  w i t h  sediment 

metal  concen t ra t i ons  reduced t o  1  eve1 s  s u b s t a n t i a l  l y  be1 ow mean 

c o n c e n t r a t i o n s  a t  a  p o i n t  60-90 m  f rom t h e  i n l e t .  A l though t h e  

c h a r a c t e r i s t i c s  o f  t h e  p a r t i c u l a t e  spec ies were impor tan t  i n  

r e g u l a t i n g  t h i s  sedimentat ion, t h e  des ign  o f  t h e  i n l e t  end o f  t h e  

M a i t l a n d  pond may be a  c o n t r i b u t i n g  f a c t o r .  As seen i n  F i g u r e  3-3, 

t h e  i n l e t  end i s  a t  t h e  co rne r  o f  t h e  t r i a n g l e  shape. As wate r  

e n t e r s  t h e  pond a t  t h i s  p o i n t ,  i t  q u i c k l y  s p r e a d s  o u t  o v e r  an 

i n c r e s i n g l y  l a r g e r  area, and t h e  f l o w  v e l o c i t y  begins t o  slow. 

Under  t h e s e  c o n d i t i o n s ,  d i s c r e t e  p a r t i c l e  s e t t l i n g  as w e l l  as 

f l o c c u l a t i o n  processes can occur,  r e s u l t i n g  i n  sedimentat ion o f  

meta ls .  T h i s  design a i d s  i n  s e t t l i n g  o f  p a r t i c l e s  and may be a  

reason  why t h e  meta ls  s e t t l e  so c l o s e  t o  t h e  i n l e t .  Re ten t i on  o r  

d e t e n t i o n  pond des igns which p r o v i d e  l a r g e  wide areas where t h e  f l o w  

v e l  o c i  t y  becomes vary  smal l  woul d  op t  i m i  ze p a r t  i c u l  a t e  meta l  

removal. 



It i s  recommeded, t he re fo re ,  t h a t  r e t e n t i o n  o r  de ten t i on  

designs which i n t e n d  t o  op t im ize  heavy metal  removal should p rov ide  

c o n d i t i o n s  which encouraye a  low f l o w  v e l o c i t y  t o  a i d  i n  

sedimentat ion o f  p a r t i c l e s  and maximize t h e  d i s tance  from t h e  i n l e t  

t o  t h e  d ischarye  po in t .  Also, design fea tu res  which minimize t h e  

possi  b i  1  i ty  o f  s h o r t  c i  r c u i  t i  ny are  recommended. 

V e r t i c a l  D i s t r i b u t i o n s  o f  Heavy Meta ls  i n  
t h e  Sediments o f  t h e  Ma i t l and  Pond 

I n  yenera l  , measured concent ra t ions  o f  t o t a l  heavy meta ls  i n  

t h e  sediments of t h e  Ma i t l and  r e t e n t i o n  pond exh i  b i t  h ighes t  

concent ra t ions  i n  t h e  sur face  l a y e r  w i t h  a  r a p i d  d e c l i n e  i n  

c o n c e n t r a t i o n  w i t h  i nc reas ing  depth. 'The same general t r e n d  was 

observed f o r  m o i s t u r e  and o r y a n i c  c o n t e n t  as we1 1. The r a p i d  

d e c l i n e  i n  concent ra t ions  was found t o  observe an exponent ia l  decay 

r e l a t i o n s h i p  w i t h  values o f  K-square i n  most cases i n  excess of U.90 

when f i t t e d  t o  t h e  model: I n  (C/Co) = K x  (depth).  

The m o b i l i t y  o f  heavy meta ls  p red i c ted  by t h e  model above i s  

s i m i l a r  t o  t h a t  r e p o r t e d  by  N i y h t i n g a l e  ( 1975 )  i n  s t u d i e s  on 

c o n c e n t r a t i o n s  o f  l e a d ,  z i n c ,  and c o p p e r  i n  t h e  sed imen ts  o f  

r e t e n t i o n  ponds i n  Fresno, C a l i f o r n i a ,  rang ing  i n  age from 3  t o  13 

years  and i n  c o n t r o l  bas ins which do no t  rece i ve  stormwater runof f .  

A  summary o f  h i s  f i n d i n g s  i s  g iven i n  Table 5-5. Al though t h e  

su r face  l a y e r  concent ra t ions  o f  l ead  and z i n c  a re  somewhat h igher  

than those repo r ted  i n  Table 4-10 f o r  t h e  Ma i t l and  sediments, t h e  

same r a p i d  a t t e n u a t i o n  was observed w i t h  i n c r e a s i n g  depth. 



TABLE 5-5 

SUMMARY OF MEAN CONCENTRATIONS OF LEAD, ZINC, AND COPPER IN 
STORMWATER RETENTION BAS INS AS REPORTED BY NIGHTINGALE (1975) 

MEAN CONCENTRATION (pg/g DRY WT)* 
DEPTH 
(cm) 

LEAD ZINC COPPER 

Cont ro l  
bas in  

0-30 

* based on 12 observa t ions  

A1 1 of  t h e  heavy meta ls  t e s t e d  i n  t h i s  research  a re  p resen t  i n  

unpo l l u ted  s o i l s  as common i o n s  i n  va ry i ny  concen t ra t ion .  s i n c e  t h e  

c h e m i c a l  and p h y s i c a l  a s s o c i a t i o n s  w h i c h  bond heavy m e t a l s  t o  

n a t u r a l  s o i l  p a r t i c l e s  may be d i f f e r e n t  f rom those  formed w i t h i n  

r e t e n t i o n  ponds as meta ls  s e t t l e  and accumulate i n t o  t h e  sediments, 

i t  was d e s i r e d  t o  separate t h e  r u n o f f  r e l a t e d  accumulat ions of 

meta ls  i n  t h e  upper sediment l a y e r s  f rom those  concen t ra t i ons  which 

may have been p resen t  n a t u r a l l y .  To eva lua te  t h e  e x t e n t  o f  t h e  

v e r t i c a l  m i y r a t i o n  o f  t h e  r u n o f f  assoc ia ted  ' heavy metal  

concen t ra t ions ,  an es t ima te  o f  r u n o f f  r e1  a t e d  accumulat ions was 

made. T h i s  e s t i m a t e  was a c h i e v e d  b y  s u b t r a c t i o n  o f  t h e  mean 

background so'i 1 meta l  concen t ra t i ons  f rom t h e  mean t o t a l  metal 



c o n c e n t r a t i o n s  i n  each o f  t h e  f i v e  co re  sec t i ons  analyzed. It was 

assumed t h a t  background meta l  concen t ra t i ons  i n  t h e  r e t e n t i o n  pond 

s o i l  c o u l d  be  e s t i m a t e d  f r o m  mean s o i l  c o n c e n t r a t i o n s  i n  t h e  

s p l i t - s p o o n  s o i l  c o r e  samples c o l l e c t e d  a t  1.5 m i n t e r v a l s  dur'ing 

d r i l l i n g  o f  m o n i t o r i n g  w e l l s  2 and 3 which a r e  l o c a t e d  on t h e  edges 

o f  t h e  Ma i t l and  pond. These concen t ra t i ons  were presented i n  Table 

4-24. Concent ra t ions  a t  depths o f  3 m o r  g r e a t e r  were assumed t o  be 

f r e e  o f  t h e  i n f l u e n c e  o f  t h e  r e t e n t i o n  pond and t h e  lower  t h r e e  core  

sec t ions  a t  w e l l s  2 and 3 were combined and averaged t o  es t ima te  t h e  

background s o i  1  concen t ra t i ons  f o r  each metal. 

The s u b t r a c t i o n  o f  background s o i l  concen t ra t i ons  f rom t h e  pond 

sediment concen t ra t i ons  revea led  t h e  added accumulat ions as a  r e s u l t  

o f  highway r u n o f f .  Two separate da ta  se t s  o f  r uno f f  r e l a t e d  metal  

accumu la t i ons  were created.  One da ta  s e t  was based upon t h e  mean 

sed imen t  meta l  concen t ra t i ons  a t  each o f  t h e  f i v e  depths i n  a l l  o f  

t h e  co re  samples c o l l e c t e d  on t h e  t h r e e  c o l l e c t i o n  dates. Th is  

r e p r e s e n t s  a  t o t a l  o f  46 samples x 3 c o l l e c t i o n  da tes  = 138 samples 

a t  each depth. Background concen t ra t i ons  were sub t rac ted  f rom these 

mean va lues t o  p rov ide  an es t ima te  o f  r u n o f f  r e l a t e d  metal 

m i g r a t i o n s .  These va lues a r e  l i s t e d  i n  Table 5-6. The o t h e r  data 

s e t  o f  r u n o f f  r e l a t e d  concen t ra t i ons  was c rea ted  by s u b t r a c t i o n  o f  

background concen t ra t i ons  f rom mean concen t ra t i ons  f o r  each depth on 

each sample date.  Each heavy meta l  concen t ra t i on  i n  t h i s  da ta  s e t  

r e p r e s e n t e d  an average o f  46 va lues  f o r  each o f  t h e  t h r e e  sample 
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d a t e s .  Th i s  da ta  s e t  was used i n  a  reg ress ion  procedure descr ibed  

below. 

The a t t e n u a t i o n  o f  r u n o f f  re1 a ted  accumulat ions o f  heavy metal  s  

was examined by reg ress ion  o f  t h e  mean r u n o f f  r e l a t e d  metal 

accumulat ion f o r  each o f  t h e  t h r e e  sample dates aga ins t  t h e  sediment 

dep th  i n  a  semi- log r e l a t i o n s h i p ,  as descr ibed  p rev ious l y ,  us i ng  t h e  

PROC REG r o u t i n e  o f  SAS. A  summary o f  t h e  reg ress ion  s t a t i s t i c s  f o r  

t h i s  model i s  g i ven  i n  Tab le  5-7. 

I n  general ,  t h e  same r a p i d  a t t e n u a t i o n  r a t e  observed f o r  t o t a l  

meta l  concen t ra t ions  was observed f o r  runof f  re1 a ted  metal 

concen t ra t ions  as we1 1. Accord ing  t o  t h e  c a l  c u l  a ted  values of t h e  

a t t e n u a t i o n  slope, K, f o r  t h e  semi- log r e l a t i o n s h i p ,  t h e  m o b i l i t y  of 

r u n o f f  r e l a t e d  heavy meta ls  i n  t h e  sediment phase was found t o  be: 

Leas t  Most 
Mobi 1  e: Fe < Zn < Cd < Pb < C r  < Mn < A1 < N i  < Cu: Mobi 1  e  

Th i s  o rde r  i s  somewhat d i f f e r e n t  f rom t h e  o rder  o f  a t t e n u a t i o n  found 

f o r  t o t a l  sediment concent r a t i o n s .  Runof f  associ  a ted  sediment 

concen t ra t i ons  o f  l ead  and n i c k e l  were found t o  i nc rease  i n  m o b i l i t y  

when compared w i t h  t o t a l  sediment 1  ead concent r a t  ions. A1 umi num, 

i ron, and cadmium i n r u n o f f  assoc ia ted  accumul a t  i o n s  were found t o  

decrease i n mobi 1  i ty .  

The c a l c u l a t e d  reg ress ion  equat ions f o r  r u n o f f  re1  a t e d  metal  

accumlat ions can be used t o  es t ima te  t h e  e x t e n t  o f  metal  m i g r a t i o n  

from r u n o f f  r e l a t e d  sources by e s t i m a t i o n  o f  t h e  dep th  a t  which 



TABLE 5-7 

SUMMARY OF REGRESS1 ON STAT1 ST1 CS FOR ATTENUATION OF 
RUNOFF RELATED HEAVY METALS I N  THE TOP 13 CM OF 
THE MAITLAND POND FOR A SEMI-LOG RELATIONSHIP 

FOR ALL THREE SAMPLE DATES COMBINED 

VALUE OF K FOR 
HEAVY NO. OF "BEST-FIT" EQUATION OF VALUE 

METAL OBS . THE FORM:* OF 

I n  (C/Co) = -KZ R-SQUARE 

I n  (Cd) = -0.374 (Z) 

I n  (Zn) = -0.398 (Z)  

I n  (Cu) = -0.286 (Z) 

I n  ( A l )  = -0.311 (Z) 

I n  (Fe) = -0.549 (Z) 

1n (Pb) = -0.368 (Z) 

I n  (N i )  = -0.304 (Z)  

I n  (Cr)  = -0.346 (Z) 

I n  (Mn) = -0.327 (Z) 

Organi c 
Con t e n t  12 I n  (Org.) = -0.241 (Z) 0.850 

* Metal concentrat ions i n  u n i t s  o f  pg/g; organic content  i n  
percent;  and depth (Z) i n  u n i t s  o f  cni. 



normal background l e v e l s  resume. I t  was assumed f o r  purposes o f  

c a l c u l a t i o n s  t h a t  t h e  l i m i t  o f  r u n o f f  r e l a t e d  m i g r a t i o n  c o u l d  be 

es t imated  by examinat ion o f  t h e  depths t o  which s o i l  concen t ra t i ons  

d e c l i n e d  by  9 0  p e r c e n t  and 9 9  p e r c e n t  t o  v a l u e s  w h i c h  we re  10 

p e r c e n t  and 1 p e r c e n t  above e s t i m a t e d  backg round  l e v e l s .  'The 

c a l c u l a t e d  depths a r e  l i s t e d  i n  Tab le  5-8. 

T A B L E  5-8 

ESTIMATED VERTICAL MIGRATIONS OF RUNOFF RELATED S O I L  
ACCUMULATIONS OF HEAVY METALS I N  THE MAITLAND POND 

VERTICAL DEPTH (cm) TO: 

HEAVY 
METAL 10% OF SURFACE 1 %  OF SURFACE 

RUNOFF CONC. RUNOFF CONC. 



T h e  d e p t h s  a t  w h i c h  r u n o f f  r e l a t e d  a c c u m u l a t i o n s  o f  heavy  

meta ls  were a t tenua ted  t o  o n l y  10 percen t  o f  t h e  sur face  r u n o f f  

re1 a ted  concen t ra t i ons  were q u i t e  shal  low. A1 1  metal  species t e s t e d  

we re  ,reduced i n  concen t ra t i on  by 90 percen t  i n  t h e  f i r s t  10 cm o r  

less .  These r e s u l t s  a r e  s i m i l a r  t o  those  repo r ted  by N i g h t i n g a l e  

( 1 9 7 5 )  i n  T a b l e  5-5. He reached  t h e  c o n c l u s i o n  t h a t  sed imen t  

c o n c e n t r a t i o n s  o f  1  ead, z i  nc, and copper approached n a t u r a l  

background l e v e l s  i n  t h e  15-30 cm s o i l  depth 1  ayer. 

A l though t h e  s u b s t a n t i a l  m a j o r i t y  o f  metal  spec ies were 

a t t e n u a t e d  i n  t h e  f i r s t  1U cm o f  sediments, t h e  depths necessary t o  

a c h i e v e  99 percen t  r educ t i ons  i n  r u n o f f  accumulat ions suggest t h a t  

c e r t a i n  meta ls  may be s l o w l y  m i g r a t i n g  t o  lower  depths. However, 

t h e  v e r t i c a l  e x t e n t  of t h i s  sediment-assoc ia ted m i g r a t i o n  appears t o  

be l i m i t e d  s i nce  a l l  metal  spec ies were reduced i n  concen t ra t i on  by 

99 pe rcen t  w i t h i n  20 cm o r  l ess .  These c a l c u l a t i o n s  p r o v i d e  f u r t h e r  

p r o o f  o f  t h e  s t a b i l  i t y  o f  metal-sediment assoc ia t i ons  since, a f t e r  

e i g h t  y e a r s  o f  metal  accumulat ions i n  t h e  M a i t l a n d  pond, 99 percen t  

o f  most me ta l s  assoc ia ted  w i t h  sediments have remained i n  t h e  t o p  

0.20 m o f  t h e  sediment l aye r .  

Another method o f  e v a l u a t i n g  t h e  m o b i l i t y  o f  sediment 

assoc ia ted  m i g r a t i o n  o f  heavy meta ls  i s  by  c a l c u l a t i n g  a  d i f f u s i o n  

c o e f f i c i e n t  o f  t h e  m e t a l  s p e c i e s  t h r o u g h  t h e  sed imen ts .  T h i s  

2 d i f f u s i o n  c o e f f i c i e n t  ( u n i t s  o f  cm / y r )  cou ld  be compared t o  t h e  

d i f f u s i o n  c o e f f i c i e n t s  o f  o t h e r  ma jo r  groundwater ions,  water, and a  

r e l a t i v e  r e t e n t i o n  f a c t o r  c o u l d  be ca l cu la ted .  



From a  m a t e r i a l  balance, the accumulat ion o f  heavy metals can 

be represented by t h e  f o l l o w i n g  d i f f e r e n t i a l  equat ion:  

where : 

dC/dT = change i n  metal. concent ra t ion  o f  sediments w i t h  t ime 

D = d i f f u s i o n  c o e f f i c i e n t  o f  t h e  metal through the  
sediments ( ~ m ~ / ~ e a r )  

z = sediment depth, cm 

W = depos i t i on  r a t e  o f  sediments (cm/year) 

Under s teady-s ta te  cond i t ions ,  d ~ / d ?  = 0, and 

A model p r e v i o u s l y  used t o  model t he  a t t e n u a t i o n  o f  r u n o f f  r e l a t e d  

sediment metal  concent ra t ions  was g iven  as : 

where : 

C = r u n o f f  r e l a t e d  sediment metal  concent ra t ion  a t  depth z 
(.wg/g d r y  w t )  

Co = r u n o f f  r e l a t e d  sediment metal  concen t ra t i on  i n  the  su r face  
0-1 cm l a y e r  (.pg/g d r y  w t )  

z = t he  sediment depth (cm) 

K = meta l  a t t enua t i on  constant  ( l /cm) 



From equat ion  (5-2) : 

dC/dz = - KCoe -Kz 

and 

From equat ions (5-l) , (5-3),  and (5-4), i t i s  poss ib le  t o  d e r i v e  an 
expression f o r  D: 

From v i s u a l  observat ions o f  sediment cores, t h e  accumulat ion o f  

o r g a n i c  sed imen ts  i n  t h e  s u r f a c e  l a y e r  appears  t o  be 1-2  cm, 

depending on l o c a t i o n  i n  t h e  pond. Assuming an average accumulation 

of 1.5 cm over  t h e  8 year  l i f e  o f  t h e  pond, t h e  accumulat ion ra te ,  

W, can be est imated as 0.2 cmlyear. Using t h e  metal  a t t enua t i on  

constants,  K, l i s t e d  f o r  t h e  semi-log r e l a t i o n s h i p s  g iven  i n  Table 

5-7, t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  m i g r a t i o n  o f  each metal species 

, through t h e  sediments can be ca lcu la ted .  'These values a r e  l i s t e d  i n  

Table 5-9. 

I n  general ,  t h e  d i f f u s i o n  o f  r u n o f f  r e l a t e d  metal species was 

e s t i m a t e d  t o  be l e s s  than 1 cm21year. These values, i n d i c a t e  a very 

s l  ow r a t e  o f  d i  f f u s i o n  through t h e  sediments when compared w i t h  



TABLE 5-9 

ESTIMATED DIFFUSION COEFFICIENTS, D, FOR 
MIGRATION OF RUNOFF RELATED HEAVY METALS THROUGH 

THE SEDIMENTS OF THE MAITLAND POND. 

HEAVY 
METAL 

DIFFUSION OEFFICIENT, D 5 (cm /YEAR) 

d i f f u s i o n  c o e f f i c i e n t s  f o r  movement o f  major  i o n s  i n  groundwater. 

The major  i o n s  i n  groundwater ( ~ a + ,  K+, M ~ + ~ ,  ~ a + ~  1 ,  nco3-3 

so4-2)  have d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  range o f  1 x t o  2 X 

m2/sec a t  2 5 O ~  (Freeze and Cherry 1979) which corresponds t o  

315 t o  730 cm21year. Ca l cu la ted  d i f f u s i o n  c o e f f i c i e n t s  f o r  heavy 

meta ls  i n  t h e  sediments of t h e  M a i t l a n d  pond suggest d i f f u s i o n  r a t e s  

w h i c h  a r e  300 t o  2000 t imes  l e s s  than  those  observed f o r  major  i ons  

i n  groundwater f low.  



As a  f i n a l  techn ique  t o  examine t h e  m o b i l i t y  o f  s o i l  assoc ia ted  

heavy metal  s, metal  / z i n c  r a t i o s  were exami ned f o r  each sediment 

l aye r .  Assuming t h a t  z i n c  i s  a t tenua ted  t o  t h e  g r e a t e s t  degree, 

examina t ion  o f  m e t a l l z i n c  r a t i o s  can be u s e f u l  i n  q u a n t i f y i n g  t h e  

v a r i o u s  m i g r a t i o n  r a t e s  i n  compar i son  w i t h  t h e  s l o w e s t .  T h i s  

t e c h n i q u e  was used s u c c e s s f u l l y  by P i t a  and Hyne (1975) t o  examine 

accumulat ion o f  r u n o f f  r e l a t e d  meta ls  i n  a  r e c e i v i n g  stream. I n  

t h e i r  study, z i n c  was assumed t o  be r e l a t i v e l y  immobi le i n  

sediments. D i f f e r e n c e s  i n  t h e  z i  nc lmeta l  r a t i o  f o r  va r i ous  meta ls  

i n  s to rmwa te r  and t h a t  found i n  t h e  sediments were used t o  es t ima te  

t h e  r e m o b i l i z a t i o n  and l o s s  o f  o the r  meta ls  f rom t h e  sediments over  

t ime. 

