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ABSTRACT

The advantages of fluorocarbons for use as ground-

water tracers are reviewed along with their appropriate

physical properties and two analytic techniques using gas

chromatography.

Field tests were conducted in both Aurora, Nebraska

and Stanton, Texas using multiple fluorocarbon tracers.

Laboratory column tests were also done using sand as

the stationary phase at low pressure and flow rate. The

laboratory peak arrival order was different from that seen

in the field tests.

Various hypotheses have been proposed to explain

sorbtion behavior and several are applied to the data

gathered here. Aquifer characteristics that may influence

tracer retention are identified as minerology, organic con-

tent, and hydrophobicity of aquifer materials.

vii



CHAPTER I

INTRODUCTION - TRACER SELECTION

Tracers are used commonly to study the hydrogeologic

characteristics of natural systems. Any detectable matter

or energy carried by water can be used but many practical

limitations do exist. Davis et al (1980), reviewed general

ground-water tracer characteristics and their applications.

They defined an ideal tracer as one which is non-toxic, in-

expensive, moves with the water, is easy to detect in trace

amounts, does not alter the natural direction of the flow of

the water, is chemically stable for a desired length of time

is not present in large amounts in the water being studied,

and is neither filtered nor sorbed by the solid medium

through which the water moves. Of course, all tracers have

failings in some of these areas and the selection of one

requires compromises to best suit the physical situation.

Fluorocarbons are man-made organic chemicals with at

least one fouorine substitution, although generally only

fluorinated methane and ethane compounds have had widespread

study as tracers. Chlorine and bromine atoms are also often

included as part of the molecule.

Hudlicky (1976, p 1) commented on how "The attrac-

tiveness and some peculiarities of the chemistry of organic

compounds of fluorine are partly due to the strong

1
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electronegativity of fluorine which imparts, especially if

present in larger quantities, quite extraordinary qualities

to organic compounds. Many of the physical and chemical

properties of fluorinated compounds differ considerably from

those of other halogeno compounds as well as from those of

the parent compounds..."

Davis et al (1980) also discussed the significant

advantages that fluorocarbon tracers have over many others.

These include chemical inertness, low toxicity, minimal

natural background, and ease of detection at very low con-

centrations. Hudlicky (1976) found that at room temperature

these chemicals are extremely stable, even when in contact

with concentrated sulfuric acid or concentrated aldaline

hydroxides. Most metals also showed no reaction, the excep-

tion being magnesium and magnesium alloys. However, the

mechanisms and relative rates of the retention processes of

fluorocarbons on aquifer materials have been poorly under-

stood. This thesis attempts to identify these processes

through the analysis of both carefully selected field

studies and well-controlled column experiments in the labor-

atory. Specific tracers were chosen primarily for their

safety to the environment, ease of handling, and potential

non-sorbtive characteristics.

Lester and Greenburg (1950) conducted toxicity

studies of halogenated derivatives of methane and ethane

that included compounds with double carbon bonds and/or
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attached hydrogens. Some of these, such as vinyl fluoride

(CH2=CHF), difluoroethane (CH 3CHF 2 ), and chlorodifluorethane

(CH 3
CC1F

2
) had maximum allowable concentrations in the same

range as Fil and F12. However, all hydrogen-containing com-

pounds were excluded from this study because they have

higher dipole moments and are susceptible to hydrogen bon-

ding. Double bonded carbons are also more likely to be

reactive and usually have very low boiling points, which

creates handling problems.

The use of fluorocarbons as tracers was first pro-

posed by Thompson et al (1974) following research done since

1972 at Indiana University. In 1975 development at the

University of Arizona began with analytical work by Schultz

(1979). Further studies at both institutions has included

analytical improvements (Thompson (1976)); field tests

(Thompson et al (1978), Thompson and Hayes (1979), Schultz

(1979), Bassett et al (1981), Hayes (1981)); column tests

(Brown (1980), Ciccioli et al (1980), Thompson and Stiles

(1981)); and unsaturated sorbtion studies (Earp (1981),

Russel (1981)).

Ciccioli et al (1980) have developed a theory of

sorbtion behavior that is based strictly on the polariza-

bility of the tracer molecule. When fluorocarbons are

considered in groups of homologous series a linear relation-

ship is noted with their boiling points and in theory a

similar linear relationship should exist with sorbtion
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phenomena. This would allow the calculation of the absolute

water velocity form the retarded breakthrough times of a

homologous series.

Thompson and Stiles (1981) theorized that the reten-

tion times of fluorocarbons are a function of the inter-

action between them and solvent water a described by

hydrophobic effects. They also inferred that anionic tracers

would, in general, perform better than natural species such

as fluorocarbons due to repulsion from negatively charged

mineral grain surfaces. Cationic tracers would be the most

retarded.

Pickens et al (1981) reviewed (Table 1) field

reactive tracer tests that have been conducted in porous or

fractured geologic media. With the exception of the test by

Parsons (1962), all of these used groundwater sampling

instrumentation that provided mixed samples from large ver-

tical intervals. Adsorption parameters become increasingly

questionable with lithologic variety. Pickens et al (1981)

injected two radionuclides into a sand aquifer and attributed

most of the sorbtion effects to electrostatic interactions.

They also reported preferential adsorption to micaceous

minerals and certain grain size fractions.

Field tests were conducted using fluorocarbon

tracers at sites in Nebraska and Texas in 1977 and 1978.

The University of Arizona was invited by the U.S. Geological

Survey to participate in these experiments. Both were
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conducted at articifial recharge facilities and the Texas

site also had the capability of sampling form very limited

horizons.

Laboratory column studies were performed afterward

in order to provide tighter controls over such parameters as

flow field, solute concentration gradients, and sorbtive

surfaces.



CHAPTER II

PHYSICAL PROPERTIES OF TRACERS

The tracers chosen for this study and their physical

characteristics are shown in Table 2. The most significant

properties are discussed in detail in the following sections.

Toxicity 

Extremely low toxicity has been a major factor in

the selection of all but one of the chemicals tested. The

exception is carbon tetrachloride, which was chosen because

it forms a homologous series with Fil and F12. The work of

Ciccioli et al (1980) can be more easily compared to that

done here when one of these series is included. However, in

looking at potential field application toxicity is important

because many field tests are done in aquifers that are re-

lated to public water supplies.

All of the fluorocarbons or "Freons" were originally

developed as refrigerants and the first major toxicity

studies of them were done by the National Fire Underwriter's

Laboratories. The word Freon is a registered trademark of

the DuPont de Nemours Corporation for selected halogenated

compounds containing fluorine that are nonflammable and low

in toxicity. Both the Underwriter's Laboratories" classifi-

cations and those of the U.S. Occupational Safety and Health

7
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Administration are listed in Table 2. A complete explana-

tion of the Underwriter's toxicity group rating is given by

Hamilton (1963).

One grade of F12 has been approved by the FDA for

direct contact food freezing. There is very little evidence

of adsorption of fluorocarbons through the skin. In many

compounds, the toxicity and chemical and thermal stability

of fluorinated products are related directly to the number

of fluorine atoms in the molecule. (Clayton 1962). The

presence of fluorine contributes to increased stability and

lower toxicity because of the strength of the carbon-

fluorine bond and its influence on the carbon bonds with

other atoms. Unfortunately, the more fluorinated freons

have both lower boiling points and lower solubilities, which

increases handling problems.

Clayton (1962, 1967 and 1967) has reviewed the

literature on the toxicity of fluorocarbons. In addition,

information is available from the DuPont de Nemours Corpora-

tion in the form of individual reports by Haskell

Laboratories.

