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ABSTRACT the occurrence, quantity, and distribution of immiscible
organic liquids in subsurface systems. Partitioning tracerContaminant-transport analyses, risk assessments, and site remedi-
tests can also be used to measure soil water content andations are all constrained by the complexity of the subsurface environ-

ment and by our insufficient knowledge of that environment. Most fluid–fluid interfacial areas. In this review, we focus on
current subsurface characterization methods provide measurements the conceptual basis and implementation of these tracer
for very small spatial domains, such that they are essentially point tests for vadose zone applications.
values. While such methods can provide accurate and precise data
for small scales, their use for characterizing larger domains is generally

CHARACTERIZING IMMISCIBLEconstrained by sample-size limitations. Thus, methods that provide
ORGANIC-LIQUID CONTAMINATIONmeasurements at larger scales are being developed to complement

the point-sampling methods. One such group of methods is based on Tracer tests have been used in the hydrology and
the use of tracer tests. This review will cover “partitioning” tracer petroleum engineering fields for many decades. The
tests, which can be used to measure immiscible-liquid saturation of

primary applications for these tracer tests have been toorganic contaminants, soil water content, and fluid–fluid interfacial
measure groundwater velocities and directions, perme-areas in subsurface systems. The conceptual basis and implementation
abilities, porosities, and dispersivities. In the environ-of these methods will be briefly reviewed, with a focus on vadose
mental field, the use of tracer tests has recently beenzone applications.
expanded to a variety of new applications. One such
application receiving significant attention is the use of
partitioning tracer tests to characterize immiscible-liq-Soil and groundwater pollution has become one
uid saturations of organic contaminants.of our most pervasive environmental problems, and

remediating contaminated sites has proven to be a for-
Theorymidable challenge. Risk assessments, as well as remedia-

tion efforts, are often limited by the complexity of the The partitioning tracer method is based on liquid–
subsurface environment and by our limited knowledge liquid partitioning concepts, the theory for which was
of that environment. As noted in a National Research originally established in the chromatography field by
Council report, advances in characterizing subsurface Martin and Synge (1941). The conceptual and theoreti-
properties and processes are essential for improving sub- cal basis for describing the transport of tracers that
surface assessments and enhancing the success of cleanup partition to immobile, immiscible fluids has been pre-
technologies (National Research Council, 1994). sented in detail elsewhere (e.g., Bouchard et al., 1989;

The presence of immiscible organic liquids in the sub- Brusseau, 1992; Jin et al., 1995). Characterizing immisci-
surface is often the single most important factor limit- ble-liquid saturation with a partitioning tracer test is
ing remediation of sites contaminated by organic com- typically accomplished by comparing the transport of a
pounds (National Research Council, 1994). Unfortunately, tracer that can partition into and out of immiscible liquid
because the distribution of immiscible liquids in the (partitioning tracer) to that of a nonreactive (nonparti-
subsurface is complex and heterogeneous, the use of tioning) tracer. Generally, immobile organic-fluid phases
point-sampling methods for their characterization is of- temporarily retain the partitioning tracer, which slows
ten problematic. For example, the number of core sam- its transport with respect to that of the nonreactive tracer.
ples required to accurately characterize the distribution Thus, retardation of the partitioning tracer indicates the
of immiscible liquid in a relatively deep, very heteroge- possible presence of immiscible liquid within the zone
neous vadose zone may be cost prohibitive. In addition, through which the tracer pulse moved (“swept” zone).
coring is a destructive method, which precludes the abil- When other potential sources of tracer retention, such
ity to measure the identical volume of porous medium as sorption by the porous media, are negligible or have
more than once. been accounted for, the magnitude of retardation of the

The problems noted above have generated interest partitioning tracer is representative of the amount of
in the use of partitioning tracer tests for characterizing immiscible liquid present in the swept zone.

The procedure for estimating immiscible-liquid satu-
M.L. Brusseau (Soil, Water, and Environmental Science Department ration using data collected with a partitioning tracer test
and Hydrology and Water Resources Dep. ) and N.T. Nelson (Hydrol- involves calculation of a retardation factor (R) for theogy and Water Resources Dep.), and M.S. Costanza-Robinson (Soil,

partitioning tracer, which can be done in a number of ways,Water, and Environmental Science Dep.), 429 Shantz, University of
Arizona, Tucson, AZ 86721. Received 1 Oct. 2002. Special Submis- as will be discussed below. The R value determined from
sions—Contaminant Characterization, Transport, and Remediation the tracer test is equated to the mass-balance definition
in Complex Multiphase Systems. *Corresponding author (brusseau@ of R, given for aqueous-phase transport as:
ag.arizona.edu).
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et al., 1998; McCray and Brusseau, 1998; Blanford et
R � 1 �

