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ABSTRACT 

Various  reports  concerning  the  toxicity  of metals t o  

a q u a t i c   l i f e ,   l i v e s t o c k ,   a g r i c u l t u r a l ,  and human populations 

show l a r g e   v a r i a b i l i t i e s  i n  their reported  toxic  limits. 

The v a r i a b i l i t y  i s  largely  de?enaent upon the  metal   copound 

used i n  the   t ox ic i ty  tes t ,  the  chemical   character is t ics   of  

the  water  used in  t h e   t o x i c i t y  tes t ,  and the  type  of  aquatic,  

animal ,   or   Flant   species   exposed  to   the  metal .  

A quant i ta t ive   charac te r iza t ion  of the-  stable  aqueous 

meta l   spec ies   in  a given  natural  stream  environment v7ould be 

of   benefi t  Ln eva lua t in s   t he   e f f ec t  of metals  on  the  ecology 

of a stream  or river. Such an ana lys i s   vou ld   f ac i l i t a t e   accu ra t e  

descr ipt ion  of   the  chemical   qual i ty   of   natural   waters  and the  

' subsecuent  implementation  of  vater  quality  standards  for  trace 

metal   concentrations.  

The Red River i n  northern Mew Nexico; in  t h e   v i c i n i t y   o f  

Volybdenum Corporation  of.America's  open p i t  molybdenum mine 

was se lec ted   for   th i s   s tudy   because   the  stream i s  perennial, 

has r ec rea t iona l  and domestLc uses ,  and may be   rece iv ing  metal 

contaminant  inouts  from  other  than  natural  weathering  processes. '  

After  analyzing  the metal and ligand  components, a computer 

program vas u t i l i z e d   t o  accomplish  distribution of metals 

among various  aqueous  species a t  two l o c a t i o n s   i n  the Red River 

near Questa, 2Je.i.r Ifexico. The concentrat ion  of  the s t a b l e  metal 

species  was then compared to   ava i l ab le   t ox ic i ty   da t a   t o   s ee  

i f  t ox ic  limits were  being  exceeded. The s t a b l e  aqueous n e t a l  



species concentrations did  not exceed toxic levels. However, 

the  concentration of calcium at  one of  the sampling locations 

was found to exceed the recomnended limit of concentration 

for domestic use. 
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I. INTRODUCTION 

A. Statement of  Problem 

Toxicologists' and goverment agencies  concerned  with 

establishing  water  quality  criteria  have, i n  the  past,  studied 

the  effects of metal  contanination in  natural   water on the 

basis of t o t a l  metal  concentration. Data concening the  toxicit ies 

of metals (?lcIcKee and Iiolf, 1971) indicates   that  a certain  metal 

may have an extremely  varied  toxic  effect dependin2 upon: 

(1) which metal compound ~7as used in   the   tox ic i ty   t es t   ( ie .   as  

a ch lor ide ,   su l fa te ,   n i t ra te ,   e tc . ) ,  (2) the  tvpe of water 

used for   the  tes t   ( ie .   h izhly  a lkal ine  water ,   d is t i l led  water ,  

ac id ic   va te r ,   e tc . ) ,  and t(3) the  aquatic animal or ?lant ,s?ecies  

exposed t o  the  Getal.  Evaluation of these  extremely  varied 

reports on toxic  levels of metals in  order t o  establish  water 

quality  standards  in  terns of trace  metal  concentrations i s  

tenuous.  In  order t o  i l lus t ra te   th i s   var iab i l i ty   in   repor ted  

toxic limits, a com9ilatlon of toxic  l imits  for a variety of 

metals (%?Lee and Wolf, OD " c i t )  i s  presented  in  Table 1. 

B. Objective 

The purpose of this   thesis  i s  t o  characterize  the 

equilibrium  distribution of aqueous ??a, IC, Ca, Tlg, Fe, >In. A I ,  

Cu, N i ,  Sn, 140, Si02, OH, C03,  liC03, SO4 and C 1  i n  a natural  

stream envi-nment whic5 nay be receivins  metal  contaminant 

inputs from other  than  natural  weathering  processes.  \hen  the 

distributionof aqueous metal  snecies  are  cpantitativelg  evaluated, 

their  concentration will be compared with  the  toxic limits 
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sho1.m i n  Table 1, in  order  t o  determine  whether o r  not  toxic . 

limits are being  exceeded. 

C.  Stud77 Location 

The Red River in  northern Xew Xexico, in  the  kicini ty  of 

Molybdenum Corporation of America's (hereafter  reffered t o  

as, EICA in   the  text)  onen p i t  molybdenum  mine  was selected  for 

t h i s  study  because  the  stream i s  perennial,  has  recreational 

and domestic uses, and may be recetving  metal contaminant  i-nputs 

from other  than  natural  weathering  processes.  Presented  in 

Figure 1 i s  the sampling area  that  was studied on the Xed River, 

with  the  location of  sampling s i t e s ,  molybdenum mine, and the 

molybdenum  mine ta i l ings  pond. 
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Tahle 1. 

Toxicity  Values  for  Various 
Metal Compounds 

i Toxicitv '  ' 

1.0 - 5.0 

6.7 

0.5 

25.0 

250.0 

30.0 

10,000. 

10,000. 

100.0 

Effec t  

i n j u r y   t o  
roots,   reduced 
groTth 

immobilization  Daphnta map;na 

l e t h a l  s t ick leback  

reduced 
growth 

SusceDtible 
species 

I 

oa t s  

I 

letsal I bass ,  minno&, goldf i sh  

recommended limit for  domestic  use 

loss of 
appe t i t e  

l e t h a l  f i s h  

l e t h a l  bas s ,   ca rp ,   t rou t  

COWS 

non-toxic a t  s a t u r a t i o n   l e v e l s   f o r   f i s h  and c a t t l e  
I 

1.0 U.S.P.H.S. l i m i t  for  domestic use 

0.17 - 0.20 
anataeonis t ic   wi th  I.lo rec iproca l ly  

l z tha l   ba r l ey ,   suga r   bee t  

0.02 threshold   for   benef ic ia l  gro<7th' of 
a q u a t i c   l i f e  

I 

0.009 goldf i sh  lethal 

1.25 sunf i sh  96 h r .  TLm 

a l i   concent ra t ions   repor ted  as ppm. 
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Toxici ty  

56,000. 

0.14 

1 .0  - 100. 

0.72 

40.0 

10,000. 

152. 

2,000. 

500. 

1,000. 

1 .0  - 10.0 

5.0 - 10.0 

150. - 500. 

12.0 

150. - 200. 

1,000. 

1;o - 10.0 

2.5 - 5.0 

16.0 

2,000. 

1,000. 

3,600. 

524. 
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Effec t  
Sus'ceptible 

species  
I 

96 hr. TLm 

harmful 

l e t h a l  

l e t h a l  

immobilizat 

96 hr. TLm 

i m o b i l i z a t :  

inh ib i ted  
growth 

l e t h a l  

purgative 

harmful 

harmful 

harmful 

l e t a l  

ch loros is  

l e t h a l  

l e t h a l  

reduced groT 

to le rance  
l eve l  

Xethal 

l e t h a l  

100 hr.  TLm 

100 hr .  TLm 

sunf i sh  

t rou t  

goldf i sh  

carp 

In Daphnia magna 

mosq,uito f i s h  

In Daphnia magna 

beans 

minnows 

human 

legumes 

. tomatoes 

o a t s  

minnows 

oa t s  

f ish 

fish 

h oa t s  

eels 

minnows 

b l u e g i l l s  

Daphnia magna 

Daphnia m a m a  
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Metal 

l e tha l  146.  SnC14 

Effect Toxicity 

SnC12 

5.0 (forage) molybdenosis If0 
injurous 4 0 .  KOO; 

l e tha l  25. 

molybdenosis CUIYO 2 MO 

(scour) 

. 
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species 

Daphnia m a n n a  

Daphnia ma,qa 

sugar  beets 

. c a t t l e  

c a t t l e  

a' 
. -  
.... 
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11. SAWLIIJG AND EXPERIXENTAL  CONSIDEPATIONS 

A. Sampling Schedule 

Shown i n   F i g u r e  1 is  the.   area  on  the Red "nver t h a t   v a s  

s tud ied .  Water samples were  collected  from two pos i t ions  

along the river: loca t ion  A i s  one-half  mile  upstream from 

the FICA m i l l ,  loca t ion  B i s  located  one-half mile downstream 

from t h e  XCA t a i l i n g s  pond discharge  point  and  immediately 

upstream  from  the Red River Fish  Eatchery. 

A t  8:OO A.?I. on  June  4,  1974,  sampling comraenced a t  sample 

s i te  A .  Five  samples  were  collected a t  evenly  spaced  locations 

l a t e r a l l y   a c r o s s   t h e  stream. Five  samples  were  collected a t  

these   loca t ions   wi th in  a ten minute ,interval every  three  hours 

for  twenty-four  ,hours. The same samplfng  schedule  vas  utilized 

a t  sample s i te  I3 commencing a t  8:OO A . X .  on June 6 ,  1974. 

- 
B. Sampling  Procedure 

Each s a q l e  was c o l l e c t e d   i n  a one l i t e r  polyethylene _. 

bot t le .   Prev ious ly   the   bo t t les   had   been   r insed   wi th   d i lu te  

n i t r i c  acid  followed by t h r e e   r i n s i n g s   w i t h   d i s t i l l e d  and . 

deionized  water. This washing  procedure  vas  repeated  three 

times for   each   bo t t le .   Pr ior   to   sample   co l lec t ion ,   the   bo t t le  

vas r insed   severa l  times with  stream  water.  Samnles vere then 

co l lec ted  by  submerging the  bot t le   to   approximately  half   of  

the  stream  depth and a l l o v i n g   t h e   w a t e r   t o   f i l l   t h e   b o t t l e .  

