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Abstract. In recent years it has become increasingly clear that most remedial 
technologies fail to completely remove dense nonaqueous phase liquid (DNAPL) from 
subsurface source zones. Recognition of this limitation leads to the question of what 
benefit can be achieved through partial removal of DNAPL. To address this issue, a 
mathematical technique referred to as the multiple analytical source superposition 
technique (MASST) has been developed. MASST is based on a conceptualization of a 
DNAPL source zone as a grouping of discrete subzones containing DNAPL (e.g., fingers 
and/or pools) separated by portions of the aquifer that are entirely free of DNAPL. Using 
analytical techniques, spatial superposition of responses to multiple sources is used to 
estimate aqueous mass transfer rates from individual subzones. This procedure accounts 
for multiple DNAPL subzones with different volumes, geometries, and locations within an 
overall source zone that is otherwise free of the nonaqueous liquid. The mass transfer rate 
from a particular subzone is affected by mass transfer from all other subzones in the 
vicinity. Groundwater flow is assumed to be uniform, and transport processes are 
considered to be at a steady state. Comparison of MASST results with exact analytical 
solutions and laboratory data confirms the validity of MASST. Sensitivity analyses indicate 
that source-zone architecture is a primary factor governing bulk mass transfer and source 
longevity. Analysis of rate-limited mass transfer within DNAPL subzones and advective- 
dispersive transport about DNAPL subzones indicates that advective-dispersive transport 
is the primary factor controlling mass transfer rates. Finally, results indicate that removal 
of the vast majority of the DNAPL will likely be necessary to achieve significant near-term 
improvements in groundwater quality. 

1. Introduction 

Typically, it is not possible to restore subsurface dense non- 
aqueous phase liquid (DNAPL) source zones so that they 
cease to affect exceedance of groundwater standards [U.S. 
Environmental Protection Agency, 1993]. Recognition of this 
fact has led to strategies that contain waters that would other- 
wise issue from the source zones. Containment of source zones 

reduces ongoing contributions to dissolved plumes. Common 
containment technologies include hydraulic containment, 
physical barriers, and reactive barriers. 

The above approach notwithstanding, there remains signif- 
icant pressure to remove mass from the source zone. If it is 
accepted that complete restoration of the source zone cannot 
be achieved, it is logical to inquire about the benefits that can 
be expected from removal of only a portion of the source-zone 
mass. A premise of our approach is that the benefits that may 
be derived from partial mass removal will be a consequence of 
reduced concentration in effluent from the "remediated" 

source zone. Reduced risk, source longevity, site-care require- 
ments (e.g., monitoring), time of operation of plume control 
measures (e.g., pump and treat), and, perhaps, enhanced ef- 
fectiveness of natural attenuation are among the potential ben- 
efits. All of these can be directly or indirectly linked to the 
concentration in waters leaving the source zone. 

While these broad considerations motivate our research, it is 
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clear that a key technical issue concerns the rate of mass 
transfer from the organic liquid to the aqueous phase. This 
paper presents a quantitative analysis of NAPL to water mass 
transfer in porous media. Through this, insights regarding gov- 
erning processes are developed. Of course, mass transfer from 
NAPL to the aqueous phase is the subject of previous studies. 
A large portion of previous studies concerned the measure- 
ment of relevant mass-transfer-rate coefficients. The work pre- 
sented herein focuses on the incorporation of available results 
into a computational scheme suitable for the practical estima- 
tion of three-dimensional mass transfer from multiple, discrete 
NAPL subzones. Our method is essentially analytical and 
therefore is well suited to handle the extreme spatial variation 
of solute concentration that occurs at various locations within 

an overall source zone composed of multiple, discrete NAPL 
subzones. 

2. Conceptual Foundations 
The primary focus of this research is chlorinated solvents in 

relatively uniform granular porous alluvium such as fluvial or 
eolian sand deposits. This focus notwithstanding, it is noted 
that much of the described work is applicable to other NAPLs 
in porous media and that the methods described herein have 
applicability in more complex hydrogeologic settings. The term 
source zone in this paper refers to the entire groundwater 
region in which DNAPL is present [Feenstra et al., 1996]. The 
source zone is composed of multiple subzones in which the 
DNAPL resides. Subzones containing DNAPL are separated 
from one another by portions of the aquifer that are entirely 

393 



394 SALE AND MCWHORTER: STEADY STATE MASS TRANSFER 

Monitoring Well 
• DNAPL Source Zone 

............... ....... ' ........ """ '"'"" ......... ' "'• I[ IT .""' ........ ' .................................. ' .......... 

'' • Groundwater i i 

i i 

i i 

i i ....... :::::::•:•i•i .......................................... 
i i 

! i 

i i 

i i 

i i 

i i 

i i 

i i 

Figure 1. Conceptualization of a dense nonaqueous phase 
liquid (DNAPL) source zone. 

free of DNAPL. Figure 1 is our version of the source-zone 
concept. This conceptualization is based upon laboratory stud- 
ies [Schwille, 1988; Kueper et al., 1989], limited field observa- 
tions [Poulson and Kueper, 1992; Kueper et al., 1993], and nu- 
merical simulations of DNAPL distributions in heterogeneous 
media [Kueper and Frind, 1991a, 1991b; Kueper and Gerhard, 
1995]. Similar conceptualizations are presented by Cohen and 
Mercer [1993] and Feenstra et al. [1996]. 

Subzones containing DNAPL are distinguished by macro- 
scopic boundaries within which the organic liquid may be con- 
tinuous or at residual saturation. Because migration of 
DNAPL is highly sensitive to subtle, small-scale heterogeneity, 
it is expected that the distribution of DNAPL is complex within 
a particular source zone and highly variable from one source 
zone to another. Nevertheless, it is thought that DNAPL sub- 
zones often take the geometry of thin, horizontal lenses and 
pools, interconnected by vertical fingers that approximate the 
geometry of columns [Anderson et al., 1992]. The term source- 
zone architecture is henceforth used to collectively refer to the 
number, dimensions, locations, and saturations of DNAPL 
subzones that compose the overall source zone. 