�bKd

�w

�
�nKn

�w

[1] al., 1999; Brown et al., 1999; Falta et al., 1999a, 1999b;
Cain et al., 2000; Meinardus et al., 2002). The first full-

where Kn is the nonaqueous-phase liquid–water parti- scale field application of the partitioning tracer method
tion coefficient (-), Kd is the sorption coefficient (cm3

for characterizing immiscible-liquid contamination was
g�1), �b is bulk density of the porous medium (g cm�3), conducted at a Superfund site in Tucson, AZ (Nelson
�n is volumetric immiscible-liquid content (-), and �w is and Brusseau, 1996).
volumetric water content (-). When there is negligible
sorption of the tracer by the porous medium, Kd � 0 Gas-Phase Partitioning Tracer Testsand: for Vadose Zone Characterization

The applications referenced above involved tracerR � 1 �
SnKn

(1 � Sn)
[2]

tests conducted in water-saturated systems using aque-
ous-phase tracer solutions, which has been the primarywhere �n has been replaced by Sn, the immiscible-liquid
mode of application. A similar approach could also besaturation (volume of immiscible liquid per volume of
used to measure immiscible-liquid saturation in the va-pore space). Inspection of Eq. [2] shows that once values
dose zone. However, a more practical approach wouldare obtained for Kn and R, determined from laboratory
be to conduct gas-phase partitioning tracer tests. Theexperiments and the tracer test, respectively, a value
major difference between gas- and aqueous-phase tracerfor Sn can be calculated:
tests is the selection of the tracers to reflect the gas
phase as the mobile fluid. For this case, the retardationSn �

R � 1
(R � 1) � Kn

[3]
factor, assuming retention only by the immiscible liquid,
is defined as:It is critical to recognize that the saturation values

obtained from partitioning tracer tests are “large-scale”
R � 1 �

SnKng

(1 � Sn � Sw)
[4]values, representing an integration of saturations dis-

tributed throughout the swept volume. The magnitude
of the observed retardation, and thus the calculated where Kng is the immiscible-liquid–gas partition coeffi-

cient (-) and Sw is water saturation (-). The use of gas-immiscible-liquid saturation, is a function of the volume
of immiscible liquid in the zone interrogated by the phase partitioning tracer tests to determine residual oil

saturation in gas-saturated petroleum reservoirs was in-tracer test. The scale of measurement corresponds to the
size of the swept zone, which is generally controlled by troduced by Tang and Harker (1991). More recently,

the use of gas-phase partitioning tracer tests to measurethe placement of the injection and observation points.
Thus, the tracer method provides a measure of immisci- immiscible-liquid contamination in water-unsaturated

systems has been examined in the laboratory (Whitleyble-liquid saturation at scales larger than the traditional,
point-sampling methods. By sampling a much larger et al., 1999) and in the field (Mariner et al., 1999; Deeds

et al., 1999; Simon et al., 1998; Brusseau et al., 2003).volume of the subsurface compared with that sampled
with individual cores or monitoring wells, the partition- The first gas-phase vadose zone partitioning tracer

test was conducted by Mariner et al. (1999) at a chlori-ing tracer method generally has a greater opportunity
of encountering immiscible liquid and thus detecting its nated-solvent contaminated site in New Mexico. The

test was conducted in a region located beneath two sol-presence. This enhanced detection potential is a major
advantage of the method. Other advantages of the method vent disposal trenches to estimate the amount of immis-

cible liquid trapped within the vadose zone. This infor-include no significant limits to the depth of application
and the ability to tailor the scale of measurement to the mation was used to help plan and evaluate remedial

activities for the site. A gas-phase vadose zone parti-objectives of the study.
The use of partitioning tracer tests to measure immis- tioning tracer test was conducted for similar purposes

at a chlorinated solvent–contaminated Superfund sitecible organic-liquid saturation in the subsurface was de-
veloped in the petroleum industry during the 1970s as in Tucson, AZ (Simon et al., 1998). No comparison was

made of the partitioning tracer results to independenta means to determine residual oil saturation in oil fields
(Cooke, 1971; Deans, 1971). Since then, numerous parti- measures of immiscible-liquid contamination for ei-

ther study.tioning tracer tests have been conducted for this pur-
pose, as reviewed by Tang (1995). The use of the parti- Such a comparison was reported by Deeds et al. (1999),

who conducted gas-phase partitioning tracer tests in thetioning tracer method for measuring immiscible-liquid
contamination in environmental systems was initially vadose zone of a fuel-contaminated site at Kirtland Air

Force Base in New Mexico. The tests, using methanedemonstrated in the laboratory by Jin et al. (1995) and
Wilson and Mackay (1995). Both groups of investigators as the nonreactive tracer and four perfluorocarbons as

partitioning tracers, were conducted before and after ashowed that partitioning tracer tests provided accurate
estimates of the volume of chlorinated solvents em- pilot-scale demonstration of radio frequency–enhanced

soil vapor extraction. Based on the results of the tracerplaced in sand-packed columns. Several pilot-scale par-
titioning tracer tests have been conducted in studies to tests, the mass of contaminant removed, measured as

total petroleum hydrocarbons, was estimated to be 63%evaluate innovative subsurface remediation technolo-
gies (e.g., Rao et al., 1997; Annable et al., 1998a; Jawitz of the initial mass. This value is similar to the mass-
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removed value of 52% determined by analysis of core Inspection of Eq. [5] shows that once a value for R
is obtained from a partitioning tracer test, a value forsamples collected before and after the demonstration

test, indicating the tracer method provided a reasonable �w can be determined when Kh and �g are known. Fur-
thermore, Sw can be determined without knowledge ofmeasure of immiscible liquid volume.

