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Abstract 
A review of methods to estimate residual NAPL saturation values has been conducted.  Traditional 
laboratory methods use high capillary pressures in saturating the porous media with NAPL to an artificially 
high starting point.  This often results in over-estimation of residual NAPL saturation, especially for 
environmental applications in surficial shallow aquifers.  Comparison of literature values with 270 LNAPL 
measurements from 10 field sites confirms that many of the literature residual NAPL saturation values are 
not consistent with field observations.  It is concluded that laboratory methods for estimation of residual 
NAPL saturation values should be developed to include water saturation and capillary pressures that are 
representative of NAPL releases to shallow subsurface environments.    



Introduction 
 
The general concept of residual non-aqueous phase liquid (NAPL) saturation should be straightforward; it 
is basically the NAPL that cannot be mobilized and recovered from a soil.  However, there are many 
different definitions in different organizations and many different methods of determining residual NAPL 
saturation.  These differences have led to a wide range in literature and perceived values for residual NAPL 
saturation.  The definition of, method for determining, and the value of residual saturation depends on the 
application.  
 
The objective of this paper is to consider how the generally accepted concepts of residual saturation apply 
to shallow (i.e. near water table) environmental NAPL remediation projects.  It is our belief that the 
standard or generally accepted concepts and measurement techniques need to be applied differently for the 
typical unconfined aquifer situations that are normally encountered in the recovery of LNAPL.  This paper 
will include a review of the definitions, the methods historically used to determine the values, and literature 
values for residual NAPL saturation.  It will also present recent field measurement of LNAPL saturations at 
field sites.  Based on observed LNAPL saturation field data, the need to re-evaluate the literature values is 
evident.  As such, a discussion pertaining to the applicability of literature residual saturations to shallow 
NAPL remediation projects and suggestions for new methods to determine residual saturation are provided. 
 
Before a realistic definition of residual saturation can be developed, the concept of residual saturation must 
be discussed to clarify important issues.  Historically, most investigations of multiphase fluid flow in 
porous media were conducted by the petroleum industry.  For strong economic reasons the petroleum 
industry has interest in determining the volume of oil that would be trapped and not recoverable from oil 
reservoirs.  As a result of this interest, the largest volume of published data on residual NAPL (oil) 
saturations was produced by the oil industry.   
 
Soil scientists and agronomists have historically been interested in soils ability to conduct and retain water.  
The water retention characteristics of a soil are specified by its characteristic or retention curve, which 
relates the water content to the soil matric suction pressure (capillary pressure between the soil, air, and 
water).  With a supply of water readily available from heavy rainfall or infiltration, the soil pores become 
filled with water and the maximum retention capacity of the soil is reached, with the matric suction 
essentially zero.  If the water supply is then cut off, water will drain from the soil under the force of gravity, 
with the larger pores (macropores) draining first.  Following a period of rapid drainage (a day or so), the 
drainage rate becomes negligible.  Water is still retained in the smaller (capillary) pores and the capillary 
pressure is in the range 0.1 to 0.5 atm (Richards, 1950), and the soil is at field capacity.  Growing plants 
will continue to absorb water from the soil until the capillary pressure reaches a value of about 15 atm, and 
the soil is at wilting point (Brady, 1974).  The irreducible water content corresponds to a limit of infinite 
suction pressure (Brooks and Corey, 1964).  Of these characteristics, field capacity is of most interest for 
the manuscript.  It corresponds to the water (wetting phase) that is held in the soil by capillary forces 
against the force of gravity.  In hydrology, this is the specific retention (Bear, 1972).  The drainable 
porosity is the specific yield, and the sum of the specific yield and specific retention is the maximum 
retention capacity (porosity) of the soil.  Operationally, field capacity or specific retention may be defined 
as the water content corresponding to a capillary pressure of 1/3 atm (Brady, 1974; Hillel, 1982). 
  
More recently, environmental remediation professionals have become interested in these concepts and how 
they pertain to recovery of NAPL contaminants from porous media.  With regard to residual NAPL 
saturation, both the petroleum and environmental disciplines are concerned with the movement of liquid in 
the liquid phase, as opposed to vapor migration in the gas phase.  Corey (1986) states “it is clearly possible 
to remove practically all of the wetting fluid from a porous sample by evaporation.”  Thus, all the 
definitions of residual NAPL saturation are based on liquid movement by gravitational and hydraulic 
forces.   
 



