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Tracer tests in a fractured dolomite
1. Experimental design and observed tracer recoveries
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Abstract. A series of tracer tests has been conducted in a 7-m-thick fractured dolomite
at two sites in southeastern New Mexico. The tests were designed to evaluate transport
processes, especially matrix diffusion, in fractured, permeable media. Both single-well
injection-withdrawal (SWIW) and multiwell convergent flow (MWCEF) tests were
conducted. Seventeen different organic tracers (the fluorobenzoic and chlorobenzoic acids)
and iodide were used as conservative tracers for the tests. The MWCEF tests included
repeated tracer injections while pumping the central well at different rates, injection of
tracers with different aqueous diffusion coefficients, and injection of tracers into both the
full and partial formation thickness. This paper describes the tracer test sites and aquifer
characteristics, the experimental methods, and the tracer data produced. The tracer test
results provide a high-quality data set for a critical evaluation of the conceptual model for
transport. Both the SWIW and MWCEF tracer test data showed gradual mass recovery and

breakthrough (or recovery) curve tailing consistent with matrix diffusion. However, the
SWIW recovery curves did not display the —1.5 log-log slope expected from a
conventional double-porosity medium with a single rate of diffusion. The breakthrough
curves from MWCEF tests conducted at two different pumping rates showed similar peak
heights, which is also not what was expected with a conventional double-porosity model.
However, the peak heights were different for two tracers with different aqueous diffusion
coefficients that were injected simultaneously in one test, consistent with the effects of
matrix diffusion. The complexity of the tracer test results suggests that a simple double-
porosity conceptual model for transport in the Culebra with a single rate of diffusion is

overly simplistic.

1. Introduction

Matrix diffusion is recognized as a potentially important
process in the transport of solutes in the subsurface [e.g.,
Neretnieks, 1980; Maloszewski and Zuber, 1993; Wood, 1996].
Understanding diffusive mass transfer between high-perme-
ability, advection-dominated domains and low-permeability,
diffusion-dominated domains can be important for a variety of
problems including the following: (1) predicting and accom-
plishing aquifer restoration [e.g., National Research Council,
1994; Wood, 1996]; (2) predicting the migration, spread, dilu-
tion, and retardation of both natural solutes and contaminants
in the subsurface; [e.g., Foster, 1975; Neretnicks, 1981; Bradbury
et al., 1982]; and (3) designing and assessing the safety of
nuclear waste repositories where large immobile zones may
impede the release of radioactivity to the accessible environ-
ment [e.g., Neretnieks, 1980, 1993; Lever et al., 1983; Wels et al.,
1996; Meigs et al., 1997].

Most of the quantitative studies of diffusion processes have
been laboratory studies [e.g., Grisak et al., 1980; Moreno et al.,
1985; Skagius and Neretnieks, 1986, 1988; Wood et al., 1990,
Ball and Roberts, 1991; Schackelford, 1991; Byegdrd et al., 1998;
Tidwell et al., 2000]. The relatively slow rates of diffusion,
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especially for hard rocks such as granite, make quantifying the
effects of matrix diffusion difficult in the field. However, sev-
eral field studies have provided valuable insights into matrix
diffusion processes [e.g., Abelin et al., 1991; Jones et al., 1992;
Novakowski and Lapcevic, 1994, Moench, 1995; Hadermann
and Herr, 1996; Volckaert and Gautschi, 1997].

To improve our understanding of matrix diffusion processes,
a series of tracer tests has recently been conducted in a frac-
tured dolomite at the Waste Isolation Pilot Plant (WIPP) site
in southeastern New Mexico (Figure 1). A goal of this study
was to conduct well-controlled tracer tests to produce a de-
tailed and accurate database for evaluation of advective and
diffusive .transport processes in fractured, saturated, perme-
able media. Although past studies have provided valuable in-
sights into diffusion processes, this is one of the first field tracer
test studies that is primarily focused on providing an extensive
data set to evaluate matrix diffusion processes.

The purpose of this paper is to describe the recent tracer
tests, including the background of the study, a description of
the test sites, characteristics of the fractured dolomite, exper-
imental methods used, the results of the tests, and simple
conclusions and discussion. Additional papers in this series
[Haggerty et al., this issue; McKenna et al., this issue] provide
numerical analyses and detailed interpretation of a portion of
the tracer test results. Additional details on the tracer tests
described in this paper, including the tracer test data, are given
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Test Locations thogonal, equally spaced fracture sets. The simulations suggest
New Mexico * Recent Tracer Test that the observed transport behavior can be explained by a
B Other Tracer Test combination of anisotropy in horizontal hydraulic conductivity
A,buq{;,que @ Low Transmissivity (< 4 x 106 m2/s) and matrix diffusion. The simulations also demonstrated that
A High Transmissivity (> 4 x 10¢ m?/s) the tailing observed in the breakthrough curve data could not
WIPP All tracer test ions are high issivity . .

Cafisbad ~a2, o be adequately represented using a homogeneous single-
s '?\. 77~ Freshwater Potentiometric Gontour porosity model. However, independent reviewers of the inter-

— T Gontour interval: £ m pretations questioned the assumption that matrix diffusion was
\ WIPP Site s, the primary or sole mechanism causing physical retardation

\ Boundary ™ during these tests [e.g., Hautojirvi and Vuori, 1992]. They sug-

! [ s 4 p gested that other processes in addition to matrix diffusion, such

N H L, A as channeling caused by variations in fracture apertures or

! | delayed release of tracer from the injection wells to the for-

1 \ mation, may have contributed to the long tails observed in the

\ A @'mozpr;m" tracer breakthrough curves.

& 925, H-19 As a result of criticism from a variety of regulatory and

\ / rg* i review groups a series of additional tests was designed and

\ orezo,, H-3 implemented to address specific issues. The tests were con-

! H"‘i ducted at both the H-11 hydropad and a new seven-well site,

' / R the H-19 hydropad (Figure 1). The objectives of the tracer tests

\orsm & . were to collect detailed and accurate data sets under carefully

1 ) controlled conditions to test the validity of the double-porosity

\ ‘ } i conceptual model and evaluate the appropriate transport pa-

1o 2km @ rameters. In addition, tracer tests and hydraulic tests were

designed to evaluate the extent to which heterogeneity, aniso-

tropy, layering, and the scale of testing affect flow and trans-
port.

