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Key Points:

+ Syn-depositional macropores generated in a palaeo soil can increase pore connectivity and
therefore the vertical hydraulic conductivity.

+ Syn-depositional macropores are present at greater depths than post-depositional features
which are more prevalent in the near surface.

+ The scale of the macropores is of the order of mm and likely represents palaeo root chan-
nels and/or biological pathways.
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Abstract

Clay rich deposits are commonly assumed to be aquitards which act as natural hydraulic barri-
ers due to their low hydraulic connectivity. Post-depositional weathering processes are known to
increase the permeability of aquitards in the near surface but not impact on deeper parts of rela-
tively thick formations. However, syn-depositional processes affecting the hydraulic properties of
aquitards have previously received little attention in the literature. Here, we analyze a 31 m deep
sediment core recovered from an inland clay-rich sedimentary sequence using a combination of
techniques including particle size distribution and microscopy, centrifuge dye tracer testing and
micro X-ray CT imaging. Sub-aerial deposition of soils within these fine grained alluvial deposits
have led to the preservation of considerable macropores (root channels or animal burrows). Con-
nected pores and macropores thus account for vertical hydraulic conductivity (K) of 4.2 - 107°
m/s (geometric mean of 13 samples) throughout the thick aquitard, compared to a matrix K that
is likely <107'° m/s, the minimum K value that was measured. Our testing demonstrates that such
syn-depositional features may compromise the hydraulic integrity of what otherwise appears to
have the characteristics of a much lower permeability aquitard. Heterogeneity within a clay rich
matrix could also enhance vertical connectivity, as indicated by digital analysis of pore morphol-
ogy in CT images. We highlight that the paleo-environment under which the sediment was de-
posited must be considered when aquitards are investigated as potential natural hydraulic barriers
and illustrate the value of combining multiple investigation techniques for characterising clay-rich
deposits.

1 Introduction

Clay rich deposits are often considered to behave as aquitards and protect underlying aquifers
from aqueous contamination. In such instances aquifer protection is typically assumed to be pro-
vided by thick homogeneous clay sequences through which solute transport is slow since it is gov-
erned primarily by molecular diffusion. Many studies of clay dominated aquitards, have, however,
documented features that serve as preferential flow paths permitting significant flow via advection,
including biogenic channels [Hinsby et al.l 1996} Jorgensen et al.||2002; |\Vulava et al.||2007], dis-
crete silt or sand layers [|[Wealthall et al.|[2001; |Cuthbert et al.l,2009], desiccation cracks |Wealthall
et al.,|2001; |Cuthbert et al.,| 2010, fractures [Greve et al.,[2010a} |Rudolph et al.,|1991} | McKay
et al.,|1993]] and paleo organic matter [White et al.,[2008]. Indeed, preferential flow paths have
been documented to exhibit a hydraulic conductivity (K) several orders of magnitude faster than
the surrounding matrix. For example, McKay et al.|[1993] measured a range for horizontal K of
107 to 107'% m/s, with preferential flow pathways through a glacial till identified as fractures to
a depth of 6 m below ground level (BGL) and roots, root casts and fractures to depths of 3-4 m
BGL. Rudolph et al. [1991] noted that preferential flow paths with apertures of 30 um could ex-
plain deep movement of water in an aquitard above an important aquifer in Mexico City.

Buried paleosols are reported in the literature, however, no reports of macropores within
buried paleosols have been identified. Paleosols within loess were reported in Southwest Ger-
many, where the uppermost 9.5 m of a Late Pleistocene loess paleosol was investigated [|Gocke
et al.|2017]]. In an area of Washington and Idaho, |Busaccal[[1989] reported multiple buried pale-
osols up to 75 m deep acting as restrictions to flow. These thick loess deposits consisting of pa-
leosol sequences, were evaluated to 6 m depth using environmental tracers [[O’Geen et al., 2005],
with no reports of macropore flow.

Where preferential flow pathways do penetrate through an otherwise low permeability unit,
they can act as highly efficient conduits for groundwater recharge [Acworth and Timms|,2009;
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Cuthbert and Tindimugayal, 2010]]. Vertical connectivity could also be enhanced by textural het-
erogeneity, particularly if there are sufficient coarser grained deposits to provide a flow pathway.
The availability of pathways for fluid flow and contaminant transport enhances hydraulic connec-
tivity. Connectivity through preferential flow can lead to more complex, and therefore expensive,
remediation scenarios, and could have implications for mining or coal seam gas development that
relies on a competent flow barrier to limit surface impacts.

