
v~ ~ ~ ~ ~ ~ ~~~rzer DC - '

DOUBLE-POROSITY TRACER-TEST ANALYSIS FOR INTERPRETATION
OF THE FRACTURE CHARACTERISTICS OF A DOLOMITE FORMATION

V.A. Kelley1 , J.F. Pickens 1 , 2M. Reeves',
and R.L. Beauheim

1INTERA Technologies, Inc.
6850 Austin Center Boulevard, Suite 300

Austin, Texas 78731

2 Sandia National Laboratories
Albuquerque, New Mexico 87185

Abstract

Hydraulic and tracer testing studies have been performed as part of
the regional hydrologic characterization of the Waste Isolation Pilot
Plant (WIPP) site in southeastern New Mexico. The interpretation of
hydraulic tests and tracer tests from a number of locations has indicated
the importance of the double-porosity concept in the interpretation of
both the hydraulic and solute-transport characteristics of the fractured
dolomite under study. While identification of fracture flow and
estimation of formation transmissivity can be obtained from hydraulic-test
interpretation methods, tracer tests are necessary to provide realistic
estimates of parameters such as fracture porosity and representative
matrix unit size. Without estimates of these parameters, predictions of
contaminant transport in fractured rock systems are very uncertain.

A convergent-flow tracer test conducted in the Culebra Dolomite
Member of the Rustler Formation at the WIPP site was analyzed using a
double-porosity flow and transport model. The tracer test set-up
consisted of one pumping well and two tracer-addition wells arranged in an
approximate equilateral triangle with 100-ft (30-m) sides. The transport
of conservative tracers from each of the tracer-addition wells was
simulated using the double-porosity flow and transport model SWIFT II.
The simulation model accounts for advective-dispersive transport in the
fractures and diffusive transport in the matrix. Calibration of the
tracer-breakthrough curves included conducting a sensitivity analysis on
the important parameters: diffusion coefficient, tortuosity, matrix 1
porcsity, rracture porobity, effective matrix-block size, pumping rate,
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init.al tracer input distribution, and distance between pumping and
tracer-addition wells. Calibration of the tracer-breakthrough curves
resulted in longitudinal dispersivities from 5 to 10% of the flow path
length (well-separation distance), a fracture porosity of 0.002, and
effective matrix-block sizes of 0.8 ft (0.25 m) to 3.9 ft (1.2 m). Even
though these estimates of fracture porosity and effective matrix-block
size are specific to the location of the tracer test, they provide an
initial estimate on which to base predictions of the regional transport of
solutes in the Culebra dolomite.

1.0 Introduction

Hydraulic and t-acer-testing activities have been performed as part
of the regional hydraulic characterization studies for the Waste Isolation
Pilot Plant (WIPP) site in southeastern New Mexico. The WIPP site is
located approximately 26 miles (42 km) east of Carlsbad, New Mexico
(Figure 1). The site characterization studies are being coordinated by
Sandia National Laboratories on behalf of the Department of Energy and
involve the evaluation of the suitability of bedded salt of the Salado
Formation for isolation of defense transuranic wastes.

The Culebra dolomite is the most transmissive rock unit above the
waste-emplacement horizon (Mercer, 1983) and for this reason it has been
the main focus of site-characterization studies at the WIPP site. The
Culebra dolomite in portions of the WIPP-site area is considered to be a
fractured rock possessing both primary and secondary porosity (Rehfeldt,
1984; Chaturvedi and Rehfeldt, 1984; Beauheim, 1987 and Kelley and
Pickens, 1986). The hydraulic and tracer-testing methods and
interpretation approaches have allowed quantification of fracture flow and
transport properties.

The H-3 hydropad is a well nest composed of three wells, and is
located in the south-central part of the WIPP site approximately 3900 feet
(1190 m) south of the repository waste-handling shaft (Figure 1).
Transport-parameter characterization of the Culebra at the H-3 hydropad is
considered important because (1) the hydropad is located on a potential
flow path from a repository breach under natural ground-water flow
conditions, and (2) the hydropad is a potential site for the
implementation of a sorbing-tracer test (Pearson et al., 1987). Both
hydraulic and tracer tests have been interpreted using double-porosity
models at the H-3 hydropad (Beauheim, 1987; Kelley and Pickens, 1986).
The double-porosity interpretation for a conservative-tracer test is
presented here with the interpretation reviewed for its consistency with
the physical system. The suitability of hydraulic and tracer tests to
determine appropriate double-porosity flow and transport parameters for
the Culebra dolomite at the H-3 hydropad is also discussed.

2.0 Site Characterization

2.1 Hydrogeology of the Culebra Dolomite Member

The sediments underlying the WIPP site range in age from Ordovician
to Recent. The sediments that are of most interest for characterizing the
performance of the WIPP repository are of Permian age and were laid down
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Figure 1 Site Location for the Waste Isolation Pilot ?lant Showing the

Hydropad Observation-Well Network for Regional Hydrogeologic
Characterization



in a deep-water embayment of the Permian depocenter known as the Delaware
Basin. The Salado Formation is a thick-bedded salt section within which
the waste repository will be located. Immediately above the Salado
Formation is the Rustler Formation, which is divided into five members
based on lithology (Vine, 1963). Of these five, the Culebra Dolomite
Member is considered to be the most transmissive unit fiercer, 1983).

