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ABSTRACT

The results of a snowpack chemistry survey conducted
in January 1978 in the Athabasca 0il Sands region of northeastern
Alberta are presented. Snow collected at 60 sites within 100 km
of the Great Canadian 0il Sands extraction plant was melted and
analyzed for the major ions: 80: NOE, c1, NH:, K+, H+, 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 0il 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 cbhjectively 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 0il Sands Environmental Research Program
(AOSERP) (see Figure 1 for map of AOSERP study area).

Deposgition studies were centred on the Great Canadian
011 Sands (GC0S)! extraction plant. In operation since 1969, it
was the major source of atmospherid pollutants until summer 1978
when Syncrude began production. The major source of emissions from
GCOS 1is 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
compésition 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 nefwork of artificial collectors {Barrie 197%a). Winter-

time measurements have taken advantage of the snowpack's ability

l6Cos amalgamated with Sun Oil Company in August 1979, after the
writing of this report was completed, to become Suncor, Inc.
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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 (S1i0,) 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 0.9
Mg : 0.84 0.85 0.71
Mo 0.24 0.25 0.21

Mn 0.090 0.084 0.095




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. 1In 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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2, SAMPLING PROCEDURE AND ANALYSIS

2.1 SAMPLE COLLECTION

Snow was collected at 60 sites within 100 km of GCOS
(Figures 2 and 3) 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 rviver 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 cm? cross-section)

2 cross-section). The

and an acrylic sampler for metals (87.2 cm
plastic one proved to be so rugged that in future it wiil 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. Imsert 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 tec 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.



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°¢
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 400, and analyzed for major ilons 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 uym 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



Table 2. Analytical techniques used in the quantitative determi-
nation of major lon concentrations.

METHOD
pH _ electrode
SOZ methyl-thymol blue (colorimetric)
and isotope dilution
c1~ mercury—-thiocyanate (colorimetric)
Nog cadmium reduction (colorimetric)
Sol. Silica (810,) molybdate-oxalic acid (colorimetric)
NH: alk. phenol (colorimetric)
K+ flame photometric
Na+ flame photometric
Mg++ atomic absorption
Ca++ atomic absorption
alkalinity titration to pH 4 then back to

5.6 under N»
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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). 1In 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, 1f a set of blanks had an average concen-
tration and standard deviation of X and o, respectively, the detec~
tion limit was defined as 3 ¢. Any sample having a concentration
X greater than X + 3 o 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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Analytical techniques used to analyze acidified snowmelt

Table 3.
samples and filters containing inscluble 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
Vv 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 amalytical techanique).

Limit of
Detection Loading Determined
Concentration (10~ 3gm~2) by
MAJOR IONS
SO -5 0.0l (mg-L™ %) 0.4 AT
c1” 0.06 (mg'L 1) 2.4 FB
NO3-N 0.005(mg-L 1) 0.2 AT
sol silica (8i0,) 0.002(mg+L 1) 0.08 FB
NH; N 0.001(mg-1L"1) 0.04 AT
Kt 0.06 (mg-L 1) 2.4 ¥B
Na® 0.02 (mg-L"1) 0.8 AT
matt 0.01 (mgL 1) 0.4 AT
cat 0.05 (mg-L™1) 2.0 AT
TOTAL INSOLUBLE MASS 3800 FB
METALS
Soluble
Al 1.0 (ugeL™ D) 0.05 AT
v . 1.2 (ug-L™ D) 0.06 FB
Fe 2.0 (nug-17l) 0.10 FB
Ni 2.0 (ugeL™D) 0.10 FB
Insoluble
Al 3.42 FB
v 0.1% FB
Mn 0.1% FB
T1 7.0% FB

%For 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, meteorclogical
conditions in northeastern Alberta were ideal for a deposition study.
Air temperatures never exceeded -5°¢ 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 cm of fresh srow fell, The depth of
the snowpack at the time of sampling was 30 to 40 cm.

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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Figure 5.
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& — -8 WINTER 1974-75
o—e NOV. 18~ JAN.28 1977-78

Wind roses showing the frequency distribution of wind
direction for the lifetime of the snowpack sampled

{solid line) and for the winters of 1973-74 and 1974-75
(dashed lines).

Winds were calm (less than 1.5 m/s)
for 257 of the time.


http:o----:-t)N0V.I8-JAN.28

16
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,
S8W5, R4 and N1. 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 207% for SOE, cl, NO3
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 ! 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 1s 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
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Table 5. Measured snowmelt major ion concentrations for each site on
26 to 28 January 1978 (see Figures 2 and 3 for site locatioms),