The source-zone architecture formed by a particular 
DNAPL release depends upon the types of geologic units en- 
countered by the DNAPL, the variability of the hydraulic and 
capillary properties of those units, the location and rates of 
release, and the properties of the DNAPL [Kueper and Frind, 
1991a, 1991b]. It is expected that the flow of DNAPL slows 
following cessation of a release and a condition of mechanical 
equilibrium is approached. Interphase mass transfer occurs 
during DNAPL migration. Such transfer has no significant 
effect on the eventual source-zone architecture except, per- 
haps, in the case of DNAPL flow in small-aperture fractures 
bounded by porous matrix blocks into which components of 
the DNAPL diffuse [Parker and McWhorter, 1994; Parker et al., 
1996]. The primary effect of interphase mass transfer during 
active DNAPL migration is to establish local dissolved plumes 
around the still forming DNAPL subzones. 

Once migration ceases, it is expected that a complicated 
distribution of dissolved DNAPL constituents has already 
evolved within the source zone. This distribution of dissolved 

chemicals frustrates the prescription of a realistic initial con- 
dition for the calculation of unsteady mass transfer once the 
DNAPL has ceased to migrate. Furthermore, the rates of dis- 
solution reported by numerous authors [e.g., Hunt et al., 1988; 

Johnson and Pankow, 1992; Imhoff et al., 1994; Voudrias and 
Yeh, 1994; Mayer and Miller, 1996] suggest that source-zone 
architectures change very slowly once mechanical equilibrium 
is achieved. It is expected that instantaneous rates of mass 
transfer for particular source-zone architecture can be calcu- 
lated as if the system were in a true steady state. 

Interphase mass transfer, according to the single-resistance 
model, is expressed by [Miller et al., 1990; Powers et al., 1991; 
Feenstra and Guiger, 1996] 

A• v -- KL(C s - Ca) , (1) 

where Mv (M T -1 L -3) is the rate at which mass is trans- 
ferred from the DNAPL to the aqueous phase per unit volume 
of porous medium, Cs (M L -3) is the effective aqueous 
solubility, and Ca is the bulk aqueous concentration. The mass 
transfer rate coefficient KL (l/T) is an empirical parameter 
that is thought to be directly proportional to the molecular 
diffusion coefficient in the aqueous phase and the interfacial 
area between the two phases. Experimental determinations of 
the mass-transfer-rate coefficient are usually presented in the 
form of correlations involving the Sherwood, Schmidt, Peclet, 
and Reynolds numbers. Extensive presentation and discussion 
of such correlations are available in the literature [Miller et al., 
1990; Powers et al., 1992, 1994; Geller and Hunt, 1993; Imhoff et 
al., 1994; Mayer and Miller, 1996]. 

The rate of interphase mass transfer expressed by (1) is 
spatially variable within a subzone. Integration of (1) over the 
volume of the subzone calculates the total rate of interphase 
mass transfer attributable to the subzone. Considering a non- 
reactive contaminant and steady state conditions, the rate of 
interphase transfer must equal the rate at which dissolved mass 
is removed from the subzone by the processes of advection and 
mechanical dispersion. That is, the aqueous concentration 
within the subzone adjusts until the overall rate of interphase 
mass transfer is equal to the rate at which transport processes 
remove the dissolved substance from the subzone. 

3. Multiple Analytical Source Superposition 
Technique (MASST) 

The following describes a new mathematical method for 
estimating mass transfer rates from complex sets of single- 
component DNAPL subzones in uniform granular porous me- 
dia. In general, the approach is analogous to the analytic ele- 
ment method for groundwater flow described by Strack [1989]. 
As a convenient shorthand, our method is referred to as 
MASST, for multiple analytical source superposition tech- 
nique. Spatial superposition of analytically calculated re- 
sponses to multiple sources is used to estimate aqueous mass 
transfer rates from individual subzones. Through this proce- 
dure, MASST accounts for multiple DNAPL subzones with 
different volumes, geometries, and locations within an overall 
source zone that is otherwise free of the nonaqueous liquid. 
Mass transfer from all other subzones in the vicinity affects the 
mass transfer rate from a particular subzone, and such poten- 
tial interferences are given full consideration in MASST. 

3.1. General Assumptions 

Equation (2) presents a general form of the governing equa- 
tion for three-dimensional transport of an aqueous phase sol- 
ute in a uniform flow field in porous media: 
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O(gwCa) 
Ox ox øXxx o, -aT 

M v G v OCa 
0 0 Ot' 

(2) 

The coordinate system employed in (2), and in all subsequent 
discussions, is the usual orthogonal Cartesian system with x 
positive in the direction of groundwater flow. The horizontal 
and vertical coordinates are y and z, respectively. A;/v is the 
rate of mass transfer per unit volume of porous medium asso- 
ciated with either sorbed constituents or DNAPL (M T -1 
L-3). G v is the rate of mass loss or addition due to reactions 
(M T -1 L-3). Variables Dx, Dy, and Dz are dispersion 
coefficient (L 2 T- 1) in the x, y, and z directions, respectively, 
Vw (L T-•) is the seepage velocity, t (T) is time, and 0 is 
porosity. 

Simplification of (2) is achieved with the following assump- 
tions: (1) Seepage velocity, transverse dispersion, and longitu- 
dinal dispersion are constants, (2) solutes of concern are non- 
reactive, (3) the dispersion coefficients Dy and D z are equal 
and defined as Dr, the transverse dispersion coefficient (L2 
T-l), and (4) for consistency Dx is redefined as D L, the 
longitudinal dispersion coefficient (L 2 T-l). These simplifi- 
cations result in 

DLO2Ca DTO2Ca DTO2Ca A• v gwOC a OCa 
Ox 2 + Oy 2 + OZ 2 q 4) Ox - Ot' (3) 

3.2. Aqueous Concentrations About a Discrete 
Subzone Source 

Following Hunt [1960], a solution for (3) can be obtained 
wherein M v occurs only within a discrete portion of the solu- 
tion domain. This begins by considering the instantaneous 
point source solution 

Ca(x , y, z, t) 

Mexp(_ ((x - xi) - Vwt) 2 4DLt (y -y•)'• + (z - z,) '•) 
(4) 

8 0 x/rr't3D rD• 

where M is a mass instantaneously introduced at the point with 
coordinates (xi, Yi, zi). Integration of (4) over a right paral- 
lelepiped subzone of DNAPL yields 

Ca(x , y, z, t) 

- Mv exp - 4DLt 
a b c 

_(y-(yi--yt))2+ (Z--(Zi--zt))2)] 4D rt 

ß (8 6 x/Tr3t3DTD])-•dz' dy' dx', (5) 

where a, b, c are the half length, width, and height of the 
subzone as shown in Figure 2. Mv is the mass per unit volume 
instantaneously and uniformly transferred from the DN•L 
into the aqueous phase within the subzone (M L-3). As 
written in (5), the coordinate xi, Yi, zi is the geometric center 
of the source zone. 

