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Overview on field data at MADE site
Table 1 provides a list of subsurface investigation activities performed at the MADE site located
on the Columbus Air Force Base, Mississippi. Monitoring campaigns at the nearby 1-Ha test site,
e.g. Young [1995]; Herweijer [1997] are not included.
Table 1: Summary of observation data on hydraulic conductivity at MADE site with number of
campaigns in brackets.
Method of Measurement
Groundwater level monitoring (1)
Soil sampling (2)
Pumping tests (1)
Slug tests (1)
Packer tests (1)
Permeameter tests (1)
Borehole flowmeter (3)
DPIL, DPP (2)
Surface geophysics (2)
Natural gradient tracer test (MADE1, MADE-2, MADE-3)
Force gradient tracer test (MADE-4,
MADE-5)

References
Boggs et al. [1990]
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Boggs et al. [1990]
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Boggs et al. [1990]; Bowling et al. [2005]
Boggs et al. [1992]; Rehfeldt et al. [1992];
Boggs et al. [1993, 1995]; Julian et al. [2001]
Liu et al. [2010]; Bianchi et al. [2011a]

Details on Hydraulic Conductivity Structure A
Module (A) for MADE comprises of two deterministic zones whose presence is indicated by the
piezometric surface map (article Figure 1a) and two large scale pumping tests (article Figure 3a)
[Boggs et al., 1992]. Zone Z1 is an area of low conductivity from upstream of the tracer input
location to x = 20 m downstream with a specific mean value of K̄Z1 = 2e − 6 m/s. Zone Z2
is an area upstream beyond 20 m from the source location with a high mean conductivity of
K̄Z2 = 2e − 4 m/s.
The value of K̄Z2 is the outcome of a large scale pumping test [Boggs et al., 1990]. The test
was performed about 60 m downstream of the source location within the distribution area of the
tracer plume (article Figure 3a). Conductivity estimates for different observation wells reveal
little spread. Thus, the test’s support area is of relatively uniform high conductivity.
The conductivity in zone Z1 is critical because the value in the vicinity of the tracer injection
area determines the early plume development. Boggs et al. [1990] reported a mean conductivity
of 2e − 5 m/s for a large scale pumping test AT1 which was performed about 90 m upstream of the
source location (article Figure 3a), thus outside of the tracer distribution area. The conductivity
values from the individual observations wells show a large spread indicating strong heterogeneity
within this area. Furthermore, pumping tests tend to emphasize the impact of high conductivity
areas, possibly overestimating the mean conductivity.
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Since the tracer injection site is not located within the support volume of the pumping test AT1,
we consider additional data taken during tracer injection. Water levels were monitored manually
in the injection wells and seven observation wells close to the source [Boggs et al., 1990]. A pressure
head increase of more then 0.5 m up to 0.64 m was observed in all injection wells. Combining
the head increase with the mean injection rate of Qin = 1.15e − 5 m3 /s indicates an average
conductivity of K̄Z1 = 2e − 6 m/s in the source area.

Details on parametric uncertainty for binary structure A+B

Figure 1: Mass distribution at T = 126 days for conductivity concept (A+B) for various input
parameter combinations of inclusion structure: inclusion length IL , volume fraction of
inclusions p, distance of zone interface xI to source location and mean conductivity K1
of zone Z1 (source area). Mass distribution for standard parameters in black. MADE
experiment observations in red.
Figure 1 shows the longitudinal mass distributions for different combination of input parameters
for the binary inclusion structure (A+B). Within every panel, one parameter was varied in comparison to the standard parameter choice of KZ1 = 2e − 6 m/s; KZ2 = 2e − 4 m/s; p = 15%;
Il = 10 m; Iv = 0.5 m; and xI = 20 m.
The inclusion length and the choice of the conductivity contrast between the zones show the highest impact. The later was expected as the mean conductivity determines the average flow velocity
and thus the peak location and plume width. The horizontal inclusion length Ih determines the
connectivity of the source area to the high conducitivity zone. Thus, the larger Ih the higher is
the amount of mass transported downstream, visible at the lower mass peak value at x = 5 m
and higher second peak at x = 25 m for Ih = 20 m. The uncertainty bands in (article) Figures 6b
and 7 coincide with the upper and lower range of ensemble results for Ih = 5 m and Ih = 20 m.
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Other parameters as the distance of the interface to the injection location xI , the volume fraction
of inclusion p (Figure 1) as well as the vertical inclusion length Iv have minor effects, at least
within the range tested. Similarly, the choice of sub-scale heterogeneity parameters is secondary
since the inclusion structure dominates the mass distribution. We tested values up to σ 2 = 2
and found nearly no difference to the results of the standard setting for the conductivity concept
(A+B+C).
In general, all parameter combinations within the value ranges determined for MADE show a
similar mass distribution pattern. In this regard, the binary structure is very stable towards
parametric uncertainty.

