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111. THE PPACT OF GEOTHERMAL RESOURCE DEVELOPMENT IN HAWAII 

A. The Environmental Consequences of Natural  Processes 

Alzllough geothermal deveiopment is projected f o r  a l l  the  

in a Volcanic-Fumerolic Region 

Hawaiian I s lands ,  the a c t i v e  volcanic  region i n  and around 

Kilauea, where t h e - f u r r e n t  H a w a i i  Geothermal Pro jec t  w e l l  is 

located,  is a unique s i t u a t i o n .  This a rea  presents  a s e r i e s  

of engineering chal lenges,  publ ic  concerns, and questions of 

invest inen? c a p i t a l ;  however, for a purely environmental 

perspect ive questions of geothermal development may f ind  

ready answers in the  moderately extensive s tud ie s  conducted 

on va lcanic  a c t i v i t y  and i ts  impact on the  environment. The 

following s e c t i o n  deals with these  i s sues .  

1. Acute Ecological E f fec t s  

a. The Physical 

Both seismic and erupt ive  a c t i v i t i e s  i n  volcanic  zones can, 

a t  t h e i r  extremes, lead t o  l o c a l  o r  reg iona l  catastrophe.  In  

themselves such devas ta t ing  e f f e c t s  of volcanism a r e  of l i t t l e  

concern with respect  t o  the  environmental impact of forthcoming 

a d  fu tu re  KGRA development i n  Hawaii. However, the  development 

of geothermal power i n  regions of ac t ive  volcanism does have 

s i g n i f i c a n t  

To ' the  ex ten t  t h a t  e rupt ive  violence has shaped t h e  extant  

impact on investment rtsks and engineering design. 

f l o r a  and fauna of these i s l ands  by s e l e c t i o n  f o r  s t r e s s  r e s i s -  

tance,  i t s  main fea tures  m u s t  b e  recognized. 

A descr ip t ion  of the 1959 Kilauea erupt ion ( a f t e r  Wentworth, 
I. 

, 
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c1-3 1966, Smathers and Mueller-Dombois, 1974) w i l l  s u f f i c e  t o  charac- 

t e r i z e  such major events i n  general .  Kilauea I k i  is  a p i t  crater 

adjacent  t o  t h e  NE rim of the  ca ldera  of Kilauea volcano. The 

contained area rises near ly  1300 m above sea l e v e l  and 6000 m 

above t h e  ocean f loo r .  Halemaumau, t h e  m a i n  vent of Kilauea is 

a col lapsed crater i n  t h e  summit caldera .  Kilauea I k i  had two 

erupt ions in recent h i s t o r i c  time p r i o r  t o  t h e  1959 event ,  namely 

in 1832 and 1868. The December 1959 erupt ion  o r ig ina t ed  a t  a 

r i f t  i n  t h e  crater w a l l  and deposi ted a blanket  of ash over an 

area of 500 hec ta re s  (5 km2). The s i t e  soon came t o  be called 

"Devastation Area" and appropr ia te ly  so. 

As lava poured from i ts  r i f t ,  t h e  Ohia (Metro- 
s ide ros )  f o r e s t  on t he  crater f l o o r  and w a l l s  t o  a 
he ight  of ca 115 m below the  r i m .  
w a s  f i l l e d  with a l ava  l ake  140 m deep. 

des ica ted  and t h e  tender-dry vegeta t ion  ign i t ed .  

fountaining reached rates of more than 10 cm/hr buried 
a l a r g e  area of surrounding f o r e s t  and s t r ipped  trees 
over an even g rea t e r  one. 

Surrounding t h e  area of complete b u r i a l ,  t he re  
l ies a "tree mold" zone where whole trees not  exploded 
and igni ted  l e f t  the ir  imprints in the pyroclast ic  
f a l l o u t .  Further  ou t  t h e  abras ive  ac t ion  of t he  pumice 
and s c o r i a  wrought ex tens ive  in ju ry ,  but  did not  k i l l .  

evident  and l o c a l l y  a t  least ,  these  fumes were q u i t e  
ac id ic .  Vent condensates themselves exceeded an 
a c i d i t y  equivalent  t o  1.9 N H c l .  

Although t h e  s p e c i f i c  p a t t e r n  of ash b u r i a l ,  
s t r i p p i n g  and excor ia t ion  and fume e f f e c t s  w i l l  vary 
from one e r u p t i o n , t o  another ,  t he  general  p a t t e r n  as 
set f o r t h  he re  is  typ ica l .  

I n  i ts  af termath,  t h e  e rupt ion  l e f t  massive 
pahoehoe (ropy) lava on t h e  crater f l o o r ,  a new cinder  
cone and areas covered with s p a t t e r s  or pumice t o  
depths of as much as 46 m. Also c rea ted  were 6 new 
h a b i t a t s  as dis t inguished  by s u b s t r a t e  type and re- 
mains of vegetat ion.  Save f o r  those sites on the  
cinder  cone re turn ing  high near-surface gubs t r a t e  

Kilauea I k i  crater 

Surrounding areas exposed t o  hea t  were r ap id ly  

The deposi t ion of py roc la s t i c s  which accompanied 

Beyond t h e  area of devas ta t ion ,  fume damage w a s  
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temperatures  (e.g. 50' a t  6 cm depth)  which were 
delayed 2-3 y e a r s ,  r e g e n e r a t i o n  and c o l o n i z a t i o n  
p rocesses  were r a p i d ,  s t a r t i n g  almost immediately. 
For example, on t h e  new crater f l o o r ,  i n v a s i o n  and 
c o l o n i z a t i o n  from t h e  edge one y e a r  p o s t  e r u p t i o n  
inc luded  a l g a l ,  moss and f e r n  s p e c i e s  p e n e t r a t i n g  
11 m inward. By 1962, 10 s p e c i e s  had reached inward 
as f a r  as 48 m; and by 1968, 30 s p e c i e s  had advanced 
as f a r  as 25 cm o r  80% of t h e  d i s t a n c e  t o  t h e  c e n t e r .  
It shou ld  b e  remembered t h a t  t h i s  particular l o c a t i o n  
w a s  in e f f e c t  t h e  zone of t o t a l  b u r i a l  and incener- 
a t i o n  which began i ts  c o o l i n g  phases as a ha rd  lava 
surface t r a v e r s e d  by c r a c k s  v e n t i n g  t h e i r  con ta ined  
h e a t  f o r  some time. 

Undisturbed f o r e s t  l a y  6 cm from t h e  edge of 
t h e  new cone. I n  t h i s  more open environment above 
t h e  lava lake; t h e  g r a s s e s  , herbaceous p l a n t s  and 
sh rubs  had moved 10 m inward w i t h i n  t h e  f i r s t  yea r  
(a l though a l g a e  had co lon ized  t h e  entire d i s t a n c e  
t o  t h e  cone s l o p e ) .  Overall, f o r  h i g h e r  p l a n t  forms, 
t h e  h d f - w a y  mark w a s  reached o r  passed between y e a r s  
3 and 4 p o s t  e r u p t i o n  and c o n t a c t  v i r t u a l l y  completed 
€or many v a s c u l a r  p l a n t s  and a l l  cryptogams by y e a r  
7 .  Within the devastation zone, regeneration of 
growth in s u r v i v i n g  p e r e n n i a l s  (trees and sh rubs )  
n e a r  t h e  o u t e r  r eaches  a t t a i n e d  60-100% i n  some 
cases. Examples are s p e c i e s  o f  Met ros ide ros  , 
Vaccinium and S t y p h e l i a .  

One o f  t h e  consequences of a l o n g  h i s t o r y  o f  volcanism and 

e r u p t i v e  events o f  v a r y i n g  d u r a t i o n  and d e s t r u c t i v e  f o r c e  has  

been t h e  s e l e c t i o n  o f  i n d i v i d u a l s ,  and e v e n t u a l l y  p o p u l a t i o n s ,  

capab le  o f  w i t h s t a n d i n g  and /o r  r e c o v e r i n g  from severe i n j u r y .  

A second l ies i n  t h e  p re sence  of popu la t ions  capab le  of i nvad ing  

and e s t a b l i s h i n g  v e g e t a t i o n  on t h e  new s u r f a c e s  l e f t  i n  t h e  

a f t e r m a t h  o f  an e r u p t i o n .  That t h i s  c a p a b i l i t y  shou ld  b e  a 

common f e a t u r e  of many H a w a i i a n  s p e c i e s  is i m p l i c i t  i n  t h e  colon- 

i z a t i o n  h i s t o r y  of t h e  i s l a n d s  themselves,. 

b .  The Chemical 

Beyond t h e  range of what may b e  a p p r o p r i a t e l y  considered 

" b l a s t "  and " a t t r i t i o n "  zones , t h e r e  remain t h e  areas exposed 
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The t o x i c i t y  of  vo lcan  c e f f l u e n t s  ,J recognized,  and w i l l  

be  considered beluw more s p e c i f i c a l l y ,  b u t  i t  is a p p r o p r i a t e  t o  

n o t e  h e r e  t h a t  t h e  release of H2S, S02, SO3 (H2SO4) hydrohalogens 

and mercury may be  enhanced dur ing  e r u p t i o n s  over  t h e i r  normal 

output  from fumeroles and ven t s  (S iege l ,  B. and S i e g e l ,  S., O c t .  

1977, S i e g e l ,  S. and S i e g e l ,  B. ,  1975 and S i e g e l ,  B. and S i e g e l ,  

S., Sept . ,  1977). 

For example, dur ing  t h e  Kala lua  e r u p t i o n  of  September- 

October ,  1977, t h e  SO2 and H2S levels 1 km downwind from t h e  

n e a r e s t  v e n t  r o s e  more than  25-fold over  t h e i r  August va lues .  

The H2SO4 concen t r a t ion  d i d  n o t  show a corresponding rise, bu t  

on o t h e r  occas ions ,  r a i n f a l l  measuring pH 4.0 has  been c o l l e c t e d  

i n  Kona, some 75 km from t h e  n e a r e s t  v e n t .  

E s c a l a t i o n  of mercury dur ing  t h e  1977 e r u p t i o n  w a s  b e t t e r  

documented: F i e l d  measurements c a r r i e d  ou t  p r i o r  t o  t h e  event  

e s t a b l i s h e d  f i r m  b a s e l i n e s ,  p e r m i t t i n g  t h e  conclus ion  t h a t  a t  

va r ious  l o c a t i o n s ,  t h e  Hg level r o s e  from less than  10 t o  over  

4OO-fold. 

c. A Note on Mercury Heal th  Hazards During Erupt ion 

Approximately 30 days p r i o r  t o  t h e  o n s e t  of  t h e  1977 Kala lua  

e r u p t i o n  on 13 September, a i r  mercury levels were recorded a t  a 

number of l o c a t i o n s  i n  t h e  Puna d i s t r i c t ,  I s l a n d  of H a w a i i ,  as 

l o c a t i o n s  of  t h e  r e g u l a r  s u r v e i l l a n c e  program a s s o c i a t e d  wi th  HGP-A. 

Subsequent measurements were taken  approximately 1.5 and 1 7  days 

a f t e r  i t s  beginnings,  and a t  32 days,  fo l lowing  t h e  d e c l i n e  of 

fuming and c e s s a t i o n  of t remors .  
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This sequence p rov ides  t h e  f i r s t  a c t u a l  c h r o n i c l e  of v o l c a n i c  

r i f t  zone a i r  mercury levels over  p r e -  through pos t - e rup t ion  

phases (Table  1). 

In s p i t e  of t h e  importance in H a w a i i  of t h e  NE t radewinds,  

air  movements o v e r  seamount i s l a n d s  t e r ra in  may be h i g h l y  i r r e g u l a r .  

Thus, t h e  coord ina ted  rise i n  a i r  mercury a t  v a r i o u s  s t a t i o n s  

does n o t  n e c e s s a r i l y  p o i n t  t o  coord ina ted  i n c r e a s e s  i n  a c t i v i t y  

a t  t h o s e  s p e c i f i c  s i tes ,  b u t  may r a t h e r ,  r e p r e s e n t  a tmospheric  

d i s semina t ion  a f t e r  emission.  This is c l e a r l y  t h e  case a t  

S t a t i o n  1, t h e  expe r imen ta l  w e l l  HGP-A, which is o f f  t h e  r i f t  

zone i t s e l f  and which had been s h u t  down f o r  many weeks a t  t h e  

t i m e  of t h e  e r u p t i o n .  On t h e  o t h e r  hand, a l o n g - i n a c t i v e  s p a t t e r  

cone a t  Heiheiahulu,  10 km E (downr i f t )  from t h e  active Ka la lua  

f i s s u r e  gene ra t ed  an ambient a i r  mercury level  of 7.9 pg.m-3 on 

31 J u l y ,  1977, some 45 days b e f o r e  t h e  e r u p t i o n  when all o t h e r  

s t a t i o n s  r ead  1.4  pg.m-3 o r  less. 

Whatever t h e  re la t ive  c o n t r i b u t i o n s  of enhanced l o c a l  s i t e  

emissions and d i s p e r s a l  from t h e  e r u p t i o n  zone, an area o f  a t  

least 250 km2 and perhaps t w i c e  t h a t  ranged f o r  some p e r i o d  of 

t i m e  from about 5 t o  more than  200 , ~ g . m ' ~ .  

McCarthy and o t h e r s  have concluded t h a t  t h e  "normal" b a s e l i n e  

Put i n  p e r s p e c t i v e ,  

a i r  v a l u e  l i e s  between 0.003 and 0.03 , ~ g . m ' ~  wi th  open a i r  l e v e l s  

ove r  t h e  E. P a c i f i c  even lower ( S i e g e l ,  S .  and S i e g e l ,  B . ,  1 9 7 5 ) .  

Even on 9 October ,  w i th  f o u n t a i n i n g  ended b u t  cont inued fuming, 

a i r c r a f t  surveys over  t h e  a c t i v e  zone r e v e a l e d  5-18 , ~ g . m - ~  a t  

a l t i t u d e s  of 33-170 m. Near s u r f a c e  a i r  va lues  r e p r e s e n t  4-24 

h r .  ave rages ,  no t  p o i n t  o r  peak v a l u e s ,  t h u s ,  t h e  h igh  ambient 
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levels were s u s t a i n e d  o v e r  s i g n i f i c a n t  t i m e  pe r iods  i n  terms of 
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exposed organisms i n c l u d i n g  man. 

Lacking c l in i ca l  d a t a  f o r  exposed popu la t ions  i n  azd around 

t h e  a c t i v e  r i f t  zone, no f i r m  conc lus ions  about haza rds  can be 

drawn. 

f o r  t o t a l  Hg shou ld  b e  p l aced  between 10 and 100 ug.m-3 (8 h r . )  

and g e n e r a l  ambient v a l u e s  between 1 and 10 ug.m-3 ( G e r s t n e r ,  J. 

and Huff ,  J., 1977) .  mere are no l e g i s l a t e d  ambient a i r  q u a l i t y  

s t a n d a r d s  f o r  Hg, b u t  t h e  EPA recommended 30 day average concen- 

It h a s  been r e c e n t l y  sugges t ed  t h a t  o c c u p a t i o n a l  t h r e s h o l d s  

t r a t i o n  is 1 ug.m-3. The l a t te r  f i g u r e  w i l l  b e  r econs ide red  

below, b u t  i t  is obvious t h a t  t h e  haza rd  p o t e n t i a l  of n a t u r a l  

mercury l e v e l s  gene ra t ed  d u r i n g  e r u p t i o n s  r e q u i r e s  f u t u r e  

assessment e s p e c i a l l y  i n  r e l a t i o n  t o  ambient levels, and developing 

geothermal s i tes .  

2.  Toxic Gas Emissions During Non-Eruptive Pe r iods  

a. Composition* 
It has been demonstrated t h a t  t h e  appearance of a new a c t i v e  

f i s s u r e  is a s s o c i a t e d  wi th  e l e v a t e d  emission of t o x i c  gases  and 

i t s  d i s s e m i n a t i o n  i n t o  areas which o r d i n a r i l y  c o n t a i n  only low 

levels of t h e s e  t o x i c a n t s .  It h a s  been f u r t h e r  shown t h a t  active 

fumeroles and v e n t s  may i n f e c t  r e l a t i v e l y  small amounts of 

t o x i c a n t s  i n t o  t h e  atmosphere a t  some t i m e  p r i o r  t o  t h e  e r u p t i o n  

" ( S i e g e l ,  B .  and S i s g e l ,  S . ,  23 S e p t .  1977, S i e g e l ,  B .  and S i e g e l ,  
S . ,  10 Oct. 1977, S i e g e l ,  S .  and S i e g e l ,  B . ,  1975, S i e g e l ,  S .  and 
S i e g e l ,  B .  1978, S i e g e l ,  B .  and S i e g e l ,  S . ,  30 A p r i l  1979, S i e g e l ,  
B .  and S i e g e l ,  S . ,  1978.) 



a 

cps i t s e l f .  

i m p l i e s  t h a t  such sources  are always n e g l i g i b l e  du r ing  longe r  

pe r iods  of quiescence between e r u p t i o n s ,  however. Th i s  is 

shown i n  t h e  a i r  mercury levels a t  t h e  S u l f u r  Bank fumeroles over 

t h e  pe r iod  1971-78 (Table 2) .  Obviously, p e r i o d s  of high 

mercury ou tpu t  occur  f r e q u e n t l y  a t  t h i s  s i t e ,  some f a r  h i g h e r  t han  

those  a s s o c i a t e d  wi th  t h e  1977 e r u p t i o n .  I n  s p i t e  of t h e  approxi- 

mately 250-fold v a r i a t i o n  i n  t o t a l  Hg, t h e  p r o p o r t i o n  of ele- 

mental  vapor (HgO) varies over  only a 3-fold range. 

Low ou tpu t  p r i o r  t o  a s p e c i f i c  e r u p t i o n  i n  no way 

More recent measurements (1976-78) a t  v a r i o u s  n a t u r a l  s i tes  

show abundant s u l f u r  gases  as w e l l  as mercury i n  some cases (Table 

3 ) .  Most s t r i k i n g  are t h e  Hg levels a t  t h e  1971 and 1974 f i s s u r e s  

on ly  a few meters a p a r t  on t h e  f l o o r  of Kilauea.  I n  c o n t r a s t  

one o f  t h e s e  releases l a r g e  q u a n t i t i e s  of SO2 and C02 whereas 

t h e  o t h e r  produces l i t t l e  SO2 and less C 0 2 .  

S u l f u r i c  a c i d  measurements have no t  been as e x t e n s i v e  as 

t h o s e  f o r  o t h e r  gases .  I n  July-August 1977, f o r  example, t h e  

S u l f u r  Bank y i e l d e d  a i r  va lues  of about 1 mg.m'3 and t h e  Hale- 

maumau vent 6.6 mg.~n'~ under clear d ry  c o n d i t i o n s  , 1 mg.~n'~ du r ing  

heavy r a i n .  Ou t s ide  of t h e s e  s p e c i f i c  s i tes ,  v a l u e s  were 0.25 

mg.m-3 a2d commonly less. 

b .  Toxicity-Mercury 

It is ,  t h e n ,  obvious t h a t  emissions along t h e  segment of t h e  

Kilauea East R i f t  proximal t o  t h e  main v e n t  can ma in ta in  h igh  a i r  

mercury l e v e l s  i n  t h e  absence of o v e r t  e r u p t i v e  a c t i v i t y .  The 

S u l f u r  Bank 7-year mean l e v e l  of ca 16 ~ g . m - ~  ( 4  ~ g . r n - ~  Hgo) i s  

probably r e p r e s e n t a t i v e  of an area a t  l eas t  300-400 km2 i n  e x t e n t  
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Table  2: Fumerolic Mercury Emission at the  S u l f u r  Bank, Kilauea” 

Date 

A p r i l  1971 

May 1971 

August 1971 

January 1972 

A p r i l  1972 

December 1973 

J u l y  1974 

May 1975 

Hay 1976 

June 1976 

August 1977 

September 1977 

August 1978 

- T o t a l  Hg ( ~ g ; . r n - ~ )  

22.6 

20.5 

40.7 

2.3 

33.5 

0.9 

10.9 

2 . 6  

7.6 

47.5 

0 .2  

11.3 

15.5 

HgO (%) 

- 

21.7 

24.8 

22.6 

31.5 

3 0 . 2  

27.4 

- 
40.6 

13.5 

* ( S i e g e l ,  B .  and S i e g e l ,  S . ,  30 A p r i l  1979.) 
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Table  3: Represen ta t ive  Aerometr ic  Values a t  Ki l auea  Emission 
S i t e s *  

co c02 
PPm PPm 

h25 502 
PPm PPm 

H_p3 S i t e  and Time 
ug-m 

S u l f u r  Bank (18) 
May 1976-Aug 1978 16.4 7.1 7 .O 1.9 6272 

Halemaumau (8) 
June 1976-Aug 1978 4.2 1.2 4 . 1  0 .5  986 

Ki l auea  (6) 
1971 f i s s u r e  (Aug 1978) 79.2 
1974 f i s s u r e  (Aug 1978) 29.2 

0.02 21.2 1.2 18368 
(0 .02  0.3 0.6 8288 

Puhimau (8)  
December 1976-Aug 1978 5.2 0.02 co .02 1.3 2128 

* 
( S i e g e l ,  B. and S i e g e l ,  S . ,  30 A p r i l  1979.) 



on t h e  Ki lauea  p l a t e a u ,  based  on a 10-12 km r a d i u s  around t h e  

main vent. Even a t  g r e a t e r  d i s t a n c e s ,  e .g .  t h e  s i t e  of  HGP-A, 

air mercury levels s i n c e  1975 du r ing  non-erupt ive phases  have 

ranged between 0 . 2  and 1 . 2  p g ~ m " ~ ,  f l u c t u a t i n g  perhaps  around 

lpg-m-3 .  Indeed, w i t h  t h e  e x c e p t i o n  of extreme NNE H a w a i i ,  

11 

i n  t h e  quadran t  most exposed t o  "clean" NE t radewinds,  a i r  

mercury levels  ca l ,ug-m-3 are common, wi th  p e r i o d s  of  heavy 

r a i n  o r  s t r o n g  winds as excep t ions  ( f i g .  1). Relative s o i l  

mercury levels  r e f l e c t  a similar d i s t r i b u t i o n ;  even p r e c i p i t a t i o n ,  

a l though less d i f f e r e n t i a t e d  r e g i o n a l l y  on t h e  i s l a n d  s u g g e s t s  

a similar p a t t e r n ,  

The long  term h e a l t h  e f f e c t s  of  t h e s e  n a t u r a l  a i r  mercury 

levels are n o t  known, b u t  i t  i s  c l e a r  t h a t  l o c a l  r e s i d e n t  

p o p u l a t i o n s  are exposed t o  c o n c e n t r a t i o n s  above recommended 

th re sho ld .  L i t t l e  i n fo rma t ion  ex is t s  p e r t a i n i n g  t o  ch ron ic  

mercury i n t o x i c a t i o n  by i n h a l a t i o n  i n  an ima l s ,  a l though h e a l t h  

s t a n d a r d s  might b e  a p p l i c a b l e  t o  some forms o f  mammalian l i f e .  

Even less in fo rma t ion  i s  a v a i l a b l e  abou t  a tmospher ic  exposures  

of p l a n t s .  Recent  expe r imen ta l  chamber tests w i t h  mercury have 

a t  least  t h a t  provided  p re l imina ry  i n d i c a t i o n s  of t o x i c  dosages 

and some c a t e g o r i e s  o f  p l a n t  response  (Table  4 ) .  

The two t o x i c a n t s  of much i n t e r e s t  i n  geochemical terms 

are H g O  and HgC12, which t o g e t h e r  appear  t o  account  f o r  90% of 

the  a e r o m e t r i c  d a t a  i n  the  f i e l d .  The biogeochemical  importance 

of d imethyl  mercury prompted i t s  i n c l u s i o 3  he re .  Although 

mercury a l l y l s  have n o t  y e t  been ana lyzed  i n  v o l c a n i c  e f f l u e n t s  
n 
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Table 4 :  Chamber Simulat ion Tests f o r  t h e  P h y t o t o x i c i t y  of-Atmospheric  0 Mercury 

Form of P l a n t  
Hg t e s t e d  Response 

Cas to r  B e a n  
~g Concentrat ion (us-rn-3) 

10 50 10 50 10 50 

Coleus Oleander 

None 
(10 days) 

Ch lo ros i s  ( X  leaf s u r f a c e )  0 
Necrosis  ( X  leaf s u r f a c e )  0 
Absciss ion (% l e a f  drop) 3 

Ch lo ros i s  
N i c r o s i s  
Absciss ion 

Ch lo ros i s  
Necrosis  
Absciss ion 

0 3 
0 2 

13 47 

0 0 
0 6 
0 4 

Chlo ros i s  0 0 
Necrosis  0 8 
Absciss ion 11 32 

0 
0 
3 

0 0 
0 0 

22 94 

0 0 
2 10 
4 8 

0 0 
3 12 
8 24 

7 
0 

10 

0 12 
3 12 
7 36 

0 10 
9 23 
0 0 

10 26 
5 15 

14 32 



1 3  

F i  D i s t r i b u t i o n  P a t t e r n s  f o r  " t a l  Mercury i n  A i r ,  R a i n f a l l  and 
S o i l s ,  I s l a n d  o f  Hawaii. Figures  f o r  a i r  and s o i l  a r e  4-7 yea r  
averages ;  those f o r  r a i n f a l l  f o r  1972-73.  
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t h e i r  presence i n  humic, well-watered mercu r i f e rous  s o i l s  

is n o t  u n l i k e l y .  Methyl mercury i s  the  most t o x i c  d e r i v a t i v e  

toward v e r t e b r a t e  and e s p e c i a l l y  mammalian forms.  It i s  n o t  

c o n s i s t e n t l y  s o  toward h i g h e r  p l a n t s  when compared wi th  Hgo 

vapor (Table 4 1 ,  al though i t  may act  more r a p i d l y  by v i r t u e  

of its hydrocarbon c h a r a c t e r ,  hence h i g h e r  p e n e t r a t i o n  ra te .  

Between t h e  two i n o r g a n i c  forms of  mercury, t h e r e  i s  no 

q u e s t i o n  t h a t  Hgo i s  f a r  more e f f e c t i v e  as a t o x i c a n t ,  even 

a t  the  lower c o n c e n t r a t i o n ,  and over  a b r i e f  - 7 day - span 

of t i m e .  The e f f e c t s  of HgC12 are  minimal except  f o r  h i g h e r  

c o n c e n t r a t i o n s  on t h e  s e e d l i n g s .  The c h l o r i d e ,  as f a l l o u t  

r e q u i r e s  a s o i l  s o l u t i o n  c o n c e n t r a t i o n  of a t  l ea s t  100 ug-kg-1 

to  b e  e f f e c t i v e  a g a i n s t  h i g h e r  p l a n t s ,  b u t  may be r e t u r n e d  t o  

the  atmosphere as (CH3)2Hg gene ra t ed  by s o i l  micro l o r a  o r ,  

more s i g n i f i c a n t l y  as Hgo gene ra t ed  by s o i l  a l g a e ,  f u n g i ,  

l i c h e n s ,  mosses and h i g h e r  p l a n t s .  

c. Tox ic i ty -  S u l f u r  Compounds* 

Depending upon l o c a t i o n ,  t h e  n a t u r a l  emission sources  i n  

0.002 t o  h igh  v a l u e s  o f  1 . 2 - 7 . 1  H a w a i i  range H2S ambients of 

( 2  year ave rage ) .  These v a l u e s  o f f e r  no occupa t iona l  hazard 

( T a b l e  5). The h i g h e r  l e v e l s  a r e  f a r  i n  excess  of t h e  C a l i f o r n i a  

* ( S t o p i n s k i ,  O . ,  1978, h e r .  Conf. o f  Gov., Indus t .  H y g i e n i s t s ,  
1975, Mart in ,  W .  and S t e r n ,  A . ,  1 9 7 4 ,  U.S. Dept .  of H.E.W., 1970, 
h e r .  Lw,g ASSOC., Apr i l . ,  1976, h e r .  Lung A 4 ~ ~ ~ ~ . ,  1978, S i e g e l ,  
B .  and S i e g e l ,  S . ,  1 4  Feb .  1978, Hawaii Occupational S a f e t y  and 
Heal th  Standards Act 57, 1 9 7 2 ,  Revised 1977.) 
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Table 5 :  A Summary of Environmental Standards f o r  S u l f u r  Compounds 

STANDARD 

Compound Occupat ional  Ambient Air Qual i ty  

Threshold L i m i t  Shor t  T e r m  C a l i f o r n i a  Nat iona l  
(8 h r .  avg.) ( 5  min.) PPm PPm 

H2S 

so2 

H2S*4 1 ,ug.m' 3 3 

0.03 - 
0.042 0 .14  

0 . 5  0 . 5  
(24 h r )  (24  h r ,  primary) 

( 1  h r )  ( 3  h r ,  secondar j  
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a i r  q u a l i t y  s t a n d a r d  and those of most o t h e r  areas, bo th  i n  

and out  of U.S. j u r i s d i c t i o n s .  

In the  case  of SO2, wi th  a i r  va lues  ranging from 0.02 ppm 

t o  h igh  2-year averages of 4-7 ppm and an  extreme 3 m l e v e l  of 

21.2 ppm (1971  f i s s u r e ) ,  shows t h a t  even s h o r t  term occupa t iona l  

h e a l t h  s t a n d a r d s  can be exceeded a t  n a t u r a l  s i t e s ,  and Ambient 

A i r  Qua l i ty  S tandards  r e a d i l y  and r e g u l a r l y .  

S u l f u r i c  a c i d  l e v e l s  r a r e l y  reached the  occupa t iona l  

t h re sho ld  limit va lue ,  b u t  one case  a t  t h e  Ki lauea  vent  i n  

excess  of the  Shor t  T e r m  L i m i t  w a s  observed over a 1 hour i n t e r v a l .  

Thus, as i n  the  case  of mercury, a i r  contaminat ion l e v e l s  

of sulfur gases  i n  the hazardous range a r e  n o t  rare. The most 

severe excesses  tend  t o  be l o c a l i z e d ,  f o r t u n a t e l y .  

There is  l i t t l e  in fo rma t ion  concerning the  d i r e c t  e f f e c t s  

of H2S on i n d i v i d u a l  p l a n t s ,  v e g e t a t i o n  o r  eco-systems i n  gene ra l .  

I t  should  be no ted ,  however, t h a t  l e v e l s  i n  excess  of  the  g e n e r a l  

o r d e r  d e t e c t i o n  l e v e l  of 0 .03 ppm are commonplace, no t  on ly  i n  

marine and f r e s h  water sed iments ,  b u t  i n  swamp, marsh and bog 

environments i n  which many k inds  of p l a n t s  and s o i l  microgio ta  

f l o u r i s h .  Hydrogen s u l f i d e  has  been suspec ted  a s  a t o x i c a n t  i n  

f o r e s t e d  areas c l o s e  t o  pulp and p a p e r  m i l l s  b u t  o t h e r  reduced 

(organic)  s u l f u r  compounds may a l s o  be imp l i ca t ed .  

U n t i l  r e c e n t l y ,  hydrogen s u l f i d e  has  no t  been considered t o  

be an  impor tan t  p o l l u t a n t  t o  vege ta t ion .  Its product ion  by 

i n d u s t r i a l  sources  such as p a p e r  mills has c e r t a i n l y  c r e a t e d  an 

odor problem, b u t  subsequent  a g r i c u l t u r a l  e f f e c t s  have not  been 



deemed important  u n t i l  now. Analys is  of leaves near  paper 

mills shows e l e v a t e d  amounts of s u l f a t e .  This is  a charac te r -  

i s t i c  r e s u l t  of hydrogen s u l f i d e  uptake and metabolism. Tree 

growth i n  these  l o c a l i t i e s  i s  probably a f f e c t e d  by the  hydrogen 

s u l f i d e  and, perhaps,  o t h e r  s u l f i d e s  i n  t h e  atmosphere. A s  f a r  

as a q u a t i c  s p e c i e s  are concerned, the  most impor tan t  sources  of  

s u l f i d e  are from paper- m i l l  e f f l u e n t s  and from b a c t e r i a l  a c t i o n  

i n  t h e  bottoms of  seas, l a k e s ,  and r i v e r s .  The i n t r o d u c t i o n  

of s u l f i d e  from the  atmosphere i s  probably n e g l i g i b l e .  S ince  

18 

n a t u r a l  sources  of s u l f i d e  have been a f e a t u r e  of  t h e  environment 

during the evo lu t iona ry  process  , the  aqueous environment may 

con ta in  s p e c i e s  t h a t  are t o l e r a n t  t o  low concen t r a t ions  of s u l f i d e .  

I n  1936, McCallan e t  a1 (1936) noted  t h a t  t he re  was a 

s c a r c i t y  of in format ion  on the  t o x i c i t y  of hydrogen s u l f i d e  t o  

p l a n t s .  They surveyed 29 p l a n t  s p e c i e s  f o r  s u s c e p t i b i l i t y  by 

exposing po t t ed  p l a n t s  i n  a fumigat ion chamber. Damage t o  the  

leaves was g r e a t e s  i n  young, growing t i s s u e .  Leaves t h a t  were 

w i l t e d  immediately a f t e r  t h e  exposure become n e c r o t i c  w i t h i n  2 4  hr .  