A summary o f  sediment m e t a l l z i n c  r a t i o s  f o r  r u n o f f  r e l a t e d  mean 

sediment metal  concen t ra t i ons  f o r  a1 1  t h r e e  sample c o l  l e c t i o n  dates 

i s  g iven  i n  Table 5-10. Ra t i os  which remain r e l a t i v e l y  cons tan t  

over  t h e  f i v e  sediment l a y e r s  i n d i c a t e  a  m o b i l i t y  s i m i l a r  t o  t h a t  o f  

z inc .  Ra t i os  which i nc rease  o r  decrease s u b s t a n t i  a1 ly ,  p a r t i c u l a r l y  

i n  t h e  l o w e r  l a y e r s ,  i n d i c a t e  a  r a p i d  i n c r e a s e  o r  d e c r e a s e  i n  

sediment accumul a t  i on when compared w i t h  t h e  accumul a t  i on o f  z i  nc. 

Three general  t r e n d s  appear t o  be p resen t  i n  t h e  accumulat ion 

p a t t e r n s  of va r i ous  meta l  species.  One t r e n d  which i s  r e a d i l y  

apparent i s  a  gradual  i nc rease  i n  t h e  r a t e  o f  accumulat ion w i t h  

i nc reas ing  depth. T h i s  t y p e  o f  behav io r  was e x h i b i t e d  by copper, 

n i c k e l ,  and t o  a  s m a l l e r  degree, lead. T h i s  t r e n d  i n d i c a t e s  t h a t  
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copper, n i c k e l ,  and l e a d  a r e  accumulat ing a t  a  f a s t e r  r a t e  than  z i n c  

i n  sediment l a y e r s  beneath t h e  0-1 cm layer .  T h i s  behav io r  suppor ts  

p rev ious  da ta  presented t h a t  z i n c  i s  almost t o t a l  l y  r e t a i n e d  i n  t h e  

t o p  sediment layer .  The f a c t  t h a t  copper and n i c k e l  a r e  

accumulat ing i n  t h e  lower  l a y e r s  f a s t e r  than  z i n c  i s  i n d i c a t i v e  of 

t h e i r  i nc reased  m o b i l i t y  over  z i n c  i n  t h e  sediments. 

Another  accumulat ion p a t t e r n  was observed f o r  e l  enients which 

e x h i b i t e d  s u b s t a n t i a l  i nc reases  i n  t h e  accumulat ion r a t e  i n  t h e  

8.5-13 cm l aye r .  T h i s  t y p e  o f  behav io r  was observed by cadmium and 

manganese. Th i s  t r e n d  suggests t h a t  cadmium and manganese may be 

r e l e a s e d  f r o m  t h e  u p p e r  8  cm and a r e  e i t h e r  m i g r a t i n g  i n  a  

concen t ra t i on  f r o n t  t h a t  has reached t h e  8.5-13 cm l a y e r ,  o r  a re  

becoming immob i l i zed  by c o n d i t i o n s  p resen t  i n  t h i s  l owe r  l a y e r  and 

accumulat ing a t  t h i s  depth. 

The t h i  r d  accumulat ion p a t t e r n ,  observed ma in l y  by a1 uminum, 

was t y p i f i e d  by a  s u b s t a n t i a l  r e d u c t i o n  i n  t h e  accumulat ion i n  t h e  

8.5-13 cm l a y e r  compared w i t h  t h e  upper l aye rs .  The r a t h e r  r a p i d  

reduc t i on  i n  me ta l / z i nc  r a t i o  observed f o r  aluminum i n  t h e  8.5-13 cm 

l a y e r  suggests t h a t  c o n d i t i o n s  p resen t  i n  t h i s  l a y e r  may be caus ing 

a1 umi num t o  become mobi 1  i zed and 1  eave t h i  s  1  ayer. 

A mass balance was at tempted between t h e  e x i s t i n g  sediment 

m e t a l  mass and t h e  c a l c u l a t e d  mass i n p u t  due  t o  r u n o f f  u s i n g  

es t imates  o f  r u n o f f  concen t ra t i ons  l i s t e d  'in Table 4-1. For these  

c a l c u l a t i o n s ,  i t  was assumed t h a t  t h e  r e t e n t i o n  pond had a  mean age 

o f  e i g h t  y e a r s  d u r i n g  t h e  sed imen t  c o r e  c o l l e c t i o n  p e r i o d  o f  
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1982-1984. The watershed which d ischarges i n t o  t h e  45 cm RCP i n l e t  

was assumed t o  have an area o f  1.6 ha w i t h  a  r u n o f f  c o e f f i c i e n t  o f  

0.80 based on f i e l d  measurements as we1 1  as observa t ions  o f  r u n o f f  

p roduced f o r  va r i ous  r a i  n f a l l  amounts. The t h e o r e t i c a l  p o t e n t i a l  

watershed i n t o  t h e  pond was assumed t o  be 18.0 ha, based on DOT 

dra inage p lans  w i t h  a  weighted r u n o f f  c o e f f i c i e n t  o f  0.20. 

For t h e  purposes o f  c a l c u l a t i o n s ,  r u n o f f  e n t e r i n g  t h e  pond f rom 

t h e s e  areas was assumed t o  have c h a r a c t e r i s t i c s  s i m i l a r  t o  those  

measured a t  t h e  45 cm RCP i n l e t .  Average annual r a i n f a l l  a t  t h e  

M a i t l a n d  s i t e  was assumed t o  be 127 cmlyear. A  pond b a s i n  su r f ace  

a r e a  o f  1.2 ha was used,  and t h e  f o l l o w i n g  sed imen t  l a y e r  d r y  

d e n s i t i e s  measured i n  l a b o r a t o r y  t e s t s  were used: 1.81 g/cm3 f o r  

3  3  t h e  0 - 1  cm l a y e r ,  2.07 g/cm f o r  t h e  1-3.5 cm l a y e r ,  2.12 g/cm f o r  

3  t h e  3.5-6.0 cm l aye r ,  2.17 g/cm f o r  t h e  6.0-8.5 cm l a y e r ,  and 2.11 

g/cm3 f o r  t h e  8.5-13 cm l a y e r .  Only t h e  sediment concen t ra t i ons  

w h i c h  a re  r u n o f f  r e l a t e d ,  l i s t e d  i n  Tab le  5-6, were used i n  t h i s  

mass b a l  ance. 

Four o f  t h e  measured heavy meta ls  (cadmium, z inc ,  copper, and 

l e a d )  were found t o  have r a t i o s  o f  t o t a l  r u n o f f  r e l a t e d  sediment 

m e t a l  mass t o  es t imated  r u n o f f  mass i n p u t s  which were near  a  va lue  

of 1.0. The remain iug  f i v e  meta ls  (aluniinu~ii,  i r o n ,  n i c k e l ,  

chromium, and manganese) were a l l  found t o  have sed i~ i ien t  r u n o f f  

r e l a t e d  concen t ra t i ons  f r om 10 t o  100 t imes  t h a t  p r e d i c t e d  by r u n o f f  

i n p u t s  i n  t h e  e n t i r e  18.0 ha watershed s i n c e  1976. Ca l cu la ted  

sediment concen t ra t i ons  o f  i ron, n i c k e l  and chromium were i n  excess 



of  100 t imes  t h e  p r e d i c t e d  value. Th i s  same t r e n d  was apparent i n  

t h e  m e t a l / z i n c  r a t i o s  l i s t e d  i n  Tab le  5-10. 

The r e s u l t s  descr ibed  above a r e  somewhat unexpected. One o f  

t h e  o b j e c t i v e s  o f  t h i s  research was t o  be a b l e  t o  p r e d i c t  b o t h  t h e  

r a t e  o f  accumulat ion o f  meta l  spec ies  i n  t h e  sediments as w e l l  as 

t h e  r a t e  o f  l o s s  o f  meta l  spec ies f rom t h e  sediments i f  i t was found 

t h a t  sediment concen t ra t i ons  were n o t  accu~iiul a t i n g  as r a p i d l y  as 

expected. However, i t appears f r om t h e  exper imenta l  r e s u l t s  t h a t  

n a t u r a l  v a r i a b i l i t y  i n  t h e  h y d r o l o g y  o f  t h e  w a t e r s h e d  and t h e  

complex i t y  of t h e  dynamic n a t u r e  o f  t h e  metal  i n p u t s  a r e  masking any 

t r e n d s  which may be present.  

The mean sediment concen t ra t i ons  f o r  each meta l  a t  each sample 

d e p t h  on each o f  t h e  t h r e e  c o l l e c t i o n  dates l i s t e d  i n  Table 4-10 

were in tended t o  be used f o r  an e s t i m a t i o n  o f  accumulat ion r a t e s  

over  t h e  18 month c o l l e c t i o n  per iod .  A cons iderab le  amount o f  

e f f o r t  was i nvo l ved  i n  t h e  c o l l e c t i o n  o f  t h e  46 core  samples on each 

d a t e  a t  t h e  f i x e d  l o c a t i o n s  i n d i c a t e d  i n  F i g u r e  3-7, s e c t i o n i n g  each 

o f  t h e  samples, ana l yz i ng  f o r  o r g a n i c  and mo i s tu re  contents ,  and 

f i n a l l y  meta ls  analyses. I n  s p i t e  o f  t h i s  e f f o r t ,  sediment meta l  

concen t ra t i ons  were found t o  f l u c t u a t e  between t h e  t h r e e  sample 

c o l l e c t i o n  dates w i t h  no obv ious pa t t e rn .  Comparisons o f  t h e  mean 

meta l  concen t ra t i ons  on t h e  t h r e e  da tes  u s i n g  PROC ANOVA of SAS 

i n d i c a t e d  no s i g n i f i c a n t  d i f f e r e n c e s  a t  t h e  0.05 l e v e l  i n  any meta l  

concen t ra t i ons  on any o f  t h e  t h r e e  sample dates. 



I n  summary, examinations o f  t h e  ho r i zon ta l  m ig ra t i ons  o f  

sediment associated heavy metal s  i n d i c a t e  t h a t  t h e  subs tan t i  a1 

p o r t i o n s  o f  a l l  metal species appear t o  have accumulated i n  t h e  t o p  

cent imeter  o f  t h e  r e t e n t i  on pond. Sediment concent ra t ions  be1 ow 

t h i s  depth were found t o  decrease i n  an exponenti.al fash ion  w i t h  

i n c r e a s i n g  depth and were found t o  f i t  a  semi- log r e l a t i o n s h i p  

between metal concent r a t  i ons and depth. 

The depths .  t o  which 90 percent  ' r e d u c t i o n s  i n  r u n o f f - r e l a t e d  

concent ra t ions  were achieved were l e s s  than 10 cm w i t h  99 percent  

reduc t ions  i n  r u n o f f - r e l a t e d  concent ra t ions  w i t h i n  t h e  f i  r s t  0.20 m. 

Es t imated  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  runo f f - re1  a ted  metal  

2  accumulat ions were, i n  general, l e s s  than 1 c m l y e a r .  Th i s  

d i f f u s i o n  i s  much slower than d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  

+ + 
movement o f  ~ i i a j o r  groundwater i o n s  such as K and Na . 

B o t h  m e t a l l z i n c  r a t i o s  and a  mass balance were examined t o  I 

determine i f  subs tan t i a l  p o r t i o n s  o f  a  p a r t i c u l a r  metal species may 

be  r e l e a s i n g  i n t o  g roundwa te r  and l e a v i n g  t h e  pond sed iments .  

However, d i f f i c u l t i e s  were encountered i n  t h a t  a1 umi num, i r on ,  

n i cke l ,  chromium, and manganese were a l l  present  i n  sediment 

q u a n t i t i e s  w h i c h  were i n  excess  o f  t h e  amounts t h a t  c o u l d  be 

exp la ined by r u n o f f  inpu ts .  It i s  poss ib le  t h a t  a d d i t i o n a l  

unmeasured i n p u t s  of runof f ,  presumably w i t h  e leva ted  concent ra t ions  

o f  these e l  enlents, may be respons ib le  f o r  these d iscrepancies.  



Mechanisms o f  Immob i l i za t i on  o f  Heavy Me ta l s  
i n  t h e  Pond Sediments 

The d i scuss ion  presented i n  t h e  p rev ious  s e c t i o n  on t h e  

a t tenua . t ion  o f  heavy meta ls  i n  t h e  sediments o f  t h e  Ma i t l and  pond 

p resen ts  s t r o n g  ev idence t o  suggest t h a t  a  s u b s t a n t i a l  p o r t i o n  o f  

t h e  heavy meta ls  have remained w i t h i n  t h e  t o p  few cen t ime te rs  of t he  

sediments.  For  t h i s  phenomenon t o  have occurred,  t h e  mechanisms 

which b i n d  meta ls  t o  t h e  sediments and r e t a r d  heavy metal  movement 

must be s t r o n g  and s u b s t a n t i a l .  These mechanisms a r e  d iscussed i n  

t h i s  sec t ion .  

The summary o f  t h e  s p e c i a t i o n  o f  heavy me ta l s  i n  t h e  sediments 

o f  t h e  M a i t l a n d  pond presented i n  Table 4-13 i n d i c a t e s  t h a t  

f r a c t i o n s  o f  t o t a l  e x t r a c t e d  metal  concen t ra t i ons  bound t o  FeIMn 

o x i d e s  were i n  excess o f  50 percen t  f o r  a l l  me ta l s  except  cadmium. 

Organic bound a s s o c i a t i o n s  were found t o  make up t h e  m a j o r i t y  of t h e  

rema i  n i  ng f r a c t i o n s .  The combi n a t i  on o f  Fe/Mn bound spec ies and 

o rgan i c  bound spec ies  accounted f o r  approx imate ly  90 percen t  o r  more 

o f  t h e  t o t a l  s p e c i a t i o n  f o r  a l l  n ietal  except cadmium and lead. 

The l a r g e  exchangeable f r a c t i o n s  f o r  cad~iiium and l e a d  o f  near 

50  p e r c e n t  a r e  measured i n  t h i s  s tudy  and a r e  o f  p a r t i c u l a r  no te  

s i nce  t hey  represen t  a  p o t e n t i a l l y  m o b i l i z e d  q u a n t i t y  of t o x i c  metal  

spec ies.  S i m i l a r  exchangeable f r a c t i o n s  f o r  cadmium were repor ted  

by  H a r r i s o n  e t  a l .  (1981) i n  t h e  sediments o f  a  stream r e c e i v i n g  

h i ghway  runo f f .  A l though i t  was concluded t h a t  a  p o r t i o n  o f  t h e  

exchangeable f r a c t i o n  o f  cadmium was due t o  p a r t i a l  d i s s o c i a t i o n  o f  



t h e  carbonate phase w i t h  t h e  ace ta te  s o l u t i o n  used t o  e x t r a c t  t h e  

exchangeable phase, i t  s t i l l  appears t h a t  a  s u b s t a n t i a l  p o r t i o n  o f  

t h e  cadmium i n  t h e  sediments may be i n  a  p o t e n t i a l l y  e a s i l y  re leased 

form. The minor r o l e  f o r  t h e  organic  phase i n  t h e  spec ia t i on  o f  

cadmium noted i n  t h i s  research was observed by Har r i son  e t  a l .  

(1981)  as we l l .  Cadmium was a l so  found t o  e x h i b i t  t h e  l a r g e s t  

so lub le  and carbonate bound f r a c t i o n s  o f  any metal  species. On t h i s  

b a s i s ,  cadmium i n  t h e  sed imen ts  o f  t h e  M a i t l a n d  pond can be 

considered t o  have a  s i g n i f i c a n t  component which i s  e i t h e r  

immediately a v a i l a b l e  ( s o l u b l e  p o r t i o n ) ,  e a s i l y  avai 1able 

(exchangeable p o r t i o n ) ,  o r  moderately avai 1  ab le  (carbonate p o r t i o n )  

f o r  t r a n s p o r t  i n t o  groundwater i n  an i o n i c  form. 

The r e l a t i v e  ease o f  t h e  re lease o f  cadmium f rom t h e  sediment 

phase i n t o  t h e  l i q u i d  phase was apparent i n  t h e  re lease  experiments 

conduc ted  under  v a r i o u s  c o n d i t i o n s  o f  redox  p o t e n t i a l  and pH. 

Du r ing  experiments conducted w i t h  no pH c o n t r o l ,  cadmium was found 

t o  be re leased t o  t h e  g r e a t e s t  degree o f  any metal species tested.  

Pe rcen tage  r e l e a s e  r a t e s  ranged f r o m  9.7 p e r c e n t  o f  t h e  t o t a l  

sediment concent ra t ions  under ox id i zed  c o n d i t i o n s  t o  5.3 percent  

under  reduced cond i t i ons .  Th is  apparent ly  p rov ides  suppor t ing 

evidence t h a t  cadmium i s  be ing  re leased from t h e  sediments o f  t h e  

pond i n t o  groundwaters under bo th  ox id i zed  and reduced environments. 

Th is  movement was a l s o  apparent i n  t h e  me ta l / z i nc  r a t i o s  g iven i n  

Table 5-10. 



Al though l e a d  d i d  n o t  e x h i b i t  a  ' s i g n i f i c a n t  s o l u b l e  o r  

ca rbonate  bound f r a c t i o n ,  i t  was found t o  e x h i b i t  a  l a r g e  

exchangeable f r a c t i o n .  A1 though l e a d  may be bound i n  an 

exchangeable form, i t  i s  one o f  t h e  s t r onges t  assoc ia t i ons  by v i r t u e  

o f  t h e  +2 o x i d a t i o n  number (Weber 1972), t h e  h i g h  s e l e c t i v i t y  by 

o rgan i c  compounds f o r  l e a d  (Weber 1972), and t h e  a f f i n i t y  o f  c l a y  

p a r t i c l e s  f o r  l e a d  (Mi t c h e l  1964). S ince t h e  ava i  lab1  e  i n f o r m a t i o n  

suggests t h a t  few o t h e r  i o n s  a r e  capable o f  d i s p l a c i n g  l e a d  i o n s  

i n t o  s o l u t i o n ,  1  ead a s s o c i a t i o n s  i n  exchangeable f r a c t i o n s  may be 

r e l a t i v e l y  s tab le ,  and l i t t l e  l e a d  would be expected t o  be l o s t  f rom 

t h e  sediments i n t o  s o l u t i o n .  T h i s  conc lus ion  i s  suppor ted by t h e  

l o w  r e l e a s e  r a t e s  o f  l e a d  i n  t h e  r e d o x  e x p e r i m e n t s  w i t h  no  pH 

c o n t r o l  (Table 4-17). As a  r e s u l t ,  l e a d  appears t o  be f a i r l y  s t a b l e  

i n  t h e  r e t e n t i o n  pond sediments under c u r r e n t  cond i t i ons .  

W i t h  t h e  excep t ions  d iscussed p r e v i o u s l y  o f  l e a d  and,cadmium, 

t h e  remain ing spec ies appear t o  be assoc ia ted  v i  r tua , l  l y  t o t a l  l y  w i t h  

e i t h e r  Fe/Mn ox ides  o r  o rgan i c  compounds. The p r e d i  c t i  ve 

r e 1  a t i o n s h i p s  between r u n o f f  assoc ia ted  sediment concen t ra t i ons  of 

heavy meta ls  and concen t ra t i ons  o f  i ron, manganese, Fe/Mn ( i  r on  

c o n c e n t r a t i o n  p l  us manganese concen t ra t i on ) ,  and o rgan ic  con ten t  o f  

t h e  sed iments  i n  t h e  M a i t l a n d  pond were i n v e s t i g a t e d  i n  a  s e r i e s  o f  

r eg ress ion  analyses. The r e s u l t s  o f  these  analyses a r e  p resen ted  i n  

Tab1 e  5-11. Each o f  t h e  measured heavy meta l  spec ies was found t o  

e x h i  b i t  s t r ong  p r e d i c t i v e  re1 a t i o n s h i p s  w i t h  e i t h e r  Fe, Mn, Fe/Mn, 

o r  o rgan i c  con ten t  w i t h  va lues o f  R-square i n  excess o f  0.91 f o r  a l l  

me ta l s  except cadmium and copper. 
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I t  appears c e r t a i n  t h a t  i r o n ,  manganese, and o rgan i c  content  

p lay  dominant r o l e s  i n  r e g u l a t i n g  t h e  mobi l  i t y  o f  metal  species i n  

t h e  sediments o f  t h e  Ma i t l and  pond. Jenne (1976) repo r ted  t h a t  t h e  

hydrous ox ides o f  i r o n  and manganese c o n s t i t u t e  s i g n i f i c a n t  s i nks  o f  

heavy meta ls  i n  aquat ic  systems under o x i d i z i n g  cond i t i ons .  These 

hydrox ides and ox ides a r e  capable o f  r e a d i l y  sorb ing  o r  

c o p r e c i p i t a t i n g  ca t i ons  and anions, and even a  low percentage o f  

Fe(OH)3 and Mn02 was shown t o  have a  c o n t r o l l i n g  i n f l u e n c e  on 

d i s t r i b u t i o n  o f  heavy metals.  The common occurrence o f  these ox ides 

as c o a t i n g s  on l a r g e r  p a r t i c l e s  a1 l o w s  them t o  e x e r t  chemica l  

a c t i v i t y  f a r  out  o f  p r o p o r t i o n  t o  t h e i r  t o t a l  concent ra t ion .  

