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ABSTRACT

Density, morphology, air permeability and liquid

water content of snow were characterized and compared with

measured deposition velocities to determine the relative

importance of physical characteristics on the uptake of SO2

by snow. Highest deposition velocities (0.10 cm/sec) were

associated with melting snow. Deposition velocities were

higher for new snow (0.055 cm/sec) than for well-

metamorphosed snow (0.04 cm/sec).

Fumigated snow was also used in melt experiments to

evaluate the effects of solute distribution on the

concentration of meltwater. Meltwater fractions were

collected and analyzed for bisulfite, sulfate and nitrate.

Both the melt rate and the distribution of the solute

within the snowpack and within the snow grain influenced

the elution pattern. Highest concentration effects were

observed for bisulfite under conditions of slow melt.

Concentrations of the initial meltwater were 2 to 4 times

that of the bulk snow for sulfate and 2 to 9 times for

bisulfite.
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CHAPTER 1

INTRODUCTION

Deposition Phenomenom

The occurrence of acid deposition in many areas of

North America is a result of SO2 and NO 	by

anthropogenic sources (Schnoor, 1984; Stumm et al., 1987).

The processes of wet and dry deposition remove atmospheric

pollutants such as SO2 and NO  (Stumm et al., 1987). Wet

deposition includes the flux of dissolved and particulate

substances contained in snow and rain to the earth. Dry

deposition is the flux of particles and gases in the

absence of precipitation, to the surface including

vegetation, soil, water, and snow. Regional budget studies

of atmospheric SO2 , and modeling of SO 2 transport have

shown that both processes are equally important in the

removal of SO
2 

(Garland, 1978; Voldner et al., 1986).

In many regions where acid deposition is a problem,

snow is a major source of moisture, affecting the quantity

and quality of water supplies (Richards, 1972). The

chemical composition of the snow can be affected by both

1
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wet and dry deposition. During the process of wet or dry

deposition, acidic products resulting from chemical and

physical reactions of SO2 and NOx are incorporated into

the snow. Thus the snow may fall with high amounts of

pollutants, or snow that has already fallen may collect

pollutants during the winter from the addition of

contaminated snow, and/or from the dry deposition of

gases and particulates.

The accumulation of acidic pollutants in a seasonal

snow cover over the winter can lead to rapid release of

these impurities as the snow undergoes spring melt. The

development and duration of the snow cover is an important

component of the degree of the concentration of ions

observed in the meltwater (Morris and Thomas, 1985). In

mountain catchments, the snow and pollutants accumulate

during the winter, and with only a short, rapid period of

melt in the spring there is potential for large

concentration effects.

Studies of melting snow have found that the initial

fractions of meltwater carry a higher concentration of

dissolved ions than the average concentration of the total

snowpack. Enrichment of the solutes in the initial

meltwater has been linked to short-term but significant

decreases in the pH of receiving waters (Leivestad and

Muniz, 1976). This "acid-shock" or "acid-flush" phenomenon
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from the fractionation of dissolved ions in the initial

meltwater has been documented in a number of studies

(Haapola et. al., 1975; Skartveit, 1981; Skariveit and

Gjessing, 1979; Tsiouris et. al., 1985). Field data

collected by Morris and Thomas (1985) showed a three-fold

increase in the total dissolved solids load in a Scottish

stream during spring melt. Leivestad and Muniz (1976)

investigated the physiological causes of a massive fish

kill in Norway associated with a sharp decrease in pH

during the early phases of snowmelt. They noted that there

was a trend of declining freshwater fish populations in

parts of Norway, Canada, the United States and Sweden due

to increasing acidity in rivers and lakes.

Oblectives 

The objectives of the research conducted at Fort

Valley, Arizona during the winter of 1985/86 were 1) to

characterize the physical features of snow that affect the

rate of dry deposition of SO2 to snow, 2) to evaluate the

effects of the distribution of dissolved ions within the

snowpack and within the snow grains on the concentration of

the initial meltwater, and 3) to develop a conceptual model

of the variables that influence the movement of solutes

through the snow and chemical composition of meltwater over

time.
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To accomplish these objectives, dry deposition

velocities of SO
2 to snow were measured in fumigation

experiments in which different physical and chemical

variables were controlled. The influence of ozone,

illumination, temperature and exposure time on the

deposition velocity of SO 2 were investigated experimentally

(Valdez et al., 1987). In addition the snow was

characterized in terms of morphology, air permeability and

liquid water, in order to assess the relative importance of

the snow's physical characteristics on dry deposition. Snow

that had been exposed to SO2 was then used in a series of

melt experiments in which the meltwater fractions were

collected and analyzed for sulfate and bisulfite, and other

ions.



CHAPTER 2

EFFECTS OF PHYSICAL CHARACTERISTICS ON

ATMOSPHERIC FLUX OF SULFUR DIOXIDE TO SNOW

Background 

Dry deposition of SO
2 is a multi-step process

involving transport of the reactants to the snow surface,

and adsorption/absorption of gas at the snow-air interface,

followed by oxidation to produce sulfate (Bales et al.,

1987). Both the chemical and physical steps will influence

sulfate accumulation. Dry deposition is commonly

characterized by the deposition velocity, v
d' which is

defined as the flux of the reactant to the surface divided

by the concentration of the species at some specified

reference height (Finalyson-Pitts and Pitts, 1986).

Deposition velocity is the inverse of the total resistance,

which is the sum of: 1) the aerodynamic resistance, which

depends on the micrometeorology transporting the gas to the

surface, 2) the resistance associated with the pollutant

transfer across the atmospheric near-surface layer and 3)

the surface resistance, which is associated with the

pollutant-surface interaction (Voldner, Barrie and Sirois,

1986). For snow, the latter two resistances-diffusional

5
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and true-surface resistances are usually considered jointly

as the surface resistance (Bales et al., 1987). The

relative importance of the resistances depends on the

nature of the pollutant, the type of surface and the

micrometeorology (Finalyson-Pitts and Pitts, 1986). The

aerodynamic or gas phase resistance is determined by the

vertical eddy transport while the surface resistance

depends on the detailed characteristics of the specific

surface.

Various techniques have been used to determine the

SO2 deposition velocities to snow. Voldner et al. (1986)

used experimentally and theoretically derived values for

the gas transfer and surface resistances from which the

deposition velocities were calculated. The concentration

gradient method is a type of atmospheric-flux technique

that requires determination of SO2 concentrations in the

air at two or more heights, along with temperature and

heat-flux measurements (Davis and Wright, 1985). Cadle et

al. (1985) determined average deposition velocities to snow

by measuring the concentration of SO2 in the air and the

increase of sulfate in the snow over a specified time

period. Dry deposition of SO2 to snow has also been

determined using a closed chamber in which the snow was

placed and through which an air/SO2 mixture was passed
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(Granat and Johansson, 1983). The uptake determined from

the difference in the input and output concentration of SO 2

was then used to calculate a deposition velocity.

In the present study, SO2 mixed with air was

continuously pumped over the surface to maximize gas

transfer to the snow sample surface, minimizing the

aerodynamic resistance. The surface of the snow grains must

also be considered in addition to the physical surface of

the snowpack because of the porous nature of the snowpack.

Physical characteristics of snow, such as the grain shape

and size, snow structure, liquid-water content and density,

affect the resistance associated with the pollutant

transfer, or diffusional resistance and the true-surface

reaction resistance. New snow composed of crystals of

various shapes and sizes, and which has not been compacted,

has a loose, permeable structure with grains of high

specific surface area. The diffusional resistance to SO
2

moving into the new snow should be low, and the high

specific surface area presents a large surface upon on

which the reactions can take place. Well-metatmorphosed

snow with fairly uniform and rounded grains will be packed

more tightly, reducing the pore space open to the air and

SO 2 . The rounded grains of well metamorphosed snow with low

specific surface areas minimize the surface available for
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pollutant reaction. Pores filled with liquid water increase

the resistance to diffusion into the snow thus limiting the

penetration of SO2 into the snow. Liquid water, however,

has been shown to be a more efficient sink for SO2 than

cold snow, thus the resistance of the reaction surface is

reduced. To assess the relative importance of these

physical characteristics of the snow on the SO2 deposition

velocity, air permeability, density and liquid water

content were measured and the morphology of the snow

described.

Methods

Study Site

The study was undertaken near Flagstaff, Arizona at

the U.S. Forest Service Fort Valley Research Station,

elevation 2250 m. Experiments were conducted over a four-

month period from December, 1985 to March, 1986. The

weather during the study period was mild, with temperatures

0
at night generally between -3 to -7 C and day time

temperatures nearly always above O o C. About half of the

fumigation experiments were conducted using snow from an

early winter storm in November, 1985 which remained on the

ground until the end of March. This snow was well

metamorphosed with rounded grains of 0.5 to 1.0 mm
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diameter. Several smaller storms in February and March

deposited fresh snow with a range of densities from 0.09 to

0.20 g/cm 3 . Snowpack depth at the field site ranged from

about 75 cm in early January to 40 cm or less in March.

Deposition Velocities

Deposition velocities were determined from passing

air containing a known quantity of sulfur dioxide over the

surface of a snow sample, and measuring the amount of

sulfur accumulated in the snow during the experimental

period. Snow for each fumigation experiment was collected

from 5-15 cm below the snowpack surface, broken up, and

sifted to obtain a homogeneous starting material. The snow

was then place into the precooled reactor and the gas

streams attached. Figure 1 is a schematic of the equipment

used to fumigate the snow. At the end of an experiment (6

to 12 hr), a 10 cm square plexiglass snow sampler was

pushed into the snow; the snow was lifted out and sectioned

into one-, two- or three-cm cuts (more details of the

procedure and the results are found in Valdez et al.,

1987). The fumigated snow sample was analyzed by sections

of 1 to 3 cm thick, from which the total deposited sulfur

was calculated. The fumigated snow samples were analyzed in

layers in order to detect any sulfur distribution patterns.



Figure 1. Schematic Diagram of Fumigation Apparatus
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Deposition velocities were determined from the total sulfur

uptake divided by the concentration of SO2 in the air

passed over the snow sample.

During the study period 48 fumigation experiments

were conducted, and for many of these, the physical

characteristics of the snow were also determined. The

physical parameters determined in this study were density,

air permeability, liquid-water content and morphology. The

independent effects of one parameter alone on deposition

velocity were difficult to separated because of the

interrelationships among these parameters.

Measurements of density and descriptions of snow

morphology were made for each fumigation run. Liquid water

content and air permeability were characterized less

frequently but for a range of metamorphosed snow types.

These measured values were also used in the determination

of other physical parameters.

Density

Density was measured gravimetrically using the same

snow collected for the fumigation experiment. Density,

calculated as mass per unit volume, was determined from

triplicate snow samples weighed in 100 cm3 stainless steel

cylinders . The arithmetic average of the three samples was

used for the sample value. These measurements were also
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used in the calculation of liquid-water content and

specific surface area.

Air Permeability

Air permeability was measured using two different

types of permeameters. One measured permeability of

undisturbed snow and the other was used in the lab for

smaller samples. The two permeameters were used on

different types of snow ranging from newly fallen snow to

well-metamorphosed snow, although only a limited number of

in-situ measurements could be made because of shallow snow

depths. The in-situ permeameter was designed so that a

minimum of 30 centimters of snow was needed to prevent

interference of the air flow from the ground below the

snowpack.

Both permeameters were developed to yield data used

in Darcy's equation which relates the fluid flux to the

head gradient and the conductivity or permeability of the

medium to the fluid. The in-situ permeameter involved

measuring the air flow under a constant pressure gradient.

The in-situ permeameter consisted of a wooden box (0.75 m2 )

containing an air pillow from which air was forced through

the snow. The pillow was connected to a container open at

one end and inserted into the snow to a specific depth. Air

permeability measurements in the lab were made by loading
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snow into a pipe to which an air pump and an inclined

manometer were attached. A constant air flow was maintained

and the head loss across the sample measured. The air

permeability (conductivity), K (cm2/sec cm H20), was then

calculated for both sets of data using Darcy's equation:

Q = -KA dH
	

(1)

where Q is the volume of fluid per time (cm3/sec), A is the

cross-sectional area of the sample (cm2 ), L is the length

of the sample (cm), dH is the change in head (cm H20). The

units of K reflect that the changes in head were measured

for both permeameters using a water manometer. Air

permeability values were used to calculate the intrinsic

permeability (k, cm2) which is a function of the medium

only, and is independent of the fluid. Intrinsic

permeability is related to conductivity by

k = 
P g 

(2)

where A is the viscosity of air ( 1.7x10 -4g/cm sec at 0 0 C),

p is the density of the water ("e1.00 g/cm 3 at 0 0C) and g is

the gravitational constant (980 cm/sec 2 ).

The manometer used for measuring changes in

pressure head for both types of permeameters was inclined

and pressure changes were measured using water. The
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manometer was only accurately read to +0.5cm (or +0.31mm of

vertical head). Hysteresis was observed between readings

and there was variability between repeated measurements of

pressure changes in the same snow samples.

Liquid-Water Content

The liquid-water content (mass fraction) was

determined using a dilution method as developed by Perla

and LaChapelle (1984) and refined by Davis et al. (1985).