The temperature  dur ing  the tests v a r i e d  from 23OC t o  2 7 O C .  

r e l a t i v e  humidity (RH) w a s  from 82% t o  100%. Hydrogen s u l f i d e  

The 

concent ra t ions  ranged from 28 t o  560 / u g / l i t e r  (20 to  400 ppm), 

and the  du ra t ion  of exposure w a s  5 h r .  

a l s o  measured e f f e c t s  of hydrogen s u l f i d e  (100 t o  500 ppm) on 

s e v e r a l  spec ie s .  They noted cons iderable  s p e c i e s  d i f f e r e n c e s  

and g r e a t e r  s u s c e p t i b i l i t y  i n  younger t i s s u e .  

Benedict  and Breen (1955) 
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The p l a n t  r e s p o n s e s  i n  t h e s e  t es t s  were v a r i a b l e .  

R e s i s t a n t  p lan ts  such  as s t r a w b e r r y  and peach showed no damage 

a t  280 t o  560 u g / l i t e r  (200 t o  400 ppm). S u s c e p t i b l e  p l a n t s  

such  as cucumber, tomato and r a d i s h  were i n j u r e d  a t  28 t o  80 

, u g / l i t e r  (20 t o  60 ppm) . The damage i n c r e a s e d  as t h e  tempera- 

t u r e  w a s  r a i s e d .  There were some i n d i c a t i o n s  t h a t  w i l t e d  p l a n t s  

r e s i s t e d  i n j u r y ,  presumably b e c a u s e  of s t o m a t a l  c l o s u r e .  

S e q u e l s  t o  t h e  above work were p u b l i s h e d  i n  1940 ( B a r t o n ,  

1955,  McCallan and  S e t t e r s t r o m ,  1940, McCalland and Weedon, 

1940,  Thornton  and S e t t e r s t r o m ,  1 9 4 0 ) .  McCallan and S e t t e r s t r o m  

(1940) compared t h e  l e n g t h  o f  times r e q u i r e d  t o  k i l l  50% of 

t h e  organisms i n  sets of  f u n g i ;  b a c t e r i a ;  s e e d s ,  leaves, and 

stems of h i g h e r  p l a n t s ;  and a n i m a l s ,  when exposed t o  1 ,400  iug/ 

l i t e r  (1,000 ppm) of hydrogen c y a n i d e ,  hydrogen s u l f i d e ,  ammonia, 

c h l o r i n e ,  and s u l f u r  d i o x i d e .  Seeds of  r y e  and r a d i s h ,  b o t h  w e t  

and d r y ,  were n o t  a f f e c t e d  by hydrogen s u l f i d e .  However, t h e  

p l a n t s  tes ted-- tomato , tobacco  , and buckwheat-- were more r e s i s t a n t  

t o  hydrogen s u l f i d e  t h a n  any of t h e  o t h e r  g a s e s  t e s t e d .  The 

animals t e s t e d  (mice,  rats, and h o u s e f l i e s )  were more s u s c e p t i b l e  

t h a n  t h e  h i g h e r  p l a n t s .  

The r e s u l t s  o b t a i n e d  by McCallan and  Weedon ( 1 9 4 0 )  demon- 

s t r a t e d  t h a t  f u n g i  were n o t  p a r t i c u l a r l y  s u s c e p t i b l e  t o  hydrogen 

s u l f i d e .  The f u n g i  t e s t e d  were c e r t a i n l y  more r e s i s t a n t  than  t h e  

h i g h e r  p l a n t s  (McCallan and S e t t e r s t r o m ,  1 9 4 0 ) .  

Thornton and S e t t e r s t r o m  ( 1 9 4 0 )  endorsed  t h e  p r e v i o u s  f i n d i n g  . 
(McCallan and S e t t e r s t r o m ,  1940)  t h a t  t h e  f o l i a g e  o f  h i g h e r  p l a n t s  
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is more res is tant  t o  hydrogen s u l f i d e  than  t o  hydrogen cyanide,  

a m n i a ,  c h l o r i n e ,  and s u l f u r  d ioxide :  hydrogen s u l f i d e  had no 

e f f e c t  on t h e  pH of t h e  exposed t i s s u e .  

Seed germinat ion of rye and r a d i s h  was n o t  a f f e c t e d  by 

hydrogen s u l f i d e  concen t r a t ions  of 350 u g / l i t e r  (250 ppm) and 

1,400 u g l l i t e r  (1,000 ppm) i n  tests made by Bar ton  (1940).  

Although t h e  r e s u l t s  are n o t  s t r i c t l y  comparable, Reynolds (1974) 

r epor t ed  similar r e s u l t s  i n d i c a t i n g  t h a t  aqueous s o l u t i o n s  o f  

s u l f i d e  a t  25 and 50 m g l l i t e r  have no e f f e c t  on t h e  germinat ion 

of l e t t u c e  seed.  

F a l l e r  (1972) r e p o r t e d  r e s u l t s  o f  experiments  i n  which 

young sunflowers  were exposed t o  hydrogen s u l f i d e  fumigat ion,  

wh i l e  t h e s e  p l a n t s  had no a l t e r n a t i v e  n u t r i e n t  source  of s u l f u r .  

The experiment l a s t e d  3 weeks. During t h i s  t i m e  t h e  hydrogen 

s u l f i d e  gas concen t r a t ion  v a r i e d  between a few micrograms p e r  

l i t e r  and 280 u g / l i t e r  (200 ppm). Both f r e s h  and dry weights  

of t h e  buds,  t he  f i r s t  f i v e  l e a v e s ,  t he  stems, and the  r o o t s  

w e r e  t aken .  The p l a n t s  exposed t o  hydrogen s u l f i d e  were h e a v i e r  

i n  a l l  r e s p e c t s  than t h e  c o n t r o l s  which were n o t  supp l i ed  w i t h  

s u l f e r  i n  the  n u t r i e n t  s o l u t i o n .  There was no evidence of  

l e s i o n s  i n  the  exposed p l a n t s  which behaved a s  p l a n t s  normally 

do when s u l f a t e  is  p r e s e n t  i n  the  n u t r i e n t  s o l u t i o n .  S u l f u r  

a n a l y s i s  of  t h e  p l a n t s  showed the  accumulation of s u l f u r ,  

p a r t i c u l a r l y  i n  the  r o o t s .  This c o n t r a s t s  wi th  exposures  t o  

s u l f u r  d ioxide ,  dur ing  which s u l f a t e  accumulates  i n  the  l eaves .  
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These r e s u l t s  of F a l l e r  demonstrated t h a t  hydrogen s u l f i d e  can 

act as t h e  s o l e  s u l f u r  source  f o r  t he  n u t r i t i o n  of  sunflower.  

McCallan -- e t  a l .  (1936) r epor t ed  t h a t  normally grown 

f lowers  of sunflower were moderately damaged by exposure t o  

hydrogen s u l f i d e  a t  84 t o  1 1 2 , u g / l i t e r  ( 6 0  t o  80 ppm) and 280 

t o  560 / u g / l i t e r  (200 t o  400 pprn). Thus, sunflower f e l l  i n t o  

t h e  in t e rmed ia t e  ca tegory  as f a r  as s u s c e p t i b i l i t y  t o  hydrogen 

s u l f i d e  w a s  concerned. The results of Fa l l e r  (1972)  and McCallan 

e t  -c a l .  (1936) are, t h e r e f o r e ,  i n  marked c o n t r a s t .  

Continuous exposures  of a l f a l f a  showed t h a t  4.2 ..ug/ li te r  

( 3  ppm) of hydrogen s u l f i d e  caused v i s i b l e  l e s i o n s  i n  5 days.  

Yie ld  w a s  a l s o  reduced a t  t h a t  concen t r a t ion  and, i n  one v a r i e t y ,  

a t  0.42 u g / l i t e r  (0.3 ppm). N o  e f f e c t - w a s  seen  a t  0.042 & l i t e r  

(0.03 ppm). I n  normal a g r i c u l t u r a l  p r a c t i c e ,  a l f a l f a  is  c u t ,  

then  allowed t o  regrow. Thompson's exposure of a l f a l f a  t o  

hydrogen s u l f i d e  r e s u l t e d  i n  success ive  h a r v e s t s  t h a t  showed 

y i e l d  r educ t ion  c l e a r l y  a t  0.42  , u g / l i t e r  (0 .3  ppm) . 
yel low l e s i o n s  were t h e  f i r s t  v i s i b l e  damage t o  l eaves .  Ponderosa 

White o r  

p ine  showed no e f f e c t  of hydrogen s u l f i d e  concen t r a t ions  a t  

0.042 , u g / l i t e r  (0.03 ppm), b u t  developed t i p  burn a f t e r  8 weeks 

of exposure t o  0.42 . u g / l i t e r  (0 .3  ppm). The r e s i s t a n c e  o f  p ine  

w a s  c o n s i s t e n t  wi th  the  low accumulat ion of s u l f u r  i n  the  f o l i a g e .  

S u r p r i s i n g  r e s u l t s  were obta ined  wi th  a l f a l f a ,  l e t t u c e ,  

and s u g a r  b e e t s  (Thompson and Kats,  1 9 7 8 ) .  The y i e l d  o f  t hese  

vege tab le s  inc reased  a f t e r  exposures  t o  hydrogen s u l f i d e  a t  

0.03 - 0.100 ppm. These r e s u l t s  a r e  c o n s i s t e n t  wi th  the r e s u l t s  
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of F a l l e r  (1972) except  t h a t  they  were obta ined  a t  lower 

concent ra t ions  of  hydrogen s u l f i d e .  The y i e l d  of l e t t u c e  was 

reduced a t  hydrogen s u l f i d e  concen t r a t ions  of 0 . 3  ppm. 

S u l f i d e  t o x i c i t y  i n  p l a n t s  can occur  i n  waterlogged 

s o i l s .  Ford (1973) r epor t ed  t h i s  problem i n  c i t r u s  i n  the 

poorly d ra ined  flatwood areas i n  F lo r ida .  

l abo ra to ry  experiment t h a t  t h e  th re sho ld  concen t r a t ion  of  

s u l f i d e  f o r  r o o t  i n j u r y  is 2 . 8  n g / l i t e r  (aqueous) a f t e r  5 days 

exposure.  

areas can be  a t t r i b u t e d  t o  b a c t e r i a l  metabolism. 

H e  determined by 

The formation of hydrogen s u l f i d e  i n  these  waterlogged 

Rice a l s o  e x h i b i t s  i n j u r y  a f t e r  exposure t o  s u l f i d e .  H o l l i s  

and h i s  coworkers (Allam and H o l l i s ,  1972, J o s h i  and H o l l i s ,  1977, 

J o s h i ,  Ibrahim and H o l l i s ,  1975) s t u d i e d  t h i s  s u b j e c t  i n  the  

United S t a t e s .  There has  a l s o  been ex tens ive  r e s e a r c h  i n  Japan 

(Baba, Inada and Tajima, 1965) and i n  I n d i a  (Subramoney, 1965).  

J o s h i  -- e t  a l .  

concen t r a t ions  on r i c e  seed l ings .  Oxygen release , n u t r i e n t  up t ake ,  

and phosphate uptake w e r e  a l l  markedly i n h i b i t e d  by l . m g / l i t e r  o f  

s u l f i d e ;  b u t  the  n u t r i e n t  uptake by some v a r i e t i e s  w a s  s t imu la t ed  

by 0.05 m g / l i t e r  of s u l f i d e .  

and n u t r i e n t  uptake t o  r e s i s t a n c e  t o  phys io logic  responses  (e.g., 

the 'conditions known as "S t ra ighthead"  and "Akagare") w a s  s t u d i e d  

i n  28  v a r i e t i e s  of r i c e .  R e s i s t a n t  c u l t i v a r s  had h ighe r  oxygen 

release and lower n u t r i e n t  uptake.  The t o x i c  e f f e c t  of s u l f i d e  

on r i c e  r o o t s  i s  prevented  i f  the bacter ium Beggiatoa i s  p r e s e n t  

(1975) measured t h e  e f f e c t  of va r ious  s u l f i d e  

The r e l a t i o n s h i p  o f  oxygen r e l e a s e  
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i n  the  s o i l .  J o s h i  and H o l l i s  (1977)  and P i t t s  -- e t  a l .  (1972)  

Fresh Water. There have been s e v e r a l  r e p o r t s  of e f f e c t s  of 

s u l f i d e  on f r e s h  water s p e c i e s .  Colby and Smith ( 1 9 6 7 )  made a 

comprehensive s tudy  of t h e  e f f e c t s  of paper  mill e f f l u e n t s .  

measured s u l f i d e  concen t r a t ions  in the  water  a t  s e v e r a l  depths  

and a t  va r ious  d i s t a n c e s  downstream from paper  mills. A s  f a r  a s  

99 km from the  p a p e r  mills, they observed oxygen d e f i c i e n c i e s  

They 

noted  t h a t  the  r e l a t i o n s h i p  between the r i c e  seed l ings  and 

Beggiatoa i s  mutual ly  b e n e f i c i a l .  The b a c t e r i a  ox id i ze  the 

t o x i c  s u l f i d e ,  wh i l e  the  presence  of t he  r i c e  seed l ings  

i n c r e a s e s  t h e  s u r v i v a l  of  t h e  Beggiatoa.  

Aquat ic  S p e c i e s  

Marine. Theede L- e t  a l .  (1969) provided a sumnary of 

i n fo rma t ion  concerning e f f e c t s  of hydrogen s u l f i d e  on marine 

organisms. 

were found i n  the  Black Sea a t  depths  below 2,000 my and t h a t  6.13 

They r e p o r t e d  t h a t  s u l f i d e  concen t r a t ions  of 7 m g / l i t e r  

m g j l i t e r  of s u l f i d e  w a s  recorded i n  the North Sea mudflats .  In  

t h e i r  own exper iments ,  they exposed l a m l l i b r a n c h s ,  gas t ropods ,  

po lychae tes ,  crustaceans, and echinoderms t o  s u l f i d e  concen t r a t ions  

of approximately 7.5 m g / l i t e r .  

among the  species i n  c i l i a r y  a c t i v i t y  and s u r v i v a l  c a p a c i t y  of 

They observed pronounced d i f f e r e n c e s  

i s o l a t e d  g i l l  t i s s u e .  

a t  co lde r  tempera tures ,  and wi th  mussels g i l l  t i s s u e  s u r v i v a l  

w a s  b e t t e r  a t  pH 7 than a t  pH 8. Thus s u l f i d e  -- from developed 

geothermal a r e a s  i n  H a w a i i  may have i t s  most pronounced e f f e c t  

on the marine environment.  

The ---- e f f e c t s  of s u l f i d e  were l e s s  pronounced 
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and e l e v a t e d  s u l f i d e  concen t r a t ions  near  t h e  i n t e r f a c e  of water 

and s ludge  depos i t s .  They thoroughly analyzed the  pH and the  

d i s so lved  oxygen and s u l f i d e  concen t r a t ions  a t  d i f f e r e n t  depths  

and temperatures .  These parameters  were compared wi th  the  

s u r v i v a l  of eggs from walleyed pike.  Eggs p laced  on mats 30 c m  

above t h e  bottom surv ived  b e t t e r  than those p laced  on the  bottom. 

I n  t h e  l a b o r a t o r y ,  under cond i t ions  approximating those  on the  

r i v e r ,  s u l f i d e  levels of  0.3 m g / l i t e r  (aqueous) were l e t h a l  t o  

gammarids and t o  walleyed p ike  eggs and f r y .  S e n s i t i v i t y  t o  

s u l f i d e s  w a s  g r e a t e r  a t  lower concen t r a t ions  of d i s so lved  oxygen. 

The concen t r a t ions  of d i s so lved  s u l f i d e s  found i n  the  r i v e r  water 

ran ted  up t o  8 m g / l i t e r  (aqueous).  

Adelman and Smith (1970) made a sys t ema t i c  s tudy of  t h e  

i n t e r r e l a t i o n s h i p  of  s u l f i d e  t o x i c i t y  and oxygen concent ra t ion .  

They determined the  mean to l e rance  limits (TL,) t o  s u l f i d e  f o r  

the  eggs and f r y  of n o r t h e r n  pike.  They r e p o r t e d  t h a t  the  eggs 

are more r e s i s t a n t  than  t h e  f r y ,  the  maximum s a f e  s u l f i d e  

concen t r a t ion  being 0.014 t o  0.018 m g / l i t e r  (aqueous) f o r  eggs 

and 0.005 t o  0.006 m g / l i t e r  (aqueous) f o r  f r y .  The amel io ra t ive  

e f f e c t  of h igher  oxygen concen t r a t ion  i s  more apparent  i n  the  f r y  

than  i n  the  eggs.  

The chronic  t o x i c i t y  of s u l f i d e  on gammarids w a s  s t u d i e d  

by Oseid and Smith (1974). A p re l iminary  s tudy  showed t h a t  the 

LC50 was 0.022 m g / l i t e r  i n  an  experiment l a s t i n g  96 h r .  

t e s t s  run f o r  6 5 ,  95,  and 105 days showed t h a t  the maximum safe  

However, 



level of  s u l f i d e  was 0.002 mg/liter--lO t i m e s  less than  the 

96-hr LC50. 

The poor y i e l d  of f i s h  i n  s tocked  a c i d  l a k e s  i s  a t t r i b u -  
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t a b l e  t o  l e t h a l  amounts of s u l f i d e .  Th i s  problem can be so lved  

by s tock ing  the  l akes  w i t h  young a d u l t s  which are r e l a t i v e l y  

r e s i s t a n t  t o  s u l f i d e ,  o r  by r a i s i n g  t h e  pH of the  lakes. The 

b e n e f i c i a l  e f f e c t  of t he  h ighe r  pH r e s u l t s  because the  t o x i c i t y  

of s u l f i d e  is  less than  t h a t  o f  und i s soc ia t ed  hydrogen s u l f i d e .  

Bonn and F o l l i s  (1967) r e p o r t e d  t h a t  t he  TLm of  un-ionized 

hydrogen s u l f i d e  w a s  0.8 m g / l i t e r  (aqueous) a t  pH 6 .8  and 0.53 

% / l i t e r  (aqueous) at pH 7 . 8  A t  pH 6 .8 ,  und i s soc ia t ed  hydrogen 

s u l f i d e  w a s  about  50% of t h e  t o t a l  s u l f i d e ;  a t  pE 7.8 ,  i t  i s  

about  10% of t o t a l  s u l f i d e .  Bonn and F o l l i s  (1967) noted  t h a t  

i n  t h e  sha l low a c i d  l a k e s  of  n o r t h e a s t  Texas hydrogen s u l f i d e  

reached i t s  minimum concen t r a t ion  (0.15 m g / l i t e r )  i n  t h e  w i n t e r  

months, and r o s e  t o  i t s  h i g h e s t  concen t r a t ions  (0.8 m g / l i t e r )  

of un-ionized hydrogen i n  the  s p r i n g ,  presumably because t h e  

inc reased  tempera tures  favored the b a c t e r i a l  p roduct ion  of s u l f i d e .  

The Environmental  S t u d i e s  Board of t h e  Nat iona l  Academy of  

Engineer ing (1972) r epor t ed  the  m a x i m u m  s a f e  concen t r a t ion  o f  

und i s soc ia t ed  hydrogen s u l f i d e  t o  be 2 u g l l i t e r  . Furthermore,  

they sugges ted ,  t o  p r o t e c t  a q u a t i c  organisms, 1 u g / l i t e r  o f  

t o t a l  s u l f i d e s  should not  be exceeded. 

More work has  been conducted on the response o f  vege ta t ion  

t o  s u l f u r  d ioxide  than  t o  any o t h e r  a i r  p o l l u t a n t .  Reviews of 
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the  l i terature have appeared f r e q u e n t l y  i n  t h e  p a s t ,  i nc lud ing  

those of Thomas (1951, 1961) , Thomas and Hendricks (1956) , 

Daines (1968),  Negherbon (1960),  Brandt and Heck (1968),  and t h e  

Agr i cu l tu re  Research Council  of London (1967). 

S u l f u r  d io ldde  i s  emi t t ed  t o  the  atmosphere dur ing  the 

combustion of many f u e l s ,  e s p e c i a l l y  c o a l  and petroleum, and i n  

the  r o a s t i n g  of s u l f i d e  o r e s  dur ing  sme l t ing  ope ra t ions .  It i s  

a l s o  emi t t ed  t o  the  atmosphere i n  reg ions  where a c t i v e  volcanism 

occurs  no t  on ly  from an active volcano b u t  a l s o  from fumeroles 

and ven t s  t h a t  are o f t e n  found i n  such areas. 

Although accura t e  f i g u r e s  are n o t  a v a i l a b l e ,  i t  is  known 

t h a t  s i g n i f i c a n t  economic loss i n  crop y i e l d s  due t o  s u l f u r  

d ioxide  does occur  annual ly .  I n  c e r t a i n  a g r i c u l t u r a l  a r e a s  , 

t he  l o s s e s  t o  growers r e s u l t i n g  from s u l f u r  d ioxide  i n j u r y  are 

s u f f i c i e n t  t o  be of economic importance.  In a d d i t i o n ,  t h e r e  are 

s u b s t a n t i a l  economic l o s s e s  t o  ornamental  v e g e t a t i o n  used i n  

landscaping,  and t o  f o r e s t  trees,  p a r t i c u l a r l y  i n  con i f e rous  and 

e a s t e r n  hardwood type f o r e s t s .  S p e c i f i c  e f f e c t s  on t r o p i c a l  

p l a n t s  and ecosystems are unknown. 

Markings on v e g e t a t i o n  caused by s u l f u r  d ioxide  are usua l ly  

found i n  areas ad jacen t  o r  c l o s e  t o  the source .  By c o n t r a s t ,  

markings due t o  photochemical a i r  p o l l u t a n t s  are o f t e n  found 

many miles from i n d u s t r i a l  o r  urban sources  because t h e  compounds 

inducing the  markings are produced as a resu l t  of r e a c t i o n s  i n  

the  atmosphere. 



During r e c e n t  yea r s  t he  consumption of c o a l  and petroleum 

f o r  h e a t i n g  and power product ion  h a s  inc reased  i n  urban areas 

wi th  t h e  result  t h a t  s u l f u r  d i o e d e  markings on ornamental  

p l a n t i n g s  and home gardens are occur r ing  i n  urban areas and 

nea r  l a r g e  power p l a n t s  s e r v i n g  n u m i c i p a l i t i e s .  

D i f f e r e n t  s p e c i e s  of  p l a n t s  vary  widely i n  t h e i r  s e n s i t i v i t y  

t o  s u l f u r  d iox ide  when exposed t o  t h i s  gas under cond i t ions  most 

f avorab le  f o r  i t s  abso rp t ion  by the  p l a n t .  S t u d i e s  have been 

made by several i n v e s t i g a t o r s  and reviews of t h e i r  work appear 

widely i n  t h e  l i t e r a t u r e .  Thomas and Hendricks (1956), and 

Negherbon (1960), presen t  tables  l i s t i n g  a l a r g e  number of p l a n t s  

under the  t h r e e  c a t e g o r i e s  of s e n s i t i v e ,  i n t e r m e d i a t e ,  and 

r e s i s t a n t  t o  s u l f u r  d ioxide .  From these  s t u d i e s  and from pe r sona l  

obse rva t ions  of  t he  a u t h o r s ,  t h e  p l a n t s  shown in Table 6 have 

been s e l e c t e d  as u s e f u l  i n d i c a t o r s  of the  presence of a tmospheric  

s u l f u r  d iox ide  on the b a s i s  of  t h e i r  wide d i s t r i b u t i o n  and 

r e l a t i v e l y  h igh  s e n s i t i v i t y  and would be  u s e f u l  as i n d i c a t o r s .  

It should be noted t h a t  most t r e e s ,  w i t h  the p o s s i b l e  

except ion  of l a r c h ,  a r e  r a t e d  as in t e rmed ia t e  t o  r e s i s t a n t  t o  

s u l f u r  d iox ide .  I f  t h e  above trees are i n j u r e d  by s u l f u r  d ioxide  

the  more s e n s i t i v e  weeds, garden and crop p l a n t s  i n  the  a r e a  

should a l s o  show i n j u r y .  

Nearly a l l  v a r i e t i e s  of pumpkin and squash t h a t  a r e  commonly 

grown i n  gardens are very s e n s i t i v e  t o  s u l f u r  d iox ide  and w i l l  

f r equen t ly  show markings when no o t h e r  garden- p l a n t s  a r e  marked. 
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Table 6 :  Se lec t ed  P l a n t s  Which are R e l a t i v e l y  S e n s i t i v e  t o  
Su l fu r  Dioxide 

CROPS 

A l f a l f a  

Clover 
Medicago sat iva,  L. 

Mel i lo tus  & Tr i fo l ium sp .  

GARDEN F'LOWERS 

Bachelor ' s  bu t ton  

Cosmos 

Four o 'c lock  

Centarea cyanus, L. 

Cosmos b ip inna tus  , Cau. 

M i r a b i l i s  j a l a p a ,  L. 

TREES 

Cata lpa  
Catalpa spec iosa ,  Warder 

GARDEN PLANTS 

Beet , t a b l e  

Car ro t  

Endive 

Le t tuce  

Okra 

- Beta vulgaris, L. 

Daucus c a r o t a  x. s a t i v a ,  L.  

Cichorium end iv ia ,  L. 

Lactuca s a t i v a ,  L. 

Hibiscus e scu len tus  , L.  

Careless weed 

Fleabane 

Le t tuce ,  P r i ck ly  

Amaranthus palmeri, 

Erigeron canadensis  

Lactuca s c a r i o l a ,  L. 

WEEDS 

S.  Wats 

L. 

Cot t o n  

Saff lower 

Soybean 

Cossypium sp .  , L. 

Carthamus t i n c t o r i u s  , L.  

Glycine E. , Yerr. 

Morning glory 

Sweet pea 

Vio le t  

Z innia  

Ipomoea purpurea,  Roth 

Lathyrus odoratus  , L. 

Vio la  sp .  

Z innia  e legans  , Lorenz 

Xulberry 
Morus microphylls , Buck1 . 

Pepper ( b e l l ,  c h i l i )  

Pumpkin 

Rhubarb 

Spinach 

S w e e t  po ta to  

S w i s s  Chard 

Caasicum f r u t e s c e n s ,  L .  

C u c u r b i t a  peoo, L.  

Rheum rhaoonticum, L .  

SDinacea o l e r a c e a ,  L .  

Ipomoea b a t a t a s ,  Lam. 

Beta v u l g a r i s  v a r .  c i c l a ,  L .  

Mallow 

Plant a i n  

Ragweed 

Sunflower 

Malva p a r v i f l o r a  

P lan taeo  maior,  L .  

Ambrosia a r t  emis i i f  o l i a  , L . 
Helianthus s p .  
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There are so many symptoms t h a t  develop on leaves of 

p l a n t s  which resemble those  due t o  s u l f u r  d ioxide  t h a t  no one 

can t r u t h f u l l y  s ta te  t h a t  he can observe a s i n g l e  l e a f ,  w i thou t  

any a d d i t i o n a l  knowledge, and the  s t a t e  t h a t  the  i n j u r y  w a s  o r  

is  due t o  s u l f u r  d ioxide  and t o  no o t h e r  agent  o r  f a c t o r .  The 

p o s i t i v e  i d e n t i f i c a t i o n  of  s u l f u r  d iox ide  markings on v e g e t a t i o n  

can be made only a f t e r  a l l  f o l i a r  symptoms and r e l a t e d  evidence 

have been cons idered .  These inc lude :  (1) t h e  presence of 

suspec ted  sources  of s u l f u r  d iox ide ;  ( 2 )  the  s p e c i e s  of p l a n t s  

t h a t  develop markings; ( 3 )  the  type of markings t h a t  are observed;  

( 4 )  t h e  pat tern shown by the  s e v e r i t y  of t h e  markings and 

l o c a t i o n s  of occurrence,  i . e . ,  most severe n e a r  the suspec ted  

source  on s p e c i e s  known t o  b e  s e n s i t i v e  and dec reas ing  i n  s e v e r i t y  

wi th  d i s t a n c e  from t h a t  source .  This  w i l l  depend upon t h e  

atmospheric  cond i t ions  p r e v a i l i n g  dur ing  the  pe r iod  of fumigat ion.  

Pa themat ica l  equa t ions  expres s ing  the  r e l a t i o n s h i p  between 

t h e  d u r a t i o n  of exposure and the  concen t r a t ion  of s u l f u r  d iox ide  

have been de r ived  from d a t a  of  l i m i t e d  t i m e  exposures  t h a t  

produce markings on p l a n t s  (Thomas, 1961 ,  Thomas and Hendricks,  

1956 and Brandt and Heck, 1968) .  I n  r e c e n t  y e a r s ,  workers i n  

Germany (Guderian,  Van Haut and Stratmann, 1960) have p resen ted  

a d d i t i o n a l  concen t r a t ion  - t i m e  equa t ions  which seem to  g ive  

b e t t e r  agreement over  a wider  range o f  obse rva t ions .  

t h e s e  r e l a t i o n s  are of va lue  i n  p r e d i c t i n g  what might occur  

under given cond i t ions  of a fumigat ion,  they a r e  no t  r e a d i l y  

Although 
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adaptable  t o  a s s e s s i n g  t h e  economic l o s s  s u s t a i n e d  by a crop 

t h a t  has  been i n j u r e d  by s u l f u r  d ioxide .  

I n  gene ra l ,  y i e l d s  of  crops are no t  a f f e c t e d  un le s s  chronic  

o r  acute  markings have developed on t h e  l eaves .  

t o  show t h a t  about 5% of the  l e a f  area m u s t  be des t royed  be fo re  

the  crop y i e l d  f o r  such crops  as small g r a i n s  i s  s i g n i f i c a n t l y  

o r  measurably reduced. For a l f a l f a ,  experiments  i n d i c a t e  t h a t  

i f  t he  l e a f  d e s t r u c t i o n  i s  o f  t he  o r d e r  of  a few pe rcen t  ( l e s s  

t han  5 % )  t h e r e  is  no r e s i d u a l  e f f e c t  on the  y i e l d  even a f t e r  

s e v e r a l  fumigat ions ( N a t ' l  Research Council of Canada, 1939).  

Resu l t s  seem 

The es t ima t ion  of economic l o s s  t o  crop p l a n t s  i n j u r e d  by 

s u l f u r  d ioxide  i s  normally accomplished by t ak ing  l e a f  counts  

of i n j u r e d  leaves a t  sampling p o i n t s  throughout the  f i e l d  and 

from these  counts  e s t ima t ing  t h e  pe rcen t  l e a f  area destroyed 

f o r  t he  e n t i r e  crop. 

is  c a l c u l a t e d  using the  procedures  descr ibed  i n  the  l i t e r a t u r e  

by s e v e r a l  i n v e s t i g a t o r s  (Thomas, 1961,  Thomas, 1951, B r i s l e y  

and Jones,  1950, and B r i s l e y ,  David, and Booth, 1959) .  

From the  leaf-count  d a t a  the  l o s s  i n  y i e l d  

Experiments have been conducted t o  s tudy  the  e f f e c t s  of  

t o x i c  amount of s u l f u r  d ioxide  on the  pho tosyn the t i c  p rocess .  

Photosynthes is  i n  a l f a l f a ,  which is  h i g h l y  s e n s i t i v e  

t o  s u l f u r  d iox ide ,  w a s  no t  a f f e c t e d  by fumigat ions wi th  l e v e l s  

up t o  0.4 ppm unless  the fumigat ion w a s  cont inued long enough 

t o  produce acu te  o r  chronic  markings. When v i s i b l e  markings 

d id  appear t he  pho tosyn the t i c  ra te  w a s  reduced i n  p ropor t ion  



31 

t o  t h e  r educ t ion  i n  the  area of p h o t o s y n t h e t i c a l l y  a c t i v e  

( o r  i n j u r e d )  t i s s u e .  When a l f a l f a  w a s  exposed t o  s u l f u r  

d ioxide  concen t r a t ions  of  0.5 ppm o r  above, the  ra te  of photo- 

s y n t h e s i s  w a s  reduced du r ing  the  exposure b u t  qu ick ly  r e tu rned  

t o  n o w 1  when the  fumigat ion ceased,  provided t h a t  no acu te  

o r  ch ron ic  i n j u r y  had occurred.  I f  such i n j u r y  had occurred ,  

t he  r educ t ion  i n  pho tosyn thes i s  g e n e r a l l y  corresponded t o  the  

area of pho tosyn the t i c  t i s s u e  t h a t  had been k i l l e d  o r  o therwise  

a f f e c t e d  (Daines,  1968, Nat'l Research Council  of Canada, 1939 

and Thomas, and H i l l ,  1937) .  In o t h e r  words, no p h y s i o l o g i c a l  

e f f e c t s  un re l a t ed  t o  v i s iv l e  i n j u r y  have been found as a r e s u l t  

of s u l f u r  d iox ide  fumigat ions of  p l a n t s .  I n  r e c e n t  y e a r s ,  i n j u r y  

wi thou t  v i s i b l e  symptoms has  been a s c r i b e d  t o  s u l f u r  d ioxide  

(B leasda le ,  1959 and Guderian and Stratmann,  1962) b u t  t hese  

occured under c o n d i t i o n s  where o t h e r  a i r  p o l l u t a n t s  were p r e s e n t ,  

hence, they cannot be p o s i t i v e l y  a t t r i b u t e d  t o  s u l f u r  d ioxide  

a lone .  