Gas-phase partitioning tracer tests were conducted at �g. Values for Kh are generally available in the literature
and can also be measured in the laboratory. As describeda fuel depot in Tucson, AZ to evaluate the utility of the

partitioning tracer method for characterizing organic above for immiscible-liquid saturation, the soil water
content measurements obtained with the partitioningimmiscible-liquid contamination in the vadose zone

(Brusseau et al., 2003). One test, using sulfur hexafluo- tracer method are large-scale values, representing an in-
tegration of the soil water contents distributed withinride as the nonreactive tracer and bromochlorodifluoro-

methane as the partitioning tracer, was conducted after the tracer-swept zone.
30 mo of operation of a soil vapor extraction (SVE)
system within the boundaries of an existing fuel dispens- Previous Applications
ing island and former underground fuel tank facility.

The application of gas-phase partitioning tracer testsAnalysis of hydrocarbon concentrations in the SVE
for measuring soil water contents has been recently eval-effluent indicates that approximately 355 000 L of hy-
uated for both laboratory and intermediate-scale sys-drocarbons were recovered during the 30-mo operation
tems. Brusseau et al. (1997) conducted column experi-period. Comparing this value to the initial volume of
ments using He as the nonreactive tracer and CO2 ashydrocarbons present, estimated to be approximately
the water-partitioning tracer. The transport of CO2 was454 000 L based on core data, produces an estimate of
retarded compared with that of He because of the reten-99 000 L of hydrocarbons remaining within the area in-
tion of CO2 by the immobile water phase. The soil waterfluenced by the SVE system. Extrapolation of the tracer
content determined from the retardation of CO2 wastest results to the SVE-impacted zone produces an esti-
0.14, which is relatively close to the gravimetrically mea-mate of 107 000 L of hydrocarbon present. The two values
sured value of 0.16. Kim et al. (1999a) conducted columnare similar, again suggesting the tracer method provided
experiments using methylene chloride and chloroforma reasonable measure of immiscible liquid volume.
as water-partitioning tracers. They found good corre-
spondence between the tracer-derived soil water con-MEASURING SOIL WATER CONTENT
tents and the gravimetrically measured values for a

Characterizing soil water content is important to many range of soil water contents.
activities, including those associated with agriculture, for- The water-partitioning tracer method has been tested
estry, hydrology, and engineering. For example, knowl- at the intermediate scale with a series of experiments
edge of soil water content is especially important for conducted in a large (4.0 m deep, 2.5-m diameter) weigh-
management of agricultural resources and for flood con- ing lysimeter (Nelson et al., 1999a; Carlson et al., 2003).
trol. It is also central to describing water flow and con- The lysimeter contains a homogeneous packing of fine
taminant transport in the vadose zone. There are several sand, and is instrumented with multiple devices with
methods with which to measure soil water content, such which to measure soil water content. Experiments were
as neutron thermalization, time domain reflectometry, conducted at three soil water contents using SF6 as the
and gravimetric analysis of core samples. These methods nonreactive tracer and various halogenated methanes
have a history of successful use. However, the majority as water-partitioning tracers. For the first set of tests,
of methods in current use provide point values of soil soil water contents of 0.04, 0.06, and 0.06 were estimated
water content (i.e., small sample volumes). While this using the tracer data collected at the effluent sampling
is an advantage for obtaining accurate information at location with bromochlorodifluoromethane, dibromodi-
small scales, it is a disadvantage for determining soil fluoromethane, and trichlorofluoromethane, respectively,
water contents for larger (field) scales. The partitioning- as the water-partitioning tracers. The latter two values
tracer concept can be applied in this situation to develop were identical to independently measured values of soil
a larger-scale method for measuring soil water content, water content obtained using gravimetric analysis of
as discussed by Brusseau et al. (1997). core samples and time domain reflectometry. For the sec-

ond set of tests, a soil water content of 0.12 was esti-Theory mated using the tracer data collected at the effluent
sampling location with trichlorofluoromethane as theIn this case, gas-phase tracer tests are conducted using

a tracer that remains in the gas phase (nonreactive water-partitioning tracer. This value is 80% of the inde-
tracer) and one that partitions to water. The retardation pendently measured values obtained using time domain
factor for gas-phase transport of a tracer that is retained reflectometry (0.15), neutron scattering (0.15), and con-
solely by water can be written as: version of soil-tension data (0.15). For the third set of

tests, a soil water content of 0.07 was estimated using
R � 1 �

�w

�gKh

� 1 �
Sw

(1 � Sw)Kh

[5] the tracer data collected at the effluent sampling loca-
tion with difluoromethane as the partitioning tracer.
This value is identical to the independently measuredwhere Kh is the gas–water partition coefficient (nondi-
values obtained using time domain reflectometry, neu-mensional Henry’s Law coefficient) and �g is volumetric

