








the weighted average of the densities of the four phases:
P = dupw t dupa + dupa Hdep, (10)

where p,, is the density of water (approximately 1.0 kg/
L); pa is the density of air (approximately 0.0013 kg/L
at 20°C); and p, is the density of the NAPL mixture
(mass NAPL per volume NAPL). p, can be expressed as:
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where p; is the density of pure component i in liquid
form (mass i per volume i). Some components, such as
vinyl chloride or anthracene, may not occur as liquid in
their pure form under environmental conditions. For
these components, hypothetical pure phase liquid densi-
ties are computed by extrapolation. :

The mole fraction of component i in the NAPL mix-
ture is related to mass concentration by the equation:
_ GiMW,

X 0 MW, (12)

where MW,, is the equivalent molecular weight of the

NAPL mixture (mass NAPL per mole NAPL). MW, is
approximately equal to the weighted average of the
molecular weights of the NAPL components:

MW, = IxMW; (1)
Finally, the sum of the NAPL mole fractions is equal
to 1:

¥x; =1 (14)

Estimation of NAPL Saturation and
Composition _

A complete chemical analysis of a core sample pro-
vides the total mass of each component per unit mass
of sample (i.e., the' value of G for each component).
To determine the saturation and composition of NAPL
in the sample, the total mass of each component in each
phase and the total volume of each phase must be deter-
mined. The partitioning theory and conservation rela-
tionships presented in the previous section can be used

for this purpose. The solution allows calculation of the
NAPL saturation from the equation:

Sy = ‘z; (15)

The method presented here is a numerical solution
of the partitioning and conservation equations. PC soft-
ware called NAPLANAL was developed to perform
the numerical simulation. NAPLANAL can be used to
estimate the following: (1) the NAPL saturation and
composition in a soil sample containing NAPL; (2) the
concentrations of organic compounds in each phase; and

(11)
E xMW; |

(3) the NAPL composition and NAPL volume ia sam-
ples of NAPL~water emulsions (¢, = 0). A copy of
NAPLANAL is available from the INTERA web site
(http//www.intera.com) for a small fee. :
The algorithm is first demonstrated by considering
a hypothetical soil sample from an unsaturated forma-
tion containing NAPL with N chemical components.
Calculation of NAPL saturation and composition
requires the following measurements or estimates as
input: total concentrations of NAPL components in the
soil sample (G ), volumetric water content (¢,,), soil

porosity (), volumetric soil content (¢, = 1 — &), soil

organic carbon content (f,.), organic carbon to water
partition coefficients (KJ.), Henry's law constants in
dimensionless form (K ), molecular weight of each
component (MW;), and densities of water, air, soil, and
each NAPL component (p,, pa, psy a0d p;).

Equations 2, 3, 6, and 8 through 14 provide a total
of 5N+5 independent equations that describe partition-
ing and conservation of organic compounds in a soil
sample. Given the measurements and estimates listed
in the previous paragraph, there are SN+5 unknowns.
These unknowns are as follows: NAPL component con-
centrations in water, air, soil, and NAPL (Cl, Ci, Ci,
and Cl); component mole fractions in the NAPL mix-
ture (x;); volumetric contents of air and NAPL (¢, and
b,); density of sample (p,); and the equivalent density
and molecular weight of the NAPL (p, and MW,).

An equal number of unknowns and independent
equations guarantees a unique solution. NAPLANAL
solves the system of equations and unknowns using an
algorithm that combines the rapid local convergence of
the Newton-Raphson method for a system of nonlinear
equations with a globally convergent strategy. For the
sample problems tested so far, the computation time for
reaching a solution is less than one minute using a 486
DX66 PC.

For core samples from the saturated zone, the air
volumetric content (é,) and air phase concentrations
(Cl) are equal to zero. Thus, the terms and equations
involving the air phase are dropped from the system of
equations. As a result, the number of equations reduces
to 4N+35, while the number of unknowns reduces to
4N+4. Because there are fewer unknowns than equa-
tions, a measurement for either soil porosity (¢) or soil
volumetric water content () is sufficient for estima-
tion purposes. Users of NAPLANAL have the choice
of treating either ¢ or ¢, as an unknown parameter. A
gas chromatography method is currently being devel-
oped to allow simultaneous measurement of ¢, and the
concentrations of organic compounds in a soil sample.

The NAPLANAL code begins with the assumption
that there is no NAPL present in the sample (i.e., éq
= 0). The density of the sample can then be calculated
from Equation 10 as:

pe = dupw T (¢ - ¢‘w)[3..+ (1- ¢) Ps (16
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The first approximation of the aqueous concentration
- can be calculated from Equation 9 by:

i e Q P : (17)
bw + Kii (& = du) + LKoeps (1 — ¢)
\__,/shown by Feenstra et al. (1991). If NAPL exists in
the sample, then this first approximation.of C{, should
exceed the effective aqueous solubility of component i.

