
directions of water movement. Water content indicates how 
much water is held in the soil. Water potendal indicates how 
tightly the water is held by the soil matrix. Water moves 
through soil in liquid and vapor form, and the two forms can 
move simultaneously as a consequence of water-potential, 
humidity, and temperature gradients in the soil. 

Ongoing investigations at the undisturbed, vegetated site 
indicate that the natural soil-plant-water system effectively 
limits the potential for deep percolation During more than 
5 years of monitoring, downward percolation was limited 
totheupper3 feet of soil (Fischer, 1992; Andraski, 1994). 
Between the depths of 40 and 160 feet, water movement, as 
liquid and as vapor, is consistently upward, teliminary evi­
dence indioates that upward flow of water vapor through the 
thick unsaturated zone may potentially serve as a contaminant-
release pathway (Prudic, 1994b; Prudic and Striegl, 1994). 

Little is known about how, or to what degree, features of 
the natural system may be altered by installation of a disposal 
facility. Investigations to determine the effects of disturbance 
on soil properties and the long-term soil-water balance began 
in 1987. Two nonvegetated test trenches and an area of bare 
soil are monitored (fig. 5; Andraski, 1990). The effects of 
disturbance are evaluated in terms of observed differences 
between data collected at the undisturbed, vegetated site and 
data collected at the disturbed sites. 

Accurate characterization of hydraulic properties is critical 
to calculations of water movement through soil. Characteriza­
tion data normally are measured to a minimum water-potential 
value referred to as the pennanent wilting point for crops. 
Below this value, water is held so tightly by the soil matrix that 
a crop plant cannot extract the water and will wilt and die. Data 
collected by the USGS at the Mojave Desert site, however. 

UNDISTURBED SOIL: NONVEGETATEO 
VEGETATION REMOVED TEST TRENCH 2 
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Figure S. Schematic diagram of instrumentation used to determine 
effects of vegetation removal and trench construction on water 
movement through unsaturated zone. Subsidence and erosion are 
monitored to determine changes in structural integrity of test trenches. 
In second teet trench (not shown), soil-filled drums are stacked in 
orderty fashion. 

show that this lower limit is not adequate for nonirrigated, 
desert soils and plants, nor is it appropriate for the extremely 
dry backfill material produced by trench construction. Thus, 
characterization of hydraulic properties at the site has been 
extended to include data measured over a soil-moisture range 
that is representative of seldom-studied arid conditions 
(Andraski, in press). 

Backfilling with very dry material will, at least initially, 
increase the importance of vapor flow as a potential transport 
mechanism in the trench fill (Andraski, in press). These initial 
dry conditions can change substantially, however, in response 
to subsequent precipitation and a lack of vegetation. On an 
annual basis, no water accumulates in the vegetated soil 
because water is removed by the plants (fig. 6). In contrast, 
even under conditions of extreme aridity, water accumulates in 
the nonvegetated soil and test trenches. Water that has accumu­
lated at the three disturbed sites is continuing to percolate 
downward (Andraski, 1994). Thus, the construction of waste-
burial trenches and removal of native vegetation markedly 
alters the natural site environment and may increase the 
potential for release of contaminants (Gee and others, 1994). 
Surprisingly, such changes typically are not considered in the 
evaluation of a proposed waste site and may not be considered 
in management of existing sites, 

Well-informed Decisions Needed 

Regulations governing the licensing of solid-waste landfills 
and hazardous-waste sites require an assessment of the potential 
for deep percolation of water through buried waste before 
disposal operations can begin. Numerical models commonly 
are relied on for this assessment. For a proposed low-level 
radioactive waste site, 1 year of preoperational monitoring of 
site conditions also is required. Thus, data used in numerical 

-20 (— : 1 
Nov.21.1988 Sspt21,1989 Sept 18, 1990 Dec. 18. 1991 Sept 24, 1992 

Figure $. Cumulative changes in quantity of water being held in 
uppermost 4 feet at four monitoring sites: undisturbed, vegetated soil; 
undisturbed soil where native vegetation was removed; and two 
nonvegetated test trenches. Values are based on measurements 
during first 5 years following vegetation removal and trench 
construction at disturbed study site in October 1987. 



analysis of a proposed waste-burial site may be based solely on' 
hydraulic information available in the literature, or the data may 
include some site-specific information, which typically is limit­
ed to natural conditions and a short period of time. This ap­
proach is of particular concern for waste sites in arid regions 
because, compared with the amount of information available 
for more humid sites, the amount of hydraulic-property data 
and long-term field data for arid sites is negligible. In addition, 
although significant advances have been made in the develop­
ment of soil-water flow models, the lack of long-term field data 
has resulted in these models remaining largely untested as to 
how well they represent flow systems at arid sites. 

Long-Term Benchmark Information 

Ongoing work by the USGS at the Mojave Desert field 
laboratory continues to provide long-term, quantitative "bench­
mark" information about the hydraulic characteristics, water 
movement, and the potential for release of contaminants 
through the unsaturated zone in an arid environment. Monitor­
ing methods developed and tested at the Mojave Desert site 
have helped others in their study and evaluation of waste-
isolation processes at the Nevada Test Site, and at proposed 
waste sites in Texas and California. The U.S. Nuclear Regula­
tory Commission and Pacific Northwest Laboratory have cho­
sen the Mojave Desert waste site for use in numerical modeling 
of infiltration because it is representative of burial operations in 
an arid environment. Data collected at the USGS field labora­
tory are being provided for this effort. The National Academy of 
Sciences also has used information from the site in the evalua­
tion of issues related to waste disposal in an arid environment. 

Because of the potentially harmful effect of improper waste 
disposal on water resources in the arid West, comprehensive 
laboratory and field studies are critical to identifying likely 
contaminant-release pathways and the potential for waste 
migration at arid sites. However, the quandary for those charged 
with assessment of the suitability of potential disposal sites is 
that site characterization and evaluation must be accomplished 
in a relatively short period of time—only 1 to 2 years. 

Data collection at the Mojave Desert field laboratory 
provides the needed long-term benchmark against which short-
term data from proposed arid sites can be compared. The data 
base and monitoring facilities developed at the field laboratory 
also provide an excellent foundation upon which to build col­
laborative efforts with universities and local, State, and other 
Federal agencies to further (he study and understanding of 
hydrologic processes in an arid environment. 