The Culebra dolomite at the H-3 hydropad is 23 ft (7 m) thick and is
locally fractured. Interpretations of a 14-day pumping test in 1984 and a
62-day pumping test in 1985 have tielded transmissivities of 3.0 and 1.8
ft2/day (3.2 x 10-0 and 1.9 x 10- m2/s), respectively (Beauheim, 1987).
Beauheim (1987) also concluded that the Culebra responded hydraulically as
a double-porosity medium at the H-3 hydropad and that the pumping wells in
both tests were intersected by fractures which substantially increased the
production surface available to each of the wells. The hydraulic gradient
under undisturbed conditions (before shaft construction) at the H-3
hydropad is estimated to be 4 x 10-5 to the south-southeast (Haug et al.,
1987). Ground water from the Culebra at the H-3 hydropad has a density
equal to 64.8 lbm/ft 3 (1038 kg/m 3) (INTERA, 1986). A modeling study

t ~~~~~providing a regional evaluation of ground water flow in the Culebra at the
WIPP site is presented by Haug (1987).

2.2 Characterization of the Fracture Properties of the Culebra

Little quantitative information is available concerning the geometry
of fractures in the Culebra, although several publications discuss their
presence. Fran a review of some articles which do offer a degree of
quantitative information (Ferrall and Gibbons, 1980; Black et al., 1983;
Holt and Powers, 1984; Rehfeldt, 1984; and Core Laboratories, Inc.,
1986a), the following general conclusions were made: (1) both high-angle
and horizontal fractures are present; (2) fracture apertures up to 0.3 cm
were observed within the original ventilation shaft at the WIPP site (now
the waste-handling shaft); (3) fracture lengths from centimeters to a
maximum of 2.1 m were observed in the original ventilation shaft; (4) when
filled, fractures are most commonly filled with gypsum, yet in some cases
they are lined with oxides, pyrite, or bitumen; and (5) fracture faces
examined in core analysis possess surface textures and mineralization
indicative of fluid movement.

The range of fracture spacings to be utilized in modeling studies
should be derived from information that is as site specific as possible.
The best source of site-specific information is the description of the
core obtained from two of the three Culebra wells at the H-3 hydropad.
Core recovery at the H-3 hydropad was very poor (Figure 2). Therefore,
one must be discerning drawing conclusions from such a limited data
base. Approximately 10 percent of the Culebra interval was recovered in
the coring of the borehole designated H-3b2 and approximately 40 percent
of the Culebra interval was recovered in the coring of the borehole
designated H-3b3. At the H-3 hydropad, greater than 50 percent of the
fractures are observed to be open in the recovered core. Both horizontal
and vertical fractures are present. There are no recovered pieces of core
longer than 1 ft (0.3 m) in length and the core appears very porous.
Because of potential core destruction during coring, estimation of an
upper matrix-block size is not reasonable, however it is felt that

, " -



r"_IIi
k

r
I

EP H PERCENT
- RECOVERY

0 50100

-i: -- 1

jis G 208]

6924.
i 210-I

* .I ,

212 +

704 4

214 *

710

i;

- 102
DESCRIPTION

PERCENT
RECOVERY

_ 50 100

-do.r A-nVc0111 _ -

UJGD*, RonIoR Cns. "*ar'e _

oRRlo Ile *r n "aR flt

Wifli£il IOCIur1

1Tolclw lracmet v,

Totally I1Sq(.o..64 ,*IT
-uggy oonkle.

B1ack clay .,I44W R Sn _

Red Clay 1.0110 0111 placed

CIlVIals Of qypmIn

wIthln he Clay.

"-3b3
DESCRIPTION

Uoo0r AnflDIIt*

R1ackibrown hlly CIOVStRR* -

SIt doolmtd

aRlhoi CulsDI0 .nte-r DrOu0,
mlD 06cal .4111 Ine.

On. loot in enqln

4Nhe*0 0iS1COS SIC 0I61141-

Cole .i -V*1 0R0fl,

VugS anD taeliIUe OCeur 0Bth

oDpn and Iilled -ith

gypsiol Centfl.

SIOCK CIIy ISSIeuum thn
.nl..Cedded Wdled-gypDn'

rYstels.

Nte: Allows tacate too anD potton, of Ciebwa

F igure 2 Results of Core Examination of Culebra Dolomite fran Boreholes
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the nininmum matrix-block size can be estimated for the portions of the
Culebra with recovered core. Through review of core and core photographs,
0.5 ft (0.15 m) is considered a reasonable lower limit for matrix-block
size.

3.0 H-3 Hydropad Tracer Test

3.1 Well Configurations and Downhole-Equipment Assemblies

A convergent-flow tracer test was conducted at the H-3 hydropad
from May 16 to June 13, 1984 by Hydro Geo Chen, Inc., under contract to
Sandia National Laboratories. The H-3 hydropad consists of three wells,
H-,D1, H-3b2, and H-3b3, arranged in an approximate equilateral triangle
with 100-ft (30.5-m) sides. A borehole deviation survey was performed at
the H-3 hydropad and the distances between boreholes at the Culebra depth
are: H-3bl to H-3b2 equal to 91.3 ft (27.8 m); H-3b2 to H-3b3 equal to
37.9 ft (26.8 m); and H-3b3 to H-3bl equal to 100.6 ft (30.7 m) (Saulnier
et al., 1987).

