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Abstract 
Sulphur hexafluoride (SF 6 ), a volatile, nontoxic, inorganic compound, behaved identically to bromide in a laboratory 

column tracer experiment with saturated sandy media. A simple system was used to achieve an SF6 injection concentration of 
approximately 7 mg/1, roughly 25% of its solubility. While this system requires more equipment and time than that involved 
in preparing ionic tracer solutions, certain bfmefits are realized. The detection limit for SF 6 was approximately 5 ~g/1 using a 
simple heads pace extraction technique and a gas chromatograph with an electron capture detector. Thus, the tracer could be 
followed for a three order of magnitude decrease in concentration. For similar resolution, bromide had to be injected at a 
concentration over 1000 mg/1 (typical detection limit approximately 0.5 mg/1). When the required higher concentrations of 
the ionic tracers may lead to significant geochemical changes or density effects, SF6 may be the preferable tracer. 
Furthermore, unlike ionic tracers, the highly volatile SF 6 may be readily removed from water. High volatility does, however, 
require that some care be taken to limit the potential loss of mass during injection, sampling, and analysis. Since others are 
developing procedures for analyzing SF 6 in ground water with extremely low detection limits (on the order of 1 ng/1), it 
appears likely that measurable concentrations could range over six to seven orders of magnitude. This range is considerably 
wider than typically possible with ionic tracers, and may offer an important advantage in some applications. 

Introduction 
Ground-water tracers are a common tool used by 

hydrogeologists to defme water velocity and direction in a 
flow system. Hydrogeologic parameters such as hydraulic 
conductivity, porosity, flux, hydrodynamic dispersion, dis­
persivity, and retardation can be inferred from tracer tests. 
Various types of tracers have been applied to map water 
movement, including naturally occurring stable and radio­
active compounds, heat pulses, and chemicals introduced in 
a controlled manner. Injected chemicals allow the source 
control necessary for mass balance analysis, and ultimately, 
more accurate resolution of the desired aquifer parameters. 
Effective tracers are nonreactive, conservative, easily 
detected, nontoxic, occur at very low background concen­
trations, and do not affect any of the intrinsic properties of 
the medium. 

The most widely used ground-water tracers are ionic 
salts containing chloride and bromide, which have detection 
limits of approximately 1.0 and 0.5 mgjl, respectively, with 
readily available, commonly applied analytical techniques 
(Davis et al., 1985). To allow accurate resolution of a tracer 
breakthrough front, or to permit long-term tracking of an 
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injecteu plume during transport when concentrations are 
decreased by hydrodynamic dispersion, the tracer must typi­
cally be injected at concentrations at least two orders of 
magnitude above its detection limit. In many cases, the 
initial input concentration of chloride may have to be even 
higher because of high background concentrations. The 
introduction of these ions at high concentrations (IOOs to 
1 OOOs mg/ 1) may cause significant increases in ionic strength. 
This can cause decreases in activity coefficients and there­
fore increases in solubility of some minerals, a reaction 
called the ionic strength effect (Shternina, 1960). These dis­
solution reactions can lead to undesirable changes in the 
aquifer properties (such as porosity variations) and result in 
misinterpretations of aquifer parameters. Dissolving miner­
als will also cause variations in ground-water chemistry. 

The use of high concentrations of salt tracers may also 
result in undesirable density effects in the tracer water. 
Schincariol and Schwartz (1990) found that at typical natu­
ral flow rates, a density difference of 0.0008 gjcm3 between 
two fluids can give rise to gravitational instabilities, and 
vertical convective movement of tracer water. A density 
difference of this magnitude corresponds to an NaCl con­
centration of 1000 mg/1. Oostrom et al. ( 1992) demonstrated 
density effects in bromide and iodide tracer plumes at con­
centrations as low as 700 mg/1 and 2600 mg/1, respectively. 
Freyberg (1986) describes a field example in which a chlo­
ride (892 mg/1) and bromide (324mg/l) plume sank, at least 
in part, because of density effects. Unless explicitly accounted 
for, these convective density effects could confound inter­
pretations of field data. 
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It may often be desirable to have a wider detection 
range than the two to three orders of magnitude typically 
achieved with ionic tracers. For example, in studies of 
organic solvent dissolution or remediation, the concentra­
tions of interest will generally range from near solubility to 
below the cleanup standard. In the case of trichloroethylene 
(TCE) and perchloroethylene (PCE), among the most 
commonly encountered and studied organic ground-water 
contaminants, the ground-water concentrations of interest 
could range over four to six orders of magnitude. Controlled 
studies with such contaminants, particularly when their 
sorption and degradation are minimal, require a tracer 
which is detectable across at least the same concentration 
range. 