S u l f u r  d ioxide  has  been s t u d i e d  almost  e x c l u s i v e l y  as a 

s i n g l e  a i r  p o l l u t a n t .  Recent ly ,  however, s t u d i e s  have been 

conducted t o  determine the  e f f e c t i v e n e s s  of o t h e r  gases  o r  a e r o s o l s  

i n  the  presence of s u l f u r  d ioxide  in -p roduc fng  p l a n t  i n j u r y .  

Menser and Heggestad (1966) found t h a t  sub - l e tha l  mix tures  o f  

ozone (0.037 ppm) and s u l f u r  d iox ide  ( 0 . 2 4  ppm) produced ozone- 

l i k e  symptoms on l eaves  o f  Bel-W3 tobacco a f t e r  an exposure of 

2 h r s .  This response was l a t e r  s u b s t a n t i a t e d  and r epor t ed  by 
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Heck (1968), who a l s o  states t h a t  a similar s y n e r g i s t i c  response 

between n i t r o g e n  dioxide and s u l f u r  d ioxide  w a s  found us ing  t h e  

same v a r i e t y  of tobacco. 

It i s  impor tan t  t o  remember t h a t  annual plants  vary over  

a wide range i n  s e n s i t i v i t y  t o  s u l f u r  d ioxide  as they grow from 

the s e e d l i n g  s t a g e  t o  matur i ty .  This  f a c t o r  combined wi th  

d i f f e r e n c e s  i n  environmental  cond i t ions  has  l e d  t o  much confusion 

over  t he  r e l a t i v e  o rde r  of s e n s i t i v i t y  among v a r i o u s  s p e c i e s  of 

p l a n t s .  

There is  a range of p l a n t  markings produced by a l l  a i r  

p o l l u t a n t s  t h a t  v i s i b l y  a f f e c t  p l a n t s .  Some markings are 

considered t o  be t y p i c a l  of a given p o l l u t a n t  and are used t o  

i d e n t i f y  t h e  p o l l u t a n t .  This i s  t r u e  f o r  s u l f u r  d ioxide .  There 

are, however, several agen t s  which produce markings on p l a n t s  

t h a t  very  c l o s e l y  resemble s u l f u r  d ioxide  markings (PAN, N02, 

C02, HC1). For t h i s  reason ,  i t  i s  necessary  t o  examine s e v e r a l  

p l a n t  s p e c i e s  w i t h i n  the  area where s u l f u r  d ioxide  i n j u r y  i s  

suspec ted  i n  o rde r  t o  determine wi th  any degree of c e r t a i n t y  

t h a t  s u l f u r  d ioxide  is  a c t u a l l y  the  causa t ive  agen t .  

Once s u l f u r  d ioxide  e n t e r s  t h e  mesophyll t i s s u e  of the 

leaves  i t  i s  exposed t o  many p h y s i c a l  and chemical processes  

a s soc ia t ed  w i t h  l i v i n g  organisms. 

produce the  s u l f i t e  i o n  which is  slowly oxidized t o  the  s u l f a t e  

It reacts w i t h  water t o  

n u t r i t i o n a l  s u l f u r  and converted t o  an o rgan ic  form (Thomas, 

Hendricks,  Bryner,  and H i l l ,  1 9 4 4 ) .  The s u l f i t e  and s u l f a t e  
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i ons  are t o x i c  t o  p l a n t  cel ls  when p r e s e n t  i n  excess ive  amounts. 

However, because of i t s  reducing  p o t e n t i a l ,  t h e  s u l f i t e  i o n  i s  

e s t ima ted  t o  be some 30 times more t o x i c  than the  s u l f a t e  i o n  

(Thomas, Hendricks,  C o l l i e r  and H i l l ,  1943) .  

The accumulation of s u l f i t e  i n  the  t i s s u e s  of  t h e  leaves 

produces two gene ra l  types of markings des igna ted  as chronic  

markings and acu te  markings, depending upon the  rate of accumula- 

t i o n .  I f  t he  accumulat ion rate is slow, t h e  capac i ty  of t h e  

c e l l s  t o  o x i d i z e  t h e  s u l f i t e  i o n s  may never  be exceeded and no 

i n j u r y  w i l l  result  u n t i l  s u f f i c i e n t  s u l f a t e  accumulates t o  

produce a s a l t  effect. This type of ch ron ic  i n j u r y  is c h a r a c t e r i z e d  

by a gene ra l  c h l o r o t i c  appearance o f  t h e  l e a f .  A similar type 

of chronic  marking u s u a l l y  occurs  fo l lowing  a fumigat ion of 

r e l a t i v e l y  s h o r t  d u r a t i o n  due t o  the accumulat ion of s u l f i t e  a t  

sub - l e tha l  concen t r a t ions .  Although the  c e l l s  are  n o t  k i l l e d  

t h e r e  is a b l each ing  of t he  ch lo rophy l l  which appears  as a mild 

c h l o r o s i s  o r  yel lowing of t h e  l e a f  o r  a s i l v e r i n g  o r  bronzing  of 

t h e  undersur face  s i l v e r i n g  due t o  a c o l l a p s e  of c e l l s  immediately 

beneath the  epidermis .  While many p l a n t s  show an  ivo ry  o r  whi te  

type of chronic  marking, o t h e r  p l a n t s  which have s t r o n g  r e d ,  brown, 

o r  b l ack  pigments normally concealed by t h e  ch lo rophy l l  w i l l  

e x h i b i t  t h e s e  c o l o r s  fo l lowing  i n j u r y .  

Chronic type markings due t o  sub-le t h a l  concen t r a t ions  o f  

s u l f i t e  appear s imilar  t o  those due t o  an  excess ive  accumulation 

of s u l f a t e .  In both cases ,  the  l e a f  remains tu rg id  and apparent ly  

cont inues t o  func t ion  a t  a reduced l e v e l  of e f f i c i e n c y  p r o p o r t i o n a l  
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t o  t he  amount of the  unin jured  tissue. 

Acute i n j u r y  r e s u l t i n g  from the  abso rp t ion  of l e t h a l  

q u a n t i t i e s  of s u l f u r  d ioxide  appears  as a margine of dead tissue 

which a t  f i r s t  have a grayish-green water-soaked appearance; 

upon dry ing  they take on a bleached ivo ry  c o l o r .  However, as 

wi th  t h e  chronic  i n j u r y ,  brown, red  o r  b l ack  c o l o r s  may pre- 

dominate i n  the  i n j u r e d  area. A f t e r  a per iod  of t i m e ,  t he  dead 

o r  n e c r o t i c  areas may f a l l  o u t  l e a v i n g  a very  ragged appearance 

t o  the  l e a f .  When the major p o r t i o n  of t he  l e a f  is s o  i n j u r e d  

an  a b s c i s s i o n  l a y e r  o f t e n  forms a t  the  base  of t he  p e t i o l e  and 

the  l e a f  i s  shed. For most p l a n t s ,  the  g r e a t e r  the  exposure t h e  

c l o s e r  t o  the  margin the l e s i o n s  extend u n t i l ,  w i th  seve re  

exposures ,  the  e n t i r e  l e a f  may be marked o r  k i l l e d .  

The markings t h a t  develop on g ras ses  and o t h e r  monocoty- 

ledonous p l a n t s  such as l i l i e s  and g l a d i o l i  u sua l ly  occur  as 

n e c r o t i c  s t r e a k s  developing from near  the  t i p  and ex tending  

downward t o  the  base of t he  l e a f  a longs ide  t h e  midrib.  With 

grass  leaves such as wheat, oats and b a r l e y ,  which usual ly  bend 

a t  some poin t  a long  the b lade ,  t he  markings o f t e n  begin  a t  the  

bend. 

Typica l  s u l f u r  d ioxide  markings occur  on needle-leaved 

p l a n t s  such as p ines ,  l a r c h  and Douglas f i r  (Pseudotsuga t a x i f o l i a ,  

B r i t . ) .  The markings usua l ly  begin  a t  t he  needle  t i p  and extend 

toward the  base .  The degree of ex tens ion  is  r e l a t e d  t o  the 

s e v e r i t y  of the  exposure.  When success ive  exposures occur  a 

d i s t t n c t  banding p a t t e r n  o f t e n  appears  (Linzon, 1965) .  With 
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moderate exposure  t o  s u l f u r  d i o x i d e  t h e  o l d e r  n e e d l e s  o f  c o n i f e r  

t e n d  t o  become c h l o r o t i c  and are s h e d  p r e m a t u r e l y .  

exposure  t o  l a r g e r  d o s a g e s ,  n e e d l e s  deve lop  a water-soaked a 

appearance  which s o o n  changes i n t o  reddish-brown n e c r o s i s  of  

t h e  t i p .  

t h e  n e e d l e  w i t h  t h e  t e r m i n a l  p o r t i o n  la ter  t u r n i n g  a reddish-  

brown. Seldom is  a comple te ly  g r e e n  n e e d l e  observed  i n  a n  

a f f e c t e d  fascicle .  

n e c r o s i s ,  b u t  t h e  o l d e r  n e e d l e s  are cast f i r s t .  Expanding 

n e e d l e s  are r a r e l y  i n j u r e d  ( N a t ' l  Research Counci l  o f  Canada, 

1939, Linzon,  1966, and S c h e f f e r  and  Hedgcock, 1955) .  Needles  

t e n d  t o  p e r s i s t  o n  young b r a n c h e s  r e s u l t i n g  i n  an absence  of  

n e e d l e s  a t  t h e  b a s e  of  b r a n c h e s  and a t  t h e  bot tom o f  t h e  tree. 

This tendency  f o r  o l d e r  n e e d l e s  t o  b e  shed  p r e m a t u r e l y  r e s u l t s  

i n  a n  i n c r e a s i n g  n e e d l e  s h o r t a g e .  Such trees have l i m i t e d  

growth and may d i e  p r e m a t u r e l y  ( S c h e f f e r  and Hedgcock, 1955) .  

With 

The n e c r o t i c  p a t t e r n  may f i r s t  a p p e a r  as bands around 

The middle-aged n e e d l e s  e x h i b i t  .the most 

Oats, wheat  and b a r l e y A r e  f a i r l y  s e n s i t i v e  t o  s u l f u r  

d i o x i d e  and  t h e  t i p  d i e b a c k  of  l e a f  b l a d e s  i s  a common symptom 

of i n j u r y .  However, such  t i p  k i l l i n g  c a n  be produced by many 

n a t u r a l  c a u s e s  such  as d r o u g h t ,  f r o s t  and h o t  w e a t h e r .  Tip d i e -  

back i s  a l s o  common on s u l f u r  d i o x i d e - r e s i s t a n t  g r a s s e s  such  as 

c o r n ,  sorghum, Johnson g r a s s  and many n a t i v e  g r a s s e s .  

I t  i s  c h a r a c t e r i s t i c  t o  f i n d  b o t h  c h r o n i c  and a c u t e  type 

markings on many p l a n t  s p e c i e s  f o l l o w i n g  an exposure  t o  s u l f u r  

d i o x i d e .  T h i s  i s  a n  i m p o r t a n t  f a c t o r  used t o  i d e n t i f y  s u l f u r  

d i o x i d e  i n j u r y  i n  t h e  f i e l d  as opposed t o  markings caused by 
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o t h e r  agents .  

same l e a f .  

Of ten  bo th  types  of markings may appear on t h e  

It i s  t h e  consensus of op in ion  t h a t  s u l f u r  d ioxide  e n t e r s  

the  l e a f  t i s s u e  by way of  the  s tomata.  Thus, f a c t o r s  t h a t  a f f e c t  

s t o m a t a l  opening w i l l  a f f e c t  t h e  response  of  p l a n t s  t o  s u l f u r  

d iox ide  (Thomas, 1961, Thomas, 1951, Daines,  1968, Negherbon, 

1960, and Ag. Research Counci l ,  1967). P l a n t s  i n  which s tomata 

c l o s e  a t  n i g h t  are much less s e n s i t i v e  t o  n i g h t  fumigat ions  

than day fumigat ions.  

open a t  n i g h t  are s e n s i t i v e  to  both night- t ime fumigat ions .  

S ince  t h e  s tomata of mst  p l a n t s  c l o s e  a t  n i g h t ,  s u l f u r  d ioxide  

i n j u r y  t o  p l a n t s  r e s u l t s  l a r g e l y  from day-time exposures  (Katz,  

1950 and Thomas, Hendricks & H i l l ,  1950). Res is tance  of p l a n t s  

t o  s u l f u r  d ioxide  increases as the  s o i l  mois ture  approaches the  

w i l t i n g  p o i n t  (Zimmerman and Crocker,  1934).  When t h e  leaves 

are t u r g i d  they are more s e n s i t i v e  than when w i l t e d ,  s i n c e  w i l t e d  

p l a n t s  are l i k e l y  t o  have c losed  s tomate.  Thus, mois ture  stress 

g r e a t l y  reduces the  s e n s i t i v i t y  of  p l a n t s  t o  s u l f u r  d ioxide .  P l a n t s  

are gene ra l ly  more s e n s i t i v e  t o  s u l f u r  d iox ide  as t h e  humidity 

ind reases ,  a response p o s s i b l y  due t o  the  e f f e c t s  of humidity on 

s toma ta l  opening. There i s  some i n d i c a t i o n ,  however, t h a t  a t  

very h igh  humid i t i e s  of 70% o r  above some f a c t o r  o t h e r  than  

s toma ta l  opening may be o p e r a t i n g  (Thomas, Hendricks,  C o l l i e r  and 

H i l l ,  1943).  These are  important  cons ide ra t ions  f o r  many a r e a s  f.n 

H a w a i i  where geothermal development i s  expected t o  O C C U L .  

Conversely,  p l a n t s  whose s tomata remain 
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P l a n t s  have been found to  be more s u s c e p t i b l e  t o  s u l f u r  

d iox ide  i n j u r y  when t h e  sugar  conten t  of the  leaves i s  low, such 

as e a r l y  i n  t h e  morning as c o n t r a s t e d  to  a f t e rnoon  fol lowing a 

pho tosyn the t i c  per iod  (Thomas, 1961) . 
Anhydrous ammonia escaping  from s t o r a g e  tanks o r  t r a c t o r  

a p p l i c a t o r s  on farms where i s  i s  be ing  used as a f e r t i l i z e r  can 

produce markings which resemble s u l f u r  d iox ide  i n j u r y .  

such i n j u r y  is  n o t  d i f f i c u l t  t o  i d e n t i f y  except  where i t  occurs  

s imul taneous ly  w i t h  s u l f u r  d ioxide  i n j u r y .  

produce c h l o r o s i s  such as i r o n  d e f i c i n e c y ,  l a c k  of n i t r o g e n ,  o r  

presence of o t h e r  p o l l u t a n t s  such as f l o u r i d e s ,  i n s e c t  i n j u r y  and 

diseases, a l l  of  which may resemble and be confused wi th  s u l f u r  

d ioxide  i n j  ury . 

Normally 

Many f a c t o r s  can 

The gene ra l  d i s t i n c t i o n  i n  t o x i c  dosages among s p e c i e s  of  

va ry ing  s e n s i t i v i t y  may be summarized as fo l lows:  

Exposure S us ce p t i b  l e  R e s i s t a n t  

ca  10 ppm 

ca 2 

- 30 min. 1-4 ppm 

- 8 h r .  0.05-0.5 

Two-year ambient SO2 averages  of  4-7 ppm a t  t he  more a c t i v e  

E. R i f t  l o c a t i o n s  p l a c e  the  envi rons  o f  such emiss ion  s i t e s  w e l l  

above the  th re sho ld  t o x i c i t y  va lues .  Furthermore,  t h i s  d i s t i n c t i o n  

i n  s u s c e p t i b i l i t y  a p p l i e s  on ly  t o  c u l t i v a t e d  forms of h ighe r  p l a n t s .  



Epiphyt ic  lower p l a n t s  r ep resen t  another  o r d e r  of s e n s i t i v i t y  

t o  so2: 

Concentrat ion Range 
( P P d  

0.0035 
0.0035-0.028 
0.028-0.105 
0.105 

Surv iva l  S t a t u s  
of Lichens 

Normal 
Mixed 
Stress-most s p e c i e s  
Most s p e c i e s  absent  

Epiphyt ic  l i c h e n s  and bryophytes are e s p e c i a l l y  s e n s i t i v e  

t o  p o l l u t i o n .  The fo l lowing  ep iphytes ,  Caloplaca c e r i n a ,  Lobaria  

pulmonaria , Parmelia v i t t ae ,  Caloplaca f e r r u g i n e a ,  Phys c ia  C i l i a t a ,  

Ramalina p o l l i n a r i a ,  Ulo ta  ludwig i i ,  Pyrenula  n i t i d a ,  and e i g h t  

s p e c i e s  of Usnea disappeared from t h e  Nether lands dur ing  t h e  -' 
l a s t  hundred yea r s  (Barkman, 1969). I n  t h e  p a s t ,  t h e s e  ep iphytes  

showed a marked d e c l i n e  i n  t h e i r  abundance and v i t a l i t y ,  a re- 

duct ion  i n  s i z e  (Usnea 50 cm i n  1870, reduced t o  10 cm i n  19691, 

a l o s s  of f e r t i l i t y  (Evernia  p r u n e s t r i  6 cm long and f e r t i l e  i n  

1869, on ly  1 m i n  1930). 

Laundon (1967) o f f e r s  a s t r i k i n g  example of a f f e c t e d  l i c h e n  

co lon ie s  on l imes tone  memorials e r e c t e d  i n  a London churchyard 

between 1751 and 1950. According t o  him Lecanora d i s p e r s a  

c o n s i s t e n t l y  occurs  on over 80% of  t h e  s t o n e s ,  whereas t h e  

presence of Caloplaca heppiana, a more s e n s i t i v e  s p e c i e s ,  has  

dropped from a presence of about 90% on s t o n e s  e r e c t e d  be fo re  

1751 t o  0% on s tones  da ted  a f t e r  1901. Perhaps t h e  r i s i n g  a i r  

p o l l u t i o n  has  made t h e  co lon iza t ion  of  new s u r f a c e s  by C .  heppiana 

inc reas ing ly  d i f f i c u l t ,  bu t  i t  has no t  y e t  e l imina ted  a l r eady  

- 

e s t a b l i s h e d  co lonies .  



39 

There is an i n t e r e s t i n g  f i e l d  obse rva t ion  which has confirmed 

t h e  r egene ra t ion  of  l i c h e n s  a f t e r  normal, unpol lu ted  condi t ions  

were r e s t o r e d  i n  an area formerly p o l l u t e d  wi th  SO2. 

Hal lberg  (1969) observed t h a t  t h e  l i c h e n s  nea r  t h e  Knarntorp 

s h a l e - o i l  vorks disappeared as a r e s u l t  of i nc reased  levels of 

a tmospheric  SO2 u n t i l  p roduct ion  a t  t h e  f a c t o r y  w a s  t e rmina ted  

i n  1966. 

covery i n  c e r t a i n  l i c h e n  s p e c i e s  which showed renewed growth i n  

t h e  lobes  of t h e i r  t h a l l i .  

Skye and 

By t h e  summer of  1967 they  a l r eady  s a w  signs of re- 

S tud ie s  by Sernander (1926) ,  Jones (1952) ,  Skye (1958) , 
Fenton (1960),  LeBlanc (1961),  G i l b e r t  (1965) ,  Rao and LeBlanc 

(1966),  Coker (1967) Daly (19701, Taoda ( 1 9 7 2 ) ,  and o t h e r s  c l e a r l y  

demonstrate  t h a t  t h e  absence of  l i c h e n s  and bryophytes  i n  c i t i e s  

and i n d u s t r i a l i z e d  areas is mainly t h e  r e s u l t  of t h e  presence 

of  p o l l u t i n g  agen t s .  Rydzak (1953, 19591, Klement (1956, 1958) 

and o t h e r s  have eounter-suggested-  tbat t h e  absence- of l i c h e n s  - .  

i n  c i t i es  is e n t i r e l y  due t o  a d e s i c c a t i o n  phenomenon ("drought 

hypothesis")  is  t h e  most important  environmental  f a c t o r  i n  

determining whether t h e s e  organisms w i l l  s u r v i v e  o r  p e r i s h  i n  

urban environments (LeBlanc and Rao, 19 73b) . 
Since  l i c h e n s  are slow-growing and long-l ived organisms . 

with  a s p e c i a l  a b i l i t y  t o  accumulate subs tances  from t h e i r  en- 

vironment (Smith, 1962) ,  they  are s u s c e p t i b l e  t o  many p o l l u t a n t s  

p re sen t  i n  t h e  atmosphere o r  brought down i n  the  r a i n .  

s e n s i t i v i t y  is he ightened  by t h e  fact  t h a t ,  un l ike  t ropoFhytes ,  

they never  shed t h e i r  tox in  laden  par ts .  S i m i l a r l y  bryophytes ,  

e s p e c i a l l y  t h e  mosses, with t h e i r  d e l i c a t e  and uncu t i cu la r i zed  

This  
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p l a n t  body, seem t o  have a g r e a t  capac i ty  f o r  absorbing and 

accumulating p o l l u t i n g  subs tances  from t h e  environment (Shack le t t e ,  

1965). Large vo lcan ic  areas ( a t  least  25 sq. km) i n  H a w a i i  are 

h e a v i l y  covered wi th  a l i c h e n  (Stereocaulon v o l c a n i i )  and any 

changes i n  i ts  coverage could have s i g n i f i c a n t  impact on water 

r e t e n t i o n ,  e ros ion ,  etc.  

It must be  emphasized, however , t h a t  a l though t h e s e  

e f f e c t s  of SO2 r e f l e c t  t h e  impact of urban and i n d u s t r i a l  e f -  

f l u e n t s  on previous ly  "clean" areas, t h e r e  are no comparable 

d a t a  concerning S02-enriched n a t u r a l  ( i . e .  thermal) environments 

wi th  long-standing l i c h e n  (and moss) f l o r a .  I n  such cases, 

s e l e c t i o n  f o r  SO2 resistance o r  t o l e r a n c e  may have taken p l a c e  

w i t h i n  a t i m e  frame of  evo lu t iona ry  magnitude. 

The release of s u l f u r  d ioxide  and n i t rogen  d iox ide  i n t o  

t h e  atmosphere from f o s s i l  f u e l  combustion is  followed by a 

chemical t ransformat ion  (hydro lys i s )  i n t o  s u l f u r i c  and n i t r i c  

ac ids .  Even wi thout  t h i s  man-made i n p u t ,  r a inwa te r  would be 

s l i g h t l y  a c i d  (pH 5.8) i f  it were i n  equ i l ib r ium wi th  atmospheric  

carbon d ioxide .  This  r e l a t i v e l y  weak carbonic  acid s o l u t i o n  is  

one of  t h e  major f a c t o r s  i n  t h e  chemical weather ing of rocks.  

The a c i d i t y  of r a i n  has  increased  s i g n i f i c a n t l y  i n  r ecen t  

years  p a r t i c u l a r l y  i n  England, Scandinavia ,  and t h e  eastern 

United States;  f o r  example, a t  t h e  Hubbard Brook Experimental  

Fo res t  i n  New Hampshire, t h e  annual  weighted average pH between 

1965 and 1971 ranged between 4.03 and 4.19 (Likens -- e t  a l . ,  1972).  

The lowest  pH recorded a t  Hubbard Brook was 3.0.  

t h e  l i t e r a t u r e ,  Likens -- e t  a l .  (1972) have suggested t h a t  l a r g e  

In  a review of 
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areas of t h e  United S t a t e s ,  which are me teo ro log ica l ly  i s o l a t e d  

from l a r g e  i n d u s t r i a l  centers, no tab ly  t h e  P a c i f i c  and e a s t e r n  

Gulf Coas t a l  r e g i o n s ,  s t i l l  have r e l a t i v e l y  h igh  r a i n f a l l  pH 

va lues  e v i d e n t l y  c o n t r o l l e d  by ca rbon ic  a c i d .  

Likens -- e t  a l .  (1972) have suggested several e f f e c t s  on 

f o r e s t  ecosystems inc lud ing  changes i n  t h e  rates of l each ing  of 

n u t r i e n t s  from p l a n t  f o l i a g e  and s o i l s .  In Sweden, an annual  

r educ t ion  i n  f o r e s t  growth du r ing  recent yea r s  has  been poss ib ly  

a t t r i b u t a b l e  t o  a c i d  r a i n f a l l  (Engstrom, 1971).  An imbalance 

i n  t h e  a v a i l a b i l i t y  of  calcium, magnesium, and potassium i n  

sha l low s o i l s ,  a l r eady  a c i d ,  because of t h e  c o n i f e r  f o r e s t  cover ,  

may b e s t  r e p r e s e n t  t h e  cond i t ions  under which growth would be 

reduced. 

The d i s t r i b u t i o n  of a c i d  r a i n f a l l  in t h e  United S t a t e s  

would n o t  n e c e s s a r i l y  be  similar t o  gaseous p o l l u t a n t s  because 

i t  would n o t  be  a h i g h  frequency of s t a g n a n t  days b u t  r a t h e r  

t h e  s y n o p t i c  pattern t y p i c a l  o f  s torm systems fn r e l a t i o n  t o  

p o l l u t a n t  sou rce  areas t h a t  would c o n t r o l  d i s t r i b u t i o n .  The 
f u l l  s i g n i f i c a n c e  o f  a c i d  p r e c i p i t a t i o n  t o  f o r e s t  e c o s y s t e m  

remains t o  be  de f ined ,  e s p e c i a l l y  i n  t h e  t r c p i c s .  

Zr iksson  (1957) r e p o r t e d  r a i n f a l l  pH va lues  and i o n i c  

composition d a t a  f o r  t h e  s a d d l e  road area between Mauna Loa and 

Mauna Kea a t  e l e v a t i o n s  up t o  - ca  2000m - some two yea r s  a f t e r  

t he  Kilauea e r u p t i o n  of 1955. Below l O O O m  h i s  s anp le s  averaged 

5 . 0 9 . 3  and 5.4f 0 . 2  a t  h ighe r  l e v e l s ,  which were a l s o  more 

d i s t a n t  from t h e  ocean. The composition d i f f e r e d  s i g n i f i c a n t l y  

from seawater ( r e l a t i v e  t o  sodium) i n  be ing  enr iched  i n  SO;’ and 
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sometimes Cl'. This  i n d i c a t e s ,  t hen ,  c o n t r i b u t i o n s  of vo lcan ic  

HzSO4 and HC1 t o  Hawaiian r a i n f a l l .  Reference has a l r eady  been 

made above t o  even more a c i d i c  r a i n f a l l  (pH 4 . 0 )  i n  Kona, some 

75 km from Kilauea,  and i t s  adverse  e f f e c t s  on tomato crop y i e l d s  

(Kratky e t  a1 1974). 

enrichment.  

This a c i d  ra in ,  a l so  showed SOz2  and C1' - -' 

S u l f u r i c  a c i d  is  p a r t i c u l a r l y  e f f i c i e n t  i n  a e r o s o l  nuc lea t ion  

when compared wi th  o t h e r  a c i d s ,  presumably as a r e s u l t  of i t s  

l a r g e  f r e e  energy of mixing i n  t h e  l i q u i d  phase (Katz and Plirabel,  

1974). 

should b e  kep t  i n  mind t h a t  ac id  conten t  o f  ra inwater  can vary  

g r e a t l y ,  even dur ing  a s i n g l e  p r e c i p i t a t i o n  (Seymocr e t  al., 1 5 ' T E ) .  

It is a l s o  important  t o  t a k e  n o t e  of d i f f e r e n c e s  i n  p l a n t  response 

t o  a c i d i c  ae roso l s .  

t o  a l low f o r  i n t e r n a l  l e v e l s  1-2 pH u n i t s  h ighe r  than  those  caused 

by ac id  depos i t i on  on t h e i r  s u r f a c e s  ( F l k k e r - K e l l e r  e t  a l . ,  1979).  

A similar resistance phenomenon based upon n e u t r a l i z a t i o n  

In cons ider ing  t h e  e f f e c t s  of a c i d  r a i n  exposures i t  

-- 

Some p l a n t s  are s u f f i c i e n t l y  w e l l  bu f fe red  

has  been r epor t ed  i n  man, normal b iogen ic  ammonia of t he  r e s p i r -  

atory pathway be ing  t h e  p r o t e c t i v e  agent  (Larson et a l . ,  1977). 

It is aga in  ev iden t  t h a t  l o c a t i o n s  e x i s t ,  t h e  Kilauea main 

-- 

vent  (Ealemaumau) f o r  exanple ,  t h a t  i n t roduce  s u b s t a n t i a l  q u a n t i t i e s  

of H2S and SO2 emission.  

South or' t h e  Halemaumau Caldera  l i es  a vast d e s o l a t i o n ,  perhaps 

400 !a2 o r  more i n  area known as t h e  Ka'u Desert. 

is s t r i k i n g  because many similar areas are a t  l eas t  d o t t e d  with 

l i c h e n s ,  Boston f e r n  and scrub  of Ohia. The term "deser t"  i n  no 

way connotes x e r i c  environment and t h e  mean annual  r a i n f a l l  of 

Its bar renness  
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about 1,200 mm, a l though h i g h l y  seasona l ,  should suppor t  t h e  

s o r t  of v e g e t a t i o n  cover seen  elsewhere i n  H a w a i i  on similar 

b u t  younger s u b s t r a t a .  It is reasonab le ,  however, t o  sugges t  

t h a t  t h e  combined e f f e c t s  of H2S, SO2, H2S04 a e r o s o l ,  mercury 

and perhaps o t h e r  emanations from Halemaumau, c a r r i e d  by t h e  

p r e v a i l i n g  winds, o f f e r  a l l  of t h e  c o n s t r a i n t  necessary  t o  

co lon iza t ion .  

d.  A Note on Transformations of 
S u l f u r  Compounds 

Hydrogen s u l f i d e  sou rces  are many and v a r i e d ,  b u t  they  are 

no t  commonly primary products .  

from mic rob ia l  r educ t ion  of S0z2 i n  stagnant o r  poor ly  a e r a t e d  

cond i t ions .  Higher organisms may a l s o  release i t  from break- 

down of o rgan ic  S compounds, b u t  t h e s e  i n  t u r n  can be  de r ived  

from s u l f a t e  as w e l l .  Anthropogenic sou rces  may a l s o  involve  

r educ t ion  of oxygenated s u l f u r ,  e i t h e r  d i r e c t l y  (e .g .  pu lp ing)  

o r  release of reduced s u l f u r  of b iogen ic  o r i g i n .  

Biogenic  H2S o r i g i n a t e s  commonly 

Na tu ra l  vo lcan ic  sources  were long considered t o  be  pr imary,  

t h a t  is  t h e  d i r e c t  consequence of magmatic degass ing  (Bu l l a rd ,  

19621, however t h i s  view i s  no longer  suppor t ab le .  Cons idera t ion  of 

oxygen a c t i v i t y  and of equ i l ib r ium composition limits sugges t  

t h a t  SO2 is  t h e  primary s p e c i e s  conta ined  i n  and r e l eased  from 

magmas  a t  temperatures  of 800-1209°c. (Gerlach and Nord l i e ,  1975)  

and t h a t  excess ive ly  h igh  l e v e l s  of reduced s u l f u r  may ar ise  

as an a r t i f a c t  of sampling procedures  (Gerlach,  In Press .  1979a, b ) .  

The high temperature  r educ t ion  o f  SO2 by  f e r rous  minerals  a f t z r  

degass ing  bu t  a t  depth (with concomitant formation o f  hemat i te )  
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is then  a l i k e l y  sou rce  of vo lcan ic  and fumerol ic  H2S. 

A cons ide ra t ion  of bond d i s s o c i a t i o n  ene rg ie s  ( C o t t r e l l ,  

1958) y i e l d s  t h e  s t a b i l i t y  series : 

SO2 (119)  SO3 (104) H2S (E 90)  

F igures  are Kcal *Mole'l. 

Atmospheric SO2 i n  vo lcan ic  r eg ions  h a s ,  then  a d u a l  o r i g i n  

from degassing and from ox ida t ion  of H2S formed a t  depth.  

SO3 (hence H2SO4) is then  a product  of f u r t h e r  ox ida t ion .  

And 

I n  aqueous s o l u t i o n  (e.g.  ground water )  t h e  oxygenation of 

reduced s u l f u r  r e s u l t s  i n  t h e  s p e c i e s  (O'Brien and Bi rkner ,  1 9 7 7 ) :  

S2, So, S03-2, S2C3-2 and S04-2. 

The rates of  oxygenation i n c r e a s e  wi th  pH and i o n i c  s t r e n g t h  

b u t  i n  ac id  media (pH 6 )  S04'2 is  t h e  favored product  whereas 

pH 7 favors  accumulation of SO3-2 as w e l l .  

s t o i c h i o m e t r i c  model: 

Evidence suppor t s  a 

4HS' + 5.5 0 2  + S2C3-2 + SO4-2 + 2 d  + H20 
The f u r t h e r  r e a c t i o n s  of atmospheric SO2 are a l s o  photo- 

chemical i n  cha rac t e r  (Sander and S e i n f e l d ,  1976) .  