gas porosity. tron scattering, and conversion of soil-tension data.
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Water-partitioning tracer tests have been conducted ter and air are of great significance for contaminant
at the field scale, in association with gas-phase parti- transport in the subsurface. The interfacial areas are, in
tioning tracer tests designed to characterize immiscible- part, reflections of the pore-scale distribution of the
liquid contamination in vadose zone systems (Mariner fluids in the porous medium. As such, knowledge of the
et al., 1999; Deeds et al., 1999; Simon et al., 1998). How- interfacial areas could provide insight into the disposi-
ever, the soil water contents obtained in these tests were tion (e.g., morphology) and movement of the fluids in
not compared to independently measured values. The the system. In addition, mass transfer across an interface
first field-scale application of the water-partitioning is a function of the interfacial area. Thus, knowledge of
tracer method wherein the results were compared with the interfacial areas would provide greater understand-
independent measures of soil water content was recently ing of mass-transfer phenomena, such as dissolution and
conducted by Keller and Brusseau (unpublished data, evaporation of immiscible organic liquids. Fluid–fluid
2003). The tracer tests were conducted before and after interfaces may also directly influence the retention be-
a controlled infiltration event. An injection-extraction havior of volatile organic contaminants. For example,
well couplet spaced 7.3 m apart was used to conduct accumulation of organic contaminants at the air–waterthe tests, using SF6 and difluoromethane as the nonreac- interface has been shown to influence their retentiontive and water-partitioning tracers, respectively. The soil

and transport behavior in unsaturated systems (e.g.,water content estimated from the tracer test conducted
Costanza and Brusseau, 2000).before the infiltration event is 0.086, which is identical

The magnitude and disposition of fluid–fluid interfacesto the mean of the values measured using gravimetric
in porous media is clearly of great significance. Unfortu-analysis of core samples, neutron scattering, and bore-
nately, measuring interfacial areas in porous media hashole ground-penetrating radar. The soil water content
been problematic. A recent surge of interest in thisestimated from the tracer test conducted after the infil-
topic, however, has led to several potentially viable ap-tration event is 0.10, which is 83% of the mean of the
proaches. Static and continuous flow-through columnindependently measured values.
methods based on the use of surfactants have recentlyInterestingly, the results obtained from the field tests
been proposed as a means to measure interfacial areasare similar to those obtained from the lysimeter experi-
(Karkare and Fort, 1993; Anwar et al., 2000; Schaeferments. The soil water contents obtained from the parti-
et al., 2000). In addition, experimental methods basedtioning-tracer tests were identical to the independently

measured values for the tests conducted at the lower on visualization techniques have been proposed (e.g.,
soil water contents of 0.06 to 0.09. These water contents Montemagno and Gray, 1995). These methods have
are equivalent to water saturations of approximately 13 shown promise for estimating or measuring interfacial
and 23% for the lysimeter and field site, respectively. areas for simplified, well-controlled laboratory systems,
Conversely, the soil water contents derived from tracer which will enhance our ability to examine flow and
tests were approximately 80% of the independently mea- transport processes. However, given the limitations in-
sured values for the tests conducted at the higher water herent to these methods, it is unlikely that they can
contents, which are equivalent to water saturations of be used routinely for complex systems or for in situ
approximately 32%. The reduced efficacy at the highest applications. The interfacial “partitioning” tracer test iswater saturation may reflect the impact of advective– an alternative method that may be better suited fordiffusive mass transfer constraints on gas-phase trans-

these latter applications.port (Keller and Brusseau, unpublished data, 2003).
Generally, the results presented above suggest that

Theorythe gas-phase partitioning tracer method holds promise
as a means to measure soil water content at the field It is well known that many organic compounds willscale, especially for sites with moderate to low water

tend to accumulate at the interface between two fluids.contents. The method may be particularly appropriate
The accumulation of a surface-active compound at thefor sites with extensive vadose zones, such as those
interface of mobile and immobile fluids will retard itsfound in arid and semiarid environments, for which the
transport with respect to that of a non-surface-activeuse of traditional methods would be cost prohibitive.
compound (e.g., a nonreactive tracer residing in theImplementation of tracer tests in conjunction with a
mobile fluid) in a manner analogous to that of a bulk-limited number of point-measurement devices may be
phase partitioning tracer. The magnitude of retardationa viable approach for applications requiring long-term
of the surface-active compound will be a function of themonitoring of water contents, such as those associated

with vadose zone waste disposal facilities. While the interfacial partition coefficient and the interfacial area.
point-measurement devices serve as sentinels character- Thus, it is possible to measure interfacial areas using
izing temporal changes in water content, the partitioning an interfacial partitioning tracer test. Such an approach
tracer test would provide information regarding total was recently proposed by Rao and colleagues (Saripalli
volumes of water present at any given time. et al., 1997; Kim et al., 1997), who used aqueous-phase

tracers, and by Brusseau et al. (1997), who used gas-phase
MEASURING FLUID–FLUID tracers.