Details on flow and transport model settings
The simulation domain is a 2D cross section with x ∈ [−20, 200] m and z ∈ [52, 62] m generously
comprising the area of the MADE-1 tracer experiment [Boggs et al., 1992]. The grid has a
resolution of ∆x = 0.25 m and ∆z = 0.05 m. The temporal resolution is one day, with hourly
resolution of the first 10 days. Flow boundary conditions are no flow at the top and the bottom
of the domain and a constant head of h = 63 m at the left and h = 62.34 m at the right, resulting
in a mean head gradient of J = 0.003. The porosity was set to 0.31.
The tracer input takes place at a central injection well located at x = 0 with a screen of 0.6 m
length at z ∈ [57.2, 57.8] m. Tracer was injected over 48.5 h with forced input conditions. The
injection rate is Qin = 1.166e − 5 m3 /s. Solute injection mode is flux related, which take the
distribution of conductivity at the injection well into account. Specifically, injection along the
well distributes proportional to the local conductivity. This way mass mostly enters preferential
zones of high conductivity which represents best natural injection conditions at heterogeneous
sites such as MADE. The values have been adapted from the experimental setting reported by
Boggs et al. [1992]: "The method of injecting the tracer solution into the aquifer was designed, to
the extent possible, to produce a uniform pulse release of tracers into approximately the middle
of the saturated zone of the alluvial aquifer with a minimal amount of disturbance to the natural
flow field. Five 5.2-cm-diameter injection wells spaced 1 m apart in a linear array, each screened
between depths of 7.4-8.0 m below ground surface, were used to introduce the tracer solution into
the aquifer. Beginning on October 28, 1986, 10.07 m3 of groundwater containing 2500 mg/L of
bromide and 400 mg/L of each of the FBA tracers was metered into the the injection wells at a
uniform rate over a period of 48.5 hours." This way a plume front was created which is described
by the advection-dispersion-equation under uniform flow boundary conditions and a transport
initial condition of a plane. Under these initial and boundary conditions, the movement of the
plume centre can be dimensionally reduced. We model the plume development along the vertical
cross section of the central injection well, which covers a fifth of the total injection rate, thus
Qin = 1.166e − 5 m3 /s.

Details on model dimensionality
The model setup we present is 2D although in many applications of heterogeneous hydraulic
conductivity it is well known that dimensionality (i.e. 2D vs. 3D) can make a significant difference
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Figure 2: Realization of a three dimensional binary inclusion structure with p = 15% inclusions
and inclusion lengths Iy = Ix = 10 m, Iz = 0.5 − 1 m. Black areas corresponds to low
and white to high conductivity. Length is reduced to x = 60 m, source is located at
x = 0.
in the flow and transport pattern [Zinn and Harvey, 2003; Jankovic et al., 2017].
To check the dimensionality effect, we performed simulations for a 3D conductivity conceptualizations with binary inclusion for the MADE transport experiment. Therefore, we generated
a reduced set of realizations of binary inclusion, which now also expand in the transverse horizontal direction. The domain covers a 3D grid with dimensions x ∈ [−20, 200] m, z ∈ [52, 62] m
(similar to the 2D domain) and y ∈ [−15, 15] m and a resolutions of dx = 0.5 m, dy = 1.0 m and
dz = 0.25 m. The inclusion structure is conceptually the same as for the 2D cross section, now
expanding also in y–direction with an inclusion length of Iy = Ix . The inclusion length Iy was
chosen identical to the one in x–direction given no clear indication of horizontal anisotropy by
the head and conductivity data. Figure 2 displays a realization of the three dimensional binary
inclusion structure.
We found almost no differences between 2D and 3D results of flow patterns and mass distribution
pattern. We relate that to the conceptualization of the binary structure: Assuming horizontal
isotropy, the inclusion lengths are identical in both horizontal directions. Thus, extending the
binary structure in y–direction perpendicular to main flow is like combining many copies of the 2D
cross section. The structural pattern does not change over the length of the horizontal inclusion Iy ,
e.g. 5, 10 or even 20 m. Consequently, deviations of flow in the horizontal direction perpendicular
to the head gradient are negligible. Thus, there is no real change in the flow pattern, in mean
velocity and preferential flow between binary structures in 2D and 3D.
We relate the very light differences between 2D and 3D results to a slight increase of mean flow
velocity due to a higher connectivity of inclusion in 3D. However, this is only relevant over a large
domain and does hardly impact the local flow pattern in the area where transport takes place.
Dimensionality is important in (purely) log-normal random fields, where uniform flow through
heterogeneous fields shows higher effective K values in 3D than 2D. Here, conductivity values
change gradually in all directions. Thus, adding a third dimension perpendicular to the main
flow direction allows to circumvent areas of low conductivity and thus increases the effective mean
flow velocity. In the binary material, there are no gradual changes. A layer of low conductivity
in horizontal direction extends in both horizontal directions, being an obstacle for the flow and
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not allowing to circumvent low-K regions by deviating from the main flow direction.
We like to stress, that when applying the proposed heterogeneity conceptualizations for modelling
flow and transport in other application, it should be considered to setup the model in 3D. This is
particular relevant when heterogeneity is dominated by a log-normal distribution (modules C). A
reduction in complexity by using 2D models is warranted when conductivity conceptualizations
is dominated by the binary structure (module B).
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