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Abstract

A number of previous studies are reviewed to examine the actual reduction of NAPL from source zones and the effectiveness of the
specific technique of remediation used at sites under study. It has been shown that complete removal of the NAPL in free phase or residual
is not possible due to the complex entrapment architecture of NAPLs at field sites. Consequently, the assessment of remediation efficiency
should not be solely based on the reduction of entrapped NAPL mass from source zone. Instead, it should be based on the reduction of risk
achieved through the lowering of the concentration of the dissolved constituents emanating from the entrapped NAPL during source zone
clean-up. The prediction of the concentration in the plume requires a knowledge of the dissolution of NAPLs in the source zone. Attention
is directed to the need for the understanding the mass transfer from entrapped NAPLs in the source zone before and after remediation. In
this paper, the current knowledge of mass transfer processes from the non-aqueous phase to the aqueous phase is summarised and the use
of mass flux measurements (monitoring the concentration of contaminants in aqueous phase due to source zone NAPL–groundwater mass
transfer) is introduced as a potential tool to assess the efficiency of technologies used in source zone remediation. Preliminary results of
numerical simulations reveal that factors such as source zone morphology as determined by the heterogeneity of the formation control the
post-remediation dissolution behaviour, than the local mass transfer. Thus, accurate site characterization is essential for predicting NAPL
dissolution and mass flux relationships as well as for assigning site-specific remediation target values.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Accidental surface release and improper disposal of
petroleum products (e.g. jet fuel, refinery wastes, diesel
etc.) and volatile organic solvents are recognised as two of
the most widespread causes of groundwater contamination
by chemical compounds. In subsurface soil-water environ-
ments, these contaminants often persist as a separate phase
due to their generally low solubility and hence are termed
non-aqueous phase liquids (or NAPLs). NAPLs that are
less dense than water, including many petroleum products,
are termed light non-aqueous phase liquids (LNAPLs) and
these commonly collect and pool at, or above, the water ta-

∗ Corresponding author. Tel.:+44-1223-332713;
fax: +44-1223-33913.

E-mail address:ks@eng.cam.ac.uk (K. Soga).

ble. The other type of NAPL is denser than water (DNAPL)
and when spilled, migrates through the unsaturated zone
continues on a downward migration through the water table
under the influence of gravity into the saturated zone below.
Chlorinated solvents used in industrial and manufacturing
operations are a common form of this contaminant.

As surface water infiltrates and groundwater flows
through the zone where NAPLs are entrapped (the NAPL
source zone), small fraction of the NAPL slowly dissolves
into the aqueous phase resulting in a dissolved contaminant
plume downstream of the source zone as shown inFig. 1.
This can cause pollution of local water supplies and have
detrimental effects on both human health and the ecological
environment. Consequently, attention has been focused on
the identification and characterization of the source zone
and the plume, for the assessment of risk posed to the envi-
ronment and subsequent measures to be taken to limit such
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Fig. 1. Source and plume zones and risk evaluation.

effects. Much research is concerned with the development
of remediation strategies to either (a) ‘remove’ the pure
phase NAPL mass from within the ground (source zone re-
mediation), or (b) ‘control’ or ‘treat’ the plume emanating
from the source zone to reduce the concentrations in the
groundwater to ‘safe’ levels (plume remediation). This paper
focuses on the former approach of source zone remediation.

In this paper, a number of NAPL source zone remedia-
tion studies conducted at field sites are reviewed. Attention
is focussed on the actual reduction of NAPL source mass
and its effect on the downstream plume under conditions
that are specific to the site. From this review of case stud-
ies, the intention is to demonstrate that it is very difficult or
impossible to completely remove the NAPL mass from the
source zone of the subsurface due to complex NAPL entrap-
ment conditions, specifically in the case of DNAPLs. Con-
sequently, there is a need to understand and possibly quan-
tify the mass transfer from entrapped NAPL in the source
zone into groundwater flowing through the source zone be-
fore and after remediation.Fig. 2 shows schematically the
conditions that may exist before and after remediation where
free phase NAPL is removed. The use of mass flux mea-
surements (the rate of mass generated from the source zone)
is introduced as a potential tool for assessing the efficiency
of source zone remediation technologies. For this purpose,
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Fig. 2. Mass flux before and after remediation.

factors that control the mass flux emanating from the source
zone undergoing remediation are examined. As field data
are not adequate to make general conclusions, results from
numerical simulations are used to examine this mass flux
approach in greater detail.

2. NAPL source zone remediation efficiency

In attempts to completely remove, or at least substan-
tially reduce the source zone NAPL content, a number of
remediation technologies and strategies have been designed
and employed to varying degrees of success. Initial attempts
to remove contamination source zones generally relied on
schemes based on pump-and-treat. Pump-and-treat tech-
niques rely on increasing the groundwater flow in the source
zone to enhance the dissolution of the NAPL and collec-
tion of the contaminated water through a recovery system
for external treatment. However, it has been observed that
such a method might still take decades or even longer to
substantially reduce contamination levels due to the low
aqueous solubility of NAPLs and large NAPL/water inter-
facial tensions[1]. Alternative techniques have therefore
been developed. Research examining remediation of pure
phase NAPL at various scales ranging from 1D column and
2D tank tests to full-scale field experiments are summarized
in this section.

