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Summary

Understanding and predicting groundwater flow can be challenging in regions with
complex geology. Geological structures that inhibit flow, known as hydrogeologic
barriers, can impact groundwater velocities, chemistry, and discharge dynamics,
amongst other things. Examples of hydrogeologic barriers include some faults and
dykes. Although not all faults and dykes are hydrogeologic barriers, this thesis is
focused on the role of geological structures as hydrogeologic barriers, rather than
as conduits. Barriers are difficult to detect and characterise. As such, they are
often excluded from a conceptual model of a site. This could have implications for
groundwater model predictions, and subsequent groundwater management, if the
geological reality of a site is misrepresented. The thesis is part of a larger project
investigating groundwater resources in the Pilbara region of Western Australia. The
scope and research questions initially stemmed from this broader project. In the Pil-
bara region, hydrogeological barriers, including faults and dolerite dykes, are known
to impact groundwater flow. However, the contents of the research is intrinsically

universal and not based on one field area specifically.

This thesis addresses key issues on understanding, detecting and conceptualising
groundwater barriers in groundwater modelling studies. On understanding barriers,
by describing scenarios and quantifying conditions under which they can significantly
impact groundwater level recovery associated with groundwater extraction. On de-
tecting barriers, by showing how two commonly-collected hydrogeological datasets,
hydraulic head and groundwater age, can assist in locating and characterising bar-
riers depending on their configuration and the recharge setting. And on concep-
tualising barriers, by demonstrating a new method for inverse modelling that uses
hydraulic head and groundwater age data to conceptualise models with no prior

knowledge of barriers properties.
Specifically, the new contributions to research address:

1. During pumping, a hydrogeological barrier may be undetected if it is located
beyond the maximum extent of the cone of depression; yet it may still control

drawdown during the recovery phase. Non-dimensional solutions are devel-

il



v

oped to show the conditions under which a barrier may be undetected during
pumping but still significantly impact groundwater level recovery. The mag-
nitude of the impact from an undetected barrier will increase as the ratio of

pumping rate to aquifer transmissivity increases.

2. The joint role of hydraulic head and groundwater age data in detecting and
characterising hydrogeologic barriers, such as faults and dykes is studied. Nu-
merical flow and transport models were developed with different hydrogeologic
barrier configurations in a hypothetical aquifer. Computed hydraulic head and
groundwater age distributions were compared to those without a barrier and

two forms of recharge were compared.

3. Sharp barriers are included in groundwater model inversion, even where their
presence is uncertain. A new method is introduced utilising ‘phantom structures™—
randomly located, linear groups of model cells assigned a unique hydraulic
conductivity value—to improve identifiability of barriers. Automated parame-
ter estimation using PEST is implemented to determine model structures that
best match the hydraulic head and groundwater age observation data from
a hypothetical aquifer. The results are compared to model inversion using

traditional pilot points.

As a whole, the thesis contributes to the study of structural geological heterogene-
ity and how it can be better represented in groundwater models that aid decision
making. It aims to improve best practice for investigating and modelling aquifers
with fault-like barriers. This has implications for projects where barriers play a
significant role in the compartmentalisation of groundwater flow, spring dynamics,

and drawdown and recovery associated with groundwater extraction.
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Chapter 1

Introduction

1.1 Research problem

Groundwater models are used to develop understanding about, and to forecast
changes to, aquifer systems. However, they are built to emulate a three-dimensional
subsurface that is hidden from view and accessed by a limited set of field data.
Despite the best efforts of geoscientists, key elements of an aquifer system may be
missed. We can think of these as “unknown unknowns” (Hunt and Welter 2010).
This is especially likely for sites with an underlying geology that is complex and het-
erogeneous. At these sites, narrow, linear features such as faults and dykes can be
overlooked if they are not discovered in regional geological or geophysical mapping
or targeted by drilling. If they are overlooked in the conceptualisation of an aquifer,
it follows that they will be missing from any site-specific groundwater models. This
can result in what Bredehoeft (2005) describes as model “surprise”, where an inac-
curate conceptualisation renders the original concepts of a model as invalid, leading

to potentially significant errors in model predictions.

Faults, dykes and other geological structures occur in a diverse range of geological
environments and manifest a variety of hydrogeological properties. This means that,
even if they are known to be present, the implications of their presence for ground-
water flow and transport can be difficult to discern. Studies that investigate the
properties and long-term role of geological structures in an aquifer can be resource
intensive; they may not be considered feasible where the cost of drilling and sam-
pling is high. It is for this reason that this thesis helps improve the understanding
of the role of these structures in groundwater systems; to discover efficient and effec-
tive means of detecting structures using common hydrogeological datasets; and to
determine novel approaches for conceptualising geological structures in groundwater

models that account for any uncertainty in knowledge of their properties.
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The focus of this thesis is on one type of geological structure, that of hydrogeologic
barriers. In this chapter, I will provide the context of the problems addressed in
the thesis. The research undertaken is universal, in that it does not apply to one
specific field region. However, the problem was defined by the overarching project,
of which this thesis is a component, that is based in the Pilbara region of Western
Australia. It is for this reason that I provide a brief description of this region, and
some of its key hydrogeological and groundwater resource management issues. More
site-specific information, including a summary of data collected, are provided in
Appendix A. This appendix provides a framework for the research undertaken, which
can be further extended to other field sites across Australia and the world. In this
Introduction, I also set forth project context related to the study of hydrogeologic
barriers and conceptual model uncertainty. The key knowledge gaps and scientific
hypotheses that this thesis addresses are presented. Detailed literature summaries
specific to each body of research are also included at the beginning of Chapters 2,
3 and 4. The final part of this Introduction clearly outlines the aims of the thesis

and the new contributions of knowledge that it provides.

