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ABSTRACT
Atmospheric buildup of two fluorocarbon gases, CCl^F 

(F—11) and CClgFg (F-12), during the past forty years has 
been documented by previous workers. The present study in
volved measurements of F-ll and F-12 concentrations in soil 
air within unconsolidated porous materials. Measurable con
centrations of both gases were found at depths as great as 
forty-four meters at field sites near Lubbock, Texas. Agree
ment between measured concentrations and concentrations pre
dicted using mathematical models based on molecular diffusion 
theory suggests that gaseous diffusion was the primary mecha
nism by which atmospheric fluorocarbons were transported 
within the subsurface. Analytical models were employed to
derive effective diffusion coefficients of F-ll and F-12

2 2under field conditions (0.005 cm /sec. and 0.012 cm /sec., 
respectively) and under controlled laboratory conditions 
(0.017 cm2/sec. for F-ll and 0.021 cm2/sec. for F-12). A 
finite difference model was used to estimate in situ 
tortuosity values (mean = 0.10) for unsaturated porous 
materials at one field site.

x



CHAPTER 1

INTRODUCTION

Gaseous diffusion is the process by which gas mole
cules are transported from regions of high concentration to 
regions of lower concentration independent of convective 
transport processes resulting from temperature gradients 
and/or pressure gradients. The rate at which a particular 
gas will diffuse in an open-air system is dependent on the 
prevailing concentration gradient and on the magnitude of the 
diffusion coefficient for that gas. The magnitude of the dif
fusion coefficient is in turn dependent on chemical and phys
ical characteristics of the gas molecule and on ambient 
temperature and pressure conditions. The rate at which gases 
diffuse in unsaturated porous materials is less than that in 
free air and is further dependent on the porosity and tortu
osity of the porous media and on the tendency of the gas to 
adsorb on the solid substate and/or dissolve in the soil 
water.

The present study involved the measurement and calcu
lation of parameters related to the rate of diffusion of two 
fluorocarbon gases, trichlorofluoromethane (F-ll) and di- 
chlorodifluoromethane (F-12), in unsaturated porous media,
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2
The first part of the study included the measurement of F-ll 
and F-12 concentrations within unsaturated, unconsolidated 
porous materials at four field sites. Results were analyzed 
and modeled mathematically in order to derive tortuosity 
values for the porous materials and to estimate diffusion 
coefficients for the gases. An analytical model and a finite 
difference model were utilized during this process. The 
second part of the study involved a series of laboratory ex
periments using columns packed with sand. The purpose of 
these studies was to experimentally derive diffusion coef
ficients for F-ll and F-12 under controlled conditions and to 
compare them with coefficients predicted using empirical and 
theoretical relationships from the literature.

Unique aspects of this study include methods employed 
to obtain in situ measurements of fluorocarbon gas concentra
tions in unsaturated porous materials, the application of a 
finite difference model to simulate passive diffusion of 
atmospheric gases into unsaturated materials and to thereby 
derive estimates of tortuosities for various stratographic 
units within the porous materials, and the derivation of ef
fective diffusion coefficients for F-ll and F-12 using field 
data and data obtained under controlled laboratory conditions.

The following chapter of this report contains in
formation concerning physical and chemical characteristics of 
F-ll and F-12, estimated rates of production and release to
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the earths atmosphere during the past 40-50 years, and 
atmospheric concentration measurements made at various loca
tions during the past decade. Papers cited with reference to 
atmospheric concentrations of F-ll and F-12 document rates of 
temporal increase during the period of record and demonstrate 
the existence of spatial variability with regard to latitude, 
altitude, and proximity to local and regional sources. Past 
applications of fluorocarbons as tracers in atmospheric and 
hydrologic mass transport'processes are summarized.

Chapter 3 includes a presentation and discussion of 
mathematical equations describing gaseous diffusion in gen
eral and diffusion in porous materials in particular. Fac
tors and processes which regulate the rate of diffusion are 
discussed individually with particular reference to condi
tions which were present in the field study area and which 
were controlled during subsequent laboratory experiments.

Chapter 4 contains detailed descriptions of experi
mental methods employed during the field study near Lubbock, 
Texas, results obtained at each field site, and methods of 
data analysis employed. Assumptions, input parameters, 
techniques, and results of modeling efforts, using an analyt
ical model and a finite difference model, are presented.

Laboratory column experiments and results are dis
cussed in Chapter 5. Results of three experiments using a
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column packed with dry sand and one experiment using wet sand 
are utilized to derive diffusion coefficients for F-ll and 
F-12. Results are compared to values predicted using theo
retical and empirical relationships from the literature.

Conclusions reached on the basis of field, modeling, 
and laboratory results are discussed individually within 
Chapters 4 and 5, and general conclusions based on results of 
all aspects of this study are presented at the end of 
Chapter 5.



CHAPTER 2

FLUOROCARBONS AS ENVIORNMENTAL TRACERS

Physical and Chemical Characteristics 
Fluorocarbons are synthetic organic compounds con

taining carbon and fluorine atoms, commonly in combination 
with chlorine and/or bromine atoms. Two fluorocarbons are of 
particular interest to this study: trichlorofluoromethane 
(CClgF) and dichlorodifluoromethane {CCl^F^). These com
pounds are produced commercially by numerous manufacturers 
and are registered by DuPont under the trademarks Freon 11 
and Freon 12, respectively. Both compounds are commonly re
ferred to by the DuPont trade names or abbreviated forms of 
the trade names. In this paper CCl^F will usually be re
ferred to simply as F-ll and ^ 1 ^ 2  usually be
referred to as F-12.

F-ll and F-12 are both characterized by their 
structural stability, chemical inertness, and low toxicity. 
F-12 is a colorless gas at room temperature while F-ll 
may be present as a liquid or as a gas. Both gases are more 
dense than air and both are relatively insoluble in water. 
Physical properties of F-ll and F-12 are summarized in 
Table 1 and experimentally determined solubility data are 
presented in Table 2.
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Table 1. Physical properties of F-ll and F-12.

Property F-ll F-12 Source

Formula CClgF CC12F2 1
Molecular weight 137.37 120.91 1
Melting point (1 atm), °C -111 -158 1
Boiling point (1 atm), °C 23.8 - 29.8 1
Density as liquid (25°C), g/cm^ 1.467 1.311 1
Relative vapor density (air = 1) 4.7 4.1 2
Diffusivity in N? (1 atm, 25°C)2  ̂m /day 0.733 0.859 3

2cm /sec 0.0906 0.0994 3
Critical temperature, °C 198 112 1
Critical pressure, atm 43.5 40.6 1

1. Handbook of Chemistry and Physics, 57th Edition, The 
Chemical Rubber Co., Cleveland, Ohio, 1976.

2. E. I. duPont de Nemours and Company.
3. Values derived using Equation (3) assuming 1 atm and 25°C.
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Table 2. Experimentally determined solubilities* of F-ll

and F-12 in water (expressed as g/liter) 
F-ll

Pressure of pure vapor, psia 30°C 50°C 75°C

14.7 1.08 0.57 0.31
20. 0 - 0.78 0.42
30. 0 - 1.17 0.63
40.0 - - 0.84
50.0 - - 1.05

F-12

Pressure of pure vapor, psia 30°C 50 °C 75°C

14.7 0.30 0.12 0.08
25.0 0.50 0.22 0.14
50.0 1.00 0.46 0.34
75.0 1.51 0.69 0.52

100.0 - 0.93 0.68

*Data provided by E. I. Du Pont de Nemours and Company.

World Production and Release 
of Fluorocarbon Gases

F-ll and F-12 have been widely used as foaming 
agents, solvents, refrigerants, and aerosol propellants since
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their initial production in the 1930's. As a consequence of 
the widespread use and unusual chemical stability of these 
gases, both are now present in significant concentrations in 
the earth's atmosphere. During the last decade, atmospheric 
scientists have conducted extensive research into the dis
tribution, concentration, and residence time of fluorocarbons 
in the atmosphere. This research was instigated in part by 
the theoretical determination that the buildup of fluoro
carbons in the stratosphere may be catalyzing the photo
chemical breakdown of the earth.'s protective ozone shield 
(Rowland and Molina, 1974; Wofsy, McElroy and Sze, 1975).
As a direct consequence of this concern, the use of fluoro
carbon propellants in aerosal sprays was banned in the United 
States in 1978 although other uses of fluorocarbon compounds 
have continued without regulation.

World production data for F-ll and F-12 have been 
compiled through the Chemical Manufacturers Association for 
the period 1931 through 1978. Production and release data 
through 1975 are presented in McCarthy, Bower, and Jesson 
(1977); and the data are updated through 1978 in the Upper 
Atmospheric Programs Bulletin for October 1979. Cumulative 
world release of F-ll and F-12 through 1978 is presented 
graphically in Figure 1. The same data are tabulated in 
Appendix A along with corresponding ratios between cumula
tive release values for the two gases.
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The published data are based on reported production 

values provided by major fluorocarbon producers and users in 
the United States and Western Europe and on unsubstantiated 
estimates of production in eastern block countries. The 
published release figures were calculated using total pro
duction data, estimates of the total quantities used for 
specific purposes (foaming agents, propellants, refrigerants, 
etc.), and estimates of average rates of release from various 
products to the atmosphere. In general, atmospheric release 
lags approximately two years behind production. Cumulative 
release estimates indicate an exponential buildup during the 
period 1955-75 with a doubling time of about four years.
The annual release rate has been approximately constant from 
1975 to present (Rasmussen, Khalil, and Dalluge, 1981). 
Rowland and Molina (1976) and McCarthy et al. (1977) de-. 
scribed in detail procedures used to compute production data 
and to estimate rates of release to the atmosphere. McCarthy 
et al. (1977) estimated that world production data are ac
curate to +5% and that corresponding release estimates are 
accurate to within +10%. However, recent atmospheric measure
ments of F-ll and F-12 concentrations by Rasmussen et al.
(1981) and others suggested that McCarthy's cumulative 
release estimates may be ten to twenty percent low.



Fluorocarbon Concentrations 
in the Atmosphere

11

Atmospheric concentrations of F-ll and F-12 have 
been measured by various workers. A direct comparison of 
results from the studies is complicated by numerous factors 
including method of measurement, location of measurement, 
prevailing meteorological conditions, and instrument cali
bration. Results of work conducted at the major centers for 
atmospheric fluorocarbon research are summarized below with 
an accompanying discussion of relevant methods and condi
tions. Data from many sources are summarized in Table 3.

Lovelock (1972) provided the first reliable measure
ments of F-ll concentrations in the atmosphere. Concentra
tions in southern England in 1971 varied from 40 to 100 
pptv* and were found to be strongly dependent on wind di
rection. These results suggested that fluorocarbons are 
distributed non-uniformly in the atmosphere and are subject 
to effects of local sources (e.g., major urban centers). In 
a subsequent study. Lovelock, Maggs, and Wade (1973) mea
sured F-ll concentrations during a round-trip sea voyage 
from England to the Antarctic and demonstrated significant

*Fluorocarbon concentrations are commonly expressed as parts 
per trillion on a volumetric basis (pptv). 1 pptv
= 10-12cm3F-ll or F-12/cm3 air.
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Table 3. Atmospheric concentrations of F-ll and F-12 

as reported by various authors.

F-ll pptv F-12 pptv

Lovelock (1972)
Nov. 1970-Sept. 71 England

Lovelock (1973)
1971-72 mean global concentration

40-100 

49.6 + 7

—  —  —  —

Hester et al. (1974)
July 1972 downtown Los Angeles 
(average values)

Wilkness et al. (1973)
Oct.-Nov. 1972 average cone, 
over North & South Pacific

560

61 + 13

700

Zafonte et al. (1975)
Feb. 1973 background cone, over 
Southern California

Lovelock (1974)
Oct. 1973 North Atlantic

60

88.6 + 4

90

115.2 + 33
June-July 1974 western Ireland 79.8 + 5 101.7 + 27

Grimsrud & Rasmussen (1975)
Nov. 1974 rural Pacific Northwest 125 + 8 230 + 8

Rasmussen (1976)
Sept. 1975 Pullman, Washington 110 + 7 207 + 2

Rowland & Molina (1976)
Sept. 1975; Washington State 123 + 2
Sept. 1975; Global average

Pack et al. (1977)
December 1975, Ireland

111 “

142 + 33
mean of 1975 monthly averages

Pierrotti et al. (1978)
March 1976, Sahara region

162

156.0 + 5.1 261.9 + 6.7
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Table 3. —  Continued

F-ll pptv F-12 pptv

Singh et al. (1979)
Nov. 1975-May 1978 Southern
Hemisphere average 119 + 11.7 210 +25.1
Northern Hemisphere average 133 + 13.4 230 + 25.5
Global average 126 220

Rasmussen et al. (1981)
January 1980; Antarctica 166 284
January 1980; Pacific Northwest 188 322

variations in concentration with latitude. The mean F-ll 
concentration was 49.6 + 7 pptv; individual measurements 
varied from about 80 pptv in the Northern Hemisphere to 
37 pptv in the Southern Hemisphere. On the basis of this 
work, Jesson, Meakin, and Glasgow (1977) developed a series 
of conversion factors to correct atmospheric measurements at 
a given latitude to global mean concentrations. In subse
quent studies (Lovelock, 1974a; Lovelock, 1974b; and Lovelock> 
1975), temporal changes in atmospheric F-ll concentra
tions at fixed locations in the Northern and Southern 
Hemispheres were demonstrated for the period 1970 to 1975. 
These results are presented graphically in Figure 2.

A second group of researchers, based at the Naval 
Research Laboratory, also measured atmospheric F-ll con
centration of 61 + 13 pptv over the North and South Pacific
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NORTHERN HEMISPHERE 
(51° N) ^

SOUTHERN HEMISPHERE 
( 3 5 ° S )

YEAR

Measured F-ll concentrations in the northern 
and southern hemispheres during the period 
1971-1975 (data from Lovelock, 1976).

Figure 2.
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in late 1972 and subsequent studies (Wilkness et al., 1975) 
substantiated latitudinal variations in F-ll concentra
tions previously noted by Lovelock.

Researchers at Washington State University have made 
numerous measurements of atmospheric F-ll and F-12 con
centrations since late 1974. All measurements reported by 
this group demonstrate a non-uniform global distribution of 
atmospheric fluorocarbons. Rasmussen et al. (1981) presented 
data illustrating differences in F-ll and F-12 concentra
tions in the Northern and Southern Hemispheres and growth 
rates in atmospheric concentrations during the period 1975- 
1980. Results are summarized in Figure 3. Variations in 
fluorocarbon concentration with altitude were also reported 
by Rasmussen (1976) —  tropospheric and lower stratospheric 
concentrations of F-ll varied from 138 to 125 pptv and 
corresponding F-12 concentrations varied from 257 to 225 
pptv.

