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ABSTRACT 

The o b j e c t  o f  the study i s  t o  i n v e s t i g a t e  the e f f e c t s  o f  l o c a l  i n d u s t r i a l  
emissions on p r e c i p i t a t i o n  Chemistry i n  Northwestern B r i t i s h  Columbia. I n  
the study area i n  a d d i t i o n  t o  general precursors t o  a c i d  r a i n  such as Sulphur 
Dioxide (16 tonnes per  day), t he  presence o f  Hydrogen F l u o r i d e  (2.18 tonnes 
o f  t o t a l  F l u o r i d e  per  day) presents a unique s i t u a t i o n  i n  Western Canada. I n  
order t o  assess the impact o f  SO and HF emissions on pH, event p r e c i p i t a t i o n  
samples were c o l l e c t e d  and anafysed. The data showed t h a t  the f l u o r i d e  
concentrat ion i n  ambient a i r  decreased w i t h  increased p r e c i p i t a t i o n .  It a lso  
showed t h a t  the a c i d i t y  and f l u o r i d e  concentrat ion i n  r a i n  were h igher  i n  the 
summer than i n  other  seasons, t he  f l u o r i d e  wet depos i t i on  r a t e  was a t  a minimum 
i n  sumner due t o  the lower  r a i n f a l l .  Furthermore, the comparison o f  storm 
t r a j e c t o r i e s  w i t h  observed i o n i c  l oad ing  has o f f e r e d  an oppor tun i ty  t o  
q u a l i t a t i v e l y  assess p o l l u t i o n  received by r a i n  water dur ing storms from l o c a l  
i n d i v i d u a l  i n d u s t r i a l  sources as we l l  as d i s t a n t  na tu ra l  and o the r  sources. 

INTRODUCTION 

Acid r a i n  measurements i n  B r i t i s h  Columbia has been monitored a t  e i g h t  
s t a t i o n s  by the  Atmospheric Environment Service (AES) since A p r i l  1977 as 
p a r t  o f  the Canadian Network f o r  sampling p r e c i p i t a t i o n  (CANSAP). The CANSAP 
samples were monthly averages made up from a composite o f  i n d i v i d u a l  events 
w i t h  q u i t e  d i f f e r e n t  a i r  t r a j e c t o r i e s  and a i r  mass h i s t o r i e s  and the re fo re  do 
no t  f u l l y  exp la in  c e r t a i n  l o c a l  emission e f f e c t s  on r a i n  water chemistry. A 
program t o  prov ide a data base f o r  the B.C. Coast by sampling i n d i v i d u a l  
storm events was in t roduced i n  1980. The network consis ted o f  f i v e  s i t e s  i n  
the northwest o f  B.C., Pr ince Rupert-Terrace-Kitfmat area and one s i t e  on the 
Vancouver Is land,  P o r t  Hardy. The a c i d  r a i n  moni tor ing s i t e s  are shown i n  
F igure 1. 

The main o b j e c t  o f  the study i s  t o  i nves t i ga te ,  w i t h  and w i thou t  the 
e f f e c t s  o f  l o c a l  i n d u s t r i a l  e m i s s i o n s  on p r e c i p i t a t i o n  c h e m i s t r y  o f  
i n d i v i d u a l  storms on the west coast o f  B r i t i s h  Columbia. 
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Figure 1 

Brit iah Colunbia ahwing Acid Rain KDnitoring Stations 

EM1 SSIONS 

I n  the Ki t imat area the Aluminum Smelter and K r a f t  Pulp M i l l  are 
main sources o f  emissions. For the period Ju ly  1980 t o  June 1981, 
emissions from the smelter averatled about 2.18 tonnes o f  t o t a l  f l uo r ide  

two 
the 

~ ~- per 
day (1.57 tonnes o f  gaseous f l uo f i de  and 0.61 tonnes o f  pa r t i cu la te  f luor ide)  
and 13.1 tonnes per day o f  sulphur dioxide. The K r a f t  pulp m i l l  emissions 
amount t o  1.2 t o  2.0 tonnes per day o f  sulphur dioxide, and less than 1.0 
tonne per dqy o f  organic sulphur compounds. 
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I- 
Serldl  S i t e  Ndme DlStdnCdN) Average Maxlmn Mlnlrmm 
Number u.r.t. F Index F Index F Index 