The integration indicated in (5) yields 

z 

Geometric Center 

Xi, Yi, ß 

2a 

Figure 2. Conceptualization of a DNAPL subzone as a right 
parallelepiped. 

My 

Ca(x , y, z, t): Tfx(x , t) fy(y, t) fz(Z, t), (6) 
where 

fx(X, t) = • erf x/4D•t 

x - xi - a - Vwt.) -erf( x/4D•t ) (7) 
fy(y, t) = • erf x/4Dvt . - erf -• (8) 

fz(Z, t) = • erf 4x/-4- • . - erf x/4Dvt . (9) 
The solution for steady transport from a right parallelepiped 

source zone is obtained by integrating (6) with respect to time 
from 0 to •. This results in 

Mvf0 Ca(x , y, z) = •- fx(X - xi, t)L(Y - Y•, t)fz(Z - z,, t) dt. 

As a point of departure from Hunt [1960], substitution of (1) 
for A;/v results in 

Ca(x,y,z) = 
gl(Cs- Ca(xi, Yi, zi)) 

ß fx(X -- Xi, t)fy(y -- Yi, t)fz(Z -- Zt, t) dt. (11) 

Equation (11) calculates the concentration due to steady 
rate-limited mass transfer from a subzone in the form of a right 
parallelepiped with center at (xi, Yi, zi). From this point 
forward the subzone is assumed to contain DNAPL and is 

referred to as a DNAPL subzone. The general point (x, y, z) 
may be located anywhere in the solution space, including the 
interior of the DNAPL subzone. A primary assumption used in 
developing (11) is that K• and Ca are constants within the 
individual DNAPL subzone described by (xi, Yi, zi) and the 
dimensions a, b, and c. Where spatial variation of K• and Ca 
is a concern, multiple subzones can be placed adjacent to one 
another to approximate a larger DNAPL zone. Strictly, the 
assumptions of constant K• and Ca in an individual subzone 
are only true as the volume of the subzone approaches zero. 



396 SALE •agXlD MCWHORTER: STEADY STATE MASS TRANSFER 

The sensitivity of MASST solutions to the number of subzones 
used to define field-scale DNAPL zones is addressed in sub- 

sequent sections. 

3.3. Mass Transfer From a Single DNAPL Subzone 

The rate of mass transfer from a single DNAPL subzone is 
obtained by evaluating (11) at (xi, Yi, zi), solving for Ca (xi, Y•, 
zi), and substituting the result into (1). This yields (12) and 
(13) with the function Fo (units of time) defined in (14). 

1 + Fo) Ca(xi, Yi, zi) = CsFo/ ( •l l (•2) 

+ to) 

Fo = • f•(0, t) fy(O, t)fz(0, t) dt. (14) 

An interesting aspect of (13) is that it can be used to eval- 
uate the relative significance of so-called "rate-limited mass 
transfer" characterized by K1 and spatial transport constraints 
about the DNAPL subzone characterized by F o. For all but 
very small DNAPL subzones and large seepage velocities, the 
denominator of (12) and (13) is dominated by Fo. As an 
example, considering a - 0.10 m, b = 0.10 m, c = 0.01 m, 
Vw = 0.1 m d -•, tb = 0.3, DL = 10 -6 m 2 s -•, and Dr = 
10 -8 m 2 s -•, the value off o is 5.6 days. This is far larger than 
reported values of l/K1 that fall in the range of 0.01-0.001 day 
[Miller et al., 1990; Imhoff et al., 1994]. The dominance of F o in 
the denominator indicates that the concentration within a 

DNAPL subzone, with dimension greater than a few centime- 
ters, must be very close to effective solubility. This condition 
has been widely documented in laboratory studies [e.g., Miller 
et al., 1990; Powers et al., 1994; Imhoff et al., 1994]. These 
observations suggest that mass transfer from field-scale 
DNAPL zones is not strongly constrained by rate-limited mass 
transfer as prescribed by K1. Further consideration of this topic 
is provided in the subsequent discussion of interphase mass 
transfer at a macroscopic scale. 

3.4. Superposition of Multiple Analytical Sources 

Mass transfer rates from multiple DNAPL subzones or from 
subdivisions of a single subzone can be estimated through 
spatial superposition of responses to multiple sources. Again, 
this procedure is referred to as the multiple analytical source 
superposition technique, or MASST. As shown in (15), 
MASST involves development of an equation that describes 
the concentration at the geometric center of the j th subzone 
(x i, yi, z•) as the result of steady state mass transfer from N 
subzones. 

N 

Ca(xj, yj, zj) = Z gl(Cs - Ca(xi, Yi, zi)) 
i=1 

ß F(x• - x, y• - y,, z• - z,) i,j- 1,2,3,...,N. (15) 

Equation (15) represents a set of N equations with N un- 
known concentrations at the geometric center of each subzone. 
Solving this set of equations for the concentration at the geo- 
metric centers of the subzones results in the matrix equation 

Ca = Cs(IF] + K•-I[I])-I[F]U, (16) 

where C a is an N component vector of concentrations at the 
geometric centers of the subzones, [F] is an N by N matrix of 
transport constraint functions, [I] is an N by N identity matrix, 
and U is an N component vector of unit values (the unity 
vector). Substitution of Ca into (1) yields 

l•lv = C•([F] + K•-I[/])-IU, (•7) 

where 1•1 v (M T -• L -3) is an N component vector of mass 
transfer rates per unit volume from the N individual subzones. 
It will be noted that (17) is the multisubzone equivalent of (13). 
Finally, the total rate of mass transfer (M T- •) from the set of 
N subzones is 

N 

i=1 

where Vs, is the bulk volume of the i th subzone. Equations 
(16)-(18) are the core equations used throughout the remain- 
der of this paper. 