—BJ. Andraski, David E. Prudic, and William D. Nichols 
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A B S T R A C T 
Conservative screening concentrations for non-aqueous phase 
liquids (NAPL) that could be considered immobile in unsaturat­
ed zone soils are presented. Total concentrations measured at a 
crude oil or petroleum product release site (using total petrole­
um hydrocarbon |TPH] or a similar analysis method) can be 
compared to the screening concentrations to determine the 
potential for NAPL (o migrate in soil. TTie screening values arc 
bused on an analysis of published data for a range of soil texture 
classifications and a range of NAPL density from 0.7 to 1.5 
g/cm3. 

The paper includes summary tables and histograms of residual 
NAPL void fraction, Sr, as a function of soil type. These provide 
a basis for selecting conservative values used in calculating 
screening concentrations for immobile NAPL. For example, in 
medium to coarse sands, with Sr = 0.06 cm3-oil/cm3-void, one 
would expect that NAPL would be immobile in 90% of samples 
svidi equivalent NAPL concentration levels for this soil type. 

Measured concentrations of immobile NAPL reported in the lit­
erature vary considerably with soil type, chemical composition, 
and tlie measurement method The proposed screening levels 
arc conservative (lower range) estimates within the range of 
measured residual NAPL concentration values. Higher values 
could be applicable in many cases, both in unsaturated and sat­
urated soil conditions. 

This paper addresses immobile hulk NAPL in soils at concen­
trations up to tlie threshold of mobility. This document does not 
address the movement and flow of NAPL, the dissolution of 
NAPL chemical into soil pore water solution, nor NAPL 
volatilisation into soil pore air. Transport by these mechanisms 
may be estimated using other published and accepted methods. 

INTRODUCTION 
Organic chemicals released to soil may migrate as vapors in soil 
gas, as dissolved constituents in soil pore water, or as a bulk 
phase liquid which is immiscible in water. Assessment of poten­
tial migration pathways for chemical releases into the 
environment are discussed in several related documents 
(USLPA 1996, 1991; ASTM E1739, PS104-98), These 
migration pathways are important in a general risk-based site 

assessment. This paper is confined to discussion ofthe mobility 
of non-aqueous phase liquids, cither as pure chemicals or as 
chemical mixtures. 

Many organic chemicals, including hydrocarbons, are nearly 
immiscible in water. Release of a non-aqueous phase liquid 
(NAPL) to near-surface unsaturated soil can result in downward 
gravity-driven migration of the NAPl. towards the water table. 
At the water Lable, light nonaqueous phase liquids (LNA.PL), 
including petroleum, which are less dense than water, will 
mound and spread horizontally. LNAPL may also move with 
Ihe groundwater gradient. Dense nonaqueous phase liquids 
(DNAPL) will migrate downward, mound, and spread 
horizontally, until a path of least resistance further downward 
into the saturated region is found. This could be when the 
accumulation is great enough to exceed the capillary entry 
pressure into the saturated zone, or when the DNAPL mound 
reaches a region of high vertical ptameability, or when it reaches 
a fracture. 

The volume of mobile NAPL depletes as immobile residual 
chemical is left behind through the soil column in which the 
NAPL is descending. NAPL migration may be limited by this 
depletion, or by physical barriers, such as low permeability 
layers. Our intent in this paper is lo determine conservative 
NAPL concentrations in unsaturated soil, below which the NAPL 
will be immobile. By "conservative" we mean under-predicting 
the concentration at which mobility would actually occur 

PRESENCE OF A NAPL IN S O I L 
For a pure chemical, NAPL will not be present at concentrations 
below the soil saturation limit (USEPA, 1996; ASTM E1739, 
PS 104-98), defined as: 

- Si 
•* * W f . . - P , 4 H,-e. 

P. 
[1] 

with 

8» 

soil saturation limit for chemical i (mg/kg) 
pure chemical aqueous solubility limit for 
chemical i (mg/L) 
soil water content (em'-water/em'-soil) 



organic carbon/water partition coefficient 
for chemical i (L-water/kg-oc) 

( " „ mass fraction of organic carbon in soil (g-oc/g-soil) 

P. dry soil bulk density (g/cmJ) 

Hr Henry's law coefficient for chemical i 
(cm3-water/cm3-air) 

H, soil air content (cm'-air/cm'-soil) 

For a pure chemical, C, t„ 4 is a value above which Ihe chemical 
is present iu soil pore water at its aqueous solubility limit, and is 
present in soil pore air at its saturated vapor concentration. 
Equilibrium partitioning ofthe chemical between soil (sorbed), 
pore water, and pore vapors at concentrations below C^,^, is 
presumed. 

For mixtures of misciblc chemicals that are fractionally soluble 
in water, including petroleum, the concentration at which NAPL 
will be present is a function ofthe mixture composition. The soil 
saturation limit for the mixture, using methods presented in 
Johnson etal.. (1990), Mott(1995), and Mariner (1997), is: 

y [ Ci«;.«iil.T ' Xj ' P, j ^ ] 

with 

C«,.mi.T soil saturation limit for the NAPL mixture, 
total concentration (mg/kg) 

^ muss fraction of each chemical i in the NAPL 

mixture (kg/kg) 

N the number of individual chemicals in the mixture 

Note that Eq. [2] simplifies to Eq. [1] for a single chemical. The 
component concentration of a chemical i at the soil saturation 
limit in a mixture is ( C „ J A T The soil saturation limit 
calculiilcd for a pure chemical, in every case, will he greater 
than the chemical component concentration ( C ^ ^ j • yj) calcu­
lated lor a mixture, that is: 

Eq. [ 1] overstates C„ , u l i for components in a mixture because it 
does not consider effective vapor pressure and solubility limits 
(Rmilt's law) for the mixture components (USEPA, 1996). The 
soil saturation limits for mixtures (and pure chemicals) tabulated 
in this paper were calculated widi computer codes included with 
DeVaull et. al., (1999). This method is consistent with the 
references cited above. 

