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ABSTRACT 

Environmental  Research E Technology,  Inc. (ERV was comissioned 

by the   Br i t i sh  Columbia Hydro and Power Authority  to  evaluate  the 

poten t ia l  f o r  and e f f e c t s  o f  p r e c i p i t a t i o n   a c i d i f i c a t i o n  due t o  a i r  

contaminant  emissions from the  Hat Creek Project ,  a proposed  thermal 

generating station.. Results o f  ERT's study  indicate  that deposi t ion 

of   a i rborne  mater ia ls  from the  Hat Creek Project  will produce no 
s i g n i f i c a n t   d i r e c t  o r  indirect   environmental   effects in the   aquat ic  

systems and their   b iological   ' :omunit ies   as  a r e s u l t  o f  p ro jec t  

emissions. 



APPENDIX I 

EXE(3TIVE SUMMARY 

Enviromeneal  Research E Technology,  Inc. ( S T )  was commissioned  by t h e  

Br i t i sh  Columbia Hydro and Power Authority t o  eva lua te   the   po ten t ia l  f o r  
and e f fec t s   o f   p rec ip i t a t ion   ac id i f i ca t ion  due t o   a i r  contaminant 

emissions f r o m  the  Hat Creek Psoject.  The major  objective  of  the  study 

w a s  the  es-timation o f  incremenral  hydrogen  ion CH*ion) deposi t ion and 

i ts  distribution  over  aquatic  ecosystems  surrounding  the  project   area.  

Severa l   po ten t ia l ly   c r i t i ca l   water   bodies ,  and the  expected  biological 

communitie.s within them were reviewed  with  respect  to  probable  conse- 

quences  of  predicted  acidity  changes  result ing from operation  of t h e  

proposed thermal generating  station.  Results o f  ERT's study  indicate  

that  depos.i t ion of  airborne materials  from the  Hat Creek Project  will 

produce no s i g n i f i c a n t   d i r e c t  or indi rec t   envi ronmenta l   e f fec ts   in   the  
aquatic  systems and the i r   b io log ica l  communities as a r e s u l t  uf the  
project  emissions.  

These resul ts   apply  mainly  to  .:he assumed use o f  a 566-111 Cl200-ft)  stack 

with  uncontrolled  emissions. Full load power generation (maximum stack 

emission  r:ate) f o r  a one-year  period was a l so  assumed. This scenario 

was selected  over  other  possib.le  emission  configurations  (e.s.,  see 

Appendix C,  Al ternate  Methods of Ambient S u l f u r  Dioxide  Control)  because 
it represents   the  case with m a x i m u m  po ten t i a l  impaccs on important:  water 

bodies  aut t o  200 o r  so kilomerers from the  proposed Hat Creek s i t e .  
Calculations o f  pH change associated  with  the  use o f  scrubbers f o r  removal 

of SO2 are   a lso  presented.  No quant i ta t ive   es t imates  o f  pH change  due 
to   p l an t  o1perations  with other   possible   s tack heights were made. Follow- 
ing is a q u a l i t a t i v e  assessmen% o f  changes in the  predicted  acidi ty  

effects  with  other  emission  configurations.  

First, implementation o f  a meteorological  control  system CMCSl would 

have l i t t l e   e f f e c t  on the   resu i t s   repor ted   here .  Such a program is 
mainly aimed a t   c o n t r o l l i n g   i n t e r m i t t e n t ,   r e l a t i v e l y   r a r e   p o t e n t i a l  

v io l a t ions  o f  ambient a i r   q u a l i t y   r e g u l a t i o n s ,  and by i ts  nature does 
not  greatly  reduce  total   annual  emissions.  Thus, predicted annual 
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effects   for   unconuul led  emissions would be  e s s e n t i a l l y  unchanged f o r  

MCS operation. Furc temre ,  t i e  shoe -rem episode c a d s  analyzed in 
th i s   s tudy   represent  smrm csndi t ions which a r e  not general ly   associated 
with poor d i q e r s i o n  and  reduced emissions.. Consequently, -he results 
reported in this volume may be taken to a F l y   e q u a l l y  well t o  p lan t  
operation with K S  and a 366-m (1200-ft)  stack. 

Introduct ion  of   constant   mission  conrmls ,  i .e . ,  scrubbers, would have 
a s ignif icant   ef5ect  on the  srudy resulu, The scmbber >yszyn described 
in Appendix C is designed  to  reduce sulfur o x i d e   a i s s i o n s  by  apomxi- 
marely half. I t  'has been assumed h e r s  tiat the scrubber will riot change 

pa r t i cu la t e  and n i m g e n   o x i d e  emissions, al t iough it pmbably will 

reduce both to some e x t e n t  Thus, t t e  SO2 emissions  that  five rise to 

the  fornat ion o f  su l fa te ,  a pr inc ipa l   fac tor  in ac id   p rec ip i ta t ion ,   a re  
reduced b y  flue gas dssul fur i ra r ion ,  while formation o f  t5e o t h e r  main 
ConstiKuent, n i t r a t e ,  is l a rge ly  unaffected. The decrease in stack 

t empramre  r e su l t i ng  from scrubber  operation will reduce plume rise and 
result in  c lose r  plume a-ach t o  e levated  terrain eleUIentS. O v e d l ,  
however, COntinUOUS c o n t r o l   a t  rite source may be e q e c t e d  50 reduce 
impacts on J rec ip i ra t ion  and water qua l i ty  mre than o t i e r  types of  

csn t ro ls  . 

Reduction of the  physical  heighr  without  altering  other power 
plant  emission C h a r a C t 2 b S t i C s  would r e s u l t  in a spa t i a l   r ed i s t r ibu t ion  

in  the predicted patteTn.5 o f  hydrogen ion deposit ion and r e d t i i i g  pH 
change. Because o f  rhe  nonl inear  nature of  terrain e f f e c t s  on plume 
behavior ,  it is not possible  (without  additional mcdeling) to define 

a precise re la t ionship  bemeen ~ t e  pea!€ deposit ion rats Khat  would 
accLv f o r  differem s-! heights .  H o w o v a ,  on tie b a s i s  o f  results 
o b t a i n e d  in wdeling  Ynbient  concentrarions due ts the Hat Creek p lan t  
w i t h  366 m (1200 f t )  and 244 rn (800 f t )   s t ack   he igh t s ,  some s e m i -  

quant i ta t ive  es t imates  can b e  made regarding tit e f fec t s  on tiis study's 

conclusions that would be  expected  to result from a decrease  to 244 in. 

r 
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In general, a stack  height  reduction would increase  the magnitude o f  H 
deposit ion  rates near the   p lan t   s i te  and decrease  the  rates  further 
downwind.  The peak annual average  deposition  rate may increase by as 
much as 25% i n  the  near   f ie ld  (within 15 km) where substant ia l  soil and 
water body buffering  capacity  exist  t o  neutral ize  such ef fec ts .  However, 
a reduction i n  impacrs in  the  poorly  buffered  areas  in  the  far  f ield,  
e.g., i n  Wells Gray Park ,  would also  resul t   s ince more  plume material 
would  be deposited  before  reaching such distances.  Based on a nominal 
pH of  7 ,  a 25% increase  (decrease) in H+ deposition would lower i ra isel  
the pH by about 0 .1  units. Thus, the change i n  water body pH associated 
with a reduction i n  stack  height from 366 m t o  244 m will be  well  within 
the range o f  uncerrainty of  the  calculations  presented in  this volume. 
Since  considerable  effort has  Seen expended in  this study t o  ensure  that 
e f fec ts  will be conservatively  predicted, it is l ike ly   tha t   the  computed 
pH changes reported here are  also  reasonably  representative f o r  the 
shorter  stack  height.  

+ 

This  study is necessarily a multidisciplinary  undertaking. The following 
paragraphs  suamarize  the approaches  adopted i n  addressing a i r   qua l i t y ,  
water  quality and biological  processes  relevant t o  the  analysis  objectives.  

Air Qual3 

The basic air qual i ty  modeling techniques used t o  assess  regional  air  
qual i ty   effects  due t o  the proposed Hat  Creek  power plant  are  described 
i n  detail in Appendix B of the ERT report. ".Air Quality and Climatic 
Effects o f  the Proposed Hat Creek Project." Power p lan t  stack contam- 
inants  are  the  only  project  emissions  capable of  regional  distribution 
through the atmosphere. The model described in Appendix B was modified 
f o r  this study  to  include  consideration o f  plume contaminant removal by 
precipi ta t ion and the  effects  o f  nitrogen compounds on precipi ta t ion 
ac id i ty .  

During long-range  atmosnheric  transport (downwind distances  greater than  

SO km), a s ignif icant   f ract ion o f  the  nitrogen and sulfur oxides  emitted 
by the power plant  will be transfomed t o  secondary  products. The r a t e  
o f  such conversions depends on meteomlogical  conditions and the  other 
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chemical  constituents  present in  the plume.. XaaNral renaval o f  p- 

and secondary contaminants in the power p l a n t  plume will also  occur by 

two o t l e r   pmcesses ,  'wet and dry depositfon, bot5 o f  .which d e c e a s e  i n  
efficiency as Lie  contaminants  are  dispersed by atnas?heric  ZurSulence. 

The extent o f  drf dqos f t ion   ( con tac t  and s t icking)   a t   the  sum-ace is 
governed by the wind speed.  chemical cowas i t i on  o f  the  contaminant and 

the  surface charactxiszics, e.g. vegetation  cover. Two types o f  natural 
wet removal a r e  rainout (absorption of concaminants during cloud  formation) 
and washout from the a w e h e r e  by f a l l i n g   x e c i p i t a t i o n .  LqT developed 
tbe Hat Creek  Source  Depletion ,Model (HCSDM) in include  considemzion o f  

these removal pmcssses. 

EXT used anorher model, che FHOKIX pHOtochenical  RIYetics) smoq chamber 
simulation model ta infer an  effective  mansformation  rate  for  the con- 

version o f  n i t r ic   ox ide  t o  n i t r a t e  in the Hat Creek power p l a n t  plume. 
?he PHOKIN model simultaneously  solves tke e q u a t i o n s  governing entrain- 
m e n t  o f  ambient a i r  into the plume and the complex ser ies  o f  chemical 
react ions  resul t ing in the  atmospheric  conversion o f  p~imav emissions 
t o  n i t r a t e .  

Precipi ta t ion data were avai lable  f o r  34 s ta t ions  in sourhern  Srit ish 
Columbia.* Annual and seasonal prec ig i a t ion   i n t ens i zy  and fr?quencf 
s t a t i s t i c s  were also derived  for each area of  i n t e r e s t  in allow  a 

realistic s i n a h t i o n  o f  wet deposition o v e r  long and short time p e r i o d s .  
Based on t h e  calculation o f  plume rise from %le proposed j66-m (1200-ft) 
stack, a reprrsenrat ive  plme  height  w a s  determined. Wind meed and 

direct ion data for  the  study  area ware also col lected and used in the 

analysis.  

Water Wity 

Several c r i t q i a  w e r s  considered i m ? o m t  in jelecting  the  water 

bodies. for deta i led  analysis o f  potent ia l  effscts due t~ ac id i ty  change. 

*In the final stages o f  this  study, a > t b s - a t i a l l y  larger  precipirat ion 
data set w a s  obtained. Addendum .4 t o  &is Appendix contains revised 
analyses af the relevant preccipication  sracistics b a s e d  on the new 
data, and provides comprisons berxeen  the original and t.qanded data 
s e t s .  
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Prevailing  meteorological  conditions, commercial and recreational 
importance, b io logica l   sens i t iv i ty  and so i l  and water  buffering  capacities 

were the  ~najor  considerations i n  t h i s  selection  process.  Since  the 
predominant wind direct ions would usually  transport  Hat Creek Project 
emissions toward the  sector  northeast  of the  project   s i te ,  most o f  the 
receiving  water  bodies  studied in  dera i l  were chosen i n  this  quadrant. 

Aquatic bcosyseems, especially  lake5 and streams  with low a l k a l i n i t i e s ,  
respond more rapidly t o  inputs o f  hydrogen ions than do t e r r e s t r i a l  
systems. The buffering  capacity  of  watersheds is th'e most important 

mitigating  factor.  Water bodies  near  the proposed Hat  Creek Project 
s i t e   a r e  moderately o r  well-buffered  while  waters fart!!er away a r e  

poorly  buffered. In addi t ion,   soi ls  wirh high  buffering  capacity can 
a id  i n  neutral iz ing  the  effects  o f  acid  precipi ta t ion on water body 
chemistry. The avai lable  measurements indicate  t h a t  soil-water systems 
with  substantial  t o t a l  buffering  capacity  are  Typical o f  the Hat  Creek 
area. 

Evaluation o f  effects   a t   specif ic   receiving 'water bodies  involved u t i l i -  
zation o f  the  water  quality data generally  available.  No attempt was 
made, however, to   ver i fy   the   re l iab i l i ty  and va l id i ty  o f  the  water 
quality  information. The model-computed proton H deposit ion  rates were 
used t o  calculate  total deposition  inputs  over  the t o t a l  drainage  areas 
o f  individual water bodies. The fract ion o f  the t o t a l  deposition  reaching 
a water b,ody unneutralized by soil buffering  agents was estimated, and 
the  water body discharge  rates were used as an approximation o f  the 
water volume ava i lab le   for   d i lu t ion  o f  deposited HC ions. The net 
proton inputs t o  the  water  bodies were thus  estimated. These were 
modified to  reflect   the  buffering  capacity o f  L!e aquatic systems a t  -he 

pH range measured fo r  each system. Finally,  a pH change f o r  each system 
was calculated assuming equi l ibr ium between atmospheric and dissolved 
carbon  dioxide. 

+ 
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Not only were the proton donor addi t ions  predicted in chis  study very 

small, but the pH changes  result ing from these  addi?ions were found t o  
be d l  fo r   bo t5  shorc- ten!  events and long-tera averages.. The l i t e r a t u r e  
ind ica tes  t ia t  pH values ber.eem 6.0-9.0 are necessary ?o r  the su r r iva l  

o f  economically important soecies o f  f i sh .  The pH values o f  water 

bodies in the  Hat Creek area  are   current ly   within this range and a r e  
projected to r d n  so over the  sham and long tern wirh o r  wi-&out the 
deqosit ion of  the a i r  emissions  fmm the proposed Hat Creek Pmject. 

Biological Effects 

A literature search w a s  conducted to  rsview the  current  s a t e  o f  howledge 

regarding  effects  o f  c.Sanges in water chemistry tc residing  biological  
communities.  .Anticipated pH c.hanges i.z the wator bodies o f  the Hat 
Creek area will be  small enough to  preclude  measurable  biological  effects 
due ro .pmton donor d e y s i t i o n  f m m  the  Hac Creek power p lan t  stack 
emissions. No e f fec t s  should b e  evidenced in adult ,  juveni la  OT qawning 

f ish  populat ions.  In addition, the  predicted pH changes will have no 
apprec iab le   e f fec t  on the   po ten t ia l   d i sso lu t ion  o f  heavy metals,  including 

m e r c u r y ,  o f  e i t h e r  nazural o r i g i n  o r  t..ose added by t i e  Hat Creek P r o j e c t  

vi*& 200 'an f r o m  the plan+ s i i e .  Biogeochemical cycling will be 
saintained a t  the prssenr natural r a t e s ,  and only small increases  in 
biologically-acrive,  heavpmecal compcunds will be t r a n s ~ o f l e d  thruugh 
rhe ecosystem. 
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The result:s  of this study  indicate  that   the pH changes  expected f r o m  the 
Hat Creek P r o j e c t   a i r  emissions will have no adverse  environmental 
effects  on the  aquatic ecosystems of  the  area  over  the  l ifetime o f  
the  project.  This  conclusion  applies t o  annual and seasonal  average 
conditions and to  individual  precipitation  events  within  the zone o f  
impact of  the  project  facil i t ies.  

The results of  these  studies M be summarized i n  the  following  conclusions: 

Proton donor deposi.t:ton will occur  primarily i n  the  northeast 
quadrant from the Har Creek P r o  j ect area. 

Maximum deposition rates will be within a SO-lan (30-mi) 
radius  of  the pposed poet   plant   s i te .  

Some dewsi t ion   o f  pmject emissions will occur beyond 200 !a 
f r o m  the p o w e r  plant  location  but will be  of  very small 
magnitude. 

Model calculations  indicate  that  average pH values i n  precipi-  
t a t ion  will be reducltd to  values M lower  than 4 . 9 5  to  5 . 5 5  

(assuming the  only buffering  to  be due to  the  dissolution 
.of  atmospheric C02) . 
Although small annual and episodic pfl changes i n  the  water 
bodies  of  concern  are  predicted,  these changes will be o f  

a magnitude s imilar  to  natural  variations  without  the Hat 

Creek P r o  j e c t .  

The techniques  used to  predict  cumulative  effects o f  the Hat 

Creek P t o j e c t  on water  quality  tend  to  overestimate such 
e f f ec t s .  However, a f t e r   t he  expected  55-year  lifetime o f  t b i s  

project ,   the  calculated pfl f o r  specific  water  bcdies a l l  
remain i n  the  range  required to sustain economically  important 

aquatic  populations. 

Estimated pH changes will have no e f fec t  on the maintenance o f  

economically i m p o r r a n t  fishery  populations,  including  repm- 

duction, growth  and survival  of  sensitive  species. 
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e No adverse  effects i n  the   so i l s  and  vegezation or' t i e   a r e a  are 
expected t o  occur  as a r e s u l t  o f  wet and dzz daposit ion o f  Hat 
Creek emissions. 

e 210 observable  biological effects due t o  -fie predicted pH 
changes a r e  e q e c t e d  f o r  the eggs,  larvae,  juvenile, and 

ichzhyuplankzon segments o f  the animal  populations. 

e. Net product ivi ty  and species  composition o f  the  p~yeoplankton, 

zooplankton,  benthic,  and  aquatic  sacmphyte  communities will 
b e  undfected by Lie e q e c t e d  pH changes. 

Biological  effects of u a c e  metals, including mrrcury, will 
not  be appreciably altered by any form o f  acid  depcsi t ion due 

t o  Hat Creek Project miss ions .   Synerg is t ic   e f fec ts  o f  acid 

and  heavy metals will not  change  significantly f r o m  those 

which may be p s e n z l y   o c c u f i i l g  in the aquatic  systems of  the 
area. 
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APPENDIX I 

11.0 INlTODUCTION 

11.1 PURPOSE 

Environmental  Research E T e h o l o g y ,  Inc. (ERT) has  been  requested by 

B r i t i s h  Columbia Hydro and Power Authority (B.C. Hydro) to expand upon 
an ear l ier   analysis   of   deposi t , ion  of   a tmospheric   contaminants   re leased 
by the proposed Hat Creek  Project. The reporr  "Air Qual i ty  and Climatic 

Ef fec ts  of  the  Proposed Hat Creek  Project"  to which t h i s  document is 
Appendix I, includes a subsection  S.2(c)  [v) en a c i d i t y  changes i n  . 

precipitation.  Probable  changes of  p r e c i p i t a t i o n  pH due t o  Hat Creek 

Project  emissions are projected.  Appendix B ,  Modeling  Methodology 

(Section 36.2) a l so   addresses   the   ca lcu la t ion  of  pH change  and  presents 

additiona.1  background  information. The purpose  of Appendix I is t o  
p re sen t   t he   r e su l t s   o f   a  more sophis t ica ted   model ing   ana lys i s   to   inves-  

t i g a t e   t h e   d e p o s i t i o n   o f  air cmtaminant  emissions from the  proposed 
power p l a n t  and their   secondary  products   over   the  regions of  i n t e r e s t ,  
including an evalua t ion   of   impacts   a t  specific aquatic  bodies.  

Terns of Xeference  were  devised f o r  t h i s   add i t iona l   s tudy ,  which expands 

upon inves t iga t ions  documented by the  previous  appendices  with  the 

fol lowing  specif ic  tasks: 

0 Expand t h e  modeling  .nethodology  (Appendix B ) . t o  include borh 
sulfur and nitrogen  -hemistry,   depletion o f  a i r  contaminants 

by wet and dry  deposi t ion,  and incorporate   addi t ional   regional  

meteorological data. 

Model a i r  contaminant  emissions to pred ic t   depos i t i on   d i s t r ibu t ions  

of  relevant  contamin,ants  over a range  of 200 !an or more downwind 
of  t h e  Hat Creek  Project. 

Discuss the  current  l lnderstanding o f  atmospheric and p rec ip i t a -  

t ion  chemistry and c ,n lcu la te   pa t te rns  of  hydrogen ion deposi t ion 

on an  episodic ,  seasmal and annual basis. 
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0 Review the   ava i lab le  data on s o i l  and water chemistry in  t3e 

v i c i n i t y  of the P r o j e c t .  Estimate e f fec t s  05 tihe d q s i r i o n  

o f  proton donon on water dlemzszry f o r  selected r-xeeiving 
waters on q i s o d i c ,  annual and Project  l i fe t ime scales. 

0 .Assess Gte biological  implications o f  the predicted pH changes 

i n  water bodies in tbe 3at Creek area. 

11.2 SCOPE 

The a c i d i t y  o f  p rec ip i t a t ion  over indus t r ia l i red   reg ions  o f  -he  world is 
cun-ently rsceiving considerable  attention.  Repoms by various  committees 
and agenc ie s   c i t e  nuaerous invest igat ions o f  p rec ip i t a t ion  changes 
throughout the world. " 22 The "acid"  precipi ta t ion phenomenon is most 

o f t e n  related i n  the Li teramre t o  industrial missions o f  sulk and 

nitrogen  oxides. Once released in tie armsphere,   these 'pzhary" 

contaminants  can undergo chemical t z a n s k m t a t i o n s  leading lio Lie production 
o f  ac id ic  compounds which a re   d i sso lved   in   p rec ip i ta t ion .  There is 
concern that the  resultant input of  a c i d i t y  t o  the earch can affect many 
components of  the emrimnment, including soils,  waters,  vegetation and 

wi ld l i fe .  The magnimde and g e o p p h i c a l   d i s t r i b u t i o n  o f  such  envimn- 
m e n t a l  effects  in a given area are   bel ieved to depend on the i n t r r a c t i o n  

o f  numerous factors,   including emission strengths o f  s u l h r  and ninwgen 

o x i d e s ,   a m s p h e r i c   d i f h i o n   c h a r a c t e r i s t i c s ,   a t n o s p h e r i c   o x i d a t i o n  
k i n e t i c s ,   t o p o p ? h y  and climatology as well as c3r7;rin so i l  and watsr 
chemisrry  and  biological   chuacrer is t ics .  

Con-ts k, a di rpers ing  plume o r  in a. mass o f  a i r   conta in ing  several 

source emissions a r e  eventudly removed by rwo pmcesses"dry and wet 

deposit ion.  D r y  depsit:on refen lio any nechanism that r e d i s  in 
deplet ion o f  conraminants by direct, contact wi=3 any feature o f  t!!e 
earth's surface.   Gravitational ser r i ing  (perhaps aided by agglomeration 
of chemical  reactions)  and nabdent cansporz are  the V i n c i p a l  mechanisms. 

Conraminants not  deposited in rh i s  mer close  tn the source can  be 
tranrported over long ranges until they  are  removed by precipitation 

(wet deposi t ion) .  

Wet deposit ion  includes bot3 dirat involvement o f  the  conraminants w i t h  
droplet formation in clouds ("rainout") o r  e n w e n t  o f  tibe ?ollutant 
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by absorption  in o r  col l is ion  with  fa l l ing  precipi ta t ion ("washout") . 
Rain, f ree  o f  any ions other  than  those  contributed b y  the  dissociation 
o f  water (H , OH-) and the  dissolut ion o f  atmospheric  carbon  dioxide 
(HCO;, CO:), would have a pH o f  approximately 5.6 a t  2S°C. However, 
"natural" ra in  is no t   d i s t i l l ed  water,  but may contain  sea  sal t ,   soi l  
d u s t ,  organic  acids,  etc.  Nevertheless,  precipitation is usual ly   c lass i f ied 
as  "acid" when pH levels   are  below about 5.5 ,  although r a i n  collected a t  
nonpolluted  locations  throughout  the world often has  a pH less  than 5.0. For 
example, in the Amazon Basin, ;I single  storm pH o f  X.5 has been measured 
and i n  Pago Pago,  American Samoa, the  average pH o f  precipi ta t ion  for  
the month o f  October 1976 w a s  84 .74.8b Rain with. pH values as low as 2.8 

and 2.1 have been observed i n  Euwpe and the  eastern  United  States, 

r e ~ p e c t i v e l y . ~  Short rainfall   events  usually have higher  average concen- 
t ra t ions  (of scavenged contaminants  than rainfall   events o f  longer  duration. 
I t  is also known that precipitation  occurring  early in a large  rainstorm 
contains  higher  concentrations 03 a i r  contaminants  than  precipitation 
occurr ing   la te r   in   the  same- st01zp.~ These higher  concentrations may 
r e s u l t  i n  e i the r  an  increase o r  decrease i n  pH depending on the  ratio  of 
a lkal ine t o  acidic  ion  concentrations which is influenced by climatological.  
and geographic  factors.  Snowfall  also removes contaminants from t,,e 
atmospheze, but much less   eff ic ient ly   than  ra in .  

+ 

_I - 

8a 

4 

5 

1ncreasin.g ac id i ty  o f  precipi ta t ion (lowering o f  pH1 has been observed 
i n  Europe since 1950, and has been related t o  the  increased  use o f  
f o s s i l  fuels and the corresponding increase in emissions o f  sulfur and 
nitrogen  oxides.6 By the 19605, investigations by Scandinavian sc i en t i s t s  
indicated that r ive r s   i n  Sweden and Xorway were experiencing a trend o f  
increasing  acidity.6 'ihe significance o f  similar  occurrences i n  North 
.America  began t o  receive  attention in the 1970s. Investigators have 
reported den'imentaal effects  associated w i t h  acid  precipitazion in 
ecosystems o f  the Adimndack  Xountains in   upstate  New York, U.S.A.' and 
i n  Ontar io ,  Canada , although  the  cause  effect  relationsKip of acidic  
precipi ta t ion and the  observed  water quality in the  areas  studied remains 
contmve:rsial and uncertain. 

3 

8 
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rn western Canada,  c o n c e n a t i o n s   o f   a c i d i c  compounds in prec ip i t a t ion  

a r c  low, except d i r e c t l y  downwind h m  Vancower  and  the ?lacurd ~s 

process ing   f ac i l i t i e s  i? Albe-.' However, proposed cons tmct ion  o f  
the Hat Creek coa l - f i red  power p lan t  in c e n d  Br i t i sh  Columbia r a i se s  

concerns  rega-ding the porencial for changing  the pH of   pmc ip i t a t ion  

downwind f r o m  the plan% kinnnn deposition  of  acidic compounds in  &e 

Hat Creek plume will generally occur within SO km downwind o f  the 
plan+.  The region in the norrheast quadrant LOO to 250 b from the  

pmposed p lan t  sire includes munrainous t e r m i n  thar receives  abundant 

snowfall. AccrPrmlazion of   ac id ic  compounds in the szoourpack dur ing  
w i n t e r ,  and their subsequent release t o  surface waters durkng spr ing 
snowmelt is considerni a. poss i i i i l i t y  in t h i s  area.. Although s o i l s  and 

watsr bodies in the  near v i c i n i t y   o f  the  pmposed plant  have  noderate- 

t o  high-buffering  capacit ies,  sails and water bodies in  Lie mountainous 
regions  located 150 t o  200 km nor th  and east f r o m  tie pmposed p l a n t  
s i t e  have l o w e r  buf5ering capacities.. Evidently, emrironmental systems 
in the latter areas may b e  suscept ible  t o  ac id   p rec ip i ta t ion .  On t ie  
basis o f  an imreacigation o f  205 water bodies in tie area thac could be 

affected by emissions ,Cmm t h e   p p o s e d  p l a n t ,  43 are   cons idered   Ml lnmble  
t o  acidification- '   rncluded among the sensicive watsrs a m  st=eams in 
the  watersheds  of the N o d  and South 'Thompson Rivers which s e n e   a s  

major m i p t o r y  pathways and mawning grounds for   salson.  

In view o f  the expected  magnitude o f  a d f u r  and ni t rogen  oxides a i s s i o n s  
fmm the  proposed power plant ,  the p o t e n t i a l   w c e q i b i l i t y   o f  waters 
downwind fmm the   plant ,  and the  reqional  importance  of salmon f i s h e r i e s ,  

derai led s t u d i e s  of  long-range transporc and i sp l i ca t ions  o f  p rec ip i t a t ion  

chemisuy fmm the p p o s e d  Hat Creek P r o j e c +  are wamtsd. 

Following the T e r n  o f  Reference outlined in c!xe previous sect ion,  ERT 
h a s  estimated the e f fec t s  o f  Hat Creek emissions on the pH of   pr$cipi ta t ion 

and receiving water bodies. S e c t i o n s  2.0 @fethodolog) ,  5.0 (Diffusion 
Modeling) and 4.0  (Cr i t i ca l  Water Receptor Anas) rwview the development 

O F  the study, t t e  modeling and co-tational  netto&  a&Drd., and 

I 



rationale  involved  in choosing: regions for derailed  analysis.  Results 
o f  the  deposition modeling and the  assessment  of  effects  are  presented 
in sections 5.0 through 8.0, i(M~deling  Results, Water Quality Effects, 
Biologica.1 Effects and Conclusions, respectively) , 
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12.0 METHODOLOGY 

The proposed Hat Creek power plant  will emit atmospheric  contaminants 
which, upon reaching  the earth's surface, may af fec t   the   ac id i ty  of  the 

a rea ' s   so i l s  and water  bodies. To accomplish the tasks l i s t e d  i n  the 

Terms of Reference, namely t o  zssess  the  implications of  long-range 
t ransport  and acid  precipitatimm, ERT established  a comprehensive and 
multidisciplinary stlldy  plan. An understanding  of  the component study 
elements,  the  types and q u a l i t y  o f  available  .input  information and the 
analysis  7rocedures  adopted is necessary  for  proper evaluation of  the 
r e su l t s  and the   appl icabi l i ty  and uncertaint ies  i n  the  conclusions. 

The emiss.ions and stack gas charac te r i s t ics  assumed in the modeling 

analyses  correspcnd t o  continuous,  full-load power plant  generation 
during  the  entire  yeai.  Emission ra t e s  were calculated f o r  a  case 
without  pollution  control equipment (such as  scrubbers). A 366-m 
(1200-ft.)  stack he ight  was specified i n  the  dispmsion/deposition 
model. This  emission  scenario was chosen to  allow  examination o f  
potent ia l   effects  o f  precipi ta t ion  acidif icat ion for the  case in  which 
the  expected  geagraphical  extent o f  such ef fec ts  would be  most widespread. 
Other  scenarios  with  shorter  stacks,  scrubbers, and meteorological 
controls have been considered f o r  the proposed  thermal p l a n t  (e.g., see 
Appendix IC, Alternate Methods o f  Sulfur Dioxide Control). However, the 
quantity 'Jf a i r b r n e  contaminants  arriving a t  the  ear th 's   surface  far  
downwind D f  the Hat Creek s i t e  f o r  any o f  these configurations would be 
less than for the one assumed here. Thus, the  selection o f  the uncon- 
tml l ed   ca se  with the   t a l les t   s tack  is consistent with other   effor ts  t o  
portray  worst-case impacts a t  the recceptor areas where adverse  effects 
a re   po ten t ia l ly  most c r i t i c a l .  Table I2.-1  .shows the  emission  rates f o r  
the  various  scrubber  cases examined within t h i s  document. 

12.1 STUDY DESIGN 

A f l o w  chart  has been prepared (Figure 12-11 f o r  graThica1  display o f  
the  interrelat ionships  Setween important study  elements. The cham 
indicates  the f l o w  o f  da ta ,  the component. analyses, and the  re la t ion-  
ships between analyses   in   the  interdiscipl inary  effor t .  The methodology 
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TABLE 12-1 

Nd controls 

48% so2 r e m o d  

54% SO2 rawval 

86% SO2 m v a l  

90% SO2 removal 

MSSION RATES EWMPED IX IHIS STUDY 
C" 

Emission hate (ks/day) 

x0 SO -2 -x - TSP 

324,768 207,248  40,000 

170,000 207,248 J0,OOO 

150,2l6 207,248 40,000 

44,000 207,248 ~40,000 

32,471  207,248  40,000 

, 
L 

.. . 

j -  

12-2 



Figure  12-1. 1. .ong Range 1'1 

~ C W I W W  

'ansport and Iuhplications of A 
Precipitotion Air Quality and Climatic  Effects 
of the Proposed tiat Creek Project Study Flow 
Chart. LEGEM 
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shown- in the chart   appl ies  t o  both the Lon3-t-mn average and @sodic  
cases chosen f o r  analysis,  in  c o q l i a n c e  with the Teras of Reference. 
.U1 imporcant p a r t s  o f  the  study  are snom as  i p t s ,  ouquts ,   s tudy 
procedures,  study  elements o r  results . 
The four study  procedures (shown as centerline  rectanqalar  boxes on the 
char t )  represent the k q  analysis steps in &e  study. First, the t r a n s p o r t  

and dispersion o f  emitted contaminants are simulated by means o f  a math- 
ematical model. Expeceed qmund-level ambient concentrations  are computed 

fur all importan+ plume contaminants chat may contr ibute  t o  s o i l  o r  
d a c e  water   acidi ty .  Initial concentrations o f  the various species  are 

established. ’ Wet and d r y  deposition o f  selected compounds are  calculated 

separately in the model and t.h removal o f  plume const i tuents  by these 
pmcesses is re f lec ted  i n  the computed ambient  concentrations. 