FAJOR ION CONCERTZATISNSG

SNGWMELT

SITE HAJOR 103 pH pH - ~ - SULUBLL . . " “ o+
fAdE VOLUME FIELD LAB 80,3 cl NO3-N  SILICFTE  NH X R Nz ¥g Ca ALKALIITY
- {510y}
(1) : o i ™h (16 %0 172
SMEl 4567 4,7 4.9 0.38 D.L. 0.173 0.025 0.052  C.Li.  9.03  0.04 0.3 ~3.2
aNE2 427 4.7 4.7 0.49 DL 0.176 0.632 0.0G5% 0.0%  {.08&  DuL. 0.22 -1lu.5
23 547 4.8 5.0 0.21 C.L. 0.118 0,014 0.033 ©.L. .03 9.02 0,12 -5,2
HNE4 476 5.0 5.0 0.22 D.L. 0,129 0.923 0.017 ©.L. .83 ©.02 0.}4 4.4
dhl £39 5.7 5.0 0.43 D.L. 0.154 0,040 0.13% .12 .13 w.09  0.65  1d.2
422 335 5.4 5.0 0.19 G.L. 0.1062 0.013 0.03% D.iL. 3.94 D.b. 004 -0
Ne3 625 4.3 4.9 U.24 B.L. 0.113 G.007 0.01> $.E. .63 D.L. 0.04 -4.8
scd 499 5.9 5.0 0.29 D-L. 0.09% p.L.. 0.0z ©S.L. &.03 D.L. 0.06 i.4
deh L Te0 6.1 6.6 0. 36 C.L. 0.103 0.044 0.%2.  B.L. 3.3 4.7 4,73 vead
wl 518 5.9 5.1 [ . L. 6.157 0,011 0,620 G.42  i.3s  w.02 0.14 v.l
g2 433 4.9 5.0 0.17 p.L. G.E1y 0.uub 0.2 GU.0%  3.lu D.L. w.lU 2.3
£3 480 5.0 5.0 0.16 D.L. 0.164 D.0b4 0.0 ©9.L. S.L.  D.L. G.ub 3.8
£4 498 5.1 5.0 0.20 D.L. 0.097 B.L. D.tzi B.L. D.b. DL [V -4,2
4A 266 5.9 5.2 0.1z 0.08 g.08g C.L. 0.9l B.L. S.L.. .02 D.L. 5.0
a3 220 5.0 5.0 A 0.07 0.101 D.L. 0.ul4 DO.L. Z.bL. Pl DL, 2.4
Hite 271 5.2 5.0 [V ¥ D.L. 0.142 D.E. 0.ti2 D.L.  2J.L. p.L. D.L. 3.0
MD . 265 5.1 5.0 0.13 D.L. .12}k P.L. D.L. Z.L. p.L.  D.L. -u.d
Ma 198 5.0 5.0 0.16 0.08 0.13% D.L. 0,61% D.L. 2.L. D.L. D.hL. -1.2
SE1 561 5.2 5.4 0.35% D.L. 0.122 0,015 0.06% D.L. .06 0.05 0.34 7.6
sE2 674 5.2 5.1 . O.2u D.L. 0.09% . 0.007 0,02% ©D.t. 3.03 D.L. 0. 12 S.u
553 532 5.8 6.2  C.l4 Dyl 0.0382 4.007 0.621 ©D.L. 3.05  0.15 0.3 23.0
sz4 547 5.2 5.4 .23 D.L. 0.088 D.L. g,137  p.L. Z.L. o.L. .08 8.4
SES 542 6.2 6.6 0.26 D.L. 0.948 0,020 o.0z22 ©.L.  S.05  0.11 0 0.7¢ 45.0
a3p1 - 591 5.0 5.0 0.26 D.L. 0.108 0.0u8 0.033 ©.L. =.L. H.L, £.10 ~1.4
S3E2 527 6.5 6.8 0.33 D.L. 0.092 0,164 6.0l D.L. 2.}3  0.21  1.30 66.8
S3E3 403 5.5 5.9 | D.L. ¢.052 0.007 $.0i7 2.E. L. 0.05 9.18 19.8
51 533 5.6 . 6.1 0.95 0,11 0.204 0,078 0.143 Q.07 .12 0.19 1,10 4.0
&2 645 5.4 5.4 0.50 0.22 0.176 0.035 0.552 ©D.L. J.20  0.10  0.5¢ 14.8
$3 T34 4.8 4.5 0.43 0.33 0,625 0.174 D.0£3 0.l .36 €.03 .20 ~4.6
54 677 6.3 6.6 0.36 0.14 1.045 0,138 $.024 D.i. d.E2 0 0.ls 0.80 47.6
85 . 547 6.5 7.1 0,45 0.37 0.154 0.685 ¢.065  9.0%  i.03  0.67  1.50 135.6
334l 583 5.4 5.4 0.27 D.L. 0.112 D.o18 po0%5  D.L. 3.09 0.05 0.2 8.2
8312 330 5,0 5.1 0.30 D.L. 0.123 0,014 0.045 D.L. 9,09 0.02 .12 -3.0
34l 553 6.0 6.6 0.43 0.22 ¢.210 0.031 0.0657 9.0 8.l 0.35 0.80 43,2
3n2 517 6.9 M 0.33 0.11 0,130 0.147 0.011 i & H 4 !
3n3 557 6.1 6.4 .14 0.07 .14 0,033 0.u12 D.E.  9.34  0.0%  0.35 24.%
3d4 714 5.1 5.2 0.23 D.L. 0.118 D.E. ¢.073 D.L. ©5S.L. 0.02 ©.08 4.2
