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Abstract. Convergent flow tracer tests conducted in the Culebra dolomite (Rustler 
Formation, New Mexico) are analyzed with both single- and multiple-rate, double-porosity 
models. Parameter estimation is used to determine the mean and standard deviation of a 

lognormal distribution of diffusion rate coefficients as well as the advective porosity and 
longitudinal dispersivity. At two different test sites both multirate and single-rate models 
are capable of accurately modeling the observed data. The single-well injection-withdrawal 
test provides more precise estimates of the mass transfer parameters than the convergent 
flow tracer tests. Estimation of the multirate distribution parameters is consistent across 
locations for the two types of tests. Limits of resolution are calculated for the multirate 
distribution, and these limits explain the precision with which the standard deviation of 
the multirate distribution can be estimated. These limits also explain the necessary 
increase in the advective porosity for the single-rate model at one location and not the 
other. Implications of the multirate mass transfer model at time and length scales greater 
than those of the tracer tests include the instantaneous equilibrium of a significant fraction 
of the matrix and the possibility of a fraction of the diffusive porosity not reaching an 
equilibrium solute concentration at long times. 

i. Introduction 

A number of single-well injection-withdrawal (SWIW) and 
convergent flow tracer tests (CFTT) have been conducted in 
the Culcbra dolomite member of the Rustler Formation in the 

vicinity of the Waste Isolation Pilot Plant (WIPP) in southeast- 
ern New Mexico [Meigs and Beauhelm, this issue]. These tracer 
tests were conducted with the goal of better characterizing the 
physical transport parameters of the Culcbra dolomite. Mod- 
eling of the SWIW test results indicates that matrix diffusion is 
an important transport process within the Culcbra [,/litman et 
al., 2000]. The conceptual model of matrix diffusion within the 
Culcbra was extended from the conventional double-porosity 
single-rate model to a continuous lognormal distribution of 
diffusion rate coefficients [Haggerry et al., this issue]. The mul- 
tirate diffusion model was shown to provide superior model fits 
to the observed SWIW test data relative to the conventional 

single-rate model [Haggerry et al., this issue]. 
The signature of multirate diffusion processes in a CFTT is 

more difficult to discern than in a SWIW test because of added 

complexity in the physics governing the flow system. Specifi- 
cally, this added complexity may be due to (1) tailing caused by 
flow field hctcrogcn½ity, a process the SWIW test is designed 
to mitigate, and (2) the sensitivity of the tracer transport re- 
suits to advective porosity. In this paper we examine the ap- 
plicability of the multirate diffusion model to a subset of the 
multiwall CFTTs. 
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At the H-19 and H-11 hydropads, multiple injection wells 
were centered around the central pumping well (multiwell 
testing). In this paper we examine a single pathway (i.e., one 
injection well to the pumping well) at each hydropad. As used 
in this paper, a CFTT is defined as a test with a single injection 
well and a single withdrawal well. Prior to tracer injection, the 
pumping rate has been maintained in the withdrawal well for 
sufficient time to allow velocities to be considered steady state 
within the domain of the tracer test. A slug of tracer is injected 
into this steady state convergent flow system from a second 
well located a distance R away from the pumping well. Imme- 
diately following the injection of the tracer, a chaser of Culebra 
brine (containing no tracer) is injected to flush the injection 
well of any remaining tracer. At the end of the chaser injection 
the injection rate is reduced to zero for the remainder of the 
tracer test. The discharge at the pumping well remains con- 
stant throughout the tracer and chaser injections and through- 
out the collection of tracer data (up to 50 days). 

Tracer tests with two or more wells have been used by a 
number of researchers to estimate groundwater flow and trans- 
port parameters over a volume of aquifer between the injection 
and recovery wells. As pointed out by Moench [1989], a 
strength of these multiple-well tests is that 100% recovery of 
the injected tracer is theoretically possible thus providing con- 
fidence in the conceptual model used to analyze and model the 
tracer recovery. Numerous tracer tests have been conducted 
with the goal of determining dispersivity [e.g., Novakowski et 
al., 1985; Moench, 1989; Welty and Gelhat, 1994]. Other re- 
searchers have used multiwell tracer tests to determine the 

effective porosity and anisotropy of the flow system [e.g., 
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Sdnchez-Vila and Carrera, 1997]. Multiwell tracer tests can also 
provide information on sorption and diffusion processes in 
fractured rock [Maloszewski and Zuber, 1993; Moench, 1995; 
Haderman and Heer, 1996; DMlessandro et al., 1997; Garcia 
GutiErrez et al., 1997]. 

Tracer breakthrough curves (BTCs) in multiwell tests can 
generally be described as exhibiting a relatively rapid rise to a 
peak concentration and then a decline in concentration after 
the peak. The latter portion, or tail, of the BTC may be of the 
same timescale as the rise in concentration or considerably 
longer. The length of the tail is controlled by flow field heter- 
ogeneity (typically modeled with a dispersivity value) and fac- 
tors that would retard the transport of solute relative to pure 
advective flow, such as diffusion from a fracture to the matrix 
or sorption. While the concept of several discrete rates of 
diffusion has been proposed for modeling transport in frac- 
tured systems [Neretnieks and Rasmuson, 1984; Moench, 1995; 
Haggerty et al., this issue, and references therein], construction 
of a continuous multirate mass transfer model from CFTT data 

has not previously been reported. 
The goal of this paper is to elucidate the processes respon- 

sible for mass transfer in the Culebra dolomite. Toward this 

goal, we are interested in developing a model of mass transfer 
between fracture and matrix porosity or, more generally, be- 
tween porosity that can be accessed by advection (advective 
porosity) and porosity that can only be accessed by diffusion 
(diffusive porosity) and then testing that model on data ac- 
quired in a number of CFVI's. In this paper we will (1) extend 
the methodology of estimating distributions of multirate mass 
transfer rates from the SWIW to the CFTT, (2) model the 
observed CFTT breakthrough curves with a multirate diffusion 
model, (3) examine the uniqueness of the estimated model and 
compare the results to those obtained with conventional single- 
rate models, and (4) discuss the extension, or scaleup, of the 
multirate model to scales larger than that of the tracer test (i.e., 
the scale of repository performance assessment). 

2. Multirate Transport Modeling 
in Two Well Systems 

The multirate diffusion transport model described by Hag- 
gerry et al. [this issue] is extended here to work with CFTTs. 
The multirate model [Haggerry and Gorelick, 1995] enables 
mass transfer to be modeled with a continuous distribution of 

diffusion rate coefficients. A distribution of diffusion rate co- 

efficients may arise from variability in matrix block sizes and 
cross-sectional area of the pore space normal to the direction 
of diffusion and tortuosity. The multirate mass transfer model 
presented here is similar to that described by Cunningham et al. 
[1997] and Haggerry and Gorelick [1998]. Diffusion is assumed 
to occur along one-dimensional pathways within the matrix 
blocks, and it is assumed that mass transfer properties are 
homogeneous along each pathway and that each pathway is 
independent of all other pathways. The pathways and matrix 
blocks can be any shape as long as the diffusion rate coeffi- 
cients form a continuous distribution. In this work we employ 
a lognormal distribution of diffusion rate coefficients for rea- 
sons discussed by Haggerry and Gorelick [1998] and for direct 
comparison to SWIW tracer test results [Haggerry et al., this 
issue]. 