The c o n t r o l  l i n g  i n f l u e n c e  o f  Fe/Mn oxides i s  apparent i n  t h e  

re lease r a t e s  1  i s t e d  i n  Table 4-17 f o r  t h e  redox experiments w i thou t  

pH con t ro l .  With t h e  except ions o f  cadmium t h a t  were discussed 

prev ious ly ,  t h e  percentage o f  metal s  re1 eased from t h e  sediments 

under bo th  ox id i zed  and reduced c o n d i t i o n s  were one percent  o r  less.  

However, Jenne (1976) i n d i c a t e d  t h a t  under reducing cond i t ions ,  t h e  

sorbed heavy meta ls  a r e  r e a d i l y  mob i l i zed  and hydrous Fe/Mn oxides 

can a c t  as a  s i g n i f i c a n t  s o u r c e  o f  heavy m e t a l s  unde r  c e r t a i n  

cond i t ions .  

The chemist ry  o f  manganese i n  t h e  pond sediments can e x p l a i n  t o  

a  l a r g e  degree t h e  measured increases o f  manganese i n  t h e  r e t e n t i o n  

pond waters over t h a t  measured i n  highway runo f f .  A conceptual 

model f o r  t h e  t r a n s p o r t  o f  managanese and i r o n  a t  a  redox boundary 

was presented by Davidson (1985). Davidson i n d i c a t e d  t h a t  



p a r t i c u l a t e  manganese which i s  s u p p l i e d  t o  t h e  sediments i s  u s u a l l y  

more r e a d i l y  reduced than  i r o n .  Consequently, most o f  t h e  manganese 

which i s  supp l i ed  t o  a  h i g h l y  reduc ing  sediment i s  s o l u b i l  i z e d  and 

re - re leased  t o  t h e  water column, whereas o n l y  a  smal l  f r a c t i o n  o f  

t h e  i ron  i s  s o l  u b i l  z ied.  He conc luded t h a t  ve ry  1  i t t l e  manganese i s  

p e r m a n e n t l y  r e t a i n e d  i n  such a  sediment. I n  con t ras t ,  most o f  t h e  

i r o n  which reaches t h e  sediment su r f ace  becomes incorpora ted .  

A l though t h e  re l ease  o f  i r o n  can be measured under anox ic  

cond i t i ons ,  t h e  m a j o r i t y  o f  i r o n  w i l l  be r e t a i n e d  i n  t h e  sediments 

whi 1  e  manganese wi 11 be re1 eased. 

The a f f i n i t y  o f  heavy me ta l s  f o r  o rgan i c  substances and 

degrada t ion  p roduc ts  was apparent  f o r  a t  l e a s t  severa l  metal  

s  pec i  es . The most impo r tan t  p roduc ts  formed d u r i n g  t h e  

decomposi t ion o f  o rgan ic  substances a r e  humic and f u l v i c  ac i ds  which 

can be found i n  sediments as w e l l  as i n  t h e  corresponding aqueous 

s o l u t i o n s .  A c c o r d i n g  t o  W e l t e  (1969), a b o u t  60 p e r c e n t  t o  80 

percen t  o f  t h e  d i s s o l  ved o rgan i c  carbon and p a r t i c u l  a t e  o rgan i c  

carbon i n  f r e s h  waters  c o n s i s t s  o f  humic substances. The a t t r a c t i v e  

forces between metal  i ons  and so lub le ,  c o l l  o i d a l  , o r  p a r t i c u l a t e  

o r g a n i c  m a t e r i a l  have been shown t o  r a n g e  f r o m  weak ( p h y s i c a l  

adso rp t i on )  t o  s t r o n g  ( u n d i s t i  ngu i  shabl e  f rom chemical bonds). As a  

r e s u l t ,  t h e  s t a b i l i t y  o f  c h e m i c a l  o r g a n i c  a s s o c i a t i o n s  may be 

d i f f i c u l t  t o  p r e d i c t .  However, s i n c e  t h e  o rgan ic  f r a c t i o h s  measured 

d u r i n g  t h e  e x t r a c t i o n  exper iments  were measured a f t e r  removal o f  t h e  

so l  ub l  e, exchangeable carbonate, and Fe/Mn bound f r ac t i ons ,  i t  seems 



reasonable t o  assume t h a t  t h e  o rgan i c  f r a c t i o n s  l i s t e d  i n  Table 4-13 

represen t  t i g h t l y  bound assoc ia t ions .  

The r e s u l t s  f rom t h e  s p e c i a t i o n  and redox exper iments combi ned 

w i t h  t h e  analyses o f  t h e  sediment meta l  concen t ra t i ons  presents  

evidence t h a t ,  under t h e  c u r r e n t  c o n d i t i o n s  w i t h i n  t h e  sediments o f  

t h e  M a i t l a n d  pond, metal  species,  w i t h  t h e  excep t ions  o f  cadmium and 

manganese, a r e  re1 a t i  v e l y  stab1 e  and e x i s t  i n immobi l e  assoc ia t i ons  

w i t h  FeIMn ox ides  and o rgan i c  mat te r .  However, cadmi um and 

manganese appear t o  exh i  b i t  a t  l e a s t  l i m i t e d  m o b i l i t y  and may be 

re l eased  i n t o  t h e  pond wate r  and groundwaters even under c u r r e n t  

cond i t i ons .  

The e x t e n t  o f  metal  r e l ease  under c u r r e n t  o r  f u t u r e  c o n d i t i o n s  

w i t h i n  t h e  sediments o f  t h e  M a i t l a n d  pond must be q u a l i f i e d  by 

examinat ion o f  t h e  f r a c t i o n s  o f  t o t a l  metal  concen t ra t i ons  which a r e  

p o t e n t i a l l y  a v a i l a b l e  f o r  re lease.  A comparison o f  t h e  t o t a l  a c i d  

e x t r a c t e d  sediment concen t ra t i ons  w i t h  t h e  cumula t i ve  t o t a l  o f  

m e t a l  s  re1 eased d u r i  ny t h e  s p e c i a t i o n  i n v e s t i g a t i o n s  was presented 

i n  T a b l e  4-14.  I n  t h i s  t a b l e  t h e  t o t a l  a c i d - e x t r a c t e d  m e t a l  

c o n c e n t r a t i  ons a r e  compared w i t h  t h e  cumul a t i  ve e x t r a c t e d  amounts 

co r respond ing  t o  t h e  so lub le ,  exchangeable carbonate, FeIMn, and 

o rgan i  c  bound f r a c t i  ons. The d i f f e r e n c e s  between t h e  t o t a l  

a c i d - e x t r a c t e d  metal  concent r a t i o n s  and t h e  sequent ia l  l y  e x t r a c t e d  

concen t ra t i ons  represen t  t h e  p o r t i o n s  which were n o t  re1 eased by 

even t h e  r i  gorous o rgan ic  e x t r a c t i o n  techniques.  These r e s i d u a l  



m e t a l s  a re  presumably i n c o r p o r a t e d  i n t o  c r y s t a l l i n e  s t r u c t u r e s  and 

a r e  u n a v a i l a b l e  f o r  r e l ease  even under t h e  most r i g o r o u s  sediment 

condi t i ons . 
With t h e  excep t i on  o f  manganese, t h e  p o t e n t i  a1 l y  ava i  1  ab le  

f r a c t i o n s  o f  most heavy me ta l s  i n  t h e  0-1 cm l a y e r  were equal t o  60 

p e r c e n t  o f  t h e  t o t a l  meta l  concen t ra t i on  o r  l e s s  w i t h  cadmium, 

aluminum, and chromium presen t  i n  a v a i l a b l e  f r a c t i o n s  o f  l e s s  than 

20 percen t .  As a  r e s u l t ,  even i f  cadmium i s  be ing  re leased  f rom t h e  

sediments, t h e  f r a c t i o n  o f  p o t e n t i a l l y  a v a i l a b l e  i o n s  i s  r e l a t i v e l y  

smal l  . 
A t r e n d  w h i c h  i s  somewhat a p p a r e n t  i n  T a b l e  4-14 i s  t h e  

i ncrease i n t h e  ava i  1  a b l e  f r a c t i o n s  w i t h  i n c r e a s i n g  sediment depth. 

Cadmium, f o r  example, has an a v a i l a b l e  f r a c t i o n  o f  o n l y  16.8 percen t  

a t  t h e  sur face ,  b u t  a t  depths o f  8.5-13 cm t h i s  f r a c t i o n  increases 

t o  91 percent .  Apparent ly ,  t h e  a v a i l a b l e  f r a c t i o n s  o f  meta ls  i n  

sediments i nc rease  w i t h  i n c r e a s i n g  depth. 

I n  summary, i t  was c o n c l u d e d  t h a t  a1 1  heavy  m e t a l  s p e c i e s  

examined i n  t h i s  research  w i t h  t h e  excep t i on  o f  cadmium a r e  bound 

i n t o  s t r o n g  sediment a s s o c i a t i o n s  upon e n t e r i n g  t h e  sediments. For 

a l l  meta ls  except  lead,  t h i s  . a s s o c i a t i o n  i n v o l v e s  dominant 

combinat ions w i t h  Fe/Mn ox ides  and o rgan i c  mat te r .  Lead i s  

apparen t l y  h e l d  t o  a l a r g e  degree i n  an exchangeable f r a c t i o n  which 

seems t o  be very  t i g h t l y  bound. No evidence o f  s u b s t a n t i a l  r e l ease  

of heavy metal  s, except' cadmi um, was ' found under o x i d i z e d  o r  reduced 

c o n d i t i o n s  u n d e r  n a t u r a l  pH. M e t a l  a s s o c i a t i o n s  i n  t h e  uppe r  



sediment l a y e r  appear t o  be l a r g e l y  r e s i d u a l  i n  n a t u r e  and 

u n a v a i a b l e  f o r  r e l ease  under any n a t u r a l  cond i t i ons .  The 

e x t r a c t a b l e  f r a c t i o n  was found t o  inc rease  w i t h  i n c r e a s i n g  depth. 

P o t e n t i a l  f o r  Fu tu re  Mobi 1  i z a t i  on o f  Heavy Metal  s  
f rom t h e  Ma i t l and  Pond Sediments 

Natura l  ag ing  processes w i t h i n  r e t e n t i o n  ponds as w e l l  as l akes  

r e s u l t  i n  t h e  inc reased  d e p o s i t i o n  o f  o rgan i c  m a t t e r  t o  t h e  bottom 

sediments d e r i v e d  p r i m a r i l y  f rom t h e  death and decay o f  bo th  p l a n t  

and animal ma t te r .  As t h e  decomposi t ion o f  o rgan i c  ma t te r  

i n c r e a s e s ,  o r g a n i c  a c i d s  as w e l l  as C 0 2  a r e  r e l e a s e d  i n t o  t h e  

sediment l a y e r s ,  a f f e c t i n g  pH. Occur r ing  s imu l taneous ly  a re  o the r  

r edox  processes such as n i t r i f i c a t i o n ,  d e n i t  r i  f i  ac t i on ,  o r  su l  f a t e  

reduc t i on  which a1 so a f f e c t  pH, as we1 1  as redox p o t e n t i a l .  

Processes such as n i t r i f i c a t i o n ,  o x i d a t i o n  o f  H2S, p y r i t e  ox ida t i on ,  

and p roduc t i on  o f  o rgan i c  a c i d s  r e s u l t  i n  a  r e d u c t i o n  i n  a1 ka l  i n i t y  

and pH, wh-i 1  e  processes such as deni  t r i  f i c a t  i on and su l  f a t e  

reduc t i on  r e s u l t  i n  inc reases  i n  a l k a l i n i t y  and pH. 

A l though r e d u c t i o n  o f  sediments was found t o  cause an inc rease  

i n  pH i n t h e s e  i n v e s t i  g a t i  ons, a  decrease i n  pH i s  commonly noted 

f o r  reduced sediments. Wetzel (1975) s t a t e d  t h a t  o f t e n  sediments 

w i t h  l a r g e  accumulat ions o f  o rgan ic  m a t t e r  a r e  dominated by 

p r o d u c t i o n  o f  C 0 2  and o rgan ic  ac ids  which produce a  n e t  decrease i n  

pH. A  s i m i l a r  conc lus ion  was reached by   or timer (1971) i n  s tud ies  

on t h e  Great Lakes. A1 though i n c u b a t i o n  s t u d i e s  c u r r e n t l y  i n d i c a t e  



an increase i n  pH w i t h i n  t h e  Mai t land  sediments, as they  became more 

reduced f u t u r e  a c c u m ~ ~ l  a t i  ons o f  organic  ma t te r  may reverse t h i s  

t r end .  As a  r e s u l t ,  both t h e  cu r ren t  cond i t i ons  o f  pH as we l l  as 

more a c i d i c  cond i t i ons  were inves t iga ted .  

The s t a b i  1  i t y  o f  metal sediment assoc ia t i ons  was i n v e s t i g a t e d  

i n  pH and redox c o n t r o l l e d  incubat ions  which a re  summarized i n  

F igures 4-8 t o  4-10. Al though a l l  o f  t h e  heavy meta ls  examined were 

f o u n d  t o  be i n f l u e n c e d  by redox  p o t e n t i a l  t o  v a r y i n g  degrees 

( e s p e c i a l l y  a luminum and i r o n ) ,  pH was t h e  dominant  f a c t o r  i n  

r e g u l a t i n g  t h e  magnitude o f  t h e  re lease o f  each metal .  

W i t h  t h e  e x c e p t i o n  o f  manganese, cadmium was r e l e a s e d  by 

decreases i n  pH t o  a  l a r g e r  degree than any o f  t h e  o t h e r  metals. I n  

genera l ,  approx imate ly  5  percent  o f  t h e  t o t a l  sediment cadmium 

concent ra t ions  were re leased i n  sediment suspensions w i t h  pH values 

i n  t h e  r a n g e  o f  7.5-8.5, 15 p e r c e n t  a t  a  pH o f  6.5, and 20-30 

percent  a t  a  pH o f  5.0. As seen i n  F igure  2-9, t h e  s o l u b i l i t y  o f  

cadmium increases s u b s t a n t i a l l y  as t h e  pH increases f rom 7.5. This  

behav io r  cou ld  e x p l a i n  i n  p a r t  t h e  increased re lease  o f  cadmium. 

However, niost o f  t h e  o the r  heavy meta ls  t e s t e d  a l s o  e x h i b i t  

i ncreases i n  s o l u b i l t y  i n  t h i s  range, b u t  were n o t  re leased t o  a  

subs tan t i  a1 degree. 

The l a r g e  r e l e a s e  o f  cadmium f r o m  s e d i m e n t s  under  a c i d i c  

c o n d i t i o n s  may be r e l a t e d  t o  i t s  p redominan t  a s s o c i a t i o n  w i t h  

exchangeabl e  species. Apparent ly,  t h e  s t a b i  1  i t y  o f  t h e  s o r p t i o n  

processes  which b i n d  cadmium t o  t h e  sediments a re  reduced 



s i g n i f i c a n t l y  by decreases i n  pH caus ing cadmium t o  be released. 

Once cadmium i s  re leased,  i t  i s  u n l i k e l y  t h a t  i t  w i l l  readsorb on to  

s o i l  p a r t i c l e s  as l o n g  as  t h e  a c i d i c  pH i s  m a i n t a i n e d .  T h i s  

suggests t h a t ,  once mob i l i zed ,  cadmium may be capable o f  t r a n s p o r t  

by groundwater  f l o w  i n  an i o n i c  form. Cadmium a l s o  appeared t o  be 

more m o b i l e  under o x i d i z e d  c o n d i t i o n s  a t  a  pH o f  5.0. As i n d i c a t e d  

i n  F i  yure 2-17, cadinium i s  cons iderab ly  more s o l u b l e  under o x i d i z e d  

c o n d i t i o n s  s i n c e  CdS forms i n  a  reduced environment. 

The p a t t e r n  o f  r e l ease  o f  l ead  was s i m i l a r  t o  t h a t  o f  cadmium, 

a l though t o  a  s u b s t a n t i a l l y  reduced degree. The re l ease  o f  l ead  

increased, i n  genera l ,  f rom 1 percen t  under c u r r e n t  pH cond i t i ons ,  3 

p e r c e n t  a t  a  pH o f  6.5, and 6-8 percen t  a t  a  pH o f  5.0. Lead was 

a l s o  p resen t  i n  t h e  sediments i n  a  l a r g e  exchangeable f r a c t i o n .  

However, f o r  reasons d iscussed p rev ious l y ,  l e a d  i s  apparen t l y  he ld  

very  t i g h t l y  by t hese  assoc ia t i ons  and does n o t  e x h i b i t  t h e  

m a g n i t u d e  o f  r e l e a s e  e x h i b i t e d  by cadmium. Lead was a l s o  found t o  

exh i  b i t  i nc reased  re1 ease under o x i d i z e d  c o n d i t i o n s  where i o n i c  

forms o f  l ead  a r e  more l i k e l y .  

The l a r g e  re l ease  r a t e s  o f  manganese under a c i d i c  c o n d i t i o n s  

were unexpected. Apparent ly ,  t h e  so l  ub i  1  i t y  ' o f  manganese increases 

r a p i d l y  as pH decreases t o  t h e  e x t e n t  where a t  a  pH va lue o f  5.0 

manganese i s  a lmost  t o t a l l y  s o l u b i l i z e d  f rom t h e  sediments. A  

5 0 - f o l d  inc rease  i n  s o l u b i l i t y  was found f rom t h e  c u r r e n t  sediment 

c o n d i t i o n s  a t  a  pH o f  7.5-8.5 t o  a  pH o f  6.5. The f a c t  t h a t  t h i s  

l a r g e  re lease  o f  manganese d i d  n o t  r e s u l t  i n  co r respond ing  increases 



i n  s o l u b i l i t y  o f  o the r  meta ls  suggests t h a t  t h e  i r o n  assoc ia t i ons  i n  

t h e  sediments may be more impor tan t  i n  determin ing s t a b i l i t y  o r  t h a t  

metal s  re1 eased from manganese ox ides as they  so l  ub i - l  i ze a re  q u i c k l y  

taken up by fe r rous  oxides. Therefore, i t  appears t h a t  manganese i s  

released from sediment assoc ia t i ons  a t  a1 1  pH values t e s t e d  i n  t h e  

range o f  5-8.5. 

The s t a b i l i t y  o f  z inc ,  n i c k e l ,  and chromium i n  t h e  sediments 

appears t o  be somewhat s i m i l a r  s ince  each metal e x h i b i t e d  s i m i l a r  

re lease r e l a t i o n s h i p s  w i t h  changes i n  redox p o t e n t i a l  and pH. Each 

o f  t h e s e  meta ls  increased i n  s o l u b i l i t y  as t h e  pH was decreased t o  

6.5 and 5.0. The magnitude o f  re lease a t  these lower pH values was 

approximately two t o  t h r e e  t imes t h a t  observed under cu r ren t  

sediment cond i t ions .  As i n d i c a t e d  i n  F igures 2-6 and 2-10, bo th  

z i n c  and n i c k e l  e x h i b i t  increased s o l u b i l i t i e s  as pH decreases. It 

a l so  appears t h a t  z i n c  and n i c k e l  a r e  more so lub le  under ox id ized  

c o n d i t i o n s  a t  a  pH o f  5.0 than under reduced cond i t ions .  Both 

n i c k e l  and z inc  form i n s o l u b l e  su l  f i d e s  under reducing env i  ronments 

a t  pH values g rea te r  than two. 

As repo r ted  by numerous o t h e r  researchers, t h e  re lease o f  i r o n  

f r o m  t h e  sed imen ts  was f o u n d  t o  be l a r g e l y  r e g u l a t e d  by redox  

p o t e n t i a l .  As seen i n  Table 4-17, t h e  re lease o f  i r o n  increased by 

a  f a c t o r  o f  approx imate ly  seven from ox id i zed  cond i t i ons  t o  reduced 

c o n d i t i o n s  under c u r r e n t  pH cond i t ions .  A  s i m i l a r  re lease was 

observed under a  pH o f  6.5. However, a t  a  pH o f  5.0, t h e  s o l u b i l i t y  

increased by a  f a c t o r  o f  32 from ox id i zed  t o  reduced cond i t ions .  