'Immediately a f t e r  szmple co l lec t ion ,   an   a l iquot  of the 

sam?le was removed to  determine  the  bicarbonate  concentration 
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by acid t i t r a t i o n ,   u s i n g  a f i e l d   t e s t  k i t .  The remainder  of 

t h e  sample ~7as  then  placed i n  a IJVC and luc i t e   pos i t i ve   p re s su re  

f i l t r a t i o n   a p a r a t u s ,  which a t i l i z e s  a 9 . 4 5  micron f i l t e r  t o  

remove a l l  suspended matter from  the  sample. After p lac ing  

the sa rp le  i n  t h e   f i l t r a t i o n   a p p a r t u s ,   t h e  sample b o t t l e  ~.7as 

p laced   benea th   the   device   to   co l lec t  t5e sample. Fil ter 

residues  and f i l t e r s  vere placed  in  srcall  polyethylene  bags 

and sealed.  ~ o ~ ~ o w i n g   f i l t r a t i o n ,   t h e   w a t e r   s a p l e s  were 

a c i d i f i e d   u s i n g   t h r e e   t o   f o u r   m i l l i l i t e r s  of concentrated 

n i t r i c   a c i d .  Sample  numbers indicate   locat ion,   t ime,  and 

posit ion  as  follows:  sample number A-1lh"I-3 i nd ica t e s   t ha t  the 

sample 1bias c o l l e c t e d   a t   s a u p l e   s i t e  A ,  during the 11 A . N .  

sampling  secuence,  and vas co l l ec t ed   i n   t he '   t h i rd   o r   midd le  

stream  posit ion.  

During  each three hour  samnling  sequence,  the  stream 

hydrogen  ion  activity ($1) and e lec t rode   po ten t ia l  (Eh) were 

measured  using a ?ortable  Orion pH meter. A t  bot?. sanpling 

locations,   stream  width  and  denth  profiles  vere  recorded. A t  

both  locat ions,  a stream  velocity  measurenent was  made by timing 

f loat ing  objects   throuzh a measured  sectioh  of  the  stream in  

order   to   obtain  an  approximation  of   the  s t ream  discharge  ra te .  

C .  Analytical  Techniques 

The analyt ical   techniques  used.for ' the  different   chemical  

components t h a t  were  analyzed i n   t h i s   s t u d y   a r e   l i s t e d   i n  

Table 2. 

A s  can  be  seen  'from  Table 2,, standard vet chemical 



9 .  

Table 2- 

Analytical  Techniques 

Chemical Component 

HC03 

so4 
c 1  

Na 

K 

Ca 

% 
Fe 

F.zn 

A1 

. cu 
N i  

Sn 

Mo 
*\ 

Si02  

Technique 

a c i d   t i t r a t i o n  

gravimetr ic  

m e r c u r i c   n i t r a t e   t i t r a t i o n  

' A.A.  spectroscopy  (flame) 

A,A. spectroscopy  (flane) 

EDTA t i t r a t i o n  

A.A.  spectroscopy  (flame) 

A.A.  spectroscopy  (graphite  furnace) 

A . A .  spectroscopy  (graphite  furnace) 

A . A .  spectroscopy  (graphite  furnace) 

A . A .  spectroscopy  (graFhite  furnace) 

A . A .  spectroscopy  (graphite  furnace) 

A . A .  spectroscopy  (graphite  furnace) 

th iocyanate   coFlexa t ion  
(color imetr ic)  

molybdate  complexation 
(color imetr ic)  



10. 

techniques  vere  used  for  the  analysis  of  anionic  or  ligand 

components,  and  atomic  absorption  spectrophotometry was 

utilized  for  the  majority of the  metals.  Appendices A and I3 

describe  the  instrumental  Tarameters  utilized for the  atomic 

absorption  spectrophotometer .in determining  metal  concentrations 

in the  water  sam?les. 1 .  

,Prior to doing work on the  atomic  absorption  s?ectro?hotoneter, 

filter  residues  were  treated  by a procedure  described  by  thc 

Environmental  Protection  Azency  (E.P.A., 1971). Besidues 

remaining  after  filtration through,a 0.45 micron  filter  are 

digested  in  warm  concentrated  nitric  acid,  and  then  diluted 

with distilled mter to . loo.  milliliters.  These  samples  were 
then  analyzed  by  atomic  absorption  spectrophotometry.  The 

E . P . A .  has defined  such  metal  concentrations as !'suspended 

metals"  (E.P.A., on cit). The  procedure  does not dissolve  any 

of the  solids,  but  rather  dissolves  adsorbed  netal  phases  from 

the  surface of tLe solids.  and  puts them in solution. By 

quantitatively  diluting  the  acid  residue  solution.  and  determining 

the  metal  concentrations in it, the  appropriate  stream  or  river 

concentration  may be determined by  knowing the original  sample . 

- " 

'< 

0 volume. 

For all  chenical  components  that  were  determined by 

spectrophotometry or  colorinetry,  standards  in  the  a??ronriate 

concentration  range had to be determined.  The  approoriate 

concentration  ranze  of the standards  for  each  metal  were 

determined  by  measuring  absorbance  values  for  various  metal 
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concentrations.  That  portion of a plot of concentration 

versus  absorbance  yielding a straieht  li3e  is  the  an?ropriate 

concentration  range  for  the  standards.  Standards in such a 

concentration  range  are  said  to be obeying  the  Beer-Lambert 

Lzn7 (Fischer, 1968). Once  absorbance  values  were  deternined 

for  the  metal  standards, a least  squares  linear  regressi-on 

computer  program was  utilized  to  find  the  best  line or equation 

to  describe  absorbance  in  the  concentration  range of  the 

standards. This equation was then  utilized  to  convert  ab.sorbance 

values of the  samples  to  concentration  values.  Listed in 

Appendices A and R ,  along with the  instrumental  paraneters 

for  each  metal,  are  the  equations  used  to  describe  the  standard 

curves,  the  nulti?le  correlation  coefficient,  and  th.e  standard 

error  of  the  estimate. A value of unity  for  the  multiple 

correlation  coefficient  indicates  that  the  regressed  enuation 

is a perfect  fit  for  the  data  used.  Lover  values of the 

multiple  correlation  coefficient  indicates  that  there  is  more 

scatter  in  the  data  used  to  make  the  standard  curve. Tne 

standard  error  of  the  estimate  is  the  parameter  that  describes 

how much  error  one  may  attribute  to  the  concentration 

values  derived  from  the  standard  curve  equation. 

Because of the  large  number of sadoles  that ;rere analyzed, 

standards  were run three  to four times  in  the  course of 

analyzing  all t!le samples  for  ea.ch  metal.  Each of these  sets 

of standards  was  used  to  recalibrate the absorbance  curve  which 

vas  then  applied  to tfiat set  of  standards;  ie. a nev7 equation 
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vas determined  for  each  nev  set   of  standards and s a q l e s .  

For  the sarrples t h a t  were run on the  graphi te   furnace,  a cha r t  

recorder  was u t i l i zed   t ha t   ampl i f i e s   t he   s igna l  from  the 

photomult ipl ier ,  and records a peak t h a t   i s ' p r o a o r t i o n a l   t o  

absorbance. It ~7as peak  heights  instead  of  absorbance  values 

t h a t  were recorded  for  these metals in order  to  determine 

standard  curves and  sample  concentrations. . .  

D. Equilibrium  Yodel __ 
The use o f  the term "equili'orium"  as it i s  used i n  this  

s tudy  requires  certain assumntions.  Equilibrium  does  not 

imply t h a t   t h e  aqpatic system  studied is  s t a t i c   o r  a t  s teady 

s t a t e  ~67ithi.n a ciosed  system.  Instead,  the  concept of homogeneous 

aqueous  equilibrium as appl ied i n  this study  assumes that  the 

r e a c t i o n   r a t e s  o f  the  aqueous  species  involved are s u f f i c i e n t l v  

r ap id   t o   war ran t   t he i r   cha rac t e r i za t ion  by s t r i c t l y  thermodynamic 

equi l ibr ium  re la t ions .  Also, the   quant i ta t ive   charac te r iza t ion  

o f   t he   s t ab le  aqueous  species  assumes  eouilibrium i n   d i s c r e t e  

units of time  and  space; ie .   the   equi ' l ibr ium  dis t r ibut ion  a9pl ies  

on ly   to  when and  where t h e  samples  were  collected. In addi t ion ,  

the   assumt ion   vas  made tha t   the   equi l ibr ium  d is t r ibu t ion   could  

be made a t  25'C ins tead  of the  t r u e  temperature of the  Red River, 

which  ranged  betveen 8" and 15" C when the samnles  were  collected, 

iqithout  having  si@.ficant  effect upon the   r e su l t s   o f   t he  

equilibrium  distrikkution oE the   var ious  aqueous  metal   qecies .  

After determining  the  total   analvt ical   concentrat ion of 
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igands,  a computer  Frogram was u t i l i z e d   t o  

determine the eoui l ibr ium  d is t r ibu t ion  o f  metals among var ious 

aqueous  s3ecies. The system  essent ia l ly   consis ts  of an  eleven 

metal-six  l igand  matrix,   each one  added a t  a fixed t o t a l  

analytical   concentration.  ?Jithin  the  eleven metal-six l igand 

matrix, ayproximatelp 120 mass action  erp$ti.ons  and  seventeen 

nass balance  equations  have  to  be  solved  sinultaneously.  