INTERFACIAL AREAS The retardation factor is defined for this case as (ne-
glecting sorption by porous media and partitioning toThe interfaces between immiscible organic liquid and

water, between organic liquid and air, and between wa- the bulk “immobile” fluid):
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Gas-phase tracer tests, using decane as an interfacial
R � 1 �

AiKi

�w,g

[6] tracer, were conducted by Costanza-Robinson and Brus-
seau (2002) for a sand-packed column with soil water

where Ai is the specific area of the fluid–fluid interface contents ranging from approximately 2 to 20%. The
(cm2 cm�3), Ki (� �/Cw,g) is the partition coefficient expected trend of decreasing interfacial areas with in-
between the interface and water (w) or air (g) (cm), and creasing water contents was observed, and the maximum
� is surface excess (moles of surface-active compound at estimated interfacial area of 19 500 cm�1 was approxi-
interface divided by the area of the interface). With mately one-third of the measured surface area of the
knowledge of the interfacial partition coefficient and porous medium (60 888 cm�1). These results were inte-
the soil water content or gas porosity, the interfacial grated with literature data to provide further insight into
area can be calculated. It should be noted that this value the characterization of the air–water interface in unsatu-
is an effective, global interfacial area, reflecting the in- rated porous media. Specifically, comparison of interfa-
fluence of system properties (e.g., tracer behavior, fluid cial areas measured using gas-phase vs. aqueous-phase
distribution) on the gross retention and transport of the methods indicates that the gas-phase method generally
interfacial tracer. yields larger interfacial areas than do the aqueous-phase

methods, even when accounting for differences in soil
Previous Applications water content and physical properties of the porous

media. The observations are consistent with proposed dif-The application of the aqueous-phase interfacial par-
ferences in interfacial accessibility of the aqueous- andtitioning tracer method has recently been illustrated
gas-phase tracers. Evaluation of the data in light ofwith several laboratory investigations conducted using
functional interfacial domains yielded the hypothesissand-packed columns. Saripalli et al. (1997) used a sur-
that aqueous interfacial tracers measure primarily air–factant (sodium dodecylbenzenesulfonate) as a tracer
water interfaces formed by capillary water, while gas-to measure interfacial areas for decane–water and air–
phase tracers measure air–water interfaces formed bywater systems. Kim et al. (1997) used the same surfac-
both capillary and surface-adsorbed (film) water (Co-tant to measure air–water interfacial areas for several
stanza-Robinson and Brusseau, 2002). The gas- and aque-soil water contents. Saripalli et al. (1998) and Kim et
ous-phase methods may each provide interfacial areaal. (1999b) used two surfactants to measure interfacial
information that is more relevant to specific problemsareas between several organic immiscible liquids and
of interest. For example, gas-phase interfacial area mea-water. Kim et al. (1998) used two alcohols to measure
surements may be most relevant to contaminant trans-air–water interfacial areas. In all cases, the results of the
port in unsaturated systems, where retention at theexperiments, which were conducted with water as the
air–water interface may be significant. Conversely, themobile phase, produced interfacial areas that were simi-
aqueous-phase methods may yield information with di-lar to those estimated using geometric and thermody-
rect bearing on multiphase flow processes that are domi-namic models. The aqueous-phase tracer method was
nated by capillary-phase behavior.recently applied in the field in a pilot-scale experiment

conducted at Hill Air Force Base (Annable et al.,
1998b). An interfacial partitioning tracer was used in IMPLEMENTATIONconjunction with a bulk-phase partitioning tracer to ex-
amine the distribution of a multiple-component immis- The tracers to be used in a partitioning tracer test

are selected to meet several criteria. The magnitude ofcible liquid within a 3 by 5 m encapsulated portion of
aquifer. The results of these laboratory and field experi- retardation of the partitioning tracers is a key factor.

The retardation should be large enough to be measur-ments indicate that the aqueous-phase interfacial parti-
tioning tracer test holds promise for characterizing able with some level of certainty, but should be small

enough such that the length of the test remains practical.fluid–fluid interfacial areas in porous media.
Brusseau et al. (1997) used a gas-phase partitioning The length of the test will depend on the size of the

target domain and the planned flow rates, as well as thetracer method to measure air–water interfacial areas in
unsaturated packed columns. They used the interfacial magnitude of retardation. The magnitude of retardation

is a function of the immiscible-liquid saturation and thearea determined from the partitioning tracer (heptane)
test to successfully predict the retardation and transport partition coefficient. If an approximate range of satura-

tions expected to be encountered is known a priori, theof trichloroethene in the same system. This information
was used to help evaluate the relative contributions partitioning tracers can be selected according to their par-

tition coefficients to provide retardation factors withinof (solid-phase) sorption, retention in bulk water, and
interfacial accumulation to retardation of volatile or- the desired range. If the immiscible-liquid saturation is