Figure 1. Location of Waste Isolation Pilot Plant (WIPP)
site and H-11 and H-19 multiwell sites (“hydropads”).

by Meigs et al. [2000]. Electronic versions of the data sets are - 3. Culebra Characteristics and Site Description

available from the AGU.! Within the 41.4-km? area of the WIPP site, 44 wells and four

shafts penetrate the Culebra dolomite (Figure 1), which is

located about 230 m below land surface. In the vicinity of the
2. Background WIPP site the Culebra is the most transmissive unit in the
Rustler Formation. The Rustler Formation represents the
transition between the underlying thick evaporite beds of the
Salado Formation (where the WIPP repository has been exca-
vated) and the overlying clastic-dominated continental depos-
its of the Dewey Lake Redbeds. The Culebra is underlain by a
mudstone unit and overlain by an anhydrite unit [Holt and

Powers, 1988]. The Culebra varies in thickness between ap-
pository through inadvertent human intrusion and introduced  proximately 6.7 and 8.9 m in the vicinity of the WIPP site and

into other geologic formations, groundwater transport through s approximately 7.4-m thick at both the H-11 and H-19 hydro-
the Culebra would be the most significant pathway to the pads [Holt, 1997). The Culebra is a regionally persistent bed
accessible environment [U.S. Department of Energy, 1996]. The  within the Rustler and occupies an area of greater than 25,000
Culebra is a 7-m-thick, variably fractured dolomite with mas- km?> [Holt, 1997). Stratigraphic layering within the Culebra
sive and vuggy layers lying approximately 440 m above the changes littie across the WIPP area, apparently as a result of
WIPP repository. Convergent flow tracer tests using conserva-  the large size of facies tracts within the Culebra depositional
tive tracers were conducted within the Culebra at three “hy-  system [Holt and Powers, 1988; Hollt, 1997}. Lateral variations
dropads” (multiple-well sites), designated H-3, H-6, and H-11  in the Culebra appear to be confined to postdepositional fea-
(Figure 1), between 1981 and 1988. These tests showed rates  tures including fractures and distribution of gypsum cements.
and amounts of solute transport to be strongly dependent on  Holt and Powers [1988] suggest that fracture intensity in the
flow direction and suggested that a physical retardation mech-  Culebra increases from east to west across the WIPP site.
anism was affecting transport [Jones et al., 1992]. On the basis of shaft descriptions [Holt and Powers, 1984,
Jones et al. [1992] interpreted these tests using a homoge- 1986, 1990], core descriptions [Holt and Powers, 1988; Holt,
neous, one-dimensional (radial), conventional (i.e., one rate of ~ 1997], and borehole video logs, four distinct Culebra units
diffusion), double-porosity continuum model with three or-  (CU) can be identified (Figure 2) in the subsurface across the

S — entire WIPP area [Holt, 1997]. The uppermost unit in the
!Supporting material is available via} Web browser or via Anony-  Culebra, CU-1, consists primarily of well-indurated microcrys-
mous FTP from ftp://kosmos.agu.org, directory “apend” (Username = ta]line dolomite and is more massively bedded than the under-
anonymous”, Password = “guest”); subdirectories in the ftp site are i its. P — ll-indurated dolomite i ; I
arranged by paper number. Information on searching and submitting ‘ylng uniLs; .Oro.SIty in the well-indurated dolomuels p.rlmarl ¥
electronic supplements is found at http:/www.agu.org/pubs/esupp intercrystalline in nature. Fractures are less common in CU-1

about html. than in lower units and usually appear to be bedding-plane

The tracer tests described in this paper were conducted in
the Culebra Dolomite Member of the Rustler Formation at
the WIPP site. The WIPP is a repository for transuranic wastes
constructed 655 m below ground surface in bedded, Permian-
age halite deposits in southeastern New Mexico, United States
of America. Site characterization studies at the WIPP site have
shown that if radionuclides were to be released from the re-
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Figure 2. Schematic of vertical variations in Culebra lithologies and porosity types [from Holt, 1997].

separations. Small vugs are common in the upper Culebra and
frequently occur in zones parallel to stratification. A portion of
the vugs and fractures are typically filled with gypsum. CU-1
has an average thickness across the site area of approximately
3.0 m. The Culebra units below CU-1, especially CU-2 and 3,
are typically more intensely fractured, have more vugs, and
contain interbeds of poorly indurated dolomite. The intensely
fractured nature of CU-2 and CU-3 results in very poor core
recovery of these two units at many locations. Where core has
been recovered (e.g., H-19), portions of it often have a jigsaw-
puzzle-like appearance with fractures spaced less than a cen-
timeter to several centimeters apart. Many of the fracture
surfaces display dark brown or orange staining suggestive of
current or past fluid flow. Vugs in the lower Culebra range in
size from a millimeter to a few centimeters and are often
connected by microfractures. The vugs are often partially filled
with poorly indurated dolomite or gypsum. The poorly indu-
rated dolomite is also referred to as silty dolomite because it is
composed of poorly cemented clay- to silt-sized dolomite. The
poorly indurated dolomite has a higher interparticle porosity
and permeability than the well-indurated dolomite that makes

Table 1.

up most of the Culebra. CU-4 is less intensely fractured than
CU-2 and CU-3 and has more clearly defined bedding planes
that are undulatory in nature. CU-2 and CU-3 combined have
an average thickness of 2.8 m across the WIPP area, and CU-4
has an average thickness of 1.6 m. At both the H-11 and H-19
hydropads the lower three units have a combined thickness of
about 4.4 m (Table 1). For a more complete description of
Culebra lithologies and porosity variations, see Holt [1997].
The different porosity types described above and shown
graphically in Figure 2 each have a range of permeabilities
associated with them. On the time and length scales of our
tracer tests, tracer(s) accesses some of this porosity primarily
by advection and other portions of the porosity primarily by
diffusion. Hence we use the expressions “advective porosity”
and “diffusive porosity” to denote the portions of the porosity
in which the different processes are dominant. Note that this
distinction relies to some degree on the contrast in permeabil-
ity between different porosity types. Where fracture perme-
abilities are low, the permeability of the interparticle porosity
in the poorly indurated dolomite may be of similar magnitude,
so that advection occurs in both porosity types. Where fracture

Properties of the Culebra Dolomite at the H-11 and H-19 Hydropads

H-11 Hydropad H-19 Hydropad

Field transmissivity (full Culebra), m*/s

Thickness of full Culebra, m

Thickness of lower Culebra, m

Mean and standard deviation of log
of core hydraulic conductivity,® m/s

Mean and standard deviation of core
porosity?