Sulphur Hexafluoride Properties 
Sulphur hexafluoride (M.W. = 146 gjmol) is a color­

less, odorless, tasteless, incombustible gas at room tempera­
ture. It was synthesized in the early 20th century, and early 
laboratory tests have shown it to be resistant to chemical 
degradation in the presence of NH3, Fz, Clz, Brz, lz, HCI, 
and elemental carbon (Mellor, 1930). Watson et al. (1991) 
reported that SF 6 is not affected by most chemical or bio­
logical processes, such as microbial degradation or sorption. 
SF6 is a neutral molecule, and thus will not be affected by 
electrostatic interactions with either positively or negatively 
charged subsurface materials. 

SF6 is a dense gas (6.602gjl) at room temperature, with 
a melting point of -50.2°C (Lide, 1991). Vapor pressures, 
solubility values, and dimensionless Henry's Law constants 
at various temperatures are compiled in Table 1. Calculated 
Henry's Law constants suggest that at ambient temperature, 
SF6 will partition strongly from water to any vapor phase it 
encounters. 

SF6 has been shown to be nontoxic, even at high 
concentrations (Lester and Greenberg, 1950). Thus, han­
dling of, and exposure to, SF6 during tracer tests does not 
place the user at any health risk, and release to the atmo­
sphere will pose no adverse environmental impact. Atmo­
spheric background concentrations are on the order of 1-2 
ppt (parts per trillion) by volume (Watson et al., 1991). For 
the purposes of subsurface tracer studies, the background 
concentration in natural ground-water systems is essentially 
zero. High volatility and the presence of six fluorines makes 
SF6 easy to detect in small volume samples using a gas 
chromatograph (GC) equipped with an electron capture 
detector. With currently available field GCs, analysis of SF6 
is rapid, so samples may be processed quickly and at low 
cost on-site. Ongoing research in Britain (Institute of 
Hydrology, 1990) is reportedly refining analytical proce­
dures to allow detection of SF6 in ground water at concen­
trations as low as I ngj 1 (1 part per trillion). 

Previous Work 
SF6 has been used most recently as a surface-water 

tracer in karstic terrain (Ellins et al., 1991), to measure gas 
exchange rates in streams (Wanninkhof et al., 1990), and to 
estimate vertical water mixing rates in open ocean basins 
(Watson et al., 1991). SF6 has long been in use as an atmo­
spheric tracer, with applications in building (Bassett et al., 
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1983) and mine shaft (Thimons et al., 1974; Timko and 
Thimons, 1982) ventilation investigations, and tracking the 
movement of large air masses in air pollution studies (Cadle 
et al., 1977). To our knowledge, the potential for use of SF6 
as a ground-water tracer was identified first by Biggin and 
coworkers (Institute of Hydrology, 1990). Although appar­
ently not yet reported in the scientific literature, their work 
has reportedly also included development of very sensitive 
analytical techniques and evaluation via laboratory studies 
of SF6 behavior in various porous media. 

Goals of This Research 
The primary goal of this study was to evaluate the 

behavior of SF6 as a tracer in saturated porous media. Sand 
from the unconfined aquifer at C.F.B. Borden, Ontario, was 
utilized because its properties have been well studied (Ballet 
al., 1990; Mackay et al., 1986a, b; Sudicky, 1986). Bromide, 
which is widely accepted as a conservative tracer, was used 
to provide a basis of comparison. A related goal was to 
evaluate a method of introducing SF6 to water at concentra­
tions approaching its aqueous solubility. 