The unknowns i n  each o f  t hese   equa t ions   a r e   t he   ac t iv i t i e s  

of free ions  and  aqueous  species. The independent  variables 

cons is t  o f  t he   t o t a l   ana ly t i ca l   concen t r a t ions  of metals and 

l igands ,   equi l ibr ium  cons tan ts   descr ib ing   the   ac t iv i ty   v roduct  

of free ions and  aqueous  s?ecies,  the  hydrogen  ion  activity 

(pH), and .   e lec t ron   ac t iv i ty  (pE) . 
The l i t e r a tu re   desc r ib inz   t he   comyta t ion  of  chemical 

e r p i l i b r i a  - i s  extensive.  A l is t  of   references  descr ibing  the 

var ious   t ec l~niques  i s  provided by ??orel and  Yorgan  (1972)  and 

S t u m  and !?organ (1970). .  The technique  of  using  the  so-called 

equilibrium  constant  approach i s  described in  great   detai l .  

by  Yore1  and ?!organ (op " c i t )  ; however, a descr ipt ion  of   the 

methodology employed in  th i s   s tudv   u s ing  the' e q i l i b r i u m  

e constant  aparoach will be  discussed. 

The equi l ibr ium  constants   used  in   this   s tudy  were  a lnost  

en t i re ly   t5ose   repor ted  bg Si l len  (1964) ,  at 25" C, one...ataosphere 

pressure ,  and zero  ion'ic  strength  (and showm.in Appendix C ) .  

Some of  t h e  aqueous  species  that   were  originallv  considered 

i n   t h i s   s t u d y  had equi l ibr ium  cons tan ts   repor ted   a t   h igh   ion ic  
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s t rengths .  After r e v i e v i n g   t h e   l i t e r a t u r e  from  which S i l l e n  

reported  the  equi l ibr ium  constants ,  it could  not  be  substantiated 

whether the  reported  values  were t rue  equi l ibr ium  constants ,  

represent ing   ac t iv i ty   p roducts   o f   f ree   ions  and  aqueous  species; 

o r  that the  values  were  molar rat!.os requi r ing   ex t ranola t ion  .- . 

t o  zero  ionic   s t rength.  The aqueous  species  for  vhich  this 

doubt exists ve re   no t  of  s ign i f i can t   concen t r a t ion   i n  the 

equ i l ib r ium  d i s t r ibu t ion   r e l a t ive   t o   t he   o the r   sFec ie s   t ha t  

were  involved.  For  these  reasons,   the  equilibrium  distribution 

among the  various  metal  acpeous  species  does  not  include  the 

aqueous  species  ehat.  have  Questionable  equilibrium  constants. 

Some of   the  chemical   react ions  of   interest  i n  t h e  

equi l ibr ium model have  equilibrium  constants  derived  from  free 

energies   of   fornat ion of the   spec ies   o f   in te res t  and the f r e e  

' ions.   For example: FeO; (aq.)   has a free energy o f  formation 

(AG;) of  -128.0  kcal.  (Parker', " e t  a l ,  1971) .  NOW, v r i t i n g  the 

reac t ion   wi th   the   fe r rous   ion ,   water ,  and  hydrogec  ion: 

Fe* + 2H20 FeO;. + 4 k  

The Gibbs free energy  of  reaction a t  25" C may be  calculated 

from  the  free  energies  of  formation of  the   reac tan ts  and  products 

according  to   the  fol lowing  re la t ion:  
.* 

A G ~  = ~ A G ;  prodxcts - IA?; r eac t an t s  . 
Thus, 



where : A G > ~ +  = 0.0  kca l .  

= -20.3  kcal. 

AG" = -56.7  kcal. 
H20 

15. 

(Parker, et ,  a l ,  OP c i t )  . 

Thus , 

A G i  = (-128.0) -F (0.0) - (-20.3) - 2(-56.7) 

= 5.7  kcal .  

Using the   f ree   energy  of reac t ion ,   the   ecp i l ib r iun   cons tan t ,  

which i s  d e f i n e d   i n   t e r n s   o f   i o n   a c t i v i t i e s ,  nay  be  calculated 

f o r  25' C according,   to   the  fol lox~ring  re la t ion:  

-AG; 
log R = 

1.364 

, For the reac t ion   jus t   cons idered ,  a t  25OC 

log K = (-5.7) 
1.364 

-4.2 

Figure 2 i s  a f low chart   reDresentat ion of t h e  nethodologJr 

employed in  the corn?uter based  equilibrium  calculations.  

.Af te r   read ing   in   t5e   to ta l   concent ra t ions   o f   ne ta l s  and l igands ,  

the  aFpropriate  eo.ui1ibri .w  cons,tants,   hydrogen  ion  activity 

.(pH), and e l ec t rode   no ten t i a l  (Eh) , which  were  measured in  t h e  

' f i e l d ;   t h e   t o t a l   m e t a l  and l igand   concent ra t ions   a re   se t   equa l  

t o  the concentration  of the predominant  species  of  that  metal 

o r  l igand .  A f i r s t  aTproxination of  t he   i on ic   s t r eng th  i s  then 
. .  
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made according  to  the  following  equation: 

I = 0.51CiZi 2 

where: I = i on ic   s t r eng th  . 
Ci = t r u e   n o l a l i t g   o f   t h e  i- charged  species 

Zi the  charge on t h e  i- charged  species 

t h  

t h  

After ca lcu la t ing  the ionic  strength,   the  indLvidua1  ion 

ac t iv i ty   coe f f i c i en t s   a r e   ca l cu la t ed   u s ing  th.e extended 

Bebye-Huckel equation: 

yhere: A = 0.5065 f o r  wa.ter a t  25' C 

B = 0 . 3 2 8 ~ 1 0   f o r   w a t e r   a t  25" C 

a' = ion  si.ze  parameter  dependent upon charge  and 

8 

and s i ze   o f   i on  

Zi = charge  on  the i- charged  species t h  

.er  (19G4) l i s t s  t h e   v a r i o u s   i o n   s i z e   p a r a n e t e r s   f o r   f r e  .e 

ion and some aqueous  metal  species. The ion s ize  parameters 

used i n  th i s   s tudy  are presented  in  Table  3.  For those  species  

n o t   l i s t e d  by Butler, the   ion  s ize  parameter  vas  estimated on 

the S a s i s  of  cha rge   and   s t ruc tu ra l   s imi l a r i t v   t o   t he  species 

f o r , ~ d ~ ? c h  data are ava i lab le .  The error   introduced by se l ec t ing  

the wrong ion   s ize   parameter   ( for   exawle  3 ~ 1 0 - ~  instead  of  

4~10 :~ )   a t   t he   i on ic   s t r eng th   u sed   i n   t h i s   node l   vou ld  be 

n e g l i g i b l e . i n   t h e   c a l c u l a t i o n   o f ~ a c t i v i t y   c o e f f i c i e n t s .  
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Table 3 

Ion Size  Parameters Used in This Study 
f o r  the  Various  Charged Ions and Conylexes 

a" (x10-8) 

5.0 

. 4.0 

3.0 

4 . 0 

' 5.0  

4. 0 

3.0 

6.0  

8.0 

6.0 

9.0 

6.0 

9.0 

9.0 

3.0 

6.0 

6 .0  

6 .0  

11.0 

4.0 

4.0 

4.0 

ao (xlo-8) 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

5.0 

5 .O 

3.9 

4.0 

3.0 

4.0 

4.0 

5.0 

4.0 

3.0 

4.0 

5.0 
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Ion 

FeC12 + 
FeC1; 

NiOH' 

Ni (OK); 

NiC1' 

CuOH' 

cu (OH) ; 

cuc1; 

cuc1; 

cum+ 
cuc1; 

cuc1;. 

cu2c1 +3 

A I O H ~  

Cu (OH) 3 

A 1  (OH) 

A 1  (OH) I ,  
AI.~(OH);~ 

Also; 

A1 ( SO4) 2 
SnOH' 

. %(OH) ; 
Sn2 (0I-I) +2 

a0  IO-'> 
3 .0  

4.0 

4.0 

3 . 0  . . 

.. 4 .  0 .'. 

4.0 

4 . 0  

3.0 

4.0 

5.0 

4.0 

3 . 0  

4.0, 

4.0 

5 .0  

3.0 

3.0 

5.0 

4.0 

3.0 

4.0 

3.0 

5 .0  

a" (xlo-8) 

4.0 

4.. 0 

3 . 0  

5.0 

4.0 

3.0 

3 .o 
9.0 

3.0 

4.0 

3.0 

4.0 

4.0 

4.0 

4.0 

. 3 . 0  

4.0 

3.0 

4.0 

3.0 

5.0 

4.0 

3 . 0  
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For uncharged  species ,   the   act ivi ty   coeff ic ients   were 

assigned  values  of  unity.  For  non-symmetrical species the  

a c t i v i t y   c o e f f i c i e n t s   a r e   g r e a t e r   t h a n   u n i t y   a t   h i z h   i o n i c  

strengths,   because  of  dipole-dipole  interection.  Eovever,  

the   depar ture   o f   the  activity coe f f i c i en t s  f rom  uni ty   for   the 

neut ra l   spec ies  i s  n o t   s i g n i f i c a n t   a t  1ov'i.onj.c s t rengths .  

According to   Garre l s  and Chr is t  (1965, p . 1 0 2 ) :  

"Information  on  the  act ivi ty   coeff ic ients  of  
neu t r a l   i on  pairs such a s  CaS04, ?.IgS04, CaC03 
MgC03, and NaIIC03 i s  not   ava i lab le .  It does  not 
seem l i k e l y   t h a t   t h e s e   s s e c i e s  will behave i n  
aqueous e l e c t r o l y t e   s o l u t i o n   i n   t h e  wa:r t h a t  
dissolved  .qases  do, f o r  example, so  t h a t  no analosy 
r e a d i l y   p r e s e n t s   i t s e l f .  A t  p resent  it seems bes t  
t o  assume ac t iv i ty   coe f f i c i en t s   o f   un i ty   fo r   t hese  
spec ies .  

