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ABSTRACT 

HILDEBRAND, S. G., J. W. HUCKABEE, F. S. DIAZ, S. A. JANZEN, 
J. A. SOLOMON, and K.  D. KUMAR. 1980. D i s t r i b u t i o n  
o f  mercury i n  t he  environment a t  Almaddn, Spain. 
ORNLITM-7446. Oak Ridge Nat iona l  Laboratory,  Oak Ridge, 
Tennesee. 9 8  pp . - 

An eco log i ca l  survey o f  t h e  concent ra t ion  and d i s t r i b u t i o n  o f  

mercury i n  t e r r e s t r i  a1 and aquat ic  systems near t h e  mercury mine a t  

Almaddn, Spain, was i n i t i a t e d  i n  1974. F i e l d  s tud ies  were completed i n  

1977, and chemical analyses were completed i n  1979. This  research was 

a j o i n t  e f f o r t  o f  t h e  Consejo de l a s  Minas de Almaddn, l a  D i recc ion  

~ e n e r a l  de Sani dad (Spain) and t h e  U. S. Environmental P r o t e c t i o n  

Agency, and Oak Ridge Nat iona l  Laboratory (USA). Sample c o l l e c t i o n  a t  

Almaddn fo l l owed  a t r o p h i c - l e v e l  approach i n  which c e r t a i n  compartments 

were sampled a t  a g iven i n s t a n t  i n  t ime  ( f a l l  1974, f a l l  1975, s p r i n g  

1976, f a l l  1976, s p r i n g  1977). The m a j o r i t y  o f  t o t a l  mercury analyses 

o f  f i e l d  samples was performed by t h e  Minas de Almaddn. Methy lated 

mercury analyses were performed by Oak R i  dge Nat iona l  Laboratory.  

Mean t o t a l  lnercury concent ra t ion  i n  t e r r e s t r i  a1 p l a n t s  (8  t axa  

combined) ranged f rom > ,100 p g l g  w i t h i n  0.5 km o f  t h e  mine t o  

1 pg/g 20 km dlstawl; Fr-u~ii the mine. . D i f f e r e n t  p l a n t  species had 

d i f f e r e n t  a f f i n i t i e s  f o r  mercury, bu t  moss species u s u a l l y  had h igher  
.. . . * ,  

t o t a l  mercury concent ra t ion  than vascular  p l a n t s .  Woody p l a n t s  were 

lower i n  mercury concent ra t ion  than fo rbs .  To ta l  mercury concent ra t ion  

i n  muscle, b ra in ,  k idney, and l i v e r  t i s s u e  from mice was h ighes t  a t  a 

s t a t i o n  near t he  stream r e c e i v i n g  l i q u i d  e f f l u e n t  f rom t h e  mine (mean 

t o t a l  mercury a t  t h i s  s t a t i o n  rang ing  f rom 0.18 pg/g i n  muscle t o  

4.74 pg/g i n  k idney) .  Approximately 15 t o  30% o f  t o t a l  mercury i n  



mouse t i s sue  was in t.he methylated form. Total mercury concentration 

in  muscle t i s sue  from house sparrows varied inversely with distance 

from the mine, with highest concentrations exceeding 0 .1  ~ g / g .  

Approximately 1 t o  4% of t o t a l  mercury in sparrow muscle was in the 

methyl ated form. 

Total mercury concentration in  f i s h  muscle t i s sue  decreased with 

dis tance downstream from the  mine. Mean t o t a l  mercury concentration on 

a given date ranged from 2.4 v g / g  in barbo nearest the  source t o  

approxina.tely 0.3 ug/g (boga) a t  control s t a t i ons .  The mean percentage 

methylmercury fo r  a l l  f i s h  analyzed was 82%. Total mercury 

concentration in  water and sediment was highest near the  mine 

( >  1000 vg/g i n  sediment, > 300 v g l l i t e r  in water) ,  then decreased 

downstream. Limited information fo r  benthic invertebrates indicates 

t ha t  mercury concentration in  these taxa follows a pattern similar  t o  

t ha t  observed f o r  f i s h ,  water, and sediment. A maximum nf 50% of the  

variance i n  t o t a l  mercury concentration in f i s h  muscle was explained by 

dis tance from the  source and sampling date. 

The r e su l t s  of t h i s  ecological survey confirm tha t  both aquatic 
. . 

and t e r r e s t r i a l  species in the  v i c in i t y  of the  mercury mine a t  Almaddn 

contain elevated levels  of mercury. Mercury concentration in both 

plant  and animal t i s sue  generally decreased with distance from the 

mine. The level of mercury in  f i s h ,  i f  consumed,. could be a 

s ign i f ican t  source of mercury t o  local  inhabitants.  Our  'estimates 

indicate  t ha t  exposure concentrations z 1.0 pg/g  are possible 29. km 

downstream from the  mine l iquid e f f luen t .  The level of mercury in 

asparagus plants ,  i f  consumed, could a lso  be a source of mercury t o  

local  inhabi tants  (exposure conditions near 1 ~ g l g ) .  

v i 
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1. INTRODUCTION 

The.mercury deposits a t  Almaden are one of the  most remarkable 

mineral occurrences .on ear th .  Exploitation of the  ore - cinnabar and 

quicksilver - began with t h e  Carthaginians a t  l e a s t  two centuries 

before the  Christian era ,  was expanded by the  Romans, and was continued 

by the  Moorish caliphs and the  Spaniards unt i l  the  present. A t  l e a s t  

8 2.8 x 10 kg of mercury have been taken from the mine, b u t  the  ore 

body, a ver t i ca l  bed of quar tz i t e  in the  flank of a great plunging 

syncline, s t i l l  shows no indication of exhaustion. 

The Almadh mining operation generates the  oldest  and possibly the  

most extensive case of mercury e f f luen t  t o  the  land and a i r  in the  

world. The f l o r a  and fauna of the  region are exposed t o  elevated 

levels  of environmental mercury derived both from rock weathering and 

from the  mining/smel t ing processes. Effl uents are .dispersed t o  both 

t e r r e s t r  i a1 and aquat i c ecosystems, b u t  -neither the  extent nor the  

e f f ec t  of t h i s  dispersal  i s  known. 

Although mankind has been aware of the.hnique and peculiar 

propert ies of mercury f o r  mi 11 enni a ,  concern about the  metal ' s 

environmental e f f ec t s  i s  a comparatively recent phenomenon. I t  i s  only 

two decades since the  f i r s t  manifes'tations of the  Minamata tragedy in 

which over f i f t y  Japanese died of eating f i s h  contaminated with mercury 

released t o  Mi namata Bay from an acetaldehyde factory.  This disastrous 

occurrence, along with the  similar  events a t  Niigata (Japan), the  

decrease in  Swedish bird popul at ions because of .bioaccumul at ion of 

mercury derived from agr icul tura l  and industr i  a1 sources, and 



accidental  poisonings from the  misuse of mercury biocides in the  United 

S t a t e s  and Canada, has now become l i t any  fo r  environmentalists.  

All these  events were found t o  be preventable, and, with proper 

v igi lance ,  i t  is unlikely t h a t  s imi lar  cases wil l  occur on such scales  

again. Overt e f f e c t s  of the  noxious element are s t i l l  present in some 

ins tances ,  however, serving t o  warn us against  the misuse of mercuri a l s  

and of t h e i r  environmental pers is tence .  

Mercury i s  one of the  r a r e r  elements in the e a r t h ' s  c ru s t ,  b u t  i t  

i s  so widely disseminated by natural  processes, t h a t  i t  can be .found in 

pract i  ca'l l y  evevything, 1 ncl ud i n y  t he  1 issues of b i o t a .  Indeed, 

mercury i n  t r ace  quan t i t i e s  has been detected i n  v i r t u a l l y  a l l  

organisms i n  which i t  has been sought, indicating t h a t ,  in s p i t e  of the 

low s o l u b i l i t y  of na tu ra l ly  occurring HgS, mercury i s  mobilized and 

absorbed by plants  and animals whether i t  is  derived from natural or 

cu l tu ra l  sources. 

There are  four  main reasons why a study of mercury cycling and 

t ranspor t  in the environment a t  Almaden was a unique opportunity: 

(1) the  re lease  I s  continuous and of long term, meanSng t h a t  cycling 

processes would tend t o  be a t  steady s t a t e ;  ( 2 )  the  e f f l uen t s  are from 

a v i r tua l  point source, a t  l e a s t  on a regional bas is ,  meaning t ha t  

t ranspor t  gradients and r a t e s  are eas ie r  t o  measure; ( 3 )  there  i s  

apparently no other s i gn i f i c an t  source of mercury within a radius of 

hundreds of kilometers; .and ( 4 )  the  region i s  semi-arid so t ha t  

nonvaporous cycling processes are  not accelerated through excessive 

1 eachi ng. 



The most obvious, and probably the most important, mercury source 

a t  Almadbn i s  the 30-m stack from which mercury vapor and sulphur 

dioxide generated in the  ore-roast ing ovens are released.  Another 

source of mercury vapor i s  the forced vent i la t ion of the  mine. Air i s  

drawn through the  shaf t s  and ga l l e r i e s  by large fans and i s  d iss ipated 

t o  the atmosphere through a stack qu i te  near the  main shaf t .  There a re  

other discharges of mercury vapor t o  the  atmosphere, such as t h a t  from 

the f lasking operation, b u t  they a re  minor compared t o  those from 

ore-roasting and mine vent i la t ion.  . Par t i cu la te  matter (such as road 

dust )  containing mercury i s  d i s t r ibu ted  by wind and vehicular a c t i v i t y  

t o  unknown distances from the  mine. 

The l iquid  e f f luen t  from mine and smelter i s  l i t t l e  more than a 

t r i c k l e ,  b u t  i t  i s  nearly constant and contains very high 

concentrations of mercury, as evidenced by drops of metal 1 i c  mercury 

accumulating i n  the  discharge channels. Before 1975, the  e f f luen t  from 

the smelter, flowed in to  trapezoidal  sedimentation ponds t ha t  co l l e c t  

most of the  elemental mercury and mercury-contai ni ng pa r t i cu la tes .  

Overflow was continuous and was released in to  a small stream cal led  

Arroyo Azogado, which runs f o r  7 km un t i l  i t  joins a larger  r i v e r ,  the  

Rio ~ a l d e a z o ~ u e s .  In 1975, a water treatment plant  was i n s t a l l ed  t o  

reduce aqueous mercury re leases .  The r i ve r  has 1 arge f i s h  populations, 

some of which a re  used eventually f o r  food by the local  r es iden t s .  

The ~ r r o y o  Azogado a l so  receives an unknown quant i ty  of dissolved 

mercury leached out of the  mine t a i l i n g s  by ra in  and groundwater. The 

average annual r a i n f a l l  a t  Almaden i s  about 50 cm, b u t  i t  f a l l s  mainly 

during January and February. This means t h a t  mercury contributions t o  
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t h e  aquat ic  environment f rom t h e  t a i l i n g s  may vary widely,  reaching 

maximum l e v e l s  f o l l o w i n g  t h e  seasonal r a i n s .  

The eco log i ca l  survey discussed i n  t h i s  r e p o r t  was conducted i n  

bo th  t e r r e s t r i a l  and aquat ic  systems i n  the  v i c i n i t y  o f  t he  mine a t  

Almadh,  w i t h  t h e  o b j e c t i v e s  o f  d e f i n i n g  the  range o f  mercury 

concentrat  i ons i n  c e r t a i n  ecosystem components and determin ing the  

d i s t r i b u t i o n  o f  mercury i n  these compartments w i t h  d is tance from the  

m in ing  area. 

This  eco log i ca l  s tudy o f  t he  d i s t r i b u t i o n  o f  mercury i n  the 

environment i n  t h e  v i c i n i t y  o f  t he  mercury mine a t  Alrnadbn, Spain, was 

i n i t i a t e d  i n  the f a l l  of 1974. The research was funded by the  Nat iona l  

Sci  ence Foundation Of f i ce  of I n t e r n a t i o n a l  Programs, i n  accordance w i t h  

agreements f o r  s c i e n t i f i c  c o l l a b o r a t i o n  between the  Un i ted  States and ' 

Spain. Th i s  s tudy i s  a  j o i n t  e f f o r t  o f  t he  Consejo de l a s  Minas de 

Almadbn, l a  D i recc ion  General de Sanidad, t he  Un i ted  States 

Environmental P r o t e c t i o n  Agency (EPA) Environmental Sciences Research 

Laboratory,  and t h e  Envlronmental Sciences D i v i s i o n  o f  the  Oak Ridge 

Na t iona l  Laboratory (ORNL). 

Francisco Sanz Diaz was the  c o - s c i e n t i f i c  i n v e s t i g a t o r  w i t h  the  

Minas de Almadbn, respons ib le  f o r  ass is tance in  a l l  aspects o f  . f i e l d  

sample c o l l e c t i o n  and a l l  a n a l y t i c a l  work done i n  Spain. John W. 

Huckabee and Stephen G. Hi ldebrand were c o - s c i e n t i f  l c  I nves t1  ya1ur.s un 

the  p r o j e c t  a t  Oak Ridge Na t iona l  Laboratory (ORNL) ,, respons ib le  f o r  

ORNL a c t i v i t i e s  i n  t e r r e s t r i  a1 and aquat ic  systems, respec t i ve l y .  

Deva Kumar and Jean Solomon o f  URNL ass i s ted  I n  t h e  s t a l  i s t i c a l  

ana lys i s  o f  the  data. 



This r e p o r t  w i l l  p lace  emphasis on t h e  l e v e l s  o f  mercury i n  t h e  

environment a t  Almadbn and t h e  d i s t r i b u t i o n  of mercury w i t h  d is tance 

f rom t h e  mine. 

Sect ion 2 o f  t h i s  r e p o r t  i s  a  d iscuss ion  o f  t h e ' . f i e l d  and 

a n a l y t i c a l  methods employed. Sec t ion  3 discusses r e s u l t s  o f  t h e  

t e r r e s t r i a l  p o r t i o n  o f  t he  study, and sec t i on  4 inc ludes  r e s u l t s  o f  t h e  

'aquat ic p o r t i o n  o f  t h e  study. Sec t ion  5 presents a  conc ise  s'ummary o f  

major observat ions and conclus ions.  . . 



2. METHODS 

Sample c o l l e c t i o n  a t  Almaden f o l l o w e d  a t r o p h i c - l e v e l  d p p r ' u d ~ t ~  ill 

which c e r t a i n  compartments were-sampled a t  a g iven  t ime.  Major 

g roup ings  sampled i n  t h e  t e r r e s t r i a l  environment i nc l uded  n a t i v e  

p l a n t s ,  smal l  mamnals, and house sparrows. Major groups sampled i n  t h e  

a q u a t i c  environment were water,  sediment, f i s h ,  and b e n t h i c  

i n v e r t e b r a t e s .  The m a j o r i t y  o f  chemical analyses f o r  t o t a l  mercury 

c o n c e n t r a t i o n  i n  f i e l d  samples were performed by t h e  L a b o r a t o r i o  de 

M i  nas de Almadbn. A1 1 de te rm ina t i ons  o f  methy l m e r c u r j  concenlv 'a l  i UII 

were performed by ORNL. I n  a d d i t i o n ,  ORNL performed t o t a l  mercury 

analyses on a p o r t  lur~ uT L l ~ e  samples analyzed s t  t h c  mine as a 

cross-check on a n a l y t i c a l  techniques.  

2 .1  COLLECTION METHODS FOR TERRESTRIAL SPECIES 

The Ler-rvrslr Sal sampl ing s t ~ t i o n s  a t  Almadbn 3 . r ~  w i t h i n  a r a d i u s  

of 25 km f rom t h e  m ine l sme l t e r  complex ( F i g .  1 and Table 1). They were 

l o c a t e d  by f i e l d  examinat ion, as n e a r l y  e q u i d i s l d r i t  from t h e  mine as 

p o s s i b l e  a1 ong no r th - sou th  and east-west Lransects .  The d is tances  and 

d i r e c t i o n s  v a r y  w i t h  t h e  l o c a l  d i f f e r e n c e s  i n  topography, geology, 

c u l t u r a l  a c t i v i t i e s ,  and ecology. However, t h e  s t a t l u r ~ s  werx g e n e r a l l y  

about 2, 5 and 20 km f rom t h e  mine. There was no s t a t i o n  2 km east ,  

nor  a t  2 km south because o f  range f i r e s  two years  i n  a rod. Thus, 

t h e r e  were t e n  t e r r e s t r i a l  s t a t i o n s  a t  which t h e  f o l l o w i n g  samples were 

c o l l e c t e d  f o r  mercury  ana l ys i s :  p l a n t s  t h a t  i n c l u d e  Quercus sp., 

Asparagus a c u t i f o l i u s ,  Centaurea c a l c i t r a p a ,  Centaurea x., Avena 

f a t u a ,  and Retama sphaerocarpa. Composite samples o f  moss species were 
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F i g .  1. Map o f  t h e  AlmadGn area  showing approximate l o c a t i n n s  of aquat ic  
. and t e r r e s t r i a l  sampling s t a t i o n s .  



Table 1. Description of sampling s t a t i ons  where t e r r e s t r i a l  
p lan t s  were col lec ted.  See F i g .  1 f o r  approximate 
location of plant  s t a t i ons  (designated by P-X) 
1-7, 9-11. 