Materials and Methods 
The system used for preparing an aqueous solution of 

SF6 is illustrated in Figure 1. The method relies on the 
diffusion of the gaseous SF6 through thin-walled polytetra­
fluorethylene (PTFE) tubing into the water in contact with 
the tubing. An acrylic tube (51.5 em long, 7.0 em diameter) 
served as a chamber for contact of water with 76.2 m of 1.6 
mm diameter PTFE tubing (0.3 mm wall thickness). This 
gave approximately 0.24 m2 of surface area available for SF6 
diffusion. Inflow, outflow, and bypass of water was con­
trolled by PVC valves. The charging vessel was sealed on the 
bottom with a plexiglass plate, and on the top with a remov­
able, rubber 0-ring sealed PVC plate. Water was routed to 
the charger via 1.3 em threaded PVC pipe. SF6 was carried 
from the supply tank by chromatography grade 3.2 mm 
stainless steel tubing, and plumbed to the inlet end of the 
PTFE loop through bulkhead fittings fixed to the top plate. 
Stainless steel tubing was fixed to the outlet end of the 
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Fig. 1. Schematic of SF 6 gas charging system. Sand column 
dimensions are 40.0 X 3.25 em. Charging vessel is 51.5 X 7.0 em. 



PTFE loop to vent excess SF6. Short lengths of vi ton tubing 
were attached to the ends of the vent tubing, pinched with a 
clamp, and submerged in water. This created about 10-12 
p.s.i. (6.9-8.3 KPa) pressure in the PTFE lines to encourage 
diffusion, and provided a visual check of SF6 flow. Tracer­
tagged water from the charger was carried by 3.2 mm stain­
less steel tubing to a plexiglass soil column ( 40.0 em long, 
3.25 em diameter). Effluent lines from the soil column were 
also plumbed in 3.2 mm stainless steel to the sampling port. 
The entire charging vessel and sand column were housed in a 
fume hood. 

The column was wet-packed with sand taken from a 3 
kg grab sample obtained from C.F.B. Borden, Ontario. The 
packed column porosity (ratio of pore water volume to total 
column volume) was estimated to be 38%. The column was 
then flushed with COz for two hours to evacuate any 
trapped oxygen, and then flushed with doubly distilled, 
deionized water until resaturation. Doubly distilled, de­
ionized water was also used throughout the experiment, 
supplied via peristaltic pump at 2 mljmin. Water was 
pumped through the charging vessel and sand column by a 
Model IP-4 Ismatec low-flow peristaltic pump from 
Brinkmann Instruments Inc. 

KBr salt was added to the charging vessel to an approx­
imate concentration of 1300 mgjl (expressed as KBr). The 
SF6 supply was then routed to the charging vessel, and the 
system allowed to charge overnight. The SF6 and Br- spiked 
water was introduced to the sand column at 2 mljmin for 
125 minutes (two pore volumes), after which the charging 
vessel was taken off the injection line, and tracer-free water 
was introduced to the column. Samples were introduced 
through a hypodermic needle tip fixed to the end of the 
sample port tubing directly into 14.3 ± O.l ml crimp-top 
glass bottles sealed with teflon-faced silicon septa. A needle 
tip was inserted through the septa to provide a vent during 
sample collection. The amount of SF6 mass loss through the 
vent needle during collection was not determined. This loss, 
however, was minimized by introducing the water into the 
sample bottle with minimum agitation of the rising water 
surface, reducing SF6 transfer to the headspace. It is possible 
that the density of SF6 would also minimize its loss through 
the vent needle bore. A series of 5 ml samples were taken and 
then refrigerated at 10°C before GC analysis. Each sample 
took 2.5 minutes to collect at the 2 mljmin pumping rate. 
The error in sample volume was estimated to be less than 
± 0.25 ml. 

The samples were taken individually from refrigeration 
and shaken on an orbital shaker at 400 r.p.m. for one 
minute. A 10 J.Ll aliquot was drawn from the headspace and 
immediately injected onto the GC for S F6 analysis. A simple 
mass balance calculation using the Henry's constants com­
piled in Table 1 and the Henry's Law relationship [equation 
(1)] reveals that at 7°C, 99.1% of the available SF6 mass will 
be in the sample heads pace at equilibrium (which is assumed 
after one minute of vigorous shaking). 

concentration in headspace 
Hcc = {1) 

concentration in water 

A 10 J.Li gas-tight syringe was used for heads pace delivery, so 
accuracy of volume delivery was expected to be ± 0.05 ,ul. 

