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ABSTRACT 

The results of a snowpack chemistry survey conducted 

in January 1978 in the Athabasca Oil Sands region of northeastern 

Alberta are presented. Snow collected at 60 sites within 100 km 

of the Great Canadian Oil Sands extraction plant was melted and 
= - - + K+ H+ + ++analyzed for the major ions: S04 No 3, Cl , NH4 , , , Na , Mg , 

Ca++; as well as for insoluble (Al, V, Mn, Ti) and soluble (Al, V, 

Fe, Ni) constituents. Snowpack loadings and deposition patterns are 

reported. Relationships are discussed between the snowpack chemi

stry, chemical composition of the power plant emissions and site 

location as revealed by multivariate analysis of the data. The 

fraction of total emissions that was transported out of the area 

was estimated from a mass balance. At least 98% of the acidic 

oxides of sulphur and nitrogen released by the power plant was 

transported beyond 25 km while less than 50% of the flyash consti

tuents Al, V, and Mn escaped from the region. 
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1. INTRODUCTION 

Pollutant emissions from oil extraction plants in the 

Athabasca Oil Sands region of Alberta have received the attention 

of atmospheric scientists since 1975. Because of low background 

pollutant levels in that part of the continent, the change in air 

quality effected by even a single mining operation is striking. 

In an effort to assess more objectively the impact of present and 

future emissions, several investigations were undertaken to deter

mine the ambient concentrations and deposition rates of atmospheric 

trace constituents in the area. They were carried out within the 

framework of the Alberta Oil Sands Environmental Research Program 

(AOSERP) (see Figure 1 for map of AOSERP study area). 

Deposition studies were centred on the Great Canadian 

Oil Sands (GCOS)l extraction plant. In operation since 1969, it 

was the major source of atmospheric pollutants until summer 1978 

when Syncrude began production. The major source of emissions from 

GCOS is a coke-burning power plant whose 107 m stack releases 

approximately 200 t of sulphur dioxide and 27 t of particulates 

daily. For the studies mentioned in this report, no particulate 

control devices such as electrostatic precipitators were installed. 

A second, minor source of sulphur dioxide was a 107 m incinerator 

stack which releases between 5 and 20 t per day. The elemental 

composition of three flyash samples collected from the power house 

stack (Shelfentook 1978) are shown in Table 1, 

Summertime deposition studies that were conducted include 

an event precipitation-chemistry network of about 15 sites operated 

every year since 1976 (Barrie et al. 1978) and the determination of 

particulate dry deposition patterns around the source in June 1977 

using a network of artificial collectors (Barrie 1979a). Winter

time measurements have taken advantage of the snowpack's ability 

1GCOS amalgamated with Sun Oil Company in August 1979, after the 
writing of this report was completed, to become Suncor, Inc. 
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Figure 1. Map of the AOSERP study area. 
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Table 1. 	 The elemental composition of three flyash samples 
collected from the power plant emissions using electro
static precipitation (Shelfentook 1978). 

WEIGHT FRACTION OF SAMPLE (%) 
1 2 3 

Silica (SiOz) 34.6 36.3 31.9 

c 11.3 10.3 20.7 

Al 11.2 11.4 12.3 

Fe 4.6 4.5 4.8 

v 2.4 2.8 2.4 

Ca 2.2 2.2 1.4 

Ti 1.9 1.9 1.4 

s 1.5 1.6 1.6 

Ni 0.99 1.1 0. 94 

Mg 0.84 0.85 0. 71 

Mo 0.24 0.25 0.21 

Mn 0.090 0. 084 0.095 
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to collect total (wet plus dry) deposition in order to determine 

deposition patterns. In March 1976, a snow chemistry survey at 

55 sites yielded the spatial distribution of sulphur and hydrogen 

in deposition (Barrie and Whelpdale 1978). Sulphur deposition 

rates determined in the study were used to calculate the deposition 

velocity of sulphur dioxide to snow (Barrie and Walmsley 1979). 

In January 1978, a second snow chemistry survey was conducted at 

60 sites shown in Figures 2 and 3. Chemical analysis was extended 

to include not only sulphate and hydrogen ions but also major ions 

and trace metals. Furthermore, a larger area was covered than in 

March 1976. In this report, the data collection and analysis 

techniques, the results, and the conclusions of the 1978 snow 

chemistry survey are presented. 
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Figure 3. 	 A map of the study area close to the source of 
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2. SAMPLING PROCEDURE AND ANALYSIS 

SAMPLE COLLECTION 

Snow was collected at 60 sites within 100 km of GCOS 

(Figures 2 and3) between 25 and 28 January 1978; 55 sites were 

visited in the first three days. All sites were reached by heli 

copter except those on the river and along Highway 63 which were 

accessible by snowmobile and automobile, respectively. 

At each site, two samples were collected in plastic bags; 

one for trace metal analysis, and one for major ion analysis. Each 

sample contained three snow cores taken with a device similar to 

that used in March 1976 (Barrie and Whelpdale 1978). The snow corer 

was a half-cylindrical tube, 1 m long, whose flat side was removable. 

An aluminum sampler was used for major ions (100 cm2 cross-section) 

and an acrylic sampler for metals (87.2 cm2 cross-section). The 

plastic one proved to be so rugged that in future it will be the 

only corer used. 

To obtain a snow core, the procedure was as follows: 

1. 	 Measure snow depth; 

2. 	 Clean snow corer by inserting and removing it from 

the snowpack several times; 

3. 	 Insert sampler vertically to the bottom of the 

snowpack; 

4. 	 Clear snow from the plane face of the sampler; 

5. 	 Insert a shovel made of the same material as the 

corer and having the same cross-section under the 

lower end of the sampler; 

6. 	 Tilt the sampler until horizontal; 

7. 	 Remove the flat-faced side to expose the snow core; 

8. 	 Measure core length and crust positions; and 

9. 	 Use the scoop to remove snow containing ground debris 

and slide the core into a plastic bag. 
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At four of the 60 sites, five snow cores were bagged 

individually using both acrylic and aluminum samplers. The cores 

were analyzed separately to determine how much of the intersite 

(between site) variability of snowpack loading is due to intrasite 

(within site) variability. 

2.2 SAMPLE HANDLING AND ANALYSIS 

Snow samples were kept frozen in plastic bags until 

immediately before initial processing and analysis were performed 

in the field laboratory. Melting was done in a warm room at 30
0 
C 

and generally took 6 to 12 h. Samples collected for major ion 

analysis with the aluminum sampler were treated as follows: 

1. 	 Measure meltwater volume with a 1 L polyethylene 

volumetric cylinder; 

2. 	 Measure pH with an Orion digital pH meter and 

combination electrode; and 

3. 	 Place a 250 mL aliquot in a polyethylene bottle that 

had been cleaned with a mild detergent and rinsed 

thoroughly with distilled water. 

Samples were transported to the main laboratory, stored 

refrigerated at 4°C, and analyzed for major ions within a month. 

The chemical techniques used for the quantitative analysis of 

major ions are listed in Table 2. 

Samples collected for metal analysis with the acrylic 

corer were handled in the following way: 

1. 	 Measure meltwater volume with a 1 L polyethylene 

volumetric cylinder; 

2. 	 Filter the meltwater through a 0.45 ~m Sartorius 

cellulose acetate filter (SM-1106); 

3. 	 Fold the filter so that particulate matter is on the 

inner face; store in a polyethylene 'whirl-pack' bag; 

4. 	 Acidify approximately 280 mL of the filtered liquid 

to pH 1.5 with ultrapure concentrated nitric acid 

(BDH Aristar 45004); and 
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Table 2. 	 Analytical techniques used in the quantitative determi
nation of major ion concentrations. 

METHOD 

pH 

Cl 

N03 

Sol. Silica (SiOz) 

NHt 
K+ 

Na+ 

Mg
++ 


Ca++ 


alkalinity 


electrode 

methyl-thymol blue (colorimetric) 
and isotope dilution 

mercury-thiocyanate (colorimetric) 

cadmium reduction (colorimetric) 

molybdate-oxalic acid (colorimetric) 

alk. phenol (colorimetric) 

flame photometric 

flame photometric 

atomic absorption 

atomic absorption 

titration to pH 4 then back to 
5.6 under 	Nz 
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5. 	 Fill 25 and 250 mL linear polyethylene bottles with 

the acidified samples (the bottles had been prepared 

by soaking 24 h in concentrated nitric acid and then 

rinsing thoroughly with distilled water). 

The acidified meltwater and filters were transported to 

the main laboratory where they were analyzed for metals using the 

techniques listed in Table 3. Filters were first weighed with a 

microbalance to determine the mass of insoluble particles in the 

snow core. 

Field blanks of distilled water in plastic snow sampling 

bags were processed and analyzed together with actual samples. 

Blank concentrations of some chemical constituents were above the 

detection limit of the analytical technique (Table 4). In such a 

case, the detection limit of the measurement was defined as being 

three times the standard deviation of several field blank concen

trations. For instance, if a set of blanks had an average concen

tration and standard deviation of X and a, respectively, the detec

tion limit was defined as 3 a. Any sample having a concentration 

X greater than X + 3 a was corrected by subtracting X. If blanks 

were low, the detection limit was determined by the sensitivity of 

the technique used for quantitative analysis. Table 4 lists those 

parameters measured in the snow chemistry survey. It also gives 

detection limits for meltwater concentrations and snowpack loadings 

as well as how those detection limits were obtained. 
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Table 3. 	 Analytical techniques used to analyze acidified snowmelt 
samples and filters containing insoluble particulate 
matter for various metals. 

METHOD 

Soluble 

Al solvent extraction, atomic absorption 

Fe solvent extraction, atomic absorption 

Ni solvent extraction, atomic absorption 

v neutron activation 

Insoluble 

Al neutron activation 

v neutron activation 

Mn neutron activation 

Ti neutron activation 
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Table 4, 	 The detection limit of parameters measured and how it 
was determined (FB-from field blanks, At-from the 
detection limit of the analytical technique). 

Limit of 
Detection Loading Determined 
Concentration (10-3gm-2) by 

MAJOR IONS 

so:-s 
Cl 

N03-N 

sol 	silica (Si02) 
+

NH4-N 

K+ 


Na+ 


Ma++ 


Ca++ 


TOTAL INSOLUBLE MASS 

METALS 

Soluble 

A1 

v 
Fe 

Ni 

Insoluble 

Al 

v 
Mn 

Ti 

o. 01 (mg·L - 1) 

0.06 (mg•L - 1) 

0.005(mg·L- 1) 

0.002(mg·L- 1) 

O.OOl(mg·L-1) 

0.06 (mg·L- 1) 

o. 02 (mg·L- 1) 

0.01 (mg•L - 1) 

0.05 (mg •L- 1) 

1.0 	(Jlg•L-1) 

1.2 	(]Jg•L-1) 

2.0 	(]Jg•L-1) 

2.0 	(]Jg•L-1) 

0.4 AT 

2.4 FB 

0.2 AT 

0.08 FB 

0.04 AT 

2.4 FB 

0.8 AT 

0.4 AT 

2.0 AT 

3800 FB 

0.05 AT 

0.06 FB 

0.10 FB 

0.10 FB 

3.4a FB 

O.la FB 

O.la FB 

7 .oa FB 

aFor sites ELS, RHS, NMR, SMT, LC, UT these values are divided by 3. 
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3. METEOROLOGICAL HISTORY OF THE SNOWPACK 

A snowlayer will retain all of the non-volatile sub

stances deposited onto it, provided substantial melting does not 

occur. Once liquid water trickles through the snowpack, pollutants 

are leached out rapidly. The first 10% of meltwater can remove 

30 to 40% of the pollutant load (Johannessen and Henriksen 1978). 