AlCdn Mill, 
km 

1 North  AlCdn Fence 1.28 1.109 2.295 0.089 
2 C.N. Cmrrlnq Pole 3.20 0.138 0.354 0.009 
3 Standard StdtlOn 5.20 0.040 0.185 0.005 
4 Doc's Cartage Pole 5.60 0.050 0.130 0.010 
5 Munlcfpal Yorks (Alcdn) 5.60 0.020 0.040 0.0001 
6 Saunderr 6.40 0.037 0.123 0.005 
7 Three Mi le  7.60 0.012 0.038 0.005 
8 S I X  M l l e  21.20 0.052 0.151 0.005 
9 Nine Mi le  28.80 0.046 0.122 0.005 

10 Iron nt. 31.20 0.025 0.048 0.005 
11 End of V d l k Y  48.00 0.013 0.040 0.005 

I n  the P o r t  Hardy area the s u l p h i t e  pu lp  m i l l  i s  t he  main source o f  
sulphur d iox ide emissions which i s  about 10 tonnes per day. 

AMBIENT MONITORING NEAR SMELTER 

FLUORIDE 

F luo r ide  was measured by l ime  p l a t e  [l] method. I n  the  l ime  p l a t e  
method, the l ime  p l a t e  was exposed t o  the atmosphere f o r  30 days, then 
analyzed f o r  f l u o r i d e  content. Th i s  method measures on ly  gaseous f l u o r i d e  
and has been used as a q u a l i t a t i v e  index o f  the aseous f l u o r i d e  l eve l s .  
Results were expressed as f l u o r i d a t i o n  r a t e  i n  ugF/(cmq.day). 

I n  order t o  i n d i c a t e  the concentrat ion o f  f l u o r i d e  i n  the ambient a i r  
w i t h  d is tance i n  the  nor thern sector  from the  smelter, data from eleven 
s t a t i o n s  are presented i n  Table I .  It i s  noted from the f l u o r i d a t i o n  index 
data t h a t  the index decreased w i t h  i nc reas ing  d is tance from the  smelter, 
although the decrease was sharper a f t e r  a d is tance o f  3.2 km nor th  o f  the 
smelter. 

No. Of 
Sdp leS  

24 Mar. 
19 NOV. 
19 NOV. 
18 NOV. 
22 Jul .  
19 You. 
16 Nov. 
14 May 
13 May 

7 Jun. 
17 Nov. 

TABLE I 
FLUORIOATION INDEX I N  KITI-.. MEASURE0 NORTH OF ALCAN. 

RESULn I N  rgF/(cm'.d) 

Period 7 
I ~~ ~ 

76 - Jun. 78 
16 - Jun. 78 
76 - Jun. 78 
76 - Jun. 78 
75 - Mar. 78 
16 - Jun. 78 
76 - Jun. 78 
77 - Jun. 78 
77 - Jun. 78 
71 - Jun. 18 
76 - Jun. 78 

SULPHATION RATE 

The su lphat ion r a t e  prov ides a rough est imate o f  sulphur d iox ide 
The su lphat ion r a t e  was determined by us ing 

This  consis ted o f  exposing a l ead  peroxide coated 
Af ter  exposure, t he  coa t ing  was analyzed i n  

Results were expressed as sulpha- 

The su lphat ion data c o l l e c t e d  a t  f o u r  s t a t i o n s  dur ing the  pe r iod  J u l y  
1975 t o  March 1978 has been sumar i zed  i n  Table 11. It i s  noted from the 
sumary t h a t  the su lpha t ion  r a t e  a t  most o f  t he  s t a t i o n s  was we l l  w i t h i n  the  
spec i f i ed  B r i t i s h  Columbia o r  Ontar io  standard o f  0.5 and 0.7 mg SO,/(lOO 
cm2.day), respect ive ly .  Also the  su lphat ion r a t e  decreased w i t h  d is tance 
from the smelter. 

concentrat ion i n  ambient a i r .  
the candle method C2l. 
proce la in  c y l i n d e r  f o r  a month. 
t he  l abo ra to ry  f o r  i t s  su l  hate content. 
t i o n  r a t e  i n  mg SO,/(lOO cm B .day). 
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TABLE I 1  