4. Confirmation of MASST 

The following presents comparisons of MASST results with 
exact analytical solutions for simple cases where such solutions 
are possible. Through this process it is shown that MASST 
provides accurate solutions to the governing equations. In ad- 
dition, MASST solutions are fit to laboratory measurements of 
mass transfer. This effort shows that close agreement is ob- 
tained using "typical" transport parameters and further sup- 
ports the validity of MASST. 

The first problem considered is mass transfer inside a uni- 
form DNAPL zone that begins at x - 0. This is analogous to 
dissolution in an infinite column containing a uniform porous 
medium with uniform DNAPL saturation. The second prob- 
lem is mass transfer from a uniform plane source that begins at 
x - 0. All calculations were performed using a 120-MHz 
Pentium personal computer and MATHCAD 7.0 [MathSoft, 
Inc., 1997]. Numerical integrations were carried out using a 
Romberg integration scheme. This integration scheme is a 
standard component of MATHCAD 7.0. 

4.1. Transport Inside a Uniform DNAPL Zone 

Assumptions of steady state nonreactive transport in a uni- 
form DNAPL zone beginning at x = 0 results in the following 
governing equation and boundary conditions: 

DLO2Ca Kl(Cs- Ca) Vwc•Ca 
= (19) a 2x d) a x 

dCa 
VwCa = Dr dx x = 0 (20) 

dC, 
d• = 0 x = •. (21) 

Note the boundary condition introduced in (20) is different 
from the zero concentration at x - 0 condition used by Miller 
et al. [1990] for the same problem. The condition expressed by 
(20) is a flux-type boundary condition and takes into account 
the fact that diffusion can transport contaminants into the 
influent aqueous phase. Following van Genuchten and Alves 
[1982], a solution for Ca is obtained. Substitution of this solu- 
tion into the expression for rate of mass transfer (1) yields 
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2 

J•v= Csgl I -•- (1 -•- (4KiDL/V2wcb)) •/2 

.exp( V.x 4KIDL• •/2) 2-•(1-(1+ V2wqbJ )' (22) 

Application of MASST to this one-dimensional transport 
problem is achieved by setting b and c equal to oo in (8) and (9). 
This causes both (8) and (9) to equal unity and the transport 
function to become 

F = • fx(X, t) dt. (23) 

MASST estimates of mass transfer are obtained by approxi- 
mating the DNAPL zone as a sequence of subzone layers 
(infinite in the x and z dimensions) to which (17) and (18) are 
applied with F given by (23). Conditions considered are Vw -- 
1 x 10 -5 m s -•, Dz. = 1 x 10 -6 m 2 s -•, qb = 0.3, Cs = 
1000 mg L -•, and K• = 100 day -•. Figure 3 compares 
MASST estimates with results obtained using the exact ana- 
lytical solution (22). The MASST solution is based on 18 con- 
tinuous subdivisions of a total length of 0.05 m. The length of 
the individual subzones (2ai) was selected so that total mass 
transfer was approximately the same in each of the subzones. 
This was done to accommodate the assumption of uniform Ca 
and Kz. throughout each subzone. Further improvement in 
accuracy can be achieved by increasing the number of sub- 
zones. The close fit observed in Figure 3 indicates that MASST 
provides a reasonable approximation to the exact solution to 
(19) subject to (20) and (21). 

Further confidence in MASST can be achieved by consider- 
ing laboratory column data. Using data from Miller et al. 
[1990], Figure 4 presents rates of toluene dissolution as a 
function of seepage velocity. Figure 4 also presents MASST 
estimates based on one-dimensional transport with rate- 
limited mass transfer. Following Bear [1972], estimates of Dz. 
were obtained using 

D• = D e + OILV w. (24) 

The effective diffusion coefficient (De) and longitudinal dis- 
persivity (az.) were assumed to be 7 x 10 -sø m 2 s -• and 1 x 

1.7e-004 

r'3 , 

•: 1.5e-004 

½ 1.3e-004 

'•' 1.1 e-004 
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Figure 3. Comparison of multiple analytical source superpo- 
sition technique (MASST) results with an exact analytical so- 
lution for mass transfer as a function of distance along a ho- 
mogeneous column containing DNAPL. 
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Figure 4. MASST fit to measured mass transfer rates in a 
laboratory column as a function of seepage velocity [Miller et 
al., 1990]. 

10 -2 m, respectively. MASST was fit to the laboratory data 
using a K½ value of 360 day -z. The close fit using typical 
laboratory scale values for az. and K½ provides further confir- 
mation of MASST. 

4.2. Plane Source of Constant Concentration 

Assuming that longitudinal dispersion is negligible relative 
to longitudinal advection, the governing equation for steady 
two-dimensional transport with one-dimensional flow is 

dCa d2Ca (25) Vw •--•-= Dr dz 2 . 

Relevant boundary conditions for a semi-infinite plane of con- 
stant concentration located at x >- 0 and z = 0 are 

. Ca = Cs x > 0, z = 0 (26) 

Ca = 0 x = 0 (27) 

Ca = 0 z = oo. (28) 

As described by Bird et al. [1960], Hunt et al. [1988], and 
Johnson and Pankow [1992], the solution to (25) subject to 
(26), (27), and (28) is 

( ( z )) (29) Ca(x, z) = Cs 1-erf 2x/Drx/Vw ' 
and the mass flux from the plane source as a function of 
distance along the pool is 

J(x) = c4, x/VwD/x. (30) 
The corresponding MASST solution is obtained by employ- 

ing an infinite K½ value to achieve the condition of Ca = Cs for 
x >- 0 and z = 0. This allows simplification of (17) to 

= 

Furthermore, assuming b = oo and z = 0, 

Fi,j = 2rrrb x/DrD• exp 2D•IKo 2D•] du, (32) 
•t xt -xj - a 

where Ko is the modified, zero-order Bessel function of the 
second kind and i, j = 1, 2,..., N. Equation (32) was 
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z 

N strips of length 2a 

x] x2 x3 XN_• XN 

Figure 5. Concept of a segmented plane source. 

obtained by integrating the closed-form solution for an infinite 
steady line source [Hunt, 1960] along the length of the pool. 
Limits of integration describe the distances between the center 
of the individual plane source of interest x/and all other plane 
sources located at x i. The concept of a segmented plane source 
is presented in Figure 5. 