Sd5A 530 5.1 5.4 C.16 D.L. 04.124 DubL. 0.022 D.L. J.05 0,06 0,15 lu,u
EVEL 520 5.2 5.3 [ p.L. 0.183 D.L. 0.0z D.L. d.04 . wv.03 £.15 y,2
5w5C 510 5.0 5.1 0.16 D.L. 0.124 D.i. 0.427 D.L. G.u3 9,02 0.08 4.6
3950 500 5.9 5.1 4,16 D.L, 0.124 © D.L. 0,325 §.L.  G.ud @.03  WL10 1.2
3456 520 5.7 5.4 . 0.14 D.L. 0,112 D.L. 0.024  D.L. 0.05  d.09 0.3 14.2
Wl 622 4.9 5.0 0.1 0,99 0.115 L. 6.023  0.L. £.05 D.L. 0.06 .2
W2 337 6.9 7.3 6.19 0.0% D.117 0,393 0.63% $.33  2.91 u.,97 1.0 220.0
Wl 527 5.3 5.0 M P.L. 0.105 0,004 ¢.011 DB.L. .03 o.02  D.L. -5.0
ns3 439 5.1 4.9 6.15 D.L. 0.1249 0.003 0,0'3 D.L. 9.05 D.L. 0.08 -6.6
HA4 527 5.1 5.1 0.4 DL, 0.119 0.006 0.0:3 ©o.L. .04 D.L, 0.10 2.0
nd5 487 9,1 7.7  0.43 D.L. 0.112 0.148 08.662 9.43  §.97 3.40 ' 1,50 564.0
HIAL 523 5.0° 5.3 . 0.14 D.L. 0.105 Bo. 0.61% D.E. 2.05 0.04 0.0 7.0
q1a 465 5.6 6.0 6.35 6.07 0.160 0.022 0.042Z D.L. 3,10 0.13 0.55 19.3
s 483 5.3 5.8 0.34 0.07 0.163 §.025 0.852 p.L. 0.12  0.12  0.40 11.2
Nic 432 5.6 5.7 0.35 0.07 0,160 0,031 6.632 D.L. Q.10 0.1¢ G.44 13.4
R10 489 5.6 5.2 0.32 0.07 0.158 0.023 0.033 0.13 0.20 9.1 0.70 20.0
H1E 500 5.6 6.1 0,35 0.06 0.151 0.024 0.833 ©B.L. §.19 0.15 0.65 5:0
22 494 6.2 6.9 0.33 6.08" 6.174 0.491 0.615 ©D.L. 9,05 0,33 2.10 115.8
©3 545 6.4 6.7 0.26 D.L. 0.145 0.035 0.6:) ©p.L. &.04 u.25 1.00 53.6
4 558 5.1 5.1 0.20 D.0. 0.138 0.089 0.011 D.L. 9.03 (.03 9,20 1.8
kL 571 5.0 5.1 0.20 D.5L. 0.128 0.008 0.021  $.07 4,09 OD.L. 0.l6 ~0.3
LB 3140 §.1 5.1 .20 8 AN 0.052 D.L. 0.020 G.L. G.05 D.L. "0.06 ~Z.4
Gl 598 5.6 6.1 Q.41 0.1¢ 8.192 0.042 0.06y C.L. Q.07 - 0.17 0.7% Za.u
$3 Su7 5.1 6.9 0.77 8.11 0.195 0.061 0.653 B.L. 0.}4 v.45 2,10 1i5.4
RL 350 6.0 6.7 0.52 0.13 0.21% 0.153 0.039 90.1% 1.05 0.35 1,20 60,4
R2 453 6.0 6.2 0.43 ¢.15 0.237 2.036 0.133  5.L.  0.10  D.12  ¢.70 210
]R3 440 5.6 5.6 4.53 0,17 0.137 £.035 0.134  D.iew  G.04 u.0% 0,50 8.2
R4A 440 ~6.1 6.7 0.57 0.12 0.203 0.113 0.230 uw.,l2 4.30 v.2%  1.49 6.b
R4B 433 5.9 6.4 0.49 D.L. 0.142 0.071 0.136 ©b.L. G.10  0.18  1.40 37.0
RAC 500 5.7 6.5 .53 0.07 0.161 0,077 ¢.14% Q.67 @12 0.17 0.90 35.%
R4D 520 5.7 6.5 0.56 0.07 0.163 0.069 0.155 0.G3 0,14 0.19 0.95 4u.2
R4E 540 5.9 6.5 0.60 0.08 0.163 0.072 0.135 0.7 0.16 D.20 0.95 39.6
ELS ] 4.8 L 6,13 M ] i 0.622 D.L. ©C.L. o.L. D.L. -5.4
RCH M 4.8 4.9 M D.b. 0.130 D.L. 0.6l O0.L. BD.L. p.L. D,L. ~5.4
NuR ] 4.9 4.8 0.14 D.E. 0.0738 D.L. 0.013 ©B.L. B.L. D.L. D.L. -2.2
SMT M 4,7 4,8 0.26 DL, 0.083 D.L. £.051 B.L. 0.03 D.L. D.hb. -§.0
LC it 4.8 4.9 3 D.L. 0,093 D.L. 0.623 ©C.L. ©0.04 D.L. 0.5 -4.8
uT ] 4.9 4.9 M o.L, 0.095 DL 0.024 D.L. ©0.04 D.L. D.L. ~2.4
L3 548 5.8 6.3 0.76 0.90 0.355% 0.079% 0.259  9.21 Q.09 9.1y 1.37 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).