Solubility and Distribution Coefficient 

All of the fluorocarbons that contain only carbon

and halogens (no hydrogen) share the characteristic of ex-

tremely low solubilities in water due to their lack of

polarity. The values in the literature for solubility are

commonly conflicting or nonexistant. This difficulty of
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only being able to inject a tracer at low concentrations

can be a limiting factor in groundwater tests where high

potential dilution could push concentration levels below

detectable limits. Also any situation with an extensive

air-water interface will cause the loss of tracer to the

atmosphere.

Published solubility values for this particular

group of compounds that exist as both gasses and liquids at

the temperature of measurement should be considered with

caution because two different methods of analysis are used

(Weast, 1978) that may yield different values. For one

liquid dissolved in another the solubility represents the

concentration of the solute when the solvent is at equilib-

rium with a pure atmosphere of the solute. However, the

usual measuring technique is to have air confined over the

solvent and measure the ratio of concentration of gas in

solution to concentration in the air. According to Henry's

Law (Moore, 1972), for dilute solutions of non-electrolytes

this method should show the same solubility. However, the

definition of a dilute solution is one in which each mole-

of solute is completely surrounede by those of the solvent.

But, the strong hydrophobic forces acting on these low-

solubility molecules will cause them to cluster in the water

but not in the air (Ben-Naim, 1980) and may invalidate this

prerequisite.
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A solubility term as measured by the distribution

coefficient of the concentrations of a solute between water

and air has been investigated in earlier studies at the

University of Arizona (Thompson, LaMarche and Brown, 1978)

and their DC values are listed in Table 2. The lack of cor-

relation between the D and published solubility values

(r.-.65) may be due to these deviations from Henry's Law.

The solubility of F113, in particular, would have been de-

termined by liquid-liquid methods because it has such a high

boiling point.

Hansch et al (1967) demonstrated the existance of a

smear relationship between the logarithms of the solubil-

ities of organic liquids and their octanol-water partition

coefficients that is expressed by:

log 1/S	 cl log P + c 2 	 (1 )

where c
1 

and c
2 

are constants,

S is solubility in water,
P is partition coefficient

No assumptions were made that this relationship would also

be valid for air-water partition coefficients. However, if

Equation 1 is solved for the best-fit constants using the

solubilities and distribution coefficients from Table 2 the

correlation coefficient between actual and computed log 1/S

is only 0.61.

Hansch et al (1967) felt that octanol/water

partition coefficients could be used as hydrophobic bonding

constants; but this low correlation raises some doubts as to
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whether D and P (for octanol-water) are measuring the sameC

characteristics. Unfortunately the sample size is very

small, only three tracers for which both solubility and Dc

are known.



CHAPTER III

ANALYTICAL METHODS

All detection and measurement of the fluorocarbons

and carbon tetrachloride in solution used a gas chromato-

graph (G C) equipped with a Ni 63 electron capture detector.

The volatility of these compounds simplifies analyzing for

them in the gas phase and the sensitivity of this detector

for halogen-containing gasses is unsurpassed. G C analysis

also allows for the simultaneous testing of multiple tracers

in the same water sample. An example of this is shown in

Figure 1.

Two different modifications of the instrument al-

lowed it to be used to the best advantage in either field or

laboratory situations. For field work, the more desirable

method is to concentrate the tracer before injection onto

the G C column. The process is slower but provides the ex-

trene sensitivity needed for high dilution tests. In the

laboratory, a method of directly injecting the vaporized

sample onto the G C column is used to speed up the analyt-

ical process. Both techniques are discussed individually

below.

13



TRACER RETENTION TIME (mm) 
WATER	 0.52

F-I2	 0.74
BCE
DOM	 155

F-114, F-113 	227
CCI4	 2.1117

14

250° TEMPERATURE (°C)
185°

0 I	 2	 3 4 TIME (min)

Figure 1. Sample Chromatogram and Temperature Program.

Shown is a chromatogram of a 2 m. long, 2 mm ID

carbopak B column that was held at 185°C for the

first minute with a rise of 80°C per minute

thereafter to a maximum of 250°C. Some peaks are

truncated.
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Figure 2. Gas Chromatograph System 
for Pre-Concentration

Method (adapted from Thompson, 1976).
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Pre-Concentration Method 

A schematic drawing of this G C system is shown in

Figure 2 (adapted from Thompson, 1976). A water sample to

be tested is injected into the sample stripping chamber

where a three-minute flow of helium purges it and carries

away any volatile organic compounds. Excess water vapor is

trapped in the tube drier and all the solute compounds are

concentrated in the sample trapping loop at liquid nitrogen

temperatures. The flow of helium is sufficiently low so

that all of the compounds are allowed to contact and freeze

to the tubing wall. This loop is then isolated by the 4-

port valve, warmed to room temperature, and then injected

into first the precolumn and then the analytical column by

turning both valves to "inject". A constant flow of nitro-

gen gas is maintained through both columns at all times, but

in the "inject" position the nitrogen is diverted to also

flow through the trapping loop. The pre-column detains very

sorbtive, slowly eluting organic compounds that can occur in

natural waters. When a test is completed, the direction of

nitrogen flow through the pre-column is reversed by turning

the 10-port valve to "backflush". The gas then cleans out

these contaminants and is vented. This procedure eliminates

any late eluting peaks that could cause interference with

subsequent tests when the slower compounds would finally

reach the detector.
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The helium gas is purified by passing through a

molecular sieve trap that is immersed in liquid nitrogen.

This removes any organic contaminants or water vapor.

This method is commonly used to measure tracer con-

centrations within an ideal range of 0.03 parts per trillion

to 0.2 parts per billion (Thompson, 1982). One p.p.t.

equals 10
-12

g/ml. Further operational details are given by

Thompson (1976).

Direct Injection Method 

Eliminating the concentrating step allows for the

much simpler system shown in Figure 3. The sample valve

(Valco Instruments, Houston, Texas) has a fixed internal

sampling volume of 1.0 microliter, which can be injected

into the heater block. Doing so vaporizes the sample and

sends it directly into the column. A constant flow of ni-

trogen to the column is also maintained in this system but

only a molecular sieve trap without the liquid nitrogen is

needed for purification. No precolumn is necessary because

the composition of sample water can be controlled closely in

the laboratory. One test can be completed in about 21

minutes by this method versus 8 minutes for the pre-concen-

tration. Also, it requires a much smaller sample size

(about 0.2 ml. to fill the input tubing and flow-through

valve), which is necessary for small-scale experimentation.

However, the ideal detection limits are from one part per

billion to one part per million (Thompson, 1982).
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One probem that occurs with this system is that the

detector is sensitive to the injected water vapor. If a

continuous series of tests is being performed the detector's

response will deteriorate, particularly for BOF and other

tracers that appear late in the chromatogram. Setting over-

night will cure the problem, however a better prevention was

found to be injecting a short pulse (20 sec.) of 0 2 directly

into the detector about every five samples. No deterior-

ation was found on this schedule with standardized samples

even when tests were run continuously for several hours.

Applications 

The four different column packings that were used in

the G C were Durapak low K on Porasil F (Alltech Assoc.,

Inc., Deerfield, Ill.), Carbopak B (Supelco Inc., Bellefonte,

Pa.) Tenax G C (Alltech Assoc. Inc., Deerfield, Ill.), and

Poropak Q (Alltech Assoc. Inc.). The last three are capable

of being used with either method since they are not damaged

by small injections of water vapor. However, the Durapak is

unique in being able to completely resolve or separate all

of the compounds tested here as tracers.