In the CFTTs considered here, a steady state convergent- 
flow field is obtained by pumping from an extraction well. 
Tracer injection occurs as a pulse/slug into the convergent flow 

field at an injection well located at some radial distance away 
from the pumping well. A chaser of clean (no tracer) fluid is 
injected immediately following the tracer injection to ensure 
that no tracer is left in the injection borehole. The aquifer is 
assumed to be fully confined with constant thickness in all 
directions and to have spatially isotropic and homogeneous 
flow and transport properties. These assumptions define a ra- 
dially symmetric flow field around the injection and pumping 
wells. Mechanical mixing due to small-scale variations in the 
flow field is approximated with a longitudinal dispersivity term. 
Because of the convergent flow field, transverse dispersion is 
negligible. Given the high gradients imposed by the pumping 
well (0.3-3.0 m/m [see Meigs and Beauheim, this issue]), the 
regional gradient (0.01-0.001 m/m) plays no role. Under these 
conditions the process of solute transport in a radial flow 
system is described by 

fo • 1 0 (raLly O_C_C• ] v Oc, OCa O•d(Old) dact = - , O--F + b(aa) at r • Ra at/ Ra Or 
(1) 

where the distribution of diffusion rates is represented as a 
probability density function of diffusion rate coefficients 
b(ad), defined by a lognormal distribution [see Haggerry and 
Gorelick, 1998; Hollenbeck et al., 1999]: 

•tot { [In (Otd) -- •d] 2 } b(act) = 2zz•crctact exp 2cr• , (2a) 
where 

act = Da/l 2, (2b) 

4)dRd 

/3to t = 4)aR a . (2(3) 
The terms in (1) through (2c) are defined in the notation list. 
Note that (1) and (2) are those used in the analysis of the 
SWIW tests [Haggerry et al., this issue] 

A distribution of mass transfer rates arising from variation in 
block sizes is geologically more plausible than the single matrix 
block size ("sugar cube") conceptualization employed in stan- 
dard double-porosity models. Equation (2) not only defines 
this distribution of diffusion rate coefficients, lognormal in this 
work, but also provides the critical link between the diffusion 
rate coefficients and the solute storage capacity of the diffusive 
porosity associated with each rate coefficient. Equation (2) ties 
each diffusion rate coefficient o/d to a specific volume of stor- 
age. This volume is specified as a fraction of the total storage 
capacity of the medium 13tot and is expressed as a function of 
the diffusion rate coefficient b(ad). For nonsorbing tracers, 
/3tot ---- •d/•a' Also, variability in ad is due to variability in both 
I, which controls the volume to surface area ratio of the dif- 
fusive porosity, and the tortuosity of the pore space. 

The pore water velocity in (1) during the pumping period is 
given by 

Qout 

v -- -2•rr&ab' (3) 
Qout and b are defined in the notation section list. We also 
assume that the velocity in (3) is constant. The boundary con- 
ditions for use with (1) for conditions of radially convergent 
flow (pumping) are 
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OCa 

0--•-= 0, r = rw, (4a) 

Ca = 0, r --• oc. (4b) 

Initial conditions for radially convergent flow are that concen- 
trations (both advective and diffusive) at every point are ini- 
tially identical to those at the end of the injection period. Note 
that (4a) is a necessary boundary condition for outflow. 

The time derivative of the spatially averaged solute concen- 
tration in the matrix is given by 

O•d(old) 1 L l OCd(old) O• = 7 at O Z, 0 < Ol d < o0. (5a) 

The concentration at a point within the diffusive porosity is 
given by a solution of the diffusion equation: 

O C d( ol d) 0 2C d( ol d) 
O• = Da O Z 2 , 0 < Ol d < oo. (5b) 

The boundary conditions for diffusive mass transfer are that 
the concentration at the edge of the diffusive porosity is equal 
to the concentration in the advective porosity and that the 
concentration gradient in the center of the diffusive porosity or 
the internal end of the pore is zero: 

½d(Old, Z -'- [) : Ca, 0 < Old < (5c) 

OC d 

Cd • (Old, Z -- O) : O, 0 < Old < OC. (5d) 

To solve these equations, we use the approach developed by 
Haggerry and Gorelick [1995, 1998] where a series of first-order 
equations are used in place of (5a) and (5b) [see Haggerry, 
2000]. These equations are solved in the Laplace domain and 
then numerically inverted back to the time domain. The re- 
sulting solution for Cd from the first-order equations is math- 
ematically identical to that which would be obtained if solving 
the above equations directly. 

Boundary conditions and fluid fluxes must also be specified 
at the injection well. Pore water velocity during the injection of 
the tracer and chaser fluid at a radius r away from the injection 
well is given by 

Q inj 
v = 2,rr4•ab' (6) 

The boundary conditions for use with (1) under radially diver- 
gent flow are 

OCa 

Ca -- OiL -•F-- Cinj' r = Riw, (7a) 

OCa 
= 0, r --• oc. (7b) Or 

The combined shape of the injected tracer and chaser within 
the aquifer is assumed to be unaffected by the convergent flow 
field during the time of injection. In general, this assumption 
remains valid if (1) the ratio of the volume of fluid injected to 
the volume of fluid contained within a single pore volume 
within the area defined by the two wells is small and (2) the 
ratio of fluid velocity caused by injection to fluid velocity due to 

x ;(x,y) 
/'• (rin,Oin) 

t,Oout) 

Pumping •X, ,njecti'"on } '• 
Well Weil•// I 

i-..• 

Figure 1. Schematic diagram of polar coordinate transfor- 
mation from coordinates with respect to the injection well to 
coordinates with respect to the pumping well. 

pumping is large at the location of the injection well. These two 
constraints can be expressed as [after Guyanasen and Guyan- 
asen, 1987]: 

QinjlTinjl + Qinj2Tinj2 
D 4)a'7rR o 2 << 1, (8a) 

Q inj R 0 
Q out g iw >> 1, (8b) 

respectively, where Q injl and Q inj2 refer to the injection rates 
of the tracer and chaser, respectively, Tinj• and Tinj2 refer to 
the elapsed time of injection for the tracer and chaser respec- 
tively, and Ro and Riw are the distance between the injection 
and pumping well and the radius of the injection well, respec- 
tively. The injection rate denoted as Qinj in (8b) is taken as the 
larger of the two injection rates (tracer or chaser), and Qout 
refers to the discharge rate of the pumping well. 

We will use the equations described above to test the con- 
ceptual model of multirate diffusion against observed tracer 
test data, but first it is necessary to devise a means of modeling 
the movement of tracer along the transport pathway from the 
injection well to the pumping well. 