Equations 2 and 14 imply that CW equals the effective
aqueous | solubility when:

C\i(.._'
<=1 (18)

Thus, a summation exceeding 1 when Equation 17 is
used to estimate Cl, implies that NAPL is present in
the sample and that the NAPL saturation algorithm
‘must be used instead to estimate C,. A summation in
Equation 18 equal to or less than one indicates there is
no NAPL in the sample (i.e., Sy and ¢, equal zero). In
this case, Equation 17 provides valid explicit estimates
of aqueous concentrations. Air and sorbed concentra-
tions are then calculated directly from Equations 3 and
6. When the summation in Equation 18 is less than 1,
C. is less than the effective aqueous solubility and
calculation of x; from Equation 2 is invalid.

Petroleum Hydfocarbon Example

In this example, the petroleum hydrocarbon data
from Mott (1995) are used to compare the results of
NAPLANAL and SOILCALC. The example problems

onsider hypothetical soil samples contaminated with
through C9 n-aliphatic hydrocarbons. For direct
comparison of NAPLANAL and SOILCALC results,
the input data are identical. The physical and chemical

properties of the soil samples and the petroleum hydro- .

carbons used in the calculations are summarized in
Table 1.

Table 1
Chemical Property Data Used in the Examples
by Mott (1995)
Component K - S P - MW,
i (mlg)  Ki' (mgl) (kg/l) (g/mol)
Hexane 602560 4649 1231 0.66 86.07
Heptane 22908.68  63.59 3.06 0.68 100.20
Octane T1624.71 95.74 0.68 0.70 11422
Nonane 2630268 45.80 047 0.72 12826
foc bw $
Soil Sample Data - 0.01 0.08 0.4

The three soil samples differ only in the total hydro-
carbon component concentration. These data are shown
in Table 2. The first data set represents a soil sample
k_/contammg 250 mg/kg of each component. The second
data set, which is a borderline case (NAPL may or may
not be present based on SOILCALC results), represents
a soil sample containing 192 mg/kg each component.
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The third data set, which is a no NAPL case, represénts .

a soil sample containing 100 mg/kg each component.
Results from SOILCALC and NAPLANAL are sum-

- marized in Table 2. SOILCALC results are in paren-

theses. s

SOILCALC assumes that NAPL occupics zero void
space (i.e., the NAPL saturation is assumed insignificant
relative to water and air content). Because of this
assumption, SOILCALC does not have NAPL satura-
tion estimation capability. In contrast, NAPLANAL
implicitly calculates NAPL saturation. For the first two
sets of data, the results indicate NAPL saturdtions of
0.15 percent and 0.02 percent, respectively. At such low
NAPL saturations (i.€., approximately 1 percent or less
of typical residual NAPL saturations [Mercer and

.Cohen 1990]), the pore space occupied by NAPL is

indeed insignificant relative to pore space occupied by
water and air. As a result, the two. models give similar
results, as shown in Table 2. However, there are still
differences in.the component mass distributions, espe-
cially for the mass of components in the NAPL phase.
Because NAPLANAL calculates NAPL saturation, it
should provide more accurate results than SOILCALC,

‘especially at higher NAPL saturations.

Field DNAPL Examples

NAPLANAL was used to calculate the saturations
and compositions of DNAPL and the phase distribu-
tions of DNAPL components in several core samples
collected from a chemical plant on the Gulf Coast.
DNAPL is NAPL that is denser than water. The plant
has manufactured a variety of chlorinated ethanes and
ethenes, such as 1,2-dichloroethane (EDC), trichloro-
ethene (TCE), tetrachlorothene (PCE), 1,1,1-trichloro-
ethane (1,1,1-TCA), 1,1,2-trichloroethane (1,12-TCA),

B3 —
gl Sz Clayey sand and 6llt pockeis
LLATCA =1 mgkg Fasels B3
. DC= 1M ety LIITCA=INmgkg |
—60 ft =11 mgtg LLI-TCA=3 myig
=X mgkg.

—f

1208t

LEGEND

EDC = 1 2-dichlococthane

LLI-TCA = L1, 1-trichlococthane

L,1,2-TCA = 1,1,2-trichlococthanc
. 1,1-DCE = 1,1 dichlococthens

TCE = trdchlococthens

PCE = tetrachlococthenc

Figure 2. Cross-sectional view of soll sample location and total
soil concentration.