2.1. Chemical flushing

Although many experiments have been conducted using a
variety of chemicals (e.g. surfactants, cosolvents, and com-
plex agents) to enhance the solubility of NAPLs and to in-
crease their mobility, there are noticeable differences in re-
mediation efficiencies that are achievable under different ex-
perimental conditions.
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Zhou and Rhue[2] screened 42 surfactants to examine
their efficiency in removing a NAPL by increased solubiliza-
tion. Using a range of surfactants and their combinations,
between 92 and 98% of the PCE was removed from the test
area by increasing NAPL solubility. Dwarakanath et al.[3]
used homogeneous soil columns to identify anionic surfac-
tants that recovered at least 99% of the contaminant during
flooding and concluded sodium sulfosuccinate as one of the
most effective surfactants. Earlier experiments by Pennell
et al.[4] reported the removal of more than 99% of residual
PCE if mobilization was the dominant mechanism. How-
ever, concerns have been raised about the dangers posed by
re-mobilized NAPL migrating into previously uncontami-
nated aquifer regions.

Although the above levels of remediation efficiency might
initially appear satisfactory, the test environments in the lab-
oratory represented simplified systems that are not represen-
tative of much more complex field conditions. Only in very
rare cases will a NAPL spill occur under subsurface con-
ditions that can be assumed to be homogeneous; uniform
groundwater flow will almost certainly never exist as will
be simulated in simple laboratory columns. At actual field
sites, the ground is likely to display varying degrees of het-
erogeneity and groundwater flow velocity.

A laboratory 2D flow-cell study by Oostrom et al.[5]
considered the remediation of TCE spilled in a saturated
heterogeneous medium using alternating periods of surfac-
tant flushing and pump-and-treat. The NAPL saturations in
the soil displayed only small decreases between each treat-
ment period and pooled TCE was determined as the cause
for this behaviour. After 3 weeks of pumping, only 60% of
the spilled TCE volume was recovered, with the remainder
re-mobilized and getting trapped in fine-grained material. In
such entrapment conditions, the surfactant may only have
limited accessibility to the pure phase NAPL and any reme-
diation process will be restricted. Similar behaviour in the
scale of a laboratory flow cell was demonstrated by Lunn
and Kueper[6] and Saenton et al.[7].

At the field scale, Holzmer et al.[8] used sodium sul-
fosuccinate to investigate PCE removal in a shallow, low-
permeability sand aquifer beneath a dry-cleaning facility.
Although the surfactant-enhanced remediation removed
92% of the pure phase PCE from the relatively high per-
meability areas of the saturated zone, only 72% of the
DNAPL mass was recovered from the entire soil volume
that included an aquitard above the permeable zone. A set
of field scale cosolvent flushing experiments was conducted
by Annable et al.[9] in a hydraulically isolated test cell
containing jet fuel and chlorinated solvents. A number of
contaminants were identified as special targets, and more
than 90% of their volume was removed during the test.
However, the total NAPL mass removed from the cell esti-
mated based on the known spill volume was around 75%.
Jawitz et al.[10] conducted in situ alcohol flushing in a
pilot-scale field test to recover PCE spilled at a dry-cleaning
site. Although the PCE concentrations in the groundwater

after flushing were reduced by 92% in two-thirds of the
sampling locations, the effectiveness of the flushing for
pure phase removal was estimated to be only 62%.

2.2. In situ chemical oxidation

In situ chemical oxidation is based on the delivery of
chemical oxidants to contaminated media, usually to convert
the contaminants to innocuous products. For instance, potas-
sium permanganate facilitates the oxidation of PCE and TCE
to chlorides and carbon dioxide. Relatively few studies have
explored the effects of chemical oxidation on the degrada-
tion of contaminants when present as pure phase NAPL in
porous media.

Potassium permanganate was used by Schnarr et al.
[11] to remediate PCE and TCE in both laboratory and
controlled field tests. These two different environments
highlight the limitations and difficulties encountered when
remediation is conducted under heterogeneous field condi-
tions. In homogeneous column experiments with uniform
DNAPL saturation, recoveries ranged from 70 to 99%. The
field tests were conducted at the Borden Canadian Forces
base, a medium and fine-grained sandy aquifer with hori-
zontal bedding features overlying a clay aquitard. When an
isolated homogeneous source was created, 91% recovery of
chloride ions was recorded. However, for a heterogeneous
source, the mass recovery approached only 62% and this
is largely due to the local geological heterogeneity and
associated DNAPL distribution.

DNAPL source zones within low permeability media rep-
resent an even greater remediation challenge due to the poor
access and strong mass transfer limitations. Siegrist et al.
[12] considered a method of emplacing horizontal fracture
zones filled with potassium permanganate (KMnO4) in a
TCE-contaminated field. The method showed remediation
efficiencies of up to 99% for high localized concentrations
(0.5–1.2 mg TCE/g soil), but after ten months, the average
amount of TCE removed from the whole test site was 70%
by mass. This inefficiency is mainly due to limited and in-
accurate fracturing and restricted DNAPL-oxidant contact.