In this method, as described by Davis et al. (1985), a

stock solution of a dilute acid is diluted when mixed with

snow, and the change in concentration is related to the

free water present in the sample.

The mass fraction of liquid water present in the

snow sample was determined from electrical conductivity

measurements of the acid stock before and after mixing with

the snow. Conductivity is related to concentration by the

expression (Perla and LaChapelle, 1984):

(Cm/Cs ) = (Gm/Gs ) a (3)

in which C
m
 /C

s
 is the ratio of the concentration of the

extracted mixture to the concentration of the acid stock,

G
m
 /G

s
 is the ratio of the specific conductance of the

extracted mixture to the specific conductance of the acid

stock and a is a constant, experimentally determined from
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our initial calibration trials to equal 1.046 (Appendix A).

The mass fraction, xw , which is by definition the mass of

liquid water, Mw , divided by the mass of the snow sample,

Ms' is then calculated from the relationship:

M	 (1-C /C )xw =  a	 m s Ms (Cm /Cs )

where Ma is the mass of the acid stock in grams and the

other variables are as previously defined.

Liquid water in the snow can be expressed on a mass

basis as described above, as the volume of water to the

total sample volume, or as the volume of water to the

volume of the void space. The volumetric water content of

snow, O w is:

x p
0 w =  w s

P w
(5)

where p s (g/cm
3 ) and p (g/cm 3 ) are the densities of thew

bulk snow and water respectively. Liquid saturation, as a

function of pore volume can be calculated from the

relationship:

Sw = 	(P i - P s x w ) 	 =Psxw 	(6)
'w [19 1 -P s ( 1 - x w ) ]	 P w 0

where 0 is porosity. Liquid saturation and free water

content are related by:

(4)
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O w =	 (7)

For each measurement of liquid-water content, the

0acid stock and equipment were pre-chilled to 0 C in the

snow. Acid stock was weighed into individual bottles prior

to cooling. The wet snow sample was weighed in chilled

containers and placed in ice water baths. The pre-chilled

acid stock was added to the snow sample and the sample

stirred. The liquid mixture was then extracted and filtered

to remove any ice crystals. The conductivities of the

extracted mixture and a sample of undiluted acid stock were

measured and used to determine the liquid mass fraction.

The dilution technique was practiced, and the

accuracy determined by combining known amounts of distilled

0water and snow at 0 C before the addition of the stock

solution. Temperatures of the snow samples used for these

calibration trials were below freezing prior to collection

to ensure that there was no free water already present.

Approximately 60 calibration trials were conducted (see

Appendix A), and the calculated error was comparable to

those of Perla and LaChapelle, and Davis et al. (+ 1.7

percent on a mass fraction basis).

Results 

Due to the wide range of values observed and the

incomplete characterization of physical characteristics for
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each fumigation sample, the relationships between

deposition velocity and snow characteristics can best be

assessed in a semi-quantitative manner. Snow samples were

grouped in four major categories and average values derived

for each particular measurement in a category. Results

presented below focus on differences in deposition

velocities as influenced by physical characteristics of the

snow. The dominating influence of chemical factors such as

oxidants (ozone) and sunlight are discussed in Valdez et

al. (1987).

Snow Types

The snow was categorized into four groups on the

basis of density, age, and grain size and shape. These

groups were: 1) well-metamorphosed snow, 2) new low-density

snow, 3)new but higher-density snow, and 4) snow that had

undergone some metamorphism. Within these groups, there

were differences in the conditions of the fumigation

o
experiments,	 including warm (0 C) and cold (-2. 0  C)

temperatures,	 addition	 of ozone,	 high and low

concentrations of SO2 and exposure to sunlight. Snow that

was well-metamorphosed was composed of rounded grains of

about one to two millimeters in diameter and that had

fallen November 25-29, 1985. New low density snow was less

than two days old and had densities of less than 0.11
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g/cm 3 . This snow category included snow with typical

snowflake patterns of ordinary dendritic crystals with

diameters of 2 mm (snow was characterized following the

illustrations and descriptions of Magono and Lee as found

in Schemenauer et al., 1981) and snow that was smaller and

more rounded. New snow with higher densities of 0.11 to

0.33 g/cm3 was predominately made up of cone-shaped graupel

crystals. The fourth category included snow that was from

two days to two weeks old and had undergone some melt

metamorphism. Densities of this snow ranged from 0.18 to

0.40 g/cm 3 , and snow grains were angular to rounded (up to

1 mm in diameter).

Deposition Velocities

Measured deposition velocities differed between the

four snow types as categorized above. For each category,

however, the deposition velocity varied over a wide range,

even under apparently similar conditions (see Table 1). The

fumigation experiments presented in Table 1, although

reflective of snow type, are also grouped according to the

experimental conditions of temperature, ozone and sunlight.

These conditions overshadow the effects of the physical
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Table 1. Deposition Velocity Experimental Results

Dura - SO2	 03	 Temp
Expt.	 tion

(hr)	 ppbv	 ppbv	 (°C)

Snow
age,
(dy)

Snow
Sp. Gray.

PB

Flux
10-12 g
CM -2 S -1

v
d

cm 5-1

NO SUNLIGHT, T < 0°C
Low-Density Snow. No 01, T	 - 2°C

2-04A	 6.0	 27.5/	 27.0	 o	 -2.4 1 0.11 4.5 0.075
2-05A	 6.1	 22.5/	 27.4	 o	 -2.4 2 0.16 3.2 0.058
2-06A	 6.1	 24.8/	 30.6	 o	 -2.1 0 0.10 4.1 0.067
2-08A	 6.1	 43.2/	 30.8	 O	 -2.2 2 0.16 3.1 0.038
2-09A	 6.0	 15.2/	 23.8	 o	 -2.2 1 0.07 2.5 0.058
2-10A	 6.1	 31.0/	 20.3	 O	 -1.9 1 0.08 2.2 0.039
2-11A	 6.0	 37.5/	 46.2	 o	 -2.0 2 0.14 2.8 0.031
2-16A	 6.0	 98.9/	 84.5	 o	 -2.4 1 0.33 8.6 0.043

Low-Density Snow, with 03, T	 - 2°C

3-09A	 6.0	 77.1/	 35.0	 142	 -2.0 1 0.21 4.2 0.025
3-12A	 6.0	 83.0/	 84.2	 142	 -2.0 2 0.20 8.6 0.046

Older Snow, No 01, T	 - 2°C

2-21A	 5.8	 79.6/	 75.6	 O	 -3.4 6 0.39 4.2 0.025
2-26A	 6.4	 79.7/	 81.2	 o	 -2.3 11 0.40 5.0 0.028
3-02A	 12.0	 83.7	 O	 -2.3 102 0.41 2.8 0.015
3-03A	 11.0	 83.7/	 78.8	 o	 -2.3 103 0.44 2.0 0.012
3-12B	 12.1	 84.2/	 78.7	 o	 -2.0 112 3.5 0.020

Other Low-Temperature Expts.

1-04B	 5.6	 159.5	 106	 -1.5 45 0.42 16.2 0.046
1-05A	 6.8	 27.2	 0	 -1.0 46 0.38 1.2 0.021
1-05B	 12.3	 27.2/	 33.6	 34	 -1.0 46 0.37 3.2 0.048
1-06A	 11.3	 33.6	 o	 -1.0 47 0.39 7.2 0.098
1-0aA	 10.4	 19.6	 o	 -6.0 49 0.36 2.5 0.058

NO SUNLIGHT, T	 0°C
Older Snow

1-07A	 9.1	 20.3	 O	 -0.5 48 0.39 3.9 0.088
1-09B	 10.5	 41.3/	 32.4	 O	 +0.2 50 0.42 1.5 0.017
2-02A	 6.0	 30.0/	 17.9	 O	 -0.1 74 0.37 10.7 0.20
2-18B	 6.0	 80.0	 o	 0.0 3 0.41 11.2 0.063
2-24A	 6.0	 70.9/ 70.0	 o	 -0.1 9 0.38 14.5 0.093
2-25A	 6.0	 75.3/	 83.0	 o	 -0.1 10 0.40 10.1 0.059
3-05A	 10.0	 81.8/ 83.7	 o	 +0.2 105 0.40 7.9 0.043
3-05B	 11.3	 83.8/	 83.2	 O	 +0.2 107 0.42 4.9 0.027
3-07A	 6.0	 74.0/	 86.4	 o	 +0.2 0.42 11.2 0.063

Low-Density Snow

2-03A	 6.0	 30.1/	 26.7	 0	 -2.6(- 3.2:+ 2.8) 0.18 14.1 0.23
2-17A	 6.0	 80.7/	 91.2	 0	 -0.2 0.27 13.4 0.071

WITH SUNLIGHT

Surface Melting, Cold Temp., Little or No Draining

1-14A	 6.0	 68.4/116.4	 0	 -7.2(- 8.5:- 3.6) 55 0.42 7.2 0.035
1-19A	 6.1	 124.6/120.9	 57- 90	 -4.8(-	 5.7:- 3.8) 60 0.40 9.8 0.036
1-20A	 6.1	 101.2/	 71.8	 62- 84	 -2	 (- 4	 :+ 0.5) 61 0.43 10.6 0.055
1-21A	 6.1	 89.1/	 94.1	 226-303	 -8	 (-10.1:- 6.6) 62 .0.40 11.0 0.055
1-22A	 6.1	 185.1/	 94.1	 230-289	 -5.4(- 7.5:- 2.0) 63 12.5 0.041
1-23A	 6.1	 114.1/	 93.2	 297	 -2.5(- 3.4:- 1.3) 64 0.39 14.7 0.064
1-24A	 6.1	 152.8/142.0	 71	 -5.8(- 8.4:- 4.8) 65 0.40 21.3 0.066
2-12A	 6.1	 4.4/	 18.3	 0	 -4.3(- 6.1:- 2.6) 3 0.24 3.0 0.12
3-13A	 6.0	 76.9/	 80.1	 168	 -9	 (-13.3:- 5.6) 2 0.18 9.3 0.054

Surface Melting and Draining
1-18A	 6.0	 83.1/	 52.0	 0	 -3	 (- 7.8:- 1.6) 59 0.42 9.1 0.061
2-14A	 6.2	 95.7	 0	 -2.2(- 3.7:- 1.7) 5 0.37 6.5 0.031
3-20A	 6.3	 81.9/	 76.1	 82	 -9.5(-13.3:- 5.6) 3 0.20 8.6 0.049
3-21A	 6.1	 68.0/	 75.4	 0	 -8	 (-12.1:- 2.4) 4 0.25 15.0 0.095
1-09A	 6.5	 44.1/	 41.3	 0	 -1	 (- 3	 :+ 1	 ) 50 0.41 13.7 0.15
1-10A	 6.7	 32.5	 5-311	 +1.8(- 2.2:+ 3.8) 51 0.40 10.1 0.14
1-11A	 6.3	 12.5/	 29.1	 67-122	 -0.8(- 3.5:	 0	 ) 52 0.39 19.0 0.41
1-12A	 6.3	 122.5/	 46.1	 0	 +0.9(- 0.5:+ 1.8) 53 0.40 41.5 0.22
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characteristics and are examined in Valdez et al. (1987).

Most fumigation experiments were conducted for six hours,

although a few experiments using well-metamorphosed snow

were conducted up to twelve hours. Table 2 summarizes the

physical characteristics for various snow samples and

corresponding deposition velocities. Table 3 presents the

results of the liquid mass fraction measurements made for

seven fumigation experiments.

The total amount of absorbed sulfur measured in the

fumigated snow included both bisulfite and sulfate ions.

_
The relative proportions of the unoxidized (HS0 3 ) and

oxidized	 (SO
4

)	 species depended in part on the

concentration and types of oxidant, pH and the amount of

liquid water (Bales et al., 1987).

Well-Metamorphosed Snow.	Deposition velocities

determined from experiments with no melting of the well-

metamorphosed snow ranged from 0.012 to 0.098 cm/sec with

most rates below 0.058 cm/sec. These included experiments

1-4 3 , 1-5A, 1-5B, 1-6A, 1-8A, 1-14A, 3-2A, 3-3A, and 3-12B.

A representative profile is shown in Figure 2a, Run 1-5-A,

with a deposition velocity of 0.048 cm/sec. The deposited

sulfur was predominately in the sulfate form (70 percent



Table 2. Characteristics of Snow Types and Related

Deposition Velocities

Date	 Density	 Air

Permeability

	(gm/cm3 )	 (cm 2 /S CMH2 0)

Intrinsic

Permeability

2
(10-4	 CM	 ) (CM/S)

Well Metamorphosed
1-30	 0.40 460 0.80 0.040
2-1	 0.41 200 0.35 0.040
2-2	 0.43 215 0.38 0.040
3-19	 0.42 298 0.55 0.040

New Low-Density
2-6	 0.10 1615 2.81 0.067
2-6	 0.10 1290 2.25 0.067
2-8	 0.09 3200 5.57 0.038
2-9	 0.07 880 1.53 -
2-10	 0.08 540 0.94 0.039
3-19	 0.11 5970 11.00 -

New Higher-Density
2-4	 0.10 380 0.66 0.075
2-4	 0.10 235 0.41 0.075
2-3	 0.16 330 0.57 -

2-5	 0.16 1060 1.84 0.058
2-11	 0.13 160 0.28 0.031
3-19	 0.22 2980 5.48 -

Slightly Metamorphosed
2-17	 0.22	 2020 3.51 0.071
2-18	 0.41 2200 3.83 0.063
3-19	 0.27 426 0.78 -

21
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0.071

0.063

0.093

0.18

0.16

0.15

0.13

0.059

0.043

0.095

2-2-A	 Mature

2-17-A	 Slightly
Mature

2-18-B	 New Higher
Density

2-24-A	 Mature

2-25-A	 Mature

3-5-A	 Slightly
Mature

3-21-A	 Slightly
Mature

0.069

0.047

0.29	 0.185

0.090

0.096

0.080

0.14	 0.043

Table 3. Measured Deposition Velocity and Associated

Liquid Water Content.