A three-step process is used to determine the breakthrough 
curve at the pumping well after the initial injection of tracer 
and chaser. The first step is to transform the postinjection 
concentration distribution from polar coordinates centered on 
the injection well (tin , 0in ) to polar coordinates centered on the 
pumping well (rout, 0out). The second step is to reduce the 
dimensionality of the problem through azimuthal averaging. 
The final step in simulating the breakthrough curve is to model 
the transport through the aquifer to the pumping well under a 
radially convergent-flow field with the multirate diffusion 
model described in (1) through (5). Completion of these three 
steps provides a semianalytical solution for the BTC at the 
pumping well. 

Step one involves transformation of the polar coordinates 
from the injection well to the pumping well. Figure 1 shows the 
relationship between the polar coordinate system with respect 
to the two wells along with an intermediate Cartesian coordi- 
nate system. The transformations from the injection well co- 
ordinate system to the pumping well coordinate system are 

rout = •02 + 2R0rin COS0in q- r•n, (9a) 
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Table 1. Fixed Parameters for Convergent Flow Tracer Tests 

H-11 a H-19 b 

Low Pumping High Pumping High Pumping Low Pumping 
Parameter Rate Rate Rate Rate 

Number of data 107 75 77 67 

Pumping rate, m3/s 2.23 x 10 -4 3.76 x 10 -4 2.74 x 10 -4 1.57 x 10 -4 
Tracer injection time, s 1974 1998 960 1698 
Tracer injection rate, m3/s 9.57 x 10 -s 9.5 x 10 -s 2.06 X 10 -4 1.17 X 10 -4 
Chaser injection time, s 3810 3840 780 1410 
Chaser injection rate, m3/s 9.76 x 10 -s 9.71 x 10 -s 2.16 X 10 -4 1.19 X 10 -4 
Diffusive porosity 0.16 0.16 0.147 0.147 
Tortuosity 0.11 0.11 0.09 0.09 
Aquifer thickness, m 4.4 4.4 4.4 4.4 
Aqueous diffusion coefficient, m2/s 7.9 x 10 -m 8.2 x 10 -m 8.2 x 10 -m 8.0 x 10 -m 
Distance between wells, m 20.9 20.9 12.2 12.2 

all-11 data are for the H-11b3 to H-11bl pathway. The low and high pumping rate data are from the round 1 and round 2 injections, 
respectively. See Meigs and Beauhelm [this issue] for additional details. 

bThe H-19 data are for the H-19b7 to H-19b0 pathway. The high and low pumping rate data are from the round 1 and round 3 injections, 
respectively. See Meigs and Beauhelm [this issue] for additional details. 

rin sin0in ) (9b) 0out = tan -1 R0 q- tin COS0in ' 
Second, we reduce the dimensionality from two to one. Sol- 

ute transport toward the pumping well as shown in Figure 1 
would require solution of a system of integrodifferential equa- 
tions in rout, 0out, and t. Azimuthal averaging can eliminate 0out 
from this transport problem [Zlotnik and Logan, 1996]. Azi- 
muthal averaging takes all concentrations at a distance r from 
the pumping well and averages them. In a formation with 
uniform thickness, advective porosity, and hydraulic conduc- 
tivity all mass at a given radial distance from the pumping well 
will experience the same velocity and similar dispersion as it 
moves toward the well. Therefore all concentrations at a dis- 

tance r from the pumping well can be averaged, and transport 
can be simulated in one dimension rather than two. The azi- 

muthally averaged concentration at the end of the injection 
period, time = to (beginning of convergent flow only period), 
is given by [Zlotnik and Logan, 1996]: 

C (rout, t 0) '- • c a (rout, 0out, t 0) d 0out, (10) 

where rou t [L] is the distance from the pumping well and 0out 
is the angle between the mass at rou t and the axis intersecting 
the pumping and injection wells. It is not necessary to integrate 
(10) over the entire interval [-rr, +rr] but only over the inter- 
val where there is nonzero concentration. Azimuthally aver- 
aged concentrations are also obtained for the diffusive poros- 
ity. After the azimuthal averaging of concentrations, transport 
to the pumping well is modeled using (1) through (5). 

3. Convergent Flow Tracer Test Simulations 
Two pumping-injection well pairs are analyzed, and each 

well pair is analyzed at two different pumping rates. The H-11 
and H-19 pathways (H-11 (H-11b3 to H-11bl) and H-19 (H- 
11b7 to H-11b0))were selected because high-quality data were 
available for both the high and low pumping rates [see Meigs 
and Beauheim, this issue, see Table 1, Figures 3 and 4]. Each 
pair of injection-withdrawal wells provides a full set of benzoic 
acid tracer data for each of two different pumping rates. Ad- 

ditionally, these pathways are the longest duration data sets 
and thus provide the best defined breakthrough curve tails. 
The different benzoic acid tracer tests will be referred to by the 
hydropad name and the relative pumping rate for the remain- 
der of this paper (e.g., H-19 high). The parameters that are set 
as fixed values in the models are given in Table 1. All fluid and 
tracer injections and withdrawals were done across the full 
aquifer thickness; however, hydraulic and tracer testing has 
shown that flow within the upper portion of the Culebra is 
insignificant [Meigs and Beauheim, this issue]. Therefore all 
flow and transport is modeled as occurring in the lower 4.4 m 
of the Culebra. The tracer injection is not considered to be an 
instantaneous injection but is defined as a square wave over the 
time of injection. Further details regarding the physical setup 
and data collection of the tracer tests are given by Meigs and 
Beauhelm [this issue]. 

3.1. Experimental Data 

The H-11 low pumping rate test (H-11 low) was run at a 
constant pumping rate for approximately 25 days after injec- 
tion of the tracer. During this time period, 107 samples were 
collected and analyzed for concentration. For the higher 
pumping rate test (H-11 high) a total of 75 samples were 
collected over 14 days to define the breakthrough curve. These 
samples and the upper and lower limits of the 95% confidence 
interval based on analytical error are shown in Figure 2. All 
BTC concentration data shown in this paper are normalized by 
the injection concentration (C/Co). The cumulative mass re- 
covered for both of these tests is greater than 55% [Meigs and 
Beauheim, this issue, Table 3]. 

For the H-19 low tracer test, 67 samples collected over 47 
days were used in the parameter estimation. For the H-19 high 
test, approximately 29 days of observed data were used in the 
modeling results presented here (total of 77 data points). The 
H-19 BTCs and the 95% confidence interval based on analyt- 
ical error are shown in Figure 3. The cumulative mass recovery 
values for these tests are greater than 90% [Meigs and Beau- 
helm, this issue, Table 3]. 