SH0LPACKH 5H0ALLT SOLUBL: AcrhL CONCENTRATIONS

olisz DeE'PH DLnSIiy e TAL ALGALAUA  VASADION IROw NICKLL
AL VUL &1 v fe a1

(ca) (g e ) {al) {Lu" %1 l)

31 U.la au; Eo. U jo.4 i3.v 4.0

33 .16 444 i4.u 23.4 13,0 D.L.

KH 0,143 451 3.0 12.4 3.0 B.L.

s a0 U.16 475 8.0 3.3 3.4 D.L.
i1 31 ¢.15 427 4.0 52.4 3.0 7.0

8I2 25 d.14 331 12.0 D.L. 9,0 D.L.
H23 kh] G.19 491 7.0 1%.4 3.0 D.L.
¥4 32 3. 135 437 6.0 5.0 6.0 D.L.
%33 390 0.22 533 4.0 3.3 2.3 D.L.
£l 33 0.15 543 5.0 15.4 10.0 D.L.
a2 3 U. 1o 447 3.0 12,4 4.5 b.L.
£3 1) 0.15 407 5.0 3.5 4.0 D.L.
£4 13 0.15 E0% 3.0 5.4 4.5 D.L.
LA 33 0,18 2317 2.0 3.5 2.6 D.L.,
i3 41 .13 777 D.L. 2.2 D.L. 0.L.
i1Z 42 J.19% 519 5.5 2.5 4.0 D.L.
“o 13 ¢,13 540 3.u 3.4 2.L. B.L.
M 35 0.17 543 2.0 3.9 2.5 D.L.
e 3 3:15 25 138 33:8 5Ly P
533 32 [V ) 422 3.0 6.7 3.5 . L.
534 30 0,17 400 3.0 8.2 3.0 DL
523 31 ¢, k4 393 2.0 Z.5 D.L. p.L.
5531 EY: U.16 562 9.0 1ld.4 11.0 B.L.
53:2 33 0.16 439 3.0 12.4 4.0 p.L.
5523 40 0.16 567 3.0 4.6 D.L. D.L.
31 kT 0,15 577 3.0 91.4 6.0 10.0
52 37 G.18 243 5.0 42.4 13.5 4.0
33 38 0.17 585 5.0 24.4 17.5 D.L.
s4 39 6.16 560 5.0 3.4 11.5 D.L.
55 33 0.13 350 4.0 10.4 D.L. D.L.
55n1 35 0.17 497 16.0 38.4 17.0 3.0
S8 30 0.17 440 11.0 22,4 17.0 -B.L.
Snl 33 0.16 467 [+ 35.4 D.L. D.L.
Su2 33 0.14 450 9.L. 7.9 o.L. D.L,
Seed 34 0.16 470 o.L. 7.8 8.0 D.L.
Sud 41 0.17 592 O.L. 5.1 3.5 D.L.
S#5h 28 0.19 452 D.L. 3.3 D.L. D.L.
5453 23 ¢.13 460 D.h. 1.3 D.L. 0.L.
5.3C 23 0.138 430 2,0 2.4 D.L. D.L.
S50 28 d.18 419 2.0 1.5 P.L. D.L.
Swie 23 U.19 480 2.0 2.% D.L. D.L.
wl 332 0.13 627 5.0 4.2 4.0 D.L.
w2 a2 0.14 2357 0.L. 7.2 4.0 D.L.
w3 33 0.1la 450 3,0 Kl 3.0 D.L.
bAl 31 V.lo . 417 7. T.1 tob L P
Kida 32 9,18 473 4.0 4.5 2,5 b.L.
Naid 29 U.19 390 2.0 3.3 J.0 D.L.
HSWl 32 J.15 i ] . M M
H1a 39 0.15 430 7.0 15.4 2.0 3.0
w18 30 v, 17 443 1 33,4 i o
1T 30 0.14 482 5.0 34.4 10.0 4.0
KLD 30 0.16 480 6,0 32.4 12.0 4.5
Hle kh] 0.16 500 6.0 35.4 11.9 4,0
N2 30 0.15 420 3.0 25.4 2.5 3.5
4] 35 0.1% 384 4.0 13.4 D.L. p.L,
N4 32 U.16 558 D.L. 10.4 10.0 D.L.
5 34 U.16 571 3.0 12,4 11.90 D.L.
-5 i9 0.14 283 3.0 D.L. D.L. p.L.
Gl 35 0,15 387 1.9 126.0 3.5 6.6
&5 31 0.15 420 4.0 35.4 D.L. D.L,
Rl 22 d.16 ‘344 7.0 39.4 3.0 3.5
R2 27 0.16 339 4,0 35.4 2.5 2.5 .
R3 27 0.1as 377 2.0 d43.4 13,0 10.0
P4A 27 U. 18 480 3.0 55.4 D.L. 6.0
R4a3 27 0.19 470 3.0 55.4 D.L. 7.0
242 27 0.19 460 4.0 54.4 D.L. 7.0
R4D 23 0,19 470 4.0 60.4 3.0 6.5
R4E 23 0.20 489 5.0 61.4 2.5 6.0
ELS 34 0,21 M 2.0 1.9 Bb.L. D.E.
RCH 38 0.18 M 2,9 D.L. D.L. D.L.
niE 32 V. 14 o 2.0 D.L. D.L. D.L.
S4T 47 0.19 M 3.0 2.4 2.5 D.L.
Lo 33 0,20 ) 3.0 1.8 2.L. p.L.
Ur -39 0.18 M 2.0 D.L. D.L. b.b.
L3 33 .16 420 5.0 58.1 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, SW5, R4, N1).

PARAMETER INTRASITE VARIABILITY (%)

MELTWATER VOLUME OF:
Major ions 7

Metals 7

CONCENTRATION OF:
+

H 30
SOy 8
c1” 7
NO3 15
Sol. Silica 23
NHY 24
Na© 36
ugtt 31
catt 33
Soluble-
Al 18
v 16
Fe 12

Ni 12
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Figure 6. A comparison of pH measured in the field immediastely

after melting snow with that measured a month later
in the laboratory.
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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
Flgures 2 and 3 for site locations).

HAJOR ION LOADKSS (mg/m?)