Hence, understanding the origin and nature of preferential flow in aquitards is critical in
order to successfully manage groundwater resources, with a key concern being to determine the
depth BGL at which such features can occur. The majority of studies to date have investigated
aquitards where preferential flow pathways were formed via post depositional processes. In such
instances preferential flow pathways typically propagate from the surface (e.g. fracturing due
to stress relief on unloading, dessication cracks, rootholes, biogenic channels) and are therefore
mostly restricted to the top few meters of the aquitard [Klint and Gravesen,|1999;|0°Hara et al.|
2000]. In contrast, there have been few investigations to date on the influence of syn-depositional
preferential flow pathways (i.e. paleorootholes, paleosols, tectonic fractures) on aquitard hydraulics
[[White et al.,2008; Jorgensen et al., 1998}, |Emanuel and Sapsford), 2016 Neuzil, 1994]. In such
scenarios preferential flow pathways are formed during aquitard deposition (e.g. vegetation growth
and associated root holes that are pervasive or provide channels) and are buried as the aquitard de-
posits accumulate. Whilst it is likely that increasing confining stress during aquitard burial would
result in an associated decrease in the permeability of such features, in theory it is possible that
hydraulically active features could remain present independent of depth under suitable deposi-
tional and diagenetic conditions. For example, hydraulically active features may be retained if
loads and stresses on the sediments at the site do not exceed pre-consolidation stresses that have
been determined from geotechnical analysis of core samples from this site [Bouzalakos et al.|
2016].

Investigations of a 31 m deep clayey silt palacovalley fill from Cattle Lane, Australia [Ac-
worth et al.||2015]], have revealed the potential for hydraulically active flow paths. Geotechnical
centrifuge techniques [Crane et al.,[2015; |Timms et al.,|2016] found that vertical K varied be-
tween 1.4 - 1078 and 1.1 - 1071 m/s with a geometric mean value of 4.2 - 10~ m/s (13 samples,
5-31.4 m BGL), values that were consistent with in situ vertical K values [[Timms and Acworth,
2005]. The vertical K values are high for an aquitard (as defined by K of 1078-1071 m/s [Neuzil,
1994])) and have prompted more detailed investigation into the depositional properties and ground-
water processes at this site.

The valuable agricultural soils at the site, and buried paleosols are part of a regionally ex-
tensive sheets of smectite dominated material, weathered from Palaeocene volcanics. In this re-
gion, smectite clays overlie sand and gravel alluvium (that contain fresh groundwater) that occur
in Early Cenozoic erosional valley systems cut into Permo-Triassic sandstone, shale and coal de-
posits. The agricultural and mining sectors are frequently in competition over landuse and water
resources in this region.

In this paper, we analyze in detail parts of a sediment core from the clayey silt sequence at
Cattle Lane, Australia. We consider hydraulic connectivity with multi-scale techniques includ-
ing dye tracing and analysis of particle size and heterogeneity. Connectivity is also described by
quantitative measures including: a connectivity threshold based on drill hole lithology logs at site
scale; vertical hydraulic conductivity of the aquitard at the site; and digital core analysis using mi-
cro X-ray CT technology that indicates connectivity of pores.
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The results are then integrated with previous findings on the vertical hydraulic conduc-
tivity as well as age dating that indicates that aquitard integrity may be compromised by syn-
depositional macropores. Our results have significant implications for the consideration of aquitards
as natural hydraulic barriers.

2 Methodology
2.1 Field site and previous work

The core samples and groundwater used in this study were sourced from the Cattle Lane
research site (Lat: -31.5166, Long: 150.4686), which is located (Figureﬂ]) on the Liverpool Plains
of northern New South Wales in Australia.

An initial bore was drilled at the site in 1978 (GW 30061) to basement at 102 m, then back-
filled to 56 m and completed as a piezometer. Additional piezometers (GW 40822-1, 2, 3 and 4)
were completed in 1998 [Acworth and Timms, |2009] to characterize the aquifer and overlying clay
dominated material. In 2012, a continuous core was recovered (Core hole on Figure E]) to ~31.5m
using a Treifus triple-tube core barrel [Acworth et al.||2015]). The core barrel was 1.5 m long but
as the cores were collected by pushing the central tube down while rotating the outer drill bit, the
formation resistance was sometimes too great to completely fill the 1.5 m barrel. A total of 21
cores in 1.5 m lengths (maximum) were recovered directly into the 101.6 mm ID clear PVC core
tubes used to line the Treifus barrel [[Timms et al.,|2016]. Geophysical logging was completed for
all the bores. The logs shown on Figure@]are from Borehole G2, close to the core hole.

Further details on methods to minimize disturbance to the cores during sampling and labo-
ratory testing are detailed by [Zimms et al.| | 2016]]. Minimizing structural and moisture changes to
these clayey cores was important for reliable characterization of macropores and hydraulic con-
nectivity.

A graphical summary of some of this earlier work is presented in Figure 2] to provide overall
context for the location of sediment samples described in this study. The entire 31 m sequence at
Cattle Lane has previously been dated, using a combination of radio-carbon and optically stimu-
lated luminescence, to be younger than approximately 120 ka [Acworth et al.,[2015].