RESIDUAL NAPL CONCENTRATION 
Our intent in this paper is to define a soil concentration, C m j M l 

below which the NAPL, if present, will not migrate due lo 
convection or gravity. This refers to a pure chemical concentration 
or a total chemical mixture concentration, as applicable. This 
residual NAPL concentration ill soil is specified as: 

c . f iVfO. , 0 6ni| m 

with 

e„=s,-e r 

and 

C„„,a residual NAPL concentration in soil (mg-res/kg-soil) 

0„ residual non-aqueous phase volume fraction 

(crtf-res/enp-soil) 
p„ density of chemical residual non-aqueous phase 

liquid (g-rcs/cin'-res) 

p, dry soil bulk density (g-soil/cm'-soil) 

8T soil porosity (cm'-void/cm'-soil) 

S, fraction of residual non-aqueous phase fdled void 
(cm'-rcs/cmJ-void) 

Residual non-aqueous phase volume fraction (0„, or retention 
capacity) is similarly defined by Cohen and Mercer (1990) and 
Zytner et. al., (1993), but in dimensional units of (cm3-Tes/L-soil). 
The value of C w o J is generally much larger than the soil 
saturation limit, C^.,,. Eq. [3] includes only the residual NAPL 
volume. Additional chemical mass within the soil matrix is 
contained in soil pore water and soil pore air, and is sorbed onto 
soil. These volumes may be included in a slightly more compli­
cated equation consistent with the assumptions in Eqs. [1 ] and 
[2); these terms may generally be neglected. This leaves the 
residual NAPL concentration in soil, C„,„u, directly related to 
the residual NAPL volume fraction in soil, fi„, or the residual 
NAPL fraction in the voids, S,. 

Below the residual NAPL concentration in soil, C„,,„,„ capillary 
retention forces ore greater than the gravitational forces which 
tend to mobilize the NAPL. These capillary forces (in this 
context, including surface tension effects, van der Waals, and 
Coulombic fortes), particularly at low residual non-aqueous 
phase levels, may exceed the gravitational force by several 
orders of magnitude. The residual NAPL concentration in soil, 
C„„0 j, may depend on NAPL properties including liquid density, 
surface tension, and viscosity. It also may depend on soil 
properties including porosity, organic carbon fraction, moisture 
content, relative permeability, moisture wetting history, and soil 
heterogeneity. 

For concentrations greater than the threshold C m „ a level, 
capillary retention forces are less than the gravitational forces, 
and the NAPL is mobile. Movement of NAPL in soil is beyond 
Ihe scope of this paper It is covered in a number of references, 
however, including Charbeneau (1999), Huntley and Beckett 
(1999), USEPA (1991), Cohen and Mercer (1990), and 
Pfannkuch (1983). 

This paper describes the detemiination of screening values for 
NAPL immobility in soil. Screening values are expressed as the 
residual NAPL concentration in soil, C„ T O i l > the non-aqueous 
phase volume fraction in soil, 8„, and the residual non-aqueous 
phase fraction in the soi] voids. Our study included a review of 
existing measured data on residual NAPL concentration in soil, 
published empirical models, and methods of field measurement. 

The calculated value, C,,,^, as previously defined in Eqs. [ I ] 
and [2] predicts the presence or absence of a residual NAPL. 
Since a NAPL must be present to be mobile, it also represents a 
conceivable screening concentration for NAPL mobility. 
However, observed residual NAPL concentrations based either 
on laboratory measurement or physical removal of NAPL from 
impacted sites arc typically several orders of magnitude higher 



Tabic 1. Residual NAPL Concentration in Soil Compared to Soil Saturation Limit. 

Name Re f s, Ciefc.ioil C»it,ioi1 Po M W s Pv.p 
residual residual liquid 

N A P L in the NAPL soil chemical molecular aqueous vapor 

vo id t ract ion concentrat ion saturation density we igh t so lub i l i t y pressure 

( e m ' / c m 1 ) in soil (mg /kg ) l i m i t (mg /kg ) (g / cm ) (g /g -mo l ) ( m g / L ) ( m m Hg) 

irichUiriKlhylene ( \'ClL) a 0.2 70,000 1,045 1.46 U l 1,100 75 
benzene b ' 0,24 53.000 444 0.88 78 1,750 95 
o-xylene c 001 2,000 143 !1 88 106 178 6.6 
ga-iolinc d,e 0,02 to 0.6 3,400 to 80,000 106 0.78 09 164 102 
dicacl <f,f" 0.04 (o 0,2 7,700 ro 34,000 IS 0M 207 3,9 0.79 
fuel oil d.f 0 08 to 0.2 17,000 to 50,000 18 0.94 207 3,9 0.79 
mineral nil B 0.1 to 0.5 20,00010 130,000 3 

,~ ...1 ,....] r 
0.81 ' 244 0.36 0.035 

NO'L-S: Unsaturated /ont; fine lo medium sand. Nominal values B„=0.12 cm' /cm', f „ = 0.005 g/g in C ~ . M calculation, 
ii = l.in et al. (1982); b = Unburn and Parker (1987); c = Bolcy ant) Overcamp (1998); d = Fmsell ei al (1981); c = Hciag and Marley 
(1986); 1 = API (1980); e-Pfannkuch (19X4). 

than C.j,,;,. Tlte value C„ M specifies the presence or absence of 
a residual phase; it does not address mobility. In this effort, we 
have used available data to define values for C„„„ which can be 
conservatively used to screen sites for NAPL mobility. A 
comparison of calculated C„,^, values with measured values 
°f is shown in Table 1 for selected chemicals and 
hydrocarbon mixtures. 

'Ihe trend of C^a in Table 1 decreases with decreasing chemical 
(or mixture)'solubility and vapor pressure. The measured 
values of residual NAPL concentration in soil and residual 
NAPL traction in voids do not show a similar decreasing trend. 
Therefore, using a calculated C„„ a value as a screening level for 
the mobility of a residual phase becomes increasingly and 
significantly more conservalive for less soluble, less volatile 
chemicals and chemical mixtures. 

Screening levels for NAPL mobility consistent with the 
definition of residual NAPL concentration n soil, C„ W I | , have 
already been implemented in a number of programs. The State 
of Ohio fOAC 3745-300-08 Generic Numerical Standards] has 
promulgated rules, including values of residual NAPL concen­
tration in soil, for several combinations of specified soil types 
and petroleum composition ranges. Ine State of Washington 
[WAC 173-340-747 Part W Cleanup Standards] has proposed 
values based on a similar methodology. CONC A WE (1979, 
1981) provides residual NAPL concentration in soil values for a 
range of petroleum products and soil types. 