Carbopak has a much greater chromatographic effi-

ciency (less peak broadening), can withstand higher tempera-

tures, and is generally cleaner and easier to use than the

other packings. Its major failing is the inability to

individually separate both of the pairs F-113/F-114B2 and
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and F-11/DDM. Tenax was found to deteriorate too rapidly in

continuous use with direct injection. Poropak is capable of

separating Fil and DDM but has a lower efficiency and more

bleed than Carbopak.

Almost all of the lab tests were done using Carbopak

according to a schedule that regulated the unseparable pairs

to different experiments.

Programming of the column temperature is important

to achieve maximum chromatographic efficiency and minimum

time spent per test while still allowing for adequate separ-

ation between the peaks. Generally the column starts at a

cooler temperature to allow separation of the least-sorbed

compounds and then heats quickly to speed up those with

greater sorbtion characteristics. A typical temperature

program is shown in Figure 1.

The electron capture detector has an inherant non-

linearity of response when applied over several orders of

magnitude. An explanation of these deviations and descrip-

tive equations are given by Wentworth and Chen (1967).

Thompson, La Marche, and Brown (1978) found that detector

response for fluorocarbons was approximately linear in the

range of 10 to 100 or 200 picograms per sample. However,

Thompson and Stiles (1981) commented that the relative re-

sponses of the flurocarbons varied with detector temperature

when measured between 300 C and 400 C.
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A series of calibration curves were drawn to corre-

late the instrument response with the actual amount of

tracer injected. These are shown in Figure 4 and are de-

cidedly non-linear over the mutiple orders of magnitude of

detection of which the G C is capable. In particular the

flattening of response for all tracers at the upper end

makes this an undesirable region for any quantitave studies.

The standardized solutions used to create these curves were

prepared by a serial dilution technique using ethanol as the

first three solvents followed by purified water. Initial

measures of pure tracer were made by weighing on a Sartorius

balance to 0.01 mg. The repeatability of this technique is

good (+ 15%) when care is taken to keep the temperature of

the first ethanol dilution below the tracer's boiling point

and to prevent any bubbles in the mixing process. Agitation

is usually accomplished by drawing part of the solution into

a glass syringe and then releasing it slowly below the sur-

face of the remaining liquid. This technique was also used

to prepare all initial tracer concentrations for both field

and laboratory experiments.

The detector was kept at a constant 300 C for all

of the calibration tests as well as for the laboratory

studies.

Bromide as NaBr was used as a comparative, conserva-

tive tracer in the laboratory experiments. The analysis for

this anion was conducted separately with a Leeds and
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Northrup ph/millivolt meter using Orion reference and Br-

electrodes. Sample size was .4 ml with 2:1 dilution and the

electrodes were calibrated every 5 samples. Calibration

standards were prepared by weighing pure samples and then

dissolving and diluting in distilled water.

All of the data from experiments reported here are

expressed in the form of the relative concentration of the

sample with respect to the initial injected concentration.

The absolute concentration or number of grams detected are

not reported because these are less useful in comparing

tracers whose initial concentrations may be orders of

magnitude different.



CHAPTER IV

RESULTS OF FIELD TESTS

Nebraska

A tracing test was conducted in conjunction with the

U.S. Geological Survey at an artificial recharge facility

near Aurora, Nebraska, on November 7 and 8, 1977. The

aquifer materials were alluvial deposits, principally

Pleistocene sand and gravels.

The fluorocarbons BCF, F-12, DDM, and F-114B2 were

tested along with NaBr which was used by the U.S.G.S. The

injection rate into the recharge well was 750 gpm with all

of the tracers being added continuously for 5 hours. The

fluorocarbons were injected at concentrations of a few

tenths of a part per billion, and the bromide at 32 parts

per million. The only observation well monitored for the

fluorocarbons plus bromide was 90 feet from the recharge

well. The relative tracer concentrations measured in water

samples from this observation well are shown in Figure 5.

The tracers DDM and BCF appear to break through

first with the DDM eventually reaching the highest percen-

tage of initial concentration. The F-113 and F - 12 follow

with the bromide clearly appearing last. This order of the

fluorocarbons is very similar to that appearing in the

24
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subsequent laboratory tests. However, the retardation of

the bromide is very unusual because it is generally consi-

dered to be a conservative tracer. A power outage compli-

cated the test so that it could not be run long enough to

determine complete curve shapes. Therefore, no conclusions

can be made as to the comparative peak concentration arrival

times. Bromide does appear, however, to be last.

All of the tracers broke through in a relatively

short period after about 25 hours of continuous injection.

This lack of chromatographic separation is surprising con-

sidering the laboratory results on sand which follow. It

could be explained if the water followed fracture patterns

where contact with the aquifer materials would be greatly

reduced. Another possibility is that heterogenities in the

minerology and possibly also the sorbtion effects are

averaging each other out so that the tracers eventualy have

similar arrival times. The following section has examples

of breakthrough curves in which the order of appearanace is

reversed in similar aquifer materials, showing that variable

sorbtion effects are at least possible.

Texas 

A series of multiple tests on five different occa-

sions was performed by the U.S.G.S. at another artificial

recharge site in Stanton, Texas, between March, 1977 and

December, 1978. The University of Arizona participated in
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three of these, of which only the fluorocarbon data from the

longest running, most complete test will be discussed here.

Bassett et al (1981) provided further descriptions of the

site and all the experiments conducted.

The principal aquifer for the tests was the Ogallala

Formation which consists of primarily alluvial material

ranging from well-sorted argillaceous sands to poorly-sorted

gravels. Zones of calcium carbonate caliche occur along

with several clay lenses that are relatively impermeable but

discontinuous. Overall, the sediments are grossly hetero-

geneous with wide variations in hydraulic conductivities.

(Bassett et al 1981). A lithologic section is shown in

Figure 6 with the minerology and hydrologic conductivity

listed in Tables 3 to 5. The aquifer was saturated below a

depth of approximately 32.5 meters.

The movement of tracers from the injection well was

monitored by observation wells and point samplers located at

radial distances of 2, 5, 10, 15, and 30 meters in a spatial

arrangement. The point samplers were in groups close to the

wells but collected water from horizons of only 0.6 meter

thickness at various depths. They were labeled green,

orange, red, and black with increasing depth. All observa-

tion wells were screened through the entire saturated thick-

ness of the aquifer except for the 10m well which only

sampled between 41.5 and 42.7m. The point samplers only
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Table 5.	 Porosity and Hydraulic Conductivity at
Stanton,	 Texas	 (From Bassett,	 et al.	 (1981))

Sample

number

Porosity

(percent)

Hydraulic

conductivity

(m/d)

SI2-1 26.5 8.2 x 10-2

SI2-2 27.8 2.1 x 10-1

SU-3 3.1 x 10-5

5I2-4 24.0 2.4 x	 10-

S12-5 28.7 3.3 x 10' 1

SI2-8 25.5 1.4 x 10-1

SI2-6 28.2 3.6 x 10-1

S12-9 21.3 1.2 x 10-2

5I2-7 30.9 8.2 x 10-2
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collected water from the formation when required for

analysis on the surface. In contrast, the wells were pumped

continuously.