Sta t ion  number 
Distance ( k m )  and d i rec t ion  

from mine 

20.0 W 

.5.0 W 

1.0 W 

5.0 E 

20 .'0 E 

70.0 5 

5.0 S 

2.0 N 

5.0 N 

20.0 N 

3.0 W 

1.0 N 

0.5 N 

8.0 SE 

1.5 NE 

2'0 ENE 

2.0 NE 

2.0 W 

a ~ o s s  species were not col lec ted.  

b ~ n l y  moss species were col lec ted.  



c o l l e c t e d  a t  9 o f  10 p l a n t  s t a t i o n s .  A l l  moss spec ies were mat- forming 

types. Because mosses have been shown t o  be r e l i a b l e  i n d i c a t o r s  of 
3 

a i r b o r n e  mercury contaminat ion, composite. samples o f  severa l  spec ies 

were c o l l e c t e d  a t  e i g h t  a d d i t i o n a l  s i t e s ,  making a  t o t a l  o f  17 moss 

s t a t i o n s .  

House sparrows (Passer domest icus),  abundant . i n  t h e  ~ l m a d g n  area, 

were c o l l e c t e d  independent l y  o f  t h e  e s t a b l i s h e d  s t a t i o n s  because o f  

unique c h a r a c t e r i s t i c s  o f  t h e  species.  House sparrows were c o l l e c t e d  

a t  t he  mine, t h e  c h a l e t s  1.6 km f rom t h e  mine, and a  c o n t r o l  s i t e  25 km 

f rom t h e  mine. 

Rodents were c o l l e c t e d  i n  snap t r a p s  a t  t h r e e  l o c a t i o n s :  1, 5, 

and 25 km f rom the  mine. The most f r e q u e n t l y  caught spec ies was 

Apodemus s y l v a t i c u s  (wood mouse), w i t h  a  few - Mus musculus (house mouse) 

and shrews o c c a s i o n a l l y  appearing. 

A t  each o f  t h e  t e r r e s t r i a l  p l a n t  sampl ing s t a t i o n s ,  a  

200-m-diameter c i r c u l a r  p l o t  was e s t a b l i s h e d  by l o c a t i n g  a  permanent 

f e a t u r e  ( e a s i l y  i d e n t i f i e d  rock  o r  t r e e )  as t h e  cen te r .  A n  imag inary  

c i r c l e  d e s c r i b i n g  t h e  p l o t  was drawn and d i v i d e d  i n t o  square subp lo t s  

'20  m on a  s ide .  These subp lo ts  ( o n l y  those f a l l i n g  e n t i r e l y  w i t h i n  t he  

c i r c l e  were used) were assigned consecu t i ve  numbers. When p l  an ts  were 

sampled, a  random-numbers' l i s t  was used t o  s e l e c t  t h e  subp lo t s  i n  

which the,samples were c o l l e c t e d .  Three samples o f  each spec ies were 

taken u n t i l  12 samples o f  each spec ies - four  subp lo ts  - were 

obtained.. I f  l e s s -  than  t h r e e  samples cou ld  be found  i n  each subplot ,  

t h e  random number s e l e c t i o n  process con t inued  u n t i l  t h e  c o l l e c t i o n  was 

complete. A  su rveyo r ' s  cha in  and compass were used f o r  l o c a t i n g  t h e  
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s u b p l o t s .  The p l a n t s  were p l aced  i n  p l a s t i c  bags and t r a n s p o r t e d  t o  

t h e  l a b o r a t o r y .  Green ( f r e s h )  samples were f rozen ,  and d r i e d  samples 

were s t o r e d  on t h e  she lves .  

The t h r e e  s t a t i o n s  a t  which smal l  manmals were c o l l e c t e d  co inc i ded  

w i t h  a  p l a n t  sampl ing s t a t i o n .  I n  each s t a t i o n ,  V i c t o r  snap t r a p s  were 

ar ranged i n  t r a n s e c t s ,  w i t h  a  t r a p  about eve ry  5 m. The t r a p s  were 

b a i t e d  w i t h  peanut b u t t e r  i n  t h e  a f ternoon and checked t h e  f o l l o w i n g  

morn ing.  Twenty samples o f  each spec ies were sought a t  each, s t a t i o n .  

The an imals  caught were t r a n s p o r t e d  t o  t h e  l a b o r a t o r y ,  weighed, sexed, 

and f r ozen .  

The sparrows had t o  be n e t t e d  where t h e y  occurred,  which i n  no 

case c o i  nc ided  w i t h  t h e  o t h e r  t e r r e s t r i a l  s t a t i o n s .  B i r d s  were caught 

i n  m i s t  n e t s  or  were sho t .  The n e t s  were e rec ted  a t  f a v o r a b l e  

l o c a t i o n s  and b i r d s  were removed a t  i n t e r v a ' l s  each day u n t l l  18 had 

been taken  a t  each o f  t h e  two s t a t i o n s  where n e t t i n g  was f e a s i b l e .  A t  

t h e  t h i r d  s t a t i o n  t h e y  were shot-gunned w i t h  f i n e  p e l l e t s .  I f  p e l l e t s  

pene t ra ted  t h e  t l s s u e s  t o  be analyzed for- Hg, t h e  sample was d iscarded .  

P r e l  i m i  nar,y sampl i ng of t h e  t e r r e s t r i  a1 environment was conducted 

i n  t h e  f a l l  o f  1974. The r e s u l t s  o f  t h i s  sampl ing,  and mercury  

analyses o f  these  samples p e r f o r n ~ e d . a t  ORNL, wer-e used t o  des ign t h e  

t e r r e s t r i  a1 s tudy .  The t e r r e s t r i  a1 system components were sampled 

aga in  i n  . f a l l  1975, s p r i n g  1916, t ' a i l  1976, and s p r i r ~ y  1977. 

2.2 COLLECTI'ON METHODS FOR AQUATIC COMPARTMENTS 

The l i q u i d  e f f l u e n t  f r om  t h e  mine en te r s  t h e  Ar royo  Azogado 

( F i g .  1) and f l o w s  approx imate ly  7  km b e f o r e  j o i n i n g  t h e  R i o  



Valdeazogues, t he  main s tudy  stream. Three temporary s t a t i o n s  (A-15, 

A-16, A-17) were e s t a b l i s h e d  on t he  Arroyo Azogado f o r  1  i m i t e d  sampl ing 

o f  water and sediment .  Three s t a t i o n s  (A-7, A-9, A-11) were 

es. tab l ished on t h e  R io  Valdeazogues, w i t h  A-7 be ing  12 km above 'the 

conf luence w i t h  t h e  Arroyo Azogado, and, A-9 and A-11 be ing  0.3 km and 

11 km below t h e  conf luence w i t h  t h e  Arroyo Azogado, r e s p e c t i v e l y .  

S t a t i o n  A-12 was es tab l i shed  on t h e  R i o  Zugar downstream f rom t h e  

conf luence o f  t he  R i o  Valdeazogues, a  t o t a l  d i s t ance  o f  29 kin below t h e  

Ar royo  Azogado. S t a t i o n  A-14 was a temporary s t a t i o n  e s t a b l i s h e d  on 

t he  R i o  Zu ja r  above t he  con f luence  w i t h  t h e  R i o  Valdeazogues f o r  

l i m i t e d  water and sediment sampling. S t a t i o n  A-10 was e s t a b l i s h e d  on 

t he  R i o  Guadalmez, a  t r i b u t a r y  t o  t he  R i o  Valdeazogues n o t  d i r e c t l y  

i n f l u e n c e d  by t h e  l i q u i d  e f f l u e n t  f rom t h e  mine. S t a t i o n  A-13 was 

e s t a b l i s h e d  on t he  R i o  Esteras, a  t r i b u t a r y  t o  t h e  R i o  Zu ja r  n o t  

d i r e c t l y  i n f l u e n c e d  by t h e  l i q u i d  e f f l u e n t  f rom t h e  mine. 

We attempted t o  c o l l e c t  t h r e e  f i s h  spec ies a t  each s t a t i o n  

sampled; t h e  barbo (Barbus spp . ) , t h e  cacho (Leuc iscus cephalus)  , and 

t h e  boga (Chondrostoma p o l y l  epus) . L i m i t e d  numbers o f  1  argemouth bass 

(Mi c rop te rus  salmoi des) were c o l l e c t e d  where p resen t .  The m a j o r i t y  of 

f i s h  were c o l l e c t e d  by e l e c t r o f i s h i n g  w i t h  a  ba t t e r y -ope ra ted  back-pack 

dev ice  ( D i r i g o  Model 500). Beach se ines were used t o  supplement 

e l e c t r o f i s h i n g  where necessary.  F i s h  species were c o l l e c t e d  a t  

s t a t i o n s  A-7, A-9, A-10, A-11, A-12 ( f a l l  1974, f a l l  1975, s p r i n g  1976, 

f a l l  1976, s p r i n g  1977). F i s h  were c o l l e c t e d  a t  s t a t i o n  A-13 i n  s p r i n g  

1976, f a l l  1976, and s p r i n g  197z. A l l  f i s h  samples were f r o z e n  f o r  

1  a t e r  chemical  ana l ys i s .  



Benthic invertebrates were collected a t  s t a t i ons  A-9, A-12, and 
. . 

A-13 in  spring 1977. ~ u a l i t a t i ' v e  samples of benthic invertebrates were 

obtained by physically disrupt ing the  subs t ra te  upstream .from a 

co l lec t ing  screen ("kick sampling") . The inver tebrate  samples were 

frozen upon col lect ion and returned t o  nRNL f o r  both t o t a l  and 

methylmercury analysis .  

Water samples were col lected a t  s t a t i ons  A-7, A-9, A-10, A - 1 1 ,  

A-12, A-13, A-15, A-16, A-17 in  f a l l  1975, f a l l  1976, and spring 1977. 

Water was sampled a t  s t a t i on  A-14 i n  spring 1977. Water sair~ples were 

collected in the Field by f i l l i n g  a previously prepared 100-ml 

volumetric f l ask  (see  Section 2.3).  Water samples were not f i l t e r e d  

pr io r  t o  analysis ,  so water concentrations represent t o t a l  mercury 

(dissolved plus pa r t i cu l a t e )  in  the  water column. 

Sediment samples were collected a t  s t a t i ons  A-7, A-9, A-10, A - 1 1 ,  

and A-13 i n  sp r ing  1976, f a l l  1976, and spring 1.977. Sediment samples 

were collected a t  s t a t i on  A-12 in spring 1977 only. Sediment samples 

were col lected by hand, placed d i r e c t l y  in to  p l a s t i c  bags, and frozen 

within' 2 h of col lect ion.  We attempted t o  co l lec t  sediment from 

deposit ing areas a t  a l l  s t a t i ons .  The sediment samples were thawed 

pr io r  t o  analys is ,  dried a t  35OC, and sieved throuyh 104-v~n mesh. The 

f r ac t i on  smaller than 104-pm was analyzed for  . t o t a l  mercury ( see  

Section 2 .3) .  

2.3 ANALYTICAL METHODS FOR TOTAL MERCURY 
ANALYSIS, MINAS de ALMADEN 

All analyses completed in  Spain were performed i n  the Laboratdr-io, 

Mi nas de Almaddn, which i s  respons'i ble f o r  production control ,  



geochemistry, c l i n i c a l  analyses, and p o l l u t i o n  c o n t r o l  a c t i v i t i e s  a t  

t he  mine. 

2.3.1 Apparatus 

The 'equipment used f o r  t o t a l  mercury analyses i n  Spain i s ' d e p i c t e d  

schemat ica l l y  i n  F ig .  2.   he major  a n a l y t i c a l  system components are 

t h e  f o l l o w i n g :  .. . . 

( 1 )  Cold Vapor F l  ameless Atomic ~ b s o r ~ t i o n  Spectrophotometer, 

254-nm, 300-mm double c e l l ,  LDC mercury mon i to r  (Labora tory  

Data Cont ro l  ). 

( 2 )  LDC Recorder, 1-100 mV s e n s i t i v i t y ,  w i t h  speeds o f  23.54 cm/h 

t o  20.3 cm/min (Laboratory Data Cont ro l  ) . 
( 3 )  D i g i t a l  Voltmeter,  0 t o  199.9 mV s e n s i t i v i t y  ( D i g i t e c  Model 

261C, Un i ted  Systems Corpora t ion) .  

( 4 )   lowm meter (F isher  and Por te r ,  Lab Crest  Model 448-225), 100 

t o  1800 cm3/min. 

( 5 )  100-ml heart-shaped ae ra t i on  vessels.  

( 6 )  1500-1 i t e r / h  a s p i r a t j o n  pump ( A l v e r )  . 
( 7 ) .  Thermolyne Model 9425 ho t  p i  ates. 

(8 )  Su r f  ace t h r ~ i ~ i u r ~ r l e r s  , 10 t o  4 0 0 0 ~  ( P  I C ins t ruments) .  

( 9 )  250-rnl vo lumet r ic  f l asks ,  b o r o s i l i c a t e  glass, f l a t  bottom 

(Kimax). 

(10) Specia l  condensers ("Feldman Chimneys") as descr ibed i n  

Feldman (1974). 

(11  ) Furnace (Thermolyne Mode 1 F-6020). 

(12) Imper ia l  I 1  Rad lon t  Heat Oven (Lab L i n e  Inst ruments Inc. ) .  

(13) M e t t l e r  Model PL 200 balance. 
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1. DUST FILTER 9. 300-mm DOUBLE CELL 

2. FLOWMETER 11. FLUW-LIMl l t H  V A L V E  

3. & 8. Mg(CI04)2.H20 DESICCANT 12. PUMP 

4. & 10. HOPCALITE A. ULTRAVIOLET MERCURY LAMV 

5. SILVER WOOL B. 254 - nm PHOTODETECTOR 

6. FOUR-WAY VALVE C. RECORDER 

7.-  HEART-SHAPED AERATION VESSEL 

Fig. 2. Schematic representation of equipment used for  to ta l  mercury 
analyses a t  the Minas de Almadel. 



All chemical analyses were performed in a "clean room" which 

included a forced-air  stream, previously f i l t e r e d  through Hopcalyte, 

and a double ent ry  door t o  avoid contamination. 

Reagents u t i l i zed  in t o t a l  mercury analyses included: mercury 

f r ee  65% HN03 ( l e s s  than 5 p g / l i t e r ,  Merck Catalogue No. 452), 

mercury f r e e  65% HC104 ( l e s s  than 5 p g / l i t e r ,  Merck Catalogue No. 514), 

K2Cr207 (Ma1 1 inchrodt Catalogue No. 6770), Mg(C104)2 ' XH20 

(Merck Catalogue No. 5874), Hopcalyte (MSA Catalogue No. 26599), micro 

s i  1 ver wool (Fisher Catalogue No. 737148), HgC12 (Anal ar  Catalogue 

No. 5552), and double-disti  1 led water. 

2.3.2 Sampl e Preparat i on 

All f i e l d  samples of f i s h ,  b i rds ,  and rodents were placed in a 

f reezer  within a few hours a f t e r  col lec t ion,  and a l l  sample preparation 

was conducted in the  "clean room" t o  avoid external  contamination. 

Samples were then thawed f o r  preparation f o r  wet-ashing. Five grams or 

less  of f i s h  axial  muscle from above the  l a t e r a l  l i ne  and below the  

dorsal f i n  was r.elnoved f o r  analysis  (a1 l skin removed). Pectoral 

muscle, brain,  and kidney t i s sue s  were obtained from a l l  bird samples. 

Skeletal  111usc1e from one fo re leg  and one hindleg, brain,  and l i ve r  

t i s sue  were removed from rodent samples f o r  analys is .  

Green plant  samples were a l so  frozen soon a f t e r  co l l ec t ion .  After 

thawing, individual p lants  were separated from the  sample. Where 

appropri a te ,  each i ndi vi dual pl ant was segregated i nto samples of 

leaves, stems, and f r u i t s .  The d i f fe ren t ,  pa r t s  of each plant were 

placed in individual beakers and r insed several times with d i s t i l l e d  



water t o  remove e x t e r n a l  contaminat ion (shake beaker covered' w i t h  watch 

g lass ) .  A f t e r  r i n s i n g ,  t he  i n d i v i d u a l  beakers and contents were d r i e d  

ove rn igh t  i n  an oven a t  35OC p r i o r  t o  wet-ashing. 

Water samples were c o l l e c t e d  i n  t he  f i e l d  w i t h  100-ml vo lumet r ic  

f l a s k s  con ta in ing  15 m l  o f  HN03 and 20 mg K2Cr207. Water 'was 

c o l l e c t e d  t o  fill t h e  f l a s k  t o  the  100-ml mark. I n  t he  labora tory ,  

each water sample was t rans fe r red  t o  a  250-ml f l a s k  and HC104 added 

f o r  p rocess i  ng . 
Samples o f  r i v e r  s e d i m ~ n t  were d r i e d  a t  X ° C ,  then sleved t o  

separate t h e  ~ 1 0 5 - p m  s i r e  f r a c t i o n .  

2.3.3 Chemical Ana lys is  

A l l  samples o f  animal and p l a n t  t i s s u e  were wet-ashed using the  

procedure o f  Feldman (1974). Sample weight was obta ined by determin ing 

t h e  d i f f e r e n c e  between the  empty f l a s k  and t h e  f l a s k  con ta in ing  the  

sample. D iges t i on  products were d i l u t e d  t o  50 m l ,  and a l i q u o t s  were 

analyzed i n  the atomic absorp t ion  (AA) system (F ig .  2 ) .  Readlngs were 

compared w i t h  t h e  s t r a i g h t - l i n e  c a l i b r a t i o n  obta ined w i t h  d i f f e r e n t  

2 + amounts o f  20 ng Hg /m l  standard s o l u t i o n  prepared i n  t he  same 

manner as the  unknown sample. 