The primary photo processes  involve  both s i n g l e t  and t r i p l e t  

i n t e rmed ia t e s  : 

SO2 + hv -- 'SO2 
SO2 + hv -- 3S02 

and t h e  r e a c t i o n s  

1 ~ 0 2  + so2 -- so3 + SO 
3s02 + s o 2  --  SO^ + so 

Secondary chemical r e a c t i o n s  then  inc lude  r e a c t i o n s  of 

3S02 wi th  0 2 ,  g iv ing  SO3 p lus  s i n g l e t  o r  t r i p l e t  atomic oxygen, 

and also y i e l d i n g  SO&. The r e a c t i o n  o f  SO2 wi th  o ( ~ P )  y i e l d s  
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SO3 as does the react ion of 0 wi th  SO2 i n  the presence of 3S02. 

Generation of SO3 can also take place via reactions with 

03 o r  OH radical ,  and the presence of NO a l s o  f a c i l i t a t e s  SO3 

format ion. 
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B. Environmental Consequences of Geothermal Resource 
Development 

From its inception, the Hawaii Geothermal Project's 

environmental program was predicted on the concept that 

the toxicology of fluids brought to the surface by human 

activity could be anticipated from a knowledge of natural 

fumerolic and volcanic effluents. Thus, it was pointed 

out (Siegel and Siegel, 1975) that "Pressures for inten- 

sified geothermal exploration may induce many enthusiasts 

to overlook a long-term potential hazard associated with 

the tapping of magmatic heat sources. We refer to the 

release into the atmosphere of substances far more toxic 

and persistent than the usual oxides and hydrides of carbon 

and sulfur". 

This, in turn, was prompted by the first firm demon- 

stration of high ambient air mercury levels around Hawaiian 

fumeroles (Eshleman, Siegel and Siegel, 1971). These 

concerns were not limited to mercury but also extended to 

other toxic elements found in geothermal fluids, including 

arsenic, antimony, thallium, etc. (Ellis, 1975). 

If there are, in fact, no novel toxicants in geothermal 

effluents released by drilling, then qualitatively, at 

least, the local biota may well have been selected long 

since for resistance by exposure to steady fumerolic and 

periodic volcanic emissions. This possibility, although 

reasonable in a formal sense, has not yet been subject to 

field or laboratory verification. An examination of the 
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composition of fumerol ic  and vo lcan ic  gases  reveals q u a n t i t i e s  

of some c o n s t t t u a n t s  (see Sec t ion  A above) t h a t  probably 

exceed even t h e  adap t ive  p o t e n t i a l  of rugged c o l o n i z e r s ,  a t  

least i n  proximity t o  n a t u r a l  sou rces .  

Furthermore , whatever s i t u a t i o n  may o b t a i n  on the  

I s l a n d  of H a w a i i  where a t  least some s e l e c t i o n  p res su re  f o r  

t o x i c a n t  r e s i s t a n c e  exists, t h e  frequency of t h i s  c a p a b i l i t y  

must diminish along t h e  axis of t h e  i s l a n d  cha in  wi th  in-  
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c reas ing  age and remoteness of a c t i v e  volcanism. 

Whatever u n c e r t a i n t i e s  e x i s t  wi th  r e s p e c t  t o  s i t e  and 

t i m e  r e l a t i o n s  f o r  "bu i l t - i n"  r e s i s t a n c e  t o  hydrogeothermal 

e f f l u e n t s ,  they  cannot be  app l i ed  c a s u a l l y  t o  the  e n t i r e  

ecosystem and c e r t a i n l y  no t  t o  t h e  l a t e  a r r iva ls  - man and 

h i s  i n t r o d u c t i o n s .  

1. HGP-A as a S i t e - S p e c i f i c  Model 

a. Environmental  S e t t i n g :  me D i s t r i c t  * of Puna P r i o r  t o  Geothermal Development 

The Puna D i s t r i c t ,  s i t e  of t h e  exp lo ra to ry  gwothermal 

w e l l ,  is t h e  easternmost  p r o j e c t i o n  of t h e  I s l a n d  of H a w a i i ,  

comprising approximately one-eighth o f  i ts  4,038 squa re  m i l e s .  

Much of t h e  D i s t r i c t  is  formed by undissec ted  vo lcan ic  

uplands,  t h a t  of Ki lauea  t o  t h e  no r th  and t h a t  of Kalapana 

t o  t h e  s o u t h ,  bu t  between, running from the  Ki lauea  Caldera  

Complex eastward t o  t h e  sea around Cape Kumukahi, is t h e  

Based l a r g e l y  upon an environmental  b a s e l i n e  s tudy  (Kamins, 
e t  a l .  , 1976) and i t s  updated E I S  v e r s i o n  (Kamins, 1978) .  

* 
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Puna cone and crater area, marked by pu 'us  and craters of 

r e c e n t  e rup t ions ,  no tab ly  t h a t  of 1955. 

With an  es t imated  mid-1978 popula t ion  of 8,300, Puna i s  

t h e  second most populous of t h e  n ine  d i s t r i c t s  of t h e  Big 

I s l a n d  -- some d i s t a n c e  behind South Hi lo  Dis t r ic t ,  where 

approximately 41,000 people l ive.  The b a s i s  of comparison 

is  made clearer by no t ing  t h a t  only two "towns" i n  Puna, 

Kea'au and Pahoa, con ta in  as many as a thousand people .  

Most of t h e  r e s i d e n t s  of Puna l i ve  near  t h e  ch ief  e n t e r p r i s e  

of t h e  area, t h e  Puna Sugar Company, o r  i n  widely spaced 

c l u s t e r s  of houses a long t h e  coas t .  A slowly inc reas ing  

number of people  have homes i n  new and l a r g e l y  undeveloped 

subd iv i s ions  served  by ccunty-dedicated roads .  There are 

only a dozen houses w i t h i n  a mile r ad ius  of t h e  d r i l l  s i t e  

i t s e l f .  

Over h a l f  of t h e  Puna Di s t r i c t  is t h i n l y  covered by 

h i s t o s o l s  , s p a r s e  organic  s o i l s  , which commonly occur on 

geo log ica l ly  young l a v a  lands .  I n  a band s t r e t c h i n g  a c r o s s  

the  w e s t  c e n t r a l  p a r t  of the D i s t r i c t  -- t o  t h e  w e s t  of 

t he  w e l l  s i t e  -- is a n  area of e n t i s o l s ,  weakly developed 

s o i l s  found on o ld  beach sand and volcanic  a sh .  On t h i s  

land has  developed an area of marked environmental  c o n t r a s t  : 

t h e r e  is  f e r t i l e  s o i l  and l u s h  v e g e t a t i o n  over t he  lower- 

l y i n g  f i e l d s ,  wh i l e  t h e  younger upper s l o p e s  are do t t ed  

wi th  oh ia s ,  t h e  most common and most widely d i s t r i b u t e d  

spec ie s  o f . i a t i v e  tree i n  H a w a i i .  Despi te  abundant r a i n f a l l ,  

much of t h e  area around t h e  geothermal s i t e ,  where r ecen t  



lava flows have blackened t h e  l and ,  is a suburban wi lderness  

of empty subd iv i s ions .  In a few p l a c e s ,  t h i n  plumes of steam 

mark v e n t s  where t h e  underground h e a t  of t h e  area escapes 

i n t o  t h e  atmosphere. To t h e  east, however, l i e s  one of 

t he  major papaya areas of t h e  S ta te ,  and t o  t h e  west, 

beyond a s t r e t c h  of s p a r s e l y  occupied s u b d i v i s i o n ,  are 

product ive  sugar  lands .  

The f a c t  t h a t  t h e  p r o j e c t  area was covered by lava 

flows as r e c e n t l y  as 1955 n e c e s s a r i l y  e n t e r s  i n t o  any con- 

s i d e r a t i o n  of long-term development. There is y e t  no means 

of e s t i m a t i n g  t h e  p r o b a b i l i t y  of another  lava f low,  o r  of 

disabling earthquake, over t h e  decades t h a t  a geothermal  

f i e l d  may remain i n  ope ra t ion .  However, t h e  v u l n e r a b i l i t y  

of a geothermal f i e l d  t o  such d e s t r u c t i v e  f o r c e s  is  no t  

t o t a l .  While any s u r f a c e  i n s t a l l a t i o n s  -- t h e  ga the r ing  

l i n e s ,  s e p a r a t o r s ,  condensers ,  g e n e r a t o r s ,  e tc .  -- may be  

des t royed  by quakes or by flows which are no t  d i v e r t e d  

(as by p r o t e c t i v e  d i k e s ) ,  t h e  w e l l s  themselves are  not  

n e c e s s a r i l y  s o  vu lne rab le .  

scale magnitude w a s  experienced as HGP-A was be ing  d r i l l e d  

and s c a r c e l y  a f f e c t e d  t h e  o p e r a t i o n ,  s o  s t a b l e  w a s  t h e  bo re .  

An ear thqvake  of 7 . 2  Rich te r -  

S ince  l a v a  f l o w s  seldom exceed 15 f e e t  i n  dep th ,  t h e  w e l l -  

head could b e  p ro tec t ed  by a r e in fo rced  conc re t e  casement; 

even i f  a w e l l  s i t e  should be  inundated wi th  lava,  as long 

as t h e  wellhead w a s  c l e a r l y  marked, i t  could be  opened. 

The hydrology of t h e  Puna D i s t r i c t  i s  not  w e l l  e s tab-  

l i s h e d .  It i s  be l i eved  that,  as i n  o the r  p o r t i o n s  of t he  
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Hawaiian I s l a n d s ,  t h e  area i s  unde r l a in  by a l e n s  of b a s a l  

water f l o a t i n g  on s a l t ,  w i th  a r e l a t i v e l y  narrow band of 

dike-confined water (not f l o a t i n g  on sal t  water )  running 

ac ross  t h e  southern  p a r t  of t h e  District ,  and wi th  a c o a s t a l  

zone of brackish  b a s a l  water w e s t  of Kalapana (S tea rns ,  1967) .  

It may be t h a t  b a s a l t i c  d ikes  block o f f  t h e  f r e s h  water l e n s  

from t h e  geothermal r e s e r v o i r  tapped by t h e  exper imenta l  w e l l .  

Sampling of seven water wells w i t h i n  a r a d i u s  of 

about two and one-half miles from t h e  geothermal w e l l  s i t e  

r evea led  h igh  s a l i n i t y  (above 270 mg. p e r  l i t e r )  i n  four  

of t h e  seven and a t  depths  no g r e a t e r  than  a few hundred 

f e e t  below sea l e v e l .  While s a l i n a t i o n  of b a s a l  water due 

t o  in te rmixing  wi th  underlying s a l t  water i s  a common phen- 

omenon i n  c o a s t a l  areas, where unconfined f r e s h  water  l enses  

are t h i n n e s t  and e a s i l y  per turbed  by t i d a l  e f f e c t s  o r  heavy 

pumping, t h e  r e l a t i v e l y  h igh  s a l i n i t y  of i n l and  w e l l s  (such 

as Malama-ki, Geothermal No. 3 ,  and A i r s t r i p  Well) sugges ts  

t h a t  t h e  Ghyben-Herzberg l e n s ,  i n  which f r e s h  water f l o a t s  

on s a l t  w a t e r ,  i f  i t  e x i s t s  i n  t h e  po r t ion  of Puna around 

t h e  exp lo ra to ry  w e l l  s i t e ,  is s u b j e c t  t o  g r e a t e r  i n t r u s i o n  

by sal t  water a t  t h e  h igh  temperatures  of t h i s  geothermal 

regime. 

Groundwater i n  t h e  area and, f o r  c o n t r o l  purposes ,  

ra inwater  samples as w e l l ,  were t e s t e d  not  only f o r  t he  

chemical c h a r a c t e r i s t i c s  (Table 7 ) ,  b u t  a l s o  f o r  i t s  micro- 

b i c l o g i c a l  q u a l i t i e s  (Table 8 ) .  Xoderately h igh  va lues  f o r  

co l i form b a c t e r i a  were recorded a t  Isaac Hale Park Spr ing ,  



P U N A ,  H A W A I I ,  P R I O R  T O  D R I L L I N G  

EXPLORATORY GEOTHERMAL WC-LL 

NAME DATE To C pH N a *  K C a  Mg C1 HCO3 SO4 S i 0 2  N** P 

PA1IOA S'I'I\TION 1-6-75 7.30 36.0 2 .72  1.58 2 . 7  13.5 48 21.1 50.0 0.252 0.078 

KALAPANA S T A T I O N  1-6-75 28.5 7.68 89.6 5-20 5.30 6.6 132.2 38 37.2 44.5 0.070 0.056 

IW'OHO SHAFT 1-6-75 25.5 7.80 85.8 6.60 42.4 37 16.9 372 20 53.6 0.378 0.233 

A I R S T R I P  WELL 1-6-75 33.0 7 .42  238 13.6 23.0 28 303.5 48 204 71.3 0.014 0.040 

A i m  so6 WELL 1-7-75 37.5 7.35 216 10.8 13.4 15 281 1'12 69.2 24 .1  >14<0.002 

ISAAC HALE PARK 
S P R I N G  1-7-75 36.0 7.75 2020 86.0 32.4 200 3534 56 507 81.5 1.22fi  0.016 

YALAVA KI WELL 1-7-75 52.3 7.02 2105 109 66.8 210 3811 144 471 100.7 0.280 0.006 

GEOI'IIERMAL 113 1-7-75 93.0 6.85 2C50 190 76.8 52 3274 30 314 96.6 0.003 0.006 

R A T N  LLT KAT,APP.NA 
S T A T I O N  1-6-75 4.5 0.25 0.25 0.75 7 . 2  m2.5 C1 ( 1  A24 CO .C02 

"CHEMICAL DATA IN mg/ R 

**NO5 + NOj :+s 1J 



c . , e 
TABLE a .  MICROBIOLOGICAL QUALITY OF GROUNDWATER 

PUNA, HAWAII,  P R I O R , T O  DRILLING 

EXPLORATORY GEOTHERMAL WELL 

DATE OF COLIFORM MPN FECAL COLIFORM MPN 
WELL/SHAFT NO. STATE NO. NAME SAMPLE N o .  per 100 m l  No. per  100 m l  REMARK 

9-5 2986 PAHOA 1-6-75 <3 

9-7 2487-0 1 KALAPANA 1-6-75 < 3  

<3 Unch l o r  ina t ed 
sample 

9 3080-02 KAPOHO SHAFT 1-6-75 460 < 3  

9-6 3081 AIRSTRIP 1-6-75 < 3  < 3  

3-9 2783. MALAMA K I  1-7-75 < 3  < 3  

<3 Unch l o r  ina  t e d  
sample 

---- ISAAC HALE --- 
BEACH PARK 1-7-75 1500 
HOT SPRING WATER 

- 
288 1 ALLISON 1-7-75 724,000 --- 

7 

93 Well bottom 
mud i n  sample 
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where t h e  geothermally hea ted  pool  is used f o r  casua l  ba th ing ,  

and 2 much h ighe r  count w a s  observed f o r  t h e  sample from 

Al l i son  Y e l l .  Otherwise,  no r e s u l t s  of a caut ionary  n a t u r e  

were r epor t ed  i n  t h e  b a s e l i n e  s tudy .  As t e s t i n g  of t h e  

exp lo ra to ry  geothermal w e l l  proceeds , t h e  e x i s t i n g  water 

w e l l s  w i l l  be  monitored f o r  changes i n  chemistry o r  micro- 

b io logy  which may accompany t h e  test f lows.  

P a r t i c u l a r  a t t e n t i o n  must b e  g iven  t o  a s c e r t a i n i n g  i f  

t h e  chemicais commonly found i n  geothermal water o r  steam 

pose a t h r e a t  t o  t h e  environment. From Yay 1975 t o  d a t e ,  

t h e  envi rons  of HGP-A have been t e s t e d  f o r  mercury and t o x i c  

gases, p a r t i c u l a r l y  t h e  s u l f u r  compounds known t o  be  emi t ted  

i n  geothermal areas. With r e s p e c t  t o  t h e  f i x e d  gases  -- SO2 

and H2S -- t h e r e  h a s  been no evidence of change from pre- 

d r i l l i n g  through r e c e n t  f l a s h i n g  experiments  ( s e e  s e c t i o n  b ,  below). 

These va lues  have been c o n s i s t e n t l y  a t  o r  below d e t e c t i o n  

th re sho lds  and w e l l  under hazardous levels i n  s p i t e  of t h e  

proximity (25 mi les )  of n a t u r a l  v e n t s  i n  t h e  Volcanoes 

Nat iona l  Park which supply  t h e s e  s u l f u r o u s  gases  cont inuous ly .  

In t h e s e  fumerole  areas, t h e  measurement dur ing  1971-76 

y i e lded  peak va lues  a s  h igh  as 25 ppm f o r  SO2 and 5 ppm f o r  

H2S. 

s i t e  area only i n f r e q u e n t l y  and f o r  b r i e f  p e r i c d s .  Their 

l a c k  of  p e r s i s t e n c e  may be an important  environmental  con- 

s i d e r a t i o n .  Aside from convect ive  and wind d i s p e r s a l  pro- 

c e s s e s ,  t hese  gases  may be oxid ized  both photochemically 

and biochemical ly  t o  s u l f a t e s ,  and t h e  capac i ty  both of 

These t o x i c  emissions appa ren t ly  reach t h e  HGP d r i l l  

n 

n 
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s o i l  microorganisms and v e g e t a t i o n  f o r  metabol iz ing these  s u l f u r  

gases  may c o n t r i b u t e  t o  e c o l o g i c a l  "de tox i f i ca t ion . "  

The same cons ide ra t ion  cannot be  appl ied  t o  mercury. It i s  

a p o t e n t i a l  t o x i c a n t  i n  any form, a l though more s o  i n  e lementa l  

and a l k y l  forms. 

a l lowable  a i r  mercury. 

Various f i g u r e s  have been c i t e d  f o r  m&ximum 

Schroeder (1971) has  suggested an 8 hour 

occupat iona l  l i m i t  of 10 pg/m 3 b u t  recommends no more than  0 .1  

3 
pg/m 

d r i l l  s i t e  l e v e l s  were a t  threshold  a t  t h e  t i m e  of t h e  f l a s h i n g  

experiment,  b u t  i t  w i l l  become c l e a r  below t h a t  up t o  t h e  22 J u l y  

1976 f l a s h i n g ,  t h e  mercury l e v e l s  were area va lues  no t  r e l a t e d  

t o  d r i l l  s i t e  ope ra t ions .  Hawaiian thermal  areas are e s s e n t i a l l y  

l i k e  those  elsewhere i n  t h e  world wi th  r e s p e c t  t o  mercury i n  a i r ,  

water, s o i l  and p l a n t s  (Tables 10, l l ) ,  w i t h  norms tending  t o  be  

as a r e fe rence  f i g u r e ,  i t  is  obvious from Table  9 t h a t  HGP 

apprec iab ly  h igher  than  i n  nonthermal areas. 

While t h e r e  are trees on t h e  Puna landscape -- oh ia ,  

mangoes , c i t r u s  , monkeypods and o the r  ornamentals -- t h e  

D i s t r i c t  is by no means fores t -covered .  There are fou r  s t a t e  

f o r e s t  reserves i n  t h e  D i s t r i c t  (Nanawele, Malamz-ki , Keauhohana 

and Puna),  bu t  only t h e  l a t t e r  i s  ex tens ive  and none r a t e  

among t h e  choice t imber areas of t h e  i s l a n d .  Norfolk p ines  

have been p lan ted  east  of Pahoa i n  an a t t e m p t  t o  supply a l o c a l  

Christmas tree market,  5 u t  they have not  f l o u r i s h e d .  

It w a s  beyond t h e  resources  of t h e  H a w a i i  Geothermal 

P r o j e c t  t o  assess t h e  lesser f l o r a  of t he  Puna D i s t r i c t  i n  
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Table 9 .  Past Ambient Mercury Data a t  HGP-A and Other S i t e s ,  

I s l a n d  of H a w a i i  

Date S u l f u r  H a l  emaumau HGP-Puna Hi lo  

Concent ra t ions  (ug-rn-’) 

13 anks Kau 

Apr . 
May 

Aug . 
Jan. 

Apr . 
Dec. 

Hay 

May 

June 

J u l y  

Feb . 
-4ug. 

PJOV . 

1971 

1971 

1971 

1972 

1972 

1973 

19 75 

19 76 

19 76 

1977 

1978 

19 78 

1979 

22.6 

20.5 

40.7 

2.2 

33.5 

0.9 

2 . 6  

5.3-10.0 

47.5 

1.4 

9.6 

20.4 

6 .O 

- 
40.5 

0.7 

- 

5 .o 

3.9 

4.2 

- 
- 
- 
- 
- 

1.1 

1.2 

0.9 

0.8 

1.57 

0.9 

1.06 

- 
0.31 

- 
- 
- 
- 

0.44  

- 
- 

0.8 

0 .6  

- 
0.8 
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TABLE 10 

MERCURY LEVELS OUTSIDE THE HGP-PUNA DRILL SITE AREA: 

COMPARATIVE AIR AND WATER DATA, 1971-1976 

SAMPLE Hg CONTENT 

A i r  

Thermal 

H a w a i i  

Ice 1 and 

1J.S .S .R. 
Kamchatka-Kuriles 

0.7-40.7 

1.3-37 .O 

0.3-18 

Non- thermal 

Hawaii 0.04-0.3 

I c e land 0.62-1 .O 

New York ,< 0.014 

Cincinnzt i 0 -03-0.21 

Eastern P a c i f i c  5 0.0007 
(open sea-west of Cal i forn ia)  

Water 

Poipu Beach (Kauai) 

va/l 

2.1 

Kuhio Beach (Oahu) 2.3 

Nuuanu Stream 0 . 6  

Oahu aqu i f e r  x0.2  

Rain, Hawaii, January 1972 0.20-0.25 
I s land  of H a w a i i ,  genera l  

HVNP fumarole condensate, 1972 20-40 

Western A t l a n t i c ,  genera l  0 .0  1-0.30 

Hawaii aauif  e r  (Puna) s0.5 



Table 11. P l a n t  Bio-Concentration of Mercury i n  Re la t ion  ' 

t o  Exposure t o  Na tu ra l  Geothermal Processes 

S i t e  Exposure f a c t o r s  Hg Bio Concentrat ion 
Ra t io  D i s t r i b u t i o n  

> 2  0-0.67 0.67-2.0 

6 5  

Proximity S o i l  ( X  of Samples) 

Iceland 6 0 0  km, Volcanic 10 10 a0 
H a w a i i  <500 km, Volcanic 16 14 70 

AJ.aska <lo00 km, Volcanic 30 1 2  sa 

New England 23000 km, Non-volcanic 42 18 40 
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any d e t a i l .  However, the area w i t h i n  a one m i l e  r ad ius  of 

t h e  d r i l l  s i t e  was examined, and i t  seems s u f f i c i e n t l y  

r e p r e s e n t a t i v e  of t hose  in l and  s e c t i o n s  of t h e  Dis t r ic t  

which are not  e i t h e r  i n  c u l t i v a t i o n  o r  w e l l  populated -- 
and t h e s e  r e l a t i v e l y  empty p laces  comprise t h e  bu lk  of t h e  

D i s t r i c t  -- t o  warrant i n c l u s i o n  i n  t h i s  d e s c r i p t i o n  of 

Puna a t  l a r g e .  

The w e l l  s i t e  is  on an exposed lava flow of 1955. 

The undis turbed p a r t  of t h e  flow c o n s i s t s  of b a r r e n  aa, 

covered by a dense growth of l i c h e n s ,  w i th  s c a t t e r e d  f e r n s  

and ohia .  Fur ther  o f f ,  around Lava Tree S t a t e  Park approxi- 

mately three-quar te rs  m i l e  t o  t h e  w e s t ,  t h e r e  are arees of 

f o r e s t ,  t h e  s i z e  of t h e  trees be ing  r e l a t e d  t o  t h e  age of 

t h e  under ly ing  lava flow, hence,  mainly s m a l l  t o  medium 

h e i g h t .  There are however occas iona l  kipukas ( i s l a n d s  of 

growth on land not  s u b j e c t  t o  r e c e n t  volcanism),  i n  which 

some trees reach up t o  100 f e e t .  The groundcover around 

t h e  trees c o n s i s t s  l a r g e l y  of f a l s e  s t aghorn  f e r n s ,  g ra s ses  

and several species of w i l d  o rch ids .  Around t h e  larger  

trees are some t r e e f e r n s  and i e i e  v ines  ( F r e y c i n e t i a  a r b o r e a l .  

All t h e s e  endemic s p e c i e s  are common t o  areas of H a w a i i  

covered by l ava  flows of no great age.  

I n  l o c a t i o n s  d i s tu rbed  by roads ,  f o o t p a t h s ,  t r a i l s  and 

bu l ldoze r  t r a c k s ,  however, t h e r e  i s  a heavy admixture of 

introduced trees, sh rubs ,  v i n e s  and grasses. Such e x o t i c  

f l o r a  are found, f o r  example, i n  t h e  v i c i n i t y  of Lava Tree 

S t a t e  Park and i n  many areas downslope from t h e  well s i t e .  
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This e x o t i c  p l a n t  popula t ion  inc ludes  mango, papaya, guava, 

bamboo, kukui (Aleu r i t e s  moluccana) , sugar  cane,  bananas , 
Ind ian  pluchea,  Jamaica v e r v a i n ,  and s e n s i t i v e  p l a n t  (Mimosa 

p u d i c a ) .  

s i t e  and the  Park,  and a l b i z i a  grows a long  t h e  road and a t  

A s t and  of Norfolk p ines  rises between t h e  w e l l  

t h e  Park. 

It is imposs ib le  t o  make an a b s o l u t e  de te rmina t ion  as 

t o  t h e  absence of endangered and th rea t ened  s p e c i e s  of p l a n t s  

w i t h i n  any area of apprec i ab le  s i z e  around t h e  w e l l  s i t e .  

However, i n  t h e  process  of making b a s e l i n e  s t u d i e s  of 

p o s s i b l e  geo tox ican t s  sometimes a s s o c i a t e d  wi th  geothermal 

a c t i v i t y ,  quadra t  and t r a n s e c t  ana lyses  were c a r r i e d  out  i n  

May 1975 and re-examined i n  January 1976 a t  t h e  w e l l  s i t e .  

The genera of p l a n t s  found a t  t h e  s i te ,  i d e n t i f i e d  i n  con- 

s u l t a t i o n  w i t h  D r .  Darrel Herbs t ,  t hen  of t h e  Department of 

Botany are: Ageratum, Andropogon, Arundina, Asc lep ia s ,  

B r a c h i a r i a ,  Carex, Cass i a ,  Cas t c i l l e j a ,  Cuphea, Cyperus,  

Desmodium, D i c r a n o p t e r i s  , Emil ia ,  E r i c h t i t e s  , Erigeron ,  

Lantana,  Lycopodium, Melastoma, Mel in i s ,  M e t r i s i d e r o s ,  Nephro- 

l e p i s ,  Pluchea,  P te r id ium,  Rubus, Sacco lep i s ,  S p a t h o g l o t t i s ,  

Sphenomaris, S t achy ta rphe ta ,  T r i t o n i a ,  and Veronia.  

Comparing t h e s e  genera  wi th  t h e  nos t  r e l e v a n t  l i s t  of 

known endangered genera and species prepared by Charles  

Lamoureaux, P r o f e s s o r ,  Department of Botany f o r  t he  ad jacen t  

H a w a i i  Volcanoes Nat iona l  Park -- and wi th  t h e  comprehensive 

l i s t  of eodangered, th rea tened  and e x t i n c t  s p e c i e s  presented 

by t l e  Sec re t a ry  of  t h e  Smithsonian I n s t i t u t i o n  t o  the  Congress 
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of t h e  United S t a t e s  as House Document N. 94-51, 15 December 

1974, i t  is concluded t h a t  endangered and threa tened  spec ie s  

of p l a n t s ,  i f  p re sen t  a t  a l l  a t  t h e  w e l l  s i t e ,  are extremely 

in f r equen t .  Thus, t h e  p r o b a b i l i t y  t h a t  w e l l  s i t e  ope ra t ions  

w i l l  create t h i s  type  of biohazard is  minimal. 

With r e spec t  t o  t h e  more gene ra l  ques t ion  of hazards  t o  

vege ta t ion ,  i t  should be  noted (1) t h a t  t o x i c  emissions 

r e s u l t i n g  from w e l l  ope ra t ions  are not  l i k e l y  t o  d i f f e r  from 

those  normal t o  n a t u r a l  v e n t s  and magmatic outgass ing  i n  

H a w a i i ,  and (2)  t h a t  n a t u r a l  popula t ions  e s t a b l i s h e d  by post-  

e rup t ion  co lon iza t ion  i n  areas of r e c e n t  o r  c u r r e n t  vulcanism 

may b e  more r e s i s t a n t  t o  t o x i c  geothermal emissions than  

would be  t h e  case i n  non-volcanic l o c a t i o n s .  

The reg ion  of Puna around t h e  geothermal w e l l  s i t e ,  

l i m i t e d  as i t  is  i n  n a t u r a l  food sources  f o r  mammals, is not  

r i c h  i n  fauna. The sugar  cane f i e l d s  t o  t h e  w e s t  and t h e  

papaya farms t o  t h e  east of t h e  s i t e  suppor t  t he  ra ts  which 

are found on t h e  main i s l a n d s  of H a w a i i .  The mongoose i s  

also well e s t a b l i s h e d  locally. O n  t h e  s l o p e s  of t h e  

mountains f e r a l  goa ts  are  a t  once quarry f o r  hun te r s  and 

problems € o r  those  who would preserve t h e  ecosystem, bu t  

they have not  been seen  i n  t h i s  s e c t i o n  of Puna. 

The only valued animals which might be d i s tu rbed  o r  

conceivably threa tened  by geothermal development i n  t h e  

Dis t r ic t  are b i r d s .  There are on the  I s l and  of H a w a i i  

s e v e r a l  spec ie s  of indigenous of endangered s p e c i e s ,  and 

i t  w a s  necessary t o  s tudy  t h e  area around t h e  w e l l  s i t e  t o  
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ensure  t h a t  none of these .  s p e c i e s  were adve r se ly  a f f e c t e d  

by geothermal ope ra t ions .  Consequently,  t h e  environmental  

assessment w a s  ’ l i m i t e d  t o  b i r d l i f e  which might feed o r  
. .  

breed i n  the  a r e a  of Puna near  t h e  w e l l  s i t e .  

F i e l d  observa t ions  i n  February 1976 w e r e  concent ra ted  

on looking for t h e  two s p e c i e s  of endemic land b i r d s  which 

might be  expected a t  t h e  low e l e v a t i o n  (approximately 600 

f e e t  above sea l e v e l )  of t h e  d r i l l  s i t e .  These a r e  t h e  

E.zwaiian hawk (Buteo s o l i t a r i u s )  , which is c l a s s i f i e d  as 

rare and endangered , I 1  and t h e  Hawaiian shor t -eared  o w l ,  o r  I 1  

pueo (Asio - flaxmeus sandwichens is ) .  No evidence of e i t h e r  

w a s  found -- perhaps because most of t h e  n a t i v e  v e g e t a t i o n  

i n  t h e  area has  been rep laced  by e x o t i c  p l a n t s  -- b u t  of 

course  i t  is p o s s i b l e  t h a t  a t  t i m e s  bo th  s p e c i e s  may occur  

in t h e  g e n e r a l  area. The hawk, i n  p a r t i c u l a r ,  is  a wide- 

ranging  s p e c i e s .  T h i s ,  however, is  s p e c u l a t i v s ,  s i n c e  no 

evidence f o r  i t s  presence w a s  found. 

Nor is  t h e  area h e a v i l y  populated wi th  in t roduced  b i r d s .  

During t h e  survey ,  only seven species were observed:  Spotted 

dove ( S t r e p t o p e l i a  - c .  ch inens i s )  , Melodious laughing thrush  

(Garrulax canorus ) ,  Japanese white-eye (Zosterops 1. j apon ica ) ,  

Common myna (Acridotheres  1. t r i s t i s ) ,  House f inct l  (Carpo- 

dacus mexicanus f r o n t a l i s )  , Spotted munia (Ricebi rd)  (Lon- - 

chura p u n c t u l a t a ) ,  and Card ina l  ( C a r d i n a l i s  c a r d i n a l i s ) .  

It  is  t h e  considered opin ion  of t h e  o r n i t h o l o g i s t  who 

s t u d i e d  the  a r e a  t h a t  t he  a c t L v i t i e s  a t  t he  geothermal w e l l  

s i t e  have had no adverse e f f e c t  on any b i r d  spec ie s  i n h a b i t i n g  
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r e l a t i v e l y  good cond i t ion ,  except f o r  t he  sea e ros ion  of 
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t h e  area. Even an adverse e f f e c t  on some of t h e  in t roduced  

b i r d s  would not  n e c e s s a r i l y  b e  d e t r i m e n t a l ,  s i n c e  some of 

t h e s e  s p e c i e s ,  as t h e  house f i n c e  ahd s p o t t e d  munia, have .  

been h igh ly  p e s t i f e r o u s  i n  des t roy ing  crops on H a w a i i ,  b u t  

no impact on any s p e c i e s  w a s  d i sce rned .  