Mean and standard deviation of core
formation factor®

Mean and standard deviation of
calculated tortuosity®

47 % 1073 6.8%107°
74 7.4
44 4.4
—8.40 = 0.99 —9.08 = 1.12
(10)° (20)
0.16 + 0.07 0.15 = 0.06
(10) (21)

66 =+ 37 110 = 80
4) 21
0.11 = 0.02 0.09 = 0.04
“) eay)

“Mean is the arithmetic average.

®Numbers in parentheses denote number of samples.
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permeabilities are high, the interparticle porosity may play
only a diffusive role. Thus whether a particular porosity type is
considered advective or diffusive depends on the properties of
the other porosity types at any given location. The advective
and diffusive porosities together make up the total intercon-
nected porosity commonly measured in core tests.

The fractures observed in the Culebra differ from the com-
mon conceptualization of fractures based largely on fracturing
in crystalline rocks. Fractures in crystalline rock are often re-
lated to regional tectonic forces and tend to be relatively pla-
nar, persist over distances of meters to tens of meters, occur in
parallel sets with regular spacings, and have definable orienta-
tions (strike and dip). In contrast, regional or local tectonic
activity has not caused significant fracturing within the Cul-
ebra. The Culebra has primarily fractured in response to dif-
ferential unloading, dissolution of evaporites from above or
below the Culebra, and dissolution of fillings within large vugs
and/or zones of vugs in the Culebra [Beauheim and Holt, 1990].
The majority of the fractures in the Culebra are subvertical and
occur within vuggy zones in CU-2 and CU-3. These fractures
usually extend from vug to vug [Holt and Powers, 1990], over
distances of millimeters to centimeters, with no preferred ori-
entation. Horizontal fractures, parallel to bedding planes, oc-
cur throughout the Culebra. These bedding-plane separations
were probably caused by stress relief accompanying the erosion
of overburden or dissolution of overlying evaporites. Bedding-
plane separations have greater lateral extent within the upper
Culebra (CU-1) than in the lower Culebra units where more
soft-sediment deformation has occurred, disrupting bedding
planes. Similarly, high-angle subvertical fractures locally per-
sist vertically for nearly 1 m within the more massive CU-1 but
terminate at bedding-plane separations in the lower Culebra.
However, the high-angle fractures in CU-1 are typically filled
with gypsum in most locations and have little hydraulic signif-
icance. Fracture apertures measured in thin sections are highly
variable, even in individual fractures, and range from <10 to
500 wm [Holt, 1997]. West and south of the WIPP site, the
dominant cause of fracturing in the Culebra is collapse follow-
ing dissolution of the underlying Salado Formation, which
caused more extensive fracturing than is observed at the WIPP
site.

In the vicinity of the WIPP site, hydraulic tests indicate that
the transmissivity of the Culebra varies by 6 orders of magni-
tude, which Beauheim and Holt [1990] suggest is the result of
variations in the relative percentages of open and filled frac-
tures. Where the transmissivity is less than 4 X 107° m?s,
hydraulic tests are best interpreted with a single-porosity-
medium conceptualization. Where transmissivities are greater
than 4 X 107° m?%/s, a double-porosity conceptualization best
explains the data [Beauheim and Ruskauff, 1998]. Double-
porosity hydraulic behavior reflects the dominance of open
fractures in determining transmissivity and the dominance of
the matrix in determining the storage capacity of the medium
[Gringarten, 1984]. Variations in transmissivity (heterogeneity)
are almost certainly present on the hydropad (tens of meters)
scale but are difficult to quantify because the pressure transient
created by any type of hydraulic test quickly propagates beyond
that scale. As a result, transmissivity values interpreted from
hydraulic tests of the Culebra represent average properties
over distances of hundreds of meters. No evidence of leakage
from overlying anhydrite or underlying mudstone confining
beds is seen in Culebra hydraulic tests.

Flow in the Culebra is generally to the south across the
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WIPP site area [Crawley, 1988; Corbet and Knupp, 1996], with
hydraulic gradients ranging from approximately 0.001 to
0.01 m of fresh water per meter distance (Figure 1). The water
in the Culebra at the WIPP site entered the Culebra by vertical
leakage through overlying units north and northeast of the site
rather than by direct precipitation on Culebra outcrops. This
water fell as precipitation on the land surface thousands to tens
of thousands of years before entering the Culebra [Corbet and
Knupp, 1996]. The ultimate discharge point to the south for
Culebra waters is uncertain. Calculated Darcy velocities on the
WIPP site range from approximately 1 X 107" to 2 X 1077
m/s [LaVenue et al., 1990]. Transmissivities are higher in a zone
near the H-3, H-11, and H-19 hydropads than elsewhere in the
southern portion of the WIPP site (Figure 1). This high-
transmissivity zone is potentially important because it could
represent a fast transport path to the site boundary for WIPP
contaminants released to the Culebra through inadvertent hu-
man intrusion of the repository.

Hydraulic tests at several locations suggest that significant
vertical variations in hydraulic properties exist in the Culebra.
Cross-hole sinusoidal pumping tests indicate that the perme-
ability of the upper portion of the Culebra (CU-1) is signifi-
cantly lower than the permeability of the lower Culebra (CU-2,
CU-3, and CU-4) at the H-19 hydropad [Beauheim et al., 1997].
Hydrophysical (fluid) logging and pressure responses during
drilling also suggest that most flow occurs in the lower portion
of the Culebra at H-19 [Beauheim et al., 1997]. The results of
a tracer (**'I) and temperature survey run at the H-3 hydropad
indicated that, within the resolution of the test, all flow was in
the lower 3 m of the Culebra [Mercer and Orr, 1979]. In addi-
tion, most of the fluid observed to come out of the Culebra in
the air intake shaft (Figure 1) came from the lower portion of
the Culebra [Holt and Powers, 1990].

Numerous Culebra core samples have been tested for per-
meability, porosity, and electrical resistivity formation factor
[Kelley and Saulnier, 1990; Holt, 1997] (See Table 1). At the
H-19 and H-11 hydropads the hydraulic conductivity in the
horizontal direction of core samples ranges from ~107" to
107 m/s. The higher values are believed to reflect small frac-
tures in the core. The measured Culebra porosities range from
0.09 to 0.30, and formation factors range from 32 to 392.