A l l  t h e  glassware used i n  mercury ana lys is  was cleaned u t i l i z i n g  

the f o 11 owi ng procedure: 

(1) r i n s e  w i t h  t a p  water and detergent,  

(2 )  several  r i n s e s  w i t h  tap  water, 

( 3 )  several  r i n s e s  w i t h  d i s t i l l e d  water, 

( 4 )  r i n s e  w i t h  10% HN03, 



( 5 )  severa l  r i n s e s  w i t h  . d i s t i l  l e d  water, 

( 6 )  bake i n  oven a t  450'6 overn igh t ,  and 

( 7 )  cover w i t h  p a r a f i l m  u n t i l  nex t  use. 

2.3.4 Q u a l i t y  Con t ro l  

Q u a l i t y  c o n t r o l  o f  t o t a l  mercury analyses performed a t  t h e  

Labora to ry  Minas de ~ l m a d 6 n  was achieved i n  two ways. Na t i ona l  Bureau 

o f  Standards (NBS) bov ine  l i v e r  (NBS Standard Reference M a t e r i a l  1577), 

o rchard  1 eaves (NBS Standard Reference M a t e r i a l  1571), and water (NBS 

Standard Reference Ma te r i  a1 1642 a) were used t o  check t h e  procedure and 

s tanda rd i za t i on .  I n  add i t i on ,  approx imate ly  10% o f  a l l  samples were 

separated i n t o  two p a r t s ,  one p a r t  t o  be analyzed by  Minas de ~ l m a d 6 n  

and one p a r t  by ORNL. These "check" samples were then  analyzed f o r  

comparab i 1 i ty. 

2.4 ANALYTICAL METHODS FOR TOTAL MERCURY AND 
METHYLMERCURY CONDUCTED AT ORNL 

Approx imate ly  10% o f  a l l  animal and p l a n t  samples c o l l e c t e d  were 

r e t u r n e d  t o  ORNL a t  t h e  conc lus iun  o f  each sampl ing sequence (sh ipped  

f r o z e n  on d r y  ice). .  These samples were p r i m a r i l y  "check" samples 

descr ibed  i n  S c c t i o n  2.3, b u t  d l s u  i nc l uded  samples t o  be analyzed f o r  

methy la ted  mercury. The samples analyzed f o r  t o t a l  mercury a t  ORNL 

were processed and analyzed i n  a manner s i m i l a r  t o  t h a t  descr ibed  i n  

Sec t ion  2.3 and i n  Smith (1957) and Feldman (1974). 

Samples analyzed f o r  methy l  a ted mercury f o l l owed  t h e  procedure 
. . 

of Talmi (1975). The a n a l y t i c a l  d e t e c t i o n  system f o r  organomercur i  a l s  

cons i s ted  o f  a gas chromatograph (g.c.) equipped w i t h  a 



microwave-emission spec t romet r ic  de tec to r .  The microwave-emission 

de tec to r  s e n s i t i v i t y  i s  g e n e r a l l y  independent o f  t he  molecular  

s t r u c t u r e  of the m e r c u r i a l  analyzed, i n  c o n t r a s t  t o  . the w ide l y  used 

e l e c t r o n  capture  de tec to r .  Thus, t he  d e t e c t a b i l i t y  o f  t h e  system f o r  

e i t h e r  CH3HgC1 o r  (CH3)2Hg i s  a t  t h e  3- t o  8-pg range. 

The procedure f o r  ana l ys i s  o f  methy lated mercury i n  p l a n t  and 

animal t i s s u e  cons i s ted  o f  t h e  f o l l o w i n g  genera l  s teps:  

(1 )  Homogenize t h e  t i s s u e  and weigh 0.5 t o  1.0 g i n t o  a 

centrif ugs tube. 

( 2 )  Add 1 1111 01: c u r ~ c e t ~ t r a t e d  hyd roch lo r i c  a c i d  and 2 m'l o f  water 

t o  the sample. 

( 3 )  Mix f o r  3  min. 

(4 )  Add 3  t o  5  m l  o f  benzene t o  t he  c e n t r i f u g e  tube, c e n t r i f u g e  

t o  separate phases. 

( 5 )  In jee t  1 t o  20 m l  o f  t he  d r i e d  benzene e x t r a c t  (nver ,  

anhydrous sodium s u l f a t e )  i n t o  t he  gas chromatograph column. 

Methy lated mercury concent ra t ions  were obta ined by 111ur1 i lur.irsg t he  

emiss ion i n t e n s i t y  a t  t h e  253.7-nm Hg spec t ra l  l i n e ,  and comparing i t  

t o  a standard curve  r e s u l t i n g  from chromatography o f  a  pure standard. 

Because i t  was found t h a t  t h e  e x t r a c l i u n  GFf ic iency  i S  ;in the  75 t u  90% 

range, t h e  e x t r a c t i o n  procedure was repeated. 

The e x c e l l e n t  s e l e c t i v i t y  p rov ided by the  g.c. microwave-emisslon 

system e l im ina tes  the  need f o r  t h e  ted ious  and time-consuming cleanup 

procedures o f  t h e  organic  ex t rac t .  Also, t h e  e x t r a c t s  can be i n j e c t e d  

a t  t h e  r a t e  o f  30 t o  50/h compared t o  1 t o  2/h w i t h  convent ional  

systems. Typ i ca l  accuracy values a t  10 t o  40 r g / l i t e r  C H 3 ~ g ~ l  i n  



f i s h  were 4 t o  12%; r e p r o d u c i b i l i t y ,  expressed as r e l a t i v e  s tandard 

d e v i a t i o n ,  was 3 t o  10%. A d e t a i l e d  d e s c r i p t i o n  o f  a n a l y t i c a l  

techniques used f o r  aqua t i c  samples i s  g i ven  i n  H i ldebrand  e t  a l .  

(1980). 



3. RESULTS AND DISCUSSION OF THE TERRESTRIAL SURVEY 

3.1 CONCENTRATION OF MtliL'UHY I N  PiANTS AND 
- DISTRIBUTION I N  THE ENVIRONMENT AT A L M A D ~ N  

The vegeta t ion  o f  t he  ~ l m a d 6 n  area s t r o n g l y  r e f l e c t s  the  semi a r i d  

c l ima te :  i n  spr ing,  the  f o r b s  (nonwoody p l a n t s )  are green and growing; 

i n  t he  f a l l ,  they are comple te ly  d r y  and dead. Although Asparagus i s  

woody and evergreen, t h i s  species a l so  shows succulent  new growth i n  

A p r i l  and May, b u t  o n l y  s t i f f  and nonp l ~ e n t  needles and s1e111s bp 

September. Of t h e  p l a n t  species co l lec ted ,  o n l y  oak (Quercus sp.) and 

Retama showed l i t t l e  o r  no obvious ex te rna l  dqfferences i r i  leaves (oak) -- 
. . 

o r  stems (Retama has no leaves)  between sp r ing  and f a l l .  . Moss responds 

t o  r a i n ,  which was more p reva len t  i n  spr ing,  b u t  remains. green a t  a l l  

seasons. 

Vascular p l a n t s  may accumulate mercury by two rou tes  o f  uptake: 

through t h e  r o o t s  f rom the s o i l  ( i o n i c )  g r  through the  stomates f rom 

the  atmosphere (HgO) (L indberg  e t  a l .  1979). Moss, on the  o ther  hand, 

accumulates most o f  i t s  mercury curl tent from the  atmosphere, r e t a i n i n g  

p a r t i c u l a t e  mercury ( " d r y  f a l l " )  and i o n i c  mercury ( i n  r a i n )  b u t  no t  

HgO (Huckabee 1973, Huckabee and Janzen 1975). 

It was expected t h a t  a l l  p lan ts  nearer l t ~ e  111ine/srnelter would have 

h ighe r  2Hg concent ra t ions  than p l a n t s  more d i s t a n t  from the  

mine/smelter, and t h a t  moss would u s u a l l y  have h igher  ZHg 

concent ra t ions  than the  vascular  p l a n t s  i n  t he  same area. A f u r t h e r  

d i s t i n c t i o n  must be made i n  comparing the  p l a n t  ZHg data. The f o r b s  

t h a t  senesce o r  d i e  w i l l  n o t  accumulate, and may n o t  r e t a i r ~ ,  li lercury a t  

t h e  same r a t e s  a1 1 year. The p l a n t s  t h a t  cont inue t o  metabol ize a1 1 



year would tend t o  accumulate and r e t a i n  CHg a t  t h e  same r a t e s  a l l  

year.  The moss responds t o  r a i n f a l l  whenever i t  occurs, and g rea tes t  

uptake would f o l l o w  a  r a i n  event preceded by an extended d ry  per iod .  

The p l a n t  zHg data were examined by s tat ion, ,  by season, and by 

species t o  determine i f .  p l a n t  mercury content  was a  f u n c t i o n  of 

d is tance f rom the  mine/smelter,  and i f  the re  were d i f f e rences  i n  

mercury concent ra t ion  between species. Table 1 shows t h e  d is tance from 

the  mine/smelter o f  each p l a n t  s t a t i o n .  

3.1.1 S t a t i s t i c a l  Ana lys is  

I n d i v i d u a l  a n a l y t i c a l  determinat ions (2483) o f  t o t a l  mercury 

concent ra t ion  .were ob ta ined.  f rom t h e  var ious t i s s u e s  o f  seven p l a n t  

species over the  s tudy p e r i o d  (Table 2 ) .  For a l l  s t a t i s t i c a l  analyses 

t h a t  f o l l o w ,  est imates o f  mercury concent ra t ion  were transformed 

( n a t u r a l  l o g )  t o  s t a b i  1  i z e  t h e  var iance. Consequently, a1 1  means 

repo r ted  f o r  p l a n t s  are geometr ic means. 

S t a t i o n  comparison o f  mercury concent ra t ion  i n  p l a n t s  (a1 1  species 

inc luded)  was acco~~ ip l i shed (Table 3 )  us ing  t h e  Duncan's m u l t i p l e  range 

t e s t ,  w i t h  the' mean square e r r o r  and degrees o f  freedom f rom a  nested 

ana lys is  o f  vavidnce ( w i t h  types nested w i t h i n  dates, dates nested 

w i t h i n  species, and species nested w i t h i n  s t a t i o n s ) .  

The comparison o f  mercury concent ra t ion  between species (a1 1  

s t a t i o n s  inc luded)  was done i n  a  s i m i l a r  manner (Table 4) .  A nested 

ana lys is  o f  var iance was performed ( types  w i t h i n  dates w i t h i n  s t a t i o n s )  

t o  determine t h e  degrees o f  freedom and the  mean square e r r o r .  The 

Duncan's m u l t i p l e  range t e s t  was used t o  rank t h e  means. 



T a b l e  2. Number of  samples of  p l a n t  spec ies  ana lyzed f o r  t o t a l  mercu ry  
c o n c e n t r a t i o n  o v e r  t h e  s t u d y  p e r i o d  ( i n d i v i d u a l  t i s s u e  samples 
lumped when ana lyzed) .  Une sample o f  moss was d r ~ d l y ~ e c l  fr-om 
each s t a t i o n  and on each d a t e  where a v a i l a b l e  ( t o t a l  number 
ana lyzed = 75) .  

S t a t i o n  Fa1 1  Fa1 1  S p r i  ng Fa1 1  S p r i n g  
1974 1975 1976 ' 1976 1977 

Avena f a t u a  -- 

Centaurea c a l c i t r a p a  

Asparagus a c u t i f o l  i u s  



T a b l e  2.  ( c o n t i n u e d )  

S t a t i o n  ' Fa1 1 F a l l  S p r i n g  Fa1 1 S p r i  ng 
,1974 1975 1976 1976 1977 

Centaurea  s p .  

Q u e r c u s  s p .  

Re tama s p . 



Table 3. S t a t i o n  r a n k i n g  i n  order of t o t a l  mercury (zHg) 
concen t ra t ion  i n  p lan ts ,  us ing  a l l  p l a n t  data ( a l l  
species, a1 1  seasons) 

Geometric . D i s t a n c e ( k m )  
~ r o u ~ i n g ~  N S t a t i o n  mean (~ !3 / !3)  from source 

7 - 

I 4  14b 108.85 0.5 

2  18" 35.16 2.0 

3  1 6 ~  32.79 1.5 

1 3 ~  4  21.98 1  .O 

2 l g h  19-11 2.0 

4 17b 16.14 2 . I1 

4 1 2 ~  15.49 3.0 

I 4  1 5 ~  5.87 8.0 

I 253 3C 2.77 1 .U 

I 227 9 1.16 2 : 0  

7 = 194 0.98 5.0 I 217 l o C  0.96 5.0 

28% 4  0.90 5.0 

281 2" 0.89 5.0 

250 6  0.79 20.0 

244 C 0.73 20.0 

271 - 1 0.69 20'. 0 

a  S t a t i o n s  connected by t h e  sane v e r t i c a l  l i n e ' a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from one another  (a = 0.05).  

b ~ n l y  moss c o l l e c t e d  a t  r t d t i o o .  

' ~ 1 1  p l a n t  species c o l l e c t e d  a t  s t a t i o n .  

d~l l  p l a n t  species except moss c o l l e c t e d  a t  s t a t i o n .  



Table 4. . Geometric mean o f  t o t a l  mercury ( c H ~ )  concen t ra t i on  i n  each p l a n t  
species from a l l  s t a t i o n s  a t  a l l  seasons and from s p r i n g  o n l y  

A l l  seasons Spr ing o n l y  

Mean Mean 
Groupi ng" Species (uglg) ~ r o u ~ i n ~ ~  Species (ug19) 

I Moss 10.73 I Moss 6.05 

I Centaurea sp . 2.80 I Centaurea s p . 2.79 

1 Avena fatua 1.82 

Centaurea 1.69 
ca Zcitrapa 

I Asparagus 0.82 
acu t i f o  Zius 

I Quercus sp. 0.78 

I Re tama 0.38 
sp haerocarpa 

Avena fatua 

Centaurea 
ca Zci trapa 

Quercus sp. 0.71 

Asparagus 0.69 
acu t i f o  Zius 

Re tama 0.32 
sphaerocarpa 

a 
Species connected by the  same v e r t i c a l  l i n e  are no t  s i g n i f i c a n t l y  
d i f f e r e n t  f rom one another (a = 0.05). 



I n d i v i d u a l  analyses o f  va r iance  t o  de tec t  s t a t i o n  d i f f e r e n c e s  were 

performed f o r  each p l a n t  spec ies (Tables 5-12).  Due t o  t h e  unbalanced 

n a t u r e  o f  t h e  sampl ing design, date was used as a  b l o c k i n g  f a c t o r .  

Us ing  t h e  i n f o r m a t i o n  f r om these  analyses, t h e  Duncan's m u l t i p l e  range 

t e s t  was used t o  rank t h e  s t a t i o n  means w i t h i n  each spec ies.  The 

f o l l o w i n g  c o n s t r a i n t s  were p laced  on t h i s  , ana l ys i s  o f  i n d i v i d u a l  

spec i  es: 

( 1 )  For -- ~ v e n a  fa tua ,  o n l y  observa t ions  f o r  s p r i n g  1976 and s p r i n g  1977 

were inc luded .  

( 2 )  For Centaurea c a l c i t r a p a ,  o n l y  obser-vat ions f o r  s p r i n g  1976 and 

s p r i n g  1977 were used. No da ta  were a v a i l a b l e  ' f o r  s t a t i o n  11. 

( 3 )  For' Asparagus, s t a t i o n s  5 and 7 were e l i r n i r~dLeJ  from t h e  ana lys is ;  

a l l  dates were inc luded ;  and o n l y  whole p l a n t  t i s s u e  da ta  were 

used. 

( 4 )  For C ~ n t . a ~ ~ r e a  s p , ,  s t a t i o n s  5  and 7  were e l i m i n a t e d  from t h e  

ana l ys i s ;  o n l y  dates s p r i n g  1976 and s p r i n g  1911 were used. Only 

whole p l a r ~ l  d d t a  were used. 

( 5 )  For  ~ T ~ O S S ,  s t a t i o n  1 was excluded, a l l  dates 'were used. 

( 6 )  Fnr Quercus, separate analyses .were performed f o r  each t i s s u e  

t ype .  A l l  dates were i n c l u d e d ' f o r  a n a l y s i s  o f  leaves and stern<, 

b u t  o n l y  dates f a l l  1974 and f a1 1 1 9 l b  were used f o r  Ltle dcorn and 

i n v o l u c r e  ana l ys i s .  Hc6;r'nS and I r ~ v u l  u ~ r ~ e s  arc o n l y  ava i  1  ab le  i n  

t h e  f a l ' l  . 
( 7 )  For Retarna sp., f a l l  1974 da ta  and s t a t i o n  3  da ta  were excluded. 

To compare p l a n t  spec ies  w i t h i n  each s t a t i o n ,  one-way analyses of 

v a r i  ance were performed s e p a r a t e l y  f o r  each s t a t i o n .  



Table 5. Geometric mean values o f  t o t a l  mercury (ZHg) concen t ra t i on  
i n  Avena fatua c o l l e c t e d  between 30 A p r i l  and 8 May 1976, 
and between 4 and 16 May 1977. See t e x t  f o r  exp lanat ion .  