Three fluorocarbons, DDM, BOF, and F-12 were injec-

ted during the testing of August 8 to 15, 1978. The

injection of water into the aquifer was started about three

days before any tracers were added to stabilize the flow

pattern. The rate of injection was held stable at 5.05 L/s

for the duration of testing. Unfortunately, the input con-

centrations of the fluorocarbons showed significant fluctu-

ations with time so that mean values had to be used. These

variations were probably caused by pressure changes in the

injection vessels and the main flow line, and interaction of

the tracers with organic matter inside the injection plumb-

ing. The input concentrations of the fluorocarbons are

shown in Figures 8 to 10. Fortunately, for comparing the

tracer curves at the samplers all of the injection concen-

trations show their strongest peak about two hours after

their introduction. Bromide was injected for six hours at a

continuous rate of 33.5 mg/l.

The breakthrough curves of the fluorocarbons and

bromide from five of the sampling sites are shown in Figures

11 to 15. The only obvious common feature of all the curves

is that bromide is always the first to appear. Also the

chromatographic separation is more pronounced than at
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Nebraska, approaching that of the laboratory tests. Other-

wise, the appearance of the fluorocarbon tracers does not

follow a consistent order.

The peak concentration arrival times are much more

ordered for the fluorocarbons, always occurring as BCF, F-12,

and then DDM. The bromide peak is surprisingly variable but

most often occurs closest to that of F-12.

The point samplers were collecting water from very

limited horizons and may represent changes in minerology

that could cause variations in the retention rates. The

lithologic column (Figure 6) shows a clay lens occurring at

a depth of about 38.3m and just below it the minerology

(Table 3) indicates the highest percentage of caliche in the

column at 39.5 - 39.7 m. These two horizons would indicate

a less permeable zone, which is also evidenced by the tra-

cers. The two meter red point sampler (Figure 11) is loca-

ted at exactly this level and has the slowest breakthrough

and peak concentration times of any of the two or five meter

sites. The next slowest is the five meter orange sampler

(Figure 12), about a meter above the clay lense.

Immediately below the less permeable zone the

resistivity log (Figure 7) indicates the highest permeabili-

ty of the section at a depth of about 40.5 meters. (Deflec-

tion to the right for less clay content.) The five meter

red sampler (Figure 13) in this horizon has the fastest

times of any of the five or even two meter sites. The two
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meter and five meter wells may have drawn most of their

water from this permeable zone. However, flowmeter logs of

the injection well indicates the greatest loss of flow

occured at about 35 meters.

If five meter red sampler and the two open wells are

taken together to represent high permeability zones, simi-

larities between them in breakthrough curves become more

apparent. The BCF always leads the DDM and reaches its

peak concentration when the DDM is at about 57% of its maxi-

mum C/Co. The F-12 is more erratic but always breaks

through later than the others. In the other two samplers

from the less permeable zones (Figures 14 and 15) the DDM is

more retarded in relation to the BCF, reaching only about

33% of maximum at the BCF peak. The F-12 breaks through

sooner than the DDM and is even ahead of the BCF in the five

meter orange sampler. The order of appearance for fluoro-

carbons in this sampler if the exact opposite of that in the

laboratory tests.



CHAPTER V

LABORATORY TESTS

Considering the variability of the field results,

the controlled environment of lab studies is essential to

isolate sorbtion phenomenon. Brown (1980) did the earliest

work using two fluorocarbons (F-11 and DDM) on three aquifer

materials. Quartz sand showed the least retention (an

average of 1.4 pore volumes) followed by Yolo sandy loam

(2.0 pore volumes). The loam contained 4% organic material

and had five times the specific surface area of the sand.

DDM was more conservative than F-11 on both materials. A

pulverized coal column inhibited tracer movement to such an

extent that only about one-hundreth of the expected concen-

tration of tracer appeared, leading to the conclusion that

strong sorbtion occurs on organic materials. This phenomenon

may also affect tracers in field tests which are injected

through well piping with organic encrustations.

Cicciolo et al (1980) conducted column tests of

thirteen halocarbon tracers on both sand and limestone

materials. The sand column was 1.5 m in length by 10 mm

ID with a flow rate of 5 ml/min at an inlet pressure of 250

psi. No variation in retention times was detected and this

was ascribed to a lack of nonspecific sites to cause any

retention. Another possible explanation would be that the
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narrow column and large drop in pressure across it caused

fracturing or substantial fluid movement along the column

walls. The limestone column was 0.5 m in length by 10 mm

ID with a flow rate of 6 ml/min at 750 psi. A substantially

different order of retention times was found than reported

in this study for a sand column. Table 6 lists those times

for comparable fluorocarbons. On the limestone tests

Ciccioli et al. (1980) used an in-line methyl silicone mem-

brane separator before introducing samples into a mass

spectrometer. If sorption occurred on the methyl silicone

it could affect or even create the relative retention shown.

This membrane is usually used at a temperature of about

1000 C (Thompson, 1982), but Ciccioli et al. (1980) limited

the temperature to 25 ° C.
Column studies completed for this report used a

stainless steel column that was 60 cm long by 3.5 cm ID with

a sampling port 53 cm above the input frit. A diagram

of this system is shown in Figure 16. The sampling port

collects water from the center of the column to avoid bound-

ary effects along the wall. The imput frit has a low dead

volumn (0.25 ml) to minimize mixing effects on the tracer

slug. The column was mounted vertically as part of the flow

apparatus shown in Figure 17. The 8-port sampling valve

injected 2.7 ml of tracer solution into the continuous flow

of water to the column. This tracer slug was introduced

almost simultaneously into the column because of the low



CAP VOLUME
6.0 ml

6.1cm

CENTER SAMPLER
0.8 mm ID
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Figure 16. Stainless Steel Column Used in Laboratory
Studies
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Figure 17. Complete Flow Apparatus Used in
Laboratory Studies

-J



EL.

rz.t.

50
LI)

0
0

X
4-1 in

,-
O Cn	 L.0	 al
LO	 en 	•	 I

• -1	 en	 0
r••n UO	 CO In	 ,.'	 I.-I

X
Ln

.-I	 l0
L.r)	 S	 Ln	 I
.-.4	 en 	•	 c
. o	 -4

,--1 N	 ,..,	 • V) 	ti	 X
Nr

V)	 kr)
V)	 en	 C	 I
N Lr	 •	 0

. 0	 o
.- tr)•	 LID N	 .t	 X

V)

Ln
1.0

0
1-1

N	 •.t

L.0
O en	 V	 1
,--i	 N	 •	 o

• o	 N	 ,-1
..., -.	 • 	œ.t	 V)	 X

V)

0.)
>

Cll	 >+	 L	 ....
0	 (i-i 0 J.)	 L	 O	 n--4

tr)	 ."-1	 en 0 0 a.)	 010 	E
a) -.. 	 ....-...	 (1) 	4.-	 4-) 0
E LI --I	 IQ	 C) E	 til --I

\ -.-1 13.) 0 ..-i	
(13 -P 1--1	 0)

-,-4 a) ets	 f-i	 L.	 al
4-', E >	 (I)	 r)	 .-) "0 E 0	 0 ..n C:

.r-I	 E	 S... •.-s ..-i	 .0 C) ' ,4 	4-) 0
4-4 4-,

• 

S..	 (7.1 I-1-1	 (..) 	-40,-40	 CO 0) 4-4 	00
m Q s-.	 a,	 (15	 L)
> > MI	 Q. C	 > - C --I .......... 	LL	 a ..1-)

..-.1	 -4-1	 .0	 "4" ^ 0 r.-) ^	 4-1 C.) r‘	 .v-1 r0
▪ a) 441.4 	(44	 r(3	 S. VI	 '-0	 0> t::+	 L

L S. 0	 0 ,--1 ...,	 r-i	 ... ."0 ,---1	 CO	 r0	 r-14-)
RS 0	 MS Ch	 RS C (t =CI L	 S-.	 PJ C

Ct. L 	L> 	,-

	

.-	 0 > E ,-I	 CA.) V) CL) 	0Q)
..