2.3. Gas and steam treatment

In situ air sparging is used to remove volatile organic
compounds from both vadose and saturated soil zones of
the subsurface by volatilisation. Braida and Ong[13] con-
ducted a set of column experiments to investigate the re-
mediation of VOC-contaminated soils. The observed mass
removal rates ranged from 80 to 98%. However, the 1D set-
ting of their experiments using only a single air channel is
a very simplified and unrealistic representation of the flow
and sizes of air channel encountered at the field-scale under
heterogeneous conditions.

In another laboratory study, Rogers and Ong[14] used
air sparging to study benzene removal from packed beds of
three different-sized porous media placed in a small tank.
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The coarser media were found to allow the greatest mass re-
moval, but the efficiency was only 16.2%, and this decreased
to just 7.6% for the finer-grained material. Due to the strong
positive correlation between benzene removal rate and mean
particle size, this technique will have variable degrees of ef-
fectiveness for highly heterogeneous aquifers. Waduge et al.
[15] conducted soil tank experiments of air sparging reme-
diation of a toluene source entrapped in various heteroge-
neous soil configurations. Removal rates ranged from 77 to
90% depending on the entrapment condition.

Limitations with the use of field scale air sparging were
encountered by Benner et al.[16]. The field area was on the
southern shore of Lake Michigan at a site that stored non-
halogenated solvents including toluene, ethylbenzene and
xylenes. Heterogeneity in the ground was characterized as
peat and marl lenses within a coarsening-downwards sand
sequence. At the end of remediation, microbial degradation
had removed 23% by weight of the initial organic chemical
mass and physical stripping was responsible for removing
less than 6%. Thus, only 29% of the total NAPL mass was
eliminated.

Thermal treatment technologies are also emerging as po-
tential remediation techniques. Udell and McCarter[17]
conducted 1D tests of pentachlorophenol (PCP) removal
from soil using steam and recovered more than 80% by mass.
Steam injection at high pressure was also used by Hadim
et al. [18] to remove heating oil from contaminated soil. It
was calculated that 86% of the oil had been successfully ex-
tracted from the ground. A study by Tse et al.[19] showed
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Fig. 3. Scale effect of NAPL removal efficiency of various source zone remedial technologies. Data from:[9, 16, 13, 46, 47, 48, 49, 50, 8, 51, 52, 10,
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that the desorption rate and water equilibrium concentrations
of PCP could be enhanced by thermal treatment. The field
test area was an old PCP manufacturing plant with soil hy-
draulic conductivities and total organic compound contents
varying greatly with depth. After 6 months of steam injec-
tion and groundwater sampling, the PCP mass reduction in
the soil was found to be in the range of 65.4–76.9%, with
limited removal from the silty sand layers.

2.4. Summary

The source zone remediation studies used in this paper
have been chosen from a much larger research database and
the salient data has been plotted inFigs. 3 and 4. In Fig. 3,
the percentage of maximum pure phase removal is plotted
against the estimated volume of soils in source zone of the
test area. The data has been selected from studies conducted
at different experimental scales, ranging from 1D column
experiments to full-scale 3D field tests. The efficiency of re-
moval of the mass associated with the extent of the source
zone is clearly displayed. The degree of source zone NAPL
mass removal is limited to a small range of very high val-
ues for the reported column experiments. However, a wider
range of efficiencies exists for field-scale remediation efforts
as well as a decrease in the maximum possible remediation
levels that are achieved when moving from the 1D column
to the 3D field situations. The range of achievable source re-
moval efficiencies (or uncertainty of mass removal) increases
substantially when the scale gets larger. This suggests that
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Fig. 4. Effect of initial NAPL saturation on NAPL removal efficiency.

there exists a significant uncertainty in upscaling from lab-
oratory to actual field conditions.

In Fig. 4, the measured removal efficiency is correlated
with the average source zone saturation prior to the com-
mencement of any remediation efforts. By plotting a best-fit
line through all the data points from different remediation
technologies, it is clear that the source removal efficiency
decreases as the average pre-remediation saturation value
decreases. In fact, for typical field scale source saturations,
on the average only 60% of the DNAPL mass/volume is
removed. Furthermore, the degree of scatter in the data in-
creases as the initial source zone saturation value becomes
smaller. This highlights the limited and highly variable effi-
ciencies of current source zone remediation techniques ap-
plied in the field scale.

3. The mass flux approach

3.1. Understanding mass flux from NAPL source

Based on the data from case studies presented in the pre-
vious section, it can be argued that the percentage of original
NAPL mass removed (Fig. 3) may not be a good indicator of
the efficiency of the technologies because the average pre-
remediation NAPL saturations can be variable, as shown in
Fig. 4. However, it is clear that high remediation efficiencies
are achieved in 1D, homogeneous, well-characterized, uni-
form flow fields. At the field scale, such characteristics are

very rarely encountered and it is likely that a significant frac-
tion of the contamination will still remain after treatment.