The sample was returned to refrigeration for later bromide 
analysis. 

SF6 analysis was performed on a model 8610 Gas 
Chromatograph from SRI Industries, Torrence, CA. The 
GC was equipped with a 7 m long 0.53 mm wide-bore 
capillary column, and a model 140BN electron capture 
detector with a radioactive nickel-63 source and external 
controller-amplifier (Valco Instrument Co. Inc.). The ECD 
signal was acquired and integrated by a personal computer, 
using Peaksimple II Data System software from SRI Indus­
tries. SF6 eluted from the gas chromatograph in 38 seconds, 
allowing quick processing of samples. A series of SF6 stan­
dards were made for calibration of the GC. With the column 
temperature set at 28° C, air blanks eluted in the same time 
as SF6. The concentration that resulted in a peak area three 
times the air blank peak response was defined as the detec­
tion limit. This was determined to be 5 ,ugj I. A Corning 
model 476128 bromide-specific electrode, and Corning 
model476067 double junction reference electrode were used 
for bromide analysis. 

Observations and Discussion 
Charging Vessel Performance 

After allowing SF6 to diffuse through the PTFE tubing 
into water within the charging vessel for approximately 18 
hours, an SF6 concentration of at least 7 mgj I was attained. 
This concentration is approximately 25% of the experimen­
tal solubility limits for SF6 tabulated in Table 1, and approx­
imately three orders of magnitude higher than our detection 
limit. A wider detection range would be easily achieved by 
using a more sensitive analytical method with a lower detec­
tion limit. 

There are two possible reasons for not achieving max­
imum theoretical concentrations: salting out effects due to 
the presence of the bromide salt, and kinetic controls on 
mass transfer. Morrison and Johnston (1955) measured a 

Table 1. Solubility, Vapor Pressure, and Henry's Law Constants 
for SF6 

Henry's Law 
Vapor constants 

Temperature Solubility pressure (dimensionless) 
tC) (mg/1) (atm) (Cone./ Cone.) 

2 74.0 13.4* 87.5 
7 57.5 15.3* 110.6 

10.9 51.5** 17.3 121.7 
12 48.5 17.5* 128.8 
12.5 48.2** 18.0 129.4 
14.2 45.6** 18.7 135.9 
17 42.6 19.8* 144.1 
19.6 40.4** 21.2 150.6 
22 37.5 22.3* 160.9 
25 35.2 23.9* 169.7 
27 34.2 25.0* 173.5 
27.8 33.9** 25.4 174.6 
29.6 33.2** 26.3 177.2 

*Data from CRC, 1991. 
**Data from Morrison and Johnston, 1955. Remaining solubility 

and vapor pressures extrapolated from presented data. Henry's 
Law constants calculated by: (I atmj solubility) j R T; where R = 
ideal gas constant, and T = temperature Kelvin. 
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Table 2. Free-Solution Diffusion Coefficients (D*) for SF6 
in Water, at 20°C 

1.24 E-05 

1.92 E-05 

1.22 E-05 

1.23 E-05 

0.78-1.25 E-05 

Reference 

Calculated as per 
Othmar and Thakar, 1953 

Calculated as per 
Scheibel, 1954 

Calculated as per 
Wilke and Chang, 1955 

Calculated as per 
Hayduk and Laudie, 1974 

Wanninkhof et al., 1987 

25% decrease in the solubility of SF6 in a 35,000 mg/1 NaCI 
solution, and Wanninkhof et al. (1991) measured similar 
effects in sea water. The salt concentration used in this 
experiment (1300 mg/1) is an order of magnitude less than 
that in sea water. If the salting out effect of SF6 by KBr was 
similar to that by NaCI, the 75% depression in SF6 solubility 
was not likely caused solely by that mechanism. 