Researchers at the University of California - 
Riverside have measured vertical concentration profiles which 
were nearly constant at altitudes greater than 6000 feet over 
rural and urban areas (Hester, Stephens, and Taylor, 1975; 
Zafonte et al., 1976). However,.significantly higher back
ground concentrations of both F-ll and F-12 were mea
sured near ground surface in urban areas, e.g., Los Angeles, 
as compared to adjacent rural areas (Hester, Stephens, and
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Taylor, 1974). Significant temporal variations in fluoro
carbon concentrations were also noted at fixed locations in 
urban areas; Hester et al. (1974) reported a factor of ten 
variation in concentration at some sites in response to 
effects of wind direction and proximity to local sources 
(e.g., industrial facilities in which fluorocarbons are 
used).

Several investigators have compared measured rates 
of increase of atmospheric fluorocarbon concentrations with 
estimated rates of release based on world production data. 
Pack et al. (1977) reported an annual rate of change of F-ll 
release of 15.1%/year for the period 1960-75 while atmo
spheric concentrations increased 13.2%/year and 14.6%/year 
in the Northern and Southern Hemispheres, respectively, for 
the period December 1970 to December 1975. Singh et al.
(1979) reported an average rate of increase of atmospheric 
concentrations of 12%/year (12.9 pptv/year) for F-ll and 
10%/year (18.5 pptv/year) for F-12 between November 1975 
and May 1978. Rasmussen et al. (1981) reported measured 
rates of increase of 8%/year and 9%/year for F-ll and 
F-12, respectively, in the Pacific Northwest and 12%/year 
and 9%/year, respectively, in Antarctica during the period 
1975 to 1980. Data from the latter study suggest that the 
rate of accumulation of atmospheric F-ll and F-12 may be

17
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slowing down although statistical verification of this trend 
will require additional data.

The only significant sink for atmospheric F-ll and 
F-12 described to date is photolysis in the stratosphere. 
Rowland and Molina (1976) estimated"that only five to ten 
percent of the F-ll released since 1931 has been destroyed 
by stratospheric photolysis. Pierrotti, Rasmussen, and 
Rasmussen (1978) were unable to detect significant reductions 
in concentrations of F-ll or F-12 resulting from photo
lysis of molecules adsorbed on Sahara sand and airborne 
particulates, although such reductions were detectable for 
several other organic and inorganic compounds (CCl^, CHgCClg, 
N^O) . Singh et al. (1979) suggested atmospheric residence 
times of forty to forty-five years and sixty-five to seventy 
years for F-ll and F-12, respectively. Rowland and 
Molina (1976) concluded that.no significant terrestrial or 
tropospheric sinks are likely to exist for F-ll based on 
a comparison of measured atmospheric concentrations with 
those predicted on the basis of production and release data.

At present (1981), atmospheric scientists have not 
developed standards or even universally accepted procedures 
for use in calibration of analytical instruments for mea
suring fluorocarbons at part per trillion levels. Conse
quently, some of the differences observed in atmospheric 
fluorocarbon concentrations measured by various workers
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(see Table 3) may be attributable to.analytical methods 
and types of instruments used. Two analytical methods are 
commonly available; researchers at Washington State 
University utilize coupled gas chromatography —  mass spec
trometry , while most other researchers utilize gas chroma
tography with electron capture detection. Both methods 
provide good precision within a given laboratory. However, 
an experiment conducted by the National Bureau of Standards 
in 1978 (Hughes, Dorko, and Taylor, 1978) to test the ability 
of sixteen groups of atmospheric scientists to measure ac
curately fluorocarbon concentrations in samples of bottled 
air, demonstrated that, although measurements can be made 
with a precision of ten percent within a typical laboratory, 
results can be expected to vary by as much as forty percent 
between different laboratories.

Fluorocarbons as Atmospheric 
and Hydrologic Tracers

The potential usefulness of fluorocarbons as 
tracers stems from their detectability at extremely low 
concentrations, their chemical stability and inertness, 
their low toxicity, and from the fact that rates of produc
tion and release to the atmosphere are fairly well docu
mented. Atmospheric fluorocarbons have been used by numerous 
investigators to study tropospheric circulation patterns, 
mixing rates between the Northern and Southern Hemispheres,



and interactions between the troposphere and stratosphere 
(Lovelock, 1971; Lovelock et al., 1973; Hester et al., 1975; 
Pack et al., 1977; and others).

The buildup of fluorocarbons in the atmosphere has 
concurrently led to their introduction into the hydrosphere 
where they have again been used to study mass transfer 
processes. Fluorocarbons have been used as tracers in ocean
ographic studies (Lovelock et al., 1973; Ostlund, Dorsey, 
and Booth, 1974; Hahne et al., 1978; Hammer et al., 1978) 
and hydrologic studies (Thompson, Hayes, and Davis, 1974; 
Thompson, 1976; Thompson and Hayes, 1979; Ciccioli et al., 
1980; Davis et al., 1980). Hydrologic studies make use of 
fluorocarbons which originally entered the hydrosphere from 
atmospheric sources and also fluorocarbons which were in
tentionally injected into ground water systems for tracing
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CHAPTER 3

THEORY OF GASEOUS DIFFUSION IN POROUS MEDIA

The mechanisms of gas movement through porous media 
have been investigated by numerous workers with regard to 
the respiration of plant roots and micro-organisms within 
the soil and with regard to the development of petroleum re
sources. The most important process involved in gas move
ment at depths greater than one or two meters is ordinary 
gaseous diffusion (Buckingham, 1904; Keen, 1931; Evans,
1965). The diffusion process itself is modified to varying 
degrees by such factors as barometric pressure fluctuations 
in the atmosphere, temperature variations in the soil, wind, 
infiltration of precipitation and irrigation water, physical 
characteristics of the soil, and absorption/desorption 
processes.

Ordinary Gaseous Diffusion 
Gaseous diffusion is defined as the movement of a 

gas from a region of high concentration to a region of 
low concentration resulting exclusively from the concentre 
tion gradient. Pick's First Law, the basic equation de
scribing the diffusion process, may be written in terms of 
mass or molar fluxes, and in relation to stationary or
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moving coordinates (Bird, Stewart, and Lightfoot, 1960). In 
its simplest form:

(1) qX -D, "53T

where
qx is the time rate of change of mass per unit area taken

perpendicular to the x-direction, moles/cm sec.
is the molecular diffusion constant for diffusion of

2gas A into gas B, cm /sec.;
CA is the concentration of the diffusing gas, moles/cm^ and 
x is the dimension in the direction of diffusion, cm.
Pick's First Law simply states that the rate of transfer of 
a gas across a plane is proportional to the concentration 
gradient perpendicular to the plane.

The partial differential equation describing ordinary 
diffusion in one direction, as derived by previous investi
gators (e.g., Kirkham and Powers, 1972) using Pick's First 
Law and the mass-balance equation for a volume element, is:

(2)

where t - time (seconds) and other terms are as previously 
defined. This equation is known as Pick's Second Law.
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The molecular diffusion constant (D^) in the pre

ceding equations is analogous, to the hydraulic diffusivity 
(hydraulic conductivity divided by specific storage) in 
Darcy's Law and the thermal diffusivity constant in Fourier's 
Law. Diffusion constants for individual nonpolar gases in 
binary mixtures are dependent on temperature, pressure, and 
molecular weight of the gases. Values can be derived using 
the following theoretical, relationship (Slattery and Bird, 
1958):

(P P )^/^(T T V CA CB' k CA CB; mA mB
1/2

x a
t̂ catc b^1/2

where
PG = critical pressure for designated gas, atm?
Tc = critical temperature for designated gas, °K; 
m = molecular weight for designated gas, g/mole? 
p = prevailing pressure, atm;
T = prevailing temperature, °K; 
a = 2.745 % 10  ̂ and 
b = 1.823.
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Gas Diffusion in Porous Materials 

Pick's Second Law as presented in Equation (2) 
strictly applies only to ordinary diffusion in an open 
system. The law can be modified, however, to describe 
gaseous diffusion in partially saturated porous media by 
taking into account effects of the porous media, soil, 
moisture, and potential sinks and sources of diffusing gas. 
The resulting general equation (from ;Weeks, Earp, and 
Thompson, 1981) is:

(4)
3 %

'6DDAB 'n ITT + pw (eT ' eD)"8t"

+ ps (1 - V S T  + “

where
t = a tortuosity factor accounting for the added resistance 

to diffusion imposed by the structure of the porous 
medium, dimensionless;

6q = drained or gas-filled porosity, dimensionless;
9t = total porosity, dimensionless;
~ 3= concentration of gas A in the soil air, mole/cm ;
Pw = density of soil water, g/cm^;

= concentration of gas A in the soil water, mole/g
of water;
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Ps = particle density of granular material making up the solid 

matrix, g/cm^;
= amount of substance A sorbed on the solid matrix, 
moles/g of solid, and

3a = a production term for substance A, moles/cm sec.
If it can be assumed that the liquid phase is immobile and 
that rapid equilibration occurs between the gas phase and the 
dissolved and sorbed amounts in the liquid and on the solid 
phase, then Equation (4) can be rewritten as

32S
t6DDAB . .2

[6D + Pw(6T “ 6D)Kw + ps (1 " 9t)k s-1 at + a

where
Kw = liquid-gas partitioning coefficient that describes the 

ratio of the concentration of substance A in solution 
to its concentration in the overlying gas phase under 
equilibrium conditions, moles/g of water f moles/cm3 
of gas;

Ks = KwK^ = gas-liquid-solid distribution product describing 
the ratio of the moles of substance A sorbed on the 
solid phase per unit mass of solid phase to the con
centration of substance A in the soil atmosphere, 
cm3 gas/g solid and



= solid-liquid distribution coefficient describing the 
ratio of the moles of substance A sorbed on the solid 
phase per unit mass of solid phase to the concentration 
of substance A in the water, moles/g solid 
-r moles/g water.

Rearrangement of terms yields the following equation:
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The bracketed term has the units of diffusion and can be 
considered an effective diffusion constant, D 1, for 
the system. D* is a lumped parameter that may be deter
mined using curve matching techniques for a given gas and 
unsaturated porous medium. However, a lumped parameter of 
this type is of little value for predicting diffusion rates 
for the gases or for determining the physical significance 
of the individual parameters included in D*. Other means 
should consequently be used to quantify as many individual 
parameters included in D' as possible.

Effects of convective transport resulting from the 
movement of air associated with a falling water table can be 
accounted for through the addition of a convective term to 
the left side of Equation (5). The resulting equation 
(from Weeks et al., 1981) is:
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(7) t6ddab

[0D + Pw (0T " eD)Kw + Ps (1 “ W - S F  +
where
v = velocity of convective motion in the direction of 

diffusion, cm/sec.
The production term a has significance only when dealing 
with diffusion of gases which are produced (or consumed) by 
biological organisms within the soil. This term can safely 
be ignored when dealing with fluorocarbons because there are 
no known natural sources or biological sinks for these gases.

Factors Affecting Diffusion of Gases 
in Porous Materials

The process of ordinary gaseous diffusion as de
scribed by Pick's Second Law (Equation (2)) is modified to a 
considerable extent by the physical structure of the porous 
media and by secondary physical processes occurring in con
junction with the diffusion process. Major factors and 
processes affecting diffusion in general and diffusion in 
porous materials in particular are discussed in this section.

Temperature and Pressure
1 Diffusion coefficients for all gases are dependent 

on prevailing temperature and pressure as well as upon



28
physical characteristics of the gases. Equation (3) indi-r 
cates that predicted coefficients decrease linearly as am
bient pressure increases and increase approximately to the 
1.8 power of ambient temperature (expressed as °K). Con
sequently, these factors must be considered (and, if pos
sible, controlled) during investigations of diffusion 
processes in open systems and in porous materials.

In porous media, the temperature of the soil air 
equilibrates rapidly with that of the solid substrate be
cause air has a very small specific heat capacity (0.25 cal/g 
°C). Diurnal and seasonal variations in soil temperature 
will consequently result in small variations in diffusion 
constants for all soil gases. Diurnal temperature fluctua-- 
tions generally penetrate only to a depth of about one meter 
and seasonal temperature fluctuations penetrate as much as 
ten meters into the soil. Effects of these fluctuations 
on the rate of gas diffusion are compensated for by using 
the mean annual temperature of the study area when computing 
diffusion coefficient values.

Temperature fluctuations within the soil have an ad
ditional effect on the rate of gas movement because con
vective transport occurs in response to changing temperature 
gradients. Warm light air moves upward and is replaced by 
cooler denser air. Consequently, soil air generally moves 
upward at night and downward during the day. This process



results in some mixing of soil gases but is probably only 
significant in the upper few meters of the soil.

Air pressure within a porous material changes 
slightly in response to temperature fluctuations and to a 
much larger extent in response to barometric fluctuations in 
the overlying atmosphere. Soil air contracts in response to 
increased atmospheric pressure and expands as the pressure 
drops. Such changes occur constantly, but an actual exchange 
of an air between the soil and atmosphere occurs only near 
the surface. The depth of penetration of atmospheric air 
into the soil in response to increased barometric pressure 
(assuming no mixing occurs) is dependent on the magnitude 
of the pressure change and on the depth of the unsaturated 
porous medium. The depth of penetration is equal to the 
product of the depth of the medium and the fractional varia
tion in barometric pressure (Buckingham, 1904). Thus if the 
pressure increases from 760 mm to 761 mm, the outside air 
will advance into the soil 1/761 of the total depth of the 
porous material above a relatively impermeable surface (such 
as the water table).

The average diurnal fluctuation in barometric pres
sure near.the field sites in Texas is less than 3mm Hg and a 
typical storm system produces a change in pressure of less 
than 20 mm Hg. Consequently, the depth of penetration of 
atmospheric air into the soil in response to barometric
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pressure fluctuations will be less than 1.4 meters.* Thus, 
barometric pressure fluctuations produce a relatively minor 
impact on the movement of fluorocarbons at the depths 
investigated in this study.

Wind
Convective movement of air above the ground results 

in an irregular distribution of pressure near the surface 
and causes some mixing of soil air at shallow depths. These 
effects will not extend to appreciable depths on flat sur
faces (Keen, 1931) although effects may be more significant 
in hilly areas. Effects of wind on the subsurface movement 
of soil gases may be safely disregarded for the present 
study due to the flat nature of the terrain in the Texas 
High Plains.