1.2 Project context

This thesis forms a component of a broader project investigating groundwater re-
sources in the semi-arid Pilbara region of Western Australia (Cook et al. 2016; Do-
gramaci and Skrzypek 2015; McCallum et al. 2017; Poulsen et al. 2019; Underwood
et al. 2018). Australia has the world’s largest economic demonstrated resources of
iron ore, and 92 % of it comes from the Pilbara region (Senior et al. 2020). The
principal field site of the overarching project is in the Hamersley Basin, which un-
conformably overlies the Archean Pilbara Craton and contains most of the iron ore
deposits in Western Australia (McFarlane 2015). An understanding of the ground-
water resources in the region is required so that mining in the area can proceed
while also satisfying regulatory conditions and stakeholder agreements with respect
to environmental and societal impacts to water resources. However, the Hamersley
Basin is vast and its geology is complex. Novel approaches are required to model
the impacts of mining on the environment, including the role of the complex geology

on controlling groundwater flow.

The Archean to Palaeoproterozoic Hamersley Basin is geographically and geologi-
cally diverse, which is reflected in its complex hydrological setting. Alluvial sedi-
ments are underlain by hard rocks, in which groundwater flow dominantly occurs
through fracture networks (Dogramaci and Skrzypek 2015). The main aquifer types

include: (1) alluvial aquifers; (2) calcrete and pisolithic limonite aquifers; (3) inter-
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granular sedimentary rock aquifers; and (4) fractured rock aquifers (Johnson 2004).
The most significant is considered to be a karst dolomite aquifer, yet fractured
rock aquifers are locally significant for supporting springs and other groundwater-
dependent ecosystems (Rojas et al. 2018). Palaeovalleys and alluvial sediments as-
sociated with modern drainage systems can also be important aquifers (Commander

et al. 2015).

Due to its long deformation history and intrusive events, the Hamersley Basin is
structurally complex (Rojas et al. 2018). Importantly, hydrogeologic barriers are
common throughout the region and are known to exert control on groundwater
flow (Latscha 2010; Pham 2016; RPS Group 2015). In the Pilbara, hydrogeologic
barriers are primarily faults and dykes, but they also include chert bands, inclined
shale beds and unkarstified dolomite units (Latscha 2010). In many cases, however,
the location or properties of hydrogeologic barriers are not completely understood,
with little data available to constrain them (Pham 2016). At the Baby Hope site
within the Pilbara, we see that four hydrogeologic barriers have been inferred due
to the distribution of hydraulic head data (Appendix A). However, the location
and geological properties of only two of the four barriers have been confirmed with
exploratory drilling. For the other two barriers, the geological explanation of a hy-
drogeological phenomenom—that of a sharp change in groundwater levels, has not
be explained. Furthermore, for the two barriers confirmed by drilling, there is no
clear understanding of how their geological properties translate in terms of hydro-
geological parameters. In addition, a limited understanding of recharge processes
at the site means that there is little knowledge of how the inferred barriers will
affect groundwater processes such as residence times and flow paths. This poses
challenges for the interpretation of groundwater age data without an understanding
of how different styles of barriers influence both hydraulic head and groundwater

age.

Hydrogeologic barriers are structures that cut off or restrict groundwater flow (Ferris
et al. 1962). Due to this compartmentalisation effect on groundwater systems, they
are often important to consider in groundwater studies (Bense et al. 2003; Cilona
et al. 2015; Ferrill et al. 2004). In particular, they exert influence on spring and wet-
land formation (Babiker and Gudmundsson 2004; Gleeson and Novakowski 2009),
groundwater drawdown (Bense and Van Balen 2004; Gumm et al. 2016; Hadley et
al. 2020), and the spatial distribution of groundwater chemistry (Gumm et al. 2016;
Mayer et al. 2007; Sebben and Werner 2016). Faults, dykes and other geological
structures do not always form hydrogeologic barriers. Some faults and dykes are
permeable and others are complex barrier-conduits. In fault zones, the permeabil-

ity structure will vary depend on the proportion of the core of the fault, which is
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generally lower permeability, to the outer, more permeable, damage zone (Caine
et al. 1996). Other factors also play a role, such as the host rock type, the regional
stress regime, and mineral precipitation (Bense et al. 2013). The focus of this thesis
is specifically on hydrogeologic barriers because they are known to compartmen-
talise groundwater systems, play a dominant role in controlling groundwater flow
in the Pilbara region, and yet have not been the specific focus of many previous

groundwater studies.

The variability of geological structures, and the settings in which they can form,
mean that there is no single conceptualisation to define a hydrogeologic barrier.
Therefore, understanding the impact that a barrier has on a flow system will usu-
ally be specific to a particular region. This is limited, however, by the fact that it
can be resource-intensive to detect and characterise geological structures. A barrier’s
properties, such as its precise location, length, width, orientation, and permeability
structure are often not fully known. This then translates into uncertainty in the
representation of that barrier in a groundwater model. As a result, structures such
as faults and dykes are often excluded from, or misrepresented in, groundwater mod-
els. Understanding the influence of hydrogeologic barriers on groundwater model
predictions can be essential in certain groundwater flow regimes. In this thesis, I
will demonstrate how simple analytical models can be used to build understanding
of where barriers affect groundwater levels in response to large-scale groundwater

pumping, such as occurs in mining regions such as the Pilbara.