EXISTING MODELS AND METHODS 
Monographs are available which detail the movement of NAPL 
in soils (Charbeneau, 1999; Huntley and Beckett, 1999; USEPA, 
1991; Cohen and Mercer, 1993; and Pfannkuch, 1983), Several 
investigators have specifically developed empirical models for 
predicting immobile NAPL, as a residual NAPL concentration 
in soil, C,„ ,„i„ for a limited number of NAPL types in various 
soil matrices. Summaries of two published approaches follow, 

Hoag and Marley (1986) proposed an empirical method to 
estimate residual NAPL saturation values for gasoline in dry 
sand and in sand matrices containing moisture al field capacity. 
Their equations, which relate measured gasoline retention at 
residual saturation with soil particle surface area, are: 

c,t,„„ =( it54. t o - ' - V o.«iZ-t<r-'). M 5 , ^ . P w • " > ' ^ [4a] 
zero soil moisture 

C, . , r f - ( • . ! * • 10"-d.+ 0.131- IO"') • ^ . ^ . ^ -10*2* 

field capacity mil moisture [4b] 

with 

C„ u o a residual NAPL concentration in soil (mg-res/kg-soil) 

d,, average sand particle diameter (cm) 

p„ density of water (g/cmJ) = 1 

Eqs. [4a] and [4b] refer, respectively, to residual NAPL 
concentration in dry soil and soil initially at field moisture 
capacity. An assumption in these equations is that the soil 
particles and soil surface area can be defined by an average soil 
particle diameter (Sauter mean diameter). These authors found 
that changes in soil surface area adequately predicted changes in 
residual NAPL saturation. Smaller soil particles have greater 
available surface area in a given volume or weight of soil, and 
the associated narrower pores will result in greater capillar)' 
forces. Residual NAPL concentration in soil therefore decreases 
with increasing particle size. At field capacity moisture content, 
measured C„,^, was reduced. At field capacity moisture, many 
of tlie smaller pore spaces are saturated with water. This 
reduces the overall pore volume available for trapping NAPL, 

Eqs. [4a] and [4b] were developed using Connecticut sands 
sieved into diree classifications; line (cL, = 0.0225 cm), medium 
(cL = 0.0890 cm) and coarse (d, = 0.2189 cm ). A fourth set of 
experiments was conducted using mixed sands with the mixture 
being made from equal portions of each ofthe above diree clas­
sifications. Effectively, Eqs. [4a] and [4b] have been developed 
for data in the range of: 

0.02 cm < d„ < 0,22cm 

Zymer et. al. (1993) correlated measured soil retention capatity 
witli soil porosity, soil bulk density, and NAPL density. Their 
experiments included several NAPL types in a variety of natural 
soils. The soils were air dried (less than 1.5% moisture), 
saturated with NAPL, and then allowed to drain. Their empirical 
equation, for dry soils is: 

cw*-(i.os-er.£-o.is).<* & 



with 

residual NAPL concentration in soil (mg-res/kg-soil) 

6T soil porosity (cm3-void/cm3-soil) 

p. density of chemical residual NAPL (g-res/cm3-res) 

p. dry soil bulk density (g-soil/cniJ-soil) 

This study was limited to air dried soils and did not specifically 
include sand. It does, however, show a dependence of C„.„n on 
soil porosity. 8,, and chemical density, p„. 

A wide range of natural soils was used in the development of 
Eq. [5], mcluding sandy loam (9T = 0.45), clay (6, = 0.466), 
organic lop soil (8.,. = 0.555), two different peat mosses (8T ~ 
0.8). as well as mixtures of these soils. Three NAPL types were 
included in their work (o assess the influence of NAPL density 
on retention capacity: tetrachloroetltene (p„ = 1.622 g/cm3), 
tnchloroethene (p. = 1,456 g/cm3), and gasoline (p0 = 0.75 g/cm3) 

values obtained in their study ranged from 414,000 to 
6,894,000 mg/kg for PCE, 329,000 to 5,219,000 mg/kg for 
TCE, and 94,000 to 2,738,000 mg/kg for gasoline. Effectively, 
Eq. [5] has been developed for data in the range of: 

0.23 <(v5j=) < 6.7 M 

The braid range of values for C„, r f can be attributed to the 
range in soil densities, from 0.2 g/cm3 (peat moss) to 1.5 g/cnf 
(sandy loam). 

Although the C„, „n measurements used in developing Eqs. [4] 
and | 5| were conducted by different researchers using different 
soils, a comparison of dry fine sand data (Hoag and Marley, 
1986; BT = 0.4, and p. = 1,6 g/cm3) with dry sandy loam data 
(Zylner e-f. 1993; 8, = 0.45, p, = 1.5 g/ cm3) show very good 
agreement of C,„„u of 104,000 and 115,000 mg/kg, respectively, 
for gasoline. 

MEASURED DATA AND COMPARISON WITH 

MODELS 
Cohen and Mercer (1990) compiled measured residual NAPL 
saturation data from several investigators, including residual 
NAPL fraction in tlie voids, S„ or residual NAPL volume 
fraction, 8„ for a number of organic liquids and soil types. These 
vulues represent the residual amount of hydrocarbon remaining 
in soil pore volume aller tlie soil was saturated with hydrocarbon 
and then allowed to drain. Values from Cohen and Mercer, with 
additional tabulated data from other references, are included 
in Table 2 (see pages 5 and 6). This tabic also includes 
additional values derived from the experimental data, including 
the residual NAPL concentration in soil, C„ i_a. 

Hie values in Table 2 vary considerably between experiments, 
soil types, and chemicals. While this may be due lo differences 
iii laboratory test methods, it may also indicate the reasonable 
range in measured residual NAPL concentration in soils encoun­
tered between different soil types, chemical types, and measure­
ment observations. 

Calculated values for the soil saturation limit, C,.^,, for the 
indicated chemicals or chemical mixtures, are included in Table 
2. These values are plotted in Figure 1. In all cases, Cr.^;, is 
greater than C,,,,,,,. Asa measure of immobile NAPL, C„„ ; J 

•rewind raMual NAPL cnncentritfoa in soil 
(mg/kii) 

Figure 1. Comparison of data for residual NAPL concentration 
in soil, C,„^ u to the calculated soil .saturation limit, C^,^,,. All 
plotted values arc from Tabic 2. The solid diagonal tine marks o 
direct correspondence between residual "NAPL concentration in 
soil and soil saturation limit. For ranges of residual NAPL 
concentration in soil data in the same teat aeries (Table 2), the 
upper and lower values are joined by a horizontal Hne. In all 
cases the calculated soil saturation limit is much less than the 
measured residual NAPL concentration in soil. 