Mass transfer kinetics are likely the dominant factor 
controlling the maximum SF6 concentration possible with 
the designed apparatus over the allowed time period. The 
SF6 charging unit had a volume of8.08 X 10-3 m3

, of which 
3.77 X 10-5 m3 (0.5%) was occupied by PTFE tubing. This 
left 8.04 X 10-3 m3 of water into which SF6 must diffuse, 
because no mechanical mixing was possible with the present 
charging vessel configuration. The manner in which the 
PTFE tubing was installed did not allow the average spacing 
of tubing to be quantified; however, an average separation 
of 2 em was estimated by visual inspection. By taking a 
typical value for SF6 free-solution diffusion coefficient 
(Table 2) of 1.2 X 10-9 m2js, it can then be estimated that 
after SF6 has diffused out of the PTFE tubing, 23 hours 
would be required to allow SF6 diffusion to saturate the area 
between the PTFE tubes. Since the charging unit was 
allowed to charge for only 18 hours, the mass transfer 
limitation may be related to a lack of mechanical mixing, 
diffusion of SF6 through the PTFE tubing itself, or a com­
bination of both. 

SF6 Tracer Performance 
A constant flow rate column test was conducted with 

Borden sand. For the first 125 minutes (two pore volumes), 
the influent water contained SF6 and bromide. The mean 
concentration and standard deviation of each solute (tripli­
cate analysis) were 7.0 ± 1.2 mg/1 and 1300 ± 40 mg/1, 
respectively. For the remainder of the experiment, the 
influent water contained no tracer. 

The concentration histories (breakthrough curves, or 
BTCs) of both tracers in the column effluent are shown in 
Figure 2. The concentrations of both tracers have been 
normalized to their respective injection concentrations to 
facilitate comparison. Although there was a difference of 
three orders of magnitude in the initial concentrations of 
SF6 and bromide, the ratio of detection limit to initial 
concentration was similar for each solute: 6.6 X 10-4 for SF6, 
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and 7.7 X 10-4 for bromide. Thus the experimental condi­
tions provided similar ranges of detection. The average and 
standard deviation of SF6 and bromide concentrations on 
the plateau segment of the breakthrough curves were 7.1 ± 
1.1 mg/1 and 1200 ± 70 mg/1, respectively. These are com­
parable to the injection values, as was expected. In spite of 
the analytical variability in the SF6 data, sulphur hexa­
fluoride and bromide clearly demonstrate very similar 
transport behavior. Both solutes break through at the same 
time with the same sharp front, both elute at the same time, 
and both define the same degree of tailing effect. This 
similarity of behavior suggests that SF6 is at least as conserva­
tive and chemically nonreactive as bromide. It should be 
noted that the potential problems related to the use of ionic 
tracers discussed elsewhere in this study were not obvserved. 
In an upflowing laboratory column, density effects would 
not be evident unless the injection concentration of bromide 
was much higher than that used. Changes in major ion 
composition in the effluent water were not monitored. 

Thirty of the 130 samples were analyzed three times to 
test the precision of the SF6 analytical procedure. The 
results are shown in Figure 3. Samples were chosen from 
each region of the breakthrough curve to avoid bias. All 
aspects of sample collection, preanalysis storage, and 
preparation were standardized to remove as many sources 
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Fig. 2. Concentration histories of sulphur hexafluoride and 
bromide in Borden sand column, compared to simulations using 
Ogata-Danks analytical solution. Model curves are labelled with 
dispersivities used. 
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of error as possible. For the 20 samples on the breakthrough 
plateau that were reanalyzed, the coefficients of variation of 
the SF6 results were typically 12-20% of the mean value. For 
the 10 samples with lower concentrations, the coefficients of 
variation were approximately 2-5% of the mean. This differ­
ence may be due in part to the higher driving force for 
diffusive mass loss in the higher concentration samples. This 
mass loss could have occurred either out the vent needle 
during sample collection, or out the injection syringe during 
sample transfer to the GC. Possible bias from either proce­
dure could not be quantified or differentiated from one 
another. The variability in SF6 concentrations on the break­
through plateau, and the variability in individual reanalyzed 
samples is, however, consistent with the ±: 10-20% vari­
ability often encountered in GC analysis. We suspect that 
analytical precision can be improved by using alternative 
procedures such as automated purge and trap techniques. 
The analytical method under development in Britain (Insti­
tute of Hydrology, 1990) may also prove to be useful in work 
of this type. 