Experiment	 Snow Type	 vd
	 LWC
	

Sw

(cm/s)	 (mass)	 (volume)
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of the sulfur was sulfate). All of the deposited sulfur was

distributed in the top five centimeters of the snow.

Eight fumigation experiments were conducted in

which there was some melting of the snow. These were

Experiments 1-14A, 1-7A, 1-9A, 1-19A, 1-21A, 1-22A, 1-24A,

and 3-7A. Experiments during which some melting occurred

were associated with deposition velocities that varied from

0.027 to 0.088 cm/sec and averaged about 0.050 cm/sec. The

profiles and rates are similar to results of experiments

during which no melting was observed, except the

distribution of the deposited sulfur was even more

concentrated in the top three centimeters. Figure 2b is a

profile from an experiment during which some melting

occurred, but in which there was no drainage of meltwater

(Run 3-7-A). Over 80 percent of the deposited sulfur was

detected in the top three centimeters.

Deposition velocities were the highest for snow

that had undergone considerable melting and drainage,

ranging from 0.036 to 0.41 cm/sec. The average deposition

velocity was 0.137 cm/sec as compared to an average

deposition velocity of 0.040 cm/sec for well-metamorphosed

snow fumigated under cold (dry) conditions. These included

Experiments 1-9A, 1-10A, 1-11A, 1-12A, 1-18A, 1-20A, 1-23A,

2-2A, 3-5A and 3-5B. Figure 2c which is the profile from

Run 1-12-A typifies the effect of extensive melting and
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drainage; much of the deposited sulfur was found in the

bottom layers of the sample as both sulfate and bisulfite.

New Low-Density Snow. Only five fumigation

experiments were conducted on fresh snow with densities of

less than 0.11 g/cm3 , because most of the snow that fell

during the study period was a heavier snow. These included

Experiments 2-10A, 2-9A, 2-8A, 2-6A and 2-4A. Deposition

velocities measured under cold conditions on this type of

snow ranged from 0.038 to 0.075 cm/sec, and averaged about

0.055 cm/sec. In comparison the average deposition velocity

for well-metamorphosed snow under similar conditions was

0.040 cm/sec. A typical profile from Run 2-9-B is shown in

Figure 3a, with the deposited sulfur present mainly as

sulfate, and evenly distributed in the top ten centimeters.

New Higher-Density Snow. Snow used in experiments

3-9A, 3-12A, 2-16A, 2-11A, 2-5A, 2-17A, 3-13A and 2-3A was

categorized as new higher-density snow. All were conducted

under cold conditions except experiment 2-3A in which the

0
temperature was at 0 C. Deposition velocities measured for

this snow under cold conditions ranged from 0.031 to 0.058

cm/sec, and a typical distribution pattern is shown in

Figure 3b (Run 3-12-A). Most of the sulfur was deposited in

the upper five centimeters of the sample. The average
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deposition velocity of the seven experiments conducted

under cold conditions was about 0.047 cm/sec.

Slightly Metamorphosed Snow. Weather conditions

during the study period were mild, with few snow storms and

warm temperatures between storms which led to rapid

metamorphism of the snow. Fumigation experiments with this

type of snow were conducted under both cold (dry)

conditions, and under warmer conditions that allowed the

snow to melt. Experiments in which no melting occurred

included 2-26A and 2-21A. The two deposition velocities

were 0.025 and 0.028 cm/sec. The distribution of the sulfur

was typically like that of Figure 4a (Run 2-26-A); with

over 75 percent of the deposited sulfur as sulfate.

Results of runs during which melting occurred were

more variable, rates ranged from 0.031 to 0.12 cm/sec and

averaged about 0.073 cm/sec. The experiments in which there

was melting were 2-12A, 2-18B, 2-24A, 3-21A, 3-20A, 2-14A

and 2-25A. Run 2-18-B is profiled in Figure 4b with

deposited sulfur in the bottom layers from drainage as well

as in the top five centimeters.

Air Permeability

Initially, measurements of air permeability were

made at the same time and on the same snow with the in-situ

and the lab permeameters to compare the two devices.
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Several measurements on well-metamorphosed snow were made

and the average value from either method was comparable.

Air permeability results for new snow, however, were more

variable; for example, one set of measurements, measured on

the same day with both permeameters was 880 cm2 /sec cm H
20

using the lab equipment and 2000 cm2/sec cm H
20 from the

in-situ permeameter. In addition, use of the in-situ

permeameter was limited due to the shallow snowpack that

was present most of the study period. The results described

below are from the laboratory permeameter only, but even

with the use of one permeameter, results, especially for

new snow, showed a wide range of values.

Well-Metamorphosed Snow. Air permeability values

for well-metamorphosed snow were the least variable of the

snow types that were measured. The permeability, or K,

values did range from 200 to 460 cm2/sec cm H
20 with an

average value of 280 cm 2/sec cm H
2 0.

New Low-Density Snow. Fresh snow of densities less

than 0.11 g/cm3 exhibited the most variation in measured

air permeabilities. Values of K ranged from 540 to 5970

cm2/sec cm H
2 0, and most values were around 1000 cm

2/sec cm

H
2 0.
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New Higher-Density Snow. There was also a wide

range in measured K values for new snow with densities of

0.11 g/cm 3 or greater. Air permeability values for this

snow type were between 160 to 2980 cm2/sec cm H20, with

four of the six measurements averaging about 300 cm2/sec

cm H
2 0.

Slightly Metamorphosed Snow. This category included

snow at different stages of metamorphism but all of which

had undergone some melt metamorphism. Only three air

permeability measurements were made and these yielded K

values of 2020, 2200 and 425 cm2/sec cm H2 0.

Specific Surface Area

Specific surface area of a particle can be defined

as the total surface area of the particles per unit volume

of the particle. Specific surface area as described by

Hillel (1980) depends on the size and shape of the

particles, and has been related to intrinsic permeability

(for example Shimizu, 1970). Conway and Abrahamson (1984)

concluded that air permeability can also be used as an

indiction of snow texture which is a function of grain size

and shape.

Air permeability values and density data were used

to calculate intrinsic permeability values for the
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different types of snow. These intrinsic permeability

values were then used to determine external specific

surface areas of the various snow categories. Two different

approaches were used to relate the intrinsic permeability

and the specific surface area. Shimizu (1970) related

intrinsic permeability, k, to grain diameter, d, and the

densities of the bulk snow and water, p s and p w

respectively in the equation:

k = 0.077 d2 exp(-7.8 p /P )S W
(8)

Solving this equation for d, this diameter was then used to

calculate the specific surface with the assumption that the

snow crystal was a sphere. The specific surface, the

surface area divided by the volume, for a sphere simplifies

to 3/r (where r is the radius of the snow crystal in cm).

The Kozeny-Carmen equation (Scheidegger, 1974)

relates the intrinsic permeability to the specific surface

area as follows:

k =	 c a 2 (1-0) 2
	

(9)

where 0 is the porosity (calculated from the relationship;

= (1 - p	 / 0.917), c is a shape factor equal to 0.2,

and a	 is the specific surface area (cm2/cm3 ). The

calculated specific surface areas from both approaches are

included in Table 4. Figure 5 presents the range of
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Table 4. Calculated Specific Surface Area By Snow Type.

Date Porosity Surface Area

	2 	 3
(CM /cm )

	

(1)	 (2)

Grain

Diameter

2
(cm	 )

(1)	 (2)

Deposition

Velocity

(cm/s)

Well Metamorphosed

1-30 0.56 40.0 46.2 0.15 0.13 0.040
2-1 0.55 60.0 70.0 0.10 0.09 0.040

2-2 0.53 50.0 66.1 0.12 0.09 0.040
3-19 0.54 42.8 55.0 0.14 0.11 0.040
New Low-Density

2-6	 0.89 67.0 12.0 0.09 0.49 0.067
2-6 0.89 75.0 14.0 0.08 0.43 0.067
2-8 0.89 50.0 8.8 0.12 0.68 0.038
2-10 0.91 0.05 0.01 0.039
3-19 0.88 33.0 9.5 0.18 0.03 -
New Higher Density

2-4	 0.89 150.0 25.0 0.04 0.24 0.075
2-4 0.89 200.0 14.0 0.03 0.42 0.075
2-3 0.83 120.0 38.0 0.05 0.16 -
2-5 0.83 68.0 47.0 0.09 0.49 0.058
2-11 0.86 200.0 14.0 0.03 0.42 0.031
3-19 0.76 30.0 15.0 0.20 0.40 -

Slightly Metamorphosed

2-17	 0.76	 38.0 19.0 0.16 0.16 0.071
2-18 0.55 17.0 21.0 0.35 0.29 0.063
3-19 0.71 67.0 44.0 0.09 0.14 -

(1)Calculated from Shimizu's relationship.

(2)Calculated from the Kozeny-Carmen relationship.
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specific surface area values determined from both methods,

by snow type.

Well-Metamorphosed Snow. Grains of well-

metamorphosed snow were rounded with measured diameters of

0.1 to 0.2 cm. Use of this diameter to estimate a specific

surface yielded values of 30 to 60 cm2/cm3 . The specific

surface areas calculated from intrinsic permeability values

using the Shimizu method fell within this range, with

values between 40 and 60 cm2/cm3 . The permeability values

determined using the Kozeny-Carmen equation were also

similar, ranging from 46 to 70 cm2/cm3 .

New Low-Density Snow. Snow in this category

included snow with ordinary dendritic crystals. These

snowflakes measured from point to point were 0.2 to 0.3 cm

across, and had long branches with many small spikes

leading to very large specific surface areas. The specific

surface areas calculated using the Shimizu equation showed

a wide range of values, from 33 to 200 cm2/cm3 , reflecting

the wide ranges of measured permeabilities. The Kozeny-

Carmen method yielded very low values for specific surface

areas (9-25 cm2/cm3 ). The application of either method,

however, is based on the assumption that the snow grain is

a sphere, which for this type of snow is not valid.
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New Higher-Density Snow. New snow with higher

densities also tended to be composed of grains that were

more rounded or columnar in shape. Measurements of the

diameters of this snow type were 0.1 cm and less.

Calculated specific surface areas using Shimizu's method

were between 30 and 120 cm2/cm3 . Results from the Kozeny-

Carmen method ranged from 18 to 44 cm2/cm3 .

Slightly Metamorphosed Snow. The rounding and

enlarging effect of melt metamorphism on the individual

grains led to diameters of up to 0.1 cm, and shapes that

were cubish to rounded. The specific surface values

determined from Shimizu's equation were low, between 17 and

67 cm2/cm3 , and from the Kozeny-Carmen method even lower,

between 15 and 44 cm2/cm3 .

Liquid-Water Content

Although many calibration trials were conducted

(see Appendix A) only seven liquid water measurements were

made on snow that had undergone melting during the

fumigation experiment. Most of the fumigation runs that

included melting were conducted prior to the establishment

of the liquid-water content calibration curve. Liquid mass

fraction determinations were made on well-metamorphosed

snow, higher-density new snow, and slightly metamorphosed

snow but not on new low-density snow. In Table 3 the
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measured liquid-water contents and the deposition

velocities are listed. No clear trend is evident between

the amount of liquid water measured and the deposition

velocity. However, rates are higher when liquid water is

present. A plot of measured liquid mass fraction versus

deposition velocity is presented in Figure 6.

Discussion

Deposition Velocities

Previous measurements of sulfur dioxide deposition

have been made in natural settings. Barrie and Walmsley

(1978) determined deposition velocities from ambient SO 2

concentrations and sulfur accumulation in the snowpack. The

investigators measured rates of 0.25+ 0.20 cm/sec during

pollution episodes from a nearby oil extraction plant. Dry

deposition velocities for SO2 were also measured by Dovland

and Eliassen (1976) from simultaneous measurements of the

accumulation of sulfate in the snow and the air concentra-

tion of SO
2 

as measured two meters above the snow surface.

The deposition velocities determined by Dovland and

Eliassen were about 0.1 cm/sec. During most of their study

period, very stable conditions limited the amount of SO 2

taken up by the snow. Early measurements of sulfur dioxide

over different surfaces were made by Whelpdale and Shaw
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(1973). In their investigations of surface resistances,

they found rates that ranged between 0.05 and 1.6 cm/sec

depending on the atmospheric stability. Stable conditions

resulted in the lowest deposition velocities which

minimized the transfer of the gas. Under lapse conditions,

however, there was considerable turbulence to enhance

transfer. Deposition velocities for snow measured by all of

these researchers were generally higher than the rates

measured in this study, except for snow that had undergone

melting during fumigation. The rates measured in our work

were consistent with the measured deposition velocities of

0.06 cm/sec reported by Cadle et al. (1985).