• Hi>n v i Marlay (19*41 tfco toil raotam 

O Huig nd Marley (IMC) (laid capacity moittaic 

measured residual JVAPL concentration in soli (mg/kg) 

Figure 2. Comparison of data for residual NAPL concentration in 
soil, C„ 1 1 0 j l , from Table 2 U> the models of Eq. [4a] Hoag and 
Marley (1986), 7.ero soil moisture; Eq. 14b] Hoag and Marley 
(1986), field capacity soil moisture; and Eq. [5] Zytner ct al., 
(1993). Filled points indicate the data value ia within the 
intended range of model applicability. For ranges of residual 
NAPL concentration in soil data (Table 2), both the upper and 
lower values are shown as points. The solid diagonal line marks 
a direct correspondence between measured and modeled residual 
NAPL concentration in soil. The plot indicates that the empirical 
models generally prediot higher residual NAPL concentration in 
soil than the measured values given in Table 2. 



Table 2. Summary values of residual NAPL concentration in soil, C,„, 

fraction in the voids, Sr. Calculated values for soil saturation limit. C„ 

in the second part of the table 

, residual NAPL volume fraction, 0O, and residual NAPL 

are also shown. Parameter*; for the calculations arc shown 

N A P L Soil Type 

R e f M e a s u r e d 

N A P L Soil Type 
sr 

( c m 7 c m 3 ) 

1 0 0 0 - 9 , , 

( c m V c m 3 ) (mg/kg) (mg/kg) 
1. Gasoline coarse gravel > 0.01 2.5 1,000 57 

2 Gasoline coarse sand and gravel I 0.01 4 1,697 102 

3. Gasoline medium to coarse 1 0.02 7.5 3,387 143 1 

4. Gasoline fine to medium sand 1 0.03 12.5 5,833 215 

5. Gasoline silt to fine sand 1 0.05 20 10,000 387 

6. Middle distillates coarse gravel I 0.02 5 2,286 2 

7. Middle distillates coarse sand and gravel I 0.02 8 3,879 4 

fi. Middle dislillatcs medium to coarse I 0.04 15 7,742 5 

0. Middle distillates fine to medium sand I 0.06 25 13,333 9 

10. Middle distillates silt to fine sand 1 0.1 40 22,857 18 

11. Fuel oils coarse gravel 1 0.(14 10 5,143 2 

12. h'uel oils coarse sand and gravel 1 0.05 16 8,727 4 

13. fue l oils medium to coarse 1 0.08 30 17,4.9 6. 

14. Fuel oils fine to medium sand 1 0.1 50 30,000 9 

15. Fuel oils silt to fine sand 1 0.2 80 51,429 18 

16. Light, oil & gasoline soil 2 0 IS 72 40.800 9(a) 

17. Diesel & light fuel oi l Soil 2 0.15 60 i 4,ood NE (b) 

IK. Lube & heavy fuel oil Soil 2 0.2 So 53.067 NE 

19. Gasoline coarse sand 3 O.I5toO.I9 61 to 77 24,934 to 31,609 106 

20. Gasoline medium sand 3 0.12 to 0.27 48lo 109 19,767 to 44,476 106 

21. Gasoline fine sand 3 0.19 to 0.6 76 to 240 31,065 to 98,100 106 

22. Gasuline Graded fine-coarse 3 0.46 to 0.59 134 IO 236 80,500 to 103,250 106 

23. Mineral oil Ottawa sand 4 0.7T " 39 20,116 3 

24. Mineral oi l Ottawa sami 4 0.14 49 25,602 3 

25. Mineral oi l Ottawa sand 4 0.172 60 31,454 3 

26. Mineral o i l Ottawa sand 4 0.235 82 42,975 3 

27. Mineral oi l glacial t i l l [NA] 4 0.15 to 0,28 30 to 56 13.500 to 25,200 3 

28. Mineral oil glacial t i l l 4 0.12 to 0.21 24 to 42 10,800 to 18,900 3 

29. Mineral o i l alluvium [NA] 4 0.1$ 95 61,071 3 

30. Mineral oi l Al luv ium 4 0.19 95 61,071 3 

31 Mineral oi l loess [NA] 4 0.49 to 0.52 240 154,000 to 163.800 3 

32. Paraflin oil coarse sand 5 0.12 48 27,000 

33. Paraffin nil fine sediments 5 0.52 229 147,086 

54. Paraffin oi l Ottawa sand 5 0.11 to 0,23 39 20,382 to 42,618 

35, Trichloroethene medium sand 6 0.2 78 70,448 104S 

36. Trichloroethene fine sand 6 0.15 to 0.2 65 to 86 62,344 to 83,125 1067 

37, Trichloroethene loamy sand 1 ' 0.08 33 30,713 1057 

38 Tetrachlorocthcne Pine/med. beach sand 8 0.002 to 0.20 1 to 82 830 to 83,025 195 

39. O-Xylene Coarse sand 9 0.01 3 1,936 143 

40. Gasoline Sandy loam 16 0.42 to 0.59 189 to 266 94,500 to 132,750 

41 Tertracnlorocttiene Sandy loam 10 0.85 383 413,000 

42, Trichloroethene Sandy loam 10 0.75 io0.92 338 to 412 328,000 to 401,208 

al. (1982); 7 = Cary ei al. (1989); 8 = Poulsen and Kueper (1992); 9 - Boley and Overcamp, (1998); 10 = Zytncr ct al. (1993). 
(n) - Assumed 50,50 mixture diesel and gasoline to estimate 0>) - NE - Not estimated, composition data not avail able. 

Between reported Sr or 6„. the italicized values represent the calculated term. These values were converted to concentrations in soil 
using availahle values for NAPL density, soil bulk density and porosity, as shown in the table. 



Table 2. (continual) Values for soil properties used in the calculations. 