Porosity and Tortuosity
The diffusion coefficient for a gas in an unsaturated 

porous medium, Dq, is related to the corresponding coef-
■ficient in a .free air system, D,. through a dimensionless 
function of the effective porosity (6̂ ) of the medium.- 
This relationship is expressed mathematically as:

*Estimated depth of penetration assumes a mean atmospheric 
pressure of 684 mm Hg (0.9 atm), a uniform soil porosity with depth, and the presence of an impermeable barrier at a 
depth of fifty meters.
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(8) Dn = T0 D0 e

The function x, referred to as the tortuosity factor (Weeks 
et al., 1981), accounts for the added resistance to diffusion 
imposed by the structure of the porous medium. Tortuosity is 
related to the pore size distribution, pore geometry, and 
nature of pore interconnections within the porous material.

Many investigators have sought to determine a general 
expression for the tortuosity factor in terms of the total 
porosity, 0T , and/or drained porosity, 0D , of the medium. 
A representative listing of published expressions is provided 
in Table 4. All of these relationships were derived em
pirically using laboratory data except for those presented . 
by Marshall (1959) and Millington and Quirk (1960). The 
latter expressions were derived using theoretical pore-size 
distribution models.

Soil Moisture
Temporal fluctuations in soil moisture will affect 

relative surface areas available for adsorption of soil 
gases on the solid matrix and for dissolution of the gases 
in the soil water. The partial pressure of most soil gases 
increases as soil moisture increases because most compounds 
sorb less strongly on wet soil than on dry soil and because 
water, a polar molecule, will generally be adsorbed prefer
entially over less polar compounds. Also infiltration of
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Table 4. Partial list of published tortuosity (t) factors 

for dry and wet porous media.

Investigator
t for dry 
medium

t for wet 
medium

* *Buckingham (1904) 9t 6D
Penman (1940) 0.66 0.66
van Bavel (1951) 0.6 0.6
Millington (1959) n 0.333 6D
Marshall (1959) A °-56D
Millington and Quirk (1960) eD0'333(6D/eT)2
Wesseling (1962) 0.9 - 0.1/6D
Grable and Siemer (1968) eD 2,36 x io“ 6
de Jong and Schappert (1972) 0.31 - 0.59(8t - 6D)
Albertson (1979) 0.777(8d/8t) - 0.274

*6̂ , = total porosity; 8^ = drained pr effective porosity.

precipitation or irrigation water under unsaturated flow 
conditions will result in the displacement of an equal volume 
of soil air and, conversely, the removal of soil moisture by 
evaporation will be compensated by the movement of atmo
spheric air into the soil. The infiltration of surface 
water under saturated conditions will force soil air 
downward in front of itself and will pull atmospheric air 
into the soil behind itself. All of these processes will
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affect the movement of soil air to some degree, but only 
infiltration under saturated conditions is likely to have 
a significant impact on diffusion at depths greater than a 
few meters below the surface.

Solubility
Soil gases of atmospheric origin can move through the 

subsurface in conjunction with the movement of soil water 
under either saturated or unsaturated flow conditions. The 
significance of convective transport associated with the 
movement of soil water will depend to a large extent on the 
solubilities of individual gases in the soil water. The 
solubility of any gas depends on ambient temperature, the 
partial pressure of the gas within the soil atmosphere, and 
the dissolved solids content of the soil water. Effects of 
dissolved solids on the solubility of gases in water is sig
nificant only where the water is highly saline. Effects of 
temperature fluctuations are significant only at shallow 
depths where diurnal and seasonal temperature changes are 
manifested. Consequently, in most field situations, the 
solubility of soil gases will depend primarily upon the 
partial pressure of the gases within the unsaturated porous 
medium.

Solubility data for F-ll and F-12 under various 
temperature and pressure conditions were presented previously 
in Table 2.



34
Adsorption and Desorption

The movement of soil gases through unsaturated porous 
media will also be affected by physical and chemical inter
actions between the solid substrate and soil gases present 
in both the gas phase and dissolved in the soil water.
Liquid-solid and gas-solid interactions both involve ad
sorption and desorption processes. Physical factors af
fecting these processes are essentially the same regardless 
of whether the chemical species of interest is present in the 
liquid phase or the gas phase.

Two distinct types of adsorption —  chemical and 
physical —  are defined on the bases of the nature and 
strength of the resulting bond. Physical adsorption occurs 
when relatively weak van der Waals or electrostatic bonds 
form between the solute species and the solid substrate.
These bonds form rapidly, they are readily reversible, and 
they may involve more than one layer of solute molecules 
(Ross and Oliver, 1964). Chemical adsorption, by contrast, 
involves high energy* coulombic forces between the absorbate 
and absorbent. Chemical bonding occurs much slower than 
physical bonding and typically involves only a single layer 
of adsorbate molecules. Saturation of available adsorption

*Heat of adsorption values for electrostatic bonds are 
typically within the range of one to two kcal/mole while 
chemical bonds are typically associated with values of 
twenty to fifty kcal/mole.



sites may consequently occur at extremely low solute con
centrations (Bailey and White, 1970).

Numerous factors affect physical and chemical ad
sorption processes. They include chemical and physical 
characteristics of the solute species and porous material. 
Molecular size, net molecular charge, charge density, 
polarity, water solubility, and acidity or basicity of the 
adsorbate molecule all affect the adsorption process. A 
high correlation is generally observed between degree of 
sorption and the amount of organic matter and clay (par
ticularly montmorillonite and vermiculite) present. Because 
adsorption is a "surface phenomenon", that fraction of the 
porous material having the largest surface area to mass 
ratio (i.e., the colloidal fraction) will exert the greatest 
influence. Total surface area, the configuration of the 
surface, and the magnitude, intensity, and distribution of 
the electrical field at the surface are all important factors. 
Also, the surface charge of the particle will strongly affect 
the type of ions and molecules which are readily adsorbed.

Liquid-solid interactions will be further influenced 
by the pH and salt concentration of the soil water. Surface 
charge, physical configuration, and degree of ionization of 
both the solute species and the substrate are affected by pH 
of soil water. Salt concentration affects sorption of trace
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solutes by competing for sorption sites on the mineral sur
faces. Consequently, trace solutes are sorbed less from 
saline waters.

Adsorption is an exothermic process and desorption 
is endothermic. Consequently, the amount of solute sorbed 
on the substrate will decrease as temperature increases, re
gardless of whether the desorbed molecules enter the liquid 
or gas phase. Electrostatically sorbed species will be more 
strongly affected by temperature fluctuations than will 
chemically sorbed species. Consequently, and Kg
values can be expected to fluctuate seasonally near the 
ground surface, and F-ll and F-12, neither of which 
chemically adsorbs to the substrate, should readily desorb 
in response to significant increases in soil temperature.



CHAPTER 4

FIELD STUDY

Concentrations of F-ll and F-12 were measured in 
soil air at various depths within the unsaturated zone at 
four field sites near Lubbock, Texas in January, 1979. Data 
from all sites were evaluated using an analytical solution 
to Pick's Second Law and data from one site were evaluated 
further using a finite difference model developed by E. P . 
Weeks of the U. S. Geological Survey (Weeks et al., 1981). 
Field methods, field results, and modeling techniques are 
discussed in this chapter.

Sampling
All field data were obtained by on-site analysis of 

gas samples using a modified gas chromatograph mounted in a 
vehicle and powered by a portable generator. Field sites 
were located in semiarid grasslands of the southern High 
Plains within a 164 kilometer (100 mile) radius of Lubbock, 
Texas (Figure 4). Soil air was sampled using air piezometers 
installed by the U. S. Geological Survey between 1969 and 
1972. The piezometers were originally used to determine 
vertical permeability to air via measurement of rates of 
air pressure change at various depths within the soil
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Figure 4. Map showing location of field sites.
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occurring in response to changes in barometric pressure at 
the land surface (Weeks, 1978). The piezometers, which were 
in unconsolidated layered sediments, were also well-suited 
for the needs of this fluorocarbon study.

A typical piezometer nest (Figure 5) consists of four 
to six 6.4mm (1/4 inch) ID steel pipes installed in a 
single borehole augered to the depth of the water table. In
dividual piezometers are opened to the soil atmosphere at 
various depths within the unsaturated zone using standard 
32 mm diameter by 610 mm length (lj" x 24") well screens.
The deepest piezometer screen is emplaced just above the 
capillary fringe at the top of the water table. The annulus 
that extends about one foot above and below each screened 
interval is filled with gravel and coarse sand. An expanding 
cement grout is used to seal the borehole between screened 
segments and between the upper screen and the ground surface. 
Construction details for the piezometer nests are summarized 
by Weeks ' (1978, pp. 6-7).

Gas samples were obtained by pumping soil air di
rectly from the piezometers to a trapping system designed 
to extract and concentrate F-ll and F-12 from large 
volumes of soil gas (Figure 6). Essential components of 
the trapping system (Thompson, 1976), which was attached to 
the gas chromatograph, include a Mg(CIO^)^ absorbent 
cartridge used to remove water vapor from the sample gas
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Piezometer 4
3 2

Land surface
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Capillary fringe

Figure 5. Sketch showing typical piezometer nest used to 
obtain samples of soil air at selected depths 
in the unsaturated zone (after Weeks, 1978).
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Figure 6. Diagram of principal components of the trapping 
and analytical systems.



42
stream, two switching valves used to control the gas flow se
quence, a stainless steel trapping loop (20 cm length * 2 mm 
ID) filled with a standard chromatographic packing material 
(Durapak Lo-K on Porasil F, Alltech Associates, Arlington 
Heights, Illinois), and a peristaltic pump, located downstream 
from the trapping loop, used to draw the soil gas through an 
analytical system. Connections between the piezometer, trap
ping system, and pump were made with 6.4 mm (1/4") OD copper 
tubing attached with gas-tight Swagelok fittings.

Fluorocarbons were removed quantitatively from the 
gas stream by diverting flow from the piezometer into the 
trapping loop for a timed interval. The trapping loop was 
cooled to -78°C during the interval. At this temperature, 
F-ll, F-12, and other organic compounds are quantitatively 
retained within the loop while Og and Ng pass through.
The sampling sequence involved the following steps:
1. Each piezometer, which had been sealed since construction 

(except during USGS studies), was purged"initially for 
ten to twenty minutes using a high capacity vacuum pump. 
The purging step ensured that samples subsequently ob
tained from the piezometer were representative of soil 
gas at the depth of the screen. The piezometer was then 
connected directly to the trapping system and purged for 
an additional three to five minutes using the peristaltic
pump.



2. The trapping loop was immersed in a dewar containing a 
dry ice-acetone mixture (-78°C) and the gas flow from 
the piezometer was diverted into the loop for a timed 
interval by switching the 4-port valve to the "trap/in
ject" position and the 10-port valve to the "backflush" 
position. The trapping interval varied from one to four 
minutes depending on flurocarbon concentrations in the 
soil gas. The rate of gas flow through the loop was 
measured during this interval using an in-line rotameter 
and a gas-tight syringe attached to the exhaust of the 
peristaltic pump. Typical flow rates were 25-30 cm^/min.

3. At the end of the timed interval the 4-port valve was 
turned to the "isolate" position to completely seal the 
sample within the trapping loop. Fluorocarbons trapped 
within the loop were then revolatilized or desorbed
by immersing the loop in warm water (approximately 40°C) 
until it was warm to the touch.

4. The 10-port valve was turned to the "inject" position to 
place all elements of the analytical system in series.
The trapped gases were then diverted into the gas 
chromatograph by switching the 4-port valve to the 
"inject" position. With both control valves turned to 
"inject", the nitrogen carrier gas stream flows 
sequentially through the trapping loop, precolumn, 
analytical column, and detector.
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The gas chromatograph was a Varian Model 3700 

equipped with an electron-capture detector (Varian Instrument 
Division, Palo Alto, California). The chromatographic column 
was one meter long, had an internal diameter of 2mm, and was 
packed with Carbopack B (Alltech Associates, Arlington 
Heights, Illinois). Data were collected on a Hewlett-Packard 
Model 3380A Integrator/Recorder (Hewlett-Packard, Palo Alto, 
California). Peak areas were calculated manually by multi
plying the height of the peak by its width at half-height 
(Skoog and West, 1971). This manual integration method was 
less sensitive to baseline fluctuations and produced more 
consistent results than did the electronic integration by 
the instrument. Consequently, peak areas derived manually 
were used exclusively during subsequent data analysis.

Calibration
Atmospheric scientists have not yet developed 

standards or even universally accepted procedures for use 
in calibration of analytical instruments for measuring 
fluorocarbons at part per trillion levels. "An:experiment 
was conducted by the National Bureau of Standards in 1978 
(Hughes, Dorko and Taylor, 1978) to test the ability of 
sixteen groups of atmospheric scientists to accurately 
measure fluorocarbon concentrations in samples of bottled 
air. An overall conclusion drawn from the calaborative study 
was that these measurements can be made with a precision
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of ten percent within a typical laboratory but results can be 
expected to vary by as much as forty percent between 
different laboratories.

Due to the difficulty involved in producing an 
absolute calibration, no independent calibration was at
tempted for this study. Instead, quantification was based 
on published values of atmospheric F-ll and F-12 concen
trations measured by Rasmussen et al., (1981) in the Pacific 
Northwest. Although Rasmussen's data were obtained in a dif
ferent geographical area, the measurements were made during 
the same month (January, 1979) as this study and it is felt 
that the atmospheric measurements represent the best data 
available for calibration purposes. Conversion from instru
ment response to fluorocarbon concentration was based on mean 
peak areas derived from a series of atmospheric F-ll and 
F-12 measurements obtained throughout the field sampling 
period. Mean F-ll and F-12 peak areas for twenty-two 
atmospheric samples were 3.92 x 10"*^cm^/cc air (o = 0.88 
x 10 2) and 7.57 x 10 2cm2/cc air (a = 1.19 x 10 2), re
spectively. Corresponding mean instrument response values 
were 2.42 x 10 ^amp-sec/cc air (a = 0.54 x 10 ^) and 
3.89 x 10 ^  amp-sec/cc air (a = 0.61 x 10 ^^). These 
values were assumed to represent concentrations of 173 pptv 
F-ll and 300 pptv F-12, i.e., the atmospheric concentra
tions measured by Rasmussen et al. (1981) in January 1979.
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Results

The field sites (Figure 4) were in semi-arid grass
lands at an approximate altitude of one thousand meters.
The mean annual precipitation, temperature, and barometric 
pressure in the study area are 46.7 cm, 16°C, and 0.9 
atmospheres, respectively. Average annual recharge to the 
groundwater is estimated to be less than one centimeter 
(Theis, 1937). Data from one site have been excluded from 
the following discussion because of contamination problems 
resulting from a previous groundwater tracer test involving 
the use of fluorocarbon tracers. The remaining four sites 
each have unique historical, geologic, and hydrologic 
characteristics relevant to the results obtained during this 
study. The soil atmosphere at three sites (Lamb, Lubbock 
Airport, and Gambel) has been '.disrupted to some degree by pre 
vious USGS activities. One site (Glenn) represents an es
sentially undisturbed situation. Characteristics'.arid results 
for each site are discussed individually below.

