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ABSTRACT 
There are numerous problems of environmental concern that involve the transport of solutes 
in rocks containing discrete flow features (DFFs; e.g. fractures and faults), including 
groundwater contamination arising from urban development and industrialization 
(Birkhölzer et al., 1993), the long-term disposal of high-level radioactive waste (Reeves et 
al., 2008), and seawater intrusion (Sebben et al., 2015). DFFs occur in consolidated 
geological formations as fractures and faults, and in unconsolidated formations as layers 
with contrasting permeabilities, such as clay or gravel. They can provide preferential flow 
pathways (i.e. ‘preferential flow features’ (PFFs), wherein the permeability of the DFF is 
higher than the matrix), or act as flow barriers (i.e. ‘barrier flow features’ (BFFs), wherein 
the permeability of the DFF is lower than the matrix). Few studies have explored the 
influence of DFFs on solute plumes in otherwise permeable rocks (e.g. sandstone, 
limestone), compared to low-permeability rock settings (e.g. granite, basalt). This is despite 
that DFFs are common features in permeable rock aquifers, and are critical factors in the 
occurrence of a variety of groundwater-dependent ecosystems (e.g. Bauer-Gottwein et al., 
2011). 
 
Previous studies of solute transport in permeable rocks containing PFFs (e.g. Sebben and 
Werner, under review) have demonstrated that that the degree of spreading that occurs when 
solute plumes intercept medium-sized PFFs in moderate-to-high permeability matrices is 
dependent on the ratio of the matrix hydraulic conductivity (Km) to the hydraulic 
conductivity of the PFF (Kf), and on the concentration of the plume where it encounters the 
PFF. Studies of solute transport across BFFs (e.g. Johnson et al., 1989; Zhang and Qiu, 
2010) have shown that BFFs (i.e. clay liners beneath waste disposal sites) may not prevent 
contamination of underlying aquifers (Johnson et al., 1989), and that contaminant migration 
is largely influenced by the barrier’s depth and hydraulic conductivity (Zhang and Qiu, 
2010). 
 
The purpose of this work is to extend the study of DFFs in permeable aquifers by Sebben 
and Werner (under review) to consider: (1) the impact of 2D flow effects within DFFs 
(rather than the 1D flow assumption employed by Sebben and Werner (under review)), (2) 
the influence of BFFs on solute plumes in otherwise permeable rock aquifers, and (3) the 
potential role of ‘back dispersion’ (i.e. the anomalous upstream movement of solutes arising 
from the numerical implementation of the advection-dispersion equation) on predictions of 
PFF effects on solute transport. A simple analytical expression and numerical modelling are 
employed to explore DFF effects on solute plume widening (or narrowing) and displacement 
for a range of matrix-DFF permeability ratios (0.01 to 100) and DFF apertures (0.25 mm to 2 
cm), typical of sedimentary aquifers containing medium-to-large fractures. DFFs are 
incorporated in numerical modelling experiments as porous media layers (rather than the 
discrete fracture network (DFN) approach employed by Sebben and Werner (under review)), 
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to allow for the evaluation of the effects of stratification within the DFF, and the analysis of 
BFF situations, which are precluded by the DFN approach. 
 
The results indicate that for the conceptual models considered, PFFs typically have a greater 
influence on plume distributions than BFFs, and the impact of DFFs on solute plumes 
generally increases with increasing aperture. That is, solute plumes in moderately permeable 
rocks are generally displaced further by PFFs than BFFs. Plumes intercepting a PFF are less 
symmetrical, and peak solute concentrations beneath PFFs are up to two orders of magnitude 
lower than beneath BFFs. Numerical back dispersion generally creates wider, more 
asymmetric and attenuated plumes. This effect is more pronounced in PFF cases where 
plumes are more dispersed. The current study demonstrates the potential influence of DFFs 
in otherwise permeable rocks on solute plume characteristics, and provides an important first 
step towards understanding plume behaviour in more complex, real-world aquifer settings. 
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