Background 
Definitions of Residual NAPL Saturation 

Field Scale Definitions of Residual NAPL Saturation  

Field scale definitions define residual NAPL saturation in terms of NAPL mobility relative to the scale of 
the problem (e.g. oil reservoir production, NAPL plume recovery).  One definition for residual oil 
saturation is focused on liquid saturated conditions in the reservoir or aquifer when oil (or LNAPL) ceases 
to be recovered.  For example, the Petroleum Engineering Handbook (Bradley et al., 1987) defines residual 
oil as “the liquid that remains in an oil reservoir at depletion”.  The value of residual saturation from these 
definitions is dependent upon the vertical and horizontal sweep efficiency, the heterogeneity of the geologic 
system, and the microscopic displacement efficiency.  Microscopic displacement efficiency is primarily 
dependent upon capillary forces (as will be explained below) but are also dependent upon viscous and 
gravitational forces (expressed in the capillary and bond number (respectively) and help to explain the 
microscopic detail of capillary trapping in multiphase flow problems when large pressures or changes in 
interfacial properties are used.  The reader is referred to Bedient et al. (1994) and Wilson et al. (1990) for 
more information on role of capillary and bond numbers. 
 
Morrow (1987) defines residual oil saturation as the “oil that remains in the swept zone of a waterflood 
when the produced ratio of water to oil has reached its economic limit.”  Some environmental researchers 
have chosen to use similar pragmatic yet vague definitions for residual saturation of “the saturation (vol. of 
NAPL / vol. of voids) at which the NAPL becomes discontinuous and is immobilized by capillary forces 
under ambient groundwater flow conditions” (Mercer and Cohen, 1990).  Schwille (1984) and Domenico 
and Schwartz (1990) have defined residual NAPL saturation similarly.  These definitions seem to be most 
concerned with areas of the field where vertical and areal sweep efficiencies are near unity and water has 
been forced or allowed to sweep the LNAPL from the pores. These may be the best-defined values of 
residual, but measurement is extremely difficult and/or costly.  It is virtually impossible to know the value a 
priori. For this reason, laboratory measurements have been attempted. 
 

Laboratory Definitions of Residual NAPL Saturation in Unsaturated conditions 

The soil science and environmental disciplines have been more concerned with near surface conditions and 
have needed to consider residual NAPL saturation in both the vadose (unsaturated soil above saturated soil) 
and saturated zones.  Focusing primarily on the vadose zone, Hoag and Marley (1986) define residual 
saturation as the saturation that is attained after an initially saturated porous media is allowed to drain by 
gravity to equilibrium conditions.  Zytner et al., (1993) use a similar definition for residual saturation but 
do not explicitly state an initially NAPL saturated condition in the porous media.  These definitions are 
analogous to field capacity for the wetting phase.  In addition to residual saturation, Schwille (1984, 1988), 
Mercer and Cohen (1990) and Zytner et al., (1993) define the term retention capacity to describe residual 
saturation of the non-wetting phase in the vadose zone in terms of NAPL per unit volume of soil.  The 
retention capacity (RC) is defined as: 

 1000?SRC or ××=   (1) 

In equation (1), RC = retention capacity (liters of NAPL / m3 of soil), Sor = residual saturation (volume of 
NAPL / vol. of voids), and ? = soil porosity (-). 

Laboratory Definitions of Residual NAPL Saturation in Saturated Conditions  

This  paper is most concerned about the value used for “residual” NAPL saturation in saturated conditions.  
This is because many environmental remediation projects are conducted with the goal of recovering non-
aqueous phase liquids (NAPL).  State and Federal regulations require that NAPL be recovered to some 
endpoint state, generally either, recovery of all NAPL; some minimal thickness remaining (e.g. 1/8th inch); 
or technical impracticability of continued recovery.  To estimate the potential recovery and the volume of 
LNAPL left in-place, models require an estimate of the amount of NAPL that will remain in the porous 
media.  As a result of the role of residual NAPL saturation in defining the immobile fraction of the total 
NAPL in-place, residual NAPL saturation is a critical parameter. 
 