•	

C.)	 a.) *4-1 X	 .4-i	 X C.) -4-4 0 s'-'	 ..0 -n-) .0	 ' r4 0
(73 0 L. .--1 E u .4-)

(1)	
Q. Ct C "i -0	 "0 i.. a.)

-,4 5.-.	 LL E-E-	'0 Q) U: L. 0 ,-1 	Z C.) U 	>Q
Q - 0 - 	O ct) — ....." ---15o 113	 Z-ot:31	 ..(.)



51

volume of the 0.8 mm ID stainless steel tubing between the

valve and column. All other tubing was 2 mm ID stainless

steel. Distilled water and ethyl alcohol were held in 20

liter vessels to be pushed through the system by a constant

gas pressure. Helium was bubbled through the water and

vented prior to a test to remove any volatile organic com-

pounds or dissolved gasses. This gas was also used to pres-

surize the tanks. The column was filled with ethyl alcohol

between tests to retard the growth of microorganisms.

The only column packing tested was pure silica sand

that would pass No. 60 but not No. 80 standard sieve. Mean

grain diameter was 215 pm. To remove any organic contamina-

tion the sand was periodically removed and scrubbed with

hexane, acetone and water and then kiln dried. One scrub

also included sodium hypochlorite and dilute nitric acid,

but no differences in retention of the following test were

noted. After cleaning the sand was carefully hand-packed in

the column in small quantities to avoid gravity sorting.

After sealing the column was flushed with CO2 to remove air

and then with stripped water to dissolve any entrained CO2

bubbles.

Silica has an empirical formula of (S102n) with an

internal structure of one silicon atom bonded to four oxygen

atoms. On the surface the terminal silicon atomes have

hydroxyl groups bonded to them. Several possible configura-

tions of these groups are shown in Figure 18
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Stetzenbach, 1980). Physically absorbed water is also

present on the silica surface and it is very hydrophillic.

When an actual test was to be run, a flow of water

through the column was started in order to remove the alcohol

and establish a constant flow field. A pressure of about 50

psi was needed in the water tank and the micro valve was

used to regulate this to a constant rate of 5.0 ml/min,

as measured at the column exit by graduated cylinder. Then

the 8-port valve was cleaned of any previous tracers, being

careful not to inject any air into the system. Finally,

the sample loop was filled with tracer solution of the

desired concentration and injected into the column. Samples

of 0.7 ml were taken from the port in glass syringes at one

minute intervals. A few drops were allowed to spill before

sampling to be sure the valve and tubing contained fresh

liquid. No gas bubbles were allowed in the syringes and

they were capped if not injected immediately into the GC.

Figure 18. Surface Structure of Silica
(from Stetzenbach, 1980)
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All samples were analyzed for fluorocarbons no later than

three hours after collecting. No losses were seen in dup-

licated analysis within this time. Approximately 0.2 ml per

sample was needed for direct injection into the G C and the

rest was saved for detection of bromide.

Four halocarbon tracers of the seven shown in Table

2, plus bromide were tested in every experiment. Multiple

experiments were done with almost all of the tracers to

yield curves which were averaged together for the final

results. Bromide was included in every run as an essentially

conservative tracer to provide a double check on the flow

rate. The peak arrival time for bromide agreed closely with

that predicted from porosity and flow rate. The porosity of

the sand was measured by volume saturation at 42.9% and one

pore volume represented 213.3 ml.

Input concentrations of the tracers varied somewhat

but typical values are shown in Table 6. Serial dilution

techniques were used to prepare all the initial concentra-

tions of tracers and special care was taken when injecting

to avoid bubbles that could strip the fluorocarbons from

solution. The final breakthrough curves for all the tracers

are shown in Figure 19. Pore volumes are used as the unit

of time since there were some deviations from the usual

5 ml/min flow rate of most of the experiments. The peak

arrival times of all the tracers as taken from this chart

are listed in Table 6, along with their liquid/solid
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distribution coefficients, or Kd 's. The relationship used

to calculate the Kd 's is as follows (Higgins, 1959):

1
(2)

1 4-	 Kd

where: V. is the average solute velocity1

Vw is the average water velocity

p is the bulk density of the sand or 1.85 g/cm 3

n is the porosity

The number of pore volumes to reach peak concentra-

tion for each tracer was used in this calculation for the

ration V./V .1 w

Bromide breaks through first with apparently no

retention, as discussed earlier. The BCF and DDM are,

however, reversed from the strongly-separated peak order

seen in all the Texas field tests. A greater similarity

exists between the Nebraska test results and those seen in

the laboratory. The initial breakthrough order of DDM, BCF

and F-113 in Nebraska is identical to their column peak

arrival order. F-12 was more conservative than would be

expected from the laboratory results. However, F-12 did

behave strangely in all the laboratory experiments, never

achieving a strong peak but usually slowly and erratically

climbing to a low value and then declining.

The column represents a very simple, uniform approxi-

mation to aquifer conditions, especially regarding its lack
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of any organic content. Although the sorbtion characteristics

of the tracers in it differ from sone of the field studies

they provide a strong theoretical basis that willl be dis-

cussed further in the next chapter. A complete understanding

will only be achieved when further column studies can be

done that more closely approximate the minerological varia-

tions seen in the field.



CHAPTER VI

THEORIES OF SORBTION MECHANISMS

General Discussion 

The goals of aquifer tracer studies are usually to

identify pathways of natural or induced water flow, to

measure the true velocity of that flow, and sometimes to

describe dispersion qualities of the aquifer. To best suit

these purposes an ideal tracer would have absolutely no

sorbtion characteristics; or, lacking that, would demonstrate

minimal sorbtion that was sufficiently predictable to allow

the calculation of true velocity. Although the fluorocarbons

are retarded as demonstrated in the previous chapters they

are within the range of other commercially available tracers

(Bassett et al. 1981) and their other unique features can

be very desirable. Therefore, it would be advantageous to

have a theory that can determine the true water velocity

from the peak arrival times of one or several tracers plus,

perhaps, some easily determined physical parameters.

Ciccioli et al. (1980) proposed such a theory where-

by each tracer in a homologous series should show the same

relative retardation on any mineral surface and the true

groundwater velocity can be calculated from these consistent

rates. This relationship is to occur because the strength

57



58

of any interaction depends solely on the polarizability of

the tracer molecule.

Unfortunately, none of the homologous series that

Ciccioli et al. (1980) listed was used in the field tests

here. However, another short series consisting of F-12, BCF,

and DDM does exist that demonstrates the required linear

correlation with boiling points. The descriptive equation

for this series is C Brn Cl2-n 
F
2 
where n = 0, 1, 2. Figure

20 shows this series and others that contain tracers used

here. Retention times should increase linearly as n in-

creases. On the basis of gas chromatographic observations

Ciccioli et al. (1980) suggest that the C Brn F4 _n and

C2 
Cl

n 
F
6-n 

series should perform as predicted but that the

C Cln F 4-n 
series is questionable. C Cl n F4-n 

contains F-12,

F-11 and C Cl4 in 
that order with increasing n. Predict-

ability of the new C Brn Cl2-n 
F
2 
series is unknown because

BCF was not included in the gas chromatograph tests.