Studies of large-scale groundwater pumping are relevant in mining regions and may
be compromised by undetected or mis-conceptualised hydrogeologic barriers. The
mining industry extracts, and disposes of, large volumes of groundwater for both
consumptive (e.g. ore processing) and non-consumptive (e.g. dewatering) purposes.
In Australia, reported water use by the mining industry was 1108 GL in 2017-18
(Autralian Bureau of Statistics 2020). Dewatering is a form of groundwater extrac-
tion required for almost all open cut or underground mines that work below the
water table (Younger et al. 2002). This allows mining to proceed in dry conditions
but may cause a lowering of the potentiometric surface over a broader region than
the mine itself. The duration of reduced groundwater pressure resulting from the
dewatering may also extend longer than the life of the mine. Numerical and analyt-
ical models can be used to predict groundwater drawdown and recovery as a result
of mine dewatering. Their use, however, requires a thorough understanding of the
mining environment, including regional hydrogeological parameters (Rapantova et
al. 2007). This understanding may not be evident if geological structures have not

been adequately detected and characterised.
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1.2.1 Detection of barriers using hydrogeologic data

This thesis specifically focuses on the use of hydraulic head and groundwater age
data for barrier detection and characterisation, because these datasets provide direct
information on groundwater flow. Stationary and transient hydraulic head data have
both proven useful in the detection of barriers (Allen and Michel 1999; Bense et al.
2003; Cilona et al. 2015; Hadley et al. 2020; Mayer et al. 2007; Seaton and Burbey
2005). The use of groundwater age, although less frequent, is also a powerful indi-
cator of groundwater flow conditions (Cook and Béhlke 2000) that has been applied
to regions with flow barriers (Castro and Goblet 2005; Janos et al. 2018; Raiber
et al. 2015). Although demonstrated examples exist using both hydraulic head and
groundwater age for a barrier’s detection, the methods have limited resolution where
well density is sparse. Wells intersecting or surrounding geologic structures such as
faults are uncommon (Bense et al. 2013). There is a paucity in research into the
scenarios where these datasets are most beneficial, and how different barrier con-
figurations and recharge conditions affect their ability to detect and characterise a

hydrogeologic barrier.

Other methods also exist for detecting barriers. These include surface or aerial geo-
physics (Ball et al. 2010; Vittecoq et al. 2015); groundwater temperature (Bense
and Kooi 2004; Fairley 2009); and lineament analysis (Per et al. 1997; Tam et al.
2004). Yet these datasets are often not available in a region. They may be expensive
to collect, particularly over a large regional area. In addition, geophysics and linea-
ment analysis, while useful in detecting the presence of a structure, do not provide
information on its hydrological properties (e.g. Viezzoli et al. 2013). By focusing
this thesis on hydraulic head and groundwater age data, I aim to demonstrate how
two commonly-collected hydrogeological datasets can be used in the detection and

characterisation of hydrogeologic barriers.

1.2.2 Including barriers in groundwater models

Even where barrier properties are not thoroughly characterised, they may still be
included in groundwater models. Determining the most likely aquifer and barrier
properties in light of uncertainty is often achieved using model inversion techniques.
Model inversion (or model calibration) is a procedure whereby expert knowledge
and direct measurements can be combined to help estimate a groundwater system’s
parameters. It has been applied in previous studies to estimate the properties of
hydrogeologic barriers (Comte et al. 2017; Hadley et al. 2020; Mayer et al. 2007;
Ochoa-Gonzalez et al. 2015). Traditionally, however, the locations and geomet-
ric properties of structures (such as width, strike and dip) are fixed, regardless of

whether knowledge of these properties is uncertain.
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There is little precedent for including hydrogeologic barriers with uncertain geomet-
ric properties in a groundwater model. Although the use of training images and
other geostatistical approaches have been shown to be helpful in uncovering uncer-
tain aquifer structures (Chen and Rubin 2003; Harp et al. 2008; Koohbor et al.
2019; McCallum et al. 2014b), they often require considerable knowledge of exist-
ing aquifer properties at the outset to interpolate new aquifer structures. In this
thesis, a new method for including hydrogeologic barriers with uncertain properties
in groundwater models is introduced. This is a step towards reducing conceptual

model uncertainty (i.e. structural noise) in regions of complex geology.

Uncertainty in model conceptualisation encompasses many forms of model error
arising from an inadequate representation of a system’s geometry, physics and pro-
cesses (e.g. Enemark et al. 2019). The consideration of conceptual uncertainty is
important because it often forms the largest component of uncertainty in the mod-
elling process (Carrera and Neuman 1986; Doherty and Welter 2010; Gupta et al.
2012; Ye et al. 2004). This thesis addresses uncertainty that lies in the unknown
location, geometric properties and hydraulic conductivity of hydrogeologic barriers.
At sites such as the Pilbara region, conceptual uncertainty can hinder assessments
of how mines will affect regional water systems both during and after mining. It
may also lead to loss of confidence by stakeholders in the decisions related to envi-
ronmental management. Understanding the best way to represent conceptual model
uncertainty in groundwater predictions, such as in mining regions, will allow bet-
ter decision making and more public confidence in the environmental and economic

stability of a region’s water resources.

1.3 Research aims

The purpose of this research is to build understanding about the impact of hydro-
geologic barriers on groundwater flow and to develop strategies for improving their
conceptualisation in groundwater models. To do this, several modelling techniques
are incorporated, including analytical modelling, numerical modelling of ground-
water flow and transport, and inverse modelling. Although all of the research is
hypothetical, in that it is not specific to one particular field site, the problems ad-
dressed stem from issues pertaining to the overarching project based in the Pilbara
region of Western Australia. In particular, the work was informed to develop insight
into a new mining site known as ‘Baby Hope’. At this site, clear hydraulic head drops
across inferred hydrogeologic barriers have been observed and reported. Groundwa-
ter samples from the site were used to provide estimates of groundwater age, based

on the analysis of radiocarbon and CFCs. These data, and a conceptualisation of
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the site, are included in Appendix A. The mining company, along with researchers
from the National Centre of Groundwater Research and Training, recognised that
these barriers may impact dewatering estimates for, and drawdown impacts from,
mining at the Baby Hope site. Discussions about how best to investigate the role
of the inferred barriers on groundwater levels were original seeds from which the

project’s broader research aims evolved.