Perhaps the most common definition of residual saturation in saturated conditions is the value that would 
be obtained in the laboratory imbibition of water into a NAPL saturated soil core.  In laboratory core tests 
the porous media is initially saturated with the wetting fluid (water).  Capillary pressure (pressure of the 
non-wetting fluid - NAPL) is then progressively increased until the expulsion of the wetting fluid from the 
sample has become negligible (see the primary drainage curve shown in Figure 1); this point is often 
referred to as the irreducible water saturation.  The pressure of the non-wetting fluid is then slowly 
decreased until the pressure of the wetting and non-wetting fluids are equal, capillary pressure is zero – 
corresponding to saturated or water table conditions (see the spontaneous imbibition curve in Figure 1). 
Relative to the saturated zone, many researchers, Pickell et al. (1966), Bear (1972), Dullien (1979), Fetter 
(1992), Freeze and McWhorter (1997) have defined residual saturation based on drainage and imbibition 
experiments defining residual saturation as the non-wetting phase saturation at zero capillary pressure at the 
terminus of the spontaneous imbibition curve. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Example drainage and imbibition curves including forced imbibition and secondary drainage.    
Sr zero is the oil NAPL where the imbibition curve reaches capillary pressure of zero.  Sr WD is the NAPL 
saturation where NAPL recovery ceases after forced imb ibition. (After Morrow 1990) 
 
 
Summarizing the soil science and environmental definitions for residual NAPL saturations there tend to be 
two subset definitions: 1) residual NAPL saturation in the vadose zone generally defined in a fashion 
analogous to field capacity, the NAPL saturation which remains in the soil after gravity drainage has 
become negligible, and 2) residual NAPL saturation in the saturated zone.  There are two approaches for 
defining residual NAPL saturation in the saturated zone: A) the NAPL saturation which remains in the soil 
after water has imbibed to a capillary pressure of zero (per drainage / imbibition laboratory tests), and B) 
the NAPL saturation at which the NAPL has become immobilized by capillary forces while subject to 
groundwater flow conditions.  The difference in these two definitions is that definition A describes a return 
to zero capillary pressure whereas definition B implies the possibility of slight additional water imbibition 
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(lower NAPL saturations) resulting from the forced imbibition induced by water flow associated with a 
groundwater gradient.   In many soils, the difference between A and B is very small. 
 

Methods of Determining Residual NAPL Saturation 
Methods of Determining Residual NAPL Saturation (Field Scale)  

It is generally accepted in the petroleum industry that residual oil saturations in the reservoir can range 
from 15% to 50% (Wilson et al., 1990).  To better understand and measure residual oil saturation the 
petroleum industry has developed tracer test methods to determine residual oil saturation in-situ.  These 
methods evaluate the residual saturation in the vicinity of a borehole.  In a study involving 92 
determinations of residual oil content in reservoirs the residual oil saturation was found to range from 2% 
to 46% with an approximate average of 15% to 20% Morrow (1987).  For comparison, in a laboratory 
(coreflood) test of 424 core samples the residual oil saturation was found to range from 5% to 60% with an 
approximate average of 25% - 35%, leading Morrow (1987) to conclude that laboratory coreflood 
determinations result in higher residual oil saturations than do in-situ measurements.    
 
Some environmental DNAPL researchers have attempted to measure residual NAPL saturation in-situ.  
Poulsen and Kueper (1992) spilled dyed tetrachloroethylene (PCE) into a sand field site.  After the PCE 
was allowed to percolate through the soils the site was carefully excavated in 10 to 15 cm lifts to allow for 
detailed mapping and small-scale (2 mL) soil sampling.  The results of the small-scale sampling and 
analysis revealed that the residual DNAPL saturation in the sand ranged from 0.2 to 18% (0.002 to 0.18) 
and were dependent on slight variations in soil permeability.  Poulsen and Kueper (1992) found the large-
scale average residual DNAPL saturation to range from 1 to 2.5% for drip and instantaneous spill scenarios 
respectively. 
 