An approximation of the tortuous nature of the Culebra
pore structure, which affects diffusion rates, can be calculated
from the measured formation factors. Tortuosity, 7, is ex-
pressed as

7= 1/F¢, (1)

where F and ¢ are the measured formation factor and total
interconnected porosity for a given sample, respectively
[Klinkenberg, 1951; Kelley and Saulnier, 1990]. Table 1 lists the
average tortuosity and other property values for cores from the
H-11 and H-19 hydropads. The average core hydraulic con-
ductivities are approximately 2 orders of magnitude lower than
the hydraulic conductivities calculated by dividing the field
transmissivities by the Culebra thickness, showing the impor-
tance of fractures at the field scale that are not captured in core
tests.

In the vicinity of the WIPP site, Culebra water is a moderate
to high ionic strength brine of predominantly sodium chloride
composition. Waters from the H-11 and H-19 hydropads are a
sodium chloride type brine with Mg/Ca molar ratios of 1.4 and
jonic strengths of 2.2 and 1.7, respectively [Siegel et al., 1991;
Meigs and Beauheim, 2000]. The density of the Culebra brine is
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approximately 1.08 and 1.07 g/cm? at the H-11 and H-19 hy-
dropads, respectively [Randall et al., 1988; Meigs and Beauheim,
2000]. The pH of Culebra brine measured in the field at H-11
and H-19 is between 7.0 and 7.5 [Siegel and Anderholm, 1994,
Meigs and Beauheim, 2000]. Culebra water temperatures typi-
cally range from 23° to 27°C [e.g., INTERA Technologies, Inc.,
1986; Stensrud et al., 1990].

4. Experimental Design

Two types of tracer tests were conducted: single-well injec-
tion-withdrawal (SWIW) tests and multiwell convergent-flow
(MWCEF) tests. For the SWIW tests, one or two tracers were
injected into a well followed by a chaser solution of Culebra
brine to displace the tracer(s) from the well bore into the
formation. After a pause of 18 hours the well was pumped to
recover the tracer(s). The MWCEF tests were initiated after
pumping for the SWIW tests had created effectively steady
state hydraulic gradients on the hydropad. Tracers (and
chaser) were injected into the wells surrounding the pumping
well and recovered at the pumping well. Numerous benzoic
acids were used as conservative (nonreactive) tracers to allow
the collection of tracer recovery and breakthrough data from
multiple pathways simultaneously.

Numerical simulations by Tsang [1995] suggested that a
SWIW test is an excellent way of evaluating the importance of
matrix diffusion, even in a highly heterogencous aquifer. Her
results show that mass is always recovered much more slowly
when matrix diffusion is occurring than when it is not. Because
slow mass recovery can also be caused by tracer plume drift
under ambient flow conditions [Lessoff and Konikow, 1997],
the pause period between injection and pumping was kept
relatively short (18 hours) for the SWIW tests to minimize
drift.

Two features of the MWCF tests were designed to evaluate
matrix diffusion. First, after tracers had been injected and
recovered while the central well was pumped at one rate, the
pumping rate was changed, and new tracers were injected to
show the effects of advective residence time on diffusion. Sec-
ond, two different conservative tracers having different aque-
ous diffusion coefficients were injected together to show the
effects of different amounts of diffusion. Another feature of
the MWCF tests was the injection of tracers into packed-off
subsections of the Culebra to evaluate the importance of ver-
tical variations in Culebra properties.

5. Experimental Description and Methodologies

Tracer tests were conducted at two locations, the H-11 and
the H-19 hydropads. The H-11 hydropad comprises four wells
(Figure 3), which were used for a tracer test conducted in 1988
[Jones et al., 1992]. Seven wells were drilled at the H-19 hydro-
pad (Figure 4) in the spring and summer of 1995 using brine
and air rotary methods [Mercer et al., 1998]. Wells were located
to examine flow paths in multiple directions and maximize the
volume of Culebra that could be tested between wells. Fiber-
glass casing was cemented in the wells from ground surface to
within 3 m of the Culebra, and the Culebra intervals were
completed as open holes. The Culebra interval of the central
well, H-19b0, was drilled to a diameter of approximately 20 cm,
and the Culebra intervals of the surrounding wells were drilled
to diameters of approximately 15 cm.

After the first four wells were drilled (H-19b0, H-19b2,

-11b1
429 m H a

4

=

-11b4

H-11b3

H-11b2

Figure 3. Downhole (Culebra) well locations at the H-11
hydropad.

H-19b3, and H-19b4), preliminary SWIW and MWCF tracer
tests were conducted. For the SWIW test, two tracers and
chaser were injected over the entire Culebra thickness in
H-19b0. Details about the implementation of this SWIW test
are given in Table 2. The MWCEF test was designed to evaluate
transport rates to aid in both siting of the remaining wells and
final test design, and it also served as a test of equipment. The
test was conducted at a pumping rate of approximately 0.24
L/s, which created hydraulic gradients ranging from 1.4 to
3.0 m of fresh water per meter distance along the three flow
paths tested (Table 3). This tracer test revealed that the time to
breakthrough curve peak arrival was significantly slower for
two pathways (H-19b2 to H-19b0 and H-19b4 to H-19b0) than
for pathways at previous MWCEF test sites (i.e., H-3, H-6, and
H-11) (Figure 1). As a result, the last two wells, H-19b6 and
H-19b7, were drilled much closer to H-19b0 than had been
originally planned (see Beauheim [2000b] for additional de-
tails). The results of the preliminary H-19 four-well MWCF

H-19b6
H-19b4
13
o
o
11.0m
H-19b3
H-19b5 S
3
H-19b7
nN
N &
1 =
& H-19b2

Figure 4. Downhole (Culebra) well locations at the H-19
hydropad.
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Table 2. Tabulated Information on the SWIW Tracer Tests at the H-11 and H-19 Hydropads

Calculated

Chaser- Injected Time Calculated
Chaser to Final

Injection

Tracer- Injected

Aqueous

Mass

Recovered

Tracer
Volume,

Injection

Diffusion
Coefficient,®

Pause
Length,
hour

Pumping

Tracer
Concentration,?

(Fraction)

Sample,
days

Volume,
L

Rate,d
L/s

Rate,
L/s L

m?s

Tracer®

Rate, Injection Culebra
L/s Date Interval

Test
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0.98
097
0.95
0.98
0.94

50
50
32
32
26

1920

910
2020
1015
1697

0.13
0.12
0.13
0.13
0.12

996

1010
997
1005
849

0.12
0.13
0.13
0.13
0.12

73 x 107°
8.2 x 10710
73 %1071
7.4 x 1071
7.3 x 10710

8.07 = 0.40
5.02 032
494 + 0.21
1.91 + 0.04
597 + 0.17

2,4-DCBA
3,4-DFBA
2,4-DCBA
o-TFMBA
2,4-DCBA

17.7
17.7
17.6
17.6
17.7

full
full
full
full
lower

Feb. 6, 1996
Feb. 6, 1996
June 15, 1995
June 15, 1995
Dec. 21, 1995

0.22
0
0.27

H-11 SWIW
(H-11b1)
H-19 SWIW 1
(H-19b0)
H-19 SWIW 2

(H-19b0)

aTracers are as follows: 2,4-DCBA, 2,4-dichlorobenzoic acid; 3,4-DFBA, 3,4-diflucrobenzoic acid; and o-TFMBA, ortho-trifluoromethylbenzoic acid.