Distance from 
~ r o u ~ i n ~ ~  S t a t i o n  i4ean ip g/g) source (km) 

a s t a t i o n s  connected by the same v e r t i c a l  l i n e  are not  s i g n i f i c a n t l y  
d i f f e r e n t  f rom one' another (p .= 0.05). 

  able' 6. .Geometric mean values o f  t o t a l  mercury ( XHg) concen t ra t i on  i n  
Centaurea caZcitrapa c o l l e c t e d  between 30 A p r i l  and 8 May 
1976 and betweec 4 and 6 May 1.977. See t e x t  f o r  exp lanat ion .  

- - 
Distance from 

~ r o u ~ i n ~ ~  S t a t i o n  Mean (u 9/91 source (km) 

I , - 

b 7 137 20.0 , , 

5 2.121 20.0 

a s t a t i o n s  connected by t h c  same v e r t i c a l  l i n e  are not  s i g n i r r c a n t l y  
d i f f e r e n t  f rom one another ( a  = 0.05). 



Table 7. Geometric mean values of t o t a l  mercury (XHg) concent ra t ion  
i n  Asparagus acutifozius co l l ec ted  between 30 A p r i l  and 8 
May 1976 and 4 and 16 May 1977 near Almsden, Spain. See 
t e x t  f o r  explanat ion.  

Distance from 
~ r o u ~ l  nga S t a t i o n  Mean (ug/g) soirrce (km) 

" c a ~ l u r l s  ~ u ~ i i i e c L c J  by tlrc 3ame v c r t i o a l  l i n o  aro not c i g n i f  i c a n t l y  
d i f f e r e n t  from one another ( a  = 0.05). 

Table 8. Geometric mean values . o f  t o t a l  mercury (XHg) concent ra t ion  
i n  Q h d l ~ c ~ 3  5p.  ~ C J V E S  t iu11u~ted between 30 A p r i l  and 8 May 
1976 and 4 and 16 ~ a i  1977 near AlmadGn, Spain. See t e x t  
f o r  explanat ion.  

Distance from 
~ r o u ~ i n ~ ~  S ta t i on  Mean (ug/g) source (km) 

I 
3 4.20 1 .0 

I 
9 1.43 2.0 

as ta t i ons  connected by t he  same v e r t i c a l  l i n e  are not s i g n i f i c a n t l y  
d i f f e r e n t  f rom one another (u  = 0.05). 



Table 9. Geometric mean values o f  ' t o t a l  mercury (CHCJ) concent ra t ion  
i n  Retaina sphaerocculpa c o l l e c t e d  between 30 A p r i l  and 8 May 

' . 1976 and 4 and 16 May 1977 near Almaden, Spain 

Distance from . 

~ r o u ~ i  nga S t a t i o n  . Mean . ( ~ 9 / 9 )  source (km) 

a  S ta t ions  connected b i  t he  same v e r t i c a l  l i n e  are no t  s i g n i f i c a n t l y  
d i f f e r e n t  f rom one another ( a  = 0.05). 

Table 10. Geometric mean values o f  t o t a l  mercury ( c H ~ )  concent ra t ion  
i n  Centaurea sp. c o l l e c t e d  between 30 A p r i l  and 8 May 1976 
and between 4 and 16 May 1977 near Almad&n,.Spain 

Distance from 
~ r o u ~ i n g ~  S t a t i o n  Mean (vg/g)  source (km) 

a s t a t i o n s  connected by the same v e r t i c a l  l i n e  are no t  s i g n i f i c a n t l y  
d i f f e r e n t  from one another ( a  = 0.05). 



Tab le  11. Geometric mean va lues  of t o t a l  mercury ( c H ~ )  concen t ra t i on  
i n  composite moss spec ies c o l l e c t e d  near  Almaden, Spain,  
d u r i n g  s p r i n g  1976-1977 and f a l l  1974, 1975, and 1976 

D is tance  f rom 
~ r o u ~ i  nga S t a t i o n  Mean ( ~ g / g )  source (km) 

a s t a t i o n s  connected by t h e  same v e r t i c a l  l i n e  are no t  s i g n i f i c a n t l y  
d i f f e r e n t  f rom one another (a = 0.05). 

b ~ t a t i o n s  a t  which o t h e r  p l a n t s  were c o l l e c t e d .  



Table 12. Tota l  mercury (ZHg) concent ra t ions (pg /g)  i n  @ereus sp. 
leaves, stems, invo lucres,  and acorns c o l l e c t e d  i n  1975, 
1976, and 1977 near Almaden, Spain 

Geometric mean [Hg] Distance from 
~ r o u ~ i  naa N S t a t i o n  (IJ 919 source (kin) 

Leaves 

4.99 

1.49 

1.40 

0.93 

0.72 

0.65 

0.61 

0.59 

0.52 

0.38 

Stems 

4.71 

1.29 

Invo lucres 

4.00 

2.33 

1.03 

0.80 

0.76 

0.47 

0.40 

0.27 

Acnr n s 

0.37 

0.11 

0.09 

0.07 

as ta t i ons  connec'ted by the  same v e r t i c a l  l i n e  are not  s i g n i f i c a n t l y  
d i f f e r e n t  f rom one another (a = 0.05). , 



Table 3 shows the  ranking of the  s t a t i ons  when a l l  plant data ( a l l  

seven species and a l l  four seasons plus the f a l l  1974 moss co l lec t ion)  

are  included. Sta t ions  12-19 are only moss s t a t i ons ,  while s ta t ions  

1-11 are  inoss plus vascular plant  s t a t i ons .  The groupings' showing 

s t a t i s t i c a l  d i f ference ind ica te  t ha t  proximity t o  the  mine/smelter i s  

re la ted  t o  CHg concentrat ions in plants ,  b u t  distance i s  not a perfect  

ind ica tor .  A more accurate pic ture  would be obtained when wind 

d i rec t ions  are considered. Unfortunately, no wind pat terns  (windrose) 

have been determined f o r  t he  Almad4n area. 

Further confound.ing the issue i s  the  mercury dis t r ibut , ion 

downstream from the  mine/smelter v ia  t he  Arroyo Azogado. Soil and 

gravels along t h i s  stream, including those underlying s ta t ion  7 ,  have 

high concentrations of cinnabar. 

Table 4 l i s t s  the  C H g  concentration in each plant species from a l l  

s tat loris  a t  a l l  seasurlb a ~ i d  in  s p r i n g  only. Clcarly, d i f fe ren t  plant  

species have d i f fe ren t  a f f i n i t i e s  f o r  CHg. As indicated by the  

l i t e r a t u r e ,  moss acculnulates c H ~  t o  a much greater  ex t e r~ l  than do 

vascular p lants .  I t  can be concluded from these data . (Table  4) t h a t  

herbaceous plants (g rass  and forbs )  accumulate more c Hg than do woody 

p lan t s ,  even evergreens. Tables 5 t t~r~~)ugt i  12 show the  r e s u l t s  ul: the 

analyses f o r  s ign i f ican t  differences.  in  c Hg concentrations of each 

species a t  a l l  s t a t i ons  col lected in the  two springs.  These analyses 

show t h a t .  any one plant  species does not predict  the  level of mercury 

in  other species a t  the  same s t a t i on .  One wou.1d expect t h i s  t o  be the  

case i f  plants take up various forms of mercury a t  d i f f e r en t  r a t e s  and 

i f  d i f f e r en t  forms of mercury are  prevalent a t  d i f fe ren t  s t a t i ons .  



v i r t ua l l y  no data ex i s t  on the  differences in uptake coef f ic ien t s  of 

d i f fe ren t  forms of mercury in a given plant species. 

Quercus sp. was sampled t o  t e s t  fo r  CHg d i s t r ibu t ion  in leaves, . 

stems, acprns,' and involucres.   able 1 2  shows the  derived means for  

each t i s sue  at each s t a t i on .  Clearly, there  i s  no difference in CH.g 

concentration in .leaves, stems, and involucres. The acorns, which are 

used fo r  pig food and are occasionally eaten by people, contain much 

less Hg than the other, t i s sues .  The involucres, which may be consumed 

by the  pigs ( b u t  not by people), apparently t r ap  Hg pa r t i c l e s  by v i r tue  

of t h e i r  rugosity and surface roughness. 

The young sprouts of ' ~ i ~ a r ~ u s  acu t i fb l ius  are often consumed by 

humans. In April 1976, some of these sprouts were collected along with 

the  adult plants and analyzed f o r  CHg. Table 13 shows tha t  the 

concentrations of CHg in the  sprouts and in adults  overlap,  b u t  a t  

s t a t ion  4, the s i x  sprouts averaged over 1 pg/g. 

Retama sphaerocarpa was a lso  sampled fo r  CHg d i s t r ibu t ion  in 

d i f f e r en t  t i s sues .  The whole plant ,  flowers, and seed pods were 

analyzed. .The data are insuf f ic ien t  fo r  conclusions, b u t  the  flowers 

.seemed t o  have higher concentrations of C H g  than the  whole plant .  

Discussion ' . 

The data reported here show tha t  L H ~  concentration does, in 

general,  vary d i r ec t l y  with distance from a 'strong mercury source 

(Tables 3 and 11). Because wind rose data are ni t  avai lable  fo r  the  

Almaddn s i t e ,  t h i s  trend cannot be quantif ied in a d i rect ional  sense. 

Our r e su l t s  also indica,te t ha t  moss almost always accumulates CHg three  

t o  f i ve  times more than any vascular plant t es ted ,  t ha t  the  - R .  



Tab1 e 13. To ta l  mcrcury (x Hg) (16 g/g  i 1SU) i n yoling and rnatlrrc! 
Asparagus acut i fo l ius  p 1 ants co 1 1 ec ted  i n Apr i 1 1976 near 
Almaden, Spain 

Dis tance f rom Young 
S t a t .  i nn source (km) Z Hg 

Mature 
c Hg 



sphaerocarpa always had the. l e a s t  CHg concentration of.  a l l  plants 
. . 

t e s ted ,  and tha t  woody plants averaged less  mercury than forbs .  

All CHg concentrations in plants measured during t h i s  study 

grea t ly  exceed most other reported values. Normal or background levels  

of CHg in pl ants are in the  range of 80 t o  100 ng/g (Wall ace e t  a1 . , 

1971). Lindberg e t  a l .  (1979) grew a l f a l f a  on Almadbn s o i l s  (from 

s ta t ion  3 and near s ta t ion  5)  and found 2.3 5 0.8 g/g and 

1.4 * 0.2 pg/g, respect ively ,  in leaves and stems a t  these s ta t ions . '  

These values compare very well with those f o r  the  forbs collected a t  

those s ta t ions  (Table 14).  This may indicate t ha t  the  forbs quickly 

reach equi 1 i bri um with the  soi 1 mercury burden. Shack1 e t t e  (1970) 

reported CHg a t  3.5 pg/g in a shrub near a cinnabar vein, . b u t  the  

analysis unfortunately was on a dry-weight basis  and thus i s  n o t ,  

comparable t o  t ha t  in the  recent l i t e r a t u r e .  Byrne and Kosta (1970) 

reported CHg in herbaceous vegetation (elderberry,  crocus, and 

co l t s foo t )  ranging between 1.1 and 0.04 pg/g (wet weight) and 0.51 t o  

0.08 pg/g (wet weight) in cherry wood from the  I d r i j a ,  Yugoslavia, 

mercury mine/smelter area. The unwashed bark of the same cherry t r ee s  

was up t o  59 pg/g Hg (wet weight). The background ZHg values they 

reported were 0.63 pg/g fo r  bark and 0.002 pg/g fo r  wood. These values 

correspond we1 1 with our data.  

We apparently did not sample a background area near Almadkn, 

because the  1 owest mean CHg concentrations' we found are a t  l e a s t  10 

times greater  than the  reported background values (vide - supra) .  We 

therefore  conclude t h a t  the  c i r cu l a r  area within 25 km radius from 

Almadbn has elevated CHg , even though economic deposits  are 'I imi ted t o  



- 
Z 

Table 14. Geometric nean t o t 3 1  mercury (zHg) c o n c e n t r a t i o n  (a1 1 seasons) f o r  each p l a n t  species c o l l e c t e d  
\ r 

a t  each s t a t i o n  near ~ l m a d i n ,  Spain, 1974-1977. Sol i d  1  ine; above t h e  concen t ra t i on  values --I 

connect  va lues n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom each 3 t h e r  a: -he 5% - e v e l .  A l l  Retma va lues 7 
a r e  d i s t i n c t  f rom a l l  o t h e r  spec'es. P 

P 
m 

T o t a l  merl:ury ( ~ 1 . g )  concen t ra t i on ,  geo,nz t r ic  me?" (,,g/g) 

A;~ena Czntaurea As~;arag!is Re tame 
S t a t i o n  Moss ~C~ntausea sp . fst2.ia ccz lc i tropa a c u t i ~ ~ l i t i s  Quercus sp. . sphae~occrpa 

a ~ o  t present .  



the  imnedi a t e  environs of Almaddn. Of course, undiscovered or 

undisclosed emplacements of Hg ore could be present throughout t h i s  

region, or HgO and Hg-containing par t i cu la tes  may be d i s t r ibu ted  from 

the  ore body mine/smelter operation su f f i c i en t l y  t o  produce the  

elevated CHg levels  in the biota we tes ted.  

3 . 2  MERCURY CONCENTRATION IN MICE 

The number of i  ndi vi dual mouse (Apodemus syl vati cus) t i  ssue 

samples 'analyzed for  t o t a l  mercury i s  given in Table 15. The 

s t a t i s t i c a l  analysis  described below was u t i l i z ed  t o  t e s t  f o r  

differences in mercury concentration in mice among the  three  s t a t i ons  

sampled, and between the  f a l l  and the  spring sampling periods. A 

natural 1 ogar i t  hm transformation was employed t o  s tab i  1 i ze vari ance. 

To compare s t a t i ons ,  each t i s sue  type was analyzed separately.  

For muscle t i s sue ,  a three-way analysis  of variance was performed, with 

blocking on sex and date ( a l l  four dates included). Date was 

s ign i f ican t  a t  the  0.0001 level ,  b u t  sex was not s ign i f ican t  (a = 0.05). 

Only data  from the f a l l  1975 and spring 1977 col lect ions  were used 

in analyzing mercury concentration in the  other three  t i s sue  types a t  

t he  three  s la t ions . '  Again, a three-way analysis  of variance was 

performed, blocking on sex and date.  Sex never accounted fo r  a 

s ign i f ican t  (a = 0.05) portion of the  variance in mercury concentration 

in other t i s sues ,  and date was an important fac to r  only in brain t i s sue .  

A t - t e s t  of differences between two means was used t o  detect  

seasonal differences in muscle t i s sue .  



Tab le  15. Number of Apodemus syZvaticus t i s s u e  samples analyzed f o r  t o t a l  
mercury ( c H ~ )  (see F i g .  1 f o r  s t a t i o n  l o c a t i o n )  

- --- 
S t a t i o n  T issue F a l l  1975 Spr ing  1976 F a l l  1976 Spr ing  1977 

1 Muscle 5 22 4 15 

1 L i v e r  5 - 1 10 

B r a i n  

Kidney 

Muscle 

L i v e r  

B r a i n  

Kidney 

Muscle 

L i v e r  

B r a i n  

Kidney 

Table 16. Geometric mean t o t a l  mercury (CHCJ) concen t ra t i on  (vg/g)  i n  
Apot-lemus sy Zvaticus muscle, 1 i v e r ,  k idney, and b r a i n  t i s s u e  
i n  animals caught near Almaden, Spain, i n  1975-1977 

- .  --- - .  -- . . - . . . - 
~ r o u ~ i  nga S t a t i o n  Muscle L i v e r  Kidney B r a i n  

" s t a t i o n s  connected by t h e  same v e r t i c a l  l i n e  are not  s i g n i f i c a n t l y  
d i f f e r e n t  f rom each o ther  (a =' 0.05). 



Table 16 shows t he  mean Hg i n  - A. s y l v a t i c u s  muscle, b r a i n ,  

k idney,  and l i v e r  t i s s u e .  The t h r e e  s t a t i o n s  were d i s t i n c t l y  d i f f e r e n t  

(5% l e v e l )  w i t h  mice f r om s t a t i o n  2  hav ing t he  h i g h e s t  concen t ra t i on  o f  

ZHg i n  a l l  t i s sue .  S t a t i o n  2 i s  ad jacen t  t o  t h e  Ar royo  Azogado, t h e  

smal l  stream t h a t  r ece i ves  t he  l i q u i d  e f f l u e n t  f rom t h e  mine. There i s  

t o o  g r e a t  a  range o f  concen t ra t i ons  t o  d i s t i n g u i s h  any seasonal 

d i f f e r e n c e s  i n  l i v e r ,  k idney, and b ra in .  No d i f f e r e n c e s  i n  Hg 

concen t ra t i on  a t t r i b u t a b l e  t o  sex were detected.  

Seasonal d i f f e r e n c e s  i n  ZHg and MeHg concen t ra t i on  were 

d i s c e r n i b l e  o n l y  i n  muscle t i s s u e  ( a l l  s t a t i o n s  combined). Table 17 

shows t h a t  ZHg was h ighe r  i n  muscle t i s s u e  i n  t he  f a l l ,  and t h a t  t h e  

MeHg concen t ra t i on  averaged up t o  29% o f  ZHg. 