Figure 3 shows the downhole configuration of the three H-3
hycreoad wells during the tracer-testing sequence. In the pumping well
(H- 3), a submersible pump was installed below a Baski air-inflatable
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s1id ng-end packer, with the discharge !Lne extending through the sacker
and then to ground surface. A packer and feed-through plug were also used
in tIhe H-3b2 tracer-addition well during the tracer test. The cacker
systen also served to minimize the systea volume during tracer addition by
isolating the wellbore fluid in the annular space above the test interval
from the downhole system volume (see Figure ~'. Fluid pressure was
measured in each borehole with Druck PDCR-10 pressure transducers.

Tracers were injected into wells H-3bl and H-3b2 from the
surface through 1/2-inch (1.3-cm) polyethylene tubing. For H-3bl, the
polyethylene tube was lowered inside the 2-3/8-inch tubing string to a
depth of 525 ft (160 m) below top of casing, where it encountered an
apparent obstruction preventing positioning of the tube to a lower
depth. In well H-3b2, the 1/2-inch polyethylene injection tube was fed
through the packer feed-through plug to allow injection to the zone below
the packer.

3.2 Tracers

The tracers used in the H-3 hydropad tracer tests, pentafluoro-
benzoate (PFB) and meta-tvifluoromethylbenzoate (m-TFMB), are anhydrous
acids derived from benzoic acid. PFB has been tested extensively, both in
the field and in the laboratory, and has not shown evidence of sorption or

H- 3bl H-3b2 H-3b3

Too of Co1,.q
33897 ?I a I 1 (1033 19 Ml

Figure 3 Schematic Rapresentation of the oJwnhole Configuration at the
H-3 Hydropad During the Tracer Test
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:'aation (Stetzenbach, personal communication). m-TFMB has also been
- 'sted extensively and shows no signs of sorption. Experiments carried
air at the University of Arizona have shown it to be resistant to
.-- radation for at least six months vetzenbach, personal

::-mmncation). Hydro Geo Chem (in preparation, used five fluorinated
-:-nzoic acid tracers in tracer tests performed at another location at the
?? site and concluded that only m-TFMB and PFB showed no signs of

:7radation. These two tracers have the additional strong points of being
,) exotic to the Culebra ground water at the H-i hydropad, and
2) detectable at very low concentration levels through proven analytical

;-crhniques (Stetzenbach et al., 1982).

,.3 Tracer-Test History

The H-3 hydropad tracer test was a convergent-flow tracer test in
.:hich well H-3b3 was pumped at a nominally constant rate of 3 gpm

D.19 l/s), while 2.2 lb (1 kg) of tracers m-TFMB and PFB were injected
zith 100 gal (379 1) and 60 gal (227 1) of formation fluid, respectively,

over a 1.6-hour period into wells H-3bl and H-3b2, respectively. The
Breakthrough curves obtained for the m-TFMB and PFB tracers fran water
samples from the pumping well H-3b3 are shown in Figure 4, and the arrival
:imes, first-measured and peak concentrations, and percent tracer recovery
at the pumping well are summarized in Table 1.
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First detection of m-TFMB (reoorted concentration of 56 ug/l) at the
pumping well was obtained from water samples taken 22.1 hours (0.92 days)
after tracer injection at well H-3b1. The maximum observed concentration
(3379 Lig/l) was recorded 62.08 hours (2.59 days) after tracer injection.
By integrating for the mass below the m-TFMB breakthrough curve over the
duration of the test, it is estimated that approximately 53 percent of the
injected tracer mass was recovered at the pumping well. First detection
of PFB (reported as trace concentration) at the pumping well was obtained
from water samples taken 90.25 hours (3.76 days) after tracer injection at
well H-3b2. The maximum observed concentration (.444 .ig/l) was recorded
553 hours (23.04 days) after injection (Figure 4). By integrating for the
mass below the PFB breakthrough curve over the duration of the test,
recovery of approximately 15 percent of the injected tracer mass is
estimated. The PFB breakthrough curve exhibits a peak concentration about
a factor of eight lower than the m-TFMB breakthrough curve and a time to
reach the peak concentration delayed by a factor of nine when compared to
the m-TFMB breakthrough curve.

3.4 Interpretation Approach

The objectives of the interpretation of the H-3 tracer test were to
develop a consistent conceptualization of the governing physical solute-
transport processes operating in the Culebra at the H-3 hydropad and to
develop quantitative estimates of the respective transport parameters.