The depth to the saturated zone at this site is less than a meter or two below ground [Timms
and Acworth,,|2005; |Acworth et al.|[2017]]. Pore pressures within the clay sediments respond to
barometric and earth tide strains and loading of moisture within the surface soils [Acworth et al.}
2016, 2017]. Swelling during wetting of these smectite soils was observed to close surface cracks
that were up to 30mm wide, resulting in a more homogeneous soil [Greve et al.,[2010b} 2012]]. A
transition from crack flow to matrix flow in response to increasing moisture occurred at depths of
at least 0.5m from the surface during laboratory experiments [|Greve et al.,|2012]. Dye tracing of
cores in this study were from depths below the saturated zone and surface cracking.

2.2 Particle size distribution

Samples used for particle size distribution (PSD) analysis were obtained from the non- ro-
tating shoe at the cutting end of the core barrel to avoid disturbing each core within the liner. Each
sample with a mass of ~40 g was air dried for 28 days and then immersed in 100 mL of Milli-

Q water (> 18.2 MQcm) and then sonicated for 60 minutes using a Soniclean 120T. Approxi-
mately 400 mL of Milli-Q water was added and the resultant slurry mixed in a rotary tube mixer
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at 10 rpm for 60 minutes. The slurry was then centrifuged at 1,000 g and the supernatant removed.
Approximately 450 mL of Milli-Q water and 50 mL of 25% sodium hexametaphosphate were then
added and mixed using a rotary tube mixer at 10 rpm for 16 hours. Sieve analysis from 11,200
pm to 45 um aperture size was performed. A Malvern Mastersizer 2000 laser diffraction was
used to quantify particle size distribution < 45 ym. PSD data were analysed using GRADISTAT
v.8.0 [Blott and Pye, [2001]].

The sorted bins from the PSD evaluations (45 um, 63 um, 125 ym, 250 um, 500 ym and
1,000 pm) have been examined under the microscope and photographed to assist with visual par-
ticle identification. Note was made of mineral identification, root and shell remains and the pres-
ence of charcoal during this process. Analysis of the clay mineralogy of each PSD bin was not
considered because XRD results previously reported indicated the dominance of smectite clay
(and minor illite) in all samples from the site [Acworth et al.,2015]].

2.3 Dye tracer testing and sample dissection

Steady-state K measurements of core sub-samples taken from 5.0, 9.5 and 21.8m depth
BGL (below ground level) were reported by |Crane et al.|[2015] and [Timms et al.|[2016]]. Details
are provided on steps to ensure reliable K measurements of intact samples [Crane et al.l 2015}
Timms et al.,|2016]], primarily related to core storage, stress application and detection of rapid
leakage. Potential errors were evaluated and minimized for example, by using relatively large di-
ameter cores (101.6 mm) and application of stresses less than or equivalent to in situ stresses at
the depth of core collection.

After those K measurements were complete, separate dye tracing tests were completed on
these core sub-samples for this study. A visual (blue) dye tracer (Premier Pty Ltd, dye identifica-
tion number 192004) was added to their influent lines at a concentration of 0.1 g/L., and the sam-
ples were centrifuged until breakthrough of the dye was observed in the effluent. Breakthrough
occurred at times of 4, 48 and 24 hours respectively. The core samples were then removed from
the centrifuge permeameter, dissected into discrete sections and photographed. The cores were
allowed to break along predisposed planes of weakness.

2.4 Micro X-ray CT image acquisition and analysis

Micro X-ray CT imaging and digital core analysis [Arns et al.,2005a] were carried out on a
single core sub-sample taken from the base of Core 13 (18.0 to 19.5 m). This depth corresponded
with clay from approximately 74 ka years [Acworth et al.l2015]], with a vertical hydraulic con-
ductivity that was typical for this sequence (Figure ). The vertical hydraulic conductivity of this
sample had previously been determined as 2.0 - 10~ m/s [Timms et al., 2016]. It is worth noting
that drilling and sampling proceeded between 16.5 m and 24.0 m (Cores 12 to 16), through mas-
sive clay (Fig[2), with 100% core recovery.

A 34 mm high section of the middle region of the sample (diameter 101.6 mm, 80 mm length)
from a depth of 19.17 to 19.25 m BGL was selected for imaging. This section was selected as
a large macropore was apparent during initial low resolution CT scanning of the core after cen-
trifuge permeameter testing. The soil was kept wet by sealing the sample in a special core holder.
The core was imaged in circular acquisition mode on the custom-built UNSW Tyree X-ray CT fa-
cility with a 1 mm stainless steel filter to reduce imaging artifacts. A tomogram with voxel size of
€3, €=49 um was recorded using a flat panel detector of 3040 x 3040 pixels. The moderate resolu-
tion of CT imaging in this case was selected to characterize the morphology of mm scale features
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within a relatively large clay soil core (34 mm high section). By contrast, previous studies with
higher resolution micro-CT images used smaller cores that could not evaluate large scale features.
For example, the relationship between the resolution of micro-CT images that was possible on
sandstone cores 5 to 25 mm diameter was investigated by by |Botha and Sheppard|[2016].