Figure 6 compares estimates of the mass transfer rates per 
unit area of plane source developed using the exact analytical 
solution (30) and the MASST solution presented in (31). Con- 
ditions considered are V w = 1 x 10-Sm s -1, Dr = 1 x 
10- 9 m 2 s- •, qb = 0.3, Cs = 1000 mg L- l, and DL - 1 X 
10 -8 m 2 s -•. Since D L is absent in (39), a small value of D• 
was employed in (40) such that a direct comparison between 
the exact analytical and MASST solutions can be made. Over- 
all, the sensitivity to DL is small. This is because longitudinal 
dispersion is negligible relative to longitudinal advection for 
the conditions considered. 

MASST calculations were made by subdividing a plane 
source, 0.1 m in length and infinitely wide, into 30 strips of 
equal length. As with the column solution, subdividing the 
source improves the accuracy of the MASST solution due to a 
closer approximation to the condition of a uniform K• and Ca 
along each strip used to approximate the plane source. 

It is important to note that the total mass transfer rate is 
proportional to the area beneath the two data sets in Figure 6. 
Thus the two solutions estimate nearly identical rates of total 
mass transfer. Experience with MASST indicates that local 
errors in estimated mass transfer rates, associated with too few 
subdivisions, tend to balance each other out. In the extreme 
case of approximating the plane with a single subdivision, 

MASST underestimates the total mass transfer rate by approx- 
imately 10%. The close agreement between the exact analytical 
and MASST solutions confirms that MASST also provides an 
accurate solution to (25) subject to (26), (26), and (28). Similar 
results are observed for the range of plausible input parameters. 

Again, further confidence in MASST can be developed 
through consideration of laboratory data. Schwille [1988] re- 
ports laboratory measurements of mass transfer from a 
DNAPL pool as a function of seepage velocity. The experi- 
ment involved a pool of trichoroethene 1 m in length (x di- 
mension) and 0.5 m in width (y dimension). Figure 7 presents 
measured mass transfer rates and MASST estimates as a func- 

tion of seepage velocity. MASST estimates were developed 
using (31) and (32). The dispersion coefficients D• and D r 
were estimated using (24) with az• and at values of 0.01 and 
0.0002 m, respectively. Through variation of az• and a r, it was 
observed that the MASST estimates were largely insensitive to 
az•, and consequently, the true fitting parameter was a r. 
Again, close agreement between measured mass transfer rates 
and MASST estimates supports the validity of MASST. 

5. Dimensionless Form of MASST 

Dimensionless forms of MASST are developed by casting 
(16) through (18) in terms of dimensionless variables. This 
allows for a more direct analysis of factors affecting mass 
transfer. As a first step, all length variables are divided by a 
macroscopic length, taken to be the length of a DNAPL sub- 
zone (L), measured in the direction of aqueous flow. Macro- 
scopic Sherwood and Peclet numbers are defined as 

Kl L2 
She = DLd) (33) 

= . (34) Pem DL 
Both the Sherwood and Peclet numbers are subscripted with 

m to emphasize that they are macroscopic parameters that 
should not be confused with pore-scale Sherwood and Peclet 
numbers that have appeared in the literature [Miller et al., 
1990; Parker et al., 1991; Powers et al., 1992; Geller and Hunt, 
1993; Imhoff et al., 1994; Powers et al., 1994]. Further simplifi- 
cation is achieved by defining 
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Figure 6. Comparison of MASST results with an exact ana- 
lytical solution for mass transfer rate as a function of position 
along a plane source of constant concentration. 
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Figure 7. MASST fit to measured laboratory pool mass 
transfer rates as a function of seepage velocity [Schwille, 1988]. 
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Figure 8. Dimensionless mass transfer rates and normalized concentrations within a DNAPL subzone. 

DL 
= (35) Dr Dr 

tDL 
T= L2 (36) 

Ca 

Cna = Cs' (37) 
With the above definitions of dimensionless parameters and 

variables, the dimensionless form of the transport matrix is 

where 

fdx(Xj - Xi, T)fdy(Y•.- Yi, T)fdz(Zj- Zi, T) dT, 

(38) 

fdx(Xj -- Xi, T) = 5 erf 4• 

- - A - PemT) erf 4• ) (39) _ 
fdy(Y•'- Yi, T) = • erf 4• 

_ erf (Y•' - Y• -B 
fdz(Zj- Zi, T) = 5 erf 4• 

- erf (ZJ- Z•- C 4• ))' (41) 
Note the quantities A, B, C, X, Y, and Z are all equal to the 
dimensional lowercase equivalents divided by the subzone 
length L. 

Finally, the dimensionless equivalents of (16), (17), and (18) 
are 

Cna-- ([Fd] + Sh•[I])-•[Fd]U 

= ([Fd] + Sh•[I])-•U 

(42) 

(43) 

N 

MTd = • Vd,M•,, (44) 
i=1 

where C,a is an N component vector of normalized concen- 
trations at the geometric center of the subzones, Vd, is the 
volume of the i th DNAPL subzone, l•lvd is a vector of dimen- 
sionless mass transfer rates per unit volume, and 3;/rd is the 
dimensionless total mass transfer rate for the subzone. Defi- 

nitions of l•lvd and 3;/rd in terms of dimensional quantities are 
presented in (45) and (46). 

l•& 2 
I91• = DLCsck (45) 

Mrd = DLC•L ck ' (46) 
Derivation of (38) through (44) is presented by Sale [1998]. 

6. Mass Transfer as a Function of Position 
Within a DNAPL Subzone 

The following presents an analysis of mass transfer rates 
within a single subdivided DNAPL subzone. This is accom- 
plished using the dimensionless form of MASST to calculate 
normalized concentrations and dimensionless mass transfer 

rates through a cross section of a DNAPL subzone. Figure 8 
presents a cross section of a DNAPL subzone cut parallel to 
the flow direction. The subzone has dimensionless lengths of 
X = 1, Y = o•, and Z = 0.1. Assumed dimensionless 
transport inputs are Shm = 1 X 10 s, Pem = 10, and D• = 
100. Selection of these values reflects typical conditions de- 
fined by a• = 0.1 m, ar = 0.001 m,K• = 500 day-•, L = 
1 m, and Vw = 0.1 m d-•. Also shown in Figure 8 are subzone 
subdivisions of dimensionless length 0.001, 0.0017, and 0.9973 
in the X dimension and 0.005, 0.045, 0.045, and 0.005 in the Z 
dimension (see lines within the subzone). This subdivision of 
the subzone results in similar rates of total mass transfer within 

each subdivision. 