Accepting this field scale limitation, it is therefore neces-
sary to consider what is an acceptable remediation level and
more importantly, from the risk assessment terms, is the site
‘safe’ after source zone remediation has been performed?
The effectiveness of remediation technologies should be
evaluated by the risk reduction that is achieved by their ap-
plication[20]. Therefore, it is proposed that remediation ef-
fectiveness should not be assessed in terms of the amount of
NAPL removed from the source zone, but by measurement
of the concentrations in the solute plume generated by mass
transfer within the NAPL source zone.

The fundamental physical process for determining both
pre- and post-remediation status of the solute plume is the
mass transfer (both temporal and spatial) from the entrapped
NAPL source. Therefore, for a given groundwater flow con-
dition, the mass flux (i.e. the release rate of contaminant
mass due to transfer from NAPL to the aqueous phase) leav-
ing the source after remediation will determine whether the
source is still a threat to groundwater. We call this themass
flux-based remediation assessment method. For instance, a
technology might remove 85% of the source zone mass, but
will the remaining 15% be enough to generate high aqueous
phase NAPL concentrations and plumes identical to those
from 100% source mass? If so, then the remediation has
failed to achieve the desired goal of reducing risk by decreas-
ing the concentrations in the downstream plume. The same
hypothesis was presented and tested by Sale and McWhorter
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[21] for a hypothetical situation involving DNAPL pools in a
uniform flow field. Alternatively, a 20% reduction in NAPL
mass could be sufficient to change its subsurface distribu-
tion into a condition of significantly reduced mass transfer
(such as a greatly reduced NAPL surface area) with a cor-
responding reduction in receptor risk.

Fig. 5 shows a schematic diagram of the change in con-
centration during and after source zone remediation. The
concentration is measured at a downstream location (recep-
tor), where the risk assessment is to be performed. For the
change in concentration after remediation, three scenarios
can be considered as shown in the figure; the concentra-
tion (i) increases (Case A), (ii) stays constant (Case B)
or (iii) decreases (Case C). Case C is the most success-
ful remediation method because the aqueous concentration
continues to reduce with time towards the maximum ac-
ceptable concentration level. For Case A, although receptor
concentrations after remediation are reduced, remediation
will eventually fail. This could occur if the remediation
method temporarily reduces the solute plume volume. How-
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Scenario 1 : Plume removal
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Source
Plume

Scenario 2 : Source morphology change

(b) Immediately after (c) Long-term(a) Before
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More mass transfer
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Fig. 6. Possible scenarios of Case A inFig. 5.

ever, the remaining pure phase source continues to generate
dissolved contaminant mass and eventually its aqueous
concentration starts to increase again (Scenario 1 inFig. 6).
On the other hand, Case C can occur if the source has
been reduced to a volume that is small enough for the mass
flux generated to be small. Therefore, in order to assess
the effectiveness of remedial technologies using the mass
flux approach, it is necessary to understand the mass trans-
fer processes from the NAPL remaining after source zone
remediation.

In order to measure the impacts of source treatment, or
to understand the real risks posed by a residual source, it is
essential to have accurate estimates of mass release from a
source zone before and after treatment. The mass release rate
can change as a function of time, and a key practical question
is to understand how much reduction in time or monitoring
of the system can be achieved by a source removal activity.
Furthermore, there is a need to predict the future mass flux
released from the source zone, which will allow site-specific
remediation targets to be set.
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In recent years, monitored natural attenuation (MNA) has
become widely used for NAPL contaminated sites. There
is little doubt that MNA will be used for many sites after
aggressive source zone treatment. However, there are ques-
tions regarding the conditions under which MNA can be used
with confidence. Combining temporal mass flux evaluation
with estimates of natural attenuation capacity can allow us to
develop meaningful risk-based source-plume management
strategies. Hence, integrated modeling and measurement of
both the mass flux from the post-remediation source and
natural attenuation capacity of the subsurface environment
will be essential.

3.2. Effect of source zone remediation activities
on mass flux

Source zone remediation can change the NAPL source
morphology, composition, and the chemical and biological
environment. A possible scenario for Case A inFig. 5 is
source zone volume reduction combined with source zone
spreading as shown as Scenario 2 inFig. 6. The increase
in the NAPL surface area available for mass transfer would
potentially cause a gradual increase in post-remediation
mass flux. Chemical, physical and biological changes of the
NAPL properties followed by remedial actions (see Sce-
nario 3 inFig. 6) may increase or decrease the mass transfer
rate from any NAPL source. Unfortunately, little is known
about the influence of source zone treatment on mass flux
and source zone architecture. Such information is critical
for the evaluation of potential risk reduction and assessing
the benefits of applying a particular remediation technology.

