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ABSTRACT

DEUTERIUM AKD SNOW HYDROLOGY

HDO samples from natural and laboratory snowpacks show 

that snowpack metamorphism can reduce the initial variability 

in the HDO content of snow. Field studies in Colorado 

indicated melt water percolation reduced the variability 

from a spread of -229%o to -106?̂ o relative to Standard Mean 

Ocean Water for fresh snow to a spread of -‘ I82%a to -158%o 

for the snov/pack in the middle of the melt period. Further 

studies in the laboratory indicated that isotopic fraction-

ation and vapor transport occurring during depth hoar 

formation may homogenize the lower part of the snowpack 

before melt occurs. The homogenization of the HDO content 

of the snowpack would reduce the problems involved in 

following snowmelt through the hydrologic system.

Preliminary studies indicated three unexpected results. 

No clear relationship was found between the HDO content of 

fresh snow and altitude. Fractionation did occur during 

sublimation from a snow surface. Depth hoar formation 

appeared to occur because of a continuous diffusion of 

material, not exclusively by a crystal-to-crystal transfer 

of mass.

Clark Henry Judy 
Department of Watershed Sciences 
Colorado State University 
Fort Collins, Colorado 80521 
August, 1970
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CHAPTER I

INTRODUCTION

The objective of this study is to investigate the 

feasibility of using HDO (water with a heavy hydrogen atom) 

as a tracer in snow hydrology studies. As this study is 

exploratory in nature, several questions are asked with 

the thought that the information obtained could provide a 

base for future studies of greater detail. An attempt was 

made to collect the minimum amount of samples that would 

produce useable results. The expense of analysis for the 

isotope content of the samples, relative to the value of 

the information obtained, was alv/ays considered.

The problem of investigating the use of HDO as a 

tracer in snow hydrology studies might be developed as 

follows;

1, Do individual storms have a unique HDO content?

2, V/hat is the consistency of the HDO content of a 
given storm in relation to location, elevation, 
and major physiographic barriers?

3, How does the metamorphism of the snov/pack 
influence the HDO content of the snow?

4, Depending upon 1-3 above, can melt water be 
traced through the soil profile?

5, Depending upon 1-4 above, can soil v/ater be 
traced as it becomes part of the streamflow?

This study will be concerned mainly with parts one and 

three. Part two should be developed with the aid of a



meteorologist, as a knowledge of the movement of the air mass 

before it reaches the mountains and while it is over the 

mountains would be important. V/ork on parts four and five 

v/ould be justified if it was believed that snowmelt could be 

identified as a separate component in the soil moisture 

system.

The questions given greatest emphasis in this study are:

1. How much variation is there in the HDO content of 
different snow storms at a given location in the 
Rocky Mountains?

2. Does snow metamorphism cause a homogenization of 
the HDO content of the snowpack?

3. If there is homogenization, what are the processes 
involved?

4. What equipment, procedures, and ideas might be of 
use in future studies?

As the results of each step were unknov/n, when the study 

plan v/as written, some flexibility was built into the study.

The need for the above informiation is basic to the 

overall problem. If HDO is to be used as a tracer in snow 

hydrology, information about the input is needed. We must 

know how uniform the HDO content of the snow is, and if this 

HDO content is changed before or during the melt period.

The literature gives hints about the answers, but nothing 

definite. Nearly all the work with heavy water and snow 

has been directed towards dating the layers of the firn 

v/ithin glaciers. Two papers concerned with the annual 

snov/pack have been presented since the completion of this 

study (Moser & Stichler, 19?0> and Dincer et al., 1970).



These papers will be commented upon during the discussion 

of the results of this studyo

There may also be some indirect benefits occurring 

from the study. Information obtained about the processes 

of snow metamorphism may be applied by persons studying the 

melt rates of snow, avalanche control, the internal energy 

balance of the snov/pack, and other phenomena.

The first part of the study v/as carried out at Pingree 

Park, a valley at an elevation of 2700 meters on the 

eastern slope of the Rocky Mountains in northern Colorado 

N latitude, 106° W longitude). A sample of new snow 

was taken whenever possible after each major snowfall, and 

a pit dug to obtain data on the development of the snowpack 

profile. At the beginning and near the end of the melt 

period a vertical series of samples was taken from the pit 

v/all to indicate any change in the EDO content of the snow 

caused by metamorphism or melt water percolation. '

As it was difficult to determine v/hat effect, if any, 

depth hoar formation (the development of large, delicate 

crystals in the lower part of the snov/pack) had on the 

homogenization of the snov/pack, it was decided to conduct 

a laboratory study on this phase of snow metamorphism.

Snow of a known EDO content was placed under a temperature 

gradient in a freezer. After allowing about one month for 

depth hoar formation to talie place, a systematic set of 

samples of the snow was taken so any change in the EDO 

content of the snow could be detected.



To complement the two major parts of the study, two 

short experiments were run. The changes in the HDO content 

of the snovr with elevation during a single storm were 

determined for a transect over the continental divide.

And, the fractionation betv/een HDO and H2O during sublima-

tion was measured. These experiments were considered 

preliminary in nature because they were done to provide a 

feel for the changes in the HDO content of the snow that 

might occur. They should be repeated so there is additional 

data to back up the results obtained.



CHAPTER II

LITERATURE RE^/IEW

Isotopes, atoms of the same element having different 

atomic masses, have been utilized as tracers in physical 

processes and chemical reactions since their discovery in 

the 1930's, The similarity of the isotope to the most 

prevalent form of the element allows it to follow a similar 

process or reaction path. The differences in mass permit 

the detection and measurement of the isotope.

Heavy water is a term sometimes used to describe that 

part of water which is not H2O but an isotopically heavier 

form of it. These non-typical forms of water shov; excellent 

possibilities for use as tracers as there v/ould be no 

problems trying to obtain uniform mixing of an introduced 

material and the v/ater being traced,

Rankama (1963) lists the relative abundance of hydrogen 

and oxygen atoms as follows:

H = 99.9Skk%
D = 0,0136%

0'̂  = 99.7590%
0'̂  = 0,0374%
0"̂  = 0,2039%

H^ (T or tritium) is not listed as it is a radioactive 

isotope with a half-life of 12,26 years, H (deuterium) 

is commonly designated by a D, There are also several more



isotopic forms of oxygen, most of them radioactive and v;ith 

half-lives of less than one day, _

Water may be any combination of the above mentioned
1 O  ̂rp

isotopes; H2O, H2O , EDO, and H2O ' being the most common.

These isotopic forms of water occur naturally, HTO also

occurs naturally in limited amounts, but most HTO used in

scientific investigations is a by-product of bomb tests and

other nuclear projects, Dansgaard (I964) summarizes much

of the work that has been done with H2O ° in precipitation,

and Friedman et al, (196if) review the work with EDO,

Each form of water has a different vapor pressure

(page 73 of the appendix). This causes a fractionation of

the light and heavy components to occur during evaporation,

condensation, and sublimation. Several papers giving details

18on how the atmospheric processes affect the EDO and H2O 

content of precipitation are; Ambach et al, (1968); Bleeker, 

Dansgaard, and Lablans (1966); Dansgaard (1953> 195^> and 

196^); Ehhalt et al. (1963)> Eriksson (1965); Isono et al, 

(1966); Lorius (1963); Matsuo and Friedman (196?); and 

O'Neil and Epstein (I966),

The activities of the different forms of v;ater are not

related directly to the square roots of the masses of the

molecules as classic physical chemistry might imply. What

is called a kinetic effect (Thatcher, 196?) prevails.

Apparently the difference in nuclear spins betv/een H and D

(Fast, 1962) causes the thermodynamic properties of EDO to
18be affected more than those of H2O .



Temperature is an important factor in determining the

areal variations in the isotopic content of precipitation,
1 P i

Dansgaard (195A-) gives five factors that affect the 

content of precipitation:

A, Temperature of the precipitation
B, The origin of the vapor
C, The condensation temperature
D, Cooling since the start of condensation
E, Evaporation during falling,

Facy et al. (1963) quote Better, Lorius, and Nief (1961) as 

having determined that the temperature and the pressure of 

the atmosphere are important.

Vapor pressure differences are the basis for the 

fractionation which causes variations in the isotopic content 

of precipitation. The vapor pressure ratios (eg.; V.P. 

H2O/V.P. HDO) between the different types of molecules are 

temperature dependent and are modified by changes in 

temperature, which in turn may be caused by changes in 

elevation or characteristics of individual storms,

SnoY/ has a lower HDO content than rain, it occurs at a 

lower temperature than rain. Whatever the exact process, 

we receive a varied HDO input v/ith snow. Snow has from 10 

to 23 percent less HDO than ocean water. Rain usually has 

0,3 to 9 percent less HDO than ocean water.

The isotope content of precipitation is often expressed 

as a per mil deviation relative to Standard Mean Ocean Vlater 

(SMOW) (Craig, 196la). Snow could be expected to have a 

deuterium content between -100%o SMOW and -230%^ SMOW,
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Snow on the ground undergoes several changes involving 

melting, freezing, and vapor exchange which may modify the 

isotopic content of the snowpack. This metamorphisra of the 

snowpack is described by Sommerfeld and LaChapelle (1970),

It may be divided into three stages.

Destructive metamorphism; the plates, needles, and 

other original forms of snow become rounded grains of ice. 

During this phase the entire layer of snov/ involved becomes 

more dense.

Constructive rnetamorphism; the rounded grains of ice 

are transformed into complex crystals with a definite plate 

like structure. These crystals may develop into a honey-

comb like structure in the lower part of the snowpack and 

are commonly referred to as depth hoar.

Melt rnetamorphism; the melt water flov/ing through the 

snowpack brings the snow to an isothermal (0° C) condition 

and breaks down the more delicate crystal structures,

A fourth stage, pressure rnetamorphism, must be considered 

when one is concerned v/ith the formation of glaciers.

Depth hoar has been defined by Giddings and LaChapelle 

(1962) as the condition of snow when the initial snow grains 

have been replaced by crystals deposited from vapor movement. 

This vapor movement is caused by a temperature gradient 

Y/ithin the snowpack. There may also be other contributing 

factors, as Yosida (1955) found that the vapor flux in snow 

is four to five times that occurring in air at the same 

temperature.



The literature contains no reference to the possible

fractionation of HDO and H^O during depth hoar formation.

Ragotzkie and Friedman (1965) state that, "Sublimation does

not produce fractionation of D2O and H2O molecules, since

the process is sort of a layer-by-layer removal of matter,

But, this does not rule out changes in HDO content during

depth hoar formation that are caused by diffusion or partial

sublimation, Epstein et al. (1965) related depth hoar to

layers with a higher H2O ° content than the rest of the snow,

A preliminary study by Benson (personal communication, I968)

indicated an enrichment and possible fractionation.of HDO

during depth hoar formation.

Dansgaard (1961) made the follov/ing observations about 
18

the H2O ° content of snow:

A, Seasonal variations in glaciers are preserved for 
hundreds of years in layers averaging about 30 cm. 
thick.

B, There is no enrichment during evaporation from ice.

C, Enrichment is significant for evaporation from wet 
snov/ only,

D, Fractionation is possible but not probable in dry 
snow during vapor exchange between solid states.

The last point concerns the process of depth hoar formation,

but gives us no further information. Points B and C seem to

indicate little enrichment of the snow surface during the

winter but some enrichment of the surface during spring melt.

Sharp, Epstein, and Vidzunas (I960) state that the

refreezing of melt v/ater and rain is important in the
18enrichment and homogenization of H2O ° within the unmelted 

snow. Macpherson and Krause (196?) found that the
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18percolating melt v/ater tends to homogenize the H2O ° content 

of snow, V/hile the above references concern H2O ° not EDO, 

they appear to be supported by the results of a laboratory 

study by Arnason (1969a)* He allov/ed a column of snov/ to 

melt at the top and collected the water that had percolated 

through the snow. The drain water had 8%o less HDO than 

the snow, which would indicate that an isotopic exchange 

occurs between the ice and water and may be an important 

factor in the homogenization of snow.