This  l a r g e  increase i n  s o l u b i l i t y  i s  presumably r e l a t e d  t o  t h e  fac t  

t h a t  i r o n  e x h i b i t s  i t s  maximum s o l u b i l i t y  a t  a  pH of 5.0, as 

i n d i c a t e d  i n  F igu re  2-5. S o l u b i l i t i e s  a t  pH values o f  6.5 and 7.5 

a re  s u b s t a n t i a l l y  lower. The re lease o f  i r o n  under reduced 

cond i t i ons  a t  h igher  pH values i s  probably  l i m i t e d  by t h e  s o l u b i l i t y  

o f  i r o n  i n  t h e  s o l u b l e  phase. 

The re lease o f  i r o n  under reduced a c i d i c  environments d i d  no t  

r e s u l t  i n  no t i ceab le  increases i n  t h e  s o l u b i l i t y  o f  t h e  o t h e r  metals 

i n  s p i t e  o f  t h e  f a c t  t h a t  i r o n  appears t o  be a dominant element i n  

r e g u l a t i n g  t h e  s o l u b i l i t y  and m o b i l i t y  o f  o the r  elements. As redox 

p o t e n t i a l  decreases and meta ls  a r e  re leased f rom i ron oxides, metal 

s u l f i d e s  a r e  formed. I n  a d d i t i o n ,  o r g a n i c a l l y  bound meta ls  would 

no t  be a f fec ted  by s o l u b i l i z a t i o n  o f  i r on .  

A1 though a1 umi num appeared t o  be re1 a t  i v e l y  i nso l  ub l  e  under 

most cond i t i ons  o f  redox p o t e n t i a l  and pH, a s l i g h t  increase i n  

s o l u b i l i t y  was observed f o r  t h e  sediments suspension incubated a t  pH 

values o f  7.5-8.5 under reduced cond i t ions .  The re lease  o f  aluminum 

under these cond i t i ons  was approximately 10 t imes t h a t  measured f o r  

t h e  same pH range under o x i d i z e d  cond i t ions .  Since t h i s  pH range i s  

n e a r  t h e  range  o f  minimum s o l u b i l i t y  f o r  aluminum, and i t  i s  

gene ra l l y  recognized t h a t  aluminum compounds a re  i n e r t  t o  changes i n  

r e d o x  p o n t e n t i a l  (Cooke and Kennedy 1981), t h i s  behav io r  i s  no t  

f u l l y  understood. 

I n  summary, i t  was found t h a t  pH i s  more dominant i n  r e g u l a t i n g  

t h e  s o l u b i l i t y  of heavy meta ls  i n  t h e  sediments o f  t h e  Ma i t l and  pond 



t h a n  redox p o t e n t i a l .  Decreases i n  pH were found t o  inc rease t h e  

s o l  ub i  1  i t y  o f  a1 1  heavy metal  s  tested.  However, these i ncreases 

were on l y  a  smal l  f r a c t i o n  o f  t h e  t o t a l  metal mass present  i n  t h e  

sediment. The s o l u b i l i t y  o f  a l l  heavy meta ls  tes ted ,  w i t h  t he  

except ions o f  i r o n ,  a1 uminum, and manganese, was found t o  decrease, 

presumably by fo rmat ion  o f  metal  s u l f i d e s ,  under reduced and a c i d i c  

environments. . Manganese and cadmium were found t o  inc rease i n  

s o l  ub i  1  i t y  subs tan t i  a1 l y  as sediment pH decreases w i t h  almost t o t a l  

re lease o f  manganese and 25-35 percent  re lease o f  cadmium a t  a  pH o f  

5.0. H s i m i l a r  b u t  s u b s t a n t i a l l y  reduced  r e l e a s e  p a t t e r n  was 

observed f o r  lead. The s i m i l a r i t i e s  i n  t h e  re lease p a t t e r n s  o f  

cadmium and l ead  was 1  inked t o  t h e i r  dominant assoc ia t i ons  w i t h  

exchangeable f r a c t i o n s  i n  t h e  sediments. The lower re lease r a t e  f o r  

l e a d  was a t t r i b u t e d  t o  i t s  s t rong  assoc ia t i on  as an exchangeable 

ion. 

The r e s u l t s  p r e v i o u s l y  presented suggest t h a t  as t h e  Ma i t l and  , 

pond ages and accumulat ions o f  o rgan ic  ma t te r  i n  t h e  sediments begin 

t o  cause sediment pH values t o  decrease, m o b i l i z a t i o n  o f  a1 1  metal 

species t e s t e d  w i l l  increase. Al though a l l  meta ls  were found t o  

increase i n  so l  ub i  1 i t y  by a  f r a c t i o n  o f  a t  l e a s t  two a t  pH values of 

6.5 and 5.0, t h e  re lease i s  on l y  a  small f r a c t i o n  o f  t h e  t o t a l  

sediment meta ls  present.  It appears t h a t  under t h e  most extreme 

na tu ra l  cond i t i ons  o f  pH, most heavy meta ls  remain h e l d  t i g h t l y  i n  

t h e  sediment 1  ayers. 



The  r e l e a s e  o f  cadmium and  manganese can  be e x p e c t e d  t o  

i nc rease  s u b s t a n t i a l l y  as t h e  sediments become more a c i d i c .  

Re1 eases o f  t h i  s  magnitude may produce measurable i ncreases i n 

g r o u n d w a t e r  c o n c e n t r a t i o n s  b e n e a t h  t h e  pond. I n  t h e  c a s e  o f  

cadmium, a  h e a l t h  hazard may be p resen t  under these  extreme 

cond i t i ons .  

The r e s u l t s  presented above suggest t h a t  maintenance procedures 

may be necessary a f t e r  a  p e r i o d  o f  t i m e  t o  remove the .accumula ted  

sediment depos i t s  which may cause c o n d i t i o n s  o f  low pH and re l ease  

o f  meta ls .  However, i t  i s  beyond t h e  scope o f  t h i s  research  t o  

e v a l u a t e  t h i s  p o s s i b i l i t y  t o  t h e  e x t e n t  a t  which s p e c i f i c  

maintenance procedures o r  f requenc ies  c o u l d  be recommended. 

Heavy Metal Concent ra t ions  i n  Groundwaters 
Beneath t h e  Mai t l a n d  In terchange 

S u i t a b i l i t y  o f  t h e  
M u l t i - P o r t  Sampling Technique 

As i n d i c a t e d  i n  t h e  p rev ious  chapter ,  examinat ions of heavy 

m e t a l  concen t ra t i ons  i n  samples c o l l e c t e d  f rom each o f  t h e  f i v e  

m o n i t o r i n g  w e l l s  i n d i c a t e d  t h a t  d i s r u p t i o n  o f  s o i l  and groundwaters 

d u r i n g  t h e  i n s t a l l a t i o n  process appeared t o  be minimal.  

Concentrat ions o f  heavy me ta l s  measured i n  each o f  t h e  w e l l s  a t  each 

sample p o r t  (see Appendix I V )  i n d i c a t e  t h a t  t h i s  d i s t u rbance  l a s t e d  

f o r  approx imate ly  60-90 days b e f o r e  re1 a t i v e l y  cons tan t  groundwater 

concen t ra t i ons  were obtained. 



As a  f u r t h e r  a n a l y s i s  o f  t h i s  sample technique,  p l o t s  were 

c o n s t r u c t e d  o f  f i e l d  measurements o f  s p e c i f i c  c o n d u c t i v i t y  versus 

t i m e  f o r  each m o n i t o r i n g  w e l l  a t  each sample po r t .  These p l o t s  a re  

g i ven  i n  F i g u r e  5-3. S p e c i f i c  c o n d u c t i v i t y  i s  an i n d i r e c t  measure 

o f  t h e  amount of d i s s o l v e d  charged i o n s  i n  water. T h i s  measurement 

i n c l u d e s  t h e  e f f e c t s  o f  n o t  o n l y  heavy  m e t a l s  b u t  o t h e r  m a j o r  

groundwater  i o n s  such as K', ~a ' ,  Mg'2, Ca'2, e tc .  As a  r e s u l t ,  

s p e c i f i c  c o n d u c t i v i t y  can be used as a  measure o f  general  

g r o u n d w a t e r  d is turbance,  and can be used as an es t ima te  o f  t h e  t i m e  

necessary f o r  an i n i t i a l  d i s t u r b a n c e  t o  subside. 

Not  a1 1 o f  t h e  we1 1  i n s t a l l a t i o n s  a t  t h e  M a i t l a n d  In te rchange 

r e s u l t e d  i n  a  groundwater d i s t u rbance  s u f f i c i e n t  t o  be de tec ted  by 

inc reases  i n  speci  f i c conduct i v i  t y  . We1 1  s  cons t ruc ted  i n d r y  areas 

a t  t h e  c o n t r o l  s i t e  ( w e l l  4 )  and i n  t h e  d r y  swale -area ( w e l l  1) d i d  

n o t  e x h i b i t  e l eva ted  measurements o f  s p e c i f i c  c o n d u c t i v i t y  a t  any 

t ime.  However, e l eva ted  va l  ues were measured i n we1 1  s  cons t ruc ted  

a1 ong  t h e  pond edges ( w e l l s  2 and 3)  as w e l l  as i n  t h e  wet swale 

a r e a  (we1 1  5).  These d i s tu rbances  were more apparent  f o r  t h e  upper 

sample p o r t s  above 1 m than  f o r  those  below t h i s  depth. I n  some 

cases t hese  i n i t i a l  e l eva ted  va lues  were severa l  t imes  g r e a t e r  t han  

t h e  re1 a t i  v e l y  cons tan t  va l  ues measured a f t e r  30-60 days. 

It appears, t he re fo re ,  t h a t  w e l l s  cons t ruc ted  i n  areas where 

t h e  sur face i s  d r y  and does n o t  have s tand ing  wate r  a r e  sub jec ted  t o  

much l e s s  groundwater d i s t u r b a n c e .  t han  w e l l s  cons t ruc ted  i n  wet 

a r e a s .  Presumably t h e  s tand ing  wate r  and su r f ace  mud i n  wet areas 



WELL I 

WELL 3 

Figure 5-3. Fie1 d Measurements of Specific Conductivity a t  Various 
Depths in Monitoring Wells a t  the Maitland Interchange. 



F'i gure 5-3 (continued). Fie1 d Measurements of Specific Conductivity 
a t  Various Depths in Monitoring We1 1s a t  the Maitland Interchange. 
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f i l l s  up t h e  i n i t i a l  bore  h o l e  d u r i n g  d r i l l i n g  b e f o r e  t h e  f i r s t  

c a s i n g  s e c t i o n  i s  i nse r t ed .  T h i s  water  and mud i s  t hen  t r a n s p o r t e d  

t o  s o i l s  a t  lower  depths by t h e  d r i l l i n g  process where i t s l o w l y  

m ig ra tes  away w i t h  t h e  groundwater f low. Bore ho les  cons t ruc ted  i n  

areas w i t h  a  d r y  su r f ace  l a y e r  a re  a f f e c t e d  o n l y  by groundwater 

seepage i n t o  t h e  h o l e ,  and a r e  a b l e  t o  r e c o v e r  t o  u n d i s t u r b e d  

groundwater q u a l i t y  r e l a t i v e l y  qu i ck l y .  However, i n  s p i t e  o f  t h e  

f a c t  t h a t  m o n i t o r i n g  we1 1s cons t ruc ted  i n  wet areas were sub jec ted  

t o  an i n i t i a l  d is tu rbance ,  d i s s i p a t i o n  o f  t h i s  d i s t u rbance  was 

r e l a t i v e l y  r ap id ,  w i t h  cons tan t  va lues  measured a f t e r  60-90 days. 

I n  g e n e r a l ,  t h e  m u l t i - p o r t  m o n i t o r i n g  w e l l s  used  i n  t h i s  

research  appear t o  be very  w e l l  s u i t e d  f o r  a p p l i c a t i o n s  i n v o l v i n g  

m o n i t o r i n g  o f  heavy meta ls .  The sample c o l l e c t i o n  techn ique  o f  

s l o w l y  pumping t h e  samples th rough i n e r t  t e f l o n  t u b i n g  i s  c l e a r l y  

s u p e r i o r  t o  techniques such as b a i l i n g  o r  submers ib le  w e l l  pumps 

s i n c e  bo th  con tamina t ion  and de-gassing o f  t h e  samples a re  

e l  iminated.  The sample co l  1  e c t i o n  techn ique  used i n  t h i s  research 

a l s o  a1 l owed  t h e  p o s s i b i  1  i t y  o f  pumping t h e  samples  t h r o u g h  a 

mon i t o r i ng  c e l l  f o r  ins tan taneous  measurements o f  parameters such as 

pH, redox and d i s s o l v e d  oxygen which a r e  s u b j e c t  t o  

almost i n s t a n t  change when exposed t o  a i r .  The sample c o l l e c t i o n  

t echn ique  a l s o  a l l ows  f o r  sample c o l l e c t i o n  f rom e x a c t l y  t h e  same 

l o c a t i o n s  on each sample d a t e  which min im ize  sources o f  v a r i a b i l i t y  

i n  t h e  data. 



P r e d i c t i  ve Re1 a t  i onships f o r  'Heavy 
Metal Concentrat ions i n  Groundwaters 

Regress ion analyses were conducted as descr ibed p r e v i o u s l y  t o  

i n v e s t i g a t e  p red i  c t i  ve re1 a t  i onshi ps between concent ra t ions  o f  

d i sso l ved  heavy metals i n  groundwater and o the r  coliiliion ions. For  

t hese  analyses, concent ra t ions  o f  heavy metal s  measured i n  each o f  

t h e  f i v e  w e l l s  and a t  each o f  t h e  f i v e  sample p o r t s  were corr~bined 

i n t o  one da ta  s e t  a long w i t h  simultaneous f i e l d  measurements of 

parameters such as s p e c i f i c  c o n d u c t i v i t y ,  temperature, pH, and redox 
- 

p o t e n t i a l ,  as we1 1 as l a b o r a t o r y  analyses o f  a1 k a l  i n i t y ,  N H ~ + ,  NO2 , 
- 

NO3 , d isso l ved  orthophosphorus, ~ a + ~ ,  M ~ + ~ ,  ~ a + ,  Si02, 02+2, K', 
- 

' C1-, SO4 ', and humic acids. C h a r a c t e r i s t i c s  o f  t h i s  da ta  s e t  w i t h  

a1 1 mon i to r i ng  w e l l s  and sample p o r t s  con'lbined a re  g iven  i n  Table 

5-12. The purpose o f  these regress ion  analyses was t o  examine 

general p r e d i c t i v e  r e l a t i o n s h i p s  between d isso lved  concent ra t ions  of 

meta ls  i n  groundwater and concent ra t ions  o f  o t h e r  groundwater 

c o n s t i t u e n t s  t o  a i d  i n  p r e d i c t i o n  o f  cond i t i ons  o r  ions  which may 

a f f e c t  t h e  s o l u b i l i t y  o f  c e r t a i n  metal species. The r e s u l t s  o f  

these analyses a re  summarized i n  Table 5-13.. 

The p r e d i c t i v e  v a r i a b l e s  l i s t e d  i n  t h e  "best  f i t "  equat ions 

were a b l e  t o  e x p l a i n  approx imate ly  90 percent  of t h e  v a r i a b i l i t y  i n  

c o n c e n t r a t i o n s  o f  d i  ssol  ved 1 ead, approx i~ i ia te ly  60 percent  of t h e  

v a r i a b i  1  i t y  f o r  i r on ,  . 50 percent  o f  t h e  v a r i a b i l i t y  f o r  cadmium, 

z inc ,  copper, a1 umi num, n i c k e l  , and chromi um, and about 30 percent  

o f  t h e  v a r i a b i l i t y  f o r  manganese. As a r e s u l t ,  t h e  p r e d , i c t o r  

v a r i a b l e s  t e s t e d  i n  these reg ress ion  analyses appear t o  be important  
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i n  p r e d i c t i n g  concen t ra t i ons  o f  d i  sso l  ved l e a d  i n  groundwaters, 

w h i l e  t h e .  same p r e d i c t o r  v a r i a b l e s  p l a y  a  much sma l l e r  r o l e  i n  

regul  a t i  ng groundwater concen t ra t i ons  o f  t h e  o t h e r  meta l  s. 

Concent ra t ions  o f  heavy meta ls  i n  groundwaters were found t o  be 

p redominan t l y  i n f l  uenced by a  re1 a t i  v e l y  smal l  number o f  o t h e r  

parameters. Decreases i n  pH va lues were found t o  inc rease  

concent ra t ions  o f  aluminum, .copper, i r o n ,  n i c k e l ,  and chromium. 

However, pH was n o t  found t o  be an impo r tan t  p r e d i c t o r  v a r i a b l e  f o r  

groundwater concen t ra t i ons  of cadmi um and manganese even though 

t h e s e  two meta ls  were a f f e c t e d  by pH t o  t h e  l a r g e s t  degree o f  a l l  

m e t a l s  t e s t e d  i n  t h e  i n c u b a t i o n  experiments. P,resumabl y, 

groundwater concen t ra t i ons  o f  these  metal  s  a re  regu l  a ted  by sediment 

o r  s o i  1  pH b e f o r e  e n t e r i n g  groundwaters. Increases i n  a1 k a l  i n i  t y  

were impo r tan t  i n  p r e d i c t i n g  inc reases  i n  z inc ,  lead,  n i c k e l ,  and 

chromium. Humic a c i d  was found t o  i nc rease  c o n c e n t r a t i o n s  o f  z inc ,  

aluminum, i r o n ,  and manganese, w h i l e  inc reases  i n  phosphate were 

f ound  t o  i nc rease  concen t ra t i ons  o f  cadmium, z i nc ,  n i c k e l ,  and 

chromium. The presence o f  o t h e r  i o n s  such as c h l o r i d e s ,  n i t r a t e s ,  

o r  s u l f a t e s  w h i c h  have  t h e  p o t e n t i a l  o f  f o r m i n g  s o l u b l e  m e t a l  

complexes were found t o  i ncrease s o l  u b i  1  i t i e s  o f  heavy metal  s, 

e s p e c i a l l y  cadmium, z i nc ,  copper, aluminum, i r o n ,  lead,  n i c k e l ,  

chromium, and manganese. 



E f f e c t s  o f  t h e  West Pond on Unde r l y i ng  Groundwaters 

A comparison o f  d i sso l ved  concen t ra t i ons  o f  heavy meta ls  i n  t h e  

M a i t l a n d  pond wate r  w i t h  groundwater c o l l e c t e d  beneath t h e  pond, 

r e p r e s e n t e d  by w e l l s  2 and 3 combined, i s  g iven  i n  Table 5-14. I n  

genera l ,  concen t ra t i ons  o f  a l l  heavy me ta l s  measured, except copper, 

were y r e a t e r  beneath t h e  pond t h a n  w i t h i n  t h e  pond. For  c e r t a i n  

heavy me ta l s  such as z inc ,  manganese, aluminum, and i r o n ,  measured 

c o n c e n t r a t i o n s  i n  groundwaters were f rom 5 t o  75 t imes  as g r e a t  as 

measured concen t ra t i ons  i n  t h e  pond water. However, i n  s p i t e  o f  

i ncreased meta l  concen t ra t i ons  beneath t h e  pond, t h e  sediments a r e  

c l e a r l y  t h e  p r in ia ry  s i n k  f o r  heavy metals.  

As i n d i c a t e d  i n  T a b l e  4-17,  a1 1 heavy m e t a l s  t e s t e d  were  

r e l e a s e d  as s o l u b l e  i o n s  f rom t h e  pond sediments under c u r r e n t  

s imu la ted  c o n d i t i o n s  o f  pH i n  t h e  i n c u b a t i o n  exper iments t o  a t  l e a s t  

a s m a l l  degree. T h i s  re1 ease i s  a1 so apparent i n  Tab1 e 5-14, s i nce  

most me ta l s  appear t o  have l a r g e r  concen t ra t i ons  i n  t h e  groundwater 

phase  t h a n  i n  t h e  pond water. However, even though a l l  me ta l s  were 

found t o  be re leased  i n  t h e  i n c u b a t i o n  exper iments t o  some degree, 

n i c k e l ,  chromium, and copper were found t o  be re leased  i n  

s u b s t a n t i  a1 l y  1 ower q u a n t i t i e s  t h a n  t h e  o t h e r  metal  s. T h i s  tendency 

i s  a1 so apparent  i n  Tab le  5-14 where n i c k e l ,  chromium, and copper 

a r e  shown t o  have s i m i l a r  c o n c e n t r a t i o n s  i n  t h e  groundwater phase 

and i n  t h e  pond water. 

The r e l e a s e  o f  cadmium, z i nc ,  manganese, i r o n ,  and aluminum 

f r o m  t h e  sediment phase t o  t h e  groundwater phase under c u r r e n t  
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c o n d i t i o n s  o f  sediment pH as measured i n  t h e  i n c u b a t i o n  exper iments  

i s  appa ren t  a1 so i n  Table 5-14. The l a r g e s t  measured re leases  i n  

t h e  i ncubat i  on exper iments under c o n d i t i o n s  of  no pH c o n t r o l  were 

noted f o r  aluminum and i r o n  which have t h e  h i ghes t  concen t ra t i ons  i n  

g roundwater  o f  any metals.  Manganese, which was a l s o  found t o  be 

re leased  under c u r r e n t  pH cond i t i ons ,  has a  c a l c u l a t e d  concen t ra t i on  

r a t i o  s i m i l a r  t o  t h a t  o f  aluminum. As i n d i c a t e d  i n  Table 4-17, z i n c  

was re leased  i n  amounts approx imate ly  t w i c e  t h a t  o f  cadmium under 

c u r r e n t  c o n d i t i o n s .  T h i s  tendency i s  r e a d i l y  apparent i n  Table 5-14 

where t h e  concen t ra t i on  r a t i o s  f o r  cadmium i s  approx imate ly  t w i c e  

t h a t  o f  z inc .  