The food  h a b i t s  o f  - A. s y l v a t i c u s  i n  t he  Almadgn area a re  

i n s u f f i c i e n t l y  known t o  make conc lus ions  about t h e  r e l a t i o n s h i p  o f  Hg 

i n  p l a n t s  and - A. s y l v a t i c u s  taken a t  t h e  same l o c a t i o n s .  

B u l l  e t  a l .  (1977) r epo r ted  ZHg i n  fescue grass (F. - -  r u b r a )  and 

ZHg and MeHg i n  two spec ies o f  roden ts  (Cle i throenomys g l a r e o l u s  -- and 

Apodemus s y l v a t i c u s )  f rom an uncontaminated area i n  Great B r i t a i n .  

They measured 103 + 8 ng/g (1 SE). ZHg i n  fescue, r e p o r t e d  as d r y  

weight.  Th i s  va lue  expressed as wet we igh t  i s  approx imate ly  26 n g l g  

ZHg. The 1  owest average ZHg concen t ra t i on  we measured i n  grass (Avena) 

was 940 ng/g (Tab le  5 ) .  

In mouse s k e l e t a l  muscle, B u l l  e t  a l .  (1977) found a  ZHg 

concen t ra t i on  o f  60 ng/g k 18 (1 SE) and 70 ng/g (1 SE n o t  s i g n i f i c a n t )  

i n  - C. g l a r e o l u s  and - A. s y l v a t i c u s ,  r e s p e c t i v e l y .  I n  l i v e r ,  ZHg 

was 60 ng/g + 20 (1 SE) and 40 ng/g k 10 1 (SE) i n  C. g l a r e o l u s  



ORNL /TM- 7446 

b l e  17. Geometric mean t o t a l  mercury ( c H ~ )  and methylmercury 
( ~ e ~ g )  concen t ra t i on  ( p q / g )  i n  muscle t i s s u e  o f  Apodems 
sg Zuu~.icus (conitrined d a t a  f o r  a1 1  s t a t i o n s )  f rom near  
Almaden, Spain, i n  1975-1977 

.- -. - - - ---- - - 
~ r o u ~ i n ~ ~  Date ~ H s  MeHg % MeHg 

I Fa1 1  n. 161 8.046 2 9  

I S p r i  ng 0.078 0.01 1  14 

a ~ e a s o n s  connected by t h e  same v e r t i c a  l l i n e  are no t  s i g n l f l c a n t l y  
d i f f e r e n t  f rom each- o the r  (a = U.US). 



and - A. sy l va t i cus ,  respec t ive ly .  A t  s t a t i o n  one i n  o u r  s tudy 

(Table 16), - A. s y l v a t i c u s  had muscle and l i v e r  ZHg concent ra t ions  o f  66 

and 200 ng/g, respec t i ve l y ;  a t  S t a t i o n  3, t h e  comparable values were 17 

and 19 ng/g. L i v e r  concent ra t ions  of ZHg increase f a s t e r  than muscle 

concent ra t ions  i n  rodents f o l l o w i n g  h i g h  experimental  doses and then 

decrease f a s t e r  f o l l o w i n g  peak l e v e l s  (Norseth and C l  arkson 1970). 

Th is  imp l i es  t h a t  a t  low i n g q s t i o n  r a t e s  o f  ZHg, muscle concent ra t ions  

would exceed l i v e r  concentrat ions.  This  was indeed documented i n  t he  

present  s tudy (Table 16) and by B u l l  e t  a l .  (1977). 

These r e s u l t s  [(compared w i t h  those o f  B u l l  e t  a l .  ( 1977 ) l  

i n d i c a t e  t h a t  p l a n t s - a r e  bet t .er  i n d i c a t o r s  of t he  presence o f  ZHg.than 

are rodents., inasmuch as t h e  p lan ts ,  b u t  no t  t he  - A. sy l va t i cus ,  showed 

Hg concentrat ions above p u t a t i v e  background. 1 evels.  

L i t t l e  in . format ion on t h e  . n a t u r a l  .occurrence o f  MeHg i n  t h e  

t e r r e s t r i a l  environment.  i s  avai 1  able. I t  has been shown t h a t ,  i no rgan i c  

mercury i s  methy lated i n  s o i l  and p l a n t s  (Rogers 1976, Fortmann e t  a l .  

1977). B u l l  e t  a l .  (1977) showed t h a t  MeHg occurs i n  f e r a l  rodents as 

w e l l  ; they repo r ted  MeHg values f o r  bo th  - A. s y l v a t i c u s  and - C. g l a r e o l u s  

as 2.9 ng/g i n  muscle and 6.9 ng/g i n  l i v e r .  

Our data are i n s u f f i c i e n t  f o r  comparisons beyond those shown i n  

Table.17. C lear ly ,  MeHg. i s  present  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  these 

mice, apparent ly  a t  h igher  percentages than found by B u l l  e t  a l .  (1977) 

i n  ~ r e ' a t  B r i t a i n .  



3.3 MERCURY CONCENTRATION IN BIRDS 

The number o f  house sparrow (Passer - domest icus) t i s s u e  samples 

analyzed f o r  t o t a l  mercury  a re  g i ven  i n  Tab le  18. The purpose o f  t he  

s t a t i s t i c a l  a n a l y s i s  t h a t  f o l l o w s  was t o  d e t e c t  d i f f e r e n c e s  i n  mercury 

c o n c e n t r a t i o n  among t h r e e  s t a t i o n s  sampled (1, 2, 3)  and a l s o  between 

t h e  f a l l  and s p r i n g  sampl ing pe r i ods .  As was t h e  case f o r  p l a n t s  and 

mice, a l l  mercury concen t ra t i ons  were log- t rans fo rmed t o  s t a b i l i z e  

var iance .  S ince s t a t i o n  3 was n o t  sampled i n  the. f a l l  o f  1975, mercury 

c o n c e n t r a t i ~ n s  i n  b i r d s  f o r  s t a t i o n  4 i n  f a l l  1975 were used f o r  

s t a t i o n  3 a t  t h i s  da te  ( t h e  s t a t i o n s  a re  about t h e  same d i s tance  f rom 

t h e  mine) . 
A  three-way a n a l y s i s  o f  var iance,  b l o c k i n g  on da te  and sex was 

per formed f o r  each t i s s u e  t y p e  separa te ly .  I f  d i f f e r e n c e s  among 

s t a t i o n s  were found ,to account f o r  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  

va r i ance  ( a  = 0.05), then  t h e  Duncan's m u l t i p l e  range t e s t  was used t o  

rank t h e  means. 

Tab le  19 shows t h e  mean CHg concent raL io r~  i r ~  Passer domesticus 

muscle, l i v e r ,  and b r a i n  t i s sue .  For  muscle and l i v e r ,  t h e  t h r e e  

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

s t a t i o n s  2 and 3 were n o t  d i s t i n g u i s h a b l e  a t  t h e  5% l e v e l .  No 

d i f f e r e n c e s  a t t r i b u t a b l e  t o  sex were de tec ted  a t  t h e  5% l e v e l .  

Tab le  20 shows seasonal d i f f e r e n c e s  i n  muscle and l i v e r  ( a l l  s t a t i o n s  

pooled) ;  no s i g n i f i c a n t  d i f f e r e n c e s  i n  b r a i n  were detected.  Table 20 

a l s o  shows percentage MeHg i n  - P. domesticus muscle t i s sue .  A l though 

ZHg c o n c e n t r a t i o n  was d i f f e r e n t  i n  muscle a t  t h e  5% level, MeHg was 

not .  C l e a r l y ,  Hg c o n c e n t r a t i o n  i n  - P. domesticus v a r i e s  i n v e r s e l y  w i t h  



Table 18. Number of Passer domesticus t i s s u e  samples analyzed f o r  t o t a l  mercury 
c o n c e n t r a t i o n  d u r i n g  t h e  s tudy  p e r i o d  (see  F i g .  1  f o r  s t a t i o n  l o c a t i o n )  

S t a t i o n  T issue  F a l l  1975 Spr.ing 1976 F a l l  1976 Sp r i ng  1977 

1  Muscle 11 18 4  12 

1  L i v e r  11 18 4  12 

1  B r a i n  10 17 4  12 

2  Muscle 15 19 - 18 

2  L i v e r  15 19 - 18 

2  B r a i n  15 19 - 17 

3  Muscle - 14 13 10 

3 L i v e r  - 

3 B r a i n  - 

4  Muscle 19 

4 L i v e r  19 

4 Rra i n 19 



Table 19. Geometric mean t o t a l  mercury (CHg) (pg/g)  i n  muscle, l i v e r ,  
and b r a i n  t i s s u e  o f  Passer domesticus near Almadgn, Spain, 

' i n  1974-1977. " .  

S t a t i o n  Muscle L i v e r  B ra in  

Table 20. Geometric mean t o t a l  mercury (CHg) and MeHg i n  muscle 
(pd/g)  and g e u ~ ~ ~ e l r '  i ~ '  11iebI1 Cllg (pg/g) i n  1 i ver and b r a i n  
t i s s u e  o f  Passer domesticus i n  s p r i n g  and f a l l ,  1974-1977, 
near Almaden, Spain 

Muscle 
- ,  L i ver. Dra in  

Da t . ~  CHg MeHg % MeHg ~ H S  CH9 

Fa1 1 0.046 0.002 4 0. UY/ 0.086 ' . 

Sp r i ng  0.070 0.001 1.4 0.172 0.080 



distance from the  mine/smelter complex, b u t  the  reasons fo r  the  

seasonal differences are unknown. 

3 . 4  CHECK-SAMPLE .COMPARISON 

Sixty-six samples collected during the  study were div.ided in half 

f o r  ZHg qua1 i t y  control analysis  (,see Sect. 2.3).  Each .laboratory 

analyzed one-half of each of the  66 samples (9  - P. domesticus,. 23 

A.  syl vati cus, and 34 p lan t s ) .  Correl ation coeff ients  ( r )  were - 
calculated for  each sample type. The r-value fo r  - P. domesticus was 

0.94, f o r '  - A. sylvaticus 0.79, and fo r  plants 0.57. 

The reason for  the much be t te r  agreement between the  two 

laborator ies  f o r  the bird t i s sue  compared with the  mouse t i s s u e  i s  not 

apparent. I t  i s  possible t ha t  the  poor agreement between the  two 

laborator ies  on the  plant analyses may be caused by very unequal 

d i s t r ibu t ion  of H.g, especia l ly  pa r t i c l e s ,  in the.  plant t i s sue .  Indeed, 

when t he  Quercus and moss samples' - those most l ike ly  t o  re ta in  
. . 

pa r t i c l e s  - are ignored, the  r-value fo r  the  r e s t  of the  plants becomes 

0.72. 

One ot'her possible expl anati on fo r  differences between mercury 

concentrdt,iur~ i n  check samples analyzed by t he  Minas de Almadkn and Oak 

Ridge National Laboratory stems from the  f a c t  t ha t  check samples were 

handled d i f f e r en t l y  from the  other samples. For mice and birds ,  muscle 

samples were removed and placed in screw cap bo t t l es  and stored i n  

f reezers  a t  Almaddn. Plant check samples were cut in to  many small 

segments prior t o  freezer storage.  Regular samples were stored -in 

f reezers  i n t ac t .  I t  i s  possible t ha t  dehydration of the  samples 



occurred du r i ng  l ong  per iods  o f  f r eeze r  storage a t  Almadkn. Dur ing 

dehydrat ion,  samples would l o s e  weight bu t  no t  mercury content .  I f  

dehydra t ion  occurred t o  a  g rea te r  ex ten t  f o r  check samples s to red  a t  

Almadkn than fo r  those s to red  a t  Oak Ridge Nat iona l  Laboratory,  

est imates o f  mercury concen t ra t i on  i n  i n d i v i d u a l  check samples by t h e  

Minas de Almadbn cou ld  be h igher  than those obta ined by Oak Ridge 

Na t i ona l  Laboratory.  Dehydrat ion cou ld  occur more r a p i d l y  i n  small 

check samples (mouse t i s s u e ,  p l a n t  t i s s u e )  than i n  l a r g e r  check samples 

( b i r d s ) .  Dehydrat ion would occur a1 ii slower r a t e  f o r  t h e  i n t a c t  

r e g u l a r  samples than f o r  t h e  smal le r -s ized  check samples. P a r t  i d l  

suppor t  f o r  t h i s  exp lana t i on  comes f rom our general observa t ion  t h a t  

f o r  severa l  s t a t i o n s  and d i f f e r e n t  t i s s u e  types, est imates o f  mercury 

c o n c e n t r a t i  on f o r  r e g u l  ar  samples o b t a i  ned by t h e  M i  nas de Almaddn were 

s imi  1  ar t o  est imates o f  mercury concent ra t ion  i n  ORNL check samples. 

For s im i  1  ar comparisons, however, est imates o f  mercury concent ra t ion  

f o r  Almad6n check samples were h igher  than ORNL check samples. 



4. RESULTS AND DISCUSSION OF AQUATIC SURVEY 

The major sampl ing e f f o r t  i n  t he  aqua t i c  p o r t i o n  o f . t h i s  s tudy  was 

devoted t o  c o l l e c t i o n  o f  f i s h  species,  because it was f e l t  t h a t  f i s h  

would be a general  i n d i c a t o r  o f  mercury d i s t r i b u t i o n  i n  t he  aqua t i c  

environment. I n  a d d i t i o n ,  mercury t h a t  may be accumulated by f i s h  i n  

the environment o f  the  mine p o t e n t i a l l y  r ep resen t  a d i r e c t  d i e t a r y  

source o f  mercury t o  l o c a l  i n h a b i t a n t s .  Sampling e f f o r t  devoted t o  

de te rmin ing  mercury concen t ra t i on  i n  sediment, water,  and ,ben th i c  

i n v e r t e b r a t e s  was l e s s  ex tens ive ,  bu t  we hoped i n f o r m a t i o n  on mercury 

concen t ra t i on  i n  these compartments o f  the  aqua t i c  system would a s s i s t  

i n  t h e  i n t e r p r e t a t i o n  o f  t h e  f i s h  data.  

4.1 COMPARISON OF ESTIMATES OF TOTAL MERCURY CONCENTRATION 
I N  FISH BETWEEN THE MINAS DE A L M A D ~ N  AND 
OAK RIDGE NATIONAL LABORATORY 

The m a j o r i t y  o f  analyses f o r  t o t a l  mercury concen t ra t i on  i n  f i s h  

species were performed by t h e  Minas de Almaddn. (Sec t i on  2.3). ORNL 

analyzed muscle samples f o r  t o t a l  mercury concen t ra t i on  f rom 126 

i n d i v i d u a l  f i s h  f o r  which comparison analyses (check samples) were 

performed i n  Spain. F i gu re  3 shows the  r e s u l t s  of t h e  check-sample 

analyses. The s imple c o r r e l a t i o n  c o e f f i c i e n t  ( r )  f o r  these da ta  i s  

0.93. We be1 i eve t h i s  "check-sample" comparison f o r  t o t a l  mercury 

concen t ra t i on  i n  f i s h  muscle i n d i c a t e s  t h a t  p o s s i b l e  mercury 

con tamina t ion  o f  f i s h  samples analyzed i n  Spain i s  n o t  a s e r i o u s  

problem. 



Fig .  3. Comparison o f  est imates o f  t o t a l  mercury concent ra t ion  f o r  
f n d l v i d u a l  f is11 performed I n  Spain arid dd Oak Ridge Notinnal 
Laboratory.  



4.2 MERCURY CONCENTRATION IN FISH SPECIES 

.A t o t a l  o f  1365 f i s h  were analyzed f o r  t o t a l  mercury concent ra t ion  

i n  a x i a l  muscle. Mean t o t a l  mercury concent ra t ion  f o r  t h e  th ree  major 

f i s h  species examined (barbo, cacho, boga) f o r  each s t a t i o n  and da te  

are presented i n  Table 21. Mean t o t a l  mercury concent ra t ions  f o r  

largemouth bass c o l l e c t e d  du r i ng  t h i s  study. are g iven  i n  Table 22. We 

are des ignat ing  aquat ic  s t a t i o n s  10 and 13 i n  ' t h i s  d iscuss ion  (F ig .  1 )  

as c o n t r o l  s ta t i ons ,  because they  are no t  d i r e c t l y  i n f l uenced  by  the  

l i q u i d  e f f l u e n t  f rom the  mine (see Sec t ion  2.2). I n i t i a l l y ,  aquk t i c  

s t a t i o n  7 was se t  up as a c o n t r o l  s t a t i o n  also, b u t  subsequent min ing  

a c t i v i t y  i n  t h e  v i c i n i t y  o f  t h i s  s t a t i o n  prec luded t h e  use of t h i s  

s t a t i o n  as a c o n t r o l  area. 

Mean t o t a l  mercury concent ra t ion  i n  barbo over t h e  s tudy p e r i o d  

ranged f rom a h igh  o f  2.43 2 0.21 pg/g (F 2 1 SE) i n  t he  f a l l  1976 a t  

' s t a t i o n  9 '(0.3 km below t h e  mine e f f l u e n t ) ,  t o  a low o f  0.33 2 . 

0.05 pg/g i n  f a l l . 1 9 7 6  a t  s t a t i o n  10 ( c o n t r o l  s t a t i o n ) .  With one 

except ion ( s t a t i o n  13, sp r i ng  1976), mean t o t a l  mercury concent ra t ions  

i n  barbo a t  c o n t r o l  s t a t i o n s  (10, 13) no t  d i r e c t l y  i n f l uenced  by t h e  

mine l i q u i d  e f f l u e n t  were below 1.0 pg/g. 