After the activit ies of   the   f ree   ions  and  ?redominant 

, 

7,  

species  are ca l cu la t ed ,   t he   ac t iv i t i e s   o f   t he   va r ious   a s soc ia t ed  

species   are   calculated  using  the  apyropriate   equFlihr ium 

constants .  The a c t i v i t i e s  of t he   f r ee   me ta l   i ons   o f   d i f f e ren t  

ox ida t ion   s ta tzs   a re   ca lcu la ted   us ing   e f lu i l ib r ium  cons tan ts  

descr ibing the reduction  of  the  oxidized  metal   ion with a 

s ing le   e l ec t ron   t o   t he   r educed   ox ida t ion . s t a t e .  The e lec t ron  

a c t i v i t y   u s e d   i n  the mass action  equation i s  obtained  (Si l len,  

OD " c i t )  bJr d ividing  the  e lectrode  potent ia l   . ( I%) by -0.059 

(va l id   on ly   fo r  25' C) to   ob ta in   the   nega t ive   base   t en   logar i th im 

o f   t he   e l ec t ron   ac t iv i ty  (?E), which i s  analogous t o   t h e  

hydrogen  ion  or   ?roton  act ivi tv  ( n ? 3 ) .  The mola l i t i e s   a r e   t hen  

ca lcu la ted  by d i v i d i n g   t h e   a c t i v i t i e s  by t h e   a c t i v i t p   c o e f f i c i e n t s  

of   the   d i f fe ren t   spec ies .  After making t h e   i n i t i a l   c a l c u l a t i o n  
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of  the  concentrations of  all  species, a ne~.r  estimate of the 

predominant  species  concentration  is  Lade  by  subtracting  the 

concentration of a l l  other  species of  that  particular  metal 

or ligand from the  total  analytical  concentration of: that 

metal or ligand.  The  iteration  sequence  then  begins  again 

by  calculating a new ionic  strength  and new activity  coefficients. 

The equilibrium  calculation.generally  requires  about  thirty 

to  forty  iteration  cycles  before  the.concentration  of  the 

various  soecies  ceases  to  change from the  previous sten, and 

1 the  true  equilibrium  concentrations  are  represented. 
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Figure 2 

.FlOv7 C'nart  of Coclputer Proeram t o  
Calcu la te   Equi l ibr iug   I l i s t r ibu t ions  

( S t u m  and  :?organ, 197r3) 

S t a r t  

Read in  nane o f  soecies ,   enui lFhriun 
4 1 - 

constant ,   ion  s ize   narameter ,   and c'1arTe. 

/ Xead in  Zh and nil. / 
I 

Xead i n  t o t a l   l i g m d  
and  metal  concentrations. 

S e t  to ta l   concent ra t ions   equal  
to   the   concent ra t ion  of  the  

f r e e   i o n  or tlredominant  snecies. 

Calculate  a2 '?.ani 
ca lcu la t e   ac t iv i tv   coe f f i c i en t s  for all specie.,. 

4 
C a l c u l a t e   a c t i v i t i e s  of all s?ecies  
using  Eree  ion  act ivi t ies   and  the 

annro7r ia te   e7ui l ibr iun   cons tan t .  
4 

C a l c u l a t e   n o l a l i t i e s  of a l l  snecies  by dividin? 
a c t i v i t i e s  by the   awrom5.a te   ac t iv i t .7   coef f ic ien t .  

i 
Becalculatc   the  concentrat ion of  

the  Dredoninant  snecies o r  f r e e   i o n  
by subt rac t ins   the   concent ra t ion  of 

t!.le t o t a l   l i z a n d  o r  ne t a l   conce l t r a t ion .  
a l l  less nredominant  sqekies  from 

Vrite  out,  equilibrf-um 
of a l l  snecies  

t c S t O D  
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111. RESULTS .. 

The  chemical  analyses  for  samples  are shown in  Tables . 

4 and 5, which  list  concentration  averages  of  the  five  samples 

that  were  collected  every  three  hours at sample  points A and 

E respectively.  The  values  amearin:: " just  under  the  concentration 

values are  the  values of standard  deviation  of  the  five  sample 

concentrations  averaged.  The  values shown in the  average  column 

are  the  twenty-four hour concentration  values;  again,  with 

the standard  deviation sholm just below  the  concentration  value. 

An illustkation  of  the  differences  in  the tven~~-four 

hour  concentration  averages  between  the  two  sample  locations 

is shown  in  Table 6 .  The  twentg-four  hour  concentration 

avera,%es  were  used  as  the  total  analgtical  concentratioas of 

metals  and  ligands  used  in  the  equilibrium  calculations. 

- The distributed  or  equilibrium  concentrations  for  metals 

from  sample  site .I are shown in Table.7. Those  for  sample 

site B are S ~ O P M  in  Table 8 .  Saqles taken  during  the 5 P.X. 

saFling sequence,  below  the  tailings  pond,  have  anomalously 

high Pe and Cu concentrations. h statistical  t-test (Volk, 

1958) vas  performed on this  data,  and  indicates  that  the 

5'P.Y. concentrations  of  these  two  metals  is  significantly 

higher (ie. not of the s m e  population at the 90% confidence 

l e v e l )  concentration  than  the  concentration  values  for  these 

metals  obtained  during  the othr sancling  sequences  at SaFle 

site B. These high Pe and Cu concentrations  were not lncluded 

in the  tventy-four  hour  concentration  values  or  the  %series 
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dist r ibut ion.   Instead,   the   metal   and  l igand  concentrat ions 

for t h e  5 P.X. sequence,  belov  the  tai l ings  pond, were t r e a t e d  

sepera te ly ,  and the equ i l ib r ium  d i s t r ibu t ion   fo r   t he  5 P.Y. 

sequence i s  shown in  Table  ,9. 
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Table 4 

Latera.1 Concentration Averages (npm.) of the Five 
Sam?les Collected Every l%ree  I!ours f o r  2 4  €!ours 
At Sample S.ite A, and Their Standard Deviation 

Shovm Just ?dOw the Concentration Values 

'Below detection lixits of 0.005 sp. 

2&! 

67. 
2. 

- 

37. 
1. 

2.1 
.1 

2.9 
.o 

- 

- 

.45 

.04 

28. 
9. 

- 

4.2 
.s 

.42 

.03 

. On4 

.006 

.167 

.007 

,003 
,001 

- 

- 

.038 

.092 

.Ol9 

.005 

- 

.011 - 
7.5 - 

z 5AK avg. 

3 7 .  1 3;:  
1. 

q-x .02 .07 

---A"- 

2 8 *  0 .  I ": 

.09 

I 

I .003 - .007 

73179 - 1 .5 
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Table 5 

Lateral   Concentrat ion  .berases  (pm.) of the  Five 
S a q l e s   C o l l e c t e d  Every  Three !!ours f o r  24 Bours 
A t  Sample S i t e  E ,  ald  Their  Standard  Devlation 

Shown Just Eelo?.r the  Concentration  Value 

I I I I I I I 

XC03  

s04 165.  152 .  139. 127.   115.  109. 107.  
4 .  3 .  1. 2 .   3 .   2 .  1. 

c1 2 .3  

q 1 2 . 5  
1 0 . 9  11.5 11.7  12.0 11.0 10.1 

.5 .4 1.1 .3 .3 .4 .5 
I I I I I I I 

K 3 .2  2.8 2.5 3 . 1  2 .4  1.7 1.6 
.1 .1 .2 .o .8 .1 .1 

Ca 5 7 .  

1.fg 7 .8   7 .7   8 .6  . 6.5  6 .7  6 6 6.3 
. 11.1 1 .2 1 1 . 5  I .7 11.0 1 17 I .2 

Ffn .111 .085  .078  .084  .085 .069 .080 
.011 .018 .013 ~ 0 0 8  .010 .006  .005 

I I I I I I m.m .001 .001 .002 .031 . O O 3  .031 

I I I I I I I 

* N i  .029  .024  .024  .022  ,026  .023  .024 
.002 . 001  .091 .002  .004 .001 .005 

Sn .047  .040  .042  .033  .034  .025  ,020 
.006  .003 .010 .005  .003  .003  .003 

>IO .155 .164 '.130  .128 .lo0 .lo0 . l o 3  - - - .018 - - - 
S i 0 2  8 .5  10.9  8.7 11.4 11.1 9 .6  10.7 - - - 0.7 - - - 

.. 2 

1 .8 I 1.7 
6 . 6  7 . 0  

.31 .27l 

.04 1.03 I 

. 0 8 4 1  .005  .077  .013 I 
-tl . o m  .0021 
.001 .a02 

7 1  .115  ,124 

- 11.2 1 8.7 9 . 9  

'does not   inc lude  5??! value 
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Table 6 

ndard Deviations 

?:eta1 

Ma . 

R 

Ca 

?Ig 

Fe 

!“I 

A 1  

CU 

Mi 

Sn 

2.9 
.1 

.39 
; 07 

27 .  
1. 

4.6 
.3 

.45 

.09 

. os9 

.OOG 

. I t 8  
-010 

.004 

.001 

.009 

.001 

.022 

.006 

.007 

.003 

7 .9  
0.5 

7 .62  
.09 

.405 

.043 

11 .5  
3 .o 

2 4  Four Concentration Averaees of Yetals  (in apn. wi t1  
F:o Samlinz fo in i  

delov 
Tailinqs Fond 

- 

11.2  
.8 

2.3 
.6 

GO. 
9 .  