The above papers about isotopes and snow have been 

concerned v;ith snow as a contribution to glacial ice, not 

with an annual snowpack. But, the stages of metamorphism 

previous to firnification are nearly identical for both 

types of snowpacks.



CHAPTER III

DEUTERIUM VARIATIONS IN AN ANNUAL SNOWPACK

The isotopic fractionation occurring between H2O, HDO,
1 sand H2O during evaporation and condensation causes a 

variation in the relative amounts of these isotopic forms 

of water in precipitation. This study was designed to 

determine the isotopic variation of snow at a specific 

location in the Rocky Mountains and to follow the changes 

in the original isotope content caused by the metaraorphism 

of the snowpack. The information v/ill be used to detect 

potential problems associated with the use of deuterium as 

a natural label in snowmelt runoff studies,

Friedman et al, (1964) mention several aspects of HDO 

which suggest that one would find a variation in the HDO 

content of different storms at a given location, and that 

there are processes (as fractionation between H2O and HDO 

during evaporation and freezing) by which snowpack 

metamorphisra might change the HDO content of the original 

snow.

The fractionation between H2O and HDO during freezing 

has been measured by several people, Arnason (1969^) 

presents a summary of previous v/ork as v/ell as data on an 

experiment in v/hich he determined that ice would contain
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Figure 1, Flow chart for HDO variations in an annual 
snowpack.

Variations in the HDO content of storms 
at a specific location.

YES NO

v/ater components he 
separated by HDO 
analysis?

YES NO

Possible 
tool for 
use in 
further 
hydrologic 
studies.

Suspension 
of further 
hydrologic 
studies.
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1.0208 * 0.0007 times as much HDO as the water it was frozen 

out of.

Arnason (1969a) also noted in another study that a 

recrystalization followed by an isotopic exchange between 

ice and v/ater must be an important factor in the homogeni-

zation process. The observations of Sharp, Epstein, and 

Vidzunas (I960) and Macpherson and Krause (1967) that melt 

v;ater is important in the homogenization of the snowpack 

lend strength to the theory of isotopic exchange during the 

percolation of melt v;ater or rain.

Vapor transport is another possible means of homogeni-

zation of the HDO content of a snowpack. Epstein et al. 

(1963) reported that layers of depth hoar had a higher 

isotope content then the rest of the snov/.

As very little was known about the HDO content of 

seasonal snowpacks when this study was started, a flow chart 

(figure 1) was set up to guide the progress of the research.

PROCEDURE

During the 1967-1968 snow year, samples of fresh snow 

were tal̂ en whenever possible after each major snowfall at 

Pingree Park. Pits were dug in a I5 by 25 meter opening in 

the lodgepole pine (Pinus contortus) forest to obtain data 

on the development of the snowpack profile. Colored threads 

v/ere used to identify the surface of the snow at various 

stages during the study period.



Figure 2. The Pingree Park snov/pack profile 
on March 30» 1968. The threads marking the 
different layers of snov/ are barely visible. 
The thin black object is a ball point pen 
used for a size reference.
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Figure 5» The Pingree Park snowpack profile 
on May 3> 1968. Tv/o threads are still visible 
in the snov;. The other threads have been 
suspended from the shovel handle. The ^00 cc 
CRREL density tube and weighing apparatus are 
below and in front of the shovel handle.
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At the beginning and near the end of the melt period a 

vertical series of samples ?/as taken from the pit wall, an 

attempt being made to sample the parts of the snowpack which 

could be related to the earlier samples of nev/ snow. The 

threads marking the layers of snow are barely visible in 

figure 2, which shows the snowpack profile on March 30.

The snowpack profile of May 3 is shov;n in figure 3, S-S is 

the 500 cc CRREL snov/ tube used to take density measurements.

The snov; samples v;ere placed in widemouth glass jars, 

capped, and allowed to melt. Then the samples were trans-

ferred to smaller screw capped glass bottles. These bottles 

v;ere sealed v;ith paraffin to insure against accidental 

opening or evaporation until laboratory analyses were made.

The water samples were converted to hydrogen gas and 

analyzed for their deuterium content on a mass spectrometer 

by the procedure described by Friedman (1953). The measure-

ments v;ere reported as the per mil deviations relative to 

SMOW (Standard Mean Ocean V/ater), Laboratory measurements 

are precise to the nearest per mil.

RESULTS

The results of the laboratory measurements are listed 

in table 1. A recording rain gage equipped v;ith an Alter 

shield, located on the valley floor about 100 meters from 

the study site, gave the dates and amounts of precipitation 

for the storm events. The data are presented v;ith the 

newest snow at the top of the table to coincide with the
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TABLE 1. Date and Water Equivalent for Each Storm during 
the 1967-19CS Snow Year at Filigree Park, Colorado (deuterium 
concentration relative to SMOW is given for each storm sampled 

and for the profile samples)

%f! D relative to SMOW

Precipitation, New Profile Profile
Date mm Snow 3-30-68 5-3-68

1968
4-27 3.8
4-21 2.5
4-17 22.9 -124
4-7 7.6|

-177
4-3 14. oJ
3-26 6.6
3-20 10.2
3-17 .8
3-14 3.0 -116
3-10 8.4
3-7 .8
3-2 1.8

170*
2-27 2.01

-1561
2-24 9 .1 / } -169
2-20 5.8 - 2 1 3 J
2-12 10.7 -213 -177

1-31 2.5 -174 -167
1-22 10.2
1-6 2.81

-217]
-162*

1967 f 1 -215 -161
12-30 4.8] f
12-20 10.2\ - 2 1 7 J
12-20 3.8J
12-12 9.4 -199 -196 -182
12-9 1.5 -194 -186§ -173
12-1 13.2 -229 -165 -168
11-25 12.4 -106
11-21 17.8 -163 -161 -158
11-10 1.3
11-2 15.7 -159 -158

-168t -160t
Total 215.6 -161]

* Surface 10 mm. 
t Moist lower layer, 
t Ice layer.
§ Includes some snow of 12-1-67.
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of the threads used as profile markers.
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snow profiles shown in figure Zf, All precipitation events 

during the study period v/ere snov/. The deuterium values on 

the same line, from left to right, trace the new snow to the 

equivalent layers in the March 30 and May 3 profiles. Also 

included in table 1 are deuterium values for the surface 

10 mm of snow, the layer of moist snow occurring at the 

bottom of the snowpack, and the layer of ice (May 3 only) 

that had formed at the soil-snow interface.

Approximately one third of the precipitation was not 

sampled for deuterium. Table 2 gives a weighted average 

for the deuterium content of the precipitation actually 

sampled. The samples taken from the snowpack profiles were 

also weighted by the water equivalent of the sample 

concerned and an average deuterium content for the entire 

profile calculated.

Figure 4 gives the descriptions of selected snov/pack 

profiles. The locations of the samples taken from the 

March 30 and May 3 profiles are shovm by the bars enclosing 

the deuterium values of the respective samples. Depth hoar 

densities ranging from 0.200 to 0.230 had developed by mid- 

February, The March 30 profile was taken just after the 

pack had turned isothermal and the density of the depth hoar 

ranged from 0.236 to 0,270. By May 3j melt metamorphism 

had increased these densities to the range of 0,304 to 0.h04< 

Detailed temperature and density profiles are given on 

pages 8l and 82 of the appendix.



Table 2. Weighted averages for the deuterium content of the snow.

Type Date
%o D
V/eighted
Average

New snow actually sampled 

Entire profile

11-2-67 to 3-30-68 -185

3-30-68 -180

% Precipitation 
Not sampled

3k%

ru
o

New snow actually sampled 

Entire profile

11-2-67 to 5-3-68 -174

5-3-68 -164

29%



21

DISCUSSION

Interpretation of the data presented in tables 1 and 2 

and in figure suggests three conclusions for this study:

1, There is a large variation in the deuterium content 
of different snov/ storms even though the samples 
are taken at one location.

2, There is a marked homogenization of the deuterium 
content of snov; by the processes of snowpack 
metamorphism,

3, Melt Y/ater percolation appears to be the major 
process causing this homogenization.

The storms sampled have a very wide range of deuterium 

content, from ~229/a<> to -^06%o D relative to SHOW. Ambach 

et al. (1968) mention the source of the vapor, the tempera-

ture of condensation, and evaporation while falling as 

among the factors affecting the isotope content of precipi-

tation, The isotopic exchange between falling precipitation 

and the atmospheric vapor may be significant for rain drops 

(Friedman et al,, 1963) but it is doubtful if it has much 

effect on snow crystals.

Because of the inland position of the sampling area, 

the approach path of the storm and v/hat happened to the air 

mass before it reached Colorado are important. Most storms 

originated in the northv/est, but especially in the spring 

it is possible for vapor originating in the Gulf of Mexico 

to act as a source of snov; for the eastern slope of the 

Rocky Mountains. Brown (1970) found that in Canada the 

deuterium content of the precipitation was dependent upon 

the origin of the air mass. Air masses from the north and
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west had a lev/ deuterium content, v/hile those from the south 

and east had a higher deuterium content.

The temperature of condensation of a given sample of 

snow is difficult to determine. Because of a lack of better 

data, the mea.n temperature of the first day of the snowstorm 

was plotted against the deuterium content of the snow 

(figure 5)» The least squares equation of the line through 

the data points is D = 3*9 (°C) ~ 168, Brovm (1970) 

obtained an equation of D = 10,5 (°C) - liiO for the 

variation of the deuterium content of annual precipitation 

with temperature in Canada,

The homogenization of the deuterium content in the 

snowpack profile could result from both vapor and liquid 

transfers during the various stages of metamorphism,

Arnason (1970), Dincer et al, (1970), and Moser and Stichler 

(1970) presented papers at the March 1970 symposium of the 

International Atomic Energy Agency in Vienna, These authors 

agree that melt v/ater percolation may be a major cause of 

the homogenization of the isotopic content of snow. The 

papers of Dincer et al, (1970) and Moser and Stichler (1970) 

included profile samples similar to those made in this study, 

Arnason (1969a) indicates an isotopic exchange occurs 

between the ice and the v;ater and this may be an important 

factor in the homogenization of snow, Dincer et al, (1970) 

believe that during the first part of the melt period the 

upper layers of snow and rain percolate through the snowpack
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Figure 5. The mean air temperature on the 
first day of the snowstorm plotted against 
the HDO content of the snov; that fell during 
the entire storm. The two points enclosed hy 
squares were not used in the calculation of 
the regression line.
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without losing isotopic identity, especially if the thermal 

quality (a measurement of how dry the snow is) is near 100?̂ ,

Water percolating through a snowpack would foimi a thin 

film flowing over the snow crystals. This would provide a 

large area of contact along the ice-v/ater interface. Also 

the rate of flow would be quite slow. The rate of diffusion 

of HDO in water or ice is very small, so there would be 

little isotopic exchange by diffusion. But, there v/ould be 

a continuous freezing and melting process going on at a 

small scale, an equilibrium reaction between the ice and the 

liquid film. Both Arnason (1969a) and Friedman et al. (196î ) 

have shown that isotopic fractionation v;ill take place under 

such circumstances.

It is not possible to determine the exact role of vapor 

transport in the homogenization of the snowpack studied.

Some melt v/ater percolation had occurred before the March 30 

profile samples were talcen. Strong temperature gradients 

existed in the shallov/ snovi cover as evidenced by the 

pronounced depth hoar formation. Information obtained later 

in a laboratory experiment indicates that vapor transport 

during depth hoar formation can cause isotopic fractionation 

and may contribute to snowpack homogenization,

A graphic presentation of the data (figure 6) suggests 

that the center part of the March 30 profile (from 250 mm 

to 500 mm) had not yet been affected by the homogenization 

processes. This implies the possibility of vapor transport
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%o aD, show

Figure 6. The deuterium content of the nev/ snow 
and the snov/pack profiles showing the effect of 
isotopic homogenization. The deuterium values 
for the new snow have been plotted at the height 
of the equivalent layer of snow in the March 30 
profile.
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causing the homogenization of the lower part of the snowpack 

prior to the melt period.