Breakthrough data are often matched to curves gener­
ated by computer models to allow estimation of physical 
parameters such as dispersivity. A model employing the 
Ogata-Banks exact analytical solution of the one-dimen­
sional solute transport equation was used to generate a 
series of theoretical breakthrough curves. Comparison of 
the BTCs generated by the model (Figure 2) shows that the 
breakthrough curves for SF6 and bromide are visibly 
asymmetric. The breakthrough front is sharper than that 
calculated by the model. The elution front is more spread 
out, showing evidence of solute tailing. The asymmetry of 
the SF6 and bromide BTCs was a result of physical non­
equilibrium (Brusseau and Rao, 1989). Regions of the pore 
space in the column were occupied by an immobile water 
phase. This immobile phase may represent intragranular 
porosity, dead-end pores, or hydration shells around the 
sand grains. A comprehensive study of the Borden sand by 
Ballet al. (1990) suggests that although intragranular poros­
ity is present in Borden sand, it is not significant enough to 
cause physical nonequilibrium to the extent observed in this 
work. The likely cause in this case is probably regions of 
dead-end pores or immobile zones created by the packing of 
nonspherical sand grains. Changes in solute velocity along 
the column arising from mobile to immobile zone mass 
transfer create a compressive breakthrough front (Brusseau 
and Rao, 1989). When the solute source is removed, spread­
ing out or tailing during elution occurs as immobile to 
mobile zone mass transfer, which is slower than advection, 
takes place. 

The average linear velocity used in the model was 
calculated based on the flux applied to the sand column. The 
porosity used in the velocity estimate was calculated as the 
ratio between ( 1) the pore volumn calculated from the dif­
ference between the wet and dry weight of the packed sand 
column, and (2) the total volume of the column. Longi­
tudinal dispersivities employed were estimated from data 
compiled by Gelhar (1986), and Neuman (1990), relating 
dispersivity to experiment scale. The values used ranged 
between 0.1 and 0. 7 em. While the model curves fit the 
experimental breakthrough fronts, they do not capture the 

tailing elution fronts. This is because the model assumes a 
uniform distribution of solute velocities, which may have 
not been true in this experiment because of the effects of 
physical nonequilibrium described above. 

Considerations for Laboratory and Field Use of 
SF6 

Two drawbacks to the use of SF6 as a conservative 
tracer are (I) the time and equipment needed to prepare a 
solution for injection, and (2) the volatility of the gas. 
Although it is easier and quicker to mix a bromide solution 
for a tracer study, some situations may require a long­
duration source. Field tests over a long period of time would 
require either a very large reservoir or repeated preparation 
and introduction of tracer solutions. Breakthrough data 
from such pulse type injection functions can be difficult to 
interpret. The SF6 charging system relies on diffusion of a 
gas through PTFE tubing. Therefore, once installed and 
running, a constant supply of tracer-tagged water with a 
relatively uniform concentration can be introduced with 
very little maintenance required. 

The volatility of SF6 can create problems if care is not 
taken during during sampling and analysis. In most field 
applications, trapped air should not normally be present in 
the saturated zone, and volatilization of SF6 should not 
occur as long as the tracer is not used near the capillary 
fringe. A properly designed and implemented handling pro­
tocol, similar to that commonly used for volatile organic 
chemicals, should prevent significant SF6loss during sample 
collection and analysis. 

In this work, the detection limit for SF6 using a simple 
headspace technique was approximately 5 p,g/1. Since 
others are developing procedures for analyzing SF6 in 
ground water with extremely low detection limits (on the 
order of 1 ngj 1), the range of measurable concentrations 
could be six or seven orders of magnitude. This range is 
considerably wider than typically possible with bromide and 
other ionic tracers. Such a wide detection range may often 
be desirable. For example, in studies of organic solvent 
dissolution or remediation, the concentrations of interest 
may range from near solubility to below cleanup standards, 
which may span six to seven orders of magnitude. In such 
cases, SF6 may serve as a tracer with a similar detection 
range. An added advantage may be that SF6 can be detected 
using the analytical method appropriate for halogenated 
orgamcs. 