Fran a review of the information base for the H-3 hydropad, it was
concluded that a double-porosity interpretation approach was the most
appropriate. This information base included: (1) identification of open
fractures in core samples; (2) very rapid transport rate between the

Table 1 Summary of Tracer Arrival Times and Mass Recoveries at the
Pumping Well H-3b3

Tracer
Parameter m-TFMB PFB

Flow Path H-3b1 to H-3b3 H-3b2 to H-3b3

First reported concentration 56 20
(1ig/l)

Time of first detection (days) 0.92 3.76

Time of arrival of peak 2.59 23.04
concentration (days)

Peak concentration (ug/l) 3379 444

(M/M) 2.9 x 10-6 3.5 x 1o-7

Tracer mass recovered 53 15
during the test (%)

± .5J'



- e2~'-aiitiofl wells and the purmping well; and (3) the identification of
'e -" ow and a double-porosity pressure response from the analysis of

z-eIpgnd test at the H-3 hydropad (Beauheim, 1987).

because of the relatively high matrix porosity of the Culebra, solute
>..ocr between the fractures and the matrix by diffusion is expected to

e _Significant process. Therefore, a discrete fracture model with
:^soort<.n the fractures only is not considered an appropriate concep-
-:- zation for analyzing the H-3 tracer test. The double-porosity
.--::ach is considered appropriate and is described below.

The concept of a double-porosity medium was first proposed by
-arenblatt et al. (1960) to model flow in fractured rock. Inherent to the
.--ncept of a double-porosity medium is the idea that the medium consists
:rC two separate, interacting and overlapping continua. Using the
.teltsova-Adams (1978) classification for dual-porosity reservoirs, the
:!Iebra at the H-3 hydropad is a class-one dual-porosity reservoir which

T :erned a fractured medium. In a fractured medium, the primary medium
matrix) has the greater porosity and effectively represents the bulk

:f -:ne "storage" capacity of the unit, and the secondary medium (the
.-ractures) has "transport" properties generally as a result of secondary
;rccesses (i.e., post-depositional). Also inherent in double-porosity
ttheory is the concept that any representative finite volume of the
collective media contains both primary and secondary media.

In a double-porosity medium, various assumptions are necessary to
allcw the system to be represented mathematically. One very important
assunption is that the system can be characterized as fractures and matrix
units with a relatively simple interaction between them. The Culebra is
assuned to nave three orthogonal fracture sets. This fracture/matrix
system is modeled as spheres. Spheres are advantageous because the cubic
grit geometry is awkward for modeling internal diffusion. This problem is
solved by approximating the cube matrix units by spheres having the same
surface-to-volume ratio as a cubic block (Neretnieks, 1980; Rasmuson and
Neretnieks, 1981; Rasmuson et al., 1982). Neretnieks (1972) found that
this approximation yields the equivalent uptake as cubes for short times
and only varies slightly for larger times. While these mathematical
idealizations cannot be expected to represent natural geologic systems
exactly, they do allow the solution for double-porosity transport at the
field scale to be a tenable problem. Conceptually, one should consider
these ideal representations as approximations of the natural system, where
one is attempting to attain quantitative consistency between the fracture
fluid volume and the surface area available for diffusion.

Further assumptions were made regarding the conceptual basis for this
analysis. The flow field in the study area was assumed to be radial
around the pumped well and at steady-state conditions during the tracer
test. Since the hydraulic conductivity of the matrix is low and the flow
regime is approximately at steady state, advective transfer from the
fractures to the matrix and advective transport in the matrix were assumed
to :e negligible. Therefore, the transport of the tracer fran the
fractures to the matrix and within the matrix was assumed to occur by
diffusion only. The double-porosity medium was assumed to be homogeneous'
and :.sotropic.



The SWIFT II model was selected for simulation of the tracer test,
performed at the H-3 hydropad. SWIFT II is a fully-transient, three-
dimensional, finite-difference code capable of solving the coupled equa-
tions for flow and transport in a double-porosity medium. A comprehensive
description of the theory and implementation of the SWIFT !I model it
presented in Reeves et al. (1986).

The transport equations were solved in a radial coordinate system.
A Cartesian coordinate system would be impractical because of the very
large number of grid blocks and time steps that would be required tc
prevent numerical problems. Additional reasons for choosing the radial
approach to simulate the H-3 tracer test are: (1) it offers advantages in
meeting the numerical criteria of the model, and (2) the field data base
on heterogeneity is not sufficient to warrant utilizing the Cartesian
approach, which is much more difficult to implement.

A schematic representation of the global discretization in both plan
view and cross section is shown in Figure 5 for the pumping well and a
typical tracer-addition well. The pumping well resides at the center of
the radial system and is given a constant discharge rate consistent with
that measured during the tracer test. Both upper and lower boundaries of

la) Cross Sectaon Pumomnq Well Tracr-Addamon Well
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Figure 5 Schematic Representation of the Modeled Region, (A) Cross
Section, (B.) Plan View
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_ are considered to be no-flow boundaries. At the outer edge of
-aaial system, a Dirichlet pressure boundary condition is
fCred. Using the radial simulation approach, the initial tracer

-:^tion surrounding the tracer-addition well .s approximated as being
-:.::2;ea in a concentric ring surrounding the pumping well. The actual

- - racer-input zone at the end of the short-duration tracer-
-2 :>n phase and the approximated zone for modeling purposes are shown
--at& rly in Figure 5. Further details on the calculation procedures

ctimating the mass of tracer introduced into each of the global grid
awes at the input zone are outlined in Kelley and Pickens (1986).

fe radial discretization implemented for the global system assumes
a r. vihe geologic system is both homogeneous and isotropic. As a result,

-~w paths for tracers m-TFMB and PFB were analyzed separately. Results
-on anisotropy determinations from pumping tests performed at the H-4,
-o, and H-6 hydropads at the WIPP site (Gonzalez, 1983) have yielded
_n sotropy ratios of 2.7:1, 2.4:1, and 2.1:1. This degree of anisotropy

3 weak in magnitude and cannot clearly be differentiated from the effects
aquifer heterogeneity. Although it is felt that hydropad-scale

.m;erogeneities are present at the H-3 hydropad, the quantification of the
:a-ial variability of the medium properties is not possible fran the

-xisting information base.