Dincer et al, (1970) noted the partial homogenization 

of a high altitude snov/pack which occurred without any signs 

of melt water percolation. Perhaps an indication of 

homogenization by vapor transport. Temperature profiles 

are not given so it is not knov; if the gradients necessary 

for vapor transport were present.

There appears to be an increase in deuterium content 

v/ith time within the profile. Considering the amount of 

precipitation not sampled, this difference may not be 

meaningful. There are some logical reasons for an increase 

in deuterium. Enrichment caused by fractional evaporation 

from the surface of the melting snow (Dansgaard, 1961) and 

preferential condensation of HDO from the atmosphere onto 

the cold surface of the snow are possibilities. The 

fractionation of percolating melt water would enrich the 

remaining snow.

Another factor which could modify the HDO content of 

the snov/pack would be the movement of soil moisture, by vapor 

transport, into the lower layers of the snowpack. The 

relatively small changes in the HDO content of the lov;er 

layers of snow suggest that this v/as not an important factor 

in this study even though there v;as 8^ mm of rain in 

September and October, before the beginning of snowpack 

formation.



CHAPTER IV

DEPTH HOAR FORMATION

The literature previously mentioned contains some 

information on the role of melt metamorphism in the 

homogenization of the isotope content of a snowpack.

Nothing has been reported about the role of constructive 

metamorphism, depth hoar formation, in the homogenization 

process.

Results presented in the previous chapter indicated 

that the deuterium content of the snov/pack ?/as homogenized 

by the end of the melt period. Melt water percolation v/as 

believed to be the primary cause. But there was evidence 

to suggest the vapor transport occurring during depth hoar 

formation had caused the homogenization of the lower part 

of the snov/pack prior to the melt period.

Depth hoar, a fragile network of crystals of the type 

shown in figure 7> is common in the shallow snowpacks of 

the Rocky Mountains, It v/as decided that a further study 

of the deuterium variations associated with this form of 

snov/ should be made.

The only mention of depth hoar noted in the literature

on isotopes is by Epstein et al, (1965)* They noted that

18depth hoar had a higher H2O content than the rest of the 

snow cover.
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Figure 7. Depth hoar crystals that developed 
naturally in the Pingree Park snowpack. The 
ruler is graduated in millimeters.



Figure 8. Flov; chart for depth hoar formation,

Fractionation of H^O and HDO During 

Sublimation 

From a snow surface.

YES

Change in the distribution of HDO 
in snow during depth hoar formation.

NO

Change in the distribution of HDO 
in snow during depth hoar formation.

ro
VO

YES

Change caused by:

A, Fractionation
during sublimation,

B* Fractionation during 
sublimation and by the 
process of diffusion.

TO

A restrictive 
system (layer- 
to-layer 
transport).

YES

Fractionation by 
diffusion (mass 
transfer),

YES

TO

Use layers of 
snow with 
different HDO 
contents,

>11'
Change in HDO,

\
NO

Diffusion without Restrictive 
fractionation, system.
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Sommerfeld (1969) describes depth hoar formation as a 

temperature-gradient raetamorphism in which water vapor is 

transported from the warmer to the colder layers by 

sublimation and deposition, Yosida et al» (1953) state that 

the movement of the vapor tends to be restricted by the snow 

crystals and that there is a hand-to-hand movement of the 

vapor from the top of one crystal to the bottom of the 

crystal above it. This allov/s a large mass translation with-

out any individual water molecule having to move more than 

a few millimeterso

Vapor and liquid water movement through snov/ is 

complicated. Unlike the flow of a fluid through sand, v/here 

the sand particles remain constant and the fluid moves 

around them, there can be an exchange of molecules betv/een 

the snow and the fluid flowing through it.

The many possible alternatives for changes in the 

deuterium content of snow during depth hoar formation are 

shovm by the flow chart (figure 8), As indicated by the 

first heading on the chart it had not been proven if there 

is a fractionation of H^O and HDO during sublimation from 

a snow surface.

PROCEDURE

Snow of a knovra deuterium content v/as placed under a 

temperature gradient. After half of the snow had undergone 

constructive raetamorphism, a vertical series of samples was 

taken and the samples analyzed for their deuterium content.
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Figure 9. The styrofoam container at the 
end of the second depth hoar experiment. 
The false front has been removed and a 
series of samples talien. The wires going 
into the snow are thermistor leads.
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A large, family-style freezer v/as used to house a 

styrofoam container for the snov/. The freezer could maintain

a temperature of -26.0° ± 1,0° C, The styrofoam container

(figure 9) v;as made of two-inch thick foam plastic gluded to 

a one-quarter inch thick plywood base. The top of the 

container was left open to the inside of the freezer and 

the front panel v/as designed so it could be removed with a 

minimum of disturbance to the snow.

The container of snov/ rested on a heat source, a 

plywood and styrofoam box containing a heating element 

controlled by a voltage regulator (figure 10). The heating 

element was an eight-foot length of heat tape, as is 

commonly used to keep v/ater pipes from freezing, fastened

in the bottom of the box in a circular pattern. A sheet of

aluminum v/as suspended approximately ten millimeters above 

the heating element to distribute the heat evenly and reduce 

the chance of hot or cold spots occurring in the lov/er part 

of the snow.

Thermistors placed at various levels in the snov/ and 

the freezer were used to monitor the temperature gradient.

The temperature at the bottom of the snow could usually be 

controlled to within ± 0.2° C, though fluctuations in the 

line voltage caused some problems at night and on weekends.

Calculations using the formula of Giddings and 

LaChapelle (1962) suggested a time duration of four v/eeks 

v/ould produce sufficient depth hoar formation (appendix, 

page 83). At the end of this time the false front of the
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showingFigure 10, The empty styrofoam container 
the construction of the container and the heat 
source it was placed upon.



styrofoam container was removed, the first fifty millimeters 

of snow disposed of to eliminate border effects, and samples 

taken for isotopic analysis.

The samples v;ere talien by inserting a sharpened piece 

of three-eighths inch copper tubing horizontally into the 

snow. After the samples for isotopic analysis had been 

removed, a parallel series of samples were talien so the 

snow crystals from each location could be photographed.

The densities and net weights of the snow were obtained 

differently each time. For the first experiment, each 50 mm 

layer of snow was v;eighed to the nearest gram. This 

procedure was abandoned because when the upper layers of 

snow v/ere added the lov/er layers vrere disturbed and layer- 

by-layer density values lost any meaning. During the 

second experiment the entire container of snow v;as suspended 

in a cradle and weighed v/ith a spring balance. This 

technique was refined for the third experiment, during 

which the container and heat source v;ere allowed to rest on 

a platform balance for the duration of the experiment.

RESULTS

The results of the isotopic analyses are shov/n 

graphically in figures II-I3 . Note that the standard the 

deuterium analyses are referred to is different for the 

second set of samples. Temperature profiles are given in 

figure lA, Details about the density, crystal structure.
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%c aD, show

Figure 11, Isotope profile for the first 
depth hoar experiment. Two layers of 
snoT/ of slightly different isotope content 
(vertical bars) were used. The deuterium 
measurements are relative to SHOW,



36

original snow

Figure 12, Isotope profile for the second 
depth hoar experiment. The deuterium 
measurements are relative to a sample of 
the original snow (zero line). Two 
samples of the original snow gave HDO 
measurements v/ithin \ of each other,
A third sample of the original sno?;, v/hich 
v/as analyzed at a later date, gave a 
measurement of ~19«0?oo. Apparently the 
isotope content of the sno\7 v/as not uniform. 
A a D value of -10,0?̂ a (dashed line) appears 
to he representative of the entire mass of 
snov/.
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SMOV/

Figure I3. Isotope profile of the third 
depth hoar experiment. The vertical bar 
represents the spread of the HDO content 
of the original snov/. The deuterium 
measurements are relative to SHOW.
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and deuterium^values of the snow are provided on pages 88 

to 100 of the appendix.

Fractionation between 1120 and HDO occurred during the 

process of sublimation. There was also a loss of mass from 

the styrofoam container. The third experiment shows a loss 

of 276 g of snov/. Frost collected from the side of the 

freezer was %̂c> lighter than the snov/ in the container.

Figure IS indicates that there was a total sublimation 

of the lower 30“30 mm of snow in experiment three, A close 

look at figure 9 shows similar gaps near the bottom of the 

snow at the end of experiment two. This phenomenon was not 

noticed at the conclusion of experiment one.

DISCUSSION

Some terms should be defined to prevent confusion. 

SUBLIMATION, to pass directly from the solid to the vapor 

state or to pass directly from the vapor to the solid state. 

FRACTIONATION BY DIFFUSION, fractionation while the different 

types of water molecules move through air, FRACTIONATION 

DURING DIFFUSION, fractionation from the preferential 

sublimation of the heavier molecules onto and the lighter 

molecules from the matrix of snow crystals during the 

diffusion of the vapor through the snow.

The data presented suggests four conclusions from this 

study:

1e Fractionation and vapor transport occurring during 
depth hoar formation could contribute to the 
homogenization of deuterium in the snowpack.
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Figure 15. The gaps under the snow at the end of 
the third depth hoar experiment. The snow near the 
sides of the container was prevented from settling 
because of a bonding between the snow and the 
styrofoam.



2, Fractionation by sublimation is the basic process 
causing the isotopic fractionation occurring 
during depth hoar formation,

3 . V/hen depth hoar formation occurs over a dry 
substrate there is a total loss of mass from the 
lov/er part of the snowpack,

if. The continuous diffusion of material was more
important as a mechanism of depth hoar formation 
than the crystal-to-crystal transfer of mass.

The redistribution of the deuterium content of the snow 

during depth hoar formation could be due to fractionation 

by sublimation or fractionation by diffusion, Ehhalt et al, 

(196if) found a slight difference in the diffusion constants 

of H^O and HDOj but calculations indicate that for the 

relatively long time interval of the depth hoar experiments 

fractionation by the diffusion of the water vapor through 

air Y/ould be negligible (appendix, page 79) • A short 

experiment was run (see next chapter) which indicated that 

fractionation v/ould occur during sublimation from a snow 

surface.

The deuterium profiles shov; a concentration of HDO in 

the lower part of the snov/. There appears to be a relation-

ship betv;een the height of the point of transition from 

increased to decreased HEO content and the density of the 

snow. This suggests the more dense the matrix of snow the 

quicker the deposition of the material occurs.

The total sublimation of the lower 20-30 mm of snow in 

experiments two and three provided a source of vapor which 

v/as light at first (preferential sublimation of H^O) and
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quite heavy tov/ard the end (the HDO had been concentrated in 

the last portion of the snow). There is probably a point 

v/here the concentration of HDO counteracts the fractionation 

factor and an equilibrium rate of sublimation between H2O 

and HDO is approached.

The lack of depth hoar in the lov;er part of experiment 

one is puzzling. The higher temperatures in the lower part 

of the snow v;ould indicate a greater potential for vapor 

transport, but the lower layer of snow was rather dense 

because of compaction when the upper layers of snov/ were 

added. Apparently the theory of Yosida et al, (1955)j that 

density would not be a limiting factor in depth hoar 

formation because sublimation from the area around the 

developing depth hoar crystal provides a small cavity for 

the crystal to grow in, was not valid in this experiment.



CHAPTER V

FRACTIONATION OF DEUTERIUM DURING SUBLIMATION

The flow chart used to guide the depth hoar experiments 

indicates a need to determine if H^O and HDO are fraction-

ated during the sublimation of snow.

Ragotzkie and Friedman (1965) and Ambach et al, (1968) 

discuss sublimation as a layer-by-layer removal of material 

from the surface of ice. This total removal of each layer 

of ice would mean fractionation could not occur during 

sublimation,

Nakaya and Matsumoto (195A-) showed the existence of a 

quasi-liquid layer on the surface of ice, within which 

individual molecules and groups of molecules can move around. 