Mean t o t a l  mercury concent ra t ion  i n  cacho ranged f rom a h i g h  o f  

1.67 2 0.27 pg/g a t  s ta t ' i on  9 i n  f a l l  -1976, t o  a low o f  0.30 2 

0.02 pg/g a t  s t a t i o n  13 i n  s p r i n g  1977 ( c o n t r o l  s t a t i o n ) .  Mean t o t a l  

mercury concent ra t ions  i n  cacho a t  c o n t r o l  s t a t i o n s  (10, 13) f o r  a l l  

dates were below 1.0 pg/g. 

Mean t o t a l  mercury concent ra t ion  i n  boga over t h e  s tudy p e r i o d  

ranged f rom a h igh  o f  1.10 2 0.12 m / g  a t  s t a t i o n  9 i n  f a l l  1974, 



Table 21. Mean t o t a l  mercury (zHg) concentrat ion i n  axia l  muscle (pg/g) of three  f i s h  species co l l ec ted  a t  s i x  s t a t i o n s  i n  the v i c i n i t y  of the  mercury mine a t  Almad6n, Spain, during the study perioda 

Fall 1974 Fall 1975 Spring 1976 Fall 1976 Spring 1977 

S ta t ion  S ta t ion  S ta t ion  S ta t ion  Sta t ion 
. -- 

S t a t i s t i c  7  9  10 11 12 13 7  9  10 11 12 13 7  9  10 11 12 13 7  9  10 11 7 9 1 fl 11 12 13 12 13 

Ra rhn 
n 8 c G 6 12 c 2  1  2 1 12 2  1  2 1  c 18 2 0 19 10 17 , 2  20 2 1 2 0  12 8 c 3 1 2 1 2 1 2 0 2 1  2 1  

Cacho 
n 11 18 '1 9 10 2 0  c 2  1  2  0  2 5 20 19 r. 18 15 14 20 5 2 1  14 9 20 17 12 2 5 20 2 1  2 1  2 1 14 2 1  

Roga 
rl 2  8 3 20 2 C 2 1 13 ,, 24 2 1  7 1 r 5 3 3 3 n b 8 6 20 2 1  20 3  13 2 1  7 113 E 1  19 2 1 2 1  

aSee F i g .  1 fo r  s t a t i on  i den t i f i c a t i on .  
I 

bn = number in  sample, x  = ar i thmat ic  mean, SE -= standard e r ro r  or mean. 

CIndicates species not analyzed fo r  methylmercury. 



Table 22. Mean t o t a l  mercury (1Hg) c o n c e n t r a t i o n  (ug/g)  i n  a x i a l  
muscle o f  largemouth bass c o l l e c t e d  i n  t he  v i c i n i t y  of 
t h e  mercury mine a t  Almaden, Spain 

Mean Hg Standard 
S t a t i o n  Number c o n c e n t r a t i o n  - e r r o r  o f  mean 
number Date n X S E 

10 F a l l  1976 2 0.25 

11 F a l l  1975 5 2.50 

F a l l  1976 16 

F a l l  1975 5 

F a l l  1976 15 

a See F ig .  1  f o r  s t a t i o n  i d e n t i f i c a t i o n .  



t o  a  low of 0.07 + 0.01 u g / g  a t  c o n t r o l  s t a t i o n  10 i n  t h e  s p r i n g  o f  

1976. Mean t o t a l  mercury concent ra t ions  i n  boga were below 1.0 ug /g  

a t  a l l  o the r  s t a t i o n s  and dates sampled w i t h  t h e  except ion o f  s t a t i o n  9  

i n  f a l l  1975. 

A two-way ana l ys i s  of var iance was performed t o  con t ras t  mercury 

concen t ra t i on  i n  f i s h  species a t  t he  c o n t r o l  s t a t i o n s  (10, 13) against  

mercury concen t ra t i on  i n  f i s h  species a t  s t a t i o n s  (9, 11, 12) 

p o t e n t i a l l y  a f f e c t e d  by t h e  mine ' l i q u i d  e f f l u e n t .  Sampling date was 

used as t h e  b lock ing  f a c t o r  and t h e  c o n t r a s t  was examined through 

p a r t i  ti on i  ng t rea tment  sums o f  squafes between c o r ~ l r u l  and a f f e c t e d  

s t a t i o n s .  The r e s u l t s  o f  t h i s  ana l ys i s  i n d i c a t e  t h e  t o t a l  mercury 

concen t ra t i on  i n  each species i s  s i g n i f i c a n t l y  lower (a = 0.0001) a1 

t h e  c o n t r o l  s t a t i o n s  than a t  the  s t a t i o n s  i n f l uenced  by the  mine 

e f f  1  ucnt .  

Largemouth bass were on1.y c o l l e c t e d  a t  s t a t i o n s  10, 11, and 12 

(Tab le  22).  Mean t o t a l  mercury concent ra t ion  i n  bass a t  t he  c o n t r o l  

s t a t i o n  (10)  i n  f a l l  1976 was 0.25 + 0.06 ug/g. Mean t o t a l  mercury 

concen t ra t i on  i n  bass a t  s t a t i o n s  11 and 12 ( i n f l uenced  by mine 

e f f l u e n t )  ranqed f rom 2.50 + 0.19 ug/g t o  1.13 + 0.15 ug/g. 

Three i n i t i a l  t rends  are ev ident  f rom t h i s  g ross- leve l  ana lys is .  

F i r s t ,  t h e  h ighes t  mean t o t a l  mercury concent ra t ions  observed i r ~  F ih t i  

species occur cons1sren t ly  a t  s l a l l u r ~  9 UII l t ~ e  R i o  Valdeazogues, 0.3 Itm 

b e l m  t h e  entrance o f  t h e  Arroyo Azogado which rece ives  the  l i q u i d  

e f f l u e n t  from t h e  mine. Second, t o t a l  mercury concent ra t ions  i n  f i s h  - 
a t  t h e  c o n t r o l  s t a t i o n s  are lower than a t  t he  s t a t i o n s  p o t e n t i a l l y  

a f f e c t e d  by t h e  mine e f f l u e n t .  Th i rd ,  t h e  h ighes t  mean t o t a l  mercury 



concen t ra t i ons  were observed i n  barbo, f o l l o w e d  by cacho and boga i n  

decreas ing o rder  (Tab le  21 and F ig .  4 ) .  

A t o t a l  o f  230 f i s h  were analyzed f o r  methy la ted  mercury. The 

mean percentage methylmercury o f  t o t a l  mercury i n  a x i a l  muscle o f  t h r e e  

f i s h  spec ies (barbo, cacho, boga) a t  s t a t i o n s  and dates f o r  which 

methylmercury analyses were performed i s  g i ven  i n  Table 23. Mean 

percentage methylmercury ranged f r om a h i g h  o f  108.8 + 6.1% (1 SE) i n  

boga a t  s t a t i o n  10 i n  f a l l  1976, t o  a low o f  40.6 + 4.2% i n  bog.a a t  

s t a t i o n  9 i n  f a l l  1974. I t  i s  c l e a r  t h a t  n e a r l y  100% of t h e  mercury i n  

f i s h  muscle i n  t h e  v i c i n i t y  o f  t h e  mine a t  Almaden i s  methy la ted  

mercury (Tab le  23). The mean percentage methylmercury o f  a1 1 230 f i s h  

analyzed was 82.5 2 1.2%. The mean percentage methylmercury f o r  a l l  

barbo, cacho, and boga analyzed was 87.6 k, 1.9%, 87.5 + 2.6%, and 

81.0 2 1.9% r e s p e c t i v e l y .  Thus, t h e r e  do no t  appear t o  be any 

s u b s t a n t i a l  d i f f e r e n c e s  i n  percentage methylmercury i n  these t h r e e  

spec ies (see a l s o  Table 23). 

One t r e n d  rega rd ing  percentage methylmercury i n  f i s h  spec ies 

deserves no te  (Table 23). I t  appears t h a t  percentage methylmercury a t  

s t a t i o n  9 i s  c o n s i s t e n t l y  lower than  t h a t  a t  o t h e r  s t a t i o n s .  A one-way 

a n a l y s i s  o f  va r i ance  was performed t o  d e t e c t  s t a t i o n  d i f f e r e n c e s  i n  

percentage methylmercury, w i t h  a l l  spec ies and a l l  dates pooled. The 

s t a t i o n  e f f e c t  was s i g n i f i c a n t  a t  t h e  < 0.01 l e v e l .  A Duncan's 

m u l t i p l e  range t e s t  i n d i c a t e s  t h a t  t h e  means o f  percentage 

methylrncrcury i n  f i s h  a t  s t a t i o n s  7, 10, 11, and 12 a r c  n o t  

s i g n i f i c a n t l y  d i f f e r e n t  from each o t h e r  (a  = 0.05), b u t  a re  

s i g n i f i c a n t l y  d i f f e r e n t  ( h i g h e r )  than  means a t  s t a t i o n s  9 and 13 



LEGEND - BARB0 
0 - BOGA 
A - CHCHO 
+ - CObITROL STflTTObIS 

l. 

-_ 

- 

$---------------------------+-------------------------------------------- - -3 

0.0 I 1 I I I 1 

n.n 5 n ~ n .  n 15.0 20.0 25.0 so. a 
DISTANCE FROM SOURCE ( k m )  

F i g .  4. Mean t o t a l  mercury concent ra t ion  o f  a l l  f i s h  o f  each species 
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e f f  1 uent. 



Table 23. Means o f  percentage methy lmercury (MeHg) o f  t o t a l  mercury (2Hg) c o n c e n t r a t i o n  i n  a x i a l  muscle o f  
t h r e e  f i s h  species a t  s i x  s t a t i o n s  i n  t h e  v i c i n i t y  o f  t h e  mercury mine a t  Alrnaden, Spain, f o r  t h e  
s t u d y  perioda,b 

F a l l  1974 F a l l  1975 S w i n g  1976 F a l l  1976 

S t a t i o n  S t a t i o n  S t a t i o n  S t a t i o n  

s t a t i s t i c C  7 . 9 '10 11 12 7 9 10 11 12 9 13 7 10 

Cac hc 
n 

aSee F i g .  1 far s t a t i o n  i d e n t i f i c a t i o n .  

b ~ e r c s n t a g e  methy lmercury f o r  two largemouth bass c o l l e c t e d  a t  s t a t i o n  11 i n  f a l l  1975 was 102.3 ? 2.3% (1 S E ) .  
Percentage methy lmercury f o r  two largemouth bass c o l l e c t e d  a t  s t a t i o n  12 i n  f a l l  1975 was 97.9 ?.6.1% (1 S E ) .  

cn = number i n  sample, x = a r i t h m a t i c  mean, SE = s tandard e r r o r  of mean. 

d ~ n d i z a t e s  species n o t  analyzed f o r  methy lmercury.  



(Tab le  24). Means o f  percentage methylmercury i n  f i s h  a t  s t a t i o n s  9 

and 13 are no t  s i g n i f i c a n t l y  d i f f e r e n t  f rom each other ,  bu t  are 

s i g n i f i c a n t l y  lower than those a t  the  o ther  s ta t i ons .  I t  appears t h a t  

percentage methylmercury i n  f i s h  i s  lower a t  t he  s t a t i o n  where t o t a l  

mercury concent ra t ion  i n  f i s h  i s  h igher  (9 ) .  The comparably small 

sample s i z e  i n  t h i s  ana lys is  a t  s t a t i o n  13 (Table 24) precludes 

eva lua t i on  o f  why percentage methylmercury i s  lower a t  t h i s  s t a t i o n .  

4.3 FACTORS AFFECTING TOTAL MERCURY 
CONCENTRATION I N  FISH SPECIES I N  THE 
VICINITY OF THE MERCURY M I N E  AT ALMAD~N 

Est imates o f  t o t a l  mercury concent ra t ion  and percentage 

methylmercury concent ra t ions  i n  f i s h  species i n  the  v i c i n i t y  o f  the  

mercury mine a t  ~ l m a d 6 n  are presented i n  Sect ion  4.1. I n  t h i s  sect ion,  

we i nc lude  r e s u l t s  o f  our ana lys is  o f  t rends  i n  mercury concent ra t ion  

i n  f i s h  species w i t h  d is tance from the  mine, t a k i n g  i n t o  account s i z e  

o f  f i s h  and date o f  f i s h  c o l l e c t i o n .  This  ana lys is  i s  p red ica ted  on 

t h e  f o l l o w i n g  assumptions/observat ions: 

(1) The main source o f  mercury t o  the  Rio Valdeazogues and RSo Zujar,  

i s  t he  Arroyo Azogado which rece ives  the  l i q u i d  e f f l u e n t  from the  

.mine (see F ig .  1 ) .  

(2 )  S ta t i ons  10 (R io  Guadalmez) and 13 (R io  Esteras)  represent  c o n t r o l  

s t a t i o n s  n o t  d i r e c t l y  in f luenced by the  mine. 

( 3 )  S t a t i o n  7 on t h e  R io  Valdeazogues upstream from the  mercury source 

(F ig .  -1) .was no t  inc luded i n  t h i s  analys is ,  due t o  the  unknown 

in f l uence  o f  min ing a c t i v i t i e s  near t h i s  s t a t i o n  i n i t i a t e d  du r ing  

t h e  study per iod.  



Table 24. Duncan's mu1 t i p l e  range t e s t  t o  d e t e c t  s t a t i o n  
d i f f e r e n c e s  i n  percentage methy lmercury  (MeHg) i n  
f i s h  muscle 

~ r o u ~ i  nga Mean % MeHg No. S t a t i o n  

a s t a t i o n s  w i t h  t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
T~.UIII e d ~ t ~  u Lher (a = 0.05) . 



Under the  above assumpti onslobservati ons, three  s t a t i ons  (9 ,  11, 

12) were se lected fo r  analys is  of the d i s t r i bu t i on  of mercury in f i sh .  

species downstream from the  source (Arroyo Azogado). Estimates of mean 

t o t a l  mercury concentration i n  axial  muscle of barbo, cacho, and boga 

a t  each sampling date are p lot ted  againsl  distance (km) from the  source 

i n  Figs.  5-7 (see  Table 21  f o r  est imates of v a r i a b i l i t y ) .  I t  appears 

t h a t  the re  are two general t rends in t o t a l  mercury concentration in 

these  f i s h  species with dis tance  from the  mlne. F i r s t ,  to ta l  Illerscur.y 

concentration in each species  appears t o  decrease w l t h  dlstance fro111 

the  mine; and second, t he r e  appear t o  be di f ferences  in mean t o t a l  

mercury concentration a t  some of the  s t a t i ons  on the  d i f f e r en t  sampling 

dates .  We examined these  trends through analys is  ot a mode'l proposed 

t o  explain observed mercury concentration in f i s h  species a t  these 

s t a t i o n s  discussed below. 

4.3.1 Linear Model o t  Mercury C~ricefl t?at~On I n  Flsh a t  
Sta t ions  Downstream from the  Mercury Source 

We hypothesize t h a t  mercury concentration in f i s h  downstream of 

t he  mercury source i s  a function of date col lec ted,  s i z e  of f i s h  

( l eng th ) ,  and dis tance  from the  source. Sampling date can influence 

mercury concentration i f  the  source of mercury i s  episodic and i f  

hydrologic conditions vary w i t h  da te .  Size of f i s h  has been shown t o  

influence mercury concentration ( see  discussion i n  Huckabee e t  a1 . 
1979). Distance from the  mine could influence mercury concentra t ion. in  

f i s h  through a change i n  exposure conditions via  d i lu t ion  or 

a t tenuat ion downstream from the  source. 
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F i g .  5. Mean t o t a l  mercury c o n c e n t r a t i o n  i n  barbo a t  s t a t i o n s  9, 11, and 
12 downstream from t h e  mine e f f l u e n t  f o r  t h e  f i v e  sampling dates.  
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Fig .  6. Mean t o t a l  mercury concent ra t ion  i n  cacho a t  s t a t i o n s  9, 11, and 
12 downstream f rom the  mine e f f l u e n t  f o r  the  f i v e  san~p l ing  dates. 
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Fig .  7. Mean t o t a l  mercury concent ra t ion  in  boga a t  s t a t i o n s  9, 11, and 
12 downstreamfrom the  mine e f f l u e n t  f o r  t h e  f i v e  sampling dates. 



The f o l l o w i n g  mode'l was proposed t o  expl 'ain v a r i a b i  1  i t y  i n  t o t a l  

mercury concent ra t ion  i n  barbo, cacho, and boga a t  s t a t i o n s  9, 11, and 12. 

L H ~ ]  = a  + (da te )  + B1 X1 + B2 X2 = ui + B X + B2 X2 , 1 1  

where: 

[Hg] = t o t a l  mercury concent ra t ion  ( i g / g )  

a  = constant 

(da te )  = CO WO + C1 W1 + C2 W2 + C3 W3 * C W 4  4 

Ci = constant  ( i  = date 0, 1, . . ., 4).  

1 i f  the  data are f rom t h e  i t h  date 

( i = date 0, 1, . . ., 4), 

0 i T o t . t ~ ~ r * w  l sp 

XI = f i s h  l c n g t h  (cm) 

X 2  = d is tance from source (krn) 

" i = a  + (da te )  

The above model was examined f o r  each f i s h  spec ies .separa te ly .  

Kesi dua Is  were examined t o  determine t h e  need f o r  data t rans format ion .  