Calculation of the true travel time of water mole-

cules is determined from the following equation (Ciccioli

et al. 1980):

t = (t t 1 - t2
2 ) / (t

3 
+ t - 2t

2
)

3w	 1 (3 )

where: t
w 

. true travel time

tn 
= retention time of the nth tracer in a series
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When this theory is applied to the Nebraska and

Texas data the true travel time cannot be computed because

the t and t2 tracers in the series C Br ClCl 2-n 
F
2 

(F-12 and1

BCF) are reversed in their predicted order of peak arrival

times. This raises some questions as to the validity of the

theory because the tracers should at least appear in the

correct order even if they cannot be used to predict true

travel time.

In laboratory studies the order of both series that

occur (C Br
n Cl2-n 

F
2 and C Cln F4-n)

 are completely re-

versed from what would be predicted by Ciccioli et al. (1980),

which also raises questions of the validity of their theory.

The favorable results reported by Ciccioli et al. (1980) on

a limestone column may be due to retention on an in-line

separator as discussed earlier with little sorption occurring

in the column due to possible fracturing from the 750 psi

pressure differential.

A peculiarity of equation 3 is that t 3 and t 1 are

interchangeable, allowing calculations of tw in these cases.

If applied to the laboratory tests a true travel time of

1.00 pore volumes should be calculated, but when equation 3

is computed with t 3 and t 1 exchanged the results vary sig-

nificantly. The series C Brn Cl2-n 
F
2 
gives t

w = 1.13 pore

volumes and C Cln 
F
4-n 

gives t
w 

= 1.08 pore volumes.

Numerous authors have commented on attractive forces

between organic solutes and other organic compounds.
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Karickhoff et al. (1979) evaluated the sorption of several

hydrophobic organic contaminants on natural sediments. They

found that partition coefficients for solutes in sediment/

water systems tend to increase proportionally with the

organic content of the matrix. Sorptive effects of the in-

organic matrix were negligible at an organic content level

of 1% and above. However, this relationship was only found

to be valid when the solute concentration was less than one-

half its solubility in water. Hudlicky (1976) stated that

some chlorofluoromethanes, such as F-11 and F-12, form

hydrates, which leads to an assumption of a hydrogen bonding

capability. Indications also exist that hydrogen bonding

occurs in systems where a CH pair on one molecule bonds

temporarily to a fluorine in another organic molecule.

Another possible hypothesis to explain the phenomenon

of tracer sorbtion that has seen little direct investigation

in the field of hydrology is that of hydrophobic inter-

actions (HI). However, in biochemistry statements in many

textbooks refer to HI as "a major driving force in folding

of macromolecules, the binding of substrate to enzymes, and

most other molecular interactions in biology." [Stryer,

1975].

Hydrophobic interaction can be considered to be a

somewhat mysterious phenomenon because it differs from the

usual definitions of sorbtive processes whereby a force be-

tween two particles is a property of the particles themselves.
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With HI the forces are mainly dependent on the properties

of the surrounding solvent and the one or several species

that are in solution. This makes HI as attractive a theory

as that of Ciccioli et al. (1980) in that only physical prop-

erties of the solute and solvent need to be identified in

order to predict the peak arrival times of tracers.

In the literature two different concepts are dis-

cussed under the term HI. One is represented by the standard

free energy of transfer of a solute between water and some

other non-aqueous solvent, and it measures the tendency of

the solute to equilibrate at higher concentrations in one

liquid environment over the other (Ben-Naim, 1980). The

non-aqueous solvent may be a very thin layer that is sta-

tionary on a solid support in a liquid chromatography column.

The second measures the tendency of several solute

molecules, possibly representing different solutes, to

aggregate in aqueous solutions. This also includes mechan-

isms whereby long chain organic molecules are folded into

different configurations according to the sequential loca-

tions of polar and non-polar functional groups on the chain.

Both quantities have common features but they are

sufficiently different that in general any effects caused by

one process cannot be analyzed by the other (Ben-Naim, 1980).

Hydrologic applications are primarily concerned with

processes which are in a middle ground between these con-

cepts. The existence of aggregated or contorted molecules
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is of little concern if sorbtion characteristics are not

altered. Hydrologic interests focus on the usually temporary

retention of a non-polar solute molecule on the surface of a

solid phase with some contact maintained with the solvent.

Thurman et al. (1978) investigated the sorbtion of

20 liquid organic solutes as non-ionic species on an acrylic

resin from solvent water. The capacity factors had a cor-

relation coefficient of 0.9 with the solubilities of the

organic compounds and HI was felt to be the controlling

factor in this correlation. Unfortunately the solubilities

of most of the fluorocarbons have not been determined in

their liquid phase. Also when looking at Thurman's chart

of solubility vs capacity factor some significant deviations

from a perfect correlation are apparent.

Thompson and Stiles (1981) used the distribution

coefficient (Table 2) as another measure of solubility in

order to estimate HI effects. The correlation coefficient

between Dc and the peak arrival times from the column test

(Table 6) is a remarkably high 0.9942. However, this only

includes five of the seven fluorocarbons tested. No other

single property in Table 2 has as high a correlation, the

closest being molar refraction at r . 0.6554. The distribu-

tion coefficient may provide a high degree of predictability

for tracer peak arrival times in very clean sand but, as

seen in the field tests, significant variability exists in

relative retention rates in natural systems. Consideration
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must also be given to identifying aquifer characteristics

which influence sorbtive behavior.

Thurman et al. (1978) stated that the resin they

used, amberlite XAD-8, was much more efficient than a less

polar resin, XAD-2. Pesek and Frost (1973) also reported

changes in retention volume when the type of ion-exchange

site was varied on Pellionex resins using nonionic solutes.

In addition they demonstrated that the retention was a

result of adsorbtion rather than absorption. This leads to

some speculation that the hydrophobicity of the stationary

phase may influence the retention characteristics of an

organic solute. If aquifer materials could be classified

on a scale of varying hydrophobic character then a specific

retention effect (measured in pore volumes or K d ) for in-

dividual tracers may be found to correlate well with the

hydrophobicity scale. This retention effect would be

additive with that of the distribution coefficient in the

prediction of travel times for a wider variety of aquifer

materials. Further column studies would be needed to test

this hypothesis.

A disagreement of the direction of expected results

exists between Thurman et al. (1978) and the HI theory of

dissimilar solutes, which holds that two different organic

solutes in an aqueous medium will demonstrate more bonding

together if both are strongly hydrophobic (Ben-Naim, 1980).

The applicability of this theory to interactions between a
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solute and a solid resin are unclear but Thurman et al.

(1978) described an opposite effect in which the more ef-

fective XAD-8 had greater polarity than XAD-2 and, therefore,

should have been less hydrophobic.

The Theory of Hydrophobic Interactions 

HI theory can be analyzed in more detail by present-

ing the following condensed discussion of the work of Horvath

et al. (1976, 1977 and 1978). It is the most appropriate

form of HI theory to apply to these and other aquifer

studies. The discussion will be limited to the development

of a predictive capability using known physical constants.

The retention of a solute is determined by the total

energy balance of all interactions between the solvent,

solute, and stationary phase as expressed by the free energy

changes, AG. The reversible association of the solute with

tue stationary phase can be divided into the following steps:

1) their association in the gas phase, or AGassoc ,gas

2) the sum of transfer effects into the solvent, or

AGnetsolvent effect.