Glenn Site
The Glenn site is about 164 km north of Lubbock.

The unsaturated -zone at this site represents an essentially 
undisturbed natural situation affected only by a gradually 
declining regional water table. The water table, which 
has fallen about ten meters as a result of large-scale
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agricultural pumping during the last thirty years, was 51.8 
meters below land surface in January 1979. The lithology 
of unsaturated zone materials at the site has been inferred 
from geophysical logs obtained when the piezometers were con
structed and from general knowledge of the stratigraphy of 
the Southern High Plains. These studies suggested that the 
unsaturated zone consists primarily of layered unconsolidated 
sand, clay, and possibly caliche sediments. Moisture con
tent at various depths was estimated by correlating field 
neutron-log measurements with weights (per volume) of drill 
core samples. A qualitative log of lithology and soil 
moisture is presented in Table 5.

Air piezometers at the Glenn site are screened over 
the intervals 7.0-7.6 meters, 13.4-14.0 meters, 19.8-
20.4 meters, 25.3-25.9 meters, 36.3-36.9 meters, and
43.9-44.5 meters.

Fluorocarbon concentrations measured in the soil air 
at the screened intervals are shown in Figure 7. Concen
trations of both F-ll and F-12 decrease with depth and, 
at a depth of 43.9 meters, represent three percent and 
eleven percent of present-day atmospheric values, respec
tively. The F-12/F-11 ratio, also shown in Figure 7, con
tinuously increases with depth from a value of 1.6 at 7.0 
meters to almost 7.0 at 43.9 meters. This result
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Table 5. Lithology* and soil moisture** at the Glenn site.

Depth Below 
Surface-meters

Percent
Moisture Lithologic Description

0-7.6 20 sand with high clay content, clay 
content decreases with depth

7.6-14.0 13 sand, relatively low clay content 
except near bottom of layer

14.0-19.8 18 sand with clay content decreasing 
with depth

19.8-28.4 11 sand, relatively clean with pos
sible caliche layer

28.4-39.6 20 sand with relatively high clay 
content

39.6-44.5 15 sand with relatively low clay 
content

*Lithology is inferred from neutron and gamma logs.
**Soil moisture determined from neutron logs. Dry bulk 
density was assumed to be constant with depth.

suggests that F-ll movement may be retarded to a greater 
extent than F-12.

Lamb Site
The unsaturated zone at the Lamb site, 66 kilo

meters east of Lubbock, is relatively undisturbed al
though a reasonable possiblity exists that some surface 
water recharge from an adjacent irrigation return flow 
catchment basin has occurred in recent years. The unlined
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catchment basin, located approximately six meters from the 
piezometer nest, is three meters deep and over thirty meters 
in length.

Lithology of the Lamb site, derived from core sample 
analysis, is presented in Table 6. Five zones are evident: 
an upper fine sand layer 6.1 meters thick; a 9.7 meter thick 
layer of predominantly caliche deposits; a thin (0.7m) clay 
layer; a partially cemented sand layer 4.9 meters thick; and 
an unconsolidated sand which extends below the water table.
The water table occurred at a depth of 29.3 meters at the 
time of the field study. The clay horizon at a depth of 15.8- 
16.5 meters is of particular importance because it has been 
saturated throughout the period of available record and con
sequently should have significantly affected the vertical 
movement of fluorocarbon gases in the subsurface. Soil 
moisture data are not available for the unsaturated litho
logic units at this site.

Soil air samples were obtained from four piezometers 
screened at the following depths: 5.5-6.1 meters; 10.7-11.3 
meters, 16.5-17.1 meters, and 21.0-21.6 meters. A fifth 
piezometer, screened in the 26.8-27.4 meter interval, was 
plugged at the time of this study.

Fluorocarbon concentrations measured in the upper 
four piezometers are presented graphically in Figure 8a. 
Concentrations of F-ll and F-12 in the upper piezometer 
are essentially equal to atmospheric concentrations at the
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Table 6. Lithology of Lamb site.

Depth Below 
Surface-meters Lithologic Description

0-6.1 sand, very fine to fine, silty
6.1-9.1 caliche, sandy
9.1-10.7 caliche, massive (?)

10.7-12.2 caliche, sandy (?)
12.2-15.8 caliche, massive (?)
15.8-16.5 clay, sandy, calcareous; saturated
16.5-21.3 sand, very fine to fine, with some caliche cement
21.3 over 29.3 sand, very fine to fine, unconsolidated
29.3 perched water table

time of sampling. Concentrations in the second piezometer 
are nine percent and seventeen percent higher than atmo
spheric for F-ll and F-12, respectively; reasons for 
this anomaly are not clear. Measurements obtained from the
third piezometer demonstrate marked effects of the satu
rated clay layer immediately above the screened section. 
Because fluorocarbons are only slightly soluble in water and 
because diffusion rates for gases are about four orders of 
magnitude slower in water than in air, the saturated clay 
layer greatly reduces the rate of fluorocarbon movement. The
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result is evident in the extremely low concentrations 
measured in the third piezometer. The fourth piezometer 
produced soil air containing somewhat higher concentrations 
of both F-ll and F-12. This may be the result of lateral 
diffusion around the saturated clay lense, assuming its 
horizontal dimensions are small. Alternately, a failure of 
the grout seal around the piezometer pipe may have permitted 
pumpage of atmospheric air along the outside of the pipe and 
into the piezometer screen.

Lubbock Airport Site
Soil gas samples were obtained from six piezometers 

at the Lubbock Airport site. The piezometers were utilized 
during a series of air permeability tests conducted by USGS 
between 1970 and 1972 (Weeks, 1978) and are situated near 
the center of an artificial recharge basin which was utilized 
for a water recharge experiment conducted between April and 
November of 1975. Results of numerous field and laboratory 
studies conducted to determine physical characteristics of 
the unsaturated zone at this site are reported by Keys and 
Brown (1971). Lithology of the site is summarized in Table 
7. The lithologic sequence consists of layered sand and 
clay deposits and contains some caliche within the upper 
twenty-one meters.

Six air piezometers at this site were screened at 
depths of 1.8-2.4 meters, 5.8-6.4 meters, 18.6-19.2
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Table 7. Lithology of Lubbock Airport site (after Keys and 

Brown, 1971).

Depth Below Land 
Surface-meters Lithologic Description

0-6.7 sand and clay with some caliche
6.7-18.9 caliche and CaCO^ cemented sand

18.9-20.4 clay
' 20.4-21.3 caliche
21.3-26.4 sand
26.4-29.4 clay
29.4-30.6 sand
30.6-31.8 clay
31.8-33.0 sand
33.0-34.5 clay
34.5-36.0 sand

meters, 25.6-26.2 meters, 29.6-30.2 meters, and 35.4- 
36.0 meters. The third, fourth, and fifth piezometers 
showed signs of partial plugging during our experiment in 
that a vacuum developed in the piezometers during initial 
purging operations.

Fluorocarbon concentrations measured at various 
depths at the Lubbock Airport site are presented in Figure 
8b. Variations in F-ll and F-12 ' concentrations with
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depth follow an irregular pattern which is attributable in 
part to the fact that three piezometers were partially 
plugged and to the fact that a recharge experiment was con
ducted at the site in 1975. The similarity in concentra
tions of both F-ll and F-12 measured in the deepest 
piezometers with those measured in the two upper piezometers 
suggests that atmospheric air may have been pulled to the 
observed depths as a consequence of negative pressures as
sociated with the declining water levels. A similar effect 
can probably be expected in other localities where the rate 
of natural ground-water recharge under saturated flow con
ditions is significant.

Data from this site were not evaluated further be
cause of the obvious impacts that previous USGS experiments 
have had on the distribution of fluorocarbons within the 
unsaturated zone.

Gamble Site
The Gamble site, fifty-three kilometers east of 

Lubbock, was used by USGS in 1972 for an air-injection study. 
Four air piezometers at the site are screened in the fol
lowing intervals: 7.0-7.6 meters, 10.7-11.3 meters,
14.9-15.5 meters, and 18.0-18.6 meters.

Details of the lithology and soil moisture content 
are not available for this site. However, unsaturated.
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unconsolidated porous materials are known to exist through 
the depth of penetration of the air piezometers.

Concentration-depth data for this site, presented in 
Figure Sc, suggest that significant disruption and mixing of 
the soil gases occurred in conjunction with the air injection 
experiments conducted in 1972. The F-ll concentration 
measured at a depth of seven meters is essentially equal to 
that of the present day atmosphere and decreases gradually 
with depth to a value forty-four percent lower than atmo
spheric. The observed F-12 concentration 4s thirty-seven 
percent less than atmospheric in the upper piezometer, is 
approximately equal to atmospheric concentrations at the 
two intermediate depths (11m and 15m) and drops to fifty- 
seven percent of atmospheric in the lower piezometer (18m). 
The dissimilar concentration/depth patterns observed for 
F-ll and F-12 at this site suggest the possibility that 
F-12 may have been preferentially sorbed or otherwise re
moved from soil gas as it was pulled into the upper and lower 
piezometers. Mechanisms for this preferential removal can
not be inferred because the lithology, clay content, and 
organic matter content of the unsaturated materials are not 
known. The possibility that the anamolous F-12 concentra
tion for the upper piezometer is the result of analytical 
errors is discounted by the excellent duplication observed 
in data from that piezometer (a = 1% of mean concentration)
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However, less confidence is placed in data for the eighteen 
meter piezometer (a for F-ll = 45% of mean value for 
three measurements? o for F-12 = 49% of mean value for 
three measurements) and the observed inconsistency between 
F-ll and F-12 data at this depth may indeed be attribut
able to analytical errors.

Modeling
The theoretical Equations (5-6) presented in Chapter 

3 describing the diffusion of atmospheric gases into an un
saturated porous medium can be solved analytically or by 
numerical techniques. An analytical solution to Equation 
(6) has been utilized to evaluate field data from three 
sampling sites and a numerical model has been utilized to 
evaluate data for the Glenn site only. The analytical 
solution requires several restrictive assumptions, but 
yields dimensionless type curves that provide useful in
sights into phenomena described by the governing differ
ential equation. The numerical solution is much less 
restrictive and can be manipulated to model the relative im
portance of various physical parameters on the diffusion 
process.

The Analytical Solution
Because molecular diffusion is described by an 

equation that is analogous to Fourier's Law (describing the
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conduction of heat in solids) and Darcy's Law (describing 
the flow of fluids in porous media), analytical solutions 
to Equation (6) for a variety of boundary conditions and 
initial conditions are available in the literature. One 
such equation from Carslaw and Jaeger (1959, p. 105, Equa
tion 3.5.6) has been adopted to model fluorocarbon dif
fusion (Weeks et al., 1981):

,9x Cz,t _ cosh(z2k/D')1/2
C0ekt cosh(L2k/D')1^2

n—1 n
(-1) 2 exp (-D'n2Tr2t/4L2)cos^?|

,5,... n [ 1+ (4kL2/n2iT2D) ] |

where
C , = concentration of the diffusing substance at death zZ , u

at time t, moles/cm2;
Cq = concentration of diffusing substance at land surface 

at time t = 0, moles/cm2;
k = rate of increase of fluorocarbon concentration in the 

atmosphere starting at time t = 0, sec 
z = distance above the water table (z = 0) in the un

saturated zone, cm;
L = thickness of unsaturated zone, cm; and

2D* = effective diffusion coefficient, cm /sec.
The solution is subject to the following assumptions:
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1. The effective diffusion coefficient, D 1, is constant 

with depth.
2. The position of the water table (z = 0) does not vary 

with time.
3. No production or decomposition of fluorocarbons occurs 

in the unsaturated zone (a = 0).
4. The concentrations of F-ll and F-12 at land surface 

(z = L) increase exponentially with time according to 
the following equation:

<10) CL,t = C0ekt-

5. Initial concentrations of F-ll and F-12 are equal to 
zero in all three phases and at all depths (at t = 0,
C = C = C, 0 < z < Xi)»

6. The fluorocarbon gases do not diffuse into the ground- 
water body below the water table (3C/8z = 0  at z = 0, 
t > 0).

Assumptions 3, 4, and 5 are closely approximated by 
conditions of this study. As was discussed previously, 
fluorocarbons are extremely stable, entirely anthropogenic 
compounds for which no significant sinks, other than strato
spheric photolysis, are believed to exist. Both F-ll and 
F-12 have been produced and released at exponentially in
creasing rates for the past thirty-five to forty years
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(Figure 1). No natural sources of fluorocarbons are known, 
nor are they likely to exist. Consequently, in areas where 
rates of ground water recharge are negligible, essentially 
all fluorocarbons present in the subsurface will have been 
derived from the downward diffusion of gases originating in 
the atmosphere.

Assumption 6 is closely approximated in this study 
due to the low solubility of fluorocarbons in water (Table 
2) and due to the fact that, in general, diffusion of any 
solute through a liquid occurs at a rate four orders of 
magnitude slower than diffusion in the gas phase.

The first two assumptions are less closely approxi
mated by conditions of this study due to the layered nature 
of the sediments at all sampling sites and to the fact that 
the water table below much of the Southern High Plains has 
declined approximately ten meters since the early 1950's.

Despite the restrictiveness of these assumptions. 
Equation (9) provides a useful approximation to the rate of 
gaseous diffusion with depth. This is particularly true be
cause the time dependent component (i.e., the term enclosed
in brackets) of the equation decreases with time and, for

2times greater than t = L /D1, can be ignored.
Equation (9) has been evaluated numerically (Weeks 

et al., 1981) to yield the general set of dimensionless 
type curves presented in Figures 9 and 10. These curves
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DIMENSIONLESS CONCENTRATION

[c/C0 exp kt]
•  GLENN SITE 
X GAMBEL SITE 
a LAMB SITE

Figure 9. F-ll field data plotted on type curves for the 
analytical solution to Equation (9).
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DIMENSIONLESS CONCENTRATION
[C/C0 exp kt]

•  GLENN SITE 
x GAMBEL SITE 
a LAMB SITE

Figure 10. F-12 field data plotted on type curves for the
analytical solution to Equation (9).
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describe the steady state relationship between relative con
centration and dimensionless depth irrespective of time, 
initial concentration, or rate of increase in atmospheric 
concentration. The different curves represent concentra
tion profiles for various values of the dimensionless 
parameter (L^k/D1)^ ^ .