Transformations were r e t a i n e d  i n  f u r t h e r  model ana lys is  where 

appropr ia te .  The c o n t r i b u t i o n  o f  each v a r i a b l e  i n  t h e  model was 

examined, and va r iab les  were de le ted  from the  model if no t  s i g n i f i c a n t  

(a = 0.05). I n d i v i d u a l  observat ions o f  t o t a l  mercury concent ra t ion  

were analyzed by the  p r i n c i p a l  " o u t l i e r "  procedure  r raper and Smith 

1966), and " o u t l i e r s "  were de le ted  where j u s t i f i e d .  

The r e s u l t s  o f  a p p l i c a t i o n  o f  t h i s  model f o r  barbo are g iven i n  

Table 25. Sampling date was used as the  b lock ing  v a r i a b l e .  Sampling 

date and d is tance f rom the  source both con t r i bu ted  s i g n i f i c a n t l y  t o  t h e  



Table 25. L inear  model developed t o  e x p l a i n  v a r i a b i l i t y  i n  t o t a l  mercury  
concen t ra t i on  i n  barbo a t  s t a t i o n s  9, 11, 12 (see F ig .  1 and 
t e x t  f o r  v a r i a b l e  exp lana t i on )  

Model chosen: [Hg] = a  + ( d a t e )  + B2 X 2  
X2 = d i s t ance  f rom source 

Source 

Model 5  39.5743 7.9149 26.76 0.0001 

E r r o r  218 64.4875 0.2958 

To t a  1  223 104.0618 

Source d  f - S S - - MS - F P > F  

R ( d a t e )  4  33.8684 8.4671 28.62 0.0001 

R~ (d is tance1  da te )  1 5.7060 5.7060 19.29 0.0001 

Est imated model: [ ~ g ]  = pi - 0.01384 X 2  
2 C o e f f i c i e n t  of de te rm ina t i on  (R ) = 0.3803; s tandard d e v i a t i o n  = 

0.5439, cons tan t  (v i )  on ith date:  

Date 

( 0 )  F a l l  1974 

i = a  + ( d a t e )  

( 1 )  F a l l  1975 1.1678 

( 2 )  Sp r i ng  1976 1.7299 

( 3 )  F a l l  1976 1.9575 

( 4 )  Sp r i ng  1977 1  .0323 

aR ( a l b )  = c o n t r i b u t i o n  o f  a  t o  t he  sums o f  squares, g iven  t h a t  b i s  
a1 ready i n  t h e  model . 



model ( a  = 0.0001); s i z e  o f  f i s h  d i d  no t  c o n t r i b u t e  s i g n i f i c a n t l y  

( a  = 0.05). The observed t r e n d  o f  a  decrease i n  mercury concent ra t ion  

i n  barbo wi,th d i s tance  f rom the  source (F igs.  4  and 5 )  i s  cons i s ten t  

w i t h  t h e  negat ive  s i g n  o f  t h e  c o e f f i c i e n t  f o r  d is tance  a able 25) .  The 

model i n d i c a t e s  38.03% of t h e  var iance i n  mercury concent ra t ion  i n  

barbo a t  t he  s t a t i o n s  downstream from the  source i s  exp la ined by the  

sampling date and d i s tance  f rom t h e  source (R' = 0.3803). Two 

i n d i v i d u a l  est imates o f  mercury concent ra t ion  i n  Barbo were de le ted  

f rom t h e  da ta  s e t  as " o u t l i e r s . "  

The r e s u l t s  o f  a p p l i c a t i o n  s f  t h i s  model f o r  cacho are given i 1 . 1  

Table 26. The n a t u r a l  l o g a r i t h i m  of mercury concen t ra t i on  i n  cacho was 

employed t o  s t a b i l i z e  t h e  var iance.  Sampling date was used as the  

b l o c k i n g  va r i ab le .  Sampling date and d is tance f rom the  source bo th  

c o n t r i b u t e d  s i g n i f i c a n t l y  i n  e x p l a i n i n g  v a r i a b i l i t y  o f  mercury 

concen t ra t i on  i n  cacho ( a  = 0.0001). S ize  o f  f i s h  d i d  no t  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t h e  model ( a  = 0.05). The genera l  t r e n d  o f  a  decrease 

i n  mercury concen t ra t i on  i n  cacho w i t h  d is tance f rom the  source 

(F igs .  4  and 6 )  i s  c o n s i s t e n t  w i t h  t h e  negat ive  s i g n  o f  t he  c o e f f i c i e n t  

f o r  d i s tance  (Table 26). The s i g n i f i c a n t  date e f f e c t  i n  t h e  cacho 

model i n d i c a t e s  mercury concent ra t ion  i n  cacho 'decreased dur ing  the  

sampl ing p e r i o d  as suggested i n  F ig .  6. Th is  model i n d i c a t e s  46.34% o f  

t h e  v a r i a b i l i t y  i n  mercury concent ra t ion  i n  cacho a t  these s t a t i o n s  i s  

exp la ined by sampling date and d is tance f rom t h e  source 

( R '  = 0.4634). Two " o u t l i e r s i i  were de le ted  from t h e  da ta  se t .  

The r e s u l t s ,  o f  a p p l i c a t i o n  o f  t h c  l i n e a r  model f o r  boga are 

presented i n  Table 27. The n a t u r a l  l oga r i t hm of both mercury 



Table 26. L inear  model developed t o '  e x p l a i n  v a r i  ab i  1 i t y  i n  . t o t a l  mercury  
concen t ra t i on  i n  cacho a t  s t a t i o n s  9, .11, 12 (.see F i g .  1 and 
t e x t  f o r  v a r i a b l e  exp lana t ion) .  

Model chosen: Ln  [ ~ g ]  = a + ( d a t e )  + B2 X 2  
X2 = d i s t a n c e  f rom source 

Source - d f - SS - MS - F P > F  

Mode 1 5 11.24077 2.24815 36.28 0.0001 

E r r o r  

To t a  1 

Source - d f - S S MS - F P > F  

R ( d a t e )  4 9.37696 2.34424 37.83 0.0001 

R a  ( d i s t ance  1 da te )  1 

Est imated model: L n  [Hg] = pi - 0.00852 Xp 

C o e f f i c i e n t  o f  de te rm ina t i on  (R') = 0.4634; s tandard d e v i a t i o n  = 

0.2489, cons tan t  (pi) on ith date:  

Date " i = a + ( d a t e )  

( 0 )  F a l l  1974 , 0.37026 

( 1 )  F a l l  1975 

( 2 )  Spr ing  1976 

( 3 )  F a l l  1976 

( 4 )  Spr ing  1977 -0.24878 

aR (a1 b) = c o n t r i b u t i o n  o f  a t o  t h e  sums o f  squares, g iven  t h a t  b i s  
a1 ready i n  t h e  model. 
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Table 27. Linear model developed t o  exp l a in  v a r i a b i l i t y  i n  t o t a l  mercury 
concen t r a t i on  i n  boga a t  s t a t i o n s  9 ,  11, 12 ( s e e  Fig.  1 and 
t e x t  f o r  v a r i a b l e  exp l ana t i on )  

Model chosen: e n  [Hg] = a  + ( d a t e )  + B2 X 2  + B1 e n  X I  

X1 = s i z e  (cm),  X 2  = d i s t a n c e  from source  (km). 

Source 

Model 

E r ro r  201 18.1661 0.0904 

Tota l  207 43.1240 

Source 

R ( d a t e )  

~ ~ ( l n  s i z e l d a t e ,  d i s t )  1 2.0889 2.0889 23.11 0.0001 

Est imated model: e n  [Hg] = p i  - 0.01372 X 2  - 0.55017 en  X I ,  
2 c o e f f i c i e n t  of de t e rmina t i on  ( R  ) = 0.5787; s tandard  d e v i a t i o n  = 

0.5439, c o n s t a n t  ( p i )  on i t h  d a t e :  

Date p i  = a + ( d a t e )  
- 

( 0 )  Fa l l  1974 

( 1 )  Fa l l  1975 

( 2 )  Spr ing  1976 

( 3 )  Fal l  1976 

( 4 )  Spr ing  1977 

aR ( a l b )  = con t r i bu t i on  of a  t o  t he  sums of squa re s ,  given t h a t  b  . i s  
a l r e a d y  i n  t he  model. 



concen t ra t i on  and f i s h  l e n g t h  was deemed app rop r i a te .  Sampling date, 

d i s t ance  from the  source, and f i s h  s i z e  c o n t r i b u t e d  s i g n i f i c a n t l y  i n  

e x p l a i n i n g  var iance  i n  mercury concen t ra t i on  i n  boga ( a  = 0.001) 

(Table '  27).  The t r e n d  o f  a  decrease i n  mercury  concen t ra t i on  w i t h .  

d i s t ance  f rom t h e  source (F igs .  4 and 7 )  was conf i rmed, i n d i c a t e d  by 

t h e  nega t i ve  c o e f f i c i e n t  f o r  t h e  d i s tance  term i n  t h e  model. Boga was 

t h e  o n l y  spec ies where f i s h  s i z e  ( l e n g t h )  exp la i ned  a  s i g n i f i c a n t  

p r o p o r t i o n  o f  t he  v a r i a b i l i t y  i n  mercury concen t ra t ion ,  and t h e  

nega t i ve  c o e f f i c i e n t  f o r  t h e  s i z e  term i n  t h e  model i n d i c a t e s  an 

i nve rse  r e l a t i o n s h i p .  ' . 

I n  sumnary, a n a l y s i s  o f  t h e  l . i near  model i n d i c a t e s  t o t a l  mercury  

concen t ra t i on  i n  a x i a l  muscle o f  barbo, cacho, and bbga decreases w i t h  

d i s t ance  f rom the  mercury source. For each species,  sampl ing da te  

c o n t r i b u t e d  s i g n i f i c a n t l y  t o  e x p l a i n i n g  v a r i a t i o n  i n  mercury  

concen t ra t i on .  For one spec ies (cacho),  a  c l e a r  t r e n d  of decreas ing 

mercury concen t ra t i on  over t h e  s tudy  p e r i o d  i s  i n d i c a t e d  (Tab le  26 and 

F i g .  6 ) .  S i ze  o f  f i s h . w a s  found t o  be a  s i g n i f i c a n t  v a r i a b l e ,  

e x p l a i n i n g  v a r i a t i o n  i n  mercury concen t ra t i on  f o r  o n l y  one ,species 

(boga) f o r  which concen t ra t i on  v a r i e d  i n v e r s e l y  w i t h  l eng th .  
' 

4.4 MERCURY CONCENTRATION I N  WATER, SEDIMENT, 
AND BENTHIC INVERTEBRATES 

The sampl ing e f f o r t  devoted t o  c o l l e c t i o n  of water, sediment, and 

b e n t h i c  i n v e r t e b r a t e s  was no t  ex tens i ve  enough f o r .  a  r i g o r o u s  

s t a t i s t i c a l  ana l ys i s .  Table 28 p resen ts  s u m a r y  i n f o r m a t i o n  ob ta ined  

f o r  these compartments o f  t h e  aqua t i c  system i n  t h e  v i c i n i t y  o f  the .  

mine a t  Almaddn. Several  t r ends  a re  i n d i c a t e d  i n  Table 28. To ta l  



Tab le  28. Mean t o t a l  mercury (CHg) c o n c e n t r a t i o n  i n  water  and sediment and mean 
t o t a l  mercury  c o n c e n t r a t i o n  and percentage methylmercury (MeHg) i n  
b e n t h i c  i n v e r t e b r a t e s  c o l l e c t e d  i n  t h e  v i c i n i t y  o f  t h e  mercury mine a t  
Almaden, Spain, 1975-1977. Values r e p o r t e d  a r e  + 1  S E . ~  

-~ - - 

S t a t i o n  [CHg] water  b [CHg] sediment [CHg] i n  benthos %. MeHg benthos 
n~.!mDer ( ~ g / l  i t e r )  ( ~ c 1 / 9 )  (IJ'J/B) 

a ~ e e  F ig .  1  f o r  s t a t i o n  i d e n t i f i c a t i o n .  

b ~ o n c e n t r a t i o n i  a r e  f o r  u n f  i 1  t e r e d  samples ( p a r t i c u l a t e  and d i s s o l v e d ) .  

C 
Means a r e  f o r  t h e  <105-vm sediment s i 7 ~  f r a c t i o n ;  

d ~ a m p l e s  c o l l e c t e d  i n  t h e  s p r i n g  1977. Means were c a l c u l a t e d  f rom es t ima tes  o f  
c o n c e n t r a t i o n  i n  i n d i v i d u a l  taxonomic groups a t  each s t a t i o n .  

e ~ e a n s  a r e  f o r  whole sediment ( u n f r a c t i o n a t e d )  . 



mercury concen t ra t i on  i n  water and sediment a t  s t a t i o n s  15, 16, and 17 

c l e a r l y  demonstrate t he  Ar royo  Az'ogado as a  s u b s t a n t i a l  source o f  

mercury t o  t he  R i o  Valdeazogues aquat i c  system (F ig .  1 ) .  T o t a l  mercury 

concen t ra t ions .  i n  water (354.60 + 147.31 p g l l  i t e r )  and i n  sediment 

(1547 + 252 pg/g) a t  s t a t i o n  15, j u s t  downstream f rom where t he  mine 

l i q u i d  e f f l u e n t  and dra inage f rom t h e  mine t a i l i n g s  e n t e r  t h e  Ar royo  

Azojado, a re  ext remely  e levated.  T o t a l  mercury c o n c e n t r a t i o n  i n . w a t e r  

and sediment then decrease downstream t o  t h e  con f luence  w i t h  t h e . R i o  . . 

Val deazogues. 

The concen t ra t i on  o f  t o t a l  mercury i n  water and sediment a t  

s t a t i o n s  on t he  R i o  Valdeazogues and R i o  Zu ja r  downstream f rom t h e  

mercury i n p u t  f rom t h e  Ar royo  Azogado (9,  11, 12)  g e n e r a l l y  decrease 

. w i t h  d i s t a n c e  (Table-  28 and F ig .  1 ) .  Concent ra t ions  o f  t o t a l  mercury . . .  

i n  water and sediment a t  s t a t i o n  12, 29 km below t h e  mercury inpu t ,  

appear t o  be e l eva ted  compared t o  those a t  t h e  , c o n t r o l  s t a t i o n s  

(10 and 13).  

L i m i t e d  es t imates  o f  t o t a l  mercury c o n c e n t r a t i o n  i n  b e n t h i c  

i n v e r t e b r a t e s  i n d i c a t e  h i g h e s t  concen t ra t i on  occurs a t  s t a t i o n  9  

(11.15 + 4.30 pg/g),  decreas ing t o  0.68 + 0.08 pg/g a t  s t a t i o n  12. 

T o t a l  mercury concen t ra t i on  i n  b e n t h i c  i n v e r t e b r a t e s  a t  t h e  c o n t r o l  

s t a t i o n  13 (0.14 + 0.05 pg/g) i s  cons ide rab l y  lower than  t h a t  a t  t h e  

o the r  s t a t i o n s .  Percentage methylmercury of t o t a l  mercury i n  b e n t h i c  

i n v e r t e b r a t e s  ranged from 2.70 + 1.60% ( s t a t i o n  9 )  t o  51.02 + 5.63% 

( s t a t i o n  13).  The t r e n d  o f  lower  percentage methylmercury a t  s t a t i o n  9  

observed f o r  f i s h  spec ies (Tables 21 and 24) appears t o  be a l s o  ev iden t  

i n  b e n t h i c  i nve r teb ra tes .  



4.5 DISCUSSION OF RESULTS OF THE AQUATIC SURVEY 

Mean t o t a l  mercury concent ra t ions  i n  barbo and cacho i n  t he  R io  

Valdeazogues and R i o  Zujar ,  downstream f rom the  p o i n t  o f  e n t r y  o f  the  

Ar royo  Azogado c o n t a i n i n g  t h e  mine l i q u i d  e f f l u e n t  ( s t a t i o n s  9, 11, 12), 

are c l e a r l y  e leva ted  (Table 21 and F ig .  4) w i t h  respec t  t o  the  Un i ted  

Sta tes  Food and Drug Admin i s t ra t i on  "Ac t i on  Leve l "  f o r  mercury o f  

1.0 ~ g / g  (Federa l  Reg is te r ,  1979, Vol. 44, No. 14).  T o t a l  mercury 

concent ra t ions  i n  boga a t  s t a t i o n s  9, 11, and 12 are c o n s i s t e n t l y  below 

1.0 ~ g / g  w i t h  t h e  except ion  o f  s t a t i o n  9  i n  1974 and 1975 (Table 21). 

L i m i t e d  sampling o f  t o t a l  mercury concent ra t  i o n  i n  water and sediment 

i n  t he  Ar royo  Azogado (Table 28) c l e a r l y  i d e n t i f i e s  t h i s  stream as a  

p o i n t  source of i no rgan i c  mercury. Most o f  t h e  mercury i n  f i s h  t i s s u e  

i n  t he  v i c i n i t y  o f  t he  mine a t  ~ l m a d g n  i s  i n  t he  form o f  methy lated 

mercury (Tab le  23). Th i s  observa t ion  i s  cons i s ten t  w i t h  o ther  

pub1 ished i n f o r m a t i o n  (Noren and Westoo 1967, Z i t k o  e t  a l .  1971, Kamps 

e t  a l .  1972, Lockhar t  e t  a l .  1972, Westoo 1973, Bache e t  a l .  1971, 

Bishop and Neary 1974, H i ldebrand e t  a l .  1980). 