Deposition velocities for the experiments conducted

at Fort Valley ranged from 0.012 to 0.41 cm/sec, and

averaged about 0.06 cm/sec. Although quantitative

relationships with the physical parameters could not be

established, certain trends between the physical

characteristics and deposition rates were evident.

Descriptions and measurements of the parameters did provide

some insight into the interrelationships of processes

involved in the uptake of sulfur dioxide.

Air Permeability

Air permeability measurements of snow in varying

stages of metamorphism have been made in other studies, and
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the range of values measured in this study are comparable

to the range of values reported for various types of snow

in other studies (Table 5). Colbeck and Anderson (1982)

using snowmelt data from lysimeters, found that the

intrinsic permeability for well-metamorphosed snow was in

the range of 1-4 x l0

The range of air permeability values measured

during this study showed more variability than the other

investigations, which may reflect problems with the

equipment used in this study. The measurements of K relied

on an inclined water manometer that could be read to within

0.5 cm (equivalent to 0.03 cm vertical head). There were

also problems in loading new snow that clumped together

into the container, resulting in cracks and gaps. The air

permeability values for new low-density snow were the most

variable partly as a result of these cracks during

measurements but ranged widely even for new higher density

snow that was composed of smaller and somewhat more uniform

crystals. A more accurate manometer, and better temperature

control of the equipment would help to alleviate these

problems.

Air Permeability and Density. Previous studies of

air permeability have focused on the relationship between

permeability and the bulk density of the snow. Conway and
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Table 5. Comparative Measurements of Air Permeability

Source,

Snow Type

This study

new, fine-grained

fine-grained,
compacted

coarse-grain

Martinelli (1971) 

new

fine-grain, old

coarse-grain

Conway & Abrahamson

(1984)

new

fine-grain,
compact

coarse-grain

Shimizu (1970) 

new

fine-grain,
compact

coarse-grain

Air Permeability	 Density

(range)	 (range)

(cm2 /S Cm H2 0)
3

(kg/m )

540-5970 80-220

235-2980 220-330

200-460 350-650

10-40 70-300

5-50 250-470

30-200 300-500

200-490 70-150

20-250 100-490

140-300 400-550

500-1250 50-130

50-300 120-460

75-300 350-550



41

Abrahamson (1984), Martinelli (1971), and Shimizu (1970),

as well as this research could show no unique relationship

between air permeability and density. As evidenced in

Figure 7, general patterns can be detected but overall

there is no apparent correlation between the two

parameters. In general, the low-density snow is correlated

with the higher permeability readings, and the low

permeability readings are associated with the well-

metamorphosed snow.

Air Permeability and Metamorphism. Conway and

Abrahamson (1984) also investigated the change in air

permeability as snow underwent different types of metamor-

phism. Metamorphic changes were classified after Sommerfeld

and LaChapelle (1970) into two broad groups, equi-

temperature and temperature-gradient metamorphism. Equi-

temperature metamorphism leads to distinct rounding of

grains that are equidimensional with maximum diameters of

about 1 mm. Temperature-gradient metamorphism is the result

of a complex series of steps with sublimation from the top

of one grain and deposition on the downward side of the

next grain, forming pyramid-shaped grains.

Conway and Abrahamson found that with equi-

temperature metamorphism, there was a corresponding

decrease in air permeability, but with temperature-gradient

metamorphism, measured permeabilities increased. After most
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snowfalls during the study period, temperatures would

rapidly increase to above freezing, with the result that

the Fort Valley snow underwent melt metamorphism. There was

one snowfall that was followed by three days of cold clear

weather, and for which daily air permeability and

deposition velocity measurements were made. The snow

changed from densely rimmed stellar crystals of about 3 to

4 mm across to columnar crystals about 1 mm long, mixed

with blocky slightly rounded crystals about 0.4 mm in

diameter. During the three day period, measured density

values increased from 0.07 to 0.08 to 0.13 g/cm 3 and air

permeability values decreased from 880 to 540 to 160

cm2/sec cm H20. This observed metamorphism fits the

description of equi-temperature, and the air permeability

data was in agreement with the findings of Conway and

Abrahamson. The deposition velocity for this snow was also

0
measured under cold (-2.0 C) conditions for each of the

three days. The deposition velocity decreased from 0.058 to

0.039 to 0.031 cm/sec as a possible result of decreasing

specific surface area as the snow grains grew and became

more uniform in shape and size.

Snow that fell during the study period underwent

melt-freeze metamorphism due to the mild conditions between

storms. Colbeck (1982), in his discussion on the theory of
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wet snow metamorphism, classified wet snow into two types

based on liquid saturation levels. Snow with low water

contents forms tightly packed clusters of well-rounded

grains, and snow with high liquid saturations forms well-

rounded but cohesionless grains. Colbeck identified a

liquid saturation of about 14 percent by pore volume as the

transition from pendular to funicular regimes. The pendular

distribution of free water as defined by Colbeck includes

very low saturations such that liquid water is isolated

between snow grains. In the funicular regime of saturation

the larger amount of liquid water exists in continuous

paths around the grains. When snow undergoes alternate

cycles of melt-freeze, the resultant snow structure can

consist of multi-crystalline grains or with extended

sunlight, original grain clusters, or the snow can be a

mixture of multi-crystalline and single crystal grains.

The effect of melt metamorphism in the melting

phase on air permeability was not measured during the study

period. Once snow had melted and refrozen together, snow

was collected for air permeability measurements by chopping

and sifting the frozen snow. Probable effects of melting

can be hypothesized based on the discussion above. First,

the specific effect would reflect the saturation level of

the snow at the time of measurement. High levels of water

present would clearly decrease the permeability of the snow
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to air, while increasing the conductivity to water. At

lower saturations, in which snow metamorphoses into tightly

packed clusters, the air permeability would decrease as the

snow grains became more uniform and more tightly packed

together thus reducing the void space. The effect of

alternate cycles of melting and freezing could also be

expected to decrease air permeability as the grains became

more uniform and some became multicrystalline.

In an undisturbed snowpack, development of a

surface crust or ice layers could also impede air movement

through the snow, although two sets of in-situ air

permeability measurements showed different effects from the

presence of a surface crust. Well-metamorphosed snow, and

snow that was a mixture of new and mature snow were used

for measurements of permeability, on both undisturbed snow

and snow that had been chopped and piled up. The average

air permeability value for the well-metamorphosed snow with

the crust intact was 110 cm2/sec cm H
20; for the same snow

that had been piled up, the average value was 235 cm2/sec

cm H
2O. The average values exhibited the opposite pattern

for the snow that was a mixture of new and well

metamorphosed snow. The undisturbed snow with the crust had

a higher average air permeability value (7800 cm2/sec cm
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H
20) compared to the chopped and piled snow (680 cm

2/sec cm

H20), although both average values were higher than the

well-metamorphosed snow. The lower air permeability value

for the undisturbed mature snow was probably due to the

development of a more solid crust. The lower permeability

value for the disturbed snow composed of both new and well-

metamorphosed snow could be due to the settling and

compacting of the snow that occurred as the snow was being

piled up.

Air Permeability and Sulfur Distribution. The

distribution of the sulfur taken up in the fumigated

samples was affected by the permeability of the snow, but

the measurements of air permeability were not correlated

with the deposition velocity. For example, new snow, with a

measured air permeability of 540 cm2/sec cm H
20 and a

density of 0.08 g/cm3 exhibited a fairly uniform

distribution of sulfur with depth, and a deposition

velocity of 0.039 cm/sec (Run 2-10-A). Well-metamorphosed

snow with a density of 0.42 g/cm 3 and a deposition velocity

of	 0.035 cm/sec (Run 1-14-A), had an estimated air

permeability of 210 cm2/sec cm H20. These profiles are

presented in Figure 8. New snow that has many of the

original crystals intact, sometimes with many branches and
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spikes, is composed of snowflakes that are of different

shapes and sizes. This leads to a high effective porosity,

or air permeability from the open packing arrangement of

the grains. Mature snow with well-rounded and uniform-sized

grains, and generally lower air permeability measurements,

has a structure that impedes the downward flow of the

air/S0 2 mixture so that most of the sulfur in cold well-

metamorphosed snow samples was restricted to the upper

layers.

Specific Surface Area

Air permeability measurements were also used to

calculate specific surface areas of the snow using the

relationships developed by Shimizu and Kozeny-Carmen. As

also noted by Colbeck (1978), the results from the method

by Shimizu appeared to fit estimated specific surface areas

better, at least for snow that had undergone some

metamorphism. The complicated pattern of the new snowflake

did not fit the simplifying assumption of a spherical grain

made in the application of either method. New snow with

many branches and spikes has a higher specific surface than

that of well-metamorphosed snow composed of rounded

crystals. The higher specific surface plus the greater air

permeability of new snow should enhance the uptake of SO 2 .

There was not a clear relationship between the calculated
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specific surface area and the experimentally measured

deposition velocities. However, the average rates for well-

metamorphosed snow were lower to those for new snow under

conditions of no melting and no sun. The average

deposition velocity for new low-density snow was 0.055

cm/sec compared to 0.040 cm/sec

snow. The effect of metamorphism on

was expected to decrease the rate

area

larger

for well-metamorphosed

the deposition velocity

as the specific surface

of the snow grains was reduced as the grains became

and more rounded. The one series of deposition

measurements coupled with air permeability measurements did

show a trend of decreasing deposition velocity as the snow

underwent metamorphism. This would indicate that specific

surface area of the grains is important although the

general results of the deposition experiments do not

confirm this.

Liquid-Water Content

Analysis of the deposition velocity and liquid mass

fraction data did indicate that dry deposition of SO2 was

enhanced by the presence of liquid water in the snowpack.

The results, however, yield direct correlation between the

deposition velocities and the amount of liquid water

measured. This was largely due to the uncertainty of the

liquid-water distribution with depth.
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Measurements of vertical concentration gradients of

SO2 over various surfaces (snow, grass and water) were made

by Whelpdale and Shaw (1974) to determine the efficiency of

each as a sink for sulfur. They found that the steepest

gradients were over water and the least over snow, thus

indicating that water was the best sink and snow the

weakest. They also found that the presence of dew on grass

increased the absorption of SO2 to that measured for a lake

water surface.

The occurrence of melting should affect dry

deposition rates of snow in several ways. The increasing

amount of free water from melting at the snow surface will

change the surface of the media from dry snow to snow

crystals covered with an increasing layer of liquid water.

The distribution of SO2 between the gas phase and the water

phase is described by Henry's law and depends on the amount

of liquid water. As melting increases and drainage occurs,

the absorbed sulfur is transported downward with the

meltwater, and the new melt is exposed to the air/S02

mixture. The amount of liquid water should also affect the

uptake if that water is in contact with the atmospheric

SO2' by increasing the amount of the more efficient sink

(liquid water), by reducing the effect of pH decrease in

the water, and by influencing the saturation regime and the
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amount of drainage. Dissolution of SO2 in water is pH

dependent because the aqueous components undergo acid-

dissociation reactions.

Surface melting will also reduce the air

permeability as the void space fills with melt water. The

decreased air permeability will reduce the depth of

penetration of the air/S0 2 mixture into the snow so that

uptake would be restricted to upper layers of the snow.

The effect of liquid water on deposition velocities

was observed qualitatively in this study; the highest

deposition velocities were measured when there was intense

melting and drainage, and the lowest rates were measured

under cold experimental conditions. No quantitative

relationship was established between the two parameters

(see Table 2), largely due to the sampling procedure for

the liquid-water measurement. Samples used in determining

liquid water content were collected from whatever part of

the fumigation sample that was not needed for sulfur

analysis. This led to inconsistent sample extraction;

sometimes an entire vertical depth was used, sometimes

random chunks and sometimes only the upper half of the

gassed snow was available. The types of samples used

presented different types of information. The vertical

depth sample gave an overall or "average" saturation value

for the whole sample while the upper half sample was more
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representative of snow saturation conditions at the surface

at the end of an experiment.

Differences between measured liquid-water and

observations could have also reflected differences in the

degree of metamorphism and the age of the snow sample. In

mature snow, grain size is uniform and large enough to

allow high permeability and reduced capillary potential

(Colbeck, 1978). Denoth (1982) investigated the

relationship between liquid-water distribution and snow

structure as characterized by grain shape and size. He

found that the transition zone between pendular and

funicular saturation levels depended on the amount of free

water and the shape of the grains, which reflects the

degree of metamorphism undergone by the snow. The

transition between pendular mode to the regime where film

flow occurs was found to be 13 to 18 percent saturation (by

pore volume) for new snow and 7 to 12 percent for old

coarse-grained snow. Thus new snow can hold more water

without any drainage then well-metamorphosed snow. The

highest saturation level in this study was measured for new

snow (20 percent) with evidence of only limited drainage.

Other liquid-water measurements were around six to eight

percent and these samples included evidence of drainage as

well as signs of only some melting. The measured liquid-

water results by the dilution method used in this study
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gave unclear information pertaining to deposition

velocities, mainly due to the inconsistent sampling

technique.