The thesis aims relate to understanding the effect that lack of knowledge about hy-
drogeologic barriers could have on models of groundwater flow. They revolve around
developing strategies to better detect and model barriers where their properties are

uncertain.

The knowledge gaps addressed in this thesis relate to limited understanding in the

following areas:

1. The quantification of how the exclusion of barriers from groundwater models

could impact estimates of groundwater drawdown and recovery.

2. The ways that hydrogeologic barriers impact hydraulic head and groundwater

age distributions in aquifers, under different recharge conditions.

3. Understanding of how the geometry of a barrier affects a hydraulic head or

groundwater age distribution in an aquifer.

4. Studying methods to detect and characterise hydrogeologic barriers, whose
presence was not previously known, using hydraulic head and groundwater

age data.

5. The use of hydrogeologic datasets for identifying and characterising new hy-

drogeologic barriers using inverse methods.

Based on these identified knowledge gaps, associated research aims are summarised

as follows:

e Objective 1. If a barrier that is undetected, and therefore not included in
a conceptual model of a site, it can introduce structural uncertainty in model
predictions. The aim of the first study (Chapter 2) was therefore to determine
both spatially and temporally when impermeable barriers should be considered
in predictive groundwater models, and what their impact on groundwater level

predictions could be.

e Objective 2. Hydraulic head distributions may not definitively indicate the
presence of barriers, particularly if the sampling density is low. The aim of the
second study (Chapter 3) is to determine the detectability of barriers under

contrasting recharge settings and barrier configurations. The detection, and
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any further characterisation, of barriers relies inherently on the availability
of data. The objective is not to quantitatively address the impact of data
density on barrier detection. Instead, the focus is on when, and to what
degree, hydraulic head and groundwater age data may be useful in detecting

barriers in simple aquifer systems.

e Objective 3. Hydrogeologic barriers can significantly impact groundwater
model predictions. The aim of the third study (Chapter 4) is to include hydro-
geologic barriers in a model where their presence is suspected but unverified.
A new method is proposed that allows for the inclusion of thin impermeable
structures, which may include faults and dykes, in a model inversion, without

knowing their location or properties in advance.

1.3.1 Publications arising from this thesis

This thesis is structured as a body of papers. The aims from each paper are ad-
dressed in Chapters 2, 3 and 4 of the thesis, and each is also a manuscript submitted
for publication in respected international journals. At the time of writing, the first

two papers are published. These are listed below.

e Marshall, S. K., P. G. Cook, A. D. Miller, C. T. Simmons, S. Dogramaci, 2019.
The Effect of Undetected Barriers on Groundwater Drawdown and Recovery.
Groundwater, 57(5): 718-726.

e Marshall, S. K., P. G. Cook, L. F. Konikow, C. T. Simmons, S. Dogramaci,
2020. Conjoint use of hydraulic head and groundwater age data to detect
hydrogeologic barriers. Hydrogeology Journal 28: 1003-1019.

The third manuscript has been submitted to an international journal and is in
the peer review process. Aspects of this work were presented twice at scientific

conferences, abstracts for these presentations are provided in Appendix B.

1.4 Contributions of this thesis

This thesis contributes original research to the issue of how the groundwater re-
search community can address conceptual model uncertainty arising from geological
complexity. New contributions to knowledge are presented in Chapters 2, 3 and 4,

and these are summarised as follows.

Firstly, in Chapter 2, simple analytical expressions for radial flow to a well based on
Theis (1935) are adapted to show the effect that barriers can have on groundwater

recovery when they are not detected during the pumping phase of a project. Non-
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dimensionalised solutions are developed to show the aquifer and barrier properties
that result in the largest impact on groundwater level recoveries. These proper-
ties include the aquifer thickness, hydraulic conductivity, storativity, the duration
of aquifer pumping and the distance of a pumping well to a barrier. A compari-
son is made between the impact of a single barrier and two orthogonal barriers on
groundwater drawdown and recovery. This research presents simple and adaptable
solutions that are not only relevant in mining regions, such as the Pilbara, where
large-scale groundwater extraction occurs for the purpose of dewatering mines. In-
deed the research is relevant to any groundwater extraction project in regions with

complex geology.

Secondly, in Chapter 3, groundwater flow and transport models are developed to
represent two barrier configurations: where the barrier penetrates the full thickness
of the aquifer; and where the barrier is overlain by permeable aquifer material.
The study considers the likelihood of two datasets, hydraulic head and groundwater
age, in detecting these barriers under two recharge conditions. Recharge is either
applied uniformly across the aquifer, or only in the upper part of the catchment
(representing ‘mountain-front’ recharge). The impact of the barrier’s orientation,
thickness and other properties on hydraulic head and groundwater age gradients
across the barriers are investigated. This study contributes to the better employment
of these two hydrogeologic datasets in detecting hydraulic barriers and helps to show

the geological settings where they are most helpful in this pursuit.