3.2. Parameter Estimation 

Parameter estimation applied to the multirate diffusion 
model discussed in section 2 is used to provide an optimal fit of 
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Figure 2. Observed breakthrough curve data and the limits 
of the 95% confidence intervals (CI) for the two H-11b3 to 
H- 1 lbl tracer tests. 
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Figure 4. Normalized sensitivities of the breakthrough curve 
model to each of the four estimated parameters. Sensitivities 
from the H-11 low test are shown as an example. 

the model to the observed data. The parameter estimation 
minimizes the root mean square error (RMSE) between the 
log of the observed data and the log of the predicted concen- 
tration. Errors are calculated on the logs of the concentrations 
in order to apply more weight to the late time, low- 
concentration data where the effects of mass transfer are most 

significant. Four parameters are estimated: the mean In diffu- 
sion rate coefficient •d, the standard deviation of the In dif- 
fusion rate coefficient distribution o'd, the advective porosity 
(•a, and the longitudinal dispersivity ate. The parametric ex- 
pression of diffusion rate coefficients used here is a lognormal 
distribution fully characterized by the mean and standard de- 
viation. In addition to the four parameters, normalized sensi- 
tivity of the results to each estimated parameter is calculated. 

10-4 

10-s 
o H-19 Low Data 

Upper C.I. 

--•--- Lower C.I. 

1 10 

Time Since Injection (days) 

Figure 3. Observed breakthrough curve data and the limits 
of the 95% confidence intervals for the two H-19b7 to H-19b0 
tracer tests. 

The inverse parameter estimation model creates a matrix 
containing the sensitivity of concentration change with respect 
to each parameter for each observation time. The entries of 
this Jacobian may be normalized to allow comparison of pa- 
rameter sensitivities through time and between different pa- 
rameters [Harvey et al., 1996]: 

p• OCi 
Sij = , (11) 

o' Opj 

where Jij is the normalized sensitivity of the modeled concen- 
tration at the i th time to the j th parameter, C i is the i th 
component of the vector of normalized concentrations through 
time, pj is j th component of the vector of estimated parame- 
ters, and o-is the estimated standard deviation for the concen- 
tration observations. Here we assume that errors are uncorre- 

lated and due to measurement error rather than model error, 
and thus we use RMSE in (11) as a measure of o-. The Jacobian 
is a useful instrument for investigating the sensitivity through 
time of the model to the estimated parameters [e.g., Wagner 
and Harvey, 1997] and provides insight into the correlation 
between estimated parameters. 

The normalized sensitivities of the H-11 low test are shown 

as an example of normalized sensitivities in the CFTTs (Figure 
4). Examination of the normalized sensitivities (Figure 4) 
shows that the model of the CFTT is relatively insensitive to 
the values of o'd and az• after the time of peak concentration 
(approximately 0.6 days for the H-11 low test). Beyond this 
time the model is only sensitive to •d and tka, which appear to 
show positive correlation (Figure 4). 

The estimated parameter values and the RMSE statistic 
obtained with the multirate model are given for the H-11 and 
H-19 tests in Table 2. The 95% confidence intervals in Table 2 

are approximated as +/-2 standard deviations about the esti- 
mated value. For O'd, tka, and az• the confidence interval is 
taken about the natural log of the estimated value as these 
three parameters are estimated in natural log space within the 
parameter estimation algorithm. Examination of Table 2 shows 
that the RMSE values are all relatively small, indicating that 
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Table 2. Multirate Parameter Estimation Results for Convergent Flow Tracer Tests a 

Test n 

/•d O'd (•a •L 
+ 2or ln(cr a + 2or) ln(qba 2 2or) ln(az• + 2or) 
Range Range Range Range RMSE 

H-11 low 107 -17.7 1.3 1.3 X 10 -3 
_+0.9 0.3 +_ 0.7 -6.6 +_ 0.8 

-18.6, -16.8 0.7, 2.6 6.1 X 10 -4, 2.8 X 10 -3 
H-11 high 75 -17.2 1.1 6.2 X 10 -4 

+_ 1.3 0.1 + 0.2 -7.4 _+ 0.6 

-18.5, -15.9 0.9, 1.4 3.4 + 10 -4, 1.0 x 10 -3 
H-19 low 67 -16.2 5.5 3.7 X 10 -3 

+0.6 1.7 _+ 3.5 -5.6 _+ 0.2 

-16.8, -15.6 0.2, 180.2 2.6 X 10 -3, 5.7 X 10 -3 
H-19 high 77 -15.2 5.5 8.5 X 10 -4 

+0.9 1.7 + 2.5 -7.1 +_ 0.02 

-16.1, -14.2 0.4, 68.9 8.3 • 10 -4, 8.6 x 10 -4 

3.4 

1.2 +_ 0.3 

2.5, 4.5 
3.0 

1.1 +2.6 

0.2, 39.3 
1.0 

0.0 _+ 0.9 

0.4, 2.4 
1.1 

9.5 x 10 -2 _+ 0.7 
0.5, 2.2 

0.09 

0.12 

0.12 

0.13 

a For columns 3-6, read heads and entries from top to bottom, respectively. 

the models provide a good fit to the observed data. Figures 5 
and 6 compare the model results to the observed data for the 
H-11 and H-19 CFTTs, respectively. From Figures 5 and 6 it 
can be seen that because of fitting the log of the concentra- 
tions, the models approximate the data best at times after the 
peak concentration when diffusion of solute back out of the 
diffusive porosity into the advective porosity is the dominant 
mass transfer process. 

3.3. Discussion of Results 

Results shown in Figures 5 and 6 are based on estimated 
lognormal distributions of diffusion coefficients. At both hy- 
dropads the tracer test conducted at the lower pumping rate 
produces a lower estimate of the mean diffusion rate (•a)- 
This result demonstrates that longer tests are able to observe 
slower diffusion rates. The cumulative diffusive porosity vol- 
ume as a function of diffusion rate coefficient as determined 

from the inverse parameter estimation using the multirate 
model is shown in Figure 7 for both rounds of tests at both 
hydropads. Examination of Figure 7 shows that for the two 
hydropads the estimated distribution of diffusion rate coeffi- 

cients is similar from one pumping rate to the other. However, 
the estimated distributions for'the H-11 and H-19 hydropads 
differ significantly. Similar results were observed in the evalu- 
ation of the SWIW tests [Haggeny et al., this issue]. 

All of the CFTT models estimate •a and qb a with relatively 
high precision (tight confidence intervals). The precision of the 
o'a estimates is much higher for the H-11 tests than for the 
H-19 tests. This difference is examined below in terms of the 

portions of the multirate distribution that can be resolved 
during the tests. Relatively larger confidence intervals are es- 
timated for at, in the H-11 high test. This imprecise estimate 
is caused by the rapid transport of the tracer to the pumping 
well (peak concentration is achieved in less than 9 hours after 
injection) and the insensitivity of the models to at, beyond the 
time of peak concentration. Longer times to peak concentra- 
tion in the H-11 low and H-19 tests allow for more precise 
determination of at,. 

We place limits on the range of diffusion rate coefficients 
that can be observed in the CFTT by using the inverse of the 
diffusion rate coefficient as a characteristic time for diffusion. 