7 .0 
.s 

.27’ 

.03 

.083 

.012 

.077 

.013 

..032’ 

.002 

.024 

.003 

.033 

.013 

.124 

.024 

9 .9  
1 .2  

, 7.92  
.16 

.385 

.332 

12.4  
3 . 8  

’does not  include 5 P.!I. value 
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Table 7 

Equilibriun Distriiiution of Aqueous Species 
Prom Samples Collected A t  S a e l e  S i te  A 

All Values as negative- base ten  loqarit!lins of mialit:T 
(coacentration(inoles/liter) = 10 ITUabers i n  
the metal-ligand  matrix  indicate  the  concentration of all 

metal-ligand corqlexes f o r  that  ligand. 

.letal 

: ..,.! 

To t a l  

??a 

3.17 Ca 

5.00 I< 

3.97 

3 . 7 2  

Fe I 1  

5.26 ?il I11 

5.78 Yn I 1  

24.69 Pe 111 

5.09 

Cu I 14.23 

Cu I 1  

6 .73  Sn IV 

30 .02  Sn I 1  

6 . 8 1  NF I 1  

7 .20  

S i 0 2  3.76 

Ligand 
.ree 

LII 

7- 

7- 

" 

" 

" 

- 

6 . 3 3  5 .53  

11.09 8.33 

- - 
8.63 5.75 

7 .62  6 .13  

5.09 - 
24.69 - 
5.78 - 
5.26 - 
- - 

7 . 7 5  7 .46  

5 .93 - 

30.02 - 
6 .73  - 
- - 

, 2 .93   3 .44   4 ,23  ' 7:36 

7 ; 2 8   6 . 8 9  - - 
- 7'. 6 2 - - 

4 .97 ,   4 .65   11 .67  ' 14.24 

5 .62   5 .29   6 .41  - 
- 32.04 - - 
- 37.24  40.23 - 

37.62  37.80  43.71 - 
- 13.05  24.87 - 
- . -  17.27 - , 

- 9.33  12.29 - 
- 8.90  16.55 - 
- - 41.29 - 
- 36.11  47.00 - 
- - - . -  

6.38 5 .51  2.94 3.47 4 .23  7 .36  

- - 4.20  9.30 12.34 9.09 

Tree 
ietal  

3.97 

5.00 

3.19 

3.74 

31.38 

37.36 

36.34 

12.87 

14.23 

7.97 

7 . 4 4  

38.42 

29.53 

3 -76  
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Table 8 

EquiliSrium Distribution of Acpous SoecLes 
From Sar-qles Collected At Saqle Site 'R 

A11 values as negative  hase  ten lozarithins 05 molnlitp. 
(concentration(noles/lLter) = 10 -tZ'b=nle  value).  >Turnhers in 
the  metal-ligand  matrix indicate the concentration of all 

metal-ligand comnlexes for t!lat ligand. 

Xetal 

To tal 

Na 

2.82 Ca 

4 .23  I .  

3.38 

Yg 3 ; 5 4  

Pe I1 

A1 111 

5 . 8 4  .?..I6 I1 

25 .69  Fe '111 

5.27 

5 . 5 4  

Cu I 14.52 

Cu I1 

Sn I V  

29.52 Sn I1 

6.47 T?i I1 

7 . 5 0  

6 .60  

Si02 3.66 

Free 
Ligand 

Lli 

" 

" 

- 

OH - 
.. . .. 

CO; KO; so; c1- '1004 
- 

6 .08  5 .03  2 . 8 1  2 .88  4 .13  5.23 

1 0 . 2 1  7 . 3 4  6 . 6 1  5.82 - - 
- - - 6.37  - - 

7 . 7 9  5 . 1 2  4 .59  3 .90  11 .25  12.9C 

7 . 1 9  5 .62  5.39 4 .70  . 6 . 2 1  - 
5.27 - - 33.79  - - 

. .  

25.69  - .  -.. 38:52.1 4L892" .- 

5 . 8 4  - _  38.47  38.28  41.59 - 
5 . 5 4  - - 13.99  26.07 - 

17.40 - - - - - 
8.07 7 . 7 0  - 9.48 . 12 .84  - 
6 . 5 1  - - 8 . 5 8 '  16.57 - 
29.52  - - - 41.30 - 
6.60 - - 36.35  47.48 - 
- - - - - - . .  

6.08 5 .05  .2.82 2 .93  4.14 6 . 2 4  

- - 4 . 9 3  9 . 1 1  13 .16  3.30 

Free 
;fetal 

3.38  

4.23 

2 .87  

3.55 

32.76 

39.03 

37.25 

13.07 

14 .52  

8.55 

7 .55  

38.47 

30.14 

3 .66  
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Table 9 

EguiLibriux  Distribution of AQUP,OUS Snecies 
From SanTlpls Collected A t  5 ?.:I. A t  Sm$e Si te  B 

All values as nesative base ten:lop,arit:lins of molality 
(concentration(moles/lj.ter) = 10 ) . Rmlmrs i n  
the  metal-ligand  natrix  ixdicate  the  cqncentration of all 

metal-ligand 'complexes fop  that  ligand. 

- table Tralue 

"fetal 

Na 

K 

CZI 

1 

?I$ 

Fe II 

'e I11 

\.ln I1 

iJ. LIS 

Cu 1 

Cu I1 

Mi I1 

Sn I1 

Sn IV 

sio2 

- 
Total 

3.36 

4 .23  

2.82 

3.5.7 

4 . 6 1  

25.36 

5.73 

5.48 

- 

5.30 

6.47 

29.65 

6 .60  

3.67 
- 

- 
" 

" 

" 

OH - co; lice, so, c1- T Too; 
- 

5 .92   4 .89   2 .31   2 .38   4 .15 .  6.10 

10.04  7.17 

- - 
7 . 6 3  4.97 

7.07 5 . 5 1  

4 . 6 1  - 
25.36 - 
5.78  - 
5.43  - 
- - 

5.85  -5.49 

6.49 - 
29.65 - 
6.60 - 
- - 

6.60 5 .80  - 
- 6.37 - 

4.60  3.90  11.23 

5 .44  4.74 6.26 

- ' 33 .77  - 
- 38.51 41.93 

38 .91   38 .71   42 .03  

- 14.55  '26.69 

- - 15.35 

- 7.42  19.79 

- 8.88  16.34 

- - 41.76 

- 36.82  43.02 

- - 

5.92  4.91  2.83  2. '33  4.15  6.10 

Free 
?fetal 

3.36 

4 .23  

2.37 

3 .62  

32.74 

33.03 

37.68 

14.26 

12.44 

6.49 

7 .85  

33.91 

30.62 

3.67 

LW - - 4.57 9.26  13.34  3 .33 
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LV. nISCLJSSION 

A, Analyt ical  Vork 

Because the  s tudy <?as conducted in  the   v i c in i ty  of a 

.molybdenum mrne, the  molybdenum concentrations i n  the Re& Siver  

were   o f   g rea t   in te res t .  .Is noted on Table 2 ,  molybdenum 77as 

not  determined by atomic  absorpt ion  spectrosco~y.   Analyt ical  

techniques  for  determining molybdenum by A.A. nethods  indicate.  

that molybdenum i s  subject  . to  chemical  and  ionization  interferences 

by a v a r i e t y  o f  other  metals (Rama!;rishna, 1969) .  Furthermore, 

the detection  of molybdenum u t i l i z ing   t he   g raph i t e   fu rnace  i s  

S a n e r e d  by t h e   f a c t   t h a t  molybdenum fo rm  r e f r ac to rv   ca rb ides  

i n  the  graphi te   tube,  ~ 7 i t 5  t he   r e su l t   t ha t   concen t r a t ions   a r e  

not  reproducible  (Xeglin,  1973). For  these  reasons,  a 

colorimetric  procedure was u t i l i zed   fo r   t he   de t e rmina t ion  of . 

molybdenum t h a t ,  whi1e slower and more tedious  than A.A. 

techniques,   gave  reproducible   resul ts   k i th  good sens i tLvi ty .  

Or ig ina l ly ,  i t  was intended  to   deternine  z inc  concentrat ions 

In the  samnles;  however, two ?roblens  were  encountered.  First ,  

t!le d e t e c t i m  l i n i t  f o r   z i n c  by convential   f lame  spectroscopp 

i s  a?groximately 0 . 1  ?'om., and a l l  samnles  contained  zinc 

concentrat ions at: apprec iab ly   h7er   concent ra t ions ,  which . 

necessi ta ted  determinat ion i n  the  graphi te   furnace.  A second 

problem was encountered  vhen  trying  to  Drenare a standard 

curve   for   z inc   in   the   g raphi te   furnace .  Eecause  of the  extreme 

s e n s i t i v i t y  of  z inc  in   the  graphi te   furnace,   s tandards  had  to  

be prepared  in   the  concentrat ion  range belOY.7 p a r t s   p e r ,   b i l l i o n .  



* 
31. 

The doubly d i s t i l l e d  and  deionized vater t h a t  was used   for  

standard  greparation  had  zinc  concentrations that were higher 

than   those   requi red   for  the standards.   For  these  reasons,   the 

determination  of zinc v7as abandoned f o r   t h i s   s t u d y .  