SITE . - _ _ SOLUBLL )
RAME at s50,-s c1 NOy-¢ SILICATE K, =N «* wat  wg™ ca*t
(5i0,)
HNEL  0.588  16.8  D.L. 8.ud 1.17 2,80 L.L. 1.4 L.e?  lald
SNEZ  0.852 17.1  D.IL, 7.26 1,37 2.52  3.84  3.42  ©.L. 9.4
A¥E3 0.547 11,5 D.L. 6.45 0.77 1.31 b, l.és 1oy 6.5
S9E4 0.476 9.5  ©£.L. . 5.71 1.09 0.81  D.L.  1.43  0.%3 6.7
NEL 0.048  20.6  D.L. 7.39 1.92 6.62  5.76 6.2¢  4.32  3l.2
ne2 0.385 7.3 D.L. 3.93 0.50 .27 ©L.L. 1.54  D.i. 3.1
E3 0.787 12.5  D.L. 7.06 0.44 9.4  D.b. 1.3 B.L. 5.0
ned 0.439  10.0  D.L. 4,74 D.L. 0.60  D.L. 1.5 Dii. 3.0
B 0.018  21.0  D.L. 7.63 3.08 1.40  E.L. 35,70 1d.50 52,5
£l 6,491 28.4  D.L. 9,79 0.64 1,24 25.96 23,44 1.:4 5.7
£2 0.493 8.4  D.L. 5.67 0.30 1.04  4.44  4.93  D.t. 4.9
£3 0.460 7.4  D.L. 4.78 U, 13 0.53  E.L.  D.L.  D.lL. 2.8
.4 .49  10.0  D.E. 4.83  .D.L. 1.95  D.L.  D.L.  D.L.  D.L.
A 0.168 3.2 2.13 2.34 p.L. -  0.27  C.L.  D.L.  0.53  D.L.
g 0.220 M 1.54 2.22 D.L. 0.3t  ©0.L.  B.L.  ©.L.  D.L.
RS 0.271 3.3 D.E. 3.85 L. 0.27  ©0.L. p.L.  D.l.  D.L,
40 0.265 3.4  D.L. 3.21 D.L. 0.45  D.L.  D.L.  D.L.  D.L.
0,19 3.0 1.3z 2.64 B.L. 0.29  L.L.  D.b.  D.l. DL,
0.223  20.2  D.L. 6.04 0.84 3.81  b.L. 3,37 2.5l Il
¢.535 13.5  D.L. 6.07 0.47 1.95  ©.L. 2.2 D.L. 8.1
6.034 7.4  D.L. 4.35 0.37 1,12 D.b.  2.66  7.53 ° 15.0
¢.218 12.6  D.L. 4.81 D.L. 7.4%  D.L.  Db.L. DL 4.4
0.014 14.1  D.L. 2.60 1.08 1.19  D.L. 271 5.% 37,9
0.591 15.4  D.L. 6.30 0.47 2,56  B.L.  B.E.  Dais 5.9
0.008 17.4  D.L. 4.65 8.64 0.5 D.L.  6.55 11.07  63.5
0.051 o D.L. 2.19 0.28 .69  D.b.  D.L.  2.Le 7.3
0.043 ~ 51.1  5.82  10.98 4.20 7.80  3.77  6.45 16.22  59.2
0.257 32.3  14.19  11.35 2.26 3035 D.B. 12,90 6.45 3.3
0.324 31.6 24.22 1.54 12,77 3.1 4.07 26.42 2.2 14,7
0.017  24.4  9.43 3.05 9.34 1.62  b.L.  8.12 12.19  54.2
0.604 24.1 20.24 3.42 4.65 2.27  4.82  5%.0¢  35.é3  82.1
0.236 16.0  D.L. 7.3 1.67 5.63  2.L. 5.3 2,97 1i.9
0.421 15.9  D.L. 6.78 0.74 2.44  D.L. 4,77 1.G3 5.4
6.014 23.8 12,17  1l.6i 1.71 3015 4.4 8.55  19.3s 44,2
» 17.1 5.69 .72 7.50 9,57 A i i N
0.022 7.8 3.99 6.35 2.17 0.67 ° D.L. 13.9%  5.01 19,5
0.451 la.4  D.L. 8.23 D.L. 535 O.L. BuE. 1.43 5.7
0.211 8.5  D,Li. 6,36 D.L. 1.2z B.L.  2.65  3.13 5.0
U.251 i D.L. 4,73 D.L. 1.35  D.L.  2.98 2.8} 7.9
0.405 8.2  D.L. 6.32 b.L. 138 D.L. .33 l.62 41
0.397 8.0  D.L. 6.2 D.L. 1.25  Db.L. 1.3 1.5 5.0
0.082 7.3  D.L. 5.52 p.E. 1.25  D.L.  2.50  4.83  13.6
0.629 10.7  5.66 7.23 D.L. 1.45  D.L. 3,15  D.L. 3.8
0.002 5.8 2,76 3.59  12.25% 1.0 9.21  89.3%  29.78  33.8
0.527 M D.L. 5.53 0.21 3.5  ©£.L. 4.2z "1.85  D.L.
0.628 8.0 9.L. 5.99 0.15 2.94  D.L.  2.3¢  Db.L. 4.0
Riid 0.419 . 7.4  D.L. 6.27 0.32 8.63  D.L. 211 D.L. 5.3
S 0.001 20.1  D.L. 5.23 6.91 2.90  20.03 325.57 153,73 70,1
Wil 0.202 7.3 D.L. 5.43 Y 873 b.L.  2.62  2.0% 5.2
12 0.047 16.7  3.26 7.44 1.02 1,95  D.L.  4.85  6.05  25.6
13 0.077 16.4  3.33 7.87 1.21 3.2 D.L.  5.80  5.54  19.3
Nic 0.096 17.4  3.37 7.71 1.49 2.02  ©D.L.  4.82  &.82  2l.2
41D 0.030  15.4  3.35 7.4% 1,10 2.06  5.24  9.80  7.20 3L
N1 0.040 17.5 3.2 7.55 1.26 1.65  B.L.  5.06  7.50  32.5
N2 0.006 16.3 3.9 B.60  24.25 9.73  D.L.  2.95 18.30  103.7
N3 0.012 15.2  D.L. 8.48 2,05 9.64  D.L.  2.33 14.63 58,5
a4 0.443 1l.2  D.L. 7.59 0.50 p.61  D.L.  4.85  1.67  11.2
§5 6.45¢ 11,4 D.L, 7.31 0.34 1.22 4.6 5.14  D.L. 9.1
a3 0,270 6.8  D.L. 1.79 D.L. 0.68  9.L. 1.70  G.L. 2,0
! 0.043 24.5  5.93  11.48 2.51 3.59  D.L. 4.1y 10,17 44.9
35 0.006 39.0  5.53 9.39 3.09 2,59 D.L. 7,10 22.82  1lda.5
51 0.007 18,2  4.53 7.67 5.36 2.07  6.65 37.lv  1.z>  4z.0
R2 0.029 192.5  6.s0  10.74 1.63 5.02  D.L.  4.53 5.8 3l.7
K3 0.111 23,3 7.43 6.91 1.54 $.02  D.L. 3.5z  3.56  22.0
R4A 0.009 25.1  5.23 9.u2 4.97  12.76  >.28 1s.2v le96 o ellb
R4 0.01% 23.5  D.L. 6.32 3.41 7.2 D.L.  4.80  d.64  43.0
R4C 0.016  26.5  3.50 8,05 3.85 7.45  3.30 .05 6.5u  45.0
R4 v.016 29,1 3.54 8. 48 3.59 §.06  4.05  7.26  9.83  49.4
fAE 0.017 32.4  4.32 9.07 3.49 7.2¢  3.78  B.ed le.su  51.3
LLS o 10.v a N “ 1.57  b.L.  BD.L.  D.L.  D.L.
RCH 0.861 2 D.L. 8.39 D.L. v.42  D.L.  D.L.  D.L.  D.L.
R 0.710 6.3 D.L. 3.49 D.L. g.8L  D.L.  D.L.  D.L.  D.L.
sAT l.415  23.2  O.L. 7.88 D.L. 4.55  D.L.  2.68  D.L.  D.L.
LS 0.831 a D.L. 6.27 p.L. 1.52  D.b.  2.64  D.L.  D.L.
uT 0.894 4 D.L. 6.67 D.L. 1,68  0.L. 2.8l D.L.  D.L.