Initial beam hardening and ring artifacts in the tomographic images were removed using
Gaussian-based filters. The reconstructed tomogram was segmented into soil matrix, water-filled
pore regions, and gas-filled large pore regions using the techniques described by |Sheppard et al.
[2004]] and|Arns et al.|[2005a]. The combined gas and water filled pore space in the 3D segmented
image was then used to determine 3D topology and geometry of the pore space. A pore-throat
network was extracted from the combined gas and water phases to facilitate analysis of local pore
geometry and the associated topology (connectivity) in 3D pore space [Arns et al.,|2007]. The
extraction method of the pore-throat geometry and topology originates from the drainage flow dis-
placement mechanism observed on glass models by |Lenormand et al.|[[1983]]. In particular, a non-
wetting phase (i.e. gas) invading the pore space does so in a series of events, with large throats
being traversed first by the non-wetting fluid.

Local surface roughness affects pore network extraction and often produces unnecessary

small pores. Regional merging is performed for the medial-axis based network extraction method [Arns

et al.|,2007]]. In this work a 3D covering radius extraction method operating on the Euclidean dis-
tance map is used. This algorithm is described in detail by |Arns et al.| [2005b]]. The process can be
visualized by considering the deep valleys (largest distances) of the distance map as start (seed) re-
gions for converging active contours, which then partition the pore space into pores. The resulting
network is analyzed in terms of coordination number distribution (number of connections for each
pore), mean pore diameter, mean throat diameter, and pore-throat aspect ratio [[Sheppard et al.|
2005]]. The large-scale porosity regions were visualized using the Drishti package [Limayel, 2012].

3 Results
3.1 Particle size distribution (PSD) results

The net-to-gross ratio derived from particle size results of core samples as a function of
depth BGL is displayed in Figure 2] where net denotes the sand plus gravel (particle size >63 pm)
fractions and the gross is the total volume. The 30% hydraulic connectivity threshold [Larue and
Hovadik,|2006] is shown as a vertical black line. Above 0.3, a relatively higher hydraulic connec-
tivity between stacked sand (particle size 63-2,000 um) and gravel (2,000-64,000 um) bodies is
assumed. Below 0.3, there is a relatively low hydraulic connectivity between such particles due to
the presence of relatively large concentrations of silt (particle size 2-63 um) and clay (particle size
<2 pm) particles and the improbability of pore interconnection that would allow fluid migration.

The net-to-gross ratio is low in the Cattle Lane core to a depth of 12 m. This correlates with
sustained high values (>400 mS/m) of bulk electrical conductivity (Figure[2)). Three intervals be-
low 12 m show thin lenses of increased net-to-gross ratio with a trend beneath 26 m of increasing
values. The coarser grained and isolated thin lenses indicate some textural heterogeneity in an
otherwise fine grained aquitard. An average net-to-gross ratio of 0.09 was recorded for the core
to a depth of 30.18 m BGL. Clay sized particles are typically dominant (Figure 2, center panel) at
around 60-80%), while the combined silt and clay fraction is around 0.91 from ground surface to
30 m depth.

—6—
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It would typically be concluded that the core represented low hydraulic conductivity mate-
rial, typical of an aquitard. Comparison of K values and particle size variations with depth (Figure
6) reveals minor differences in the proportion of silt relative to clay in sediments with depth, but
little difference in the proportion of sand plus gravel (net) to fine sediments (gross). The variations
in net-to-gross ratio that increases with depth, do not appear to coincide with decreasing K val-
ues as would be expected if textural heterogeneity were the primary factor in K average of 107
m/s for the 31 m thick aquitard. It is therefore reasonable that macrapores and connected pores are
the primary reason for the relatively high K values through this aquitard, although textural hetero-
geneity could also be a factor, particularly in pore throat connectivity (Section 3.3).

A picture of the material dried before PSD is also shown along with the grain-size plot. The
PSD analyses for material at 4.5 m depth is shown in Figure 3] This was the sample closest to the
first core used for the dye breakthrough test described below. PSD analyses are shown for the clos-
est samples from both above and below the depth (19.25 m) in which the core selected for detailed
CT scanning occurred. These data are shown in Figure 4]

3.2 Dye tracer results

Figure [5|displays photographs of the dissected cores following dye permeation for core sam-
ples taken from 5.0, 9.5 and 21.8 m BGL [Crane et al.,[2015]].

For all samples, the dye was observed to lie along discrete sinuous and small scale (<1 mm)
channels. The width of the stained area around the channels appears to be smallest in the sample
from 5 m, and becomes progressively larger for the samples from greater depths. This observation
is most probably explained by the lower hydraulic conductivity (Figure 2) of the deeper samples
that required longer time for the tests to be conducted. The longer time period allowed greater dif-
fusive mass transfer of the dye tracer into the surrounding matrix away from the channel. Unfor-
tunately due to the destructive nature of examining the macropores after all K and dye tests were
complete, it was not possible to examine natural colour characteristics.