The calculated  concentrations  and  deposition  rates are input t o  -de 

second  suady  procedure,  the  analysis o f  atnospheric  chemistry. Those 
chemical  processes  not  readily incorpoated in  the d i f 3 s i o n  nodel  are 

considered, and c5e s e n s i t i v i t y  of  the analyses to  key assumptions  and 
esrimated  pammeterirations are  wzluated, Patterns a3 wet and dry 

deposition o v e r  the. e n t i r e  suady area are computed f o r  tbe major acidic  
species emitred e i ther   d i recr ly  f r o m  the power p l a n t  or f o n e d  in the 
plume by atmospheric r eac t ions ,  

The third study  procedure,  the  assessment o f  water chemisrry  effects,  

involves  analyses 05 the mechanisms and  pathways fo r  transfar o f  deposited 
contaminants to  water bodies  the  study  area. Wet and dry deposidon 

on the m i l s ,  vegetation, mow pack, azxl ,water o f  ihe  study  area nus? 

a l l  be considered.  Input d a t a  requirements f u r  this smdy phase  include 
estimares of deposition rates firom the, second study  procedure  as  well as 
infomation  regarding  the nature af the soils in d e  impacted areas,  

vegetation  cover,  lake and stisam chemistry, water body siz:s, S o w  

r a t e s  and drainage areas, and p r e c i p i t a t i o n   s t a t i s t i c s .  .A sensi t iviFf  

analysis  is an inporeanr p a r t  o f  t h e   r e s u l t s .   h d i c t e d  c:mnges a ~ k e  

pH of selected wat-zr bodies and in t.5e p rec ip i t a t ion   i t s e l f   a r e  computed. 
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Determining the  importance of  water  chemistry  effects on specific  aquatic 
ecosystems constitutes  the  fourth  study  procedure,  the  biological  effects 
assessment. The principal  conclusions i n  t h i s  regard  are drawn from an 
analysis o f  predicted  water  quali ty  effects in terms of  the  available 
l i t e r a tu re .  The potential  importance o f  the  projected  deposition of  acidic  
compounds contributed by the Hat Creek Project t o  the  surrounding  aquatic 
ecosystems is thereby  evaluated. 

12.2  U S E  STUDIES 

To implement the  study  approach diagrammed in Figure 12-1, three  study 
design  elements had t o  be specified:  areas  potentially  influenced by 
Hat Creek Project  emissions,  the  meteorological  conditions  associated 
with  impacts i n  these  areas and the time scales o f  i n t e r e s t .  Although 
the  procedures  listed  in  Figure 1.2-1 appear t o  f o l l o w  a chronological 
sequence,  these  three  design  elements  could  not be chosen i n  advance,  as 
they  are,  i n  f ac t ,  a par t  of  the  study  results.  Thus, the  four  study 
procedures were ac tua l ly  conducted  concurrently, and  were revised and 

refined  as  the  study  developed. 

Three  impact  time scales  o f  i n t e r e s t  were selected  for   detai led  analysis  
The resul ts   are   l imited t o  some extent by ava i l ab i l i t y  o f  input i n f o r -  
mation corresponding t o  these time scales.  Nost data  obtained were in  
the form o f  annual averages, i n  some cases  averages  over  several  years. 
For t h i s  reason,  greater  confidence i s  placed i n  the  resul ts   per ta ining 
t o  long-term  (annual) effects  than in  those f o r  shorter  averaging  times. 

Seasonal  averaged wet and dry  deposit ion  rates,  were also computed, and 
analysis o f  the  meteorological d a t a  resulted i n  the  definit ion o f  short-  
term episodic  cases. O f  par t icular   interest   are   events  o r  combinations 
o f  events  that  lead t o  relatively  high  short-term  contributions o f  
acidic  compounds a t  a par t icular ly   sensi t ive  water  body. Specific 
short-term  cases o f  i n t e re s t  have been identified,   including  individual 
storms after sragnation  episodes and surges o f  acidic compounds during 

spring  melting of  a snowack. 



Case s tudies  were designed  to   invest igate  p m i c u l a r  water  bodies and 

drainage areas of in te res t .   Sec t ion  14.0 o f  this appndix   descr ibes   in  

de t a i l   t he   cho ice  o f  areas  f o r  these   de ta i led  s m d i e s .  S e l e c t i o n   c r i t e r i a  
included  water  chemistry,  biological, economic and r e c c a t i o n a l   i s p o r t a n c e ,  

drainage area buffer id3  capaci ty ,  government  and pub l i c   i n t e re s t  and the 
frequency o f  meteamlogical  conditions  conducive  to wer and dry  deposit ion.  

~- 
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In addidon t o  and shor t  term prec ip i ta t ion   events ,  a third time 

;lame--the Project  Lifetime--is  evaluated. The Hat C-eek power p l a n t  is 
expected t o  operaze  for  appro-ximately 55 years. I t  is -oreant  to 

recog i re  t h a t  the e f f e c t s  on the  exposed water bodies and ecosystems 
will not  b e  simply  additive  over t.%s period,  since  buffering  agents as 
well as H+ions will continue  to be  added to  the  aquatic  systems. 

Sensit ivity  analyses  are  provided zo determine  the  significance of 
assumptions and variables  chosen f o r  key segments of the smdy. 'For 
most aspects o f  the  study, a conservative b i a s  was incorporated in  the  
se lec t ion  o f  inputs and procedures.  Althou3h this tends ' to   represent  
conditions o r  factors   not   l ikely  to   occur ,  it provides a useful outs ide 

range o f  the potent ia l   e%ects .  Tne r e s u l t s ,   t t e r e f o r e ,  are considered 

t o  represent  overestimates of Projec t   e f fec ts  in most cases. 

7 
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15.0 CIIFFUSION MODELING 

1 

r. 

I 

The air qual i ty  modeling methcldology used t o  assess   regional   a i r   qual i ty  
e f fec ts  o f  the proposed Hat Creek Project i s  described i n  Appendix B o f  

the ERT report  "Air Quality and Climatic  Effects o f  the Proposed Hat 
Creek Project." These  modeling techniques have been modified t o  include 

the  effects   of  plume contaminant  depletion due t o  precipitation  scavenging, 
and t o  ex,tend the  model's  app1,icability  for simulations involvirlg  a 
var ie ty  o f  contaminant  species;. A discussion o f  these  adjustments is 
provided i n  Section  13.1. Sections 13.2 and 13.3  describe  parameteri- 
zation o f  the  relevant  physical  processes and select ion o f  model input 
data. 

The r a t e s   a t  which NO and SO., emissions from a power plant  are trans- 
formed t o  the  important  acid plume const i tuents ,  NO; and SO;, depend on 
meteorological  conditions and the  other  chemicals  present i n  che plume. 
The natural  removal o f  primary and secondary  species  through  dry  deposition 
at  the  eazsh's  surface  varies  with  the  contaminant  species and vegetation 
type.  Natural removal is also achieved during precipitation  through 
nucleation,  in-cloud  scavenging  Crainoutl and below-cloud scavenging 
(washout). The Hat Creek Source  Depletion Model CHCSDM] has been devel- 
oped t o  address  these removal processes i n  an analyt ical  manner i n  
computing the pat terns  o f  ambient contaminant  concentration and deposition 

,due t o  the proposed power plan,t. 

X L. 

13.1 THE HAT CREEK SOURCE DEFLETION MODEL (HCSDM] 

The basic  Gaussian plume  model used to  simulate  the long-range a i r  
qual i ty   effects  o f  the Hat Creek Project is described i n  Addendum ..\ o f  
Appendix B (Section A1.6). The methodology used t o  provide  a  preliminary 
estimate  of  Project  effects on precipi ta t ion pH is also  presented i n  
Section B6.2 o f  the same Appendix. In that  study  only maximum changes 
i n  the  acidity  of  the  precipitation itself were addressed. No attempt was 
made t o  estimate  the resulting e f fec ts  on soils, water hodies, or biota .  

A modified modeling  approach (the HCSDM] has been developed t o  f a c i l i t a t e  
a more r e a l i s t i c  and detai led examination of  po ten t ia l   ac id i f ica t ion  

13-1 



in water  bodies surrounding the Hat Creek b j e c :   s i t e .  This sect ion 
deals w i t h  zhe model revisions  designed t o  provide  qpropriate   input  

information f o r   t l e  water quality calculations  described in Section 
16.0. 

Chemical transfornations and surface  deposit ion ar3 incoqora t ed  in to  
the modelin3  by means o f  s q a a t e   q a n e n t i a l   d e p l e t i o n   f a c t o r s .   I n i t i a l l y ,  

ambient SOz. NO and TSP concentrations  are  calculated  without  consideration 
for  depletion thus$ chemical  reactions o r  surface  deposition. These 
concenzrarions  are  then multlpliad by  correczion  factors which ar3 the 

r a t i o s  of the "effecrive  emission  rates" QCIl, and the  actual  emission 
r a t e s  Q(0)  , such that 

where x is the ambient C O R C ~ ~ ~ ~ ~ C ~ O R  calculatad  without  depletion 

m e c h a n i s m s .  Figure 13-1 indicates the  depletion  processes  considersd 
f o r  each o f  the primary c o n t W a n t s  modeled in t h i s  study. 

Q(I) are   calculated in the  following manner. The r a t e  of b g e  of the  

effect ive  source  s t rength f o r  conraminant  species "I" can be defined as: 

where- A ( I )  is the deposi t ion  ra te   (percent   per  hour1 o f  slJecies I 
and 

B(I,J) is the chemical i ru l s fomat ion  o f  species I io 
s p e u e s  J (e .g. , t o  SO; o r  XI t o  ~ 0 3 1  berc3nt  per 
hour ) .  

If the  coefficienzs ACI)  and B (1,J) do not vary  with -.be, then :he 
exact  solution or' Equation 13-2 is 

_, I 
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whert t is t r ave l  time from the  socrce.  Howewr, the XSDM w a s  designed 

such thar wet deposi t ion  ra tes  and chemica l   t rans lomat ion   ra tes  f o r  X0 

and NO; ne& not b e  constant e i ther  cempoal ly  o r  s u a t i a l l y .  Contaminants 
in  the plume are depleted or created  continuously by a taospher ic   pvcesses  
represented by the   coef f ic ien ts  .4CI] and BC1,J) along  the plume t r a j ec to ry .  

This is t r ea t ed  aEroximately by allowiag t he   coe f f i c i en t s  t o  vary 

discontinuously  every 10  kn o r  a t  each  receptor  locacion.  Equation 
13-2 w a s  solved numerically f o r  values o f  

where n is t he   s t ep  number, u is always wind speed and Xn is the downwiad 

d i s t ance   a t   s t ep  n .  To aini=ire the  error introduced by soIvin3  Equation 
13-2 numerically, the value /Xn+l -Xnl must b e  reasonably s s a l l .  Therefore, 
effect ive  source  s t rengths ,  QCI) , were calculated by Equation 13-2 every 
2 !a downwind until a d is tance  o f  ?.x' w a s  reached [where crz(x') = 0.473, 
and H is the depth o f  the mixed layer] .  8eyond this point,  the  contaminant 
plume is considered  to b e  uniformly mixed in tSe vertical, and e m r s  

introduced  by  stepwise  computations become smaller. Thus, beyond the  

distance o f  tx',  effect ive  source  s t rengths  were calculated  every 10  !a. 
For a chemically-reactive  contaminant  species I and a secondary  contaminant 
J (e .g . ,  I = SOt and J = SO;), the   e f fec t ive   source   saenqrhs  a t  the X t k  

downwind distance  for  each  rpecies are approximately: 

- 
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N 

9. is the number o f  downwind dis tance  intervals  to  a receptor 

R(1,J) is the  molecular  weight r a t i o  o f  species J t o  species I ,  
and the  other  parameters  are  the same as  previously 
defined . 

For a non-reactive  species, K ,  such as TSP, Equation 13-4 simplifies t o :  

N , , 
(13-6) 

As can be seen from Equations t3-4 through 13-6, the  effective  source 

s t r eng th   a t  any ,oiven downwind distance is a function o f  the  physical 
processes that occurred upwind of the  receptor of in te res t .  For example, 
contaminant washout due to  varying  precipitation  rates upwind of a given 
point is accounted f o r   i n  computing the  effective  source  strength  at  
t ha t  poinr:. 

13 .2  CHEMICAL TRANSFORMATION UTES 

Various  chemical reactions  are  involved i n  the  formation o f  su l fa tes  and 

n i t r a t e s .  As discussed  in Appendix 8, it has been determined that for  
the  case of  nrlfur oxides,   the  l i terature  supports a react ion  ra te  of 
approximately 1% per  hour for .:he transformation o f  SO t o  SO; i n  a 

plume i n  a rural location. This reaction  rate  value was used i n  this 
study f o r  sulfur  oxides.  The : jensi t ivi ty  o f  the  analysis   r tsul ts  t o  

changes in the assumed reac t ion   ra te  is investigated i n  Section 16.8.  

2 

I t  is now  known t h a t  the SO2 o:cidation ra te   exhib i t s  a diurnal  variation 
with a peak occurring  during  die midday hours (Mueller e t   a l .  1980) 7' This 
i s  caused by the photochemica11.y driven  processes which oxidize SO2 (e .g . ,  
by the OH rad ica l ,  whose ambient concentration is influenced by sunlight 

i n t ens i ty ) .  The photochemical mu te  may be superi-osed on a base 
conversion  rate due to  heterogeneous  oxidation  processes, catalysis by 
metal ions,  i n p d m p l e t  react:.ons with H202, ox,  0 2 ,  e tc .  'NXile 

13-5 



oxidat ion r a t e s  of j t o  d% hr" and higher m y  be  observed dur ing  peak 

dayl ight  hours, rates may dmp zn low leve ls   a t   n ighr .  Assuming a 
c o n s a t  24-hour linear conversion rate of 1% hr- '  amears a :easonable 

a p r o a c h  and may be conservative in possibly  overestimating the conversion 

rate. 

The rate  o f  NO; formation  fmm NO in power plane plumes is ~t understood 

as well. Studies  of NOx chemiszry have been performed in laboratory 

smg chambers and by means of mathematical modeling, However, only 
recmtly have f i e l d   s t u d i e s  been  designed 70 study NO behavior in  power 
plarrt plumes. 10 x 

In the l o c a l  and regional NOx nodeling  efforts  described earlier (Awendix 
8, Section 86.41, the  emphasis w a s  placed on determining  ambienr  concen- 
t r a t ions  and deposit ion  patterns o f  NO and X02. For that purpose, it ' 

realistically estimated wizh a nomeactive model, provided that initial 
NO miss ions  were apportioned pmperly between X0 and NO2. For Local 
modeling  (within 25 !a f m m  the source),  SO% o f  ;he XOx missions were 
considered t o  be  in the fora  o f  NO2. This frac t ion  was increased t o  80% 

for applications beyond 20 !a. 

- w a s  assumad that ground-level concentrations o f  these ipc ies  could b e  

x 

In the prssent  srudy, ERT used the WOtochemical KINetics (?HOKI% 

model to infer an estipate o f  the transformation rare o f  NO t o  NO: in 
t h e  p o w e r  p lan t  plume- A technical d e x r i p t i o n  o f  t h i s  model is g v i d e d  
as Addendum 8 t o  th i s   appendix  The PHOKIN model simulzancously  solves 
t h e  equations governing in-plume photochemical reactions and entraiAnment 
o f  clean a i r  due t o  plme growrh. Species concenmarions a re  output as 
a function o f  plume m v e l  ?he. TZle model simulates ?e ckemical 

reactions resu l t ing  in the  evenrual conversion o f  NO to HNO j, n i t i c  
acid.  I t  was assumed that t h e  formation o f  HNO- was cquivalenr t o  NO; 

forsarion. A pseudo-first order  rramfonnarion rare o f  NO to NO; w a s  

then calculated based on the time hismry o f  t h e  q e c i e s  NO and HNOj  

during  the PHOKIN simulation. The PHOKIN calc.ulations  yielded a time- 

deuendent  conversion rare (percenr p e r  hour )  given by the appmxhare 

re lat ionships:  
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I R = 0.9 + 6 .2 :  t -  t < 1 hour - 
R = 5 . 7  + 1.9 t t > 1 hour 

I 

II 

U 

111 

I 

The major processes assumed t c  dr ive NO t o   n i t r a t e ' i n   t h e  model a r e  
photochemically  initiated. Thus, the  nighttime  conversion  rates would 
b e  expected t o  approach  zero. Daytime r a t e s  would maximize around 
midday. By assuming a constant  conversion  rate  for 24 hours, an over- 
estimate  of  the  nitrate  concentration is l i k e l y   t o   r e s u l t ,   a t  least i n  
t he  near f i e ld .  This fact shculd  be  considered upon interpreting  the 
resu l t s  . 

13.3 WE? AND DRY DEPOSITION FATES 

The dry  deposition  of a contaminant  onto  the ground o r  vegetative 
surface d,epends upon its ground-level  ambient  concentration and the 
abi l i ty   of   the   surface  to   re ta in   that   par t icular   species .  .An artifact ,  
the  so-called  "deposition  velocity", is often employed as an  empirical 
measure of   this   capabi l i ty .  F.eactive  gases  such a s  SOz and NOx, which 
may be readily  ingested  into  groundwater and vegetation, have deposition 
ve loc i t ies  on the  order  1 cm/?:ec (see Appendix B) . 

Deposition o f  a i rborne   par t icda tes   resu l t s  from mechanical  impaction 
upon surface  vegetation,  other  surface  features and bodies  of  water. 

The s ize  dis t r ibut ion and solr .bil i ty  of  particles  are  contributing 
factors  t o  the r a r e  o f  d r y  deposition. Very large  particles  (diameter 
>> 10 urn; e.g.,  dust)  can  set.t:le  gravitationally.  Particles wi th  diameters 

exceeding 1 rn are able   to  impact upon vegetation  because  their  inertia 
does  not s t r i c t l y  follow  the a.ir flow. The t ra jector ies   of  s t i l l  smaller 
par t ic les   are   control led hy eddy diffusion. However, i n  the  presence of 
high  re la t ive humidity,  droplets  can form about  the  particles, and the 
e f fec t ive   s ize  and deposition  velocity  are  increased. In addition,  the 
presence  of a vegetation canopy has been shown t o  increase deposition by 
offering many impaction  surfacies and producing  small-scale  turbulence 
tha t  brin,gs  particles  to  the  surface.' ' An algorithm is incorporated 
into  the HCSDM to  take into ac,count the dependence of  deposit ion  velocit ies 



on p a r t i c - d a r e   s i z e   d i s t r i b u t i o n ,  wind speed and vegetation d e n s i t y .  
For su l f a t e s  and o ther  small par t i cu la t e s ,  a representat ive  value o f  
deposit ion  velocirf  is 0.1 c a / s e c  (see Aqendix B ,  ,clodding Mezhodology) . 

The removal of gaseous conraminants by p rec ip i t a t ion  is a complex 

process  governed by  such physical parameters as i n i t i a l  p rec ip i t a t ion  
, pH1*, backgmund ambient  conraminant  concantrationl' ,   precipitation  c/pe 

and p rec ip i t a t ion  a t e . "  The primary we+ removal mechanism f o r  gases 
is below-cloud washout, In the case o f  SO2, a rain d r o p l e t   f a l l i n g  
through a plume absorbs SO2 until -he  equilibrium  concentration of  SO2 
in the   d rople t  is reached. H O w s v C r ,  if the S02-laden  droplet  subsequenrly 

f a l l s  below the plume into c lean   a i r ,   desorp t ion  d e s  place,  and a 
f a c c i o n  o f  the  originally  adsorbed SO2 is r enuned  t o  the apnosphere. 
On the basis o f  avai lable   precipi ta t ion  chemiszry data, empizical washour 

coe f f i c i en t s  have been derived b y  various researchers  with the i n t e n t  o f  
predict ing t t e  amount o f  gaseous  conraminants t.bt will b e  scavenged 

during  below-cloud washout ( the analogous mechanism during  snowfall is 
ca l led  snowout) . 13y11 These washout coe f f i c i en t s  are expressed in  t m s  

o f  r a t i o s  o f  gas  concsn+rations in t i e   p r e c i p i t a t i o n  to  gas concentrations 
i n  the acnosJhero,, For the purposes of  this smdy, the uashout   ra t ios  
recommended b y  Slinnll were used. I t  w a s  a l s o  assumed tha: 90% o f  che 

contaminant mass deposited during periods o f  p rec ip i taz ion   resu l ted  from 
below-cloud washout. The model cons ide r s   a l l  SO2 deposited by p rec ip i t a t ion  
to b e  t ransfamed to SO; (a lso NOx t o  NO;) during the vet  scavenging 

process. 

13 

The discussion i n  reference 14 on scavenging of gases by  inow indica tes  
t,hat tkke scavenging  efficiency o f  snowflakes for gases is much smaller 
than  for^ raindrops. However, s ince a ambstan t ia l  portion o f  che smdy 
a r e a ' s   p r e c i p i t a t i o n  occurs in the f o m  o f  mow, an algorithm was incor- 
porated i n t o  the  model t o  include  conraminant  scavenging by snowfall. 

For par t icu la te   aemscls ,   bo th   in -c loud  and below-cloud  scavenging m y  
b e  important, A vashout r a t i o  developed f o r  w a s  adapted f o r  
TSP and NO; removal in the  nodel. 12 addition,  the  concentration o f  
scavenged saterial is evaluated in the ;nodel a t   va r ious  staages o f  
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hydrometeor  growth.  Scavenging efficiency is dependent on such factors 

as  precipitation  type,  cloud  type and in-cloud  temperature. Washout 

ra t ios   for   par t ic les   decrease  with decreasing  precipitation  rates . 14 

13.4 PRECIPITATION PATTERNS IN SOUTHERN BRITISH COLUMBIA 

The washout discussed in  the  preceding  section  are  expressed 
i n  the HCSDM model as  functions o f  the  precipi ta t ion  ra te .  In addition, 
the amount o f  contaminant mass scavenged is dependent on the  precipitation 
type.  Therefore, it w a s  necessary t o  assemble representative  precipita- 
t ion data for  the  study  area  to  provide  the  required  input for  the 
HCSDM . 

Precipi ta t ion data f o r  34 re levant   s i tes  in  southern Br i t i sh  Columbia 
were available  for  this  study. The data were primarily i n  the form o f  
monthly and annual  Precipitation totals given  in  inches o f  water. 
Snowfall f r ac t ion ,  precipi ta t ion event  frequency and thunderstorm 
frequency were also  avai lable  f o r  some s ta t ions .  Table 13-1 l ists  the 
s ta t ions  f o r  which d a t a  could be obtained and indicates  the  types o f  
data  available  for each s ta t ion.  The locations o f  the  s ta t ions  re la t ive 
t o  the proposed p ro jec t   s i t e  and selected  water sheds i n  the  region  are 
displayed i n  Figure 13-2. 

As can be seen i n  Table 13-1, p rec ip i t a t ion   i n t ens i ty   s t a t i s t i c s  were 
avai lable  f o r  only 9 of the 54 s i t e s .  For these 9 stations,  curves o f  

precipitation  intensity  versus durat ion were  drawn f o r  return times o f  
2 ,  5 ,  1 0 ,  and 25 years. The average  precipitation  rate chosen f o r  each 
s ta t ion  t o  characterize  local scavenging efficiency was t h a t  corres- 
ponding to a two-year  storm la,sting 24 hours, Use o f  :his value is 
considered  conservative,  (i.e., it will lead to  an overestimate of 
material washed out)  since a 24-hour storm with  this  average  intensity 
occurs on t h e  average  only once per pno years. This conservatism is 
offset  somewhat  by the  portion o f  s toms  w i t h  greater   intensi t ies   over  
shorter  durations.  FOT statioas  witSout  inrensity  data,  ?-hour in tens i ty  

values were obtained by scaling from the  intensity  at   the  nearest  of the 
9 s ta t ions  on the  Sasis o f  annual ( o r  seasonal)  rainfall  ( o r  snowfall) 
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per prec ip i ta t ion  day. For example. the r-presentative i n t e n s i t y   a t  - 
Pemberton Meadows was computed from the   in tens i ty  o f  a ?-year   s tom 

o f  24 hours a t  Uuta Lake (0.075 inches/hour)  times &e r a t i o  o f  rainfall 
per prec ip i ta t ion  day a t  Pembermn Meadows (0.49 inches/day) t o  the 
corresponding v d u e  a t  .Urd Lake (0.26 inches/day), i.e., 0.075 x 0.49/0.26 

~. 

= 0.14 inches/hour a t  PenbeMn Meadows. This sezhod was used t o  estimate 
reasonable two-year smrn and 24-hour p r e c i p i m t i o n   i n t e n s i t i e s   a t  all 
34 s t a t ions .  Values a t   i nd iv idua l  mdel receptor  locations were  then 

obtained by i n t e q o l a t i o n .  
m 

The resu l t ing   i sople th  maps o f  preciFitation  intensicy  ( inches/hour) f o r  
annual and seasonal periods  comprise  Figures 13-3 through 13-7. Contours ” 
ind ica t ing  the nmber  o f  seasonal and annual days ,with measurable 

prec ip i ta t ion   a re  p l o t t e d  in Figures 13-8 t b u g h  13-12. Figures 13-12 

through 13-16 i nd ica t e   t he   d i sa ibu t ion  o f  snowfall fraction  [percentage 
o f  seasonal or annual p e c i p i t a t i o n ’  (melted) occuring  as snow]. m e r e  
is KO p l o t  o f  snowfall h c t i o n  f o r  the summer season. Map o f  thunderstorn 

freapency ( p e r c e n t  o f  total  pr?cipiutation  occuring during tiunderstonns) - 
are  presented i?I Figures 13-17  and 13-18 f o r  an average-annual  period _. .. 
and f o r  the summer season,  respectively. 

- 
m 

~” 

IF 

u 

Subsequenr  to  completion o f  the pH change calculat ions  pr isented in t h i s  

reporr ,   precipi ta t ion data from a s u b s t a n t i a l l y  laraw number o f  stations 
within  the  study  areawere abra ined .  The new data sez  represents mea- 

surements a t  164 s ta t ions ;   p rec ip i ta t ion   in tens i ty  - duration s t a t i s t i c s  

have been developed f o r  36 o f  these  s ta t ions.  ? l o t s  o f  t h e   g e o p p h i c a l  _. 
d i s t r ibu t ions  o f  the  i q o m n t  precipi-at ion parameters, i . e . ,  rqgresenta- 
tive  2-year/?4-hour smrs i n t e n s i t i e s ,  annual and Seasonal days with ” 

p r x i p i t a t i o n ,  and snowfall b c f i o n s  were c a n s m x t s d  from the new data. 
Tines8 figures  are  presented in Addendum A to t h i s  appendix. 

- 
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S t a t i s t i c a l  comparisons o f  the ?do precipitation data sets a re  also 
.c 

provided in Addendum A. I n  addition, a s a q l e  calculat ion,  showing the 

e f f ec t  O f  enlarging tie data ser on Lie pH c,hlge cdculauons f o r  one 

o f  the selected B.C. water  bodies is included. In some instances, tie 
more refined analysis made possible by the incorpomtion o f  addi t ional  

” 
I 
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data  led t o  lower predicted pH changes in the  selected  water  bodies. 
4s described i n  Addendum A, the   l a rges t  change i n  terms o f  increased 
pH change as computed with  the expanded data s e t  was about 0.32 pH 

units a t  Deadman River. Because t h e  estimated pH changes obtained  with 
the  additional d a t a  were eit l ler   similar t o  o r  smaller  than  those 
predicted  with  the  original data, it was not  considered  necessary t o  
repeat   the   ent i re  modeling and water  quality  calculations t o  incorporate 
the new data. 
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14.0 CRITICAL WATER RECEPTOR W S  

Severa l   c r i te r ia  were considered  important i n  evaluating  the  areas o f  

concern i n  the   v ic in i ty  o f  the proposed Hat Creek Project.  Prevailing 
meteorological  conditions,  important  biologically  sensitive  areas, and 
buffering  capacity o f  s o i l  and water were the major considerations in  

select ion o f  t h e   c r i t i c a l  water  receptor systems i n  terms of  potent ia l  
acid  prec:ipitation. These areas were largely  defined  geographically by 
a quadrant  northeast (NE) of t:he proposed f a c i l i t y  w i t h  additional 
consideration  for a sector   area t o  the  southeast CSE). Predominant wind 
pat terns  would tend t o  transport   project   emissions  directly NE with 
other  important  directions  being  directly toward the  north (N) and SE. 

ERT selected  f ive  areas   in   the NE quadrant and  one area i n  the SE quadrant 
re la t ive   to   the  proposed s i te   for   detai led  evaluat ion.  These par t icu lar  
areas were chosen because o f  t:heir recreational and  economic importance 
and relat . ively  l imited  buffering  capacit ies.  They are:  12 the Mams 
River  watershed, 2)  the immediate vicinity  within SO km o f  the Hat Creek 
power p l a n t ,  5) the  Clearwater  River  system, 41 Boss and Hendrix Creeks, 
5 )  Pennask Lake,  and 61 Deadman River. A l l  o f  these  areas were reviewed 
i n  terms of potential   acid  precipitation  effects due t o  operation o f  
the Hat Creek power plant .  

14.1 BACKGROUND 

Aquatic  ecosystem,  especially  lakes and streams  with low a l k a l i n i t i e s ,  
react  more rapidly t o  pH changes than   te r res t r ia l  ecosystems.  In 
geographical  regions where linestone o r  calcareous  rock are prevalent, 
the  natural   buffering system will mit igate   effects  o f  acid  precipitation. 
However, in  Scandinavian  count:ries and geological  provinces such as  the 
Canadian Snield where calcareous  material i s  generally  lacking,  soils 
and water  bodies  are  naturally low i n  buffering  capacity and more susceptible 
t o  pH changes  caused by acid  precipitation. In mountainous areas o r  i n  
northern  lat i tudes where severe  winters  occur,  effects o f  acid  precipitation 
often  f luctuate  seasonally.  
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Water bodies near the  pmposed plant s i t e  are moderately OT :well-buffered, 
while 'waters. *her io the  n o d  and eas t   a r s   pco r ly  b u f f e r e d .  The 
S r i t i s h  Columbia Minisrry o f  Recreation and Conservation (8(2CIRC] reviewed 

ih available  water quality d a t a  f o r  20s water  bodies in che area o f  che 

proposed Hat Creek Pm~jecr.~ The report i den t i f i ed  43 water system 
considered  potent ia l ly   vulnerable  to  ac id i f i ca t ion .  The presenr  study 

involved a review o f  the E X R C  r w o r e  and o t h e r   a v a i l a b l e   i n i o n a t i o n  m 
d e t d e  a s e t  o f  aquat ic  systems best rwresen t ing  a cross-section o f  
c3e zreas of  concern. 

O f  the  43 water bodies  mentioned by the B W C ,  most have a l k a l i n i t i e s  of 
50 mg/1 CaCOj o r  less .  In addi t ion,  pH values wera Basis; general ly  

7 .2  OT higher. Gnly four  lakes were Identified  with an average pH below 
7 (range 6.5-6.9) and f o u r  between pH 7 . 0  and 7 . 2 .  Published  water 
quality parameters ( e . p . ,  a l k l i n i t y  and $1 a r e  usually Trosenred in  
terms o f  amrual averages. The v a r i a b i l i t y  about  such  averages and %!e 

degree o f  uncertainty in such data is general ly  unknown. In addi t ion,  
the  reporring  periods and consistency o f  the water q u a l i r y  measurement 

techniques are not specified. 

Soil   buffer izg  capaci ty ,  a r  b a s e  s a r sa t ion ,  eqresses &,e a b i l i t y  of a 

s o i l   t o  resisr pH reductions. A s o i l  with a high proportion o f  calcium, 
magnesim, ?ozassim and o r h n  basic  carions among irs exr5angeable ions  
has a high base  s anua t ion .  Such s o i l s  are usual ly  n e u a l  o r  r lka l ine  

and have hign buf fer ing   capac i t ies  (Lee., they a r e   r e l a t i v e l y  r~sistant 
t o  changes in ?HI. In spec i f i c   suu l i e s ,   so i l s  with a high buifer"ng 
capacity  have been shown to b e  capable o f  neutral iz ing 40 i o  over 90% o f  
hydrogen  ions  added as a result o f  a i r   p o l l u t i o n  o r  acid p r e c i p i z a t i o n .  

A rwiew o f  i o n i c  budgets in terrestrial ecosy~tems is also required io 
evaluate the r o l a d v e  magnitude o f  any e f f ec t s  due t o  addi t ional  hydrogen 
ion   dews i t ion  surmunding the Hat Creek Pmjec t .  The behavior o f  hydro- 
gen i o n s  in terrestrial e c o s y ~ t e s s  is a n a j o r  f ac to r  in deters ining 

stpeam water  chemistry. Hydrogen ions may be viewed a s  the mjor facsor  

in chemical  weathering reacrions in ;.am ecosystems. lS nersiors, 
=a" i e r ing  rates may b e  seen d5 t h e   m t e   a t  which KC is j q l i e d  t o  &e 

sys tm.  
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As HC is f ixed   i n   t he   t e r r e s t r i a l  ecosystem, basic  cations may be leached 
f r o m  the system. Thus, weathering r a t e s  and hydrogen ion f ixat ion can 
be viewed i n  terms o f  cationic;  denudation  rates. 19 

The hydrogen ion budget for   a   given  terrestr ia l  ecosystem is a  function 
o f  climatological  characterisrics and various  biological and chemical 
processes  in  soils.  In an  undisturbed system, cationic  denudation  rates 
should bo balanced by the sum o f  the  net   external and net   internal   ra tes  
o f  supply o f  H* ions.  Studies o f  long-term cationic  denudation i n  
r e l a t ion  t o  atmospheric HC inputs have been conducted a t   t h e  Hubbard 
Brook Experisental  Forest  in New Hampshire, U.S.A. This col lect ion o f  
small mountain watershed is subject t o  an average  precipitation pH o f  
4.1. Data suggests that under the  prevail ing  biological and chemical 
conditions,  external and in t ena l   sou rces  have equal roles   in  HC ion 
generatitrn.18 A cationic  denudation  rate o f  2.0 x 10 eq/ha/yr,  typical 

o f  New England as  a whale, is found i n  the mountainous New Hampshire 
watershed, In comparison, the  cationic  denudation  for  the  Fraser  River, 
Bri t ish Columbia, has been estimated a t  3 . 8  x 10' eq/ha/yr, which i s  
equal t o  t he   r a t e   fo r  North America as  a whole. 19,20 The differences i n  
weathering  rates between watemheds o r  regions  indicates  the importance 
o f  recognizing  hydrologic,  geoclimatic and biogecchemical  factors  specific 
t o  an ecosystem when evaluating  hydmgen  ion movement. 