Thirdly, in Chapter 4, a new method for groundwater inverse modelling is devel-
oped that utilises novel ‘phantom structures’—randomly located, linear groups of
model cells assigned a unique hydraulic conductivity value—to improve identifia-
bility of barriers. A forward model with a hydraulic barrier is based on what is
known of aquifer and barrier properties in the Pilbara region. This is then sampled
at various observation well densities and the properties of phantom structures are
estimated using regularised inversion utilising the PEST software suite (Doherty
2018b). This new approach tests whether the geometric and physical properties of
barriers can be successfully estimated, even where no prior knowledge of them exists.
The technique is compared to the previously-demonstrated approach of using pilot
points to reproduce hydraulic conductivity distribution across an aquifer. The study
builds on a key limitation of the pilot point approach, which is that sharp changes
in aquifer properties are difficult to estimate in model inversion studies due to is-
sues of solution uniqueness. The study can be adapted to any region with narrow,
linear, low-permeability structures such as faults and dykes. It is a step towards
improving aquifer conceptualisation where these structures occur, but are not well
defined.
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Finally, in Chapter 5, the conclusions from the body of research as a whole are sum-
marised. This chapter also presents limitations of the studies and some recommen-
dation for new research questions rooted in the outcomes of this thesis. Appendix A
provides a conceptual model of one of the sites at the Pilbara, known as Baby Hope.
Previously existing and new data are collated to discuss the role of inferred hydro-
geologic barriers on groundwater flow. This appendix do not provide a full analysis
of the role of hydrogeologic barriers on groundwater flow at Baby Hope. Instead,
the intent is to provide context about a site for which the new findings presented in
this thesis are relevant. This lays out a bridge to link the theoretical contributions

of the thesis to field sites, such as Baby Hope, with complex geology.



Chapter 2

The effect of undetected barriers
on groundwater drawdown and

recovery

Citation for published article: Marshall, S. K., P. G. Cook, A. D. Miller, C. T.
Simmons, S. Dogramaci, 2019. The Effect of Undetected Barriers on Groundwater
Drawdown and Recovery. Groundwater, 57(5): 718-726.

2.1 Abstract

In large-scale pumping projects, such as mine dewatering, predictions are often made
about the rate of groundwater level recovery after pumping has ceased. However,
these predictions may be impacted by geological uncertainty—including the presence
of undetected impermeable barriers. During pumping, an impermeable barrier may
be undetected if it is located beyond the maximum extent of the cone of depression;
yet it may still control drawdown during the recovery phase. This has implications
for regional-scale modelling and monitoring of groundwater level recovery. In this
paper, non-dimensional solutions are developed to show the conditions under which a
barrier may be undetected during pumping but still significantly impact groundwater
level recovery. The magnitude of the impact from an undetected barrier will increase
as the ratio of pumping rate to aquifer transmissivity increases. The results are
exemplified for a hypothetical aquifer with an unknown barrier 3 km from a pumping
well. The difference in drawdown between a model with and without a barrier may
be < 1 m in the ten years while pumping is occurring, but up to 50 m after pumping

has ceased.

11
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2.2 Introduction

Using numerical or analytical models to predict future groundwater levels, the core
objective of many hydrogeological studies, is contingent upon geological understand-
ing of a site. This paper discusses one aspect of geological complexity, that of im-
permeable barriers, due to their significance for studies of hydraulic head in regions
with groundwater extraction. In this context, ‘impermeable barriers’ are linear
features that cut off or prevent groundwater flow (Ferris et al. 1962). Geologi-
cal structures—such as faults and dykes—can be conduits, barriers, or complex
conduit-barrier combinations to groundwater flow (Allen and Michel 1999; Babiker
and Gudmundsson 2004; Bense and Person 2006; Caine et al. 1996). In fault zones
the permeability structure depends on the proportion of the core of the fault, which
is generally of lower permeability, to the more permeable, outer damage zone (Caine
et al. 1996). Other factors such as the host rock type, the regional stress regime,

and mineral precipitation also play a role (Bense et al. 2013).

Under steady state flow conditions, impermeable barriers can influence the distribu-
tion of hydraulic heads (Bense et al. 2013; Bense and Van Balen 2004; Gumm et al.
2016; Mayer et al. 2007; Rawling et al. 2001; Seaton and Burbey 2005). Yet during
groundwater extraction, if an impermeable barrier exists beyond the extent of the
cone of depression, it will not have any effect on drawdown. At some distance away
from pumping, the maximum decline in groundwater level may not occur until after
pumping has ceased (Bredehoeft 2011). Then, if the cone of depression intersects an
impermeable barrier, drawdown on the pumping side of the barrier will be greater
than it otherwise would be if that barrier were not present. In this case, hydraulic
head measurements taken during pumping would not detect the presence of the
barrier. Other methods available for locating impermeable barriers rely on datasets
that can be clustered around the site of extraction rather than in the broader region

(Cook et al. 2016), and so a barrier may remain undetected.

The role that groundwater barriers play in pumping test analysis has been thor-
oughly characterised (Ferris et al. 1962; Kruseman and Ridder 2000; Pujades et al.
2012; Wu et al. 2017). In addition, methods have been developed for groundwa-
ter modelling in regions with hydraulic barriers, including: using analytical models
(Fitts 1997); understanding horizontal (Anderson 2006) and vertical (Anderson and
Bakker 2008) anisotropy across impermeable barriers, including in multi-aquifer set-
tings; incorporating impermeable barriers into numerical modelling codes (Hsieh and
Freckleton 1993); and using numerical models to test different permeabilities of fault
zones (Bense and Person 2006). However, many of the studies have been limited

to steady-state flow and few discussed the recovery period following pumping. Yet
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predictions of groundwater levels in transient systems, including during groundwater
recovery, are often required for the purpose of watershed and ecosystem manage-
ment (Currell et al. 2017; Toran and Bradbury 1988). If a barrier is undetected, and
therefore not included in a conceptual model of a site, it can introduce structural
uncertainty in model predictions. In general, the implications of structural model
uncertainty have been well documented (Beven 2005; Bredehoeft 2005; Gupta et al.
2012; Refsgaard et al. 2012). However, to date no research has quantified the degree
to which model predictions could be inaccurate if impermeable barriers are not in-
cluded in models of groundwater drawdown. The aim of this study was therefore to
determine both spatially and temporally when impermeable barriers should be con-
sidered in predictive groundwater models, and what their impact on groundwater

level predictions could be.