3.3 Micro-CT based sample characterization

Figure [6]shows the digital image processing procedure performed starting with the recon-
structed 3D tomogram image to completion of pore partitioning and network generation and de-
picting a horizontal slice through the sample at 19.25 m depth. There are clear voids visible within
the sample that could not have been created after sample removal without damaging the surround-
ing core. The reconstructed tomogram in Figure [6p was segmented into soil matrix, water-filled
pore regions, and gas-filled large pore regions. Figure[6b shows the intensity histogram of the
3D tomogram with total intensity in black and individual intensity distributions, segmented as
phases such as gas, water, clay and others. The overlapping intensity distributions of water and gas
are well separated and the resultant segmented fluid phases clearly shown (Figure[6f). A close-
up of the enclosed gas bubble is given in Figure [6d) and demonstrates the characteristic fluid-gas
curved boundaries for gas as non-wetting phase, giving further confidence in the robustness of the
segmentation. The volume fractions identified for each phase are summarized in Table[I] indicat-
ing that the majority of the core section was soil (ie. clay and matrix). Porosity was mostly water
filled (0.138), plus a component of gas filled porosity (0.012).

The Euclidean distance map as basis for pore network extraction, derived on the union of
the gas and water filled pore space, is depicted in Figure [6e. The brightest voxels in the Euclidean
distance map denote the distances furthest from the solid (i.e the center of the pore space) and the
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darkest are nearest to the solid (i.e close to the surface of the solid). Finally, Figure [6f shows the
pore label field, which together with the network statistics given in Figure[7]is an output of the
network extraction algorithm.

The statistics of the extracted pore network partition are shown in Figure [7c. Typical homo-
geneous sandstone has a coordination number (connectivity of pore network) of about 3.5. The
statistics of the current sample shows about 4.8 with a standard deviation of 4.31, indicating a well
connected heterogeneous pore structure which is more characteristic of carbonate dominated sys-
tems [Knackstedt et al.,|2006]. Heterogeneity is also evident through the broad distribution of
pore and throat size in Figure[7p and Figure[7b. The high aspect ratio, calculated from the ratio
of local pore and throat size in Figure[7d, may cause rate sensitive displacement patterns. In addi-
tion, the low coordination number may indicate channel-like pores that may have been generated
by roots, albeit no root material was present in the sample studied. The tail towards high coordi-
nation numbers reflects large pores (vugs), which are connected to many of the smaller pores. The
distributions observed are typical for more heterogeneous samples exhibiting a wider coordination
number distribution.

The mean coordination number from CT imaging is a natural measure of pore connectivity
(i.e. the average number of channels connected to a nodal pore). However, |Bernabe et al.|[2016]
consider that a number of scale-invariant factors (i.e. properties that do not change if length scales
are multiplied by a common factor) could also contribute to connectivity including pore shape,
orientation, and pore-scale heterogeneity. Heterogeneity and connectivity are particularly impor-
tant factors for the permeability model of |Bernabe et al.|[2016]]. However, consideration of such
models for permeability and connectivity, based on measurements during CT imaging, are beyond
the scope of this paper.

Table 1. Volume fraction of segmented phases in the imaged 34 mm length core sub-sample (base from 19.25m

BGL.)
Phase Volume Fraction
Water filled pores 0.138
Soil 0.842
Gas filled pores 0.012
Dense mineral 0.008

Figure [§]indicates that the center of the core sample contains a very large macropore (mm
scale), which is gas filled. We note that while the pore network is connected to the outside, a per-
colation check [[Hoshen and Kopelman||1976| on the gas phase demonstrates that this pore is not
connected to the outside of the sample. It appears however, that this macropore is similar to the
preferential flow paths identified by dye tracing (Figure [3).

4 Discussion
4.1 Origin of the sediments

Acworth et al.|[2015]] previously presented dates derived from optical luminescence stud-
ies (Figures [3|and[d) for the core material further investigated in this paper. The sample from 4 m
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depth represents 17 ka old sediment with a high proportion of aeolian silt-sized material. By con-
trast, the material from the vicinity of Core 13 and 14 at approximately 19 m depth (75 to 80ka)
represents a much higher percentage of clay sized fraction and was initially logged as a massive
clay’ during drilling (Figure2)).

The PSD images show that a significant proportion of the non-clay size material in the sam-
ple from Core 3 (Figure[3) is a pale white angular material that has been identified as calcrete un-
der microscopic examination. In contrast, the 250 ym and 500 ym samples from Core 13 are com-
posed predominantly of sub-rounded quartz grains with some calcrete again occurring in Core 14
at these grain sizes. Calcrete can be seen in the soils forming on the eroded calk-alkali basalts at
the southern margin of the Liverpool Plains. This material has been moved northward across the
Plains (Figure[T)) by major flood events in the past.