3 

The generalized  weathering  estimate  for  a  large  watershed such as  the 
Fraser River system actually 'represents various input-output budgets 

within  portions of  the watershed. Studies  in  the Okanagan Valley o f  

Bri t ish Columbia have documented  an elevation dependence on pH and 
ca t ion   cmtent  of  s a i l s  and s,treams.'' Wuntain  streams  east o f  Keloma, 
Bri t ish Columbia, had a pH gmdient from 6.30-6.79 above 5,000 f t  t o  
7.05-8.X a t  1,500 f t  and behw. The differences  are   a t t r ibutable  t o  
climatic and s o i l  development factors  associated with elevation. A t  

higher e:Levations there is heavier  precipitation, lower t ranspirat ion,  
and often  shallower  sails;   consequently,   soils  are mare fully  leached 

and s t reams  conta in   l ess   ca t i~~ns .  Water qual i ty  and so i l  da t a  collected 

by the  ).linistry O f  the Envim:nment within 200 !a of the Hat Creek s i t e  
indicate  Similar  cation  count  variations with e leva t ion .   s tud ies   a t  
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-tion Creek, Vancouver Island, support -he theory thar  watersheds 
w i t h  hi3h annual rainfall, .,._ low evapotranspirat ion  ra tes  and shallow 

s o i l s  have general ly  lower ionic   concentrat ions in streamflow. 
Su l f a t e  i s  the dominant ion   in   p rec ip i ta t ion   a t   Carna t ion  Creek, but it 

occurs at   only  one-third the concentrations  observed in  the northeastern 

United  States.  Bicarbonate  and  calcium  are  the  principal anion and 

cat ion in the watershed streams. 

22 

S o i l  orders as defined by the Canadian Soi l   Class i f ica t ion  SySZUn 

provide a general indicat ion  of   soi l   buffer ing  capaci ty   within the Hat 

Creek scudy area. The hv' isol ic ,  8-solic, and  Chernozemic s o i l s  -&at 
am found in the area  o f  maximum predicted hydzogen deposit ion (.within 

SO !a from the proposed p r o j e c t  s i r e )  have  moderate to  high buffering 

capac i t ies .  The combination o f  alkaline  parent  materials,   high  cation 
exchange capacity,  and moderate t o  high base saturation  promotes  neutral-  
i zar ion  of  added-protons.  Soils  belonging  to the Podzolic  orders have 

low buffer ing   canac i t ies ;  however, such acidic ,   wel l -drained  soi ls   are  
not common i n   t h e  NE quadrant f r o m  the Hat Creek s i t e   u n t i l  a d i s tance  

o f  about 200 !a. According EO the  modeling results (see Section 15.01, 
these areas will receive  very low quan t i t i e s  o f  acid  contaminants f r o m  
deposi t ion o f  Hat Creek emissions  due  to. the hi3hly  dispersed n a m e  o f  
the  emissions  at  chis distance. 

14.2 SEUCTED CRITICAL WATER RECE??R ARWS 

14.2.1 :4dams River  i'latershed 

A d a m  River and A h  Lake are  l o c a t e d  NE o f  the  proposed 3at Creek 

power p lan t .  The area includes a drainage  system which provides  appmx- 
imately 50% o f  the salmon spawning s tock   to   the   i raser   River  drainage 
b a s i n .  I t  is thus one of  the most important s a h m  fishery screams i n  
Horth America. A h  Lake and the upper and lower reaches o f  -&e Adams 

River above  and below che l a k e   m e n d  f r o m  aparoximately 12s ka t o  
250 km f r o m  the pmposed Hat Creek Project .  
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The pH measurements reported  for  Addams  ?.iver and A d a m  iake range 
beween 7 . 2  and 8.8.  Annual average pH a t  Lie moutb o f  t!!e Adams .River 
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is 7 . 6 ;  t h e  corresponding va:.ue f o r  Adams Lake is 7 . 7 .  Alkalinity and 
specific  conductance  reported  for Addams River  are 22 .5  mg/I and 5 5 . 0  Umho/cm, 
respectively.'  Corresponding  values  for Adams Lake are  4 3 . 9  and 5 7 . 0 .  
These characterist ics  indicare  a  soft   water  aquatic system  with  limited 

buffering  capacity. No watm qual i ty  o r  f low r a t e  data were available 

for   the upper Adams River, which is the  principal  area of  concern i n  
terns of salmon spawning, However, the  upper A d a m  i s  farther f r o m  the 
p l a n t   s i t e  and i n  a  narrower'drainage  basin  than  the lower A d a m .  Thus, 
ef fec ts  i n  the upper Adams are  expected t o  be similar t o  those  predicted 
i n   t h i s  study, assuming simi1.a~  buffering. 

The upper Adam River system is a  drainage basin with  very low s o i l  
buffering  capacity  because o f  acidic,  well-drained  soils..  These humo- 
ferr ic   Podzol ic   soi ls  have developed on coarse,  noncalcareous  materials 

and usually have a pH less  than 5.5 throughout  their  depth, They 
generally support a  coniferous  forest. Chemical and biological  trans- 

formations  are  rapid i n  the  surface  layer o f  organic matter and i n  the 
upper soil   horirons.  The soi.ls are  strongly  leached by organic  acids 
and la rge  amounts o f  water pass down through the  profile  during  the 
year. They contain few bases; such  a5  calcium o r  magnesium. Total 
exchangeable  bases may be 1ecs than 2 meq/100 g of  s o i l  compared with 20 
meq/100 g o r  more found i n  well-buffered  soils.*' The low cat ion 
exchange capacity o f  the podz.ols is dominated by hydrogen ions.. Forest 
cover  represents  a  primary  source  of hydrogen ion removal before  deposition 
on these  soi ls .  

1 4 . 2 . 2  Immediate Hat Creek Power Plant Environs (Thompson River, 
Loon Lake, Deadman River) 

The area  expected  to  receive  the most intense  deposition  of HC ioas is 
the  region  to  the  east  and northeast and within 50 km o f  the Hat  Creek 
Pro jec t   s i te .  This  region has several  biologically  important  water 
systems for  migratory as well as   self -suff ic ient   f ish  populat ions.  

Fortunately, t h i s  area  also has s o i l  and water  buffering  capacities 

considered moderate t o  high. 

The most prominent  water system in   th i s   a rea  is the Thompson River. I t s  
basin  receives  inputs from a l l  o f  the medium and m a l l  watersheds i n  the 
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near (within 50 !au) NE apukant and consticutes  the "water reservoir" 

with the  highest  expected deposition o f  proton donors due to the Hat 
Creek P r o j e c t .  In addition, it is the major migratory pathway f o r  
steelhead and  salmon that spawn in t i e  water systems  c!nwughout t i e  NE 
quarter. As a resu l t ,  adverse  impacts u t!e Thoqson River would 

affecr  f isheries  throughout  the  region.  Other important watsrsheds in  
this area  include  the  Bonaparre  River, Loon Lake, Tranquille  River, 

D e a d m a n  River and o t h m . .  R e n e a t i o n a l l y ,  the area is also one o f  the 
most i q o r e a n t  in 8r ic i sh  Coluahia. 

3uffer ing  capaci t ies  i n  water systems near efia pwer p l a n t ' s i t e  are an 
importam fac to r  in of f se t t i ng  potential ac id i f ica t ion .  The water 
systems have rangas o f  a l k d i n i t y  and specific  conductance from ii.8 t o  
40.4 mg/l and 80.0 t o  101.7 wnho/cm, r e q e c t i v e l y .  Reported pH values 

a re  generally about 7.5. These characterist ics  indicate  a  moderata 
buffering  capacity, and, in combination  with  ratfier  Large water body 

volumes and f low rates, provide  a large capaci ty   for  proton donor d i lu t ion .  

Soils~ in the immediate power p l a n t  area (within 40 km) have  moderate t o  
high  buffering  capacines.   Luvisolic and Bnmisolic soil orders are 
nost common throughout the. area- oleznozsnic so i l s  are disrributed 
along  the Thompson River east  o f  the p l a n t  s i t e  u) :(amloous. 

The Gray Luvisol soi l  of the study area is characterized by moderately 
acidic.* in  the A and 3 (top) horizons and alkal ine pH i n   t i e  subsoil 
(C horizon) . Soi l  buffering is provided by surface  orpanic  marter,  clay 
accrrmulation in the B horizon and t h e   a l k l i n e  subsoil. In addition, 
the soil pro f i l e  has a  high  cation exchange cauaci?y and mderate  base 

s a n u a t i o n  even % i n  the  leached , d a c e  mineral layer (4 horizon) . 
Bnmisolic soils in the scudy a n a  have l i t t le.   weatiering  because o f  
climatic  conditions. Although they are coarse-textured,  Brrmisolic 
so i l s  have  high  base s r a w  throughout  their soi l  deprh a3 a r e s u l t  o f  
t h e i r  parent materials. Their pH is n e u t r a l  to  s l i g h t l y  acidic.  

CiIernozemic soi ls  occcv where there  is low rair3a.U and very l o w  leaching. 

.An acnmnrlation of organic mati= is found in the  fiernotemic to?soil, 
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Such s o i l s  have high pH through,out the  profile,   high  base  saturation and 
h i g h   c a t i o n   m h a n g e   ~ a p a c i t y . ' ~  In general,  these  well-buffered so i l s  

maintain the  alkaline  stream  ccnditions found in the  area.  

The combination of  moderate  water body buffering  capacities and high 
soi l   buffer ing is indicat ive o f  water systems  capable  of short  and long- 
term  maintenance. Historic  water  quality  information  supports  this 
because there has  been  very 1ir . t le change i n  most parameters  over  the 
years. I t  is expected  that  these  conditions will prevai l   for  a very 
long time with o r  without  addit,ional HC ion  inputs from the Hat Creek 
Project. The specific  water  bodies i n  th i s   a rea ,  f o r  which pH effects  
were ca lcda ted ,   a re   the  Thompson River, Loon  Lake and Deadman River. 

1 4 . 2 . 3  Clearwater  River System 

Another region  of  potential  importance  in  terms  of impacts due t o  t h e  

Hat Creek f a c i l i t i e s   a l s o   l i e s  NE of the   p ro jec t   s i te .  The Wells Gray 
Provincial Park is approximate1,y 200 km NE o f  the  Project,  and the  Clear 
Water River System i n  Wells Gra.y Park is one of the most important i n  
t he  Provin.ce in terms of  recrea.tiona1  value. 

The Clearwater  River  System,  including  Clearwater Lake, is similar   to  
the Adams River System in that it has a re la t ive ly  low buffering  capacity 

due t o  surrounding  soils which are  generally  acidic and moderate t o  low 
i n  b u f f e r i n g  capacity. The system i s  u t i l i zed  by salmon for spawning 
and, as its name implies, i s  Characterized by very  clear  water  with 
several  recreationally  important game fish  populations. 

In some respects,  the  Clearwater  River System is also  very  similar  to 
the Thompson River System. Average a lka l in i ty  and specific conductance 
values  of 35.3 mg/l and 106.5 imho/cm, respectively, have been reported. 
Although pH values were not  found in  the  l i terature,   other  water  bodies 
of the  area have pH values  generally i n  the  range o f  7 .0  to  7 . 2 .  I t  is 
expected  t:hat similar values would be applicable  for  the  Clearwater 

River Syszem.  The buffering  capacities  are  therefore  expected  to  be 
higher  than  the ..\dams River  watershed  but less  than the  Thompson River 
System. 
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The Cleamater  River  watershed has predominantly  Podzolic soils,  the  
same ac id i c  and  poorly  buffered  soils  found in the  upper Mams River 
watershed.  Forest  cover and >--ace organic   marter   are   the  pr incipal  
buffering COmpOnentS in  these   so i l s .  I t  is expected t,hat the  buffer ing 

capacity o f  the  Clearwater  River System is adequate t o  n e u t z a l i z e  the 
relat ively  infrequent   deposi t ion o f  HC ions that would be transported t o  - 

this area  fmm the  Hat Creek Project.  I* 

I 

m 

14.2.4 Boss and Hendrix  Creeks I 

These  creeks YI located  a lmost   direct ly  nor th  of  the  proposed power 
p l a n t   s i t e .  These systems  are much smaller in s ize   than   the   r ivers  and 

lakes of the o c h e r  systems. As such they were chosen as representat ive 

of water bodies  with minimal dilution c a p a b i l i t i e s  (low flow).  Buffering 

capac i t ies  o f  the  watersheds  are low, and the pH ranges f r o m  6.8 t o  7 . 2 .  
Alkalinity  values  are  generally  indicative of soft   water,   r inging f r o m  

22.8 t o  28.3 mgfl.  Specific  conductance measurements  have a much wider 
range,’from 70.5 te.LL6.6 umho/cs. Biologically,  these  aquatic  systems 

are   considered  bet ter   than  average  f isher ies   with good resident  gamefish c 

populations. 

- - 
H. 

-~ 

Ir 

The  Boss and Hendrix  Creek  watersheds are influenced by Podzolic and 
Luviso l ic   so i l  development.  Coniferous f o r e s t  is a key f ac to r   r em-  
l a t i n g  hydrogen ion f low in these  watersheds.  Although  horizon  layers 
are  probably of m i n i m a l  depth,  the.  coniferous  forest  development  provides 

a rapid  metabolic  cycle  for  absorption of depcsired  protons. In addition 
the  water  bodies in these  watersheds  have  sufficient pH and a l k a l i n i t y  

f o r  buffering small a m o u t s  o f  p r o t o n  deposition. 

14.2.5 Pennask Lake 

The f i f t h  watershed  selected f o r  srudy is located in the SE quadrant 
from the  proposed  project   area and is considered a najor  lake spore 

f i she r i e s  h a b i t a t .  Biologically and recrea t iona l ly  this area receives 

a grea t   dea l  o f  public and goverrunent a t ten t ion .  Wind frequency  s ta t is-  
t i c s   i n d i c a t s   t h a t  t,hi.s roqion will often be  downwind fmm the  power 

I 
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plant .  The lake is located 1.ess than 200 km from the  proposed Hat Creek 
s i t e  and is within  the  area  potentially  affected by long-range  transport 
of project  emissions. 

Water quali ty  infonnation  for Pennask Lake i s  minimal, but  average 
values  for pH of 7 . 6  and alkal ini ty   of  22 .6  mg/l have  been reported. 
Although the  a lkal ini ty  is indicat ive of soft  water,  the pH measurements 
suggest a surrounding  area  capable  of  maintaining  basic  conditions. 
Pennask Lake has a moderate buffering  capacity  because  of  this  lat ter 
character is t ic .  

The P e m a s k  Lake watershed  drains  through  Luvisolic and B m i s o l i c   s o i l s  
with mod.erate buffering  capac:ities. Both major soil   orders  contain 

alkal ine materials within the! soil  profi le .  I t  is largely  these  soi l  
conditions i n  the watershed that  enable Pennask Lake to  maintain a 

moderate  buffering  capacity. 
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15.0 AIR QUALITY MODELING RESULTS 

The methodology described i n  :Section 13.0 was used  to compute deposition 
fluxes (:pams/m /sec)  for  acitiic  species  related  to  emissions from the  
proposed Hat Creek Project.  :leposition fluxes were calculated  for 256 
receptors  configured i n  a rad.ia1  grid  out  to a distance  of 200 !a from 
the planr. s i t e .  The contamin:mt  species  for which deposition  fluxes 
were calculated are: 

2 

e. SO (wet  and dry  deposition) 

e SO: (wet and dry   dqos i t ion)  

NO; (wet and dry  deposition1 

0 TSP (wet and  dry  deposition) 

i NOx (dry  deposition) 

2 

The computational model does  not calculate wet NOx deposition,  but 
includes it with  the wet NO; 'deposition. Plume rise calculations  for 
emissions from the proposed 366 C1200-ftl stack  determined  that  the Hat 
Creek Plant plume  would normally  reach its equilibrium.  height a t  approximatly 
the 700 mil l ibar  (mb) level o f  the atmosphere.  This r e s u l t  is based on 
the  assumption  of an average  .near-neutral  stability. One year  of  radiosonde 
data (700 mb level)  from Vernon, Bri t ish Columbia, was used to  provide 
meteorological  input (wind speed and direction).  for  the modeling. For 
purpores of transporz and dispersion modeling, rhe mixing  depth Cthe 

depth  of  the  atmosphere t o  wh,ich mixing  of  airborne  material to the 

ground i . 5  possible) was set  a t  1500 m above the Hat Creek s i te   e leva t ion .  
This  mixing  depth was chosen so that the plume  would always remain 
within  the mixed layer  and, therefore,   affect   concentrations  at   the 
surface. 

15. 1 CIINTAMINANT DEPOSITION FLUXES 

Isopleth maps o f  computed m l a l  and s e  !asonal  average  deposition  fluxes 
fo r  SO2, SO:, NO;, TSP, and Wx are   presented  in   this   sect ion.  Wet  and 

d r y  deposit ion  patterns  for 5 ~ 3 ~ '  SO;, NO;, and TSP are  included; a l l  
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wet NO (to-  of gaseous NO and X02) deposi t ion was assumed to be  in  
the  form o f  XO;. The following subsections  describe  the model results 
i n  terms  of armual and seasonal var ia t ions .  The e f f e c t s  o f  varying 
se lec ted   mdel  input parameters on predicted  deposit ion patterns and ihe  

r e su l t i ng  pH change in natural water bodies are discussed in  Sections 
IS.; and 16.6. 

x 

,." 

1S . l . l  Annual Deposition  Rates 

The overall  prevalence o f  southwestsrly winds at the 700 ab level in 
Vernon is evidenced in the annual deposit ion partems illusirared in  
F i p s  IS-1 through IS-9. The units corresponding to the plo t ted  

i s o p l e t h   a r e  .g m sec . Etiximrm! wet and dry rates o f  deposi t ion  for  

all contaminants are predicted t o  occur to the NE o f  the proposed plantr 
s i t e .  Secondary dry depo5ition maxima a r e  &so seen to the SE, r e f l ec t ing  

a rat!er high. frequency o f  northwestsrly flow.. The annual vrind rose .. 1 

used in t !e calculations is found in Table AZ-98 ( A p p e n d i x  A) . The dara 
ind ica te  that c e r t a i n  wind direcrions are mre l ikely to be  associazed 
w i t h  p r ec ip i t a t ion  eveixs than others.. However, t he re   a r e   i n su f f i c i en t  ,..l 

data to mathezat ical ly   define^ the re la r ionship ,  The peak zass deposit ion m 

values may be ranked by contaminanr in order of  descending  magnitude as 

- 
I 

.. 

I 

-2 -1 - 
9H 

- 
I++ 

. .. "= 

& 

follows: 
- 
- - 

wet @sition - NO;, Soz. TSP, So4 
i 

-1 

dry  deposit ion - NOx and SO2, NO;, TSP, SO;. 

bximnn depos i t ions   for  primary contaminants (i.e., those directly 
emitted f r o m  t h e  proposed power plant) occur  nearer  to the  Hat Creek. 
sire than do secondary species.  Thus maxima fur w e t  and dry SO2 are  

predicted  beween SO and 70 kin f i o m  t h e   s i t s ,  while  peak SO: values  are 
expected further than 100 'm downwind. 

15.1.2 Winter Deysition Rates 

The w i n t s r  wind rose f o r   t h e  iGO mb lavul is presented in . A p p e n d i x  .A, 

Table U-99. Winds f r u m  the southwest (SW clockvise  though  northwest 

(Nw) dominate during chis season. This is rerlected in Figures 15-10 
tSrough 15-18 which &epict .seascnal  averaged deposit ion patt-sms f o r  

I - 

sach speiss during  the winter m n t h .  t"fuch oi the precipizacion  fa l l ing = 
- 

in the study area  during ,dnter is in tbe  f o m  o f  snow.  The co i lec t ion  
1 s t  
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efficiency o f  snow is considerably lower than tha t  o f  rain;  consequently 
it is not  surprising t o  note that wet deposition peaks are  smaller 
during t:his  season  than  the ; t n n u a l  maxima.. Although the  collection 
efficiency of  SMW is l e s s ,  c:umulative dry  deposition  of  acidic components 
on a ground SMW pack r e su l t s  i n  spring  melt  water o f  s imilar   acidi ty  t o  
r a in  water d r o p l e t s   m l i n g  rhrough the atmosphere. h y  deposit ion  rate 

pat terns   exhibi t  maximum values comparable t o  those  for  the full year. 
Again, SOz and NO maxima. a r e  expected to  occur  nearer t o  the power 
p l a n t   s i t e  than those o f  the  corresponding  secondary  contaminants, SO: 
and NO; respectively.  All tire highest wet and dry winter   dqos i t ion  
rates  are  predicted  within  die  sector between NE and SE from the Hat 
Creek P ro jec t   s i t e .  

X 

15 .1 .3  Spring  Deposition  Rates 

Figures IS-19 through 15-27 represent computed average  deposition  rates 
for   the  spr ing season. The uagnitudes o f  maximum deposit ion  rates  are 
comparable t o  those  presented f o r  the annual  averaging  period. The  wind 
rose for   spr ing (Appendix A, Table A2-100) exhibits a more varied 
d is t r ibu t ion  of directional  frequencies  during t h i s  season  than  for 
winter.  Correspondingly,  the  integrated mass deposit ion  for spring is 
spread ewer a wider geograph:.cal area. Note that   the   pat terns   for  some 
contaminants  include  non-negl.igible  deposition  rates on the  western  side 
o f  a line  paising  north-south  through  the Hat Creek s i t e   a r e a .  The 
highest  values, however, a r e   s t i l l  found to the  NE. In order o f  descending 
peak predicted mass deposition  rates,  the  species  considered may b e  

ranked in  approximately  the ?me way as was indicated  far  the annual 
averaging  period. Maximum wet  and dry SOt deposition  rates  are  expected 
within 40 to 50 'an from t h e   s i t e  t o  the ENE and t o  the SW. Maximum wet 
deposition of. sulfate  is expected t o  occur much fur ther  from the  source, 
just south o f  Wells Gray Park, The  amount o f  SO; deposited by d r y  

removal processes is greater  throughout  the  study  area and the peak d r y  

deposit lon  rate is expected 60 to  80 km t o  the NE. Wet removal accounts 
f o r  mosr o f  the n i t r a t o  depcrrited during  spring, and generally high 

r a t e s   a r e  expected o v e r  a wide range o f  distances--roughly fmm the 
p l an t   s i t e   t o  .Adas Lake. A:; seen for  the  other  seasons,  wet  and d r y  

TSP. deposi t ion  ra tes   are   re la t ively small throughout  the  area,  reflecting 
the smal.ler projected  emissions of t h i s  contaminant from the Hat  Creek 
plant.  
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15.1.4 Summer Deposition Rates 

Predicted seasonal average  depsi t ion  pat terns  f o r  t!!e  summer months i n  
the  study  region  are  ?resented i n  Figures 15-28 through 15-36, The  wind 
rose used i n  t h e  model calculations  for  this  season i s  included  as  Table 
A2-101 i n  Appendix A. Wet deposition maxima a r e   a t  their  highest  values 
during the summer. This is pa r t i a l ly   a t t r i bu tab le  t o  the  higher  incidence 
of thunderstorm activity  during  these months, since  deposition  increases 
with  increasing  precipitation  intensity.  Maximum ra tes   for   both wet and 
dry  deposition  are  predicted t o  occur between l ines  drawn fmm the Hat 

Creek s i t e  toward the NE and :;E. Primary contaminants (SO2, TSP, and 
NOx) have maximum ra t e s  between 30 and 60 !an downwind,'while secondary 
contaminants a r e  expected t o  exhibit  maxima fur ther  from the  source. 
D r y  deposition is also h ighes t  during  the summer i n  the  areas where 
to ta l   p rec ip i ta t ion  is lowest  for  this season. 

IS.1.5 Autumn Depesition  Rates 

Patterns of seasonally averaged deposit ion  for the autunm season  are 
included i n  Figures 15-37 thrcugh 15-45, The f a l l  wind rose  used f o r  
these model applications is fcund i n  .Appendix A,  Table At-102. As was 
noted i n  the  spring,  the Vernon 700'mb winds a re   d i s t r ibu ted   f a i r ly  
uniformly during  this  transit ional season,  leading t o  a f a i r l y  broad 
spring  deposition  pattern.  Differences between the  dis t r ibut ions  predicted 

fo r  wet and dry  depositions r e f l e c t  the tendency o f  some d i r ec t ions  to 
be preferent ia l ly   associated with precipitation  events.  

In most o f  the  f igures,  maximum rates a r e  seen  both n e a r  to and f a r  from 
the Hat Creek s i t e ,   o f t en  i n  the same downwind direction. In general, 
deposit ion  rates f o r  autumn are   greater  than the annual  average  values, 
and a r e  exceeded only during the summer nonths. 
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15.2 HYUROGN ION DEPOSITiON 

<.- 

For puqmses of computing pH change due t o  Hat Creek P r o j e c t  emissions, 
the  resul ts  o f  deposition :ate calculations  for  individual plume q e c i e s  
have been combined and figures prqard t o  indicate  average net hydrogen 
ion deposirion  for each season and for  an  average year .  m e  hydrogen 

ion  isopleths  represent  the sum o f  contributions f r o m  the  following 
atmospheric  pmcesses: 

dry SO2 deposition 

dry SO: deposition 

a wee NO; deposition 

? dry NO; deposition 

a d r y  NOx deposition 

Calculated wet SO2 and SO; deposition rates correspond to  p r x i p i t a t i o n  
hydrogen ion  concmaat ions which  would  be n e u m l i t e d  by even a low 
estimate fo r  the ambient  concentration o i  amosphe-ric ammonia. found in  
temperate  latitudes. For m s  reason only  tbe dry deposition components 
fo r  qese species  are  considered  caqable of  affect ing $i i n   r s e i v i n g  
water bodies,  Conservatively, ail SOt and SO: readhing che surface  are 
treated as  pure  sulfuric  acid;   similarly wet and dry X005 and dry NOx are  
assumed to have somehow conxpletely oxidized t o  nitric acid.  Clearly 
these  asswnptions nay b e  eqeczed t o  result in  overestimates of ihe 
-unt o f  H* avai lable  tu af fecr  pH i n  Lbe study  area.  Typical  contributions 
t o  aikali,nity in precipi ta t ion induced by dissolved  flyash (TSP) in the 
plume were calcnlated and found t o  be negligijile in t m  o f  t he i r  
efsects on the  chemistry or' prsigi ta t ion.   Equivalent  weights assumed 
f o r  the  species  considered  are listed below. 

Soecies 

s02 32 

so; 48 

"0; 62 

NO d6 (assumes a l l  X0 x 
convened to  YO,) - 
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Annual and seasonal p l o t s  o f  hydrogen ion  deposition  are  presented i n  
Figures IS-46 through IS-51. Seasonal  variations  in  the observed patterns 
reflect   the  aggregate  effects o f  meteorological and physical  factors 
which influence  the  corresponding  deposition  patterns  for  the  various 
species  included.  Units  are e q / m  /sec  calculated by dividing mass 2 

deposition  rates by the  respect:ive  equivalent weight o f  the  important 
species.  Figure 15-53 indicates  the  values  of HC deposi t ion  ra te  
correspond,ing t o  a storm o r  'episode'  condition  with a uniform  pre- 
c ipi ta t ion  Pate  o f  0.35 inches  per  hour. For the  purpose o f  i l l u s t r a t i o n ,  
the  resul?,s f o r  plumes following winds  from the  north  clockwise through 
souzh are  shown simultaneously,  although  in  reality,  the  events  affecting 
specif ic  a,reas will occur a t   d i . f fe ren t  &mes. 

15.3 AIR QUALITY SENSITIVIV ANALYSIS 

Sul&r and. nitrogen  oxide  emissions from the proposed Hat  Creek Project 
react  chemically  in  the  atmosphere t o  fora   su l fa te  and ni t ra te   anions.  
These species  are  the  primary :iources o f  the  acidic compounds (H2S04 

and HN03) which could affect   the  pH o f  the  precipi ta t ion and receiving 
waters in  the P r o j e c t  vicinity. .  Because calculation o f  the ambient 
concentrations and surface  deposition  fluxes is important t o  the   resu l t s  
o f  this  study, it was  deemed advisable t o  examine the changes i n  the 
ambient  concentrations and deposition  fluxes when selected model para- 
meters are adjusted. The intent  o f  the  analysis was to examine the 
sens i t i v i ry  o f  the  various algorithms (depletion and chemical transforma- 
t i o n  mechanisms) i n  the HCSDM 1:o the a s s a p t i o n s  made i n  simulating 
these mechanisms. 

A further  motivation f o r  perfo~ming  the  sensit ivity  analyses is provided 
by the  particular  geographical  distribution o f  well-buffered and poorly 
buffered  soils and aquatic systems in  the  study  area. In  most modeling 
applications,   the  use of  high SO2 to SO4 conversion  rate and h igh  deposi- 
t ion  veloci t ies  would be  considered  consistent with a conservative 
approach co estimating  potential  acid  deposition impacts. However, 

since  the  area  nearest   the Hat Creek s i t e  is well buffered compared t o  
the more distant  regions of  the  study  area, it is important t o  recognize 
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Figure 15-47. Isopleths of Predicted  ginter Hydro en Ion Deposition Rate Due to  Hat Creek 
Project Elsissions (Eq/ul  / s e c  x l o - f l j .  
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that a range of  values f a t  the wre iqartant model parameters  should be 
t es ted  t o  e m r e  that the results o f  the $4 change analy3es indeed 
include "conservative"  predictions. 

I n i t i a l l y ,  the c r i t i c &  parameter in the modeling methodology is the 

transformarion  rate  of a primary t o  a secondary contaminant ( i . e . ,  
t o  50; o r  NO t o  NO;]. In this study, the oansfomarion r a t e  o f  l%/hr 
f o r  SO2 t o  SO; w a s  used. ~ n i s  r a t e  vas changed to  WIIT and the r e su l t s  
compared t o  the initial nodding resul ts-  It w a s  decersined chat using 
a value  of 2% would cause the wez and day depcsition fluxes o f  SO; t o  

increase by 98 and 93% r q e c t i v e l y .  A t  the same time, Lie wet and dry 
deposition flux of  SO2 would decrease by approximately 6%. 

.4 fu r the r  sensitivity- t e s t  w a s  performed w determine t i e  effect   of  
reducing the SO2 to SO4 transformation  rate to O.S% per hour. The 

results show that bo& wet and dry SO; deposition  fluxes change t o  51% 

o f  the  values computed for a 1.0% p e r  hour conversion  rate. The resgecrive 
corresponding  changes to  wet and d v  SO2 deposition fluxes are  S% and 6% 
grea ter  than the values f o r  a 1.0% p a  hour  conversion  rate. These 
values (and all subsequent r e d t s ' d i s c u s s e d  +I this section) were 
computed f o r  a represenzative distance o f  100 !a downwind from the 

proposed stack. 

Ia this study, the assumed NOIO;/NOx -rrashout r a t i o  was appmximarely 0.2 

a t  100 !a. This r a t i o  was adjusted w 0.4, an increase o f  X%, as par t  
of   the  sensi t ivi ty  analysis. As a r e su l t  o f  th i s  c.hange, tie wet 
depasition  flux o f  n i t r a t e  increased by about t o % ,  while the dry deposition 
flux o f  NO: and YOx decreased by approximately 10 and 25%, r e q e c t i v e l y .  

The effects  of  varying the magnitude of the assumed contaminant d q o -  
s i t ion   ve loc i t ies  were Si50 examined. ourin3 * a s  study, the deposition 
v d o c i r y  used f o r  NOx and SOt ,was 1.0 c n / s e c .  This parameter w a s  adjusted 
to  2.0 c d s e c  to assess the   sens i t iv i ty  w -his asnrmprion. .As a r e su l t  
of this adjusanmt. the NOox dry deposition flux a t  100 'a inc~.cased by 
95% while %.e dry   dqos i t ion  flux f o r  NO; decreased by o n l y  4 % .  Corresgond- 
ing ly ,  Lie wet NO; degosiuon flux decreased by about LO%. 

, 
t 

LI: 
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Par t icu la te   mat te r   in   the  plume has a buffering  effeet  on t h e  acid 
species i n  the plume due to   the  basici ty  o f  the compounds  composing the 
particulzrtes i n  p o w e r  plant  emissions.  Therefore, it was o f  i n t e re s t  t o  

examine the  effects  on the computed ambient concentration and deposition 
fluxes of  TSP due t o  a change i n  the assumed s ize   d i s t r ibu t ion  o f  the 

TSP. In the   or iginal  modeling analysis,  it was assumed that 30% o f  t h e  

par t icu la tes  were greater  than 1..0 um i n  diameter. When th i s   f rac t ion  
was changed t o  80%, the  ambient  concentration of TSP a t  100 km decreased 
by s l i g h t l y  less than 1%, while  the wet: and dry  deposition flux f o r  TSP 

increased by 39% and 30%, respectively.  

