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Summary
Below are the three main issues that | identified with respect to this paper:

1- The conceptualization is poor, it does not take into account available geological information.
The modelling process does not adhere to well-published standard practices for this type of
hierarchical modelling. Some key features of the data which underpin the conceptualization
are not addressed, most critically, inconsistencies regarding the basic data (K values).

2- The analysis is conducted in a single 2D-vertical cross-section assuming symmetry in one of
the horizontal directions. This is not in accordance to observed piezometric level and tracer
test data showing flow and transport in both horizontal directions. The results of the 2D
model cannot be used for quantitative analysis.

3- The paper incompletely references geological issues very relevant to conceptualization of
heterogeneous aquifers. Especially when it comes to options for geological analysis and
modelling, some statements in the paper are not well documented and potentially
misleading

Based on point 1 and point 2, | reject this manuscript.

The MADE data set is the result of significant efforts to collect a 3D dataset of hydraulic conductivity
and tracer transport observations. Many papers have been published addressing various aspects of
the data and the geological concepts, showing significant variability in 3D of hydraulic conductivity
and tracer transport. Creating models in 3D that take into account these data is well within the
realm of what is technically possible. No scientific rationale is presented to explain why the model
has been restricted to only 2D.

1 — Conceptualization is incomplete, inadequate and not novel

The paper promises a 'novel' conceptualization. However, the paper falls short of an

adequate conceptualization. As discussed in 1a below, very adequate conceptualizations have been
provided for the MADE aquifer (eg. Herweijer, 1997) and the MADE site in particular (eg. Julian et al.,
2001), and these should be referenced and compared with the proposed approach. Also, as
discussed in 1d below, the 'nested' scale' approach chosen by the authors is not novel.



la) Creating K zones based on the change in piezometric surface was earlier discussed for the MADE
site by Rehfeldt (1992) and Herweijer (1997). These K zones are related to the main

geological feature at the site that has been reported about in several papers (eg. Herweijer and
Young, 1991; Young 1995; Herweijer, 1996, 1997; Julian 2001; Bowling et al., 2005). The single
vertical K zone model presented in the paper is incorrect. Herweijer (1997) established that the
MADE aquifer consists of a two layer system where a high K channel deposit incised in somewhat
older lower K deposits (see figure below).
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Bowling et al. (2005) shows via GPR data a similar two-layer system with a unit of coarser sand and
high energy depositional bed-forms overlaying a more stratified lower sand unit. The same two-layer
system can also be seen in figure 2 of the paper under review, as the borehole flowmeter K data of
wells F20 and F40 show a sharp increase of K above the 56-67 m depth level.

The two-layer system is also clearly reflected in the Tritium plume of the MADE-2 experiments (see
figure below from Boggs et al., 1993).
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In order to obtain a much more realistic conceptual model, the authors should use the above
references on the geological background of the high K contrast. The conceptual model should also
include the vertical K contrast at ~ the 57-58 m depth level as indicated by figure 2 in their paper
and shown by various references cited above. The paper should also present a cross-section of the
modelled vertical tracer distribution to compare with the observed vertical tracer distribution.



1b) At the scale below the main zonation scale referred to in 1a above, the authors then insert
binary K contrast 'inclusions' representing a medium scale of heterogeneity. This binary (Boolean)
technique has been commonly used (eg. Haldorsen and Lake, 1984, Desbarats 1987) to create a
heterogeneous architecture at various scales. The dimensions of these ‘inclusions’ assumed by the
authors, seem not to be based on any field evidence or analogue systems. Rehfeldt (1992) shows a
section of a nearby quarry with potential dimensions of these inclusions. Herweijer and Young
(1991) show how pumping test data reveal some insights regarding the hydraulic continuity of these
inclusions. Herweijer (1997) specifically mentions some scenarios for dimensions based on
sedimentary analogues for the same aquifer. Bowling (2005) shows detailed data for the same site,
where GPR sections show some of the sedimentary structures controlling heterogeneity on this
scale

In order to improve the conceptual model, the authors should elaborate on the nature of these
inclusions and use the dimensional information for the inclusions contained in the above
references.