Also plotted on Figures 9 and 10 are fluorocarbon 
concentration data obtained at the Glenn, Lamb, and Gambel 
sites. Only data for the Glenn site follow the general shape 
of the type curves, and even these data fall on curves having 
progressively larger parameter values with depth. Data for 
the Gambel and Lamb sites plot irregularly on the type curves 
because of the disruptive effects of the air injection ex
periments and the perched water table associated with those 
sites.

F-ll and F-12 data for the Glenn site fall, on 
the average, near the type curves for parameter values of 4 
and 2.5, respectively. By substituting the depth to the 
water table measured during the 1979 study (L = 52m) and 
growth rates for atmospheric fluorocarbon concentrations 
(k = 0.08/year for F-ll and 0.09/year for F-12) pro
vided by Rasmussen (1981) into the parameter expression, 
(L^k/D')^/^, it is possible to estimate effective diffu
sion coefficients (O') for F-ll and F-12. The resulting
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2 2 2 values are 0.04m /day (0.005cm /sec) and 0.11m /day

2(0.012cm /sec), respectively.
Free-air diffusion coefficients for F-ll and F-12

2 2(assuming 0.9 atm. and 16°C) are 0.82m /day (0.095cm /
2 2sec) and 0.90m /day (0.104cm /sec), respectively. Com

parison of these values with D' values derived in the pro
ceeding paragraph suggests that combined effects of tor
tuosity, solubility, and sorption impose a significant 
retarding effect on the transport of fluorocarbons through 
the unsaturated zone. Also, the fact that the Glenn site
data for larger depths fall on type curves having larger 
2L k/D' values than do those for shallower depths suggests 
that the total effect of these factors increases with depth 
at this site.

Average tortuosity values for the porous media can 
be estimated (Equation (6)) from the D' values thus de
termined if the liquid-gas partitioning coefficient K^, 
and the solid-liquid distribution coefficient, K^, for a 
particular gas and medium are known from other data. For

3example, if for F-ll is 0.7cm /g and is
0.3cm^/g, and if the average drained and total porosities 
of the porous medium are 0.18 and 0.35, respectively, 
then the tortuosity is calculated to be 0.19. Tortuosity 
values determined in this manner are specific for a



particular porous material and can be used subsequently to 
calculate effective diffusion coefficients for other gases 
within that material.

Finite Difference Model
E. P. Weeks of the U. S. Geological Survey developed 

a numerical finite difference model (Weeks et al., 1981) to 
simulate mathematically diffusion processes in porous 
materials. This model is more flexible than the analytical 
model discussed previously in that effects of a declining 
water table and vertical variability in physical characteris
tics of the porous media can be accounted for. Only data for 
the Glenn site were simulated using this model. Model inputs 
and results are described below.

In the numerical model the unsaturated zone is di
vided into equal nodal increments, and a finite difference 
equation is written for each node. Variations in media 
properties are accounted for by dividing the unsaturated 
zone into layers, each of which consists of several nodes and 
within which the properties of the medium are assumed con
stant. Input parameters for the model include the total (8̂ ) 
and drained porosities (0D) of the porous medium, the tortu
osity of the medium (if known), the diffusion coefficients for 
F-ll and F-12 in free air (at standard temperature and 
pressure), the liquid-gas partitioning coefficient (Kw), 
the solid-liquid distribution coefficient (K^), and the

65
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history of fluorocarbon release to the atmosphere. The mean 
barometric pressure and mean annual temperature for the field 
site are specified so that the diffusion coefficient can be 
corrected to ambient conditions. Also, to model effects of 
a moving water table, the time step at which the water table 
began its decline and the rate of decline are both specified.

Total porosity at the Glenn site was assumed to be 
forty percent for the surface layer and thirty-five percent 
for all underlying layers. Values of this magnitude are 
typical of the Ogallala Formation in the study area.

Since the tortuosity of the porous medium was not 
known, the parameter was treated as an unknown, and the

i

model was used to determine the vertical distribution of 
tortuosity through a trial and error manipulation of two 
other model input parameters (8̂  and K^) until measured 
and computed concentration data matched within specified 
criteria. More will be said about this process subsequently.

Diffusion coefficients for F-ll and F-12 in free 
air at standard temperature pressure were estimated using 
the theoretical relationship presented previously (Equation 
(3)). Corrections for prevailing temperature and pressure 
were made automatically within the model.

Russell (1981) estimated liquidrgas partitioning 
coefficients for F-ll and F-12 by measuring concentra
tions of the gases in bodies of surface water that were
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presumed to be in equilibrium with the fluorocarbon content 
of the atmosphere. Coefficients of 0.7 and 0.3 were 
derived for F-ll and F-12, respectively. These values 
were used as model input parameters. It was assumed that 
rapid equilibration occurs between fluorocarbons present in 
soil air and soil water and that soil water has a constant 
temperature (16°C) equal to the mean annual temperature 
at Lubbock, Texas. These assumptions are reasonable because 
liquid films on soil particles are extremely thin (on the 
order of a few microns) and because subsurface temperatures 
at depths of more than a few meters typically show only a 
few tenths of a degree Celsius annual variation from the 
mean annual temperature of the atmosphere above the surface.

No data are currently available concerning sorption 
of F-ll and F-12 on partially saturated porous materials. 
-However, laboratory data are available concerning sorption 
of F-ll on several soil types under saturated conditions 
(Brown, 1980). Using Brown's data, Weeks et al., (1981) 
calculated solid-liquid distribution coefficients (K^'s)*

- 1 eT— , where
Pfi 3cm /g;solid-liquid distribution coefficient, 

average pore velocity of water, cm/sec; 
average velocity of ions in solution, cm/sec; 
total porosity; and
bulk density, 
1966).

g/cm (from Davis and De Wiest,
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3 3for F-ll of 0.065 cm /g on quartz sand and 0.29 cm /g

on a Yolo sandy loam. Because sediments present at' the
Glenn site are similar in texture to a sandy loam, a value
of approximately 0.3 cm^/g can reasonably be used as an
input value for the numerical model. A corresponding value
for the F-12 distribution cannot be derived using Brown's
results, but a value was estimated by Weeks et al. (1981)
as described subsequently.

Rates of increase of atmospheric F-ll and F-12 
concentrations were calculated within the model using the 
annual release data presented in the Upper Atmospheric 
Programs Bulletin for October 1979 for the entire period of 
commercial production (forty-one years for F-ll and forty- 
six years for F-12). The resulting concentration estimates 
are subject to the assumptions made by Rowland and Molina 
(1976) and McCarthy et al. (1977) in making their total 
world release estimates. In addition, the assumption is 
made that atmospheric concentrations of F-ll and F-12 
in the study area have been historically proportional to 
world release values. This assumption is not strictly 
correct because atmospheric concentrations have been shown 
to vary with latitude, altitude, and proximity to urban 
centers (see references cited in Chapter 2). However, the 
assumption is met sufficiently well for this modeling 
effort because interhemispheric mixing is quite rapid (1.2
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years estimated by Singh et al., 1979) and because relative 
concentrations at a fixed locality should correspond to the 
release rate through time even if absolute concentrations at 
a particular time are uncertain.

Effects of the falling water table in the vicinity 
of the Glenn site were also accounted for in the numerical 
model. The water table in the study area has declined ap
proximately ten meters since 1955 due to ground-water with
drawals for irrigation. One effect of this decline has been 
to induce the convective movement of air into the unsaturated 
zone to replace the withdrawn water. A second effect is to 
produce a moving boundary at the water table. These effects 
were accounted for in the model by adjusting coefficients 
for the finite difference equation to include effects of 
convective transport beginning with the time step corre
sponding to 1955. An average water-table decline of 44 
cm/yr. was assumed to occur from the beginning of 1955 until 
the end of 1978. Allowance was made for effects of vertical 
variations in drained porosity within the unsaturated 
material.

Ground water recharge from precipitation in the 
Southern High Plains is estimated to be less than one 
cm/year (Theis (1937). Because percolating ground water 
tends to push antecedent residual soil water ahead of itself
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(Nielson and Biggar, 1961), recharge entering the subsurface 
during the past thirty-five years should be generally con
fined to the upper three or four meters of the unsaturated 
porous material (assuming an effective porosity of ten 
percent). Thus transport of fluorocarbons into the sub
surface as a result of either saturated or unsaturated 
vertical flow can safely be ignored for modeling purposes. 
Similarly, effects of wind, soil temperature fluctuations, 
and barometric pressure changes can also be ignored because 
effects of these phenomena are significant only within the 
upper few meters of the soil.

The potential significance of the water table as a 
sink for fluorocarbons diffusing downward through the un
saturated zone was assessed using the finite difference 
model. Details of the methodology used are presented in 
Weeks et al. (1981). The results indicated that the water 
table does not represent a significant sink and that, for 
modeling purposes, the water table can be assumed to pro
vide a complete barrier to fluorocarbon transport in the 
unsaturated zone.

F-ll and F-12 field results were simulated separately. 
The F-ll data were used to determine tortuosity values 
for the porous media at the field site. These results were 
then used, in conjunction with the field data for vertical



concentration distribution of F-12, to estimate a solid- 
liquid distribution coefficient for F-12.

a) F-ll Results. For modeling the observed F-ll 
distribution, input values for tortuosity were altered by 
trial and error until the measured and computed dimensionless 
concentration* values agreed to the nearest hundreth, or 
until the best possible match was obtained by varying the 
tortuosity in increments of 0.01. For these computations, 
the liquid-gas partitioning coefficient for F-ll (determined 
experimentally by Russel, 1981) was set at 0.7. Four dif
ferent values for the distribution coefficient, K^, were 
assumed to test the sensitivity of the tortuosity results 
to variation in sorption characteristics of the media. This 
modeling strategy was followed because the liquid-gas par
titioning coefficient is reasonably well known, whereas the 
liquid-solid distribution coefficient was only inferred from 
other data, and thus subject to greater uncertainty. Results
of simulation of the F-ll data for various values of K.d
are summarized in Table 8.

Three general conclusions can be made regarding 
results of the F-ll simulations:

♦Dimensionless concentration is the ratio of the measured 
concentration at a particular depth to the ambient 
atmospheric concentration at the time of measurement.
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Table 8. Inferred moisture content and porosity, and com

puted tortuosity values for the Glenn site showing 
effects of various assumed solid-liquid distribu
tion coefficients (K̂ 's) on tortuosity values
providing the best-fitting modeling results.

Layer

Depth 
Interval 
Meters 
■(meters)

Porosity Mois-
tureCon
tent

Tortuosity
Total
9T

Drained
6d Kd=0 V " 0-1 Kd=0.3 Kd=0.6

1 0-7.6 .40 .20 .20 0.10 0.24 0.52 0.97
2 7.6-14.0 .35 .22 .13 0.01 0.04 0.10 0.18
3 14.0-19.8 .35 .17 .18 0.01 0.04 0.09 0.18
4 19.8-28.4 .35 .24 .11 0.03 0.06 0.11 0.20
5 28.4-39.6 .35 .15 .20 0.01 0.04 0.11 0.18
6 39.6-44.5 .35 .20 .15 0.02 0.04 0.10 0.18

1. Computed tortuosity values are strongly dependent on the 
solid-liquid distribution coefficient used. However, be
cause the Ogallala Formation in the field study area has 
physical characteristics between those of the quartz 
sand and Yolo sandy loam used by Brown (1980) in his 
column studies, we can assume that the most realistic 
distribution coefficient for the field site lies 
between 0.1 and 0.3 and that the most realistic 
tortuosity results are those computed using these values. 
Since the unsaturated materials at the Glenn site re
semble a sandy loam more closely than they do a quartz



sand, tortuosities calculated using = 0.3 will be 
used in subsequent portions of this study.

2. The tortuosity value of the top layer is substantially 
larger than those for underlying layers, implying that 
the impeding effect of tortuosity on the rate of gas 
diffusion is much reduced in the upper layer. This 
result is expected because the presence of root holes, 
worm and insect holes, and animal burrows near the ground 
surface provide conduits for the rapid migration of 
atmospheric gases. The calculated tortuosity value for 
the upper zone is further influenced by mixing of soil 
gases as a consequence of wind, barometric pressure 
fluctuations, and diurnal and seasonal temperature 
variations.

3. Tortuosity values computed for all layers other than the 
surface layer are remarkably uniform with depth. The 
values demonstrate almost no correlation (positive or 
negative) with either the drained porosity or moisture 
content. This result suggests that other factors such 
as fracture density, pore shape, or grain cementation 
play a more dominant role in determining the tortuosity 
of the porous media.

The accuracy of the modeled tortuosity results was 
assessed through a comparison with values calculated using 
several of the empirical and theoretical relationships
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presented previously in Table 4. Results are summarized in 
Table 9. A comparison of mean tortuosity values for layers 
two through six indicates that values derived using the 
finite difference model agree most closely with those cal
culated using empirical relationships developed by Wesseling 
(1962) and Grable and Siemer (1968). All other relation
ships, both theoretical and empirical in origin, yield 
tortuosity values higher than those derived using the finite 
difference model.

The observed agreement between the modeled results 
and the tortuosity values calculated using relationships 
from the literature is important because it adds credence 
to the analytical and mathematical techniques used in this 
study. The theoretical and mathematical relationships from 
the literature are all based exclusively on some function of 
the effective porosity of the porous material. Results from 
this study are based upon physical characteristics of the 
porous media and upon other totally unrelated factors. The 
latter include the buildup of fluorocarbon gases in the 
stratosphere, present knowledge concerning the effects of 
sorption and dissolution of fluorocarbons within the sub
surface, and effects of a declining regional water table on 
the movement of soil gases.



Table 9. Comparison of Tortuosity values for the Glenn site.

1. Values derived using the finite difference model, 
assuming = 0.3.

2. Values derived using theoretical and empirical 
relationships presented in Table 4. Assumed 
porosities are presented in Table 8.

3. Mean value excludes data for layer 1.
4. Theoretically derived relationship.
5. Empirical relationship.



Table 9. Comparison of tortuosity values for the Glenn site determined using the finite difference model with those calculated using various theoretical 
and empirical relationships from the literature.