The r e su l t s  o f  the   a i r   qua l i ty   sens i t iv i ty   ana lyses   a re   d i scussed   in  
Section I6.8 i n  t m s  o f  potential  changes in  the pH values calculated 
f o r  the  water  bodies o f  i n t e re s t .  
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16.0 WATER Q U A L I T  EFFECTS 

16.1 TECHNICAL APPROACH 

A t  present, no comprehensive model has been developed to re late   proton 
deposition  to changes in  the pH of  aquatic systems. Such a model  would 
describe temporal var ia t ions i n  chemical  composition, and  would require 
input  information  about  rainwater  composition,  atmospheric  concentrations 

o f  acidic  and alkaline  species,   efficiency o f  HC removal by specif ic  
vegetation  types, chemical analysis o f  s o i l s  and ,mudwaters,  weathering 
r a t e s  o f  mcks and minerals,  buffering  capacity o f  s o i l s ,   s i z e  o f  
drainage  areas, volumes o f  water bodies,  water  quality data. precipi-  
t a t ion  mates and scavenging  efficiencies, and a multitude o f  ocher data 
from  which an acclirate  estimate o f  pH effects  in  specific  bodies n i g h t  

emerge. 

In the  absence o f  a comprehensive model, a much simpler approach to 
estimazi.ng changes i n  water  quality from increased  proton  deposition is 
necessary. One approach is t o  make simplifying  assumptions and approx- 
imations i n  a conservative manner, and to  proceed us ing  established 
chemical and physical  principles when they  are  understood t o  be appropriate. 
In this   sect ion,  a few simplified models are  applied  in  the  context o f  
selected  scenarios  relating  the  deposit ion  f ields and the   c r i t i ca l  
receptor  areas  (Sections 14.0 and 15.0) f o r  annual, seasonal and short- 
tern “episode“ cases i n  order tQ estimate changes i n  the pH of  water 

bodies i n  t h e  area  surrounding  the proposed Hat Creek Project. Model 

select ion was based on the  available type and quantity o f  information, 
the   charac te r i s t ics  o f  the  water  bodies, and the time per iod  o f  i n t e re s t .  
These models are described  briefly in Section 16 .2 .  

I 

16.2 MODELS FOR ESTIMATING  CHANGES IN pH 

Each o f  the models have several common elements, one o f  which is knowledge 

o f  the  exis t ing pH in  the  water  bodies  in  the absence of t h e  proposed 
power plant.  The measured pH in all. the  lakes and streams  studied 
ranged from 6.6 t o  8.8 ( i n  f ac t ,  both o f  these extreme values were 
measured i n  the Adam River  near  Squilax) .’ A second  element is :he 
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avwage alkalinizy f o r  the season o r  year o f  interest. The buffer ing  
cauaciry o f  natuaal freshwaters i n  this @I range is dominated by the 
dissolved C02 syyst~m.~~ Under these conditions, Lie alkaliniry is 
defined ds 

[Alk] = [HCO;] + [Coil + [OH']  - [H*] 
7 .., 

I. 

where the  bmckets imply unirt o f  concmmtion, in Liis case takm w 
be micmcquivalents p e r  liter (pEq/l) . In 'water, having a pH of 7.0 and 
an a l M i n i ? y  equal t o  30 sg/l &COT, the  values o f  the r e q e c t i v e  
concentrations would be: 

[Alk] = 600 Gq/I 

[HCO;] 600 uEq/l 

[CO;] 2 0.02 uEq/l 

[ai-] = 0.1 1V€q/l 

[H*] = 0.1, uEq/l 

Thus, because o f  the  negligible  contribution o f  the last -&-e q e c i e s ,  
the m e a s u r e d  a lk l in i zy  of these wazers may be  qua14 co t i e  bicarbonate 
ion concenmtion.  25 

A thi rd element is defini t ion o f  a recaptor area ' s   s ize .  For pur?oscs 

o f  calculating pH effects, ?he published o r  estimated drabage  area o f  a 
given water sy~tem is used as the  potential  depasieion recqptor  area for 
the subject lake o r  r iver .  X factor re f lec t ing  local s a i l  qqes is 
applied as an eszimate o f  the maximum h c t i o n , .  f ,  o f  H' deqosited in 
:he area which is inmduced u1 the water 'body. ihe  r?zainder (1-3 is 
considered t o  be. neutralized by buf fer ing  agenu i n  t i e   s o i l  and vegetation. 
The estimated  fraczion, f, reprerenzs a fourefi element. l%e b a s i s  f o r  
selecting suck a fraction is discussed a t   l e n s .  in the ne.= several 
paragrauhs . 

r.lj 

.r 
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These calculations  indicate  the magnitude o f  increased proton additions 
t o  selected  aquatic systems  as a r e su l t  o f  pmjected Hat  Creek emissions. 
Watershed studies have shown that  the chemical flux is minimally a l te red  

in  undisturbed ecosystems. Although the  final  conclusions have n o t  
been drawn, there is some indication fmm s tud ie s   a t  Hubbard Brook, New 
Hampshire,18 that acid  precipitation  (average pH 4.1) has apparently  not 
altered  the  stream  water  chemistry. Recent analyses in s o i l  water and 
groundwater samples in  a subalpine  coniferous  forest in New Hampshire 
a lso  indicate  that sulfate  anions  supply 76% o f  the  electrical   charge 
balance  in  the  soil  leaching  solution.  This  implies  that  sulfuric 
acid  in  .precipitation  provides  the dominant source o f  HC ions f o r  cation 
replacement and mobile  anions  for  cation  transport i n  the  subalpine. 
s o i l s   a t   t h e  New Hampshire s i t e .  A t  the Thompson Research Center i n  
Washington, precipi ta t ion  sulfur ic  acid input was found t o  be small in 
comparison w i t h  su l f a t e  and cation. m n s f e r s  within a Douglas-fir 
ecosystem." Thus, present HC ion  inputs do not  appear t o  have short-  
term ef fec ts  on leaching mech,anisms. 

27 

The dispersion modeling presented i n  Section 15.2 indicates a r a t e  o f  
hydrogen ion  input  of 0 .5 -2 .5  x lo-'  Eq/m /sec t o  the   t e r res t r ia l  eco- 
system snmunding  the proposed Hat Creek f a c i l i t y .  This equals an 
annual hydrogen ion  increase (of 1.6 t o  7.9 x 10 Eq/ha/yr. .Assuming a 
present  cationic  denudation  rate of  5.8 x 10' Eq/ha/yr  for  the Fraser 

River  system, the  increased isput potent ia l ly   represents  4% t o  214 o f  
present  .leaching  mechanism^.^'^ However, a d i rec t  output from a s l i gh t ly  

increased HC input is n o t  expected because of  vegetation buffering 
mechanisms and the  large concl3ntration o f  hydrogen ions i n  soils. FOT 

example, predicted annual pro-ton deposition  rates  range ,*om 1 6  m e q / m  /yr 2 

(0.5 x 10'' E q / m  /set) on the   acidic   soi ls  i n  the Adams River  watershed 
t o  79 m e q / m - / y r  on Luvisolic ;urd Bmiso l i c   so i l s   nea r   t he   f ac i l i t y   ( s ee  
Figure 15-52).  This possible exchange corresponds t o  a much smaller  net 
HC input  since up t o  90% of  the hydrogen ions could be exchanged in 
v e g e t a t i ~ n . ~ ~  S m a l l  pmton  inputs appear insignif icant  i n  Podzolic 
s o i l s  which have a high pH-dqjendent cation exchange capacity. 50 

2 

2 

2 
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Several st!!ies have shown the  imyrtance o f  forest  canopies in raov ing  
incoming hydrogen ions through exciwge  smcessa. .  In the Cascade 

Hauntaim of  Washinpn, second pwrh Douglas f i r  ecosystems had a 
t . bughfa l1  -$-I o f  5 during $isodes of rzhfall w i t h  pH 4 o r  less .  .4 

precipi ta t ion input of  j 4Q Eq/ha H* ions p e r   par^ resulted in a through- 
fall o f  70 E q h a  H* ions p e r  year .  A t  Hubbard Brook, New Hampshire, 90% 
o f  the HC ions remained in Lie northern hardwood fo res t  canopy as 
prtcipizat ion passed t.bu@ t o  the fores t  n e  remval  o f  H+ 

ions by excAhange in the canopy lessens  the  potential impact o f  acidic  
? r%ipi ta t ion  on f ~ r e s t  so i l s .  

?a 

ihe nature o f  the Hubbard Brook s y s t e m  suggests t ha t  it is sui tabie  f u r  
establishing an i r p x c - a u ~ t  factor  for  sensi-dve  soil   ?nes.  lhis 
small headwater-watershed wi-& shallow acid  soi ls  is located in a region 
whers acid precipitation prevails.  Calculations 'based on ten years of 

- hydrogen ion inpur-ouvt data indicates s m a m  HC outJut :D be 0.08 to 
0.18 times the input from :he Applying th i s   fac tor  to 

increased hydrogen ion inputs via   precigi ia t ion would: still b e  l i ke ly  to 
pmvide an ovcnsbmation o f  potential  srream increases because  stream- 

chemiszry in Hubbard Brook remains a r  a steady s a t e ,  despite  continutlg 
hydrogen ion inpurs. For the Hat Creek area,  soil  conditions sFmilar to 

chose a t  Hubbard Bmok are fuund a t  the long-range cranrpon: receptor 
a n a s .  In tbe calculations o f  this  section the conservative  estinate o f  
20% precipitation  peneuation  duobgh the canopy (near the upper o f  the 
8% t o  18% A g e  in t h e   L i t - s a m e )  w a s  u t i l i zed   fo r  those  receptor areas 
greater than 50 kin f m m  che pmuosed power p l a n t  s i t e .  

For so i l  c/pes w i t h  higher organic composiiion, p z m l l y  found wichin 
j0 :an of -&e  Ha= C-eek p w e r  ~lant, a  precipitation  t!nUghfali  o f  20% 

would be  a gross u n d e r a t b a t i o n  o f  the m t a l  b u i i e h g  capacity o f  Lie 

t e r r e s t r i a l  s y s t e m .  Buifering capacit ies o f  organic s o i l s  &ce t o  a 
large extent t ~ e  r a g  H+ ion contributions. a e d r s  o f  several 
s r d i e s   i n d i c a t e  that generzuy less than 10% o f  -be concenzzauon of  
various leachates  are  labile (chemical o r  mec.ha.nically a s m l e )  o r  

dissolved in aqueous s y s t 3 n s  b e c a u s e  of complexiq.lg ;viL, orqanic mat;er." 7 7  

Similar studies have also shown that Lie degree of organic matter as 
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well as o ther   so i l   charac te r i s t ics  such as  slope,  moisture  content and 
surface  condition.vary  the  effects from 12% t o  less  than 1%.22 There is 
a pmnounced relat ionship between organic  matter and clay  content such 
that  soils  generally  classed in the brown o r  black ,goups have leachate 
o f  l e s s  than 2%. These characrer is t ics   are  found largely i n  t . e  Chernozemic 
and moderately i n  the Luvisolic: soils which characterize  the  watershed 
areas i n  t:he immediate v i c in i ty  o f  the proposed Hat  Creek  power plant.  

.Annother major soi l   type i n  the  area is Brunisolic. These so i l s  have 
small amouts  of  organic mattel: i n  the upper layer  but a very h i g h  base 

status.  This s o i l  has a high truffering  capacity as a r e su l t  o f  t h i s  
base  content,  rather than its :;light  organic matter. In all cases  the 
buffering  capacity o f  these so i l s  is greater  than the  conservative 
estimate clf 20% used for   the far region  soil  types. 

In the  areas  to  the NE and SE of  the proposed power plant   s i te ,   the  
organic  matter  content o f  so i l  dominates buffering i n  the low-lying 
t e r r a in  o f  the  tree-covered  section o f  the Canadian Cordillera and 
stream lowlands. Streams and uther  water  bodies  are  also commonly 
supplied by water from bogs, swamps  and marshes. These  sources have 
h igh  organic  content which, when combined with t h e   s i l t s  and clays i n  
the  runoff,  ensures a readily  available  molecular  surface  for  cation 
exchange. 

Perhaps the most imporrant reaction o f  the metal-organic  interacrion is 

the  chelation o f  trace  elements with the polymeric organic compounds 
which comprise the humic matter.31 Studies have shown that  these humic 
complexes o f  soluble and sol id   s ta tes   are   compet i t ive i n  re la t ion t o  
hydrolytic and other  precipitating  reactions,   as well as  very  strong in 
cation exchange properties.  4s a resu l t ,   t race  elements a r e  removed 
from solution and deposited i n  sol id  phase i n  the sediment. O f  the 
organic  species  involved, humic: and fulvic  acids and  humins are  the 
major components o f  the  heterogeneous polymer system formed. Humic 
matter is an e f f i c i en t   ac id i ty  buffer. A s  a result ,   this  organic 
matter would play a la rge   ro le  i n  the  absorption of the  proton depo- 

s i t i o n  t o  the system as well arj complexing w i t h  metall ic ions. 

22 



T%e use or' a s iag le   fac tor   for  tbe f ract ion o f  
by  b u f f e r f a g  agents in the soibind  vegetat ion 

" 

new pmtons unneurralired 
for all of  the Hat Creek 

a re s  would be an ovcrsimpliiication or' -Ue nanval systens. A 20% 

factor  is considered io  F i d e  a very  conservative  estimate f o r  rhe 

long-range nanspore areas and t ie  usoc ia t ed  soil types 50 EO 200 .b 

XE o f  the Hat Creek Projec t  sire,  In the near f i e ld   a r e s  ( w i t h i ?  50 !a 

fmm the power p l a n t  s i t e ) ,  a facrrrr o f  2% is considered  res l is t ic ,  but' 

calculacions  using 10% were also made u) provide  for  consideration o f  
-&e full range indicated in the l i t e r amre ,  Both  .Factors w e ~ s  used f o r  
a l l  modeling e f for t s  on water bodies in &e near vic in i ty  or' the Hat 
Creek Pm j ect. 

Estimates o f  atnospheric  concentzations and the so lubi l i ty  o f  amorcia in 

zainwater are   avai lable  in the l i t e r a t u r h  .Ambient measurwents o f  
ammonia concentz-ations  range fmm abour 1 ug/m3 PO over LOO Ug/m In 

3 .  

Empaate zones. 32 "Eackgmtmd" concentrations over land average 
approximately 3 ug/m3..j2 Typical p a r t i t i o n  coefficients  (expressed  as 
anunonia concentration in water divided by that in the gas phase) are 
around 10,000 fo r  pur- water and h ighe r  by many orders o f  magnitude 'in 
pure water to which small aawunrs of  minaral acid have been added. 
However, when carbon dioxide is dissolved in water,  the  solubility o f  
ammonia i s  dlmulu 
o f  due i o  decreased JK is samewhar. o f f se t  by =!e apparent deczsase 

in so lub i l i t y  due to CO,. Sinca t'ie .& effect is expected to  dominate 
the dissolved CO, the miniam concenrzarion o f  dissolved ammonia 
in precipi ta t ion in the siudy area may be calculated f=om Lke following 
expression f o r  dissolution i n  pIPe water: molarity o f  -.om1 dissolved 
ammonia = H [MI.. (g) 1 +%- where, 

. .  . hed. jZa mus, in precipi ta t ion,  &e incrwed solubi l i ry  

- 
- 

.a 

[NHJ(s)] is the molar concenrration o f  gas phase ammonia 

Lo is the dissociation  constanr f o r  the equilibrium 
c 

[~;(,011 = [W41 + [ O H 7  

and is equal io 1.574 x IO-' a t  O'C 



1 

H is Henry's law constant  given 

and T is the  water  temperature, 

by" 

OK. 

Conservat:ively assuming the ambient ammonia concentration i n  the  study 

area t o  average 2 pg/m', l e s s  than the 5 Ug/m' usually assumed f o r  
background over  land  areas, and subst i tut ing t h i s  value i n t o  the above 
expression  yields ,   a t  O"C, a normality i n  precipi ta t ion o f  3.5~10 
equ'ivalents p e r  l i t e r .  The resulting  concentration  estimate  for  dissolved 
ammonia in  the  rainwater is essent ia l ly  equal t o  the sum of dissolved 
("wet") SO2 and SO; predicted by the dispersion/deposition model f o r  
dis tances   greater  than 100 !a from the proposed power plant.. Therefore, 
these sul.fur species ( i n  the i r   ac id  form) are  considered t o  be neutralized 
by dissol.ved ammonia in   the following calculations  of pH change presented 
i n  t h i s  reporr.: 

-6 

Model using  annual  averages  for  deposition,  water  quality 
and hydrology. (Models I6.2a,b  below). 

The autumn contriburion to the snow pack i n  the  spring snow- 
melt model ( 1 6 . 2 ~ ) .  

e~ The cumulative  effect o f  35 years o f  Hat  Creek Project 
deposition. 

All other   potent ia l ly   acidic  :species  considered i n  these models a re  
assumed t o  deposit in  their   acid form, i.e., wet. and d r y  X 0 1  and NUOX as 

HNOj, dry SO2 and SO: as H2S04. No neutral izat ion by  ammonia  was included 
i n  Models I6.2d o r  e and in  the  winter and spring  contributions t o  

Model 1 6 . 2 ~ .  

3 

A 1 1  neuc?alization pathways o.*er than those  considered above (a lka l in i ty  

o f  lake or stream  as  bicarbonate ion, soil /vegetation  buffering, and 
ambient ammonia combination) are neglected in  most o f  the models which 
follow. Some o f  the  other  possible pathways are:  

Alkaline  flyash emi.tted by the power plant ( the mass of 
par t iculate   mat ter   'mit ted is projected t o  be about 7% of the 
sum of emissions fo:r SOt and XOx).  
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Failure to  consider these c-nmts and t h e i r  effects on p r e c i p i t a t i o n  
pH contaibures t o w a r d  overestimation in predicted $4 c.%ges  by the  

models desc-=ibed below.. Furtfiennore, the ssximum predicted  deposition 
ra tes  vi*& a receptor area ( the  drahage area of t i e  water body under 
consideration)  are used to r q r e a e n t  the dewsicion mtb over  the en t i r e  
area. 

Additional  conservatiw in prudictsd pH changes is inrmduced by the 

assumption chat a l l  SOt and SO; deposited. in the  srady.area by dry 
reaoval mechanisms reach. L!e gotmd and are  in the bars o f  su l fur ic  
acid.  Reynola and Johnsont9 found chat ,&thin 100 !a of the Inca 
stack, less 'than 10% o f  the plume sulfur w a s  in the f o r a  o f  sulfate on 
most occasions. Near  the stack rhe percentage of  sulfate in  the glume 
was normally between 1.2% and 1.5%. Neasuremmts f o r  sulfur ic   acid 
indicated that about 70% o f  the water soluble julfatc (approxiirately 
0.90% o f  the total plume su114r)  'was in the f o m  o f  SUl-Mc  acid. 

... 
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discharge  rate.  This steady-state approach  overestimates che hydrogen 
ion concentration, [H*], since  the  actual  effective  dilutional volume i s  

usually g rea t e r .  For example, the total  annual-average  discharge from 
the Adams River is  4.6 x 10 m i, whereas the volume o f  A d a m s  Lake alone 

is approximately 2.3 x 10 m . This  approach was chosen for  its con- 
setvatism, its avoidance o f  complexities  associated  with  treating 
thermally and compositionally  stratif ied  lakes,  and the   ava i lab i l i ty  of  
data which yield a reasonable  estimate  of  the hydrogen ion [H+] concen- 

, I C  

7 3  
10 3 

t r a t i o n ,  i.n eq e- ' ,  by: 

[He] = f (RdA/F) x 10 -3  m3 e-l 

where, 

.li.zat f is the  f ract ion o f  deposited He remaining af te r   neut ra  
by the   forest  canopy and contact  with  the  soil 

R is the sum o f  the  deposi t ion  ra tes  (in equivalents m S ) - 2  -1 
d 

fo r  wet and dry NO;; d r y  SOz, SO: and NOx. 

A is the  drainage  area ( in  m ) 

F i s  the  discharge  rate {:in m S ) . 
2 

3 -1 

: ion 

(b) Model Treating .4nnual. S t a t i s t i c s  for take Only 

This model. includes all  the  aswmptions  discussed above with the  following 
exceptions. The d i l u t i o n a l  vol.ume used t o  calculate  [He] is taken  as 
the measured o r  estimated lake volume. No provision is made for input  

o f  buffering  agents  over  the  course o f  the  year beyond those   i n i t i a l ly  
present i n  the  lake. Thorough mixing of  the hydrogen ions i n  the  lake 
volume is assumed. Thus, 

[H'] = f (Rd.At/V) x 10 -3  m3 e-l 

where, 

f ,  Ra, A are  as  defined above 

t = 3.15  x 10 seconds  (:per  year) 

V = lake volume ( i n  m ) .  

7 

3 
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(c) S o r l n q  Snowmelt Mdel 

The approach rrpresented by  this model was chosen ta account 
not  only f o r  the hydrogen ions that will be collected by f a l l i n g  snow o r  
will depcsit  on a >now pack durirg aut-, .winter and sjring, hat also 
f o r  the 'mown high ac id i ty  o f  initial snowmelt (apVmxiz!ately 3.4 times 
the  average  acidity o f  the bulk snow)3Zb and for the  leaching o f  acidic 
components caused by r a i d a l l  on a mow pack. m e  technique used is to  
calculate  an effecctive peak  deposit ion  rate f o r  i p h g  which contai is  
conrriburions f x m  che ?revious two seasons and is represenzazive o f  the 
Lxitial  mownelt  conditions., 

Let the  "effective" seasonal depositions f o r   f a l l ,  winter and spring 
represent the hydrogen ions deposited during t h e   r - s p x i v e  seasons wnich 
remain in -&e snow fo c o n t r i h t s  t o  a " q r i n g  surge" o f  acidic/  during 
-&e initial snowmelt.. .For purposes of  this computation, tibe following 
assumptions were sade: - 

50% neunal iza t ion  o f  [X*] Fn the mowpack; 

no n s u r a l i z a t i o n  by Lie vegetadon canopy o r  sail ("sheet" 
runoff over f r u z m  gmund); 

e NH- neuna l i z s t ion  o f  wet SO, and SO: deoosition is assumed 
o d y  during the f a l l ;  the  ts5peratsre dependence o f  a m s a h e r i c  
ammonia concenrrations makes this a s s q r i o n  quesrionable 
during the colder season; 

the full spring [H'] deposition is included  in ~e ca lcda r i ans ,  
i. e., t h e  snowmelt comes a t  -he end o f  tife q r i n g  season. 

The "eficcdve" fall  deposirion is z5e sun of  the -tal wer and dry 
d e p x i t i o n  in tibe f a l l i n g  mow and on the snowpack nicimrs =!e h c t i o n s  
o f  these  quantit ies removed, o r  leached  out 'by -1. If  it is assumed 
thac 1) the k c r i o n  of wec deposition r a g  in the mo$ack can be 

estimated a s .  the t0ca.L wet dews i t ion  times t ie  fraczion o f  seasonal 
precipitation  occurring as m o w ,  21 diat the scavengbg  efficiency o f  
mow is one-tent5 that o f  rain, and 31 tfar the d v  deoosition remaining 
in the snow pack is the t o t a l  dxy dqos i t i on   t i ae s tbe   f r ac t ion  of 
p r e c i p i t a t i o n   o c m z n g  as mow, t5en  the  effective tall deyosidon is 
approxisated by 

I 

" 
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where: 

f f a l l  

R d V  

= fa l l  season  leaching  fraction  determined from Table 16-1, 

and R"f:l = seasonal  average  deposition  rates fa1 1 
compured by the diffusion/deposition model; and 

sfal l  = the   f rac t ion   of   to ta l  autumn precipitation  occurring 
as snow. 

Similarly,   the  effective  deposit ion  rates  for  winter and spring  are 
given by: 

x (1 - fspring 1. ) 3 . 4  
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where 0.5 is the  fraction o f  t t e  H no t  n e u r a l i r e d  during its residence 
in. the snow pack. The 5.4 factor  reprrsenrs the c q e c ~ e d  peak HC con- 
c s l u a t i o n  (compared t o  that LT the bulk maw) i n  the mel?mrer far a 

sudden and continuous snow melt. jn Thus, 

+ 

C" 

P 

I 

. .. * 

- 

whers 

F is the  avenge s m n g  discharge rate (in m s ) .  3 -1 

( 4  (1) F'rekipiiarion  Enisode Model 

This model shares the conrmon elements discussed tbcve. However, the 
dispersion/deposition model calcrrlates t t e  deposition rates different ly  
from all o t h e r  cases.. The centerline o f  t t e  plume is held  consrant i% 
one direction f m m  the stack to  a d i ~ w c e  o f  200 !a. Trecipicazion 
commences at  a diszance o f  100 !an f r o m  t..e s a c k  and continues unifooraly 
to  ZOO km at a ra te  o f  0.53 inches per hour.  mus,  f o r  an hour d u r i n g  

t he   p r s ip i ca t ion  episode,  deposition rates i x r e a s e  over  their annual 
o r  seasonal averages. However, -&e dilurfonal wlume o f  water in this 
model is large. I t  is estimated as t t e  t o r a l  volume o f  rain occrvring 

during the hour on the drainage ar?a p l u s  1% o f  t t e  volume o f  the water 
body (a -11 surface volume). 

. ., 

* 

Although M actual measuremen-u o f  s r r a t i f i ca t ion  f o r  individual  water 
bodies were uti l ized,  the 1% o f  the lake volume estimate is cons iderd  
very  cons-tive for  several  reasons. T h a d  s izar i f ica t ion  in the 

'water bodies generally results i n  an upper layer (the q i l i sn ion )  o f  -&e 

lake w i r h  a deprh o f  6 ta 10 ??ex. During szon! events o f  the rfle 
assumed f o r  the p r r i T i r a t i o n   q i s o d e  (one-bur) ,  prwailinp mereom- 
logical conditions are indicative o f  s m n g  winds and a consequent well- ._ It 

mixed and wcll-circulat4d epilimnion. .As a result, the storn prr ie i ta t ion  
will be eqec ted  i o  be diluted and nixed with q i l i m i o n  watem quit% 

rauidly. For t iee case o f  Loon Lake i n  this study, the one-hour p-recipixtion 
evenr has a raidall volu te  02 appm.-cimarely 1.7 x 10 m , and the  lake 
appmximately 2.6 x 10 m . Precipi-ation volume is ~ a q m x i a a t e l y  !04  o f  

-~ 

- * 

L 

~ I ,. 

7 5  
- 5 3  I 
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the Loon Lake volume. Calculations assuming a factor for   l ake  volume 
mixing of 1% are,   therefore,  ,:onsidered an  underestimate o f  expected 
di lut ional   capabi l i t ies   for   precipi ta t ion  episodes.  

The hydrogen ion  calculation  proceeds as follows: 

[H*] = f [RdAt/(V + O.'OlV)] x 10 -3 m3 ,-1 
P 

where, 
+ 

f = f ract ion o f  H unneutralized by vegetation and s o i l   a f t e r  
throughfall and mnoff 

t = 3600 seconds per  h'mr 

Y = to.tal volume o f  precipi ta t ion on drainage area in  an  hour 
P 3 ( in  n ) 

V := lake volume ( in  m ) .  3. 

.(d) ( 2 )  Precipitation Episode  Following  Prolonged Stagnation 
Condition 

A second  episode model was developed to  evaluate  the  effects  of  acid 
deposition  during a one-hour precipitation  event  following a prolonged 
period o €  atmospheric  stagnation. Such a condition is considered 
typical  of a f m n t a l  passage through the  s tudy  area  a t   the  end o f  a 
stationary  high  pressure  condition. During the  period  of  stagnation, 
pollutant  emissions are assumed t o  be confined t o  a constant volume o f  

a i r ,   res t l l t ing in  elevated ambient concentrations. The buildup o f  

pollutant  concentrations within t h i s   r e s t r i c t ed  volume was estimated 
by means of a simple box model. The wet deposition  of  acidic compounds 
during a one-hour rainfall event  through th i s  volume of  elevated concen- 
t ra t ions was calculated next, and the  resulting  input o f  hydrogen ions 
to  the  water body o f  concern was esrinated in the same manner a s  was 
used i n  the  preceding  precipitation  episode model.. The following 
assumptions were.made in  computing the  concentrarions o f  pollutants 
during t'le stagnation  conditim: 
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.All emissions  over a seven-day period fiom the   Sat  Creek 
p m j e c t  and ocher major sources wi-&in the  study  area (see 
Industr ia l  Emissions Inventor/, Sec t ion  A . 3 . $ ,  A p p e n d i x  A) 
a r e  assumed to be well &xed tkmugh a canstanr volume. 

The r e s t r i c t ed  volume is defined  as a 6 7 . j 0  wedge bemeen 
l ines   d ram t o  a distance o f  200 kz~ f m m  the Has Creek s i t s  
toward the narcheast and che east-southeast and to a height of  
1 ,000 meters . 
Suli%r dioxide is assumed t o  be czamfonned to sulfate a t  a 
rate o f  1 . 0  p e ~ ~ e n t  p e r  hour. 

SO and NO, a r e   a s sqed  to  be deposited  with 3 deposition r a t e  
0 2 1 . 0  cs /?ec  and SO wiiti a deposition  Late o f  0 .1  d s e c .  
During a given hour ?hese deposition ra tes  are  assumed to 
a p l y  only in the  lowest 50 meters o f  the volume cor  SO2 and 
NOiOt and the  lowest 10 meters o f  the volume for SO,. 

To account f o r  local effects  such as muntain drainage flows 

volume a t   t h e  end o f  each 24-hour period. 
10% o f  the pollutant ma95 is assumed to be flushed f r o m  t i e  

- 
The result ing  p~edicted  concentrations a t  t i e  end o f  saven days are: 

[saz] = 45.1 ug/m ; [SO:] = 59.8 ug/m5; [zra21 = 61.4 ug/m . 5 5 

The assuqtions  incorporated in t !  calculation  are  extremely con- 
selvarive and the results indicats  ambien t  con-ainant  concencation 
b u i l d q s   f a r  in excess o f  any that would ever  occur  in  practice. Firsz, 
the winds under such stagnation periods  arc typically highly  variable 
rather than, as assumed here,  confined to  a n a r r o w  d i r e c t i o n a l  range. 
In  addition,  the  horizontal 13ngth o f  the r a p p i n g  volume used here is 
smaller t.han would actual ly  b e  experienced by che Hat  Crrok plume. For 
examgle, ii a net unidizstional wind o f  only  1 .0  ms ocemed  duough-  
out  the  episode  period,  the Hat Creek enissions would be r=ulmortrd 35 
far  as 605 'm in s e v e n  days. 

-1 

(e) Winter Season Model 

The niniumm didharge  from r ive ts  in  the s a y  area occurs during '&e 

winter season. Use o f  L!e apVmach described in Sect ion  1 6 . t ( a ) ,  where 
the deposition raze is divided by the  dischar3e ms3 t o  calculate [H*], 

should therefore  yield. a much higher [kit]. However, offsetzi23 =!is 
ef fec t  is t!e 9nr;apment of mch o f  the acidic  deposition and neucrali- 
ration in :!e snowpack. Thus, L ! S  node1 allows only a fraction Of Lie 
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net  deposit ion  after neut ra l iza t ion  i n  the snowpack to  reach  the  water 
body. This  fraction is estimated  as  the  ratio  of  rainfall  amount t o  
snowfall amount and can  be  vi:sualized  as  leaching o f  the snow pack by 
the rainfall. 

w + : /  = fwinter 
L (0 .5  RdA/FwinteA x 10 m 2 -3  3, -1 

where, 
L 

fwinter = is taken fmm Table 16-1, assuming tha t  ra infal l  leaching 
is equivalent  to  meltwater  leaching 

Rd = Winter  average  deposition as defined i n  I6.2(a) (Eq m s ) - 2  -1 

A = drainage  area (m 1 

0.5  = f ract ion o f  H* mt neutralized i n  snowpack 

= Winter  average  discharge  rate (m s ) 

I 

28 

Fwinter 
3 -1 

No neutral izat ion  as  a resu l t  o f  contact  with  soils is assumed in t h i s  
model (i .e. ,   soils  are  considered  frozen during winter) . 

16.3  GENERAL CALCULATION PRO'CEDURE FOR CHANGE IN pH  (ApH) 

The i n i t i a l  s tep i n  computing ApH f o r  a subject water body as a resu l t  
o f  the  deposition  of  acidic  species is to  determine  the H+ deposition 
rate over the  entire  associated  drainage  area:  

i n  

where, 

R. = deposi t ion  ra te   for  ith species (g a 

A = drainage  area (m 1 
1 

- 2  s-l) 

2 

EW. = equivalent  weight  of ith species (g Eq-') 
1 
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NO3 

NO* 

- Eii 

32 
48 
62 
46 (Assumes a l l  X0 convened i n  

NOz) 

The HC concenrration, [H*l, i q t  zu the water body is calculated 
as : 

[HC] = r^ Ri/F 
inpat 

where, 

f = unneutralired fraction of deposited H* reaching Lie warar 
body 

F = discharge ra te   ac  outlet of drainage area (a3 s - ' ~ .  