1c) At the next lower scale level, the authors use randomized K values from the borehole flow meter
data. Figure 4 shows several datasets for K distribution, and there is a significant discrepancy
between the mean and the range of borehole flowmeter data and the K datasets. For the borehole
flowmeter the log-normal mean is a factor 5 lower than the pumping test value that represents the
bulk of these BHF data (the pumping test in the high K zone — the channel deposit). The mean of the
K derived from grain-size is a factor 2 higher than the pumping test value, which could indicate that
the K values derived from grainsize would be more reliable to represent the high end of K values.
This type of differences between hydraulic conductivity data is not uncommon. Apart from data
acquisition issues, the differences between differently measured K values can often be traced back
to scale effects, which are of utmost relevance to conceptualization, and should be addressed in the
paper. The authors should also review for example Rehfeldt ea. (1989) and Young (1998) regarding
some issues with the borehole flowmeter data specific to the MADE aquifer. Young (1995) and
Herweijer (1997) show at the neighbouring MADE-1HA test site borehole flowmeter K-values for the
same sediments. They publish values with a higher log-normal mean and maximum, which
corroborate the grain-size K values for the MADE site as shown in figure 4 of the paper under review.
This extreme end of the K distribution has at the MADE-1HA site a significant effect forming high-K
pathways (Young, 1995; Herweijer, 1997)

In order to support the conceptual model, the authors should review the meaning of the different
hydraulic conductivity values as measured for the MADE site and how that impacts the conceptual
model. They also should explain specifically why the borehole flowmeter data were selected, why
the deviation between the mean of the borehole flowmeter data and the relevant pumping test is
acceptable and, why the borehole flowmeter data are preferred to the grainsize K data (which
seem to better represent this pumping test and the high end K values).

1d) The hierarchical/nested scale approach using deterministic zonation with various levels of binary
and continuous stochastic infill is not 'novel'. It has been widely used before, and the authors should
reference some earlier work applying this approach (see eg: Damsleth et al, 1990; Herweijer, 1997
section 6.6, specific to the MADE aquifer — see also first figure of this review; Smith et al., 2001;
Yupeng & Shenhe, 2013)

The authors should quote above references as examples of the hierarchical method they employ,
and not refer to their approach as novel, neither in general nor specific to the MADE aquifer.



2 — Use of 2D model for a 3D plume
The paper presents a 2D cross-sectional model along the main axis of flow.

The field data show a major component of flow transversal to the main flow. The tritium plume
picture below from Boggs et al., 1993) shows that initially the tracer released at the 5 injection wells
converges and subsequently diverges. An elongated finger of the plume shows further downstream,
but probably already developed closer to the source area. This finger is probably related to some
very high K pathways related to sedimentary structures that are highly anisotropic and directionally
variable (Young, 1995; Herweijer, 1997).
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Figure 4-2 Horizontal Sections Through Tritium Plume at Elevation 59.5 m at 27, 132, 224, and 328 Days

The Bromide plume shows similar transversal movement (including a sharp sideways movement
close to the source) and downstream patchiness (see eg. Julian et al., 2001, fig 5 &13)
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The piezometric surface map around the injection zone (Rehfeldt et al., 1992, see figure below)
shows a complex convergent and then divergent pattern. This is probably due to refraction of the



flow lines at the boundary of two zones with very different K values and which occurs at an angle to
the regional flow direction (Freeze and Cheery, 1979).
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Given a clear horizontally anisotropic flow and transport pattern, a 2D analysis/model is very
limited and unrepresentative. A 3D model should be used. The results of the 2D model cannot be
used for quantitative analysis.