Puna has  played a r e l a t i v e l y  i n s i g n i f i c a n t  r o l e  i n  t h e  

p o l i t i c a l  h i s t o r y  of H a w a i i .  

t h e  Dis t r ic t  has  produced no g r e a t  family o r  chief  whose 

suppor t  w a s  c r u c i a l  f o r  c o n t r o l  over land contes ted  by 

warr ing f a c t i o n s .  Why i t  was t h a t  Puna never developed a 

p o l i t i c a l  power base  -- f o r  l a c k  of popula t ion  o r  l a c k  of 

adequate  food sources  t o  suppor t  a s u f f i c i e n t l y  s t r o n g  army 

-- is not  c l e a r ,  b u t  i t  is  evident  t h a t  i n  Polynesian times 

c o n t r o l  over Puna w a s  wielded by t h e  border ing  d i s t r i c t s  of 

H i lo  and Ka'u. 

During a l l  of i t s  known h i s t o r y ,  

Consequently,  t h e r e  are r e l a t i v e l y  few a rchaeo log ica l  

s i tes  i n  Puna, i n  comparison w i t h  t h e  Kona c o a s t  o r  t he  north-  

w e s t  corner  of t h e  I s l and  of H a w a i i ,  and t h e r e  i s  no major 

s i t e  of archaeological research in t e re s t  i n  the Di s t r i c t .  

The few s i tes  t h a t  e x i s t  l i e  p r i n c i p a l l y  a long the  c o a s t ,  

some d i s t a n c e  from l i k e l y  areas of geothermal development, 

which are along t h e  r i f t  zones in l and .  

The most ex tens ive  a rchaeo log ica l  s i t e  complex i n  Puna 

i s  Kahuwaii V i l l age  a t  Makaukiu, above Cape Kumukahi, t h e  

easternmost  promontory of t h e  I s l a n d .  Around the  cape t o  

t h e  sou th ,  near  Isaac Hale Park,  i s  F!ahinaakaka he iau ,  i n  

'-- 



i ts  e a s t e r n  w a l l .  Another t e n  miles down t h e  coas t  are two 

a d d i t i o n a l  heiaus and a d j a c e n t  s i tes  wi th  petroglyphs , a t  

Apua and Wahaula-Puuloa. ' 

More pe t roglyphs  are found near  Kapoho, about t h r e e  

miles in l and  from Cape Kumukahi, and almost fou r  miles from 

t h e  exp lo ra to ry  geothermal w e l l .  These f i g u r e s  are  unusual  

i n  t h a t  they are c u t  i n t o  t h e  f a c e  of l a r g e r  u p r i g h t  b a s a l t i c  

s l a b s ,  i n s t e a d  of t h e  u s u a l  f l a t  pahoehoe. 

In t h e  same g e n e r a l  area, approximately two miles n o r t h  

of Kapoho, are t h e  r u i n s  of Kukii  Heiau, r epea ted ly  robbed 

of i ts  s t o n e  -- f o r  t h e  b u i l d i n g  of t h e  foundat ion  w a l l s  of 

I o l a n i  Palace i n  Honolulu i n  1879, aga in  f o r  Queen Kap io lan i ' s  

r e s idence ,  and more r e c e n t l y  f o r  o t h e r  c o n s t r u c t i o n .  

With t h e  excep t ion  of t h e  pe t roglyphs  a t  t h e  Kapoho dome, 

none of t h e  a r c h a e o l o g i c a l  s i tes of Puna seem t o  b e  i n  t h e  

pa th  of l i k e l y  geothermal  development i n  t h e  D i s t r i c t .  I f  

t h e  Kapoho area is planned o r  au tho r i zed  f o r  development,  

p r o t e c t i o n  of t h e s e  pe t roglyphs  should be  assured  b e f o r e  

t h e  development beg ins .  

b . HGP-A Well C h e m i s t r y :  
Water and L igh t  Elements* 

A n a l y t i c a l  R e s u l t s  

In g e n e r a l  t h e  pH is  low. Below t h e  cased p o r t i o n  of 

t h e  w e l l  ( 692 m (2270 f t . ) ) ,  t h e  pH r a r e l y  exceeds 5 .0 .  

7 1  

*Based l a r g e l y  on Kroopnick e t  a l .  H y d r o l o g  and Geochemistry 
of a Hawaiian Geothermal System: HGP-A. H a w a i i  I n s t i t u t e  o f  
Geophysics. Un ive r s i ty  of H a w a i i .  May 1 9 7 8 .  



The February 14,  1977 depth  p r o f i l e  c o l l e c t e d  s h o r t l y  a f t e r  

t h e  w e l l  w a s  quenched represented  t h e  only set of samples 

w i t h  s i g n i f i c a n t l y  h ighe r  pH va lues  as a func t ion  of depth.  

A t  p r e s e n t ,  t h i s  sample is  regarded as anomalous, bu t  t h e  

r e a d e r  should n o t e  t h a t  t h e  anomaly p e r s i s t s  f o r  a l l  water 

q u a l i t y  parameters analyzed from t h e  sample c o l l e c t e d  t h a t  

day. These samples a l s o  show high  va lue  of conduc t iv i ty ,  

s a l i n i t y ,  c h l o r i d e ,  and major c a t i o n s .  I n c l u s i o n  of t h i s  

sample w i l l  raise t h e  va lues  i n  s t a t i s t i ca l  r e p o r t i n g ,  as 

i l l u s t r a t e d  i n  Table 8. Depth samples taken immediately 

a f t e r  cont inuous flow d i scha rge  would b e  d e s i r a b l e  i n  

f u t u r e  tests t o  f u r t h e r  eva lua te  t h e  February 1977 depth  

p r o f i l e  r e s u l t s .  

Because of t h e  interdependence of conduc t iv i ty ,  s a l i n i t y  

and c h l o r i d e  and t h e  s i m i l a r i t y  of depth p r o f i l e s ,  they are 

presented  toge the r .  In  gene ra l ,  a l l  t h r e e  exh ib i t ed  low 

va lues  i n  comparison wi th  those  f o r  open ocean water. The 

t h r e e  parameters can be  c h a r a c t e r i z e d  as r e l a t i v e l y  f r e e  of 

v a r i a t i o n  wi th  depth.  Mean and median va lues  f o r  conduc- 

t i v i t y  were 3,500 wmho/cm and 3,100 umho/cm, r e s p e c t i v e l y ,  

wi th  t h e  s tandard  d e v i a t i o n  of 1,360 pmho/cm and c o e f f i c i e n t  

of v a r i a t i o n  of 39%. 

As with  conduc t iv i ty ,  s a l i n i t y  va lues  a re  low. Typica l  
-. 

open ocean s a l i n i t y  nea r  H a w a i i  is  3.34%. The mean and 

median s a l i n i t y  of che depth samples were 2 . 6 %  and 2.3%, 

r e s p e c t i v e l y .  The s tandard  dev ia t ion  

72 
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of a l l  samples  w a s  1 .0%. This c o r r e s p o n d s  t o  a c o e f f i c i e n t  

of  v a r i a t i o n  of 39%. C h l o r i d e  a l s o  e x h i b i t e d  low v a l u e s  and 

s m a l l  f l u c t u a t i o n s  as a f u n c t i o n  of d e p t h  ( f i g .  2 ) .  T y p i c a l  

v a l u e s  f o r  c h l o r i d e  i n  sea water approach 19,000 mg/i .  

Depth sampl ing  i n d i c a t e d  a mean c h l o r i d e  c o n c e n t r a t i o n  of 

1,040 mg/R and a median c o n c e n t r a t i o n  of 925 mg/g, e q u i v a l -  

e n t  t o  a p p r o x i m a t e l y  5% of ocean  water. S t a t i s t i c a l l y ,  t h e  

s t a n d a r d  d e v i a t i o n  of the samples  w a s  465 mg/t  and t h e  co- 

e f f i c i e n t  of v a r i a t i o n  w a s  45%. 

All measurements i n d i c a t e d  abnormal ly  h i g h  s i l i ca  levels 

a t  t h e  HGP-A w e l l  when compared w i t h  normal  H a w a i i  ground 

w a t e r  and surface ocean w a t e r .  Ground w a t e r  s i l i c a  levels 

r a r e l y  exceed 80 mg/L. S i l i c a  c o n c e n t r a t i o n s  a t  d e p t h  i n  

t h e  HGP-A w e l l  showed a mean of 440 mg/2 and a median of 

420 mg/L. The p e r c e n t a g e  make-up of v o l c a n i c  r o c k  forms i n  

t h e  K i l a u e a  area i s  a p p r o x i m a t e l y  SO%, fo l lowed d i s t a n t l y  

by aluminum o x i d e  (Al2O3) a t  12% ( S t e a r n s  and Macdonald, 

1946; S t o n e ,  1977a) .  I n d i v i d u a l  s i l i c a  p r o f i l e s  showed 

l i t t l e  v a r i a t i o n  w i t h  d e p t h ,  b u t  l a r g e  v a r i a t i o n s  were 

observed between sampl ing  p e r i o d s .  The s t a n d a r d  d e v i a t i o n  

w a s  230 mg/L. The c o e f f i c i e n t  of v a r i a t i o n  vas 5 2 % .  

S u l f i d e  d a t a  c o n t a i n e d  i n  t h e  HGP-A w e l l  d e p t h  p r o f i l e s  

(F ig .  3) i n d i c a t e d  h i g h  levels.  Any t r e n d  w i t h  r e s p e c t  t o  

d e p t h  i s  n o t  a ? p a r e n t  b e c a u s e  of r e l a t i v e l y  few da ta  p o i n t s  

and p o s s i b l e  i n c o n s i s t e n c i e s  i n  sample p r e s e r v a t i o n  and 

a n a l y t i c  methods.  The d a t a  a v a i l a b l e  t o  d a t e  e x n i b i t  mean 

and median s u l f i d e  c o n c e n t r a t i o n s  of 135 mglR and 100 rng/R, 
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r e s p e c t i v e l y .  

Analysis  of c a t i o n  concen t r a t ions  w a s  n o t  a c t i v e l y  

pursued i n  dep th  samples p r i o r  t o  December 1976. As w i t h  

a l l  o t h e r  p r o f i l e d  water q u a l i t y  parameters, t h e  c a t i o n s  

appear r e l a t i v e l y  f r e e  of v a r i a t i o n  wi th  depth .  

1 4  samples are a g a i n  regarded  as a p o s s i b l e  anomaly. The 

f a c t  t h a t  t h e  same anomaly is p r e s e n t  i n  t h e  seven parameters  

analyzed confirms t h e  a n a l y t i c a l  v a l i d i t y  of t h e  anomaly; 

and t h e  absence o f  p o s s i b l e  sample contaminat ion would imply 

t h a t  t h e  water e n t e r i n g  a t  692-m (2270 f t . )  depth had a 

B e  February 

h i g h e r  p ropor t ion  of sea water o r  s a l i n e  water than  water 

e n t e r i n g  a t  o t h e r  depths  i n  t h e  w e l l  on t h a t  occasion. 

Low-flow depth  p r o f i l e s  w e r e  ob ta ined  i n  o r d e r  t o  test 

whether t h e r e  is a s i g n i f i c a n t  f low i n t o  t h e  w e l l  a t  692 m 

(2270 f t . ) .  The t e s t  procedure was t o  a l low t h e  w e l l  t o  

d i scha rge  a t  a ra te  j u s t  s l o w  enough t o  prevent  f l a s h i n g  

(50 ga l /min ) ,  thus  p e r m i t t i n g  a q p i f e r  water t o  e n t e r  t h e  

w e l l  and perhaps p e r m i t t i n g  t h e  normal c i r c u l a t i o n  of water 

wi th  t h e  count ry  rock.  T e s t  r e s u l t s  of water samples col-  

l e c t e d  a t  732 rn (2400 f t . ) ,  692 m (2270 f t . ) ,  and 638 m 

(2092 f t . )  show r e l a t i v e l y  s m a l l  changes i n  c o n s t i t u e n t  

concen t r a t ions  as a f u n c t i o n  of depth ( F i g .  4 ) .  Most 

water q u a l i t y  parameters  e x h i b i t e d  a range of v a r i a t i o n  of 

less than 10% of e i t h e r  t h e  mean o r  median va lues  f o r  each 

parameter. Magnesium and calcium demonstrate  t h e  l a r g e s t  

v a r i a t i o n ,  b u t  t h e s e  va lues  a r e  s u b s t a n t i a l l y  below t h e  

median l e v e l  f o r  t h e  no-flow depth sampling program.  The 
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The samples  c o l l e c t e d  from 692 m (2270 f t )  appear  

The h i g h e s t  and l o w e s t  
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r e s u l t s  sugges t ,  b u t  do no t  conc lus ive ly  show, t h a t  t h e r e  

w a s  s i g n i f i c a n t  i n f i l t r a t i o n  of water of d i f f e r e n t  q u a l i t y  

than  t h a t  a l r e a d y  p resen t  i n  t h e  w e l l .  

of t h e  well could b e  r e s p o n s i b l e  f o r  t h e  small s h i f t s ,  because 

a t  t h e  t i m e  of sampling only approximately 7000 g a l l o n s  of 

water were withdrawn from a w e l l  whose volume is approximately 

18,000 g a l l o n s .  

I n s u f f i c i e n t  f l u s h i n g  

The cont inuous flow c o n d i t i o n  w a s  c h a r a c t e r i z e d  by w e l l  

d5scharge du r ing  f l a s h i n g .  Samples of t h e  w e l l  f l u i d  are 

c o l l e c t e d  and condensed a t  t h e  condensate  sampling s t a t i o n .  

Subsequent t o  steam s e p a r a t i o n ,  t h e  l i q u i d  p o r t i o n  of t h e  well 

f l u i d  i s  sampled from t h e  weir box. The r e s u l t s  of t h e  

January-February 1977 cont inuous f low t e s t  are d i scussed  h e r e  

i n  d e t a i l .  

A s t e a d y  s ta te  c o n d i t i o n  f o r  pH was e s t a b l i s h e d  r a p i d l y  

i n  both  w e i r  e f f l u e n t  and condensate  samples .  The s t eady  

s ta te  pH va lue  w a s  8.5 a t  t h e  w e i r  and 4.8 i n  t h e  condensate .  

The pH i n c r e a s e  i n  t h e  w e i r  sample is expected s i n c e  most 

of t h e  a c i d i c  gases  (C02, H2S) were lost t o  t h e  steam phase,  

e x i t i n g  t h e  cyc lone  s e p a r a t o r .  As w i t h  t h e  depth p r o f i l i n g ,  

t h e  in te rdependence  .of e l ec t r i ca l  c o n d u c t i v i t y ,  s a l i n i t y ,  

and c h l o r i d e s  a f f o r d s  a convenient  s imultaneous e v a l u a t i o n .  

I n  g e n e r a l ,  a l l  three parameters  apDear t o  be approaching 

o r  t o  have reached a s t e a d y - s t a t e  concen t r a t ion  i n  t h e  weir 

samples .  The time requ i r ed  t o  reach o r  approach s t e a d y  

s t a t e  is on t h e  o rde r  of two t o  three days and i s  thus  

cons iderably  longer  than  f o r  pH. The s t e a d y - s t a t e  v a l u e  f o r  
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conduc t iv i ty  is about  5900 pmho/cm f o r  w e i r  samples.  Because 

of miss ing  samples, t h e  s teady-state  v a l u e  f o r  t h e  condensate 

samples was no t  a v a i l a b l e  over the e n t i r e  sampling per iod .  

The conduc t iv i ty  of t h e  condensate samples never exceeded 

2400 pnho/cm. S a l i n i t y  appeared t o  l e v e l  o f f  a t  approximately 

4.6% f o r  w e i r  samples. As with  conduc t iv i ty ,  t h e r e  is no 

d e f i n a b l e  s t eady- s t a t e  va lue  f o r  t h e  condensate  water f o r  

s a l i n i t y  because of missing samples. The s a l i n i t y  of t h e  

condensate samples never exceeded 1.4%. Chlor ide  appeared 

t o  l e v e l  o f f  near  2600 mg/R f o r  w e i r  samples.  

level is approximately 850 mg/R. 

The condensate 

These and several o t h e r  chemica:L parameters  i nd ica t ed  

a d i s c o n t i n u i t y  o r  abrupt  reversal i n  concen t r a t ion  fou r  

hours  a f t e r  t h e  s tar t  of f l a s h i n g .  

t i m e  necessary  t o  d ischarge  one t o t a l  w e l l  volume of l i q u i d .  

This w a s  c l o s e  t o  t h e  

Thus, t h e  concen t r a t ion  d i s c o n t i n u i t y  might r e f l e c t  t h e  

f l u s h i n g  of t h e  bo re  i n  order  t o  o b t a i n  a t r u e r  a q u i f e r  water 

sample and hence be  i n d i c a t i v e  of more than  one source  of 

t he  recharging water. 

R e l i a b l e  a l k a l i n i t y  d a t a  can only be obtained by mea-  

surement of t h e  samples i n  t h e  f i e l d .  Unfor tuna te ly ,  l ack  

of manpower prevented measurement of a l k a l i n i t y  on any 

samples  o the r  than  those  c o l l e c t e d  i n  January 1977.  The 

a l k a l i n i t y ,  repor ted  as calcium carbonate  (CaC03) , w a s  

a c t u a l l y  present  as t h e  carbonate  (COT) s p e c i e s  due t o  t h e  

high pH observed. The concen t r a t ion  v a r i a t i o n  wi th  t i m e .  i s  

e r r a t i c  and d id  riot i n d i c a t e  any s teady  s t a t e .  There 
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appeared t o  be  a s t e a d y - s t a t e  concen t r a t ion  of s i l i c a  of 

about 135 mg/R i n  t h e  weir d i scha rge ,  whereas t h e  concentra- 

t i o n  i n  the condensate  w a s  about 285 m g / R  (F ig .5 ) .  Between 

t h e  condensate  sampling p o r t  and t h e i r  w e i r  d i s c h a r g e ,  a 

l a r g e  p ropor t ion  of t h e  s i l i c a  was l o s t ,  probably as a 

r e s u l t  of p r e c i p i t a t i o n .  Based on an average v a l u e  of 70% 

f o r  steam q u a l i t y  and a t o t a l  mass flow rate  of 76,000 l b / h r ,  

t h e  r e s u l t a n t  l o s s  i n  s i l i c a  amounts t o  approximately 

450 lb /day .  With t h e  excep t ion  of magnesium, a l l  c a t i o n s  

exh ib i t ed  a near  s t e a d y - s t a t e  c o n d i t i o n  a f t e r  a r e l a t i v e l y  

long (36-hr) equ i l ib r ium pe r iod .  As wi th  t h e  ma jo r i ty  of 

parameters, d a t a  were i n s u f f i c i e n t  t o  d e f i n e  t h e  s teady-  

s ta te  concen t r a t ions  f o r  t h e  condensate .  Sodium reached a 

s t e a d y - s t a t e  c o n c e n t r a t i o n  of approximately 1300 mg/L 

i n  t h e  w e i r  samples b u t  never  exceeded 400 mg/R i n  t h e  

condensate  samples.  Potassium l e v e l l e d  o f f  a t  t h e  never 

exceeded 70 mg/R. 

is 80 mg/R. The condensate  calcium concen t r a t ion  never 

exceeded 20 mg/R. 

The s t e a d y - s t a t e  concen t r a t ion  f o r  calcium 

The concen t r a t ions  of t h e  t r a n s i t i o n  metals copper ,  

chromium, and n i c k e l  were a l l  less than  0 . 1  mg/R ( l i m i t  o f  

d e t e c t i o n ) .  The z i n c  and manganese concen t r a t ions  were about 

.20 mg/R on u n f i l t e r e d  samples .  Vercury i s  p re sen t  and . 

v a r i e s  from less than 50 ug/Z a t  t h e  end of t h e  product ion 

tes t  t o  s e v e r a l  hundred a t  t h e  beginning ( S .  and B .  S i e g e l ,  

pe r sona l  communication). Cadmium and lead  were b a r e l y  

measurable a t  t h e  .Ol-mg/R d e t e c t i o n  l e v e l .  

A 
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c. HGF-A Well Chemistry: 
Mater and Heavy Elements 

The expec ta t ion  that HGP-A geothermal  f l u i d s  would 

resemble t h o s e  found in I ce l and ,  New Zealand and elsewhere 

(and vo lcan ic  areas g e n e r a l l y )  i n  heavy elements conten t  

has  been d i scussed  above. 

The earliest water samplings,  c a r r i e d  ou t  i n  May 1976 

and aga in  when t h e  w e l l  w a s  f l a s h e d  i n  J u l y  y i e lded  levels 

of z. 0.005 mg.!L-l, above e s t a b l i s h e d  s a f e  limits f o r  

p o t a b l e  water (Table 12). With cont inuous f low however, t h e  

Hg l e v e l  cont inued t o  f a l l .  A t  shutdotsn in Yovember of 

t h a t  y e a r ,  a concen t r a t ion  of 0.001 mg.!L-l was found which 

remained s t e a d y  through August 1 9 7 7 .  By J u l y  1978, the Hg 

level had f a l l e n  below 0.0004 mg. !L-I. 

The o t h e r  heavy metals examined inc luded  cadmium, l e a d ,  

t ha l l i um,  a r s e n i c ,  copper and z i n c  (Table 13). O f  t h e s e  Cd, 

Cu, Zn and Hg m e t  p o t a b l e  water q u a l i t y  s t anda rds .  Pb and 

As may have been t o o  h igh  f o r  d r ink ing  s t anda rds  b u t  c e r t a i n l y  

m e t  t h e  requi rements  f o r  i r r i g a t i o n  usage on c rops .  

No water s t a n d a r d s  have been se t  f o r  t he l l i um,  a h i g h l y '  

t o x i c  metal. It  is i n f r e q u e n t l y  encountered i n  n a t u r e ,  bu t  

81 

has been found i n  some soil samples in t h e  area around HGP-A. 
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Table 1 2 .  A Condensed Water and A i r  Mercury Chronology 
a t  HGP-A 

Date Well S t a t u s  Air Water 
p8.m-3 mg. 2-1 

May 75 Pre -d r i l l i ng  :t . 1 - 
May 76 P o s t - d r i l l i n g  :t . 2 0.0046 

J u l y  76 Flashing 9 . 9 0.005 

Nov. 76 Shut -down 10.0 0.001 

Aug. 77 Flow test  0.8 0.001 

J u l y  78 Shut -down 1 . 2  0.0004 



Table  13. Heavy Metal Content  of HGP-A Sur face  Waters 

(During Flashing) 
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Heavy Metal Dr inking  Water Well 
EPA-600/7-78-101 June  '78 Sampling 

Cd 

Pb 

T1 

As 

cu 

Zn 

Hg 

rng '11 -1 

0.01 <0.01 

0.05 (5>k 

- 
0.05 ( l . O ) *  

1 .o 

5 

0.002 

<1 .o 

< 1  .I) 

< 0 . 5  

<o .01 

<O ,035 

<O .0004 

* L i m i t  f o r  A g r i c u l t u r a l  waters (U. S .  Dept.  I n t .  1Q68, Fed. Water 
P o l l u t  . Contro l  Admin.) . Lower levels, e. g .  0 . 1  mg- 2-l  have been 
sugges ted ,  b u t  0.5 mg.k-1 seem t o  b e  t h e  tox ic  th re sho ld  f o r  
c rops .  
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Such a r e s u l t  could b e  i n t e r p r e t e d  as r e p r e s e n t i n g  a very 

o ld  age f o r  the water ( 12,500 t o  13:,900 y e a r s ) .  These ages 

are much g r e a t e r  than  any that have ever been measured f o r  

a Hawaiian dike-confined ground w a t e r .  

i n t e r p r e t  t h e  

model proposed above. According t o  t h i s  model, t h e  l i ve  

carbon con t r ibu ted  by ground water p lus  ocean water could b e  

Thus, w e  p r e f e r  t o  

d a t a  as f u r t h e r  conf i rmat ion  of t h e  mixing 

20% (+lo%) - of t h e  t o t a l ,  which e a s i l y  accounts  f o r  t h e  

apparent  d e p l e t i o n  of C 1 4  i n  t h e  samples.  

tremely h igh  p o r o s i t y  of t h e  surround.ing rock ,  s e v e r a l  tons  

of organic  matter (cot tonseed h u l l s ,  bagasse ,  ...) were 

i n j e c t e d  i n t o  t h e  w e l l  dur ing  d r i l l i n g .  

t h a t  t h i s  material has  been c l e a r e d  from t h e  w e l l ,  i t  i s  

p o s s i b l e  t h a t  some of t h e  modern carbon (C 14 ) is  coming 

from t h e  ox ida t ion  of t h i s  organic  m a t e r i a l .  

Due t o  t h e  ex- 

While w e  b e l i e v e  

The t r i t i u m  r e s u l t s  showed va lues  of less than  0.2 TU, 

i n d i c a t i n g  t h a t  no bomb-produced t r i t i u m  has  en te red  t h e  

a q u i f e r  and t h a t  an age of g r e a t e r  than  50 yea r s  is expected. 

Due t o  t h e  errors d i scussed  above, i t  is of course p o s s i b l e  

t h a t  t h e  w a t e r  has  a n  age of up t o  s e v e r a l  thousand y e a r s ,  

b u t  i t  i s  impossible  t o  r e s o l v e  such a t i m e  span wi th  t h e  

present  d a t a .  

CONCLUSIONS 

(1) The water q u a l i t y  sampling program of t h e  HGP-A w e l l  

cons i s t ed  of a series of f i v e  dovnhole water samplings a t  

var ious  depths  under no-discharge cond i t ion ,  one s imi la r  

sampling under very  l o w  d i scha rge  cond i t ion ,  and water 



q u a l i t y  monitor ing of t h e  d i scha rge  of t h e  longes t  d i scha rge  

t e s t ,  March-Mfy 1977. 

water samples are: pH, 5;  c o n d u c t i v i t y ,  3100 pmho/cm; s a l i n i t y ,  

2.3%; c h l o r i d e ,  925 mg/i ;  s i l i c a  as Si02,  420 mg/a. ; mapesium, 

1 mg/R. T r i t i u m  v l a u e s  of t h r e e  samples a l l  showed less than  

0.2 TU, o r  a t  least 50 yea r s  o l d .  The HGP-A w e l l  water is 

s l i g h t l y  s a l i n e  and con ta ins  about 5-10 pe rcen t  ocean water. 

The w e l l  water has  l o s t  a s m a l l  amount of potassium and 

n e a r l y  a l l  of i t s  magnesium as compared wi th  d i l u t e d  ocean 

water,  probably because of subsu r face  geothermal-geochemical 

e f f e c t .  The maximum w e l l  f l u i d  tempera tures  of 358' C 

(676' 3') is  h ighe r  than  t h a t  of any Hawaiian ground water. 

(2) 

is  p r i n c i p a l l y  a mixture  of water and water vapor .  

accounts  f o r  66-70 pe rcen t  of t h e  mixture  as computed from 

water chemis t ry  d a t a  and confirmed by thermodynamic compu- 

t a t i o n s .  

(3) The measured chemical  parameters of t h e  w e l l  under 

no-discharge cond i t ions  d id  n o t  v a r y  much wi th  depth even a t  

t h e  w e l l  bottom (1983 my 5851 f t . ,  below sea l e v e l ) .  This  

The median v a l u e s  f o r  t h e  downhole 

The HGP-A w e l l  f l u i d ,  when d ischarged  from t h e  w e l l ,  

Steam 

sugges t s  t h e  p o s s i b l e  e x i s t e n c e  of deep d ikes  o r  i n t r u s i v e  

bodies  loca t ed  on t h e  ocean s i d e  of t h e  w e l l  and a c t i n g  as 

b a r r i e r s  a g a i n s t  sea water encroachment. 

(4) ?ass ba lance  c a l c u l a t i o n s  involv ing  carbon,  i t s  i so topes  

C 1 4  and C 1 3 ,  and water and 0 l 8  i n d i c a t e  t h a t  10 percent  of 

t he  water comes from the ocean, 66 percent  from ground wa te r ,  

and 24 percent  from a hydrothermal sou rce .  The radiocarbon 



a c t i v i t y  of 20 percent  of modern CO2 i s  a t t r i b u t e d  t o  

d i l u t i o n  of ground and shal low hydrothermal waters wi th  

dead magmatic carbon. 

cs 
( 5 )  During the f low tests, t h e  concen t r a t ions  of t h e  

water q u a l i t y  parameters i n  t h e  d i scha rge  appeared t o  

approach a s t eady  s ta te  a f t e r  one t o  t h r e e  days.  The 

prolonged per iod r equ i r ed  t o  reach  a s t eady- s t a t e  con- 

c e n t r a t i o n  sugges ts  incompleteness of w e l l  development o r  

low, pe rmeab i l i t y  of t h e  format ion ,  o r  bo th .  The t r ans -  

m i s s i v i t y  of 1 mi l l idarcy- foot  is  about  5 o rde r s  of magni- 

tude smaller than  t h a t  f o r  normal product ive  H a w a i i  water 

w e l l s  t h a t  are of much shal lower depth than  HGP-A. The 

water d i scha rge  r a t e  of HGP-A is  small and on t h e  order  

of 30 gpm, al though the t o t a l  w e l l  d i s cha rge  (water p lus  

steam) w a s  76,000 l b / h r  (equiva len t  t o  150 gpm). 

( 6 )  Curing t h e  January-February 15-day flow tes t ,  t h e  

s t eady- s t a t e '  concen t r a t ions  of t h e  major water ions  i n  1 

t h e  water po r t ion  of t h e  d i scha rge  (weir)  w e r e :  pH, 8 .5;  

conductivity, 5900 pmho/cm; salinity, 4 . 6 % ;  chloride, 

3600 mglt ;  s i l i c a ,  135 mg/t;  sodium, 1300 mg/t; potassium, 

225 mg/t;  calcium, 80 mg/t. A l a r g e  amount of s i l i c a  w a s  

p r e c i p i t a t e d  o u t ,  whi le  t h e  a c i d i c  gases C02 and H2S were 

l o s t  t o  t h e  steam phase.  

(7)  The water l e v e l  i n  t h e  w e l l  rises from about 275 n 

(900 f t . )  below ground l e v e l  two days a f t e r  w e l l  shu t - in  

t o  about 30 m (100 f t . )  below ground l e v e l  22 days a f t e r  

w e l l  shut- in .  This behavior  resembled semi-logarithmic 
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recovery  in an a r t e s i a n  water w e l l .  The slowness of t h e  

rise is, however, no t  t y p i c a l  of a r t e s i a n  water w e l l  r esponse  

b u t  may r e f l e c t  a c c n d i t i o n  analogous t o  a leaky  a q u i f e r  o r  

may b e  caused by a combination of t h e  incomplete  well devel-  

opment a l r eady  noted and the recharge  e f f e c t s  of t h e  w e l l  

f l u i d s  . 
(8) The moderately h i g h  rainfall  (mean annual ,  318 cm 

(125 i n . ) )  and t h e  h igh  s u r f i c i a l  pe rmeab i l i t y  of t h e  Puna 

area permit  s u b s t a n t i a l  r a i n  water i n f i l t r a t i o n .  The 

c i r c u l a t i o n  of subsu r face  water, whether i t  i s  i n f i l t r a t e d  

r a i n  water o r  ground water t r ansmi t t ed  t o  t h e  Kapoho area, 

is s t i l l  open t o  i n t e r p r e t a t i o n  because o f  u n c e r t a i n t y  

about geologic  format ions  f o r  t h e  area. It  i s  f a i r l y  

c e r t a t n  t h a t  t h e  Kapoho r e s e r v o i r  is  probably i n  poor 

h y d r a u l i c  communication wi th  ocean water. I t  is c e r t a i n ,  

however, t h a t  t h e  ground water hydro log ic  regime tapped by 

HGP-A i s  d i s t i n c t l y  d i f f e r e n t  f r o m  t h a t  of ad jacen t  ground 

water (as c l o s e  as 1.5 km (1 mi.) from t h e  w e l l ) .  The 

a d j a c e n t  ground water is known t o  be  b a s a l  water d i r e c t l y  

recharged by contemporary r a i n  water and only mi ld ly  

a f f e c t e d  by geothermal sources  as r e f l e c t e d  by w 2 r m  temper-  

a t u r e  and a s h i f t  i n  t h e  r e l a t i v e  p ropor t ion  of t h e  chemical 

c o n s t i t u e n t s .  

1 
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The March-May 1977 flow t e s t  d a t a  are g e n e r a l l y  c o n s i s t e n t  

with p r i o r  f low test d a t a  i n  terms of p a t t e r n s  and t r e n d s .  