SULPHATION RATES FROM ALCAN STATIONS WITH KITIMAT AREA 

RESULTS I N  mg SOJ(100 cmZday1 

STATION AND 

EOUIS NUMBER 

Distance h d i r e c t l o r  

Per iod 

Average 

Nmber o f  values 

Number exceeding a 
value o f  0.7. 

from Alcan 

Per iod 

Average 

Number o f  values 

Nulnber exceeding a 
value o f  0.7. 

mg SO,/(lW cm2.dayl 

TOUR BUILDING 

0435040 

1.2 kn. N.Y. 

Jul. 77 - Mar. 78 

0.27 

9 

1 

1979 

0.29 

12 

0 

The Provlnce o f  Ontar io Standard 

PRECIPITATION 

P r e c i D i t a t i o n  normals C31 

HYDRO SUB STAT10 

0435035 

3.2 km. N.Y. 

l u l .  75 - Mar. 71 

0.15 

33 

1 

1979 

0.17 

12 

0 

'OLLUTION CONTROL 

CENTRE 

0435037 

4 kn, N.E. 

u l  75 - Mar. 78 

0.02 

23 

0 

1979 

0.14 

12 

0 

MlNlCIPAL YORKS 

0435036 

5.6 km. N. 

0 

1979 

0.05 

12 

f o r  the Deriod 1941 t o  1970 were ava i l ab le  _ _  
from the Federal Stat ions:  Pr ince Rupert, Terrace A i rpo r t ,  K i t i m a t  and Por t  
Hardy A i rpo r t .  The t o t a l  p r e c i p i t a t i o n  a t  these s t a t i o n s  per year were 2414, 
1301, 2826 and 1730 mn, respect ive ly .  The we t tes t  month a t  K i t ima t ,  Prince 
Rupert, P o r t  Hardy and Terrace was October w i t h  460, 360, 250 and 232 mn o f  
p r e c i p i t a t i o n  and i n  summer months p r e c i p i t a t i o n  has been s u b s t a n t i a l l y  less. 
While snowfal l  a t  Prince Rupert and P o r t  Hardy was low a t  about 100 cm, 
K i t i m a t  and Terrace A i r p o r t  averaged about 400 cm, most winters .  

P R E C I P I T A T I O N  EVENT SAMPLING 

PORT HARDY 

A t  Po r t  Hardy an event p r e c i p i t a t i o n  sampling s i t e  was loca ted  a t  Po r t  
Hardy A i rpo r t .  About 35 km south o f  the P o r t  Hardy p r e c i p i t a t i o n  moni tor ing 
s i t e  there i s  a s u l p h i t e  pu lp m i l l .  Ten events data obtained by the M i n i s t r y  
o f  Environment wh i l e  the m i l l  was operat ing was compared w i t h  Nik leve C41 
data when the m i l l  was shut down. The date has been presented i n  Table 111. 
It can be seen from t h i s  data t h a t  the concentrat ion o f  excess su lphat ion was 
more dur ing m i l l  operations than when the m i l l  was shut down. The background 
pH o f  ra inwater  a t  t h i s  s i t e  was about 5.3 

KITIMAT 

The smelter s t a f f  c o l l e c t e d  r a i n  samples a t  t he  P o l l u t i o n  Control 
Centre s i t e ,  4 km NNE o f  a smelter us ing the  Sangamo automatic r a i n  sampler. 
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TABLE 111 
PORT HARDY EVENT PRECIPITATIOW DATA 

The company has measured pH and F- i n  p r e c i p i t a t i o n .  The re la t iomship 
between pH and F- i n  event p r e c i p i t a t i o n  samples i s  i l l u s t r a t e d  i n  F igu re  
11. 

The low l e v e l  r o o f  top emissions of F- and SO, from the smelter may be 
removed from the atmosphere by wet deposit ion. Washout o f  F- by r a i n f a l l  i s  
r e l a t i v e l y  easy because of the h igh  s o l u t i l i t y  o f  F- i n  ra inwater  and t h i s  i s  
re f l ec ted  i n  the i nve rse  r e l a t i o n s h i p  between pH and F-, Figure 11. 

