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[1] A new probe has been developed for high-resolution characterization of hydraulic
conductivity (K) in shallow unconsolidated formations. The probe was recently applied at
the Macrodispersion Experiment (MADE) site in Mississippi where K was rapidly
characterized at a resolution as fine as 0.015 m, which has not previously been possible.
Eleven profiles were obtained with K varying up to 7 orders of magnitude in

individual profiles. Currently, high-resolution (0.015-m) profiling has an upper K limit
of 10 m/d; lower-resolution (~0.4-m) mode is used in more permeable zones pending
modifications. The probe presents a new means to help address unresolved issues of solute

transport in heterogeneous systems.
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1. Introduction

[2] Spatial variations in hydraulic conductivity (K) play
an important role in subsurface transport [e.g., Gelhar and
Axness, 1983; Dagan, 1989; Dagan and Neuman, 1997;
Harvey and Gorelick, 2000; Berkowitz et al., 2006]. A
major research challenge has been to develop field methods
that allow K information to be obtained at the resolution
needed to quantify solute movement in heterogencous
formations, as current state-of-the-practice methods have
proven to be of limited effectiveness for this purpose
[Butler, 2005].

[3] Direct-push methods have shown much promise for
characterizing K in shallow unconsolidated formations
[Hinsby et al., 1992; Lunne et al., 1997; McCall et al.,
2005; Sellwood et al., 2005]. Recently, two tools, the direct-
push permeameter (DPP) and the direct-push injection
logger (DPIL), have been developed and demonstrated in
controlled field settings [Butler et al., 2007; Dietrich et al.,
2008]. The DPP is a small-diameter tool with a short
cylindrical screen and two pressure transducers set into a
direct-push rod [Lowry et al., 1999; Butler et al., 2007]. A
series of injection tests are performed at a given depth and K
is estimated from the test data. The resulting estimate is a
weighted average over the interval (0.367 m in current tool)
between the screen and the farthest transducer [Liu et al.,
2008]. Material outside of that interval has little influence,
resulting in significant uncertainty about conditions between
test intervals. Although the DPP is much more time-efficient
than other approaches (e.g., slug tests), each test sequence
still requires 10—15 min in moderate to high-K intervals
[Butler et al., 2007]. The time required for a test sequence,
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coupled with the volumetric averaging of the tool, currently
limits DPP resolution to ~0.4 m in most cases.

[4] The DPIL consists of a single screened port on a
direct-push rod [Dietrich et al., 2008]. Water is injected
through the screen while the pressure response is monitored
behind the screen or at the surface. The injection logging
process can be conducted continuously as the tool is
advanced or in a discontinuous mode where advancement
is briefly halted while the injection rate is varied in a
stepwise fashion. The profile of the ratio of injection rate
to pressure reflects vertical variations in K. The DPIL
continuous advancement mode provides rapid and detailed,
but qualitative, K information (a 10-m profile at 0.015-m
resolution typically takes <30 min). Methods are needed for
transforming the DPIL ratios into K estimates [Dietrich et
al., 2008].

[s] We coupled the DPP and DPIL into a single probe,
called the high-resolution K (HRK) tool (Figure 1), to better
realize the potential of these probes. This new tool, which
has the external appearance of the DPP, is designed so that
water can be injected through both transducer ports and the
injection screen during advancement. Injection rates and
pressure responses are monitored continuously during
advancement, i.e., the tool functions in continuous DPIL
mode. Upon reaching a test depth, advancement ceases and
DPP injection tests are performed. The DPP test data are
then used to transform the high-resolution DPIL informa-
tion into K estimates. In this paper, we describe the
procedures and the results of an initial field application of
the HRK tool.

2. Field Application Overview

[6] The HRK tool was applied at the extensively studied
Macrodispersion Experiment (MADE) site on Columbus
Air Force Base in Mississippi, United States (Figure 2). The
shallow unconfined aquifer at the site consists of unconsol-
idated fluvial terrace deposits with an average thickness of
11 m. The major permeable unit is composed of poorly to
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Figure 1. Schematic of the high-resolution K (HRK) tool
(modified from Butler et al. [2007]). Gray circles
qualitatively illustrate equipotentials produced by injection
through the DPP screen in a homogeneous, isotropic
aquifer. During advancement, water is injected through the
injection screen and transducer ports. The DPP tool has a
similar appearance but does not have injection lines at the
transducer ports. The DPIL tool used in continuous
advancement mode has a single transducer-injection port
at PT2. The prototype HRK tool used in this work was
constructed by Geoprobe Systems of Salina, Kansas.

well sorted sand and gravel with small amounts of silt and
clay, overlain by overbank and channel deposits of a
meandering fluvial system and underlain by fine marine
sediments of the Eutaw Formation [Boggs ef al., 1992]. The
results from three major natural gradient tracer tests at the
site (MADE-1, MADE-2 and MADE-3; see Zheng [2006]
for a review) have stimulated widespread discussion on the
fundamental limitations of site characterization methods and
solute transport modeling in highly heterogeneous aquifers.