However, the magnitude of many water q u a l i t y  parameters  

i nc lud ing  c h l o r i d e ,  conduc t iv i ty ,  s a l i n i t y ,  s i l i c a ,  sodium, 

and potassium reached h ighe r  va lues  f o r  t h i s  , t h e  longes t  

f low test permi t ted  s o  f a r .  For example, t h e  c h l o r i d e  

concen t r a t ion  i n  t h e  w e i r  samples inc reased  from gene ra l ly  

2500 mg/% or  less f o r  t h e  f i r s t  t h r e e  tes ts  t o  about 3200 

mg/R i n  t h e  l a s t  t e s t  (F ig .6) .  This  i n c r e a s e  may b e  i n t e r -  

p re t ed  as a n  i n d i c a t i o n  o f  drawing of h ighe r  s a l i n e  water 

i n t o  t h e  geothermal r e s e r v o i r  as w e l l  d i scha rge  is  maintained 

over a long per iod  of t i m e .  

Discuss ion  and Conclusions 

The r e s u l t s  of t h e  cont inuous flow series i n d i c a t e  t h a t  

a f t e r  t h e  i n i t i a l  f l u s h i n g ,  most of t h e  parameters e x h i b i t  

a slow bui ldup  toward a s t eady  s t a t e .  This  is  n o t  t y p i c a l  

f o r  t h e  normal Hawaiian ground water w e l l .  I n  g e n e r a l ,  

Hawaiian water w e l l s  ach ieve  qnick equ i l ib r ium wi th  r e s p e c t  

t o  drawdown w i t h i n  a f e w  minutes and w a t e r  q u a l i t y  parameter 

concent ra t ions  w i t h i n  one-half hour  of a c t i v a t i o n ,  r e f l e c t i n g  

t h e  h igh  permeabi l i ty  of t h e  a q u i f e r  rock s t r u c t u r e .  HGP-A'S 

r e t a rded  equ i l ib r ium per iod  appeared a t t r i b u t a b l e  , a t  l eas t  

i n  p a r t ,  t o  low rock permeabi l i ty  and i n  par t  probably t o  

incomplete c l e a r i n g  of d r i l l i n g  mud from t h e  surrounding 

rock.  The average formation t r a n s m i s s i b i l i t y  a t  t h e  HGP-A 

w e l l  is  approximately 1 mi l l i da rcy - foo t ,  based on pre l iminary  

a n a l y s i s  of f low tes t  d a t a  (Chen e t  a l . ,  1976) .  This  magnitude 
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Figure  6 .  The c h l o r i d e  concen t r a t ions  of samples c o l l e c t e d  from 
t h e  w e i r  p l o t t e d  ve r sus  t h e  d a t e  of sampling. 
a f t e r  each w e l l  ha s  not  reached equ i l ib r ium wi th  t h e  surrounding 
waters. 
by (1-f) where f is  t h e  steam f r a c t i o n  of t h e  d i scha rge .  

The s t eady  r ise 

To compare t h e s e  r e s u l t s  t h e  r eade r  must mu l t ip ly  them 
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f =  
- 
1 - -  c.l 

C '  - w I  

is  i n  c l o s e  agreement  w i t h  t h a t  computed u s i n g  e n t h a l p y  

and thermodynamic d a t a  (Chen e t  a l . ,  1976) (Table  1 4 ) .  

A p l o t  of t h e  c a t i o n  e q u i v a l e n t s  p l o t t e d  as a f u n c t i o n  

of c h l o r i d e  e q u i v a l e n t s  can  b e  used t o  assess the p r o p o r t i o n  

of sea water i n  a set of samples .  The sea water d i l u t i o n  



Table 14. HCP-A steam qua l i ty  (%) 

Sampling Date/Time Conductivity Chloride Sodium Computed from Average Thermodynamic Data 

26 January 1977 
4 : 3 0  p.m. 

26 January 1977 
8:OO p.m. 

26 January 1977 
12:Ol a.m. 

26 January 1977 
8 : O O  a.m. 

68 71 75 68 58 

69 70 69 70 77 

65 

69 

63 67 66 

65 71 69 

84 

81 

Average for  Parameter 68 66 67 7 1  75 
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l i n e  acts as a r e fe rence  f o r  t h e  l i n e a r  r e g r e s s i o n  l i n e  of 

t h e  sample p l o t s .  Sodium, calcium, and potassium a l l  e x h i b i t  

p a r a l l e l i s m  with r e s p e c t  t o  t h e  d i l u t e d  sea water over a 

f u l l  magnitude of c h l o r i d e  concen t r a t ions .  Sodium is  w i t h i n  

experimental  e r r o r  of overlapping the  r e f e r e n c e  l i n e .  Po- 

tass ium is deple ted  by about 56%. Calcium shows cons ide rab le  

scatter about t h e  sea water d i l u t i o n  l i n e .  Magnesium i s  

conspicuous by i t s  extreme d e p l e t i o n  (95 t o  100%). The 

r e s u l t s  of t h e s e  ana lyses  show c l e a r l y  t h a t  t h e  water 

samples were about 90% d i l u t i o n s  of sea w a t e r  wi th  a sub- 

s t a n t i a l  l o s s  of potassium and an almost complete l o s s  of 

magnesium. 

geothermal systems ( E l l i s ,  1970; Arnorsson, 1974; Kristmanns- 

d o t t i r  and Tomasson, 1974) and i n  deep-sea sediment pore  

f l u i d s  (Gieskes,  1973). The r e a c t i o n  of f reshwater  and 

seawater mixtures  wi th  c l a y  minerals  can b e  descr ibed  by 

equat ions  such as those  t h a t  fol low: 

These e f f e c t s  have been observed p rev ious ly  i n  

2KA1Si3o8 + 4H20 + 4C02 = 2K* + 4HC03 + 4Si02 + A12Si205(0H)4/ 
K-feldspar meteoric  K a o l i n i t e  (1) 

water 

3Al2Si2O5(OH)4 -t- 2K' + 2HCO5 = ZK(AlSi04)A12(OH)2'02(Si~O4) + 5H20 + 
K a o l i n i t e  s a l i n e  water I l l i t e  (2) 

K a o l i n i t e  s a l i n e  w a t e r  C h l o r i t e  ( 3 )  
2A12Si205(0H)4 4- Mg* + HCO? = MgloA12(Si6A12)20(0H)6 + H20 -I- C02. 

Equation (1) r e p r e s e n t s  t h e  primary chemical weather ing 

of an igneous rock t o  a c l a y .  Sodium and calcium f e l d s p a r s  

are cormnonly found i n  b a s a l t .  Equations (2) and (3) repre-  

s e n t  low temperature  ion-exchange r e a c t i o n s  t h a t  can occur 

i n  a weathered b a s a l t .  The r e a c t i o n  of k a o l i n i t e  wi th  sodium 

2co 
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i o n  produces t h e  c l a y  mine ra l  montmor i l lon i te .  In a petro-  

g raph ic  d e s c r i p t i o n  of the c u t t i n g s  and c o r e  obtained 

du r ing  the d r i l l i n g  of HGP-A, Stone (1977) r epores  t h a t  

montmor i l lon i te  i s  t h e  dominant c l a y  minera l  between 594 m 

(1950 f t . )  and 1189 m (3900 f t . ) .  Below 1189 m (3900 f t . )  

c h l o r i t e  is t h e  dominant c l a y ;  minor amounts of a c t i n o l i t e  

(Ca2(Hg,Fef2)5 (Si4O11) 2(0H) 2) and a l b i t e  (NaAlSi.308) a l s o  

are p resen t .  Thus, t h e s e  r e a c t i o n s  can  e x p l a i n  t h e  observed 

d e p l e t i o n s  of potassium and magnesium. 

Mahon (1966) and Fournier  and Rowe (1966) observed 

independent ly  t h a t  t h e  s i l i c a  con ten t  of high-temperature  

waters  w i t h i n  hydrothermal  areas is determined by t h e  quar tz -  

water equ i l ib r ium s o l u b i l i t y .  

s imple  chemical method f o r  de te rmining  t h e  tempera tures  of 

t h e  waters supply ing  d r i l l h o l e s .  By assuming t h a t  waters 

reach  t h e  s u r f a c e  by an  a d i a b a t i c  i s o e n t h a l p i c  expansion of 

t h e  o r i g i n a l  high-temperature  water t o  a steam-water mixture ,  

t h e  s i l i c a  concen t r a t ions  on b o i l i n g  s u r f a c e  waters t h a t  

correspond t o  underground waters of c e r t a i n  temperatures  can 

be  c a l c u l a t e d .  Use of t h i s  method has  enabled t h e  measure- 

ment of temperatures  i n  New Zealand geothermal areas t o  

w i t h i n  about 22" (Xahon, 1966).  Using t h e  Fourn ier  and 

Rowe s o l u b i l i t y  d a t a  f o r  q u a r t z ,  t = (1311/(5.196-log S i02) )  - 273, 

w e  c a l c u l a t e  t h a t  t h e  h o s t  rock surrounding HGT-A should have 

a temperature  of 240' C CTable 1 5 ) .  This  e s t i m a t e  r e p r e s e n t s  

t h e  minimum temperature  expected,  s i n c e  cool ing  i n  t h e  bore  

This  has  made p o s s i b l e  a 

o r  mixture  w i t h  meteor ic  water would dec rease  t h e  c a l c u l a t e d  
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T a b l e  15. HGP-A geochemical  sumwiry ( c o n c e n t r a t i o n s  i n  mg/ R of t o t a l  d i s c h a r g e )  

t** t*"* - t* 
C 1  Na K Ca Mg Si02  S -  pH TRIT. qtz N a / K  Na /K/Ca  

DOWNUOLE 1040 730 123 53.8 1.0 VIQ i3.? 3 . 1 24G"C 250(WE) 231 

Non-flowing (ave. of 5 
p r o f i l e s )  : mean 1040 730 123 53.8 1.0 440 135 3 .1 240OC 250(WE) 231 

0 465 270 46 49.5 .7 230 96 25 2 (FT) 

2270' (02/14/77) 4720 2008 245 445 1 4 . 0  432 .66 3 - 24OOC 211(wE) 210 
2 10 

Low f l o w  (ave.  of 4 1040 480 103 22.6 .25 710 - 2.5 - 286'C 287(WE) 248 
294 (FT) s amp 1 es ) 

256(WE) 229 
259 (FT) 

9 3  ;ippr'c;i.imate s t e a d y - s t a t e  780 390 68  24 . l l  4 1  - I i .5 -. 
(0 1 /30 / 7 7) 

* F'ournier and Rowe (1966) : t = 1311/(5.196 - l o g ( S i 0 2 ) )  - 273; S i 0  i n  ppm. 

** White (1968) and E l l i s  (1969): t = 855.6/( .6269 + log(Na/K)) - 273; N a  and K i n  moles.  
F o u r n i e r  and T r u e s d e l l  (1973):  t = 777/(.4693 f log(Na/K)) - 273; N a  and K j.n moles.  

1 
***Pournier and Txuesdell. (1973):  t = 1647/(log(Na/K) + 7 I.og( Ca/Na) -1- 2.241 - 273; N a ,  K ,  and C a  i n  moles .  
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temperature .  The maximum recorded temperature  i n  t h e  w e l l  

was 358O C under s t a t i c  cond i t ions .  

measured ' downhole du r ing  h igh  vo'lume d i s c h a r g e  w a s  275O C. 

The Na/K r a t i o  i n  n a t u r a l  h o t  waters is c o n t r o l l e d  by 

The h i g h e s t  temperature  

a r e v e r s i b l e  temperature-dependent rock minera l  equ i l ib r ium 

involv ing  potash mica, potash f e l d s p a r ,  and a l b i t e  ( E l l i s  and 

W o n ,  1964, 1967),  f i e l d  r e s u l t s ,  and t h e  r e s u l t s  of Hemley 

and Jones (1964) have enabled an approximate r e l a t i o n s h i p  

t o  be e s t a b l i s h e d  between t h e  N a / K  r a t i o  i n  n a t u r a l  h o t  

waters and temperature .  The sodium/potassium equ i l ib r ium 

a d j u s t s  r e l a t i v e l y  s lowly a f t e r  a temperature  change, which 

enables  u s e f u l  in format ion  on cond i t ions  i n  t h e  deep a q u i f e r  

t o  be  obta ined .  Applying t h e  Na /K thermometer of White and 

Ellis, t = (855.6/(0.6269+log(Na/K)) - 273 t o  t h e  average 

va lues  f o r  HGP-A samples g ives  a tempera ture  of 250° C .  

Fourn ier  and T r u e s d e l l  (1973) a l s o  der ived  a N a / K  geother-  

mometer from which w e  c a l c u l a t e  a tempera ture  of 252' C 

(t = (777/(0.4693+1og(Na/K)) - 273). Fourn ier  and Truesde l l  

then extended t h e i r  model t o  inc lude  t h e  calcium ion concen- 

tr a t  i o n  : 

- 273. 1647 
Na 1 ' Ca 
K 3  Na 

2 . 2 4  
t =  

l o g  - - - log - - 

The temperature  c a l c u l a t e d  f o r  HGP-A us ing  t h i s  equat ion  is  

231' C (Table  15). 
. .  

The temperatures  c a l c u l a t e d  f r o m  samples c o l l e c t e d  down- 

h o l e  dur ing  flow g ive  t h e  h i g h e s t  v a l u e s ;  and t h e  s i l i c a  

r e s u l t s  and t h e  N a / K  r e s u l t s  ag ree  remarkably w e l l  (Table 1 6 ) .  
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T a b l e  16. Summary of downliole chemica l  parameters  * 

-- 
C o e f f i c i e n t  

Var iance  
Parameter  Mean Median Standard  D e v i a t i o n  of 

-- 
COlld u c t i v , i  t y 

S a1 i n i  t y 

C h l o r i d e  

3670 pmho/cm 
3500 pmho/cm 

2.8% 
2.6% 

1160 mg/R 
1040. m g /  R 

3100 pmho/cm 

2.3% 

925 mg/R 

2270 umho/cm 62% 
1360 prnho/cm 39 % 

1.4% 
1 .O% 

810 mg/R 
465 mg/R 

51% 
39% 

69% 
4 5% 

S i l i c a  440 m g / R  420 mg/R 230 mg/R 52% 

S u l f i d e  135 m g / k  100 mg/R 96.4 mg,”R 7 1% 

.. Sodium 830 mg/R 
730 mg/R 

Potass ium 

Calcium 

Magnesium 

135 mg/R  
123 m g / R  

84.2 m g / R  
53.8 m g / R  

2 .1  mg/k  
1.0 m g / k  

600 mg/R 

123 mg/R 

40 mg/R 

1.0 m g / R  

460 mg/R 
270 mg/R 

55% 
37% 

56.0 mg/R 4 2% 
46.4 mg/R 38% 

120 mg/R 142% 
49.5 mg/R 92% 

3.8 mg/R 
0.7 mg/R 

6 2% 
69% 

* miere two v a l u e s  appear  t h e  upper v a l u e  i n c l u d e s  a l l  samples ,  b u t  t h e  lower v a l u e  e x c l u d e s  February  1977 
9 depth  samples a t  692 m (2270 f t . ) .  m 
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When d i f f e r e n c e s  are found between the v a r i o u s  formulas  

f o r  c a l c u l a t i n g  t e m p e r a t u r e s  Ce.g., w e i r  box sample) ,  the 

s i l i c a  t e m p e r a t u r e  c o r r e s p o n d s  very c l o s e l y  with t h a t  of  

the o u t f l o w  w a t e r ,  whereas t h e  Na /K r a t i o  t e m p e r a t u r e  re la tes  

t o  t h e  downhole t e m p e r a t u r e .  With c o o l i n g  of water ( e . g . ,  

th rough b o i l i n g  on r i s i n g  toward t h e  s u r f a c e ) ,  t h e  N a / K  

exchange r e a c t i o n  is s l o w e r  t o  r e a d j u s t  t h a n  t h e  s i l i c a  

e q u i l i b r i u m  ( E l l i s ,  1970) . The c a l c u l a t e d  t e m p e r a t u r e s  

d u r i n g  t h e  low-flow c o n d i t i o n s  are t h u s  i n  excellent 

agreement w i t h  the observed  downhole t e m p e r a t u r e s  d u r i n g  

d i s c h a r g e  (see T a b l e  1 5  and Fig .  4 ) .  

The e q u a t i o n s  used t o  calculate t h e  t e m p e r a t u r e s  w e r e  

d e r i v e d  f o r  areas where t h e  h o s t  r o c k s  are  of r y o l i t i c ,  

i g n i m b r i t i c ,  a n d / o r  s e d i m e n t a r y  composi t ion .  A p p l i c a t i o n  

of  t h e  geothermometers  d i s c u s s e d  above i m p l i c i t l y  assumes 

t h e  p r e s e n c e  of m i n e r a l s -  such  as a l b i t e ,  K - f e l d s p a r ,  and 

p l a g i o c l a s e .  The I s l a n d  of H a w a i i  i s  made up of l a y e r s  

of o l i v i n e  b a s a l t i c  f lows  and c i n d e r s .  

of HGP-A c u t t i n g s  and c o r e s  i n d i c a t e  t h e  p r e s e n c e  of o l i v i n e ,  

p l a g i o c l a s e  (An 75-80) , c l fnopyroxene  , a u g i t e  ~ 2nd maw-etite 

i n  t h e  upper  s e c t i o n .  A t  762 m (2500 f t . ) ,  p y r i t e  and 

q u a r t z ,  a l o n g  w i t h  v e s i c l e  f i l l i n g s  of q u a r t z ,  c a l c i t e ,  

m o n t m o r i l l o n i t e ,  and z e o l i t e  have  been  found.  Below 1372 rn 

(4500 f t . ) ,  t h e  r o c k s  have been  h y d r o t h e r m a l l y  a l t e r e d  and 

are composed of t h e  above m i n e r a l s  p l u s  c h l o r i t e ,  a c t i n o l i t e ,  

h e m a t i t e ,  and a l b i t e .  I n  view of t h i s  wide v a r i e t y  of 

m i n e r a l s  present i n  t h e  a l t e r e d  b a s a l t  a t  d e p t h  i n  t h e  w e l l  

M i n e r a l o g i c  a n a l y s i s  

A 
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it should no t  b e  s u r p r i s i n g  that t h e  geothermometry works 

s o  w e l l .  Kr i s&annsdot t i r  and Tomasson (1974) have shown 

t h a t  i n  t h e  I c e l a n d i c  geothermal f i e l d s  t h e  change from 

montmor i l lon i te  t o  c h l o r i t e  w i th  dep th  i n  a w e l l  corresponds 

w i t h  a temperature  of between 200 and 230' C. I n  HGP-A 

t h i s  minera logic  change occurred a t  884 m (2900 f t . )  where 

t h e  temperature  a f t e r  prolonged shut - in  i s  250' C .  This 

agreement may be  f o r t u i t o u s ,  however, s i n c e  t h e  pre-product ion 

temperature  w a s  only 100' C a t  t h i s  depth .  

Two l a r g e  C02 gas  samples were c o l l e c t e d  dur ing  t h e  

March-May 1977 flow test  (Apr i l  8 and May 15) f o r  radiocarbon 

a n a l y s i s .  The i n t e r p r e t a t i o n  of t h e  carbon-14 and t r i t i u m  

d a t a  r e q u i r e  t h a t  w e  f i r s t  account f o r  t h e  source  of t h e  

carbon d ioxide .  Analyses of t h e  gases  emanating from HGP-A 

g ive  us  a t o t a l  C02 level of 714 ppm. 

carbon d iox ide  conten t  of t h e  sea water f r a c t i o n  of t h e  re- 

charge is unchanged dur ing  t r a n s i t ,  9 mg/R of carbon comes 

from t h i s  source .  Thomas (1977) presented  models of Kilauea 

and HGP-A i n  which the C13 and 01* d a t a  were used t o  c a l c u l a t e  

t h a t  f o r  HGP-A 66% of t h e  recharge  w a t e r  is of meteroic  

o r i g i n ,  24% has  undergone hydrothermal a l t e r a t i o n ,  and t h a t  

20% of t h e  carbon can be  der ived  from organic  material 

leached from t h e  h igh ly  porous surrounding rock.  

carbon comes from t h e  d i s s o l u t i o n  of deeper hydrothermal 

c a l c i t e  and from t h e  outgass ing  of deep-seated magmatic 

material .  The r e s u l t s  i n d i c a t e  that t h e  two samples 

have an a c t i v i t y  of 21 and 18% of modern l i v i n g  carbon. 

Assuming t h a t  t h e  

Addi t iona l  
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d. HGP-A Well Chemistry: Air 

Aerometry a t  HGP-A d a t e s  back to  May, 1975. A t  t h a t  t i m e ,  

a semi-cleared area existed around t h e  p rospec t ive  d r i l l  s i t e  

b u t  no heavy equipment had y e t  l o c a t e d  the re .  The area a d j o i n s  

Pohoiki  Bay Road, a connect ion between Pahoa and the Black Sand 

beach b u t  w a s  then and i s  now l i t t l e  t r a v e l l e d .  A t  no time 

have ambient levels of CO exceeded 1 ppm, even when heavy d i e s e l -  

powered equipment w a s  in use. S i m i l a r l y ,  NO, concen t r a t ions  

have not  reached t h e  0.1 ppm l e v e l ,  nor would t h e  low t r a f f i c  

d e n s i t y  l e a d  one t o  expec t  s i g n i f i c a n t  levels o f  N-oxides, o r  

o t h e r  ox idan t s .  

Within the  s e n s i t i v i t y  limits of tube d e t e c t o r s  , both  

502 and H2S were monitored from the 1975. Occasional  H 2 S 4  

a e r e s o l  measurements have been taken,  b u t  i n  gene ra l ,  a c i d i t y  

i s  a p o t e n t i a l  problem only  where s u s t a i n e d  fumerol ic  emissions 

are i n  evidence o r  p e r i o d i c a l l y  a t  more remote l o c a t i o n s  as a 

consequence of vo lcan ic  e r u p t i o n s  ( see  above).  

In a d d i t i o n  t o  s u l f u r  gases ,  evidence f o r  a tmospheric  

i n t r o d u c t i o n s  of mercury and a r s e n i c  has  been sought .  As (111) 

a r s i n e  has  n o t  been d e t e c t e d  us ing  sample volumes i n  excess  o f  

0.Sm3 c o l l e c t e d  over approximately 4 h r  pe r iods .  

plume a t  - ca 3 m d i s t a n c e  from the s e p a r a t e r s ,  tube d e t e c t o r s  

s e n s i t i v e  t o  0.5 ppm a r e  a l s o  nega t ive .  The recommended As 

Even i n  t h e  

(111) a i r  s t anda rd  is  0.05 ppm ( 2 4  h r  ave rage ) .  

The i n i t i a l l y  r e l a t i v e l y  l e s s  s e n s i t i v e  d e t e c t o r  tube 

procedures  f o r  SO2 and H2S showed no change from the p r e d r i l l i n g  

stage of May ' 7 5  through subsequent pe r iods  of  flow and steam 



product ion  tests up t o  the  most recent measurements of 

January 1980 (Table 17). Even wi th  more s e n s i t i v e  methods, 

the  lowered d e t e c t i o n  limits of 30 ppb were n o t  a t t a i n e d  a t  

100 m downwind from the  w e l l  head. 

The assessment of the w e l l s '  c o n t r i b u t i o n  to  a i r  

100 

mercury levels w a s  complicated by the  r e l a t i v e  proximity of 

active n a t u r a l  emission sites. Thus, i n  J u l y  1976, when the  

w e l l  w a s  f l a s h e d  f o r  t he  f i r s t  t i m e ,  the  downwind mercury - 

l e v e l  appa ren t ly  rose  t o  9.9 !Jg-m-3 from a previous  month's 

va lue  of 1.0 ~ g * m - ~ ,  and remained h igh  i n t o  November of t h e  

same yea r  (Table. 1 7 ) .  I n  l a t e  June 1976, when the  HGP-A 

ambient w a s  low, the  Kilauea fumeroles r a i s e d  t h e  a i r  level 

a t  the  S u l f u r  Bank t o  47.5 pg*m'3 from a l e v e l  of 7.6 

the  prev ious  month. 

the S u l f u r  Bank area s t i l l  measured 17.4 ~g.m-3. 

of s e v e r a l  weeks i n  h igh  Hg l e v e l s  between HGP-A and the  

And i n  November, a t  HGP-A s h u t  down, 

A delay 

Su l fu r  Bank area serve 40 km t o  the  w e s t  may have been wind- 

r e l a t e d .  I n  October,  1977, when the  S u l f u r  Bank rose  t o  

11.3 l ~ g - m - ~  from an a l l - t i m e  low of 0 . 2  l ~ g - m - ~ ,  a 6 - fo ld  

rise from i t s  l e v e l  of 2 months ea r l i e r .  

The upsurge of a i r  mercury l e v e l s  during f l a s h i n g  was 

o r i g i n a l l y  thought t o  have been a "burst"  r e l e a s i n g  accu- 

mulated mercury a t  depth.  During t h e  J u l y  1976 t e s t i n g ,  i t  

was not  known t h a t  i n  a d d i t i o n  t o  Su l fu r  Bank a c t i v i t y  a 

new East R i f t  Zone emission c e n t e r  - the  Heiheiahulu s p a t t e r  

cone about 1 3  km t o  the  wes't of  the  w e l l  - had been a c t i v e  

f o r  two months. Subsequently t h i s  cone w a s  t e s t e d  and found 



t o  be  a h igh ly  i n t e n s i v e  mercury e m i t t e r  and one of the  

probable  sources  of  t he  r e l a t i v e l y  h igh  l e v e l  recorded  a t  

. the  f l a s h i n g  of HGP-A. Subsequent measurements, made i n  July-  

September 1977, show t he  presence a t  t h e  w e l l  s i t e  no t  on ly  

of a i r  mercury b u t  a l s o  of  H2SO4 - al though the  w e l l  i t s e l f  

had been s h u t  down since May 1977. 

t o x i c  gases  can only be  a s c r i b e d  t o  n a t u r a l  area contaminat ion,  

no t  emanating form t h e  w e l l  i t s e l f .  

The presence  of t h e s e  

Tests conducted s i n c e  d r i l l i n g  of  HGP-A began have 

y i e l d e d  no evidence of a s u s t a i n e d  build-up of mercury o r  

any o t h e r  p o t e n t i a l l y  t o x i c  elements a t  or around t h e  w e l l  

s i t e  t h a t  can be a t t r i b u t e d  t o  geothermal energy develop- 

ment opera t ions .  

is t h a t  " the re  i s  no reason  t o  assume t h a t  HGP-A i t s e l f  

has  nega t ive  emiss ion  f e a t u r e s  o t h e r  than  H2S and n o i s e ,  b u t  

i s  in f luenced  by i ts  proximi ty  t o  n a t u r a l  geo t o x i c a n t  

sou rces  ( S i e g e l  and S i e g e l ,  1977).  

The conclus ion  reached by t h e  r e s e a r c h e r s  

The dependency w a s  w e l l  i l l u s t r a t e d  i n  the chronology 

of the. 1977 Kala lua  e r u p t i o n  by comparing a i r  mercury l e v e l s  

a t  va r ious  Ki lauea  s i tes  wi th  those a t  HGP-A b e f o r e ,  dur ing  

and a f t e r  the  main e r u p t i v e  even t s  (F ig .  7 ) . 
Mercury ana lyses  of  steam condensates reveals r e l a t i v e l y  

high s t a r t  up levels followed by r a p i d  approach to an  

asymptot ic  emission ra te  of  approximately 1 g p e r  24 h r s  

corresponding t o  approximately 100 K Ibs .hr -1  mass f l o w  

a f t e r  an  ope ra t ing  time 210 h r  ( F i g .  8 >. 

101 
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Table  17. An Aerometric Chronology a t  HGP-A 

0 

Rate Well S t a t u s  Su l fu r  Bank HGP-A Air Values (100 m) 
Air Value so2 H2S Hg 
4lg-m-3 Hg) PPb ppb pg.m-3 

May ' 7 5  

May ' 7 6  

June ' 7 6  

J u l y  ' 76 

Nov. ' 7 6  

Apr. ' 7 6  

July ' 77 

Aug. ' 7 7  

Oct. ' 7 7  

J u l y  ' 7 8  

Nov. ' 7 9  

Jan. ' 8 0  

P r e - d r i l l i n g  

P o s t - d r i l l i n g  

1st flow test  

F 1 ash i n  g 

Shut down 

Shut down 

Shut down 

Flow t es t 

Shut down 

Shut down 

Shut down 

Flow test 

2.6 

7 .6  

47 .s 
- 

1 7 . 4  

- 
4.6 

0.2 

11.3 

3.8 

6.0  

- 

< 500 * 
< 500 

< 500 

< 500 

- 
< 500 

< 300 

< 300 

< 300 

< 300 

<30** 

< 30 

< zoo+ 

< 200 

< 200 

< 200 

< 200 

< 200 

< 30* 

< 30 

< 30 

< 30 

< 30 

1.1 

1 .2  

1 .o 

9 .9  

10 .o 
- 

0 . 8  

0 . 8  

4 .8  

1 . 2  

1.3 

0 . 8  

ppb <500 and <300 denote  d e t e c t i o n  l i m i t  va lues  f o r  tube  SO2 methods 

ppb <30 denotes  d e t e c t i o n  l i m i t  va lue  f o r  i n s t rumen ta l  SO2 methods 

* 
** 

+ppb <ZOO deonots d e t e c t i o n  l i m i t  va lue  f o r  tube  H2S methods 

*ppb <30 denotes  d e t e c t i o n  l i m i t  va lue  f o r  ROTEC and Houston Atlas 
ins t ruments .  
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. 

7-30 8-13 9-15 10- I 1 1 - 1  

DATE 

2- 2 

Figure  7 .  T i m e  cour se  of a i r  mercury i n c r e a s e  a t  Ki lauea  
si tes and HGP-A dur ing  t h e  pe r iod  of t h e  1 9 7 7  Kala lua  
e rup t ion .  
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11-3-76 

500 ' 

loo ' 
4-22-77 

0.001 0. I 1.0 10.0 100.0 1ooO.O 
TIME (HOURS) 

1 I 1 

- 9  

- 6  

- 

- 3  

- 

Figure 8. Relation between mass flow of geothermal fluid 
and release of atmospheric Hg at HGP-A. 