R A I N  CHEMISTRY OF INDIVIDUAL STORMS AS 
A FUNCTION OF A I R  PARCEL TRAJECTORY 

In order  t o  de l i nea te  the  v a r i a b i l i t y  associated with i n d i v i d u a l  
storms, n ine p r e c i p i t a t i o n  events were s tud ied on a storm by storm basis  from 
September 1980 t o  November 1981. For each storm f i v e  samples were c o l l e c t e d  
i n  the Pr ince Rupert-Terrace-Kit imat area and t h e i r  i o n i c  composition were 
determined. 

To t race  the o r i g i n  o f  the a i r  parce l  associated w i t h  each p r e c i p i t a -  
t i o n  event back t r a j e c t o r y  ana lys i s  was done. Tracks o f  a i r  parce ls  were 
estimated f o r  24 hours i n  increments o f  12 hours. Th is  a l lows one t o  examine 
f o r  poss ib le  c o r r e l a t i o n  between the  chemistry o f  r a i n  sample and the  
meteorological parameters such as the  geographical p o s i t i o n  o f  the storm 
track, i t s  o r i e n t a t i o n  and the  speed o f  movement o f  the storm. (Since t ime 
i n t e r v a l  i s  f i x e d  a t  12 h, the  speed o f  movement o f  storm i s  p ropor t i ona l  t o  
the l eng th  o f  the storm t rack  i n  t h a t  t ime i n t e r v a l ) .  The back t r a j e c t o r y  
data o f  9 storms are sumnarized i n  Table I V  and rep resen ta t i ve  storm t racks  
are presented i n  F igure 111. 

The v i sua l  observation o f  24 h a i r  mass t r a j e c t o r i e s  presented i n  
F igure I11 ind i ca tes  t h a t  storm t r a j e c t o r i e s  can be grouped i n t o  th ree  
categor ies:  (1) over water, (2) over land, and ( 3 )  o the r  unique t r a j e c -  
t o r i e s ,  and they can be compared with respect ive in f luences on the  a c i d i t y  i n  
the p r e c i p i t a t i o n .  

1. ACID CONTRIBUTION FROM STORM TRAJECTORIES OVER WATER 

The synoptic weather maps f o r  September 3 and 18, 1980, and September 
9, 1981, i.e., Case 1, 2 and 7 presented i n  F igure 111. showed wfnds 
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FIGURE I 1  FLUORIDE IN-RAINWATER v s  pH 
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predominantly south-southwesterly over the P a c i f i c .  The observed r a i n f a l l  o f  
Terrace f o r  these cases was 25, 20 and 8.2 mn, respec t i ve l y .  The wind speeds 
f o r  Cases 1, 2 and 7 were 15, 6 and 24 knots respect ive ly .  A comparison o f  
chemical cons t i t uen ts  f o r  these three cases i nd i ca tes :  

a. The pH value f o r  Case 2 a t  Terrace and Onion Lake was about 5.9 
whi le  the value f o r  Case 1 and 7 ranged between 5.01 and 5.47. 
This i nd i ca tes  t h a t  the storm w i t h  minimum speed (case 2) had 
s l i g h t l y  bu f fe red  r a i n  when contrasted w i t h  the other  two cases. 
The f l u o r i d e  concentrat ion i n  Case 7 r a i n  samples a t  Onion Lake and 
Terrace was 0.07 and 0.06 mg/l respect ive ly ,  considerably greater  
than i n  the Case 1 and 2, which had f l u o r i d e  concentrat ion o f  <0.04 
mg/l. Th is  i nd i ca tes  t h a t  the storm w i t h  minimum r a i n  had a higher 
.f 1 u o r i  de concen t r a  t i on. 

b. 
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- 
C 

I I 111.0 a 1  

0 I 0.0 a l  
10 I 1.0 a l  
29 I 1.5 a l  

71 I 6.4 MI 

U I 1.5 MI 

im I 3.1 91 

0 I 0.0 al 
a I 3.0 a1 

2. A C I D  CONTRIBUTION FROM STORM TRAJECTORIES OVER LAND 

The storm o f  November 4 (Case 31, was character ized by s t rong winds, 61 
knots. The f l ow  was southeaster ly  and over l and  f o r  the most par t .  The 
r a i n f a l l  a t  Terrace was 21 mn. 