Hydrocarbon NAPL Soil Type 
Soil 

0w 
Pore Water 

L 
Fraction of 

P> 
Soil 

Po 
Liquid Soil Particle 

Poiosity 
(em'/cm1) 

( c m W ) Organic 
Carbon (tx) 

Bulk 
Density 
(g/cm') 

Density 
(g/cm') 

Size (mm) 

1. Gasoline coarse gravel 0.28 0.02 0.001 1.75 0.7 2 to 4 

2. Gasoline coarse sand and gravel 0.35 0.03 0.002 1.65 0.7 0.510 4 

3. Gasoline medium to coarse sand 0.39 0.04 0.003 1.55 0.7 1 to 0.25 
4 Gasoline fine to medium sand 0.41 0.043 0.005 1.5 0.7 0.5 to 0.1 
V Gasoline silt to fine sand 0.44 0.045 0.01 1.4 0.7 0.25 to 0.002 
b. Middle distillates coarse gravel 0.28 0.02 0.001 1.75 0.8 2 to 4 
7. Middle distillates coarse sand and gravel 0.35 .0.03 0.002 1.65 0.8 0.5 to 4 
K. Middle distillates medium to coarse sand 0.39 0.04 0.003 1.55 0.8 1 to 0.25 

9. Middle distillates fine to medium sand 0.41 0.043 0.005 1.5 0.8 0.5 to 0,1 
10. Middle distillates silt to line sand 0.44 0.045 0.01 1.4 0.8 0.25toO.C02 
I I . Hue] oils coarse gravel 0.28 0.02 0.001 1.75 0.9 2 to4 

12. Fuel oils coarse sand and gravel 0.35 0.03 0.002 1.65 0.9 0.5 to 4 
13. Fuel oils medium to coarse sand 0.39 0.04 0.003 1.55 0.9 1 to 0.25 

14. Fuel oils fine to medium sand 0.41 6.043 0.005 1.5 0.9 0.5 to 0,1 
15. Fuel oils sill fo fine sand 0.44 0.045 0.01 1.4 0.9 0.25 to 0.002 

16. Light oil and gasoline soil 0.4 0.04 0.005 1.5 0.75 

17. Diesel and light fuel oil Soil 0.4 1.5 0.9 
IS. Lube and heavy fuel oil Soil 0.4 • 1.5 0.4 
19. Gasoline Coarse sand 0.4 0.04 0.002 1.6 0.7 1 to 0.5 
20. Gasoline Medium sand 0.4 0.04 0.002 1.6 0,7 0.5 to 0.25 
21. Gasoline fine sand 0.4 0.04 0.002 1.6 0.7 6.25" to 0.1 
22. Gasoline well graded fine-coarse sand 0.4 0.04 0.002 1.6" 0.7 . 1 to 0.1 
23. Mineral oil Ottawa sand [NAJ O i i No water 0.002 1.7 0.9 0.5 
24. Mineral oil Ottawa sand (NA] 0.35 No water 6.06* 1.7 0.9 0.35 
25. Mineral uil Ottawa sand [NA] 0.35 ND water 0.002 1.7 0,9 0.25 
26. Mineral oil Ottawa sand [NA] 0.35 No water 0.002 1.7 0.9 0.18 

27. Mineral oil glacial till [NA] 02 No water 0.002 2 0.9 

28. Mineral oil glacial till al 0.02 0.002 2 0,9 

29. Mineral oil alluvium [NA] 0.5 No water 0.002 1.4 0,9 

30. Mineral oil Alluvium 0.5 0.03 0.001 1.4 0,9 

31. Mineral oil loess jNAJ 0.49 No water 0.002 1.4 o.y 
32. Paraflin oil coarse sand 0.4 1.6 09 1 to 0.5 

33. Paraffin oil fine sediments 0.44 1.4 0,9 0,05 U) 0,(102 
34. /•aratlinoil Ottawa sand 0.35 1.7 0.9 0.5 to 0.18 
35. Trichloroethene. medium sand 0.39 0.04 0.003 1.6 1.46 0.5 to 0.25 
36. Trichloroethene fine sand 0.43 0.04 0.005 1.5 1.46 0.25 to 0.1 
37. Trichloroethene loamy sand 0.41 0.06 0.005 1.4 1.46 
38. Tertrachlorncthenc fine to medium beach sand 0.41 0.04 O.0O5 1.6 1.62 0.5 to O.l 
39. O-Xylene Coarse sand 0.33 0.04 0.003 1.6 0.88 1 to 0.5 
40. Gasoline Sandy loam 0.45 1.5 0.75 

41. TertrachJoroethene Sandy loam 0.45 1.5 1.62 

42. Trichloroethene Sandy loam 0.45 1.5 1.46 
Nines; Porosity data and particle st7e information (ranges) estimated from tJSEPA (1991); pore water data adapted from tarsel and 
Parrish, (1988); f„ data adapted from "Wiedcmeicr et al., (1999). 



uiidcrprcdicls measured values of C„ M r i by a factor ranging 
from 5 lo over 50,000. As was noted in Table 1, the difference 
between C,^.„;| mid CK 1,M increases with decreasing NAPL 
volatility and decreasing aqueous solubility. 

A comparison of the data in Table 2 for residual NAPL concen­
tration in soil, C„™, to the models of Kq. [4a], [4b], and [5] is 
shown in Figure 2. Within tlie applicable range of values in the 
original references, both models predict values of C,„„, which 
are, on average, biased high relative to Ihe comparable values 
listed in Table 2. In all cases, excepting point 38 (tetrn-
cbloroerhene) in Table 2, for Eq. [4a], tlie model to data ratio 
ranges from 0.7 to 69; for Eq. [4b], the ratio ranges from 0.3 to 
27; for Uq. [5], the model to data ratio ranges from 0.3 to 11 
Point 3H has an exceptionally broad range of measured Ct.,oi, 
values in the same soil. 

Both the models of Zyhier et. al.. (1993) and Hoag and Marley 
(1986) are correlations based on measured data. The indicated 
bias between the models and data of Table 2 could be due to 
differences m data measurements methods, or may indicate the 
reasonable range in variability for this type of measurement. 

SCREENING VALUES FOR RESIDUAL NAPL 
CONCENTRATION 
Based on fhe model lo data comparisons of the last section, it is 
possible to specify conservative screening values for NAPL 
mobility based on a range of qualifying information. In many 
cases the screening levels will be very conservative estimates of 
mobility. In such cases, site-specific measurements may be used 
to refine the estimate, i f necessary. Such measurements, for 
example, could include observation (or lack thereot) of floating 
and migrating hydrocarbon in shallow groundwater wells 
surrounding a known NAPL source area. 
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Figure 3, Cumulative distribution for measured residual N A P L 
void traction. S,, as tt function o f soil type. These cumulative 
histograms are bused on the data, in Table 2. Values for the 
"medium to course sand" and the "fine to medium sand" are very 
similar over the distribution, The "coarse sand and gravel" shows 
much lower values and narrower distribution o f Sr over the range 
of different experiments. Tolerance limits for these distributions 
are given in 'fable 3. 