Liquid-water measurements that are made

consistently should provide more definitive saturation

values in relation to measured deposition velocities. Also

specific depths should be sampled to determine liquid water

amounts throughout the profile to determine if

drainage/melting had occurred and to correlate with

deposition distribution data. The data that presented the

most accurate information as to whether drainage had

occurred during the experiment was the sulfur distribution

profile. Visual observations and measured liquid-water

contents were not sufficient to describe the extent of

melting. More careful sampling techniques for liquid-water

measurements at specified depths would improve the data

gathered by this method.

Conclusions 

Comparison of measured deposition velocities with

physical characteristics of snow revealed qualitative

relationships that indicate the relative importance of

these physical parameters on the uptake of SO2 by snow.

The extent of metamorphism experienced by snow did

influence the deposition velocity.	 The degree of
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metamorphism was determined from density measurements, air

permeability measurements and observations of the grain

shapes and sizes. Metamorphism of snow grains results in

increasing grain size and decreasing specific surface area

which was observed to decrease the deposition velocity from

an average of 0.055 to 0.040 cm/sec.

Deposition velocity was most influenced by the

presence of liquid water. The highest deposition velocities

were measured for experiments in which there was

considerable drainage of meltwater. For well-metamorphosed

snow fumigated at O o C, deposition velocities averaged about

0.137 cm/sec but rates averaged 0.040 cm/sec for well-

metamorphosed snow fumigated under cold conditions. The

amount of liquid-water as measured in these experiments was

not correlated with the rate of SO
2 uptake due to the

inconsistent sampling procedure.

Air permeability measurements gave indications of

the snow type as classified in this study. Higher, although

more variable, air permeability values were associated with

new low-density snow, and low more consistent air

permeability values were observed with well-metamorphosed

snow.



CHAPTER 3

AQUEOUS FLUX OF SULFUR THROUGH SNOW

Background

Initial meltwaters from snow transport a

disproportionate share of the chemical constituents present

in the snowpack; Johannessen and Henriksen (1978), in

laboratory and field studies of meltwater composition,

observed that 50 to 80 percent of the pollutants in the

snow were released in the first 30 percent of the

meltwater. Initial concentrations of the meltwater were

three to six times the concentration of the bulk snow for

all ions studied. Tsiouris et al. (1985) studied the

elution patterns of dissolved ions in laboratory and field

samples. They observed a diurnal cycle of elution for

nitrate and sulfate; peak concentrations occurred around

noon and were four to six times those of the bulk snow.

Morris and Thomas (1985), attributed the high con-

centration of dissolved ions in the initial meltwater to

concentration of the solutes on the surface of the snow

grains and in the interstitial water between the grains.

The concentrating of these impurities is due to several

processes (Colbeck, 1981). As snow crystals undergo

55
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metamorphism, specific surface areas are reduced and grain

boundaries continuously migrate. During this

recrystallization process, most chemical constiuents are

not readily incorporated into the crystalline structure,

leading to the segregation of the pollutants from the

reforming grains. The constant evaporation of smaller

grains also results in the concentration of impurities on

the grain surfaces, according to Colbeck. The introduction

of liquid to the snow, either from melt or rain, will

accelerate the growth of the grains, and will further

concentrate the solutes on the grain surfaces and in the

liquid water where they are available for removal by

meltwater. The addition of liquid water accelerates the

rate of mass transfer, whereas in dry snow, vapor diffusion

limits the rate of mass flow and the rate of grain growth

(Colbeck, 1982). Thus the initial impurity load in the

snowflakes and the degree of metamorphism undergone by the

snow will affect the rate of removal of the impurities.

Recent studies of the acid-shock phenomenon have

also investigated preferential elution of ions in which

some solutes are removed more rapidly than others by the

meltwater. In their studies of meltwater composition,

Brimblecombe et al. (1985), Tsiouris et al. (1985) and

Tranter et al. (1986) observed that in general, sulfate and

nitrate ions were eluted preferentially over chloride ions,
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thus enhancing the fractionation of acidic solutes from the

snow to the meltwater. The order of elution may be due to

the distribution of the solutes within and on the surface

of the snow grains and that ions incorporated in the grain

at the time of formation may be mobilized slowly with

melting (Tsiouris et al., 1985). They also suggested that

the distribution of ions within the grains depends on the

atmospheric history of the snow, (neglecting the effects of

dry deposition) including initial condensation and freezing

of the water vapor within the cloud and scavenging by the

crystal during transport and precipitation processes.

Two possible mechanisms responsible for

preferential elution of dissolved ions were suggested by

Tranter et al. (1986). One mechanism suggested by the

authors was the distribution of the solutes within the snow

grain. A distribution of solutes near the surface of the

grains would result in higher initial meltwater

concentrations than from ions distributed homogeneously

throughout the snow grain. Another mechanism may be the

differing affinities for ions by the crystal surfaces,

producing chromatagraphic effects.

The melt experiments conducted in this study were

conducted to investigate the effects of solute distribution

within the snow grain and within the bulk snow, and based

on the experimental results and observations of other
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investigations, to develop a conceptual model of the

factors involved in the concentration of ions in the

initial meltwaters.

Methods

Experimental Design

Thirteen	 melt	 experiments were conducted,

including: 1) six experiments in which the fumigated snow

was entirely melted during one time period, 2) one melt

experiment with natural snow that had not been exposed to

SO2' 3) three experiments in which fumigated snow was

subjected to three melt-freeze cycles before being entirely

melted, and 4) three experiments in which fumigated snow

was melted for 30 to 60 minutes, refrozen, and then cut

into horizontal sections for analysis.

The procedure involved exposing the snow to SO 2 ,

melting the snow over a period of eight to twelve hours,

collecting the meltwater fractions, and analyzing the

snowmelt. The melt step differed for the various

experiments as noted above. Well-metamorphosed snow was

used in all of the experiments to ensure a uniform and

constant medium for each experiment. As discussed in the

previous section, well-metamorphosed snow was composed of

rounded grains with diameters between 0.5 to 1 mm with



59

3
bulk densities that averaged around 0.40 g/cm . The

distribution of the sulfur taken up during exposure to the

S0 2/air mixture was fairly consistent as well.

Snow for each experiment was collected by removing

the top 3-4 cm, then chopping and sifting the next 10 cm

snowpack to achieve a homogeneous material. The snow was

0
collected and kept below 0 C to ensure that there would not

be any liquid water present during the fumigation step.

Snow used in the melt experiments was fumigated using the

equipment described in the previous section with the

exception that a piece of 10 cm (4-inch) polyvinylchloride

(PVC) pipe was placed in the glass fumigation beaker before

the beaker was filled with snow. The snow was then exposed

to the S02/air mixture for either six or twelve hours at

0

-2.0 C. The SO
2 concentration for all fumigations was

approximately 80 ppb.

The melt apparatus consisted of the PVC pipe (14.2

cm long with an inner diameter of 10 cm), holding the snow

sample set into a styrofoam ice chest packed with snow. The

upper end of the PVC pipe, which protruded through a small

hole cut in the ice chest, was open and exposed to either a

25 or 60 watt light bulb. The bottom end of the pipe was

covered with one layer of fiberglass screening and one

layer of nylon mesh to hold the snow in place. A glass
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pipette just touching the bottom surface was used to create

tension to help collect the meltwater. Even with the

pipette, the bottom one to two centimters of the snow

sample did become saturated. Meltwater was collected in 25

to 50 ml samples and the rate of collection noted.

As the meltwater was collected, it was quickly

o
warmed to 20 C. The pH was then determined using a

Radiometer combination electrode and an Altex pH meter.

Calibration of the instrument was conducted using three

o
standards of pH 4, 7, and 8 at 20 C for each melt

experiment. Melt samples were analyzed with a Dionex ion

chromatograph for chloride, bisulfite, sulfate and nitrate.

Samples from some of the experiments were acidified with

several drops of 1M HC1 and stored for cation analysis.

These samples were analyzed later at the University of

Arizona for sodium, calcium and magnesium using atomic

absorption. A few selected samples were analyzed for iron

as well.

Background Snow Chemical Composition

During the four-month study period, the chemical

composition of the snow at Fort Valley was monitored to

provide background levels for the deposition velocity

experiments, and to observe changes in the snow over time.

Falling snow, recently fallen snow and snow in varying
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stages of metamorphism was monitored during the study

period. For each of the 48 fumigation experiments and the

thirteen melt experiments plus additional samples,

background levels of sulfate, nitrate, chloride and pH were

determined. Some of these samples were also saved for

cation analysis.

Results 

Data collected during the melt experiments included

the rate and volume of meltwater collected, and the

concentrations of sulfate, nitrate and bisulfite in the

meltwater fractions. The total amount of each anion in the

snow sample was calculated from the incremental

concentrations, and used to determine the overall or bulk

concentration. The concentration effect, or the ratio of

the meltwater fraction concentration to the bulk snow

concentration, was calculated and compared to the percent

volume of meltwater. In addition, the mass flux of each

anion and for water was calculated. For the three

experiments in which melting was stopped, the anion

concentrations of each section of the snow sample were

determined to detect any movement of the ions.

Discussion of the results and analysis of the

factors affecting the concentration of the meltwater is

focused on the sulfate, nitrate and bisulfite anions.

Analysis of other ions was either inconclusive or
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incomplete. The results from the chloride analysis showed

wide fluctuations, up to an order of magnitude difference.

Cation analysis results were also not useful. Magnesium and

calcium levels were predominately below the confidence

level (+ 0.005 ppm) of detection. Sodium analysis for all

meltwater fractions was complete for four melt experiments.

In general the initial concentrations were observed to be

two to three times the bulk concentration of the sample.

The sodium concentration ratios, however, also showed

fluctuations greater than that observed for sulfate,

nitrate and bisulfite. The results of the cations analysis

are included in Appendix B.

Average Fluxes and Concentrations

The rate of meltwater collection, which was assumed

to be the meltwater flux through the snow sample, was

measured from the amount of meltwater collected per unit

time. For each melt experiment the average meltwater flux

was determined from the total amount of meltwater divided

by the time to melt the sample. The average rate

calculations excluded the first meltwater fraction and time

period because the initial meltwater collection period

included a lag time for the snow sample to reach its

irreducible water content. The average meltwater flux for

each melt experiment is shown in Table 6. The average
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meltwater flux of the ten experiments ranged from 1.10 x

10-6 to 2.81 x 10 -6m3/m2sec. For six of the ten melt

experiments the incremental flux did vary over a factor of

two due to the method of meltwater collection.

The bulk concentrations of SO= ' HS03 and NO3 for4 

each snow sample are presented in Table 6. The total amount

of sulfur deposited (from sulfate and bisulfite) reflected

the length of fumigation time. Sulfate concentrations from

twelve hours of exposure to SO 2 resulted in an additional

21 to 33 ppb. Six hours of fumigation led to 8 to 12 ppb of

additional sulfate. Bulk concentrations for sulfate

included the amount added by dry deposition plus the amount

already present in the natural snow. The amount added to

the natural snow as a percentage of the total bulk

concentration varied from 24 percent to 50 percent for the

twelve-hour fumigations, and varied from 13 to 18 percent

for six-hour fumigation. Background sulfate was evenly

distributed in the snow, and sulfate absorbed from dry

deposition was in the top five to seven centimeters.

Bisulfite was not present in the natural snow. The

amount of bisulfite taken up from dry deposition made up
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Table 6. Results of Melt Experiments

Experi- Flux of	 Concentration	 Initial

ment	 Meltwater	 of bulk snow	 Concentration

Factor

(10
	

(Co) (pg/L)	 (C/Co)

SO4 (*) NO3 HS0-3	 SO4 NO 3 HSO
3

3-7 1.49 36 (36) 188 0 2.9 1.0 0

3-8 1.33 60 (39) 189 7 3.0 1.2 8.1

3-9 2.75 66 (33) 157 9 2.9 1.2 3.7

3-11 2.41 76 (47) 178 11 2.0 1.1 4.1

3-10 2.81 45 (37) 176 6 2.3 1.2 5.4

3-12 1.89 69 (57) 183 7 2.4 1.1 7.3

3-15 1.84 70 (61) 254 8 2.1 1.2 4.9

3-16 1.10 99 (	 -) 247 9 3.9 1.8 7.8

3-19 1.52 85 (64) 198 10 4.1 2.1 9.1

3-20 2.56 99 (	 -) 220 3 1.6 1.3 5.2

(*) Background concentration in parentheses
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the entire bulk concentration, and was distributed within

the top five to seven centimeters of the sample. Bulk

concentrations for bisulfite were not related to the length

of the fumigation step, due to the presence of differing

concentrations of oxidants. Concentrations of bisulfite

ranged from 3 to 12 ppb. Bulk concentrations of nitrate

varied with the natural snow cover, from a low of 160 ppb

to a high of 250 ppb. The nitrate was present uniformly

throughout the snow sample.