L3 u.027 41.6 49.32 i3.45 4.33 14.74 1i.51 4.93 9.5¢ FETYS
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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 80:, NOS, 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,

4.3 SNOWPACK LOADING OF NON-ALKALINE METALS: INSOLUBLE AND
SOLUBLE

The snowpack leadings 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 tﬁe 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 iIntrasite 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, SW5, R4, N1),

LOADING OF INTRASITE VARTABILITY (%)
ut 36
SO, 9
cl— 5
NO4 15
Soluble Silica 15
NH 22
Na+ 34
Mg++ 30

Ca-[_+ 31




24

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

vnTAL LOADINGS (fr.g/mz)

INSOLUBLE SOLGBLE

SITE TOTAL RE v Mn T Al v Fe Mi

NNF1 “ ] M M M 0.747 1.792 1.073 6.187
NMEZ2 BD.L. lou 17.2 1.0 14 G.713 1. 131 U,504 B.L.
NNE3 D.L. 53 8.7 6.3 DL, {1,476 0,655 0.317 D.L.
Nir4 D.L. 43 6.8 0.2 D.L. 0.327 2.506 0.272 b.L.
NEL 1200 330 57.3 2.3 59 U.196 2.565 S 9.451 v.343
NE2 D.L. 45 7.6 0.3 D.L. 0.455 D.L. 0,342 D.L.
NE3 p. L. 44 6.9 0.3 D.L. d.394 Q.642 0.450 D.L.
NE4 C.L. 44 7.1 0.3 p.L. 0.301 0.301 0.301 bD.L.
NES DL L. 44 5.9 D.L. 12 0.244 0.324 0.153 b.L.
£ D.l. 130 17.2 0.8 Db, 9.314 U, dbd U.62d u.L.
L2 b.L. 81 12.6 0.3° 1lv G.410 7 O.bd5 1.231 E.L.
L3 Le L. 45 1.2 0.3 b.L. 0,213 V. 337 d.la? DL,
P o3 43 6.1 6.2 D.L. 0.55¢ g, 307 0.314 k.
[543 B.L. 7 u.g D.L. D.L. 0.130 U.228 v.l3u 0.L.
HB D.L. [ 0.3 D.L. D.L. D.L. 0.196 &.L. u.L,
ne L.L. 9 u.s D.L. D.L. U, 39¢ v 177 U.284 D.L.
MD D.L. 9 1.0 D.L. D.L. J.lee 0.211 D.L. D.L.
Bl B.L. 7 .8 DuL. D.L. 0.128 0,239 v.1537 G.L.
SK1 4700 3y 57.3 2.4 44 o.7l2 2.713 C.L. O.304d
sg2 b,L., 249 33.2 1.1 29 04544 1.401 w.ole O.L.
Skl D.L. 44 5.6 0.3  D.L. 0,145 G.324 u.lod D.L.
sep4 D.L. 30 4,2 0.2 D.L. G.138 0.244 v.1l38 [* 19 AN
SE5 E.L. 25 3.7 0.1 DL 3.0 0.113 [V P v.kL,
5881 k.L,. I1lg 17.2 ¢.8 22 0.580 1.136 g, Tuy 0.5
S3e2 G.L. 60 3.3 D.L. 13 ¥,.151 G.o024 G, 2u} B.L.
SSE3 B.L. 48 6.3 8.3 D.L. Q.325 G.239 [N A D.L.
51 151090 1060 143.0 6.4 120 ’ d.19d 6.047 v, 397 J,bo2
52 4506 450 66.5 3.6 57 0,343 2,407 1,264 0,274
53 D.L. 140 21.8 1.1 25 U.335 1.637 1.174 D.L.
54 D.L. 130 16.3 0.9 9 0.321 0,604 0.7338 b.L.
85 4500 110 12.6 0.8 D.L. J.161 0,417 D.L. 0.4,
5541 G.L. 210 33,2 L.5 23 g.912 2.148 0,959 0,171
8542 D.L. 100 17.2 u.7 22 3.535 1,130 0.45% .5,
Sl 11700 640 56,2 3.8 60 D.L. 1.8935 D.L. D,L.
Sa2 D.L. 92 9.7 0,9 11 [+ AN 0,403 b,L. 0.L.
Snd D.L. 80 10,8 0.6 D.L, D.L, D.410 U.43l C.L.
Siid oo L. 38 4.5 u.2 b.L b.Lb. 0.346 0.23s 0.L.
SubhA C.E. ] 1.0 D.L. D.L. D.L. ¢.170 Delie D.L.
SWS3 D.L. 5 0.8 D.L. b.L. o.L ¥, 095 0.L. D.L.
Sw5C D.L. D.L. 0.6 D.L. D.L. v.099 0.118 b.L. D.L.
SvisD D.L. [ v.7 D.L. D.L. a.108 U.08L DL B.L.
Swhk BoLa 5 0.8 p.L. b.L. 6,110 0,160 D.L. U.L.
Wl D.E. 49 6.2 u.3 12" 0.359 .539 9.2d0 DL,
w2 D.L. 18 2.1 1.0 V) [+ 3% AN 0.212 0,118 .L,
wl D.L. 17 2.7 DuL.. D.L. 8,155 A 0. 1550 38 1
NuW3 b.L. 64 5.0 U.4 9 0.335 0,380 U.335 fris O
Wad D.L. 32 4.4 0.2 p.L. ¢.217 U.244 . 136 o.L.
Hwi5 D.L. 23 3.2 0.2 p.L. 0,009 0.148 0.134 D.L.
TNWL M i M M [ M M o] t1