We interpret the PSD data and the photo micrographs of each of the PSD bins to indicate
that the unit at this location has been assembled from varying sedimentary sources that have in-
cluded: a) fine to coarse sands eroded from the surrounding Triassic sandstone hills; b) overbank
clay deposits as the result of frequent flooding; and c) calcrete grains eroded from the soil pro-
file with the clay and aerial inputs of fine to coarse silt-size quartz. The predominance of each
input has varied with changes in climate over the past 100ka, a period that spans both the last in-
terglacial warm period and the last glacial maximum. Sediments at 29 m BG at this site were de-
posited during the Late Pleistocene [Acworth et al.l 2015]] corresponding with the maximum of
the last interglacial. During this period, the climate was drying, dunes were growing in the arid
interior of the continent, and the clay content across the landscape increased [Young et al.l[2002;
Kelly et al.||2014]]. During the Pleistocene, rainfall totals were similar to those currently ( 700
mm/a) [Martin, |2000; |Kelly et al.l2014]. There was no glaciation in this region.

The sedimentary succession clearly represents an environment where soil development has
occurred repeatedly as sediment has been deposited on top of earlier sediment. Under these con-
ditions, it is probable that paleosols and associated root networks from sub-aerial deposition will
exist throughout the succession and will have been repeatedly buried by sediment sourced from
successive floods. The sediments have hydraulic and macropore characteristics that reflect syn-
depositional palaesol development within alluvial sediments. The hydraulic connectivity through
this clayey deposit is expected to be higher than clays that are deposited by settling to the base of
standing water bodies or other sedimentary deposits such as glacial tills or loess.

The root channels cannot be post-depositional because the grasses on the Plains have a root-
ing depth limited to approximately 1.2 m below surface. The native grassland (Plains grass) at the
site are naturally devoid of trees that could otherwise account for deep root channels, except along
creeks and rivers where scattered trees were documented by early explorers [Abbs and Littleboy,
1998]|. There is no evidence to suggest that tree cover became dominant on this grassy plain at any
time in the past 100 ka [Martin, 2006].

4.2 Evidence for preferential flow pathways

Visual dye tracing demonstrates that preferential flow pathways are present as sub-mm to
mm scale sinuous channels, and that relatively high vertical K occurs to a depth of at least 31.4 m
BGL (i.e. 31.4 m was the maximum core sampling depth). These results are consistent with evi-
dence for dual porosity flow from interrupted flow experiments and modeling [Crane et al.,[2015]].
Based on the morphology and scale of these channels, they are considered to be biogenic in ori-
gin, e.g. paleo-rootholes. Root remains were not found during preparation of these samples but
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were noted during the microscope examination of other samples from the cores at depths of 1.0 m,
1.5m, 2.0m, 3.2m, 14.0m and 15 m. Shell material, characteristic of moluscs living in fresh
muddy water, was also recovered throughout the column. To the authors’ best knowledge the only
other published work on this topic are those by |White et al.|[2008] and |Emanuel and Sapsford
[2016] where such syn-depositional macropores were recorded to a depth of 2.0 m and ~13 m,
respectively.

The analysis of a single core sub-sample using the CT techniques described above lends
independent support to the interpretation of the PSD and the dye tracer experiments. The CT anal-
ysis provides evidence of the high degree of connectivity between pores, and shows clear detail
of the macropore morphology in a relatively large soil sample (34 mm length, 101.6 mm diame-
ter). By comparison, CT analysis [Tracey et al.l2015] provided higher resolution images of small
soil sample cubes (10 x 10 mm), and determined that a representative element volume of 11 mm?
was required to adequately characterize the hydraulic conductivity of soil pore structure. However,
Tracey et al.|[|2015]] noted that large macropores or voids would require further upscaling of hy-
draulic properties beyond this scale. In our study, the similarity between core scale and site scale
K values suggests that the large (101.6 mm diameter) soil samples that were tested were a suitable
size to provide realistic K values. If smaller samples were selected, there may have been a mis-
match in K values between core scale and site scale (eg. common 65 mm diameter drill core, or
10 mm diameter cores for high resolution CT imaging).

Vertical connectivity through this material is provided both by connected pores (Figures [6}
[7) and by large macropores (Figure 8 that occur at depths significantly >10m. Stresses at depths
up to 31 m have not been sufficient to close these features, and geotechnical tests of cores from
the same site indicated over-consolidated sediments [[Bouzalakos et al.l2016|]. The cause of over-
consolidation was not addressed [Bouzalakos et al.,|2016], however, it can be speculated that re-
peated wetting and drying of the surface may have led to over-consolidation, because the area has
not experienced loading due to glaciation.

The total porosity of water and gas filled pores identified by CT imaging at a resolution of
49 pm was 15% (Table 1). By comparison a total porosity of 43-47% was measured, and a mobile
domain (macroporosity) of 4-8% was estimated from modeling, on cores from this site at a depth
of 5.03,9.52 and 21.75 m BGL [[Crane et al.l 2015]]. Sequential centrifuge permeability tests fol-
lowed by CT imaging on additional cores is clearly warranted to verify the extent to which sample
variability contributes to these results. The large macropore (Figure[8)) is likely a similar feature
to those observed during dye experiments. However, it was not possible to perform the CT analy-
sis on exactly the same samples used in the dye experiments as these cores had been dissected for
examination.