"The concentrations listed result in an initial increase in solution density of betwee

temperature of injected solution was colder than the formation water by as much a

n 0.2 and 0.8%, .which will decrease rapidly because of mixing with water in the borehole and formation. The
s 10°-20°C for the winter injections and was probably slightly warmer for the summer injections. These temperature

d and ambient fluids. Calculations suggest temperature effects should be small and will dissipate rapidly.

coefficient is calculated using the Hyduk and Laudie method as described by Tucker and Ne

2 and the chaser fluid.

Iken [1982].
DCBA), followed by tracer 2 (o-TFMBA or 3,4-DFBA), followed by chaser (Culebra brine).

queous diffusion
9dFor June 15, 1995, and February 6, 1996, tests, injection sequence consisted of injection of tracer 1 (2,4-

For tracer 1 listed above, chaser injection rate and volume are calculated as the rate or volume for injection of both tracer

‘A

differences will also affect the density and viscosity differences between the injecte

test are not discussed in this paper. For more information, see
Meigs et al. [2000].

The final tracer tests at the H-19 hydropad began in Decem-
ber 1995, lasted 120 days, and had four phases: initiation of the
SWIW test, round 1 of MWCEF injections at the high pumping
rate, round 2 of MWCF injections at the high pumping rate,
and round 3 of MWCEF injections at the low pumping rate. The
details of each test phase are tabulated in Tables 2 and 3. The
high pumping rate was selected to be slightly below the esti-
mated maximum sustainable rate for the well (about 0.3 L/s).
The low pumping rate was selected to be slightly more than
half the high pumping rate. The lower rate was selected as a
compromise between the desire to maximize the difference in
pumping rates and the need to minimize the time to complete
the tests. The tracer test began with tracer and chaser (Culebra
brine) injection into the lower portion of H-19b0 for the
SWIW test, followed by an 18-hour pause before pumping
began in H-19b0. After pumping for 5 days, distinct tracers
were injected (round 1) into each of the six surrounding wells,
with injections over the full Culebra thickness in all wells ex-
cept H-19b5, in which separate tracers were injected into the
upper and lower Culebra. Estimated hydraulic gradients on the
H-19 hydropad during this phase of testing ranged from 1.7 to
3.7 m of fresh water per meter distance (Table 3). Approxi-
mately 26 days later, distinct tracers were injected (round 2)
into the upper and lower Culebra in H-19b3 and H-19b7 and
over the full Culebra interval in H-19b5. Hydraulic gradients
along these flow paths during this phase of testing ranged from
2.8 to 3.5 m of fresh water per meter distance. After approxi-
mately 32 more days, the pumping rate was decreased from
0.25 L/s to 0.16 L/s, and tracer injections were repeated (round
3) over the full Culebra thickness in H-19b3, H-19b6, and
H-19b7. Hydraulic gradients along these flow paths ranged
from 1.3 to 2.0 m of fresh water per meter distance (Table 3).

The tracer test at the H-11 hydropad began in February
1996, lasted 45 days, and had three phases: initiation of the
SWIW test, round 1 of MWCF injections at a low pumping rate
(0.22 L/s), and round 2 of MWCEF injections at a high pumping
rate (0.38 L/s). Tables 2 and 3 tabulate the test details. H-11b1
served as the pumping well and H-11b2 and H-11b3 were used
as injection wells. H-11b4 was not used because of poor tracer
resolution (low concentrations near the analytical detection
limit) and late peak arrival during the 1988 test [Jones et al.,
1992]. Hydraulic gradients from H-11b2 and H-11b3 to H-11b1
were approximately 0.31 and 0.30 m of fresh water per meter
distance, respectively, during round 1 and were 0.70 and 0.72
m/m, respectively, during round 2 (Table 3). At the H-11 hy-
dropad, tests were terminated earlier than planned because of
equipment problems, and tracers were only injected over the
full Culebra interval.

During the final H-19 and H-11 tracer tests, transducers in
the well casing above the packer isolating the Culebra showed
slight pressure declines over the course of the tracer tests in
most of the wells, corresponding to potential leaks into the test
zones of some tens of liters [Beauheim, 2000a]. These small
amounts of leakage, if they occurred, could not have measur-
ably affected tracer transport. No evidence of leakage around
the packers was observed during the preliminary H-19 tracer
test.

5.1. Tracer Selection

During tracer testing, 18 different tracers were used at the
H-19 hydropad and seven different tracers were used at the
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H-11 hydropad. The fluorobenzoic and chlorobenzoic acids
were selected as the primary tracers because they behave con-
servatively and could be chromatographically separated [Farn-
ham et al., 2000a]. Batch tests and field tests previously con-
ducted using several of the benzoic acids [Benson and Bowman,
1994; Bowman and Gibbens, 1992; Jones et al., 1992] suggested
that many of the fluorobenzoic acids should behave conserva-
tively in waters, such as the deep Culebra waters, with low
potential for biotransformation and near neutral pH. A series
of batch tests was recently conducted using all chlorobenzoic
and fluorobenzoic acids used in the H-11 and H-19 tracer tests
with crushed Culebra sediment. These tests showed no appar-
ent sorption of the benzoic acids to Culebra sediments over a
90-day period [Farnham et al., 2000a}. Background concentra-
tions of the benzoic acids in Culebra brines were below detec-
tion limits (0.01-0.05 mg/L).

For two of the H-19 injections and one H-11 injection, io-
dide in the form of sodium iodide was injected in addition to
the benzoic acid tracer. lodide was selected because it has a
aqueous diffusion coefficient that is approximately 2-3 times
higher than those of the benzoic acids and has been shown to
behave conservatively in many environments [Davis et al.,
1980]. Iodide was also selected because it had a relatively low
background concentration (<0.1 mg/L); bromide or chloride
could not be used as tracers because their background concen-
trations are too high in Culebra brine.