Table 3, Screening values for residual phase void fraction 
as a function (if soil type. The tabulated values arc based on 
distributions of data from Table 2 for each soil type. The 95% 
statistical tolerance l imit indicate!; that 5% of individual measure­
ments showed lower values for Sr; the 50% tolerance l imit is 
the median value for the soil type The 90% tolerance l imi t is 
sufficiently conservative for most screening applications. The 
distribution o f values is plotted in f igure 3, 

Soil type indicated statistical tolerance Jim It Soil type 
95% 90% 

midiia! PL fraction in ihe void). S„ (cmJ-rvs'crn'-vnirO 
coarse sand and gravel 0,01 i 0.01 0.02 
medium to course sand O.Ot 0.O6 0.J5 

fine ta medium swxt li.VZ 0.05 0.19 

Table 4. Residual Saturation Screening Values. Values ure 
tabulated for medium to coarse sand and represent lower limits 
f rom Table 2- I f a tolerance l imit is needed, or for chemicals 
not listed (but with densities in the range of 0.7 to 1.5 g'em 3, 
including petroleum products and crude oil) , w'e suggest the 
use o f the ST parameters tn Table 3 as screening values. 

Name s, 
jesidua) NAPL fraction h 

ihe vokii (cmVcir.3) 

residual concentration 
in wwl fmjr-lft) 

isr Gasoline Ui 3, OOO 

Middle di sit Hat ?,WH> 

ttf J Fuel alls 0.05 17,009 

(») 0.01 2,CK>0 

Ti ichlcrottbylene (TCE1) S)2 70.000 

Several histograms of measured residual NAPL void fraction, 
S„ as a function of soil type, are shown in Figure 3. These his­
tograms are based on tlie relevant data in Table 2 and provide a 
basis for estimating conservative values of Sr within a specified 
statistical tolerance limit. Numerical values are given in Table 
3. For example, with a medium to coarse sand, in specifying a 
screening level of S, - 0.06, we would expect 911% of individ­
ual samples with equivalent NAPL concentrations below this 
level to be immobile in this soil type. 

We expect that the tolerance limits in Table 3 and Figure 3 arc biased 
conservatively, given that the Table 2 data showed lower residual 
NAPL concentration in soils than the empirical correlations of Eqs. 
[4] or [5], The data in Table 1 is for NAPLs with densities ranging 
from about 0.7 to 1.5'g/cm!. The screening values for residual 
NAPL fraction in the voids, S„ in Table 3, should be valid and rea­
sonably conservative for this range in NAPL density. 

Consolidated minimum values for Sr are shown in Table 4 for 
the various NAPL types in Table 2 listed as "medium sands". 
Again, these should be reasonably conservative screening 
values for NAPL mobility, for the indicated pure chemicals and 
hydrocarbon mixtures. No tolerance limits are specified for the 
Table 4 values, given the sparse data available when the screening 
values are qualified by both soil type and NAPL composition. If 
a tolerance limit is needed, or for chemicals not listed in Table 
4 (with densities in the range of 0.7 lo 1.5 g/cm1 including 
petroleum and crude oil), we suggest the use ofthe Sp parameters 
in 'fable 3 as screening values. A tolerance limit uf 90% is 
reasonable in most cases. 

These screening values are intended lo be worst-case estimates 
for mobility. Higher values may be applicable on a site-specific 
basis. For example, with an adequate distance in unsaturated 
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soil between Ihe lower depth of a mobile NAPL and groundwater, 
il may also be reasonable to account for potential NAPL redis­
tribution in the unsaturated soil layer. This redistribution would 
decrease the .concentrations of mobile NAPL to concentrations 
in soil equivalent, to Sr. After this redistribution, tin acceptable 
distance between the deepest expected NAPL penetration and 
the historical lop boundary of the water table capillaty fringe 
must slill remain. 

These screening values, as already discussed, are intended for 
use in estimating conservative limits of NAPL mobility. Tlie 
dam of Table 2 may be used for other purposes, such as relating 
a known released volume of NAPL to an equivalent soil volume 
at the residual concentration level. While it is not tlie purpose of 
this paper to detail Ihis type of calculation, the variability of an 
estimated residual concentration level, as illustrated in Figure 3, 
clearly needed to be considered. 

SUMMARY AND CONCLUSIONS 
Screening values describing residual saturation of NAPLs in 
unconsolidated vadose zone soils have been tabulated. These 
values are proposed for use in estimating concentrations of 
immobile NAPL in soil. The values, in Tables 3 and 4, are based 
on measured, published values for residual NAPL concentra­
tions iii soil, C m m i h in Tlie unsaturated soil zone. 

Another value, the soil saturation limit, Cm M , has already found 
use as a screening level for NAPL mobility. C_,̂ n is a calculat­
ed value estimating the presence of a residual NAPL. Data in 
this paper shows C,^^,, is a factor up to 50,000 times less than 
the residual NAPL concentration iii soil, e^ , . For screening 
immobile NAPL concentrations the soil saturation limit is 
exceptionally conservative. We would instead recommend use 
ofthe values tn Tables 3 and 4. 

A complete site assessment, in addition, would also include 
evaluation of other potential transport mechanisms, including 
soluble dissolution into mobile soil pore water, and volatiliza­
tion into soil pore air. These transport mechanisms, as noted 
previously, are discussed elsewhere. 

Use of residual NAPL concentration in soil values for screening 
immobile NAPL presumes homogenous soils and soil properties. 
Consolidated soil matrices, macropores, and fractures will 
greatly affect the How and movement of NAPL and mtist be 
recognized when Uiese screening values are applied. Further, we 
note that the values have been developed using a limited data 
set, from multiple authors, and no attempt has been made to 
judge bias or error in the individual measurement techniques. 

ACKNOWLEDGEMENT 
Support for preparing this document from American Petroleum 
and ORI (formerly (lie Gas Research Tnstutite) under GRI 
Contract No. 5097-210-3874 is gratefully acknowledged. 

REFERENCES 
API, 1996. A guide to tlie Assessment and Remediation of 
Underground Petroleum Releases, American Petroleum 
Institute, Publication No. 162K, third edition, Washington, 
D C, July 1996. 

ASTM F. 1739-95: Guide for Risk-Based Corrective Action 
Applied at Petroleum Release Sites, American Society Ibr 
i'esting and Materials, West Conshohocken, PA. 

ASTM PS 104-98: Standard Provisional Guide for Risk-Based 
Corrective Action, American Society for Testing and 
Materials, West. Conshohocken, PA. 

Boley, Troy M. and Thomas J. Ovcrcamp, 1998. 
Displacement of Non-wetting Liquids from Unsaturated Sands 
by Water Infiltration, Ground Water Journal of the Association 
of Groundwater Scientists and Engineers, September -
October, 1998. 