Accord ing  t o  t h e  c a l c u l a t e d  concent r a t i o n  r a t i o s  o f  t h e  

groundwater t o  t h e  pond water, t h e  f o l l o w i n g  o rde r  can be suggested 

f o r  t h e  r e l a t i v e  re l ease  p o t e n t i a l  under c u r r e n t  sediment c o n d i t i o n s  

o f  heavy me ta l s  f rom t h e  pond sediments: 

Least Most 
Mobi 1  e: Cu < C r  < Pb < Ni < Cd < Zn < Mn = A1 < Fe: .Mobi 1  e  

T h i s  o r d e r  i s  v e r y  s i m i l a r  t o  t h e  a b s o l u t e  o r d e r  o f  r e l e a s e  

p r e d i c t e d  by  t h e  i n c u b a t i o n  i n v e s t i g a t i o n s  w i t h  no pH c o n t r o l  

summarized i n  Table 4-17. 

Us i n d i c a t e d  i n  F i g u r e  2-11, t h e  sediments o f  t h e  Ma i t l and  pond 

a r e  g e n e r a l l y  ae rob i c  i n  t h e  t o p  few cen t ime te rs  and anaerobic,  o r  

reduced, below t h i s  depth.  The t h r e e  metal  spec ies which e x h i b i t e d  

t h e  y r e a t e s t  re1 ease p o t e n t i  a1 (manganese, a1 umi num, and i ron) were 



a l l  l e s s  s o l u b l e  i n  t h e  i n c u b a t i o n  e x p e r i m e n t s  u n d e r  o x i d i z e d  

c o n d i  t i  ons and cons iderab ly  more so l  ub l  e  under reduced cond i t i ons .  

As t h e  meta l  spec ies m ig ra te  downward and reach reduced sediments, 

t h e y  become so l  ub i  1  i z e d  and 1  arge sediment accumul a t i o n  cannot 

develop. T h i s  i n  t u r n  causes t h e  r a p i d  a t t e n u a t i o n  i n  sediment 

concen t ra t i ons  repo r ted  p rev ious l y .  Concent ra t ions  o f  copper, 

chromium, and l e a d  (which had l e s s  a t t e n u a t i o n  i n  t h e  sediment 

phase )  were a l s o  found t o  have t h e  l e a s t  p o t e n t i a l  f o r  r e l ease  i n t o  

t h e  aqueous phase s i nce  t h e y  appa ren t l y  remain s t a b l e  a t  lower  

reduced depths and accumulate r a t h e r  t h a n  re l ease  i n t o  groundwater. 

Therefore,  i t  appears t h a t  metal  spec ies  which e x h i b i t  t h e  g r e a t e s t  

a t t e n u a t i o n  i n  t h e  sediment phase may do so because meta ls  a re  be ing  

re leased a t  t h e  lower  depths. 

The e f f e c t s  o f  heavy meta ls  on groundwater concen t ra t i ons  were 

f u r t h e r  i n v e s t i g a t e d  by  e x a m i n a t i o n  o f  r a t i o s  o f  a v e r a g e  pond 

concen t ra t i ons  o f  heavy meta l  s  t o  groundwater concent r a t i o n s  a t  

v a r i o u s  dep ths  beneath t h e  pond i n  w e l l s  2 and 3. These r a t i o s  a r e  

summarized i n  F i g u r e  5-4. Ra t i os  g r e a t e r  t han  one i n d i c a t e  

groundwater concent r a t i o n s  which a r e  g r e a t e r  than  pond 

concent ra t ions ,  w h i l  e  r a t i o s  1  ess t h a n  one i n d i c a t e  pond 

concen t ra t i ons  which a r e  l e s s  t han  groundwater concen t ra t ions .  

As i n d i c a t e d  p rev ious l y ,  mean concen t ra t i ons  o f  copper were 

lower  w i t h i n  t h e  pond t han  i n  groundwaters beneath t h e  pond. Ra t i os  

o f  groundwater  concen t ra t i ons  of gopper t o  pond concen t ra t i ons  were 





l e s s  t han  one a t  a l l  sample depths. Concent ra t ions  o f  cadmium, 

lead,  n i c k e l ,  and chromium were a l l  found t o  be h i ghe r  i n  

g roundwaters  t han  i n  t h e  pond, up t o  a  depth o f  approx imate ly  1 m. 

C o n c e n t r a t i o n s  o f  each o f  these  meta ls  reached a  peak a t  a  depth o f  

approx imate ly  0.5 m beneath . t h e  pond, t hen  e x h i b i t e d  a  slow d e c l i n e  

w i  t h  i ncreas i  ng depth. Groundwater concent r a t  i ons o f  1  ead and 

chromium reached l e v e l s  l e s s  t han  t h e  pond concen t ra t i ons  a t  depths 

be1 ow 1 m. N i cke l  was found t o  a l s o  reach a  minimum value a t  a  

depth of one meter,  a l t hough  i t  remained s l i g h t l y  h i ghe r  i n  

concen t ra t i on  t han  t h e  pond water. Cadmium, a f t e r  reach ing  a  peak 

c o n c e n t r a t i o n  a t  a  depth o f  0.5 m, began a  gradual  d e c l i n e  w i t h  

i n c r e a s i n g  depth and appeared t o  s t i l l  be dec l  i n i n g  a t  t h e  lowest  

sample depth o f  6 m. 

The t r e n d s  f o r  l e a d  and cadmium presen ted  above can be 

exp l  a i  ned eas i  l y  by t h e  d iscuss ions  g i  ven p r e v i o u s l y  f o r  t h e  

s p e c i a t i o n  o f  cadmium and l e a d  i n  sediments. Both o f  these  meta ls  

exh i  b i  t e d  exchangeabl e  f r a c t  i ons near 50 percent .  .It was conc l  uded 

by many researchers  t h a t  l e a d  was very  r e a c t i v e  i n  exchange 

r e a c t i o n s  and was capable o f  forming very  s t r o n g  assoc ia t i ons  w i t h  

s o i  1  s  and  sediments w h i l e  cadmium was not .  The s t r o n g  a f f i n i t y  o f  

l e a d  f o r  t h e  sediment phase i s  appa ren t l y  why aqueous l e a d  

concen t ra t i ons  decrease r a p i d l y  w i t h  i n c r e a s i n g  depths, and cadmium 

concent ra t ions ,  whi ch  a r e  a t t r a c t e d  t o  s o i  1 s  by weaker exchange 

reac t i ons ,  a r e  capable o f  t r a v e l i n g  f u r t h e r  t h rough  t h e  s o i l .  



C o n c e n t r a t i o n s  o f  z i n c  i o n s  were a p p r o x i m a t e l y  f o u r  t i m e s  

h igher  i n  t h e  groundwater than i n  t h e  pond. Maximum concentrat ions 

were found a t  t h e  sur face  w i t h  a  constant  concen t ra t i on  below 1 m. 

No appa ren t  u p t a k e  o f  z i n c  i o n s  was obse rved  o v e r  t h e  e n t i r e  

measured d i s tance  of 6 m. 'This behavior i s  exp la ined we l l  by t h e  

r e l a t i v e l y  good mobi 1  i t y  o f  z i n c  i n  t h e  aqueous phase. 

Rat ios o f  groundwater concent ra t ions  o f  a1 umi num, manganese, 

and i r o n  t o  pond concent ra t ions  are  exami ned i n  F i  yure 5-5. Since 

each of t h e s e  e l e m e n t s  a r e  abundant  i n  n a t u r a l  s o i l s ,  i t  i s  

d i  f f ' i cu l  t t o  assoc ia te  e leva ted  concent ra t ions  i n  groundwaters 

s o l e l y  t o  leach ing  o f  meta ls  f rom t h e  pond sediments. However, 

e l  eva ted  concent ra t ions  o f  these meta ls  were observed beneath the  

pond, f o l l o w e d  by a  d e c l i n e  between 0.5 and 1.0 m. Concentrat ions 

appear t o  inc rease again a f t e r  t h e  3.0 m depth. However, i t  i s  

unreasonable t o  assume t h a t  t h i s  increase i s  r e l a t e d  t o  t h e  

r e t e n t i o n  pond. 

As a  f i n a l  comparison o f  pond concent ra t ions  w i t h  groundwater 

concentrat ions,  a  s e r i e s  o f  ana l ys i s  o f  var iance procedures were 

conducted. These analyses compared concent ra t ions  o f  heavy meta ls  

i n t h e  pond w i t h  concent ra t ions  i n  we1 1s 2 and 3  combined. The 

a n a l y s i s  o f  var iance procedure was conducted f o r .  each sample depth 

sepa ra te l y  t o  determi ne t h e  ex ten t  o f  t h e  v e r t  i c a l  d i  f ferences 

between t h e  pond and groundwaters. 

Concentrat ions o f  a1 1  heavy metal s  measured (except copper and 

chromium) were s i g n i f i c a n t l y  h igher  i n  groundwater c o l l e c t e d  a t  t h e  
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0 .1  m d e p t h  t h a n  i n  t h e  pond. Most o f  t h e s e  d i f f e r e n c e s  were 

s i g n i f i c a n t  a t  t h e  0.001 l e v e l  o r  b e t t e r .  A s i g n i f i c a n t  d i f f e r e n c e  

was a l s o  noted f o r  copper except t h a t  pond concent ra t ions  were found 

t o  be s i g n i f i c a n t l y  l a r g e r  than we l l  concent ra t ions  a t  0.1 m. 

Comparisons o f  pond concent ra t ions  w i t h  groundwater 

c o n c e n t r a t i o n s  f o r  samples c o l l e c t e d  a t  t h e  0.5 m sample depth 

i n d i c a t e d  s i g n i f i c a n t  d i f f e r e n c e s  f o r  a1 1  o f  t h e  meta ls  t e s t e d  

except copper. I n  each case where s i g n i f i c a n t  d i f f e r e n c e s  occurred, 

groundwater concent r a t  i ons  were g rea te r  than  pond concent ra t ions  

w i t h  a  s i g n i f i c a n c e  l e v e l  f o r  most meta ls  o f  0.01 o r  b e t t e r  w i t h  

many i n  excess o f  0.001. 

When comparisons were conducted us ing  groundwater 

concent ra t ions  a t  t h e  1.0 m l e v e l ,  n i c k e l  and chromium were no 

1  onger found t o  be s i  y n i  f i c a n t l y  d i f f e r e n t .  Apparent ly,  t h e  ex ten t  

o f  groundwater  leach ing  o f  these two meta ls  does no t  extend t o  t h i s  

l e v e l .  However, a l l  o f  t h e  o t h e r  heavy metals were found t o  be 

s i  g n i f i c a n t l y  d i f f e r e n t  f rom t h e  pond concentrat ions,  w i t h  

groundwater concent ra t ions  gene ra l l y  several  t imes g r e a t e r  than  pond 

concentrat ions.  Copper was again found t o  be s i g n i f i c a n t l y  g rea ter  

i n  t h e  pond than i n  groundwater. 

Comparisons o f  pond water  and groundwater c o l l e c t e d  a t  t h e  3.0 

m l e v e l  were somewhat d i f f e r e n t  than those observed a t  t h e  upper 

sampl e por ts .  Si  gni  f i c a n t  d i  f fe rences  were observed between pond 

w a t e r  and groundwater f o r  a l l  metals except copper and n i cke l .  



However,  l e a d  and chromium were found t o  be .h igher  i n  t h e  pond t h a n  

i n  groundwater. Apparent ly ,  t h e  v e r t i c a l  e x t e n t  o f  t h e  m i g r a t i o n  o f  

l ead  i o n s  i n  t h e  aqueous phase was reached a t  t h i s  depth. 

The f i n a l  comparison was conducted between pond water  

c o n c e n t r a t i o n s  and groundwater concen t ra t i ons  a t  t h e  6.0 m l e v e l .  

A t  t h i s  depth o n l y  z i nc ,  manganese, a1 uminum, i ron, and l ead  were 

f o u n d  t o  have s i g n i f i c a n t  d i f f e r e n c e s  w i t h  z i nc ,  manganese, 

aluminum, and i r o n  h i ghe r  i n  groundwater and l e a d  h ighe r  i n  t h e  pond 

w a t e r .  The v e r t i c a l  e x t e n t  o f  t h e  m i g r a t i o n  o f  cadmium appears t o  

have been reached by t h i s  depth. 

I n  surnmary, compari sons o f  concent r a t  i on r a t  i os between pond 

wate r  and groundwater were combined w i t h  a  s e r i e s  o f  a n a l y s i s  o f  

va r i ance  procedures comparirlg pond concen t ra t i ons  w i t h  groundwater 

concen t ra t i ons  t o  eva lua te  t h e  e f f e c t s  o f  t h e  West Pond on 

u n d e r l y i n g  groundwaters. The c a l  c u l  a ted  concen t ra t i on  r a t i o s  

i n d i c a t e  t h a t  a l l  m e t a l  s p e c i e s  t e s t e d  ( e x c e p t  c o p p e r )  have  a  

g r e a t e r  a f f i n i t y  f o r  t h e  groundwater phase than  t h e  pond phase and 

a r e  l e a c h i n g  i n t o  groundwaters t o  some degree. Ana l ys i s  o f  va r iance  

procedures were used t o  e s t i m a t e  t h e  v e r t i c a l  e x t e n t  o f  t h e  

m i g r a t i o n  o f  heavy meta ls  i n  t h e  aqueous phase. Z'inc, manganese, 

aluminum, and i r o n  were s i g n i f i c a n t l y  h i g h e r  i n  groundwaters than  i n  

t h e  pond a t  a l l  depths tes ted .  The e x t e n t  o f  s i g n i f i c a n t l y  h i ghe r  

concen t ra t i ons  o f  l e a d  extended t o  t h e  1-3 m depth w h i l e  n i c k e l ,  

cadmium, and chromium extended t o  t h e  0.5-1.0 m range. Copper was 

found t o  be s i g n i f i c a n t l y  h i g h e r  i n  t h e  pond water  t han  i n  



groundwa te r  i n  a1 1 ana l yses .  Average c o n c e n t r a t i  ons o f  z i n c ,  

manganese, aluminum, and i r o n  were found t o  be 4, 12, 8, and 50 

t imes greater ,  r espec t i ve l y ,  i n  groundwater than i n  t h e  pond water. 

Comparisons o f  Groundwater Concentrat ions 
Beneath Pond. Swal e .  and Contro l  Areas 

A comparison o f  heavy metal concent ra t ions  i n  swale, pond, and 

c o n t r o l  areas was conducted by grouping w e l l s  1 and 5 i n t o  a general 

category o f  "swale" areas, we1 1 s  2 and 3 i n t o  a "pond" category, and 

We1 1 4 as t h e  " con t ro l " .  An a n a l y s i s  o f  var iance procedure was 

conducted w i t h  a l l  sample p o r t s  combined. The r e s u l t s  o f  these 

analyses were presented i n  Table 4-21. 

A1 1 heavy metal s  t e s t e d  exhi  b i  t e d  s i g n i f i c a n t  d i  f f  erences a t  

t h e  0.05 l e v e l  between t h e  t h r e e  w e l l  t y p e s  e x c e p t  n i c k e l  and 

copper. For  each metal  t h a t  e x h i b i t e d  a s i g n i f i c a n t  d i f f e rence ,  

groundwater concent ra t ions  beneath swale areas were t h e  highest.  

Concent ra t ions  o f  a1 umi num, i ron, 1 ead, and chromi um beneath swal e 

areas were found t o  be approx imate ly  t w i c e  t h e  measured 

concen t ra t i ons  beneath t h e  pond and app rox i~ i i a te l y  3 t o  10 t imes 

h igher  than concent ra t ions  i n  t h e  c o n t r o l  we l l .  For a l l  metals, 

except z inc ,  t h e  pond groundwater concent ra t ions  were second i n  

magnitude behind t h e  swale areas. The c o n t r o l  areas were gene ra l l y  

1 ower i n concent ra t ion  and s t a t i s t i c a l  l y  d'i f f e r e n t  f rom t h e  o t h e r  

we1 1 types. 

The da ta  presented i n  Table 4-21 i n d i c a t e s  t h a t  f o r  most meta ls  

( w i t h  t h e  except ions o f  n i c k e l  and copper),  swale areas a re  l e s s  



e f f i c i e n t  i n  r e t a i n i n g  heavy meta ls  i n  t h e  upper s o i l  l a y e r s  than 

t h e  r e t e n t i o n  pond, and as a r e s u l t ,  meta ls  tend t o  e n t e r  

groundwaters beneath these areas i n  g rea te r  concentrat ions.  

Manganese, aluminum, i r on ,  lead, and chromium appeared t o  accumulate 

i n  groundwaters beneath swale areas t o  a l a r g e r  degree than t h e  

o t h e r  metals. Th i s  da ta  suggests t h a t  copper may be he ld  more 

t i g h t l y  i n  t h e  swale s o i l s  than  manganese, aluminum, i r o n ,  lead, o r  

chromi um. 

The order  o f  suggested a t tenua t i on  o r  re lease  p o t e n t i a l  i s  very 

s i m i l a r  t o  t h e  r e l a t i v e  re lease p o t e n t i a l  o f  heavy meta ls  from the  

pond sediments observed i n  t h e  i ncuba t i on  experiments. I n  these 

experiments, copper was found t o  be re leased t o  t h e  l e a s t  degree 

w h i l e  manganese, aluminum, and i r o n  were re leased t o  t h e  g rea tes t  

degrees. A p o s s i b l e  exp lanat ion  f o r  t h e  apparent lower a f f i n i t y  o f  

swale s o i l s  f o r  heavy meta ls  may i n v o l v e  t h e  r e t e n t i o n  t i m e  o f  

meta ls  i n  t h e  system. Runoff  water e n t e r i n g  swale areas gene ra l l y  

i n f  i 1 t r a t e s  r e l a t i v e l y  rap id l y .  Th i s  t y p e  o f  movement does no t  

a1 1 ow adequate t i m e  f o r  processes such as t h e  fo rmat ion  o f  i r o n  o r  

manganese o x i d e s ,  o r  o r g a n i c  c o m p l e x a t i o n  t o  o c c u r  t o  a l a r g e  

degree. I n  a d d i t i o n ,  meta ls  i n f i  l t r a t - i n g  through a r e t e n t i o n  pond 

sediment gene ra l l y  t r a v e l  very s low ly  th rough t h e  t o p  sediment l a y e r  

where t h e  abundance o f  r e a c t i v e  species makes r e a c t i o n  more l i k e l y .  

As a r e s u l t ,  removal o f  heavy meta ls  i n  swale areas may be dominated 

by more r a p i d  processes such as adsorp t ion  o r  i o n  exchange, r a t h e r  

than slower processes such as bond-ing t o  Fe/Mn ox ides o r  organic  



compl exat ion.  Rapid processes are  apparent ly  l e s s  e f f i c i e n t  than  

those which occur over  t i m e  i n  t h e  sediments o f  a r e t e n t i o n  basin. 

I n  summary, i t  appears t h a t  a l l  heavy meta ls  t e s t e d  ( w i t h  t h e  

except ions o f  copper and n i c k e l )  a re  s i g n i f i c a n t l y  h igher  i n  

concent ra t ion  beneath swale areas than beneath r e t e n t i o n  ponds. For 

manganese, aluminum, i r o n ,  lead, and chromium, t h e  increases beneath 

swale a reas  a re  more s i g n i f i c a n t  than  f o r  t h e  remaining metals. It 

i s suggested t h a t  t h e  re1 a t i  v e l y  r a p i d  i n f i l t r a t i o n  r a t e s  through 

the  swale areas and t h e  r e s u l t i n g  sho r t  con tac t  t ime  w i t h  s o i l  

p a r t i c l e s  combine t o  produce a lower removal e f f i c i e n c y  i n t o  t h e  

s o l i d  phase i n  swale areas than i n  r e t e n t i o n  ponds where d i f f u s i o n  

and t r a n s p o r t  a re  very slow. 

Compari son o f  Heavy Metal  Concentrat ions i n  Groundwaters 
Beneath Wet and Dry Swale Areas 

The experimental  des ign a t  the  Mai tl and Interchange a1 1 owed 

comparison o f  heavy metal  concent ra t ions  beneath bo th  "wet" and 

" d r y "  swale areas. The d r y  swale area, l oca ted  a t  We1 1 1, was an 

a r e a  which was observed t o  d r a i n  complete ly  between r a i n  events. 

The s o i l  t ype  was l a r g e l y  f i n e  sand w i t h  a smal l  sur face  s i l t  l aye r .  

The wet swale area, l o c a t e d  a t  Well 5, was i n  a low area which was 

observed t o  be cont inuous ly  e i t h e r  wet o r  submerged w i t h  severa l  

inches o f  water. S o i l s  i n  t h i s  area were very s i l t y  and loose. 