Concentration Factors

The concentration effect observed in the ten melt

experiments was lowest for nitrate and highest for

bisulfite. The concentration ratios for the three anions

from each experiment are presented in Figures 9, 10, and

11. The values for the calculated concentration effects for

each experiment are included in Appendix B. The bisulfite

levels in the initial meltwater fractions were between 3.7

and 9.1 times the bulk concentration of the snow samples

(Table 6). Initial concentrations of sulfate were less

pronounced and ranged between 1.6 and 4.1 times the bulk

concentration. There was only a slight concentration effect

observed for nitrate; for the six melt experiments, the

initial ratios were less than 1.3.
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As a result of the melt-freeze cycles, initial

concentration ratios for all three anions was increased.

The nitrate concentration in the initial fraction was

increased up to two times the bulk concentration but this

was less than observed for bisulfite and sulfate. The

highest initial concentration ratios (9.1 and 4.1

respectively) were observed from the same melt-freeze

experiment.

Mass Fluxes

The mass flux of sulfate, nitrate and bisulfite, as

well as for meltwater, are shown in Figures 12, 13 and 14.

Calculated flux values are included in table form in

Appendix B. The average mass flux for each experiment was

determined from the total amount of the anion, and the

total melt time, excluding the initial melt fraction. These

average fluxes are included in Table 6.

Intermediate Snow Profiles

The experiments in which the melting was stopped

and the snow sample analyzed by cross sections provided

information on the amount of melt time required before

there was any movement of the meltwater and anions. Two

experiments were halted after 30 minutes of melting and one

was allowed to melt for 60 minutes. Based on the deposition
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profiles from the fumigation experiments conducted to

determine deposition velocities, the distribution of the

deposited bisulfite and sulfate was assumed to be in the

top five to seven centimeters of the sample. The

distribution of the sulfate and bisulfite as profiled in

Table 7 indicates some movement of the anions after thirty

minutes of melting_ This would suggest that there is an

initial lag time of up to thirty minutes for the snow to

reach its irreducible water content. After 60 minutes of

melting, there is some downward movement , but most of the

deposited bisulfite and sulfate is still in the top three

centmeters.

For most of the melt experiments only the time from

the start of melting to the collection of the first 25 ml

of meltwater was recorded. There was a lag of 60 to 120

minutes before the first 25 ml sample was collected. This

included a period of 30 to 60 minutes while the snow was

reaching its irredicible water content. There was also a

lag period as the meltwater moved down through the snow and

formed a saturated layer in the bottom one to two

centimeters.



Table 7. Distribution of Anions from Melt-Stopped

Experiments

Experiment
	

Sample	 Concentration

Depth	 (Ag/L)

=SO
4	HS0-3 NO- 3

3-10
6-hr 0-4 213 15 213
fumigation, 4-3 191 9 205
30 min melt 7-10 99 5 195

10-14 131 7 193

3-11
6-hr 0-2 84 25 168
fumigation, 2-5 81 27 177
30 min	 melt 5-7 67 6 178

7-9 52 7 166
9-11 50 0 171

11-14 38 0 156

3-14
6-hr 0-1 124 96 144
fumigation, 1-2 97 147 142
60 min melt 2-3 88 65 145

4-5 78 45 140
5-6 60 24 129
6-8 72 34 138
8-10 67 0 142

10-14 54 0 132
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Background Snow Chemical Composition

Monitoring of the natural snow at Fort Valley

revealed the differences between old snow and new snow

(Table 8). The lowest pH values and the highest levels of

sulfate and nitrate were associated with falling and new

snow. The chemical composition of the falling snow was

observed to change over the length of a storm from snow

samples taken in the early morning and again in the late

afternoon (no temperatures recorded) during a day-long

storm on 2-8-86. The pH increased over the course of the

storm from 4.86 to 5.75. Nitrate levels decreased from 418

ppb to 42 pbb. Sulfate concentrations declined from 322 to

44 ppb. These decreases over the course of the storm

suggests that snow can act as an efficient scavenger of

atmospheric gases such as SO2 and NOR .

Well-metamorphosed snow had lower levels of nitrate

and sulfate than new snow. The nitrate and sulfate

concentrations of well-metamorphosed snow was monitored

over the three month period in nearby forest clearings,

showed a general decline from 1330 ppb NO; and 140 ppb SO:

in January to 190 ppb NO3 and 60 ppb SO: in March.

Some samples that were saved for cation analysis

included mature snow, new snow and snow that was one week



Table 8. Representative Values For Chemical Composition

of Snow at Fort Valley, 1986.

Snow Type pH SO7 NO; -Cl
+Na Mg

2+

Slightly

Metamorphosed 5.36 110 260 110 30 50

Well

Metamorphosed 5.56 70 200 40 130 30

New Falling 5.26 140 290 110 60 10

New higher-

density 4.94 360 920 170 - -
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old. Representative values are included in Table 8. Only a

few samples were analyzed for iron, and the results showed

low levels (<5ppm) in new and slightly metamorphosed snow.

Iron concentrations in samples of well-metamorphosed snow

ranged from 5 to 13 ppm. Samples collected near the Snow

Bowl Ski Resort (elevation approximately 2900 m) from a

1.5 m deep snowpack, showed higher levels of iron, with

concentrations ranging from 12 to 53 ppm. These higher

levels were probably due to less melting of the higher

altitude snow, and thus less removal of the impurities by

meltwater.

Ion balances, calculated from samples for which all

= +- - 2+ 2+
five ions (SO4' NO3' Cl , Na, Ca , Mg , and H+ ) were

determined, showed twice the equivalents of anions compared

to cations. This could be due to incomplete analysis or due

to some type of contamination in the chloride analysis.

Discussion
Solute Concentration

Previous research has focused on measuring the

concentration effect under different field and laboratory

conditions for snow with high levels of pollutants.

Johannessen and Henriksen (1978) observed that the

concentrations of initial meltwater fractions were up to

six times that of the bulk snow. No systematic differences

in the elution patterns of monovalent and divalent ions
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were observed. The sulfate concentration effects measured

in our melt experiments were comparable to the general

results of Johannessen and Henriksen; in the first third of

the meltwater volume we found an average concentration

factor of 1.8 as compared to an average factor of 2.2

observed by Johanessen and Henrikson. Our average ratios

for nitrate (1.1), however, were lower than the nitrate

ratios measured by these researchers (2.1). Bisulfite was

not measured by Johanessen and Henriksen but our average

ratios for the first third of the meltwater volume were

slightly higher (3.1) than those obtained for the 14 ions

that they monitored (2.5 and less).

Johannessen and Henriksen (1978) did not find any

differences in the concentration ratios between snow with

bulk ion concentrations that differed by a factor of ten.

In our experiments there was also no difference in the

initial concentrations ratios between experiments with

different anion levels. The bulk sulfate concentrations of

the snow samples used in the melt experiments ranged from

36 ppb (unfumigated) to 99 ppb, and there was no unique

relationship between the bulk concentration and the

concentration of the first meltwater fraction.

The snow used in our melt experiments was well

metamorphosed with background levels of 60 ppb SO 	190
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_
ppb NO 3 ,	 and with an average pH of 5.60. Snow used in

European investigations had reported levels of sulfate and

nitrate that were significantly higher and pH values that

were as low as 3.50 (Johannessen and Henriksen, 1978;

Tranter et al., 1986; Brimblecombe et al., 1985). The

reported chemical composition of three natural snow samples

used in the study by Johannessen and Henriksen, for

example, was over 600 ppb SO-L-1
' 1240 ppb N03 and pH values

were below 4.91. Laird et al. (1986) reported the snow

chemical composition in the Cascade-Sierra Nevada Mountains

during a two-month period in early 1983. They found that pH

of the snow samples ranged from 5.11 to 5.88. Sulfate

concentrations reflected the influence of major source

areas and ranged from 40 to 320 ppb. Nitrate levels were

low with a median value of 22 ppb. These studies are in

contrast to the much smaller ratio of sulfate to nitrate

for snow in Flagstaff.

Solute Distribution

Differences in location of the solutes within the

snowpack and within versus on the surface of the snow

grain, led to differences in the initial concentration

ratios. The bisulfite ions were primarily distributed in

the upper five centimeters of the snow and on the surface
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of the snow grains. As a result of this distribution, the

bisulfite ions were readily removed by the first meltwater

and thus exhibited the highest concentration effects.

The relative proportion of sulfate added from dry

deposition was also a factor in the concentration ratio for

sulfate. Two experiments were conducted in which the melt

rate was roughly the same, but with different sulfate

distributions (Experiments 3-9-VII and 3-10-VIII). The

higher concentration effect was observed from the snow in

which half the sulfate was added by fumigation and thus was

located in the top layers of the snow and at the snow grain

surface.

The relatively low concentration ratios for nitrate

suggest that the initial nitrate distribution within the

snow grain was more uniform than that of sulfate prior to

fumigation. The melt experiment using natural snow (no

fumigation of SO
2
) showed a lower nitrate concentration

ratio than the sulfate (1.2 versus 2.8). A more uniform

distribution of the nitrate within the snowgrain compared

to sulfate may due to differences in the water/ice

partition coefficient. For liquid-water mass fractions of

less than 0.0001 (under cold conditions), 90 percent of the

nitrate would be distributed in the ice fraction but the

sulfate would be evenly distributed between the liquid
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-2	 -3
water and ice, based on a K value of 10 to 10	 for

nitrate (Sigg et al., 1986) and a K which should be much

less for sulfate.

Colbeck (1981) investigated the effects of the

distribution of a solute within a snowpack, and melt-freeze

cycles on the elution pattern of the impurities. Columns of

snow with different amounts and distributions of powdered

sodium chloride crystals were used in experiments in which

the snow was subjected to diurnal melt cycles over several

days. As part of one experiment, the salt was dissolved at

the melting surface of a snow column. In another

experiment, a larger amount of salt was distributed in four

equal layers in a column that was half as long. Although

the bulk salt concentration of the snow in the second

column was higher, the concentration of the initial

meltwater was higher from the first experiment. This

Colbeck attributed to the lack of concentration by

refreezing. The addition of powdered sodium chloride

ensured that the solute was not part of the snow but

directly dissolved in the meltwater. These experiments

assessed the effect of distribution only on a snow sample

scale but did not examine the effect of the distribution on

a solute within the snow grain on the concentration ratio.

Colbeck concluded that the rate of removal of a pollutant
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in a natural snowpack depends on the atmospheric conditions

under which the snow fell, the degree and type of

metamorphism, and the sequence and amount of rain or melt

experienced by the snow.

Melt-Freeze Cycles

Higher concentration effects under slow-melt

conditions were observed in the experiments in which the

snow was subjected to three melt-freeze cycles. The melt-

freeze cycles helped to position the anions on the grain

surfaces near the base of the snow sample. The anions were

then readily removed by the first meltwater wave. The

concentration ratios of nitrate only increased slightly

(from 1.1 to 2.1), as the probable uniform distribution of

the nitrate within the snow grains dampened the

concentration effect.

Colbeck (1981) also investigated the expected

distribution from melt-freeze cycles by adding powdered

sodium chloride crystals to the bottom of a column packed

with homogeneous snow. This experiment was designed to

simulate the effect of several melt-freeze cycles that

would concentrate the solutes at the base of the snowpack.

The result was that the initial concentration effect was

the highest of three experiments all of which were melted
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at the same rate. The highest concentration ratios for all

three anions in our experiments were also observed from

snow that had undergone three melt-freeze cycles.

Melt Rate

Melting of the snow samples was accomplished with a

light bulb held above the snow to produce what was assumed

to be a constant melt rate throughout the entire

experiment. The melt rates did vary between experiments

because two different bulbs were used and temperature

control around the melt apparatus was inadequate. The melt

rate was estimated from the average rate of meltwater

collection, and all melting was assumed to occur at the

snow sample surface.

In general, the highest concentration factors were

observed with the slowest meltwater collection rates for

both bisulfite and sulfate in the seven experiments in

which the snow was melted at one time. In the three

experiments with melt-freeze cycles, the concentration

ratio was also inversely related to the meltwater flux. Two

of the three experiments that included melt-freeze cycles

were slowly melted, resulting in the two highest

concentration effects observed for sulfate. The third

experiment was melted more quickly and produced an initial

concentration half that of the other two.
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Convection and hydrodynamic dispersion are involved

in the transport of the solutes and thus affect the

concentration of the meltwater. The effect of hydrodynamic

dispersion which includes molecular diffusion and

mechanical dispersion, acts to smear the solute around the

advancing front. Molecular diffusion is a function of the

liquid-water content and the mechanical dispersion depends

on the velocity of the meltwater. Under conditions of slow

melt rates, there is a lower effective saturation and a

slower meltwater wave speed. Thus, slower melt rates result

in less dispersion and more concentrated solute peaks. As

observed in our experiments, higher concentration ratios

were associated with lower melt rates.

The actual transport rates of the nitrate, sulfate

and bisulfite could not be measured in our melt experiments

because of the initially diffuse distribution of the three

anions. Additionally, the meltwater fractions were not

collected in small enough increments to discern the arrival

of the solutes at the base of the sample.

Solute Flux Models

In order to predict the movement of solutes through

snow, Colbeck (1977) proposed that transport could be

approximated by convection and that hydrodynamic dispersion

effects could be neglected. Colbeck justified neglecting
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dispersion because small amounts of solutes do not

significantly affect the movement of the water. The

interstitial water velocity, used to estimate the rate of

convective transport, can be determined from existing

unsaturated meltwater flow theory. This approach would be

satisfactory for predicting movement of solutes from a

specific source, and may also be useful in estimating the

movement of solutes deposited from dry deposition at the

surface of both the snow grains and the snowpack.