unknown, it is useful to use multiple partitioning tracersganic contaminants during gas-phase transport in unsat-
urated porous media. Kim et al. (1999a) used decane as spanning a range of partition coefficients, thus providing

a range of potential retardation. The partitioning trac-a gas-phase interfacial partitioning tracer and observed
increasing interfacial areas as soil water content de- ers, as well as the nonreactive tracers, should have low

toxicity at the concentrations employed, be resistantcreased. In addition, the interfacial areas obtained with
the gas-phase method were generally larger than those to transformation processes, and have robust analytical

properties (e.g., low detection limits, low backgroundobtained using the aqueous-phase tracer method for the
same porous medium. concentrations).
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The partitioning tracer test is conducted similarly to extraction well, which is used for sampling. Another
variation of this configuration involves a single pumpingnonreactive tracer tests. Partitioning tracer tests can be

implemented in a number of ways, varying in the meth- injection well and one or more monitoring wells sur-
rounding the injection well. Given the use of separate in-ods of injection, extraction, and sampling. The simplest

configuration involves a single well, wherein the tracer jection and extraction points, the standard analysis
method based on the separation of tracers with differentpulse is first injected into and then extracted from the

subsurface (push–pull test). Samples for analysis of tracer magnitudes of partitioning is suitable for either of
these configurations.concentrations are collected at the well. Because of the

reversible retention of the partitioning tracers used in The final general well configuration for tracer tests,
the interwell tracer test, involves a combination of pump-a partitioning tracer test, the standard analysis approach

based on tracer separation cannot be used for this sys- ing injection and extraction wells. The use of this config-
uration was first proposed for the partitioning tracertem. Thus, a specialized approach must be used for

single-well push–pull tests. The primary method used in method by Cooke (1971) and is the most common
method for environmental applications. The well fieldthe petroleum engineering field, as described by Deans

(1971), involves the use of a partitioning tracer that hy- for this approach may comprise a single injection–
extraction well couplet, two or more injection and ex-drolyzes to a compound that has a different magnitude

of immiscible-liquid partitioning. After the tracer pulse traction wells configured in a line-drive system, or more
complex variations.is pumped into the subsurface, the pulse is allowed to

remain in the system for a period of time to allow trans- The interwell method generally provides greater hy-
draulic or pneumatic control and measures larger areas.formation to occur (the so-called “shut-in” period). The

pulse is then pumped back to the well, and samples Conversely, tests based on single-well methods may be
less expensive to conduct and provide more localizedare analyzed for concentrations of both the parent and

product compounds. This method allows the two tracers information. The method used at a given site will depend
on the objectives and constraints associated with that site.to start at the same position within the subsurface, thus

providing an opportunity for separation to occur during The use of monitoring wells is rarely addressed in the
petroleum-reservoir applications of partitioning tracertransport back to the recovery well. Use of this method

for environmental applications has so far been con- tests. However, monitoring wells are a common feature
at environmental field sites, and can be useful for parti-strained by a lack of suitable tracers. Recently, Istok

et al., (2002) evaluated the use of single-well push–pull tioning tracer tests. For example, there is a limit to the
sensitivity of the partitioning tracer method. The sensi-partitioning tracer tests wherein immiscible-liquid satu-

rations are estimated based on differences in apparent tivity depends in part on the ratio of immiscible-liquid
volume to swept volume. The swept volume of an extrac-dispersion of tracers with different magnitudes of retar-

dation. tion well can be very large. Thus, a small, localized vol-
ume of immiscible liquid could have a very small impactA variation of the single-well system is the borehole

dissipation test. With this method, which, for example, on retardation as measured at an extraction well. This
small signal could be lost in the noise typically associatedhas been used for gas-phase diffusive tracer tests, a

small tracer pulse is injected into the well under natural- with field experiments. Conversely, the swept volume
for monitoring wells is significantly smaller. Thus, agradient conditions. Samples are then collected from

the well to monitor the rate of decline in tracer concen- relatively small, localized volume of immiscible liquid
may be more accurately measured by analysis of moni-tration (dissipation), which will be influenced by the

magnitude of retardation of each tracer. This approach toring well data. However, the larger swept zone associ-
ated with an extraction well provides a much largerhas been used recently in laboratory and intermediate-

scale (lysimeter) gas-phase experiments to measure im- zone of interrogation, which, as discussed above, is an
advantage when using the partitioning tracer methodmiscible-liquid saturation in water-unsaturated systems

(Werner and Hohener, 2002). to search for immiscible liquid. Thus, it is beneficial to
use both monitoring and extraction wells for sampling.Another variation of the single-well approach in-

volves the use of multiple well screens and vertical circu- As noted above, monitoring wells, given their smaller
swept volumes, can be used to focus on specific sectionslation (i.e., vertical-circulation well). The placement of

two or more screened intervals within a single well al- of the total swept zone associated with the injection–
extraction wells. This provides an opportunity to exam-lows one interval to be used for injection and one inter-

val for extraction. A vertical dipole is created with this ine the areal spatial distribution of immiscible liquids. In
addition, multilevel sampling devices or depth-specificconfiguration, which produces vertically oriented flow.