Layer
Modeled
Tortuosity
Values*

Predicts 2id Tortuosity Values

Buckingham
19043

Marshall
19594

Millington 
& Quirk 
I9604

Wesselinc
19625

Grable & 
Siemer : 
19685

de Jong & 
Schappert 19725 Albertson19795

1 0.52 0.20 0.45 0.15 0.08 0.12 0.19 0.12
2 0.10 0.22 0.47 0.24 0.10 0.15 0.23 0.21
3 0.09 0.17 0.41 0.13 0.05 0.08 0.20 0.10
4 0.11 0.24 0.49 0.29 0.12 0.18 0.24 0.26
5 0.11 0.15 0.39 0.10 0.04 0.06 0.19 0.06
6 0.10 0.20 0.45 0.19 0.08 0.12 0.22 0.17

mear? 0.10 0.20 0.44 0.19 0.08 0.12 0.22 0.16

4̂
U i
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b) F-12 Results. Because the solid-liquid distribu

tion coefficient (K̂ ) for F-12 is not known, the dif
fusion of F-12 at the Glenn site was modeled using the 
liquid-gas partitioning coefficient (K^ = 0.3) derived by 
Russell (1981) and the most realistic tortuosity values for 
the study site (i.e., those values determined previously 
using = 0.3 for F-ll). Model simulations were then 
made for various assumed values for F-12. Results for
assumed K^'s of 0.001, 0.6, 1.3, and- 2.0 are compared in 
Figure 11 with actual dimensionless concentrations derived 
from field data. The best overall fit with the field results 
is obtained using an assumed of 1.3. Agreement between
measured and modeled results for the uppermost piezometer are 
very poor for all assumed values of K^, possibly as a 
result of higher organic matter content (and consequently a 
higher value) near the ground surface. Agreement be
tween measured and modeled results for the other piezometers 
are acceptable. These results demonstrate the validity of 
the technique of using tortuosity values determined using 
simulations of F-ll diffusion to predict the movement of 
the other gases (e.g., F-12) in the subsurface. These
results also suggest that the gas-liquid-solid distribution



DEP
TH 

BE
LO
W S

URF
ACE

 (
MET

ERS
)

77

= kd =0.001
= Kq =0.6 
= Kg =1.3
= Kq =2.0

A #H X

RELATIVE CONCENTRATION, C/Cq

Figure 11 Relative F-12 concentrations measured at the 
Glenn site compared with modeled results assuming 
four different distribution coefficients.
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product* for F-12 (Kg » 0.39) is about twice as large as 
that for F-ll (Ks » 0.21).

Conclusions
The following specific conclusions have been reached 

on the basis of results of field measurements and subsequent 
modeling activities associated with the present study:
1. Field measurements of F-ll and F-12 concentrations at 

selected depths within the unsaturated zone verify that 
significant downward migration of fluorocarbon gases of 
atmospheric origin has 'occurred at all sites investigated 
in the Southern High Plains. Detectable concentrations 
of both gases were measured at depths as great as forty- 
four meters. In undisturbed situations where ground 
water recharge is small, the primary mechanism causing 
the downward migration appears to be ordinary gaseous 
diffusion.

2. Field results from two sites (Lubbock Airport and Lamb) 
suggest that the occurrence of significant ground-water 
recharge under saturated flow conditions and/or the 
presence of perched water bodies within the unsaturated 
zone will result in significant disruption of the dif
fusion process. Consequently, their occurrence will

*Ks = KdKw : for F-ll, Ks « 0.3(0.7) « 0.21; and 
for F-12, Ks « 1.3(0.3) « 0.39.



preclude the use of methods described in this paper for 
determining tortuosities and effective diffusion 
coefficients.

3. Dimensionless concentration (C/Cg) data for the Glenn 
site suggest that the combined retarding effects of 
sorption and dissolution processes affect the rate of 
F-ll diffusion to a greater extent than they affect 
the rate of F-12 diffusion.

4. Analytical model results for Glenn site data provide
2estimated diffusion coefficients of 0.04 m /day

(0.005 cm^/sec) and 0.11 m2/day (0.012 cm2/sec) for
F-ll and F-12, respectively, as compared to theo-

2retical free air diffusion coefficients of 0.78 m /day
2and 0.86 m /day (assuming 0.9 atm and 16°C). Com

bined effects of porosity, tortuosity, solubility, and 
sorption thus have a major retarding effect on the rate 
of fluorocarbon diffusion through the unsaturated zone. 
The overall retarding effect increases with depth.

5. Numerical modeling results demonstrate that computed 
tortuosity values are highly dependent on the distribu
tion coefficient used and, consequently, that the actual

Idiffusion process in soils is strongly influence by 
effects of liquid-solid partitioning. Modeling results 
also indicate that the retarding effect of tortuosity 
in the upper lithologic unit of the Glenn site is

79
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subtantially less than in underlying layers. Tortu
osities computed for all underlying layers are remarkably 
uniform and show little correlation with moisture content 
or drained porosity.

6. Tortuosity values derived from the in situ measurement 
of fluorocarbon gas concentrations and subsequent 
numerical modeling of results fall within the range of 
values calculated using several published theoretical 
relationships and empirical relationships developed 
from laboratory studies. Thus the field techniques and 
numerical modeling method described in this paper provide 
a direct means of determining tortuosities in situ in 
arid and semiarid regions.

7. Tortuosity values derived using measured concentrations 
for one gas can in turn be used to predict diffusion 
rates for other gases.

8. Modeling results suggest that the water table provides 
an essentially complete barrier to vertical diffusion 
of fluorocarbon gases. Effects of wind, barometric 
changes, and temperature fluctuations are significant 
only near the ground surface.

9. Effects of convective transport of soil gases resulting 
from a falling water table can be adequately modeled 
using the finite difference model developed by USGS.



CHAPTER 5

LABORATORY COLUMN EXPERIMENTS

Subsequent to completion of the field measurements 
and data analyses described in the previous chapter, a 
series of laboratory experiments was conducted to obtain 
direct estimates of diffusion coefficients for F-ll and 
F-12 in dry and wet porous materials. These coefficients 
were then compared to values predicted using empirical and 
theoretical relationships from the literature.

The laboratory experiments involved the periodic 
measurement of F-ll and F-12 concentrations at various 
points within a sand column following the introduction of 
the gases to the headspace at the top of the column. Dif
fusion coefficients were derived from the experimental re
sults through the application of appropriate mathematical 
solutions to Fick's Second Law. The experimental apparatus, 
methods and results are discussed in this chapter.

Experimental Apparatus and Methods
The column utilized during the laboratory experi

ments consisted of a clear plexiglass cylinder (Figure 12) 
packed with commercial silica sand (Crystal Silica Company, 
Oceanside, California). Both ends of the cylinder were
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sealed using plexiglass caps held in place with bolts. An 
air-tight seal was obtained by use of buna-N rubber O-rings 
between the caps and column ends. The packed portion of the 
column was separated from the headspace using a slotted 
stainless steel screen. The packed portion was 81.5 cm in 
length during all experiments. The headspace was 10.0 cm 
in length during three "dry sand" experiments but was in
creased to 91.5 cm during a subsequent "wet sand" experi
ment by attaching a second column, identical to the first, 
to the top of the column containing the porous material.

Five sampling ports were located within the packed 
sand portion of the column and one port provided access to 
the headspace. Each sampling port consisted of a 6.4 cm 
(2.5 inch) length of thin walled 0.16 cm (1/16 inch) OD 
stainless steel tubing soldered to a threaded brass fitting 
(Figure 12). A silicone rubber septum, sealed against the 
end of the fitting using a brass cap (with a 0.32 cm hole 
in the end), provided a syringe-sampling access port in the 
side of the column.

The column temperature was maintained at a nearly 
constant value during the experiments by wrapping the 
column in fiberglass insulation and burying it horizontally 
in a 46 cm (18 inch) deep trench dug in soil outside the 
laboratory. The trench and surrounding area were covered 
with several layers of 2.5 cm (1 inch) styrofoam sheet
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insulation. Temperatures within the column (measured using 
a thermistor emplaced within the sand) fluctuated less than 
2°C during the twelve to fifteen hour experiments.

Air pressure within the column was allowed to 
equilibrate for at least one hour after the column was 
sealed before the diffusion experiments were begun. Pressure 
within the sealed column is assumed to have remained constant 
throughout each experiment.

The diffusion experiments were begun by injecting 
small volumes (less than 0.35 cm^) of F-ll and F-12 
into the column headspace. During the subsequent twelve to 
fifteen hours, diffusion of the fluorocarbons into the porous 
material was monitored by periodically removing small volumes 
of gas from each sampling port. Samples were removed by in
serting a small diameter tapered needle through the septum 
and withdrawing precisely 0.10 cm^ of gas using gas-tight 
glass syringes (Precision Pressure-Lok Series B Gas Syringes, 
Alltech Associates, Arlington Heights, Illinois). Two or 
three samples were generally obtained from each port during 
each sampling cycle. All concentration values discussed 
hereafter are arithmetic averages of the individual 
measurements.

Samples were analyzed immediately after removal from 
the column by direct injection into the gas chromatograph.
The gas chromatograph, analytical column, electron capture
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detector, and integrator used during the laboratory studies 
were identical to those described previously in conjunction 
with the field sampling results. However, the sample trap
ping system (Figure 6) utilized during the field work was not 
required for the laboratory studies because fluorocarbon 
concentrations in the experimental column were sufficiently 
high to allow direct injection of the gas samples into the 
injection ports on the gas chromatograph.

Two methods of data analysis were employed to derive 
effective diffusion coefficients for F-ll and F-12 using 
results from the column experiments. One method, based 
on temporal changes in the total mass of tracer present 
within the porous material, requires a reasonable estimate 
of the effective porosity of the packed column but does not 
depend on precise measurement of initial tracer concentra
tions (Cq) within the column headspace or upon the temporal 
stability of that concentration. The second analytical 
method, based on spatial and temporal changes in dimension
less tracer concentrations (C/Cq), is highly dependent on 
accurate Cq measurements and requires that tracer con
centrations within the column headspace remain relatively 
stable throughout the duration of the diffusion experiment. 
The second analytical method has the advantage, however, of 
not requiring accurate determination of the effective 
porosity of the column packing.
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Experimental Results

Column Experiments Using Dry Sand
Three column experiments were conducted using com

mercially packaged silica sand (No. 40) which was air dried 
prior to placement in the plexiglass column. The porosity 
of the porous material was calculated on the basis of the 
weight of sand placed within the column (assuming density 
of silica equals 2.65 g/cm^). Size distribution of the sand 
particles was determined using U.S.A Standard Testing Sieves 
and a mechanical shaking device. Results are summarized in 
Table 10. Prior to each diffusion experiment, the column 
was set in direct sunlight with the top removed for a period 
of at least one week to permit the desorption and diffusion 
of residual fluorocarbons out of the column. The column was 
then partially sealed and purged with nitrogen gas (electrical 
grade) for an additional period of twenty-four hours. After 
purging, the column pressure was allowed to equilibrate with 
the ambient atmosphere for one hour before the column was 
completely sealed and the diffusion experiment was started.

The headspace (i.e., fluorocarbon reservoir) con
sisted of that portion of the plexiglass column above the 
stainless steel supporting screen (see Figure 12). The

3total volume of the head space reservoir was 1248 cm
(r = 6.30 cm, i = 10.0 cm). The volume of pores within the
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Table 10. Physical characteristics of the porous material 

used during the dry sand column experiments.

Total weight of sand w/in column: 14.98 kg.
Density of quartz: 2.65 g/cm^.
Percent moisture: <1.
Porosity of packed column material: 44 percnt.
Size classification of sand particles:

______Size_________Weight Percent * l
> 0.025 cm N 97.18

0.018-0.025 cm 0.76
0.012-0.018 cm 0.76
0.006-0.012 cm 1.30

< 0.006 cm < 0.01

packed portion of the column was about 4476 cm^ (r = 6.30 cm,
l = 81.5 cm, 6e = 0.44). Because the volume of pores 
within the porous material was greater than the volume of 
the headspace, the concentration of fluorocarbons within the 
headspace decreased continuously during the diffusion ex
periments. Table 11 summarizes the approximate volume of 
F-ll and F-12 (at ambient temperature and pressure) in
jected into the headspace at the beginning of each experiment, 
the resulting initial concentrations within the headspace at 
t = 0 (assuming instantaneous mixing), and the expected
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Table 11. Approximate volumes of F-ll and F-12 injected 

into the column headspace at the beginning of 
"dry sand" experiments and resulting initial and 
final concentrations.

ExperimentA Experiment
B

Experiment
C

Volume F-ll vapor 
injected, ml* 0.35 0.25 0.001 .

Initial F-ll con
centration, ppmv* 280 200 0.801

Expected final F-ll 
concentration, ppmv* 61.1 43.7 0.175

Expected ratio of 
initial cone, 
final cone. 4.6 4.6 4.6

Observed ratio of 
initial cone. 
final cone. — — — — 1.2 2.6

Volume F-12 injected, 
ml* 0.12 0.05 0.016

Initial F-12 con
centration, ppmv* 96.2 40.1 12.8

Expected final F-12 
concentration, ppmv* 21.0 8.7 2.8

Expected ratio of 
initial cone, 
final cone. 4.6 4.6 4.6

Observed ratio of 
initial cone, 
final cone. 1.9 2.0 3.2

*These values are subject to significant error due to dif
ficulties encountered in accurately measuring and injecting 
small volumes of pure F-ll and F-12. Actual values are
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Table 11. —  Continued
somewhat lower than those tabulated above due to the 
presence of atmospheric air in the volume of gas initially 
injected into the headspace.

equilibrium fluorocarbon concentrations throughout the column 
at the end of the experiment, (assuming negligible sorption 
onto the matrix material). Also included in Table 11 are 
the expected and observed ratios of initial concentration to 
final concentration. The fact that the observed ratios are 
consistently lower than the expected ratios suggests either 
that the measured initial concentrations are in error, that 
the detector response was nonlinear over the range of concen
trations present, or that the final concentrations are higher 
than expected because of the presence of fluorocarbons within 
the porous material in addition to the volumes injected at 
the start of the experiments. The latter possibility can be 
safely eliminated because the effectiveness of the purging 
steps employed before the experiments were begun was veri
fied by fluorocarbon concentration measurements made at all 
sampling ports prior to the initial injection step. The 
second possibility, i.e., that the detector response was 
nonlinear over the range of concentrations measured, was 
not evaluated experimentally and cannot be totally dis
counted. However, the most plausible explanation for the 
observed anomaly is that significant diffusion of F-ll
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s

and F-12 into the porous material occurred before the 
initial headspace concentration measurements were made.
This result emphasizes potential difficulties inherent in 
utilizing methods of data analysis for gaseous diffusion 
experiments which are dependent on accurate initial concen
tration measurements (e.g., methods dependent on C/Cg 
ratios).