A: the  obsenred pH range o f  the natll2al waters in t i e  smdy  ar%a (6 .6  i o  

8.8) .  the dissolved COz syszem dominates Lie 'buffering chemissxy. 
merefore ,  the o r i g i n a l  sum o f  HZCOS  and COz (aq) , [HZC3j*], m y  be 
compured if :he o r i g i n a l  pH and a c i d i t y   c o n s t k t  are known f r o m  the 
expression: 

where: 
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and : 
[Hcl [HCO3-l 

K1 - - [H2C03*] 

Before  proceeding, it should be noted tha t  two l i a i t i n g  cases were 
considered  for  calculation o f  estimated pH changes: 

1. A closed system where $ = [HC03-] + [H2C03*] + [C03=] is held 

constant.*  This  assumprion results i n  a maximum predicted 
negative pH change pH f o r  a given addition  of H ions. c 

2 .  .An open system where, P the partial pressure o f  CO is 
.. C02’ 2’  

assumed constant and the  water is well mixed  and in equilbrium 
with  the COz. In this   case,  

where 

For the  range o f  a lkal ini t ies   reported i n  the data for  the  study  area,  
the second approach yields   unreal is t ic  pH values,  higher  than  the  actual 
measurements. For example, the  Adam River is predicted  to have a pH o f  
8 .3  under  conditions where the  actual pH is 7.6. Because t h e  addition 
of HC ions  cannot  increase pH using t h i s  l i m i t i n g  case,  the  actual 
s i tua t ion  f o r  the natural waters i n  the  study area is assumed t o  be that 
pH changes will be  allowed  to  vary fmm none a t   a l l  t o  those  predicted 
by 1imiti.ng  case 1, above. 

Proceeding  with the assumption that cT is Constant, i . e . ,  

*In subsequent calculations [CO,’] is neglected  since it represents  less 

less  than 0.5%Tof CT a t  pH C3.0. 
than 2 . 5 %  o f  C a t  the highest pH considered  here, 8 . 7  a t  Loan Lake,  and 

- 
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Using the acidiry  constant  expression, the new pH is 

16.4 SUMARY OF ApH CxLCULATI0N.S BY txSE 

hi 

In t h e  case  smdy calculations presented in the  following  subsections, 
certain physical  parameters  for L!e warersheds discussed are described 
as "known quantit ies." The sources f o r  tiiese data include: 

(a) Case 1, .&s River a t  Mut!, .Amually-Averaged S t a t i s t i c s ,  
Model I6.2(a) 

The known quantit ies  are  as follows: 

0 A = 3 x 1 0  m 

0. F =  7 1 m s  5 -1 

pH = 7 . 5  migh 8.8,  law 6.5)  

c water t-mqerar!ro = Z8S'T 

9 2  

*The water quality and f low daeJ required f o r  these  calculations  'we~e 
available only fo r  .Adam Lake and. betdam L!e lake and Lie muth where 
the r i v e r  empties in ta  the i0ut.i Thompson. However, as described in 
Sect ion 14.2.1, it is r-&onable t o  expec t  that &pH effecces in Lie 
upper .Adam?., where concern f o r  salnan is g ? a t e s t ,  will be icmuhar 
noaller than thuse p ~ d i c t e d  her? f o r  t , e  ,muth o f  c h  r iver .  



[akkllake = 8 . 8  x 1 0  Eq I-' -4 

[UkIav = 7.S6 x 1 0  Eq k-', where the  weighted  average 
-4 

a lka l in i ty  is calculated by conservatively 
estimating  the  lake volume t o  be twice that of 
the r iver .  

The total   deposi t ion  ra te  o f  acidic  species  predicted by t h e  deposition 
sodel  (corrected  for  soil  and vegetation  buffering by multiplying by the 
factor  f = 0.2) is 0.159 neq m - 2  s-l as H+ 

cH l i n m t  
+ = 6.74 x Eq ¶,-I, 

new pH* = 7.544, thus 
ApH = -0.056, the  estimated  annual  average pH reduction  as a 

result o f  the Hat Creek Project. 

(b) Case 2, $.dams River a t  Mouth, Spr ing   S ta t i s t ics ,  Model I6.2(c) 
(Spring Snowmelt  Model) 

The known quantit ies  are  as  follows: 

e A = 3 x 10 m- 9 7  

F = 117.2 m s 

pH = 7.7 (ligh 8.8,  l o w  7 . 2 )  

Water temperature = 281'K 

[AlkIav. a s   i n  Case 1 

P rec ip i t a t ion   s t a t i s t i c s  for Blue River  used for  A d a m  River 

5 -1 

drainage basin: 

Summer Ninter 

Rain, cm 
Snow, cm as   l iquid 

26.1  23.2 4.6 14 .8  
0 8 . 2  30.6 5.3 

Fraction o f  total   preci-  
pi ta t ion  as  snow, % 0. - 2 6 . 2  86.8 2 6 . 5  

The assumed quantit ies  are:  

Deposition  rate in snow = 0.1  x (deFosition  rare  in rain) 

Fraction of [HL] nEutralizsd i n  snow pack = 0 . 5  
16-19 



The e f f e c t i v e  H de?osition rate is 0.859 neq 9 z . - 2  -1 

A$ = -0.186, the estimactd maxisum pH rsduction 

in Spring at a resulz  of tic Hat Creek P r o j e c t .  

(C) e, !dams River az Mouth, Winter Statistics, Model 16.2(e)  

The h o r n  quantities are ds follows: 

A = 3 x 1 0  m 

o F = 18.9 m s 

0, pH - 7..S fi igh 8 . 2 ,  low 7.0) 

Water temperature = 276% 

c [A~!C]&~,= 7.36 x Eq L-', as in Case 1 

9 2  
3 -1; 

The assumed variable is: 

0. f = 0.5 (fwinrer) = 0.17 L 

where 

0 . 5  = unneunalized f racdon of KC in inow pack 

fwinter ' = f r ac t ion  of HC in S M W  pack leached ouz by  rain and 
snowmele inm nmoff. 

The degosition  rate is 0.698 n E a  m - 2  s-l as H* 

[' ]input: = 1.88 x 10-5 Eq L-', the new pH = 7.398, C!IUS, 

4pH = -0.102, the estimated  seasonal  average pH reducrion 
during Winter as a rasult of r.ie Hat Craek ?TO j ect. 

(d) (I) Case QA, Adams Rivar a t  +"loutfi, Una-hour Precipitarion Episode 

in  Spring, Model 16. 2(d) (I) 

The f o l l o w b g  quantities a=e Lnoum: 

A = 3 x 1 0  m 9 2  

a pH 7.7 

:vater t emperawe  = 281Y 
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0. [.Uk],,, a s  i n  Case 1 

'lake = 2 . 3 2  x 1 0  1 0  m3 
~," 

Other quant i t ies  assumed or  derived: 

Rainfall ra t e  = 2.47 x m s- l  (0 .35 inches  per hour) 
No n e u w l i z a t i o n  of wet SO2 and SO; is assumed. 

The HC deposi t ion  ra te  is 113 neq m 

[H*] = 9.42 x Eq E-', and 

ApH = -0.010, the  estimated one-hour precipitation  episode 
i n  Spring  as a r e su l t  of  the Hat Creek Project. 

- 2  ,-1 

(d) (2) Case.48, Adams River a t  Mouth,  One-Hour Precipitation 
Episode  Following  Prolonged Stagnation  Conditions, 
Node1 I6.2(d) (2) 

The following  quantit ies  are known: 

A = 3 x l O m  

pH = 7 . 7  

9 2  

Water temperature = 281'K 

[Alk],,; as i n  Case 1 

*' 'Lake 
1 0  3 = 2 .32  x 10 m 

Other quant i t ies  assumed or  derived: 

Rainfall rate = 2.47  x 10-6m s-' ( 0 . 3 5  inches  per hour) 

30 neutralization of  wet SO2 and SO; by atmospheric ammonia 
is assumed 

The H C  deposi t ion  ra ta  is 605 n Eq m -ts-l 

[HC] = 2.52  x lo-' eq I-' and the new pH = 7 .101 ,  thus, 

APH = -0.199 

(e) Case 5 ,  Boss Creek Above Hendrix  Creek, Annual S t a t i s t i c s ,  
%del I6.2(a) 

16-21 



The known quancities  are:  

A = 7 . 6  x 1 0  m 
3 :1 

7 2  

e F = 2 . 2 ~  m s 

pn = 7 . 1  

Water tempezamm = 277.?0:( 

[Uk]  5 . 6  x Ea I-' 

The .deuosizion r a t e  is 0.539 neq m $-' as HC. - 2  

new pH = 7.092, dncr, 

A# = -0.008, the esrimated annual average ?H reduction  as a 

result o f  the Hat Creek Pmjecr. 

( f )  -, Pennask Lake, :Annuat S t a t i s t i c s ,  Models I6.2(a) and 
I6.2(b) 

Two sets o f  assumptions vi-& differ ing degrees o f  conserratism were wed 
f o r  mesas o f  estisating  upyer and lower bounds 'io the annul  average 
water volume avai lable  co d i l u t e   i n c r a e n r a l  HC ions deuosiied  in 
Pennask Lake: 

1. The discharge  rate o f  Permask Creek into Pennask  Lake is 
L5e o n l y  water  available f o r  HC dilution  (nore  conservative) . 

2 .  The en t i r e  volume o f  the  lake is avai labls   for   di lut ion 
but no HC is allowed to f l o w  fmm the  l&e, and no buffering 
agents  are aXowed io enter -&e lake  (less  conservative) . 

The known quaazititzs  are  as  follows: 

A (Pennask Creek) = 5.4 x 10 m 

f (Pennask Creek) = 0.43 m s 1 -1 

pH = 7 . 6  

Water :emperamre, estinatfd = ?7ZoX 

[X!c] = 4 . 5 2  x Eq L-' 

7 2  

L. 
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The H +  deposi t ion  ra te  is 0,250 n Eq m - 2  s-l 

Subcase 6 . 1  - 

new pH 7.527, thus,  

ApH = -0.073, the  estimated annual  average pH reduction 
as a resu l r  o f  the Hat Creek Project. 

Subcase 6.2 

L H  ]input 
+ = 1.05 x Eq I-', and 

ApH = -0.012, the  estimated annual  average pH reduction 
as a resu l t  o f  the Hat Creek Project. 

(g) Case 7 ,  Loon Lake, Annual S t a t i s t i c s ,  Model I6.2(b) 

This lake  coincides w i t h  the  location o f  maximum predicted annual 
deposition o f  HC ions  as computed by the  dispersion/deposition model. 
The s o i l s  around Loon  Lake a re  more alkaline  ( i .e. ,   higher  buffering 
capacity)  than  those i n  the Adams River watershed. Thus, it may be 
assumed tha t  a smaller  fraction (9 o f  deposited H* ions will remain 
unneutralized in  the  runoff than the  value o f  0 .20 assumed for  the 
Adams River  watershed. Two values  for f were examined: 0 .1  and 0.02. 

In addition, t o  bound t h e   m . g e  o f  possible pH reductions,  separate 
calculat ions were made for   d i f fe ren t  assumed di lut ion volumes fo r  Loon 
Lake. For one s e t  o f  cases,  the volume o f  the  lake  i tself  was used; i n  
the  other ,  only the  discharge  rate f o r  Loon Creek was assumed avai lable  
t o  dilute  the  deposited H+ ions. 

The known quant i t ies   are:  

A = 4 . 7 9  x 10 m 8 2  

F (toon Creek) = 0.535 m3 5-l 

PH = 8 . 7  

Water tenperatme,  estimated 

[Alk] = 5-86 x 1C1-j E q  

'lake = 2 . 6 3  x 1 C I 8  n3 
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The de?osition nzs  is 2.: neq m s -2  -1 

For dilutional volume = Vlake: 

Subcase 7 . 1  f = 0.1 

ApH = -0.1S3, the eseimared annual average pH reduction ds 
a r e s u l t  or' the Hat Creek Pmject. 

A p H  -0.035, the  estimated anmd average pi.r reduction  as 
a n s d t  o f  t!!e Hat  Creek Pm ject. 

rt must be emphasized that tMode1 1 6 - 2 0 )  allows no inpurs of buffering 
agents dur ing  the  year and no n e u m l i z a t i o n  parhways beyond the initially 

present   a lkal ini ty  i n  the Lake (e-g., HC remval  by interact ion w i i h  

d e t r i u  o r  sedimenr a i  tSe  lake  bottom). 

Coware .xicfi resulis  using  %del  I6.2(a) : 

For dilut ional  volume = F 

Subcase 7 . i  f = 0.1 

ApH = -0.894, the esuimated annual average pH reduction as 
a r e su l t  o f  the Hat Czeek Project. 

ApH = -0.267, the  estimated anmaal average pH xducsion as 
a result o f  the Hat Creek ?m j et. 
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Clearly,  the pH change predicted is very  sensit ive t o  the  choice o f  
models used t o  make the  estimate.  Since both o f  the above models contain 
elements of  conservatism, we feel  t,hat Subcases 7 . 1  and 7.2 approach the 
rea l   s i tua t ion  more closely tivan Subcases 7 . 3  and i . 4 .  

(h) Case 8,  Loon Lake, Spring Snowmelt hbdel,  16.2(c) 

The known quant i t ies   are:  

e. A = 4 .79  x 10 m 

0 F = 0.763 m s 3 -1 

e pH = 8 . 7  

Lake elevation = 2822 f t .  

Water temperature,  estimated = 283'K 

e [Alk] = 5.86 x 1 0  -3  Eq 2-1 

e Prec ip i t a t ion   s t a t i s t i c s  for 150 Mile House (2,900 f t - ) ,  which 
is at   nearly  the  sane  elevation  as Loon Lake,  were used. 

8 2  

Fall Winter - 
Rain, cm 7.06 1.07 5.08 
Snow, cm as   l iquid 2.54 9.63 2.08 
Fraction as snow, % 26 90 29 

The assumed quant i t ies   are  as i n  Case 2, yielding an ef fsc t ive  deposi- 
t i o n  ra te ,   as  H , o f  1.89 nEq,m 

+ - 2  s-l 

CH ]input 
+ 

= 1.18 x :.o -5 

ApH = -1.651, the  estimated  seasonal  average ?H reduction i n  
spring as a :?esult o f  the Hat Creek P r c  j e c t .  

(i) Case 9 ,  Loon Lake, Hin ter   S ta t i s t ics ,  Model I6.2(e) 

The known quant i t ies   are:  

e A = 4.79 x 10 m 8 2  

Fwinter (Loon Creek:t = 0.217 rn' s-';  
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Xa neutralization due t o  so i l s  o r  vegetarian is assumed. However, 50% 
o f  the H+ is assumed t o  be neur=al i :d  during its residence in the snow 
pack and 23% o f  the remaining H* is assumed to  be leached out by winter 
rains. Thus, 

*. f 0.115 

The deposition rate, Rd, is 1.03 n m -2  s-l at H+ 

new PH = 7.809 

ApH = -0.891, the  estimated seasonal aveage  pH reduction during 

Winter as a r e su l t  o f  the  Har. Creek Pm ject. 

The simple model used f o r  the above calculations includes t5e  assumption 
that only the water volume represented by the rcnoff  (equal t o  outflow) 
is avai lable  f o r  di lut ion w i t h  no dilut ion due to  -&e mch larger  vOluUC 

o f  the  lake. I t  is therefore  considered -a lead w substantial  ovez- 
?rediction o f  the pH effects .  

(j) Case 10, Thompson River, :4mual Sta r i s r i c s ,  ,Model 16.Z(a) 

The following are the b o w n  quant i t ies :  

pH = 7.S6 ( a t  Kamloops) 

:Vater t - m p m a u e  = 2aYK 

[ A L k ]  = 6.76 x lo-' b, 2-l 

The remaining quanrides   are   der ived o r  estimated: 

.A = a r s  inscribed 5y 1. S n E q m  s I isoUl~%+ fmm anmal - 2  - 
H- deuosit ion  f ield  (see Figure IZ-46). 

= 5 . 2  x L O  m 9 2  

ct 

". 

. .*. 
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F = 594 m' s-', estimated as twice  the flow r a t e  o f  the 
South Thompscm a t  Monte Creek. (Thompson River 

discharge rates through the area of  consideration 
were not  avai.lable.) 

R = 2.0 neq m s , overestimated  as  the  average -2 -1 

deposition  ra.te  within A. 

Subcase 10 .1  f = 0.1 

PpH = -0.008, the  estimated  annual  average pH reduction  as 
a r e s u l t  o f  the Hat Creek Pmject .  

Subcase  10.2 f = 0.02 

CH ' input 
+ 

= 2.22 x 10 - 7  Eq ,?.4 

ApH = -0.002, the  estimated  annual  average pH reduction  as 
a r e s u l t  of: the Hat Creek Project. 

(k) Case 11, Clearwater  River i n  Wells Gray Park, .Annually-Averaged 
S t a t i s t i c s ,  Model 16.2(a) 

The known quant i t ies   a re   as  follows: 

A = 2.95  x 109m2 (a,? Clearwater Lake ou t l e t )  

F = 141.5 m3s-l (at:  Clearwater Lake ou t l e t )  

pH = 7.56 ( a t  Cleazwater;  high  8.8, low 6.8) 

Water temperature a: 281.6'K 

[.Uk] = 6.353 x Eq L - l  (at   Cleamater) 

The annual  average  depositior.  rate, as H+, is 0.0706 nEq m s , c o r r x t e d  
f o r  80% neutralization by soi,ls and vegetation (f = 0.2) .  

-2  -1 

lH 1 input 
+ 

= 1 . 4 7  x 1 0  -6 Eq ,?.*.l, 

new pH = 7.548, t h u s ,  

ApH = -0.012, the  astimated  annual  average pH reduction  as 
a resu l t  o f  t,he Hat Creek Project. 
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'I'AULL! 16-1 

IIYI)ItO(;IIN ION CONCLiNI'ItAI'ION OF SNOW MELT WAIElt* 

" 

lxactiou  btelted (a)*. tu - 5 I 10 I 15 - 20 25 - 30 - 35 - 4 0   4 5  50 55 6 0  

Fraction  leached, f -1 0.078  0.23 0.34 0 .42  0.49  0.56  0.61  0.68  0.72  '0.75  0.78  0.81 
I. 

1.7  3.4 . 2.3   t .75   1 .6  1 . 4  1.3 1.25  1.0  0.7  0.6  0.55 

-. 

** snowpack melted. 
* The values   appear iug   in   th i s   t ab le  were taken  from Pigure 2 of Ref. 32b. 

I:ructiolr of t he  total  ava i l ab le  ion i n  the snow pack before melting c o w e ~ ~ c e s  which appears i s  t h e  
meltwater. 

+I 
m 
N 
I 

m 

-1-I- Itatio of ionic colrcentration i n  the  meltwater to that i n  t h e  bulk snow. 
i 
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(1) Case 12, Deadman River above Criss Creek, Annully-Averaged 
S t a t i s t i c s ,   m d e l  IB.Z(a) 

The f o l l o w i n g  a re   the  known quant i t ies :  

A = 8 . 6 2  x 10 m 

F = 1.70 m s (197'7 s t a t i s t i c s  - f o r  comparison, 1977 stream 

8 2  

3 -1 

flow for Criss Creek was only 74% of the  preceding 23-year 
average) 

0. PH = 8 . 2  

water  temperature = 282°K (estimated from Tranquille River 
temperature  reading:j) 

[ U k ]  = 3.02 x Eq 

The annual average  deposition  rate,  as HC, is 1 . 4 4  neq m -2s-1 

- Subcase 1 2 . 1  f = 0 . 1  

] input  
+ 

= 7.32 x lo-' E q  Z-', 

new pH = 7 .831  

&pH = -0 .369 the  es,timated annual  average pH reduction as a 
r e su l t  o f  the Hat Creek Project 

Subcase 12 .2  f = 0 . 0 2  

rH ]input 
+ 

= 1.46 x 10 Eq Z-', - 5  

new pH = 8.099 

as ApH = -0.101, the  estimated annual  average pH reduction 

r e su l t  o f  the Hat Creek Project 
a 

(m) Case 13,  Deadman River above Criss Creek, Winter S t a t i s t i c s ,  
Model 1 6 . 2  (e) 

The known quant i t ies   are:  

A = 8 .62  x 10 m 8 2  

111 

1 

a 

Fwinter = 0.50 m s 3 -1  
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0 pH = 8 . 2  (annual  average pH used since  seasonally  segregated 
data not available) 

?rater  temperature = Z7J°K ( e ~ C h : e d  fyom ‘iranquille  River 
temperacure readings) 

[Uk] = 5.02 x lo-’ Eq 2 - l  

Yo ncuual iza t ion  due t o  soils o r  vegetation is assumed. However, 

50% neutralization is assumed during -he HC residence i n  the i;u)W pack 
and 34% o f  ihe remaining HC is assumed to have been leached aut by 
winter rains. Thus, 

e f 0.17 .  

The deposition  rate, Rd, is 0.783 n 4  m .tS‘l as H* 

new pH is  7.535,  thus, 

ApH * -0.665, the  estimated seasonal average pH reduction during 
winter  as a r e su l t  a i  rhe Hat Creek Pmjecz 

(n) Case 14, Deadman River above Criss Creek, Spr-hg Snowmelt 
Model, 16.2(c) 

The h o r n  quant i t ies  are: 

* A = 8.62 x IO rn 
F = 4.88 rn s 

pl = 8.2  

9 2  
3 -1 

Water temperame = 280.6‘X (estimated f o m  Tranquille 2iver  

tanperamre readings) 

[ALk] = 3.02~ x IOe3 Ea. 2-I 

Prec ip i ta t ion   s ta t i s t ics  f o r  W o a p s  were used. 

.. 
c 

u 

* 
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- Fall Winter S p r i n g  - 
Rain, cm 5.31 1.18 3.99 
Snow, cm as   l iquid 0.81 6.68 0.15 

Fraction  as snow, % 13.0 85.0 

The assumed quant i t ies   a re   as  i n  Case 2 ,  yielding  an  effective  deposition 
ra te ,   as  H , o f  0.742 nEq m s . + - 2  -1 

['+I input = 1.31 x @ L - ' ,  yielding a new pH o f  7.672. 

Thus, 

ApH = - 0 . 5 2 8 ,  t h e  estimated  seasonal  average pH reduction  in 
spring  as a r e su l t  a f  the Hat Creek Project. 

16.5 Es'rxwm OF PH IN PRECIPITATION 

In this   sect ion,   the   effects  Baf power p l a n t   a i s s i o n s  on the pH o f  
p rec ip i ta t ion   a re  computed f0.r several short and long-term  situations. 
These estimates  are compared with predictions  described i n  the summary 
volume t o  which t h i s  report  i,s an appendix. I t  should be emphasized 
tha t   the  pH reductions e~pecred in  the  precipitation  during  short  
"episodes"  translate t o  much less severe  effects  within  receiving  bodies 
o f  water,  as  seen  in  the e-les given  in  Section 16 .4 .  

(a) Case 1 5 ,  .Annual Precipitation and Deposit ion  Statist ics 
(choose "hot spot" deposition ra te ,  i.e., those from 40 km 

NE of  the plant) : 

Rd = Wet SO2 + Wet SO; + Wet X O i  = 2.278 x 10 Eq m-' s- '  -9 

as H +  

e Annual rainfall intensi ty  from F i g .  13-3:  0.02 in h r - l  = 1 . 4  

x 10" m s-' 
+ 

[H ]input = 1.627 x 10" Eq 

atmos],heric C02 anti no other  naturally  occurring 
alkal ine ions present) 
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*lain = 4.97, the estimated -1 average pH o f  p e c i p i -  
t a t ion  in  the near-field ar?a as a rroult o f  t i e  
Hat Creek Pro jec t .  40 

@) Case 16, Estimate of Annual pH o f  Precipitation i n  A d a m  River 
Drainage @asin (aopmximately 200 km XE o f  pmoosed plant 
s i t e ) .  

Rd "2 wet + '0; wet * "'; wet 
= 0.52 * 0.0008 0.37  n q  m-' s 

= 0.691 neq m-' s-' 

-1 

.Annual rainfall in tens i ry   fnm Figure 15-3 = 0.05 in. hr ' l  
(31ue River s t a d s t i c s )  = 3 . 5 5  x l o e 7  a -1 

pHrain = S.SS, the estimated annual average JH o f  precipi ta t ion in 
the f a r - f i e ld  area as a result o f  the Hac Creek Pmject. 

%ate  hat in case 13, ~c [H*] inpt is b d f e r e d  by t h e  dissolved C02 
sysxem, w h e r w  in case 16 the [H*] input is smaller than the equilibrium 
concmtzation o f  [X*] f o r  the H2COj' H*+HCOi system and has a very 

small effect  on &e pH. 

16.6 DISCUSSION OF PR€DICTED # W G E S  IN "E HAT CREEK .AREA 

Table 16-2 is a nmrmary o f  the 16 cases treat& in de t a i l  f a r  acid 
precipi ta t ion and water body .#. . A s  can b e  seen fmm t i e  t ab le ,  calculated 
pH c.hanges (ApH) f o r  the 'water bodies of cancern have a coal range of 
-0.002 t o  -1 .69.  me predict& annual decreases have a mailer 

c 

I 

" .I 

, 

._ k 
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* 1 t i I t m 

TABLE 16-2 
RESULTS OF MODEL CALCLILATIONS OF pli CHANGES FROFt ANNUAL AND EPISOOIC 

EVENTS  IN SELECTED WAI'ER BODIES OF 11iE IlAT CREEK PROJECT AREA 

Case Nuu~ber Location 

1 Adam River 

2 Adam River 

3 Adam River 
4 . 1  Adams River 

4 * 2  Adam River 

5 b s s  Creek  

6.1 Pennask Loka 
I-, 
w 
w 
I 
m 

6.2 Pennask Lake 

7.1 Loon Lake 

Average pll 

7 . 6  

7 . 1  

7.5 
7.7 

7.7 

7.1 

7.6 

7.6 

8.7 

7 . 2  Loon Lake 8 . 7  

7.3 Loon Lake n.7 

Soil  5 Yegetacion 
Buffering  Factor 

0.2 

0.5' 

0.5' 
0.2 

0.2 

0.2 

0.2 

0 . 2  

0 . 1  

0.02 

0.1 

7.4 Loon Lake 8.7 0.02 

- Change of pll 

-0.056 

-0.18.8 

-0.102 
-5.010 

-0.199 

-0.008 
-0.073 

-0.012 

-0 .153 

Description 

Annual, a t  mouth 

Autumn. winter, and spring 

of f ,  a t  owuth 
effective  deposition  run- 

Winter deposit ion,  a t  mouth 
S p h g  precipitarion  evellt, 
a t  mouth 
Precipitation  event a f t e r  
7-day~ staEnation 
Annual, a t  unuth 
Annual, i n  lake, d i lu t ion  
from Pennask Creek 

Annual, i n  lake voluu~e' .~ 
d i lu t ion  
Annual, i n  lake, no buffer 
input,  annual 0.911+ neutral-  
ized,  l 'ake V O ~ U I I I Z  d i lu t ion  

-0.035 Annual, in   l ake ,  no buffer 
input,  annual 0.98W neutral  
ized,  lake yolulue d i lu t ion  

-0. 894 Annual, annual ,0.911 neut ra l i  + 
ized luon Creek di lu t ion  

-0.367 Annual, almual 0.9811 neu- + 
t ra l ieed  luon Creak d i lu t ion  



. 
Table 16-2 coutinued 

Soi l  4 Vegetation 
- 

Case Nuuher location __ Avera- Buffering  Action Clrunga of pll 

8 Loon Lake 8.7 0 .5"  -1 .651 

Y Loon Lake n.7 0.5' -0.891 

10.1 'llrou1pson lliver 7.56 0.1 

10.2 'll~o~~pson Iliver 7.56 0.02 

I 1  Clearwater Itiver 7 . 5 6  n. 20 

12.1 Doadwin lliver 8.2 0.1 

1 2 . 2  0eadlllalr Iliver 8.2 0.02 

13 1)eaduwr Iliver n . 2  0 .5 .  

c1 
o\ 

b, 
I 

0 

-0.0011 

-0.002 

-0.012 

-0.369 

-0.l0L 

-0.665 

14 I)ead~ua~r Itiver 8 . 2  0.5' -0 .  628 

I 5  I'recipitation pl 4 . 9 1  
Power Pla~rt  
vicini ty  ( 6 0  kur) 

16 Precipitation 141 5.55 
A h s s  River 
Watershed 

Descri* 

Autumn, winter u~rd sprir~g 

o f f ,   a t  WUtll 
affective  deposition run- 

Winter depusition, a t  uoouth. 
~ S S U I I I ~ S  50% sirowpack neutral - 
ization 

Annual. in r iver  

Annual, in r iver  

Annual. i n  r iver  

Annual. above Criss Creek 

Almual, above Criss Creek 

Winter delwsition above 
Cri ss Creak 

Autu~rn, winter nnd spring 
effective  dapositiou 
runoff, above Criss Creek 

Annual, short-range 
transport 

Annual, long-rauge 
transport 

1\ tiolr unrrcutrulized i l l  snowpack only. 



I 

I 

I 

range, from -0.00.2 ' t o  -0.894, The computed values  for ApH for  seasonal 
and episodic  events  indicate a range f r o m  -0.010 t o  -1.651 for  pH decrease 
in  t h e  receiving  water  bodies.  Calculated pH changes for  the  water 
bodies o f  the Hat Creek area  are thus generally  quite low. Only the 

conservatively  estimated m a x i m u m  effective  deposit ion  cases  for  episodic 

events (spring snowmelt) indicate   values   a t   the  upper end o f  the AUH 

range.  In fact ,   for   the  cases  examined, only  Loon Lake in  the   v ic in i ty  
of t h e  .proposed power p l a n t   f a c i l i t i e s  had pH changes predicted  greater 
than 1 ?H unit and that was as a r e su l t  o f  acidic inputs during a 
spring inowmel t . 

c. c 

The pH change calculations a:re overestimated because o f  %he  assumptions 
incorpra ted   in to   the   ca lcu la t ions  by the  choice o f  data.  The water 
qual i ty  models only  incorpomte  the  buffering  capacities of  the  water 
body bicarbonate system and those o f  the  local  soils and associated 
Vegetation in  the  estimated  'receptor  area. X Conservative  use  of  buffer- 
ing  capabi l i t ies  was also  incorporated  into  the  calculations  (for example, 
the  bicarbonate system is biased toward the h igh  range o r  an overestimate 
o f  the  expected pH change).  Similarly,  although  the  literature  presents 
d a t a  f o r  soil and vegetation  neutralization o f  acidic  inputs i n  the 
range of 82% t o  92%, the models used generally had a factor  of 80%. 

Neutralization  factors  reported i n  the   l i t e ra ture   for  h i g h l y  oraanic 
soi ls   are   general ly   greater  than 90% and, in  many cases ,   re f lec t   essent ia l ly  

total adsorption. The pH change models o f  t h i s  study assumed both 90% 
and 98% neutral izat ion for sails of high organic  content.  Further,  the 
maximum computed H+ depositicln r a t e  in  a given receptor  area was assumed 
t o  represent  deposition  over  the  entire  area. No weathering or other 
inouts o f  materials wi th  buffer ing  capabi l i t ies  were  assumed to  reach 
the  water body. These assumptions,  while h i g h l y  conservative,  are 
necessary  because of  the  inccm@eteness of  the  available  information, 
and contribute  to  substantial  overestimation o f  expected pH changes. 
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None of the addi t ional  buffering mechanisms ava i lab le   for  n e u m l i z a t i o n  
o f  protons f r o m  the Hat Creek. Pmjec t  were accounted  for. Some o f  these 

fac tors  wer~ mentioned b r i e f ly   ea r l i e r  in  this  cSapter.  For example, 

power p l a n t  emissions  conrain  a lkal ine  ?ar t iculates ,  ammcnia, and o ther  
basic chemical compounds. The combined Hat Creek pa r t i cu la t e  and ammonia 

emissions have been estimated  at.  approximately 14% o f  the combined SOt 

and NO emissions. A major poreion o f  these materials would p v i d e  
addi t iona l  buffering capabi l i ty .   Similar ly ,   increased  neutral izat ion 
due t o  the  presence o f  o t i e r  b a s i c  c m p & d s  and in t e rac t ion  with the 
sedimenrs in the 'water bodies ,   neutral izat ion in  the Snowpack, d i l u t i o n  

by m o f f  f m m  o t h e r  water sources  outside  the assumed reccsptoot arza,  
the reduced mixing volumes assumed f o r  the water  bodies, and conservative 
estimates o f  lake volumes as o n l y   m i c e  the value  of   ihe  parent   r iver ,  
correspond io buffering capab i l i i i e s  -which in  n a m e  would greazly 

reduce the poten t ia l   e f fec ts  o f  the  predicted H* additions.  

X 

If all factors are  considered, it is a p p a n n t  that both  the H* ion 
ca lcu la t ions  and the  predicted  water body pH change3 would b e  expected 
t o  b e  much greater i h m  would ever b e  l i k e l y   t o  occur.  The estiinated. pH 
changes. f o r  the water bodies   a f te r  H* ion  neu.rralization  range. from 
vi r tua l ly   undetec tab le  in the  annual cases o f  the Thompson River (7.56 - 
0.002 = 7.56)  and the  River (7.6-0.056 = 7 . 5 4 4 ) ,  io noticeable in the 

case o f  spring snowmelt into toon Lake ( 8 . 7  - 1 .65  7.05) . In f ac t ,  

ihe   buf fer ing   capabi l i t i es  o f  Loon Lake a r e  so large,  as shown  by its 
high pH or^ 8.7 ,  that 12 is unlikely ihat a pH as l o w  a s ,  7 . 0 5  would b e  

measured i n   t h e   f i e l d  even following a s p i n g  snowmelt. A pH value of 
7.05  is, in any case, capable o f  sapparting  economically isportant 
species o f  f i s h ,  as presented in the  reference lit-=raws. 36, i7,3 

In view of the  conservative b i a s  incorporated in the modeling o f  water 
qudity effec ts ,  it is expected that the  worst  case, toon Lake, including 
its seasonal and q i sod ic   even t s ,  ,will have the buffer ing   capabi l i t i es  
i o  absorb  any of the Jmjected additional  proton  depasitions tn its 

watershed. This is cer ta in ly   tnse   for   t i e   o t5er   water  bodies of concern 

examined in i.hiS Suady. 