[7] In November 2008, 11 HRK profiles were obtained in
two areas (MLS and ICA cubes on Figure 2) of the MADE
site. Figure 3a shows an example sequence of DPP tests.
Upon reaching the test depth, advancement and injection
ceased. Once pressures at both transducers had recovered,
the injection test began. Three tests were performed at each
location to assess the reliability of the DPP K estimates; the
observed pressure responses determined how the injection
rate should be varied for the next test in the sequence. The K
estimates (note the consistency in estimates in Figure 3a; a
lack of consistency could indicate sensor instability or
formation alteration) were calculated using Darcy’s law
[Butler et al., 2007]. After testing was completed, the tool
was advanced to the next depth. During that advancement,
DPIL data were continuously collected at both transducer
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locations. A similar procedure was followed for all 11
profiles.

[8] Figure 3b shows the DPIL injection rates, injection-
induced pressures, and injection rate/pressure ratios for
profile 131108A. The injection rate and pressure were
measured every 0.015 m as the tool was advanced at
~0.02 m/s. In order to develop a relationship that can also
be used with a DPIL-only tool, the focus here is on the data
from the top transducer (PT2 in Figure 1), which is the
furthest from the DPP screen (thus minimizing the influence
of the DPP screen injection). The injection-induced pressure
was calculated by subtracting the assumed hydrostatic
background pressure from the pressure measured during
advancement. The assumption of hydrostatic background
pressure was verified using pressures collected immediately
prior to start of injection at each DPP test depth, and
hydrostatic pressure was linearly interpolated between these
depths. The ratio of injection rate to pressure (Figure 3b)
indicates considerable heterogeneity within the aquifer
(3.6—12 m) with a zone of relatively low K near the center
(7.5-9.0m). Note the large pressure increase when the tool
reaches the Eutaw Formation at about 12 m depth.

3. Data Analysis

[¢] The central idea of the HRK tool is to transform the
qualitative DPIL injection rate/pressure profiles into high-
resolution K estimates using a power law transformation,

K = 10°(DPIL)", or log,, (K) = a log,, (DPIL) +b, (1)

where a and b are coefficients whose values are determined
through calibration. Initial estimates of the coefficients are
used to generate K profiles that are input into a numerical
model that simulates DPP test responses for each profile.
Rather than trying to match the DPP responses for each
profile separately, the coefficients were adjusted to produce
the best match between observed and simulated responses
over the entire set of DPP tests performed at the site. This is
somewhat similar to the approach of correlating DPIL ratios
with K estimates from other methods [Dietrich et al., 2008].
However, in this work the DPP and DPIL data are collocated
so we are matching DPP pressure data to responses simulated
with transformed DPIL data from the same borehole, instead
of developing correlations with K data collected nearby
(thereby eliminating concerns about comparing K at different
scales and locations).

[10] The DPP tests from the 11 HRK profiles (53 test
depths with one test per depth) were simulated using the
cylindrical coordinate finite difference model Ir2dinv
[Bohling and Butler, 2001]. Assuming angular symmetry,
Ir2dinv solves the steady state flow equation, which is also
applicable under the steady shape (hydraulic gradient not
changing with time; Butler et al. [2007]) conditions rapidly
obtained in a DPP test (Figure 3a),

10 Oh 0 Ooh

where the head £ is a function of the radial coordinate 7,
vertical coordinate z; K, and K. are the radial and vertical
components of hydraulic conductivity, respectively.
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Figure 2. HRK profiles at the MADE site. Line A-A’ approximately follows the centerline of the
MADE-2 plume. The dashed line represents the boundary of the sampling network during the MADE-2
test (network no longer exists). The ICA cube is the site of previous intensive coring activity, while the
MLS cube is the location of a previous dual-well tracer test monitored with multilevel samplers.
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(a) DPP data from profile 131108A
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(b) DPIL data from profile 131108A
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Figure 3. Example DPP and DPIL data: (a) DPP injection
rate and pressure head difference between the transducers
versus time at depth 10.67 m (depth is the midpoint between
transducers; zero time is at the start of logging for that
depth) and (b) DPIL injection rate (mL/min), injection-
induced pressure head (m), and the injection rate/pressure
head ratio (mL/min/m) versus depth.