During late November, December and January 1977-78, meteorological 

conditions in northeastern Alberta were ideal for a deposition study. 

Air temperatures never exceeded -5°C from 18 November, when snow 

began to accumulate permanently, until the end of January, when 

the snow chemistry survey was conducted (Figure 4). During this 

70 d period, a total of 58 em of fresh snow fell. The depth of 

the snowpack at the time of sampling was 30 to 40 em. 

The frequency distribution of surface wind direction at 

Mildred Lake (near site N2 in Figure 2), 10 km north-northwest of 

the source during the 70 d deposition period, is shown in Figure 5. 

For purposes of comparison, the frequency distributions for the 

winters of 1974 and 1975 are included since they are similar to the 

long-term average distribution. 
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4. RESULTS 

4.1 CONCENTRATIONS OF SOLUBLE CONSTITUENTS IN SNOWMELT 

The measured concentrations of major ions and dissolved 

Al, Fe, V and Ni in snowmelt are listed for each site in Tables 5 

and 6, respectively. The average volume of a melted snow core, 

snow depth, and density also are given. The composition of five 

individual samples (labelled A to E) was obtained for sites M, 

SW5, R4 and Nl. From these data, the intrasite variation of a 

concentration measurement expressed as per cent standard deviation 

of the mean was estimated (Table 7). The average standard deviation 

of a concentration measurement was less than 20% for SO~, Cl-, N03 

and the soluble metals Al, V, Fe, Ni, and less than 36% for the 

other constituents. 

A comparison of pH measured in the field and later in the 

laboratory (Figure 6) shows that, in meltwater with initial pH 

above 5, the latter is higher than the former and that the differ

ence increases with increasing pH. Between pH 6 and 7, laboratory 

pH is about 0.5 units higher than field pH. This difference pos

sibly is due to the presence of calcium and magnesium oxides that 

slowly dissolve during the period between sampling and analysis. 

It would require that only 0.014 mg·L-1 of the 0.5 to 1 mg·L-1 of 

Ca++ found in snowmelt of pH 6 to 7 dissolve to explain a pH change 

from 6 to 6.5. Thus, even though pH is altered significantly, the 

concentration of soluble calcium is not. Below pH 5, where hydrogen 

ions become important in the ion balance of a solution, no signifi 

cant difference between field and laboratory pH was observed. The 

spatial distribution of pH and major ion concentrations in the 

snowpack is shown in Appendix 8.1. The map used encompasses about 

55 of the 60 sites sampled and extends to about 40 km from the source. 

4.2 SNOWPACK LOADINGS OF MAJOR IONS 

Snowpack loading, defined as the amount of a substance 

in the snowpack per square metre, was calculated for major ions 

(Table 8) from their snowmelt concentrations, snowmelt volume, and 



17 

Table 5. Measured snowmelt major ion concentrations for each site on 
26 to 28 January 1978 (see Figures 2 and 3 for site locations) 

~;AJOR JON CONCI;N1-?.Al'I :,:;:,5 

SNO.-l'C~ELT 

SITE 
tl/1.'12 

i·iAJOR 10:>1 
VOLUI~F: 

pH 
FU'.:LD 

pll 
LAB so~-s -C1 NO;-N 

S0LiJi>L:.. 
BILICJ:TE.' 

(Si02 ) 

•NH.;-S -·• + 
);,! 

++

'" 
++Co IILK/\LI ,,I T'i 

t;l) (10- 3;~1-l) ( 1G- 0 ao 1-1) 

IO~!El 
!1:-l£2 
.~:H:J 

46 7 
427 
547 

4.7 
4. 7 
4.B 

4.9 
4.7 
5.0 

0. 36 
tl. 40 
0. 2l 

D.L. 
O,L, 
o.L. 

0.173 
0.17G 
0.118 

0.025 
0. 0 32 
0.014 

L). 06 ~ 
o.os;. 
0. 0 J s 

c.L. 
il.09 
c.L. 

·:. 03 
~.Oil 
:. 0 3 

0.04 
0.[,, 
0.02 

(j,){) 

a. 2 2 
0 .12 

-3.2 
-lu.o 
-5. 2 

rlN£4 
flhl 
.L2 
Nr;J 
:.-.·.4 

476 
4SO 
335 
~25 
499 

5.0 
5.7 
5. 4 
4.8 
5.0 

5.0 
0.0 
5.0 
4.9 
5.0 

o. 20 
0.43 
c. 19 
Li.20 
0. 20 

D.L. 
o.L. 
O.L. 
o.L. 
D.L. 

0,120 
0.154 
0.102 
0.113 
0.095 

0.023 
0.040 
(J. (113 
O.OiJ7 
o.L. 

0.(}17 
U.lJS 
0.03:;1 
O.i)lS 
0.01.<: 

C.L. 
8.12 
D.L.
n.L. 
D.L. 

~. 0 3 
~.13 
;; .04 
:.03 
~.OJ 

U.02 
u.O~ 
u.J.. , 
D.L. 
D.L. 

U.H 
(1.65 
u.Od 
O.Od 
0,06 

-4.4 
lcl. 2 
-v.o 
-.;.l:l 
1.4 

.~ .. s 
cl 

" " £4 

'"J1:3 
,,!C 
~:0 

N.; 
SE1 

'" 3<:) 
5:>4 
SE5 
S.>El 
S3E:2 

. 7VO 
Qli;l 
4~] 

400 
498 
266 
220 
271 
265 
190 
501 
674 
532 
547 
542 
591 
527 

6.1 
5.U 
4.9 
5.0 
5.1 
5.0 
5.0 
5.2 
5.1 
5.0 
5. 2 
5.2 
5.8 
5.2 
6.2 
5.0 
6.5 

6.6 
5.1 
5.0 
5.0 
5.0 
5.2 
5.0 
5.0 
5.0 
5.0 
5. 4 
5.1 
6.2 
5.4 
6.6 
5.0 
6 •• 

u. 30 
o. -*6 
0. 17 
0.16 
0.20 
0.12 

<·I 
o.H 
0.13 
0.16 
0.35 
0.2u 
O.H 
0.23 
0. 26 
0.20 
0.33 

D.L. 
D.L. 
D.L. 
D.L. 
O,L, 
0.08 
0.07 
D.L. 
D.L. 
0,08 
D.L, 
O.L. 
il,L. 
o.L. 
o.L. 
D.L. 
D.L. 

0.109 
0.157 
U.!B 
O.hi4 
o. 097 
O.Ll8tl 
0.101 
0.142 
(1,121 
0,139 
0.122 
0.090 
o.Od2 
o.oas 
0.048 
0.108 
0.092 

0. 04.4 
0,011 
0, uu6 
0. IJ(J4 

D,L.
c.L. 
D.L. 
O,L. 
O.L. 
o.L. 

0,015 
0.01)7 
0.007 

D.L. 
0. 020 
0.008 
0.164 

O.f.i2,_, 
0.112:..1 
0,!;2J. 
O.OB 
0. L2l 
0.010 
O.lll4 
O.UlJ 
0,017 
O,OE
0,063 
0,1),2; 
0.021 
0.137 
0,022 
o.o.;s 
0.01i 

D.L. 
-.;.42 
v.o:.. 
D.L. 
D.L. 
U.L. 
O.L. 
o.L. 
o.L. 
D.L. 
;:l.L. 
D,L. 
o.L. 
o.L. 
D.L. 
D.L. 
o.r.. 

:·.51 
;.3cS 
~.1u 

:..L. 
~.r... 

:..r.. 
::.L. 
.J,L. 
::.L. 
D.L. 
~. 06 
l.;) 3 
:; • 05 
c.L. 
·J.05 
s.L. 
J..lJ 

0.:!7 
U .U.! 
D.L, 
D.L, 
o.L. 
v.ol 
o.L. 
D.L, 
D.L. 
O.L. 
0.05 
O.L. 
0.15 
o.L. 
0.11 
D.L. 
0.21 

<J.h 
1),14 
u.lu 
li.u6 
O,L, 
D.L. 
D.L. 
O.L. 
O.L. 
D,[,. 
0. 34 
0.12 
0.30 
u.os 
0.70 
0.10 
1. 30 

o.:.4 

"·'2.o 

'·'-4.:.! 
5.0 
2.CI 
3.0 

-v.o 
-1.2 

7. 6 

'·" 23.0 

•••45.0 
-1. H 
66.!;1 

SSE) 
51 

403 
533 

5. 5 
5.6 

5.9 
6.1 "0.95 

O.L. 
0,11 

0.052 
o. 204 

0.007 
0,076 

O.Oi7 
0.145 

D.L. 
0.07 

:i.L. 
~.12 

o.os 
0.19 

0 .16 
1. 10 

19,8 
4.0 

:.2 645 5.4 5.4 o.so o. 22 0.176 0.035 0.05.:?. O.L. J.20 0 .lU 0.50 14.1:1 
S3 
S< 
ss 
33.;! 
ss,a 
3•H 
3;;2 
3•·i) 
5·"14 
s~isA 

S•<5B 
S;;SC 
,;;-;su 
s.-15& 
W1 

·" '" tU3 
N·.H 

734 
677 
547 
593 
5)0 
553 
:a 1 
557 
714 
530 
520 
510 
500 
520.,, 
307 
527 
499 
527 

4.8 
6.3 
6.5 
5.4 
5.0 
6.0 
6.9 
6.1 
5.1 
5.1 
5.2 
5.0 
5.0 
;.7 
4.9 
0.9 
S.J 
5.1 
5.1 

4.9 
6.6 
7.1 
5.4 
5.1 
6.6 

"6.' 
5.2 
5.4 
5;.3 
5.1 
5".1 
S.d 
5.0 
7.3 
5.0 
4.9 
5.1 

0.4) 
o. J6 
0.4~ 

iJ,27 
o. 30 
U.4) 
o. ))
o.H 
0.2) 
C.l6 

"0.16 
·u.16 
0.14 
0.17 
0.19 

M 
0.16 
0.14 

0.33 
0.14 
0.37 
D.L. 
D.L. 
0.22 
0.11 
0.07 
O,L. 
D.L. 
o.L. 
D.L. 
D.L, 
o.L. 
O,U') 
0.09 
O,L. 
D.L. 
O.L. 

0,025 
u. 045 
0.154 
0.132
o.12a 
0.210 
0.130 
0.114 
0.116 
0.120 
0.16d 
0.124 
0.124 
0,112 
0.115 
0.117 
0.105 
0.12U 
0.119 

0.17 4 
O.lH 
0.0~5 

0. 018 
0,014 
0.031 
0.147 
o.uJ9 

D.L. 
o.L. 
D.L. 
o.L. 
D.L. 
o.r.. 
n.L. 