Fluorocarbon concentration data obtained during three 
"dry sand" experiments are tabulated in Appendices C, D, and 
E. The data are presented in terms of measured chromato
graphic peak areas, rather than in terms of concentrations, 
because of uncertainties associated with the volumes and
purity of the gases actually injected into the headspace at 
the beginning of the experiment. All calculations and data 
analyses were conducted using peak areas. This procedure has 
no effect on the results obtained if a linear relationship 
between peak area and concentration is assumed.

Data from the "dry sand" column experiments were 
evaluated using an analytical method presented by Crank (1956, 
pp. 52-56). The method is based on a mathematical solution to 
Fick's Second Law for diffusion from a stirred solution of 
limited volume into a plane sheet of semi-infinite dimensions. 
The appropriate initial condition, expressing the requirement 
that no tracers (F-ll and F-12) be present within the entire 
length of the packed column at the start of the experiment is:
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C = 0, X < JL , t = 0

where z is the length of the porous material. The required 
boundary condition, expressing the fact that the rate at 
which the gas leaves the headspace is always equal to the 
rate at which it enters the porous material at the surface 
x = i , is:

3C/3t = D3C/3x, x — Z , t > 0.

The solution, written in terms of the total amount of solute 
(m̂ ) present within the porous material at time t as a 
fraction of the corresponding quantity (moo) at infinite 
time is:

(11) 1 y 2a (1+a) "D<3nt/x2
L 2 2Cn=l 1+a+a qn

where a = x/Z and the q^'s are the non-zero positive 
roots of tan q^ = -aq^. Solutions to this equation are 
presented by Crank (1956, p. 59, Figure 4.6) as a series of 
type curves showing m^/m^ as a function of (Dt/4 2)1^2 
for various assumed values of the final fractional uptake 
of solute by the porous material. This method of solution 
is particularly applicable to the column diffusion experi
ments discussed herein because the solution allows for de
clining fluorocarbon concentrations in the headspace during 
the experiment and is not dependent on accurate measurements
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of initial headspace concentrations. Diffusion coefficients 
for F-ll and F-12 were derived by obtaining the best 
possible match of experimental results with the :type curve 
representing the expected final fractional uptake.

Type curves for various values of final fractional 
uptake are presented in Figure 13. The curves are plotted 
on a semilog scale using values obtained from Crank (1956, 
p. 55, Figure 4.6). The semilog scale is used to provide 
greater resolution at small and large values of mt/moo; i.e,, 
at early and late times, respectively. The dashed curve* 
represents a final fractional uptake of 0.784 which is 
the value expected during the dry column experiments based 
on the percentage of the total air space in the column 
present within the porous material.

The following steps were employed in deriving dif
fusion coefficients for F-ll and F-12:
1. Graphs were prepared showing measured F-ll and F-12 

"concentrations" (i.e., peak areas) as a function of 
time (for each sampling port) and as a function of 
distance (for various time intervals). The concentra
tion-time curves were used to derive values for mro

*The position of this curve was approximated using linear 
interpolation between the 0.70 and 0.90 curves. Its 
position is slightly offset (to the right) from where it 
would be if additional numerical data were available.
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(the total amounts of F-ll and F-12 present within the 
porous material after equilibrium had been achieved) and 
to determine fluorocarbon concentrations present at each 
port at times intermediate between those when samples 
were obtained. The concentration-distance curves were 
used to estimate the total amount (m̂ ) of F-ll and 
F-12 present within the porous material at various 
times. This was accomplished by estimating the area 
under individual curves.

2. m^/m^ ratios were calculated for each gas at discrete 
times throughout the duration of the experiments. These 
values are summarized in Table 12.

3. irij./m̂ ratios for each gas were plotted against (t)^"6, 
on semilog paper to the same scale as the type curves.

4. The experimental data plot was laid over the type curves 
and the best match possible with the 0.784 curve was 
obtained. A match point was selected and corresponding
values for (t)^^ and were recorded.

2 1/25. The expression (Dt/j£ ) ' = n was solved for D
where n is the match point value from the type curve, 
t is the corresponding value from the data plot, 4 is 
the length of the packed column (81.5 cm) and D is 
the diffusion coefficient for the gas. An appropriate 
conversion factor was included to convert hours to
seconds.
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Table 12. Calculated values for ir̂ /zn̂  for F-ll and F-12

at various tine intervals during experiments A, B 
and C.

Experiment A Experiment B

Time F-ll* F-12 Time F-ll F-12

1.0 hr. — — — — .493 1.0 hr. .313 .404
2.0 hr. — . 625 2.0 hr. .456 .530
3.0 hr. —-- .763 3.0 hr. .551 .637
4.0 hr. — —— — .788 4.0 hr. .641 .663
6.0 hr. — — —— .764 6.0 hr. .693 .692
8.0 hr. — —- .783 8.0 hr. .753 .756

10.0 hr. .822 .835

Experiment C

Time F-ll F-12

1.6 hr. .593 .566
2.5 hr. .701 .726
4.0 hr. .824 .834
6.0 hr. .960 .950

*F-11 data for experiment A were rejected on the basis of 
the poor chromatographic results obtained. The "ragged" 
slope of the observed F-ll peaks suggested that the 
capacity of the electron capture detector was being 
exceeded.
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Results for each diffusion experiment are summarized in 
Table 13. Since all three experiments were conducted using 
the same porous material and under essentially identical 
experimental conditions| the calculated diffusion coefficient 
for a particular gas should be the same in all experiments. 
The observed variability in results therefore suggests that 
errors exist in at least some of the test results. The 
following procedure was utilized to determine which test 
results were most reliable:

Table 13. Diffusion coefficients for F-ll and F-12 
determined from results of three "dry sand" 
column experiments.

Experiment Experiment ExperimentA B C Average

DF-11 — 0.017cm^/sec 20.056cm /sec 20.037cm /sec

DF-12
20.036cm /sec 20.021cm /sec 0.051cm^/sec 20.036cm /sec

1. Using diffusion coefficients determined from the results
2 1/2of individual experiments, values for (Dt/i ) 7 were

calculated for times corresponding to each mt/moo value
determined previously.

2 1/22. The calculated (Dt/i ) 7 values were then plotted 
against corresponding m^/m^ values and compared to
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the theoretical type curve for a final fractional uptake 
equal to the expected value (0.784).

The results, plotted in Figure 14, indicate that experimental 
results for experiment B most closely agree with the pre
dicted type curve. The slope of the experimental results 
for experiment C is significantly greater than that of the 
type curve. Results for experiment A match the type curve 
very well at early times (< 3 hours) but deviate considerably 
at later times. On the basis of these results, experiment B
appears to produce the most reliable estimates of diffusion

2coefficients for F-ll (0.017 cm /sec) and F-12 . i.
2(0.021 cm /sec).

Column Experiment Using Wet Sand
Prior to initiation of the wet sand experiment, the 

column was repacked using a technique which assured a uniform 
distribution of sand particles and a relatively uniform dis
tribution of residual soil water within the porous material. 
The column was initially set upright and filled with water. 
Forty-mesh silica sand, which had previously been sieved to 
remove particles having grain diameters smaller than 0.025 
cm (0.0098 inches), was then poured into the column as a 
continuous slurry. After the column was filled, entrapped 
water was allowed to drain by gravity for several hours, and 
a partial vacuum was applied for an additional period of 
twenty-four hours to remove remaining pockets of entrapped
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water. The column was then sealed and the soil moisture dis
tribution was allowed to stabilize (with the column layed 
horizontally) for several days before the diffusion experi
ment was begun.

Precise estimates of total porosity and drained 
porosity could not be obtained for the wet sand column be
cause the weight of sand added to the column and the volume 
of water drained from the column were not measured. For 
purposes of subsequent data analysis, it will be assumed 
that total porosity was forty percent and the effective or 
drained porosity was thirty percent. Both of these values 
are felt to be reasonable estimates.

The volume of the headspace was increased substan
tially for this experiment (as compared to the dry sand ex
periments) by attaching a second plexiglass column, identical 
to the first, to the top of the column containing the porous 
material. The volume of the second column was 11,419 cm^
(r = 6.30 cm, £ = 91.5 cm) and the total volume of the 
gas reservoir was thus 12,667 cm^ (volume of second column 
plus volume of 10 cm headspace at top of packed column).
At the beginning of the diffusion experiment, approximately
0.08 ml of F-ll and 0.135 ml of F-12 were injected 
into the headspace. Initial concentrations* within the

*These calculated initial concentrations are approximate be
cause of difficulties encountered in obtaining undiluted 
:samples for injection and in accurately measuring the 
volumes actually injected.
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headspace were consequently about 6.3 ppmv F-ll and 10.7 
ppmv F-12. Concentration measurements were made using sam
ples obtained from five sampling ports during a period of 
fifteen hours after the initial injection to the headspace 
was made. Results are summarized in Appendix F.

Data from this experiment were analyzed using a type 
curve method based on temporal changes in the concentration 
ratio, C/Cg, at each sampling port. The appropriate solu
tion to Fick's Second Law, derived from an analogous solution 
to the heat flow equation (Carslaw and Jaeger, 1959, p. 100, 
equation 4), is:

(12) _C
C

where all terms are as previously defined. Individual sam
pling ports are represented by the ratio x/4 . Type curves 
were prepared for each port by plotting calculated values for
C/Cq (linear axis) against the dimensionless parameter 

2Dt/j£ (log axis). These curves are presented in Figure 15. 
Diffusion coefficients for each gas were obtained by the 
following method:
1. Experimental data for each gas and each sampling port 

were plotted on semi-log paper. C/Cg values were 
plotted on the linear scale and t values (in hours) 
were plotted logarithmically.
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2. The experimental data plot for a particular sampling 

port was overlain on the appropriate type curve and the 
data sheet was moved horizontally (keeping the x-axes 
aligned) until the best fit between experimental and 
theoretical results was obtained.

3. A match point was chosen and appropriate values for t
2and Dt/ji were recorded.

4. An apparent diffusion coefficient for the gas was calcu-
2lated using the relationship Dt/x = n where n was 

the match point value from the type curve, t was the 
corresponding match point value from the data plot, and 
4 was the length of the packed column. An appropriate 
conversion factor was included to convert hours to 
seconds.

5. Steps 1-4 were repeated for each sampling port and for 
each gas.

Results are summarized in Table 14. Calculated
diffusion coefficients for F-ll show greater variability
than those for F-12. The best fit with the type curves
occurred with the F-ll data for ports eleven and thirteen
and the corresponding diffusion coefficients (0.051 and 

20.039 cm /sec, respectively) are more credible than those 
derived using data for ports seven and nine.

Diffusion coefficients calculated for F-ll are 
consistently higher than those for F-12 despite the fact
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Table 14. Diffusion coefficients for F-ll and F-12 

calculated using results of the wet sand 
column experiment. '

Port DF-11 DF-12

7 0.089 cm^/sec 0.038 cm^/sec
9 20.060 cm /sec 20.043 cm /sec

11 20.051 cm /sec 20.035 cm /sec
13 20.039 cm /sec 20.030 cm /sec

Average 
(all ports) 20.060 cm /sec 0.037 cm2/sec
(ports 11 & 13 only) 20.045 cm /sec 70.032 cmT/sec

that the free air diffusion coefficient for F-12 is greater
2 2than that for F-ll (0.099 cm /sec and 0.091 cm /sec, 

respectively at 25°C and 1 atm). This result suggests 
that diffusion of F-12 is more strongly retarded" by ad
sorption and dissolution processes than is F-ll diffusion.

Diffusion coefficients calculated using results of 
this experiment are subject to errors from two sources.
First, the mathematical model used to analyze the data 
assumes a constant headspace concentration throughout the 
experiment. In reality headspace concentrations of F-ll 
and F-12 decreased thirteen and twenty-four percent, re
spectively. The second source of error present in results
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of this experiment is attributable to apparent temporal 
fluctuations in the sensitivity of the electron-capture 
detector during the experiment. These fluctuations occurred 
primarily during the second half of the experiment and con
sequently, early time data were emphasized during the curve 
matching proceedure to minimize effects of this source of 
error.

Discussion
Table 15 provides a comparison of experimentally de

termined diffusion coefficients for F-ll and F-12 with 
those predicted using mathematical relationships from the 
literature. Theoretical diffusion coefficients for both 
gases in free air were calculated using Equation (3) (as
suming 18.5°C and 0.95 atm). Resulting values are

2 20.092 cm /sec and 0.101 cm /sec for F-ll and F-12, 
respectively. These values were then corrected for retarding 
effects of the porous medium on the rate of diffusion by 
applying various theoretical and empirical relationships 
from the literature. The predicted diffusion coefficients, 
summarized in Table 15, were calculated by multiplying the 
theoretical coefficients for diffusion in free air by the 
product of the effective porosity and the estimated tortuosity 
(calculated using relationships from Table 4). For the dry 
sand experiments, the effective porosity was assumed to be 
0.44. For the wet sand experiment, the total porosity was
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Table 15. Expected and measured diffusion coefficients (in 2cm /sec) for F-ll and F-12 for the dry sand 

and wet sand column experiments.

Dry :Sand Wet :Sand

F-ll F-12 F-ll F-12

Theoretical values:
Buckingham (1904) 0.018 0.019 0.008 0.009
Penman (1940) 0.026 0.029 0.018 0.020
van Bavel (1951) 0.024 0.026 0.016 0.018
Marshall (1959) 0.026 0.029 — —  — — — —
Millington & Quirk (1960) 0.028 0. 030 0.010 0.011
Wesseling (1962) -— — —— 0.015 0.017
de Jong & Schappert (1972) — —  —  — 0.007 0.007
Albertson (1979) — — 0.008 0.009

Measured values:
Range 0.017-

0.056
0.021-
0.051

0.039-
0.089

0.030-
0.043

Average 0.037 0.036 0.060 0.037
Most reliable 0.017 0.021 0.045 0.033
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assumed to be 0.40 and the drained or effective porosity 
was assumed to be 0.30.

Experimental results are also summarized in Table 15 
in terms of the range of values observed, the arithmetic 
average of measured values, and the measured value previously 
judged most reliable on the basis of observed agreement be
tween experimental results and applicable type curves.