This system can be used to conduct single-well parti- monitoring wells can be used to examine the vertical dis-
tribution of immiscible liquids. Thus, the spatial distri-tioning tracer tests, as demonstrated by Chen and Knox

(1997) for a sand-tank system. bution of organic-liquid contamination or of soil water
can be characterized with partitioning tracer tests (e.g.,Another type of well configuration involves the use

of a single pumping well and one or more non-pumping Nelson and Brusseau, 1996; Sillan et al., 1998; Falta et
al., 1999a; Meinardus et al., 2002).wells. One variation of this configuration involves a sin-

gle extraction well and one or more nonpumping injec- The methods discussed above are based on the intro-
duction of exogenous tracers into the subsurface. How-tion wells, where the injection wells are used to intro-

duce the tracer pulse into the flow field created by the ever, under certain conditions, resident compounds may
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also be used as partitioning tracers. This was illustrated (e.g., spatially variable hydraulic conductivity), and tracer
mass loss. These factors can confound data collectionby Hunkeler et al. (1997) in their application of a parti-

tioning-tracer method to measure diesel-fuel saturation and analysis, and in general can cause the partitioning
tracer test to yield measurements that are less than theat a site in Switzerland. In their approach, the distribu-

tion of a naturally occurring radioactive isotope (222Rn) true values. Thus, it is critical to understand how these
factors may influence the efficacy of the partitioningat the contaminated site was characterized, comparing

concentrations in groundwater samples collected within tracer method, and to elucidate the conditions under
which they may be important.the fuel-contaminated zone to values measured for sam-

ples collected up gradient of the contaminated zone. Liquid–liquid (or gas–liquid) partitioning is generally
treated as an instantaneous, linear, reversible processThe differences in 222Rn concentrations, assumed to be

due to partitioning of the 222Rn into the diesel fuel, were for partitioning tracer test applications. The degree to
which mass transfer of a partitioning tracer will be rateused as a basis to estimate an average diesel-fuel satura-

tion for the site. This value (1.5%) is similar to the value limited during a tracer test will depend on the relative
magnitudes of the characteristic times of mass transferof 1.9% obtained from analysis of a single core sample.

The use of Rn to characterize immiscible-liquid contam- and advective transport. Mass transfer is influenced by
the velocity of the mobile phase, fluid saturations, fluid-ination was also recently examined by Semprini et al.

(2000) and Davis et al. (2002), the latter using a push– fluid interfacial areas, and porous-media characteristics.
The degree to which mass transfer of partitioning tracerspull method combining an injected nonreactive tracer

and the naturally occurring Rn. may be rate limited, and the resultant potential impact
on the efficacy of the partitioning tracer method, hasThe primary method of data analysis for a partitioning

tracer test involves a comparative moment analysis of not been rigorously evaluated for complex field systems.
However, the fact that the saturations or volumes of im-the breakthrough curves measured for the tracers. In this

approach, the retardation factor is defined as the quo- miscible liquid estimated from partitioning tracer tests
have compared favorably to independent measures fortient of the mean travel times of the partitioning and

nonreactive tracers. When multiple partitioning tracers the relatively few cases where they have been compared
suggests that rate-limited mass transfer may not haveare used, the travel-time analysis can be conducted using

the various pairs of partitioning tracers, as well as the had a significant impact on tracer-test performance for
those cases. A more direct evaluation of mass transfer be-partitioning–nonreactive pairs (e.g., Jin et al., 1995).

This approach can in some cases increase the robustness havior can be obtained by analyzing partitioning tracer
transport data with mathematical models that incorpo-of the results.

Travel times or retardation factors can also be obtained rate rate-limited mass transfer. Such an evaluation was
recently done for field data reported by Cain et al.by methods other than the use of moment analysis. For

example, with the landmark method (e.g., Tang, 1995), (2000), who conducted a series of pilot-scale partitioning
tracer tests at Hill AFB in Utah. The results of the analy-calculation of travel times is based on comparing specific

points of the respective breakthrough curves, such as sis, employing a model that explicitly incorporates rate-
limited mass transfer of a partitioning tracer (Brusseau,times of first arrival, times of peak arrival, or times of

selected magnitudes of mass recovery. Calibration of 1992), indicate that mass transfer of the partitioning trac-
ers could be treated as being essentially instantaneousmathematical models to measured breakthrough curves

can also be used to obtain retardation factors. The ad- for that tracer-test application (unpublished data).
As noted above, liquid–liquid and gas–liquid parti-vantage of the moment method is that it may be less

sensitive to nonideality factors (rate-limited mass trans- tioning is usually assumed to be linear. This may be gen-
erally true for many of the systems encountered in en-fer, heterogeneity effects) than the landmark method,

and it is not dependent on a suite of assumptions as are vironmental applications. However, it is possible that
partitioning may be nonlinear in some cases. For exam-modeling-based analyses. However, the moment method

is susceptible to error, especially when breakthrough ple, a partitioning tracer could possibly exhibit nonideal
behavior in the immiscible-liquid phase, depending oncurves are incomplete, when mass-transfer constraints