Summary 
An effective ground-water tracer should allow delinea­

tion of subsurface flow systems without altering geochemi­
cal or physical conditions. This study shows that sulphur 
hexafluoride (SF6) may meet these goals and offers promise 
for use as a tracer in some cases. SF6 was found to behave 
identically to bromide in a laboratory column experiment 
with saturated silica sand from the Borden aquifer, includ­
ing breakthrough asymmetry and tailing indicative of physi­
cal nonequilibrium transport. For equivalent resolution of 
the tracer behavior, however, the injection concentrations of 
the two were quite different: approximately 1300 mg/1 and 7 
mg/1 for bromide and SF6, respectively. High concentra-
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tions of bromide and other ionic tracers may have undesir­
able effects on the geochemistry of the system or cause 
convective density effects. SF6, which is nonionic, is unlikely 
to significantly affect geochemistry. Additionally, the low 
required injection concentrations eliminate solution density 
problems. 

The preparation of a spike solution is more compli­
cated for SF6 than for ionic tracers, but the SF6 method 
developed in this work is amenable to long-term, uniform 
concentration spiking. The high volatility of SF6 requires 
that the tracer be used in field applications below the water 
table; otherwise, mass loss to the unsaturated zone will 
occur. Lastly, the detection range for SF6 is potentially 
much broader than typically possible for ionic tracers. In 
some applications, the specific advantages of SF6 may war­
rant its use as a tracer of ground-water flow. 

Acknowledgments 
Funding for this work was provided by ( 1) the U niver­

sity Consortium Solvents-In-Groundwater Research Pro­
gram (Program Director: John Cherry, University of 
Waterloo, Waterloo, Ontario); and (2) the Ontario Ministry 
of the Environment Contaminant Transport in Shale 
Research Program. We are also grateful to Geoff Williams, 
British Geological Survey, for his suggestion of SF6 as a 
tracer of potential interest in our work. 

References 
Ball, W. P., C. H. Buehler, T. C. Harmon, D. M. Mackay, and 

P. V. Roberts. 1990. Characterization of a sandy aquifer 
material at the grain scale. Journal of Contaminant 
Hydrology. v. 5, pp. 253-295. 

Bassett, M. R., C. Shaw, and R. G. Evans. 1983. An appraisal of 
the sulphur hexafluoride decay technique for measuring air 
infiltration rates in buildings. Nat. Res. Council. Can. DBR 
Ppr. No. 1101. 10 pp. 

Brusseau, M. L. and P.S.C. Rao. 1989. Sorption nonideality 
during organic contaminant transport in porous media. 
Critical Reviews in Environment Control. v. 19, issue I, pp. 
33-99. 

Cadle, S. H., D.P. Chock, P.R. Morison, and J. M. Heuss. 1977. 
General Motors sulfate dispersion experiment, experimen­
tal procedures and results. Air Pollut. Cont. Assoc. J. v. 27, 
no. 1, pp. 33-38. 

Davis, S. N., D. J. Campell, H. W. Bentley, and T. J. Flynn. 1985. 
Ground-Water Tracers. Cooperative Agreement CR-
810036, RobertS. Kerr Environmental Research Labora­
tory. 200 pp. 

Ellins, K. K., R. Hisert, N. A. Johnson, T. R. Kincaid, and 
C. Davidson. 1991. Using natural 222Rn and artificial SF6 to 
determine groundwater gains and streamflow losses in the 
Santa Fe River, Florida. (Abstract), AGU 1991 Fall Meet­
ing, December 9-13, 1991. 

Freyberg, D. L. 1986. A natural gradient experiment on solute 
transport in a sand aquifer, 2. Spatial moments and the 
advection and dispersion of nonreactive tracers. Water 
Resources Research. v. 22, pp. 2031-2046. 

Gelhar, L. W. 1986. Stochastic subsurface hydrology from theory 
to applications. Water Resources Research. v. 22, no. 9, pp. 
135S-145S. 

Hayduk, W. and H. Laudie. 1974. Prediction of diffusion coeffi­
cients for nonelectrolytes in dilute aqueous solutions. 
A.I.Ch.E.J. v. 20, no. 3, pp. 611-615. 

Institute of Hydrology. 1990. Evaluation of Sulphur Hexafluoride 
as a Tracer for Groundwater. Draft Report for Contract 

724 

Ref. PECD7 I 7 I 206. Institute of Hydrology, Natural Envi­
ronment Research Council, Wallingford, Oxfordshire, 
United Kingdom. • 

Lester, D. and L. A. Greenberg. 1950. The toxicity of sulfur 
hexafluoride. Arch. Ind. Hyg. Occup. Med. v. 2, pp. 
348-349. 