Cross (1969b) published several photographs of ice taken 

with a scanning electron microscope. The surface of 

polycrystaline ice has a very fibrous texture.

The combination of a quasi-liquid surface layer with 

the large surface area per unit volume presented by a 

fibrous texture may provide the necessary molecular exchange 

required for isotopic fractionation. A brief experiment 

Y/as designed to measure any fractionation occurring during 

sublimation from a snow surface.



PROCEDURE

A plexiglass container v;as filled with snow and placed 

in the freezer. A hole was cut in another piece of 

plexiglass and a metal can fitted snugly into this hole.

The second piece of plexiglass v/as placed on the container 

of snow so the bottom of the can v/as 10 mm from the surface 

of the snow and solid CO2 placed in the can (see figure 16),

A thermistor was placed in the snow to monitor its temperature,

The experimental setup was checked every few hours and 

additional solid CO2 added v/hen necessary. When the frost 

crystals had grown ™  outwards from the can, the frost 

was scraped into a 5 ml widemouth glass bottle. Immediately 

afterwards, the surface mm of snow was removed and 

placed in another bottle. The samples were analyzed for 

deuterium as described previously.

RESULTS

Fractionation between H2O and EDO did occur during 

sublimation from snow. The data on the experiment is given 

in table 3 .

DISCUSSION

This experiment was preliminary in nature and should 

be repeated, but it indicates a substantial fractionation 

during sublimation from a snow surface,

Moser and Stichler (1970) mention that the ageing of 

snow in a freezer at -3° C caused fractionation with oc =



Figure 16. The plexiglass container used in the 
sublimation experiment. A foam rubber gasket 
sealed the area of contact between the cover and 
the cylinderical container. Dry ice v;as placed 
in can which is inserted part v;ay through the 
cover.
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Table 3» Data on the sublimation of snow.

Description of the snov/: 0.3-1 »0 mm lumps, sam.e snow as 
used for the third depth hoar experiment except that 
it had undergone equi-temperature metamorphism for 
35 days at -26° C.

Density of snov/: 0.269 g/cm^

Temperature of snow: -10^ C

Temperature of depositional surface: -?8° C

Time duration: 31 hours

Deuterium content, per mil relative to the standard used 
for the third depth hoar experiment:

surface of snow: +3.4 
+ 1.8

ave. = +2.6

frost deposited: -94.4
-93.8

ave. = -94.1

snow:* -2.8 -2.8

std. -4.4
-3.6

ave. = -4.0

Fractionation factor: oc HDO/HaO of source____
HDO/H^'O of 'deposition

<x = 1.11

* a sample of the snow that had been stored in the freezer 
for use in this study, this value should fit within the 
range of values given for the original snow for the third 
depth hoar experiment.

** see std. #3 under the data for the third depth hoar 
experiment on page 100 of the appendix.
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1,10 to 1,11 for a snow-vapor system. The fractionation 

factor is the same as was determined in this study, but they 

give no details about their sampling technique.

During this study approximately 3000 g of snow with a 

deuterium content of -171,2%o to ~-‘\7h»5%‘>AD, SHOW was 

stored in a polyethylene sack in the freezer at -26° C,

After 35 days a sample of the snow from near the plastic- 

snow interface v/as removed and analyzed for its deuterium 

content. This fell v/ithin the 3<>3%o variation of the 

original snow.



CHAPTER VI

VARIATION OF DEUTERIUM WITH ALTITUDE

A variation of the isotopic content of precipitation 

with elevation is commonly mentioned in the literature.

It v;as decided that this should be investigated in the Rocky 

Mountains as a knov/ledge of altitudinal and related areal 

variations in the deuterium content of snow would be 

important in snow hydrology studies,

PROCEDURE

Samples were taken along U.S. 6, a major road going 

west from Denver, Colorado, and crossing the Continental 

Divide, U.S. Geological Survey topographic maps were used 

to determine the elevations of the sample points. The 

samples were stored in glass bottles and analyzed as 

described previously.

RESULTS

Figure 17 shows a plot of the deuterium content along 

with a plot of the elevation of the sample points. There 

is no obvious relation between the deuterium content of the 

snov/ and the elevation of the sample point.

Table 4 gives a description of the snow found at each 

sample site as well as the time and location of each sample.
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Figure 17. The HDO content of snow samples taken on a transect 
over Loveland Pass, Colorado during the snowstorm of April 3> 1968.



Table 4. Data about the snow samples taken on a transect over the Continental Divide 
on April 3> 1968.

>0 D
SHOW

Time,
MST

Elevation,
Meters

Location Comments

-125 8:25 am 1 ,670 Federal Center Spatial dendrites -3° C

- 191 9:30 am 2,760 Silver Plume From cornice —  may be wind blown 
—  not snowing

-205 9:50 am 3,2Zf0 Loveland Basin Not snowing —  24 mm nev; snow —  
no v/ind —  a little destructive 
metamorphisra

-225 10:00 am 3,^20 Loveland Pass 0.5-1.0 mm spatial dendrites with 
a little destructive metamorphism; 
no wind; sunny; 100 mm snow

- 179 10:15 am 3,640 Loveland Pass Spatial dendrites; 0.5-1.0 mm 
-13° C; small drifts by restroom

-198 10:25 am 3,430 2.1 km above 
Arapahoe Basin

0.5-1.0 mm spatial dendrites; 
100 mm snow

-181 10:35 am 3,210 1 .3 km west of 
Arapahoe Basin

0.5-1.0 mm spatial dendrites with 
some destructive metamorphism;
125 mm snovi

-19^ 10:50 am 3,000 At spring west of 
Arapahoe Basin

As above; 50 mm snow; -7° C

o



Table Zf, continued.

%o D Time, Elevation,
SMOW MST Meters

Location Comments

-207 11 :00 am 2,820 At Montezuma Highway As above; 25 mm snov;

-206 11 :20 am 2,720 Lake level Dillon 
Reservoir

Drifting snov/ off lake

-205 12:05 pm 3,080 East of Loveland Pass 
at campground

Spatial dendrites, some metamorphism; 
75 Eim snow

-180 4:55 pm 2,340 U.S. 40, Genesee Park Slight snov; fall of 0.5-1 «0 mm 
spatial dendrites; on ground, 0.5-
1.0 mm spatial dendrites, also 
needles and plates of 1-2 mm; 25 mm 
snov;; -7° C

-170 5:05 pm 2,060 U.S. 40 Medium snowing; 1-2 mm plates and 
stellors, 0.5-1.0 mm spatial 
dendrites; -6° C; 75 mm snov;

-187 5:15 pm 1,940 U.S. 40 and Colo. 26 As above; light snowing; -5° 0;

VJl

ZfO mm snow
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DISCUSSION •

This study indicates a complex relation, dependent upon 

air mass movements, between the deuterium content of snow 

and elevation.

On the eastern slope of the Rocky Mountains it is 

difficult to determine if an air Diass from the Gulf of 

Mexico is acting as a source of vapor for a snow storm.

It is believed that air masses originating over the gulf 

sometimes move up some valleys to elevations as high as 

3000 m. Thus snow in the valley may be from an isotopically 

heavy source while snow at higher elevations may be from 

an air mass which has traveled over several mountain ranges 

since originating in the northern Pacific,

For the storm studied, the high deuterium content 

(-125?oo) of the snow at the Denver Federal Center suggests 

the presence of a Gulf of Mexico air mass along the eastern 

edge of the mountains. The v/eather map (figure 18) shov/s 

a low pressure area centered on eastern Colorado.

A recent study by Ambach et al, (1968) indicated a 

lack of any altitudinal effect on the deuterium content of 

snov;. On the contrary, Moser and Sticbler (1970) noted a 

decrease of Lf/0 0 ± 2?0£>̂ D, SHOW per 100 m rise in elevation 

for snow.
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Figure l8o U.S. Weather Bureau surface weather map 
for April 3> 1968<, The v/ind direction arrows indicate 
a flow of air from the Gulf of Mexico north through 
Kansas, turning to the v;est in Nebraska, and then 
south along the mountains in Colorado.



CHAPTER VII

3UMARY

The results of this study indicate that deuterium may 

be a useful tracer in snow hydrology studies. Several 

conclusions may be derived from the data gathered.

There is a great variability in the original deuterium 

content of snov/. This variability is shown by the 

differences between individual storms to -106/̂ s)

at a given location. The metamorphism of the snowpack 

reduced this variation to a spread of ~l82%o to -158%o.

This homogenization of the snowpack greatly reduces the 

original isotopic variability of the snow and is due mainly 

to the percolation of melt water.

Vapor transport during depth hoar formation may cause 

some homogenization in the lov/er part of the snowpack 

before melt occurs. It v/as shown that isotopic fractionation 

and mass transfer did occur over measurable distances 

during depth hoar formation. The isotopic fractionation 

results from a fractional sublimation occurring during the 

movement of water vapor through the snow matrix.

The spatial variability of the deuterium content of 

snow was shown by the variation of -ZZJ}%o to ~-\Zy/oo within 

one day's snow from a complex storm system. The samples 

were taken on a transect over the Continental Divide in the
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Rocky Mountains of Colorado which covered an east-west 

distance of 78 km and a vertical change to 1970 No 

clear relationship existed between the altitude of the 

sample point and the deuterium content of the snow.



CHAPTER VIII

REC0I4MENDATI0NS FOR FUTURE WORK

Several types of field and laboratory studies are 

needed to further our knov/ledge about the use of deuterium 

in hydrologic studies. The most basic recommendation is 

that some of these studies be cooperative projects with 

the meteorologists and physical chemists. The follov/ing 

suggestions are not given any order of priority. Each has 

a special value to certain people.

1, Obtain areal and altitudinal variations in the deuterium 

content of a mountain snowpack by using the cores from 

snow tubes to give a vertically integrated sample of 

the snowpack. This study should be coordinated v/ith 

samples of the stream.flov/ from the basin.

2e Find out how the melt water behaves v/hen it enters the 

soil. Can the snowmelt contribution be separated from 

previous rainfall moisture? How fast does the melt 

v/ater front move? How far can it be traced?

3. Determine what atmospheric conditions cause changes in 

the deuterium content of the precipitation. This is a 

difficult question. Whenever deuterium samples of 

individual storms are taken, a meteorologist should be 

v/orking with the project.
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Repeat the sublimation experiment under more carefully 

controlled conditions,

5. Develop a v/orking vapor transport - mass balance model 

of a mountain snov/pack undergoing constructive 

metamorphism,

6. Determine the magnitude of the soil moisture contribution 

to a snov/pack undergoing constructive metaraorphism,

7. Investigate easier or cheaper methods of analysis for 

HDO, possibilities might be neutron activation 

(Baranov et al,, 1959) or Raman spectral analysis.



REFERENCES

Aldaz, L, and S, Deutsch. 196?. On a relation between air 
temperature and oxygen isotope ratio of snow and firn 
in the South Pole region. Earth & Plan, Sci, 3:267-7^.

Ambachj W., W, Dansgaard, H, Eisner, and J. Holler, 1968. 
The altitude effect on the isotopic composition of 
precipitation and glacier ice in the Alps, Tellus 
20:595'-600.

American Institute of Physics Handbook. 1963. Second 
Edition, McGravz-Hill Co, New York.

Arnason, B. 1970. The exchange of deuterium betv/een ice
and water applied to glaciological studies in Iceland, 
IAEA. Symposium on the use of isotopes in hydrology. 
Vienna, Austria.

Arnason, B. 1969a, The exchange of hydrogen isotopes
between ice and v/ater in temperate glaciers. Earth 
8c Plan. Sci. 6:A-23-30.

Arnason, B. 1969t). Equilibrium constant for the fractiona-
tion of deuterium betv/een ice and water, J, Phys,
Chem. 73:3491“ .̂

Bader, H. 1962, The physics and mechanics of snow as a
material. Cold Regions Science 8c Engineering, Part II: 
Physical Science, Section B. TJ.S. Army Corps of 
Engineers. 79 p.