3 — Potentially misleading remarks re use of geological data and geological models

The paper makes (line 53-57, 64) statements re. the use of geological data (training images) and
geological models referring papers that are 20+ years old (Koltermann and Gorelick, 1996;
Herweijer, 1997).

In line 54, the authors dismiss training images as limited available and unrepresentative. This
statement is incorrect: training images are quite widely available sourced from satellite images
(Google Earth) and extensive literature on geology, sedimentology and paleogeography. This holds
especially for relative recent shallow deposits which form the MADE aquifer, and which are often the
subject of groundwater modelling efforts.

Herweijer (1997) provides a number of references to the sedimentology and paleogeography of the
MADE site, which would provide a very good start with respect to representative training images.
Ronayne et al. (2008) give a good example of a model based on training images to model a
hydrogeological test site.

The paper also states that geological models as used in the petroleum industry have not found their
way into applied hydrogeology (line 64), a statement which is quite strong, and in my view incorrect.
Alloisio, (2011), Dowling et al. (2013) and Peereboom (2018) are examples of applications for a
variety of shallow to deep aquifers. Even if it is the case that this type of modelling has not ‘found its
way’ into widespread use in hydrogeology, this is not a reason to simply to set it aside from a
research point of view. The authors should explain why their approach is ‘better’ than the standard
geological modelling methods used in the petroleum industry and the hydrogeological applications
of these methods referenced earlier in this paragraph.

The authors should re-assess the literature on the above matter and correct their statements
about the use of geological data and models.



Some further issues in need of clarification

Line 335 and last section of supplement

As earlier discussed, the MADE plumes are variable in 3D and should really be modelled in 3D

The sections explaining the 3D modelling effort to confirm the validity of the 2D model are
confusing. It is unclear if the 2D model was simply copied in the 3™ dimension, ie. is completely
symmetric in the 3™ dimension, or if some sort of heterogeneity in the 3™ dimension was included.
The supplement also states that the extension in the 3" dimensions has no impact because of the
binary nature of the ‘inclusions’ vs. K values that change gradually. If transport being restricted to a
2D cross-section of a 3D model is a significant impact of the binary conceptualization, than the
binary conceptualization should not be used, as gradual changes of K are the norm for non-
fractured/fissured aquifers such as the MADE aquifer

It would also be informative if the authors would present a visualization (map or x-section slices) of
the 3D model and the modelled plume. It should also be looked at if a small level of transversal
dispersion (representing very small scale heterogeneity) would have a significant impact on the 3D
version of the 2D model.

Line 330- 334 and section ‘details on flow and transport’ section in supplement

The injection rate modelled is Qin = 1.166e-5 m3/sec. The injection rate quoted by Boggs et. al. is
10.07 m3/48.5 hr which converts to 5.57e-5 m3/sec. If any adjustment has been made to the
injection rate (perhaps to adapt for the 2D model setting?) this has to be clarified.

The paper states: We use a flux related injection representing natural conditions. For technical
details, the reader is referred to the Supporting Information. This is unclear and there seems to be
no further specific discussion on ‘flux related injection’ in the supporting documentation.

Section 3.4 - calibration and predictive capacity of model

The model matches data in a line downstream of the injection, but as discussed earlier in the review
(point 2) does not represent any 3D movement of the plume close to the injection point and further
downstream. The paper also does not show a vertical cross-section of the observed vs the modelled
tracer distribution. Hence any calibration is quite limited and potentially has limited predictive value

As discussed in the paper (line 270) there is significant uncertainty due to the mass balance issues
with the bromide tracer (~50% in snapshots past 300 days). The calibration could be (should be?)
tested using the MADE-2 tritium tracer test (Boggs et al., 1993), which seems to have resulted in a
better mass balance (77% in final snapshot at 328 days).

Title

There is a grammar error in the title (the part which reads ‘in a Heterogeneous Aquifers’). It should
be either ‘in a Heterogeneous Aquifer’ or ‘in Heterogeneous Aquifers’
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