.- 
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h o t h e r   r e s u l t  o f  the inodeling conducted i n  this  study was t o  calculate 
the expected  annual  average pH of the   p rec iu i ta t ion  i n  t h e  near and f a r -  
f ie ld   a reas   o f   the  Hat Creek P r o j e c t .  The values,  also presented i n  
Table 16-2, are   4 .95 and 5.55 fo r   t he  near and far-f ie ld ,   respect ively,  
and include no dissolved  alkaline  species.  Precipitation pH values i n  
t h i s  range  are  widely  represented in  the   l i t e r a tu re .   H~ tch inson~’  and 
several  other  authors 18’26’2;’ have  repcrted  precipitation pH between 4 .6  

and 5.6, with  the low values  generally  representing  regions  with  proton 
addition and the  high  values  representing  precipitation pH levels  of 
precipitation  not  having a net excess  of  acidic  over  basic  dissolved 

ions. 

Studies i n  Europe and  North Pmerica also  indicate   that   precipi ta t ion pH 
values  lower  than  those  calczlated  for  the Hat Creek area have had no 
e f fec t  on the  surmunding watrersheds. Although sufficient  baseline  data 
f o r  Hubbard  Brook, New Hampsh,ire may not  be available f o r  conclusive 
statements,  rainwater pH measurements  have averaged 4 . 1  with no apparen? 
resul t ing  effects  on the stream water  chemistry.18  Results  reported i n  
t he   l i t e r a tu re   a s  well as the  calculations  of  this  study  indicate t,bt 

predicted  precipitation pH changes will have l i t t l e   e f f e c t  on the pH 
values  of  the  receiving  water  bodies found i n  the Hat Creek area. 

16.7 PREDICTED CUMULATIVE EFFECTS 

The assumption that  the predicted pH changes calculated  for   the Hat 
Creek P n j e c t  would occur  consistently  over  the  projected 35-year l i f e  
o f  the power plant  is not   real is t ic   s ince the water  bodies  are nor i n  
general  capable  of  storing  acidity. Summing the  increments o f  hydrogen 
ions deposited  over  the  life 3f ?he project would grossly  overpredict 
the  cumulative  or  long-term  water body pH changes par t icular ly  f o r  the 
smaller  water  bodies  such  as Deadman River. The major e m r  o f  ?his 
approach i s  tha t  ?he consemative  assumptions i n  the  calculat ions  are  
multiplied by t h e  length  of t.he long-term  period  such that the  cumulative 
predictions become laraely  unrealist ic.   Since it is expected tha t   the  
buffering  capacities  of  the  vatersheds i n  the Hat Creek area  are   suff ic ient  
to  absorb most o f  the  pmjecttrd pmton depositions  for  annual,  seasonal 



&id episodic  events,  curnularive estimates based on >umming misrepresent 

t h e   a c r a l   p h y s i c a l ,  chemical and biological  processes  occurring i n  the 

ecosystem. 

This  can b e  examined *her with  the following example o f  a r e p r s e n t a t i v e  
s o i l  system  of  the  study  area.  Consider  Podzolic s o i l s  of  a t s e  low i n  
buffering  capacity compared t o  t he   o the r   so i l  t q e s  o f  the  Hat Creek 
area.  The Mams River  watershed, f o r  e x a q l e ,  is considered t o  have low 
c a p a b i l i t i e s   f o r   a l l  o f  the  possible  proton  neumalization mechanisms 
other  than the carbonate- system. With this b a c k p u n d ,   t h e   e m u l a t i v e  
e f f ec t s  o f  the  Hc inputs f o r  the assumed l i f e  o f  t S e  Hat Creek Project 
can be evaluated in  tenus o f  po ten t ia l  base s a w a t i o n  and pH changes i n  
the  Podzol ic   soi ls .  A square  meter o f  rhe A hor i ion   so i l s  (top LO m) 
u i i h  a cat ion exhange capacity o f  6-8 mCq/lOOg wauld contain 780-1040 
meq. For example, in the  Upper rtiams River watershed the hydrogen ion 

input t o  the ?odzolic soi ls  i s  e x p e c t 4  t o  average 2-4 m E q / m - / p ,  
assuming vegerarion  rezoval of  75% t o  90% o f  the proton deposit ion 

inputs .  This corresponds t o  an A horizon increased ti' ion input o f  70- 

140 m e q  over ji years.  Tnis would represent  only a 7% t o  18% decrease 

in  the base sa turar ion  of  the  A horizon. 

7 

Base sa tura t ion  i n  a humo-ferric  Podzolic has  been estimated a t  approxi- 

mately 15%, so t h a t   i n  35 years  the A hori:on could be depleted by the 
increased Hc ion inputs. However, t h i s  e f iecz  is also mitigated by 

severa l   fac tors .  They include: 1) the   en t i re   so i l   depth  (A, 3 ,  and C 
horizons)  probably  represents 6-10 times the  bufferiiig  capacity found i n  
t h e  A horizon alone, 2) o t h e r  cation  inputs would counteract  the S l i g h t  

a' increase, and 31 weathering would sup?ly  additional b a s i c  cat ions.  
As a r e s u l t ,   t h e  minimal pro j  ecred annual inczease in Yc ions would b e  

easily  balanced  each  year because o f  the  steady-state  biogeochemical 
processes. Again, t h i s  example considers  only the soil, and sisilar 
cases can be presented  for  the  other bu f fe r ing  capab i l i t i e s  o f  ecosystems 

i n  the. srudy  region. 
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For purposes o f  discussion, if c&ative  effects  are  estimated on the 
assumption o f  addi t ive  effects ,  most o f  the  predicted pH changes fo r   t he  
water  bodies o f  the Hat Creek: area can be dismissed as having no appre- 
c iable   effects .  For example, t h e  annual predicted pH change for   the 
Thompson River (f = 0.1) is -0.008. Asnrming the same Hr input  to be 
constanz over  35 years,  the simple  arithmetic sum o f  the HC inputs would 
yield an estimated pi change in the river o f  0.26 from 7.56 to 7.30. 
This pH change would be difficult to distinguish from n8-l variations 
and no :&verse envimwentd effects  would result. 

For some o f  the o t h e r  water bodies such an ovarly  conservative analysis 
leads t o  incorrect  conclusions an the long-tenn effects o f  the Hat Creek 
Project. For this reason a rsparate calculation o f  long term (35-year 
accumulation) has been made which ca lcu la tes   t i e  chan3.e in neutzaliration 
capacity o f  the soils far each year and thus  modifies the  factor f in 
the previous modeling tleacpwnt. 

This model s t a r t s  with  the input of an estimate o f  the  cation exchange 
capacifr (CEC) o f  the sai l  in the impacted water shed. Over the 35-year 
period, a constant azmual avwraga input o f  HC is assumed, I t  is fur ther  
assumed thac 40% o f  the inpur HC is neurralized  during  throughfall by 
the forest cano?y. The remaining 60% o f  input HC is then  allowed to 

leach the s o i l  o f  its CEC in  yearly increments. For instance, f o r  the 
Adams River wate~ shed, a vegetation and s o i l  ncur;alization factor o f  
80% (€4.7.) has beem assumed f o r  the calculat ions in Section 16.1. 

Thus, one-third o f  the HC deposited  after  throughfall remains unneutzalized 
by the soil by' the time it is input to the water body the initial year 

f combined = fveg x f s o i l '  

0.2 = 0.6 X 0.33 

where f is the  unneutralired  fraction o f  HC passing  the  barrier o f  
i n t e r s ? .  
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In subsequent y-, h e  neut ra l i ra t ioa  abi l i ty  of the soil is ~read i ly  

U s h o d  and is rrflested in a reduction in it4 G C  equivalent zo tie 
HC dewsition below t i e  fores t  c a n o y .  Noro tfro conservatism of this 

appmaci in that M mjweaadon o f  tho GC, due tn biogeochemical 
pmcssses such as wathering of deampsit ion of o q a n i c  materials,  is 
allowed. MachematicaIly, the mdei ' d e s  tie form: 

D is the y e d y  deposition p r r  mL under- t i e  forest 

canopy 

=. 3.15 E 10 s yr" x 0.6 x ( a d  average dwosiuon f 

nu, meq m -2  s-l) 

z 
0 

is the initial hcz ion roefore CZC de-pletion) o f  HC 
deps i t ion  which is left unneu+raliz-si by the time it 
reaches the war,- 'body. 

In tb case u h e r a  ji D 2 C X o ,  only  H* renmval by the f o ~ s t  canoy is 
a k m  in= accozmt (i. e., the CEC is considered to  be. completsly dqlered] 
The values o f  tie above variables, uhich were used for caleula'hg~ the 
cumulative change in pH f o r  55 years of acidic   aqosit ion for tfre watt2 

systmu o f  interest. are given in Tabla 16-j. 

m 

.i 

* 

w 
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TABLE 16-  3 

DATA INPUTS 1’0 35-YEAR ACCUMULAIION WDCL AND PIiElIICTEO CUMULATIVE pll  OIANGBS 

1 Adaas River 3.37x10-‘ 260 14.9  0.333  7.6 7 . 4 ~ 1 0 - ~  7.45 -0.15 

7.1 laon Lake 1 . 4 4 ~ 1 0 - ~  2600 47.3  0.167  8.7 5 . 9 ~ 1  0-3 8.26  -0445 

12.  I I)eildwalr Itiver 6.4aX10‘~ 2600 26.8 0.167  8.2 3 . 0 ~ 1   0 - 3  7.50 -0.698 

10.1 ‘rllolllpson River I . 1 1 ~ 1 0 - ~  2600 37.8 0.167 7.56 6.8x10-4 7.53 -0.033 

I 1  Clearwater  River 7 . 3 ~ 1 0 - ~  520 6.6 0.333  7.56 6 . 9 ~ 1 0 - ~  7.54 -0.023 

5 Uoss 6 llendrix 1 . 1 3 ~ 1 0  260 6.0 0.333 7.1 
-4 

g 6.1 Pennask Lake 3.14~10-  1000 4.7 0.333 
5 . 6 ~ 1 0 - ~  

7.6 
7.08  -0.023 

4 . 5 ~ 1 0  7.50  -0.096 

-5 

I 

c 
I. 

*Estirated fropl representative soil types in watershed. 



.a s a t e d  earlier, the estimrted Crmprlarive pH chmqes f o r  the Hat Czeek 
area water bodies are mer b i a s e d  because o f  the conserratism included 
in the assumed initid buf5whg a-iv and o e e r  neutralization 
S C ~ T  eszizates .  It is e q c t e d  tht tie projected $-I changes are so 

small as to as- almost  total absorption of  cadr year's p t o n  deoosit ion 
contributions.  As a'result, d conmbutions ar=., in r e a l i t y ,  
expected m be m n - a c c d a r i v e .  

16.8 mK1s OF FLM W DESWCTRIZATION ON ESTIXA'ED pH CWiiGE.5 

.An additional set a i  calculations was pcrfomed UI evaluate the potent ia l  
effecsts o f  equipping the Hat Creek p o w e r  plant wizh a flue gas desul- 
&*=don system (FGD) in terns 'of reducing p o t a n t i d  ptf m g e s  in 
prec ip i ta t ion  and water bodies in ?.ha. s a y  area. Faur FQ (scrubber) 
systems with SOx removal e l f i c i enc ie s  o f  48%, %%, 86% and 90% were 

exaained in t h i s  a n t e s .  These maoval e f f i c i enc ie s  y i e l d  r e q e c t i v e ~  
SOz emission rates a t  the stack bf 170, 1S0, 44 and 32 meqagrams per day. 

.A3 ix the analyses presented in  &e reprc. Air Quality Effects and 
Climatic E f f e c t s  o f  the Prowsed Hat Creek Pm jet tn which t ! s  document 

is an amen&. only  sulfur o x i d e  eaissions are assumed a be r d u c e d  by 
the F Q  spste~u, although emissions of other  contaminants will be affected 
to some dergree as well. 

" 

Three types o f  analyses weru perfumed for bath  assumed FGD removal 
ef f ic ienc ies :  

(2) Clbcuiation o f  annual average hydrogen ion depos i ton  patzans 

t h ~ ~ ~ g f i o u t  the smdy 3rea. 

. .. 

- L 

t 

.- : I  

, -  

I _. 
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( 2 )  Calculation o f  pH ::eduction i n  r a in fa l l   f a r   t he  near and f a r  
f i e lds .  

(3) Long term cumulative pH reductions in water  bodies  of  the 

study  area. 

The results  presented in  thi!; section  should be  viewed as  semiquantitative 
estimates,   since  they  are no% based on complete new diffusion/deposit ion 
modeling analyses. Rather,  the  predicted  effects  for  sulfur  oxides 
without FGD were scaled  to  reflect   scrubber removal eff ic iencies  and the 
r e su l t s  recombined with  the NO and TSP e f fec ts  t o  pmvide new estimates 
of  overall  impacts. The reduction i n  plume r i s e  normally  associated 
with FGD is not  accounted for .  Thus, the impacts computed f o r  the FGD 
cases  are  probably s l i g h t l y  less  conservative  than  those reported f o r  
the  uncontrolled  plant. 

X 

Figures 16-1 and 16-2 indicate  the  estimated  geographical  distributions 
o f  annual  average hydrogen i c m  deposition f o r  the 54% and 90% removal 
e f f i c i ex ie s ,   r e spec t ive ly .  For the  54% removal case,  values above 1.5 
x loe9 Eq/m / sec   a re   res t r ic ted  t o  r e l a t ive ly  small  areas between 25 and 
50 km t o  the   northeast  o f  the Hat Creek s i t e  and between 20 and 40 km t o  
the  east, and southeast. The addi t ional   effect  o f  increasing  scmbber 
e f f i c imcy  t o  90% is seen i n  Figure 16-2 with  the shrinking o f  the 
contours f o r  0.5 and 1;O x lCI-’ Eq/m /sec and elimination o f  the 1 .5  x 
1 O-’ Eq/m-l sec  contour. 

2 

2 
7 

Near and, far f i e l d  calculatians o f  pH in  precipitation (cases 1 5  and 16 
i n  Section 16.5, respectively) were perfomed t o  estimate  the  effects  of 
the  four assumed scrubber systems. me r e s u l t s  o f  these  calculations 
a re  summarized below. 

Near Field 

Far Field 

-itation pH a t  Specified  Percent SO, Removal 

No Control 38% S4% 56 % 90% 

- 
“ - - - - 

4.97 5.05 . 5.06 5.13 5 .14  

5 . 5 5  5 . 5 8  5 .58  5.60 5.60 
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- 
These r e s u l t s   m y  b e  compared wirh the prrdicted  values  given in Section 16.5 
f o r  u n c o n m l l e d  ?ewer p l a n t  emissions. Near and fa= f i e l d  annual ..- 

average pH values of  4 . 9 7  and S.55 were obtained f o r  t i e  case without I 

FGD . 

... 

I 

Annual average pH changes  predicted f o r  the  seven  water  bodies  discussed 

i n  Section 16.5 a r e  given in Table 16-4 fo r   t he  case without  scrcbbers 
as well a s   f o r   t h e  48%, SJ%, 86% and 90% removal e f f i c i enc ie s .  Cumulative 
pH changes f o r  an assumed 55-year pmjecr. l i f e t ime  are indicated in - 
Table 16-5. Overall the changes in pH a tz - ibuable  to the addirion o f  
scmbbers   a re  small. But t?en,  tie pH cknges   wi t lou t  FGD were predicted - 
t o  b e  r e l a t i v e l y  small. This  analysis  should be  viewed as only a rough 
indicat ion o f  scrubber  effects,  siiice NOx emissions  aro assumed to b e  

I 

, I  

* 

the  same a s   f o r  the uncontrolled p l a n t .  

16.9 SENSITIVITY .ANALYSIS 

A determination o f  the e f fec t s  o f  vazying  the  magnitudes o f  some input 

var iab les  on the calculated  values o f  pH 'nu been  presented  earlier in 
th is  section.  For e-le, in tbe l imi t ing   case  o f  holding CT canstant  

i n  water body buffering capacity,   the results overestimate  the  reduction 
in  pH from ?he addi t ion o f  H+ ions to a watsr body. Similarly,   proton 

deposition  adsorption by soil and vegeration is conservatively  estimated 
a t  80% f o r  low organic matter conditions and f r o m  90% to 98% f o r   s o i l s  
o f  'nigher organic matter content w i t h  calcareous  bedrock.  Far the 

l a t t e r   s o i l   c o n d i t i o n s ,  it is plaus ib le  that the organic matter found in  
the prcdominanx so i l   t ypes  would absorb a l l  o f  che p t o n  deposit ion.  
Similar ly   the  highly  base-saturated  soi ls  o f  t ie  areas within 50 o f  
the Hat Czeek s i te  would probably rorally absorb ?he d e w s i t i o n  of HC 
ions from ?he p o w e r  p l a n t .  The es t ima tes   u t i l i t ad  in  Lie ca lcu la t ions  
probably represent a conservative b i a s  of SO% t o  100%. It is, ?herefore, 

highly  unlikely chat any cumrrlative e f fec ts  would occur. ?he cases 
presented below a lso  show the   addi t ional   conservat ive bias i n c o r p o r a t d  

f o r  the specific cases in c d c ~ l a t i o n s  of pH change. 

", 
z 

i 
I 
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TABLe 16-4 

eSTIMATE0 ANNUAL AVERAGe pll ReDUCTlDNS POR ALIERNATL! 

POWER PLANT WISSJON CON?'ROL SYSTEMS 

Case 

1 

5 

6.1 

6.2 

7.1 

n 7.2 

7.3 

7.4 

10.1 

10.2 

11 

12.1 

12.2 

- 

m 
b 
-4 

Dilution 
Mode* 

0 

u 
D 

L 

L 

L 

1) 

0 

D 
0 

1) 

0 

u 

Water Body 

Adorns River 7.6 

Bass Creek 7,) 
Pennask laka 1.6 

exis t ing  

!'emask !mk8 

Loon Lake 
Loon  Lake 
Loon Lake 

Loon Lake 
Ilrolopson River 
'Iliompson Itiver 

Clearwater River 
Deadman River 
Oeadnan lliver 

I I  
I r U  

8.7 

8.7 

8.7 

8.7 

7.56 

7.56 ' 

7.56 

8.2 

8.2 

pH Change 
without 
Scrubbers 

-0.056 

-0.008 

-0.073 

-0.0iZ 

-0.153 

-0.035 

-0.894 

-0.367 

-0.008 

-0.002 

-0.01 2 

-0.369 

-0.101 

Dl! Change at   Specif ied 
Percent-SO, Rekval 

48% 555 - 86% 90% 
I - - - 

-0.047 -0.046 -0.040 -0.039 

-0.008 -0.008 -0.007 -0.007 

-0.057 -0.054 -0.042 -0.041 

-0.010 -0.010 -0.008 -0.007 

-0.132 -0.129 -0.114 -0.112 
-0.030 -0.029 -0.025 -0.02s 

-0.824 -0.817 -0.763 -0.757 

-0.325 -0.319 -0.287 -0,284 

-0.008 -0.008 -0.007 -0.007 

-0.002 -0.002 -0.001 -0.001 

-0.010 -0.010 -0.009 -0.009 

-0.312 -0.304 -0.259 -0.254 

-0.082 -0.079 -0.065 -0.063 

*I)  = discharge  rate 
1. 5 lake  voluu~e 



@I C l ~ ~ a g e  a t  S p e c i f i c  
Percent SO2 Rwovnt 

Ullutlon I n i t i a l  E x i s t l n g  No 
cu so Uirtar Ropy kbdal* f" J1- Control 48t  I I 54 % I 

4 Adms Hiver 0 0 .2  7.6 -0.150  -0.  I29  -0.126 -0.111 
5 W s s  Creak U 0 . 2  7 . 1  -0.023  -0.020  -0.019  -0.017 

- 862 

6.1 l'ennask lake U 0.2  7.6  -0.096  -0.070  -0.067  -0.049 

6 . 2  I'errrra sk 1.0 kt3 I. 0.2  9.6  -0.018 -11.013 -0.012  -0.009 

7 . 1  

7 . 2  
r( m 7.3 

7.4 
10. I 

10.2 

I 1  

1 2 . 1  

12.2 

0.1 

0.02 

0.1 

0.02 

0.1 

0.02 

0 .2  

0.1 

0.02 

8 . 7  

8 . 7  

8 .7  

8 . 7  

7 .56  
7.56 

7.56 

8 . 2  

8 . 2  

-0.445 

-0.425 

-1.529 

-1.493 

-0.033 

-0.029 

-0.023 

-0.698 

-0.626 

-0.363 

-0.337 

-1.380 

- I  .330 

-0.025 

-0.022 

-0.019 

-0.562 

-0.478 

-0.353 

-0.326 

-1.359 

-1.307 

-0.024 

-0.021 

-0.018 

-9.544 

-0.459 

-0.296 

-0.266 

-1.246 

-1.181 

4 . 0 2 0  

-0.016 

-0.016 

-0.443 

-0.351 

902 

-0.110 
-0.017 

-0.048 

-0.009 

-0.290 

-0.259 

-1.233 

-1.167 

-0.019 

-0.016 

-0 .015 

-0.431 

-0.339 



For instance, i n  developing Case 5 f o r  Pennask Lake, two subcases 
involving a l te rna t ive  methods for  estimating  dilutional volume  were 
considered.  If   the  discharge  rate of Pennask Creek i n t o  Pennask Lake is 
taken  as  the d i l u t i o n a l  volume, the [H'] concentration change due t o  
acid  deposition i s  15% higher than if the  lake volume is chosen as the 
volume avai lable   for   di lut ion.  

Case 7 f o r  Loon Lake serves as an example o f  the e f fec t  o f  holding a l l  
other  variables  constant and varying  the neut ra l iz ing  efficiency o f  the 
s o i l  by a. fac tor  o f  f ive.  The equilibrium [H'] o f  the  lake is increased 
by 51% as   the H' input is increased by a fac tor  o f  5 .  The effects  o f  
varying s t i l l   o the r   va r i ab le s  from the  values chosen i n  Cases 1 through 

14 are  di,scussed below. 

(a)  Neglect  Neutralization o f  Acidic  Species by Atmospheric Ammonia 

Arpments were presented  earlier t o  support  the  assumption  that  dissolution 
of atmospheric ammonia in  rainwater would neut ra l ize   a t   l eas t   the  amount 

o f  H' present i n  precipitation  equivalent t o  the wet SO, and SO; 
predicted by the  dispersion/deposition model. I f  t h i s  neutral izat ion 
pathway i s  neglected,  the H C  deposition rate is increased by 40% on an 
annual-average  basis  for  the Adam River  watershed. The e f fec t  upon the 
pH change o f  including wet SO., and SO; depositions would be t o  increase 

the  predicted ApK i n  .\dams River fmm -0.056, as   or iginal ly   calculated,  

- 

to -0.076. 

(b) Increase Plume Conversion Rate of SO, t o  SOY from 1% h r - l  t o  
2% hr" 

- 
". ~- 

.\gain tak ing  the .\dams River  watershed as an example, the  original and 
new (2% h r - I  r a t e  of SO t o  SO: conversion)  annual Hi deposition  razes 

used t o  calculate  ApH are ,  i n  nfq m s , 
2 -2  -1 



(1% hr'l) (2% h r - l )  

+ R. 
H as: 1 'i 

SO2 0 . 2 6  0 . 2 4  

im, so; 0.005 0.006 

Wet "0; 0.31 0.Z71 

Dr/ NO: 0.029 0.029 

0.141 0.141 

SUm 0.804 0.787 
N'x - 

The prediceed c.hange in the pH would be reduced from -0 .OS6, using  the 
1% hr-'  conversion rate, to -0.055 using the  2% hr- '  value. In t h i s  
case,   the ApH values do not change  appreciably in tes jonse  t o  small 
changes in  the SOt t n  SO4 conversion rzte. 

Similarly t he   e f f ec t s  on mud H* deuosi t ion  ra tes  o f  m i x i n g  the 
SO, t o  50: conversion  rzte from 1 .O to 0.5 percent per hour a r e  shown 

below. Again. uniis are nEq m , and again  these r e d i s  are f o r  
Adam River. 

il 

.- 

- -f s-l 

(1% hr'l) (0.5% hr-') 
2 .  
1 Ri 

0.26 0.276 

0.005 0.002 

0,371  0.371 

0.029 0.029 

0.141 0.141 

0.804 0.819 

- 

The p r d i c t e d  vmual a v m g e  pH change for the 0.5 percent per hour 

conversion  mea is -0.057 compared w i t ?  -0.056 f o r  Lie 1 .O percme per 
hour carje. TIUS, Lie rssuits in the  far f ie ld  from the 'Hat Creek s i t e  
a r e   qu i t e   i n sens i t i ve   t o  changes in the  SO, tc SO4 coversion  rata.  - 

"i 

-. I 

I 

c 
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(c') I x z J a s e  NO.. ~ r y  Deposition  velocity from 1 cm s-' to 2 cm s-' 

Increasing  the  deposition  velocity  for NOx by  a factor  o f  two increases 
the  deposit ion  rate (flux) f o r  NOx by 95%, and decreases  the  deposition 

rates fo r  wet and dry YO; by 10% and 4%,  respectively. To examine the 
e f fec t  xpon ApH of  these  changes,  the  Spring Snowmelt  Model will be 
considered  using Mams River statist ics.  Because this model assumes 
entrapmenr  of  dry  deposit ion  for  part   or a l l  o f  three  seasons i n  the 
snow pack followed by its release  in  the  Spring,  the effect  o f  increasing 
the d r y  NOx deposition  rate  should be grea tes t   in   th i s  model. 

'When' t h i s  change is made to  the  spring snowmelt model calculations,   the 
resu1ti:ng  change i n  pH is only 0.01 greater  than  predicted  previously. 

(d) Increase NO-/UO Washout Ratio from 0.3 to 0 .4 .  3-x -  

Using Adam River  annual statistics to examine the  effect  of  the . 

above increase,  the  following  original and new H deposition ra tes ,  in 
neq m-' s-', and ApH r e s u l t :  

+ 

Dry so2 

( r a t io  = 0.3) 
R. 

( r a t io  = 0.4)  

1 Ri 

0.26 0.26 

D r y  so; 0.00: 0.003 

Wet "03 0.371 0.445 

Dry NO; 0.029 0.026 

D r y  NOx 0.141 - 0.104 - 
sum 0.804 0.838 

ApH -0.056 -0.058 

Thus, a 53% increase  in  the NO-/NOx washout r a t i o  has a negligible 

e f fec t  on the ApH calculated  using the  result ing  deposit ion  rates.   In 
summary, the  factors  whose va r i ab i l i t y  most importantly  influences  the 
ApH ca1:ulation a re   the  es:imated mixing volume of water and the  neutral- 
izat ion  eff ic iency  of   the  soi ls  and vegetation. Because of -he  assumption 

3 



that all sulA5u and nitrugen oxides are d e w s i t e d  in the i r   ac id  fern, 

v a r i a t i o n s  in individual degosit ion rates, washout r a t i o s ,  and chemical 
transformation rates do not  have a la rge  effect on pH c,Sanges. Only 
when t h e   t o t a l  amount o f  a c i d i c   q e c i e s  inpt t o  tbe wars systems is 
varied by a la rge  amount do noticeable   var ia t ions occur in the  ApH 

calculat ions.  The conservative a s q t i o n  f o r  s o i l  and vegetation 
additive  proton  absorption is a150 l ike ly   to  result i n  overes t i sa tes  in 
the predicted  values o f  pH c.haages. 

I6 .LO UNCERTAINTIES IX ?HE AYUYSIS 

The technical a m a c h  described in t ! s  Appendix probably  revresents 

the  first published  attempt  to  develop  quantitative  estimates o f  pH 
reduction in p rec ip i t a t ion  and in lakes and stream due to emissions 
from a pmpcsed sourcs-. In t5e  absenc3 o f  any ver i f i ed  methodology,  and 
i n  view o f  the importance of  British  Columbia's waterways in che economic 

and r e c r e a t i o n a l   l i f e  o f  the  Province, it'nas been  necessary to adopt 
proceQL-es that a re :  (I) based on esrablished  physical   principles;  and 

(2) designed and iaplemented in a manner which ensures thar e r r o r s  in 

the  analysis will b e  in tbe di rec t ion  o f  overtstimating the &acts o f  
the  pro jecr on wax" cbemiszry in the surrounding area. ?is conserratism 
h been incorporated in the   forsu la t ion  o f  tbe simulation  pmceduros 
themselves, as well a5 the se lec t ion  o f  iqut dara f o r  t ie  v a r i o u s  

phases of the  analysis  50 compensate for the subs'antial m c e r z a i n t i e s  
inherent in t h e   a q l i c a t i o n  o f  new technologies. The following  paragraphs 
ind ica te   tbe  i;aportan+ aspects o f  uncertainty in the air quality and 
water quality analyses. The procedures  adopted  to  ensur+  conscrvarism 

in the air qualiry and wata qualicy calcula t ions  have been iden t i f i ed  

in the  technical d i s ~ s i o n s  in Sectiozzs*I5.0 through I6.:, and rhs 

s e n s i t i v i t y  o f  results to va r i a t ions  in analysis paruPetCrs was discussed 
in Sections 15.2 and 16.9. 
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The a i r   q u a l i t y  t a sks  (see  Sections 13.0 through 16.5) include:  the 
formulation and application o f  diffusion/deposition modeling t o  estimate 
ambient  concentrations and deposition patterns for  primary and secondary 

plume contaminants  within 200 kilometers from the  Hat Creek Project 
s i t e .  The principal  areas o f  uncertainty  in  this  regard  include: 

Parameterization o f  a point source diffusion/deposition 
algorithm f o r  regional-scale  applications  with  limited 
meteorological data. 

Selection o f  appropr:.ate wind data. 
* Selection  of  appropriate  atmospheric  sonversion  rates. 

Selection  of  appropriate dry deposit ion  velocit ies  for 

individual plume species. 

Characterization o f  appropriate  values  for  scavenging 
efficiencies  for  different  contaminants and precipi ta t ion 
types. 

Interpretat ion o f  avai lable   precipi ta t ion data for  
extrapolation  throughout  the  study  area. 

Water qual i ty  t a sks  (see  Sections 16.0 through 16.6) include  the formu- 
l a t ion  and. application of  techniques t o  infer  values o f  long and short- 
term pH change in selected warmways as a r e s u l t  o f  the  deposition of 
acidic  species from the power p l a n t  plume. Principal  areas o f  uncer- 

ta in ty  i n  this  process  include: 

Ident i f icat ion o f  t h e  plume constituents  capable of affect ing 
ac id i ty  in  precipi ta t ion and receiving  bodies o f  water. 

Understanding  the mechanisms for   neutral izat ion o f  ac id i ty   in  
a power plant plume. 

Determination of  the  role o f  a lkal ine  species   in   the  soi l  in 

neutralizing  acid  deposition and the pathways by which 
unneutralized hydrogen ions  reach  receiving  waters. 

Estimation o f  the vo1,ume available  in  lakes and streams  for 
d i lu t ion  of  deposited HC ions. 



e int-station af available  physical  data f o r  r s s i v i n g  waters 

and extrapolation of such data i o  areas where i!!e required 

information is unavailable. 

To cornpensare i o t  such  unce-rtainties, it has been necessary t o  choose 
parameterizations and input dara in sucS  a way as t o  avoid underastimatizg 
potential  impacts o f  the Pmject on surrounding waterways. For example, 

when several  values f o r  a  relevanr  parameter  are  ci ted in tie technical 

l i t e r a m r e ,  a n n g e  o f  values was. chosen f o r  use in the  present  analysis 
including  the one which ul t imately leads to the   l a raes t  pH reduction 
estimate.  Additionally, i n  cases w h e n  required data  are missing,. a 
range o f  approximations were used, including those expected to r e su l t  in  
overestimated impacts. Important examples include  the f-=acrion o f  H I  

neutral ized in the s o i l s  near the c u e  sC&y areas, and =!e volumes o f  
waier  available for d i lu t ion  o f  the  unneutralized  acid  in  lakes and 
S-. 

As discussed in Appndix 3 ,  t i e  type o f  analyt ical   d i f fosion/deposi t ion 

sodel used in t h i s  s a y  is not ideal  f o r  applications  involving  regional-  
scale +ransport distances, However, the  avai lable  data is insuf f ic ien t  

t o  w a m t  se lec t ion  o f  a sophisticated  nuaerical  modeling  appmach. 
Consequently,  the HCSDM w a s  used with i n p t s  selected co e n s u n  c o n s m a -  

t ive  concentrat ion and deposition  predicZions. For example, all mdel  
r e c e p - 0 ~ ~  were assigned  elevations  at  leas= as high as the Ha+ Creek 
s i t e ,  wherher or not the actual .to?ognphy w a s  lower, in order t o  
minimire the “a iss  distance“  bemeen  the plme and the ground. 