0.399 
0,004 
0. 00 3 
0. 006 

0.0.;3
o.o..:A 
o.oc 5 
o.-o:;-s 
0.04t> 
(1,057 
O.Olj_ 
o.v12 
o.on 
0. 0Z3 
O.Ll2<i> 
0.1.127 
0"• .)25 
0.02~ 
0.023 
O.OH 
O.IHl 
O,O!B 
o. 0!3 

o. u. 
u.L. 
0.09 
C::,L. 
o.L. 
o.oa 

!! 
D.L. 
o.L. 
D.L. 
o.L. 
O.L. 
O.L. 
U.L. 
O.L. 
0.3) 
O.L. 
D.L. 
D.L. 

;l.36 
~.12 
1.oa 
J.09 
\),09 
0.16 

L•i 
J.34 
:;;.L. 
..). 05 
;).04 
U.U3 
o.vJ 
1,), 05 
-~ .05 
2.91 
0.0;1 
'LOS 
0.04 

0.0) 
O.lis 
0.67 
0.0:; 
0.02 
0.35,, 
0.09 
0.02 
1),06 
v.05 
v.O:.! 
<,I,(Jj 

o.o~ 
D.L. 
v.97 
u.o2 
D.L,
D.L. 

J.20 
0.80 
1.50 
0.20 
0.12 
o.eo,, 
0,)5 
u.o8 
0.15 
0.15 
O.Oo 
u,tG 
0.30 
0.06 
1.10 
o.L. 
o.os 
0.10 

-4.6 
47.6 

135.6 
•• 2 

-3.0 
4 3. 2 

"2:1 • .,; 
4. 2 

1U,U 

'· 24.b 
1.2 

14.2 
-u.2 

220.U 
-6.0 
-6.6 

;1:.0 
No15 467 9.1 7.7 0.43 D.L. 0.112 0.148 0.062 0.43 6.97 3.40 1.50 564.0 
tHI-l"l 
N11\ 

523 
465 

5.0 
5.6 

5. 3 
6.0 

0,14 
o. 35 

D.L. 
0.07 

0.105 
0.160 "0.022 

0.015 
0.0<:2 

o.L. 
O,L. 

0.05 
<},10 

0.04 
0.13 

0.10 
0,55 

7. 0 
19.il 

tna 
~n::: 
t"l<) 
IUE 

·"iB 

'" ;lS 
6:·1 
01 
.:05 

483 
402 
480 
500 
4H 
sa5 
558 
571 
34iJ 

"' 507 

5.3 
5.6 
5.6 
5.6 
6.2 
6.4 
5.1 
s.o 
5.1 
5.6 
6.1 

5.8 
5.7 
0.2 
6.1 
6.9 
6.7 
5.1 
5.1 
5.1 
6.1 
6.9 

0.34 
o. 36 
0. 32 
0.35 
0.33 
o. 26 
0.20 
0.20 
o.2o 
J.41 
0.17 

0,07 
0.07 
0.07 
0.06 
o.os· 
o.L. 
D.J,. 
D.I.. 
O.L. 
0.10 
0.11 

0.163 
0,160 
0.156 
0.151 
0.174 
0.145 
0.136 
0.126 
O.OSJ 
0.192 
0.195 

0,025 
0.031 
0.023 
0.024 
0.491 
0.035 
0.009 
0.006 
o.L. 

0.042 
0.001 

0.063 
0.0.;;2 
o.o.n 
O.OJ3 
0. iil-5 
O.Oll 
O.O!l 
0.021 
0.02J 
0.061) 
O.C53 

D".L. 
D.L. 
0,13 
D.L. 
o.L. 
B.L. 
o.L. 
0.07 
c.t.. 
c.L. 
O.L. 

0.12 
0.10 
0.20 
0.10 
1),05 
\i.04 
O.Oil 
~<,~,Oit 

o.os 
o.u1 
0.14 

0.12 
0,10 
0.15 
o.1s 
o. )j 
v.25 
v.uJ 
O.L. 
o.L. 
0.17 
oL45 

0.40 
0. 44 
0.70 
0.65 
2.10 
1.00 
0.20 
0.16 

• 0.06 
0.75 
2.10 

11.2 
13.4 
20.0 

S.:U 
110 .il 
:)).0 
1., 

-O,d 
-.<:.4 
:.ib.\1 

i.l.5. 4 
R1 
R2 

350 
453 

6.0 
6.0 

6. 7 
6.2 

0.52 
0,4) 

0.13 
0.15 

o. 219 
0.237 

0.153 
0.036 

0.059 
0.133 

0,19 
O.L. 

1.05 
0'.10 

0.35 
0.12 

1. 20 
0. 70 

61).4 
2"1.0 

R3 
R<h 

440 
440 

5.6 
- 6.1 

5.6 
6.7 

0.53 
0.57 

0.17 
0.12 

0.157 
0.205 

0.035 
0,113 

0.1i4 
0.290 

D.[.,. 
l,/,12 

U.lld 
U.3U 

v.os. 
0.29 

u.so 
1.40 '. 26l.tl 

R48 4ao 5.9 6.4 0.49 D.L. 0.142 0.071 O.BO D.L. 0.10 0.18 1.00 37.0 
R4C 
R4D 

500 
520 

5.7 
5.7 

6.5 
6.5 

0.53 
0.56 

0.07 
0.07 

0.161 
0.163 

0.077 
0.069 

0.1H 
0.155 

\I,G7 
0.09 

0.12 
0.14 

0,17 
0.19 

0.90 
0.95 

30.0 
40.2 

R4e 
'LS 
RC~ 

N1·1R 
SMT 
LC 
UT 
LS 

540

•
"M
•
" "548 

5.9 
4.8

•••4.9 
4.7 
4.8 
4.9 
5.8 

6.5 
M 

4.9 
4.8

•••4.9 
4.9 
6.3 

0.60 
0.14 

"0.14 
o. 26

•, 
o. 76 

0.06 

"o.L. 
o.L. 
D.L. 
D.I., 
o.L. 
0.90 

0.168 

"0.130 
0,073 
o.o8a 
0,095 
0,095 
o. 355 

0.072, 
o.L. 
o.L. 
D,L. 
D.L • 
o.L. 

0.079 

0.134 
O.C22 
O.OH 
O,OB 
0.051 
O.C23 
0.02-l 
0 .25 g 

0.07 
D.L. 
O.L. 
o.L. 
o.L. 
C.L. 
o.L. 
1),21 

0.16 
O.L. 
D.L, 
O.L. 
0.03 
0.04 
0.04 
i),09 

o. 20 
o.L. 
o.L. 
D.L, 
O.L, 
o.L. 
o.L. 
0.11!· 

0.95 
o.L. 
D,L, 
O.L. 
D.L. 
L>.L. 
D.L. 
1.37 

39.6 
-5.4 
-s·.4 
-2.2 
-a .o 
-4.8 
-2.4 
63.4 
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Table 6. 	 Measured snowpack depth and density as well as soluble 
metal concentrations for each site on 26 to 28 January 
1978 (see Figures 2 and 3 for site locations). 

s;~Q.lPJ\Cf... 

.:>Li::. Ot.P'fri DLJ.'I$11'1 

,,,;_ ..... 


(c.:l) (g em 
-J

) 

••.-i[. 33 0,!4 

;.;_,[ 3J 0,16 

,;_;;;: 
 31 O.ld 

~~--;:: 0,16 

<\d 31 0.15 

&=.2 25 (.).14 

i:.i-~.) 30 0.19 

~:24 32 ,J, Ll 

k,j 30 0. 22 


"" 


t:l 33 O.li.i 
C2 31 t.l. 1,) 

:::3 0.15 

u 33 0.15 
" 
;.A 	 O,ld 
r:J "41 0.1) 
.,, 40 J.B 

'·!D 3d 0,13 


.:_ 35 0.17 

"~ l3 8:B00 

S-'.:3 32 u.L> 
s.s.t 30 0,17 
S.S5 31 0.14 
ss.:: 3d U,lO 
ss:::: 33 0.16 
ss.::. 40 0.16 
Sl 3o 0,16 
sz 37 0.18 
53 3B 0.17 
54 39 0.16 
ss 33 0.13 
SSt.l 35 0.17 
ss;;2 30 0.17 
So;l 33 0.16 
s .. 2 33 O.H 
s.;J 34 0.16 
Sq4 41 0.17s,;s'l. 28 0.19 
s.;s.:s 2a o. ld 
s . .s:: 2a 1.).18,.
So'15V 0.18 
s.~se 2a 0.19 
hl 39 O.lfl 
w2 22 0.14 

"' 33 Q,l;:i 
Nti) 31 U,lo 
NoiQ J2 u.lu 
t<.-6 29 U.l.:.i 
i:l~•il 32 J.lO 
.HA 30 0.15 
.~lB 30 u.l7 
.~lC 30 0.10 
r.ao 30 0.16 
1-llC: 30 0.16 
N2 30 0.16 
:i) 35 0.16 
N4 32 0.16 
tiS 34 0.16 
BX 19 0,113 
Gl 35 o. 15 
G5 31 0.16 
Pl 22 0.16 
R2 27 0.16 
R3 27 0.10 
PA.~ 21 U,lB 

27 0.19 
r.4:::: 27 U.l9,.
R4D 0 0 1!1 
R4E 20 0.20 
i.LS 34 0.21 
RC:t 38 O,lti 
rW.P. 32 1),14 
s:1r 47 0.19 
LO 33 0.20 
UT 39 0.18 
LJ 33 0.10 

s.m..;,.iLL·i' 
•·it:.l'AL 
VVLlJ,:.; 

(;";11) 

4U'/ 
-144 
461 
475 
427 
331 
4;1 
437 
533 
s<a 
"7 
407 
609 
:J5'1 
771 
019 
540 

:>4:3 

m 
422 
400 
393 
:.62 
439 
SG7 
577 
59d 
585 
560 
350 

440 
467 
450 
470 
592 
450 
460 
430 
410 
400 
627 
257 
450 
417 
473 

'" 


390 
i1 

430 
4d3 
482 
4BO 
500 
420 
584 
5 sa 
571 
283 
387 
420 
344 
389 
317 
480 
410 
460 
470 
480 

M 
M,, 
M 

" M 
420 

SOLUOL,. .-l...:£,\L CO,lCt:.~TRr'\'l'IC;,~S 

AL.:.i.-l.t.'fi..h1 VA.•MHU,'·I IRJ,~ •'l.tCI\uL 
A! f'e di' (lv- 0gl-l 

l.:..U j-:..4 d.v 'o.U 
i4. u n . .;. 1J.0 o.I.. 

'1.0 12.4 o.o D.L. 
ft,O :J. J :..u D.L, 
4.0 52. 4 3.0 7.0 

12.0 D.L. 9.0 D.L. 
7.0 11.4 3.0 o.t. 
6. 0 5.11 £..0 D.L, 
4.0 5.3 2.5 D,L, 
5.0 15.4 10.0 O.L. 
a.o 12,4 4.5 i::.L. 
s.o J.S 4.0 O.L. 
8.0 	 4.5 D.L.'. 4
2.0 3.5 2.0 D,L, 

o.t. 2.2 O.L. D.L. 
5.5 2.5 4.0 O.L. 
J.O 3.4 .:::.L. D.L. 
2.0 3.d 2.5 o.t. 