We make the conservative assumption that a 2-order-of- 
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Figure 5. Multirate diffusion transport model fits to the 
H-11 data for both pumping rates. 
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Figure 6. Multirate diffusion transport model fits to the 
H-19 data for both pumping rates. 
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Figure 7. Cumulative distributions of diffusion rate coeffi- 
cients as estimated from the four convergent-flow tracer tests. 
The open region shows the approximate limits of resolution for 
the multirate distributions. 

magnitude decrease in time from the first observed data point 
and a 2-order-of-magnitude increase from the last observed 
data point in each tracer test will cover the range of diffusion 
rate coefficients that could possibly be observed during the 
test. This assumption is consistent with arguments based on 
Damkohler numbers (ratio of diffusive timescale to advective 
timescale) [e.g., Bahr and Rubin, 1987]. For example, in the 
H-19 high test the earliest observed data point is 3.9 x 10 +04 
s. Dividing this time by 100 gives a conservative estimate of the 
fastest characteristic time for diffusion that could be observed 

in this test. The inverse of this estimate, 2.6 x 10 -03 (l/s), gives 
the corresponding diffusion rate coefficient for this lower time 
limit. Diffusion rates faster than this limit can be considered 

instantaneous relative to the timescale of the tracer test. The 

diffusion rate coefficient corresponding to a characteristic time 
of diffusion that is 100 times longer than the time at which the 
last data point was observed in the H-19 high test is 4.0 x 
10 -09 (1/S). Diffusion rates slower than this limit could not be 
observed in the test, and the fraction of the diffusive capacity 
associated with these slower rates would appear as an infinite 
sink for solute over the timescale of the tracer tests. 

These upper and lower limits on the resolution of the mul- 
tirate distribution are calculated for each tracer test and com- 

pared to the estimated diffusion rate coefficient distributions 
in Figure 7. Although the upper and lower limits vary between 
tracer tests, the differences are slight, and thus only one upper 
and lower limit, applicable to all tests, are plotted on Figure 7. 
These limits are 1.5 x 10 -03 and 5.0 x 10 -09 (1/S) for the 
fastest and slowest diffusion rates, respectively. These limits 
are used to define three regimes of diffusion behavior: (1) rates 
faster than the upper limit of resolution corresponding to dif- 
fusive capacity that reaches equilibrium concentration with the 
advective porosity over the timescale of the test; (2) rates 
between the upper and lower limits of resolution correspond- 
ing to diffusive capacity that does not reach equilibrium with 

the advective porosity but has a nonzero concentration at the 
center of the diffusive porosity blocks; (3) rates below the 
lower limit of resolution where the diffusive capacity still acts 
as an infinite sink for solute. These three regimes can exist 
simultaneously in a multirate model but not in a single-rate 
model. 

The portion of the lognormal distributions that can actually 
be resolved during the tests is determined by applying the time 
limits discussed above. At the H-11 hydropad, roughly 90-97% 
of the diffusion rate distribution lies within the time limits with 

just the slowest 3-10% of the rates lying below the lower limit 
of resolution. Inclusion of the majority of the distribution 
within the resolution limits results in relatively tight confidence 
intervals on the estimates of rr d (Table 2). At the H-19 hydro- 
pad, approximately 70-75% of the distribution lies within the 
resolution limits (Figure 7). Consequently, at the H-19 hydro- 
pad ---20-25% of the estimated diffusion rates are so slow as to 
appear as infinite capacity for diffusion, and ---5% of the rates 
are fast enough to appear as instantaneous. The large confi- 
dence intervals about the estimates of rrd, shown in Table 2 for 
H-19, are due to the proportion of the estimated diffusion rate 
coefficient distribution that lies outside the time limits. The 

distribution is effectively unestimable outside these limits and 
only has shape in those regions (Figure 7) because of the a 
priori assumption of a lognormal distribution. 

A check on the consistency of the estimated, lognormal 
distributions of diffusion rate coefficients is to determine the 

estimated diffusion path length distribution. All variability in 
the diffusion rate coefficients is assigned to variations in dif- 
fusion path lengths by assuming a constant tortuosity and then 
comparing estimated diffusion path lengths to field observa- 
tions of matrix blocks. For one-dimensional diffusion paths 
into the matrix the distance l from the fracture-matrix interface 

to the center of the matrix block (matrix block half length) can 
be calculated using the laboratory-derived values of Daq and •' 
(Table 1) in equation (2b). The resulting distributions show 
that these tests were able to image, within the resolution limits, 
a range of half-block sizes from 2.3 x 10 -04 tO 0.13 m. These 
estimates of block size are consistent with the range of half- 
block sizes of •-1 x 10 -04 to >0.30 m observed in core and 

observations made in the WIPP shafts [Holt, 1997, Plates 2-6 
and 2-10]. These estimates are also consistent with the diffu- 
sion path length estimates of 2.6 x 10 -04 to 0.19 m made with 
the SWIW data [Haggerry et al., this issue]. 

The observed BTC data show similar peak concentrations 
for both pumping rates. This behavior is generally character- 
istic of a single-porosity aquifer, provided the difference in 
pumping rates is large enough to change the peak concentra- 
tion significantly. Attempts at single-porosity matches to these 
CFTT results did not provide adequate fits to the observed 
data [Kelley et al., 2000]. In a multirate system characterized by 
a lognormal distribution of diffusion coefficients, the change in 
peak height between different pumping rates decreases as o-a 
increases. Using the parameters estimated at H-19 (o-a > 
5.0), numerical simulations show a constant peak height 
across pumping rates that change by up to 1 order of magni- 
tude. Similar simulations using the parameters estimated at 
H-11 (rra near 1.0) show a change in peak concentration across 
the same range of pumping rates. We are currently evaluating 
different parametric and nonparametric, including bimodal, 
distributions of diffusion coefficients to understand better the 

similarity in peak concentrations across different pumping 
rates. 
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Table 3. Values of Parameters Estimated Using a Single-Rate Convergent Flow Model 

Ot L , 

Test n /-ra era 4>a rn 4>a RMSE 

H-11 low 107 -19.5 0.0 8.2 X 10 -04 2.4 0.16 0.18 
H-19 low 67 -21.1 0.0 5.7 X 10 -02 2.4 0.094 0.16 

3.4. Single-Rate, Double-Porosity Model 
Previous to this work, only single-valued diffusion rates have 

been applied to the analysis of CFTTs in double-porosity me- 
dia. To compare the results of the multirate model to the 
conventional, single-rate (double porosity) approach, single- 
rate model runs were completed using parameter estimation 
for the low pumping rate tracer test at each hydropad. This 
estimation procedure is the same as that used for the multirate 
model; however, cr,• is set to 0.0. In order to be consistent with 
the SWIW results the single-rate diffusion is modeled as dif- 
fusion into spheres [see Haggerty et al., this issue]. In order to 
maintain consistency these single-rate runs were constrained to 
have the same total porosity (qb a + qb,•) as derived from the 
multirate modeling. Results of the single-rate matches to the 
observed data are given in Table 3 and Figures 8 and 9. As 
measured by the RMSE, the multirate model provides a better 
fit to the data than does the single-rate model for both the H-11 
and H-19 tests. The RMSE is approximately a factor of 2 lower 
for the multirate model of the H-11 data; however, the improve- 
ment in the fit to the data is only marginal for the H-19 test. 