The total free energy change of this process is given by;

AGassoc . AGassoc	 netsoin	gas	 + AG solvent effect (4)

This can be further expanded by:
(5)

net	 net	 net	 net+ AGvdw + AGes 
- RT1n (RT/PV)AGsolvent effect = AGcav

AGnet refers to the energy change necessary to createcav
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an appropriately sized cavity in the solution for a given

molecule. It is calculated from the surface area of the

molecule and the surface tension of the solvent. In water

this energy will be extraordinarily high as compared to

other solvents due to liquid water's surface structure.

The statistical term representing the reduction of

the free volume when changing from the gaseous phase to

being in solution is given by RT1n (RT/PV), where P is the

atmospheric pressure and V is the molar volume of the solvent.

The energies related to cavity formation and change in free

volume both have the same sign.

In calculating the energy of solute-solvent inter-

actions Horvath et al. (1978) distinguish between Van der

Waals and electrostatic interactions. The energy associated

with Van der Waals interactions is due to dispersion forces

and is roughly proportional to the molecular surface area.

The magnitude of the free energy change due to electrostatic

interactions depends, partly, on the dielectric of the

solvent and the dipole moment of the solute. These changes

are denoted by AGvdw and tGes respectively.

All of the net energy changes are represented by the

following equations:

net
+ AG

cavcav 
. 

6Gcav,SL 
- (AG

cav,S	 ,L
)

AG
net

vdw,SL
.	

vdw,S + 
AG
vdw,L)vdw	

AG	 - (AG 

AG
net

=	
es,SL	 es,S + 

AG
es,L

)es	 AG	 - (AG

(6)

(7)

(8 )



67

where S stands for the solute, L the stationary

phase and SL their complex.

The AG
net
cav .is identified as the most important driving

force of the solvent effect and is expressed as:

A,G
cav 

= - (N AA + 4.8N 1/3 (x - 1)V2/3 )y
net	

(9)

where AA is the reduction in molecular surface area on

formation of a complex, N is Avogadro's number, and x ex-

presses the macroscopic surface tension, y, in molecular

dimensions. x can be calculated from:

x=
	 N1/3E

evap
	

(10)

	V 2/3 y (1	 d ln y 2/3 CT)d ln T

where AE
evap 

= heat of vaporization

C	 = liquid coefficient of thermal expansion

T	 = absolute temperature

Horvath et al. (1977) also develops the following equation

for AGnet :es 2

AG
net	 x - 1	 S	 D 
es	 co	 2 X	 v	— ( 4 r 

N 	) (	 ) ( 
u	

) (
1 - (aS/v )D 

)(11)
S	 S

where D = 2(c - 1)/(2 + 1), e = dielectric constant of the
solute

X = V
SL

/V
s

E 0 = permittivity constant

u
s 

. dipole moment of solute

v
s 

= molecular volume of solute, or molecular weight/
density

a = average polarizeability
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net

AG equations will not be represented here sincevdw

they are felt by Horvath et al. (1977) to have a minor

effect on the overall equation and they also contain data

requirements that are unavailable for the fluorocarbon

tracers used here.

Horvath et al. (1977) makes some assumptions that

fit both the conditions of their experiments and those done

here. These assumptions are that the solvent molecules are

significantly smaller than the solute molecules and the

stationary phase is much larger than the solute. However,

one different condition is that their stationary phase is

assumed to be as hydrophobic as the solutes. The quartz

silica used here is very hydrophillic, which may violate

some unspecified assumptions in their equations. Also their

stationary phase is a very thin layer that is bonded to an

underlying support compound.

Considering the need for predictive tools that use

known physical data, Horvath et al. (1977) did determine

that for very similar solute molecules (not necessarily

homologous series) under fixed temperature, flow rate, and

solvent conditions, the following equation could be used to

get relative K values:
d

2

ln Kd 	c l 
+ c

2 
( 1

2
- 	 11S 	1 ) ( -77- ) (	 )

1 - as/vs + c 3
AA (12)

S 
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where: C	 c2' c3 are constants

AA = contact surface area of the associated
species or;

= As + AL - ASL

The distribution coefficient, Kd , is related to the

soinln Kd =   + c
RT	 (13)

where c = constant for a given column

1 - X In Equation 12 the ( 2), ) term will approach being

a constant since all the solutes have similar volumes and

are adsorbed onto the same silica stationary phase that will

have a massively larger colume. The ratio x = VSL/VS will

therefore be a consistently large number and ( 1 - x ) will2X
-Xbe close enough to (---
2X ) to incorporate it into the c 2

constant.

a s can be calculated (Moore, 1972) from:

Œ = 	
‘c + 2	 vs (14)

where c = dielectric constant of the solute

If the solute molecules are assumed to be spherical,

then their contact surface area with the silica can be

assumed to be proportional to their total surface area.

Because molar refraction is a measure of the actual total

volume (without free space) of the molecules in one gram

mole (Weast, 1978) it will be proportional to the volume of

one molecule. The surface area of the molecule can be cal-

culated from:

previous model by:
AGassoc
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, 	3 	2/3

A - k	 471/
2/3

47

where A = area of a sphere

V = volume of a sphere

or, to fit Equation 12:

2/3c AA = cV3	 4m

where
m = molar refraction of the solute

Equation 12 can, therefore, be solved for all the

tracers used in the column tests by utilizing the data

listed in Table 2. The observed Kd 's from Table 6 were

applied to these equations so that multiple regression tech-

niques could be used to find the values of the constants

that provide the best correlation between observed and cal-

culated values. These constants complete the equation as

follows:
2us ln Kd = 4.826 - 221.25 (	 )(	 .86 (V2/3 )v
s	 1-,1e-1

c+2
(17)

Unfortunately the correlation coefficient between

the observed and best-fit Kd values is only .6556, a rather

poor predictor. However, as discussed earlier the applica-

tion of the theories of Horvath et al (1976, 1977, and 1978)

to the laboratory tests completed here may violate unspeci-

fied assumptions in their work. In particular, as mentioned

in the duscussion of Thurman et al (1978), a term that de-

scribes hydrophobic characteristics of the stationary phase

may be necessary in Equation 12.

(15)

(16)



CHAPTER VII

CONCLUSIONS

Fluorocarbons as a class are attractive for use as

groundwater tracers primarily in situations where their non-

toxici'y, large dilution potential and negligible natural

background are highly desirable. In field tests where other

tracers have shown that hydraulic connections exist between

wells fluorocarbons have always shown the same connection.

However laboratory tests have suggested that almost complete

sorption may result in aquifers with a high organic content

and that fluorocarbon tracers are probably unsuitable for use

in coal formations. Sorption characteristics in the field

are extremely variable, both in terms of time to peak concen-

tration, shape of the curve, and percentage of tracer recov-

ered. No simple formula seems capable of predicting

fluorocarbon tracer behavior in these situations. The fluoro-

carbons in general do not perform as predictably as the

anionic tracers such as bromide. Apparently, variable re-

actions occur between the tracers and different aquifer

materials that are not explained by solute-solvent inter-

actions or the fixed ratios of Ciccioli et al (1980).

In the laboratory, consistent results have been

achieved under well-controlled conditions. Theoretical
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approaches are capable of predicting peak arrival times under

such conditions and the challenge is to be able to extrapo-

late this ability to more complex environments. Hydrophobic

interactions appear to have a significant influence on tracer

retention in the column studies, and the different approaches

of Thurman et al. (1978), Thompson and Stiles (1981), and

Horvath et al. (1976, 197%, and 1978) have all been mentioned

as describing HI. However, only that of Thompson and Stiles

(1981) is an accurate predictor of peak arrival times for

five of the seven halocarboll tracers and the distribution

coefficient between water and air that they used has not been

positively identified as representive of solely HI.