Calculated dimensionless mass transfer rates per unit vol- 
ume (3;/•d) and normalized concentrations (C,,a) are shown in 
the upper and lower mirror halves of the subzone, respectively. 
The values posted were calculated using (42) and (43). An 
important observation drawn from the data is that the highest 
rates of mass transfer occur at the leading edges of the sub- 
zone. Moving from the leading edge of the subzone at the 
upper left-hand corner to the trailing edge at the right-hand 
corner, /¾/•,d decreases by 2 orders of magnitude. Similarly, 
moving from the leading edge of the subzone in the upper 
left-hand corner to the interior 90% of the subzone (repre- 
sented by the two largest subdivisions), Mvd decreases by 4 
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Figure 9. Sensitivity of dimensionless mass transfer rates to 
the modified Sherwood number. 
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Figure 11. Sensitivity of dimensionless mass transfer to the 
ratio of longitudinal and transverse hydrodynamic dispersion. 

orders of magnitude. Normalized concentration values show 
the same trend. The normalized difference in chemical poten- 
tial that drives transfer (1 - Cna) ranges from 0.049 at the 
leading corners of the subzone to 0.000004 within the interior 
of the subzone. In all cases, normalized concentration is close 
to 1. This suggests that the overall process governing mass 
transfer is not the rate at which interphase mass transfer occurs 
within the source. Rather, it is the advective-dispersive trans- 
port of dissolved chemical away from the DNAPL subzone that 
is the primary process limiting mass transfer rates. 

On the basis of observed distribution of mass transfer rates, 
it is concluded that mass transfer will result in erosion of the 

DNAPL at the perimeter of the subzone. Reductions in 
DNAPL saturations within the DNAPL subzone will be minor. 

The validity of this observation is supported by laboratory 
measurements of trichloroethylene (TCE) saturations in a col- 
umn subjected to continuous throughput of aqueous phase 
[Imhoff et al., 1994]. These workers observed an active disso- 
lution interval at the leading edge of a source ranging between 
0.01 and 0.021 m. Beyond the active front, apparent TCE 
saturations remained constant through time. 
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Figure 10. Sensitivity of dimensionless mass transfer to the 
macroscopic Peclet number. 

An important implication of large mass transfer rates at the 
leading edge of a DNAPL subzone is that the overall rate of 
mass transfer is relatively insensitive to the length of the sub- 
zone. Shortening of a DNAPL subzone, either through natural 
dissolution or active remediation, has only small effects on 
bulk mass transfer rates and water quality downgradient of the 
subzone. This is because almost all of the mass transfer occurs 

at the leading edge of the source zone. Significant improve- 
ments in groundwater quality downgradient of the subzone will 
only occur when near-complete removal of the subzone is 
achieved. 

7. Sensitivity of Mass Transfer Rates 
to Key Parameters 

Variables controlling mass transfer rates are Sh,,, Pe m, Dr, 
the dimensions of the DNAPL subzone, and the orientation of 
the subzone. Sensitivity to each of these factors is examined in 
Figures 9-11. In all three figures, consideration is given to a 
rectangular horizontal subzone oriented parallel to flow, a 
vertical finger oriented perpendicular to flow, and a narrow 
horizontal subzone oriented parallel to flow (see Figure 12). 
These shapes and orientations are based on the expected range 
of conditions that occur in DNAPL source zones. 

In all cases, transport is three-dimensional, the flow field is 

Rectangular Horizontal Pool 

Flow 

Direction 
Vertical Finger 

Horizontal Pool 

Figure 12. Geometry and orientation of DNAPL subzones 
considered. 
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Table 1. Characteristics of DNAPL Subzones 

Dimensionless Dimensionless 

Subzone Length (X) Width (Y) 

Percent of Area 

Dimensionless Perpendicular Dimensionless 
Height (Z) to Flow Volume 

Rectangular horizontal subzone 1 1 
Vertical finger 1 1 
Narrow horizontal subzone 1 0.1 

0.1 4.4% 0.1 
10 31% 10 
0.1 2.4% 0.01 

uniform, and the DNAPL zones are subdivided into 48 sub- 
zones. The pattern of subdivision is similar to that shown in 
Figure 8 with the addition of four subdivisions in the Y dimen- 
sion following the pattern used in the Z dimension. The di- 
mensions of subzones were determined so that the total trans- 

fer rate (113Ird) from each subzone was approximately equal. A 
different distribution of subzones was used for each set of 

conditions evaluated. This reflects the fact that the distribution 

of mass transfer rates is a function of the conditions evaluated. 

Further subdivision of the source was deemed unnecessary 
since it had no effect on Mrd as calculated for the entire 
subzone. Less subdivision resulted in lower estimates of mass 

transfer. As a worst case, use of a single subzone resulted in 
underestimation of mass transfer by 30%. Characteristics of 
the DNAPL subzones are listed in Table 1. Results presented 
in Figure 9-11 were calculated using (43) and (44). 

Figure 9 is a plot of Mrd as a function ofSh m forDr = 100 
and Pe m - 10. The primary feature illustrated in Figure 9 is 
that bulk mass transfer from the source is a weak function of 

Sh m. Increasing Sh m by 5 orders of magnitude increases Mrd 
by factors ranging between 2 and 5 depending on the source 
geometry considered. For Sh m values greater than 1 x 10 3, 
Mvd is practically independent of Sh m. Similar results are 
observed for the plausible ranges of D r and Pe m. 

Measured mass-transfer-rate coefficients (KL) are of the 
order of 100 to 1000 day -• [Miller et al., 1990; Imhoff et al., 
1994]. Typical horizontal subzone lengths are probably greater 
than 0.1 m, and typical field groundwater velocities are in the 
range of 0.1-0.01 m d -•. These typical conditions correspond 
to a range of Sh m of 1 x 10 3 to 1 x 105. Therefore Figure 9 
indicates that Mvd from subzones with L greater than 0.1 m are 
insensitive to Sh m. In the case of DNAPL fingers and small 
horizontal subzones, L values as small as 0.01 m are plausible. 
For this condition a lower bound for Sh m is 10. Even in this 
range, mass transfer rates remain a weak function of Sh m. 