For certain chemical agents (cosolvents and surfactants),
the interfacial tension between NAPL and the aqueous phase
will decrease and NAPL can remobilise and move in the
direction of gravity during the flushing stage[4]. Using a
horizontally placed soil column, Kulasooriya et al.[22] com-
pared the mass flux from a PCE source in a residual condition
to that from a pooled condition created in the same column
by injecting surfactant and mobilising the PCE. The mass
flux reduced to half as the PCE mobilised and pooled on the
bottom of the column, indicating the positive effect of mass
flux reduction by PCE pooling on top of an impermeable
boundary. Conversely, in tank experiments with a DNAPL
spill in a stochastically heterogeneous soil model, Soga et al.
[23] demonstrated the negative effect of increasing mass
flux. DNAPL removal created a different end-point entrap-
ment morphology (lower saturation zones with increased rel-
ative water permeability), resulting in a greater NAPL-water
contact area generating aqueous phase concentrations that
increased with time in previously uncontaminated areas.

Addition of chemical oxidants can cause the production
of gases or precipitates that may reduce permeability or
limit the delivery and mixing of the reagents. For example,
MacKinnon and Thomson[24] found from a soil tank ex-
periment that the formation and deposition of MnO2 pre-
cipitates (produced during in situ reduction of chlorinated

solvents using permanganate) decreased the mass transfer
of PCE into the aqueous phase. This is because MnO2 de-
posits within the model aquifer decreased the velocity of
water directly above the PCE pool and hence the overall
mass transfer from the remaining PCE pool. They concluded
that this limits the progress of pool oxidation during oxi-
dant flushing and hence the formation of a PCE plume af-
ter treatment is inhibited. The implications of these findings
are two-fold; MnO2 precipitation may limit the process of
pool oxidation, but also, from a positive perspective, it may
inhibit the subsequent formation of a PCE plume. Further-
more, the oxidative environment can restrict bacterial growth
and activity, creating unfavourable conditions for natural
attenuation.

Remediation can impact water quality parameters such as
the dissolved oxygen content and concentrations of soluble
metals, pH, and dissolved solids. The biological environ-
ment in the source zone after remediation can affect the mass
transfer rate. It is often believed that the source zone is likely
to be toxic to dehalogenating bacteria. However, Seagren
et al. [25] suggested that biodegradation of NAPL should
increase the NAPL mass transfer rate because it can act as
a reaction sink to increase the concentration gradient. Yang
and McCarty[26] examined the factors affecting the dehalo-
genation of high concentrations of PCE using an anaerobic
mixed culture, containing four groups of microorganisms.
They showed that the PCE dissolution rate was five times
greater than what could occur in the absence of biological
dehalogenation, as predicted by the models of Seagren et al.
[25]. Soil heterogeneities and DNAPL morphologies may
also govern the extent and ability of microorganisms to ac-
cess and degrade DNAPL constituents. Rogers and Logan
[27] report that the presence of NAPL creates immobile wa-
ter zones where bacteria retention decreases due to reduced
collisions between bacteria and soil particles. This can pos-
sibly affect the mass transfer rate of DNAPL in natural
formations.

4. Assessing mass flux from NAPL source zone
in the field

4.1. Equilibrium and rate-limited mass transfer

The mass flux coming out from the ‘remediated’ or
‘treated’ source zone must be quantified for accurate risk
assessment. Hence, the design and assessment of source
zone removal technologies should focus on the ability of a
specific technology to reduce the NAPL amount and mor-
phology to a condition suitable for the mass flux observed
downstream of the entrapment zone to meet an acceptable
value. It is important to note that this value does not refer to
a specific value of NAPL saturation, but a site-specific effec-
tive saturation defined by the state of the NAPL (controlled
by the in situ conditions), and the entrapment morphology
(determined by the site heterogeneity and spill condition).
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The solubility limit of a NAPL at equilibrium with the
aqueous phase represents an upper boundary for the aqueous
phase contaminant concentration. This assumes that water
leaving the region of the NAPL has a dissolved compound
concentration at its maximum solubility (Cs) regardless of
flow velocity and/or contact time between the mobile wa-
ter and the immobile NAPL. However, field data indicates
that contaminant concentrations in groundwater are lower
than their corresponding equilibrium values[28,29]. Exper-
imental investigations have shown that dissolution process
is rate-limited[30–32]. This mass transfeṙM (MT−1L−3) is
often expressed by a linear model:

Ṁ = K(Cs − C) (1)

whereCs (ML−3) is the solubility limit (equilibrium mass
transfer) andC (ML−3) is the current bulk aqueous concen-
tration of the contaminant of interest.K (T−1) is the over-
all mass transfer rate coefficient and is often related to the
molecular diffusion coefficient and the interfacial area be-
tween NAPL and aqueous phases based on a single film
model[30].

A variety of phenomenological mass transfer models
based on laboratory column experiments are available and
details of these correlations are widely cited in the liter-
ature [30–34]. The results of these studies highlight the
‘inadequacy of the local equilibrium approach to predict
transient NAPL dissolution in column scale experiments’
[32]. Saba and Illangasekare[35] presented an up-scalable
phenomenological mass transfer model for 2D flow fields
under rate limited conditions and demonstrated the possible
errors that can result from the use of 2D model to simulate
dissolution in 2D flow fields.