More recently other researchers have modified the oil industry method of tracer testing to determine 
residual DNAPL saturation in-situ surrounding observation wells.  Jin et al. (1997) and Young et al. (1999) 
have used the technique of partitioning inter-well tracer testing (PITT) to determine residual DNAPL (and 
LNAPL) saturations both prior to and following surfactant enhanced waterflood NAPL recovery efforts.    
Young et al. (1999) report DNAPL saturations ranging from 0.1% to 0.2% saturation prior to surfactant 
flooding and 0.06% residual DNAPL saturation upon completion of the surfactant flood.  Jin et al. (1997) 
cite three case studies where PITT determined the residual DNAPL saturations to range from 0.02 to 0.10 
(2 to 10%). 
 
These field methods are a very pragmatic and direct approach to determine the residual oil saturation.  
These determinations of residual oil saturation are very useful yet difficult and costly to conduct.  This 
being the case, these methods are not the most useful for modeling or initial assessment of LNAPL 
recoverability. 

 

Laboratory Methods in Petroleum Applications 

The petroleum industry has long been interested in the volume of oil that remains in the reservoir after oil 
production has ceased.  Thus the experiments conducted by the petroleum industry have been designed to 
mimic reservoir conditions.  A typical industry laboratory method for determining residual oil saturation in 
core analysis, API (1998) specifies a rock core be completely saturated with the non-wetting phase (oil 
displacing water) often by applying oil pressures in the range of 500 to 1000 psi (approx. 2,300 ft of water), 
refer to Figure 1.  This oil saturation and capillary pressure then defines the maximum oil saturation and 
starting point for the imbibition test, and is analogous to the irreducible saturation of the wetting phase.  
Water is then imbibed into the same core until oil expulsion has ceased; again, this is commonly 
accomplished with very high water pressures (500 to 1000 psi).  The resulting oil saturation is the residual 
oil saturation that can be interpreted to result from a water flood of the reservoir.   
 
As described earlier, laboratory coreflood methods produce higher estimates for residual saturation than in-
situ tracer test determinations of residual saturation because the laboratory methods force large initial 



NAPL saturation throughout the entire pore space of the sample and displace water from progressively 
smaller pores (Morrow, 1987 and Pickell et al., 1966). During laboratory core analyses, such as those 
described above, a very good correlation has been documented between capillary pressure (excess pressure 
of the non-wetting fluid), the initial saturation of the non-wetting fluid, and the residual saturation, as 
shown in Figure 2 (Pickell et al., 1966; Wardlaw and Taylor, 1976; and Chatzis and Dullien, 1981).  These 
researchers observed that as porous media is exposed to progressively higher non-wetting phase pressures 
the maximum (initial) saturation of the non-wetting phase also increased, as is depicted by points (1), (2), 
and (3) in Figure 2.  As the maximum saturation of the non-wetting phase increased, the residual saturation 
was also found to increase, points Sr (1) through Sr (3) in Figure 2.  Thus, the residual saturation of a porous 
medium is a function of the non-wetting phase pressure history (Pickell et al., 1966 and Morrow, 1987).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  Schematic depicting three hysteresis loops with progressively higher non-wetting phase 
maximum pressures (1), (2), and (3) and the corresponding residual saturations Sr. (After Pickell et al. 
1966) 

 

Methods in Environmental Applications  

Mercer and Cohen (1990) summarized the environmental residual saturation data that was published prior 
to 1990.  Wilson et al. (1990) conducted several tests on three sands and one loam soil.  Brost and DeVaull 
(2000) updated the Mercer and Cohen (1990) summary of available literature residual saturation values by 
including more recent work by Poulsen and Kueper (1992), Zytner et al. (1993) and Boley and Overcamp 
(1998).  These papers present a majority of the literature values that are available for residual NAPL 
saturation relative to environmental applications.  From their review of the data Mercer and Cohen (1990) 
summarized “Sr (residual saturation) values typically range from 0.10 to 0.20 (10-20%) in the vadose 
zone.”… “values of Sr  in saturated media generally range from 0.15 to 0.50 (15-50%).”  Zytner et al. 
(1993) restated this same range of values for residual saturation in both the vadose and saturated zones.  
Wilson et al. (1990) observed residual saturations in saturated unconsolidated sands to range from 0.14 to 
0.30 (14% to 30%) and a lower value, 0.09 (9%), for one unsaturated (vadose zone) sand.  In the one loam  
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Table 1 