Since Sh m is a function of DNAPL saturation [e.g., Hunt et 
al., 1988; Powers et al., 1992], it follows that mass transfer rates 
will be largely insensitive to DNAPL saturations within sub- 
zones. This is a critical conclusion because it suggests that 
remedial technologies that primarily reduce DNAPL satura- 
tion in subzones will have a minor effect on near-term mass 

transfer rates from DNAPL source zones. 

MASST does not account for reduced flow through DNAPL 
zones due to relative permeability effects. This requires con- 
sideration of when the assumption of uniform flow is reason- 
able. First, the uniform flow assumption is reasonable where 
DNAPL saturations are low (e.g., in vertical fingers that have 
drained to residual saturations). Second, the error introduced 
by ignoring relative permeability effects is small where the 
height (z dimension) of a subzone is small relative to its length 
(x dimension) (e.g., thin horizontal lenses and pools). As the 
height of a DNAPL zone goes to zero, mass transfer due to 
flow through the DNAPL zone and the significance of relative 

permeability effects go to zero. Reflecting on drained vertical 
fingers and thin horizontal lenses/pools as the primary features 
in DNAPL source zones, the assumption of uniform flow 
through DNAPL subzones should not introduce large errors in 
our analysis. Greater attention to mass transfer due to flow 
through subzones is presented in a subsequent section. 

A convenient consequence of the insensitivity of 3;/rd to 
Sh m is that precise estimates of Sh m are not necessary to 
develop reasonable estimates of bulk mass transfer. The net 
effect of varying Sh m is to modify the distribution of mass 
transfer rates within a horizontal subzone (as shown in Figure 
8) but not the overall bulk mass transfer rate from the hori- 
zontal subzone. As an example, decreasing Shin in the case of 
Figure 8 leads to lower rates of mass transfer along the edges 
of the subzones but larger rates of mass transfer in the interior. 
Essentially no net change in the overall rate of mass transfer is 
observed upon reducing Sh m. This conclusion contrasts with 
results from one-dimensional laboratory studies that have em- 
phasized the importance of determining a pore-scale Sher- 
wood number [Miller et al., 1990; Parker et al., 1991; Powers et 
al., 1994; Geller and Hunt, 1993; Imhoff et al., 1994; Powers et 
al., 1994]. The explanation of this difference is that mass trans- 
fer from large DNAPL subzones (L > 0.1 m) is constrained 
more by the rates at which mass is transported away from 
subzone than by rates of interphase mass transfer within the 
subzone. The above referenced experiments were not designed 
to observe any limitation imposed on dissolution rates imposed 
by the rates at which dissolved mass is transported away from 
the subzones. 

Attention is now turned to an analysis of Mrs as a function 
ofPe m (see Figure 12). For these calculations, Shm and D r are 
held constant at 1 x 105 and 1 x 102, respectively. The selected 
range of Pe m values is based on typical conditions in granular 
porous media and seepage velocities of the order 0.01 to 1 m 
d -•. Data in Figure 10 indicate that a tenfold increase in Pe m 
results in a fourfold increase in Mrs. Recognizing that D L 
occurs in the denominator of both Mra and Pe m. Figure 11 
also illustrates the dependence of dimensional mass transfer 
rate M•, (M T -• L -3) on Vw for DNAPL zones of fixed 
length. Thus a factor of 10 increase in flow field velocities only 
increases M•, by a factor of 4. In part, this provides an expla- 
nation for limited effectiveness of pump and treat as a reme- 
dial technology for DNAPL zones. 

Finally, attention is turned to Mrs as a function of Dr (see 
Figure 11). For these calculations, Sh m and Pe m are held 
constant at 1 x 105 and 10, respectively. In systems where 
mechanical dispersion dominates molecular diffusion (Vw > 
0.01 m d-•), D r can be estimated as the ratio of a• and a r. 
A likely range for Dr is 100-1000. Because longitudinal trans- 
port is dominated by advection, bulk mass transfer from a 
DNAPL source is only a weak function of D•. Consequently, 
data posted in Figure 11 are primarily an analysis of the sen- 
sitivity to transverse hydrodynamic dispersion. Small values of 
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Figure 13. Fraction of total mass transfer attributable to ad- 
vective transport through subzones. 

Dr reflect large values of D r- The effect of smaller values of Dr 
is an increase in the rate at which mass moves away from the 
source in the transverse direction and, consequently, larger 
rates of bulk mass transfer. 

Also shown in Figure 11 is the sensitivity of Mrd to Dr for 
different geometries and orientations of the subzone. In the 
case of the vertical finger, Mrd is insensitive to variation in Dr. 
This is because mass transfer from the source is largely attrib- 
utable to flow through the source, as opposed to transverse 
dispersion from the surfaces of the source. Progressively 
greater sensitivity to Dr is observed as the fraction of total 
source surface area on the face of the subzone influent to flow 

is decreased. This can be seen by considering the rectangular 
and narrow horizontal subzones with 4.4% and 2.4% of total 

surface area on the influent face of the subzone, respectively. 
These subzones, with smaller fractions of total surface area on 
the influent face of the subzone, show greater dependence on 
Dr and, correspondingly, Dr. To some degree the insensitivity 
of the vertical finger to Dr can be attributed to the large 
relative dimensionless volume of the vertical finger source (see 
Table 1). Nevertheless, results in Figure 11 illustrate that the 
fraction of mass transfer resulting from flow through a sub- 
zone, as opposed to that which results from transverse disper- 
sion along the surfaces of a subzone, is a function of subzone 
geometry and orientation to flow. 

8. Mass Transfer Attributable to Flow 

Through DNAPL Subzones 
The sensitivity to subzone orientation and geometry illus- 

trated in Figure 11 raises the issue of what fraction of total 
mass transfer is attributable to flow through a subzone. The 
importance of this issue is further increased by the fact that 
MASST assumes a uniform flow field throughout the solution 
domain. In actuality, owing to relative permeability effects, the 
presence of DNAPL in the subzone effects flow through and 
about the subzone [e.g., Powers et al., 1998]. The following 
explores the significance of the assumption of uniform flow 
within and adjacent to a DNAPL subzone. 