Bader, H,, Haefeli, Bucher, Neher, Eckel, and Thams, 1939. 
Snov/ and its metamorphism, SIPRE Translation #Ui-.
U.S, Army Corps of Engineers,

Baertschi, P. 1953. Uber die relativen Unterscheide 
H2O'* —  Gehalt naturlicher V/asser, Helv. Chim.
36:1352-69.

in
Acta

Baranov, V,, V. Khristianov, and B, Karasev. 1959. 
Photoneutron method of estimation of deuterium 
concentration in natural v/ater, Doklady Akad, Nauk, 
S.S.S.R. 129:1035-7.

Begeraann, F, and I, 
of atmosnheric

Friedm.an.
hydrogen.

1968. Isotopic composition 
J, Geophys. Res, 73:1139-47<



59

Bergen, J, 1963* Vapor transport as estimated from heat 
flov/ in a Rocky Mountain snowpack. Comm, on Ice and 
Snow. Internat, Assoc. Sci. Hydrology 6l:62-7i.i-.

Bleeker, W., W. Dansgaard, and W. Lablans. 1966. Some
remarks on simultaneous measurement...contaminants... 
isotopic composition of precinitation. Tellus 
18:773-85. ^

Botter, R., C. Lorius, and G. Nief. 1961. Sur la datation 
des couches de neve dans 1'Antarctique a' partir de 
leur concentration en deuterium. Compt. Rend. 
252:437-39. (quoted by Facy, 1963)

Botter, R., C. Lorius, and G. Nief. I960. Sur la teneur 
en deuterium des precipitation en Terre de Victorio, 
Antarctique. Compt. Rend. 251:573-75. (quoted by 
Facy, 1963)

Brown, R. 1970. Distribution of hydrogen isotopes in 
Canadian waters. IAEA. Symposium on the use of 
isotopes in hydrology. Vienna, Austria.

Buswell, A. and W. Rodebush. April 1956. Water.
Scientific American 194:77-89.

Chemical Rubber Company. 1968. 
Physics, 49th Edition.

Handbook of Chemistry and

Clarke, G., W. Denton, and P. Reynolds. 1954. Determination 
of the absolute concentration of deuterium in Thames 
River water. Nature 174:469.

Commission on Snow and Ice. 1954. The international 
classification for snov/. Internat. Assoc. Sci. 
Hydrology. 15 p.

Craig, H. 1961a. Isotopic variations in meteoric waters. 
Science 133:1702,

Craig, H. 1961b. Standard for reporting concentrations of 
deuterium and oxygen-18 in natural v/aters. Science 
133:1833.

Craig, H., Gordon, and Horibe. 1963. Isotopic exchange
effects in the evaporation of water. J. Geophys. Res.
68:5079-87.

Cross, J. 1969a. Scanning electron microscopy of 
evaporating ice. Science 164:174-5.



60

Cross, J, 1969b. Study of the surface of ice v;ith a
scanning electron rnicroscopeo ’’Physics of Ice,” 
Plenum Press, Nev/ York, p. 8l-9^.

Dansgaard, W, 196^. Stable isotopes in precipitation, 
Tellus 16:436-68,

Dansgaard, W. I96I. The isotopic composition of natural 
v/aters, Medd, om Gronland 163:1-120,

Dansgaard, W, 1954. The 0-18 abundance in fresh water, 
Geochim, Cosmochim, Acta 6:241-60,

Dansgaard, V/, 1953. The abundance of 0-18 in atmospheric
water and water vapor, Tellus 5:461-69.

Deutsch, S,, W, Ambach, and H, Eisner, 1966, Oxygen
isotope study of snow and firn on an alpine glacier. 
Earth & Plan, Sci, 1:197-201,

Dincer, T, 1968, The use of oxygen-18 and deuterium 
concentrations in the v/ater balances of lakes.
Water Resources Res, 4:1289-1306,

Dincer, T,, J, Martinec, B, Payne, and C, Yen, 1970,
Variation of the tritium and oxygen-18 content and 
snov/pack in a representative basin in Czechoclovakia, 
IAEA, Symposium on the use of isotopes in hydrology, 
Vienna, Austria,

Dole, M, 1954o Introduction to statistical thermodynamics, 
Prentice Hall, Inc, Englewood Cliffs, N.J. 250 pages,

Dorsey, N, E. 1940, Properties of ordinary water- 
substance, Heinhold Corp. New York, 673 p.

Ehhalt, D, H. 1969. On the deuterium-salinity relation-
ship in the Baltic Sea, Tellus 21:3.

Ehhalt, D, and K, Knott, 1964. Kinetische Isotopentrennung 
bei Verdampfung von Wasser, Tellus 17:389-97.

Ehhalt, D,, G, Isreal, W. Roether, and W. Swich, 1963.
Tritium and deuterium content of atmospheric hydrogen. 
J, Geophys, Res, 68:3747-3751.

Ehhalt, D., K. Knott, J. Nagel, and J, Vogel, 1963.
Deuterium and oxygen-18 in rain v;ater, J. Geophys,
Res. 68:3775-80,

Eisenberg, D. and W. Kauzmann. 1969. The structure and 
properties of water. Oxford University Press, New 
York, 296 p.



6l

Epstein, S. 1959» The variations of the oxygen-18/oxygen- 
16 ratio in nature and some geologic implications» 
Researches in Geochemistry, Vol. I. J. Wiley and Sons, 
New York, p. 217-240,

Epstein, S, 1956. Variations of the oxygen-18/oxygen-l6 
ratios of fresh waters and ice, ^  Nuclear Processes 
in Geologic Settings, Nat. Acad, of Sciences. 
Publication #400. p. 20-28.

Epstein, S. and R. P. Sharp. 196?. Oxygen and hydrogen 
isotope variations in a firn core, Eights Station, 
V/estern Antarctica. J. Geophys. Res. 72:5595-98.

Epstein, S., R, P, Sharp, and A. Gow. 1965. Six-year 
record of oxygen and hydrogen isotope variations in 
South Pole firn. J. Geophys. Res. 70:1809-14*

Epstein, S., R. Sharp, and I. Goddard. 1963. Oxygen- 
isotope ratios in Antarctic snow, firn, and ice,
J. Geology 71:698-720,

Epstein, S, and R, Sharp, 1959. Oxygen isotope studies.
Am, Geophys, Union 40:81-4,

Epstein, S, and T, Mayeda. 1953. Variation of the 0-18 
content of v/aters from natural sources, Geochim, 
Cosmochira, Acta 4:213-224.

Eriksson, E, 1965. Deuterium and oxygen-18 in precipitation 
and other natural waters, some theoritical considera-
tions, Tellus 17:498-512,

Eriksson, E, 1967. Isotopes in hydrometeorology. Isotopes 
in Hydrology. Int. Atomic Energy Agency, p. 21-33.

Eucken, A., and K. Schafer. 1935. Die Anreicherung 
schweren Wassers. Nachr. Ges. V/iss. Gottingen, 
Math-physik. Klasse 1:109.

Facy, L,, L. Merlivat, G. Neif, and E. Roth. 1963. The 
study of the formation of a hailstone by means of 
isotope analysis, J. Geophys. Res, 68:3841-^8.

Fast, J. 1962. Entropy. Cleaver-Hume. London. 313 P.

Fontes, J, and R. Gonfiantini. 1967. Comportement
isotopique au cours de L'evaporation de deux bassins 
Sahariens. Earth & Plan. Sci. 3:258-66.

Friedman, I. 1953. Deuterium content of natural v;aters 
and other substances. Geochim. Cosmochim. Acta 
4:89-103.



62

Friedman, I,, T. Sigurgeirsson, and 0. Gardarsson. 1963. 
Deuterium in Iceland v/aters, Geochim. Cosmochim,
Acta 27:333-61.

Friedman, I,, A. Redfield, B, Schoen, and J, Harris. 196^. 
The variations of the deuterium content of natural 
v/aters in the hydrologic cycle. Rev. of Geophysics 
2:177~22A.

Friedman, I., Machta, and Seller. 1962. V/ater-vapor
exchange between a water droplet and its environment. 
Jo Geophys, Res. 67:2761-66.

Friedman, I,, B. Schoen, and J. Harris. 1961. 
deuterium concentration in Arctic Sea ice. 
Res, 66:1861—4*

The
J, Geoph5'’s,

Friedman, I. and A. Woodcock, 1937. Determination of
deuterium-hydrogen ratios in Hawaiian v/aters, Tellus 
9:333-36.

Friedman, I., D. Norton, D, Carter, and A. Redfield. 1936, 
The deuterium balance of Lali.e Maracaibo, Limnology 
and Oceanography 1:239-^6.

Gambell, A. and I, Friedman. 1963. Note on the areal
variation of deuterium/hydrogen ratios in rainfall for 
a single storm event. J, Applied Meteorology 4:333-33.

Gat, J, and I, Tzur, 1967. Modification of the isotopic
composition of rainwater by processes which occur before 
groundwater recharge. Isotopes in Hydrology, Internal. 
Atomic Energy Agency, p. 49-60.

Giddings, J, and E. LaChapelle. 1962, The formation rate 
of depth hoar, J. Geophys, Res. 67:2377-83.

Gilfillan, E. 1934. The effect of fractional crystalli-
zation on the isotopic composition of water. J.-Am, 
Chem. Soco 36:2201.

Gonfiantini, R., V. Togliatti, and E. Tongiorgi. 1963.
Snow stratigraphy and oxygen isotope variations in... 
Antarctica. J. Geophys. Res. 68:3791-98.

Gonfiantini, R. and E. Picciotto. 1939. Oxygen isotope 
variations in Antarctic snow. Nature 184:1337-38.

Gonsior, B,, I, Friedman, and G, Lindenmayer. 1966. New 
tritium and deuterium measurements in atmospheric 
hydrogen, Tellus 18:236-61.



63

Halevy, E. and B. Payne. 196?. Deuterium and oxygen-18 in 
natural waters: analyses compared. Science 156:669*

Horibe, Y. and N. Ogura. 1968. Deuterium content as a 
parameter of v/ater mass in the ocean, J. Geophys.
Res. 73:1239“^9.

Horibe, Y, and Kobayakawa. 196?. Deuterium abundance of 
natural waters. Geochim. Cosrnochim. Acta 20:273-83*

Hutchinson, G. 1957* A Treatise on Limnology. Vol. I.
J. Wiley and Sons. London. 1015 p*

International Critical Tables. 1928* Volumes III & V. 
McGrav/-Hill Co. New York.

Isono, K., M. Komabayasi, and T. Takahashi. 1966. A
physical study of solid precipitation from convective 
clouds over the sea: Part I. J. Meteorological Soc. 
Japan Zfif: 178-184*

Johansson, M. and K. Holmberg. 1969* Separation of heavy 
water in phase equilibria involving pure water or salt-
water solutions. Acta Chemica Scandinavica 23:765-81*

Judson, A. 1967* Snow cover and avalanches in the high 
alpine zone of western United States, Physics Snow 
and Ice. Vol. I. (H. Oura, editor) p. 1151-68.

Judy, C,, J. Meiman, and I. Friedman. 1970. Deuterium 
variations in an annual snowpack. Water Resources 
Res. 6:125-9*

Kirshenbaum, I. 1951* Physical Properties and Analysis of 
Heavy Water. McGraw-Hill Co.