S i  g n i f i c a n t  d i f f e r e n c e s  (see Tab1 e 4-22) were observed between 

t h e  two w e l l s  f o r  manganese, aluminum, i r o n ,  and lead. Manganese, 



aluminum, and i r o n  were a1 1 h i g h e r  i n  groundwaters beneath t h e  wet 

swale area, w h i l e  l e a d  was h i g h e r  beneath t h e  d r y  swale area. 

These r e s u l t s  appear t o  f o l l o w  e x a c t l y  t h e  p a t t e r n  o f  metal  

b e h a v i o r  p r e d i c t e d  by t h e  i n c u b a t i o n  experiments. The wet swale 

area was cha rac te r i zed  by an accumulat ion o f  o rgan i c  mat te r ,  and was 

most  1  i k e l y  lower  i n  bo th  pH and redox p o t e n t i a l  i n  t h e  su r f ace  

s o i l s  than  t h e  d r i e r  swale area. As i n d i a t e d  i n  F igures  4-8 and 

4-9, manganese, i r o n ,  and a1 uminum a r e  a1 1 re leased  i n  l a r g e  amounts 

under reduced c o n d i t i o n s  a t  pH va lues i n  t h e  neighborhood o f  5.0. 

However, as i n d i c a t e d  i n  F i g u r e  4-10, l ead  i s  more s o l u b l e  under 

o x i d i z e d  c o n d i t i o n s  which were presumably p resen t  i n  t h e  d r y  swale 

a rea .  It should be noted t h a t  t h e  wet swal e  area was 1 ocated i n  an 

a rea  which rece i ved  highway r u n o f f  cha rac te r i zed  by a much l a r g e r  

t r a f f i c  volume than  t h e  d r y  swale area. Th i s  i nc rease  i n  t r a f f i c  

c o u l d  be respons ib l e  f o r  t h e  e l e v a t e d  concen t ra t i ons  o f  manganese, 

a1 umi num, and i ron  measured i n  groundwaters beneath t h i s  s i t e .  

However, l e a d  i s  g e n e r a l l y  cons idered t o  be an i n d i c a t o r  metal  f o r  

r u n o f f  contaminat ion,  and l e a d  was i n  groundwaters beneath t h e  lower  

t r a f f i c  d r y  swale area. The f a c t  t h a t  l e a d  i s  s u b s t a n t i a l l y  l owe r  

i n  groundwaters beneath t h e  wet a rea  i n  s p i t e  o f  t h e  inc reased  

t r a f f i c  adds f u r t h e r  suppor t  t o  t h e  t h e o r y  t h a t  t h e  swale areas and 

su r f ace  s o i l s  a r e  r e t a i n i n g  l e a d  t o  d i f f e r e n t  degrees. 

A l t h o u g h  l e a d  was shown t o  be  s l i g h t l y  more s o l u b l e  u n d e r  

o x i  d i  zed cond i t i ons ,  t h e  inc reased  concen t ra t i ons  o f  1  ead beneath 

t h e  d r y  swale area a r e  perhaps more t han  can be exp la i ned  by t h i s  



s m a l l  i n c r e a s e  i n  s o l u b i l i t y .  The b e t t e r  r e t e n t i o n  o f  l e a d  i n  wet 

s w a l e  areas may be r e l a t e d  t o  t h e  s p e c i a t i o n  o f  l e a d  i n  highway 

runof f .  It was suggested p r e v i o u s l y  t h a t  l e a d  e x h i b i t s  a  l a r g e  

exchangeable f r a c t i o n  i n  r u n o f f  as we1 1  as i n  sediments. Exchange 

reac t i ons  a r e  favored  i n  qu iescen t  environments where con tac t  

o p p o r t u n i t i e s  between i o n s  and s o i l  p a r t i c l e s  a r e  maximized. The 

slow i n f i l t r a t i o n  c h a r a c t e r i s t i c  o f  t h e  wet area would p r o v i d e  much 

more con tac t  t ime  than  a  r e l a t i v e l y  r a p i d l y  i n f i l t r a t i n g  "dry"  

swal e. 

I n  summary, t h e  r e l e a s e  o f  heavy meta ls  i n t o  unde r l y i ng  

groundwaters appears t o  be d i f f e r e n t  f o r  c e r t a i n  meta l  spec ies i n  

d r y  s w a l e  a r e a s  t h a n  i n  we t  s w a l e  a reas .  Under  wet ,  reduced 

cond i ti ons, a1 umi nu~ii, manganese, and , i ron  a r e  re1 eased i n t o  

g r o u n d w a t e r s  t o  a  s i g n i f i c a n t l y  g r e a t e r  d e g r e e  t h a n  i n  a  d r y  

o x i d i z e d  a rea .  However, l e a d  was f o u n d  t o  be  r e l e a s e d  i n t o  

groundwaters  t o  a  g r e a t e r  degree i n  d r y  swale areas t han  i n  wet 

swale areas. It i s  be1 i e v e d  - t h a t  s lower  i n f i l t r a t i o n  r a t e s  combined 

w i t h  inc reased  o p p o r t u n i t i e s  f o r  exchange r e a c t i o n s  i n  t h e  wet area 

f a v o r  r e t e n t i o n  of  l e a d  i n  t h e  sediments. These r e s u l t s  agree 

c l o s e l y  w i t h  t h e  r e s u l t s  o f  t h e  i n c u b a t i o n  experiments. 

Transpor t  o f  Heavy Meta ls  I n  Groundwater Flow 

One o f  t h e  o b j e c t i v e s  o f  t h i s  research was t o  mon i t o r  

goundwa te r  c o n c e n t r a t i o n s  and  f l o w  p a t t e r n s  and  t o  d e t e c t ,  i f  

poss ib l e ,  t h e  movement o f  heavy meta ls  which leach  i n t o  . 



yroundwaters. To a i d  i n  t h i s  de tec t i on ,  piezometers were i n s t a l l e d  

a t  each w e l l  and a r e c o r d  o f  p i ezome t r i c  su r f ace  was made 

a p p r o x i m a t e l y  on a b i - w e e k l y  b a s i s  d u r i n g  1983. The ave rage  

measurements a r e  g iven  i n  Tab le  5-15. 

TABLE 5-15 

AVERAGE MEASUREMENTS OF PIEZOMETRIC SURFACE 
AT MONITORING WELLS AT THE MAITLAND INTERCHANGE DURING 1983 

LOCATION PIEZOMETRIC SURFACE (m, MSL) 

Well 1 

Well 2  

Well 3  

Well 4  

Well 5 

Pond 

As i n d i c a t e d  i n  Table 5-15, t h e  p i ezome t r i c  su r f ace  i n  w e l l s  1, 

2, and 3, as w e l l  as t h e  r e t e n t i o n  pond were very  c lose,  w i t h  a  mean 

v a l u e  d u r i n g  1983 o f  27.37 m. The c o n t r o l  w e l l  (Wel l  4 )  and Well 5  

i n  t h e  wet  swa le  a r e a  we re  l o w e r  i n  p i e z o m e t r i c  s u r f a c e ,  and 

presumably groundwater movement i n  t h e  area was t o  t h e  

eas t -nor theas t  (F i gu re  3-1). Heavy meta ls  l e a c h i n g  i n t o  

g roundwa te rs  i n  s i g n i f i c a n t  amounts a t  w e l l s  1, 2, o r  3  cou ld  then  



be detected, assuming t h a t  adsorp t ion  o r  uptake on s o i l  ' p a r t i c l e s  

had n o t  occurred a t  Well 5. 

The v e l o c i t y  o f  groundwater f l o w  can be est imated us ing  Darcy 's  

Law. The hyd rau l i c  g rad ien t  f o r  t h e  area can be ca l cu la ted  us ing  

t h e  d i f f e r e n c e  i n  p iezomet r ic  surface between w e l l s  1, 2, and 3, and 

We1 1  5, assuming an average d is tance between Well 5 and t h e  o ther  

we1 1  s  o f  160 m. The h y d r a u l i c  conduc t i v i t y ,  K, can be estimated, 

assurning a  s i l t y  sand s o i l ,  as approximately 5 m/day. The 

approximate v e l o c i t y  would then be: 

A t  t h i s  r e l a t i v e l y  s low  f l o w  r a t e ,  t h e  groundwater  would move 

a p p r o x i m a t e l y  7.3 m/year, and a  t o t a l  o f  approximately 60 m i n  t h e  

e i  y h t - y e a r  h i  s t o r y  o f  t h e  West Pond. As a  r e s u l t ,  t h e  groundwater 

f l o w  has probably no t  reached We1 1  5, and measurements o f  e levated 

concentrat ions,  i f  they  were present,  a re  no t  poss ib le  a t  t h i s  t ime. 

The slow movement o f  groundwaters i n  t h i s  area prov ides a  good 

e n v i  ronment f o r  r e a d s o r p t i o n  o f  r e 1  eased me ta l  s  t o  occu r ,  and 

probably decreases t h e  p o t e n t i a l  f o r  t r a n s p o r t  o f  these metals  over 

1  onger d i  stances. 

Records o f  p iezomet r ic  surfaces i n  t h e  mon i to r i ng  we1 1  s  du r ing  

1983 i ndi  ca te  t h a t  t h e  re1 a t  i ve d i  f ferences between t h e  var ious  



w e l l s  was f a i r l y  constant .  T h i s  suggests t h a t  t h e  v e l o c i t y  o f  

h o r i z o n t a l  groundwater movement does n o t  change s u b s t a n t i a l l y  d u r i n g  

t h e  yea r  and p robab ly  remains near t h e  c a l c u l a t e d  slow v e l o c i t y .  

However, v e r t i c a l  f l u c t u a t i o n s  o f  p i e z o m e t r i c -  su r f ace  were f a i  r l y  

1  a rge  even though t h e  d i f f e r e n t  piezometers ma in ta ined  t h e i  r 

r e l a t i v e  d i f f e r e n c e s .  P iezomet r i c  su r f aces  v a r i e d  by as much as 0.8 

m  th roughout  t h e  measurement per iod .  O f t en  these  f l u c t u a t i o n s  would 

occu r  r a p i d l y ,  p a r t i c u l a r l y  inc reases  f o l  l o w i  ny 1  ony antecedent d r y  

pe r i ods .  It appears, t h e r e f o r e ,  t h a t  t h e  predominant p a t t e r n  o f  

w a t e r  movement i n  t h i s  area i s  an up and down v e r t i c a l  movement. 

S i n c e  very  l i t t l e  h o r i z o n t a l  movement i s  thought  t o  occur, t h e  

e l e v a t e d  concen t ra t i ons  o f  heavy me ta l s  measured beneath t h e  pond 

and swal  e  areas cou ld  be a  r e s u l t  o f  accumulat ions over a  p e r i o d  o f  

years,  r a t h e r  t han  rep resen t i ng  t h e  a c t u a l  concen t ra t i ons  which 

1  each  con t inuous ly .  A1 though groundwater concen t ra t i ons  o f  a lmost  

every  meta l  measured i n  t h i s  s tudy  were shown t o  be s u b s t a n t i a l l y  

h igher  i n  groundwater, t h e r e  i s  l i t t l e  evidence t h a t  t h e  

c o n c e n t r a t i o n  plume i s  moving, and t h e  con tamina t ion  appears t o  be 

very  1  ocal  i zed. 

The h y d r o l o g i c  c o n d i t i o n s  p resen t  a t  t h e  M a i t l a n d  s i t e  a r e  

s i m i l a r  t o  c o n d i t i o n s  a t  many o t h e r  s i t e s  i n  t h e  Cen t ra l  F l o r i d a  

a rea .  I t  seems reasonable t o  assume t h a t  m i g r a t i o n  o f  ~ i i e t a l s  i n t o  

groundwaters a t  o t h e r  s i t e s  would a1 so remain r e l a t i v e l y  l o c a l i z e d  

. as 1  ong as t h e  h o r i z o n t a l  g r a d i e n t s  remain smal l .  As a  r e s u l t ,  i t 

appears very  un l  i k e l y  t h a t  heavy me ta l s  f roni  r e t e n t i o n  ponds a long  



highway systems i n  t h e  Centra l  F l o r i d a  area w i l l  pose a  p o l l u t i o n  

hazard. However, systems constructed i n  areas w i t h  a  subs tan t i a l  

ho r i zon ta l  groundwater g rad ien t  o r  i n  areas where d i  r e c t  con tac t  

w i t h  e i t h e r  shal low o r  deep a q u i f e r s  can occur may a l l o w  t r a n s p o r t  

o f  meta ls  away from t h e  s i t e  t o  o ther  areas. Fu r the r  research i s  

needed  i n  t h i s  a r e a  t o  d e f i n e . t h e  e x t e n t  and magn i tude  o f  t h e  

p o t e n t i a l  problem, i f  any. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

On a na t ionwide  bas is ,  t h e  two most commonly used techniques 

f o r  management o f  'h ighway r u n o f f  a re  roads ide  swales and 

d e t e n t i o n l r e t e n t i o n  f a c i  1 i t i e s .  As these  f a c i  1 i t i e s  r e c e i v e  

c o n t i n u a l  i n p u t s  o f  stormwater c o n t a i n i n g  heavy meta ls ,  processes 

such as p r e c i p i t a t i o n ,  coagul ati'on, s e t t l  i ng ,  and b i o l o g i c a l  uptake 

w i  11 r e s u l t  i n  a l a r g e  percentage 0.f t h e  i n p u t  mass be ing  deposi ted 

i n t o  t h e  sediments. However, no - prev' ious d e f i n i t i v e  s t u d i e s  have 

been conducted t o  determine t h e  f a t e  o f  t o x i c  species,  e s p e c i a l l y  
. .. . 

heavy metal  s, i n  these  stormwater management systems. I n  

p a r t i c u l a r ,  no s t u d i e s  have been conducted t o  i n v e s t i g a t e  i f  

phys ica l  and chemical changes which may occur  i n  these  systems over  

t i m e  may m o b i l i z e  c e r t a i n  spec ies f rom t h e  sediment phase back i n t o  

t h e  water phase. 

The purpose o f  t h i s  research was t o  i n v e s t i g a t e  t h e  f a te  of 

heavy metal  s w i t  h i  n stormwater management systems. The s i t e  

se lec ted  f o r  these  i n v e s t i g a t i o n s  was a s e r i e s  o f  stormwater 

management f a c i l  i t i e s  l o c a t e d  a t  t h e  M a i t l  and In te rchange on 

I n t e r s t a t e  4 n o r t h  o f  t h e  c i t y  o f  Orlando, F l o r i d a .  A r e t e n t i o n  

pond (West Pond) w i t h  r e l a t i v e l y  d e f i n e d  i n p u t s  and ou tpu t s  was 

chosen as t h e  p r imary  s tudy  s i t e .  The West Pond o r g i n a t e d  as a 

borrow p i t  and has a t r i a n g u l a r  shape w i t h  an approximate surface 

area o f  1.3 ha and an average depth o f  1.5 m. 



C h a r a c t e r i s t i c s  o f  Highway Runof f  

Automat ic  r e f  r i  gera ted  sequent i  a1 sampl i n g  equi  pment was used 

t o  c o l l e c t  highway r u n o f f  samples f rom t h e  p r imary  i n p u t  i n t o  t h e  

pond. Flow weighted composite stormwater sampl es were c o l l  ec ted 

w i t h  t h e  automat ic  sampler over a  13-month p e r i o d  f rom 15 separate 

storm events, r ep resen t i ng  a  wide range o f  r a i n f a l l  i n t e n s i t i e s  and 

antecedent d r y  per iods.  Depth composite su r f ace  wate r  samples were 

a l s o  c o l l e c t e d  p e r i o d i c a l l y  a t  f i v e  s t a t i o n s  w i t h i n  t h e  West Pond. 

B o t h  stormwater and pond samples were analyzed f o r  d i sso l ved  and 

t o t a l  forms o f  heavy meta l  s. 

Measured  c o n c e n t r a t i o n s  o f  heavy  m e t a l  s  i n h ighway  r u n o f f  

c o l  1  ec ted  a t  t h e  Mai t l  and In te rchange d u r i n g  1983-84 showed 

cons iderab l  e  v a r i  ab i  1  i t y  between s torm events  as we1 1  as d u r i n g  

s torm events. Average d i s s o l v e d  concen t ra t i ons  o f  a1 1  heavy metals,  

w i t h  t h e  excep t ions  o f  i r o n  and a1 uminum, were 1  ess t han  70 l-lg/l, 

w i t h  n i c k e l ,  chromium, magnanese, and cadmium l e s s  t han  3  1-1g/1. , 

Measured mean c o n c e n t r a t i o n s  o f  t o t a l  metal  spec ies  were i n  excess 

o f  100 u g / l  f o r  lead,  aluminum and i r o n ,  w h i l e  n i c k e l ,  chromium, 

manganese, and cadmium were a l l  p resen t  i n  average t o t a l  metal  

concen t ra t i ons  of 10 pg/1 o r  less .  

O f  t h e  heavy meta l  s  which were measured, t h e  f o l l o w i n g  o rde rs  

were observed f o r  mean concen t ra t i ons  o f  d i s s o l v e d  and t o t a l  metal  

spec ies:  



Disso lved :  A1 > Fe > I n  > Pb > Cu > Mn > ~i = C r  > cd 

To ta l  : A1 > Fe > Pb > I n  > Cu > Mn > C r  > N j  > Cd 

However, t h e  metal  species,  a1 urninum, i r o n  and manganese a re  cornmon 

c o n s t i t u e n t s  o f  s o i l s  and may n o t  be c o r r e l a t e d  w i t h  v e h i c l e  usage 

and h ighway  o p e r a t i o n ,  as w o u l d  be e x p e c t e d  f o r  l e a d ,  n i c k e l ,  

c h r o m i  urn, coppe r ,  z i n c ,  and cadmium. The mos t  comliion v e h i c l e  

r e l a t e d  heavy meta ls  found i n  highway r u n o f f  a t  t h e  M a i t l a n d  s i t e  

were lead, z inc ,  and copper i n  r a t i o s  o f  4.70:1.91:1.0, 

r e s p e c t i v e l y ,  f o r  t o t a l  concen t ra t ions ,  and r a t i o s  o f  0.85:1.04:1.0, 

r e s p e c t i v e l y ,  f o r  d i s s o l v e d  species.  Together these t h r e e  meta ls  

accounted f o r  approx imate ly  91 pe rcen t  o f  t h e  d i s s o l v e d  heavy me ta l s  

p resen t  and 94 percen t  o f  t h e  t o t a l  metal  concen t ra t ions ,  exc lud ing  

a1 uminum, i r o n  and manganese. 

Concen t ra t i ons  o f  heavy me ta l s  measured i n  highway r u n o f f  a t  

t h e  Ma i t l and  s i t e  were found t o  be s u b s t a n t i a l l y  lower  than  those 

measured by o t h e r  researchers f rom no r the rn  urban highways w i t h  

comparable average d a i l y  t r a f f i c  and was s i m i l a r  t o  a  r u r a l  

Ha r r i sbu rg  highway l o c a t i o n .  It was suggested t h a t  t h e  d i f f e r e n c e s  

may be  l i n k e d  t o  t h e  abundance o f  r a i n f a l l  a t  t h e  Ma i t l and  s i t e  

wh ich  keep road sur faces  re1  a t i v e l y  c lean, t h e  inc reased  i n d u s t r i a l  

a c t i v i t i e s  and p a r t i c u l a t e  emiss ions assoc ia ted  w i t h  t h e  n o r t h e r n  

s i t e s ,  a n d  t h e  use  o f  s a l t  t o  d e - i c e  roadways  i n  t h e  n o r t h e r n  

l o c a t i o n s  d u r i n g  t h e  w i n t e r  months. 

Another  obvious c h a r a c t e r i s t i c  o f  t h e  highway r u n o f f  c o l l  ec ted  

a t  t h e  M a i t l a n d  s i t e  i s  t h e  l a r g e  v a r i a t i o n  i n  t h e  mean percentage 



of d i s s o l v e d  spec ies measured f o r  t h e  var ious  metals.  The heavy 

meta ls  can be d i v i d e d  i n t o  t h r e e  general  groups accord ing  t o  t h e  

d i sso l ved  f r a c t i o n s  present :  meta ls  w i t h  d i sso l ved  p o r t i o n s  o f  1  ess 

than  25 percent  ( i  n c l  u d i  ng 1  ead, i ron, a1 umi num, and manganese), 

metal  s  w i t h  d i  sso l  ved p o r t i o n s  o f  approx imate ly  50 percen t  

( i  n c l  ud iny  z i n c  and chromium), and meta ls  w i t h  d i sso l ved  f r a c t i o n s  

near 75 percen t  ( i n c l u d i n g  copper and cadmium). 

A l though model ing o f  r u n o f f  c h a r a c t e r i s t i c s  was n o t  in tended 

d u r i n y  t h i s  research, i t  appears, f o r  t h e  l i m i t e d  number o f  s torm 

events  monitored, t h a t  average f low-wei yhted concen t ra t i ons  

approximated a  1  oy-normal d i  s t r i  b u t i  on. Th i s  suyyests t h a t  t h e  

m a j o r i t y  o f  events  a re  represented by a  re1 a t i v e l y  1  ow c o n c e n t r a t i o n  

o f  d i s s o l v e d  and t o t a l  spec ies w i t h  more concentrated events  making 

up a  much sma l l e r  percentage o f  t h e  t o t a l  r u n o f f  events. 