Table 2
Comparison of NAPLANAL and SOILCALC Results .
SOILCALC Results Are in Parentheses (Mott 1995). Concentrations Are Normalized by Total Sample Mass.
For Comparison Purposes, Calculations Are Not Rounded to Reflect Significant Figures. '
Measured Sample Coac. Sample Coac. Sample Caac. Sample Conc.
Sample Coanc, fa Aq. Phase in Alr Phase Sorbed in NAPL Mole Fraction
Compoueat Cl ot Clduptt © Géaptt Cl duptt in NAPL
{ . (mgfkg) (mgfig) (mg/kg) (mg/g) (mg/kg) X
Data Set #1 .
1467TE-01. 2.680E+01 1.735E+02 4.953E+01 0.2460
Hexane ¢ - 250 (1493E-01) (2795E+01) (1.800E+02) (4.193E401) (0.2429)
" 3.949E-02 9ETLIE+00 - LTIGE+02 6.251E+01 0.2667
Heptane 250 (4.062E-02) (1.040E+01) (1.861E+02) (5347E+01) (0.2663)
1.055E-02 3.970E+00 1L.6OTE+02 8.530E+01 0.3193
Octane 250 (1.104E-02) (4.258E+00) (1.715E+02) (7427E+01) (0.3245)
3.852E-03 6.936E-01 1.989E+02 5.040E+01 0.1680
Nonane 250 (3.926E-03) (6.710E-01) (2.065E+02) (4272E+01) (0.1663)
1.0000
NAPL saturation = 0.15% Exi = (1.0000)
Data Set #2 :
1.366E-01 2.499E+01 . L6ISE+02 5322E+00 0.2290
Hexane 192 (1378E-01) (2.580E+01) (1.661E+02) (1.060E-02) (02241)
3.894E-02 9.749E400 L751E+02° 7.114E+00 102629
Heptane 192 (3.968E-02) (1.016E+01) (1.818E+02) (1.445E-02) (0.2602)
1.160E-02. 4374E+00 1.768E+02 1.083E+01 0.3511
Octane 192 (1.207E-02) (4.653E+00) (1.873E+02) (2.224E-02) (0.3546)
3.601E-03 6.493E-01 1.859E+02 5.438E+00 0.1570
Nonane 192 (3.637TE-03) (6.710E-01) (L.913E+02) (1.087E-02) - (0.1540)
1.0000
NAPL saturation = 0.02% Ex; = (0.9929)
Data Set #3
7316E-02 1.339E+01 8.654E+01 .
Hexane 100 (7177TE-02) (1.344E+01) (8.648E+01) (6.720E-15) (0.1167)
. 2.106E-02 5274E+00 9.471E+01 :
Heptane 100 (2.067TE-02) (5.293E+400) (9.469E+01) (8.132E-15) (0.1355)
6.404E-03 2A1SE+00 9.758E+01 )
Octanc 100 (6.285E-03) (2:423E+400) (9.75TE+01) (1364E-15) (0.1847)
1.930E-03 " 3481E-01 9.965E+01 :
Nonane 100 (1.894E-03) (3.495E-01) (9.965E+01) (7.434E-15) (0.0802)
No NAPL Dok = (05171)
1,1-dichloroethane (1,1-DCA), and 1,1-dichloroethene 3
(1,1-DCE). Spillage, waste-disposal operations, and o Table L .
pipeline leakage of these solvents have resulted in Chemical Property Data Used in the Analysis
ground water contamination at the site. Previous investi- of the Soil Samples
gations at the site have revealed silty water-bearing sand Component K, S e MW,
units separated by fractured clay units. In some areas, i (mllg) Ky (mgl) (kg/l) (g/mol)
the clays are discontinuous and have allowed DNAPL 1.1dichlocoethene 65 087 a0 122 97
to migrate to a sand unit 80 feet beneath the ground 1,2-dichloroethanc 14 0038 869 126 99
surface. Pumping tests have confirmed hydraulic com- 1,1,I-trichlorocthane 152 054 720 135 1334
munication between the sand units. Li2trichlorocthane 56 0031 4500 144 1334
. . . . trichloroethene 126 03 1100 147 1315
Total soil chemical concentrations in four core samples e Hi6oetheac 164 054 200 163 1658
from a single borehole. were measured to evaluate the : S
suitability of the site for a pilot-scale test of surfactant-

enhanced aquifer remediation. The saturation and com-
position of the DNAPL mixture are important parameters
in the decision-making process. The locations of the core
samples and the analyzed soil chemical concentrations
are shown in Figure 2. The samples are as follows: B-1,
located in a sand unit at about 10 feet below ground

surface (bgs); B-2, located in a sand unit at about 20 feet
bgs; B-3, located in a unit of clayey sand with silt pockets
at about 43 feet bgs; and B4, located in a sand unit at
about 80 feet bgs. The volumetric water contents of th.