Examples of Laboratory Residual Saturation Analyses 
Reference Test Method Liquid NAPL 

method of 
Introduction 

Results 

Boley & 
Overcamp, 
1998 

Column with 
moist glass 
beads and sand; 
water flushing 
after NAPL  

O-xylene Small (5ml) 
spill from top  

Med. Sand: No Flushing Sr = 4% (0.04) 
 30 flushes Sr = 2% (0.02) 
Coarse Sand: No Flushing Sr = 3% (0.03) 
 30 Flushes Sr = 1% (0.01) 

Hoag & 
Marley, 
1986 

Column with 
dry and field 
capacity (FC) 
washed fine, 
medium, 
coarse, and 
mixed sand 

Gasoline Gasoline 
saturated from 
bottom of 
column 

Dry fine to coarse sand Sr range 55 to 14% 
 respectively 
Field Capacity fine to medium sand Sr range 
 26 to 12 % respectively 

Schwille, 
1988 

Column with 
three sands (K= 
10-2, 10-3, 10-4 
cm/sec) dry and 
at field capacity 

Chlorinated 
Hydrocarbons 

Injected at top 
until 
“uniformly and 
completely 
impregnated” 

Saturated zone: Sr ranges 2 – 15%, (0.02 – 
 0.15) High to Low K 
 
Unsaturated zone: Sr ranges 1– 10%, (0.01 – 
 0.10) High to Low K 

Wilson et 
al., 1990 

Columns with 
three sands and 
one loam, field 
capacity and 
water saturated 

Soltrol Injected under 
pressure to 
irreducible 
water 
saturation (not 
attained in 
loam sample) 

Vadose Zone: Sevilleta Sand Sr = 9.1% 
  (0.091) 
 Palouse Loam – not completed 
 – could not reach Swir 
Saturated Zone: Three sands Sr=14 – 30% 
  (0.14 – 0.30) 
  Palouse Loam – not completed 
 – could not reach Swir 

Zytner et al., 
1993 

Column with 
sieved and air 
dried, sand, 
clay, mix, and 
peat 

PCE, TCE, & 
Gasoline 

Saturated from 
top with 
hydrocarbon 
then allowed to 
gravity drain 

Gasoline in Sandy Loam: Sr=42% – 59% 
 (0.42-0.59) 
Gasoline in Clay: Sr=68% – 75% (0.68 – 0.75) 
TCE in Sandy Loam: Sr=75% – 92% 
 (0.75 – 0.92) 

 
soil tested Wilson et al. (1990) could not drain the soil using the laboratory pressures that were available 
and could not reach the irreducible water saturation (fully saturated NAPL initial condition) and thus felt 
they could not report a residual saturation.  To understand the applicability of these values to the typical 
shallow environmental NAPL problem we must understand the methodology used to develop the values. 
 
Table 1 is a summary of the more recent publications determining residual NAPL saturation through 
laboratory experiments as it pertains to environmental NAPL recovery problems.  It can be seen in Table 1 
that a wide range in methodologies has been used to determine residual NAPL saturations in soils.  For 
efficiency purposes, most the analyses have been conducted on well-sorted sands.  Most have tested the 
effects of initial water content on residual NAPL saturation.  All, excluding Wilson et al. (1990), were 
conducted with soil in repacked columns under gravity drainage conditions.  Wilson et al. (1990) used re-
packed, pressurized columns to develop excess wetting and non-wetting phase pressures.  All are in general 
agreement that as the soils initial water content increases the residual NAPL saturation for that soil 
decreases (Hoag and Marley, 1986; Zytner et al., 1993).  It was also concluded that residual saturation 
increases with decreasing grain-size or permeability (Schwille 1988; Hoag and Marley, 1986; Wilson et al., 
1990; Zytner et al., 1993; Boley and Overcamp, 1998).  
 