7. 011:8 ~u "~~0 n.L. 
3.0 6.7 3.5 O.L. 
3.0 6.2 3.0 O.L. 
2.0 2.5 D.L. D.L. 
9.0 13.4 11.0 D.L. 
3.0 12.4 4.0 O.L. 
5,0 4.6 O.L. D.L. 
3.0 91.4 6.0 10.0 
s.o 42.4 ld.S 4.0 
5.0 24.4 17.5 D.L. 
5.0 3.4 11.5 D.L. 
4.0 10.4 O.L. D.L. 

16.0 3d.4 17 .o 3.0 
11.0 22.4 17.0 · D.L. 
O.L. 35.4 D.L. D.L. 
D.L. 7.9 o.L. D.L. 
D.L. 1. 6 8.0 O.L. 
!),L, 5.1 3.5 D.L. 
O.L. 3. 3 O.L. O.L, 
U.L. 1.3 D,L, D.L. 

2.0 2.4 D,L, D.L. 
2.0 1.5 D.L. O.L. 
2.0 2.9 D.L. o.L. 
5.0 d.2 4.0 O.L. 

O.L. 7.2 4.0 D.L. 
3.0 3.0 o.L. 
1.-.J 7."1 I.U . :l.L • 
4.0 4.5 2.5 D.L. 
2.0 J.) 3.0 O.L. ,, 	 M M 
7.0 35.4 9.0 3.0 

33.4 a M" 34.4 10.0 4.05.0 
6.0 32.4 12.0 4.5 
6.0 "35.4 u.o 4.0 
3.0 25.4 2.5 3.5 
4.0 13.4 D.L. o.L. 

O.L. 10.4 10.0 O,L, 
a.o 12.4 11.0 D.• L. 
3.0 O,L, o.L. D.L. 
3.0 120 .o 3.5 6.6 
4.0 35,4 D,L, D.L, 
7.0 3 9. 4 B.O 3.5 
4.0 35,4 ~-5 2.5 
2.0 &3.4 13.0 10.0 
3.0 55.4 o.t. 6.0 
3.0 55.4 O.L. 7.0 
4.0 54.4 o.L. 7.0 
4.0 60.4 3.0 6.5 
5.0 61.4 2.5 6.0 
2.0 1.9 D.~. D.L. 
2.o· D,L, o.t. O,L. 
2.0 O.L. D.L. O.L. 
5.0 	 2.5 o.L. 
3.0 '·' 	 o.t.1.8 D.L. 
2.0 D.L. D.L. D.L. 
s.o sa.1 2.8 5.0 
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Table 7. The intrasite variability of a trace constituent's 
concentration in snowmelt and the meltwater volume 
(represented by the average percent standard devia
tion about the mean of five samples taken at each of 
the following sites: M, SH5, R4, Nl). 

PARAMETER INTRASITE VARIABILITY (%) 


MELTHATER VOLUME OF: 


Major ions 7 


Metals 7 


CONCENTRATION OF: 
H+ 30 


= 
S04 8 


Cl 7 


N03 15 


Sol. Silica 23 


NHt 24 


Na+ 36 
Mg++ 31 

Ca++ 33 


Soluble-


Al 18 


v 16 


Fe 12 


Ni 12 
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Figure 6. 	 A comparison of pH measured in the field immediately 
after melting snow with that measured a month later 
in the laboratory. 



21 


Table 8. Snowpack loadings of major 	ions for each site on 
26 to 28 January 1978 calculated from measured concen
trations, snowmelt volume, and area sampled (see 
Figures 2 and 3 for site locations). 

HAJOR ION LOAOii·3S (.r;,g/f:12) 

SITE 	 SOLUBLL-r;,a_~!t~ II+ so:-s C1 rm;-~~ SILICATE ~n;-N "+ 1-ia 
T .~)3 ++ ca++ 

(Si0 )
2 

llNEl 0.588 16.S D.L. 8,Ud 1.17 2.i10 ~.L. l.4J 1..-:.7 h.U 
!\NE2 0,852 17.1 D.L. 7. 26 1. 37 2.52 3.84 3.~2 L.L. 9.4 
mn:J 0.547 11,5 O.L. 6.45 0. 77 1.91 D.L. 1.6.;. 1. ,::·;; 6.6 
.SN 1:.4 0.476 9.5 C.L. s. 71 1.09 0.81 r..L. 1.0 0.55 .6 0 7 
NU 0.048 20.6 D.L. 7.39 1. 92 6.62 5. 76 6.2~ 4.32 31.2 
N!'.2 O,JBS 7.3 D.L. 3.93 o.so 1. 27 D.L. l.S4 o.:. 3.1 
Ni.3 0. 7d7 12.5 D,L. 7,06 0. 44 0.94 D,L, l.do D.L. 5.0 
~li:4 0.499 lU.U D.L. 4.74 D,L. 0.60 O.L. l.SJ D.L. 3.0 
i'l:..S 0.018 21.0 O.L. 7.63 3.06 1. 40 C.L. 3.::).70 ra. :;:,.~ 52.5 
El 0. 491 28.4 D.L. !:1.7u 0.6d 1.24 25.96 23.40 ..i.,:;A •• 7 
£2 0.493 8.4 O.L. 5.67 0.30 1. 04 4. 4 4 4.93 D.L. 4.9 
d 0.460 7.4 D.L. 4.7d u. ld O.il3 D.L. D.L. D.L. 2.8 
,A 0.498 10.0 D.L. 4.~3 ·D.L. l.US o.t. D.L. D.L. D.L. 
;-JA 0.168 3.2 2.13 2.34 O.L. 0.27 C.L. o.L. 0.5J D,L. 
L"IC l]. 220 M l. 5<1 2.22 D.L. U.31 D.L. D.L. D.L. D.L • 
.-IC 0,2"/1 D.L. 3.tl5 .t.l.L. 0.27 D.L. ;:>.L. c.t. D.L. 
HO 0. 265 3. 4 D.L. 3.21'·" D.L. o • .;5 D.L. 	 D.L. D.L. D,L, 
•·i:... 0.19LI 3.0 1.5~ 2.64 D.L. 0.29 D.L. D.L. D.L. D,L, 
SE.l 0.223 20.2 D.L. 6.d4 0. ~4 3.dl D.L. 3. 37 .2.0-l 1~.1 

.:i.t:2 0.535 13.5 D.L. 6.07 0. 47 1.95 O,L, 2.v2 D.L. 8.1 
SEJ 0.034 7.4 D.L. 4.36 o. 37 1.12 D.L. 2. 66 7. Sd 16 .a 
S£4 0.218 12.6 D.L. 4.81 D.L. 7 • .0 r::.L. O.L. D.L. 4.4 
3E.5 0.014 14.1 D. L. 2.60 1.08 1.19 D.L. 2.7l 5.5-6 37.9 
SS£1 0.591 15.4 O.L. 6.3o 0. 47 2.66 D.L. D.L. D.~. 5.~ 

SS£2 0.008 17.4 D.L. 4.65 8,64 0.9J D,L, 6.55 11. (;7 6o.5 
3SLJ 0.051 ... D.L. 2.1iJ 0.28 D.L • D.L. 7.3U,d 2.{.~.::: 

Sl 0.043 51.1 5. 92 10.98 4.20 7.80 3. 77 6. 4& 10.22. 59.2 
52 0. 257 32.3 14.19 11.35 2.26 3.35 D,L. 12. 9J 6.45 32.3 
53 0.924 31.6 24.22 1.64 12.77 3.16 ..:.07 26. 42 2. 2v 14.7 
:14 0.017 24.4 9.43 3.US 9.34 1.62 D.L. d.12 12 .i-J 54.2 

3&.~.>35 0.004 24.1 20.24 0.42 4.65 ;).27 4.92 59. Oc; ~2.1 

SS.-.T1 0.236 16.0 D.L. 7.0:3 1.{)7 5.6 3 D.L. S.H 2.$1 1.i..9 
ss.;2 0. 421 15~9 O,L, 6.7d 0. 74 2.44 D.L, 4.77 l.V..i 0.4 
.:;.a 0.014 23.8 12.17 11. til 1.71 3.15 4.42 &..Ocs 19.3<.> 44.2 
s .. 2 17.1 5.6~ 6.72 7.60 .U,57 <·i;.~" 6,35 ·'' 1:L9.; 5.01 19,5s •. 3 0.022 7.8 3.90 2.17 0.67 D.L. " 
3 .. 4 0,451 1o,4 D,L, B.2d D,L. 5.30 C.L. o.t. 1.43 >. 7 
S~1Sl\ 0. 211 8.5 D.L. 6. 36 D.L. 1.22 c.L. 2.65 J.B o.o 
3t.5B l.). 261 D~L. ~.7d D.L. 1.35 D~L. 2.08 2.0.) 7. d 
S;·;SC 0. 405" 8.2 " D.L. 6.32 D.L. 1.30 D.L. 1.53 1.02 4.1 
s.,su a.o D.L. 6.2J D.L. 1.25 D.L. 1.5J 1.5J >.0 
Si·;5i:: 0.082 7.3 D.L. 5.62 D.L. 1.25 D.L. 2.60 b.6 

o. 397 
4,6ij 

•. l 0.629 10.7 5.6& 7. 23 D.L. 1.45 D.L • 3.15 D.L. 3.8 
.i2 0.002 5.8 2.76 3.59 12.25 1.04 9. 21 ijY.H 29.7S 3L8 
,:) 0.527 D,L. 5.53 0.21 D.5~ c.L. 4.2~ 1. G5 D.L. 
u.:J 0.628 a.o" O.L. 5.99 0.15 il.9J D.L. 2.5J C.L. 4.0 
N;,4 0.419 7.4 D.L. G.27 0. 32 1).6:} o.L. 2.11 D.L. 5.3 
:h.S 0.001 20.1 D.L. 5.23 6.91 2.90 2a. oa 325.50 15a. n 70.1 
,'/:-Ji"ll l}. 202 7.3 D.L. 5.49 M 0.7ij D.L. 2.62 2,U'1" 5.2 
iUA 0.047 16.7 3. 26 7.44 1.02 1.95 D.L. 4. 65 6.05 25.6 
i~lS 0.077 16.4 3.3d. 7.d7 1.21 3.20 D.L. 5.dU S.OJ B.3 
N1C 0.096 17.4 3. 37 7. 71 1.49 2.02 o.r.. 4.!:12 4..S2 21.2 
~ao 0.030 15.4 3.35 7.49 1.10 2,U6 0.24 9. 60 7.2:J 33.6 
!111r; 0.040 17.5 3.\10 7.55 1.20 1.65 C.L. 5,0;} 7.50 32.5 
N2 0.006 16.3 3.95 8. 60 24.26 0.79 O,L, 2.9,) 15.3J 103.7 
N3 0.012 15.2 Ll.L. 8.48 2.05 U.64 O.L. 2.34 14.63 53.5 
:H, 0.443 11.2 D.L. 7.59 0.50 0.61 o.L. 4.40 1.67 11.2 
NS 0,454 11.4 D,L, 7.31 0.34 1.20 4.0i.J 5.14 o.L. 9.1 
.3d 0.270 6.B D.L. 1. 7\1 l.l. L. 0.68 J.L. 1. 7\1 D.L. 2.0 
Ol 0.04i:l 24.5 5.98 11 ,48 2.51 3.:>:::. D.L. 4.1!::1 1U.l7 44.9 
05 0.006 39.0 s. 53 9.d9 3.09 2.09 O.L. 7.1\l 22.D2 1tH:r.5 
Rl 0.007 18,2: 4.55 7.67 5.36 2.07 0,65 37 .1u 1:.::.:.:::) 4.:.0 
R2 0.029 19.5 6.d0 10.74 1. 63 0.02 O.L. 4.53 S.H Jl. 7 
R3 0.111 23.3 7. 40 6.91 1.54 5.02 O.L. 3.52 3.% 22.0 
«4A J.009 25 .1 5. 2i:l 9.v2 4.97 12.70 .:>.2i:l 1J, 2u 1.:::. 76 01.6 
R4i3 0.019 23.5 D.L. 6.d2 3. 41 7.21) D.L. 4.t3J d.E..J. 	 40.0 