Kiss, I., G. Jakly, and H. Illy. 1966. Vapor pressure of 
solid D^O. Acta Chim. Acad, Sci. Hung, 47:379-84*

Kuhn, W. and M. Turkauf. 1958, Isotope separation during 
the freezing of water and diffusion constants of 
deuterium and oxygen-18 in ice. Helv. Chim. Acta 
41:938-71*

LaChapelle, E, 1969* Field Guide to Snov; Crystals, Univ. 
of Washington Press, Seattle. 101 p,

LaChapelle, E, I960. Critique on heat and vapor transfer 
in snow. Project C, Report #1. Alta Avalanche Study 
Center, U,S. Forest Service. 15 P*



6^

Latter, V., W, Eichelberger, and H. Urey. 193A-. Freezing 
points of mixtures of the waters, H^O and H^O. J,
Am. Chem. Soc. 56:2Zf8-9o

Latimer, W, and J. Hildebrand, 1951• Reference book of
inorganic chemistry. Macmillan Co. New York, 625 p.

Lee, J., F, Sears, and D, Turcotte, 1963. Statistical
thermodynamics, Addison-Wesley. Reading, Mass. 37^ p.

Lev/is, G. and R. MacDonald. 1933. Some properties of pure 
J. Am. Chem. Soc. 55:3057-8.

Long, E. and J. Kemp, 1936. The entropy of deuterium oxide 
and the third lav/ of thermodynamics, J, Am, Chem, Soc, 
58:1829-34.

Longsv/orth, L, 1954. Temperature dependence of diffusion 
in aqueous solution. J, Rhys, Chem. 58:770-3.

Lorius, C, 1963. Le deuterium. Comite National Francais 
des Recherches Antarctiques, #8. 102 p.

Lorius, C,, L. Merlivat, and R. Hagemann, 1969. Variation 
in the mean deuterium content of precipitations in 
Antarctica. J, Geophys, Res. 74:7027-31.

Lorius, C., Hagemann, Nief, and Roth. 1968. Teneurs en 
deuterium le long d'un profil de 106 m dans le nere 
Antarctique Application A L*etude des variations 
cliraatiques. Earth 8c Plan, Sci. Zf:237-44.

Macpherson, D, and H. Krause. 1967. O-I8/O-I6 ratios in
snow and ice of the Hubbard and Kaskawulsh glaciers.
Am, Geophys. Union Monograph #11. p, 180-194.

Mantis, H. 1951. Review of the properties of snow and ice, 
SIPRE Report #Z)., U.S. Army Corps of Engineers, 156 p.

Matsuo, S. and I. Friedman, 1967. Deuterium content in 
fractionally collected rainv/ater, J. Geophys, Res, 
72:6374-76.

Matsuo, S,, H, Kuniyoshi, and Y. Miyake, I964. Vapor 
pressure of ice containing D^O. Science 145.
p. 1454-5.

Merlivat, L, and G. Nief. 1967. Fractionnement isotopique 
lors des changments d'etat solide-vapeur it liqui^e- 
vapeur de I'eau a des temperature inferieures a 0 C, 
Tellus 19:122-27.



65

Merlivat, L., R, Hotter, and G, Nief, 1963o Fractionnement 
isotopique au cours de la distillation de I'eau. J. 
Chifflo Phys. 60:56-61. (quoted by Dansgaard, 196^)

Miles, Fo and A. Menzies. 1936c __
deuterium water from 20° to 230° 
58:1067-8o

The vapor pressure of
J, Am. Chera, Soc.

Miyake, Y. and S, Matsuo. 1962, A note on the deuterium
content in the atmosphere a nd the hydrosphere. Papers 
in Meteorology and Geophysics 1352^5-59.

Molochnova, V,, M, Sokolov, A. Gorey, and N, Bugrov, 1967. 
Deuterium content in natural v/aters, Geochem, Int.

Morita, N, and T. Titani. 1938, Weiderbestimmung des
Deuterium-Portiura-Verhaltness in gewohnlichem Wasser, 
Bull, Chem. Soc. Japan 13:^-19-16,

Morita, N, and T, Titani. 1936. Erzeugung der leichten
V/assers and Bestimraung der Deuteriuml Konzentration im 
norma len Wasser. Bull. Chem. Soc, Japan ll:i+03-13.

Moser, H, and W. Stichler, 1970, Deuterium measurements on 
snow samples from the Alps. IAEA, Symposium on the 
use of isotopes in hydrology, Vienna, Austria.

Nakaya, U, and A. Matsumoto. 1954. Simple experiment
shov/ing the existence of "liquid v;ater" film on the 
ice surface. J. Colloid Sci. 9:41-Zf9,

Nakaya, U, and A. Matsumoto. 1953. Evidence of the
existence of a liquid-like film on ice surfaces. SIPRE 
Research Paper #4. U.S. Army Corps of Engineers. 6 p.

Narten, A. 1964. Thermodynamic effects of mixing light 
and heavy water. J. Chera, Phys. 41:1318-21.

Nier, A, 1947. A mass spectrometer for isotope and gas
analysis. Review of Scientific Instruments 18:398-411.

Oana, S. 1953. Distribution of heavy water in natural 
waters, J. Earth Sciences, Nagoya Univ. 1:42-61,

O'Neil, J. R. 1968, Hydrogen and oxygen isotope fraction-
ation betv;een ice and water. J. Phys, Chem. 72:3683-4.

O'Neil, J, and S. Epstein, I966. A method for oxygen
isotope analysis of milligram quantities of water and 
some of its applications, J, Geophys, Res. 71:4955-61.



66

Payne, B, 196?. Contribution of isotope techniques to the 
study of some hydrologic problems. Am, Geophys, Union 
Monograph //11c p. 62-9®

Picciotto, E,, DeMaere, and Friedman. I960. Isotopic
composition and temperature of formation of Antarctic 
snows. Nature 187:857-59.

Posey, J, and H. Smith, 1957. The equilibrium distribution 
of light and heavy waters in a freezing process.
J, Am, Chern. Soc, 79:555-57.

Ragotzkie, R. and I, Friedman. 1965. Lov; deuterium content 
of Lake Vanda, Antarctica, Science 1/^8:1226-27.

Ramseier, R. 1967. Self-diffusion in ice monocrystals,
CRREL Research Report 232, U.S. Army Corps of 
Engineers. IfO p<>

Rankama, K. 1963. Progress in isotope geology. John Wiley 
and Sons, New York, 705 p.

RankaDia, K. 195^. Isotope geology. Pergamon Press,
London, 535 p.

Riesenfeld, E. and T, Chang, 1936. Uber den Gehalt an HDO 
und H O  in Regen und Schnee, Dent, Chem, Ges. Ber, 
69:1305-7.

Riesenfeld, E, and T. Chang, 1936, Uber die Verteilung der 
schwereren Wasser Isotopen auf der Erde, Dent, Chem, 
Ges. Ber. 69:1308-10.

Riesenfeld, E, and T. Chang. 1936, Dampfdruck, Siedenpunkt, 
und Verdampfung-swarme von HDO und H2O , Zeit Physik. 
Chem. B. 33:127-132.

Romaniw, M, 1949. Concentration of heavy water. Belgium 
patent no. /i-85-904.

Runnels, L, Dec, 1966, Ice, Scientific American 
215:118-124.

Senftle, F, and J. Bracken, 1955. Theoritical effect of 
diffusion on isotopic abundance ratios in rocks and 
associated fluids. Geochim. Cosmochim. Acta 7:61-76,

Sharp, R„, Epstein, and Vidziunas. I96O. Oxygen-isotope 
ratios in the Blue Glacier, Olympic Mt,, Y/ashington,
U.S.A. J. Geophys. Res, 65:4043-59.

Skripov, V. and L. Povyshev, 1962, Excess enthalpy for 
heavy and light v;ater solutions, Zh, Fiz. Khira,
36:325-3 1 .



67

Skripov, V, 1959« Heat of mixing of light and heavy 
v/ater, Soviet Physics (JETP) 8:903*

Sommerfeld, R, 1969* Classification outline for snow on 
the ground, U.S. Forest Service research paper RM-if8. 
2^ P.

Sommerfeld, R, and E, LaChapelle, 1970, The classification 
of snov; metamorphism, J, Glaciology 9:3-17*

Soyfer, V,, V, Brezgunov, and L, Vlasova, 1967* Role of 
stable hydrogen isotopes in the study of geological 
processes, Geochera, Int, k-k90-7»

Suess, H. E. 19^9. Das Gleichgev/icht + HDO = HD + H2O 
und die weiteren Austauschgleichgewichte ira System H^, 
D̂  , und H^O, Z, Naturforsch Zfa:328-32o

Szapiro, S, and F, Steckel, 1967. Physical properties of 
heavy-oxygen v/ater, II, Vapor pressure, Trans, 
Faraday Soc, 63:883-9^*

Tanner, C,, S, Bourget, and W, Holmes, 195̂ *̂ Moisture
tension plates constructed from alundum filter discs, 
Proc, Soil Sci, Soc. Am, 18:222-23*

Teis, R, 19̂ 6̂, Variation in deuterium concentration in the 
process of melting ice, Compt, Rend, Acad, Sci, 
U,R,S.S, (Doklady) 53:329-32.

Teis, R. and K. Florensky. 1941* Distribution of isotopes 
of hydrogen and oxygen during the freezing of water. 
Compt, Rend. Acad. Sci, U.R.S.S. (Doklady) 32:199-202.

Teis, R, and K. Florensky. 1940, Isotopic composition of 
snov;, Compt. Rend. Acad, Sci, U.R.S.S, (Doklady)
28:70-74*

Thatcher, L. 1967* Isotope applications in terrestrial
waters. Am. Geophys. Union Monograph #11. p. 97-108,

Van Hook, W. 1968. Vapor pressures of the isotopic waters 
and ices, J, Phys. Chem. 72:1234~44*

Vetshteyn, V., T, Gulyanitskaya, V. Soyfer, V. Brezgunov,
and M. Shimarev, 1967* Isotopic composition of oxygen 
and hydrogen in waters of open basins and volcanic 
springs. Geochem, Int. 4:601-4*

V/ahl, M. and H, Urey. 1935* The vapor pressures of the 
isotopic forms of water, J, Chem, Phys, 3:411-14*



68

Wang, J, H., C. Robinson, and I, Edelman. 1953. Self-
diffusion and structure of liquid v/ater« J. Am, Chem, 
Soc, 73i^66-70o

V/eston, R. 1955. Hydrogen isotope fractionation between 
ice and water. Geochira, Cosmochim, Acta 8:281-28^.

Whalley, E, 1957. THe thermodynamic and transport
properties of heavy water. Institute of Mechanical 
Engineering. London, Proceedings, Conference of 
1957. p. 15-26.

V/olff, H, 1969. The vapor pressure isotope effect of ice 
and its isomers, ^  ’’Physics of Ice,” Plenum Press, 
New York, p, 305-19.

Woodcock, A. and I. Friedman. 1963. The deuterium content 
of raindrops. J, Geophys, Res, 68:̂ f477-83.

Yosida, Z, and others. 1955. Physical studies on deposited 
snow, I, Thermal Properties, Contrib, Inst, Low Temp. 
Sci. Hokkaido Univ., Sapporo, Japan, 7^19-74.

Zhavoronkov, Uvarof, and Sevryugova. 1955. Primenenie 
mechenykh, Atomov Anal. Khim. Akad. Nauk. U.S.S.R. 
p, 223-33. (quoted by Dansgaard, 1964)

Zimmerman, U., K. Munnich, and W, Roether, 1967. Dovmward 
movement of soil moisture traced by means of hydrogen 
isotopes. Am, Geophys. Union Monograph #11. p. 28-36,

Zimmerman, U., D, Ehhalt, and K. Munnich, 1967. Soil-
water movement and evapotranspiration in the isotopic 
composition of the water. Isotopes in Hydrology, 
Internal. Atomic Energy Agency, p, 567-85.