Observed Field Conditions - LNAPL Saturations from Ten Field Sites 
During assessment activities for 10 sites, including 7 refineries, 2 chemical plants and 1 fuel storage 
terminal, saturation analyses were conducted to determine the LNAPL saturation and distribution in the soil 
profile.  The soil samples collected for these analyses were obtained from the most severely LNAPL 
impacted areas within the facilities, some with LNAPL thickness observed in observation wells that 
exceeded 15 ft.  In total, 270 distillation extraction (Dean Stark) LNAPL saturation analyses (API, 1998) 
were performed.  The Dean Stark method of oil saturation determination involves distillation of water and 
solvent extraction of oil from the porous media.    Analysis of this saturation data produced the following 
statistics:  Maximum LNAPL saturation in any sample was 56% while the average LNAPL saturation was 
5.3%.  49% of the soil samples contained less than 2% LNAPL saturation while 83% of the samples 
contained less than 10% LNAPL saturation.  Some may feel that the observed saturations above are low 
due to LNAPL draining from the samplers during sample handling.  Due to the heterogeneous nature of the 
soils in the samples, the low relative LNAPL permeability at low LNAPL saturations, often high LNAPL 
viscosities, and iced or frozen nature of the majority of the cores the authors do not believe LNAPL 
drainage from the samples prior to analysis is a significant concern.   
 
The LNAPL saturation data collected from, for example, one typical fine-grained soil (FGS) site provides 
interesting data.  Similar observations have been made at other sites with a full range of soil types.  The site 
is a former refinery situated in the Midwestern United States and the impacted soils at the site that were 
analyzed consist of lean clay with sand (CL).  Two borings, located in the immediate vicinity of 
observation wells that contain 11 to 16 feet of LNAPL, were continuously sampled and 26 soil samples 
were collected for laboratory LNAPL saturation analysis from the soil horizons that were visibly impacted 
with LNAPL.  The results of the 26 LNAPL saturation analyses found the maximum LNAPL saturation 
within the FGS at the site to be 7.6% with an average value of 2.3% LNAPL saturation.  The boring which 
contained the 7.6% maximum LNAPL saturation was within 20 feet of an observation well that contained 
an LNAPL thickness of 11.8 feet of mixed light and middle distillate (gasoline and diesel).  The second 
boring, that was sampled for LNAPL saturation analysis , was located within 10 feet of an observation well 
that contained 16 ft of LNAPL (weathered diesel).  In this second soil boring the maximum measured 
LNAPL saturation, of the 11 analyses that were performed, was 1.4% (0.014). 

Discussion 
The data discussed above from the FGS site created difficulty in trying to assess LNAPL distribution and 
recoverability.  When compared to all the literature values discussed previously it was evident that the 
maximum LNAPL saturation of 1.4% near the well containing 16 ft of diesel was far below the literature 
residual NAPL saturation values for any porous media, especially a fine grained soil.  By the fact that there 
is 16 ft of diesel in the observation well there must be LNAPL that exceeds the residual saturation of the 
soil surrounding this observation well. 
 
Most of the cited references in Mercer and Cohen (1990) and in Table 1 use soils that consisted of well-
sorted sand.  Only Zytner et al. (1993) included clayey soil in the determination of residual LNAPL 
saturation, but they applied gasoline to air dried, repacked clay in the column test where gasoline would act 
as the wetting fluid and be drawn into the pores by capillary forces.  Water saturations in the vadose zone at 
the FGS site have been measured and are 90% within 4 feet of the ground surface (4 feet above the water 
table).  Thus the soil is water saturated and the LNAPL must develop hydraulic pressure in excess of the 
water pressure to displace the water from the water-wet pores.  Adamski et al. (2003) discuss the 
conceptual model of LNAPL migration in these fine-grained soils, including the LNAPL distribution, 
model predicted LNAPL recovery, and actually LNAPL recovery from this site.  Charbeneau (2003) also 
uses data from this site as an example of how to model LNAPL recovery in FGS. 
   