2.3 Mathematical development

Analytical models (Ferris et al. 1962; Theis 1935) were used to compare groundwater
drawdown with and without an impermeable barrier. The difference in drawdown
between these two end members will be referred to as ‘the effect of the barrier(s)’.
The effect of a barrier, or multiple barriers, was evaluated during extraction (pump-
ing phase) and also once pumping had ceased (recovery phase) at various distances
from pumping and in aquifers with different geological properties. Drawdown from
a pumping well was represented by the Theis equation (Theis 1935). For an aquifer
of infinite extent and with a constant transmissivity, drawdown during pumping in

a homogeneous aquifer (s7) is represented as:

a2 (s () -

Symbols are defined in Table 2.1, and Ei() represents the exponential integral func-
tion:

[e.9] —Uu

e

Ei(z) = — / —du. (2.2)

e U
Drawdown with an impermeable barrier, which is a no-flow boundary, for an obser-
vation well some distance, r, from the pumping well, can be derived by applying the
superposition principle using the image well technique (Ferris et al. 1962), which as-
sumes that the barrier has no permeability, spans the whole thickness of the aquifer
and is of infinite length. A plan view schematic diagram of the problem is presented

in Figure 2.1. Drawdown at the observation well, in the presence of the impermeable
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Figure 2.1: Schematic, plan-view diagram of notation used in the analytical
method to calculate drawdown in the presence of an impermeable barrier (dot-
dash line). The shaded region represents the physical region, the white region
represents the imaginary region. The solution from an image well, depicted by
the open black circle, was used along with real discharge at the pumping well,
depicted by the filled black circle, to derive the solution for drawdown at the
observation well shown as black circle filled with a cross. PW = Pumping well;
OW = Observation well; IW = Image well.

barrier, can therefore be represented by:

p__ Q@ i __72 i — 1
2T T <E (4@) +E (4@))‘ (2:3)

In this approach, R can be calculated if the angle, 6, between the line perpendicular

to the barrier that passes through the pumping well and the line from the pumping

well to the observation well is known, where R = rsinﬁ\/ 1+ (2=reost)2 - Suppose

that pumping ceases at a time ¢t = 7,¢r. Drawdown at the observation well for
t > T,ry with no impermeable barrier present (s}) is shown in Equation 2.4, and with
a barrier present (s}) is shown by Equation 2.5. These equations are obtained from
Equations 2.1 and 2.3 by adding an additional expression for drawdown which uses
an inflow term with the same, yet negative, rate of extraction Q where inflow begins
at the cessation of pumping (where ¢ = 7,¢¢). By the principle of superposition, this
is then added to the original drawdown for each time step, which results in water

level simulations for the recovery period ¢ > 7,¢;:

S G Blay) e
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Figure 2.2: Schematic, plan-view diagram of notation used in the analytical
method to calculate drawdown in the presence of a two hydraulic barriers (dot-
dash lines). The shaded region represents the physical region, the white region
represents the imaginary region. The solution from three image wells, IW7, W,
and IWj3, depicted by black open circles were used along with real discharge at
the pumping well, depicted by the black filled circle, to derive the solution for
drawdown at the observation well shown as the black circle filled with a cross.
PW = Pumping well; OW = Observation well; /W = Image well.

To observe the effect of two barriers on groundwater drawdown, where the two
barriers are orthogonal, drawdown at an observation point can be calculated by
including more image wells. With two orthogonal barriers, the imaginary system
includes three image wells and thus Equation 2.3 expands to become Equation 2.6.
R;1, R;» and R;3 represent the radial distances from the observation well to each
of the image wells, i1, i2 and i3, respectively (Figure 2.2). The drawdown in the

observation well during pumping with two barriers is:

Q o T2 L — R21 L — R22 L — R23
p—_ % (i) 4R 22 ymi( 222 ) R 22 ) . (2
2= T N\ ) T e ) T e ) T e (2:6)

And drawdown in the observation well during recovery (¢t > 7,77) with two barriers

1s:
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. Q = —R? . [ —R2 : —R?
Q . —r? . _Rin : R
inT (E <4m<t = Tom) i (zm(t = Toff>> i (w = roff>)
: —R3
B(gra))- @7

The difference in drawdown between the barrier and non-barrier scenarios (ds) dur-

ing pumping and recovery are:

As? = sb — 57, (2.8)

As" = sh — s, (2.9)

As represents the effect of the barrier, and the error in a prediction of drawdown,
where it may be uncertain whether or not a barrier is present. The time of the
maximum effect of the barrier during pumping is the time at which pumping ceases
because the effect of the barrier increases as drawdown increases. On the other
hand, the time of the maximum effect of the barrier during recovery, ¢, .., will vary

depending on pumping duration, 7,¢s, and aquifer diffusivity, x. The value of ¢,

max’
dAs

for any value of 7,55 where t > 7,¢¢, can be found by setting = 0, and solving

for t. For the one barrier case, this produces:

eXp ( R /4Htmaz) eXp (_R2/4K(trmazf7-off))

- =0, (2.10)
TV'Lll(L'/TOff (tTILLZ(L'/TOff) — 1
or for the two orthogonal barrier case:
exp (—Fh/antr,.)  exp (~Bhfantr,,.)  exp (“Ris/antr,,.)
max/Toff max/’roff maar/’Toff
N exp (“BA/an(thun—1ors)) XD (TRE/16(t7 00 —70rp)) XD (~Bi/an(th0n—Tor ) 0
(tmas/ross) — 1 (tmas/rors) — 1 (tmas/ros) — 1
(2.11)

These can easily be solved numerically for ¢; . It is also convenient to define the

ratio of the maximum As” to the maximum AsP:
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maxAs”
_ = 2.12
¢ maxAsP’ ( )

to understand the relative effect of the barrier during recovery compared to pumping.

r
max?