5.2. Tracer Mixing and Injection

Culebra brine pumped from the hydropad or a nearby well
prior to the tracer test was used to mix the tracer solution and
as the chaser fluid. Tracer solutions were mixed in 1135-L (300
gallon) polyethylene containers that were equipped with cir-
culation systems to ensure uniform tracer concentration during
injection (see Tables 2 and 3). For most of the multiwell in-
jections, 200 L of a 10-g/L tracer solution were used. On the
basis of past tests we estimated that a 2000-g mass of tracer was
needed for adequate breakthrough curve definition (i.e., peak
concentrations between 2 and 10 mg/L and significant break-
through curve tails before concentrations dropped below de-
tection). Volumes of chaser solution for the MWCEF tests were
selected to be approximately 2-3 times the borehole volume to
flush tracer from the borehole. For the SWIW tests, larger
masses of tracer were used (at lower concentrations) to pro-
vide recovery concentrations ranging over several orders of
magnitude. For two of the SWIW tests, approximately 1000-L
volumes of each of the two tracers and chaser were used so as
to be similar to SWIW design calculations by Tsang [1995]. For
the second SWIW test at H-19, only 850 L of tracer solution
followed by 1700 L of chaser solution were injected into the
lower portion of the Culebra.

For all tests, tracer solutions were injected using a centrifu-
gal magnetic drive pump to deliver the tracer and chaser so-
lutions from mixing and holding tanks to the wells. Injection
rates were constant within +5% in most cases. The tracer
distribution and pumping assemblies used in H-19b0 and
H-11b1 for the SWIW and MWCF tests are shown in Figure 5.
Tracer injection for the SWIW tests was performed by pump-
ing tracer and chaser downhole through 1.27-cm polyethylene
tubing at rates of 0.12 to 0.13 L/s (Table 2). An injection
manifold at the top of each injection assembly split the tracer
solution into four smaller tubes, through which the tracer was
injected at different depths and different radial positions
within the Culebra. For the H-11 and preliminary H-19 SWIW

MEIGS AND BEAUHEIM: TRACER TESTS IN A FRACTURED DOLOMITE, 1

tests, tracers were injected over the full thickness of the Cul-
ebra (Figures 5a and 5b). For the final H-19 SWIW test, tracers
were injected only into the lower Culebra (Figure 5¢). Packers
were positioned above the top of the Culebra to provide iso-
lation during tracer injection and pumping. During the final
H-19 SWIW test, additional packers were set at the base of
CU-1 and below the Culebra in H-19b0. The packer at the base
of CU-1 was deflated after tracer injection was completed and
pumping for tracer recovery had begun.

Figure 6a shows a schematic of the downhole tracer distri-
bution tools used in H-19b2, H-19b4, and H-19b6 during the
final MWCEF test. Tracer (and chaser) were delivered to the
injection manifold through a single 1.27-cm polyethylene tube
and then split into four sets of injection ports. Injection port
sizes were carefully graded (larger at the bottom than at the
top) to provide relatively uniform delivery of tracer to the
formation. Somewhat cruder versions of these tools having
injection ports of only a single size were used in H-19b2,
H-19b3, and H-19b4 during the preliminary H-19 MWCEF test.
The downhole tracer distribution tools used at the H-11 hy-
dropad were similar to those depicted in Figure 6a except that
no packers could be placed at the base of the Culebra because
of sloughing of the borehole wall. At each of the three wells
closest to H-19b0 (H-19b3, H-19b5, and H-19b7), a tool with
two injection assemblies (Figure 6b) was used during the final
MWOCEF test that included a packer that could be inflated in the
middle of the Culebra so that distinct tracers could be injected
into the upper and lower portions of the Culebra. With the
packer deflated, a single tracer could be injected through both
injection assemblies simultaneously. Pressures were monitored
in all wells throughout the tracer tests.

5.3. Sample Collection and Analysis

At each hydropad, tracer testing began with injection into
the pumping well for the SWIW test, followed by an 18-hour
pause after which pumping was initiated. Pumping rate fluctu-
ations were minor and did not significantly affect the tracer
data [Beauheim, 2000a). After pumping began, 60-mL samples
were collected in duplicate from a port at the surface. Sam-
pling frequency varied from minutes to once a day over the
duration of the test. Many more samples were collected than
were analyzed to ensure that adequate samples were available
as needed to define the tracer recovery and breakthrough
curves. Samples also were collected from tracer-mixing tanks
during injection.

Samples were analyzed for benzoic acids by reverse-phase
high-performance liquid chromatography (HPLC) with ultra-
violet adsorption detection and for iodide using an ion chro-
matograph with an ampterometric detector or by HPLC. To
measure low concentrations of the benzoic acids and iodide in
the Culebra brine, new analysis methodologies were developed
[Farnham et al., 2000b]. To evaluate analytical precision, nu-
merous duplicate samples, including blind duplicates, were
analyzed. Data from duplicate sample analyses were used to
calculate 95% confidence intervals for each data set [Jones et
al., 2000]. A time correction was made for all the tracer data to
be reported relative to time in the Culebra since start of injec-
tion. This correction included subtracting the time for the
tracer solution to flow down the tubing in the injection bore-
hole (the approximately 230 m to the Culebra) and back up the
tubing in the pumping well to the sampling port. Most times
were corrected by between 35 and 75 min; see Jones [2000] for
additional information on the tubing and borehole volumes
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Figure 5. Schematics of the downhole pumping and tracer distribution tools for the (a) H-11, (b) prelimi-
nary H-19, and (c) final H-19 single-well injection-withdrawal (SWIW) tests.

(total between 40 and 150 L) used to calculate the time cor-
rections.

6. Tracer Data Observations and Discussion
6.1. SWIW Test Results

Figure 7 shows the tracer recovery curves for the three
SWIW tests. The concentration data have been normalized by
the concentrations of the injectate solutions as listed in Table
2. Because the injectate concentration is different for different
tracers, the normalized tracer concentration detection limit
varies between approximately 5 X 107° and 2 X 107> for the
first tracer injected at H-11 and the second tracer injected
during the first SWIW test at H-19, respectively. The time is
corrected to time since the start of injection of the first tracer.
In Figure 7a the data for both the first and the second tracer
injected into H-11b1 are shown. Figure 7b shows the data from
both the first test conducted at H-19 (SWIW1), which was
nearly identical to the H-11 SWIW test, and the second test
(SWIW2) for which tracer was only injected into the lower
portion of the Culebra. The periods of time for which data are
presented are, in part, functions of the injectate concentrations
(Table 2). For example, the data set for tracer 2 in Figure 7b
terminates sooner than that for tracer 1 at H-19 in part because

the concentration falls below the minimum detection limit
earlier. For all data sets, if multiple samples were analyzed for
a given sampling time, the average value is plotted. The line
bounding the data is the 95% confidence interval calculated
from numerous duplicate samples [Jones et al., 2000]. The lack
of significant data scatter and the tightness of the confidence
intervals demonstrates the high precision of the analyses.