<.5 Model Input Parameters

As discussed earlier, the Culebra dolanite at the H-3 hydropad is
conceptualized as a double-porosity system for solute-transport modeling
purposes. Parameters characterizing the Culebra, tracers, tracer-test
Dperating conditions, fractures, and matrix were utilized in fitting the
,-TFEB and PFB breakthrough curves determined from water samples taken
ram the pumping well. The following is a discussion of the estimation of

values for each of these parameters.

Tracer Free-Water Diffusion Coefficient

Free-water diffusion coefficients for m-TFMB and PFB have been
reported by Walter (1982). He calculated the free-water diffusion coeffi-
cients using the Nernst expression and data from laboratory experiments
conducted to determine the limiting ionic conductances of the tracer
species. The calculated diffusipn coefficients for m-TFMB and P5B were
6.9 x 10O4 ft 2 /d (7.4 x 105 cm2/s) and 6.7 x 10-4 ft 2 /d
(7.2 x 10-6 an2 /s), respectively (Walter, 1982).

Tortuosity

The solute diffusion coefficient in the porous matrix is defined as
follows for use in tne SWIFT II code:

D Om TDo (1)

where D is equal to the solute molecular difffusivity in the porous
matrix; n is equal to the matrix porosity; T is equal to the tortuosity;
and D iS equal to the free-water diffusion coefficient. In studying
solute transport by diffusion, tortuosity is a parameter whose



magnitude (0< T <1) is a measure of the tortuous nature of the pores
through which the solute is diffusing. As the resistance to diffusiona-.
transport for a conservative species increases, the magnitude of
tortuosity decreases. Bear (1972) has presented a review of tortuosity
values in the range of 0.3 to 0.7. Bear states that tortuosity is
correctly defined as:

= (L/L )2 (2)

where L is equal to the straight-line distance; and Le is equal to the
mean length of tne diffusional path in a porous matrix.

Although not stated, Bear's review appears to have been for studies
utilizing unconsolidated media. Reported tortuosity values for
consolidated materials like dolanite are rare. Tortuosity values of 0.02
to 0.17 were calculated from the diffusion coefficients of C1 in chalk
samples by Barker and Foster (1981). Fran diffusion experiments on
crystalline rock samples, Katsube et al. (1986) calculated tortuosity
values of 0.02 to 0.19. It is expected that the tortuosity will vary
spatially within the Culebra. For simulation purposes in interpreting the
tracer test at the H-3 hydropad, tortuosity values of 0.15 and 0.45 were
chosen.

Longitudinal Dispersivity

In fitting tracer-breakthrough curves for transport in a single-
porosity medium, longitudinal dispersivity is often the key parameter
utilized in the calibration (i.e., fitting breakthrough-curve shape and
peak concentration). In a double-porosity system, the transport of
solutes between the fractures and matrix by diffusion can have a very
large effect on the breakthrough curve, thus causing the interpretation of
the best-fit longitudinal dispersivity to be difficult. A review of the
literature on the magnitude of longitudinal dispersivity for various
tracer-test scales and contamination-plune sizes (e.g., Lallemand-Barres
and Peaudecerf, 1978; Pickens and Grisak, 1981) suggests that longitudinal
dispersivity can be expressed as a function of the mean travel distance of
the Tracers or contaminants. In many situations, the longitudinal
dispersivity is from 5 to 10 percent of the travel-path length. Since the
well spacings at the H-3 hydropad were approximately 100 ft (30 m),
longitudinal dispersivities of 4.9 ft (1.5 m) to 9.8 ft (3.0 m) were
chosen for simulation of the breakthrough curves.

Fracture Porosity

From examination of the tracer-breakthrough curves, it was concluded
that the rapid arrival of the m-TFMB tracer at the pumping well could have
been dominated by transport in fractures along the H-3b1 to H-3b3 flow
path. A first estimate for the fracture porosity was calculated from the
relation

= Qt / X r2: (3)

where of is equal to the fracture porosity; Q is equal to the discharge
rate at the pumping well; t is equal to the time to reach the peak

i e.
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cn.^entration; r is equal to the distance between the tracer-addition and
ng wells; and h is equal to the aquifer thickness. This equation is

case- cn the assumption that transport is occurring in the fractures only
i^. no tracer losses to the matrix. Therefore, it will yield an

-t~imate for the fracture porosity.