Additional work should identify the aquifer character-

istics that are influencing sorption and attempt to quantify

their effect. Three that have been suggested are minerology,

organic content, and hydrophobicity of aquifer materials.

However, their individual effects on tracer sorbtion may be

so complex and interrelated that it will be very difficult to

devise a scale of measurement for other than the most simple

natural systems.



BIBLIOGRAPHY

Bassett, R.L., Weeks, E.P., Ceazan, M.L., Perkins, S.G.,
Signor, D.C., Redinger, D.L., Malcolm, R.L., Aiken, GR.,
Thurman, E.M., Avery, P.A., Wood, W.W., Thompson, G.M.,
and Stiles, G.K., 1981, "Preliminary Data from a Series
of Artificial Recharge Experiments at Stanton, Texas,"
U.S. Geological Survey, Open-File Report 81-149.

Ben-Naim, S., Hydrophobic Interactions, Plenum Press, New
York, N.Y., 1980.

Brown, J.D., 1980, Evaluation of Fluorocarbon Compounds as 
Groundwater Tracers: Soil Column Studies, M.S. Thesis,
Department of Hydrology and Water Resources, University
of Arizona, Tucson, Arizona.

Ciccioli, P., Cooper, W.T., Hammer, P.M. and Hayes, J.M.,
1980, "Organic Solute-Mineral Surface Interactions: A
New Method for the Determination of Groundwater
Velocities,: Water Resources Research, v. 16(1),
pp. 217-223.

Clayton, J.W. "The Toxicity of Fluorocarbons with Special
Reference to Chemical Constitution," Journal of 
Occupational Medicine v.4, May, 1962.

Clayton, J.W., "Fluorocarbon Toxicity and Biological Action,"
Fluorine Chemistry Reviews v. 1, 1967.

Clayton, J.W., "Fluorocarbon Toxicity: Past, Present, and
Future," Journal of Society of Cosmetic Chemists, v. 18,
May, 1967.

Davis, S.N., Thompson, G.M., Bentley, H.W., Stiles, G.K.
"Ground-Water Tracers - A Short Review" Ground Water
v. 18, 0 1:	 14-23 1980.

Earp, D.E., "Diffusion of Atmospheric Fluorocarbons into
Unsaturated Porous Materials," M.S. Thesis, University
of Arizona, Tucson, Arizona, 1981.

Hamilton, J.M. Jr., 1963, "The Organic Fluorochemicals
Industry," Advances in Fluorine Chemistry, Stacy, M.,
Tatlow, J.C., and Sharpe, A.G., eds., Butterworth, Inc.,
Washington, v. 3, pp. 117-180.

73



74

Hansch, C., Quinlan, J.E., Lawrence, G.L. "The Linear Free-
Energy Relationship between Partition Coeffjcients and
the Aqueous Solubility of Organic Liquids", Journal of 
Organic Chemistry v. 33, °I., Jan 1968.

Hayes, J., Groundwater Tracing Tests with Multiple Organic 
Solutes at the Engineering Test Facility, SWDA 0 6, Oak 
Ridge National Laboratory, Tennessee, Chemistry Dept.,
Indiana University, Bloomington, Indiana, 1981.

Higgins, G.H., "Evaluation of the Ground-Water Contamination
Hazard from Underground Nuclear Explosions," Jour.
Geophys Research, v.64, pp 1509-1519, 1959.

Horvath, C. and Melander, W., 1978, "Reversed Phase
Chromatography and the Hydrophobic Effect," American
Laboratory, October, pp. 17-36.

Horvath, C., Melander, W., and Molnar, I., "Soluophobic
Interactions in Liquid Chromatography with Nonpolar
Stationary Phases," Journal of Chromatography, v. 125,
pp. 129-156, 1976.

Horvath, C., Melander, W., Molnar, I., "Liquid Chromatography
of Ionogenic Substances with Nonpolar Stationary Phases"
Analytical Chemistry, v. 49, 0 1, 1977.

Hudlicky, M., Chemistry of Organic Fluorine Compounds,
Halsted Press, N.Y., 1976.

Karickhoff, S.W., Brown, D.S. and Scott, T.A., 1979,
"Sorption of Hydrophobic Pollutants on Natural Sediments"
Water Research, v. 13(3), pp. 241-48.

Lester, D. and Greenburg, L.A., "Acute and Chronic Toxicity
of Some Halogenated Derivatives of Methane and Ethane"
Ind. Hyg. and occupational Medicine, Vol II, July-Dec.
1950.

Moore, W.J. Physical Chemistry, Prentice-Hall, Inc., Englewood
Cliffs, N.J. 1972.

Pesck, J.J., and Frost, J.H., "Adsorption as a Mechanism for
Separation of Nonionic Solutes by Pellicular Ion
Exchange Chromatography", Analytical Chemistry, v. 45,
0 9, Aug. 1973.

Pickens, J.F., Jackson, R.E., Inch, K.J., "Measurement of
Distribution Coefficients Using a Radial Injection Dual-
Tracer Test," Water Resources Research, v. 17, 0 3, June
1981.



-75

Russell, A.D., "Sorption and Desorption Processes Affecting
the Enrichment of the Fluorocarbons C Cl2F2 and C C1 3Fin Ground Water," M.S. Thesis, University of Arizona,
Tucson, Arizona, 1981.

Schultz, T.R., Trichlorofluoromethane as a Ground-Water 
Tracer for Finite-State Models. PhD Dissertation
University of Arizona, 1979.

Stetzenbach, K. The Characterization of Bonded Phases for 
High Performance Liquid Chromatography, PhD Dissertation,
University of Arizona, Tucson, Arizona, 1980.

Thompson, G.M., Hayes, G.M. and Davis, S.N., 1974,
"Fluorocarbon Tracers in Hydrology," Geophysical Research
Letters, v. 1, pp. 177-180.

Thompson, G.M., LaMarche, T.J., Brown, J.D., "Evaluation and
Testing of Electron Capturing Compounds for use as
Groundwater Tracers" Progress Report to Oak Ridge
National Laboratory. Department of Hydrology and Water
Resources, University of Arizona, Tucson, Arizona. 1978.

Thompson, G.M., and Hayes, J.M., "Trichlorofluoromethane in
Groundwater - A Possible Tracer and Indicator of Ground-
water Age" Water Resources Research vol. 15, 0 3: 546-554
1979.

Thompson, G.M. and Stiles, G.K., Final Evaluation of Six 
Fluorocarbon Compounds for use as Groundwater Tracers,
Dept of Hydrology and Water Resources, University of
Arizona, Tucson, Arizona, 1981.

Thompson, G.M., Personal Communication, 1982.

Thurman, E.M., Malcolm, R.L., Aiken, G.R., "Prediction of
Capacity Factors for Aqueous Organic Solutes Adsorbed on
a Porous Acrylic Resin," Analytical Chemistry, v. 50, 0 6
May, 1978.

Weast, R.C., Handbook of Chemistry and Physics, Chemical
Rubber Co., Palm Beach, Fla., 1978.

Wentworth, W.E. and Chen, E. "Electron Attachment Mechanisms
- Analytical Importance of Temperature and Concentration
Variables," J. Gas Chromatogr., 5, 170-179, 1967.


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83