APPMDIX

Pa;i:e

Chemical data ......................  . . . . . 7 0

Temperature and density profiles . . . . » o . 8l

Depth hoar formation calculations . . . . . . .  83

Data and photographs for the depth
hoar experiments .................  0 . . . 8 8



70

THE OCCURREHCE OF
THE ISOTOPES OF HYDROGEN AND OXYGEN

Lorius (1963)* Rankama (1963)**

Handbook of 
Chemistry & 
Physics (1968)

h ’ 99.9839% 99.9844% 99.985%

h2 0.0161% 0.0156% 0.015%

h5 (half-life of 12.26 yr.)

ol6 99.76% 99.7590% 99.759%

o' 7 0.04% 0.0374% 0.037%
018 0.20% 0.2039% 0.204%

(several oxygen isotopes with half-lives of 
under three minutes)

THE OCCURRMCE OF 
SELECTED FORMS OF WATER

HrO

H20

HDO

18

D^O

Hutchinson (19^7) 

99.745%

0.198%

0.015%

0.000002%

* Believed to refer to the distribution of isotopes in 
ocean v/ater.

** Believed to be a weighted average for the entire earth,
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• DEFINITION OF SHOW

Standard Mean Ocean Water (SMOW) is the standard that 

all samples are defined relative to. The notation;

%o SMOW; is often used. This shov;s the per millage 

that the EDO content of the sample deviates from the HDO 

content of SMOV/,

A Dy SMOW = (d sampl^^ sample )  -  SMO\]̂  ̂SMO'w)
SMO'̂ Pj SMOwJ

1̂ 1 oooj

SMOW is defined relative to a set of samples furnished 

by the National Bureau of Standards, Craig (1961b) 

describes the proper procedure for presenting the results 

of HDO determinations. He also describes the HDO content 

of SMOW as follows:

SMOW = 15S 2 parts per million atomic (ppma) HDO 

the D/H ratio of SMOW = 1/6328

Other authors have considered SMOW to contain from 

137 ppĉ  to 161 pprn HDO,

Russian literature often describes samples as being 

so many 2T different than the standard, Rankama (1963) 

describes the procedure,

^ = 0,000927 mole percent HDO, It is a measure of 

the ppm difference between the sample and the standard.
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CLAR< JUOV VAPOR PRt S SUo E S
TEMP MHO md o - m Hon-ft AVE HDO-V F IN VflP DEP 8V

- 3 0 . 0 .2859 .233!) .2306 ,2383 .237? ,000125 . Ift6479

- 2 P . 0 .3171 . 264ft . ? o 5 l ,2649 .263ft .000125 .164770

- 2 f t . 0 ,3514 .2939 .2943 .2941 .2920 .000126 , l f t306A

- 2 7 . 0 .3891 •3261 .3265 .3263 . 3240 .000126 .161361

- 2 f t . 0 .4305 .361ft .3619 .3617 .3ft0? .000126 ,18966?

- 2 5 . 0 .4758 • 4006 ,4008 .4007 .399ft .000126 .157965

- 2 4 . 0 .5256 .4434 .4435 ,4435 .441ft ,000127 .156?7?

- 2 3 . 0 .5800 .4904 .4904 .4904 .4H8a .000127 .15458?

- 2 2 . 0 .6396 ,5419 .5418 .5419 .5397 .000127 . lS289ft

- 2 1 . 0 .7048 .5 9 8 a .5901 .5982 .5950 .000127 .151213

- 2 0 . 0 .7760 .6602 .6597 .6600 .657-5 . 0 0 0 1 2 8 .149533

- 1 9 . 0 .8538 .7279 .72 72 .7275 • 724ft . 0 0 0 1 2 8 .147857

- 1 f t . 0 .9386 .0019 .8009 .3014 . 7981 . 0 0 0 1 2 8 .146184

- 1 7 . 0 1.0311 .8827 .8814 .3821 .8788 . 0 0 0 1 2 8 . U 4 5 1 S

- 1 f t . 0 1.1318 .97  In . 9 o 93 .9701 .9661 .000129 . l4285n

- 1 5 . 0 1.2415 1•067 8 1.06 = 2 1,0662 1.0617 .000129 ,141188

- 1 4 . 0 1.3608 1.172? 1.1697 1.1710 i . 1 6ft ft .000329 .139530

- 1 3 . 0 1.49o5 1.286ft 1.2835 1.2851 1.2798 .000129 .137875

- 1 2 . 0 I . b 3 l 5 1..4111 1 . 4 o 74 1.4093 1.403ft .000130 .136?25

- 1 1 . 0 1.7045 1.546s 1.5422 1 . 544a 1 .5 3 7 a .000130 ,134579

- 1 0 . 0 1.9505 1 .693ft 1.6888 1.6913 1 .683A .000130 .132936

- 9 . 0 2.1306 1.853ft 1.B4?9 1.8509 1.8A?ft .000130 .131298

- 8 . 0 2.3256 2.0279 2.0207 2.0241 2.01AP .000131 .129664

- 7 . 0 2.5369 2.2160 2.2002 2.2121 2.2009 .000131 .128033

- 6 . 0 2.7655 2.4204 2,4115 2.4160 2 . 4 0 3 a .000131 ,126408

- 5 . 0 3.0123 2.6419 2.6318 2.6368 2.6227 .000131 . 1?4786

- 4 . 0 3,2800 2.B81B 2.8703 2.8761 2,8601 .000132 .123170

- 3 . 0 3.5687 3.1415 3.1284 3,1349 3 . I l7 f t .000132 .121557

- 2 . 0 3.8803 3.4224 3.40 75 3.4146 3.3943 .000132 . 1199A9

- 1 . 0 4.2166 f . 7 2 6 o 3.7093 3 . 7 i 76 3•6940 .000132 .118346

0. 4 .5791 4.0540 4.0392 4,044ft 4.0191 .000132 .116748
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FRACTIONATION FACTORS

The theoretical separation occurring betv/een HDO and

H2O when water evaporates or sublimes is often given as a

fractionation factor, c <  .

oc = (D/H ratio of liquid)
(D/H ratio of vapor)

Values of cx. from several sources are listed below.

, liquid/vapor oc , solld/vapor

°c A B A B c D

-30 1 .15 7 1.183 1.198 1 .200

-25 1.1 A7 1 . 17 3 1.185 1.187 1.187

-20 1 .138 1.1 A3 1.162 1 . 17 3 1.17A 1 .176

- 1 5 1.128 1 . 13 3 1 .15 2 1.162 1.161 1.16a

-10 1.120 1.12A 1.1A2 1 .151 1.1A8 1 . 15 3

- 5 1.112 1 . 1 1 5 1 ,13 2 1.1 Al 1 .137 1.1 A3

0 1 .105 1.106 1.122 1 . 13 2 1.128 1 .132

10 1 .091

20 1.078

30 1.068

A, Lorius (1963)
B, Merlivat and Nief (196?)
C, I-iatsuo et al. (I964)
D, From previous page, the value of HKO/AVS
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CRITICAL DATA

The units are degrees Celsius or calories/mole.

Melting Point

Heat-melting 

Boiling point

Heat-vaporization

Heat-sublimation

g
Heat-formation^. 1

H^O HDO DpO

0.00 2 .32^ 3.85^
3.82^^

1436'' 1515^

100.00^ 100.76^ 101.55^
1 0101.42

9719^ 9849^

9847'̂ ’'

9927*20^

1 2,170^ 1 2,401® 1 2,631*20
12,584*72

liquid phase +15.5^
-28®

gas phase
7

+34^

1 Kirshenbaum (1951)
2 Van Hook (1968), theoretical
3 Riesenfeld and Chang (1936)
4 Wahl and Urey (1935)
5 Skripov (1962), experimental
6 Skripov (1962), theoretical
7 Skripov (1959)» theoretical
8 Calculated from a plot of log P vs 1/T
9 For the reaction H2C + D^O ^ 2 HDO
10 Lewis and MacDonald (1933)
11 Long and P̂ emp (1936)
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EQUILIBRIUM REACTION

If some D2O is put into H2O, a reaction takes place 

and most of the is converted to EDO*

H2O + D2O ^ 2  EDO

The mole fraction of each component is given by the 

equation;

K = (EDO)^
Te^oI

The K values mentioned in the literature fall in the 

following ranges:

0° C K = 3.76 to 4.15

25° C K = 3.26 to ^̂ .0

These values v;ere determined by several scientists and are 

referenced in Kiss et al, (1966) and Skripov (1959).

Using K = 4.0 and the EDO content of water as 0,000158

mole fraction, the calculated D2O content of water is;

Zf.O = (0,0001 58)^
(0,999842) CD2O)

D2O = 0.00000000624

Therefore Standard Mean Ocean Water would contain:

0,00000000624 mole fraction D2O

0,000000624 mole % 

0,00624 ppma D2O
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DIFFUSION COEFFICIENTS

The following diffusion coefficients are for an

equation of the type: R = ~D (dc/dx)
2The units are cm /sec,

H^O in air at 273° K............ D = 0.220

at 8° C..............D = 0.239

H2O, self-diffusion at 17»5° C. , D = 1.77 x lO”^

HDO in water at 10° C ........... D = 1,57 x 10"^

at 18° C ............D = 2.06 X 10"^

at 1° C ............D = 1.128 X 10“^

at 25° C ............D = 2.261 x 10"^

HDO in ice at -2° C ..............D = 1,0 x 10"^^

HTO in ice at -2° C ..............D = 3.2 x 10"*̂ ^

These diffusion coefficients are assumed to be correct 

for sea level conditions. International Critical Tables 

gives the following equation for correcting the diffusion 

coefficient of v/ater in air to other pressures and 

temperatures,

D = (D273) (T/273°)^*'^^ (760 mra/P)

H2O in air at 623 mm Hg and 273° K: D = 0.268 cm^/sec

623 mm Hg and 263° K: D = 0,251 cm^/sec

1 International Critical Tables (I928)
2 Wang et al. (1953)
3 Kuhn and Turkauf (1958)
4 Longsv/orth (1954)
5 Ramseier (1967)
6 Handbook of Chemistry and Physics (1968)
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Ehhalt et ale (196 4̂) give the ratio of the diffusion 

coefficients of HDO and H2O in air:

^ = 1 .0 15 at 20 C

The use of this ratio would give a diffusion coefficient 

for HDO in air, at 623 mm Hg and 263° 0 of:

^HDO ~ cm /sec

The diffusion equation, R = -D (dc/dx), previously 

mentioned is Fick's First Law and deals v;ith rates of 

diffusion. Fick's Second Law yields an equation which can 

be integrated and used to provide an estimate of the 

concentration of a material some distances from its source.

^  = D 

^t <5x"

In C = - X + In o
ifDt (̂ Dt)-̂

C = concentration of material at distance x

C = concentration of material at the source o
X  = distance in centimeters 

t = time in seconds

2D = diffusion constant in cm /sec
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Two conditions were implied when the equation for Fick's 

Second Law was integrated; that at t = 0, C = 0 except at 

X = 0, and that C is infinite. As the boundary condition 

of an infinite concentration cannot be fulfilled, the 

equation is invalid at the extremes. As used by Ramseier 

(1967) the boundary conditions are not critical as he was 

working v;ith very small diffusion coefficients (on the order 

of 10*"̂ )̂. When diffusion coefficients of 0,1 to 1,0 are 

used along v/ith a time period of 100,000 seconds, the first 

term of the equation drops out.

The rate of diffusion of HDO can be illustrated if a 

graph of concentration versus distance is plotted. The 

integrated diffusion equation resembles the equation for a 

straight line, y = mx + b, with:

y = In C X  = X m = l/ifDt b = In C.

Or, In C = dADt)(x"^) + In C

The plot of this equation on the next page for the 

diffusion of HDO vapor in air shows that for the periods of 

time involved in the depth hoar experiment, the concentration 

of HDO at one to five centimeters from the source is 

virtually the same as at the source. Therefore, any 

measurable fractionation betv/een HDO and H2O would appear 

to be due to the differences in vapor pressures, not 

because of differences in the rate of movement of the 

molecules through the air between the snov/ crystals.
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A plot of In C versus x for the diffusion of HDO in air at -10° C, 
It is based on Ramseier (1967) s-nd shows the lack of fractionation 
for time durations greater than 1000 seconds.



Snowpack temperatures, in degrees Celsius, taken at the Pingree 
Park sample site during the v;inter of 1967-1968.