Using equation 3, the calculated fracture porosity based on the
7. T43 breakthrough curve for the H-3b1 to H-3b3 flow path was approxi-

mate.iy 2.0 x 10-3. The PFB breakthrough curve for the H-3b2 to H-3b3 flow
oavrt exhibited a much later first detection of tracer and did not have a
,iell-defined peak concentration. Therefore, only the fracture porosity
_determined fram the m-TFMB breakthrough curve was utilized. Because of
the large difference between the breakthrough curves for m-TFMB and PEB,
it .:s recognized that the estimated fracture porosity is uncertain and its
reoresentativeness to both flow paths may be questionable.

Matrix Porosity

Porosity determinations conducted on six core samples from boreholes
H-_b2 and H-3b3 ranged fram 0.11 to 0.24 (Core Laboratories, 1986b) with
an average value of approximately 0.2. A matrix porosity of 0.2 was
chosen for simulating the tracer-breakthrough curves.

Matrix-Block Size

As discussed in Section 3.4, the conceptualization of the double-
porosity system involves mathematically representing the natural system as
a Homogeneous, idealized configuration of fractures and matrix units. For
modeling the tracer-breakthrough curves at the 1H-3 hydropad, the matrix
units were assumed to be defined by three orthogonal fracture sets. Both
horizontal and vertical (or near vertical) fracture sets have been
observed in core samples, shaft excavations, and outcrop areas. Even
though the natural system is heterogeneous, one must attempt to develop a
reasonable approximation of the correct fracture fluid volume and the
surface area available for diffusion fran the fractures to the matrix.

A spherical representation of the matrix units was chosen for
simulation purposes. Because the time scale of the tracer tests is not
very long, with the depth of penetration of the tracer into the matrix
units not large, the spheres are mathematically equivalent to the cube
representation through a consistent correlation of fracture fluid volume
and surface area available for diffusion. This assumption in the
simulation approach is discussed further by Kelley and Pickens (1986).

The characteristic matrix-unit size (i.e., fracture spacing) is
expected to vary considerably over the WIPP-site area and also vertically
at any location as a result of the High degree of heterogeneity observed
in the Culebra. Matrix-block sizes from 0.5 ft (0.15 m) to 3.3 ft (1.0 m)
are Considered a reasonable range based on examination of core samples.
these matrix-block sizes were utilizec as initial estimates for simulating
the tracer-breakthrough curves using tne SWIFT II model.



PumpD.ing Rate

The discharge rate at the pumping well was 'elatively constant at
3 gpm (0A19 1/s) throughout the tracer test. This pumping rate was used
to simulate the tracer-breakthrougn curves.

Culebra Thickness

The def .nition of the bottom and top of the Culebra has been reviewed
using available geophysical logs (3eauheim, personal ccmmunication). At
H-3bl the Culebra thickness is 24 ft (7.3 m), at H-3b2 it is 23 ft (7.0
m),and at H-3b3 it is 23 ft (7.0 rm). A Culebra thickness of 23 ft
(7.0 m), corresponding to the thickness estimate at the pumping well, was
chosen for simulating the tracer-breakthrough curves.

Distance Between Tracer-Addition and Pumping Wells

Distances between the boreholes at the Culebra depth were calculated
based on the surveys of the borehole locations at ground surface and
borehole-deviation surveys (Saulnier et al., 1987). The distances between
H-3b1 and H-3b3 for the m-TFMB flow path and H-3b2 and H-3b3 for the -FB
flow path are 100.6 ft (30.7 m) and 87.9 ft (26.8 m), respectively.

Initial Tracer Input-Zone Dimensions

The tracer-test history was presented in Section 3.3. The tracer-
injection procedure consisted of mixing the tracer in an initial volume of
water, injecting the tracer-labeled volume, and injecting a second volume
of water to displace the tracer-labeled water into the formation. Since
the injection was of short duration, it was assumed that the tracer moved
out under plug-flow conditions through the fractures only and resulted in
an initial tracer input zone that was cylindrical in shape and encampass-
ing a region dependent on the volume injected and the fracture porosity.
The two fluid volumes that are injected determine the initial tracer-zone
dimensions in the aquifer. Natural gradients were assumed to have a
negligible effect on the initial tracer-nass distr bution around the
injection well. For a fracture porosity of 1.9 x 10 (determined during
the model calibration of the m-TFMB breakthrough curve) and the respective
fluid volumes injected, the initial tracer-input ring of the m-TFMB tracer
surrounding well H-3b1 had inner and outer radii of 3.3 ft (1.0 m) and
5.6 ft (1.7 m), respectively, and the PFB tracer surrounding well H-3b2
had inner and outer radii of 4.9 ft (1.5 m) and 5.6 ft (1.7 m),
respectively.

The input parameters discussed above are represented by a constant
value for each simulation during calibration of the breakthrough curves.
However, input-parameter values for different simulations are adjusted
systematically, within ranges judged as reasonable, in an attempt to match
the observed tracer-breakthrough curves.

3.6 Analysis of Tracer-Breakthrough Curves

Fram initial inspection of the two breakthrougn curves (Figure 4),
one can identify major differences in tracer breakthrough. The .,-TFMB
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:: ve :eaks sharply early in the test, whereas the PFB curve is very
Gas, s of much lower concentration, and requires a significant portion
..e test period to reach the maximumr observed concentration. With the

-erit double-porosity conceptualization, it was possible to achieve
-as ,sable breakthrough-curve matches with System parameters consistent

;E :h --e current physical and conceptual understanding of the Culebra.
--e West-fit parameters are suTnarized in Table 2.