The max As? and max As" occur where ¢t = 7,57y and t = ¢ respectively. Where
the effect of the barrier is high during recovery and low during pumping, the value
e will be high. As the effect of the barrier during pumping approaches 0, the ratio

approaches infinity:.

2.4 Groundwater drawdown and recovery with a

single barrier

Drawdown with and without an impermeable barrier during pumping and recovery
was analysed over a wide parameter space initially for systems with one barrier
(Equations 2.8 and 2.9). To study the circumstances where the effect of the barrier
is not observed during pumping, yet is significant during recovery, mazAsP was
compared to maxAs” for various values of r, k and 7,5 (Figure 2.3). To simplify,
situations where r = R = L were explored as this represents a worst-case scenario.
This means that the observation well is at the point immediately adjacent to the
barrier nearest the pumping well on the straight line between the pumping well
and image well. Differences in drawdown As [L] are scaled by ;%= [L] to give non-
dimensional quantities As*. The squared radial distance, r* [L?], is scaled by 4K7,;;
[L?] to give the non-dimensional quantity r**. As the value of r?* increases, the
values of both max AsP* and max As"™ decrease, with max AsP* always lower than

max As"*.

To understand the results, we can study the distance, r?*, at which the effect of the
barrier becomes insignificant (and therefore unobservable) in the pumping phase.
Suppose that we define a significant amount of additional drawdown due to the
presence of a barrier as As > 1 m. We consider three scenarios: @/ = 10%, 10 and
10* m, which respectively give max As”* = 0.13, 0.013 and 0.0013. For each of these
values, the largest value of max As™ (and hence also max As") can be determined
for each corresponding value of r**. From Figure 2.3, we therefore get r%* values of
1.4, 3.0, and 4.9 for @/7 = 10?2 m, 10*> m and 10* m, respectively. For each distance,
r?*, the value of max As™ can therefore also be read from the graph. These non-
dimensional values are, respectively, 0.27, 0.12 and 0.08, giving dimensional values
for max As” of 2m, 10 m and 59 m (for @/ = 10? m, 10* m and 10* m).

Following a similar approach, we can explore the range of distances between which

the effect of the barrier during pumping is not significant, but the barrier is not
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Figure 2.3: Generalised graph of maximum difference in drawdown between the
one barrier case and the no barrier case during pumping (in red) and recovery (in
blue), where 7 = R = L, as a function of non-dimensional distance (r%*).
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Figure 2.4: Generalised graph of the ratio of the maximum difference in draw-
down between the barrier and no barrier case during pumping compared to re-
covery (€), where r = R = L, as a function of r2*.
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too far away—so that its effect during recovery is significant (max As? < 1 m yet
max As” > 1 m). We refer to these barriers as ‘undetected’ as hydraulic head
measurements taken during pumping are not useful to predict recovery drawdown.
From Figure 2.3, these are: 1.4 < r? < 2.9, 3.0 < r* <29, 4.9 <r?* <91 for QT =
10% m, 10° m and 10* m, respectively. For a system with £ = 500 m?/day and 7,;
= 10 years, these non-dimensional values of r** equate, respectively, to r values of
3140-4620 m, 4700-14, 630 m, and 5990-25,800 m. Within these ranges of distance,
e respectively spans 2.0-8.7; 10.0-2.0 x 10'2 and 59.0-4.5 x 1038 (Figure 2.4). This
illustrates that the effect of the barrier during recovery is considerably greater than
the effect of the barrier during pumping. However, as demonstrated, to determine
the significance of the effect of the barrier during recovery one cannot simply refer
to €. This is because at high values of €, the actual difference in drawdown induced
by the barrier may be minor even if the ratio is large (as max AsP approaches

Z€ro).

To exemplify the method and results, we analyse a hypothetical but realistic mining
project that exists within a regional aquifer in which there is an observation well
(say, at the site of a valued ecosystem) located on the pumping well side of a barrier
3 km away from the pumping well (see Figure 2.1 where r = R = L = 3000 m).
The barrier has not been identified prior to the commencement of the project. Let
us assume that dewatering proceeds for 10 years (7,7, = 3650 days) where @ = 10°
m?/day (this rate of dewatering is known to occur at large open pit mines, Cook
et al. 2016). The other aquifer properties are K = 0.04 m/day, S = 0.1, b = 300 m
(k = 120 m?/day); giving 72* = 5. Although the drawdown at the observation well
during pumping is small, residual drawdown during the recovery phase is significant
(Figure 2.5). The maximum effect of the barrier during the pumping period, max
AsP, equals 0.7 m, and so the presence of the barrier is unlikely to be detected during
pumping. After pumping ceases, as the extent of drawdown reaches the barrier, the
residual drawdown curves for the barrier and the non-barrier model results diverge.
The barrier-case residual drawdown curve is steeper than the non-barrier curve, as
the barrier compartmentalises the aquifer and less water is available on the pumping
side of the barrier for water level recovery. During the recovery phase, the maximum
difference between the barrier and non-barrier model results (max As”) in 47 m
observed at a t/ . of 20,693 days (56 years), which is 46 years after the cessation of
pumping. The value of € for this example is 67, as the maximum effect of the barrier
is considerably greater during recovery than during pumping, which highlights the
importance of identifying barriers through other methods, such as hydrogeological
mapping and geophysics, as their impact on water levels is delayed beyond the

cessation of pumping.
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Figure 2.5: Results of analytical simulation of extraction and recovery for an
aquifer 300 m thick, where Q@ = 10° m?/days, r = 3000 m with K = 0.04 m/days
(T = 12 m?/days), and S = 0.1. The blue shaded area denotes the period of
pumping, where 7,7y = 10 years. (a) Groundwater drawdown for the no barrier
case (s1) and the one barrier case (s2); (b) the difference between drawdown with
and without the barrier (As = sy — s1). t) .. is the time where As is the greatest,
which occurs at 56 yrs.
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T

Figure 2.6: The time that the maximum effect of the barrier occurs (¢, ...

ratio to pumping duration (tmaz/7,;) compared to r2*.