A " f i r s t  f l u s h "  e f f e c t  was observed f o r  t o t a l  concen t ra t i ons  of  

1  ead, z i  nc, i r o n ,  and a1 umi num. I n  g e n e r a l  , a p p r o x i m a t e l y  50 

percent  o f  t h e  t o t a l  mass o f  t hese  meta ls  was found t o  be 

t r anspo r ted  d u r i n g  t h e  f i r s t  q u a r t e r  o f  a  storm event,  25 percent  

d u r i n g  t h e  second qua r te r ,  and t h e  remain ing 25. percen t  d i v i d e d  

be tween t h e  t h i r d  and f o u r t h  qua r te r s .  Th i s  t r e n d  was n o t  observed 

f o r  t o t a l  concen t ra t i ons  o f  t h e  o t h e r  metal  spec ies o r  f o r  d i s s o l v e d  

spec ies o f  any measured metals.  

Attempts t o  c o r r e l a t e  t h e  measured v a r i a b i l i t i e s  i n  heavy meta l  

concent r a t i  ons bo th  w i  t h i  n  s torm events  and between s torm events  

w i t h  o t h e r  r u n o f f  re1 a ted  c h a r a c t e r i s t i c s  such as f l ow ra te ,  

a n t e c e d e n t  d r y  p e r i o d ,  c u m u l a t i v e  r a i n  e v e n t  t i m e ,  r u n o f f  pH, 



r a i  n f a l l  d u r a t i o n  and r a i n f a l l  i n t e n s i t y  showed 1  ittl e  success. 

Runof f  f 1  owra te  appeared t o  be somewhat impor tan t  i n  regu l  a t i  ng 

c o n c e n t r a t i o n s  o f  v i r t u a l l y  a1 1  meta l  s, w h i l e  cumul a t i v e  t i m e  and 

antecedent d r y  p e r i o d  were impo r tan t  i n  r e g u l a t i n g  o n l y  a  few metal 

spec ies.  These f i  n d i  nys emphasi ze t h e  p o o r l y  understood phenomena 

wh i ch  r e g u l a t e  r u n o f f  c h a r a c t e r i s t i c s  and suggest t h a t  f u r t h e r  

research i s  necessary i n  t h i s  area. 

Fa te  o f  Heavy Metal  s  i n  
Reten t ion /Deten t ion  Systems 

A l though stormwater i n p u t s  i n t o  t h e  pond were cha rac te r i zed  by 

a  cons ide rab l  e  degree o f  v a r i a b i  1  i t y  , heavy metal  concen t ra t i ons  

measured i n  t h e  pond were, i n  genera l  , re1 a t i v e l y  c o n s i s t e n t  and 1  ow 

i n  value. D isso lved  concen t ra t i ons  o f  a l l  ~ i i e t a l  species i n  t h e  pond 

w i t h  t h e  general  excep t ion  o f  a1 uminum, were never found t o  exceed 

50  ug/1 w i t h  d i  sso l  ved concen t ra t i ons  o f  cadmi urn, z-inc, manganese, 

n i c k e l ,  and chromium r a r e l y  exceeding 10 1  To ta l  nietal 

c o n c e n t r a t i o n s  f o l  1  owed a  s im i  1  a r  p a t t e r n  w i t h  o n l y  manganese, 

a1 uminum, i r o n ,  and on one occas ion lead,  exceeding 100 ug / l  on any 

g i ven  sample day a t  any o f  t h e  f i v e  sampl ing s ta t i ons .  

The Mai t l  and pond was found t o  be very  e f f e c t i v e  i n  removal o f  

heavy meta l  i n p u t s  f rom highway r u n o f f .  P a r t i c u l a t e  spec ies o f  

h e a v y  m e t a l s  were f o u n d  t o  be  removed t o  a  l a r g e r  d e g r e e  t h a n  

d i s s o l v e d  species. P a r t i c u l a t e  spec ies  o f  l e a d  and z i n c  a r e  removed 

i n  excess  o f  95 percent ,  cadmium and i r o n  near 85 percent ,  w i t h  

coppe r  and a luminum a v e r a g i n g  n e a r  75 p e r c e n t .  R e d u c t i o n s  o f  



p a r t i c u l a t e  n i c k e l  and chromium, however, were much l e s s ,  w i t h  a  

removal o f  o n l y  25-35 percent .  

D i s s o l v e d  forms o f  z i n c  were removed t o  t h e  g r e a t e s t  degree 

w i t h  an average removal o f  a lmost  90 percent.  D isso lved  i r o n  was 

removed a t  an e f f i c i e n c y  o f  75 percen t ,  f o l l o w e d  by lead,  copper, 

a1 uminum, and cadmi um w i t h  removal s  o f  d i s s o l v e d  spec ies ranging 

50-60 p e r c e n t .  Removal e f f i c i e n c i e s  f o r  d i  s s o l  ved n i c k e l  and 

ch rom i  urn were very  poor, w i t h  removals o f  o n l y  36 and 12 percent  

r espec t i ve l y .  Those metal  s  which were p resen t  w i t h  1  a rge  f r a c t i o n s  

o f  r e a c t i v e  spec ies  (such as z i nc ,  cadmium, and lead)  were found t o  

be removed e f f i c i e n t l y .  Other  metal  spec ies which were n o t  present  

as r e a c t i v e  spec ies o r  were bound t o  o rgan i cs  were removed t o  a  

1  esse r  degree. A1 though n o t  s p e c i f i c a l l y  i n v e s t i g a t e d  i n  t h i s  

research, uptake and concen t ra t i on  o f  heavy meta ls  i n  a q u a t i c  p l a n t s  

and a1 y ae appears 1  i ke ly .  S tud ies  by o t h e r  researchers  as we1 1  as 

o b s e r v a t i o n s  d u r i n g  t h i s  r e s e a r c h  s u g g e s t  t h a t  t h e  remova l  o f  

d i s s o l v e d  meta l  spec ies i s  r a p i d  w i t h  as much as 90 pe rcen t  removal 

o c c u r r i n g  i n  f o u r  days. 

H o r i  zon ta l  Di s t  r i  b u t i  on o f  Heavy Metal  s  
i n  t h e  M a i t l a n d  Pond Sediments 

The h o r i z o n t a l  and v e r t i c a l  d i s t r i b u t i o n  o f  heavy meta ls  i n  t h e  

sediments o f  t h e  West Pond were i n v e s t i g a t e d  by c o l l e c t i o n  o f  a  

s e r i e s  o f  2.5 cm d iameter  co re  samples t o  a  depth o f  approx imate ly  

13 cm. Core samples were c o l l e c t e d  on 10/15/82, 10/15/83, and 

4/15/84.  On each date,  43 separate co re  samples were c o l l e c t e d  i n  



t h e  West Pond a t  7.5 m i n t e r v a l s  a long 10  t r a n s e c t s ,  and analyzed 

f o r  heavy me ta l s  i n  f i v e  l a y e r s :  0-1 cm, 1-3.5 cm, 3.5-6 cm, 6-8.5 

cm, and 8.5-13 cm. 

D i s t r i b u t i o n s  o f  heavy meta ls  i n  t h e  t o p  1 cm o f  t h e  M a i t l a n d  

pond sediments suggest t h a t  upon e n t e r i n g  t h e  r e c e i v i n g  water  body, 

t h e  m a j o r i t y  o f  heavy metal  s  assoc ia ted  w i t h  highway r u n o f f  s e t t l e  

o u t  and a r e  depos i t ed  near t h e  p o i n t  o f  i n p u t  f o r  t h e  r u n o f f .  Th i s  

tendency was most obv ious f o r  l e a d  and z i n c  which peaked i n  sediment 

concen t ra t ions  a t  a  d i s t a n c e  o f  o n l y  15 m f rom t h e  i n l e t  f o l l owed  by 

a  r a p i d  dec l  i n e  i n  concen t ra t i ons  w i t h  i n c r e a s i n g  d is tance .  

D e p o s i t i o n  p a t t e r n s  o f  t h e  o t h e r  me ta l s  measured were much l e s s  

p ronounced  t h a n  t h o s e  o b s e r v e d  f o r  l e a d  and z i n c .  Chromium, 

a1 uminum, and i r o n  a l l  appeared t o  reach  peak sediment 

c o n c e n t r a t i o n s  a t  a  d i s t a n c e  o f  30 m f rom t h e  i n l e t  w i t h  inc reases  

and decreases much l e s s  r a p i d  than  those  observed f o r  l ead  and z inc.  

Copper, n i c k e l  , and manganese d i d  no t  appear t o  exh i  b i t  pronounced 

peaks i n  sediment concen t ra t ions ,  b u t  seemed t o  s e t t l e  o u t  over  a  

l o n g e r  f l o w  p a t h  l eng th .  However, i n  s p i t e  o f  t h e  d i f f e r e n c e s  i n  

b e h a v i o r  mos t  o f  t h e  m e t a l s  i n  t h e  r u n o f f  w a t e r  e n t e r i n g  t h e  

Mai tl and pond were r e t a i n e d  i n  t h e  pond sediments w i t h i n  a  d i s t a n c e  

o f  60-90 m f rom t h e  stormwater i n l e t .  

O f  t h e  f o u r  m e t a l  s p e c i e s  w h i c h  e x h i b i t e d  t h e  mos t  r a p i d  

s e t t l  i n y  c h a r a c t e r i s t i c s  ( lead ,  z i nc ,  i r o n ,  and a1 uminum), a l l  b u t  

z i n c  had p a r t i c u l a t e  f r a c t i o n s  i n  r u n o f f  which were near 80 percen t  

o f  t h e  t o t a l  meta l  measured. The remain ing meta l  spec ies ( n i c k e l ,  



chromium, and cadmium) which d i d  n o t  e x h i b i t  pronounced s e t t l i n g  

c h a r a c t e r i s t i c s ,  were a l l  p resen t  i n  highway r u n o f f  a t  t h e  Ma i t l and  

, s i t e  predominate ly  i n  a  d i sso l ved  form w i t h  a  smal l  f r a c t i o n  o f  

p a r t i c u l a t e  species.  

The r e s u l t s  of  t h e  h o r i z o n t a l  analyses of  heavy meta ls  suggest 

i m p o r t a n t  des ign  parameters f o r  use i n  t h e  des ign  o f  r e t e n t i o n  

bas ins  t o  o p t i m i z e  removal o f  heavy metal  s. Designs should p rov ide  

p h y s i c a l  c o n f i g u r a t i o n s  where t h e  f l o w  v e l o c i t y  becomes very  small 

t o  a i d  i n  sed imenta t ion  o f  p a r t i c l e s .  The d i s t a n c e  f rom p o i n t s  o f  

i n p u t  t o  t h e  d i scha rge  p o i n t  f rom t h e  pond should be maximized, and 

t h e  des ign should min im ize  t h e  p o s s i b i l i t y  o f  s h o r t  c i r c u i t i n g  and 

avo id  hydraul  i c a l l y  dead zones. 

V e r t i c a l  D i s t r i b u t i o n s  o f  Heavy Metal  s  
i n  t h e  Sediments o f  t h e  Ma i t l and  Pond 

Measured concen t ra t i ons  o f  t o t a l  heavy me ta l s  i n  t h e  sediments 

o f  t h e  M a i t l a n d  pond e x h i b i t e d  h i g h e s t  concen t ra t i ons  i n  t h e  su r f ace  

l a y e r  w i t h  a  r a p i d  d e c l i n e  i n  c o n c e n t r a t i o n . w i t h  i n c r e a s i n g  depth. 

The r a p i d  d e c l i n e  i n  concen t ra t i ons  was found . t o  observe an 

exponent ia l  decay re1  a t i o n s h i  p  w i t h  va l  ues o f  R-square i n  most cases 

i n  e x c e s s  o f  0.90 when f i t t e d  t o  t h e  mode l :  I n  (C/Co)  = -Kx 

( d e p t h ) .  V a l u e s  o f  K, w h i c h  a r e  a  measure  o f  t h e  r a t e  o f  

a t t e n u a t i o n  i n  sediment meta l  concen t ra t ions ,  i n d i c a t e d  t h e  

f o l l o w i n g  o r d e r  o f  a t t e n u a t i o n  o f  t o t a l  heavy metal  con ten t  i n  t h e  

sediment 1  ayers:  



Most Rapid Least Rapid 
A t t enua t i on :  Zn < Mn < Pb < Fe < C r  < Ni  < Cu < Cd = A l :  A t t enua t i on  

Background s o i l  concen t ra t i ons  o f  heavy meta ls  i n  t h e  r e t e n t i o n  

pond area were es t imated  f rom mean s o i l  metal concen t ra t i ons  i n  core  

sampl es  c o l l  ec ted a t  ' dep ths  o f  3 m o r  g r e a t e r  d u r i n g  d r i l l  i n g  o f  

m o n i t o r i n g  w e l l s  beneath t h e  pond. These background concen t ra t i ons  

were sub t rac ted  from t h e  t o t a l  sediment metal  concen t ra t i ons  t o  

p rov ide  an es t ima te  o f  t h e  added accumulat ions as a  r e s u l t  o f  i n p u t s  

o f  highway r u n o f f .  

R u n o f f  r e l a t e d  accumulat ions were a l s o  found t o  p r o v i d e  good 

f i t s  t o  t h e  semi- log model used f o r  t o t a l  metal  concen t ra t i ons  w i t h  

s i n i i l  a r  va l  ues o f  R-square. The a t t e n u a t i o n  o f  r u n o f f  r e l a t e d  heavy 

meta ls  i n  t h e  sediment phase was found t o  be: 

Most Rapid Least Rapid 
A t t enua t i on :  Fe < Zn < Cd < Pb < C r  < Mn < A1 < N i  < Cu: A t t enua t i on  

The ca l  cu l  a ted  reg ress ion  equat ions  f o r  r u n o f f  re1 ated metal  

accumulat ions were used t o  es t ima te  t h e  e x t e n t  o f  meta l  m i g r a t i o n  

from r u n o f f  re1 ated sources by  e s t i m a t i o n  o f  t h e  depths necessary t o  

reduce r u n o f f  accumulat ions by 90 percen t  and 99 pe rcen t  t o  va lues 

w h i c h  a r e  1 0  p e r c e n t  and 1 p e r c e n t  above e s t i m a t e d  backg round  

1  eve1 s. A1 1  r u n o f f  re1 a ted  accumul a t  i o n s  were reduced i n  

concen t ra t i on  by 90 percen t  i n  t h e  f i r s t  10 cm o r  l e s s .  

A1 though t h e  s u b s t a n t i  a1 m a j o r i t y  o f  metal  spec ies were 

a t tenua ted  i n  t h e  f i r s t  5-10 cm o f  sediments, t h e  depths necessary 



t o  ach ieve 99 percen t  r educ t i ons  i n  r u n o f f  accumulat ions,  based on 

t h e  c a l  c u l  a ted  r e y r e s s i  on equat i ons , suggest t h a t  sediment 

concen t ra t i ons  o f  c e r t a i n  me ta l s  may be s l o w l y  m i g r a t i n g  t o  lower  

dep ths .  However, t h e  v e r t i c a l  ex ten t  o f  t h i s  sediment-assoc ia ted 

m i g r a t i o n  appears t o  be 1  i m i t e d  s i nce  a l l  metal  spec ies were reduced 

i n  c o n c e n t r a t i o n  by  9 9  p e r c e n t  w i t h i n  20 cm o r  l e s s .  'These 

c a l c u l a t i o n s  s u g g e s t  a  s t r o n g  s t a b i l i t y  o f  t h e  m e t a l  sed imen t  

assoc ia t i ons  s ince,  a f t e r  e i g h t  years  o f  metal  accumulat ions i n  t h e  

Mai t l  and Pond, most metal  s  assoc i  a ted  w i t h  sediments have re~na i  ned 

i n  t o p  1U cm o f  t h e  sediment l a y e r .  

D i f f u s i o n  c o e f f i c i e n t s  were es t imated  f o r  t h e  r u n o f f  r e l a t e d  

meta l  sediment a s s o c i a t i o n s  f rom a  b a s i c  mass ba lance approach. 

Est imated d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  movement o f  sediment 

2 a s s o c i a t e d  concen t ra t i ons  were, i n -  genera l ,  l e s s  t han  1 cm /year. 

T h i s  d i f f u s i o n  i s  much s lower  than  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  

+ + 
movement o f  ma jo r  yroundwater i o n s  such as K and Na . 

Cur ren t  S t a b i l i t y  o f  Metal-Sediment.  
Assoc ia t ions  i n  t h e  M a i t l  and Pond Sediments 

The s t a b i l i t y  o f  metal-sediment a s s o c i a t i o n s  was eva lua ted  f rom 

t h e  r e s u l t s  o f  severa l  d i f f e r e n t  analyses. F i r s t ,  a  sequent ia l  

e x t r a c t i o n  procedure was used t o  determine meta l  s p e c i a t i o n  i n  

c o m p o s i t e  samples o f  each o f  t h e  f i v e  v e r t i c a l  co re  l aye rs .  Metal  

speci  a t i  ons were d i  v i  ded i n t o  so l  ub l  e, exchangeabl e, carbonate 

bound, bound t o  Fe/Mn ox ides,  and o rgan i c  bound f r a c t i o n s .  i t  i s  

g e n e r a l l y  be1 i eved  t h a t  t h e  s t a b i l i t y  o f  t h e  metal-sedlment 



a s s o c i a t i o n s  i ncreases i n  t h e  same order .  Co r re l  a t i o n s  between 

sed iment  metal  concen t ra t i ons  and sediment concen t ra t i ons  o f  i r o n ,  

manganese, and o rgan ic  con ten t  were a l s o  examined t o  a i d  i n  

d e s c r i b i n g  these  assoc ia t ions .  I n  a d d i t i o n ,  an i n c u b a t i o n  apparatus 

was cons t ruc ted  which a l lowed simul taneous c o n t r o l  o f  pH and redox 

p o t e n t i  a1 i n  sediment suspensions t o  s imu la te  metal  adso rp t i on  o r  

deso rp t i on  under v a r i o u s  env i ronmenta l  cond i t i ons .  

The r e s u l t s  f rom t h e  s p e c i a t i o n  and redox exper iments combined 

w i t h  t h e  analyses o f  t h e  sediment metal  concen t ra t i ons  p resen ts  

evidence t h a t  under t h e  c u r r e n t  c o n d i t i o n s  o f  redox p o t e n t i a l  and pH 

w i t h i n  t h e  sediments o f  t h e  Ma i t l and  pond, metal  species,  w i t h  t h e  

e x c e p t i o n s  o f  cadmium and manganese, a r e  s t a b l e  and e x i s t  i n  

r e 1  a t i v e l y  immobi 1  e  a s s o c i a t i o n s  w i t h  Fe/Mn ox ides  and o rgan i c  

m a t t e r .  The o n l y  excep t ion  t o  t h i s  appeared t o  be w i t h  l e a d  which 

i s  a p p a r e n t l y  h e l d  t o  a  l a r g e  d e g r e e  i n  a  s t r o n g  exchangeab le  

assoc ia t i on .  Chauges i n  redox p o t e n t i a l  f rom s t r o n g l y  o x i d i z e d  t o  

s t r o n g l y  reduced c o n d i t i o n s  d i d  n o t  appear t o  a f f e c t  t h e  re l ease  o f  

m e t a l s  f rom t h e  sediments under c u r r e n t  pH va lues o f  7.5-8.5. The 

r e 1  ease o f  most meta ls ,  except  cadmium and manganese, f rom t h e  

s e d i ~ i i e n t  phase t o  t h e  wate r  phase was s u b s t a n t i a l l y  l e s s  than  1% of 

t h e  t o t a l  metal p resen t  even a f t e r  severa l  weeks o f  i ncuba t i on .  

However, cadmium and manganese appear t o  be l e s s  t i g h t l y  bound t o  

s e d i m e n t s  t h a n  o t h e r  m e t a l s .  The r e l e a s e  o f  b o t h  cadmium and 

manganese i n t o  so l  u t i o n  f rom t h e  sediment phase d u r i n g  i n c u b a t i o n  

was equal t o  approx imate ly  5% o f  t h e  t o t a l  metal  present .  



Meta l  assoc ia t i ons  i n  t h e  upper sediment l a y e r  appear t o  be 

1  a r g e l y  r e s i d u a l  i n  na tu re  i n d i c a t i n g  t h a t  they  have become s l ow l y  

i nco rpo ra ted  i n t o  a  stab1 e  c r y s t a l  1  a t t i c e '  over  t ime. T h i s  makes 

much o f  t h e  meta l  mass p resen t  i n  t h e  upper sediments u n a v a i l a b l e  

f o r  re1 ease under any n a t u r a l  cond i t i ons .  Th i  s  r e s i d u a l  f r a c t i o n  

was found t o  decrease w i t h  i n c r e a s i n g  sediment depth. T h i s  suggests 

t h a t  me ta l s  bound t o  deeper sediments may be more s u s c e p t i b l e  t o  

r e l ease  mechanisms than  meta ls  i n  t h e  su r f ace  l aye r .  