4.2. Effect of NAPL morphology

Unstable fingering, preferential channelling and subsur-
face geological heterogeneities control the complex spatial
distribution of NAPLs after a spill. The final NAPL distri-
bution is present as zones of entrapment at low saturation
(residual, ganglia and blobs) and high saturation (pools at
permeability barriers and macro-scale entrapment zones re-
sulting from capillary barriers). The mass outflux from the
source zone is expected to be greatly influenced by the NAPL
morphology due to complex migration and entrapment pat-
terns and possible flow bypass around the pooled sources.

In contrast to the studies presented in the previous sec-
tion investigating the mass transfer process from a uniformly
distributed NAPL source under 2D flow conditions, stud-
ies by Johnson and Pankow[1] and Chrysikopolous et al.
[36] focused on the dissolution process from a 3D pooled
NAPL. They measured the increase in boundary layer thick-
ness from the upstream to downstream positions along the
pool and illustrated the differences in dissolution behaviour
depending on NAPL entrapment conditions (pool versus
residual). Sale and McWhorter[21] developed a simple
mathematical technique to assess mass transfer from NAPL

Large mass transfer
Small mass transfer

C(before)
Aqueous conc.

(a) Before remediation of NAPL pool

Source removal Large mass transfer

C(after)≈C(before)??

Aqueous conc.

(b) After remediation of NAPL pool

Fig. 7. Mass transfer from NAPL pool before and after remediation.

sources of different geometries. Assuming uniform ground-
water flow through the source zone, they computed the mass
transfer rate for three different geometries and demonstrated
that the mass transfer of pooled NAPL occurs primarily at the
leading edges as illustrated inFig. 7 and is inhibited by in-
terference from the upstream portion of the source for the re-
maining pool volume. Based on this, they concluded that that
near-complete source removal is required to achieve mean-
ingful and long-term improvements in groundwater quality.

4.3. Effect of field heterogeneity

Powers et al.[37] and Soerens et al.[38] used two-domain
models to incorporate the flow bypassing effect and showed
that much of the apparent non-equilibrium dissolution can
be explained by irregular NAPL distribution and flow het-
erogeneity. This is generally regarded as one of the main
failure mechanisms of pump-and-treat operations[39] and
similar behavior has been observed during air-sparging[15].

Brusseau et al.[40] conducted intermediate-scale disso-
lution experiments and correlated quantitative 3D mathe-
matical models of varying complexity to their results. They
concluded that dissolution behaviour is controlled by larger
scale factors such as non-uniform immiscible-liquid dis-
tribution, permeability variability, and sampling-associated
dilution, and that local-scale mass transfer processes are
generally of secondary importance. If flow bypassing is
dominant and mass transfer rate coefficients can decrease
with time generating lower than expected aqueous phase
concentrations, it is of primary importance to have some un-
derstanding of the effects of heterogeneity and degree of flow
bypassing that will occur. By quantifying the heterogeneity
of the aquifer hydraulic properties and NAPL distribution,
it is possible to predict non-equilibrium mass transfer as a
lumped process in the source zone even if equilibrium mass
transfer occurs at the local scale in the vicinity of the NAPL
pools.

The conclusions of Sale and McWhorter[21] and
Brusseau et al.[40] are especially relevant to field scale
spills, where NAPL distribution is very much determined
by the heterogeneity of the sub-surface. As field scale flow
rates are often very low (i.e. 0.5 m per day represents an
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upper bound), close to equilibrium NAPL concentrations
can be expected at the local scale. Therefore, at the field
scale, it is very likely that heterogeneity and NAPL distri-
bution effects are dominant over local mass transfer effects.

4.4. Field scale simulations of mass flux

Despite all the research that has been reviewed here, a
universally applicable theory for NAPL dissolution in field
scale environments has not yet been presented. Research
into the upscaling issue is still in the early stages. In order
to demonstrate the effects of soil heterogeneity and complex
NAPL entrapment conditions on mass flux generated from
the source zone, multiphase flow-mass transfer modelling
was performed. The modeling of the mass-flux relation-
ship was achieved using a finite-difference multi-component
simulator, UTCHEM, developed at the University of Texas,
Austin [41].

The source zone was modeled as a 2D, rectangular test
area 50 m long and 10 m thick with the aquifer volume di-
vided into 10,000 blocks (each block being 0.5 m long and
0.1 m deep). 2D conditions were used in simulations primar-
ily due to limitations in computational speed. Therefore the
findings cannot be directly extrapolated to the actual field
conditions where flow field is 3D. However, the results from
this preliminary study demonstrate the potential use of the
mass flux approach for remediation assessment.

Aquifer systems typically display stochastically varying
soil hydraulic properties when formed by depositional pro-
cesses[42]. Many studies (e.g. Woodbury and Sudicky[43])
have shown that the logarithm of the hydraulic conductivity
value is normally distributed. The synthetics aquifer created
for numerical simulations in this study assumes log-normal
distribution of hydraulic conductivity. The horizontal and
vertical correlation lengths of the soil properties in the test
area were kept constant for each simulation. The stochas-
tic parameters used in this study were (i) mean ln[k (in
millidarcies)] = 9.2, (ii) variance (�ln(k)) = 0.6, (iii) hori-
zontal correlation length= 5.1 m and (iv) vertical correla-
tion length = 0.21 m. Multiple permeability fields (or re-
alisations) were generated using this set of parameters us-
ing the Turning Bands technique and two such realisations
are shown inFig. 8(a). A similar numerical approach was
taken by Kueper and Frind[44], Dekker and Abriola[45]
and Saenton et al.,[7].