I 

B. Analysis of Error  

A s  can be  seen  from  Tables. 4 and 5 ,  the majority  of 

chemical  coqonents showed very l i t t l e  deviat ion a t  intermediate  

tinles over the  twentp-four  hour  period  from  the  twenty-fogr 

hour  concentration  averages.  For the petals  determined 

spectrophotometr ical ly ,  a conparison  of  the  standard  deviation 

of t h e   f i v e  smnle concentrations  that   were  averazed  to the 

s tandard  error   of   the   es t imate   reveals   that   e i ther   there  i s  

, s i g n i f i c a n t   v a r i a t i o n  among the  five sax? le s ,   o r   t ha t   t he   va r i a t ion  

i s  'due  only to   experiqental   error .   For   those  s tandard  deviat ion 

values  which a re   g rea te r   than   the  standard e r r o r  of the  estimate, 

some variance  other  than  experimental  i s  respons ib le   for   the  

bithin-sample  variance.  Examining the  reported  s tandard 

deviat ions i n  Tables 4 and 5 ,  one may determine ~ h e t l ~ e r  or n o t  

t he re  i s  s ign i f i can t   va r i a t ion   o f  t y s  e&t individual   concentrat ions 

of  an  element  from  the  recorted  twenty-four  hour  concentration 

average. If the standard  devia.tion of  the  t~rentp-four  hour 

concentration  averaze i s  less than  or   equal   to   the  s tandard 

deviat ions of the  eight  values  of  standard  deviation shorm t o  

the   l e f t ,   t hen   t he re  i s  no s igni5.cant 'd i f ference  betveen  the 

twentg-four  hour  concentration  averace and t3e  concentrat ion 

values  shovm t o  t>e l e f t .  For examp]-e, from  Ameodix B ,  the  

- 
. .  
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standard  error of  the  estimate :or nickel  analyses  for  the 

sample numbers A-8,4V through h-5PFI i s  -1-2.7x10-~ - ppm. The 

standard  deviation  for  the  eight-three hour concentation 

averages  are a l l   l e s s  than o r  equal t o  the  standard  error of 

the  estinate.  Therefore,  there i s  'no significant  variation 

within  the  five sample concentrations  that were averaged t o '  

obtain  the  three hour average,  (<.e.  there i s  more variance  in 

analyses  than can be attr ibuted t o  natural  variance  wit5in  the 

f ive  samyle concentrations). ITOW, com?aring the  standard 

deviation of the  twenty-four  hour  concentration  average t o  the 

standard  deviations o f  the  eight-three hour  concentration 

.averages, i t  can be seen that  the  deviation from the  tvm~ty-four 

hour  averaze i s  l e s s  than o r  equal t o  the  standard  deviations of 

the  three hour averages.  Therefore,  there i s  no signLficant 

' difference  Setveen  the  twenty-four ?.our concentration  average 

t o  the  three hour averages s1loT.m t o  t he   l e f t ,   ( i . e .  tLe within- 

sample variance is  just   as  significant  as  the amonpsarnple 

variance). 

C. Anomalous  Fe  and Cu Concentrations - 
. m e  samples tha t  were collected  belov  the  tailings ?ond 

during  the 5 P.E!. sampling  sequence s h o ~  anomalously 5igh 

concentrations of Fe  and Cu. Both of these  metals show similar 

lateral  conce2tration  profiles  witbin  the  stream, as can be 

seen i n  Figure 3. Vhen these anomalously high  concentrations 

ve re   f i r s t  noted i t  was thoup,ht t!wt some type of overflow or  

discharge had occurred in   the   t a i l ings  pond upstrean,  vhich 
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Figure 3 .  

Lateral   Concentrat ion  Prof i le   for  
Fe, Cu, and 140 During  the E-5PX Sampling  Sequence 

L 
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STKEAY POSITION(J?C.) 
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may ~ o s s i b l y  be  indicated by anomalously hip,h,Xo concentrat ions 

i n  the same s a q l e  sequence.  Hovever, as can  be  seen  from 

Figure 3 ,  there  i s  no concomitant  increase  in 30 concentrations 

in  the  same sequence,  and  the  data i s  i n s u f f i c i e n t   t o   q e c u l a t e  

on the source  of the anomalously hi& Pe and Cu concentrat ions.  

D. Trace rleta.1 Concentrations 

Bs can  be  seen  from  Table 6 ,  the  concentrations  of Na, 

K, C a ,  X%, Sn and ?io were s i g n i f i c a n t l y   h i g h e r   a t   t h e   s a q l e  

loca t ion   be lov   the   t a i l ings  pond  than the locat ion  upstrean.  

The increased  levels  of ?la, I< and Ca may possibly  be 

at t r ibuted  to   the  mil l in:   o?e+at ions  of  Xolybdenun 

Corporation  of h e r i c a ,  hecause  use 'of  l ine  (Fuersteneau, 

1962) and Hokes reagent  (Sutulov, 1974) i n   t h e   f l o a t a t i o n  of 

molybdenum ore  i s  comroonly prac t iced .  The increased pH l eve l s  

re5,ulting  from the addi t ion   o f   l ine  may a l so  be respons ib le  

for   the  decreased  concentrat ions  of  Fe  and A 1  a t  the sampling' 

loca t ion  bel057 t b e   t a i l i n g s  pond a s  a r e s u l t  o f   the   p rec ip i ta t ion  

of Fe and 81 hvdroxides.  Nilution hy t r ibu tary   o r   g roundvater  

discharge may a l so  be  responsible  for  the  decreased  levels of 

Fe -and R1. 
Other poss ib i l i t i e s   fo r   t he   i nc reased   concen t r a t ions  of 

t h e  above  mentioned metals zap  be  one  or. a combination  of  the 

, fo1lo:kTing: (I) veather ing of minerals   associated ?.?it5 t h e  

with sodiun  !~ydroxide,  a.nd used  for  the  depression  of  copper 
'Xeagent obtained by the   reac t ion  of Fotassiurr,  pentasdfi.de 

and i r o n   s u l f i d e s  i n  molybdeni te   f loatat ion.  



geology of t h e  ?,ed River drainage  area,  (2) leaching  of waste 

mater ia ls   associated vi th  the mining a c t i v i t i e s  i n  t h e  Sed 

River  drainage  area,  (3) discharge  fro% ' ICA ' s  t a i l i n g s  pond, 

and ( 4 )  discharge   f rom  dones t ic   ac t iv i t ies   ac t iv i t ies  i n  t h e  

Red Siver   dratnage  area.  

E. Other Vork i n   t h e  Ked Xiver k e a  

The metals   invest izated and  analysed in  th i s   s tudy  were 

se lec ted  on the basis   of  a r e?o r t  compiled by the  Environriental' 

Pro tec t ion  hsgmcy (ILerr, 1971) .  In t h i s   p a r t i c u l a r   r e p o r t ,  

the analyses of  ne ta l   concent ra t ions  i n  the  water being  discharged 

by the ?fCA t a i l i n g s  pond f o r  v a r i o u s   n e t a l s   a r e   l i s t e d .  The 

metals Te, Yn, Sn, Xi, Yo, and Cu vere   h ighes t   in   concent ra t ion  

in   the   decant   water ,   accord in%  to  t5e above  nentiomd  report .  

This same r epor t  a l so  l i s t s  t h e   r e s u l t s  of  analyses  for 

C1, SO4', Ca, and in  var ious   loca t ions  on the  Red Tiver .  

Shown in   Figure,  4 are the  comrarisons of the  twenty-four  hour . ' 

concentration  averages,   and  standard  cleviations  found  in  this 

study t o  t5e r e s u l t s  of t h e  E.P.A. 's  analyses  for  the  above 

nentioncd  conyonents i n  the  ttro loca t ions   t ha t   ve re   c loses t  t o  

sannle  si tes i? and E. The r e s u l t s  of t h e  E.P.A. s analyses 

show good agreement  vrith t h e  results of t h i s   s tudy .  The 

concentrat ion of Ca and SO4 bel-0~7  the  tai l ings pond i s  

s ign i f i can t ly   5 ighe r  t!xm the Ca and !SO& concentrations 

repor ted  by t h e  E.P.A. This may be  t h e   r e s u l t   o f   t h e   f a c t  

that  t!le E.P.A. sa-ling s ta t ion  number 3 i s  located  u?stream 

' 

from the  point  ??here.  the :.IC,+! t a i l i ngs  pond d ischarges   in to  
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Figure 4 .  

Protection Agency  to Those Values Determined in this  Study 
(Kerr, 1971) 

Comparison of Concentrations Reported by Environmental 

Chemical 
component ~' 

c1 

sa4 

Ca 

Xg 

3 5 .  
3 .  3 .  

4 1 .  

2 7 .  
1. 1. 

3 4 .  

5.1 
. 3  .9 

127. 
2 3 .  

6 3 .  
9 .  

.7.0 
.8 

'all concentrations reported as ppm. 

*E.P.A. concentrations are six day averages 
of saqles collected 11/79 
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7.1 
1 . 4  
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t h e  Xed I i iver ,   or   because  of   dif ferent   sanpl ing times of this 

studv and the ' l2 .T.h. '~   s tudy.  

P. Equ i l ib r ium  J i s t r ibu t ion  . 

The d is t r ibu ted   s?ec ies   concent ra t ions   for  sample s i t e  

A a r e  sho7m i n  Table 7 ,  f o r  sample s i te  B in Table 8,  and f o r  

t h e  E-5PX sequence i n  Table 9 .  Because the   mo la l i t i e s  are 

expressed  as   negat ive  base  ten  logari thins ,   the   smallest  or 

least   negat ive  value  represents   the  predominant  species of a 

p a r t i c u l a r  metal o r   l i gand .  

A11 th ree   d i s t r ibu t ions   (A-ser ies ,   E-ser ies  and B-5PX 

sequence)  have  the  sane  predominant  species,  differing  only 

in  the  concentration  of  the  predominant s-oecies. The 

classif icat ion  of :predominanp species"fal3.s-intohcategories 

f o r  the metals. For t h e  major  cations, Ma, K,  C a  and >is t h e  

f r e e   i o n  i s  the  predominant  form.  For  the  metals  Fe, Xn, Cu, 

Ui, Sn and A1 the hydroxide c o q l e x  is  the predominant.  species. 