Carsel, R.F. and R.S. Parrish, 1988. Developing Joint 
Probability Distributions of Soil and Water Retention 
Characteristics, Water Resources Research, 24(5): 755-769. 

Can,' J.W., J.F. McBride and CS. Simmons, 1989a. 
Trichlorethelenc Residuals in the Capillary Fringe as AlTecled 
by Air-entry Pressure, Journal of Environmental Quality, 
18:72-77. ' 

Charbencau, R.J., R.T. Johns, L.W. Lake and M. J, 
McAdams, Free-Product Recovery of Petroleum Hydrocarbon 
Liquids, American Petroleum Institute Publication No. 4682, 
Washington, D.C, June 1999. 

Cohen, Robert M. and James W. Mercer, 1993. DNAPL 
Site Evaluation; CRC Press, Inc., Boca Raton, FL. 

CONCAWE (Conservation of Clean Air anil Water -
Europe), DePastrovich, T.L., Baradat Y„ Barthel R-, 
Chiarelli A., and Fusscll D.R., 1979. Protection of 
Groundwater from Oil Pollution, CONCAWE Report No. 
3H9. 

CONCAWE, Fussell, D.R., H. Godjen, P. Hayward, R.H. 
TJlie, A Macro and C. Panisi, 1981 Revised Inland Oil Spill 
Clean-up Manual, CONCAWE Report No. 7/81, Den Hang, 
150 pp. 

Converly, M.P., 1979. The Behavior and Movement of 
Petroleum Products in IJn-consolidated Surficial Deposits, 
MS. thesis, University of Minnesota. 

Huntley D. and G. D, Beckett, 1999. Assessment of LNAPL 
Sources: Distribution, Mobility, Risk and Risk Reduction, 
(American Petroleum Institute, Review Draft). 

DeVaull, G. E., G. M. Decley, C. C. Stanley, and W. 
Hamilton, 1999. Development of Tier 1 Risk-Based 
Corrective Action (RBCA) fools for Application at 
Exploration and Production Facilities, report prepared for Gas 
Research Institute under GRI Contract No. 5097-210-3874, 
Review Draft. 

Hoag, G.E. and M X . Marley, 1986. Gasoline Residual 
Saturation in Unsaturated Uniform Aquifer Materials, Journal 
of Enviromnental Engineering, ASCE, 112(3):586-604. 

Johnson, P. C, Hertz, M.B., Bj'ers, D- L , Estimates far 
Hydrocarbon Vapor Emissions Resulting from Service Station 



Remedialions and Buried Gasoline-Con laminated Soils. 
Petroleum Contaminated Soils, Vol 3, P.T. Kostecki and E.J. 
Caiabrese. eds., (Lewis Publishers, ME), 1990, pp 295-.Y26. 

Un, C, G.E Finder and EF Wood. 1982. Water Resources 
Program Report 83- WR-2, October, Water Resources Progrum, 
Pnncctou University, Princeton, New Jersey. 

Mariner, P E., M. Jin, and R. E. Jackson, 1997. An 
Algorithm for tlie Estimation of NAPL Saturation and 
Composition from Yypical Soil Chemical Analyses, Ground 
Water Monitoring and Remediation, 17, 1:122-129. 

Mercer, James W., and Robcri M. Cohen, 1990. A Review 
of Immiscible Fluids in the Subsurface: Properties, Models, 
Characterization and Remediation, Journal of Contaminant 
Hydrology, 6 107-163. 

Mott, H.V., A Model for Determination of the Phase 
Distribution of Petroleum Hydrocarbon Release Sites, Ground 
Water Monitoring and Remediation, 15, 3, 1995, pp. 157-167. 

Ohio Administrative Code 3745-300-08 Generic numerical 
Standards, State of Ohio. http://yrvrwMpa.ohio.gov/deff/vap/ 
rules/rule _8.pdf. 

Pfnnnkuch, H. 0 . : 1983. Hydrocarbon Spills, Their Retention 
ui the Subsurface ond Propagation into Shallow Aquifers, 
Water Resources Research Center, United States Department 
of the Interior, NT1S Accession No. PB83-196477. 

Pfannkuch, H., 1984. Mass-exchange Processes al the 
Petroleum-water Interface, Paper presented at the Toxic-Waste 

Technical Meeting, Tucson, AZ (March 20-22), MF. Hult, ed., 
USGS Water-Resotuces Investigation Report 84-4188. 

Poulsen, M.M. and B R Kueper, 1992. A Field Experiment 
Io Study tlie Behavior of Teliachloroethylene in Unsaturated 
Porous Mediu, Environmental Science and Technology, 
26(5):889-895,ACS. 

USEPA, 1991. Assessing UST Corrective Action Technology -
A Scientific Evaluation ofthe Mobility and Degradability of 
Organic Contaminants in Subsurface Environments, United 
States Environmental Protection Agency, Office of Research 
and Development, Washington, DC, EPA/600/2-91/053, 
September, NT1S Accession No. PB92-114552. 

USEPA, 1996. Soil Screening Guidance: Technical 
Background Document, United States Environmental 
Protection Agency, Office of Solid Waste and Emergency 
Response, Washington, D.C, EPA/540/R-95/128, NTIS 
Accession No. PB969635Q2. 

Washington Administrative Code 173-340-747 Part VII 
Cleanup Standards, State of Washington. Proposed draft regulation 
)ittp://www.wa.gov/ECOLOCiY/tcp/>vg.sv'rule/340vii.doc. 

Wiedemeier, T.H, Rifai, S H , Newell, j . C , and Wilson, 
J.T., 1999. Natural Attenuation of Fuels and Chlorinated 
Solvents in the Subsurface, John Wiley and Sons, Inc., 617pp. 

Zytner, R. G., N. Biswas and J. K. Bewtra, 1993. Retention 
Capacity of Dry Soils I'orNAPLS, Environmental Technology, 
14, 1073-1080. 

FOR MORE INFORMA TION ON OTHER API 

ENVIRONMENT, HEALTH & SAFETY 

RESEARCH, CONTACT 

THE EHS COMMUNICATIONS SPECIALIST, 

(202) 682-8319; E-MAIL: EHS@API. ORG 

OR 

VISIT THE AMERICAN PETROLEUM INSTITUTE EHS WEB SITE 

HTTP://WWW.API.ORG/EHS. 

2 