The tortuosity chosen during calibration has a direct effect on the
-I mate of matrix-block size because tortuosity is part of the product
.rch SWIFT II defines as molecular diffusivity (see Equation 1).

?asmuson and Neretnieks (1981) define the characteristic time for
iffusion as:

t = L 2/D (4)
cm

*.nere t is equal to the characteristic time for diffusion; L is equal to
-:ne-nalF of the matrix-block length; and D is equal to: the solute
nolecular diffusivity of the matrix. This characteristic time for
diffusion in part controls the transient behavior of the breakthrough
2urve. Therefore, if one varies tortuosity (i.e., D*), then one must
nsmpensate with the value of L.n tr achieve the same breakthrough curve.

Wood fits between observed and simu.ated breakthrough curves were obtained
for tortuosities of 0.15 and 0.45. Fran a literature review of
tortuosities for consolidated materials, 0.15 is considered to be more
appropriate. Only the results for a tortuosity of 0.15 are presented
here.

Figure 6 shows the comparison of the observed and simulated
breakthrough curves (concentration expressed as mass per unit mass) for
the m-TFMB tracer on the H-3b1 to H-3b3 flow path for a tortuosity of
0.15. A longitudinal dispersivity of 9.8 ft (3.0 m) and a fracture

Table 2 Summary of Best-Fit Input Parameters for m-TFMB and PFB
Breakthrough Curves at the H-3 Hydropad

Tracer
Parameter m-TFMB PFB

Solute free-water
diffusion coefficient (ft2 d) 6.9 x 1024 6.7 x 10-

(m2/s) 7.4 x io-1O 7.2 x 10-10
Tortuosity 0.15 0.15

Matrix-block length (ft) 3.9 0.8
(m) 1.2 0.25

Longitudinal dispersivity (ft) 9.8 4.9
(in) 3.0 1.5

Fracture porosity 1.9 x 10-3 1.9 x 10-3

Matrix porosity 0.2 0.2

. i
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Figure 6 Observed and Simulated Breakthrough Curves for Tracer m-TFMB

porosity of 1.9 x 10-3 provided the best-fit simulated breakthrough
curve. An effective matrix-block size of 3.9 ft (1.2 mn) is considered
representative for fitting the m-TFMB breakthrough curve. Simulated
breakthrough-curves for matrix-block sizes of 4.3 ft (1.3 m) and 3.6 ft
0 .1 m) are also shown for eonparison in Figure 6.

The observed and simulated breakthrough curves for PFB for the
H-3b2 to H-3b3 flow path are shown in Figure 7 for a tortuosity of 0.15.
As discussed earlier, the breakthrough curve for PFB did not idct
fracture-controlled transport. Using the same fracture porosity as for
fitting the m-TFMB breakthrough curve, a dispersivity of 4.9 ft (1.5 m)
and an assumed tortuosity of' 0.15 resulted in an effective matrix-block
size of 0.8 ft (0.25 m).

A simulation was conducted using SWIFT II with a single-porosity
conceptualization for the H-3bl to H-3b3 flow oath (m-TFMB flow path) to
evaluate whether or not a single-porosity model would adequately simulate
the tracer-breakthrough curve. The parameter values were chosen similar
to those for the double-porosity analysis of the i--,FMB breaktnrc,_.-n
curve. A tortuosity of 0.15 and porosity of 1.9 x 10--l were chosen. Th. s
porosity was chosen because it has the primary control on the arrival time
of the peak concentration. The observed m-TFMB breakthrough curve and the
simulated breakthrough curves for the single-porosity and double-porosity

w~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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conceotualizations are shown in Figure 8. It is evident from comparison
Of the observed and simulated breakthrough curves that it would be
liff'cult to obtain a single-porosity calibration of the observed tracer-
brea<througn curve.

Dispersivity is defined and applied consistent with a Fickian
conceptualization in the SWIFT II model. The longitudinal dispersivities
obtained for the two flow paths are within a factor of two. From a sensi-
tivity analysis (Kelley and Pickens, 1986), it was found that increasing
dispersivity alone caused an earlier tracer arrival and higher peak
concentration. The difference in dispersivities for the two flow paths
can be viewed as a measure of either differences in heterogeneity between
the two flow paths traveled by the tracers or a result of difficulties in
providing a unique fit of observed and simulated breakthrough curves for
processes described by such a large number of parameters.

The characteristic matrix-block sizes estimated from
calitration of the breakthrough curves varied between the flow paths. The
estimated block size for the H-3bl to H-3b3 flow path is approximately
'4.8 i nes larger than the block size estimated for the H-3b2 to H-3b3 flow
path. Although the calculated matrix-block sizes are consistent with
obser'ations from core samples, shaft excavat'Ins, and outcrop areas,
there are various factors which might in part exp-ain the different
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Figure 8 Comparison of Observed and Simulated Breakthrough Curves (Single-
and Double-Porosity Conceptualization) for Tracer m-TFMB

matrix-block sizes calculated for the respective flow paths. Sane of the
possible factors are: (1) differences in tracer behavior (diffusion
coefficients, sorptive characteristics, biodegradability); (2) differences
in tracer-input conditions (i.e., input functions); (3) anisotropic and
non-haiogeneous transport characteristics of the medium; and (4) regional
gradients being of significant importance relative to local gradients
induced by the convergent-flow field.