core samples were not measured. The porosity and frac-
tion organic carbon content of the sands were assumed
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: Table 4
NAPLANAL Calculations from Soil Sample Analyses
Concentrations Are Normalized by Total Sample Mass. Results Are Rounded to Two Significant Figures.
Measured Sample Coac. Sample Conc. Sample Counc.
- _ Sample Coac. in Aq. Phase Soched . la NAPL Mole Fraction
_ Zomponent d Cléoit G b7t Clduot" fa NAPL
- { (mgfig) (mg/kg) (mg/kg) (mg/kg) X
Sample B-1 .
1.2-dichlorocthane 83 50 0.74 32 0.032
trichloroethene 356 46 6.4 300 023
tetrachloroethene 1290 - 27 11 1300 0.74
NAPL saturation = 0.54%
Sample B-2
1.2-dichloroethane %0 89 1.7
1,1 2-trickilorocthane 23 22 14
No NAPL
Sample B-3 . :
1,2-dichloroethane 1170 300 48 860 0.19
1,1,1-trichloroethane 383 82 1.4 370 0.063
1,1,2-trichloroethane 200 24 15 170 0.029
trichloroethene 1230 40 5.9 1200 020
tetrachloroethene 3820 18 7.6 3800 - 051
NAPL saturation = 2.3%
Sample B-4
‘| 12-dichloroethane . 9620 370 6.8 9200 0.28
1,1,1-trichloroethane , 4760 12 23 : 4700 0.11
1,1,2-trichloroethane 1260 19 14 1200 0.028
1,1-dichloroethene 842 1.6 0.14 840 0.026
trichloroethene 10700 40 6.8 11000 0.24
[ ‘etrachloroethene 17600 9.6 4.6 18000 032
\fNAPL saturation = 17%
to be 0375 and 0.0015, respectively. These values are 60 . . 030
equivalent to average values measured by Liljestrand and 1 0as
Charbeneau (1987) in similar shallow sands in the area. T -
Table 3 lists the physical properties attributed to th S a0 T . toz «
chlorinated solvents in the core samples. & ks
According to the results of the NAPLANAL calcula- R &
tions, presented in Table 4, only a small amount of 2 k-
DNAPL is present in sample B-1. The ground water in a =
B-2 appears to contain no DNAPL. Samples B-3 and
B-4 have calculated NAPL saturations of about 2.3 per-
cent and 17 percent, respectively. The computed NAPL

. composition in each of these core samples is different.
Although PCE appears to be the predominant NAPL
component in all samples containing NAPL, the mole
fraction of PCE decreases with depth while the TCE
and EDC mole fractions increase. This trend suggests
historical variations in the composition of infiltrating
DNAPL and/or different locations of DNAPL releases
having different DNAPL compositions.:

In the aforementioned calculations, soil porosity was
estimated. Neither porosities nor water contents had
been measured for these samples. A graph relating the
norosity to the calculated NAPL saturation and compo-

| tion for samples B-3 and B4 is shown in Figure 3.
\-"Samplcs B-3 and B4 represent soil samples having rela-
tively low and high NAPL saturations, respectively. The
graph shows that the uncertainty of the porosity value
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ﬁ'gure'S.' Effect of porosity on NAPL saturation and c_ofnposi-
tion estimation results.

on the calculations of NAPL saturation and co.mposition
is small considering the relatively small possible range
of soil porosity in sandy sediments.

Conclusions ‘

The NAPL saturation algorithm presented in this
paper provides a useful tool to investigators m\folved
in site characterization studies at NAPL-contaminated
sites. This algorithm allows the quantification of NAPL
saturation and NAPL composition in a soil sample from



_ atypical soil chemical analysis. This information is use-
ful in modeling and designing site-specific surfactant-
cnhanced aquifer remediation strategies (e.g., Brown et
al. 1994) and partitioning interwell tracer tests (e.g.,Jin
ct al. 1995). The calculations require only the soil
information typically gathered in ground water contami-
nation studies, specifically total chemical concentra-
tions, water moisture content, porosity, natural organic
coatent, and specific physical and chemical properties
of the contaminants. A PC software program,
NAPLANAL, was developed to perform these calcula-
tions. <

The accuracy of the calculations depends on the
accuracy of the input data. A sample’s chemical analysis
can be compromised by improper sampling and preser-
vation, failure to identify and quantify all organic con-
taminants, and incomplete extraction of contaminants.
In addition, the values of the physical properties of the
soil sample and the chemical properties of the NAPL
components affect the results. Thus, sensitivity analyses,
such as the example shown for porosity, are strongly
encouraged. Such sensitivity analyses can be performed
easily using NAPLANAL.
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