Based on the findings of previous work described above, the initial (maximum) NAPL saturation in a soil is 
a function of the NAPL pressure history and the resulting residual NAPL saturation has been shown to be a 
function of the initial NAPL saturation.  The majority of the literature residual NAPL saturations started 
from an initial NAPL saturation that corresponds to the irreducible water saturation that is only achieved in 
typical soils by applying large NAPL (capillary) pressure.  This starting point is sensible for petroleum 



applications where the NAPL does develop high pressures.  However, shallow environmental problems do 
not generate large excess (relative to water) NAPL pressures.  In the environmental problems the NAPL 
develops the excess pressure only from ponding of the spill and potentially from hydrostatic column during 
infiltration and percolation in the vadose zone.  This hydrostatic excess pressure would only develop when 
the NAPL is confined to some macropore network in the vadose zone and would likely not exceed 0.3 to 4 
psi (1 to 10 ft of LNAPL head).  
 
The values determined for residual DNAPL saturation in-situ by Poulsen and Kueper (1992) and Young et 
al. (1999) would possibly provide sensible guides to estimate the residual NAPL saturation for the FGS site 
discussed above.  It appears that field techniques for determination for residual NAPL saturation may 
provide values that are more applicable to field application while the currently available laboratory 
determined literature values do not.  This is not because it is impossible to determine applicable residual 
NAPL saturation in the laboratory, but rather because the laboratory methods previously used did not 
closely simulate the field conditions. 

Conclusions  - Recommendations for Determining Residual Saturation  
Based on the pressures used during the petroleum industry standard tests it is evident that those laboratory 
techniques should not be used to determine residual NAPL saturations for environmental problems.  As a 
result of the wide variation of methodology and test procedures such as, dry soils, repacked columns 
containing mostly well sorted sands, and fully saturated initial NAPL conditions used by environmental 
researchers it is evident that these literature values are not applicable to most environmental NAPL field 
sites.  Relative to residual saturation, Kueper et al. (1993) conclude that:  

“… It also follows that caution should be exercised when measuring a residual content in the 
laboratory and applying it to a field situation.  Unless the laboratory derived value was obtained 
under identical flow conditions as the field (same initial non-wetting saturation), it should not be 
used for field-scale calculations of retention capacity.” 

Based on the work of Pickell et al. 1966, Wardlaw and Taylor 1976, and Chatzis and Dullien 1981, it is 
evident that the residual NAPL saturation for a porous medium is dependant upon both the soil pore size 
distribution and the initial NAPL saturation.  Based on first principles and the work of Hoag and Marley 
(1986) and Zytner et al. (1993), it is evident that the initial NAPL saturation and thus the residual NAPL 
saturation is dependant upon the soil water saturation at the time of the NAPL release.  Since laboratory 
derived environmental residual NAPL saturation data discussed above are based on reworked, 
predominantly well sorted sands at varying initial moisture contents, it is unlikely that those values would 
be applicable at environmental NAPL sites that are not located in well sorted sand. 
 
In efforts to model NAPL recoverability, the authors have found it most effective to estimate residual 
NAPL saturation as some subset of the maximum observed field NAPL saturation.  To some reviewers, 
estimating residual NAPL saturation in a fine-grained soil using a value such as 0.008 (0.8%) may appear 
erroneous.  However, such estimates are consistent with field measurements and observed field recovery.   
 
What is needed is a cost effective laboratory method for better estimating residual NAPL saturation for 
shallow (near water table) environmental problems.  Such a method needs to better simulate the field soil 
and spill conditions.  As Kueper et al. (1993) imply, each site and spill scenario is unique and the 
laboratory test method will need to account for this.  Future methods for determining residual NAPL 
saturations in environmental applications should account for the following: 
§ The natural structure of the soil (undisturbed soil cores should be used) 
§ Field moisture conditions should be simulated (do not drive samples to irreducible water 

saturations, unless that is justified by the likely NAPL pressure history) 
§ Maximum NAPL pressure should be estimated from the site specific spill history 
§ Maximum water pressure for imbibition should be estimated from that likely to be achieved 

during remedial activity  
Use of testing methods that consider site-specific soil conditions of soil structure and water content, 
reasonable NAPL pressures resulting from the LNAPL release (maximum capillary pressure), and 
reasonable maximum water pressure attainable from hydraulic gradients during remediation activities, will 
provide more reasonable and appropriate estimates of residual NAPL saturation values. 
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