Differences in tracer behavior have been shown to be minimal in
laboratory free-water diffusion tests (Walter, 1982). Both tracers m-TFMB
and PFB have been used for convergent-flow tracer tests in the Culebra
dolomite at the H-6 hydropad. If one did suspect that these two tracers
had different behavior under field conditions, one would expect their
different behaviors to be similar at various tracer-test locations. In
contrast, at the H-6 hydropad, m-TFMB had a very broad and low-
concentration breakthrough curve while PFB had a very sharp and relatively
high-concentration breakthrough curve. This implies that the breakthrough
curve differences stem fran flow-path differences rather than tracer-
behavior differences. As mentioned in Section 3.2, both tracers should
have been resistant to biodegradation over the duration of the test
(Stetzenbach, personal communication).
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'entioned earlier, another potential cause for the differences in
F 'voJ4h curves is a difference in input functions at the two tracer-

w.ells. If all of the tracer mass Aid not enter the aquifer
~.'1 tracer could have continued to have been introduced to the

:'ram the well during the test. This condition would result in a
-naent input function that could have an important effect on

- ing the breakthrough curves. After each of the tracer
c r, a sufficient volume of water was added in order to displace

:4elltcre volumes completely within the first 1 to 2 hours after tracer
-- ct' on. The input functions were simulated to match this input
-educe. Due to a lack of information concerning wellbore concentration
- ts Wime in the tracer-addition wells, and due to the non-uniqueness of
: alibrated parameters, it is not possible to assess whether some of

.e tracer mass may have remained in the tracer-addition wells.

The model treated the Culebra as an isotropic homogeneous medium. It
;nown that hydropad-scale heterogeneites exist at the H-3 hydropad

-- rou;n core reconnaissance. Anisotropy has been determined to be weak
-. nydraulic testing at other hydropads and cannot be differentiated

:non eterogeneities (Gonzalez, 1983). Through the analysis of two long-
m-3r pumping tests conducted at the H-3 hydropad, Beauheim (1987) found

existence for a preferential hydraulic connection between wells H-3b1 and
-_._D3. If this is true, and the H-3bl to H-3b3 (m-TFMB) flow path is more
:irect than the H-3b2 to H-3b3 flowpath (PFB), this could explain the
;voader and lower concentration breakthrough curve exhibited by PFB. This
effectively means that the PFB tracer would travel a longer flow path, and
.3ince this extension of the flow path is not accounted for in the model,
he matrix-block size must be decreased to compensate for the apparent
ncrease in diffusivity or the real increase in surface area available for
;iffusion.

Regional hydraulic gradients range from 1 x 10i3 to 4 x 10-3 in the
_ulebra (Mercer, 1983). Hydraulic gradients at the H-3 hydropad duringi-he convergent-flow tracer test are estimated to be an order of magnitude
greater than the regional gradient and, therefore, would have dominated
locally.

It is recognized that uncertainty exists in the assumed or
calibrated values for tortuosity, fracture porosity, matrix porosity, andI matrix-block size used to describe solute transport at the H-3 hydropad.
Reducing this uncertainty would require additional laboratory and field
testing (e.g., additional drilling and coring, additional matrix-porosity
determinations on core, diffusion experiments, and additional field tracer
testing). The results obtained from the conservative-tracer test indicate
that fracture flow and matrix diffusion dominate solute transport in the
Culebra at the H-3 hydropad. Further, the parameters derived to fit the
m-TFMB and PFB breakthrough curves are thought to be consistent with
current conceptualizations of the Culebra at the H-3 hydropad.

4.0 Conclusions

The following conclusions can be drawn from interpretation of a
conservative-tracer test conducted at the H-3 hydropad in the Culebra
Dolnmite Member at the Waste Isolation Pilot Plant site:

"b'



1. The rate of transport of the tracer between the tracer-additiozi
wells and the pumping well indicated that transport was dominate
by the presence of fractures and by diffusive transport between thE
fractures and the matrix.

2. The tracer-breakthrough curves could be simulated by approximating
the Culebra dolomite as a fractured medixn with three othogonal
fracture sets. While this is an idealized representation of a
natural system, it is consistent with other physical observations
and provides the ability to handle the solution of double-porosity
transport at the field scale as a tenable problem.

3. The interpreted matrix-block sizes for the two tracer flow paths at
the hydropad were 3.9 ft (1.2 m) and 0.8 ft (0.25 m). Because of
the large number of fitting parameters, uncertainty exists in the
representativeness of these matrix-block sizes. However, they
should be considered to be at least qualitative and to provide an
indication of the fracture-fluid volume and surface area available
for diffusion in order to fit the observed tracer-breakthrough
curves.

The estimates of fracture porosity and effective matrix-block size
are specific to the location of the tracer test. They do provide,
however, initial estimates on which to base predictions of tracer
transport for a proposed sorbing tracer test and for regional scale
transport of solutes in the Culebra.
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