Hibberd (1984) developed a theoretical model to

describe the release of pollutants in initial meltwater

from a snowpack that included the effects of hydrodynamic

dispersion. Simplifying assumptions made by Hibberd

included uniform surface melting and uniform concentration

of the pollutant within the snowpack. He also assumed that

the impurities were dissolved in the liquid water between

the boundaries of the snow grains.

Hibberd used the model to calculate pollutant

concentrations for different dispersion coefficient values

in order to determine the importance of dispersion in the

movement of solutes. Under convective transport, the

initial concentration of the meltwater would be 10 to 20

times that of the bulk snow, and all of the solute would be

released in the first five to ten percent of the meltwater.

Under convective transport the solute that is already
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present in the interstitial water is pushed in front of the

advancing meltwater, with little dilution. With

increasingly large coefficients of dispersion, more mixing

occurs within the pore space immediately behind the wave

front. Predictions of the concentration ratio curves by the

model most closely matched the experimental results of

Johanessen and Henricksen when a large dispersion parameter

was used. The assumption by Hibberd that the pollutants

were predominately in the liquid water between grains

before the meltwave developed may have led to an

overestimation of the importance of hydrodynamic

dispersion. The main effect of dispersion as incorporated

into Hibberd's model was to decrease the degree of the

concentration effect and to lengthen the time to release

the pollutant. However, if solute was not in the meltwater

but within the ice crystal, slow release of the solute

would also dampened the concentration peak.

Conceptual Model

Important factors that affect the elution pattern

of nitrate, bisulfite and sulfate are the melt rate, and

the distribution of the anions within the snow sample and

within the snow grain. Meltwater moves rapidly downward

through the snow, with gravity forces dominating (Colbeck,
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1972). The rate of movement of a certain volume flux, u

3	 2
(M/ M	 / sec), is given by:

V=33 0 e
-1 u Se

-1 	
(1 0)

where Se is the effective water saturation. The effective

water saturation is defined as:

S = (S - S.) / (1 - S.)e w 1	 1

where S is the water saturation and	 is the irreducible
1

water saturation, both as a percentage of pore volume. The

term 0 e is determined from the relationship:

0 e = 0 (1 - S .)1
	 (12)

where 0 is the porosity. The volume flux, u, was based on

experimentally determined meltwater collection rates. The

level of saturation was estimated from the relationship

(Colbeck,1978):

U = a k (Se )
3 	

(13)

where a is a constant equal to 5,470,000 m-lsec-1

(calculated from a = p w g p w ), and k is the intrinsic

permeability (m2 ) calculated from Equation (8) based on an

estimated grain size of 1 mm.

The rate of propagation of a solute front at a

specific concentration considering only convection is given

by Colbeck (1977) as :
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Vc =	 (14)

where v is the interstitial water velocity (m/sec). The

volume flux, u, and the interstitial velocity are related

by:

u = v 0	 (15)

The rate of propagation of the solute front and the speed

of the volume flux are thus related by:

Vc = 1,/3 (Sur	S. ) Vu	 (16)

Based on the different concentration effects

observed for bisulfite, nitrate and sulfate, and the

distribution patterns of the anions obtained from the

deposition velocity experiments, the initial distributions

of these ions in the bulk snow and within the grain were

inferred. On the snow sample (or snowpack) scale, the

nitrate was uniformly distributed with depth, the bisulfite

was distributed within the top five to seven centimeters,

and the concentration of the sulfate was higher in the top

five centimeters, decreasing with depth. The sulfate

distribution reflected the natural snow concentration plus

the additional sulfate (about 25 percent of the total

sulfur) taken up by the snow during exposure to the S02/air

mixture.

The distribution of the nitrate and sulfate on the

snow-grain scale depends on the temperature of the snow
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initially. For liquid-water mass fractions is less than

0.0001, the nitrate is distributed predominately within the

solid ice grain. The sulfate in the natural snow (without

fumigation) is more concentrated on the surface of the ice,

as the Kp for NO thought to be 10 times that of S071 .

The additional sulfate from the dry deposition of SO2 is

also located on the surface of the grain. In warmer snow,

increasing the liquid-water mass fraction causes the

nitrate and sulfate to be partitioned more to the surface

(liquid) and less to the ice. The bisulfite, deposited from

exposure to SO 2 was located only on the surface of the snow

grains.

The conceptual model of the transport of bisulfite,

nitrate and sulfate through snow is illustrated in Figure

15 which is based on conditions of slow melt (a rate equal

to 1.4 x 10
-6

 m/sec). Initially, the snow sample is warmed

0
to 0 C and melting begins at the top of the sample. The

irreducible water saturation, S i , the level of saturation

at which no flow can occur because the film of water is

discontinuous, is assumed to be 0.065 (Colbeck, 1978).

The bisulfite, initially located on the surface of

the grains in the upper centimeters of the snow sample is

rapidly transported downward by the meltwater through the
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snow. The elution of the bisulfite is slowed by mixing in

the saturated layer of snow at the bottom of the sample.

The transport and elution of nitrate is uniform over

time because the nitrate is released at a more constant

rate as the snow grains melt. Some dilution of the nitrate

occurred in the saturated zone but this was minimal as the

nitrate was more slowly made available for transport by the

meltwater.

The sulfate sorbed during fumigation is rapidly

transported downward with the melting of the snow at the

top. The concentration factors are not as large as those

for bisulfite because there is some sulfate throughout the

sample that is released as the snow melts. The peak

concentration factors are also dampened by mixing in the

saturated bottom centimeter of the snow sample. The

saturated layer at the bottom of the snow sample masks the

dilution effect caused by dispersion, but the volume of

liquid water, if the bottom 1.5 cm was saturated, would be

50 cm3 or about 10 percent of the total snow volume. If

dispersion was minimal, most of the solute would be eluted

in the first 10 to 15 percent of the meltwater (Hibberd,

1985). This is not evident in the elution pattern for

bisulfite, which was totally discharged from the sample in

40 to 65 percent of the total volume. Although it is

evident that dispersion occurs, our experiments and model
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cannot present evidence to support or contradict the large

dispersion coefficient suggested by Hibberd.

Several simplifying assumptions were made in the

development of the conceptual model. Meltwater flux was

assumed to be constant and equal to the average rate of

meltwater collection. Once a meltwave had appeared, a

constant effective saturation was assumed with a resultant

downward percolation rate that was also constant. For our

laboratory experiments in which the snow was melted beneath

a light bulb, the PVC pipe holding the snow was warmed and

led to snowmelt from the sides as well as from the surface,

but at least during the initial collection of meltwater

most of the melting probably occurred at the surface.

Applications to Natural Snowpacks

Natural snowpacks are often composed of many

different layers of differing permeability, are

structurally heterogeneous, and are subject to varying

weather conditions. These have differing sometimes opposing

effects on the elution pattern of the solutes held in the

snow.

Natural snowpacks are subject to diurnal melt

cycles and from these changing melt rates, different levels

of effective saturation occur during the day. This would

result in changes in the meltwater flux as shown by
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equation (12). The downward rate of movement for a specific

value of flux, as shown by equation (10), is slower for

smaller fluxes. Meltwater fluxes generated early in the day

in natural snow cover would be smaller and move at slower

speeds. These smaller fluxes would carry a concentrated

pollutant load because of the smaller amount of melt

generated early in the day. During mid-day when maximum

melting can occur, larger meltwater fluxes would be

generated and would move downward at faster rates. These

meltwaves would contain a less concentrated pollutant load

due to dilution and the initial removal of any ions on the

surface of the grains or in the liquid water between

grains. These larger, more dilute fluxes traveling at

faster rates may overtake slower fluxes generated earlier

in the day, as observed by Colbeck and Davidson (1973). The

pollutant load of the slower flux would then be diluted,

dampening the peak-concentration effect.

Downward percolation could transport the solutes

via preferred channels that act as drains conducting a

disproportionate share of the meltwater (Gerdel, 1954, as

cited by Colbeck, 1978). Preferential channel flow could

result in bypassing of pollutants within the snowpack which

are then released later in subsequent melting events.

Preferential channel flow could also increase the peak

concentration if the pollutants were, as a result of dry
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deposition, distributed at the top of the snowpack. Surface

melting would release these impurities, and preferential

channels would act as conduits to quickly transport the

concentrated meltwater from the snow.

The melt experiments were conducted on uniform snow

only 14 cm deep. Actual snow cover is often made up of

various layers of snow laid down at different times and

under different conditions. Discontinuous layers of ice may

also be present. Layers of ice with lower but significant

permeability would cause saturated flow on top of the ice

until a discontinuity in the ice lense was reached

(Colbeck, 1978). This would allow mixing and dilution of

the contaminants within the meltwater. Vertical fractures

or cracks in the snow would minimize the horizontal

spreading of the pollutant.

Distribution of the pollutants , as demonstrated in

our melt experiments and the findings of previous research

is an important component influencing the magnitude of the

concentration effect. Dry deposition of pollutants leading

to an accumulation of the impurities at the surface of the

snow cover and at the surface of the snow grains could

result in concentrated meltwater peaks under conditions of

slow, steady melt. Melting and refreezing of the snow to

concentrate the pollutants at the base of the snowpack

could lead to even larger concentration effects. Deep snow



95

in which meltwater penetration is only partial could lead

to development of areas of high impurity concentrations at

the depths to which the meltwater penetrates and the ice

layers form. If dry deposition was a periodically large

source of pollutants, periods of melt to transport the

pollutants downward to the ice lense followed by additional

episodes of dry deposition and remelting could result in

very high concentration peaks in the initial meltwater as

the ice layer is melted.

The rate of melting has also been shown to

influence the concentration of the initial meltwater

fraction. Slow melt rates would increase the concentration

effect, resulting from less liquid water to dilute the ions

and less hydrodynamic dispersion. If the solutes in the

snow cover are located on the grain surfaces or in the

water held in menisci between the grains, slow melt rates

may quickly release these pollutants with minimal dilution.

Conclusions 

The initial concentrations observed in these melt

experiments were between 2.0 and 4.1 times the bulk sulfate

concentration; between 3.7 and 9.1 times the bulk bisulfite

concentration, and between 1.1 and 2.1 times the bulk

nitrate concentration.

Melt rate is a more important influence on the

initial meltwater concentration levels than the bulk
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concentration of the snow. Slower melt rates resulted in

higher concentration effects.

Distribution of the solute within the snowpack also

influences the initial meltwater concentration. Melt-freeze

cycles increase initial concentrations by concentrating the

solutes in one location where they are readily available

for removal by meltwater.

Distribution of the solute within the snow grain is

also an important factor in the degree of concentration of

the meltwater fractions. Dry deposition results in a

distribution of the ions at the surface of the grains and

at the surface of the snowpack where the initial melting

occurs, thus enhancing concentration peaks of the initial

meltwater.



CHAPTER 4

SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK

Physical Characteristics 

Deposition-velocity experiments were conducted with

0 0
different types of snow under warm (0 C) and cold (-2.0 C)

conditions to evaluate the influence of the snow's physical

characteristics on the dry deposition of SO2 . Snow was

classified into four types; for each type, bulk density,

air permeability, liquid-water content and snow morphology

were characterized.

Deposition velocity was most affected by the

presence of liquid water. Measured deposition rates under

conditions of both melting and drainage averaged about

0.10 cm/sec in comparison to the same type of snow

fumigated under cold conditions for which deposition

velocities averaged 0.04 cm/sec. The measured air

permeability values were not quantitatively related to

deposition velocities but were related to the distribution

pattern of the deposited sulfur in the snow. Higher air

permeability values were associated with new lower-density

snow and deeper penetration of the absorbed sulfur into the

snow sample. Lower air permeability values were measured

97
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for well-metamorphosed snow and deposition under cold

conditions was limited to the top five to seven centimeters

of the sample.

Aqueous Flux of Sulfur Through Snow

Melt experiments with fumigated snow were also

conducted in which the meltwater fractions were collected

and analyzed for nitrate, sulfate and bisulfite. Snow with

different bulk concentrations as well as differing amounts

of sulfur from dry deposition was melted at different rates

and the meltwater collected in increments. Three

experiments were conducted in which the snow was subjected

to three cycles of melt-freeze before being entirely melted

and the meltwater fractions collected for analysis.

The melt rate and the distribution of the solutes

within the snow sample and within the snow grain were

important factors in determining the initial concentration

of the meltwater as compared to the bulk snow

concentration. Higher concentration ratios were observed

under slow melt conditions and for snow with a large

percentage of the total sulfur deposited from SO2

fumigation. Experiments with melt-freeze cycles in addition

to slow melt rates yielded the highest concentration

effects, up to four times the bulk concentration for
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sulfate and up to nine times the bulk concentration for

bisulfite.

Recommendations For Future Work

This work conducted on the effect of physical

characteristics on dry deposition of sulfur dioxide to

snow, and on the parameters that effect initial

concentrations of meltwater from snow has qualitatively

assessed the relative importance of these variables. Future

work should emphasize the quantification of these

relationships. To accomplish this, the following tasks

should be undertaken.