Figure 8 shows the normalized cumulative mass recoveries
for the first tracers at the H-11 and H-19 hydropads. The mass
recoveries are gradual, as would be expected in simulations of
a SWIW test in a double-porosity medium [Tsang, 1995; Alt-
man et al., 2000]. The late-time (=100 hours) slopes of the data
plotted in Figure 7 vary between approximately —2 and —2.8.
These are much shallower slopes than those predicted by
Tsang [1995] for single-porosity, heterogeneous media. How-
ever, the slopes of all five data sets are steeper than the —1.5
late-time log-log slope predicted by conventional double-
porosity models for times after the advectively dominated early
part of the test and before the diffusion timescale {see Haggerty
et al., this issue, section 5.4; Tsang, 1995; Hadermann and Heer,
1996]. The similarity in the late-time slopes of all five data sets
suggests that a similar process is controlling the gradual mass
recovery at both hydropads. (See Haggerty et al. [this issue] for
additional discussion.)
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6.2. MWCF Test Results

Figure 9 shows the results of the MWCEF test at the H-11
hydropad. As was seen in the test conducted in 1988 [Jones et
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Figure 8. Normalized cumulative mass recovered for the first
tracer from the SWIW tests at the H-11 and H-19 hydropads.

al., 1992; Meigs et al., 2000], the breakthrough curves for the
H-11b2 to H-11b1 and H-11b3 to H-11b1 pathways differ dra-
matically, even though the well separations are approximately
the same length. For the lower pumping rate (0.22 L/s) the
peak concentration arrives about 20 times faster (0.65 days
compared to 12.2 days) and is about 10 times higher for the
H-11b3 to H-11b1 path compared to the H-11b2 to H-11bl
path. Similar dramatic differences in breakthrough curves for
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Figure 7. SWIW tracer recovery curves from (a) one test at the H-11 hydropad and (b) two tests at the H-19
hydropad. Here 2,4-DCBA is the tracer for all injections except tracer 2 for H-11 SWIW and H-19 SWIW1;

tracers are 3,4-DCBA and o-TFMBA, respectively.
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Figure 9. MWCEF tracer breakthrough curves from the H-11
hydropad.

different pathways of similar lengths were seen for previous
MWCEF tracer tests conducted at the H-3 and H-6 hydropads
[Jones et al., 1992]. For both pathways at the H-11 hydropad
the breakthrough peak heights are approximately the same for
both pumping rates. We expected that the data for the lower
pumping rate would have a lower peak height resulting from
more time for matrix diffusion.

Figure 10 shows the results of the seven-well MWCEF test at
the H-19 hydropad for the full Culebra interval at the high
pumping rate, revealing significant differences in the break-
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Figure 10. MWCF tracer breakthrough curves from the
H-19 hydropad for the full Culebra interval at the high pump-
ing rate.
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Figure 11. Comparison of MWCF breakthrough curves for
tracer injections repeated for two different pumping rates.

through curves that cannot be accounted for by the differences
in path lengths alone. For example, the fastest peak arrival
time is not from the shortest travel distance, and the slowest
peak arrival is not from the longest travel distance. At H-19 the
differences between peak arrival times for different pathways
of similar lengths are much less dramatic than those found at
the H-3, H-6, and H-11 hydropads, suggesting that the Culebra
is less heterogeneous (or less anisotropic) at the H-19 hydro-
pad. No pathways were found at the H-19 hydropad with tracer
breakthroughs as rapid as those observed at the H-3, H-6, and
H-11 hydropads. Given that only two to three pathways were
tested at the H-3, H-6, and H-11 hydropads and that six path-
ways were tested at the H-19 hydropad, the H-19 hydropad
apparently lacks the rapid transport pathways found at the
other three hydropads.

Figure 11 shows a comparison between breakthrough curves
for the three H-19 pathways where tracer injections were re-
peated while pumping at two different rates during the seven-
well test. For each pathway the differences in peak height are
not significant when we compare the 95% confidence intervals
for the analyses.

Figure 12 shows a comparison of the benzoic acid data and
the iodide data for the three pathways for which the pairs of
tracers were injected. A lower peak height for the iodide data
would be expected if diffusion is an important process because
the estimated aqueous diffusion coefficient for iodide is ~2-3
times that of the benzoic acids (Table 3). The peak height of
the iodide data from the H-11b3 to H-11b1 pathway (Figure
12a) is clearly lower than the peak height of the benzoic acid
data. The iodide peaks also appear to be lower than the ben-
zoic acid peaks for the H-19b3 and H-19b7 to H-19b0 pathways
(Figure 12b). However, because of difficulties analyzing iodide
in brine, the 95% confidence intervals for the iodide data at
H-19 overlap those for the benzoic acid data, which means the
apparent differences in peak heights are uncertain.

For three pathways at the H-19 hydropad, injections were
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Figure 12. Comparison of benzoic acid and iodide data for (a) one pathway at the H-11 hydropad and (b)

two pathways at the H-19 hydropad.

made into packed-off intervals of both the upper and lower
Culebra during the seven-well test. The injections into the
upper Culebra (CU-1) resulted in very little mass produced at
the pumping well (Figure 13 and Table 3). This suggests that
the low permeability of the upper Culebra results in extremely
slow transport. The injections into the lower Culebra (CU-2 to
CU-4) produced breakthrough curves that are quite similar to
those from the full-thickness injections (Figure 10). These re-
sults suggest that most of the transport of injected tracers is
occurring in the lower portion of the Culebra.

Figure 14 shows almost all of the MWCEF benzoic acid tracer
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Figure 13. Comparison of injections into the upper and
lower Culebra at the H-19 hydropad.

data from the 1988 and 1996 H-11 tests and the H-19 seven-
well test. (See Meigs et al. [2000] for details on the 1988 H-11
test.) Injections into the upper Culebra at H-19 are not in-
cluded in Figure 14b for clarity. The normalized concentration
data are plotted versus matrix pore volumes pumped rather
than time to facilitate comparison of tracer recoveries from
flow paths of different lengths. The matrix pore volumes
pumped at any time are defined as the cumulative volume
pumped since start of injection divided by the pore volume of
a cylinder with a radius equal to the separation between the
tracer-injection well and the pumping well, a thickness of
7.4 m, and a porosity of 0.15. Given that tracer is initially
distributed in a cylindrical shell around each injection well
rather than as a line source, this definition of matrix pore
volumes pumped is not rigorously correct. However, it pro-
vides a useful metric for comparison of different breakthrough
curves.