The CT imaging enabled discrimination of fluid and gas filled porosity, showing that there is
gas trapped below the water table within some of these macropores. It can be assumed that pores
less than 49 micron size are water filled or the gas would not be trapped in the macropores [Mo-
hammadian et al., 2015]]. Future investigations should consider the genesis and nature of this gas,
for example, whether it may have been produced within the saturated zone by biochemical activ-
ity [Mohammadian et al.,|2015]]. Further research is also needed to examine the effects of this
small component (8% of pores, Table 1) of trapped gas on hydraulic conductivity values that are
assumed to be at full saturation.

Preferential flow features have been reported by several authors [McKay et al.l 1993} |Hinsby
et al.,|1996; |Greve et al.,[2010b]] who describe soil dessication leading to cracks and root develop-
ment. These processes occur on the surface of the clay that is being eroded long after deposition.

—10-



439

440

442

443

444

445

446

447

454

455

456

457

458

462

463

464

465

473

474

475

476

478

479

480

481

These post-depositional processes are limited to the top of the unit being eroded. In contrast, the
presence of syn-depositional features could explain the rapid circulation of irrigation water from
surface applications to a depth of 16 m|Acworth and Timms| [2009], at Breeza on the Liverpool
Plains, although the clay rich sediments at this site may be more heterogeneous than at the Cattle
Lane site (Figure|[T).

The evidence presented indicates that a high degree of pore connectivity occurs at the sam-
ple scale which, considered at site scale, means that the aquitard could be compromised by flow
through connected pores and macropores. The vertical K of this thick smectite clay (in situ values
and geometric mean of core samples), with connected pores and macropores would not comply
with requirements for a hazardous waste landfills with K < 10~ m/s [US-EPA, |1989], despite
the fact this aquitard is much thicker than constructed clay liners. The K of this clay matrix with-
out macropores is likely <10~'% m/s, the minimum K value that was measured on core from this
site (26.1 m BGL [7Timms et al.,|2016]). We detected pore characteristics that explain why there
is a degree of connectivity at the core scale, although there is little evidence of direct connectiv-
ity at aquitard scale due to the lack of hydraulic gradient to drive flow and transport under current
conditions [[Timms and Acworthl [2005; |Acworth et al.,[2015].

We suggest that syn-depositional processes are capable of establishing efficient pathways
through the smectite dominated clay material that would account for these observations. If this is
the case, then all clay dominated material that has accumulated sub-aerially could contain simi-
lar pathways that could compromise the integrity of such material as an aquitard. Recognition of
this highlights the requirement to consider the paleo-environment under which the sediment was
deposited. Further, this has significant implications for aquitards that may be assumed, in the ab-
sence of detailed investigation, to limit recharge, groundwater flow and contaminant migration.

Macropores potentially compromise the integrity of aquitard because early breakthrough
of contaminants could occur, relative to transport through a homogenous matrix that has a simi-
lar bulk hydraulic conductivity [Crane et al.,[2015]]. Retardation due to diffusion of contaminants
from the more mobile domain (macropores) to the less mobile domain (matrix or micropores) can
be inferred from this work, and is commonly reported in literature (eg.Jorgensen et al.|[2004]).
Thus dual porosity could result in potential early breakthrough and also a long tail of contaminant
concentrations, relative to a homogeneous porous media. Another modeling approach, assum-
ing an equivalent porous media model for transport through an aquitard, indicated that an order
of magnitude reduction in vertical hydraulic conductivity would more than halve transport time
[[Timms and Hendryl |2008]]. Macropores do not occur in the glacial till aquitard that was modeled
by [Timms and Hendry|[2008]].

Thus the possibility of macropores should be investigated beyond the near surface soil zone
at sites where contaminant migration is a risk. At the Cattle Lane site, the integrity of these satu-
rated clayey deposits could be compromised by the transport of salt from the shallow zone down-
wards through the aquitard, if a vertical hydraulic gradient was applied by groundwater extraction
from the underlying aquifer.

4.3 Limitations and further work

Further work is required to evaluate the effects of trapped gas (8% of pores in Table 1) on
preferential flow and hydraulic conductivity values that were assumed to be at full saturation. CT
imaging and digital analysis should be repeated on cores, sequentially after K and dye tracer test-
ing, with sub-coring and dual-contrast reagents to increase CT image resolution, distinguish be-
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tween clay minerals and other solid matrix and evaluate scaling effects on hydraulic properties.
Distinguishing between matrix flow and preferential flow via connected pores and macropores
requires further work. The search for organic and biochemical evidence of root systems should
continue, although oxidized conditions may not be favorable for preservation [Martin, 2006]. The
large diameter core hole (101.6 mm) through this aquitard, while revealing valuable data and in-
formation on groundwater processes, should be repeated at additional representative locations if
plans to depressurize the underlying aquifer are proposed, and hence risk migration of contami-
nants.