Wind speed/uind direction s t a t i s t i c s  were developed  the record o f  
mice-dai ly  upper a i r  o b s e n a u o n s   a r  Vernon, 3 r i t i s h  Columbia. ‘While 

hourly  values wculd be preferable ,   they  are   not   avai lable   a t  th,e heights 
above gPound where the Xar Creek plume is expected  to  reside. The 700 

mb ,uind roses a r  Vernon and Prince George ( the  nearest   orher  upper-wind 

s t a t ion )   a r e   mf f i c i en r ly   s imi l a r   ( s ee  AEendi.. X) tha t  no s igni f icanr  
change in the pH reduction  predictions would  be e q e c t e d  POT an analysis 

b a s e d  on h c e  George data. 
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30 quantitative  estimate  of  the  actual  uncertainty i n  calculated pH 
changes is possible,  since, as noted, this  study  represents  the f irst  
known attempt  to perform  an analysis  of  this  type for an unbuilt  source. 
Furthermore, even with  extremely  conservative  techniques and assumptions 
incorporated,   the  results  indicate  the  influence o f  the proposed Project 
on ac id i ty  in  natural  water  bodies will almost  certainly be below the 
level of  significance i n  terms  of  effects on the  biological communities 
o f  the  study  area. 

* 



17.0  BIOLOGICAL EI:FECTS IN AQUATIC ECOSYSTEMS 

Biological,  effects  of  surface  water  acidification were f i r s t  documented 
i n  lakes and rivers  of Scandinavia.'' Comparable changes in  aquatic 
fauna and f l o r a  have a l so  been ver i f ied i n  the Sudbury region  of  Ontario 
and in  the  Adirondack  Mountains of New York, U.S.A. 46 14' A great deal 
of research  has  been  conducted t o  determine  the  specific  effects  of 
increased  acidity on freshwatel:  organisms,  with p m i c u l a r  emphasis on 
fish  populations. 

8.42 

The range  of pH tolerance  varies  widely among f i s h  species,  but a l l   a r e  
adversely  affected by suf f ic ien t ly  low pH values. Eggs  and larvae  are 
more susceptible  to  acid  condit:ions, and spawning ?hysiology is also 
affected  a.t pH levels below the? tolerance  l imit   for   adul t  f ish.  Thus, 
reproduction i s  curtai led as acidity  increases,  and the  population 
becomes moribund. Further  increases.in  acidity  cause  direct   adult  mor- 
t a l i t y ,  and entire  populations can disappear  rapidly. 

Other  portions  of  the  freshwarer community are similarly  affected by 

acid  conditions.  Phytoplankton,  zooplankton and aquatic macrophytes 
have d i s t i n c t  changes in species  composition and productivity  as pH 
decreases.  Fish  food  organisms a le   o f ten  more to l e ran t   t o   ac id i ty  t h a n  

f i s h ,  so these  changes  generally have no major e f fec t  on the   f i sh  popu- 
la t ions.  The microbial  decomposition o f  organic  material  in the  sediments 
is also reduced  under acid  conditions,   affecting  the accumulation of  
bottom sediments and the  biological  recycling  of  nutrients. In extreme 
cases,  acid  conditions may lead  to  almost  complete  sterilization  of 
surface  water  bodies. 

Some secondary  effects  of  acidification have also been implicated from 
damage to  freshwater  organisms. The biological  effects of many toxic 
substances  are known to  be enhanced under acid  conditions  because  of 
increased  solubilization. In pzrticular, many trace metals are  more 
soluble a t  low  pH, and thus more available  to  cause  direct  physiological 
damage.  The biomethylation  of  5ighly  toxic mercury compounds is also 
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sharply increased a r  low pH. However, it appears   that ,  in  general ,  
these processes have no major e f f e c t  on freshwater  organirmt  under 

conditions  produced by ac id   p rec ip i ta t ion .  These changes mainly occur 
a t  pH levels l e s s  than 4 . 5 ,  generally below those which produce d i r e c t  

e f f e c t s  f r o m  a c i d i t y  alone. 43 

The results of  the  modeling  program p r w i d e  a conservative b a s i s  f o r  

assessing the bio logica l   e f fec ts  o f  ac id   p rec ip i ta t ion  in the Hat Creek 
smdy area. This sec t ion   cons iders   the   anr ic ipa ted   e f fec ts  on a l l  major 
gmups   of  freshwater organisms as a resulr o f  increased  acidi ty .  In 
addi t ion,   the   implicat ions o f  enhancing  the  biological   act ivi ty  o f  heavy 
metals will be addressed. 

17.1 FISH 

Fish populations in lakes and srreams have been shown t o  be adversely 

a f fec ted  by ac id   p rec ip i t a t ion  in wazer bodies in Canada, 

and New York.U.S.4. 46*47 SimiIar e f fec t s  are also documented f o r  streams 
receiving  acid mine drainage. J8'49 Tolerance t o  acid conditions varies 
widely,  depending upon the species of f i s h  and its age,  sire,   acclimation 

h i s t o r y ,   g e n e t i c   c o n s t i a t i o n ,   a n d . o t h e r  aspects o f  the  water  chemistry 
t o  which ir: is exposed-  Effecrs  range f r o m  complete  exrincrion o f  popu- 
l a t ions  t o  changes in dens i ty ,   s tmc tu re ,  growth r a t e s  and reuroductive 
physiology. 

8.42 

47 

Tolerance levels of  a d u l t   f i s h  of many species  exrend t o  the 4 .5  t o  5.0 

pH range. 48'5a's1 In the  absence o f  other  adverse conditions,  most f i s h  
are c a p b l e  o f  tolerazing a f a i r l y  wide range o f  pH. The toleranco 
leve ls  are also a f m c r i o n  o f  the  s tage o f  the life c y c l e   a t  which the  
f i s h  is exposed. Emerging larvae  (e.g. ,  salmcn alevins)  are generally 
the most suscept ible  t o  damage from acid  conditions,  and adults the  most 
to le ran t .  Various sources have suggested  water   qual i ty   cr i ter ia  in the 

range o f  pH 5.0 t o  6 . 5  as a himum, w i t h  a maximum o f  9 .0  t3 9.5, as 
being  suitable f o r  t h e  maintenance of viable f reshwater   f ish 
populations. 48,52 ,53 ,54 ,55 ,56  

L- 
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I t  i s  questionable whether the lower limits in  the  range of  5.0 t o  6.0 

are  suitable  for  reproduction of sensit ive  species,   al though  fully 
developed young  and adults of  many species can withstand even lower pH 
levels.53 Beamish noted that most species  ceased  reproducing  at pH 

levels  higher than  those which cause  direct   f ish k i l l s . "  Reproductive 
failure  occurred  as females f a i l ed  t o  release ova. This phenomenon was 
re la ted  t o  abnormal calcium metabolism resul t ing from the  increased 
ac id i ty  of  the  water. Lockhm: and  Lutz also  indicated  that  calcium 
dynamics were s ignif icanr  in  fishery  declines.  57 .Acid waters inh ib i t  
the  absorption of  calcium a t   t he  exchange surfaces, and l imit   the  normal 
ovarian dovelopment p r io r  t o  spawning. Without recruitment  the  fish 
populations w i l l  ultimately  decline and disappear. 

Emerging Larvae (e .g . ,  salmon alevins)  are  also  vulnerable t o  acid 
conditions, and substant ia l   mortal i ty  can occur if the  hatching  period 
coincides with peak acidification  during  the  spring snowmelt." Other 
physiological  effects  are  related t o  the  direct   toxicity  of  acid  waters.  
Freshwater f i s h  absorb  ions i n  an active  (energy-requiring)  process 
across  the g i l l  epithelium. Sodium ions  are exchanged fo r  hydrogen 
ions, and chloride  for  bicarbonate.  Brown trout have been shown t o  lose 
t h e i r   a b i l i t y  t o  regulate plasma sodium and chloride  concentrations i n  
acid  water  as  the  increased hydrogen ion ac t iv i ty  i n  the  surrounding 
medium impedes the  act ive upta.ke o f  sodium. LOW ion concentration in 
the  receiving  water  tends t o  i x rease   t he   s eve r i ty  of  s a l t  imbalances, 
and thus  decrease  the  tolerance t o  low pH.45 Experimental  evidence 

suggests  the  possibility o f  increasing f i s h  survival by applying  salts  
o r  limestone t o  low pH lakes with sof t  water. 45'59 However, these 
r e su l t s  c.annot yet be extrapolated  over a var ie ty  o f  lake  conditions. 

Sudden changes of  pH are  also  important i n  influencing  the  toxicity of  
acid  waters. "Acid shocks" can lead to   severe   s t resses  of  non-acclimated 
f ishes .  51'60 However,  most evidence of  t h i s   e f f ec t  concerns pH decreases 
o f  0 .7  uni ts  o r  more, occurring  in  waters o f  already low pH (S.5 t o  
4 . 3 ) .  Under less  acid  conditions, many f ishes  appear t o  t o l e ra t e  even 
larger  changes in  pH with no adverse  effects. For example, Weibs. 61 
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found that largemuzii bass fingerlings t o l a r a t s d  =?id changes  of pH 
5 o m  8.1 t o  6.0, and 9 . 2  t o  6.1. Harrison" concluded tfat s z ~ e a m  b i o t a  

in genwal  t01era:ed ' d e 5  dgzeases   o f  $ from 7.0 o r  6.0 in to  the 6.0 

t o  S .O range. Hue+" also indicated -ht t -sqorar i ly  higher o r  lower pH 
can be tolerated  r-swmably well by freshwater   f ishes .  I t  should also 
be noted that natLval d a c e  waters exhib i t  wide d i e l   f l uc tua t ions  in 
pH, related to  photosynthet ic   acr ivi ty  and o ther   fac tors .  6 2  

me f i sh   spec ies  o f  conc-an in the Hat Creek region  include  several 
species which are r e l a t ive ly   i neo le ranc  o f  acid  candi t ions (e-g. whitef ish,  
salmon and truux:). For thesu saecizs ,  the larvae, eggs and reproductive 
females a r e  &e mst  s w c e p r i b l e  u) lowered pH. Therefore, the peak 
episode o f  acid inpm t o  =-ace waters during spring mowmelt is likely 
t o  be the  most imporran+ f o r   t h e  maintenance o f  a viable  f i shery .  Other 
precipitation  episodes  could affecr spawning females, but  the levels o f  
change  indicated in the modeling program suggest no basis f o r  concern. 

Tne pmjected pH changes o f  the waxer bodies o f  the Hat 'Creek  area is 
well within the   tol-sanct  range f o r  adul t s  of a l l  tie species .  

Acid nmoff in streams will mix quickly  throughout  the water column, 

thus markedly reducing t he   e f f Jc t ive  pH decrease-.. H o d  pH values in 
the se lec ted  streams are in the 7 . 7  tn 7 . 1  range,  and maxirmrm pii decreases 
a re   pmjec ted  'io be l e s s  than 0.199 unit under W O T S ~  conditions 
(precipi ta t ion  event  after 7-day scamation,  Table 16-2). These  changes 

in  stream chemistry will have no percept ib le   e f fec t  on eggs, larvae, 
juveniles o r  adult f i shes  w i t h i n  ttte study area. 

Demersal eggs o f  the f i shes  which rqzuduce  wit,* the lakes ,will, o f  
coarse,  be on the bot-; juveniles and adulu may concmrmte  at the 

nviacs during SPTiJg runoff b e c a u s e  food is most abundant. The mdel inq  
considered o n l y  this qer layer  when ca lcu la t ing  pH changes (upper 1%) 

so t.ht values calculated  should be rqotesentative of  the worst-case 
*crS the f i s h  will experience. me mdel   ca l cu la t ions  f o r  lakes 
indicate @ decreases on t fe  order of  0.894 to 0.073 uni ts ,  wi-h one 
case (Loon Lake) decreasing by 1.65 units (Table 86-21. Given the  r t q e c t i v  
baseline pH values o f  7 . 6  and 8.7 ?or Permask and Loon Lakes, these 
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changes would not b e  expected, t o  produce any impact on fish,  as  populations 
o f  these  lakes. The resul t ing pH levels   are  well above the lower tolerance 

'limits o f  the  species i n  the  region, w i t h  respect t o  hatching,  reproduction 
and normal growth. 

Decreases in  pH o f  t h i s  magni.tude will not  s t ress   the  res ident   f ishes ,  
even if  they  occur  rather  rapidly.  Considering  the  consemacive  nature 
of  the model, fa i r ly   subs tan t ia l   devia t ions  from the  expected  acid  input 
t o  the system could s ~ l l  be  accommodated w i t h  no impacts on the  fishery 
resource. 

1 7 . 2  PRIMARY PRODUCERS AND 1)ECOMPOSERS 

Acid warers  influence phytopl.ankton populations  directly and indirect ly .  
Many species o f  a lgae,   par t icular ly  diatoms and green  algae,  are  sensitive 
t o  changes in  pH. During ac:.dification, a succession o f  different  
species and species groups occur, each finding  suitable  conditions 
within a par t icu lar  pH range. Under strongly  acidic  conditions,  the 
d ivers i ry  o f  f l o r a  becomes very  res t r ic ted;  biomass may decrease o r  
remain a t  previous  levels,  depending upon other  ecological  factors.  
Algae may also be adversely  affected. by acid-induced  oligotrophication 
of  water  bodies  (see below) which limits the  nutrients  available  for 
photosynthesis and g r o w t h .  

S1,59,65 

Species  composition o f  macronhyte  couanunities is a l te red  by acidif ica-  
t ion,  leading t o  a reduction in species number.  Under  some circumscances, 
Sphagnum o r  similar  species (dominate the macrophyte community, Large 
mats o f  Sphagnum bind  calcium and other  ions needed for  biological 
production.6J Acid also dec::eases the  ra te  o f  decomposition o f  organic 
material i n  the  sediments by retarding  the  microbiological  processes. 
Acid-intolerant  bacterial  decomposers are  functionally  replaced by less  
e f f i c i e n t  fungi." Organic lnatter then  accumulates, and recycling o f  
nutr ients  is inhibited.  

Changes i n  the pr imary produzers and decomposer populations  as a r e su l t  
o f  acid  precipi ta t ion in  the Hat Creek Project  area  are  expected t o  be 
undetectable.  Variations i n  surface  water pH as a r e su l t  of  predicted 
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prec ip i t a t ion  pH and pH changes will besless  t,han the  normal background 

f luctuat ions  during  the prowing season. The projected pH values are  

well wi -&in  tSe mnge supporting a diverse  and balanced community o f  

phytoplankton and macrophyees. For the  decomposers,  changes in  metabolic 

a c t i v i t y  would not  be expected until pH declined t o  approximately 6.0.  
Since pH decreases in the  s tudy  area will not even approach th i s   va lue ,  
no changes a r e  elcpected i n  biogeochemical  cycling  rates. 

51 

17.5 ZOOPUNK?ON AND EJXTHOS 

Effects o f  acid p rec ip i t a t ion  on zooplankton and benthic  organisms 

inc lude   d i rec t   l e tha l   e f fec ts ,   de laycd  moulting and changes in   spec ies  
composition. In food c.hain relat ionships ,   these animals will also b e  

affected by changes i n   t h e i r  food sources (phytoplankton,  bacteria and 
d e t r i t u s ) ;   i n  cum, changes in the macrofauna will a f fec t  t h e  f i s h  which 

u t i l i ze   t hese   o rgan i sm f o r  food. 

The mosf consistenr  response o f  aquat ic   invertebrates  t o  increasing 
a c i d i t y  is a general reduction in spec ies   d ivers i ty  and changes in 

composition of the   res ident   specie^.'^' jl’ 66 Total biomass may 
a l so  be decreased,   a l thougn  other   ecologcal   interact ions can affect 
this pat tern.  Hendrey e t .   a l .   descr ibed  a var ie ty   of  changes i n  

zooplankton and benthos in  Scandinavian  lakes subjected t o  acid 
precipi ta t ion.”  The number of  invertebrate  species  generally  decreased 
with pH; most of these  changes  occurred  beginning ar pH o f  6 .0  t o  5.0. 

However, tolerance v a r i e s  among species and according t o  the   s tage o f  
che l ife  cycle.   Gastropods and mayflies seem t o  be  pa r t i cu la r ly   s ens i t i ve  
t o  acid  condiuons,   generally  decreasing. below ?H 6.6 t o  5.3. In C a n a d a  

and Nomay, several  zooplankton  species  imporcanr as f i s h  food organisms 
are absent in lakes below pH 6.0. JsssL N u t i c   i n s e c t s   a r e   p a r r i c u l a r l y  

sens i t i ve  t o  acid  conditions  during emergence. Thus, acid  shocks nay be 

o f  greatest   s ignif icance t o  spring-emurgng insects that  encounter 

strong acid from snowmelt runoff.51  Morzality and delayed  moulcing have 

also b e e n  obse-rred +’or some crustaceans  a t  pH 5 . 5 ,  esgecial ly  in soft  
‘waters. I S  

.- 
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With respect  to  trophic  interactions,  zooplankton and benthic  populations 
can be  affected by reductions i n  their  food  supply. Large reductions  in 
phytoplankton and bacterial  populations may limit invertebrates,  although 
the direct detrimental effects   of   acidif icat ion may act  simultaneously 
on both  levels. Hendrey e t .  a].. concluded that   the   insect   prey organisms 
may disappear  before  direct  effects  occur  in  fishes.”  This i s  probably 
t N e  f o r  some preferred  food  organisms  such  as Gannnarus lacustr is .  
However, as a group,  aquatic  insects may be more tolerant.of  acid 
conditions.58 I t  is possible r h a t  even qua l i ta t ive  changes in f i s h  food 

populations do nor occur b e f o r e  reproductive  failure and population 
decline  occur i n  the  f ishes.  

Available  evidence  suggests  that no changes  should  occur in   aquat ic  
invertebrate  populations  at  pH levels above 6.6 ( o r  even lower ) .  The 
modeling resul ts   indicate  a lzrge margin o f  safety  for  even the most 
sensit ive  species.   Further,   the  spatial  and temporal  aspects  of  acid- 
ification  episodes  associated  with snowmelt runoff  assure  that  the 
zooplankton and benthos will be effect ively  shielded  to  a large  degree 
from contact with acid  waters. During other  seasons, pH changes will be  

within  the  noma1  range  of  fluctuation,.  except  perhaps f o r  very  brief 
periods  within a short  distancl? from the  air-water  interface. No adverse 
effects  are  expected on the  aquatic  invertebrate  populations i n  the Hat 

Creek Project  area,  or on the i r   qua l i ty   as  food for  higher  organisms. 

1 7 . 4  HFL4VY METALS 

Toxic  substances  in  surface  waters  are  derived from both  anthropogenic 

and naturnl background sources. In relation  to  the  biological  effects 
of  acid  precipitation, heavy metals  are ?he primary  substances o f  
concern.  In  areas  of  substantial  atnospheric  emissions  of heavy metals 
(e.g.,  smelters  in Sudbury, Ontario), direct  additions of metals t o  t h e  

water  bod.ies i s  believed  to be  a major factor  affecting  aquatic  organisms. 

A t  lower levels  of heavy metal  emissions,  the  principal  concerns  are 

related  to  increased  solubilization and biological  transformations which 
increase  the  biological  activity of  these compounds under acidic  conditions. 
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Direc t   tox ic i ty  o f  heavy  metals is unl ike ly   to   exer t  major biqlogical  
e f f ec t s  on water  bodies  subject  to  acid  precipitation. Although solu- 
b i l i t y  o f  many setals is increased   a t  low  pH, s ign i i ican t   increases  in 

b io logica l ly   ac t ive  forms do not occur within  the pH range  reqvired  for 
successful  progagation of  f i s h  and normal invertebrate  populations.  41,45,67 

Beamish considered the p o s s i b i l i t y  o f  heavy metal   toxici ty   contr ibut ing 
to   the   eco logica l   e f fec ts  o f  ac id   p rec ip i ta t ion  in lakes  near  Sudbury, 
Ontar io .  Ji M e a  concentrations were senerally below levels  considered 
‘ s e e ’  f o r  a var i e ty  o f  freshwater  organisms, but zinc was p r e s e n t   a t  
marginal  concenrrations  for some sgecies.  In contrast  t o  the  lack o f  
cause-effect   re la t ionships  between  keavy metal concentrations and 
laboratory  s tudies  of  f ish  response,   the   correlat ion between pH and f i s h  

response was very good. He concluded a c i d i t y  w a s  the  primary f ac to r  in 
reducing fish popularions, bur synergis t ic   effects   of  heavy rnetals a t  

lowered pH may further stress these  pogulations.  

Metals are a lso  known t o  affect f i sh   o r ien ta t ion   processes .  For example, 
zinc and  copper can induce an avoidance  reaction by Atlant ic  salnon 
w h i c h  could  affec-c spawning mignxions.  6a However, there  is no evidence 
char chesa e l f ec r s  would occur as a resu l t   o f   mi ld  o r  moderate ac id i -  

f i c a t i o n  of  normal. water  bodies fmm acid  precipi ta t ion  inputs .  

O f  special concern is t h e   f a t e  o f  elemental mercury and its re l a t ed  
compounds.  Worldwide a t t en t ion  has a r i sen  in response t o  mercurial 
poisonings such as the  lMinamata Bay dearhs o f  46 individuals  following 
prolonged  ingestion of  methylmeraxric-conraminared fish.  Mercury con- 
taminations have also been- found in o t h e r  major  food -sources such as 
tuna and swordfish.68  Scientific  investigations  of  toxic mercury entry 
into  the human food chain have resulted in an uaderstanding of  the 

dynamics and ex is t ing  levels o f  mercury in n a m e .  These s tudies  

include de ters ina t ion  o f  the  indirecr sources o f  mercury,  the exrent 
o f  bioloqical  influence w i t h i n  aquat ic  and tercestr ia l   ecosystems,  and 
the  continuation o f  effons  characterizing  mercury‘s  biogeochenical  cycle.  

. I I  

c 

.- 

.. 

.. 
.. 

(I 

. ~. 

17-8 



m 

u 

Evidence  from  this  research  has  prompted  governmental  agencies  in  the 
United  States,  Canada  and  Sweden  to  ensure  cessation  of  direct  mercurial 
pollution of aquatic  ecosystems.  The  problems  of  mercury  toxicity 
within  the  environment  continue  to  receive  the  emphasis  of  major  scienti- 
fic  and  legislative  activities. 

(b) Abundance  and  Distribution  of  Mercury 

Quantitative  determinations  of  elemental  mercury  concentrations  within 
the  environment  have  been  extensively  reported.  Nearly  all of the  data 
available  have  been  obtained  during  the  past 30 years,  the  majority of 
which h a s  centered on the  results of investigative  efforts  occurring 
during  the  last 10 years. 69 

As a naturally  occurring  element,  mercury  is  ubiquitous,  being found in 
minerals,  rocks,  soil,  water,  air,  plants  and  animals.  Of  particular 
importance  is  its  concentration  in  aquatic  systems  which  represent  the 
dominant  dispersal  component of its  biogeochemical  cycle.  Background 
mercury  levels  vary  widely  in  unpolluted  fresh  water  lakes,  streams,  and 
rivers  due  in part to  the  complex  ions  occurring  naturally  in  these 
waters.  Pzrameters  affecting  the  movement  of  mercury  include  pH, 
reduction-oxidation  potential,  temperature,  alkalinity  and  existence of 
chelating  agents  (chemical  entities  capable  of  binding  mercuric ions). 
Representative  mercury  concentrations  in  aqueous forms range  from 0.05- 

0.48  ppb  in  rainfall, 0.01-0.1 ppb in normal stream,  river  and  lake 
waters, and 0.01-0.10 ppb in normal ground waters. 'O In comparison, 
stream  and  river  waters  near  mercuric  mineral  deposits  range  in  con- 
centration  from 0.5-100 ppb. 

This  natural occurrmce of mercury  in  aquatic  systems  is  related  to  the 
release  of  mercurial  compounds  in  soils  and  bedrock  during  surface  water 
runoff.  Average  soils  contain  approximately 100 ppb of  mercury, but the 
input t o  water  bodies  through runoff depends  upon  the  erosion,  leaching 
and  dispersion  characteristics  of  rainfall  events.  Erosion  and  leaching 
of  mercury  due  to  rainfall  and  surface  runoff  have,  until  recently,  been 
considered  the  major  source of mercury  into :he environment.  Several 
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major  indirect  sources of mercury introduction  have,  however,  been 
identified.  Indirect sources o f  major  concern  include  the  disposal of 
mercury-containing  industrial  waste  and  consumer  products,  and  perhaps 
more importantly, the loss o f  large  quantities o f  mercury through the 
burning o f  fossil  fuels  and  ore melting operations. 

(c) Biomethylation 

me mere presence of elemental  mercury  is,  in  itself, not  threatening to 
t i e  environment. It is the  fate of chemically  reactive  ionic me-, 

particularly  its  availability t o  biomethylation  processes  and  the foma- 
cion of  organic  and  inorganic  compounds,- i o  which so muci atzention is 
directed. 

The formation of toxic mercuric  compounds  is  largely a result o f  its 
chemical  behavior in aqueous  media,  the  major tnnsoort component of its 
geochemical  cycle. Asturning usual conditions of temperature  and  przssure 
f o r  surface water bodies, mercury can be present in as many as chree 
different  oxidation  states: the metal liquid fonn norsally associated 
vith Hg; the merarous ion HgZC2; and a mercuric  ion KgCZ. The mercuric 
ion predominates as the stable form in oxidizing  condirions  and ar low 
pH- 71 In addition. the inorganic  divalent  mercuric  ion  is  usually 
required f o r  the biological mthylation reaction t o  methylmercury t o  

proceed. 72,73 

.An indirect  source of mercury entry i n t o  t i e  environment, fossil fuel 
combustioq  provides  an  example of the type of chemical  equili'orla 
required  for  biometiylation  processes t o  occur. Tine combustion of Hg- 

containing  coal may result  in Lie precipitation of m e r c w  oxide f r o m  
the  aanorphere  into  an aquatic environment. If the  pH value of t h e  

system  is  alkaline o r  neutral,  the me-f ,will primarily remain in Lie 
insoluble oxide form. If, however, Lie pH of the  aquatic systm is 
acidic,  the m e r c u r y  oxide ,411 dissociate  resulting in the formation of 
divalenr mercury ions, which would  then  be  available f o r  zhe process of  
methylation.  Methylation  may occur in an aquatic  systsm as Lie result 
of enzymatic  micro-activity  (biomerhylation) in bottom  sediments, but 

-m 
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has also heen shown t o  occur v:.a alkyl-8 compounds  which seme  as 
alkalating  agents t o  convert  inorganic mercury into mono- and dimethyl- 

mercury. 

1 

The exis t ing pH values  also  play an important  role  in  the  dissipation o f  
mercury fmm an aquatic system.. I f   the  pH o f  an aquatic system  remains 
acidic ,  an equilibrium between the  formation o f  mono-  and dimethylmercury 
exists,   favoring the  formacion o f  monomethylmercury. An alkal ine or 
neut ra l   s ta te  will favor   the  f r~mation o f  dimethylmercury which has a 
s igni f icant ly  lower  vaporization  pressure  than  the monomethyl form o f  
the mercury complex. The decreased  vaporization  pressure  of  dimethyl- 

mercury resu l t s   in   the   d i ss ip is ion  o f  mercury from the  aquatic  environ- 
ment through  Vaporization. 

1 7 . 5  EW1RONMEiiT.U EFFECTS OF ACID PRECIPITATION AN0 HEAVY METALS 

This chapter has presented a bzief overview o f  the  concerns  attributed 
t o  acid  precipitation on biological organisms and the  relationships t o  
heavy  metal effects .  The l i t e ra ture   p resents  many cases which indicate  
a cause  for concern. However, mosz reparts   are   indicat ive o f  environmental 

conditions much worse than  those  predicted f o r  the Hat  Creek Project. 
The r e su l t s  o f  t h i s  study  suggest that nei ther   direct   acid  precipi ta t ion 
nor heavy  metal re la ted  effects  from additional  proton  deposition will 

occur. Values calculated from the modeling indicate  no environmental 
e f f ec t s   d i r ec t ly  or ind i rec t ly  t o  the  aquatic organisms related t o  acid 
precipi ta t ion o r  heavy metals, especially mercury. 

Water qua l i t y   c r i t e r i a  with a :IH range from 5.0 t o  9.0 have been suggested 
by several  sources t o  support  ,riable  freshwater  aquatic  systems. 
Results  in  this  study  (see  Section 16) indicate  acid  preci?itation pH 
changes well in   the  middle segment o f  the above pH range. In f ac t ,  
a l l   predicted  calculat ions  indicate   resul tant  annual and episodic pH 

values above 7 . 0  such that productive and viable  aquatic systems are  
maintained. I t  is generally  expected  that pH changes in the  water b o d i s  
o f  the Hat  Creek area will be 'essentially  negligible.  

1,12,13 
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.*other poten t ia l  effect expected of t3e  H* ion contr ibut ions h m  &e 

Hat Creek PTU ject has been the direct acidicy o f  the  niilwat.er. Modeling 
ca lcu la t ions  in this study ind ica te   ac id   p rec ip i -a t ion   l eve ls  o f  S.ZS and 
4 . 9 7  f o r  -&e long and short-range a.reas downwind o f  t ! e  Hat Creek 

f a c i l i t y .  These  values  aro  higher tictan most rqo r t ed  in &e l i t e r a m r e  

with  documentation 02 M e f f e c t  on the surmunding aquatic  ecosystems. 
Similarly the  pH of prec ip i t a t ion  from the Hat Creek Pmject should have 

M dele te r ious  effects on the water bodies of tho arua- Biological 
e f f ec t s  as a result o f  these pmwn contriburions will b e  h e a s u r s b l y  
Small. 

F W l y ,  t he   poss ib i l i ry  o f  enhanced heavy metal (espec ia l ly  aercuy )  

a v a i l a b i l i t y  because o f  greater s o l u b i l i t i e s   a t   a c i d  ,H lwvcls is also 
no t  a pmblt?m. As j r e sen tad   ea r l i e r  and in  Section 1 6 ,  pH l eve ls  even 

for the lowest predicted  values will M C  appmad?  concennations wnich 
will a l t e r   t h e  heavy meral loadings. In fact, as seve ra l   audor s  have 

indicated,  lowered will have greatar emrimmenta l  effscts :!an &at 
resultiilg h m  re lease   o f  heavy metals. By the time pH leve ls  

decrease w concentrat ions  affect ing heavy metal leve ls ,  the biological  

populations would largely b e  eliminatsd, The pH values  predicted f o r  
the Hat Creek area as a r e s u l t  of pmwn deposit ion will n o t  produce 
changes o f  a magnitude  to a l t e r  heavy meral concentrations in the water 
bodies. As a consequence, there will be M biological  effects a t t r i b t e d  

t o  hemy mtrals, iacluding m e r c u r y ,  because o f  any p r o n  d q o s i t i o n s  
from the Hat Creek Pm ject. 

SS ,54 
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18.0 SUMMARY AND CONCLUSIONS 

ERT w a s  requested by B.C. Hydro t o  undertake a study  to  determine  the 
potent ia l  importance  of  proton  deposition (H' ions) which might r e s u l t  
from air  emissions  of  the Hat Creek Project. The major  concern  regarding 
t h e  effects  of  reduced pH precipi ta t ion w a s  i ts ul t imate   dis t r ibut ion  to  
the  aquatic  ecosystems  of  the Hat Creek area. Emphasis was focused on 
several c r i t i c a l  water body receptors and the  biological communities 
within them. Results  of t h i s  study indicate  that   the  effects o f  a i r  
emissions  diffusing and react ing i n  the atmosphere and eventually  reaching 
surfaces wet or dry  deposition will be negligible  near and f a r  from 
the Hat Creek Project.  Further, no adverse  effects  are  expected t o  
occur i n  the  aquatic  systems and their   b iological  communities. 
Detailed  conclusions  of  the  study  are summarized below. 

- -. " " 

" -- - 
" "- "" 

- - .- " - - - 
"- 

Proton  donor  deposition  concentrations will primarily  occur i n  
the  northeast  quadrant from the Hat Creek Project  area. 

.r Maximum deposit ion  rates v i11  be  within SO !a of the proposed 

power p l an t   s i t e .  

Long-range deposition will extend beyond 200 km from the power 
plant  location  but will be of  very small magnitude. 

Model calculat ions  indicate   that   precipi ta t ion pH levels i n  
the  study  area may be reduced, a t  most, to  values i n  the 
range 4.9.7 t o  S . S S .  Considerable  uncertainty is associated 
with t h i s  result, since many assumptions  regarding  precipitation 
chemistry were necessary in the  absence  of  derailed  data. 

Small  annual and episodic pH changes i n  the  water  bodies  of 
concern  are  predict&; however, these changes will b e  indistin- 
guishable from natural variations.  

Estimated pH change:s will have no effect  on the maintenance o f  
viable  fishery  populations,  including  reproduction, growth and 
survival  of  sensitple  species. 
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0 ?lo adverse   e f f tc t s  *+om the  predicrsd.pH  changes &-e predicted 

f o r  the  eggs,   larvae,   juvenile,  and ichthyoplankzon  segments 
of  the animal p o p l a t i o n s .  

0 Net pmduczivi ty  and species  composition of  the  phfloplankton, 

zooplankton,  benthic and aquat ic  macmphyee communities will 

not b e  a f fec ted  by the  expected pH c b g e s .  

e Biological   effects  o f  t r a c e  metals,   including  sercury,  will 
not b e  enhanced by any form o f  deposit ion.fiom  the E a t  Cr-ek 
Projecr .   Synerx is t ic   e f fec ts  o f  acid and heavy metals *will 

not  change from those levels w h i c h  may presenzly be occurring 
i n  the  aquat ic  sysrems o f  the area. 