q::,.oMC 0.016 26.5 3.50 a.os 3.85 7.45 3.5J &.00 CI.Su 
::~.a.; 49.4 

f.:H 0.017 32.4 4. 32 9.07 3.89 7.24 ],7d 8.04 ltJ.dOJ 51.3 
ll.40 U.016 29.1 3.04 8.4a 3.59 0.06 4.00 7,26 

t...LS M 10.u i·l ,, 1.57 D.L. C.L. D.L. D.L. 
RCH O,t16l M IJ.L. d.d9" o.L. U.d2 D.L. D.L. D.L. D.L. 
m:R o. 710 6.3 D.L. 3.49 D.L. i.J,dl O.L. D.L. D.L. D,L, 
S:·tT 1. 415 23.2 O.L. 7.06 O.L. 4.55 !).L. 2.06 O.L. D.L. 
LC O.tU1 ,, D.L. 0.27 D.L. 1. 52 D.L. 2.04 D.L. D.L. 
U? 0,884 M O.L. 6.67 O.L. 1. 68 O.L. 2. dl D.L. D.L. 
L;; 0.027 41.6 49.32 19.45 4. 33 H.74 ll.Sl 4.93 9.£10 7:>.1 

http:3.::).70


4.3 
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the area sampled. pH measured in the laboratory was used to calcu

late hydrogen ion loadings of snow sampled. The intrasite vari 

ability of major ion loading (Table 9) was equal to or less than 

15% for so:, N03, Cl-, and soluble silica, and less than 36% for the 

other major ions. Maps showing the spatial distribution of snowpack 

loading for each major ion are in Appendix 8.2. 

SNOHPACK LOADING OF NON-ALKALINE METALS: INSOLUBLE AND 
SOLUBLE 

The snowpack loadings of non-alkaline metals listed in 

Table 10 were obtained in the case of insoluble constituents directly 

from analysis of particulate matter filtered from the snowmelt and in 

the case of soluble metals from their meltwater concentrations, snow 

melt volume, and the area sampled. The intersite variability of 

metal loadings (Table 11) was 14 to 17% for soluble Al, V, Fe and Ni, 

and 24 to 44% for insoluble Al, V, and Mn. Maps showing the spatial 

distribution of metal loading around the source are in Appendix 8.3. 
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Table 9. 	 The intrasite variability of major ion loadings of the 
snowpack (represented by the average percent standard 
deviation about the mean of five samples taken at each 
of the following sites: M, SWS, R4, Nl). 

LOADING OF 	 INTRASITE VARIABILITY (%) 


Cl-	 5 

Soluble Silica 	 15 

22 

34 

Mg
++ 

30 

Ca++ 31 
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Table 10. Snowpack loadings of metals for each site on 26 to 28 January 
1978 calculated from measured concentrations, snowmelt volume, 
and area sampled (see Figures 2 and 3 for site locations). 

l';r.'l'AL LO!>.DUG~ (i:".';!/i:t2) 

Hi50LUilLt: SOI,UGLI:. 

SI'rE TOTAL A1 v fin 'l'i Al v ,.. Ni 

N~F.l M ,., " " ~l 0.747 1. 792 1.0"13 0.187 
lliNE.2 D.L. lOU 17.2 1.0 ~~ 0. 713 1.!91 v.~O!I o.L. 
NNEJ 
N.~IA 

D.L. 
D.L. 

53 
43 

8.7 
6.8 

0.3 
0.2 

I>.L. 
O.L. 

0,476 
o. 327 

0,655 
0.500 

0. 317 
O.U2 

fl.L. 
iLL. 

NE:l 7200 JaO 57.J 2.9 50 0.196 2.565 o. 4 ';l o. 34 3 
NE2 
NEJ 

D.L. 
D.L. " 44 

7.6 
6.9 

0.3 
0.3 

D.L. 
D.L. 

0.455 
J.394 

O.L. 
0.642 

\). 34 2 
U.4SO 

D .I,. 
O.L. 

N£4 D.L. 44 7.1 0.3 D.L. 0.301 0.301 0.301 O.L. 
NES 
t:l 

D. J". 
D.L. 

44 
130 

5.9 
1'1. 2 

D.L. 
u.d 

12 
o.L. 

0.244 
0.314 

0.324 
u.%d 

\).153 
U.62d 

O.L. 
U.L. 

£2 D.L. 81 12.6 o.o· 1o 0.410 O.b.b 0.231 [;.L. 
d 
i.4 

[;,L. 
i.J.L. ".. 1. 2 

6.1 
o. 3 
0.2 

D.L. 
D.L. 

0. 233 
0.559 

V.B/ 
u. 307 

;,},lo 7 
ll. 314 

D.L. 
tL J,., 

EA D.L, 7 0.9 D.L. D.L. O.l3V u. 22~ u .lJu U.L. 
Hil 
HC 
ND 

D.L. 
IJ.L. 
D.L. 

6 
9 

' 
0.8 

"·'l.U 

O,L. 
O.L. 
O,L, 

O.L. 
O.L. 
O,L, 

J),L. 
U,J9U 
v.lti6 

0.190 
u.111 
0,211 

O.L. 
u.2~:>4 

D,L, 

ll.L, 
O.L. 
C.L. 

l·iE. O.L. 7 O.o n.L. O.L. 0.126 o. :.139 u.157 D.L. 
SEl 
SE2 
S•3 
SE4 

4 70J 
DoLo 
D.L. 
DoLo 

37U 
240 

44 
30 

57.3 
33.2 
5.6 
4o2 

2.4 
1.1 
0.3 
0.2 

" 20 
n.L. 
n.L. 

v.712 
O.S4'! 
\J .145 
0.130 

2.7/J 
1. 401 
(1,32 ... 
0.2d4 

C.L. 
v • .ll2 
u,lll:J 
u.lJd 

O.Ju<i 
I).L. 
D.I•. 
1.LL. 

SE5 
SS£1 

L.L. 
D.L, 

26 
110 

3. 7 
17.2 

0.1 
o.o 

O.L. 
22 

0.(19;) 
Oo5d0 

0.113 
1.186 

t:;,L, 
1Jo7U:# 

ll.L, 
D.I.. 

SSi2 
SSE) 

D.L. 
D,L, 

60 
48 

3.3 
6.3 

O.L. 
0.3 

13 
D,L. 

.. o151 
0. 325 

O.UL4 
0.2::19 

0,2ul 
OoL. 

IJ.L. 
D.Lo 

S1 
S2 

15100 
d500 

10:JJ 
400 

14:). 0 
66.5 

0.4 
3. 6 

12() 
57 

J.bd 
0 0 343 

6.047 
2.~07 

u.BI 
1. 26d 

V. bv~ 
0. 274 

S3 
S4 

D.L. 
D.L. 

140 
130 

2l.d 
lB. 3 

1.1 
0.9 

2o 
9 

;).335 
0.321 

l • .:i3"1 
0. 6J·~ 

l-171 
Oo7JS 

D.L. 
D.L. 

S5 
ss;,1 
ss·,;.2 
S<il 
S•2 
So•3 

451JO 
D.L. 
D, L. 

11700 
D.L 
D.L, 

llO 
210 
100 
640 

92 
80 

12.6 
33.2 
17.2 
5(),2 
9.7 

10,1:1 

o.s 
1.5 
u.7 
3.8 
0.9 
0.6 

O.f... 
2; 
22 
60 
11 

D.L. 

.) .161 
0.912 
V,555 
~.L, 

D.~. 
O.L. 

0. 417 
2.1&8 
1,130 
1.89:. 
0,40J 
u. 410 

o.Lo 
0.959 
O.d5~ 

D,L, 
D,L. 

U.•dl 

O.L. 
0,171 

u.L. 
O,L. 
I),L. 
C.I.. 

5~14 
SI•SA 
5w5ll 

U.L. 
D.L. 
o.L. 

36 
6 
5 

4.S 
1.0 
0.8 

\1,2 
O.L. 
D.L. 

O.L. 
D.L. 
D.L. 

D.L. 
D.L. 
D.L. 

0.346 
0.171) 
tJ,U':lS 

0.23d 
D.L. 
D.L. 

11. L. 
D,L, 
DoL. 

SwSC D.L. D.L. 0.6 D.L. D.L. 1.1.0~9 .0.11::1 o.L • O.L. 
Sl-'bfJ D.L. 6 u. 7 D.L. D.L. 0.100 U.OSl D.L. o.L. 
S1.S1:. 
IH 

D.L. 
O.L. 

s 
49 

O.ti 
6.!> 

u.L. 
u.J 

D.L. 
b 

O.liO 
0.359 

0,160 
v.sa9 

DoL. 
J. 2d 0 

L).L. 
u.L. 

ll2 D.L. " 2.1 ,.o 10 O.L. 0.212 0.118 UoLo 
"3 O,L, l7 2.7 IJ.L. D.L. 0.155 ·.'l tL 15~ DoL. 
NIB D.L. 64 s.u 0.4 9 0.335 0.306 U.3J~ Uol•. 
~~ ... 4 
th~S 
llNrll 

D.L. 
D.L. 

" 
32 
23 
i·l 

4.4 
3.3 

" 
0.2 
0.2 

M 

D,L, 
D.L. 

!·l 

1),217 
0,009 

M 

u,244 
0.148 

M 

Uol36 
0.134 

'' 

o.L. 
o.L. 

" U1A 
NIB 

D,L, 
D.Lo 

lOll 
100 

14.9 
13.8 

0.6 
0.7 

D.L. 
16 

0.34S 
M 

l. 74S 
2.126 

v,44'l 

" 
LJ,l>fd,, 

NlC D.L, 190 25.2 1.3 6 iJ. 276 l. 901 0.553 o~2a 
NlD D.L. llO 16.1 1.0 15 0. 330 1. 783 0.660 0.248 
N"H: 4300 110 14.9 0.8 14 0. 344 2.029 0.631 0,2f~ 
~~2 12700 370 27.5 2.2 2l 0.144 1.223 J.l2ll 0.169 
N3 5800 110 14.9 2.5 29 0. 268 0.897 DoL. O.L. 
N4 o.L. 69 8.5 0.5 D.L. o.r.. 0,665 Oo640 o.Lo 
N5 D.L. 40 5.9 0.2 D.Il. tl.524 0.812 o.no o~t. 
B:-1 O.L. 9 0. 3 D.L. D.L. 0.097 O.L. D.L. o.L. 
G1 
~5 
01 

89VO 
15200 

D,L, 

540 
780 
150 

75.7 
61.9 
24.1 

4.1 
1),4 
1.4 

61 
9U 
15 

0.133 
Ool93 
tJ. 2"16 

5. 324 
L7tb 
1.554 

0.1~5 
D.L. 