5 Conclusions

Using particle size distribution analyses, microscopic photography, dye tracer testing and
micro CT-based sample characterization performed on sediment core material within a layered
clay sequence, we demonstrate that preferential flow pathways can exist throughout the depth of
an aquitard sequence. We further illustrate that, if the sedimentation has occurred sub-aerially,
this depositional process produces an entirely different set of sedimentary characteristics to those
acquired by sedimentation beneath fresh or salt water.

Preferential flow pathways exist through the presence formed by old root holes that provide
channels or, perhaps more significantly, through buried macropores. It is apparent that the macro-
pores must have been preserved by the rapid addition of further material during floods. These syn-
depositional features are distinct from the post-depositional features (e.g. fracturing due to stress
relief on unloading, dessication cracks, root channel) that can only be generated close to a surface
subject to unloading and weathering.

Our results demonstrate that the integrity of aquitards that include syn-depositional macro-
pores and connected pores within a fine matrix can clearly be compromised. We further illustrate
the value of combining multiple techniques, such as geotechnical centrifuge tracer experiments
with CT imaging, when investigating the characteristics of aquitard forming materials. Our find-
ings have significant implications for future aquitard characterization studies by highlighting the
critical necessity to study both the paleo-environment and bulk lithology of an aquitard. For ex-
ample, it is likely that, if identified, the presence of syn-depositional features will require modifi-
cation of any conceptual model of these aquitards. This has clear implications for any case where
aquitards are assumed to act as a natural hydraulic barrier.
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recorded at the time of drilling and sampling.
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Figure 3. Clayey silt from 4.5 m depth. Photomicrographs are of the PSD sample at a) 45 um, b) 63 um, c)

125 pm, d) 250 pum, e) 500 um, f) 1,000 um. The sample after drying and prior to the PSD is shown at g). The final
image is the PSD analysis. The pale white fragments are calcrete that has been first deposited in the weathered zone
of the calc-alkali volcanics of the Liverpool Ranges and then eroded and transported northward onto the Liverpool
Plains. The blue grains are quartz, added to the sediment sequence either as dust or as erosion products from the

adjacent Triassic Sandstone hills.

19—



268

269

Confidential manuscript submitted to Water Resource Research

Wentworth Scale (mm) Wentworth Scale (mm)
0.001 001 041 1 10 100 0.001 001 041 1 10 100

Sample from base of Core 13
at 19.47 m. Age ~ 75ka.

Sample from base of Core 12
at 17.97 m. Age ~ 70ka.

0.5
3 2 0.4
z Q@
: £
& %03
S 5
g g 0.2
C L 01
Clay sample for imaging ’
from 19.25m depth. 0 -,

Vertical Kv measured in L
10 8 6 4 2 0 -2 -4 -6centrifuge was 2.0x10¢ m/s 108 6 4 2 0 -2 4 -6
Grain size (phi scale)

Figure 4. PSD data from above (Core 12 at 17.97 m) _afe_below (Core 13 at 19.47 m) the depth of 19.25 m where
the CT scan image sample was taken. The material is predominantly (>60%) clay with embedded quartz, mineral
and calcrete fragments. The order of the photomicrographs follows that given in Figure 3] The central image is a

CT scan of the core sample at 19.25 m that is shown in greater detail in Figure[§]
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271 Figure 5. Cores and close-up of core after dye breakthrough: a) core from 5,0 m; b) core from 9.5 m and c) core

272 from 21.8 m depth.

21—



A 0.1 r T T T T
i M - e
(i g
PP S -
% f
by 0.01 4
- = \f
W
-
£ 0.001 = 4
f
e !
i {’
0.0001 5 =
10000 11000 3000 1400 15000
X-ray Intensity
30mm

a)

c)

e) 20mm f) \l

Figure 6. Image acquisition and processing of 2D horizontal slices: a) 2D tomogram slice image after removing
noise, through the centre of the 3D tomogram of 34 mm length core sub-sample (base from 19.25 m BGL). This
horizontal slice is at the top point of the macropore. The gore was maintained in a sealed and saturated state af-

ter collection. The outer edge of the 101.6 mm diameter core is clearly seen. The calcrete and mineral fragments
(Fig.|4) appear as white grains; b) Intensity histogram depicting both the total intensity (black) and the individual
intensity distributions of phases after segmentation; ¢) Corresponding segmented image of the core depicting soil
matrix (yellow), gas bubbles (grey) and water-saturated pore space (black); d) Zoomed-in version of the segmented
image depicting the gas phase in red; e) Covering radius map as basis for pore partitioning (bright colors indicate

large radii); and f) Pore label image showing the segmentation of phases.
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343 Figure 8. 3D visualisation of the segmented gas phase of the total sub-sample (34 mm length, 101.6 mm diame-

344 ter, base from 19.25 m BGL). This visualistion shows the 3D morphology of the pores and the macropore.