In general, the estimated single rate of mass transfer is 
smaller (larger negative number) than the mean of the multi- 
rate distribution for both of the CFTTs modeled. The esti- 

mated mass transfer rate using the conventional double- 
porosity model results in diffusive path lengths of 0.16 and 
0.32 m at the H-11 and H-19 hydropads, respectively. Both of 
the diffusion rate coefficients estimated with the single-rate 
models fall below the lower-resolution limit calculated 

above. The values of the estimated diffusion rate coeffi- 

cients (Table 3) calculated with a single-rate model are 

3.4 x 10 -ø9 and 6.9 x 10 -aø (i/s) for the H-11 and H-19 
tests, respectively. For the length of time that these tracer 
tests were run, these single diffusion rate coefficients will 
produce a model with infinite capacity behavior. 

Conversely, the multirate model estimated relatively rapid to 
instantaneous rates for a fraction of the total porosity. In the 
H-11 multirate models none of the diffusive capacity reaches 
equilibrium with the advective porosity, and a small fraction of 
the diffusive porosity acts as an infinite sink for solute (Figure 
7). The H-19 multirate results show that some fraction of the 
diffusive porosity achieves equilibrium with the concentration 
in the advective porosity (fraction above the upper limit of 
resolution in Figure 7). The majority of the diffusive porosity is 
between the limits of resolution, and some fraction of the 
diffusive porosity still acts as an infinite sink for solute (below 
the lower limit of resolution). 

For the H-19 test the advective porosity estimated with a 
single-rate model is over an order of magnitude larger than 
that estimated with the multirate model (Table 3). This in- 
crease in the advective porosity for the H-19 single-rate results 
is interpreted as the assignment of the fraction of diffusive 
capacity that reaches equilibrium in the multirate model as 
advective porosity in the single-rate model. The upper limit of 
rate coefficient resolution shows that none of the diffusive 

capacity reaches equilibrium for the H-11 data. Therefore it is 
not necessary to increase the advective porosity estimate in 
order to match the H-11 data with a single-rate model. The 
consistency of these results with the limits of resolution shown 
in Figure 7 provides additional confidence in the choice of the 
multirate conceptual model. 
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Figure 8. Single-rate model fit to the H-11 low data. The 
multirate model fit is shown for comparison. 
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Figure 9. Single-rate model fit to the H-19 low data. The 
multirate model fit is shown for comparison. 
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4. Uniqueness and Testing 
of the Estimated Models 

A test of the robustness or validity of the estimated multirate 
ß 

transport model is to use the transport parameters estimated at 
one pumping rate to model the observed BTC at the other 
pumping rate. If the conceptual model of a continuous distri- 
bution of diffusion rate coefficients holds, the change in pump- 
ing rate will shift the portion of the diffusion rate coefficient 
distribution that the test is able to see (that region between 
seemingly infinite block size and equilibrium behavior). How- 
ever, if the single mass transfer rate model applies, there are no 
other rates to shift to with changing pumping. If this change is 
significant, then matching the BTC using transport parameters 
from tests at a different pumping rate will not be possible. 

The observed data at the higher pumping rates are modeled 
using both the continuous distribution of diffusion rates esti- 
mated at the lower pumping rate and also using the single 
diffusion rate estimated at the lower pumping rate with a 
single-rate model. The results of these runs are shown with the 
observed data in Figures 10 and 11. The RMSE for the fits 
shown in Figure 10 (H-11 tracer test) are 0.26 and 0.30 for the 
single-rate and multirate models, respectively. The RMSE val- 
ues for the models shown in Figure 11 (H-19 tracer test) are 
0.33 and 0.24 for the single-rate and multirate models, respec- 
tively. In both cases the single-rate model estimated at the 
lower pumping rate is capable of matching the data observed at 
the higher pumping rate as well as the multirate model. Also, 
the fits to the H-19 data are better than the model fits to the 

H-11 data for both the single-rate and multirate models. If a 
larger difference in pumping rates had been used in the field 
test, it might have been possible to differentiate between the 
two models. 

Another test of the model would be to use the transport 
parameters estimated on one BTC to estimate a BTC from 
another tracer with a significantly different aqueous diffusion 
coefficient. Iodide was chosen as an additional tracer for the 

H-19b7 tracer test because it has an aqueous diffusion coeffi- 
cient that is approximately a factor of 2-3 larger than the 
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Figure 10. Model fits to the H-11 high tracer test data using 
both multirate and single-rate models estimated on the H-11 
low tracer test data. 
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Figure 11. Model fits to the H-19 high tracer test data using 
both multirate and single-rate models estimated on the H-19 
low tracer test data. 

benzoic acids and it has a low background concentration in the 
Culebra brines. The peaks of the iodide BTCs are lower than 
those of the benzoic acids for the H-19b7 tracer test [see Meigs 
and Beauhem, this issue]; however, the uncertainty in the io- 
dide concentrations is much higher than those of the benzoic 
acids. This uncertainty led to extremely nonunique fits to the 
iodide data using the multirate and single-rate models. The 
results of these models are not presented here. 

5. Comparison of SWIW and CFTT Results 
Results of modeling the CFTTs are compared to those of the 

SWIW tests with the goal of understanding the differences in 
the estimated parameters in terms of the differences in the two 
tracer test designs. We do not expect that the results of the 
different tests will be identical because of the different test 

geometries and, to a large extent, nonoverlapping volumes of 
aquifer being tested. Additionally, the CFTTs are more sensi- 
tive to (ha and az• than are the SWIW tests. For example, the 
SWIW test is completely insensitive to the value of advective 
porosity [Haggerry et al., this issue, see Table 3], but (ha is 
estimated with relatively tight confidence intervals by models 
of the CFTTs (Table 2). The similarities of the diffusion rate 
coefficient distributions estimated at the same hydropad, but 
with different pumping rates, and the differences in the esti- 
mated distributions between hydropads as seen in the SWIW 
tests are also seen in the distributions estimated with the CFTT 

results. In both the SWIW and CFTT results the diffusion rate 

coefficient distribution has a lower mean and smaller deviation 

when estimated with the H-11 data compared to the estimates 
made with the H-19 data. 

Comparison of Table 2 of Haggert)/et al. [this issue] with 
Table 2 in this paper shows that the estimates of/xa from the 
SWIW tests and the CFTTs are similar at H-11 and quite 
different at H-19. At H-19 the estimates of the mean diffusion 

rate coefficient by the SWIW model are approximately 2 or- 
ders of magnitude higher than those estimated by the CFTT 
model. One explanation for the large differences between the 
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SWIW and CFTTs at H-19 is the time available for diffusion. 