The storm f o r  Case 5, which occurred on May 13, was one w i t h  moderate 
winds. The storm moved very s lugg ish l y  over land, see F igure 111. About 10 
mn o f  r a i n  f e l l  over Terrace. 

The chemical composit ion o f  r a i n  samples c o l l e c t e d  a t  K i t ima t ,  Onion 
Lake, Terrace, Pr ince Rupert and Salvas Camp are summarized i n  Table V. The 
data i nd i ca tes  t h a t  r a i n  samples associated w i t h  l i g h t  r a i n f a l l ,  10 mn, and 
w i t h  the slower storm over land, which passed over Alcan, deposited more 
f l u o r i d e  w i t h  r a i n  samples c o l l e c t e d  i n  the K i t i m a t  Val ley, (K i t ima t ,  Onion 
Lake and Terrace) whereas Skeena Val ley samples, (Pr ince Rupert and Salvus 
camp) showed background f l u o r i d e  l e v e l s  i.e. 0.04 mg/l. 

The r e s u l t s  o f  excess sulphate are presented i n  Table V. The data 
suggests t h a t  2 mg/l o f  K i t i m a t  p r e c i p i t a t i o n  and 1.3 mg/l o f  Terrace 
p r e c i p i t a t i o n  has excess sulphate, l i k e l y  o f  i n d u s t r i a l  o r i g i n .  A s i m i l a r  
excess SO,,” concentrat ion was observed i n  Pr ince Rupert p r e c i p i t a t i o n .  
Furthermore, t he  t o t a l  a c i d i t y  i n  the  K i t i m a t  Val ley p r e c i p i t a t i o n  was noted 
t o  be h igher  (30 t o  124 peq/L) than i n  the Skeena Val ley (18 t o  30 *q/L). 

3. A C I D  CONTRIBUTION FROM STORM TRAJECTORIES WITH UNIQUE FEATURES 

I n  t h i s  category the storm system o f  Case 4 represents a system w i t h  
over l and  flow. This  case i s  unique. On February 18, the storm passed over 
no r th  Vancouver I s l a n d  and i n t o  the d r i e r  Okanagan Valley. It then d r i f t e d  
toward Terrace, see F igure 111. During i t s  passage, the storm appears t o  
have p icked up aerosols such as Ca+2 of t e r r e s t r i a l  o r i g i n  which had a 
b u f f e r i n g  e f f e c t  on the r a i n  samples c o l l e c t e d  a t  K i t i m a t  and Terrace, see 
Table V I .  
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FIGURE I11 
BACKWARD 24 HOUR (850 mb) TRAJECTORIES FOR TERRACE 
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The r a i n  samples c o l l e c t e d  on February 19/20 showed depressed pH due t o  
lack of t e r r e s t r i a l  components such as Cat2 see Table "11- 

The v a r i a t i o n s  observed i n  the  two data sets  are probably due t o  
t e r r e s t i r a l  e f fec ts  i n  the f i r s t  data set, and l o c a l  i n d u s t r i a l  i n f l uence  
observed i n  the second data set. The increase i n  f l u o r i d e  and aluminum i n  
the second data se t  was due t o  washout o f  l o c a l  (Alcan) p o l l u t i o n  i n  the 
ambient a i r .  

CONCLUSIONS 

The study examines the  emissions t h a t  c o n t r i b u t e  t o  a c i d i t y  o f  
p r e c i p i t a t i o n  i n  the K i t i m a t  and P o r t  Hardy area. From J u l y  1980 t o  June 
1981, the Aluminum Smelter a t  K i t i m a t  emi t ted 2.18 tonnes o f  t o t a l  f l u o r i d e  
per day (1.57 tonnes of gaseous f l u o r i d e  and 0.61 tonnes o f  p a r t i c u l a t e  