Reference may b e  made h e r e  t o  EPA Na t iona l  Emission Standards 

121:0461, 1976: 

I n c i n e r a t i o n  of wastewater, s ludge  

Hg allowed, 1600 g p e r  day 

Coal  f i r e d  power p l a n t  

Hg allowed, 2300 g p e r  day 

Typ ica l ly ,  Puna D i s t r i c t  r e s idences  m a k e  use of roof 

105 

top  water catchments.  On A p r i l  7 ,  1977, fo l lowing  an extended 

8 month per iod  of flow tests,  f l a s h i n g s  and s h u t  downs, l o c a l  

r e s i d e n t s  , near  HGP-A voiced t o  t h e  H a w a i i  County Council  

t h e i r  ob jec t ions  t o  derous H2S emissions and t o  t h e  i n t r o d u c t i o n ,  

a l l e d g e d l y ,  of t o x i c a n t s  i n t o  t h e  r o o f t o p  water suppl i .es .  In 

response,  t h e  D i s t r i c t  Heal th  O f f i c e  f o r  H a w a i i  County under- 

took an a n a l y s i s  of catchment water s u p p l i e s .  F ive  pr ivate  

r e s idences  were s e l e c t e d ,  t h r e e  downwind r e l a t i v e  t o  t h e  

normal tradewinds and 0.8-1.6 km from HGF-A; one somewhat 

more d i s t a n t  (3.5k.m) and WNW from t h e  wel lhead ,  and one 

"cont ro l"  house over  8 km d i s t a n t  and s l i g h t l y  West of due 

North from HGP-A (F ig . ,  9 ,  Table  18) .  The most s e r i o u s  

complaints  o r i g i n a t e d  from t h e  Nanawale Estates (Reich, r-> 

and t o  a lesser e x t e n t  from t h e  L e i l a n i  Estates r e s i d e n t s  

South of t h e  Kubera house (k). The r e s u l t s  of a n a l y s i s  are 

all w i t h i n  s a f e  water q u a l i t y  s t anda rds  f o r  human use .  

e.  HGP-A V e l 1  Chemistry:  liadon 

i. Report of Paul  Kruger,  D e p t .  of C i v i l  
Engineer ing,  S tanford  Un ive r s i ty  15 February,  1978 

An experiment t o  t es t  t h e  f e a s i b i l i t y  o f  st.-ldying radon 

A 
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Table 18. S t a t e - o f  H a w a i i  Department of Heal th  Rooftop 
Water Catchment Analyses near  HGP-A 

(Downwind Sampling, 19 A p r i l  1977) 

SITE Analysis  (mg a-1)  
Residence Dis tance  HGP-A SO2 H2S F- SO; NO? AS HG 
(map code) (W 

Daniels  (d)" > 8  1.0 ND ND ND N D m N D  

Hughes (H) 0.8 1.0 ND ND ND 0.038 ND ND 
Kubera (K) 1.1 1.3 ND ND ND N D m N D  
Rothblum ( rb )  1.6 0.4 ND ND ND N D N D N D  
Reich ( r )  3.5 0 .2  ND ND ND N D N D N D  

~~~ ~ 

40 CFR 142 o r  USPHS 

Po tab le  waters f o r  human 
use. 

Recommended L i m i t s  f o r  none 2x10m4 2.4 250 10 0.05 < 2 x 1 ~ - = 3  

*"Control" r e s idence  



dm 

HGP*A 

ha 
rb 

F i g u r e  9 .  
i n  r e l a t i o n  t o  HGP-A downwind d i r e c t i o n .  

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

107 

A 
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Table  19. Reservoir  Radon P r o j e c t  HGP-A Puna, H a w a i i  
Ju ly  19, 1977 

Sample Co l l ec t ion  Data 

T i m e  Sample B o t t l e  pwh Twh Weir h t  ' l i p  O r i f i c e  
(HST) No. No. (psig)  (COC) H ( in )  ( P S W  ( i n >  

1133 

1205 

1235 

1305 

1320 

1335 

1335 

1336 

1422 

1455 

15 25 

1555 

1625 

1636 

Start 

P 1-347 1 

2 18-3290 

3 13-3132 

4 17-3 125 

5 11-3134 

6 -3128 

s t o p  

S ta r t  

7 5-3462 

8 18-3432 

9 19-3466 

10 12-3 131 

Test ab o r  t ed  

10 123 

148 188 

122 180 

111 176 

105 175 

10 1 173 

10 1 173 

170 183 

29 5 211 

36 5 225 

385 22 7 

39 5 229 

0 

7.5 

6.75 

6.40 

6.31 

6.25 

6.25 

0 

5.5 

5.5 

5.5 

5.5 

0 8 

58.5 

46.0 

41.1 

39 .o 

37.5 

37.5 

8 

0 1.75 

7.0 

7.5 

8.5 

8.5 

1.75 



Table 20.  Reservoir Radon Project HGP-A Puna, Hawaii J u l y  1 9 ,  1977 
Russell James Flow Calculations 

Sample Weir H t  W pg W h Q t  Qs X 
(klb /hr) No. ( i n )  (klb/hr) (psig)  Po-6 (Btu/ lb)  (klb/hr) 

1 

2 

3 

4 

5,6 

7 

8 

9 

10 

7.5 

6.75 

6 . 4  

6 .31  

6 .25  

5.5 

5.5 

5 .5  

5.5 

162 

124 

109 

10 5 

103 

74.6 

74.6 

74.6 

74.6 

58.5 

46 .O 

4 1  .O 

39 .O 

37.5 

7 .O 

7 .5  

8.5 

8.5 

2.626 

2.415 

2.292 

2.296 

2.303 

3.886 

3.802 

3.645 

3.645 

700 

7 20 

7 36 

7 30 

733 

60 2 

600 

617 

617 

36 3 

29 5 

265 

258 

250 

134 

137 

139 

139 

20 1 

171 

156 

153 

147 

59 

62  

6 4  

€ 4  

0 .55  

0 .58  

0 .59  

0 .59  

0 .59  

0 . 4 4  

0 .46  

0 .46  

0 .46  

Q 
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concen t r a t ion  dependence on f low rate cond i t ions  i n  an  

undeveloped, steam-flashing reservo: i r  w a s  c a r r i e d  o u t  a t  

the  H a - A  geothermal w e l l  i n  PUM, Hawaii on J u l y  19, 1977. 

The w e l l  had been shut - in  f o r  an  extended pe r iod  under a 

l o c a l  agreement t o  restrict  flow t e s t i n g  of  t h e  w e l l  t o  a 

m a x i m u m  of 4 hours  p e r  day. The teist c o n s i s t e d  of flowing 

the w e l l  f o r  a t o t a l  pe r iod  of 4 hours ,  two hours  wi th  a n  

8-inch o r i f i c e  p l a t e  provid ing  maximum flow rate and two hours  

wi th  a 1-3/4" o r i f i c e  p l a t e  provid ing  almost  minimum flow 

rate. Orifice p l a t e  change consumed about  46 minutes ,  n o t  

s u f f i c i e n t  t o  r e s u l t  i n  s i g n i f i c a n t  cool ing  of the wel lbore 

s y s  t e m .  

The tes t  w a s  accomplished by sampling the  main steam l i n e  

a t  the  wellhead wi th  evacuated b o t t l e s  a t  half-hour  i n t e r v a l s  

over  t h e  two 2-hour flow-rate pe r iods ,  and record ing  the  

wellhead condi t ions  and flow rate  by the  Russel  James method 

(1962). The sample c o l l e c t i o n  d a t a  and t h e  c a l c u l a t i o n  of 

flow rate by the James method are given below (Tables 19 and 20) .  

The radon a n a l y s i s  data (Tab le  21)  and the radon, flow 

ra te  a t  the  8" o r i f i c e  t o  a va lue  of about  250 k l b / h r  

c o n s i s t e n t  wi th  a corresponding decrease  i n  wellhead p res su re  

and radon cnncen t r a t ion ,  except  f o r  t he  l a s t  sample a t  1335 

HST. Af t e r  t he  o r i f i c e  p l a t e  change of 46 minutes,  the w e l l  

e x h i b i t e d  a' reasonably s teady  flow ra te ,  whi le  the  wel lhead 

p res su re  rose  t o  a maximum. The radon concen t r a t ion  showed 

a time p r o f i l e  similar t o  t h a t  a t  t h e  l a r g e r  flow rate .  

Pre l iminary  a n a l y s i s  of  the da ta  was made under the 
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Table  21. Reservoi r  Radon P r o j e c t  HGP-A Puna, Hawaii 
July 19,  1977 

Radon Analysis  Data of Col lec ted  Samples 

1205 

1235 

1305 

1320 

1335 

1335 

1455 

1525 

1555 

1625 

148 

122 

111 

105 

lo 1 

10 1 

29 5 

365 

385 

39 5 

188 

180 

176 

175 

173 

173 

21 1 

2 25 

22 7 

229 

363 

29 5 

265 

25 8 

250 

250 

134 

137 

139 

139 

129 111 

85 98 

75 99 

68 90 

1 5 4 ( ? )  65 

44 48 

453 4 70 

428 531 

368 4 85 

428 49 5 

~ ~~ 

1.16 

0 .87  

0 .76  

0 . 7 6  

2 .4  

0 .92  

0 .97  

0 . 8 1  

0.76 

0.86 
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gene ra l  e v a l u a t i o n  of  radon as an i n t e r n a l  t r a c e r  f o r  geothermal 

f l u i d  t r a n s p o r t .  Radon measurements are  u s e f u l  f o r  s tudy  of  

geothermal r e s e r v o i r  behavior  (Stoker  and Kruger, 1975) A 

review of  some o f  the  d a t a  p o t e n t i a I . 1 ~  d e r i v a b l e  by radon 

concen t r a t ion  measurement w a s  report:ed by Kruger,  Warren, and 

Honeyman ( 1 9 7 7 ) .  Among them are experiments focused on the  

r e l a t i o n s h i p  between radon concent ra t ion  and flow regime i n  

producing geothermal r e s e r v o i r s .  St:eady-state product ion  

should r e s u l t  i n  s teady-s ta te ,  c o n t r a t i o n  of radon on the  b a s i s  

of  a cons tan t  emanation of radon from the  formation and a 

cons tan t  permeabi l i ty  f i e l d  i n  t h e  r e s e r v o i r .  

can be  der ived  depending on radon enlanaiton from th ree  types 

of source :  (1) hydrothermally-deposited radium c lose  t o  the 

wel lbore ;  ( 2 )  radium i n  a b o i l i n g  l i q u i d  below some l iqu id -  

steam i n t e r f a c e ;  and ( 3 )  radium p r e s e n t  i n  the  pathway from 

steam source  to  the  w e l l .  

Serveral models 

Data ob ta ined  f o r  vapor-dominat:ed r e s e r v o i r s ,  such as 

The Geysers i n  C a l i f o r n i a  and La rde re l lo ,  I t a l y  sugges t  a 

r e l a t i o n s h i p  i n  which the  radon concen t r a t ion  changes 

d i r e c t l y  wi th  change i n  flow rate;  the  t r a n s i e n t  t i m e  

dependent on r e s e r v o i r  c h a r a c t e r i s t i c s .  The model of flow 

r a t e  dependence of S toker  and Kruger (1975)  f o r  l i qu id -  

dominated r e s e r v o i r s  as confined h o r i z o n t a l  flow i s  based on 

a d e r i v a t i o n  of the  r e l a t i o n s h i p  between radon concen t r a t ion  

and flow r a t e  i n  whicli the radium concen t r a t ion  i s  uniformly 

depos i ted  i n  a l a r g e  r e s e r v o i r .  For these  condi t ions ,  the  

radon concen t r a t ion  should show t r a n s i e n t s  wi th  flow r a t e  
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. propor t iona l  t o  ( 1  - and f o r  s t eady  s ta te  flow show 

an e q u i l i b r i u m  va lue  independent of Q. 

A comparison of t he  radon concen t r a t ion  and flow rates 

f o r  t h e  HGP-A w e 1 1  t es t  i s  g iven  in T a b l e  4 .  In  c o n t r a s t  to  

t he  tests a t  t h e  vapor-dominated f i e l d s  a t  The Geysers and 

La rde re l lo  where t h e  r a t i o  (Rn>/Q w a s  approximately cons t an t  

over  l a r g e  changes i n  Q, i n  t h i s  test  t h e  radon concen t r a t ion  

was approximately t h e  same ove r  a change of about a f a c t o r  

of 2 i n  Q ,  i n  agreement w i t h  the  l i q u i d  r e s e r v o i r  model. 

These shor t -per iod  d a t a  sugges t  t h a t  t he  dra inage  from the  

HGP-A r e s e r v o i r  fo l lows  a r a d i a l  f low p a t t e r n  ove r  a l a r g e  

r e s e r v o i r  i n  which the  concen t r a t ion  of  radon does n o t  depend 

s t r o n g l y  on f low rate  (S toker  and Kruger, 1 9 7 5 ) .  

The t r a n s i e n t  form of the  r e l a t i o n  has  a f a c t o r  of  

-AT (1 - e ) where t can be expressed by t h e  volume swept by 

the  f low r a t e ,  Q. I f  t he  volume swept,  V b ,  does n o t  depend 

s t r o n g l y  on Q ,  the change i n  concen t r a t ion  w i l l  vary  accord ing  

t o  ( 1  - e -a’Q), where a=AVg. 

concen t r a t ion  change wi th  change i n  flow ra te ,  a longe r  experi-  

mental  pe r iod  is  proposed. 

To v e r i f y  such a radon 

For a radon h a l f  l i f e  of 3.8 days,  t h r e e  f o u r t h s  of 

s a t u r a t i o n  equ i l ib r ium is  a t t a i n e d  i n  one week. 

a tes t  of two-week d u r a t i o n  i s  sugges ted ,  one week a t  8” 

o r i f i c e  p l a t e  flow cond i t ions  and a second a t  1-3 /4”  o r i f i c e  

p l a t e  flow. During the two-week pe r iod ,  s u f f i c i e n t  samples 

w i l l  be taken a t  each flow rate  to ensure  a mean s tandard  

d e v i a t i o n  of less than 53% ( 1 2  samples a t  each flow r a t e  

Therefore ,  
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The above r e s u l t s  were a r r i v e d  a t  as fol lows:  

The average radon concent ra t ion  i n  samples of t he  

w e l l  f l u i d s  c o l l e c t e d  under r e s t r i c t e d  product ion  

(137 K l b  H20/hr) w a s  0.85 nano c u r i e s  of radon 

p e r  l i t e r  of water c o l l e c t e d  . The f i r s t  

assumption t o  be made i s  t h a t  radon i s  s t r o n g l y  

p a r t i t i o n e d  i n t o  the  vapor phase when the  w e l l  

f l u i d s  are f l a shed  t o  steam ( i . e .  , a l l  the  radon 

i s  i n  the  gas phase ane none i n  the  l i q u i d ) ,  I f  

one-Athen assumes t h a t  a l l  t h e  water c o l l e c t e d  was 

condensed from steam, then t h e  radon produced by 

the  w e l l  i s  ca l cu la t ed  as 0.85 n C i / k  x 62 K l b / h r  

steam x 0.455 R/lb = 2 3 . 9 ~  C i  Fh/hr .  

I f  one assumes  t h a t  the water samp1,es c o l l e c t e d  w a s  a mixture  

of steam and unflashed w e l l  f l u i d  a c o r r e c t i o n  must be made 

t o  remove the  water f r a c t i o n ;  t h i s  c o r r e c t i o n  i s  made by 

mul t ip ly ing  by the  inve r se  of t he  steam q u a l i t y  ( t o t a l  

discharge/s team d i scha rge ) .  For t h e  p r e s e n t  case, t h i s  

f a c t o r  is  2.21. Thus; 

Radon d ischarge  = 0.85 n CiRn/L x 6 2  K l b / h r  x 2 .21  x 

0.455 R/lb = 52.8 uCi Rnlhr.  

The c a l c u l a t i o n  of radon concen t r a t ions  i n  the  a i r  a t  

the  w e l l  s i t e  and down wind w a s  made through the  use of H2S 

as a "tracer" f o r  radon. The assumptions made f o r  t h i s  

c a l c u l a t i o n  are (1) the H2S and Fh p a r t i t i o n  r a t i o s  between 

the  l i q u i d  and f l a s h e d  steam phases are similar and ( 2 )  t h a t  

atmospheric d i l u t i o n  of radon w i l l  be s imilar  t o  t h a t  f o r  H2S. 
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based on a conserva t ive  i n d i v i d u a l  re la t ive s t anda rd  

d e v i a t i o n  f o r  a s i n g l e  sample of f i l O % ) .  The exper iences  

gained dur ing  t h i s  f i r s t  f e a s i b i l i t y  t e s t  i n d i c a t e s  t h a t  

the  proposed nex t  experiment can be run  s u c c e s s f u l l y .  The 

s t anda rd  dev ia t ions  of t he  means a t  both  flow rates should 

be s u f f i c i e n t l y  s m a l l  t o  see i f  a dependence of  e f f l u e n t  

concen t r a t ion  wi th  1 - exists. 

ii. Report of Donald Thomas, H a w a i i  

I n s t i t u t e  of Geophysics (20 September 

19 7 a> 

In r ega rd  t o  the  radon r a d i a t i o n  hazard  p resen ted  by HGF-A, 

t h e  radon concen t r a t ions  i n  the  w e l l  f l u i d s  have been determined 

by D r .  P .  Kruger a t  S t a n f o r d  University.  These concentrations 

have-been  used t o  c a l c u l a t e  the expec ted  t o t a l  radon output  o f  

t he  w e l l  p e r  hour  as w e l l  as the  expected radon concen t r a t ions  

both  a the  w e l l  head and a t  a d i s t a n c e  of 0.15 km. The r e s u l t s  

of t hese  c a l c u l a t i o n s  are as fo l lows  : 

T o t a l  radon = 23.9 uCi Rn/hr (du r ing  "normal" 
p rod uc t ion)  

= 192 u C i  Rn/hr ( f u l l  d i scha rge ,  wors t  
c a s e ) .  

Radon concen t r a t ion  = 
a t  w e 1 1  head 

Radon concen t r a t ion  = 
a t  d i s t a n c e  of 
0.15 km 

- - 

6.68 x p C i  Rn/L a i r  a t  
w e l l  head (dur ing  normal d ischarge)  

5 .01  x p C i  Rn/L a i r  
(dur ing  normal d ischarge)  

6.8  x p C i  Rn/L a i r  ( f u l l  
d i scha rge ,  wors t  case)  

Note t h a t  EPA g u i d e l i n e s  f o r  upper l e v e l s  of radon concen t r a t ion  

i n  h a b i t a b l e  

Gilgan, 1 9 7 8 ) .  

s t r u c t u r e s  i s  0 .5  p C i  ,Rn/L a i r  (O'Connell  and 
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The H2S concent ra t ions  i n  t h e  w e l l  d i s cha rge  is approximately 

650 ppm whi le  atmospheric concen t r a t ions  of H2S a t  the aell  

head are approximately 4 ppm. Assuming t h e  same d i l u t i o n  

f a c t o r  f o r  radon, one may c a l c u l a t e :  

0.85 n C i  Rn/Rc = 0.85 p C i  Rn/gc 

0.0052 p c i  Rn/gm air  

0.85 p C i  Rn/g x 4/650 = 

t h e  average molecular  weight of a i r  is 28.8 g/mole and thus  

one l i t e r  of air  weighs 1.284 g. 

5.2~10'~ p Ci Rn/gm a i r  x 1.28g/i = 6.68 x p C i  Rn/a. 

The H2S concen t r a t ion  a t  0.15 km from t h e  w e l l  head w a s  found 

t o  be  30 ppB. I f  one assumes a d i l u t i o n  of radon by a similar 

f a c t o r  (7.5 x t h e  radon concen t r a t ion  a t  0.15 km is: 

6.68 x p C i  R n / g  x 7.5 x 10 -3 = 5.01 x p C i  Rn/R a i r  

The worst  case c a l c u l a t i o n  is  done s i m i l a r l y  us ing  t h e  h ighe r  

radon concen t r a t ion  (1.16 p C i  Rn/ 2). 

A s  mentioned above, EPA gu ide l ines  f o r  h a b i t a b l e  dwel l ings  

is 0.5 p C i  Rn/ R a i r  and i s  h ighe r  by nea r ly  two o rde r s  of 

magnitude than  t h e  levels observed a t  t h e  w e l l  s i t e  and by 

nea r ly  fou r  orders a t  a d i s t a n c e  of 0.15 km. 

iii. Report  of Phillip Manly, 
Gamma Corporat ion,  Honolulu, H a w a i i  (2 February,  1979) 

Radon-222, be ing  a na tu ra l ly -occur r ing  i s o t o p e  i s  r egu la t ed  

only by S ta t e  Department of Heal th  and Department of  Occupa- 

t i o n a l  Sa fe ty  and Heal th  C30SH) r e g u l a t i o n s .  The r e g u l a t i o n s  

of t h e  Nuclear Regulatory Commission do not  apply because the 

i s o t o p e  i s  no t  by-product o r  source  material .  Standards se t  

by the Environmental P r o t e c t i o n  Agency f o r  d r ink ing  water  

apply t o  radon only t o  the e x t e n t  t h a t  radon daughters  d i sso lved  
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i n  water m u s t  m e e t  the a lpha  a c t i v i t y  limits. 

The S t a t e  Department of H e a l t h  r e g u l a t i o n s  (Chapter 33) 

set occupat iona l  limits on radon and i t s  daughters  i n  a i r  

of 30 p C i / l  f o r  a 40 hour week and 10 p C i / l  f o r  a 168 hour  

week. For areas where the gene ra l  p u b l i c  may have access ,  t h e  

limits are set lower by a f a c t o r  of 10. 

The limits set by DOSH f o r  occupa t iona l  workers are t h e  

same as those  set  by t h e  Department of Heal th .  However, 

t h e  DOSH r e g u l a t i o n s  a l s o  i n t r o d u c e  t h e  concept  of working 

level ,  where one working level is equ iva len t  t o  1.3E5 MeV/1 

of a lpha  a c t i v i t y  from any combination of a lpha  e m i t t i n g  

daughters  of radon. The concept of working level w a s  developed 

for use i n  uranium mines, where radon and i t s  daughters  were 

always p r e s e n t ,  b u t  h a r d l y  ever i n  equ i l ib r ium.  Measurement 

and c a l c u l a t i o n  of a i r  a c t i v i t y  w a s  made s imple r  when only  

t o t a l  a lpha  a c t i v i t y  had t o  b e  measured, w i thou t  r e l a t i n g  

i t  t o  a i r  concen t r a t ion  of radon. 

Kruger measured an average radon a c t i v i t y  i n  steam con- 

densa te  of 890 p C i / l  and 850 p C i / l  f o r  t he  two tests h e  made 

(Kurger, 1977) .  Donald Thomas used t h e s e  d a t a ,  a long wi th  

d a t a  on t h e  hydrogen s u l f i d e  concen t r a t ion  i n  t h e  steam, a t  

t h e  well-head, and a t  t h e . p e r i m e t e r ,  t o  estimate worst  c a s e  

a i r  concen t r a t ions  of 9E-3 p C i / l  a t  the well-head and 6.8E-5 

p C i / l  a t  t h e  f a c i l i t y  perimeter (Thomas, 1 9 7 8 ) .  

An a l t e r n a t e  method f o r  c a l c u l a t i n g  worst  ca se  concentra-  

Zions involves  c a l c u l a t i n g  the radon a c t i v i t y  i n  t h e  steam 

i t s e l f .  The steam condensate  concen t r a t ions  are  d iv ided  by 
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1670 cthe volume r a t i o  of steam t o  water)  and m u l t i p l i e d  by 

2.21 Cthe steam t o  t o t a l  d i scha rge  r a t i o )  t o  o b t a i n  an  

estimate of the a i r  a c t i v i t y  a t  t h e  well-head: 

A ( p C i / l )  = C89Q p C i / l )  (2.21) 
167Q 

A (pCi/ l )  = 1.2 p C i / l  (well-head radon a c t i v i t y )  

Using t h e  hydrogen s u l f i d e  r a t i o  from <well-head t o  f a c i l i t y  

per imeter  ( 4  ppm/30 ppb = 133) t h e  a c t i v i t y  a t  t h e  f a c i l i t y  

per imeter  can b e  est imated a t :  

A (pCi/ l )  = 1 . 2  p C i / l  
133 

A (pCi/ l )  = 0.009 p C i / l  ( f a c i l i t y  p e r i m e t e r  radon a c t i v i t y )  

The worst-case estimates f o r  radon a c t i v i t y  a t  t h e  w e l l -  

head are a f a c t o r  of 25 below t h e  a l lowable  limits f o r  

occupat iona l  workers,  u s ing  a 40 hour  work week. I n  

a d d i t i o n ,  t h e  estimates of radon a c t i v t t y  a t  t h e  f a c i l i t y  

per imeter  are  a f a c t o r  of 1000 below t h e  a l lowable  l i m i t s  

f o r  non-occupational workers,  us ing  a :L68 hour r e s idence  

t i m e .  According t o  t h e  r e g u l a t i o n s ,  only when estimates 

of the exposure exceed 25% of t h e  a p p l i c a b l e  l i m i t s  should 

a monitor ing program b e  i n s t i t u t e d  t o  monitor exposure.  

Such a program is c l e a r l y  no t  necessary .  

S i t u a t i o n s  could develop a f t e r  a d d i t i o n a l  c o n s t r u c t i o n  

of f a c i l i t i e s  t h a t  could a l low concen t r a t ion  of radon 

daughter a c t i v i t i e s  and l ead  t o  h ighe r  exposures .  I f  t h e  

steam were routed  i n t o  a c losed  b u i l d i n g  (.e.g. t u r b i n e  

bu i ld ing )  i n  which t h e  radon could escape, then  the pa r -  

t i c u l a t e  radon daughters  might c o l l e c t  i n  the b u i l d i n g  i n  
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concen t r a t ions  much h ighe r  than estimate above. I n  such cases, 

a d d i t i o n a l  measurements of a c t u a l  radon daughter  ac t iv i t i e s  

should  be performed t o  determine the  a c t u a l  radon and radon 

daughter  a c t i v i t y  levels. 

Radon is cont inuously r e l e a s e d  from the  ground. A world- 

wide f l u x  average f o r  t he  radon f l u x  is 4.25E-5 p C i / c m  -sec 2 

2 (Wilkening, e t .  a l . ,  1972), o r  0.095 C i - m i  -day. Some d a t a  on 

uranium a c t i v i t y  i n  l o c a l  soils i n d i c a t e s  t h a t  the l o c a l  f l u x  

may be 10 times less than the worldwide average (Mdlurtry,  1979). 

A t  f u l l  power product ion  the  HGP-A w e l l  w i l l  be  producing 

3.5 MWe of power, wi th  a s team consumption of 60,000 l b s l h r .  

The release of radon from the  w e l l  i s  e s t ima ted  t o  be: 

Rn  (Cn/da) = 60,000 l b s / h r )  (.455 l/lb) (0.89E-9 C i / l )  

x ( 2 4  h r / d a )  

Rn (Ci/da) = 5.8E-4 Ci/da  ( a c t i v i t y  r e l e a s e d )  

This  release i s  e q u i v a l e n t  t o  the  release of radon from 

between one t en th  and one square  mile of land. Although on a 

worldwide scale the  r e l e a s e  is minimal, i t  may cause a l o c a l  

p u r t u r b a t i o n  i n  the  a c t i v i t y  l e v e l s  of radon and subsequent  

i n c r e a s e  i n  r a d i a t i o n  exposure.  

A s tudy  has  been performed comparing the  r a d i o a c t i v i t y  

r e l e a s e  of coa l - f i r ed  power p l a n t s  wi th  the r e l e a s e  from nuclear -  

powered p l a n t s  and the new f e d e r a l  r e g u l a t i o n s  (McBryde, e t ,  a l . ,  

1979) .  I n  t h i s  s tudy ,  the  radon r e l eased  f rom a 1000 MWe coal -  

f i r e d  p l a n t  were e s t ima ted  a t  0 . 4  Ci /y r .  This  release,  along 

with r e l e a s e s  of  o t h e r  uranium and thorium i s o t o p e s ,  r e s u l t e d  
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i n  h ighe r  popula t ion  dose estimates than  the emiss ions  from a 

1000 11We nuclear-powered p l a n t .  By comparison, t h e  HGP-A w i l l  

release 0.2 Ci /yr .  of radon. 

A f t e r  t he  steam is condensed, i t :  w i l l  be  allowed t o  pe r -  

c o l a t e  back i n t o  the groundwater. Depending on the  t i m e  t h a t  

the  radon daughters  have grown i n  from the  radon i n  the  steam 

be fo re  the radon was off-gassed,  the  a c t i v i t y  levels i n  the  

condensate may exceed the  15 p C i / l  l i m i t  f o r  d r ink ing  water 

e s t a b l i s h e d  by the EPA ( t h e  measured a c t i v i t y  i n  steam conden- 

sate was 890 p C i / l ) .  This  a d d i t i o n  of radon daughter  a c t i v i t y  

t o  the  ground water may cause i n  inc rease  i n  a lpha  a c t i v i t y  

of d r ink ing  water a t  a w e l l  near  the  geothermal w e l l .  

From a pre l iminary  assessment of t he  radon measurements 

made of steam condensate,  i t  w a s  concluded t h a t  the  radon pre- 

s en ted  no hazard e i t h e r  t o  occupat iona l  workers o r  t o  the ge- 

n e r a l  pub l i c .  The environmental  impact w a s  a l s o  e s t ima ted  t o  

be minimal on a worldwide s c a l e .  However, because of l ack  of 

d a t a  on the e x i s t i n g  n a t u r a l  environment, the e x t e n t  of  t he  

environmental  impact on a l o c a l  s c a l e  could no t  be determined. 

Addi t iona l  sampling w a s  recommended t o  determine the e x i s t i n g  

radon environment, and t o  measure any impact t o  i t  from the  

ope ra t ion  of the HGP- w e l l .  
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f .  HGF-A Well Chemistry: S o i l  and Vegeta t ion  
Mercury in the Drillsite Area 

On a g l o b a l  b a s i s ,  t h e  mean c r u s t a l  abundance of mercury has  

been long e s t a b l i s h e d  a t  - ca 50 ppb, o r  0.25 Ug-atomeKg’l, and the - 

atomic abundance r a t i o s  f o r  T1, Cu and Fe r e s p e c t i v e l y  t o  Hg are 

accord ingly  20, 636 and 3,360,000 (Table 2 2 ) .  

I n  t h e  Puna D i s t r i c t ,  I s l a n d  of H a w a i i ,  near  t h e  HGP-A w e l l ,  

the mean s o i l  Hg level is  about  12-fold h i g h e r  than t h e  world 

wide abundance f i g u r e .  This  is  not  r e f l e c t e d  i n  commensurately 

h ighe r  concen t r a t ions  of T1, Cu and Fe, and t h e  l o c a l  atomic 

abundance r a t i o s  of 8 ,  48.5 and 270 show t h i s .  The Hg-enrichment 

of t h e  l o c a l  s o i l  is  12.3-fold r e l a t ive  t o  Fe,  and i n  satis-  

f a c t o r y  agreement,  13.1-fold r e l a t ive  t o  Cu. Both of these 

elements  are geochemical non-vo la t i l e s ,  whereas T 1  l i k e  Hg is  

v o l a t i l e ,  a l b e i t  less so.  Thus t h e  T1-Hg enrichment f a c t o r  of 

on ly  2.5-fold. 

an act ive,  h i g h l y  mobile sou rce  of Hg o u t s i d e  t h e  HGP-A area, 

These d a t a  can b e s t  be  expla ined  by p o s t u l a t i n g  

namely Ki lauea  and i t s  East R i f t .  The T 1  samples are too  

l i m i t e d  f o r  any f i r m  i n t e r p r e t a t i o n ,  b u t  fumerol ic  and vo lcan ic  

sources  may c o n t r i b u t e  t h i s  element as they  do Hg, b u t  t o  a 

lesser degree.  

These d a t a  are based on sampling c a r r i e d  out  p r i o r  t o  t h e  

beginning of d r i l l i n g  ope ra t ions  a t  HGP-A i n  1975. I n  view of 

the low Hg emission,  about 1 .4g  p e r  24 h r  and i n f r e q u e n t  w e l l  

o p e r a t i o n s ,  i t  i s  not  l i k e l y  that t h e s e  ra t ios  w i l l  have 

changed s i n c e  the l a s t  sampling pe r iod ,  however a follow-up 

s tudy  is  i n  o r d e r .  
n 

Like s o i l s  i n  t h e  WP-A area,  l o c a l  v e g e t a t i o n  is a l s o  
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h ighe r  in Hg content ,  than i n  t h e  o lde r  weathered vo lcan ic  

s o i l s  of Oahu <Table 23). The aggrega te  samples over lap  i n  

5 s p e c i e s  t e s t e d ,  and b o t h  c o l l e c t i o n s  r e p r e s e n t  f e r n s  and 

angiosperms , and woody and herbaceous forms. 

More s i t e - s p e c i f i c  sampling w a s  c a r r i e d  out  i n  t h e  HGP-A 

a t  sites lOOm downwind from the dr i1 ls :Lte  (Table 2 4 ) .  Beginning 

i n  May 1975, there appeared t h e  same r e l a t i o n  between t h e  

chronology of s i t e  opera t ions  and s o i l ,  p l a n t ,  mercury levels 

seen  above f o r  air va lues .  Again it is  clear t h a t  i f  i t  were 

n o t  f o r  t he  comparative d a t a  d e a l i n g  w i t h  n a t u r a l  processes  

t ak ing  p l a c e  on Kilauea and i t s  E a s t  R i f t ,  t h e  apparent  impact 

of HGP-A on t h e  Hg l e v e l  of i t s  environs could have served as 

a s e r i o u s  c o n s t r a i n t  upon s i t e  development. The mercury 

conten t  of d i scha rge  waters w a s  a l so  analyzed and e x h i b i t s  a 

down-trend over t h e  3 yea r s  recorded from t h e  f i r s t  f l a s h i n g  

obviously un re l a t ed  t o  changes i n  a i r ,  s o i l  and p l a n t .  

The d i s t r i b u t i o n  and cyc l ing  of primary n a t u r a l  geothermal 

mercury is complicated by t h e  dua l  r o l e  of v e g e t a t i o n  and 

soils as both  p r imary  sinks and secondary sources ( T a b l e  2 5 ) .  

Mercury i n j e c t e d  i n t o  t h e  atmosphere from v e n t s ,  f i s s u r e s  

and fumeroles of t h e  Kilauea system normally con ta ins  a small 

percentage of p a r t i c u l a t e s ,  t h e  major forms of t he  element being 

Hgo and HgC12. I o n i c  mercury e n t e r i n g  t h e  s o i l  s o l u t i o n  can 

be  r e a d i l y  absorbed by p l a n t s  via  the r o o t s ,  t r a n s l o c a t e d  t o  

l eaves ,  reduced and r e l e a s e d  as Hgo. 

s u f f i c i e n t  organic  and mic rob io log ica l  conten t  can reduce 

I n  a d d i t i o n ,  s o i l s  w i th  

Hg-ion t o  Hgo or  t o  HgCCH3)2 followed by evapora t ion .  Gaseous 
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Table  23, C o l l e c t i v e  Mean Mercury Content of P l a n t s  
from Manoa Valley and HGP-A S i t e s  

Locat ion  

. .  

S p e c i e s  Represented T i s s u e  Mercury 

HGP-A, Puna 
I s l a n d  of H a w a i i  

Manoa Va l l ey ,  
Hono 1 u l u  

I s l a n d  of Oahu 

Nephrolep is ,  D i c r a n o p t e r i s  
Lycopodium, Cvperus, Leucena 
Psidium, Metros ideros  , 
Eu cal  yp t u  s 
Nephrolepis  , Cypems, 
Psidium, Leucena, Euca lyptus ,  
Wedelia,  Phi lodendron 

353 - + 63 

58 + 26 - 
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Table 24. HGP-A Dril ls i te  S o i l  arid P l a n t  Mercury 
Levels as Rela ted  Well S t a t u s  

Mercury Content 
Cyperus Metrosideros  

Date Well S t a t u s  A i r  Water S o i l  P l a n t  S o i l  P l a n t  
pg-m-3 pg.R-1 P g kg-1 

~~~ ~~~~~~ ~~ ~ ~ ~~~ 

May 75 P r e - d r i l l i n g  1.1 - 43 130  d 59 263 

May 76 P o s t - d r i l l i n g  1.2 5.0 141  160 356 571 

J u l y  76 Flash ing  9.9 4.6 140 1 7 1  381 584 

Nov. 76 Shut down 10.0 1.0  207 189 474 608 

Aug. 77 Flow test 0.8 1 . 0  130 1 1 7  250 522 

J u l y  78 Shut down 1.2 0 .4  178 138 397 572 



Table 2 5 ,  V o l a t i l e  Hg Emission Rates f o r  Soils and P l a n t s  
* . . . . . . . . . . . .  . . 