0. 316 

0.2~3 

o.L. 
u.lJ<.! 

R2 11000 4:30 35.5 4.0 49 0.171:1 1.!:.7~ u.~45 o.I.u 
R3 7900 510 79.1 3.4 56 u .006 3.605 v.5ol 0.43:.! 
R4A... O,L, 

D.L, 
1b0 
llU 

lt1.3 
14.9 

8.9 
0.7 

11 
O.L. 

0.105 
0.102 

3.049 
2.9ib 

D.L. 
o.L. 

u.J.lv 
U.JU 

R4C O.L. 150 79.1 1.0 17 0.211 2,809 O.L. 0. JOY 
R4D 5';)1)0 220 31.0 1.3 21 (J. 216 3.25S U.lo~ u. Jiu 
M£ 
ELS 
RCH 
NMR 

D.L. 
D.L. 
D.L. 
D.L, 

1d0

•5U 
M 

26.4 
1.1 
9.0 ,,, 

1.3 
O.D 
0.7 

M 

32 
D.L. 

1 

" 

0. 21~ 
0,143 
0.137 
v.09f.l 

J.J"/9 
0.136 

DoL. 
DoL. 

u.Ud 
u.r... 
D,L. 
o·.L. 

0 o 3JU 
D.L. 
D.L. 
o.L. 

SMT D,L, 12 1.0 0.5 O.L. V.447 0 ."214 v.223 D.L. 
LC O.L. M 1·1 M M 0.198 0.119 O.L. D.L. 
UT O.L. 2 0.2 Li.L. O.L. 0.141.1 D.L. Q .L. IJ.L. 
LS 4900 140 1:3",4 1.0 20 0.2'll 2.798 u.l35 tl. 241 
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Table 11. 	 The intrasite variability of snowpack loadings of insoluble 
Al, V, Mn and of soluble Al, V, Fe, Ni (represented by the 
average percent standard deviation about the mean of five 
samples taken at each of the following sites: M, NW5, 
R4, Nl) • 

LOADING OF 	 INTRASITE VARIABILITY (%) 

Insoluble 

A1 24 

v 35 

Mn 44 

Soluble 

Al 16 

v 15 

Fe 17 

Ni 14 
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5. DISCUSSION 

5.1 DEPOSITION PATTERNS AND MASS BALANCES 

The deposition patterns of snowpack constituents origi

nating mainly from the GCOS power house stack (Appendix 8,2 and 8.3) 

have several features in common that one might expect from the wind 

distribution in the area (Figure 5). Most deposition occurs in a 

strip running north and south from the source that corresponds to 

frequent valley winds (52% frequency). An easterly bulge in the 

deposition pattern reflects a small maximum in westerly and south

westerly winds. Maximum deposition generally occurs to the south 

of the source at a distance of 5 km. The deposition patterns of 

so:, N03 (Figure 7) and of insoluble Al, V, Mn (Figure 8) clearly 

display the north-south axis and the easterly bulge. 

Using the measured deposition patterns and known emission 

rates, the total amounts deposited in the snowpack within 25 km 

were calculated and compared to those emitted (Table 12). Since 

the soluble fraction of aluminum and vanadium deposition was gener

ally less than 1 and 10%, respectively (see data in Table 10), their 

insoluble fraction essentially represents total deposition. It is 

assumed that the same is true for manganese. A large fraction of 

the aluminum, vanadium, and manganese released by the source as 

flyash was deposited within 25 km. However, over 98% of the more 

volatile oxides of sulphur and nitrogen were transported out of the 

area. Only 0.3% of the total sulphur released by the source was 

removed within 25 km. This is twice as high as the 0.14% found to 

be deposited in snow during the three-week period ending 2 March 

1976 (Barrie and Whelpdale 1978), Both these results are consis

tent with those of a study around a sour gas plant in central Alberta 

where it was concluded that (during winter) less than 2% of the sul

phur released was deposited with 40 km of the source (Summers and 

Hitchon 1973). 

Particulate Al, V, and Mn are removed much more rapidly 

from the GCOS plume than are the oxides of sulphur and nitrogen. 
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Figure 7. 	 The spatial distribution of snowpack loading (mg •m- 2) of 
sulphate and nitrate ions in the study area on 26 January 
1978. G marks the location of the GCOS power plant. 
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Figure 8. 	 The spatial distribution of snowpack loading (mg·m-2) of 
insoluble aluminum, vanadium and manganese in the study area 
on 26 January 1978. G marks the location of the GCOS power 
plant. 
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Table 12. 	 The mass budget of various substances released to the 
atmosphere by the GCOS power plant and deposited within 
25 km from 17 November 1977 to 26 January 1978. 

AMOUNT (lrfo g) FRACTION (%) 
RELEASED DEPOSITED DEPOSITED 

WITHIN 25 KM WITHIN 25 KM 

GASEOUS/PARTICULATE 

S02 /so;;-s 7744 + 700a 23.3 0.30 

NO /N03-N
X 

so9 + sob 10.2 2.0 

PARTICULATE 

v 49 + 7c 28.4 58 

Al 224 + 27c 208.0 93 

Mn 1.68 + 0.2c 1.66 99 

aCalculated using measured emission rates supplied by Alberta 
Environment. 

bCalculated by assuming the ratio of SOx to NOx emission rates reported 
by Shelfentook (1978) and measured SO emission rates. 

X 

cDetermined using a particulate emission rate of 27 t/day and an average 
flyash content based on the data in Table 1. 
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The ratio of snowpack loading between Sites Sl, 5 km from GCOS, and 

SSW2, 25 km from GCOS, is about 10:1 for insoluble Al, V, Mn and 
= 

only 3:1 for S04 and No3. The observed contrast in scavenging rates 

can be attributed largely to the preferential removal of large metal

bearing flyash particles (1 to 50 ~m in diameter) over smaller sub

micron sulphate and nitrate particles or gaseous sulphur and nitrogen 

compounds (Clough 1973). During winter, pollutants are removed from 

the atmosphere by snow and by dry deposition processes. The latter 

involve sedimentation, interception, impaction, and brownian dif

fusion to the earth's surface. At temperatures below -25°C in a 

moist plume, a third pollutant scavenging mechanism is active, 'plume 

snow-out' .. At such low temperatures, enough active ice nuclei are 

present to initiate the ice phase close to the source. Sufficient 

moisture is available in the plume that ice crystals develop, grow, 

and fall to the ground carrying pollutants with them. Presumably, 

ice crystals generated in the plume scavenge particulate flyash much 

more efficiently than gases. During the lifetime of the snowpack 

sampled, the air temperature was below -25°C about 25% of the time. 

Snow-out from the GCOS power-plant plume was observed frequently by 

AOSERP personnel at Mildred Lake. Melted snow samples collected 

below the plume by the authors contained soluble vanadium and sul

phate concentrations up to 10 times higher than those in the snow

pack. Scavenging by snow-out was probably a very effective scavenger 

of plume flyash for about 25% of the snowpack's lifetime. Another 

2% of the time, scavenging by snow from weather systems likely occurred. 

Since 50 to 100% of flyash elements such as Al, V, and Mn were removed 

within 25 km (Table 12), dry deposition processes must have been 

active also in removing plume flyash from the atmosphere. Winds were 

calm (less than 1.5 m/s) 25% of the time during the snowpack's life

time. In such situations, sedimentation of flyash particles 5 to 50 ~m 

in diameter could be particularly important. A detailed discussion of 

the effectiveness of dry and wet pollutant removal processes in the 

AOSERP area based on this survey and several other studies cited in 

Section 1 has been reported elsewhere (Barrie 1979b). 
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5.2 MAJOR IONS AND SNOWPACK ACIDITY 

The spatial distribution of snowmelt pH for the region is 

shown in Figure 9. In areas of high deposition near the source, pH 

has a maximum between 6 and 7, It drops off rapidly to the east 

and west, and less rapidly to the north and south along the river 

valley to values between 4,7 and 5. 

An ion balance of major ions in snowmelt (Table 13) was 

used first to check the accuracy of analysis determining if positive 

and negative ion equivalents balanced and then to identify the domi

nant ions at each site. In general, the predominant ions in snow 

collected near the source are in order of decreasing equivalents: 

cations Ca++, Mg++, Na+, NH!, and H+; and anions so:, N03, and Cl 

In outlying areas having pH 4,7 to 5.1, H+, so:, and N03 are the 

dominant ions. Alkaline snow near the source is probably due to 

calcium and magnesium oxides in flyash particles. As shown in 

Section 5.1, alkaline flyash particles are absent in outlying areas 

leaving the acidic oxides of sulphur and nitrogen to dominate the 

deposition. Between pH 5.1 and 7, calcium is the dominant positive 

ion while, below pH 5.1, hydrogen ions predominate (Figure 10). The 

observed relationship between these two ions further supports the 

hypothesis that calcium is provided by the dissolution of calcium 

oxides accompanied by the release of acid-neutralizing hydroxyl ions. 

The spatial distribution of the hydrogen ion's contribu

tion to the total positive ion equivalents in snowmelt is shown in 

Figure 11. It was the main positive-ion in sectors to the east-

northeast and to the west of GCOS at distances beyond 5 km. The 
+alkaline area marked by low H contributions corresponds roughly to 

areas of high calcium deposition (Appendix 8.2). 

5.3 PRINCIPAL COMPONENT ANO CLUSTER ANALYSIS OF THE DATA 

A statistical analysis of snowpack data from 43 sites was 

performed using two multivariate methods: a principal component 
+analysis (PCA), and a cluster analysis, Snowpack loadings of H , 

+ + ++
NH4, Na , Mg Ca++, so:, N03, soluble silicate, insoluble Mn, 
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Figure 9. The spatial distribution of snowpack pH (Lab) in 
the study area on 26 January 1978. 
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Table 13. Results of an ion balance done with snowmelt major ion concentration 
for each site. 

5 .• :;,.. :..:..7 IO.i BAL,\~Ct. 

TOT;.: TOTAL RATIO OF Ff_l.::rJO:< Of' 'l'OTAL +VE. f'RACTJOi• C:' 'iv1'~' -Vt: 
+\.£ lC•>5 -V£ IONS TOTAL I::.-:; E.,QUIV,\LEN·r DUE "J'O ION I:.QUI¥:U.Ein ct.:!:. ·:ro 

s rn: -6 -1
{10 eq.~ l (l0- 6eo.l-l) +VE/-VE Ca+t so~ fl(..J) 

NNi1 35. s - :n. :J 35.3 37.0 1.00 0. 34 o.o~ o. 40 0.0~ ll.O~ 0,04 U.6J. O.JJ < u.o:> u.o1 
Ntd2 
NNi3 

40.V
20.9 

~,.,; 

:2.4 
37.4 
22.1 

3!1,1 
23.8 

1. 06 
0.94 

0.49 
0.45 

(J,(Jo 

O.GY 
0.27 
0.27 

0.02 
0.07 

Q.;J9 

0. 06 
0.06 

< 0.07 
0.6<:~ 

o.s:. 
0. 31 
O.JS 

< u.u~ 
< iJ .o' 

u.Vl 
u.o~ 

N~£4 
t<U 

20. !1 - ;.,;:,.; 
57.:.