269 

I I 

TABLE V 

CHEMICAL COWOSITION OF R A I N  SAMPLES COLLECTED I N  

NORTHUEST. B.C. YHEN STOM TRACKS YERE OVER LAN0 

I I 

Sta t  1 on K i t i m t  

Parameter 

PH 
so,2- mgn 
NO,- mg/l 

F- mg/1 

C1- mg/l 

CaQ mg/l 

Na+ mg/l 

Onion 

Lake 

3 5  

5.9 4.5 
1.9 2.1 

0.2 0.5 

0.07 1.2 

0.6 (0.5 
0.4 0.1' 

0.7 0.5 

Terrace 

5.5 5.2 
0.5 1.6 

0.1 0.4 

0.M (0.04 

0.5 0.5 
0.02 0.14 

0.2 0.6 

- 0.8 

0.4 1.5 

3 5  

4.9 - 
0.5 - 
0.13 - 

(0.04 - 
(0.5 - 
(0.02 - 
0.1 - 

0.4 

Government 
S ta t ions  

Per iod pH Ca+' Na+ Sob2-  C l -  F- A1 

Cat ion 

Anion 1.0 0.9' 

Excess 

1.8 2.0 

Total  

A c i d i t y  

4.8 4.9 
0.9 0.7 

0.09 0.4 

(0.04 0.0' 

(0.5 (0.5 
(0.02 0.0' 

0.1 0.2 

1.29 0.51 

0.8 0.6 

74 50 

5.3 4.6 
1.3 1.4 

0.1 0.7 
0.04 1.1 

(0.5 0.7 
(0.02 0.2 

0.1 0.6 

0.28 0.8 

1.2 1.3 

25 92 

21 10 

I 

Note: Case 3, November 4-5. 1980 
Case 5. May 13-15. 1981 

TABLE V I  

S ta t ions  

Terrace Feb. 18/19 5.8 0.21 0.3 1.9 (0.5 (0.04 (0.02 
K i t i m a t  Feb. 18/19 7.0 1.75 3.0 6.0 2.1 (0.04 0.05 

TABLE V I I  

4.5 0.07 0.4 

'1 I 

(0.5 0.69 0.14 
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f l u o r i d e ) ,  and 13.1 tonnes o f  sulphur d iox ide  per  day. The pulp m i l l  
emissions a t  K i t i m a t  were about 2 tonnes per day o f  sulphur dioxide, l ess  
than 1 tonne per day o f  organic sulphur compounds. 

The sulphur d iox ide emissions from the s u l p h i t e  pu lp m i l l  near Por t  
Hardy amount t o  about 10 tonnes per  day. 

The event p r e c i p i t a t i o n  data shows t h a t  the pH a t  K i t i m a t  (Tour 
B u i l d i n g  S i t e )  ranged between 4.4 t o  7.2, Onion Lake 4.8 t o  5.9, Terrace 
A i r p o r t  5.1 t o  6.0, Salvus Camp 4.7 t o  5.6 and Pr ince Rupert 4,5 t o  5.7. The 
h ighest  pH noted a t  K i t ima t ,  Tour B u i l d i n g  s i t e ,  would seem t o  be an anomally 
which can on ly  be expla ined by assuming t h a t  the K r a f t  M i l l  p a r t i c u l a t e  
emissions appear t o  c o n t r i b u t e  a b u f f e r i n g  i n f l uence  on r a i n  a t  t h i s  s i t e .  
However, t h i s  i n f l uence  was n o t  f e l t  a t  the K i t i m a t  P o l l u t i o n  Control s i t e  
since pH a t  t h i s  s i t e  was lower (4.3 t o  4.9) than the Tour B u i l d i n g  s i t e .  

The r e s u l t s  show t h a t  t he  P o r t  Hardy s i t e  i s  i n f l uenced  by emissions 
from the s u l p h i t e  m i l l .  When the m i l l  was n o t  operat ing pH o f  ra inwater  a t  
t h i s  s i t e  was found t o  be 5.3. 

The comparison o f  storm t r a j e c t o r i e s  w i t h  observed i o n i c  loadings has 
o f f e r e d  a unique oppor tun i t y  t o  q u a l i t a t i v e l y  assess p o l l u t i o n  received by 
ra inwater  dur ing storms from l o c a l  i n d u s t r i a l  sources as we l l  as d i s tan t ,  
natura l  and other  sources. 
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