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expanded analytical solution and in situ application

Charles J. Paradis1, Larry D. McKay1, Edmund Perfect1, Jonathan D. Istok2, 
Terry C. Hazen1,3,4,5,6,7

1Department of Earth and Planetary Sciences, University of Tennessee, 
Knoxville, TN 37996, USA 2School of Civil and Construction Engineering, 
Oregon State University, Corvallis, OR 97331, USA 3Biosciences Division, Oak
Ridge National Laboratory, Oak Ridge, TN 37830, USA 4Department of 
Microbiology, University of Tennessee, Knoxville, TN 37996, USA 
5Department of Civil and Environmental Sciences, University of Tennessee, 
Knoxville, TN 37996, USA 6Center for Environmental Biotechnology, 
University of Tennessee, Knoxville, TN 37996, USA 7Institute for a Secure and
Sustainable Environment, University of Tennessee, Knoxville, TN 37996, USA

In the recent article by Paradis et al. (2018), an error was made when 
developing a conceptual model and an analytical solution to describe the 
one-dimensional displacement of the center of mass of a non-reactive 
tracer during a single-well injection, drift, and extraction test (push-pull 
test). Paradis et al. (2018) conceptualized that the displacement of the 
center of mass of a tracer during the injection phase (r1) can be attributed 
to two processes, as follows: (1) radial divergent and symmetric flow about 
the well due to the forced-gradient injection (ri) and (2) one-dimensional 
and horizontal flow away from the well due to the natural-gradient 
(ambient) flow of groundwater (ra1) (Fig. 1). Conceptually, the displacement 
of the center of mass of a tracer due to the forced-gradient injection (ri) is 
equal to zero, i.e., the center of mass is at the exact location of the well due
to radial divergent and symmetric flow about the well (Fig. 1). Therefore, 
the displacement of the center of mass of a tracer during the injection 
phase (r1) can be solely attributed to one-dimensional and horizontal flow 
away from the well due to the natural-gradient (ambient) flow of 
groundwater (ra1) (Fig. 1).



In Eq. (9) of Paradis et al. (2018), the displacement of the center of mass of 
a tracer during a push-pull test was analytically attributed to several terms, 
as follows:

The first term on the left-hand side of Eq. (C1) describes the flow due to the
forced-gradient injection. However, the center of mass of a tracer, that can 
be attributed solely to the forced-gradient injection, is always the center of 
the well, i.e., equal to zero displacement, due to radial divergent and 
symmetric flow about the well. Therefore, Eq. (C1) given here and Eq. (9) in
Paradis et al. (2018) should be written as:

As described in Paradis et al. (2018), Darcy’s law can be written to include 
effective porosity, substituted into Eq. (C2), simplified, re-arranged to solve 
for effective porosity, and re-written to describe the center of mass of a 
tracer as given by:



Equation (C3) more accurately describes effective porosity when accounting
for the one-dimensional displacement of the center of mass of the tracer 
due to ambient groundwater flow during the injection phase (ti). This is in 
contrast to the solution by Hall et al. (1991) as given by:

Equation (C4), like Eq. (C3), describes effective porosity but does not 
account for the one-dimensional displacement of the center of mass of the 
tracer due to ambient groundwater flow during the injection phase (ti).

One of the conclusions from Paradis et al. (2018) stated that “the failure to 
account for displacement during the injection phase may lead to a 
substantial underestimation of the magnitude of effective porosity”. This 
conclusion still holds true as demonstrated by values of effective porosity 
that are substantially greater (≈2-fold) as calculated from Eq. (C3) 
(corrected Paradis et al. (2018)) versus Eq. (C4) (Hall et al. (1991)) for the 
tests conducted by Paradis et al. (2018) (Table 1, which is a modification of 
the original Table 3 in Paradis et al. 2018).



Moreover, all other conclusions from Paradis et al. (2018) that include: “(1) 
the analytical solution to describe the displacement of the center of mass of
a tracer during a push-pull test can be expanded to account for 
displacement during the injection phase, (2) the transport of a tracer during
the injection phase of a push-pull test may not be truly negligible,” and “(4)
single-well push-pull tests can be readily applied to multiple wells within a 
study site to assess the spatial variability of effective porosity, and (5) the 
error-propagated uncertainty in the value of effective porosity can be 
mitigated to a reasonable level by careful consideration for the precise 
determination of the aquifer properties and the push-pull test parameters”, 
also hold true.

In summary, Eq. (C3) given here is the corrected version of Eq. (18) in 
Paradis et al. (2018) to describe effective porosity when accounting for the 
one-dimensional displacement of the center of mass of the tracer due to 
ambient groundwater flow during the injection phase (ti). The authors would
like to sincerely thank Felix Tritschler from the Helmholtz Center for 
Environmental Research - UFZ for bringing the error to light and for 
assisting in the correction to the error.
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