Tetrachloroethylene (PCE) was released into the saturated
zone from a point source at the top of the test aquifer 15 m
from the upstream boundary. The release rate was 0.005 m3

per day for a continuous period of 100 days. The spilled PCE
was then allowed to migrate downwards into the aquifer and
redistribute itself for 900 days under natural hydraulic con-
ditions. At the end of this spill stage, the PCE is distributed
both as pools and at residual saturation as shown inFig. 8(b).

Each system was then subjected to natural groundwater
flow conditions of 0.1 and 1 m per day, resulting in dissolved
plumes down-gradient of the DNAPL source as shown in

Fig. 8(c). These dissolution stages of the modelling were
each allowed to run for a time period of 3000 days. Various
mass transfer models were applied to examine the effect of
local scale mass transfer process and they include the local
equilibrium model as well as the constant mass transfer rate
coefficient model (withK values inEq. (1) ranging from
100 to 1000 per day).

Using the dissolution stage output data, the temporal mass
flux of dissolved DNAPL out of the source zone (i.e. at the
downstream boundary of the test aquifer domain) can be
computed. The evolution of mass flux with time is plotted
in Fig. 9 for both 0.1 and 1.0 m per day flow conditions
in Realisation 3. The initial increase is due to the delay in
plume reaching to the source zone boundary, but then the
mass flux decreases with time as the source depletes. The
numerical results showed that the effect of different local
scale mass transfer models (K = 100 or 1000 per day) was
negligible for the given groundwater flow rates; the flow was
slow enough for the mass transfer to be very close to the
equilibrium condition (Eqbm inFig. 9). A phenomenological
model similar to the one proposed by Imhoff et al.[33] was
also used and the result (K = var in Fig. 9) was almost
identical to those using the other mass transfer models. It
should be noted that the overall mass transfer did become
rate-limited when the flow rate was fast (e.g. 10 m per day)
and the mass transfer rate coefficient value was small (e.g.
K = 1 per day). However, this was considered to be out of
range of typical field conditions.

Fig. 10 shows the evolution of mass flux with time for
the 0.1 m per day flow condition simulations of the five re-
alisations. Despite all five permeability fields possessing the
same mean, variance and correlation length parameters, large
variation in mass flux is observed due to different NAPL
entrapment conditions. These numerical simulations show
that heterogeneity and NAPL distribution effects are domi-
nant over local mass transfer effects at the field scale for the
ground water velocities examined.

In order to ascertain the effect of rate-limited behaviour, a
non-dimensional source zone exit mass flux,ṀND was used:

ṀND = Ṁx

Csv̄A
(2)

whereṀx is the computed mass flux at a given time,Cs the
solubility limit, v̄ the mean Darcy’s velocity, andA the cross
sectional area of the downstream source zone boundary. The
closer this number is to one, the overall mass transfer of the
system is in equilibrium.

In Fig. 11, the computed normalized mass flux values are
plotted as a function of PCE volume remained in the source
zone. Data is presented from six different aquifer realisations
and two ground water flow velocities. The data from the 1 m
per day flow condition shows much larger decrease in PCE
volume at the end of 3000 days compared to the data from the
0.1 m per day flow condition due to larger quantity of water
available for dissolution. However, for a given PCE volume,
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Fig. 8. Simulations of PCE spill and its dissolution in heterogeneous soil models for a source zone 50 m long and 10 m deep.

the normalised mass flux of each realisation is independent
of ground water flow velocity.

Some of the dissolution profiles inFig. 11display a single
‘step-like’ profile of rapid mass flux decrease with small
PCE volume loss followed by a much more gradual, almost
constant period of dissolution and then a more rapid decrease
to low flux values (such as Realisation 1). The initially high
and relatively constant mass flux during natural dissolution
represents the dissolution of the residual PCE due to water
flow through the low saturation DNAPL. When all of this
has been removed from the source zone (approximately 175 l
for Realisation 1 after about 400 days), only pooled PCE
remains. Pools have very low mass transfer rates so the

mass flux decreases with only a small loss of PCE volume.
Subsequent dissolution continues by advancing along the
length of the pool with a near constant mass flux over a long
period of time. A more complicated, ‘step-like’ pattern can
be identified for Realisation 5 and this illustrates the effect
of multiple pools as shown inFig. 8. Individual pools will
have different mass transfer rates and disappear at different
times.