nia B.L. Lov 14.9 0.8 b.L. 0.345 1.745 Ve ddn Uelye
NiB B. L. 100 13.8 0.7 16 M 2.126 “ ]

NiC D.L. 190 25.2 1.3 & .27 1.901 B.553 Q.21
MID © D.L. 110 16.1 1.0 15 0.330 1.783 0.650 0. 248
Nl 4300 118 14,9 0.6 14 0.344 2.029 0,631 U, 229
d42 12700 370 27.5 2.2 23 D.144% 1.223 v.120 0,169
N3 5800 110 14.9 2.5 29 0.268 0.897 D.L. D.L.
N4 D. L. 69 B.5 0.5 b.L. D.L. 0,655 D.640 - B.L.
N5 D.L. 40 5.9 0.2 Db.I. 0.524 0.812 0.724 B.L

B D.L. ] 0.3 D.L. D.L. G.097 D.L. D.b. D.L.
Gl 8990 540 15.7 4,1 61 0.133 5,324 B.155 0,293
G 15200 750 61.9 6.4 ag 0,193 1.7u5 D.L. D.L.
Rl D.L. 150 24.1 1.4 15 v.276 1.554 U.316 u,lasd
R2 11800 430 5.5 4,0 49 ¢.17d8 1.5%Y U. 245 U, lii
R3 7900 510 78.1 3.4 54 u.0c6 3.605 [T T U.434
R4A - DL, 10 4.3 8.9 11 U.los J.u49 D.L. Uedaw
k48 B.L. 11y 14.9 0.7 b.L. G.lo2 2,983 D.L 0,377
R4C D.L. 150 7%.1 1.0 17 0.211 2.80%9 D.L. 0,369
R4D 59u0 220 31,0 1.3 Z} 0,216 3.255 U.1le2 U.3bu
R4E b.L. D] 26.4 1,3 3 0.275% 3.37/9 T Y] 3,350
ELS . D.L. ] 1.1 B.6  D.L. B.143 0.136 B.L. D.L.
RCH D.L. Su 9.0 0.7 1 0.137 D.L. D.L. D.L.
NHR D.L. M W Mo A u. 090 D.L. D.L. D.L.
S#T D.L. 12 " 1.0 0.5 D.L. 3.447 00214 | G223 D.L.
LC D.L. H 4 M M 0.198 0.119 Dok, D.L.
ur G.L. 2 0.2 S.L. D.E. .14y D.L. o,L. O.L.
LS 4900 140 13.4 1.0 20 0.241 2.798 v.135 0,241
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Table 11. The intrasite variability of snowpack loadings of insoluble
Al, Vv, 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, N1),

LOADING OF INTRASITE VARTIABILITY (%)
Insoluble

Al 24

v 35

Mn LA
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
80:, NO3 (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
asgumed 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 distributicn of sncwpack 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.




29

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 (10f g) FRACTION (%)
RELEASED DEPOSITED DEPOSITED
WITHIN 25 KM WITHIN 25 KM
GASEOUS/PARTICULATE
50,/805-5 7744 + 700° 23.3 0.30
Nox/Nog-N 509 + 50° 10.2 | 2.0
PARTICULATE.
v 49 + 7°¢ 28.4 58
Al 224 + 27° 208.0 93
“Mn 1.68 + 0.2° 1.66 99

fcalculated using measured emission rates supplied by Alberta
Environment,

bCalculated by assuming the ratio of S04 to NOyx emission rates reported
by Shelfentook (1978) and measured SOx emission rates,.