From Figure 14 we see strong similarities among repeated
injections along the same pathways, even when the pumping
rates differ. This repeatability of experimental results provides
confidence in the measurements but also indicates that less-
than-twofold differences in pumping rates have little effect on
the observed tracer behavior.

All of the tracer breakthrough curves presented in Figure 14
show tracers arriving at the pumping well and reaching their
peak concentrations long before even a single matrix pore
volume has been pumped. These fast arrivals demonstrate that
advection cannot be occurring through the entire matrix pore
volume, as defined. Advection must be concentrated in a lower
percentage of the porosity and/or a lower percentage of the
total Culebra thickness.

At each hydropad the fastest pathways are those for which
the fewest matrix pore volumes are pumped before peak con-
centration is reached. From Figure 14a we see that the H-11b3
to H-11b1 pathway is much faster than the H-11b4 to H-11b1
pathway, even though their azimuths differ by only 13° and that
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Figure 14. Comparison of MWCF data from all pathways at the (a) H-11 and (b) H-19 hydropads.

the H-11b2 to H-11b1 pathway is the slowest. At the H-19
hydropad the H-19b6 to H-19b0 pathway appears to be the
fastest, followed by the H-19b7 and H-19b2 to H-19b0 path-
ways. These pathways have nearly north-south orientations,
with azimuths differing by 2°~13°. The H-19b3 and H-19b4 to
H-19b0 pathways are slower and appear to be nearly equiva-
lent. The H-19b5 to H-19b0 is the slowest pathway on the
hydropad. At H-19, faster pathways do not always have higher
peaks than slower pathways because the well separations and
time to peak are sometimes longer, allowing more dilution and
diffusion than occurs along some of the slower pathways (com-
pare H-19b6 data to H-19b7 data in Figure 14b). For those
pathways that require approximately the same number of ma-
trix pore volumes pumped to reach peak concentrations, the
longer pathways always have lower peaks, consistent with in-
creased dilution and diffusion (compare H-19b7 data to
H-19b2 data and H-19b3 data to H-19b4 data in Figure 14b.)

Only the fastest pathway on the H-19 hydropad (H-19b6 to
H-19b0) was nearly equivalent to the slowest pathway on the
H-11 hydropad (H-11b2 to H-11b1) in terms of matrix pore
volumes pumped to reach peak concentration. All other H-19
pathways were slower than the slowest H-11 pathway. This
observation could be explained by lower advective porosity at
H-11 than at H-19. The shapes and late time slopes of the
breakthrough curves at the two hydropads are also quite dif-
ferent. The H-11 breakthrough curves tend to be more asym-
metric than the H-19 curves, reflecting greater tailing. The late
time slopes of the H-19 breakthrough curves are much steeper
than the late time slopes of the H-11 curves. These observa-
tions are consistent with tracers being released more slowly
from the matrix through diffusion at H-11 than at H-19, per-
haps reflecting larger matrix blocks at H-11.

7. Summary and Conclusions

The series of tracer tests described in this paper met the goal
of producing a detailed and accurate database to evaluate
advective and diffusive transport processes in fractured, satu-
rated, permeable media. The lack of significant data scatter
and the tight confidence intervals demonstrate the high quality
of the tracer analyses.

The data from the three SWIW tests show a gradual mass
recovery as would be anticipated if matrix diffusion is the
dominant process. The late-time slope of the data is much
shallower than was predicted by Tsang [1995] for a highly
heterogeneous single-porosity system, although it is steeper
than the —1.5 log-log slope predicted by a conventional dou-
ble-porosity model with a single rate of diffusion.

The breakthrough curves from the MWCEF tests at the H-11
and H-19 hydropads are quite different, but curves from both
sites show gradual mass recovery as would be expected with
matrix diffusion. The breakthrough curves for the two different
pumping rates had similar peak heights, which appears to be
inconsistent with our double-porosity conceptualization. The
results of the injection of tracers with two different aqueous
diffusion coefficients are somewhat ambiguous in part because
of the poor quality of the iodide data from H-19. The H-11
iodide data have a lower peak height than the benzoic acid
data, which is consistent with a double-porosity conceptualiza-
tion. The extremely low mass recoveries for all tracers injected
into the upper portion of the Culebra at H-19 indicate that
most of the tracer transport is taking place in the lower Cul-
ebra. This is consistent with available hydraulic data.

The complexity of the tracer test results suggests that the
simple double-porosity conceptual model for transport in the
Culebra used to explain past tests [Jones et al., 1992] is overly
simplistic. The fact that some of the data appeared to support
and other data appeared to contradict the results that would be
predicted for a conventional double-porosity medium with a
single rate of diffusion led to a detailed reexamination of the
Culebra geology [e.g., Holt, 1997]. A double-porosity model
with a single rate of diffusion is often used to represent a
medium in which advection occurs in numerous discrete frac-
tures, based on an assumption that the numerous fractures
provide fairly uniform access to all parts of the matrix. Exam-
ination of Culebra core does not support an assumption that all
parts of the matrix are uniformly accessed by fractures and
other advective pathways. The descriptions of Holt [1997] of
the variations in the porosity structures of the Culebra and
recent laboratory diffusion measurements [Tidwell et al., 2000]
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also suggest that significant variations in diffusion rates exist
within the matrix.

The other papers in this series provide interpretations of a
portion of the large data set presented in this paper. Haggerty
et al. [this issue] show that the SWIW data are consistent with
a double-porosity conceptualization of the Culebra if multiple
rates of diffusion are incorporated. McKenna et al. [this issue]
examine a subset of the MWCEF tracer test data and demon-
strate that a double-porosity model with multiple rates of dif-
fusion provides a fit as good as that provided by a double-
porosity model with a single rate of diffusion. Additional
efforts to provide a more complete explanation of the data set
are in progress. Other researchers are invited to study this data
set to improve the understanding of transport processes in
fractured, permeable media and test-interpretation methodol-
ogies. Additional details on the tracer tests, the data sets, and
additional interpretations are presented by Meigs et al. [2000].
Electronic versions of the data sets are available from the
AGU.
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