The level of remediation was modelled by uniform and
blanket reductions in the amount of PCE present in the
aquifer zone. Different levels of remediation were modelled
by 0 (no remediation), 70, 90, 95 and 99 PCE volume re-
moval. Hence, the spatial distribution of NAPL is the same,



K. Soga et al. / Journal of Hazardous Materials 110 (2004) 13–27 23

0

100

200

300

400

500

600

700

800

0 500 1000 1500 2000 2500 3000

Time (days)

M
as

s 
flu

x 
le

av
in

g 
so

ur
ce

 z
on

e 
(m

g/
da

y)

Eqbm
K=100 day-1
K=1000 day-1
K=var

(a) Flow velocity = 1 m/day 

0

10

20

30

40

50

60

70

80

0 500 1000 1500 2000 2500 3000

Time (days)

M
as

s 
flu

x 
le

av
in

g 
so

ur
ce

 z
on

e 
(m

g/
da

y)

Eqbm
K=100 day-1
K=1000 day-1
K=var

(b) Flow velocity = 0.1 m/day 

Fig. 9. Computed mass flux with time for different mass transfer models. Note: all four data sets in each figure directly overlie each other.
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Fig. 11. Computed normalised mass out flux vs. PCE volume for six different realizations (RX/Y, whereX is the realization number andY is the average
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but the overall NAPL saturation is small. It should be noted
that this uniform reduction is for demonstration purposes;
the actual process of source zone remediation may change
the characteristics of the NAPL entrapment condition.

Fig. 12 shows the dissolution paths of PCE remain-
ing after various levels of remediation for Realization 6.
The comparison between the post-remediation curves and
the natural dissolution curve at the equivalent PCE vol-
ume shows the natural dissolution flux is small, whereas
the post-remediation dissolution profiles are significantly
greater. This disparity is greatest when the natural dissolu-
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Fig. 12. Computed normalised mass out flux vs. PCE volume for various levels of remediation. The insert figure shows the peak normalized mass flux
vs. the initial PCE volume determined from various level of original PCE volume of 500 l.

tion generates low mass flux values with significant PCE still
present as pools. The spatial distribution of PCE in the re-
mediation simulation is the same as that in the original spill.
For the given volume of PCE left in the model, a much larger
contact area between NAPL and ground water is present in
the remediation simulation than in the natural dissolution
curve. Hence, the dissolution curve seems to have a strong
relationship to the DNAPL morphology in the source zone.

The end result of remediation will always contain some
disparity away from the ideal (natural dissolution) condi-
tion and it is this variability that can be responsible for the
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elevated post-remediation profiles. In fact, the peak mass
flux leaving the source zone after 70% PCE volume removal
is of almost identical magnitude to that when no remedi-
ation strategies have been implemented. Thus, the change
in NAPL distribution during dissolution has a greater influ-
ence on reducing PCE mass flux than the computed DNAPL
volume reductions used to represent remediation. The data
shown in the insert diagram ofFig. 12suggests that at least
90% reduction in contaminant volume is required for any
significant reduction in the post-remediation peak mass flux
levels. Again, this highlights that the morphological distri-
bution of NAPL is of primary importance compared to the
actual NAPL volume. Accurate site characterisation is there-
fore essential for understanding the NAPL dissolution and
associated mass flux relationships before any site-specific
target values can be assigned or remediation technologies
implemented.

5. Conclusions

Growth of the contaminated plume poses a significant
threat to the groundwater system and is largely controlled
by the rate of mass transfer and generation of aqueous phase
contaminant concentrations in the source zone. Source
removal efficiencies currently obtainable in the field are lim-
ited to about 60–70% and therefore there are significant un-
certainties about the value of source zone remediation. That
is, we do not know how well they will work and how they can
be optimised. There is a need to define appropriate methods
that can measure or define the “success” of such efforts (i.e.
performance assessment). It is proposed that NAPL mass
flux values can be used to assess and monitor remediation
efficiency, to predict future site-specific behaviour, and to
identify remediation targets. The design and assessment of
source zone removal technologies should focus on the abil-
ity of a specific technology to reduce NAPL saturation to an
acceptable condition so that the mass flux observed down-
stream of an entrapment zone meets an acceptable value.

After source zone remediation, the solute plume con-
taminant concentrations have typically been reduced to a
level suitable for biological activities to naturally attenuate
the contaminant in a more suitable environment than the
pre-remediation condition. Source zone management strate-
gies can be based on the combined mass flux approach
together with estimates of natural attenuation capacity. Field
scale simulations of dissolution processes from complex
NAPL entrapment conditions show that an understanding
of soil heterogeneity and initial NAPL morphology is es-
sential for making field predictions based on mass flux and
dissolution data. The results suggest that the dissolution
curve seems to have a strong relationship to the DNAPL
morphology in the source zone after remediation.

The impacts (positive or negative) of source zone reme-
diation are highly dependent on the complex interactions
between pre-treatment environmental conditions and treat-

ment process designs. There is a need to have sufficient un-
derstanding or guidance available to adequately predict and
monitor these potential side effects. For successful source
zone remediation, there is a need to evaluate (i) the type
and duration of NAPL source removal technology, (ii) soil
heterogeneities that control the local groundwater velocity,
(iii) NAPL composition and morphology changes during re-
mediation and (iv) contaminant attenuation downstream of
the NAPL entrapment zone. The remediation target should
be a site-specific, effective saturation defined by the state of
the NAPL (as transformed by the in- situ conditions) and its
entrapment morphology (as determined by the site hetero-
geneity and spill condition).
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