A pos tu la ted  sequence o f  events whereby aquat ic  b i o t a  can 

accumulate methylmercury i n  t he  absence o f  d i r e c t  methylmercury 

d ischarge t o  waters i nc ludes  the  f o l l o w i n g  (Jensen and Jernelov 1969, 

Wood e t  a1 . 1968, Jerne lov  1968, Landner 1971) : 

(1)  Mercury i s  d ischarged as elemental  mercury o r  as mercury (11) 

c h l o r i d e  and hydrox ide complexes. 

( 2 )  This  mercury i s  incorpora ted  onto suspended p a r t i c u l a t e s  and 

i n t o  t h e  sediments w i t h i n  a  s h o r t  d i s tance  f rom t h e  o u t f a l l .  



( 3 )  I n  t h e  sediments, b a c t e r i a l  a c t i o n  conver ts  t h e  mercury  t o  

methy la ted  folqms. I n  b a s i c  waters  d imethy lmercury  can be 

v o l  a t i  1  i zed .  I n  a c i d i c  waters  any d imethy lmercury  i s  

conver ted  t o  t h e  much l e s s  v o l a t i l e  monomethylmercury i o n  

which i s  r e t a i n e d  i,\ s o l u t i o n .  

( 4 )  Monomet hy lmercury  i o n  can be accumulated d i r e c t l y  f rom t h e  

water by t h e  b i o t a .  

( 5 )  F i s h  p reda to r s  can r e c e i v e  methy lmercury  b o t h  f rom water  and 

f r om t h e  f ood  cha in .  

The o n l y  i n f o r m a t i o n  we have concern ing sources o f  methy lmercury  

t o  f i s h  spec ies a t  Almaddn c o n s i s t  o f  p o t e n t i a l  food  ( b e n t h i c  

i n v e r t e b r a t e s ,  Tab1 e 28) and sediment. No analyses o f  methy lmercury  

concen t ra t i on  i n  water were at tempted. L i m i t e d  analyses o f  

methy lmercury  i n  sediment from t h e  Almadbn area performed a t  ORNL 

i n d i c a t e  t h a t  0.001 t o  0.03% o f  t o t a l  mercury  i n  sediment i s  i n  t h e  

methy la ted  form. An e v a l u a t i o n  o f  t h e  mechanism o f  methy lmercury  

accumulat ion i n  f i s h  i n  t h e  v i c i n i t y  o f  Almadbn i s  n o t  poss ib l e ,  except 

t o  p o s t u l  a t e  t h a t  f i s h  most 1  i k e l y  accumulate methy lmercury  d i r e c t l y  

f r om  t h e  water and t h e i r  f ood  ( i n v e r t e b r a t e s ) .  

Mercury  c o n c e n t r a t i o n  i n  boga was c o n s i s t e n t l y  lower  than  mercury  

concen t ra t i on  i n  barbo and cacho ( F i g .  4 ) .  A l though we d i d  no t  examine 

f ood  h a b i t s  o f  these  t h r e e  species,  barbo and cacho most l i k e l y  f eed  

p redomina te ly  'on b e n t h i c  i n v e r t e b r a t e s ,  w h i l e  boga feed  p redominan t l y  

on b e n t h i c  a lgae (Muus and Dahls t rom 1971).  I f  t h e  c o n c e n t r a t i o n  o f  

mercury  i n  b e n t h i c  a lgae  i n  t h e  R i o  Valdeazogues and R i o  Z u j a r  i s  lower  

than  t h e  c o n c e n t r a t i o n  o f  mercury  i n  b e n t h i c  i n v e r t e b r a t e s  i n  these  



streams, then a l e s s e r  accumulation of mercury by boga from the  food 

sour'ce may account f o r  the  above-observed di f ferences .  

The observed trend suggecting percentage methylmercury in f i s h  

species is lower a t  s t a t i on  9 where exposure condition t o  inorganic' 

mercury appears highest (Tables 23, 24, 28) deserves note. 

Methylmercury ' i s  accumulated from water a t  a higher r a t e  and e l  imi nated 

a t  a slower r a t e  in f i s h  species .compared t o  inorganic mercury 

(de F re i t a s  e t  a l .  1974, 1977). I t  i s  probable t h a t  the high expnsllrfz 

level  of inorganic mercury a t  t h i s  s t a t ion  (Table 2 8 ) . i s  responsible 

f o r  the  1 ower percentage methylmercury observed in muscle t i s sue  a t  

t h i s  s t a t ion . .  

Limited measurements of mercury concentration in benthic 

inver tebra tes  a t  ~lmadkn indicate  t h i s  potent ia l  f i s h  food source 

contains methylmercury. Percentage methylmercury in benthos ranges 

from 2.7 t o  51% (Table 28).  This range of percentage methylmercury i s  

consis tent  w i t h  other pub1  ished s tudies  (Jernelov and Lann 1971, Cox 

e t  d l .  1975, H i l  debrand et a1 . 1980). Uur est imates of mercury 

concentration in benthic inver tebra tes  are f o r  the  whole animal, so 

mercury contamination by sediment . i n  the  gas t ro in tes t ina l  t r a c t  and 

surface  contamination i s  ' l ikely. 

Estimates of.mercury concentration in f i s h  a t  our control s t a t i ons  - 
(10, 13) are cons i s ten t ly  lower than those a t  s t a t i ons  influenced by 

the  mine (Table 21) .  However, mercury concentrations a t  the  control 

s t a t i ons  are  elevated compared t o  concentrations i n  f i s h  from areas 

remote from known mercury inputs (0.05 ug/g range, Huckabee e t  a l .  

1974). Obviously the  high " c ~ e o l ' o ~ i c  background" concentrations of 



mercury and p o s s i b l e  a i r b o r n e  con tamina t ion  o f  c o n t r o l  s t a t i o n s  i n  t h i s  

r e g i o n  account f o r  t h i s  observa t ion .  

Our ana l ys i s  o f  f a c t o r s  a f f e c t i n g  mercury concen t ra t i an  i n  f i s h  

species downstream f rom t h e  p o i n t  source i n d i c a t e s  t h a t  d i s t ance  f rom 

t h e  source and sampl ing da te  e x p l a i n  a  s i g n i f i c a n t  p r o p o r t i o n  o f  t h e  

var iance  f o r  a l l  t h r e e  species s t u d i e s  (Tables 25-27). The t r e n d  o f  

decreas ing mercury concen t ra t i on  over  t ime  observed f o r  cacho ( F i g .  2 

and Table 26) may r e f l e c t  a  decreas ing exposure c o n d i t i o n .  Du r i ng  t he  

s tudy per iod ,  a new water t rea tment  p l a n t  was brought  on l i n e .  Whether 

o r  no t  t h i s  new t rea tment  f a c i l i t y  i s  r e s p o n s i b l e  f o r  reduc ing  exposure 

. cond i t i ons  remains specu la t i on .  

Mercury concen t ra t i on  was s i g n i f i c a n t l y  r e l a t e d  t o  s i z e  ( a t  

s t a t i ons '  9, 11, 12) o n l y  i n  boga (Tab le  27), and t h e  r e l a t i o n s h i p  was 

inverse .  . Many i n v e s t i g a t o r s  observed a  p o s i t i v e  r e l a t i o n s h i p  o f  

mercury concen t ra t i on  t o  f i s h  s ize/age ( S c o t t  1974, Ko i r t yohann e t  a l .  

1974, K e l l y  e t  a l .  1975, Olsson 1976). Two ma jo r  f a c t o r s  may have 

masked a  concen t ra t i on / s i ze  r e l a t i o n s h i p  i n  t h i s  s tudy.  Both r e l a t e  t o  

p robab le  ep i sod i c  env i ronmenta l  exposure c o n d i t i o n s .  V a r i a b i l i t y  i n  

mercury i n p u t  t o  t h e  R i o  Valdeazogues due t o  t h e  o p e r a t i o n a l  h i s t o r y  o f  

t h e  m i  ne i s  unknown b u t  p robab l y  occurs.  P o t e n t i  a1 l y  s i g n i f i c a n t  a l s o  

are t h e  seasonal d i f f e r e n c e s  i n  hydro logy  o f  t h e  area. General 

observa t ions  i n d i c a t e  t h a t  t he  R i o  Valdeazogues i s  f r e e  f l o w i n g  d u r i n g .  

t h e  p e r i o d  December th rough Ju l y .  From J u l y  t o  l a t e  f a l l ,  t h e  r i v e r  

c o n s i s t s  o f  a  s e r i e s  o f  poo ls .  F i s h  t end  t o  be concent ra ted  i n  these  

poo l s  i n  t h e  f a l l .  Because our c o l l e c t i n g  pe r i ods  i nc l uded  b o t h  

h y d r o l o g i c  cond i t i ons ,  exposure c o n d i t i o n s  cou ld  have been d i f f e r e n t .  
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No adequate hydrologic data are avai lable  t o  explore t h i s  possi b i  1 i ty .  

In addit ion,  any migration of f i s h  in the system could a f fec t  exposure 

condit ions.  Size of Fish r e f l e c t s  age and t h u s  duration of exposure to  

mercury. If mercury exposure conditions are epjsodic a t  ~lmad6n due t o  

hydrology and mine operation,  the f a i l u r e  to  detect  a consistent  s i z e  

e f f e c t  i s  not surpr i s ing .  

Distance from the source, sampling date ,  and f i s h  s i z e  explained a 

maximum of approximately 50% of the  variance i n  mercury concentration 

in  f i s h  downstream from the  mercury source. Considerable v a r i a b i l i t y  

remains unexplained. The hydrologic fac tors  and mine operation 

discussed above may be a major cause of t h i s  remaining vari abi 1 i t y .  

Although t h i s  aquatic survey Indicates the  l iquid  e f f luen t  from 

the  mercury mine a t  Almad~h r e su l t s  in elevated levels  of mercury in 

f i s h  species ,  the  actual levels  observed are not d r a s t i c a l l y  d i f fe ren t  

from 1 evels in f i s h  from other environments experiencing anthropagenic 

mercury inputs.  Hiidebrand e t  a l .  (1980) report  t h e  r esu l t s  of a study 

on the North Fork Holston River in Virginia and Tennessee, USA. In 

t h i s  study the  source of mercury consisted of leachates from waste 

ponds of an abandoned chloral  kal i p lant .  Total mercury concentrations 

in  f i s h  species were highest imnediately below the  source (1-2 vg/g) 

then decreased 'downstream. Mean t o t a l  mercury concentration I n  f i s h  

species a t  Almaddn (highest  recorded = 2.43  pg/g, Table 21) are not 

d r a s t i c a l l y  elevated compared t o  those in the Holston River. Thus, 

even though the mercury mine a t  Almadbn i s  po ten t ia l ly  one of the  

world 's  major sources of mercury t o  the  environment, mercury levels  in 

f i s h  are  not alarming. I t  i s  c lea r ,  however, t ha t  levels  above 



1.0 pg/g a re  common i n  t h e  R i o  Valdeazogues and R i o  Zu ja r .  F i s h  f rom 

these  systems, t h e r e f o r e ,  do c o n s t i t u t e  a p o t e n t i a l l y  s i g n i f i c a n t  

source o f  mercury  t o  humans i f  consumed. 



5. SUMMARY 

Sumnarized below a re  t h e  major  observat ions,  r e s u l t s ,  and 

conc lus ions  o f  t h e  e c o l o g i c a l  survey o f  mercury i n  t h e  environment a t  

Almadkn, Spain. The reader  i s  r e f e r r e d  t o  t h e  t e x t  o f  t h i s  r e p o r t  f o r  

a more d e t a i l e d  a n a l y s i s  of t h e  da ta  c o l l e c t e d .  

1. Th i s  s tudy  was i n i t i a t e d  i n  t h e  f a l l  of 1974 and sample 

c o l l e c t i o n  was completed i n  1977. 

2. The purpose o f  t h i s  s tudy  was t o  determine t h e  

concen t ra t i on  o f  mercury  i n  s e l e c t  ecosystem 

compartments i n  t h e  environment a t  Almadkn, and t o  

determine t h e  d i s t r i  b u t i n n  n f  merr l r ry  i n  t t l rse 

compartments w i t h  d i s t a n c e  f rom t h e  mercury mine complex. 

3. Ecosystem compartments sampled i nc l uded  p l a n t s ,  mice, 

and b i r d s  (house sparrows) i n  t h e  t e r r e s t r i a l  

environment,  and water ,  sediment, f i s h ;  and ben th i c  

i n v e r t e b r a t e s  i n  t h e  aqua t i c  environment.  

4. Sample -co l lec t ing  pe r i ods  du r i ng  t h i s  s tudy  were f a l l  

1974, f a l l  1975, s p r i n g  1976, f a l l  1976, and s p r i n g  1977. 

5. Approx imate ly  5000 i n d i v i d u a l  chemical  analyses f o r  , 

t o t a l  mercury  o r  methy lmercury  concen t ra t i on  i n  t h e  

ecos,ystem compartments were p e r f  ormed dur i ng t h i s  s tudy.  

6. The n ~ a j o r i t y  o f  chemical analyses were performed by t h e  

L a b o r a t o r i o  de Minas de Almaden. Oak Ridge Na t i ona l  

Labo ra to r y  performed a1 1 methylmercury analyses, as we1 1 

as t o t a l  mercury  analyses on approx imate ly  10% o f  t h e  

samples analyzed i n  Spain f o r  qua1 i t y  c o n t r o l .  



7. C o r r e l a t i o n  c o e f f i c i e n t s  ( r )  f o r  t o t a l  mercury analyses 

between Minas de Almadbn Laboratory and Oak Ridge 

Nat iona l  Laboratory were 0.94 f o r  house sparrows, 0.93 

f o r  f i s h ,  0.79 f o r  mice, and 0.57 f 9 r  p l a n t s .  

8. To ta l  mercury concent ra t ion  i n  t e r r e s t r i a l  p l a n t  species 

i s  gene ra l l y  h ighes t  near the  mine complex (va lues > 

100 ug/g i n  moss) and lowest  20 km d i s t a n t  from t h e  mine 

( <  1.0 vg/g). 

9. Highest t o t a l  mercury concent ra t ion  i n  p l a n t  species was . 

observed i n  moss. Herbaceous p l a n t  species (grass and 

f orbs)  accumul a te  h igher  l e v e l s  o f  mercury than woody 

p l  ants.  

10. A l l  est imates o f  mercury 'concentrat ion i n  p l a n t s  a t  

Almadbn g r e a t l y  exceed o ther  repo r ted  values. 

11. To ta l  mercury concent ra t ion  i n  muscle t i s s u e  o f  mice was 

h ighes t  near t h e  stream r e c e i v i n g  t h e  l i q u i d  e f f l u e n t  

f rom the  mine (0.181 ug/g).  Kidney t i s s u e  showed t h e  

h ighes t  t o t a l  mercury concent ra t ion  ( >  4 ~ g / g )  a t  t h i s  

l oca t i on .  

12. Methylmercury'  concent ra t ion  averaged up t o  29% o f  t o t a l  

mercury concent ra t ion  i n  muscle t i s s u e  o f  mice. 

13. To ta l  mercury concent ra t ion  i n  muscle t i s s u e  o f  sparrows 

was h ighes t  near t h e  mine complex (0.115 pg/g) and 

decreased w i t h  d is tance from the  mine. 

14. Percentage methylmercury o f  t o t a l  mercury i n  sparrow 

t i s s u e  was i n  t h e  range of 1 t o  4%. 



15. T o t a l  mercury  concen t ra t i on  i n  f i s h  s p x i e s  i n  the  

Almad4n area was h i g h e s t  near t h e  mine l i q u i d  e f f l u e n t ,  

then  decreased downstream. 

16. To ta l  mercury  concen t ra t i on  i n  f i s h  spec ies a t  s t a t i o n s  

downstream f rom t h e  mine e f f l u e n t  was h ighe r  than  t o t a l  

mercury  c o n c e n t r a t i o n  i n  f i s h  a t  c o n t r o l  s t a t i o n s .  

17. To ta l  mercury  concen t ra t i on  i n  f i s h  spec ies 29 km below 

t h e  mine l i q u i d  e f f l u e n t  was above t h e  U n i t e d  S ta tes  

Food and Druy A d ~ v i n i s t r a t i o n  g u i d e l i n e  o f  1.0 ~ g / g .  

18. The h i g h e s t  mean t o t a l  mercury  concen t ra t i on  i n  f i s h  

spec ies was 2.43 vg /g  (barbo i n  f a l l  1976 neares t  t h e  

mi ne e f f  1  uent  ) . 
19. A  l i n e a r  model was developed t o  e x p l a i n  var iance  i n  

t o t a l  mercury  concen t ra t i on  i n  f i s h  spec ies.  From 38 t o  

58% o f  t h e  v a r i  ab i  1  i t y  was explained by sainpl i n g  date,  

d i s t a n c e  f rom t h e  source, and s i z e  o f  f i s h  (boga o n l y ) .  

20. The m a j o r i t y  o f  mercury  i n  f i s h  muscle i s  i n  t h e  form o f  

methy l  a ted  mercury.  

21. E leva ted  l e v e l s  o f  mercury i n  water and sediment i n  t he  

Ar royo  Azogado c o n f i r m  t h i s  stream as a  major  p o i n t  

source o f  mercury  t o  t h e  aqua t i c  environment.  

22. F i s h  spec ies  and p o s s i b l y  young asparagus p lan t s ,  if 

consumed, may be a  s i g n i f i c a n t  source of mercury t o  

humans i n  t h e  A l m a d h  area. 
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