21.6 
43.2 

- 23.3 
44.9 

0.96 
1.30 

0.45 
0,02 

o.c~ 
0.1.3 

l!. 31 
J.56 

0.(17 
0.13 

u.u.; 
U.1v 

< u.07 
0.01> 

0.54 
o.tiO 

I). 31 
u • .<~ 

< ,;,07 
< u. 0 t 

u,O.C 
o.l.; 

lH2 
NL3 
i';L4 

''~s 
Ll 

17.6 - .H.9 
1a.1- a.1 
15.0 - 17.3 
83.2 ~L7 

45. ~ 

1:..7 21.4 
21.0 22.7 
19.d 21.5 
n.s 49.5 
40.6- 42.3 

0.91 
0.91 
0.10 
1.73 
1.11 

!).50 
0,6() 
0.58 
0, Utl 
0.17 

0.0:1 
0.0~ 
u.o4 
O.D1 
U.U2 

(.1. 2(; 
;).19 
0.17 
0. ~.; 
t.l.15 

< 0.04 
< 0 .;)4 
< (1,0:> 

o. ;;.o 
o.),()q 

0.0\1 
0.06 
u. V6 
u • .;:o 
0. j., 

< 0. Od 
< 0. 07 
< u .09 
< u .u.:: 

0 • .1!5 

0.56 
0.5::. 
u.So 
0.3~ 
O.btl 

0. 34 
0.36 
v.3.t 
il,1>:.o 
u.Zt~ 

< \i.0o 
< u•.:n 
< u .uo 
< \! ...d 
< oJ .... .. 

\J.C.~ 

U.u.i 
u.u;: 
v.-l, 
v.u.: 

" 22.:> - ~J.Ci 1'::1.7 21.3 1.13 0.42 u.vs J.21 < 0. OJ u.1d 0.10 u.50 0.4u < u.Jo u.UJ 
E3 

'·'MA 
~-~ j l 

l4.iJ- .17.:.! 
11.2- .6.9 
b. 5 -... :l.J.-l 

ld,0-19.7 
20.u - 21.7 

16. 9 

o.&J 
0.07 
0.65 

0.58 
u.s::~ 
0.47... 

O.tlo 
0.0/ 
0.0~ 

..J,l7 
J.l:. 
~.H 

< 0,05 
< u. uS 

0.12... 
< J. \]j 

< u.os 
< C.. U<l 

< o.o~ 
< 0 .IJ9 
< u .11... 

0.51 
u.:id 
0,44... 

0. Jo 
u.J.,; 
u.37 

< u,o..,
< .......... 

v,1J... 
U,VJ 
V.J.: 
u.us... 

l·:C 
MD 
~!['" 

su 
S£2 

10.,:; 10. J 
10. ';f !.·>. 7 
10.3 - :~.6 
31.4 - ..>J..J 
16.3 }',,2 

19.4 - 21.1 
17.3- 19.0 

22.7 
32.6 34.2 
19.6 21.3 

0. 66 
0.76 
0'.60 
0.96 
0,88 

0.61 
0.60 
0.60 
0.12 
0. 41 

0.0:> 
u.06 
0.05 
U.ll 
0.02; 

< w.1S 
< J.15 
< u .15 

0.51 
0.31 

< 0.05 
< 0. iJ5 
< o.os 

0.12 
0.04 

< 1),05 
< 0. 05 
< 0. ~5 

0. wd 
J. 07 

< 0. 0 ~ 
< a. o:~ 
< 0. 0!:1 
< 0. 0::. 
< 0. Oil 

0. 41 
0.43 
0. 44 
0.06 
0.59 

0.40 
0.46 
V.44 
0.:25 
u.Jo 

< v.u.:. 
< 0. J ~ 

u .1 0 
< v. u5 
< [>,uo 

u.uJ 
o.u3 
o.o:.: 
u.v~ 
(I,U.; 

SU 
SL4 
.SLS 
SSH 
$::E2 
S~£3 

31.3- ::.2-.0 
15.6 ~1.6 
47.5 U.2 
17."5 2J.7 
83. 5: ~~. 4 

23.1 ;o4.i. 
22.0 23.7 
C.9- 42.6 
2~.5 26.2 
60.9...62,6 

1.34 
0.15 
1.16 
0.75 
1.4:} 

';U 

0.02 
0. 21 
0.01 
0. 49 
o.oo... 

0.04 
O.H: 
u.::.2 
0.12 
0.01 

::..,;,;. 
J, 21 
o. 71 
J.24 
0. 72... 

O.Jo 
0.{)4 
0.18 

< 0. 0 4 
0.19... 

v. J'/ 
< 0. OS 

0. "' < 0. 04 
0.00... 

< u,os 
< 0. 08 
< 0. 03 
< 0 ,1)7 
< O.J2... 

0. 3:> 
0.61 
o. 30 
0.62 
0,33... 

o.z .. 
0.27 
0, OJ 
0,29 

. 0.11... 
< ,J. J7 
< o.•n 
< (; .o ~ 
< 0. 00 
< ;), (13... 

u. J .. 
u.o"' 
u.so; 
0,0.1! 
0.54... 

Sl 

" " S4 
ss 
ss.a 

so.;. 
43.7- :.L3 

46.2 
61.5 - 6J.l 

179. ~ 
27.3- .t:0.8 

83.8 
51.4 
33. 4 
.. o.9 

lli.i .1 
27.6 29.3 

1.03 
0,9\i 
1. 20 
1. 22 
1.55 
0. 93 

0.01 
i).08 
0,21 
0.00 
o.oo 
0.14 

0.0:1 
o.o:. 
O.U5 
o.o;; 
o.ou 
0.1~ 

J.63 
D.SO 
D. 22 
U.63 
0,-12 
0.35 

0.16 
0.16 
0.05 
0.23 
0,31 
0.14 

0.06 
0.17 
0. 3; 
o.Jci 
0. 26 
u.H 

U.02 
< 0. 03 

0.07 
< 0.02 

0.01 
o.os 

o. 71 
0.61 
0,70 
0. 4<t 
0.24 
0.5<1 

0.11 
0.24 
o.os 
o.o.; 
0.0'1 
0.32 

U.J4 
o.u 
u.24 
v..L 
u.Oil 

< ii.O ... 

u.o; 
O.u3 
U,JJ. 
I). 4.1: 
o.s~ 
u.O:i 

.ss .. 2 
S\·,1 

22.0 - ~;.;; 
Sl.~ 

23.6 - 30.3 
69.3... u. 78 

1.17... 0. j~ 
o.ov... 0.11 

o.u~ 
,).:.!:> 
v.4~... 0.07 

O.H... u.li 
v.u:~ 

< u. 07 
0.03... o.ot 

0.3~... 0,];, 
u.Z.I... .... u.. 

u.O~... .,.l,j~ 
.... Jl 

s •. 3 
S\•:4 

40.7 - ~2.3 
16.1- l.l.'.> 

32.3 
23.5 - 25.2 

1.29 
o. 71 

0.01 
0. 34 

0.02: 
0.23 

0.41 
J.22 

O.ld 
o.u9 

u.h· 
< 0.05 

< u.04 
< O.Ud 

0.27 
0.57 

0.25 
0.33 

u.ou 
J • \J I 

u.4.< 
u .u ~ 

s •• sA 
s •• s:J 
SI•SC 
SI,SO 
S\,SF: 
•. 1 
•·2 
W3 
N\,3 
1-!1•;4 
N\.5 
N1·:,;1 

h.9-...:.-1.4 

16.4 - 27.9 
1<!.1- H.6 
27.5 - 2~.0 

16.4 - .:.5.0 
271.:;... 

19.<> - ::2.1 
15.4- 17.8 

6 73.1 
16.3 17.8 

1:>.9 - 21.6 

B.S 21.2 
H,S 21.2 
20.1 - ;n.a 

21.9 
12~.... 3 

19.0 - 20.7 
17.9 - 19.6 

302.5 -304.2 
17.3 - 19.0 

0. ~9... 
0. il4 
0.93 
1. 35 
0,81) 
2.10... 
1.0(> 
0. 813 
2,22 
0. 9_4 

0.19... 
0. 44 
0. 40 
o.u5 
0.53 
u.uo... 
0. 57 
0.45 
0.00 
0.2d 

U.U6 

0.(1!:. 
0.1!7 
0.1.15> 
u.u7 
o.ul... 
u.u::. 
0.04 
O.U1 
0.05 

J.35 

0.22 
u.25 
u,;,;2 
U.lO 
u.2U... 
0.10 
{l,2o 
l!.ll 
0.20 

0.23... 
0.09 
u.13 
0.2& 
u.u4 
o.~il... 

< u.U4 
< 0.05 

0.42 
0.13 

.J .l.:J 
•** 

U.07 
\J.u7 
O.D7 
o.12 
u.47... 
.i.l\J 
0.10 
.,).45 
0.12 

< 0 .U'l 
*** 

< U,09 
O.Ud 
O.US 
o.oJ 
o.o3... 

< v :o1 
< 0.09 

0.02 
< 0. 09 

0.40... 
0.47 
u.47 
0.4U 
o• .to 
O.U:.t... 
u.4tl 
0,45 
0.0!.1 
0. 46 

O.tiu... 
0. 42 
0.42 
0,37 
;1,H 

IJ.tl6... 
u.4l 
0.43 
U.03 
0.39 

< J.UJ... 
< o),\.16 

U.\Jo 
0.0.:. 
.J .1.:: 
u.o.<:... 
\]. o... 
0.\J" 
u.vl 
i..i. 0 ~

'-'••!L>... 
o.u3 
..J.OJ 
v,l) 
U,v. 
V,t..:... 
.... u.: 
0.(,1) 
.; , ob 
o.uo 

Nlt, 
N lt; 
hlC 
N1L 
.dt: 
N2 

'" N4 
J\5 
B,J 

45.~ - n.4 
40.4 - -1:2.0 
3d.!:< - -':J.4 

62.6 
5l.:l: - 53.3 

lJS.Q -UI.l 
73.0- '7L6 
24.5 i-0.(1 
:.!2. d - .<J .o 
H.<: - ~6.6 

41. 2 
J8.2 
Jd.O 
41.6 
41.1 
77.7 

53.4 - 55.1 
22.9 24.i> 
22.3 24.0 
16.7- 18.4 

1.13 
l.Otl 
!.OJ 
l.Sl 
1.28 
1. 75 
1. 36 
1.06 
1. 00 
U. tlB 

0.02 
0. 04 
0.05 
O.Ul 
o.u1 
0.00 
0,00 
o. 31 
0. 34 
0. 4d 

u.J5 
0,0;, 
u.oo 
0.04 
0.03 
u.o1 
0.01 
O.V2 
o.us 
u.o7 

O.Sd 
L:. 48 
;.1.:>4 
-0.56 
;).til 
-(). 7b 
0.67 
u. 3d 
.,; • 34 
O.b 

0.23 
0.24 
U• .<!O 
0.20 
o.J.23 
0.20 
0.2d 
u.o9 
o.u3 
o.us 

0.0~ 
0.12 
J.ll 
0.14 
0.-J.:. 
u.02 
G. 02 
1).13 
<.1 .17 
u.13 

< 0. 03 
< 0. 04 
< o.o~ 

0.06 
< UoOJ 
< u.01 
< 0,02 
< 0. 00 

V, oJo 
< 0.09 

0,5:) 
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collected from the oil sands area 26 January 1978. The 
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insoluble Al, and insoluble V were used in the analysis. A PCA 

with subsequent orthogonal (varimax) rotation to simple structure 

was conducted with specific programs from the NT-SYS Package of 

Multivariate Statistical Programs (Rohlf et al. 1974). Two clus

tering techniques, a complete and an unweighted pair-group method 

using centroid averaging, were used'from the NT-SYS package. 