As a first step, an estimate of mass transfer due to flow 
through the subzone is developed. Considering a single 
DNAPL subzone, the mass transfer rate due to flow through a 
subzone on a unit volume basis (Mvt) can be estimated as 

CeVwWHc• CeVw( • 
M• = L WH = L (47) 

where W is the length of the subzone in the y dimension, H is 
the length of the subzone in the z dimension, and Ce is the 
average effluent concentration from the subzone. Substitution 
of the mass transfer rate expressed by (47) for Mr in (46) 
results in 

Cegw4) 
]•dt = • L2/DlCsC• = Pem•-'ne. (48) 

Equation (48) illustrates that the dimensionless mass transfer 
rate per unit volume due to flow through the subzone, M•,dt, 
can be estimated as the product of Pe m and the normalized 
mean concentration on the downstream face of the subzone, •',' 

As a second step, the fraction of mass transfer per unit 
volume attributable to flow through a subzone is expressed as 
a fraction of the total mass transfer rate per unit volume, 
l•vdt/l•vd. Note that 11)[vd is the dimensionless mass transfer 
rate per unit volume of the entire source. 

Figure 13 plots the fraction M•dt/M•,d as a function of Pem. 
A value of 1 x 105 is assigned to Sh,, for horizontal subzones. 
This reflects typical field conditions and a subzone length of 
1 m. For the vertical finger a Shm value of 10 is considered. 
This reflects typical field conditions and a finger length in the 
direction of flow of 0.01 m. In the case of horizontal subzones, 
5-30% of the total mass transfer is attributable to advective 

transport through the source. In the case of a finger perpen- 
dicular to flow, 55-60% of mass transfer is due to advective 
transport through the source. Where DNAPL saturations (S, 
are low (e.g., <0.1), the fraction of the total mass transfer due 
to flow through the subzones will be close to estimates of 
M•,dt/M•,d presented in Figure 13. This is because the presence 
of low DNAPL saturations will have little effect on flow rates 

through the subzone. In the case of large DNAPL saturation, 
flow through the subzones will approach zero and the error 
associated with the uniform flow assumption will approach the 
fraction ]•,dt/]•, d shown in Figure 13. 

9. Source Zones With Multiple DNAPL 
Subzones 

Finally, consideration is given to a source zone containing 
multiple DNAPL subzones. Figure 14 is a cross section that 
depicts the distribution of normalized concentration surround- 
ing five horizontal subzones. Parameters associated with each 
horizontal subzone are the same as those used for the single 
subzone presented in Figure 8. As observed in laboratory pool 
studies [Whelan et al., 1994; Pearce et al., 1994], steep concen- 
tration gradients exist above and below the subzones. Also 
shown in Figure 14 are M,,d values for the individual subzones. 
From the posted data it can be seen that subzones A, C, and E 
all have essentially the same mass transfer rates. Mass transfer 
from these subzones is independent of mass transfer from 
other portions of the source zone. On the other hand, mass 
transfer rates from subzones B and D are reduced due to 

interference from other subzones. Mass transfer from these 

subzones is dependent on mass transfer occurring at other 
locations in the source zone. In the case of B, immediately 
downgradient of A, the mass transfer rate is reduced by a 
factor of 4. In the case of D, slightly offset from C, the reduc- 
tion in the rate of mass transfer is slight. These results illustrate 
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Figure 14. Normalized concentration distribution and mass 
transfer rates in a multiple subzone source. 

that the architecture of subzones within a source zone can play 
an important role in constraining bulk mass transfer from 

source zones. In addition, Figure 14 leads to the observation 

that removing subzones that are either affected by upgradient 
subzones or interfering with downgradient subzone may have 
little effect on bulk mass transfer rates from DNAPL source 

zones. 

10. Summary 

MASST represents a fully three-dimensional analysis of 
mass transfer from DNAPL subzones that simultaneously ac­
counts for the rate-limiting aspects of interphase mass transfer 

and advective-dispersive transport. Through this development 

it is shown that the primary process limiting mass transfer rates 

is advective-dispersive transport in the aqueous phase and not 
the internal rate of dissolution characterized by the mass trans­

fer rate coefficient. This leads to the complementary observa­
tions that (1) mass transfer rates are largely independent of 

DNAPL saturations within DNAPL subzones and (2) reme­

diations that reduce DNAPL saturations will have little effect 
on near-term groundwater quality. 

MASST also demonstrates that mass transfer occurs primar­

ily at the leading edges of subzones. Mass transfer through the 

remainder of the source is inhibited by interference from the 

upstream portion of the subzone. As a result, mass transfer 
rates and the duration of mass transfer from individual sub­

zones is a function of their geometry and orientation to flow. 
Long DNAPL pools have low rates of mass transfer per unit 

volume and consequently persist for long periods of time. Con­

versely, thin DNAPL fingers have large relative rates of mass 
transfer per unit volume and persist for relatively short periods 
of time. Larger rates of mass transfer at the leading edges of 

subzones also lead to the observation that the dimensions of 

DNAPL subzones will decrease over time, while DNAPL sat­

urations within subzones change only slightly. Unfortunately, 
due to locally larger rates of mass transfer at the leading edges 
of subzones, near-complete removal of DNAPL subzones is 

likely required to achieve meaningful improvements in ground­

water quality. 
Considering complex sets of DNAPL subzones, it is shown 

that interferences also can exist between individual subzones 

within the overall source zone. Manifestations of interferences 

between subzones are reduced rates of mass transfer per vol­

ume of DNAPL subzones and increased source longevity. As a 

result, remediation that removes subzones that are dependent 
or activates mass transfer from dependent subzones will have 

little effect on near-term groundwater quality. 
A key feature of the MASST procedure is that it is compu­

tationally efficient. Within the context of uniform flow condi­

tions, this makes possible routine analysis of mass transfer 
from complex DNAPL source zones. The principal limitation 

of the approach is that real conditions are far more complex 
than those that can be accounted for using analytical solutions 
that rely on uniform flow fields. Nevertheless, we feel that 
MASST effectively describes the principal factors governing 

mass transfer from DNAPLs in porous media and that the 

insights gained have applicability to real DNAPL source zones. 
At present, techniques presented in this paper are being 

extended to account for mass transfer from DNAPL source 
zones through time. This allows analysis of both the near- and 
long-term benefits of DNAPL source-zone remediation. Also, 

the techniques are being expanded to account for multicom­
ponent DNAPL and reactive transport. 
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