[11] The inner boundary condition at » = r,,, where r,, is
the tool radius (0.0225 m), is zero flow except at the
injection screen. The outer boundary condition at » = r,,
where r, is the distance from tool center to model edge
(40 m), is constant head.

[12] Each HRK profile was simulated using a grid of
551 layers and 42 cylindrical columns. All layers were
0.015 m thick so that the DPIL data could be directly
incorporated into the model; each layer was assumed to be
isotropic and homogeneous in K. The radial distance
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between the tool center and that of each column increased
exponentially to allow more detail near the tool.

4. Results and Discussion

[13] Figure 4 shows K estimates calculated from the DPIL
ratios using (1), along with K values computed analytically
from the DPP tests [Butler et al., 2007]. The calibrated
values of a and b were determined to be 2.5 and —9.0,
respectively. The root-mean-square residual (RMS) between
the log-transformed simulated and observed injection-in-
duced head differences for all 11 profiles (53 DPP tests) is
0.70. The log transform was used to give similar weighting
to large head differences in low-K zones and small differ-
ences in high-K zones. At 16 DPP depth intervals, there was
an inconsistency in K estimates between tests due to sensor
instability or formation alteration. Excluding those intervals
did not change the values of @ and b, but lowered the RMS
to 0.51.

[14] Profiles 101108 A-C and 141108 A-B were performed
in the MLS cube, while the other profiles were in the ICA
cube (Figure 2). DPIL K estimates vary from less than
0.0001 to 10 m/d in individual profiles (Figure 4), demon-
strating the high degree of heterogeneity at the site. In the
MLS cube, there is a consistent high-K upper zone. The
depth of the transition to lower K intervals varies (5.8—8.5 m)
between profiles. In the ICA cube, there are high-K intervals
in both upper and lower portions of the aquifer.

[15] DPIL-transformed K estimates are generally in good
agreement with the DPP estimates below 10 m/d. However,
in profiles 141108A and 141108B, the DPP K estimates for
a number of intervals exceed 100 m/d, while the DPIL K
estimates do not increase above 10 m/d. This insensitivity of
DPIL estimates to high-K zones is primarily due to our
inability to obtain measurable formation responses in those
zones because the transducer port losses greatly exceeded
injection-induced formation pressures. We anticipate that
the range of DPIL estimates can be extended by modifying
the ports on the prototype probe to diminish losses, accu-
rately characterizing those losses, and/or using higher
injection rates during advancement. In the absence of such
modifications, K estimates for the higher-K zones can only
be obtained with the DPP. Given the time required for a
DPP test sequence and the volumetric averaging inherent in
the DPP, the finest vertical resolution of the HRK tool in
higher-K zones will typically be ~0.4 m.

5. Conclusions

[16] In this paper, we introduce a new probe for charac-
terizing vertical K variations in shallow unconsolidated
aquifers, the high-resolution K (HRK) tool, that is the result
of coupling the recently developed direct-push permeameter
(DPP) and the direct-push injection logger (DPIL) into a
single unit. This HRK tool, which allows K estimates to be
obtained at a vertical resolution as fine as 0.015 m, was
applied at the highly heterogencous MADE site. A single
power law relationship was developed to transform the
qualitative DPIL injection rate/pressure ratios collected
during probe advancement into K values for all 11 profiles
from the site. The transformed values were consistent with
estimates from DPP tests in intervals where K is less than
10 m/d. In more permeable zones, the injection rates used
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Figure 4. K estimates calculated from the DPIL injection rate/pressure ratios using equation
(1) compared to DPP K values determined using Darcy’s law. The DPP K values are averaged over
0.4-m depth intervals (represented by the vertical bars). The upper limit for the DPIL K values is about 10
m/d, most evident in profiles 141108 A-B. The DPIL K values above that threshold are plotted as dashed
lines. Depth of static water level is 3.6 m for MLS cube and 3.9 m for ICA cube.

during advancement could not produce measurable pressure
responses with the prototype tool configuration and profil-
ing procedure, thereby limiting profiling to lower-resolution
DPP mode (~0.4 m). Modifications are needed to extend
the upper K limit for high-resolution (0.015 m) profiling in
highly permeable settings. This initial study demonstrates
the power of the HRK tool to rapidly characterize K
variations at a resolution that has not previously been
possible, providing a new means to address unresolved
issues of subsurface solute transport in highly heteroge-
neous systems.
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