, . . . .  . 
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Sample and C o l l e c t i o n  s i t e  T o t a l  Hg Hgo release (25O) 

Pg Kg'l p g .Kg'l hr-l 

Lichens 

Usnea (Kauai) 

Cladonia (Hawaii) 

S t e reocaulon  (Greenland) 

- 

Mosses 

Leucobryum (Kauai) 

. Bryum ( H a w a i i )  

Bas i d i  omy c e t es 

Fomes (Kauai) 

T r  ame t es (0 ahu) 

S o i l s  

S i l t y  Clay Loam (Hawaii) 

Gypsum-Sulfur Clay (Hawaii) 

Red Clay (Hawaii) 

Sandy Loam (Hawaii) 

Clay Loam (Kauai) 

Clay /S ub l i m a  t e (Hawai i )  

50 

178 

28 

26 

200 

88 

86 

28 

450 

270 

54 

213 

1100 

0 .22  

0 .04  + 0.01 

0.42 

- 

0 .41  

0 .08  0.01 

0.56  f- 0 .20  

0.31 - + 0.16 

0 .81  - + 0.08  

0 .25  + 0 . 0 4  

0 .28  - + 0 .06  

0 .84  + 0.10 

0.07  

0.07 

- 

Mean of 35 Vascular  P l a n t s  COahu) 63 0 .78  2 0.36 

. 



HgO may b e  both ahsorhed and r e v o l a t i l i z e d  by l eaves .  

dying from exposure t o  Hgo or  HgCCH3)z can induce t o x i c  re- 

P l a n t s  

sponses  i n  h e a l t h y  p l a n t s  placed i n  their  proximity through 

the combined e f f e c t s  of mercury re-emission and Hg-induced 

e thy lene  release. It is r e a d i l y  conce ivable  that t h i s  

plant-mercury r e l a t i o n s h i p  is  no t  unique , and that similar 

source-sink-source l i nkages  may exis t  f o r  a r s e n i c ,  selenium 

and tha l l i um.  
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2.  The Geothermal Resource P o t e n t i a l  
of H a w a i i *  

a. General Geophysical- 
Geochemical Standards 

The v a r i a b i l i t y  of t h e  l o c a l  geologic  s t r u c t u r e s  , and 

consequent complexity of the groundwater hydrology and geo- 

chemistry,  have made i t  imposs ib le  t o  apply a s i n g l e  set of 

gu ide l ines  t o  the i d e n t i f i c a t i o n  of p o t e n t i a l  geothermal 

r e s e r v o i r s .  

Ground water hydrology i n  H a w a i i  is  p r i m a r i l y  c o n t r o l l e d  

by a q u i f e r  type ,  s o i l  cover ,  and l o c a l  rock  permeabi l i ty .  It 

i s  t h e r e f o r e  a f u n c t i o n  both  of t h e  age of t h e  i s l a n d  and 

l o c a t i o n  on the i s l a n d .  

On t h e  younger vo lcan ic  systems,  t h e  rock  types  above 

sea level are g e n e r a l l y  very  permeable a l lowing r a p i d  perco- 

l a t i o n  of r a i n f a l l  down t o  t h e  f r e shwa te r  l e n s  which f l o a t s  

above t h e  denser  sa l t  water i n  t h e  b a s a l  a q u i f e r s .  The 

hydrologic  head of t h e  b a s a l  water t a b l e  i n c r e a s e s  by 0.5 

meters p e r  k i lometer  i n l a n d ,  which is t y p i c a l  of a Ghyben 

Herzberg l e n s  system. 

Impermeable ash is  commonly found in te rbedded  wi th  t h e  

more open f r a c t u r e d  b a s a l t  lava f lows.  These have t h e  e f f e c t  

of impeding t h e  downward flow of meteor ic  recharge  and thus  

* With t h e  except ion  of aerometr ic  mercury survey d a t a ,  t h i s  
s e c t i o n  is based l a r g e l y  on t h e  f i n a l  r e p o r t  of t h e  Hawaii 
Geothermal l iesource Assessment Program, Western S t a t e s  
Cooperative Direct Heat Resource Assessment Program phase I .  
H a w a i i  I n s t i t u t e  of Geophysic CDClE/LD/01713-4). 1 9 7 9 .  
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producing a l o c a l i z e d  perched water t a b l e .  The near  v e r t i c a l  

d i p  angles  of t h e  dtlce systems w i t h i n  r i f t  zones and ca lde ras  

gene ra l ly  h inder  the seaward flow of ground water through the 

b a s a l  a q u i f e r .  

s l o p e  of the d i k e  zone and depressed water levels down s lope .  

High level  d i k e  impounded a q u i f e r s  a l s o  occur i n  areas where 

c ros s  c u t t i n g  d i k e  complexes perch l o c a l  recharge .  

This r e s u l t s  i n  an e l eva ted  water t a b l e  up 

The hydrogeology of t h e  o l d e r  i s l a n d s  is a f f e c t e d  by 

a l l u v i a t i o n  and s o i l  formation as w e l l  as by e r o s i o n a l  ex- 

posure of h igh  l e v e l  a q u i f e r s .  

impermeable sediment l a y e r s  f r i n g i n g  t ' he  lower and submarine 

s l o p e s  of the i s l a n d  has  t h e  e f f e c t  of r e s t r i c t i n g  t h e  out- 

f low of f r e s h  water from t h e  b a s a l  a q u i f e r s .  

i n  a much t h i c k e r  f reshwater  l e n s  beneath t h e  i s l a n d  than  

would o therwise  be  p re sen t .  1mpermeab.Le s o i l  cover a t  t h e  

s u r f a c e  h i n d e r s  t h e  downward p e r c o l a t i o n  of meteor ic  water 

inc reas ing  s u r f a c e  d i scha rge  rates. Eros iona l  exposure o f  

ash-bed perched water t a b l e s  and d ike  ilmpounded a q u i f e r s  

has produced perennial ,  h i g h l e v e l  s p r i n g  d i scha rge  which also 

i nc reases  s u r f a c e  d ischarge  o f  f r e shwa te r s .  

The formation of r e l a t i v e l y  

This r e s u l t s  

In gene ra l ,  ground water geochemistry has  been found t o  

be h igh ly  l o c a l i z e d .  

type,  rock type ,  s o i l  cover ,  s u r f a c e  land usage,  and recharge- 

d i scharge  rates. 

ra tes ,  b a s a l  outf low is very  r ap id ;  rock water i n t e r a c t i o n s  

are minimal and thus groundwater s i l i c a  concent ra t ions  a r e  

r e l a t i v e l y  low. S ince  s e a  water encroachment i n t o  the b a s a l  

It is s t r o n g l y  c o n t r o l l e d  by a q u i f e r  

In younger i s l a n d s  having h igh  recharge  
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lens is s i g n i f i c a n t  only in near  s h o r e  a q u i f e r s ;  most sa l ts  

are p resen t  on ly  in very  l o w  concen t r a t ion  i n  the in l and  areas. 

On t hose  Darts of the younger i s l a n d s  where recharge  is  low,  

the groundwater chemistry is q u i t e  d i f f e r e n t .  Both t i d a l  

mixing and upward mig ra t ion  of sea water salts  i n t o  t h e  b a s a l  

a q u i f e r s  elevates t h e  d i s so lved  salts  concen t r a t ions  cons ider -  

ably; longer  r e s i d e n c e  times of the groundwaters a l s o  inc reases  

s i l i c a  concen t r a t ions .  Thermal i n f l u e n c e s ,  such as those  

a r i s i n g  from a h o t  i n t r u s i v e  body, enhance both of t h e s e  e f -  

f e c t s :  mixing of s a l i n e  and f r e s h  waters is a c c e l e r a t e d  by 

thermal  convect ion and d i s so lved  s i l i c a  concen t r a t ions  normally 

increase wi th  h ighe r  groundwater tempera tures .  

The presence  of s o i l  cover  and longer  groundwater resi- 

dence t i m e s  on t h e  o l d e r  i s l a n d s  both  i n c r e a s e  median s i l i c a  

concen t r a t ions  by approximately a f a c t o r  of two above those  

observed on t h e  younger i s l a n d s .  A g r i c u l t u r a l  e f f e c t s ,  

p a r t i c u l a r l y  i r r i g a t i o n  r echa rge ,  serve t o  e l e v a t e  s i l i c a  

concen t r a t ions  as w e l l .  The concen t r a t ions  of o the r  s a l t s  

can b e  h i g h l y  v a r i a b l e :  h igh  l e v e l  d i k e  impounded meteor ic  

water con ta ins  q u i t e  l o w  concen t r a t ions  as w e i l  some i n l a n d  

b a s a l  waters. In near  sho re  b a s a l  a q u i f e r s ,  where heavy 

groundwater withdrawal  has  a c c e l e r a t e d  sea water migra t ion  

i n t o  t h e  f reshwater  l e n s ,  waters a re  b rack i sh  t o  s a l i n e .  

The p resen t  assessment i s  based on informat ion  cb ta ined  

from s e v e r a l  types of r e g i o n a l  surveys which have been c a r r i e d  

out  on H a w a i i  dur ing  the l a s t  15-20 y e a r s .  T h i s  a p p r a i s a l  

of t h e  p o t e n t i a l  f o r  each a r e a  w i l l  be  a q u a l i t a t i v e  assessment 

A 



based on t h e  fol lowing types of infor inat ion:  

Sur face  geology. Surface m a n i f e s t a t i o n s  of r i f t  

zones,  ca lde ras ,  and r e c e n t  e r u p t i v e  a c t i v i t y  are e a s i l y  

i d e n t i f  iab1.e a l though,  except  i n  areas of obvious thermal 

a c t i v i t y  Csprings and fumaroles). ,  they provide  l i t t l e  

i n f  ormatiori concerning subsur f  ace  cond i t ions .  

I n f r a r e d  imagery of land  s u r f a c e  I n f r a r e d  s t u d i e s .  

and near  sho re  ocean waters can :identify thermal  s p r i n g  

d i scha rges  and above-ambient ground temperatures .  A t  

p re sen t  

t h e  i s l a n d  of H a w a i i .  

i n f r a r e d  surveys  have been conducted only over 

Seismic s t u d i e s .  Passive ear thquake monitor ing can 

i d e n t i f y  s t r u c t u r a l  f e a t u r e s  ( f r a c t u r e s  r i f t  zones e t c . )  

normally a s soc ia t ed  wi th  thermal  systems. R e l a t i v e l y  

l i t t l e  pass ive  seismic d a t a  is  a v a i l a b l e  f o r  any i s l a n d  

o the r  t h a n  H a w a i i  f o r  which t h e r e  i s  e x c e l l e n t  coverage. 

S e i s m i c  r e f r a c t i o n  surveys can be  used t o  i d e n t i f y  bur ied  

magma chambers and i n t r u s i v e s ;  s t :udies  a p p l i c a b l e  t o  t h e  

p re sen t  survey have been conducted only on t h e  Koolau 

vo lcan ic  p ipe  zone on Oahu. 

Magnetic f i e l d  s t u d i e s .  Aeromagnetic survey have 

been used t o  i d e n t i f y  magnetic f i e l d  anomalies a s soc ia t ed  

wi th  bu r i ed  r i f t  zones and c a l d e r a .  Although aeromagnetic 

s t u d i e s  have been made f o r  a l l  t h e  major Hawaiian i s l a n d s ,  

most of t he  surveys  were flown a t  h igh  a l t i t u d e  wi th  a 

depth of p e n e t r a t i o n  being on the order  of 10 h. 

G r a v i t y  surveys ,  Gravi ty  d a t a  can provide informat ion  



on the l o c a t i o n s  of dense i n t r u s i v e  bod ies  and d ike  

zones. Regional and reconnaissance  g r a v i t y  surveys 

of the  type which have been done on H a w a i i  can provide 

l i t t l e  informat ion  on cond i t ions  of t he  i d e n t i f i e d  

systems a t  depth.  

Groundwater temperature da ta .  Near s u r f a c e  

waters having temperatures  s i g n i f i c a n t l y  above ambient 

are s t r o n g  evidence of a nearby geothermal r e s e r v o i r .  

Groundwater temperatures  i n  H a w a i i  can vary  by several 

degrees  depending on the  a l t i t u d e  and temperature  a t  

which the  water en te red  the  subsu r face  a q u i f e r .  Fu r the r ,  

the r o u t i n e l y  a v a i l a b l e  d a t a  (from the  U.S. Geologica l  

Survey, State  o f  H a w a i i  Board o f  PuS l i c  Heal th  and 

Department of Land and Na tu ra l  Resources ,  and t h e  

coun t i e s  Boards of Water Supply)  were found t o  be  of 

v a r f a b l e  r e l i a b i l i t y  and thus were of on ly  marginal  

u t i l i t y  . 
Groundwater geochemistry da t a .  Near s u r f a c e  

waters can have geochemical anomalies ( i  .e .  unusual  

salts concen t r a t ions )  which a r i s e  from h igh  temperature  

rock-water i n t e r a c t i o n .  The sai ts  commonly used as 

i n d i c a t o r s  of thermally a l t e r e d  groundwater are: 

s i l i c a  (S i0  ) - t o t a l  concen t r a t ion  is a func t ion  of 

temperature;  sodium, potassium, calcium (Na, K ,  Ca) 
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- equ i l ib r ium concen t r a t ions  i n  thermal waters are  

r e l a t e d  t o  the e m p i r i c a l l y  der ived  equat ion:  



cs l og  (Na/K) +log (Ca/Na) = - 1647 -2.24 
273 + TOC 

B= 1/3, T 100°C, B= 4/3,  T 100°C, 

c h l o r i d e ,  magnesium (C1, Mg) -- Chloride i o n  concen- 

t r a t i o n s  are commonly e l e v a t e d  i n  thermally a l t e r e d  

groundwaters by contamination from magmatic v o l a t i l e s  

where as magnesium i o n  concent ra t ions  are reduced by 

r e a c t i o n  wi th  c l ay  minera ls .  Cl/P!g ion  r a t i o s  can be 

used t o  d i f f e r e n t i a t e  between cold,  thermally a l t e r e d  

water and f r e s h  water mixed wi th  sea water. D i f f i c u l t i e s  

encountered i n  i n t e r p r e t i n g  the  groundwater geochemical 

d a t a  a rose  from: r e l i a b i l i t y  of t h e  a v a i l a b l e  d a t a ,  

v a r i a t i o n s  of s i l i c a  concent ra t ion  wi th  l o c a l  geologic  

s e t t i n g  ( s e e  above),  and sea water  contamination of 

near  s u r f a c e  a q u i f e r s  wi th  b rack i sh  water ( see  above).  

The d a t a  compiled dur ing  Phase I of the Direct Heat 

Resource assessment and presented  i n  the  Western State  

Cooperative Phase I F i n a l  Repor t  consists of a b r i e f  o u t l i n e  

of the  r e g i o n a l  geology and geophysics as w e l l  a s  a 

topographic-me teorologic-hydrologic  p r o f i l e  of each is  land. 

The groundwater chemistry d a t a  t h a t  has  been compiled i s  

a v a i l a b l e  i n  t h e  form of e d i t e d ,  computer-generated, maps 

o f  a l l  w e l l s  on each i s l a n d  having s i l i c a  concen t r a t ions  

s i g n i f i c a n t l y  above the  median f o r  the i s l a n d .  Included 

w a s  t h e  mapping of t h e  most r e c e n t l y  a v a i l a b l e  

chemical d a t a  f o r  each of the i d e n t i f i e d  water  sources .  
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Those areas on each i s l a n d  having e l e v a t e d  Cl/Yg r a t i o s  

w e r e  also denoted on map p l o t s .  

The d a t a  p r e s e n t a t i o n  f o r  each i s l a n d  i s  followed by 

an i n t e r p r e t a t i o n  and q u a l i t a t i v e  assessment  of t h e  geothermal 

p o t e n t i a l  f o r  t he  i s l a n d  based on a l l  t h e  informat ion  

presented .  For p r e s e n t  purposes ,  the  summary assessment 

(below) w i l l  s u f f i c e .  I d e n t i f i c a t i o n  and e v a l u a t i o n  of 

the p o t e n t i a l  geothermal r e sources  has  been based on the  

geo log ica l ,  geophysical  and geochemical d a t a  p r e s e n t l y  

a v a i l a b l e  f o r  t h e  State of H a w a i i .  The types of d a t a  used 

in the  e v a l u a t i o n  of the  resource  have been as fo l lows:  

Geological  : S t r u c t u r a l  geology of t he  i s l a n d s  and 

volcanoes,  age of t h e  i s l a n d s ,  and age and 

l o c a t i o n  of most r e c e n t  volcanism on each i s l a n d .  

Geophysical: aeromagnet ic  d a t a ,  g r a v i t y  d a t a ,  s e i s m i c i t y ,  

i n f r a r e d  surveys ,  and groundwater temperature 

d a t a .  

Geochemical: e l e v a t e d  groundwater s i l i c a  concen t r a t ions  

and anomalies i n  the  Cl/Mg i o n  r a t i o s  i n  near  

s u r f  ace waters . 
The r e s u l t s  of the survey have i d e n t i f i e d  s e v e r a l  

areas i n  the S t a t e  which may have s i g n i f i c a n t  geothermal 

p o t e n t i a l  and which should r ece ive  more i n t e n s i v e  s i t e  

s p e c i f i c  surveys  i n  the f u t u r e .  An a p p r a i s a l  o f  s e v e r a l  

o f  the p o t e n t i a l  thermal a r e a s  i n  t h e  S ta te  has  been made 

i n  terms o f  t h e i r  p r o b a b i l i t y  f o r  having a high o r  low 

temperature resource a s  w e l l  a s  t h e i r  p r o b a b i l i t y  f o r  near  



f u t u r e  development. The la t te r  assessment  i s  based on: 

the  p re sen t  s t a t e  of t he  a r t  i n  d r i l l i n g  and geothermal 

u t i l i z a t i o n  technology, proximity t o  p o t e n t i a l  markets 

f o r  h e a t / e l e c t r i c  power produced, and l o c a l  l and  use 

c o n s t r a i n t s  ( n a t i o n a l  park l ands ,  urban r e s i d e n t i a l  zoning, 

e t c ) .  The t a b u l a t i o n  below, p re sen t s  a summary account  of 

the  p o t e n t i a l  resource  areas; t h e i r  ranking is on a scale 

of 1 t o  10: 1 having the  h i g h e s t  p o t e n t i a l ,  10 having t h e  

lowest. Although o t h e r  areas i n  the  S t a t e  undoubtedly 

have thermal resources ,  t h e i r  p robabi l - i ty  f o r  development 

i n  t h e  nea r  f u t u r e  (1980-2000) i s  so  simal1 as t o  j u s t i f y  

t h e i r  exc lus ion  from t h e  p r e s e n t  assessment.  
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Table  26. A summary of p r i n c i p l e  areas of geothermal r e source  
p o t e n t i a l  i n  Hawaii. 

13 6 

Location" 
High Temp. Low Temp. 
Resource Resource Development 

P r o b a b i l i t y  f o r  

H a w a i i  (HI 

1. Puna 1 1 3 
2. Ka'u 2 1 7 
3. South P o i n t  3 2 3 
4 .  Hualalai-Xorth Kona 5 3 1 
5 .  Kawaihae 5 3 1, 
6 .  Keaau 6 4 1 
7 .  Kohala 7 5 8 

Maui (MI 

1. H a  leakala-So uthwes t 
R i f t  3 2 5 

2. Haleakala-East R i f t  3 2 6 
3. Pamela 4 3 3 
4.  Lahaina 3 1 1 
5. Olowalu-Ukumehame 3 1 2 
6 .  Honokawai 5 4 2 

Oahu ( 0 )  

1. Waimanalo 7 5 1 
2. L u a l u a l e i  8 6 1 

Se r ie  s 8 7 2 
4 .  Haleiwa 9 7 3 
5 .  Laie 9 7 3 
6. Pear l  Harbor 1 0  9 1 

3. Honolulu Volcanic  

Kauai (K) 

1. Pos t  e r o s i o n a l  
Volcanic Series 10 8 5 

*See a l s o  Fig.10 below f o r  approximate map d i s t r i b u t i o n  of 
these  s i t e s .  
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Figure 10. 
Hawaiian I s lands .  (See t a b l e  26.) 

Areas of geothermal  p o t e n t i a l  i n  t h e  major 
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b. Mercury 

The a d d i t i o n  of s o i l  and water mercury ana lyses  t o  

the  techniques f o r  geothermal e x p l o r a t i o n  w a s  i m p l i c i t y  i n  

the  e a r l y  demonstrat ion t h a t  the  element is a s s o c i a t e d  

wi th  vo lcan ic  and fumerol ic  a c t i v i t y .  

1971; Aidin '  yan and Uzerva, 1966, Karasik and Morozov, 1966) 

and ex tens ive  l a te r  s t u d i e s  in widely s e p a r a t e d  vo lcan ic  

systems ( S i e g e l  and S i e g e l  1979 a ,b , c ;  B r i l l  e t  a l .  1979, 

M a u r t r y  e t  a1 1979, 1980, S i e g e l  e t  a1 1979, S i e g e l  e t  a1  

1980 a,b, Phelps  e t  a 1  1979). 

(Eshleman e t  a l ,  

S p e c i f i c  use of mercury i n  the  condensed phase w a s  

sugges ted  by Matl ick and Burseck (1975). 

water surveys  were d i scussed  i n  the  F i n a l  Report  i n  DOE/ 

IDlQ1713-5 , H a w a i i  Geothermal Resource Assessment Program 

( I n v e s t i g a t i o n  of Low Temperature Resource on t he  I s l a n d  

of Oahu, Hawaii) .  I n  a s tudy  o f  the L u a l u a l e i  Val ley ,  

Waianae Coast,  Oahu, the r e p o r t  s tates "The a b i l i t y  of  

s o i l  mercury t o  ass is t  i n  d e f i n i n g  areas of subsu r face  

thermal  a c t i v i t y  i n  areas which have no o t h e r  obvious 

s u r f a c e  man i fe s t a t ions  has  l e d  t o  the  a p p l i c a t i o n  of t h i s  

technique.  . .'I. It f u r t h e r  concluded t h a t  i n  gene ra l  s o i l  

Hg p a t t e r n s  a r i se  from thermal ly  d r i v e n  outgass ing;  t h a t  

mercury and radon ou tgass ing  a r e  broadly a s s o c i a t e d ,  and 

t h a t  ground water  and s o i l  mercury l e v e l s  a r e  c l o s e l y  

c o r r e  l a  ted.  

S o i l  and ground- 

Some 10 y e a r s  of "roadside" sampling f o r  a tmospheric  

mercury onthe four  ma jo r  i s l a n d s  a l s o  sugges t  the  i n d i c a t e r  
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va lue  of Hg aerometry.  Understandably,  a i r  sampling a t  

the  one meter level is  s u b j e c t  t o  the  usua l  atmospheric 

pe r tu rba t ions .  These inc lude  n o t  only winds and convect ive 

processes ,  b u t  also the  masking e f f e c t s  of  i n t e n s e  sources .  

Thus, Hawai i  i t se l f ,  wi th  i n t e n s e  emissions on Mama Loa, 

a t  Kilauea and along Kilauea E a s t  R i f t  i n f l u e n c e s  a i r  levels 

over the e n t i r e  ESE t o  WSW s e c t o r  of the Island, w i t h  only  

NE-facing areas nea r  b a s e l i n e  levels (Fig.  11). 

In  the  case of Maui, of t he  s i x  #areas recognized by 

s tandard  geophysical-geochemical methods, two can be c l o s e l y  

conf inned by a i r  sampling , e s p e c i a l l y  the  Haleakala  SW r i f t  , 

two a d d i t i o n a l  areas i n  broad agreement and two negat ive  

(Fig.12; Table 2 7 ) .  

On Oahu, t h e  two most promising areas, one on the  

Windward coas t ,  one on t h e  leeward Waianae c o a s t  are shown 

by both procedures (Fig. 1 3 ) .  

And on Kauai, t h e r e  are p o s s i b l e  a i r  Hg anomalies i n  

the pos t -e ros iona l  vo lcan ic  area,  b u t  a l s o  one unexplained 

h igh  a t  t he  head of Waimea Canyon (Fig.  1 4 ) .  
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F i g u r e  11. Atmospheric  mercury d i s t r i b u t i o n  on t h e  I s l a n d  
o f  H a w a i i .  All v a l u e s  i n  U g . r 3  are means of 4-40 d e t e r -  
m i n a t i o n s  o v e r  t h e  p e r i o d  1970-1979. S t a n d a r d  e r r o r s  a r e  
+20% of  t h e i r  means o r  less. - 



Mau i T"z 

0.27 L o 2 1  

141 

158' 

Figure 12 .  
of Maui. 
a t i o n s  over t h e  per iod 1973-1979. 
+20% o f  t h e i r  means o r  less. 

Atmospheric mercury d i s t r i b u t i o n  on t h e  I s l a n d  
All values  i n  Ug.m-3'are means of 3-10 determin- 

Standard e r r o r s  a r e  
- 
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F i g u r e  13. 
of Oahu. 
a t i o n s  over  t h e  p e r i o d  1969-1979. S t a n d a r d  e r r o r s  are 
+20% of t h e i r  means o r  less. 

Atmospheric  mercury d i s t r i b u t i o n  on t h e  I s l a n d  
All v a l u e s  i n  ~ g - m ' ~  are means o f  3-10 determin-  

- 

. 
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K arr.a’i 
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2 2’ t 
Figure  14. Atmospheric mercu d i s t r i b u t i o n  on t h e  I s l a n d  
of Kauai. All values  i n  p g . x n 2  are means of 3-6 determin- 
a t i o n s  over t he  per iod 1975-1979. St:andard e r r o r s  are 
- +25% of t h e i r  means o r  less. 



Table 2 7 .  Value of Mercury Aerometry i n  Geothermal 
Explorat ion:  
Lacking.Current  Volcanic-fumerolic A c t i v i t y  

A Comparison f o r  t h e  I s l a n d s  

Is l and  S i t e s  By 
Standard Methods 

Maui Haleakala  - SW R i f t  (1) 

Haleakala  - E R i f t  ( 2 )  

Pauwela (3)  

Lahaina ( 4 )  

Olowalu-Ukumehame ( 5 )  

Honokawaii (6) 

Oah u Waimanalo 

L u a l u a l e i  

Honolulu Volcanic  

Haleiwa 

Laie 

P e a r l  Harbor 

Kauai Post-Erosional  Volcanic 

Si tes  By 
Hg-Aerome t r y  

+ 
+ - 

+ - 

+ 
+ 

+ - 



_ _ _ _  . . . . .. - . - . . . . - . . . . . . 
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Thus,  i n  spite of its  more fug i t ive  character; Hg 

aerometry; a simple and inexpensive analyt ica l  procedure 

has genuine promise as an adjunct for exploration. A s  

. .  

pointed out, the more d e t a i l e d  measurements taken at 

Lualualei support t h i s  conclusion. 
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c. Scaie-up 

/ \  

63 

Under curxent  p r o j e c t i o n s  HGP-A w i l l  be  a producing 3 

megawatt ( e l e c t r i c )  gene ra t ing  s t a t i o n  i n  1981, ope ra t ing  

at a mass flow of 100k-lb*hr'l w i th  a steam q u a l i t y  of ca 0.6.  

As of January,  1980, t h e  w e l l  f l u i d  contained about 

0.001 ppm of Hg (very h igh  e s t ima te )  and 700 ppm H2S. 

I f  i t  is assumed t h a t  t h e  Kapoho r e s e r v o i r  i s  chemical ly  

homogeneous, and t h a t  HGP-A is a r e p r e s e n t a t i v e  sample of 

t h a t  hydrogeothermal f i e l d ,  then  t h e  s c a l e - f a c t o r  f o r  any 

f u t u r e  genera t ing  capac i ty  , megawatt age pro  j ec t ed / 3megawat t s 

c u r r e n t  can b e  used f o r  p r o j e c t i n g  mercury and hydrogen s u l -  

f i d e  emissions.  

The most immediate f u t u r e  goa l  f o r  geothermal develop- 

ment a t  Kapoho is 25 megawatts. This  i n t e rmed ia t e  s t e p  would 

be  followed, i f  performance and economic resources  war ran t ,  

by development i n t o  200-500 megawatt range. The lat ter i s  a 

p ro jec t ed  c e i l i n g  f o r  t h e  Kapoho r e s e r v o i r  based on continuous 

ope ra t ion  i n t o  t h e  l a t e  21s t  cen tury .  

Beyond t h i s  s i n g l e  h i g h l y  promising r e s e r v o i r  are t h e  

a d d i t i o n a l  hydrogeothermal f i e l d s  on t h e  I s l a n d  of H a w a i i ,  

wi th  perhaps a p o t e n t i a l  of 1000 megawatts and a t o t a l  c e i l i n g  

va lue  f o r  t h e  s t a t e  l y i n g  between 2000 and 3000 mW. 

Following present  chemical emission s t anda rds  , two 

p o t e n t i a l  limits t o  t h e  o v e r a l l  development of geothermal 

energy resources  are mercury and hydrogen s u l f i d e .  These 

limits are embodied i n  t h e  EPA's Nat iona l  Emission Standards 

121:0461 (1976) and t h e  more r ecen t  40CF'R 51.24, Fed. Reg. 

---- 
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43 (118):26382 (1978),  t h e  1977 Clean Mr A c t ;  Prevent ion  of 

S i g n i f i c a n t  Air Q u a l i t y  D e t e r i o r a t i o n  (PSD). 

- ---- 
- 

The former sets upper limits on Hg output  of 1600 o r  

2300 g p e r  24 h r .  per iod ,  depending upon t h e  n a t u r e  of t h e  

f a c i l i t y .  Using GHP-A a s  t h e  ope ra t ing  model and assuming 

t h e  Rapoho r e s e r v o i r  t o  b e  broadly  r e p r e s e n t a t i v e  of r e s e r v o i r s ,  

no amount of scale up seems capable  of a t t a i n i n g  emissions 

limits f o r  Hg (Table 2'4),even on a s ta te -wide  level .  And i t  

is reasonab le  geochemically t o  expect  t h e  h i g h e s t  Hg l e v e l s  

to b e  a s soc ia t ed  wi th  t h e  I s l a n d  of H a w a i i .  

The PSD l i m i t  for geothermal H2S from any s p e c i f i c  sou rce  

is  250 tons  p e r  yea r .  

Kapoho f i e l d  as a source ,  hence,  t h e  250 t o n  limit would ap- 

For present purposes ,  w e  d e f i n e  t h e  

p l y  no t  on ly  t o  HGP-A as a gene ra t ing  f a c i l i t y ,  b u t  t o  a l l  

subsequent  wells and power s t a t i o n s  on t h e  Kapoho r e s e r v o i r .  

Obviously,  HGP-A i t s e l f  , unabated is i t s e l f  marginal  assuming 

cont inuous o p e r a t i o n  a t  a mass flow of 100 Ki lo- lb-hr - l  and 

t h a t  t h e  700 ppm H2S con ten t  is a s t e a d y  s t a t e  va lue  under 

ope ra t ing  cond i t ions .  

Resu l t s  of t he  w e l l  tests completed i n  Janua ry ,  1980, 

show t h a t  of t h e  700 ppm wellhead H2S, 22 ppm are r e l e a s e d  

a f t e r  c a u s t i c  soda t rea tment  and t h e  use  of t h e  r o c k p i l e  

spa rge r  system (L. Lopez, Geothermal-Generator P r o j e c t  Personal  

Communication, February, 1980).  This  g ives  an abatement va lue  

of 97%. ,4t t h i s  e f f i c i e n c y ,  any power r a t i n g  up t o  ca 90 

megawatts would f a l l  w i t h i n  PSD l i m i t s .  It i s  expected,  however, 

t h a t  t h e  gene ra t ing  f a c i l i t y  a t  HGP-A w i l l  provide r e a d i l y  f o r  
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99% abatement. 

become ca 268 megawatts (- x 3 mW), at  99% abatement, t h e  

932 tons  of H2S produced on t h e  Island of H a w a i i  w i th  1000 matts 

output  would be permissable  i f  4 o r  more of t h e  7 i d e n t i f i e d  

r e s e r v o i r s  were a b l e  t o  d i v i d e  t h e  emission burden more o r  

less equa l ly .  

Accordingly, t h e  upper PSD l i m i t  Kapoho would 

250 
2.8 
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