Conduct SO2 fumigation experiments exposed to

sunlight under more controlled conditions, especially

temperature. Modify the liquid-water-measurement method to

consistently measure specific sample depths to relate to

concentration profiles and overall deposition velocities.

This may include fumigation of a larger sample to provide

enough snow sample for both chemical analysis and liquid

water determination. Improve air permeameters and the

manometer, and temperature control of equipment to achieve

more consistent and accurate pressure-head measurements.

Conduct additional melt experiments under more

controlled conditions and using larger snow samples (for
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example, 1 m3 sample volume). Control temperature to vary

the melt rate and to ensure only surface melting. Improve

meltwater collection system using a ceramic plate to reduce

the bottom saturation. Increase the number of ions

investigated including chloride and cations, using

fumigated and natural (or man-made) snow for knowledge of

the grain-level distribution of the contaminant. Use longer

and wider columns for the snow samples. Conduct additional

melt experiments with heterogeneous snow samples composed

of layers of newer and well-metamorphosed snow, and

including ice lenses to investigate the effect of

heterogeneity on concentration effects.

The conceptual model should be expanded to include

the effects of hydrodynamic dispersion. A more complete

data base composed of accurate melt rates and more frequent

collections of melt water fractions will be necessary to

provide quantitative information on the relationship

between melt rate and concentration effects.



APPENDIX A

LIQUID WATER CONTENT CALIBRATION

Date Trial Water
Added

(percent)

Water
Measured
(percent)

Error

(percent)

1-7 1 0.0 2.94 3.03
2 9.99 10.57 0.65
3 11.09 14.48 3.81
4 8.40 11.60 3.50

1-8 1 11.88 13.65 2.00
2 11.86 11.97 0.13
3 11.77 16.46 5.31
4 11.25 12.29 1.17
5 0.0 -0.75 -0.75

1-9 1 7.40 8.83 1.54
2 7.83 8.86 1.10
3 8.02 6.85 -1.27
4 8.30 7.01 -1.41

1-12 1 11.72 10.86 -0.97
2 13.77 14.68 1.06
3 12.46 11.03 -1.64
4 11.85 10.91 -1.05
5 9.69 6.24 -3.83

1-12 1 16.14 17.13 1.18
2 17.67 18.32 0.78
3 21.18 23.49 2.10
4 19.96 21.29 1.66
5 22.49 23.60 1.43

1-18 1 31.81 34.73 4.29
2 27.40 29.32 2.67
3 29.80 32.61 3.97
4 29.80 33.04 4.56
5 27.10 27.88 1.10
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Date Trial Water
Added
(percent)

Water
Measured
(percent)

Error

(percent)

1-19 1 26.82 25.90 -1.26
2 26.58 26.65 0.10
3 25.72 24.92 -0.95
4 25.45 24.88 -0.76
5 25.65 27.64 2.68

1-19 1 5.52 7.30 1.89
2 10.01 12.43 2.71
3 13.78 16.99 3.73
4 16.68 18.16 1.78
5 19.52 24.02 5.58

1-20 1 7.02 8.40 1.48
2 23.20 25.25 2.68
3 25.40 27.65 3.02

1-21 1 6.00 4.60 -1.47
2 10.00 8.58 -1.52
3 12.80 14.02 1.34
4 14.40 14.39 0.0
5 20.40 20.42 0.0

1-21 1 4.20 5.14 0.96
2 7.60 8.80 0.13
3 11.1 12.9 2.07
4 16.50 17.50 1.14
5 21.90 22.90 1.34

1-22 1 8.96 9.51 0.60
2 13.91 12.74 -1.36
3 6.54 6.39 -0.17
4 26.70 27.55 1.14
5 25.00 23.48 -1.54
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Date	 Trial	 Water	 Water	 Error
Added	 Measured

(percent)	 (percent)	 (percent)

1-23 1
2
3
4

0.0
12.80
8.10

25.90

0.69
13.20
8.50

26.60

0.69
0.46
0.36
0.93

Percent water added calculated from:
Wa% = (Wa/ S + W)100

PercentPercent water measured calculated from:
Wm% - (Wm

/ S + W)100

PercentPercent error calculated from:
E % = (Wm - Wa/ S)100

where Wa is the mass of water added (g) f Wm is the mass

of water measured (g), and S is the mass of the snow (g).



APPENDIX B

CALCULATIONS OF CONCENTRATION RATIOS

Melt Experiments using 12-hr Fumigated Snow
Experiment 3-8 
	

Experiment 3-9
Co=60 ppb SO:
	

Co=66 ppb SO:

Co=189 ppb NO3
	

Co=157 ppb NO3

Melt

(%)

Co=7 ppb HS03

Concentration Ratio

SO	 NO4	 3	 HSO3

Co=9

Melt

(%)

ppb HSO;

Concentration Ratio
-SO	 NO

 3	 HSO3

7 3.00 1.28 8.08 5 2.86 1.21 3.68
13 2.07 1.17 2.92 12 2.33 1.22 4.26
18 1.38 1.08 1.75 18 1.59 1.16 2.87
26 1.13 1.06 0.98 23 1.12 1.07 1.69
32 1.07 1.05 0.48 29 0.94 1.04 1.25
43 0.84 0.98 0 40 0.92 1.04 1.25
53 0.79 1.01 0.48 53 1.33 0.97 0.36
63 0.69 0.99 0 64 0.90 0.97 0
78 0.53 0.94 0 78 0.39 0.93 0
91 0.48 0.98 0 91 0.18 0.87 0

100 0.64 0.68 0 100 0.37 0.86 0

Experiment 3-11

Co= 76 ppb SO;

Melt

(%)

Co=178 ppb NO 3

Concentration Ratio

SO
4	 NO-	 HS0-

	

3	 3

Co=

Melt

(%)

12ppb HS0 3

Concentration Ratio

SO4	 NO-	 HS033

7 1.96 1.07 4.13 49 0.71 0.95 0.29
14 1.77 1.10 3.89 58 0.65 0.91 0.35
20 1.52 1.02 2.24 65 0.57 0.94 0
25 1.44 1.04 2.06 79 0.52 0.94 0.12
30 1.28 1.07 1.00 90 0.73 1.16 0
40 0.88 0.99 0.77 100 1.08 0.94 0
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Melt Experiments using 12-hr Fumigated Snow

Experiment 3-10 

Co=45 ppb SO:

Co=176 ppb NO3
Co= 6 ppb HS03

Melt	 Concentration Ratio

Experiment 3-12 

Co=69 ppb SO:

Co=183 ppb NO3

Co= 7 ppb HS03

Melt Concentration Ratio

(%) SO4 N0 3 HSO4 (%) SO4 NO 3 HSO 3

6 2.29 1.17 5.39 5 2.36 1.09 7.26
12 1.88 1.11 3.95 10 2.35 1.15 4.29
18 1.57 1.06 3.16 14 2.07 1.09 3.73
23 1.56 1.11 1.45 19 1.47 0.98 1.91
27 1.26 1.07 1.32 23 1.01 0.94 0.77
38 1.03 1.03 1.05 33 0.86 0.93 1.24
49 0.83 0.99 0 42 0.86 0.94 0.47
59 0.78 0.97 0 56 0.72 0.89 0
70 0.72 0.99 0 65 0.86 0.90 0
78 0.85 0.95 0 74 0.64 0.86 0
88 0.48 0.91 0 83 0.62 0.81 0

100 0.49 0.89 0 94 0.74 0.75 0
100 0.50 0.68 0

Experiment 3-15 

Co=70 ppb SO:
_

Co=254 ppb NO3	 Co= 8ppb HS0 3

Melt	 Concentration Ratio Melt	 Concentration Ratio
- = -

(%)
=OS 4 NO 3

HSO3 (%) SO NO
3

HSO 3

5 2.05 1.17 4.93 58 0.83 0.96 0.85
11 1.85 1.14 3.39 65 0.84 1.03 0
15 1.79 1.17 3.91 74 0.78 0.95 0
20 1.68 1.11 2.46 83 0.51 0.89 0
27 1.30 1.07 0.85 92 0.38 0.87 0
37 1.05 1.06 0.42 100 0.58 0.86 0
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Melt-Freeze Experiments using 12-hr fumigated snow

Melt

(%)

Experiment 3-16

Ratio

HSO3

Experiment 3-19

Ratio

HS0-3

Co=99 ppb SO:

Co=247 ppb NO3

Co=9 ppb HS03

Concentration

SO4	 N03

Co=85 ppb SO:

Co=198 ppb NO3

Co=9 ppb HS03

	Melt	 Concentration
	(%)	 SO

4	 NO 3

5 3.88 1.77 7.76 5 4.05 2.08 9.06
11 2.66 1.50 5.77 9 2.03 1.34 2.91
17 1.62 1.08 1.89 14 1.75 1.22 2.00
20 1.42 1.03 1.82 19 1.77 1.25 2.99
24 1.28 0.99 1.29 23 1.33 0.98 2.00
34 1.29 1.10 0.86 35 1.01 1.01 0.41
42 0.94 0.93 0.43 45 0.76 0.85 0.41
52 0.67 0.91 0.0 54 0.78 0.85 0.24
60 0.51 0.81 0.0 63 0.61 0.84 0
70 0.67 0.91 0.0 72 0.51 0.84 0
80 0.37 0.90 0.0 83 0.44 0.87 0
91 0.32 0.84 0 92 0.43 0.90 0

100 0.36 0.86 0.0 100 0.44 0.84 0

Experiment 3-20 	Experiment 3-7

Co=90 ppb SO:	 Co=99 ppb SO:

Co=219 ppb NO3	 Co=247 ppb NO3

Melt

Co= 3ppb HS03

Concentration Ratio
(Natural snow)

Melt	 Concentration Ratio

(%) SO 4 NO 3 HSO
3 (%) SO4 N0 3

7 1.58 1.26 5.19 5 2.69 1.19
12 1.68 1.23 3.63 11 3.06 1.34
17 1.70 1.22 2.68 22 1.39 1.06
24 1.45 1.17 3.44 28 1.13 0.91
29 1.25 1.02 1.53 38 0.99 0.95
39 0.77 0.98 0 49 0.78 0.90
48 2.32 1.15 0 60 0.96 0.91
58 0.61 0.92 0 71 0.74 1.08
68 0.68 0.98 0 100 0.58 0.99
79 0.68 0.98 0
89 0.38 0.81 0

100 0.38 0.82 0



Concentration of Cations from Melt Experiments

Experiment 3-8 Experiment 3-9

Melt	 Concentration Melt	 Concentration
(%) (Pg/L) (%) (Ag/L)

Mg CaCa++ +Na Mg+ + Ca +NaNa
7 10 16 664 5 121	 180 462

13 0 12 674 12 107 0 483
18 0 0 316 18 174 62 239
26 0 0 199 23 0 0 -
32 0 0 230 29 0 0 -
43 0 0 264 40 0 0 264
53 0 0 165 53 0 0 110
64 0 0 94 65 0 0 168
78 0 0 92 78 0 0 -
91 0 0 84 91 0 0 49

100 0 0 51 100 0 0 185

Experiment 3-15 Experiment 3-16
Melt
(%)

Concentration
(Ag/L)
+Na

Melt
(%)

Concentration
(ttg/L)

Mg	 CaCa++ Na
5 414 5 34 161 1536

11 220 11 16 122 370
15 229 16 10 47 246
20 425 20 11 73 213
27 113 24 0 32 205
37 146 34 0 0 307
48 97 42 0 17 100
58 109 52 0 0 192
65 173 70 0 0 228
74 350 80 0 0 695
83 146 91 0 0 128
92 44 100 0 0 113

100 312
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Experiment 3-10 Experiment 3-12
Melt	 Concentration Melt Concentration
(%)	 (Ag/L) (%) (Ag/L)

Mg	 CaCa++ +Na ++Mg +Ca +Na
6	 0	 0 254 5 - - -

12	 0	 0 180 10 10 10 774
18	 0	 0 143 14 17 30 227
23	 0	 0 255 19 9 0 123
28	 0	 0 108 23 0 0 144
38	 0	 0 141 33 0 0 123
49	 0	 0 69 42 0 0 142
59	 0	 0 69 56 0 0 73
70	 0	 0 91 65 0 0 330
78	 0	 0 70 74 0 0 72
88	 0	 0 55 83 0 0 51

100	 0	 0 52 95 0 0 70
100 0 0 0

Experiment 3-19 Experiment 3-20
Melt	 Concentration Melt	 Concentration
(%)	 (pg/L) (%) (pg/L)

Mg	 CaCa++ +Na ++Mg +Ca +Na
5	 31	 99 681 7 10 37 336
9	 12	 39 145 12 0 10 147

14	 11	 39 117 17 0 19 333
18	 380	 223 25 24 0 18 170
23	 297	 529 22 29 0 61 108
35	 0	 17 0 39 0 0 86
45	 0	 0 46 49 0 0 138
54	 0	 0 10 58 0 0 125
63	 0	 0 0 68 0 0 -

72	 0	 0 0 79 0 0 125
83	 0	 0 0 89 0 0 356
92	 0	 0 0 100 0 0 116

100	 0	 0 56
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