A PCA reduces the dimensionality of a data set by 

explaining its variance 	in terms of a reduced number of new vari

ables or principal components. The principal components, each of 

which is a linear combination of the original variables, can then 

be rotated to simple structure. This rotation may allow for a 

more meaningful interpretation of the principal components. The 

sites may then be plotted against the first three principal com

ponents to provide some 	visual presentation of the analytical solu

tion. In addition to the PCA, a cluster analysis was carried out to 

select sites having similar snowmelt chemistry. The groups selected 

in this manner closely resembled those obtained from the PCA. Most 

locations in each set of sites could be associated with one another 

intuitively after having seen the deposition patterns. However, 

one group of seven sites (NWS, NES, H2, SS, S4, SSE2, and N3) stood 

out as geographically unrelated to one another. Snowmelt from these 

locations had high sodium and magnesium values. It is believed that 

somehow the sample had become contaminated by surface water presumably 

from the frozen stream or lake surfaces above which they were col

lected. After deleting data for the seven surface-water contaminated 

sites, PCA and cluster analyses were repeated on the reduced data 

set. The first four principal components extracted explained 86% of 

the variance. The chemical constituents associated with each com

ponent were as follows: 
= - +1. 	 S04 , N0 3 , NH4 


++ ++
2. Soluble silicate, Ca , Mg 
+ ++ ++3. H,Mg ,Ca 

4. SO~, Insoluble -Al, 	V, Mn 
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+In the third component, H showed a strong negative cor
++ ++

relation with the other major members Ca and Mg In view of 

+ ++
the observed relationships between H and Ca (Figure 10), this 

result was not unexpected. 

Components 1, 3, and 4 were selected to form the axes of 

a three-dimensional diagram in which the position of a site is 

determined by the magnitude of each of its components. When all 

sites are plotted in this manner, a pattern in evident (Figure 12). 

Most sites fall along a line running from the rear lower left (cor

responding to low Ca++/Mg++- high H+; low Al/V/Mn/SO~ and low 
+ = NH4/S04 /N03) to a point in the front upper right which is high in 

all constituents except H+ (the implied negative correlation between 
+ ++ ++

H and Mg /Ca should be noted. This was considered above). 

The exceptions to the general pattern of three-dimensional 

site distribution discussed above are the background Sites BM, M, 

SMT and Site LS near the source. They clearly do not fall amongst 

the other sites. BM, M and SMT are remote 'background' locations. 

LS is about 4 km north of the source. 

A cluster analysis was also used to identify groups of 

sites with similar chemistry. It was found that the complete set of 

sites was comprised of seven distinct sub-sets. They are identified 

with letters in the principal component graph in Figure 12. In addi

tion, the geographical location of each subset is depicted on a map 

of the study area in Figure 13. Not only are sites in each cluster 

analysis group clumped together in the principal component graph 

but also they are geographically related to one another. 

Closer to the source, snowmelt exhibits considerably more 

variation in its principal components (i.e., in its chemical com

position) than it does in outlying areas. For instance, sites in 

Group F 15 to 25 km away are very close together while sites in 

Group A 5 km away are more scattered. Nevertheless it is felt that 

Group F is a distinct sub-set. 

Two of the principal components plotted in Figure 12 may 

be related to different types of emissions from GCOS; the Al/V/Mn/SO~ 
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Figure 12. 	 A three-dimensional representation of a principal 
component analysis of the snowpack loading data 
analysis. Groups of sites identified by a cluster 
analysis are identified by letters. The geographical 
location of each group is shown in Figure 13. 
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component is associated with gaseous and particulate emissions of 

the oxides of sulphur and nitrogen and of ammonia. In general, 

each component decreases with increasing distance from the source. 

The rate of decrease can be assessed quantitatively by comparing 

the average of each component for a set of sites near the source 

with those of a group of sites in an outlying area. This was done 

with sites in areas A and F in Figure 13. The results were as 

follows: 

Ratio close-in (F)/outlying sites (A) 

Flyash component 8:1 
(Component 4) 

Oxides of Sulphur and 5:1 
Nitrogen Component 
(component 1) 

The influence of flyash constituents drops off more rapidly 

with distance from the source than that of gaseous constituents. The 

same conclusion was drawn in Section 5.1 using snowpack loading data. 
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6. CONCLUSIONS 

A snow chemistry survey is an economical and effective 

way of establishing the extent and magnitude of wintertime deposi

tion of air pollutants in the Athabasca Oil Sands region. In the 

winter of 1977-78, particulate and gaseous substances released to 

the atmosphere from the GCOS power plant stack were deposited mainly 

along the Athabasca River valley. Significant departures from back

ground snowpack loadings were noted for flyash particulate matter as 

far north and south of the pollutant source as 25 km. To the east 

and west, effects of such emissions on deposition decreased much 

more rapidly reaching background within about 10 km. This pattern 

of deposition is consistent with the air motions observed during 

the winter. 

Evidence from snowpack pH measurements suggests that acidic 

oxides of nitrogen and sulphur affect deposition in a much larger 

region than flyash constituents do. Consequently, snow near the 

source is alkaline because of a predominance of flyash in deposited 

matter and acidic in outlying areas where oxides of sulphur and 

nitrogen are the major pollutants. 

The 	results of this study are summarized in the following 

conclusions: 

1. 	 Of the total sulphur and nitrogen oxides released by 

the source during the 70 d lifetime of the snowpack 

sampled, only 0.3 and 2% were deposited within 25 km 

of the source, respectively. On the other hand, at 

least 50% of such flyash constituents as Al, Mn, and 

V came down within 25 km. 

2. 	 The soluble fraction of total vanadium in the snowpack 

ranged from 1 to 10%. Aluminum was less than 1% soluble. 

3. 	 Plume snow-out which occurs at temperatures below about 

-25°C in the GCOS power plant plume is a viable pollu

tant scavenging mechanism in cold winter months. 
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4, The snowpack is alkaline (pH 6 to 7) near the source 

with Ca++, SO~, N03 the predominant ions. In outlying 

areas, it is slightly acidic (pH 4.7 to 5) and H+, 

S04, and N03 dominate snowmelt ion chemistry. 

In the next decade as more oil extraction operations appear 

in the Fort McMurray region, both gaseous and particulate atmospheric 

emissions will increase. By regularly monitoring the chemical com

position of the atmosphere as well as that of the snowpack in winter 

and of rain in summer in northern Alberta and Saskatchewan, the 

impact of emissions, especially the acidic ones, can be assessed, 

Although all of these activities are being undertaken by AOSERP, the 

area covered is limited to northeastern Alberta. There is a need to 

monitor over much larger areas downwind of the AOSERP source region, 

especially in northern Saskatchewan and in the Northwest Territories. 
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8. APPENDIX 

8 .1 THE SPATIAL DISTRIBUTION OF THE MEASURED CONCENTRATION 
OF SOLUBLE SNOWMELT CONSTITUMENTS 

Two maps are shown for each constituent: one with iso

pleths of concentration, one with the measured snowmelt concentration 

plotted beside each site marker. Maps are given for the following 
+ + +constituents: pH (lab), SO~ , Cl-, N03, Silicate Si02, NH4, K , Na , 

++ ++Mg , Ca , alkalinity, and soluble Al, V, Fe, and Ni. 
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Figure 25. Plotted values of NHt from snowmelt at sampling sites. 
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Figure 33. Plotted values of Ca++ from snowmelt at sampling sites. 
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Figure 35. Plotted values of alkalinity at sampling sites. 
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Figure 37. Plotted values of soluble aluminum concentrations at 
sam pl. ing sites. 
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Figure 38. Spatial distribution of soluble vanadium concentration. 
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Figure 39. Plotted values of soluble vanadium concentration at 
sampling sites. 
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Figure 40. Spatial distribution of soluble iron concentration. 



72 


• NW5 
3.H 

oWl 
~.H 

oW2 

oW3 
~.H •SW2 

J.H 

•SWJ 
u 

•SW4
J.S 

•SWS 

0 10 " 
S(ol• l11 Kilc"""'•" 

Figure 41. Plotted values of soluble iron concentrations at 
sampling sites. 
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Figure 42. Spatial distribution of soluble nickel concentration. 
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Figure 43. Plotted values of soluble nickel concentrations at 
sampling sites. 
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8,2 	 THE SPATIAL DISTRIBUTION OF MEASURED SNOWPACK LOADINGS 
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Figure 44. Spatial distribution of S04 snowpack loading. 
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Figure 46. Spatial distribution of N03 snowpack loading. 
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Figure 47. Plotted values of N03 snowpack loading at sampling 
sites. 
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Figure 48. Spatial distribution of Cl snowpack loading. 
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Figure 49. Plotted values of Cl snowpack loading at sampling 
sites. 
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Figure 50. Spatial distribution of silicate snowpack loading. 
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Figure 51. Plotted values of silicate snowpack loading at 
sampling sites. 
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Figure 52. Spatial distribution of NH~ snowpack loading. 
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Figure 60. Plotted values of Ca++ snowpack loading at sampling 
sites. 
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8.3 	 THE SPATIAL DISTRIBUTION OF MEASURED SNOWPACK LOADINGS OF 
INSOLUBLE PARTICULATE MASS AND OF Al, V, Mn, Ti, Fa, AND Ni 
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Figure 61. Spatial distribution of total insoluble metal loading. 
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Figure 62. 	 Plotted values of total insoluble metal loading at 
sampling sites. 
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Figure 63. Spatial distribution of insoluble aluminum loading. 
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Figure 64. Plotted values of insoluble aluminum at sampling sites. 
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Figure 65. Spatial distribution of insoluble vanadium loading. 
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Figure 66. Plotted values of insoluble vanadium at sampling sites. 
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Figure 67. Spatial distribution of insoluble manganese loading. 
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Figure 68. Plotted values of insoluble manganese at sampling 
sites. 
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Figure 69. Spatial distribution of insoluble titanium loading. 
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Figure 70. Plotted values of insoluble titanium at sampling sites. 
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Figure 71. Spatial distribution of soluble aluminum loading. 
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Figure 72. Plotted values of soluble aluminum loading at sampling 
sites. 
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Figure 75. Spatial distribution of soluble iron loading. 
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Figure 76. Plotted values of soluble iron loading at sampling 
sites. 
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Figure 77. Spatial distribution of soluble nickel loading. 
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