The normalized sensitivities (see Figure 4) indicate that for 
times beyond the peak concentration the main process affect- 
ing the BTC is diffusion back out of the diffusive porosity into 
the advective porosity. The elapsed time from beginning of 
tracer collection to peak concentration in the BTC is used as a 
representative time for diffusion into the diffusive porosity to 
occur. At H-11 this representative time is approximately 75,000 
s for the SWIW test and is roughly 45,000 s for the CFTT. 
However, at H-19 this representative time for diffusion is al- 
most an order of magnitude longer in the CFTT (3.5 x l0 s to 
6.0 X l0 s s) than in the SWlW tests (approximately 75,000 s). 
These similar times for diffusive mass transfer at H-11 across 

both tests result in models that predict similar values for/*d 
(see Table 2). The longer time for diffusion in the H-19 CFTT 
relative to the SWIW tests allows the tracer to sample slower 
diffusion rates, and these slower rates significantly decrease the 
estimated mean of the diffusion rate coefficient distribution 

relative to the SWIW test. 

6. Mass Transfer Processes at Larger Scales 
The final goal of determining mass transfer rates within the 

Culebra dolomite, and many aquifers examined by tracer test- 
ing, is use of the estimated parameters in a solute transport 
model for predictions of transport processes at larger spatial 
and temporal scales. These calculations may be performed on 
spatial scales of kilometers and temporal scales of hundreds to 
thousands of years. This raises the question of the effect a 
multirate mass transfer process might have on the shape of a 
solute plume at various distances downgradient of the solute 
source relative to that predicted by a conventional single-rate 
double-porosity model. Specifically, does the solute reach an 
equilibrium concentration throughout the entire diffusive ca- 
pacity or only some fraction of this capacity? 

At larger time and length scales, two differences between the 
single-rate and multirate models estimated in this work must 
be considered: (1) Single-rate models may indicate a larger 
advective porosity than do the multirate models. (2) Slow rates 
in the tail of the multirate diffusion coefficient distribution may 
cause at least a fraction of the diffusive porosity to remain in 
disequilibrium with the advective porosity solute concentration 
even at very large times. The first difference in conceptual 
models is not significant at long timescales as the solute con- 
centration in the advective porosity comes to equilibrium 
within a large portion of the diffusive capacity relatively 
quickly. The significance of the slow rates in the tail of the 
distribution is analyzed by using the estimated distributions of 
diffusion rate coefficients and the resolution limits and calcu- 

lating similar resolution limits on the diffusion rate coefficients 
for the timescales associated with the transport distances of 
300 and 3000 m. These distances represent one tenth the ex- 
pected flow path length and the expected flow path length to 
the WIPP compliance boundary, respectively. 

A specific discharge of 1 x 10 -•ø m/s (see range of values 
given by LaVenue et al. [1990]) is used to determine the ad- 
vective travel times. This specific discharge results in advective 
velocities of approximately 2.7 x 10 -ø8 to 1.6 x 10 -07 m/s 
using the advective porosity estimates in Table 2. Taking an 
average velocity of 9.35 x 10 -08 m/s, the times necessary for 
the groundwater to travel 300 and 3000 m are 3.2 x 10 +09 and 
3.2 x 10 + •0 s, respectively. The diffusion rate coefficient cot- 

responding to the inverse of these 300 and 3000 m advective 
travel times, 3.1 x 10 -1ø and 3.1 x 10 -11 (i/s), respectively, 
are below the lower limit of rate coefficients that could be 

resolved from the tracer tests. 

In order to better understand the effects of multirate trans- 

port at larger scales the fractions of the diffusive capacity 
distributions estimated with the H-11 and H-19 low tracer tests 

that will have come to equilibrium and that will still appear as 
infinite sinks after exposure times of 3.2 x 10 +09 and 3.2 x 
10 +1ø s, respectively, are determined. In a solute release sce- 
nario the volume of rock very close to the solute source will 
experience these exposure times. This determination is done 
by calculating the plus and minus 2-orders-of-magnitude 
bounds on the advective travel times for the 300 and 3000 m 

travel distances. These calculations produce upper and lower 
bounds on the diffusion rate coefficients of 3 x 10 -08 and 3 x 

10 -12 (l/s) for the 3.2 x 10 +09 S exposure time and 3 x 10 -09 
and 3 x 10 -13 (l/s) for the 3.2 x 10 +1ø s exposure time. The 
fraction of the distribution above the upper bound is consid- 
ered to be diffusive porosity that has reached equilibrium with 
the concentration in the advective porosity after this amount of 
exposure time. The fraction of the diffusive porosity below the 
lower bound is still acting as an infinite sink for solute at these 
timescales. 

For the rate coefficient distributions estimated with the H-11 

data, after 3.2 x 10 +09 S, approximately 60% of the diffusive 
porosity will have reached an equilibrium concentration with 
the concentration in the advective porosity. None of this dif- 
fusive porosity will still be acting as an infinite sink for solute. 
After 3.2 x 10 +1ø s, approximately 98% of the diffusive po- 
rosity-will have reached equilibrium with the advective porosity 
concentration. For the broader diffusion rate coefficient dis- 

tribution estimated with the H-19 data, approximately 65% of 
the diffusive porosity at the solute source will have reached 
equilibrium after 3.2 x 10 +09 S and approximately 3% of the 
diffusive porosity will still act as an infinite sink for solute. 
After 3.2 x 10 +1ø s, roughly 80% of the diffusive porosity at 
the source location will have reached equilibrium, and only 1% 
will still behave as an infinite sink. 

This simple exercise affords three important insights into 
multirate solute transport at larger scales. First, these results 
point out an inherent difficulty in deriving transport parameter 
information that is useful for predictions at large temporal and 
spatial scales from tracer tests conducted at much shorter 
scales. One solution may be to supplement information derived 
from relatively short-scale tracer tests with geologic mapping, 
along the larger-scale transport pathway, of the spatial occur- 
rence and proportion of different porosity types and matrix 
block sizes corresponding to different diffusion rate coeffi- 
cients. Second, under a multirate conceptual model it may not 
be correct to assume that the entire diffusive (matrix) porosity 
has come to equilibrium with the solute concentration in the 
advective porosity at larger timescales. The fraction of the 
diffusive porosity associated with the slowest rates may still be 
acting as a sink of infinite capacity for solute even at very long 
times. Finally, it is not possible to accurately model transport in 
the Culebra, based on the H-19 tracer test results, with a 

single-porosity conceptualization. The single-porosity model, 
exhibiting complete equilibrium with the matrix, may be a 
nonconservative (i.e., low) estimate of the cumulative release 
of solute across a regulatory boundary. 
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7. Effects of Heterogeneity 
Heterogeneity is not included in the application of this semi- 

analytical transport model to the CFTT results; however, het- 
erogeneity must be addressed in any discussion of transport in 
the Culebra. In a convergent flow system, such as those used in 
the CFTTs modeled here, numerical studies [McKenna, 2000] 
indicate that the effect of heterogeneity alone on producing 
the tailing observed in the breakthrough curves is minimal. The 
main effect of heterogeneity in these tracer tests is to focus 
transport into preferential flow paths. This focusing could limit 
the applicability of the conceptual model used here that allows 
for simultaneous access of solute to the entire multirate dis- 

tribution. Under significant focusing of flow, only those diffu- 
sion rates adjacent to the flow path will affect transport results. 
The effects of a spatially distributed diffusion rate coefficient 
distribution are beyond the scope of this study 