Impacts o f  Stormwater Management 
Systems on Local  Groundwater 

Mu1 t i p o r t  groundwater m o n i t o r i n g  we1 1  s  were i n s t a l  1  ed t o  depths 

o f  6 m  a t  f i v e  l o c a t i o n s  i n  t h e  M a i t l a n d  In terchange i n  r e t e n t i o n  

pond, swal e, and c o n t r o l  areas. Groundwater sampl es were c o l  1 ec ted  

on a  month ly  b a s i s  f o r  16 months f rom f i v e  sample p o r t s  on each 

m o n i t o r i n g  w e l l .  The mu1 t i p o r t  m o n i t o r i n g  w e l l s  used i n  t h i s  

r e s e a r c h  resu l  t e d  i n minimal groundwater d i  sturbance and appear t o  

b e  w e l l  s u i t e d  f o r  a p p l i c a t i o n s  i n v o l v i n g  m o n i t o r i n g  o f  heavy  

meta l  s. 

I n  general  , mean concen t ra t i ons  o f  a1 1  heavy metal  s  measured, 

except  copper, were g rea te r  beneath t h e  pond than  w i t h i n  t h e  pond. 

F o r  c e r t a i n  heavy metal s  such as z inc,  manganese, a1 uminum, and . 
i r o n ,  measured concen t ra t i ons  i n  groundwaters were f rom 5 t o  75 

t imes  as g r e a t  as measured c o n c e n t r a t i o n s  i n  t h e  pond water.  

A n a l y s i s  o f  v a r i a n c e  p r o c e d u r e s  were used t o  e s t i m a t e  t h e  

v e r t i c a l  e x t e n t  o f  t h e  m i g r a t i o n  o f  heavy meta ls  i n  t h e  aqueous 



phase. Zinc,  manganese, a1 uminum, and i r o n  were s i g n i f i c a n t l y  

h i g h e r  i n  groundwater beneath t h e  pond than  i n  t h e  pond a t  a l l  

depths t es ted .  The e x t e n t  o f  s i g n i f i c a n t l y  h i ghe r  concen t ra t i ons  o f  

l e a d  extended t o  t h e  1-3 m dep th  w h i l e  n i c k e l ,  cadmium, and chromium 

ex tended  t o  t h e  0.5-1.0 m range. Copper was found t o  be 

s i g n i f i c a n t l y  h i ghe r  i n  t h e  pond water  than i n  groundwater i n  a l l  

analyses. Average concen t ra t i ons  o f  z inc ,  manganese, aluminum, and 

i r o n  were found t o  be 4, 12, 8, and 50 t imes  g r e a t e r  r e s p e c t i v e l y ,  

i n  groundwater than  i n  t h e  pond water .  Concent ra t ions  o f  cadmium 

and i r o n  i n  groundwaters exceeded water  qua1 i t y  c r i t e r i a  f o r  Class 

I 1 1  waters  s p e c i f i e d  i n  Chapter 17-3 o f  t h e  F l  o r i d a  A d m i n i s t r a t i v e  

Code. 

However, i n  s p i t e  o f  t h e  inc reased  metal  concen t ra t i ons  beneath 

t h e  pond, t h e  sediments a r e  c l e a r l y  t h e  p r imary  s i n k  f o r  heavy 

m e t a l s .  C o n c e n t r a t i o n  r a t i o s  be tween  t h e  pond w a t e r  and t h e  

groundwater i n d i c a t e  t h a t  a l l  meta l  species,  except copper, have a 

g r e a t e r  a f f i n i t y  f o r  t h e  groundwater phase than  t h e  pond phase and 

a r e  l e a c h i n g  i n t o  groundwaters t o  some degree. The o rde r  o f  re1 ease 

p o t e n t i a l  o f  heavy meta ls  i n t o  groundwater was es t imated  t o  be: 

Least Most 
Mob i le :  CU < C r  < Pb < N i  < Cd < Zn < Mn = ~1 < Fe: ~ o b i l ~  

and was found t o  be i n v e r s e l y  r e l a t e d  t o  t h e  o rder  o f  a t t e n u a t i o n  

f o r  meta l  spec ies i n  t h e  sediment phase. The magnitude o f  t h e  

r e l e a s e  i n t o  groundwaters was found t o  c l o s e l y  correspond t o  t h e  



o r d e r  o f  r e l e a s e  p r e d i c t e d  by t h e  i n c u b a t i o n  exper iments conducted 

under n a t u r a l  c o n d i t i o n s  o f  no pH c o n t r o l .  

Comparisons o f  Groundwater Concen t ra t ions  
Beneath t h e  Pond, Swale, and Con t ro l  Areas 

I n  genera l  , i t  was found t h a t  a1 1 heavy meta l  s t es ted ,  w i t h  t h e  

excep t ions  o f  copper and n i c k e l ,  a r e  s i g n i f i c a n t l y  h i ghe r  i n  

c o n c e n t r a t i o n  beneath swal e areas t han  beneath t h e  r e t e n t i o n  pond. 

For  manganese, aluminurn, i r o n ,  lead,  and chromium, t h e  inc reases  

benea th  swale areas a r e  more s i g n i f i c a n t  t han  f o r  t h e  rema in ing  

m e t a l s .  It was suggested t h a t  t h e  r e l a t i v e l y  r a p i d  i n f i l t r a t i o n  

r a t e s  t h rough  t h e  swale areas and t h e  r e s u l t i n g  s h o r t  c o n t a c t  t i m e  

w i t h  s o i l  p a r t i c l e s  combine t o  produce a l owe r  removal e f f i c i e n c y  

i n t o  t h e  s o l i d  phase i n  swale areas t han  i n  r e t e n t i o n  ponds where 

d i f f u s i o n  and t r a n s p o r t  i s  ve ry  slow. 

The re1  ease o f  heavy meta l  s i n t o  ~ ~ n d e r l y i  ng groundwaters 

appears t o  be d i f f e r e n t  f o r  c e r t a i n  meta l  spec ies i n  d r y  swale areas 

than i n  wet swale areas. Under wet, reduced c o n d i t i o n s ,  aluminum, 

manganese, and i r o n  a r e  re leased  i n t o  groundwaters t o  a 

s i - g n i f i c a n t l y  g r e a t e r  degree than  i n  a d r y  o x i d i z e d  area. However, 

l e a d  was found t o  be re leased  i n t o  groundwaters t o  a g r e a t e r  degree 

i n  d r y  swale areas than  i n  wet swale areas. It i s  b e l i e v e d  t h a t  

s l  ower i n f i  1 t r a t i o n  r a t e s  combined w i t h  inc reased  o p p o r t u n i t i e s  f o r  

exchange  r e a c t i o n s  i n  t h e  wet a rea  f a v o r  r e t e n t i o n  o f  l e a d  i n  t h e  

sediments. These r e s u l t s  agree c l o s e l y  w i t h  t h e  r e s u l t s  o f  t h e  

i n c u b a t i o n  exper iments.  



Transpo r t  o f  Heavy Meta ls  i n  Groundwater Flow 

As a  r e s u l t  o f  a  ve ry  smal l  h y d r a u l i c  g rad ien t ,  h o r i z o n t a l  

movement o f  groundwater i n  t h e  Ma i t l and  area was c a l c u l a t e d  t o  be 

l e s s  t h a n  10 m p e r  y e a r .  It appea rs  t h a t  v e r t i c a l  up and down 

movement w i t h  changes i n  seasonal water t a b l e  may be more impo r tan t  

than h o r i z o n t a l  movement. As a  r e s u l t ,  t h e  con tamina t ion  appears t o  

be ve ry  l o c a l i z e d .  Since t h e  h y d r o l o g i c  c o n d i t i o n s  p resen t  a t  t h e  

Ma i t l and  s i t e  a r e  s i m i l a r  t o  c o n d i t i o n s  a t  many o t h e r  s i t e s  i n  

C e n t r a l  F l o r i d a ,  i t  appears very  u r l l i k e l y  t h a t  heavy meta ls  from 

r e t e n t i o n  ponds a long  highway systems i n  t h e  Cent ra l  F l o r i d a  area 

w i l l  pose a  po l  1  u t i o n  hazard t o  nearby s u r f a c e  and yroundwaters. 

P o t e n t i a l  f o r  Fu tu re  M o b i l i z a t i o n  o f  Heavv 
Meta ls  f rom t h e  Ma i t l and  Pond Sediments 

Natura l  ag ing  processes w i t h i n  r e t e n t i o n  ponds as we1 1  as 1  akes 

r e s u l t  i n  t h e  inc reased  d e p o s i t i o n  o f  o rgan i c  m a t t e r  t o  t h e  bottom 

sedi~ i ients  p r i m a r i l y  as a  r e s u l t  o f  t h e  dea th  and decay o f  b o t h  p l a n t  

and animal mat te r .  As these  processes occur  i t  has o f t e n  been 

observed t h a t  sediments become more reduced and decrease i n  pH. 

Al though t h e  i n c u b a t i o n  exper iments i n d i c a t e d  t h a t  most metal  

s p e c i e s  a r e  s t a b l e  and t i g h t l y  bound t o  sediments under c u r r e n t  

c o n d i t i o n s  o f  redox p o t e n t i a l  and pH, decreases i n  pH were found t o  

inc rease  t h e  s o l u b i l i t y  o f  a1 1  heavy me ta l s  tes ted .  Changes i n  

redox p o t e n t i a l  produced no s i g n i f i c a n t  changes i n  re1 ease ra tes .  

The r e s u l t s  suggest t h a t  as t h e  M a i t l a n d  pond ages and 

accumula t ions  o f  o r g a n i c  m a t t e r  i n  t h e  sediments beg in  t o  cause 



sediment pH va lues  t o  decrease, m o b i l i z a t i o n  o f  a1 1 metal  spec ies 

t e s t e d  w i l l  i n c rease  and re l ease  t o  groundwaters may occur. 

A l t h o u g h  a l l  m e t a l s  were  f o u n d  t o  i n c r e a s e  i n  s o l u b i l i t y  w i t h  

dec reases  i n  pH, t h e  re l ease  was i n  general ,  o n l y  a small f r a c t i o n  

of t h e  t o t a l  sediment me ta l s  present .  For  z inc ,  i r o n ,  aluminum, 

copper, and chromium, t h e  maximum re lease  was l e s s  than  3 percen t  of 

t h e  t o t a l  ac i d -ex t rac ted  metal  i n  t h e  sediments, even a t  t h e  most 

ex t reme pH va lue  t e s t e d  o f  5.0. For  n i c k e l  and lead,  t h e  re lease  

e x t e n d e d  as  h i g h  a s  6-7 p e r c e n t  a t  a pH o f  5.U. However, t h e  

r e l e a s e  o f  cadmium and manganese i n t o  groundwaters can be expected 

t o  inc rease  s u b s t a n t i a l  1 y as t h e  sediments become more ac id .  

Manganese and cadmium were found t o  i nc rease  i n  so l  u b i l  i t y  

s u b s t a n t i a l l y  as sediment pH decreases w i t h  a lmost  t o t a l  r e l ease  o f  

manganese and 25-35 percen t  r e l ease  o f  cadmium a t  a pH o f  5.0. 

Re1 eases o f  t h i s  inagni tude  may produce measurabl e inc reases  i n  

g r o u n d w a t e r  c o n c e n t r a t i o n s  b e n e a t h  t h e  pond. I n  t h e  c a s e  o f  

cadmium, a h e a l t h  hazard may be p resen t  under these  extreme 

cond i t i ons .  

The r e s u l t s  suggest t h a t  maintenance procedures may be 

necessary a f t e r  a p e r i o d  o f  t i m e  t o  remove t h e  accumulated sediment 

depos i t s  which may cause c o n d i t i o n s  o f  1 ow pH and re1 ease o f  metals.  

From t h e  r e s u l t s  ob ta ined  i n  these  i n v e s t i g a t i o n s  t h e  f o l l o w i n g  

speci  f i  c concl  u s i  ons were reached : 

1. Measured concen t ra t i ons  o f  heavy me ta l s  i n  highway runoff  

co \  1 ec ted  a t  t h e  M a i t l  and In te rchange d u r i n g  1983-84 showed 



cons ide rab le  v a r i  ab i  1  i ty  between s torm events as we1 1  as d u r i n g  

s to rm events. 

2 .  W i t h  t h e  except ions o f  copper and cadmium, t h e  m a j o r i t y  of 

m e t a l  spec ies  were present  i n  a  p a r t i c u l a t e  form. The most common 

v e h i c l e  r e l a t e d  heavy meta ls  found i n  highway r u n o f f  a t  t h e  Ma i t l and  

s i t e  were l e a d ,  z i n c ,  and  c o p p e r  w h i c h  t o g e t h e r  a c c o u n t e d  f o r  

a p p r o x i m a t e l y  9 1  p e r c e n t  o f  t h e  d i s s o l v e d  heavy m e t a l s  and 94  

percen t  of  t h e  t o t a l  metal  concen t ra t ions .  

3. The Ma i t l and  pond was found t o  be very  e f f e c t i v e  i n  removal 

o f  heavy metal  i n p u t s  f rom highway runo f f .  P a r t i c u l a t e  spec ies of 

most m e t a l s  were removed i n  t h e  range o f  75-95 percen t  w i t h  most o f  

t h i s  mass r e t a i n e d  i n  t h e  pond sediments w i t h i n  a  d i s t a n c e  o f  60-90 

m f r o m  t h e  stormwater i n l e t .  I n  general ,  d i s s o l  ved forms o f  heavy 

meta ls  were removed t o  a  l e s s e r  degree t han  p a r t i c u l a t e  i n p u t s  w i t h  

e f f i c i e n c i e s  near  50 percen t  f o r  most metals.  

4. Mean concen t ra t i ons  o f  heavy meta ls  w i t h i n  t h e  pond were 

w i t h i n  water  qua1 i t y  c r i t e r i a  e s t a b l  i shed  i n  Chapter 17-3 o f  t h e  

F l o r i d a  Hdmini s t r a t i v e  Code (F.A.C.) f o r  Class 111 ( r e c r e a t i o n a l  ) 

waters.  

5 .  Measured concen t ra t i ons  o f  t o t a l  heavy me ta l s  i n  t h e  

sediments  o f  t h e  M a i t l  and pond e x h i b i t e d  h i ghes t  concen t ra t i ons  i n  

t h e  s u r f a c e  l a y e r  w i t h  a  r a p i d  d e c l i n e  i n  c o n c e n t r a t i o n  w i t h  

i n c r e a s i n g  depth. 

6. A f t e r  e i g h t  yea rs  o f  accumulat ions i n  t h e  M a i t l a n d  pond, 

most meta ls  assoc ia ted  w i t h  sediments have remained i n  t h e  t o p  10 cm 

o f  t h e  sediment l a y e r .  



7. Under c u r r e n t  cond i t i ons  o f  redox p o t e n t i a l  and pH w i t h i n  

t h e  sediments o f  t h e  Mai t land  pond metal  species, w i t h  t h e  poss ib le  

e x c e p t i o n s  o f  cadmium and manganese, a r e  s t a b l e  and e x i s t  i n  

r e 1  a t i  ve l y  immobile assoc ia t ions  w i t h  Fe/Mn ox ides and organic  

matter.  

8. I n  general, mean concent ra t ions  o f  a1 1  heavy meta ls  

measu red, except copper, were g r e a t e r  i n groundwaters beneath t h e  

pond than w i t h i n  t h e  pond. Average concent ra t ions  of z inc ,  

manganese, aluminum, and i r o n  were found t o  be 4, 12, 8, and 50 

t imes grea ter ,  r espec t i ve l y ,  i n  sha l low groundwater than i n  t h e  pond 

water. The ex ten t  o f  s i  gn i  f i  c a n t l y  h igher  groundwater 

concen t ra t i ons  o f  n i c k e l ,  cadmium, and chromium extended t o  depths 

o f  0 .5-1.0 m, l e a d  ex tended  t o  t h e  1 -3  m range,  w h i l e  z i n c ,  

a1 uminum, manganese, and i ron were e l  evated i n  concent ra t ions  pas t  

t h e  6 m sample depth. 

9 .  V i o l a t i o n s  o f  C l a s s  111 w a t e r  q u a l i t y  c r i t e r i a  were 

present  f o r  both cadmium and i r o n  i n  groundwaters beneath the pond. 

10. However, t h e  h o r i z o n t a l  movement o f  groundwaters i n  t h e  

study area was l e s s  than 10 mlyear and as a  r e s u l t ,  t h e  i n f l uence  of 

t h e  pond on groundwaters was ext remely l oca l i zed .  

11. I n  general , i t  was found t h a t  a1 1  heavy meta ls  tested,  

w i t h  t h e  except ions o f  copper and n i c k e l ,  a re  s i g n i f i c a n t l y  h ighe r  

i n  concen t ra t i on  beneath swale areas than beneath t h e  r e t e n t i o n  

pond. Aluminum, manganese, and i r o n  were found t o  be h ighe r  i n  

c o n c e n t r a t i  ons i n  groundwaters beneath "wet" swal e  areas whi 1  e  1  ead 

was h i  gher beneath "d ry"  swale areas. 



12.  As sediment accumulat ion occurs i n  r e t e n t i o n  ponds over  

t ime,  t h e  corresponding decreases i n  pH and ORP o f  t h e  sediments 

w i l l  i n c rease  t h e  re l ease  of metal  i o n s  i n t o  groundwaters. The 

e f f e c t  of r educ t i ons  i n  pH were found t o  be more impo r tan t  than  

r e d u c t i o n s  i n  ORP i n  r e g u l a t i n g  t h e  re l ease  o f  metal  species. For  

z i nc ,  i r o n ,  aluminum, copper, and chromium, t h e  maximum re lease  was 

found t o  be l e s s  t han  3 percen t  o f  t h e  t o t a l  metal  p resen t  i n  t h e  

sediments,  even a t  an extreme sediment pH o f  5.0. For  n i c k e l  and 

1  ead, t h e  re l ease  extended as h i g h  as 6-7 percen t  w h i l e  cadmium was 

re leased i n  q u a n t i t i e s  as g r e a t  as 25-30 percen t  and manganese was 

a1 most t o t a l  l y  re1 eased f rom t h e  sediments. These re1 eases may 

produce measurable i ncreases i n  groundwater concen t ra t i ons  beneath 

t h e  pond. 

From t h e  f i e 1  d  and 1  abora to ry  i n v e s t i g a t i o n s  conducted as p a r t  

o f  t h i s  research, t h e  f o l l  owing recommendations a r e  made concern ing 

design and management o f  stormwater management systems: 

1. Re ten t i on  o r  d e t e n t i o n  des igns which i n t e n d  t o  maximize 

heavy metal  removal f rom highway i n p u t s  shou ld  p r o v i d e  phys i ca l  

c o n f i g u r a t i o n s  which encourage a  gradual r e d u c t i o n  i n  f l o w  v e l o c i t y  

i n s i d e  t h e  pond t o  a i d  i n  sed imenta t ion  o f  p a r t i c l e s .  The d i s tance  

from t h e  p o i n t s  o f  i n p u t  t o  t h e  d ischarge  p o i n t  f rom t h e  pond should 

be maximized. The des ign should be c a r e f u l l y  analyzed t o  avo id  

p o s s i b l e  s h o r t  c i  r c u i t i n g  o f  f l o w s  as w e l l  as h y d r a u l i c a l l y  dead 

zones. 



2 .  Maintenance procedures may be necessary i n  r e t e n t i o n /  

d e t e n t i o n  systems a f t e r  a  p e r i o d  o f  o p e r a t i o n  t o  remove t h e  

accumulated sediment d e p o s i t s  which may cause c o n d i t i o n s  o f  l ow pH 

and r e l e a s e  o f  m e t a l s .  S i n c e  t h e  g r o w t h  and enc roachmen t  o f  

vege ta t i on  i n t o  t h e  pond wi 11 a c c e l e r a t e  t h e  accumula t ion  of o rgan i c  

mat te r ,  i t  i s  recommended t h a t  vege ta t i on  be c o n t r o l  l e d  as much as 

poss ib le .  Based on t h e  es t ima ted  o r g a n i c  l a y e r  accumula t ion  r a t e  of 

1 cm/y r  i n  t h e  M a i t l a n d  pond, a  maintenance o r  c l eanou t  p e r i o d  of 

10-15 y e a r s  seems reasonable.  However, i t  i s  beyond t h e  scope of  

t h i s  research  t o  e v a l u a t e  t h e  s p e c i f i c  t i m i n g  o f  maintenance 

procedures. F u r t h e r  research  i n  t h i s  area i s  s t r .ong ly  recommended. 

3. Research i s  recommended t o  develop gu ide1 i n e s  f o r  

d e t e r m i n a t i o n  o f  optimum s i z i n g  r e t e n t i o n / d e t e n t i  on ponds based on 

water  q u a l i t y  improvements. P o l l u t a n t  l o a d i n g  parameters and 

hydrau'l i c  d e t e n t i o n  t imes  may be u t i l i z e d  as des ign  c r i t e r i a .  