Agreement between expected values and experimentally 
determined values is quite good for the dry sand experiments. 
The "most reliable" estimated diffusion coefficients for both 
F-ll and F-12 fall toward the lower end of the range of 
predicted results. The averages of the experimental results 
for both gases fall slightly above the range of predicted 
values.

Measured and predicted results for the wet sand 
experiments show less agreement. Experimental results are 
too large by factors of about two to eight. The accuracy of 
the wet sand experimental results is further discredited by 
the fact that the measured diffusion coefficients for both 
gases are larger than those derived from the dry sand ex
periments even though the effective porosity during the dry 
sand tests was larger than in the wet experiments. On the 
basis of these results, it is suggested that the wet sand 
results are unreliable and should not be used. They are 
included in the previous discussion primarily as a means
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of illustrating the method of data analysis based on C/Cg 
ratios. The method has general applicability for diffusion 
experiments in which initial tracer concentrations (Cq) can 
be accurately measured and in which the decrease in tracer 
concentration within the headspace is not significant during 
the duration of the experiment.

Conclusions
Laboratory experiments were conducted in order to 

derive diffusion coefficients for F-ll and F-12 under 
controlled conditions. The following conclusions were drawn 
from results of the column experiments:
1. The most reliable results from experiments in which the

column was packed with dry silica sand provide diffusion
2coefficients of 0.017 cm /sec for F-ll and 0.021 

2cm /sec for F-12.
2. Diffusion coefficients derived using results of the wet 

sand experiment are less credible than those derived 
using dry sand experimental results due, in part, to 
analytical problems encountered during the wet sand ex
periment and, in part, to the lack of agreement noted 
between the experimental conditions and the conditions 
assumed under the method of data analysis used to 
interpret the experimental results.
Diffusion coefficients calculated using data obtained 
from the most reliable dry sand column experiment fall

3.
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toward the lower end of the range of values predicted 
using empirical and theoretical relationships from the 
literature.

4. If the effective porosity of the column packing is known 
with a reasonable degree of accuracy, then the method of 
data analysis best suited for fluorocarbon diffusion 
experiments is that which is based on temporal changes 
in the total mass of tracer present within the packed 
portion of the column. The second method of data 
analysis, based on temporal and spatial changes in the 
dimensionless concentration ratio, is less well suited 
for gas diffusion experiments and should only be utilized 
in situations where the total mass of tracer initially 
released or injected into the headspace reservoir is 
accurately measured.

A comparision of diffusion coefficients calculated
2using field data = 0.005 cm /sec, Dp_i2 = 0.012

2cm /sec) with those calculated using data obtained under
2controlled experimental conditions = 0«017 cm /sec,

Dp_^2 - 0.021 cm^/sec) indicates that diffusion of both 
gases is retarded to a greater extent in the field than 
under laboratory conditions. The observed discrepancy is 
most likely attributable to the presence of clay and organic 
matter in the unsaturated zone at the Glenn site. Both sub
stances were absent in the column experiments. Published
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relationships for predicting rates of diffusion in porous 
materials do not provide ample corrections for clay and 
organic matter content and, consequently, they predict dif
fusion coefficients for F-ll and F-12 that are too large by 
factors of two or three.

The overall conclusion of this study is that the 
theoretical basis, experimental methods, and mathematical 
models employed during the study are reliable and can be 
extended and modified for use in other situations where rates 
of gaseous diffusion in porous materials are to be predicted. 
Applications might include predictions of rates of diffusion 
of toxic and radioactive gases away from waste burial sites 
in unsaturated porous materials in arid and semi-arid 
regions.



Year
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948

. APPENDIX A

ESTIMATED CUMULATIVE WORLD RELASE OF .F-ll 
AND F-12 DURING THE PERIOD 1930-19782

ll1 F-121 F-12/F-ll F-ll/F-
.0 .0 —
.0 .0 —- —-
.0 .1 —- — — —
.0 .2 —- — — —
.0 .3 — —— — — —
.0 .6 “ — — -—
.0 .9 — —
.1 1.5 15.00 .067
.1 2.4 24.00 .042
.2 3.7 18.50 .054
.3 5.5 18.33 .055
.4 7.8 19.50 .051
.5 10.6 21.20 .047
.7 14.2 20.29 .049
.9 .18.9 21.00 .048

1.2 25.0 20.83 .048
1.8 36 s 9 20.50 .049

oCO . 56.0 18.67 .054
5.3 78.2 14.75 .068
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Year ,, 1 1F-ll F-12 F-12/F-ll F-ll/F
1949 9.1 102.4 11.25 .089
1950 14.4 129.5 8.99 .111
1951 21.9 159.6 7.29 .137
1952 32.7 191.1 5.84 .171
1953 47.4 226.6 4.78 .209
1954 65.7 266.9 4.06 .246
1955 88.3 312.1 3.53 .283
1956 116.5 364.7 3.13 .319
1957 148.1 424.5 2.87 .348
1958 177.8 487.1 2.74 .365
1959 208.1 556.7 2.68 .373
1960 247.9 639.9 2.58 .388
1961 299.0 733.2 2.45 .408
1962 363.1 840.3 2.31 .433
1963 441.7 966.1 2.19 .457
1964 534.9 1112.7 2.08 .481
1965 641.2 1278.4 1.99 .503
1966 760.2 1462.7 1.92 .521
1967 895.3 1670.9 1.87 .535
1968 1049.9 1909.0 1.82 .549
1969 1230.1 2179.0 1.77 .565
1970 1435.2 2475.2 1.72 .581
1971 1660.6 2794.3 1.68 .595
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Year F-ll1 F-121 F-12/F-11 F-ll/F-
1972 1914.5 3142.6 1.64 .610
1973 : 2205.0 3528.8 1.60 .625
1974 2526.0 3949.1 1.56 .641
1975 2838.3 4361.7 1.54 .649
1976 3131.9 4758.0 1.52 .658
1977 3447.5 5134.5 1.49 .671
1978 3731.1 5475.4 1.47 .680

^Values expressed as 10^ kilograms.
Source: Upper Atmospheric Programs Bulletin, October 1979.2



APPENDIX B

FLUOROCARBON CONCENTRATIONS IN 
SOIL AIR AT FIELD SITES1

Site/
Piezometer

Piezo
meter
Depth
(meters)

F-ll Con- 
centratio 1

F-12 Con
centration

F-12/F-11pptv2 C/C03 pptv2 , 4c/c0

Glenn
G-6 7.0 150 + 9 0.87 242 + 14 0.81 1.61
G-5 13.4 89 + 30 0.51 174 + 42 0.58 1.96
G-4 19.8 47 + 8 0.27 115 + 2 0.38 2.46
G-3 25.3 29 + 8 0.17 87 + 11 0.29 3.03
G-2 36.3 11 + 1 0.06 50 + 4 0.17 4.57
G-l 43.9 5 + 2 0.03 34 + 1 0.11 7.02

Lubbock
Airport
LA 5-6 1.8 100 + 4 0.58 222 + 1 0.74 2.22
LA 5-5 6.4 142 + 1 0.82 264 + 5 0.88 1.86
LA 5-4 19.2 77 + 22 0.45 150 + 20 0.50 1.95
LA 5-3 26.2 134 +21 0.77 272 + 33 0.91 2.03
LA 5-2 30.2 95 + 5 0.55 257 + 17 0.86 2.71
LA 5-1 36.0 93 + 11 0.54 216 + 5 0.72 2.32
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Piezo
meter

F-ll Con
centration

F-12 Con
centrationl

Site/
Piezometer Depth

(meters) pptv2 C/C0 3 pptv c /c 04 F-12/F-11

Gambel
G-4 7.3 185 + 39 1.07 190 + 18 0.63 1.03
G-3 11.0 163 + 40 0.94 295 + 39 0.98 1.81
G-2 15.2 104 + 38 0.60 277 + 14 0.92 2.66
G-l 18.3 97 + 11 0.56 172 + 22 0.57 1.77

Lamb
L-5 5.8 154 + 13 0.89 307 + 3 1.02 1.99
L-4 11.0 189 + 14 . 1.09 352 + 1 1.17 1.86
L-3 16.5 7 + 0.4 0.04 13 + 2 0.04 1.86
L-2 21.3 60 + 27 0.35 115 + 57 0.38 1.92

^Expressed as parts per trillion and as dimensionless con
centration, C/Cg, where Cq represents the assumed
atmospheric concentration.

2pptv = parts per trillion by volume;
1 pptv = 10 12cc F-ll or F-12/cc air.
3C0 = 173 pptv F-ll.
4C0 = 300 pptv F-12.



APPENDIX C

EXPERIMENTAL DATA FOR COLUMN TEST A1

Sampling Port 1
Time F-12
0.10 600 .
1.18 506
2.70 432
3.90 405
5.07 401
7.72 355
12.33 339

Sampling Port 7
Time F-12
0.93 286
2.25 320
3.62 322
4.83 352
7.47. 332
11.97 320

Sampling Port 3
Time F-12
1.0 528
2.48 415
3.75 419
4.92 394
7.57 347

12.13 324

Sampling Port 9
Time F-12
0.60 58
1.72 186
3.42 306
4.58 288
7.32 297

11.78 306
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Sampling Port 11
Time F-12
0.83 17.3
1.53 62.5
3.05 190
4.42 208
7.15 255

11.58 288

Sampling Port 13
Time F-12
0.72 12.8
1.33 19.2
2.90 119
4.23 120
6.95 215

11.45 272

1Times are expressed as hours after the initial fluorocarbon 
injection was made and average "concentrations" are
expressed as peak areas (n x lo- )̂.



APPENDIX D

EXPERIMENTAL DATA FOR COLUMN TEST B

Sampling Port 3
Time F—11 F-12 Time F-ll F-12
0.17 882 290 0.38 766 242
1.15 309 254 1.38 764 221
2.65 774 224 2.82 766 211
5.18 752 186 4.97 730 176
6.32 745 178 6.20 709 158
7.87 714 161 7.73 694 153
12.85 747 170 12.67 748 168

Sampling Port 7 Sampling Po:rt 9
Time F-ll F-12 Time F-ll F-12
0.58 366 85.0 0.75 82.5 21.2
1.55 607 144 1.78 365 73.6
2.98 648 158 3.18 486 98.8
4.77 658 152 4.57 541 110
6.05 648 134 5.88 553 110
7.63 659 142 7.50 566 112
12.48 682 142 12.32 682 142
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Sampling Port 11 Sampling Port 13

Time F-ll F-12 Time F-ll F-12
0.88 13.0 :3.92. 0.97 5.63 0.80
1.98 139 30.6 2.17 43.2 12.2
3.37 312 58.2 3.55 150 33.9
4.40 386 76.0 4.22 198 42.0
5.72 436 82.3 5.53 298 60.5
7.32 479 92.1 7.13 388 79.0
11.95 614 130 12.13 590 124

Times are expressed as hours after the initial fluorocarbon 
injection was made and average "concentrations" are
expressed as peak areas (n x 10**̂ ) .



APPENDIX E

EXPERIMENTAL DATA FOR COLUMN TEST C 

Sampling Port 1 Sampling Port 7
Time F-ll F-12 Time F-ll F-12
0.82 616 1888 —  — wm mm mm mm

1.77 496 1642 1.58 218 870
2.80 456 1564 2.55 276 1012
4.68 506 1334 4.15 297 1044
5.78 393 1300 5.55 325 1082
7.52 346 1151 7.82 302 1032
11.48 303 991 11.22 274 874
15.13 250 862 14.95 225 788

Sampling Port 9 Sampling Po:ct 11
Time F-ll F-12 Time F-ll F-12

—  — —  — —  — wmm mm

1.38 74.7 236 1.18 29.3 49.8
2.35 130 558 2.18 51.6 183
3.93 180 716 3.77 85.9 404
5.35 1.74 733 5.18 101 480
7.28 226 820 7.08 184 783
10.98 218 813 8.22 197 726
14.75 218 771 10.75 195 756

14.47 202 305
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Sampling Port 13
Time F-ll F-12
1. 05 — — — —
1.97 19.2 34.3
3.57 57.7 202
4.97 80.6 304
6.90 126 524
8.05 117 567
14.22 184 706

^Times are expressed in hours after initial fluorocarbon 
injection was made and "concentrations" are expressed_3as peak areas (n x 10 ) .



APPENDIX F

EXPERIMENTAL DATA FOR COLUMN TEST D 1

Headspace______ _________ Sampling Port 7
Time F-ll F-12 Time F-ll F-12
2.03 648 246 0.47 248 ' 70.4
3.10 640 243 1.60 352 105
4.75 626 227 2.82 449 145
6.37 542 189 4.37 472 158
6.78 502 165 5.97 460 148
8.37 481 161 8.07 390 118
11.67 455 137 11.18 409 123
15.05 561 187

Sampling Poi:t 9 Sampling Port 11
Time F-ll F-12 Time F-ll F-12
1.13 51.5 20.0 1.25 12.3 10.7
2.28 178 56.0 2.47 55.4 21.6
4.18 324 98.8 3.78 124 41.9
5.72 314 93.4 5.47 178 56.9
7.80 324 99.6 7.52 209 65.0
14.88 ' 444 137 10.73 311 97.0

14.67 383 112
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Sampling Port 13
Time F-ll F—'12
1.45 Trace Trace
2.60 8.5 3.7
3.98 34.6 15.1
5.30 57.9 22.6
7.25 99.6 34.6
10.48 180 61.9
14.47 290 83.8

Times are expressed in hours after initial fluorocarbon 
injection was made and average "concentrations" are
expressed as peak areas (n x 10*"̂ ).
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(Nielson and Biggar, 1961), recharge entering the subsurface 
during the past thirty-five years should be generally con
fined to the upper three or four meters of the unsaturated 
porous material (assuming an effective porosity of ten 
percent). Thus transport of fluorocarbons into the sub
surface as a result of either saturated or unsaturated 
vertical flow can safely be ignored for modeling purposes. 
Similarly, effects of wind, soil temperature fluctuations, 
and barometric pressure changes can also be ignored because 
effects of these phenomena are significant only within the 
upper few meters of the soil.

The potential significance of the water table as a 
sink for fluorocarbons diffusing downward through the un
saturated zone was assessed using the finite difference 
model. Details of the methodology used are presented in 
Weeks et al. (1981). The results indicated that the water 
table does not represent a significant sink and that, for 
modeling purposes, the water table can be assumed to pro
vide a complete barrier to fluorocarbon transport in the 
unsaturated zone.

F-ll and F-12 field results were simulated separately. 
The F-ll data were used to determine tortuosity values 
for the porous media at the field site. These results were 
then used, in conjunction with the field data for vertical