“Determined 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 ratic of snowpack loading between Sites S1, 5 km from GCOS, and
SSW2, 25 km from GCOS, is about 10:1 for inscluble Al, V, Mn and

only 3:1 for SO? and Nog. The observed contrast in scavenging rates
can he attributed largely to the preferential removal of large metal-
bearing flyash particles (1 to 50 um 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
AQOSERP 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 snowpaék's life-
time. In such situations, sedimentation of flyash particles 5 to 50 pm
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. 1In 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 3.

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+, NHj, and H+; and anions SO?, NO,, and clL,
In outlying areas having pH 4.7 to 5.1, H+, 80:, and NO3 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 poéitive ion equivalents in snowmelt is showm in
Figure 11. It was the main pogitive-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 PRINCIPAI. COMPONENT AND 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+,

+ + = -
NHy, Na ', Mg , Ca++, S04, NO3, soluble silicate, insoluble Mn,
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5g°

57

Figure 9.

The spatial distribution of snowpack pH (Lab) in
the study area on 26 January 1978.




for each site.

Table 13,
TOTAL
+VE JCNE
SITE (16 Zeq.r 1y
NNELl 35.5 - 7.0
NuL2 0.0 - 4.6
NSEJ 20.9 - 2.4
HNE4 20,9 ~ 22.4
el
WE2
N3 1,1
k4 17.3
K5 3.7
EL
E2 1.8
E3 17,2
£4 5.9
MA 3.4
521
[ X W3
Mb .7
ME 5.8
331 1.3
5E2 B.2
SE3 2.6
srd 1.2
515 3.2
511 1.7
SEEZ - 1.4
SSE3
51
53 3.3
&3
54 61.3 - £3.1
85
58wl 27.3 - Za.g
52.2 22,8 -~ 23.6
St Bl.3
l(_.‘z kX
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Skhd 16.1 - 14.5
SuSA l¥.9 -~ ¥1.4
S5z - b
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Sus0 13.1 - 13.8&
5).5E 27.5 - 32,0
vl 16,4 - 23,8
HZ 211.:
K3 LX)
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Ru.5 673.3
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Fi 1431.3
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Fah 126.4
R43 ¥7.3 - 732.3
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FaL 80.%
Réi 30.3
ELE LA
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R 16.8 ~ i2.%
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LC L2
um L2
LS 108.¢
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0.47
.65
*k
.56
0.76
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done with snowmelt major ion concentration
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Figure 10. The contribution of hydrogen and calcium ions to the
total positive ion equivalents in snowmelt collected
from the oil sands area 26 January 1978 as a function
of pH (Lab).
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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 1s 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 (NW5, NE5, W2, §5, 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
get. The first four principal components extracted explained 867 of
the variance, The chemical constituents associated with each com-
ponent were as follows:

1. SO0, NO3, NHE

2. Soluble silicate, Ca++, Mg

3. H+, Mg++, Ca++

4 SO:, Insoluble -Al, V, Mn

++
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In the third compenent, H+ showed a strong negative cor-
relation &ith the other malor 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 1is
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 rumning from the rear lower left (cor-
responding to low Ca++/Mg++ - high H+; low Al/V/Mh/SOi and low
NHI/SO?/NOE) to a point in the front upper right which is high in
all constituents except ut (the implied negative correlation between
ut 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 1is 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 prinecipal 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 ancother,

Closer to the source, snowmelt exhibits considerably more
varilation 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/SOE
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Figure 12.

:\j

4

ALY . Mn 50

NH:/50; /NO3

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. CONCLUSTONS

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 011 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 m. 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 cobserved 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
leagt 50% of such flyash constituents as Al, Mn, and
V came down within 25 lm.

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:, Nog the predominant ions. In outlying
areas, it is slightly acidic (pH 4.7 to 5) and H+,

SOﬁ, and NO; 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), S0, , C1 , NO3, Silicate 8i0s, NHﬁ, K, Na ,

Mg++, Ca++, alkalinity, and soluble Al, V, Fe, and Ni.
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THE SPATIAL DISTRIBUTION OF MEASURED SNOWPACK LOADINGS
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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 64. Plotted values of insoluble aluminum at sampling sites.
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Spatial distribution of insoluble titanium loading.
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June 1977

Native Employment Patterns in Alberta's Athabasca 0Oil
Sands Region

An Interim Report on the Insectivorous Animals in the
AQSERP Study Area

Lake Acidification Potential in the Alberta 0il Sands
Environmental Research Program Study Area

The Ecology of Five Major Species of Small Mammals in
the AOSERP Study Area: A Review

Distribution, Abundance and Habitat Associations of
Beavers, Muskrats, Mink and River Otters in the AOSERP
Study Area, Northeastern Alberta

Air Quality Modelling and User Needs

Interim Report on a Comparative Study of Benthic Algal
Primary Productivity in the AOSERP Study Area

An Intensive Study of the Fish Fauna of the

Muskeg River Watershed of Northeastern Alberta
Overview of Local Economic Development in the
Athabasca 0il Sands Region Since 196).

Habitat Relationships and Management of Terrestrial
Birds in Northeastern Alberta



79.
80.
81.
82.
83.

8.

85.

86.
87.

88,

89.

90.

AF 3.6.1

HS 10.2 ¢

HS 10.1

LS 22.1.2

LS

LS

WS

HY

AS
WS

AF

22.2

22,2

1

2.

3.
2.

2.

AF &

AS

3.

6.1

N~y

0.1

.3.2

115
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