There is no d i s t i n c t i o n  nade i n  Ta3les 7 ,  8 and 9 a s   t o  how 

many OH- r ad ica l s   a r e   p re sea t  on the  predominant  species,  only, 

that the  hydroxide  form i s  s t a b l e .  

SWO 

. 

For  the  l igand comvonents C03 ,  HC03, SO4. Cl and XoO4 

the uncomnlexed ion  is the  predominant  form.  Kith the exception 

of   the  carbonate   ion,  all protonated 1:-gand components a r e  of  

lo~rer   concent ra t ion   than   the   unpro tona ted   form.  

G. Connarison of EnuLlihrium  Concentrations  to  Toxicit-?  qata 

A s  mentioned  above,  Table 1 i s  a com7ilation  of  toxic 
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limits f o r  a variety of metal comnounds. It i s  d i f f i c u l t  t o  

speculate on the  stable  metal  species of the  various  metals 

used in  the  toxicity  tests  without more specific  inr  ionnation 

on the chemical characterj-stics (pH, a lkal ini ty   e tc . )  of the 

water  wed  in  the  toxicity  tests.  'However, F'igure 2 does 

serve  as a good index of the tox5.c limits of the  various 

metals  studied  in this thesis  uork. 

A comFarison of Tables 7 ,  8 and 9 t o  Table 1 indicates 

that  the  concentration of  stable  netal   s?ecies  at   the t v o  

sancling  points do not exceed tile toxic limits for  these 

metals. At sample s i t e  B ,  ho~rever,  the  concentration of  

calcium does exceed the recommended l i m i t  for  domestic  use. 
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v. CONCLUSIO!.TS 

A .  Trace  ?.letal  Concentrations 

The increased  concentrations  of Ma, K and Ca i n   t h e  

sam3les  collected  domstream  from  the  point .?here llolybdenum 

Corporation of America d ischarges   va te r  from t h e i r   t a i l i n g s  

pond,  compared t o  sa:qles collected  upstream'from  theLr mill, 

may be t h e   r e s u l t  of t h e  a.dclitton  of  ilokes  reagent  and line: f o r  

the   f loa ta t ion   o f  molybdenum ore .  The addi t ion  of  lime t o   t h e  

process  or  waste  waters ma:7 cause   p rac in i ta t ion  of  the  raetals 

Fe  and A1 as insoluhle  hydroxides.  This  nay  account f o r  the 

f a c t   t h a t  ?e and A1 concentrat ions vere lover  a t  t h e  sampling 

loca t ion  hd07*7 t h e   t a i l i n g s  pond, com2ared t o   t h e   s a n p l h g  

location  u?stream. 

The metals ?IF, Sn, Xi and I ' l o  shoved  higher  concentrations 

. i n  sanples   col lected b e l m  t h e   t a i l i n g s  pond,  conpared t o  those 

collected  upstream. The increased  concentrations Eay he   the  

r e s u l t   o f  one o r  a cornb?nation of the f011oving: (1) veather ing 

of minera ls   assoc ia ted   v i th   the   na tura l   geology  of   the  Red X v e r  

drainage  area,  (2) leaching o f  vaste mater ia l s  and t a i l i n g s  

associated  with  the  mining  act ivi ty  i n  the  2ed.River  drainage 

a r e a ,  (3) discharge  from : E A ' S  t a i l i n g s  pond and ( 4 )  discharge 

a s soc ia t ed   w i th   domes t i c   ac t iv i t i e s   i n   t he  Red River drainage 

.area. 

B. Equilibriu-  Concentration  of  haueous  ?!eta1  Species 

Nthough  there  were higher   total   concentrat ions of Some 
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n e t a l  and lizand  conponents i n  sarnples co l lec ted  dov.mstream 

from  the  tailings  oond,  conpared wit3 concentrations  in  samples 

collected  uFstream, a t  both  locat ions  the  pedominant  ac?,ueous 

metalspecies were t h e  same. For  the  metals Ha, K, Ca and Yg 

the unassoc ia ted   f ree   ion  i s  the  ?redominant  aqueous species. 

For  the  metals  Fe, ?,In, A l ,  Cu, Xi and Sn .the  hydroxide  aqueous 

species is the  predominant  form. TfJith the  exception  of  the 

carbonateAon,   for  a l l  l igand components the  unprotonated  ion 

i s  the predominant  form. 

Calcium was t5e on ly   ca t ion   t ha t   had   s ign i f i can t   su l f a t e  

coEplexinp;.  Divalent metal-sulfate i o n   p a i r s  have  ay?roxinately 

the same equi l ibr iun  constants ;   therefore ,   had  other   divalent  

metal cations  been  on  the  order of the  concentrat ion of  calcium 

the i r   eoyi l ibr ium  concent ra t ions  of sulfate-metal   ion ?a . i r s  

.i>70uld have  been  higher. - 
Because of the  sonevhat   a lkal ine  condi t ions of  t h e  PLed 

River ,   the  hydroxide forms of Fe , 'fn, 41, Cu, H i  and S a  were 

the predominant  aqueous  species  for  those  metals. Xad lover  

pE values  been  encountered,  the netal hydroxides ?7ould  have . 

been  of  lover  concentration  vith  conseouent  increases  in  free 

. i on   concen t r a t ion .  

Although  the  concentration  of  calcium  exceeds  the 

proposed limit of   concentrat ion  for   donest ic   use a t  t h e  sample 

loca t ion  bd0?7 the t a i l i n g s  ?and, it does  not  exceed  toxic 

l e v e l s .  The concentration  of tl-.e other  predominant  aqueous 
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do n o t  exceed  the  toxic levels for   these   meta ls  i n  samples 

co l lec ted  i n  th i s   s tudy .  

C.  Samling  Considerqtions 

Noting the concentrat ion  f luctuat ions a t  both  sampling 

loca t ions ,  it i s  apnarent   the t   there  i s  more s i z n i f i c a n t   v a r i a t i o n  

i n  concentration levels between  sarp1in.y  locations  than  there 

i s  a t  one locat ion  over  a twenty-four  hour  interval.  Although 

this '  conclusion may, be  disputed  because of the  anor.lalous Ye and 

A1 concentrations  found  in some samcles  collected  below  the i 

t a i l i n g s  aoncl, i t  would  be  advantageous,  while  planning a 

s a q l i n g  program, t o  c o l l e c t  fewer samples a t  a single  locztt ion 

and c o l l e c t  more samples a lonz  the  length of a s.,tream o r  river 

t o  3e sampled. This f a c t  becomes apparent when one  considers 

the fact   that   locat ing  contaminant   sources  a2d sinks would  be 

easier i f   sanples   were 'co l lec . ted   over   the   en t i re   reach  of a , 

stream over a sho r t e r  tine in te rva l ,   ra t : -e r   than   co l lec t ing  

samples a t  two videly  . se?erated  locat ions.   This   conclusion 

i s  contingent upon t h e   f a c t   t h a t  it be shoim tha t   t he re  i s  

in s i ? - i f i cax t   va r i a t ion   i n   concen t r a t ion   a t  a s ing le   l oca t ion  

over   the  ent i re   sampling  t ime  interval .   This  may be  accomplished 

by continuously  sampling  one  location,  while  having sanrples 

co l lec ted  else17here  on the   s t r eam  a t   t he  same tir.e. It i s  

poss ib le   tha t   concent ra t ions   could   varp ' s i&. f icant ly  a t  a 

s ing le   l oca t ion ,  as i t  d i d   i n  this study,  because of such 

th ings  as storm  runoff  and/or  sudden  or  accidental  discharges 

from  yoint  sources  on  the  r iver o r  stream. 
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D. 7Ttil i tv of " This Studv 

A s  mentioned  previously,   the  extremely  varied  reports 

concerning the t o x i c i t i e s  of  var ious  metals   to   aquat ic ,  

l ivestock,,   and human ?opulatLons make it  d i f f i c u l t   t o   e s t a b l i s h  

r e a l i s t i c  o r  j u s t i f i a b l e  vater qua l i ty   s tandards   in  terms of 

trace  metal  concentrations.  IIovever, i f  more e f f o r t  i s  made by 

t ox ico log i s t s   t o   de f ine   t he   spec i f i c   chn ica l   pa rame te r s  

(hydrogen   ion   ac t iv i ty ,   e lec t ron   ac t iv i ty ,  and t o t a l   c a t i o n i c  

' e and a3 ionic   concent ra t ions)   under   vh ich   the   tox ic i ty   t es t s  are 

conducted,  then it m.ight be possLble to   descr ibe   accura te ly  

and quickly  the  s table   aqueous  petal   that  i s  causing  the  apparent 

t o x i c   e f f e c t .  

I n  addition  to  the  above  mentioned  application, 

envi ronxenta l i s t s ,   S ta te  and Federal   agencies,  and  concerned 

ind iv idua ls  and  communities  vhich  are  responsible  for  establishing 

environmental   impact  statenents  or  baseline  studies on aquat ic  

s y s t e m  vi11 f ind  the descr ig t ion  of  s t a b l e  aqueous  metal 

species  advantageous. Once the   ex is t ing   o r   base l ine   condi t ions  

a r e   e s t a h l i s h e d ,   i n   t e r n s  of s t a b l e  aq~ueous netal   s r ,ecies ,   one 

ma.7 oredict   accura.tely what e f f e c t  nev o r  added  sources of 

chemical  inDuts w.rill have  on t!ze aquatic  system  being  studied. 
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APPENiIIL A 

Instrumental  Parameters for Atoaic  hbsoration 
Spectrophotometer (Flame) and 

Standard Curve Eauations 

Element : ?la 

kJavelengt5:  58?. nx. 

S l i t  band v id th :  1.4 nn. 