are significant, and, in some cases, when mass loss oc- the latter’s composition. In such cases, the magnitude
of partitioning could be dependent on the tracer concen-curs. An example of a protocol for conducting parti-

tioning tracer tests is presented by Jin et al. (1997). An tration (e.g., concentration-dependent activity coefficient)
or the composition of the immiscible liquid, which mayanalysis of uncertainty in estimated saturations due to

errors associated with measurement of concentrations, be spatially or temporally variable. The influence of non-
partition coefficients, and retardation factors is pre- linear partitioning on the application of partitioning tracer
sented by Dwarakanath et al. (1999) and Meinardus et tests is discussed by Wise (1999) and Wise et al. (1999).
al. (2002). The partition coefficient is generally treated as a tem-

porally and spatially constant parameter; however, this
may not be the case for some situations. The magnitudePOTENTIAL CONSTRAINTS of the partition coefficient is determined by the physico-
chemical properties of the tracer and the immiscibleThe performance of a partitioning tracer test can po-
liquid. Thus, for a given tracer, the partition coefficienttentially be constrained by several factors, such as rate-
is a function of the composition of the immiscible liquid.limited mass transfer, multiphase retention, variable dis-

tribution of immiscible liquid, subsurface heterogeneity This composition may vary as a function of space and
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time due to a number of factors. Hence, partition coeffi- primarily around (bypass) the zones of high immiscible-
liquid saturation due to the reduced relative permeabili-cient values may be spatially and temporally variable.

For example, the magnitude of the partition coefficient ties associated with these zones. Such bypass flow may
limit the contact of the tracer pulse to the peripherywas shown to change after a multiple-component immis-

cible liquid was flushed several times with a solubiliza- of the immiscible-liquid zone, thereby resulting in an
underestimation of immiscible-liquid volume under cer-tion-enhancing agent (Lee et al., 1999) and after the

application of soil venting (Deeds et al., 1999). This tain conditions. Porous-media heterogeneity (e.g., spa-
tially variable permeability) may also constrain the ef-behavior should be considered in the application of par-

titioning tracer tests, especially for mixed-waste systems. fectiveness of partitioning-tracer tests. For example, im-
miscible liquids present in lower-permeability zonesThe partitioning tracer method is usually employed

assuming that the retardation of the selected partition- within or adjacent to higher-permeability zones may
not be fully measured due to the preferential flow thating tracer is due only to retention by the target phase.

However, if the partitioning tracer is in fact retained by occurs in such systems. The effectiveness of partitioning
tracer tests under such conditions will depend on specificone or more additional phases (e.g., sorption by aquifer

solids), and if this additional retention is not accounted site properties (e.g., degree of heterogeneity, immisci-
ble-liquid distribution) and conditions of the test (e.g.,for, the partitioning tracer test may yield erroneously

large measurements. The potential for multiphase re- tracer selection, input pulse size, well-field configura-
tion) (e.g., Nelson et al., 1999b; Meinardus et al., 2002).tention may be difficult to evaluate for some complex

systems.
The potential impact of the partitioning tracer test on SUMMARY

the disposition of the target phase should be considered
The partitioning tracer methods discussed here pro-when designing a test and when analyzing its results.

vide measurements at a scale that is larger than thatUnder certain conditions, a partitioning tracer test could
associated with point-measurement methods. This is ancause a change in the mass, morphology, or distribution
advantage for economical characterization of relativelyof the target phase, such that the measured system is
large areas. In addition, the scale of measurement cannot fully reflective of the original, natural state. For ex-
be tailored to the sampling objectives by modifying theample, this can be a concern for tests conducted at sites
tracer sampling network (e.g., distances between wells).contaminated by immiscible liquids that have relatively
The tracer methods can therefore serve to complementhigh aqueous solubilities or vapor pressures, such that
the point-sampling methods currently available.an appreciable amount of contamination is solubilized

The partitioning tracer methods have been tested ator evaporated during the test. The dissolution or evapo-
laboratory and intermediate (pilot) scales. In addition,ration associated with a tracer test may cause a change
a few full-scale field tests have been conducted. The re-in the composition of multiple-component immiscible
sults of these tests indicate the partitioning tracer methodliquids. The potential impact of tracer tests on system
can provide robust information that is extremely usefulproperties may be of special concern for the application
for site characterization and remediation performanceof interfacial tracers, which, because of surface accumu-
assessment. While these methods have great promise,lation, could possibly decrease interfacial tensions suffi-
it is clear that their performance is potentially influencedciently to alter fluid distributions.
by various factors. Thus, additional research, especiallyTracer recovery can be influenced by transformation
at the field scale, is needed to more fully evaluate theprocesses, such as biodegradation and abiotic reactions.
efficacy of these methods under a wide range of poten-Differential degradation of the tracer suite can influence
tially limiting conditions.the measurement and calculation of immiscible-liquid

saturation (Annable et al., 1998a; Cain et al., 2000). This
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