Lide, D. R. (editor). 1991. Handbook of Chemistry and Physics. 
7lst Edition. CRC Pub. Co., U.S.A. 

Mackay, D. M., D. L. Freyburg, P. V. Roberts, and J. A. Cherry. 
1986a. A natural gradient experiment on solute transport in 
a sand aquifer, I. Approach and overview of plume move­
ment. Water Resources Research. v. 22, pp. 2017-2029. 

Mackay, D. M., W. P. Ball, and M.G. Durant. 1986b. Variability 
of aquifer sorption properties in a field experiment on 
groundwater transport of organic solutes: Methods and 
preliminary results. Journal of Contaminant Hydrology. 
v. I, pp. 119-132. 

Mellor, J. W. 1930. A Comprehensive Treatise on Inorganic and 
Theoretical Chemistry. Longmans, Green, and Co. Ltd., 
London. v. X, pp. 630-631. 

Morrison, T. J. and N. B. Johnston. 1955. The salting out of 
non-electrolytes, III, The inert gases and sulphur hexa­
fluoride. Journal of the Chemical Society. pp. 3655-3659. 

Neuman, S. P. 1990. Universal scaling of hydraulic conductivities 
and dispersivities in geologic media. Water Resources 
Research. v. 26, no. 8, pp. 1749-1758. 

Oostrom, M., J. S. Hayworth, J. H. Dane, and 0. Guven. 1992. 
Behavior of dense aqueous phase leachate plumes in ho­
mogeneous porous media. Water Resources Research. 
v. 28, no. 8, pp. 2123-2134. 

Othmar, D. F. and M. S. Thakar. 1953. Correlating diffusion 
coefficients in liquids. Ind. Eng. Chern. v. 45, pp. 589-593. 

Scheibel, E. G. 1954. Liquid diffusivities. Ind. Eng. Chern. v. 46, 
pp. 2007-2008. 

Schincariol, R. A. and F. W. Schwartz. 1990. An experimental 
investigation of variable density flow and mixing in 
homogeneous and heterogeneous media. Water Resources 
Research. v. 26, no. 10, pp. 2317-2329. 

Shternina, E. B. 1960. Solubility of gypsum in aqueous solutions 
of salts. Intern. Geol. Rev. v. I, pp. 605-616. 

Sudicky, E. A. 1986. A natural gradient experiment on solute 
transport in a sand aquifer, 5. Spatial variability of hydrau­
lic conductivity and its role in the dispersion process. Water 
Resources Research. v. 22, pp. 2069-2082. 

Thimons, E. D., R. J. Bielicki, and F. N. Kissell. 1974. Using 
sulfur hexafluoride as a gaseous tracer to study ventilation 
systems in mines. U.S. Bureau of Mines Report of Investi­
gations #7916. 22 pp. 

Timko, R. J. and E. D. Thimons. 1982. Sulfur hexafluoride as a 
mine ventilation research tool-Recent field applications. 
U.S. Bureau of Mines Report of Investigations #8735. 15 
pp. 

Wanninkhof, R., J. R. Ledwell, W. S. Broecker, and 
M. Hamilton. 1987. Gas exchange on Mono Lake and 
Crowley Lake, California. Journal of Geophysical Research. 
v. 92, pp. 14567-14580. 

Wanninkhof, R., P. J. Mullholland, and J. W. Elwood. 1990. Gas 
exchange rates for a first-order stream determined with 
deliberate and natural tracers. Water Resources Research. 
v. 26, no. 7, pp. 1621-1630. 

Wanninkhof, R., J. R. Ledwell, and A. J. Watson. 1991. Analysis 
of sulfur hexafluoride in seawater. Journal of Geophysical 
Research. v. 96, no. C5, pp. 8733-8740. 

Watson, A. J., J. R. Ledwell, and S. C. Sutherland. 1991. The 
Santa Monica Basin tracer experiment: Comparison of 
release methods and performance of perfluorodecalin and 
sulfur hexafluoride. Journal of Geophysical Research. 
v. 96, no. C5, pp. 8719-8725. 

Wilke, C. R. and P. Chang. 1955. Correlation of diffusion coeffi­
cients in dilute solutions. A.I.Ch.E.J. v. I, no. 2, pp. 
264-270. 