Focused flow was suggested as a mechanism for the results 
observed in the SWIW tests at H-11 [Haggerry et al., this issue]. 
The CFTT results provide additional evidence of focused flow 
at the H-11 hydropad relative to the H-19 hydropad. For the 
H-11 and H-19 low pumping rate tests the pumping rates are 
very similar (Table 1). Even with a significantly longer distance 
between the injection and pumping wells (Table 1) and similar 
estimates of advective porosity (Table 2), the time to peak 
arrival at the H-11 hydropad is an order of magnitude shorter 
than the peak arrival time of the H-19 results (Figures 2 and 3). 
This result is further evidence of preferential flow at H-11 
relative to H-19. The main result of this preferential flow is a 
narrower distribution of diffusion rate coefficients estimated at 

H-11 relative to H-19 (Figure 7). Similar results were observed 
in the SWIW tests [Haggerry et al., this issue] 

Under ambient flow conditions at larger scales, focusing of 
flow will be less prevalent than in the CFTTs, and the solute 
will experience a wider distribution of diffusion rate coeffi- 
cients. At the small scale the heterogeneous distribution of 
transmissivity and the ambient flow field may create localized 
zones of matrix porosity acting as advective porosity. This 
effect will further blur the distinction between diffusive and 

advective porosity and may contribute to advective mass trans- 
fer into the matrix porosity. 

8. Conclusions 

The multirate diffusion model developed previously [Hag- 
gerty and Gorelick, 1995] is extended to the case of a convergent 
flow system with an injection at some distance from the pump- 
ing well. This model has been applied to a portion of the results 
from the H-11 and H-19 tracer tests conducted in the Culebra 

dolomite at the WIPP site. Parameters estimated from mod- 

eling the observed data suggest that the diffusion behavior is 
different from one hydropad to the other. At H-11 the confi- 
dence intervals on the estimated rr• values are relatively tight, 
while the confidence intervals on rr• at H-19 are quite large 
and indicate that rr• is unestimable at H-19. For the pathway 
evaluated at the H-11 hydropad, the estimated values of az• are 
greater than 15% of the length of the transport pathway, while 
for the pathway evaluated at the H-19 hydropad these values 
are less than 10% of the pathway length. The confidence in- 
tervals on rk• are narrow at both hydropads. 

Results of this work indicate that evidence of multirate dif- 

fusion is best determined by the SWIW tracer test. In a SWIW 
test the effects of flow field heterogeneity are mitigated, and 
the signature of multirate diffusion is easily detectable. In the 

case of the CFTT both a single-rate and multirate model are 
capable of describing the observed data. The added effects of 
flow field heterogeneity creating preferential flow paths and 
correlation of the mean diffusion rate with the advective po- 
rosity in the CFTT make the interpretation of the diffusion 
process more ambiguous. However, the CFTT is capable of 
providing information on the position (mean) and shape of the 
multirate distribution that is consistent with the SWIW test 

across both hydropads. 
Parameters derived with data from a SWIW test are not 

necessarily transferable to a CFTT. The fast end of the diffu- 
sion rate distribution is better estimated with a SWIW test 

because of the insensitivity of that test to advective porosity. 
For a CFTT it can be difficult to differentiate the effects of 

very fast diffusion rates from advective porosity. At H-19 the 
insensitivity of the SWIW test to advective porosity made it 
impossible to simulate the test data with a single-rate model. 
The H-19 CFTT can be simulated with a single-rate model by 
using an increased advective porosity to account for the diffu- 
sive porosity that reaches equilibrium during the test. For the 
H-11 CFTT results none of the capacity reaches equilibrium 
during the test, and the single-rate models produce an advec- 
tive porosity estimate similar to that of the multirate model. 

At larger transport scales the width of the estimated multi- 
rate diffusion coefficient distribution will dictate whether or 

not a single-porosity model can accurately model the transport 
behavior for a given transport distance. On the basis of the 
parameters estimated in this work, a single-rate conceptualiza- 
tion may predict a smaller cumulative release across a regula- 
tory boundary, relative to a multirate model, because of the 
entire matrix capacity reaching equilibrium with the fracture 
concentration. If very slow diffusion rates are present in the 
multirate model, a fraction of the matrix may not reach an 
equilibrium concentration, and the predicted cumulative re- 
leases across the regulatory boundary will be larger. A matrix 
that has not reached the equilibrium concentration can also be 
maintained at larger scales with a single-rate model if a slower 
diffusion rate is chosen. At large transport scales the fraction 
of the diffusive porosity associated with fast diffusion rates will 
have reached equilibrium. Whether this fraction of the total 
capacity is accounted for explicitly in the transport model or 
just assigned as advective porosity does not make a difference 
for the cases examined here. Heterogeneity can focus flow in 
CFTTs as evidenced in the H-11 results. This focused flow may 
cause underestimation of true value of o- a. 

Notation 

b aquifer thickness [L]. 
b(ad) probability density function of diffusion rate 

coefficients [dimensionless]. 
c a solute concentration in the advective porosity [M/ 

L3]. 
•d(ad) average solute concentration in the portion of the 

diffusive porosity [M/L3]. 
cd concentration at a point within a portion of the 

diffusive porosity [M/L3]. 
Daq aqueous (free water) diffusion coefficient [L2/T]. 
D a apparent matrix diffusion coefficient (Daq r) [L2/ 

T]. 
l length of the diffusion pathway within the matrix 

[/-]. 
(•inj rate of injection for the tracer or chaser [L•/T]. 
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Qout discharge rate of the pumping well [L3/T]. 
R a retardation factor within the advective porosity 

[dimensionless]. 
R a retardation factor within the diffusive porosity 

[dimensionless]. 
r radial coordinate (positive away from well) [L]. 

R o distance between the injection and pumping wells 

r w well radius (injection or pumping [L]. 
T elapsed time since the beginning of tracer injection 

It]. 
t time [r]. 
z coordinate along the one-dimensional diffusion 

pathway [L ]. 
aa continuously distributed diffusion rate coefficient 

[l/T]. 
•, longitudinal dispersivity along flow path [L]. 

/3to t total capacity coefficient of the formation 
[dimensionless]. 

qb• advective porosity of the formation [dimensionless]. 
qb d diffusive porosity of the formation [dimensionless]. 
/z d mean of the log-transformed diffusion rate 

coefficients [ 1 / T]. 
rr d standard deviation of the log-transformed diffusion 

rate [ 1/T]. 
, diffusive tortuosity [dimensionless]. 
v instantaneous pore water velocity at a distance r 

along a flow path [L/T]. 
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