?lane: air-acetylene  (oxidFzing) 

Standard Curve s 3  r2 

y = 9 . 5 6 ~  - 0.29' .O. 175 .9.983 

y = 9.59x - 0.32. 

0 .111  0.991 y = 9.35x - 0.33 

0.12G 0.988 

'7 = 8 . 5 6 ~  - 0'.45 0,177 0.938 

y = 9.74x - 0.49  0.135  0.993 

;7 = 8 . 8 9 ~  - 0.52  0.177  0.938 

Elmnent: R 

Vavelength:  756.5  nn. 

S l i t  band v id th :  2 .O nm. 

Flame: a i r -acetylene  (oxidizing)  

Standard  Curve r s 

y = 2 5 . 5 9 ~  - 0.27  0.995 0.1GG 

Samole  numbers 

'there: v = concentrat ion in ppm. and x = absorbance 

'mul t ip le   cor re la t ion   coef f ic ien t  . .  

3s tandard   e r ror  of t5e   es t imate  
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y =: 2 4 . 4 7 ~  - 0.28 

B-5PX - B-5AM 0.180  0.995 57 2 6 . 6 8 ~  - 0.35 

B-lWi - B-2PY 0.161 0.996 y = 2 5 . 1 9 ~  - 0.47 

A-2M.f - B-8AX 0.195  0.994 

Element: 21g 

Wavelength: 255.2 nm. 

Slit'band width: 0.7 ntn. 

Flame:  air-acetylene (oxidizing) 

Standard Curve r 

y = 4 . 8 7 ~  - 0.07 

0.996 y = 7 . 9 4 ~  - 0.17 

0.999 y 5 . 6 2 ~  - 0.20 

0.999 y = 5 . 1 6 ~  - 0.12 

0.998 y = 5 . 6 8 ~  - 0.13 

0.999 

S 

0.039 

0.076 

0.059 

0.059 

0: 09s 
" 

S a.mp 1 e numbers 

A - 8 M  - A-2PM 

A-5P1.I - A-llP?? 

A-2AM - B - 8 M  

B-lLEf - B-5PH 

(standard  curves for residue sawles not  included) 

- 
Element: Fe , (residue samples) 

Wavelength: 248.3 nm. 

Slit band width: 0.2 nm. 

Flame: air acetylene (oxidizing) 

Standard Curve S. r 

y 7 2 . 1 ~  - 1.2 

0.42 B-8PX - B-5A?Z 0.998- y = 6 3 . 6 ~  - 0.7 

0.36 A-2A.f - B-5PPi 0.998 , y = 6 1 . 8 ~  - 1.2  

0.60 A-8M.Z - A-11PX 0.996 

39. 
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A?PElSi)IX I3 

Instrumental  Parameters f o r  Atornic Absorption 
Spectrophotometer  (Gra?hite  Furnace) 

2nd Standard Curve  1::quations 

Element: ??e ( f i l t e r e d  samples) 

Uavelength:  248.3 nm. 

Sl$t band  width: 0 . 2  nm. 

Atomizing  temp.: 2500 C 

Standmd Curve' 

Y = 7.3~10-~>. :  - 3 . 1 ~ 1 0 - ~  

Y: = 7.4~10-~: :  -: 1.3xi0 -3 

' Y = ~ . ~ x I O - ~ X  - 1 . 6 ~ 1 0 - ~  

0.993 1.5X10 

0.936 1,8x10 

Element: 1.h ( f i l t e r e d   s a r q l e s )  

Vavelength:  279.5 nm. 

S l i t  band .;.ridt?l: 0.2 nrbl. 

Atomizing  ten?;: 2400 C 

'1,here: Y = concen t r a t ion   i n  nyx. and X = peak  height 

2 ~ l u l t i D l e ' c o r r e l a t i o n   c o e f f i c i e n t  

3 ~ t a n d . a r d  error of t h e  estimate 
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Element: A 1  ( f i l t e red   samples)  

Wavelength:  309.2 nm. 

S l i t  hand  width:  0 .7  nm. 

Atomizing  temp. : 2600' C " 

Standard  Curve 

A-2AK  -B-5P!i 4.3~10-~ 0.998 Y = 3 . 3 ~ 1 0 - ~ s  - 2 . 5 ~ 1 0 - ~  

A-SAY - A-llPX 3 . 8 ~ 1 0 - ~  0.995 Y = 3.5xU1-~:: - 1 . 7 ~ 1 0 - ~  

Sample  numbers S r 

I Y = 3. O X ~ O - ~ X  - 3 . 1 ~ 1 0 " ~  Io .  999 I 3.4~10"~ B-SPM - B-5AY 

(residue  samples   not   included)  

Element: Cu 

'iJavelength:  324.7 nm. 

S l i t  band width: 0.7 nm. 

Atomizing  temp. : 2500' C 

Standard  Curve Sample numbers S r 

Y = 3, ~ x ~ O - ~ X  - 7 . 7 ~ 1 0 " ~  

A-8PPI - B - l U ? i  8 . 2 ~ 1 0 - ~  0.974 Y = ~ . ~ x I O - ~ X  - 7 . 0 ~ 1 0 - ~  

A-SAM - A-5P?I 9. O X ~ O - ~  0.969 

Y = 2.9x10-4~ - i . 2 x 1 ~ - 4  B-2PM - B - 5 M  1.lX10-3 0.952 

(no Cu detected  on  res idue  samples)  

' Element: N i  ( f i l t e red   samples)  

Wavelength:  232.0 nm. 

. S l i t  band  width:  0.2 nm. 

Atomizing  temo. : 2506 C 
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Standard Curve 

Y = 9 . 1 ~ 1 0 " ~ x  + 6 .3x1C4 

Y = 1. o ~ ~ o - ~ x  - 1. 2x1~-3 

Y = 9. O X ~ O - ~ X  + 3 . 1 ~ 1 0 - ~  

Y = 9.4xlO-"X 4- 8 . 0 ~ 1 0 - ~  

r 

0.998 

0.997 

0.994 

0.999 

- 

(residue samples not included) 

Element : Sn 

Wavelength: 286.3 nn. 

Slit band width: 0.2 nm. 

Atomizing temp. : 2500" C 

S Sample numbers 

2 ,   7 x 1 r 3  A-8LC4 - A-5PM 

3. 1x10-3 A-8F?iI - A-5AM 

4 . 5 ~ 1 0 - ~  

B-8FY - 3-5N2 1 . 6 ~ 1 0 - ~  

B-8AE.I - B-5PM 

.- 

Standard Curve S I Samole numbers I 
Y = 2.2x10-3~ + 3 . m 0 - ~  

Y = ~ . O ~ I O - ~ X  - 1 .2x1~-4  

Y = 2 .&X~O-~X - 7 . 6 ~ 1 0 - ~  

Y = 2 . 4 ~ 1 0 - ~ x  - 7 . 9 ~ 1 0 - ~  

0.999 

0.999 

0.998 

0.999 

1.0~10-~ 

2.0~10-3 

A-8At.I - A-5PM 

B-8AX - B-5PM 2. 2x1~-3  

A-8PII - A-5AY 

1 . 6 ~ 1 0 " ~  B-8PlI - B-5AY 

(no "Sn detected in  residue samples) 
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Chemical  Reactions  and T h e i r  
Log K @ 25 C 

(from Si l len ,   except  where noted) 

Raaction Lop; K @ 25 c 

14.0 

10.3 

6.4 

-0.7 

-0.3 

1.3  

0.7 

1 .0  

1.9 

-8.3 

-11.4 

1.2 

3.4 

2 . 2  

1 . 7  

-12.7 

1.3 

.3.2 

2 :3 

-3.4 

-10.6 



Reaction Log K @ 25 C - 

Fe* + 2H20 f Fe (OH):! + 2H' 
' ++ : 
Fe -F 3E20 z Pe (OK); + 3H' 

Fe* + 4H20 f Fe(0H); + 4H+ 

Fe* + SO; c + FeS04 

Fe* + 2H20 c -+ PeOT + 411' 
Fe* + 2H20 c HFeO; + 3H 

Fe* + .e- f Fe* 

F,* + 1 3 ~ 0  2 FeOlit* + E+ 
Pe * + 2H20 2 Fe (OH)+'+ 2E+ 

Fe* + 31120 c Fe(0H) + 3H' 
2Fe* + 2E20 + Fe2(OH)i4 + 2H+ 

Pe- + SOY FeS04 -+ + 
Fe* + 2SO; + Fe(S04); 

- .  

-+ + 

+ 

-+ 

-18, s 
-31.8' 

-38.0 

1 

1 

2.3 
1 

-4.2 , I  

-31.8 
1 

13.0 

-2.2 

-20.9 

-9.9 

-2.9 

4.0 

5 .3  

'derived  from  free  energy  of  formation  (Parker, - e t   a 1  -8 1971) 
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Lop, I< @ 25 c 

1.5 

2.2 

1 .2 

-0.7 

-2.7 

-10.6 

-14.6 

-32 .  8 

2.3 

0.4 

0.7 

-7 .3 

-13.3 

-26.8 

-39.8 

-39.51 

-26.41 

6.3 

2 .4  

0.05 

-0.5 

-1.9 

-4.2 

-0.5 



Log K @ 25 C 

5.5 

4.2 

-4.8 

-8.6 

-27.7 

-23.2 

-7.5 

3.2 

5.1 

2.8 

-1.7 

-6.7 

-16.2 

-11.1 

1.5 

2.2 

2.0 

1.5 

5.2 

0.4 

0.s 

-2.6 

6.0 

2.2 
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Reaction LOR K @ 25 C 

2.9 

-0.4 

-9.7 

-22.0 

-12. G 

-44.8 

-49.3 

-57.6 

-1.05 
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