Date of Measurement
J.XUIU

*ound, mm 12/1 12/9 1/19 2/3 2/17 3/2 3/15 3/30

airface -8.3 -6.7 — -4.0 -4.5 +0.6 -1.6 —

700 -1.1 0.0 0.0

600 -4.0 -4.5 0.0 0.0

900 -3.9 -3.8 -3.2 -2.8 0.0 0.0

400 -6.7 -3.0 -2.5 -1.7 +0.2 0.0

300 -7.8 -8.9 -4.5 -2.2 -1.8 -0.8 +0o2 0.0

200 -4.5 -5.6 -2.8 -1 .0 -0.7 -0.3 +0.2 0.0

100 -2.8 -2.8 —0.6 -0.8 -0.5 0.0 0.0 0.0

0 -1.7 -1.1 0.0 -0.3 0.0 0.0 0.0 0.0

oo
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Selected snowpack density profiles from the Pingree 
Park sample area.
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RATE OF DEPTH HOAR FORMATION

Giddings and LaChapelle (1962) present a formula for 

the computation of the formation rate of depth hoar.

t = 37 d p
P

t = time of formation, days

p = local atmospheric pressure

P = atmospheric pressure at sea level

Ji T/a z  = temperature gradient, °C/cm,

T = negative of snowpack temperature, c
d = thickness of layer (average crystal size), cm,

^ = density of the developed depth hoar layer
2

The authors use a diffusion coefficient of 0,22 cm /sec, at 

0° C and 760 mm Hg, The term (1 + T^'/21,3) accounts for 

the variation of vapor pressure with temperature. The 

term ((P/0.28) has been added as a correction for the density 

of the snow as the authors assumed a density of 0,28 g/cm^. 

If an atmospheric pressure of 623 mm Hg, is assumed 

for Fort Collins, Colorado, the formula becomes;

M/t = (30.3^) (d) U zA t ) (e )  (1 + T^y2i,5)

Data from the experiments was used to obtain the 

calculated time at which the initial snow grains v/ould 

have been completely replaced by depth-hoar crystals 

deposited from v/ater vapor.



8h

Experiment 1: C= O.3O T = -15.5°C a T / a Z  = 0,7°C/cm

d = 0.2 cm

t = (30.3^0 (0.2) (1 .429) (O.3O) (1 + 2.702) = 33.68 days

actual duration = 33 days

Experiment 2: <? = O .24 T = -14.1°C a ^/a Z = 0.8*^C/cm

d = 0.4 cm

t = (30.34) (0.4) (1 .25) (0.24) (1 + 2.463) = 45.02 days

actual duration = 28 days

Experiment 3: 0.19 T = -14.2°C a TAZ = 0.95°C/cm

d = 0.4 cm

t = (30.34) (0.4) (1 .053) (0.19) (1 + 2.489) = 30.27 days

actual duration = 31 days
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HDO VERSUS H^O AS A VAPOR SOURCE FOR 

DEPTH HOAR FORMATION

The Giddings and LaChapelle (1962) formula can be 

used to shov/ the different rate at which depth hoar will 

form if HDO is used as a source of vapor instead of H^O. 

First the formula is set up to show its basic components. 

Then the diffusion coefficient, heat of sublimation, and 

vapor pressure for HDO are substituted in place of the 

values for H^O. If the formula is solved for (?d instead 

of t, for both HDO and H2O, the differences in the amounts 

of mass transported can be determined.

t = ^  = amount of mass transnorted 
J rate of transport

J =

If: T = 273 P = 760 mm p = 623 mm

J ®s ^ 1 (i+.03 X 10"^) dT

R" dZ
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t = Cd/J or (?d = t J = the total mass flux over a 
period of time

ed = (t) (8.64 X 10^ sec/day) ^ ^ ^  (4.03 x 10"^)
p2

ed = (t) ŝ ^
& )

(3.482 X 10“ )̂

Substituting the values for EDO into the last equation.

t = 30 days 

a TUZ = 0.95°/cm

D = 0.264 cm^/sec
•7 p

e = 5 . 4 0  X 10 -̂  d y n e s /c m  s
10R = 4.38 X 10° ergs/g- K L = 2.732 x 10'° ergs/g

e d  = (30)/(0.26h')(9.h0 X 10^K2.732 x  1 o ' ' ^ ) y  0.96) ( 3.482 x 10~^)
\ 1.918 X 10^^ /

6>d = 0.2015 g/cm^
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Substituting the values for

D = 0,268 cm /sec 

e = 6.11 X  10 dynes/cm^O

R = Ẑ .62 X 10^ ergs/g-°K L = 2.732 x 10^® ergs/g

t = 30 days 

^ T A Z  = 0.95°/cir

ed = (30)/(0.268)(6.11 X 10^)(2.732 x 10^* )̂] ( 0 . 93) (3.482 x 10"^)
V 2,13^ X 10^^ /

Ĉ d = 0,2155 g/cm'̂

Changing to moles of material transported.

0.2015 = 0.010606 moles HDO/cra"
19

0.2155 0.011972 moles H^O/cm^

Ratio of H2O to HDO transported.

0.011972 = 1.129
0.010606'
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Depth Hoar Experiment

Initial snow: 0.i+ - 0,8 mm diameter angular crystals, more 

like very small pieces of ice than lumps of snow

•z
Initial density: 0o3l8 g/cm-̂

Z
Final density: 0.334 g/cm-̂

Time under temperature gradient: 33 days

Total mass of the snow:

initial 12,990 g

final 12,490 g
loss 500 g

Comments:
The density of the entire mass of snov; v;as assumed to 

be the same as the density of the lower 250 mm of snov/.
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Visual description of final crystal type for the first 

depth hoar experiment.

270 - 300 mm; O.Zf - 1,0 mm slightly rounded, angular 
crystals

220 - 270 mm.: 1,0 mm angular crystals v;ith some depth 
hoar features

100 ~ 220 mm: approximately 50% depth hoar of 1 - 2 mm 
many 0,5-1.0 mm angular crystals

ifO - 100 mm: approximately 25% depth hoar
many 0,5 - 1,0 mm angular crystals 
all crystals fused together

0 - 40 mm: 0./|. - 1.0 mm rounded crystals, 10% v;ith 
depth hoar characteristics 
all crystals fused together

Comments:

The i[.0 - 100 mm area contained 10% large (Z| mm) plates. 

The most depth hoar v;as in the area around 120 mm, 

where 80% of the snow was in noticeable plates. Few classic 

cup~like crystals were present anywhere in the snow.

Photographs v;ere tal̂ ien at 0, 80, 1i|0, and 200 mm.



90



91



92

The deuterium analysis of the samples from the first 

depth hoar experiment. The results are given as the per 

mil deviation relative to SMOW,

Samples of the original snow.

Height Individual
runs Average

190-200 mm -110,9
-112,2

-111.9

1 0 0 - 1 9 0 mm -111.3
-111,9

-111.if

9 0 - 1 0 0 Bim -126.if 
-126.if

-126.if

0 -9 0 mm -12if,3
-12if,l

-12if.2

Samples taken after depth hoar formation.

Height Individual
runs Average

200 mm -llif.9
-llif.if

-11 if. 6

IZfO mm -1 0 9 . 9
-110.0

-1 0 9 . 7

80 mm -120.7
-120.0

-1 2 0 . 3

60 mm -122.9
-122.9

-122.7

40 mm - 1 3 0 . 3
-129.if

-1 2 9 . 8

20 mm -1 2 7 . 9
-1 2 8.if

-1 2 8 . 1

0 mm -116.1
-116.9

-116.9
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Depth Hoar Experiment #2

Initial snow: 0.3 -  0.9 mm diameter lumps without any
noticable crystaline structure, approximately l-g- days 

since it fell as fresh snow

■2

Initial density: 0.213 g/cm-̂

-z

Final density: 0,2.k g/cm-̂

Time under temperature gradient; 28 days

Total mass of the snov;;

initial 8727 g

final 8387 g

loss 3'ffO g

Comments:

The values given for the final density and final mass 

of the snov/ are of questionable accuracy.
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Visual description of final crystal type for the 

second depth hoar experiment.

175 ~ 290 mm; 0,5 - 1.0 mm soft lum.ps

125 ~ 175 mm: transition zone,
rounded depth hoar of 1 ~ 1+ mm

85 “ 125 mm: 90?̂ depth hoar of 2 - 5 mm

5 ~ 85 mm; 70/̂ depth hoar of 3 ~ 8 mm 
crystals noticeable fused together

0 - 5 mm: 70% depth hoar of 3 “ 8 mm
crystal structure rather fragile

Comments:

Photographs were taken at 0, 20, kO, 60, 80, 100,

120, 130, and 200 mm.

Evidence of total sublimation of the lower 20 - 30 mm 

of original snow.
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The deuterium analysis of the samples from the second 

depth hoar experiment. The results are given as the per 

mil deviation relative to a sample of the original snov/.

Samples taken after depth hoar formation. 

Height Average

200 mm +3.6 +3.6
130 mm -13.0 -13.0
100 mm -8.6

-1Zf,2*
-11.4

60 mm -14.6 -14.6
40 mm -23.8

-23.9*
-23.8

20 mm -12.9
-12.1*-

-12.5

10 mm +0.5
-9.4̂

-4.4

0 mm + 12.6 + 12.6

Two samples of the original snow gave EDO 

measurements within of each other, A third sample

of the original snow, v/hich had been kept in a 

polyethylene sack in the freezer for the duration of the 

experiment was analyzed and found to be relative to

the above standard.

* sample v;as taken 25 to 30 to the left of the first 
sample in the set
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Depth Hoar Experiment //3

Initial snow: 0.5 - 1.5 nim diameter feathery lumps,

apparently dendritic stellars which had undergone 

some destructive metamorphism

Initial density: O.Ui-1 g/cm^

Final density: 0.197 g/cm^

Time under temperature gradient: 31 days

Total mass of the snow:

initial 9966 g

final 9690 g
loss 276 g

Comments:
The surface of the snow had settled slightly by the 

thirteenth day of the experiment.

Weight measurements v/ere made with a balance sensitive 

to 0.01 pound (^ .5 s ) *
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Visual description of final crystal type for the third 

depth hoar experiment,

160 - 245 Km: 0.5 ~ 1.0 mm soft lumps

120 - 160 mm: transition zone
rounded depth hoar of 1,0 mm

75 - 120 mm: 1 - mm classic depth hoar

35 ~ 75 Km: 3 ~ 5 mm depth hoar
. many stick-like or needle-like crystals

0 - 35 mm: 2 - /f mm depth hoar v;ith many "fuzzy" crystals
crystals slightly fused together

Comments:

Photographs were taken at 0, 20, ^0, 60, 80, 100, 120, 

160, 200, and 2i+5 mm but were not in focus.

Evidence of total sublimation of the lov;er 20 - ZfO mm 

of the original snow.

The 0 - if mm layer of final snow had a glazed 

appearance.
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The deuterium analysis of the samples from the third 

depth hoar experiment. The results are given as the per 

mil deviation relative to an integrated sample of the 

entire mass of remaining snov/ and as the per mil deviation 

relative to SHOW.

Height Individual
runs Average SHOW

200 mm -7.6
-7*6

-7.6 -178.9

100 mm -8.6
-8.4

-8.5 -179.6

60 mm -6.2
-6.2

-6.2 -177.7

ZfO mm +8.4
+9.7

+9.0 -165.2

20 mm +20.7
+20.3

+20.6 -155.6

10 mm +26.6
+23.5

+26.0 -151.1

0 mm +34.1
+33.7

+33.9 -144.7

frost* -12.5 -12.5 -183.0

std. ^1** -174.5
std, #2** -171.2

std. #3** -3.9 -173.2

std. #4^* -172.0

* frost scraped from the side of the freezer at the end of 
the experiment

** random samples of the original snow .

*** an indication of the difference between the original 
snow and the integrated snow sample taken at the end 
of the exneriment