I 
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(A) .1 INTRODUCTION 

This addendum presents analyses o f  p rec ip i t a t ion  dara f o r  a network of 

164 precipitation seasurement  stations in  the Hat Creek Project  smdy 

area. The nodeling work descr ibed  in  the main t e x t  o f  Appendix I was 
b a s e d  on the use o f  a subs tan t ia l ly   smal le r   da ta  set  (54 s t a t i o n s ) .  
Furthermore, data in the form o f  prec ip i ta t ion   in tens i ty-dura t ion  curves 
weru o r i g i n a l l y   m a i l a b l e  f o r  only 9 statl'dns', while  the new. data s e t  
incosporates t h i s  in ionnat ion  f o r  36 s t a t ions .  In view o f  the  importance 
o f  p r e c i p i t a t i o n   s z a t i s t i c s  Fa t e r m  o f  computing deposi t ion  pat terns  

for   ac id ic   spec ies  o f  the Hat Creek  plume, an inves t iga t ion   in to   poss ib le  

differences in  predicted  effects  f o r  the two input data sets was consid'ered 
e s sen t i a l .  

Table (A)-1 lists the 164 p rec ip i t a t ion  and snowfall stations  comprising 
the rgvised data ser. The 36 prec ip i t a t ion   i n t ens i ty   s t a t ions   a r e  l isted 
in   Table  (A) - 2 .  Figures (A) -1 and (A) -2  are   respect ively maps ind ica t ing  

the p rec ip i t a t ion  and i n t e n s i t y   s t a t i o n s .  

.Anorher source o f  p r o d p i t a t i o n  data w a s  e.uamined t o  deters ine  its 
possible  use?%lness in the  context of  computing pH change effeczs .  A 

computer p lo t  o f  estimated  annual-average total p r e c i p i t a t i o n   f o r   t h e  
ent i re   pmvince o f  B r i t i s h  Columbia is presented  in a repor t  by 

Siiawinigan  Engineering Co., Lid. (Report 5019-1-70, November 1970). 

No seasonal data and no inforsa t ion   regard ing   in tens i ty ,   p rec ip i ta t ion  
days, o r  snowfall   fraction,  rhe most Fmpomant parameters in terms o f  
the  present  smdy  are  provided. Any at tempt   to   der ive  such  s ta t is t ics  

from t'e information  pmvided i n  the Shawinigan  Report w a s  considered 
highly  speculative and general ly   less   appropriate  Zhan the  analyses of 

acrual  measurement daza. Consequently,  these dara are not  incorporarsd. 

The remainder o f  t h i s  addendum is orXani:ed as fo l lows:  Section (A1.Z 
presents plots   of  annual- and seasonal-average  pmcipi ta t ion  intensi ty ,  
a m b e r  o f  days w i t h  measurable p rec ip i t a t ion  and f r ac t ion  o f  p rec ip i t a t ion  

occurring  as  snowfall.  Section ( A ) . :  provides   s ta t i s t ica l   cowar isons  o f  

'I 
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" 
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TABLE (A) -1 

LOCATIONS  OF 164 PRECIPITATION AND SNOWALL  STATIONS 

1. Adams Lake/Skwaam Bay 41 .  Falkland  Spanish Lake 
2 .  Agassiz 4 2 .  Garibaldi  
3 .  Albreda 43.  Gates S ta t ion  
4 .  Alexis CK Tautri Cx 44 .  Gillis Crossing 
5 .  Allison Pass 45.  Haney Corrl  I n s t n .  

6 .  Alouette Lake 
7 .  Alta Lake 
8 .  krawana 
9 .  .Anus t rong  

10. Armstrong  North 

11. Avola 
1 2 .  Bankier Chain Lake 
13. Barkervi l le  
14 .  Barr ie re  North 
15. Beaverdell 

16. Blue River 
17.  Blue River  North 
18.  Boss Mountain 
19. Boston B a r  
20. Bowon Lake 

46. h e y  East 
47 .  Haney UBC RF Admin. 
48. Hatz ic   P ra i r i e  
49.  Heffley  Creek 
SO. Hells Gate 

51. Hemp Ck Clearwater 
52. Highland  Valley BCCL 

54 .  Hivon 
53. Highland  Valley Lornex 

55.  Hixon BCFS 

56. Hope A 
5 7 .  Hope Kawkawa Lake 
58 .  Hope S l i d e  

60. Huntingdon WE Road 
59. Horsefly BCFS 

21.  Bra.lorne 61 .  Jesmond 
22.  Bmczen Lake 62 .  Joe  Rich Ck . 
23 .  Chief Lake (not shown) 63. Kamloops 
24 .  Chilliwack 64. Kamloops A 
25.  Chi.lliwack  Gibson Rd. 65 .  Kamloops CDA 

26 .  Chi.lliwak R Centre CX 66. Kamloous Cherry Ck 2 
27 .  Chi l l iwak R. Foley Ck. 6 7 .  Kamloops Valley View 
28 .  Chilliwack R Mt .  Thurston 6 8 .  Keloma 
29. Chilliwack  Yale Rd. East 69. Keloma .4 
30. Chr:istian Valley 70.  Keloma PCC 

31. Cocpitlam Como Lake Ave 71.  Keremeos 
32. Coquitlam Lake 72. Kersley 
33. Cultus Lake 73.  Kettle  Valley BCFS 
34. Daisy Lake Dam 74.  Lac Des Roches 
35. Ooms Creek  (not shown) 75. La J o i e  D a m  

37 .  Eagle Bay 
36. Dunster 

7 7 .  Li l looe t  
76. Likely 

39. Enderby Ashton Ck 
38. Enderby 7 8 .  Lillooet  Cedar  Falls 

79. Lillooet  Seton BCHP.4 
40.  Falkland Salmon River SO. L i t t l e   F o r t  

(A) -3  



TULE (A) -1 (Continued) 

a1. 
a2. 
83. 

85. 
84. 

86. 
a?. 
88. 
89. 
90. 

91 
92. 
93. 
94. 
95. 

96. 
97. 
98. 

L O O .  
99. 

101. 
102. 
103. 

10s. 
104. 

106. 
107. 

109. 
110. 

111. 
112. 
113. 

115. 
114. 

116. 
117. 

119. 
118. 

120. 

l o a .  

Log= Lake 
Loon Lake 
h m b y   S i g a l e t  Rd 
Lycron 
*bel Lake 

McBride 4SE 
McEride North 
McCulloch 

McLeese Lake Grani te  M t n .  
McGregor 

McLure 
H e m t  Craigmont  Mines 
.Mica Dam 
LMission 
tbtission :Vest Abbey 

,Monte Lake Paxton  Valley 
Mr.. Kobau Observatory 
ME. La10 Kaalloops 
Nazko 
Nemaih Valley  Chilko Lake 

O c h i l t r e e  
Okanagan Centre  
Okanagan F a l l s  
Okanagan !Mission 
Ol ive r  

O l i v e r  ST? 
LOO ,Mile House 
osoyoos 
Osoyoos West 
O Y W  

Paradise Valley 
Peacirland 
Peachland Brenda Lbtines 
Penbcrron B U S  
P a d e r r o n  Meadows 

Penricton A 
Porfuoine 
Prince  George 
Prince  George 
Princeton 8% 

121. 
122. 
125. 
124. 
12s. 

126. 
127. 

129. 
130. 

131. 
132. 
133. 
134. 
135. 

137. 
136. 

138. 
159. 
140. 

141. 
142. 
143. 
144. 
145. 

146. 
147. 
148. 
149. 
150. 

151. 
152. 
153. 
154. 
155. 

156. 
157. 

128. 

1sa. 

Furtchesakut Lake 

Quesnel 
b t z i  Mountain 

Quesnel A 
Quesnel Moose Heights 

Re&-Lake 
R e d  Pass Mt-Robson Park 
Revelstoke A 
RiChlaXld 
Rosedale 

Salmon h a  
Salmon Arm 2 
Salmon  Val Erickson Rd. (not shorn1 
S a r d i s  
70 ,Mile House 

Seymour .Ann 
M a l t h  
Sicamous 
Similkameen Mine 
Sorrento 

Squamish M C  awl 
Sorrento East 

Squamish S t .  Davids 
S t a v e   F a l l s  
Sumas Canal 

Sumas P r a i r i e  
Summerland CDA 

Ta te lku t  Lake 
Sunnnie Lake BCFS (no t  shown) 

T a t l a  Lake B G S  

Tatlayokd Lake 

Valemount BCFS 
Val e m u n t  

Valemount Xorth 
Vavenby 

Vernon 
Yernon Coldstream Rant! 
Vernon south A (not  shown) ~ ~ ~ 

Nestwood (not 159. Wesmold 
shown) 160.  Whiscler  Roundhouse 

161. Williams Lake A 
162. Williams Lake Glendalz 
163. v ineg la s s  Ranch 
164. Winfield 

I .. 



TABLE (A)-2 

LOCATIONS OF 36 RAINFALL INEYSITY STATIONS 

I 

1. 
2. 
3. 
4 .  
5 .  

6. 
7 .  
8. 
9. 
10. 

11. 
12. 
13. 

1s. 
14. 

16. 
1 7 .  

19. 
18. 

2 0 .  

Agassiz 
Alouerte Lake 
Alta Lake 
Barkerv i l le  
Blue River 

Chilliwack 
Buntzen Lake 

Coquitlam Lake 
Daisy Lake Dam 
H k e y  IJBC RF Adnin 

Hells  Gate 
Hixon 
Hope A 
Horsefly BCFS 
Huntingdon WE  Road 

Kamloops A 
Kel.oma A 
Keloma PCC 
Kettle Valley BCFS 
La J o i e  Dam 

2 1 .  
22.  
23. 
24.  
25. 

26 .  
27 .  

29. 
28 .  

3a. 

31. 
32. 
33.  
34. 
3s. 

36. 

Lillooet Seton BCHPA 
Lyt t on 
NcBride 4SE 
Mission Abbey West 
Oliver  STP 

Pemherton BCFS 
Penticton A 
h-ince George A 

Salmon .Ann 
Revelstoke 4 

Squamish St .  Davids 
S tave   Fa l l s  
Summerland CDA 
Tatlayoko Lake 
Valemount BCFS 

Vernon 
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ihe  values f o r  a a c l  parameter intenolated t o  the HCSDM model r e c q t o r  
locations f o r  the o r i g i n a l  and expanded data se t s .  A sample calculat ion 

indicating  the  uli imare  effect  o f  using the  larger data 6 a s e , ~  in :ems o f  
estimated pH change i n  one o f  the sens i t ive  water bodies ,  is a l so  included. 

(A) . 2  XNALYSIS O F  :KEY TRECIPITATION P A A M E T Z S  SASED ON rtIE EXPMDED 
DATA SET 

Figures (A) -3 through (4)-7 show maps. o f  annual and seasonal d i s t r ibu t ions  
o f  p rec ip i ta t ion  in t ens i ty  b a s e d  on the 36-szarion net-xork in  Table (4.1 - 2 .  
The plotted values  represenz  the  intensit ies o f  2-year storm events wirh 
24-hour duration. Unlike the analyses o f  this type  prepared on the b a s i s  

o f  only 9 s t a t ions ,  che contous  represent ing the 36 s ta t ions  a m  not 
augmented by e.rtrapolation of  data f o r  inches per precipitation  day,  since 
the expanded inzensi ty  data se+ pmvides  sufficient  coverage o f  tfke &ea 

co allow  construction o f  isopleths  without  resorting t o  such appm.ximations. 

Figures (A)-8 *ugh (A)-l2 are p lo ts  o f  the annual- and season&- 

g e O g a p h i C d  d i s t r ibu t ions  o f  the  number o f  days with measurable ( 0 . 0 1  

inch o r  greater) precipitation.  Figures (A) -13  *ugh (A)" are   the 

and seasonal p l o t s  o f  snowfal l   kact ion,   i .e . ,   the   percent  of 

prec ip i ta t ion  as water tbaz occurs as snow. There is no p l o t  of mowfall 
f rac t ion  for the summer season. 

The information  presented in Figures CAl-3 ihrough [A) -16 w a  used t o  
estimaze  precipitation inpu+ parameters t o  the  diffusion/de?osit ion 
model at each o f  the 256 specif ic   locat ions chosen as model r s e p t o r s .  

These r e c q t o r s  a deployed  along 16 =dia ls  extending i o  a  distance 
o f  200 ,h f r o m  t!e Hac C r e e k  s i t e  in she I6 *wind direcrions.   Section {.AL.j 

provides  direct  comparisons o f  these model inputs as derived f r o m  the 

original data analysis in Seczion 13.4 and from the figroes in taSis 
sect ion.  
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(A ) .3  COMPARISON OF ORIGINAL AND EXPANDED PRECIPITATION DATA SETS FOR 

DEVELOPING HODEL INPUTS 

Since  the  original and revised  data sets a re   o f   d i f fe ren t   s izes ,  none of 

the  s tandard  s ta t is t ical   analyses  of comparison (e.g. ,  linear regressions) 
were attempted  with  the r a w  measurements. Instead,  the  annual and 
seasonal  plots  of  the  geographical  distributions  for  both data sets were 
analyzed  to  estimate  values  of  the key precipitation  parameters  at  
specific  locations  (receptors) f o r  which the  diffusion/deposition model 
computed wet and dry  deposit ion  rates.   Regressions  statist ics were 
developed for   ra infa l l   in tens i ty ,   p rec ip i ta t ion  days and snowfall  fraction 
a t  each model receptor  based on the  original and revised data sets. 
Table ( A ) - 3  shows the  resul ts   of   these  calculat ions.  

In general ,   correlation  coefficients between. the  values  obtained from 
the two data sets a re   f a i r ly   cons i s t en t  between 0.6 and 0.8. Only 
limited  significance  should be at tached  to   these  s ta t is t ics ,   s ince  the 
analyses  based on the  enlarged data set  caused precipi ta t ion parameter 
values  to  increase  relative  to  the o r i g i n a l  ana lys i s   a t  some locations 
and to  decrease a t   o t h e r s .  

O f  perhaps more in t e re s t  is the   e f fec t  o f  changing data se t s  on the 

cri t ical   precipitation  parameters  at   the  specific  water  bodies chosen 
for   detai led  analysis ,   s ince  the major conclusions  resulting from t h i s  
smdy a re  based on calculations for these sensit ive  locations.  Tab le  ( A I 4  
compares the local  values  of  the  three  precipitation  parameters  at   these 

water  bodies f o r  the  or iginal  and expanded data sets.  Wet deposition  of 
acidic  compounds is expected  to  increase a t   loca t ions  where the  representative 
rainfal l   in tensi ty   increases  and where the number of days  with apureciable 
precipitation  increases.  Less deposition is expected f o r  locations 
where the snowfall  fraction  increases due t o  the reduced  scavengiag 
e f f i c i emy   o f  snow re lated  to   that  o f  rain on dry  deposition  patterns. 

(.A) -25 



TULE (.A) -3 

.REGRESSION STATISTICS COMP.MING  PRECIPITATION P A R A f E T Z %  FOR 
ORIGIW AVD L.yP.4NDED DATA Sc- AT 2% HODEL RECEPTOR LOCATIONS 

Paramerer Time Period Cor;clation  Coefficient 

Ra in fa l l   I n t ens i ty  
Spring 
Winter 

Summer 
F a l l  
h U l  

Days of Measurable 
Prec ip i t a t ion  Winter 

Spring 
Sunrmer 

IbllUal 
Fal l  

Winter 
Spring 
Fal l  
Ibllw 

Snowfall  Frsction 

0.661 
0.804 
0.342 

0.651 
0.796 

0.63'1 
0.593 
a. X 9  
0.686 
0.625 

0.874 
a. 345 
0.419 
0.608 
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TABLE A-4 

A COMPARISON OF THE KEY PRECIPIT.4TION  VALUES AT THE 

CRITICAL WATER BODIES  USED  IN 'PIE ORIGINAL .WD 

EXPANDED  DATA  SETS (AWAL VALUES ONLY) 

w 4  
A d a m  River 

Boss Creek 

Pennask Lake 

Loon Lake 

Thompson River 

Clearwater  River 

Deadman River 

Rainfa l l  Days o f  Meas. Snowfall 
I n t e n s i t y  (in/m) Prec ip i ta t ion   Frac t ion  ('a) 

Orig. 

0.05 

0.10 

0.01 

0.05 

0.05 

0.11 

0.03 

E.manded 

0.04 

0.0s 

0.02s 

0.04 

0.04 

0.05 

0.03 

Orig. Expanded 

1 so 135 

1 so 150 

75 75  

100 100 

125 12s 

150 . 150 

110 125 

Orig. 

30 

50 

55 

30 

30 

60 

30 

ExDanded 

40 

60 

40 

45 

35 

55 

60 

(A) -25 



C. 

. .  - 
Examination o f  Table ( A ) 4  shows that  iocal  precipitation  parameters 
obtained &%om the new data generally remained near  their   original  values.  
.An incorrect data point b the  norrheastern  par. of  the study area caused 
eruneously high precipi ta t ion  intensi ty  and J rec ip i ta t ion  day astiinatas 
f o r  t.his area in  the  original  analysis. Thus, the  values  at  Sass Creek 
and Clearwater Lake decreased in the  revised  analysis. On the  other hand, 
the addition o f  more s ta t ions caused slight  increases  ae Loon Lake  and - 
Deadman River. On a percentaqe  basis,  the  location where the  revised 
analysis would change Jmjected  inpacts wward mosz dramatically  appears 
t o  be  Deadman River. 

-I 

- 

" 

A sample calculation w a s  performed t o  demonsrrate  the  ultimate  effect o f  
expanding the  precipi ta t ion data base in   t e rns  of  computed ApH in a water 
body. Be-e the  effect  is expected to be  "eater at Deadman River, t'he I 

annual average pH change for  d i i s  water body w a s  rscalcalatsd with the 
new precipitation  inputs.  The coquta t ion  is otherwise  identical t o  tha t  
shown f o r  Case 12 in Section 16.4. Using the new in fomat ion ,  the 
compured pH changes f o r  assumed 90% and 984 neutralization (f = 0 . 1  and 
0.02) are  -0.458 and -0.i55,  respecrively. These may be compared with 
corresponding  values o b t a i n e d  with  the o r i3 ina l  data o f  4.369 and -0.101. 

Thus, even where the effects  are  expected t o  be  greatest ,  :he expansion I 

o f  the  precipitacion data s e t  will cause  only minor revisions co the 
o r i g i n a l  ApK values. L 

.I 

I 

D 

" 

- 
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ADDENDUM B 
DESCRIPTION OF THE ERT PHOTOCHEMICAL  KINETICS  MODEL 



DISCIIS.SIOiV OF THE- PHOKIR CODE :AND ITS APPCICATION 

The  PHOKIN  (Photochemistry  and  Kinetics)  trajectory  model  was  used 
to  complete  the  conversion of nitrogen  oxide  emissions  to  nitrate  in  the 
power  plant  plume.  PHOKIN is a  single-cell  variable  volume  photochemical 
trajectory  model.  PHOKIN  accepts  large  chemical  mechanisms,  yet  is 
relatively  inexpensive to run. The  mechanism  used  for  this  study  is 
shown  in  Table B-1. This shaws the  involvement of the  nitrogen  oxides 
with  different  classes  of  hydrocarbons  to  produce  ozone, NO2 and other 
products. 

- - 

Features  of  the  PHOKIN  model  include: 

Dilution  of  the  air  parcel  according  to  a  user-specified 
schedule  of mixing: heights. 

0 Entrainment of pollutants  aloft  as  the  mixing  height  grows. 
Pollutants  are  entrained  using  a  combination  of  user-specified 
and  steady-state  concentrations.  PHOKIN  accepts  a  diurnal - 

schedule  of  user-specified  pollutant  concentrations  aloft. 

Flexible  specifica,tion  of  chemical  rate  constants.  Rate 
constants  can  be  specified  as  temperature  dependent  in  the 
form 

where  temperatures CT) are  updated  from a user's-specified 
temporal  schedule.  Photolyric  rate  constants can be specified 
with  an  explicit  temporal  schedule or as  proportional  to  rate 
constants  with  schedules. 

e Reaction  mechanisms  with  variable  (functional)  stoichiometric 
coefficients.  Tnis  feature  is a powerful  technique  to  minimize 
the  number  of  species [and  computational  e.xpense]  without 
using  the  pseudo-steady-state  approximations. 

c Surface  deposition  effects on selected  species.  PHOKIN  allows 
user  specification  of  surface  deposition  velocities.  These 
are  assumed  to  apply  only  to  the  volume  of  pollutants  in  a 10- 

meter  thick  surface  layer.  These  effects  are  approximate 
because  the  average  concentration  in  the  mixed  layer  is  employed 

@I-1  



9 

LO 

11 

12 

15 

14 

15 

16 

17 

18 

19 

7.0 

21 

Reaczioru 

NO2 + hv = 0 + NO 

O + 0 2 + M  = O j + M  

0, + NO a NO2 + o2 

ZHONO = NO + NO* + Hz0 

J 

NO + NO2 + H20 * 2HONO 

,Rate Cons-ac 
(gmerd ly  ppm aan ) at 

505 K and 1 Amosohere 

-1 . -1 

5.2OE-01 

4.122+06 

2. jOE+Ol 

2.2OE-09 

b .40E-03 

HONO + hv = OH + NO . 8.96E-02 

OH + NO + M a HONO + M 1.44E+04 

on + NO + M WOj 6 M 2 

OH + CO = Hot + C02 O2 

r.44E+04 

4. 4OE+02 

H02 + XQ = NO2 OH 1.2OE+04 

H02 + NO2 HN04 1. 7lE+03 

HN04 = H02 + NO2 1.26E+01 

ZHo2 = %02 + o2 3.61E+03 

NO2 + o j  = NOj + o2 S .OOE-02 

NO3 + NO = ZN02 

YO- +~ x0 = N205 

N 0- + 5 0  = m o j  

N 2 ° ~  = NO- + xo2 

O 2  

O2 

2 2 

2 3  

J 

OH + ..UE = .%02 

OH + C+i4 = A02 

2.iOE+04 

9 .5OE+02 

1.00E-06 

3.09E+01 

a. 2 6 ~ 4 4  

1.20E+04 

A02 + X0 XQ2 + A 0  2.90E44 

.- .. 

I 

.. 
.. . -. 

" 

-. 
" I 

.. 
.t 

[a) - 2 



TAN' ( B )  -1 (Continued) 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

35 

34 

3s 

36 

37 

38 

Reactions 

Rate Constant 
(generally ppm m n  ) a t  

305 K and 1 Atmosphere 

-1 . -1 

A0 + O2 = .SRCHO + 1 . 5 l X X  + H02 4.10E+05 

0 + ALE :' .3EPOX + .:JRCHO 

+ 4H02 + .4RO, - 

0 + CZH4 :2 .3EPOX + .3RCHO 

+ .mot + . J R O ~  

+ . K O  

O3 - XLKE = .SHCHO + .SRCHO 

+ .4m + .4RD 
+ .1RO2 + l).3HOt 

+ 0. 2CO2 

+ .4n02 + .2coz 
O3 + Cp4 = HCHO + .8Hl 

HD + NO = HCHO +. NO2 

RD -F NO 0 RCHO + NO2 

HD + NO2 = HCHO + NO3 

RD + NOt = RCHO + NO3 

HD + HCHO = OZID 

HD -1 RCHO 3 OZID 

RD + HCHO = OZID 

RD - RCHO = OZID 

OH - PA = H20 + PAOz 

PAO, + NO = NO + . 8 5 P A 0  + .lSRO, 
1. 2 - 

02 

PAO, + NO = rn .. 
n 

PA0 z2 R02 + .SHCHO + ,.SRCHO 

4.28E+04 

1.10Ec03 

5.18E-01 

t.5OE-05 

2.90€+04 

2.90E+04 

1.90E+04 

1.90E+04 

1.00€+01 

1.00E+01 

1.00E+01 

1.00E+01 

3.80E+03 

2.90E+04 

2.60€+03 

1.40€+05 



59 

40 

41 

42 

45 

44 

4s 

46 

47 

4a 

49 

so 

Sl 

32 

S5 

54 

SS 

56 

57 

3 

?. 

Reactions 

R02 + NO = NO2 + PA0 

PA0 + o2 = m o  +Hot 

PAO + NO, = . a s m  + . ~ S R C I O  - 
* .1SHONO 

OH + RCEO = RCOj * Hz0 

R O M  + hv :2 R02 + H02 * CO 
RCOs + X0 = C02 + NO2 R02 

RC03 + NOt = PAN 

PAN = K O i  NO2 

HCHO * hv a 2.HOZ + CO 

HCHO c OH = H 0 + H02 * CO 
R02 + H02 = R0,LH O2 

0, + WALL = LOSS OF Os* 

O2 

2 

3 

OH + AR a H02 *. AC O2 

OH + AR = ARO 

OH * AC a .ARP * H 0 2  

,uo + !lo NO2 * .ULi 

ARO + NO* = xiat 

.Xi0 Ha2 = AC + H202 

ARN = KOOt * H02 

WALL + hv = OH* 

(generally p p  man 1 at 
505 K and 1 Atmosphere 

-1 . -1 

2.90E+04 

6.70E+O4 

2. ZOE+O3 

2.20E+04 

1. JOE-04 

2.90E44 

1.70E+04 

6.aa~-o2 

4.60E-04 

1.60E+04 

4.ZOE45 

3.1ZE-04 

1.67E44 

5.35E43 

4.90E44 

2.90E44 

'L.90E44 

1.80E43 

1.00E-01 

1.00E-04 

t 

.L 

- 
! 
1 -  

L 



TABLE (B)  -1 (Continued) 

Rate  Constant 
(generally ppm n u n  ) at -1 . -1 

Reactions 

59 AR + OH = H20 + AB0 

60 AB0 + NO = ’NOz + H02 + ACHO 

305 K and 1 Atmosphere 

S.00€+03 

2.90E+04 

*Used only in simulation of smog chamber data 



TXBU EBI-2 

OenIUL SPECIES SYMBOL DETLUITIONS 

M O  

OZID 

co 

HD 

xu 
FPOX 

HCXO 

HONO 

Symbol Desiqnation 

Alkoxy radical equivalent of  .io2 

Product o f  OH addition to olef in  in tke 
presence o f  Ot 

A.rmnatic hydro&um 

Product o f  OH addition t o  aromatic hydroczrbon 
followed by H atom absrraction by 0,. 

Prodaact of addition of OH t o  an aromatic in the 
presence o f  Ot 

Product o f  OH addition t o  AC followed by H 
atom absuaction by 02.  

Pmduct o f  H-absrraczion from side chain alkyl 

Ot to radicaL formed 
gmup on benzene ring followed by addition of 

Intermediate formed from reaction of  MO 
uizh NO, fo-g NO2 

kamat ic  aldehyde 

- 

aamatic n i t r o  compound 

Ozonide 

C a r b o n  monoxide 

Carbon dioxide 

Criegee  intermediate (HCHOt) 

C r i e g w   i n t m e d i a t e  ( R c I O z )  

E m d e  f m e d  from 0 atom addition to olefin 

Formaldehyde 

Nirrous acid 

N i u i c  acid 

" 

."I 

" 

... 

. .  
- 'I 

" 

c 

.. 
.r 



TABLE (B) -2  (Continued) 

Species 

HNo4 

H2° 

H2°2 
hv 

hi 

NO 

X02 

NO3 

X,O- 
- 3  

rn 

0 

O2 

O3 

C2% 

OH 

ALKE 

PA 

PAN 

P.40 

PA02 

R 

RCHO 

Symbol Designation 

Perni t r ic   acid,  H02N02 

Hydroperoxyl radical  

Water 

Hydrogen  :!eroxide 

Photon 

.Any th i rd  body, such as X2 o r  O2 

Nitric oxide 

Nitrogen  'dioxide 

Nitrate   radical  

Dinitroge:n  pentoxide 

Organic  n,itrate 

Oxygen  atom (ground s t a t e )  

oxygen 

Ozone 

Hydroxyl radical 

Ethylene 

Alkenes (olefins) o the r  than ethylene 

Alkanes (paraff inic  hydrocarbons) 

Peroxyacetyl  Nitrate 

Alkoxy radical  formed by P.4 

Alkyl  peroxy radical  from the Ot addition 
t o  the  radical  formed by H-abstraction 
from a paraff inic  hydrocarbon 
Generalized  alkyl group (e.g., C2Hs, C;H,, e tc . )  

Aldehydes other than  formaldehyde 



- Soecies S w o l  Designation 

RC03 

RO 

Ro2 

Ro,LH 

Acyl peroxy radical 

Alkoxy1 radical 

Alkyl peroxy radical 

Pmduct o f  dispTOpOrTiOnati0~ bemeen H02 and R02 



and the  deposi t ion  veloci t ies   are   constant   ( i .e . ,  no t  functions 
of  wind speed,  surface  roughness,  soil/vegetation  type,  etc.). 

0 Emission  schedule fo r  up t o  15 chemical species. 

0 Efficient  numerical integration  of  the  equation  with a Gear- 

.,.,. 

type  algorithm. 

These features  account f o r  the major phenomena influencing  pollu- 
tant concentrations i n  a varying a i r   pa rce l .  PHOKIN's conceptual 
formulat,ion  does no t  account fo r  wind shear ,   la teral   d i f fusion  or   ver t ical  
concentration  gradients. 

For t he  B.C.  Hydm acid  precipitation  study,  several  modifications 
were made t o   t a i l o r   t h e  model. to  the  specific  application. These modi- 
f icat ions  are:  

0 The chemical mechartism was substantially  shortened and a l l  the 

hydrocarbon  reacticlns  neglected.  This  assumption i s  j u s t i f i e d  
on the  basis  of  the  very low hydrocarbon  loading i n  the geo- 
graphic area under  consideration. The l i s t  of  chemical  re- 
actions and r a t e  ccmstants used are  shown in  Table 8-3.  

There is no entrainment  of ozone o r  other  pollutants.  .hmonia 
(Xij) is shown t o  react with  the  f ree   ni t r ic   acid  to  form 
n i t r a t e  

NHj + HN03 + NH4 NO3 

This reaction i s  assumed t o  be rapid and is n o t  rate determining. 

Thus, t he  conversion r a t e  used is f o r  NOx to  HNO,. 
J 

0 Dilution  of  the plume was simulated assuming a typical wind 
speed of 5 m/s. In the  calculations,  various  dilution  factors 

were  employed for   d i f fe ren t  tine scales.  These arc!  surmnari-ed 
i n  Table E-4. 

Upon e x i t  from the  stack,  the plume i s  predicted  to undergo the 
greatest  rate o f  d i lut ion wit:h  a subsequent  rapid  decrease i n  the   ra te  
with downwind distance. Thir; i s  typical  behavior  for a plume  from  a 

point  source. These d i lu t ion   ra tes  were  computed for  various downwind 
travel  times on the basis o f  cross  sections  for Gaussian plumes emanating 
from  a point  source and spreading a t  a r a t e  corresponding t o  neutral s tabi l i ty .  

IB) -9 



1 

2 

5 

4 

S 

6 

7 

9 

9 

10 

11 

12 

li 

14 

15 

16 

17 

la 

Reactions 

NOt * hv = 0 + NO 

O + 0 2 * M = O ; + 4 1  

* NO I NO2 + o2 

NO NO, H20. = MONO 

MONO = NO + NO2 + H20 

HONO c. hv = OH NO 

- 

O H + N O + " ~ O + M  

OH + NO2 + M = + !4 

OH CO = KO2 * C02 

H02 + NO  NO, +~ OH - 
H02 + NO2 = HN04 

NO2 + 0- = NO- + o2 

NO- * NO = ZV02 

NO; + NO2 = N 0, 

a a 

a 

Z a  

N2Oi + H20 = 2HN03 

N205 = NO, + NO2 a 

HN04 = Hot + XO, 

!ai- + ma- = m 
- 

a a 

5.2OE-01 

4.12E*06 

2.50E41 

j.17E-05 

1 e 40E-03 

a.g6~-0z 

1. UE-03 

1.44E-03 

4.40E-OS 

1.tOE-02 

L. 71E-03 

S.0OE-02 

2.70E44 

S.60E+03 

L . ME-02 

2.76€41 

1.12E41 

L.OOE*OS 

t 



TABLE (5)  -4 

DILUTION FACTORS FOR SELECTED DOWNWIND TRAVEL TIMES 

Dilution Factor 
(4 hr'l) 

15,840 

1,044 

397 

115 

58 

32 

Time Segment 
(min . ) 
1.8 

1s .0 

17.0 

50.0 

50.0 

34.0 

Total Time 
(nin . ) 
1.8 

16.8 

. 33.8 

83.8 

133.8 

167.8 



c Tne photolysis a t e  constants are kept constant. The constant 
value chosen for   the NO2 photolysis rata o f  0.iZ ;Din-' is 
j u s t  over ha l f  of that f o r  a typical  cloudless aid-summer 
day in the Vancouver area. 

An initial NO concmtration of 600 p was assumed f o r  the  first phase 
o f  the plume calcdation. Other key concentrations Cin ppm) were NO2, 

60; W, 58; H 0, 1.39 x 10'; 5, 186. All o t h e r  concentrations were 
l e s s  than 10 p. For each segment o f  the plume shown in Table B-4, 
the Calculation ' w a s  carried our using  the dilution ratc specified La 

Table B-5. The calculazion was expected fo r  each segment using a 

different  disHbution r a t e  and the last computed concentrations were 
used bs initial inputs t o  the subsequent  calculation. F r o m  these  cal- 
culations, a relationship was found between X0 and HNOj f o m t i o n  such 
that  an approximate f i rs t   o tder   conversion  ra te  o f  NO and HNO; could 
be deduced. This w a s  found t o  f a l l  in line , w i t h  regimes as given in  -he 

=in t e a ,  i.e. 

3 

- 
I 

R = 0.9 c 6.i t t l l  hour 

R = S.7 + 1.5 t r > l h o u r  
.. 

- m .~ 

where R i s  the a t e  of conversion o f  NO m HN05 in % hr-' and t is in - .  

h m .  " R 
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