) as a

2.5 Timing of the maximum effect of a barrier

The solution to Equation 2.10 for » = R = L enables the comparison of the ratio

of tI .. t0 Topy with r** (Figure 2.6). This shows when the maximum effect of the

barrier in recovery will occur, compared to the total duration of pumping. As 7%*

increases, tI, . increases with respect to 7,77. As 7?* decreases, % decreases and
¢

approaches 1. For max As? = 1 m, and /7 = 10> m, 103 m and 10* m, Trm—ﬁ = 2.0,
3.6 and 5.5, respectively. This means that, say for a groundwater extraction project
that extends for 10 years (7,5f = 10 years), the greatest effects of the barrier will

not be until 10, 26 or 45 years after pumping ceases for these values of @/7.

2.6 Groundwater drawdown and recovery with two

orthogonal barriers

If there is more than one impermeable barrier, the effect of the barriers on drawdown
will be greater than in the single barrier case, as the aquifer becomes more com-
partmentalised. We study the effect of two orthogonal barriers, with an observation
well located on the pumping side of the junction of these barriers, as a case study to
exemplify highly compartmentalised systems. In this case, the radial distance from
each of the real or imaginary discharging wells will be equal (r = R;; = Rjs = Ry3).
Under this assumption, Equation 2.6 simplifies to Equation 2.13, and Equation 2.7
simplifies to Equation 2.14:
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Note that in this case, as the observation well is immediately adjacent to the junction
of the two barriers, r # L, and thus the barriers are each closer to the pumping well
than in the one barrier scenario. Therefore, in this case r represents the distance to
both barriers, where they intersect, so in the two barrier scenario: Ly = Ly = \/%
During both pumping and recovery, max As* decreases with increasing r%*. In
comparison to the one barrier solution, overall the values are higher (Figure 2.7).
The values of r2*, for which max As? < 1 m, and max As” > 1 m, are 2.1 < r?*
< 88,39 < r* <59 and 5.9 < r?* < 127 for @/ = 10> m, 10?> m and 10* m,
respectively. Respective values of € are 4 to 2.6 x 103, 22 to 7.6 x 10?* and 149 to 1.9
x 105!, which can be found using the results for the one barrier case (Figure 2.4), as
the ratio max As” : max AsP compared to r?* is the same for both case studies. In
the two orthogonal barrier case, the values of max As” (for max As? = 1 m) are 4
m, 22 m and 149 m.

To determine the timing of the maximum effect of the impermeable barrier, where

r = Ri1 = Ris = R;3, and for t > 7,57, Equation 2.11 simplifies to become the same

r

T az Call be determined using Figure 2.5. For the

. . tr
three values of @/1 described earlier, at max As”, where max As? = 1 m: T =
o

2.7, % = 4.5; and tf"f = 6.4, respectively. This shows that for a groundwater

extraction project that extends for 10 years (7,5 = 10 years), the effect of the

as Equation 2.10 and the value of ¢

barriers will be greatest at 17, 35 or 54 years after pumping ceases if /7 = 10? m;

Q/r = 10 m or @/r = 10" m, respectively.

2.7 Maximum error in predictions of hydraulic

head during recovery

It is also useful to understand: (a) how large the effect of an undetected barrier could
be in recovery for any given @/7 and (b) the distances, r, for which this phenomenon
may be observed with respect to aquifer and pumping properties. To do this, for
each value of @/7, we can find the value of max As?* where max As? = 1 m. From
this we can derive the corresponding value of 7?* (Figure 2.3 or Figure 2.7), and
thus also max As™ and hence As”. This is shown in Figure 2.8. As @/ increases,

so do max As” and r**. For values of @/1 between 1-10* m, the non-dimensional
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Figure 2.7: Generalised graph of maximum difference in drawdown between the
two orthogonal barriers case and the no barrier case during pumping (in red) and

recovery (in blue), where r = R = L, as a function of non-dimensional distance
(r2%).
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values of r?* that results in max As? = 1 m range between 0.01-10. The dimensional
values of r can be derived by dividing ** by a specific value of 4k7,¢. For example,
if @/7 = 10? m, for values of k7,s; between 10°-10° m? r ranges between 10% and
10° m.

101
103
£ 102,
&UD F i
3 1100 &
§ I
NL
10t
100 0-1
101 102 103 104
Q/T (m)

Figure 2.8: The value of max As" for an undetected barrier, where As? = 1 m,
depending on the value of @/7 is shown by the solid lines for both the one barrier
case (1 B) and two orthogonal barrier case (2 B). The r?* corresponding to each
max As” value for a specific @/7 value is depicted with the hashed lines. These
r2* values can be used to calculate dimensional values of r, in metres, by dividing
them by a specific value of 4k7,s.

2.8 Discussion and conclusions

This paper shows that in areas with impermeable barriers, hydraulic head measure-
ments made during pumping cannot reliably be used to predict recovery. This can
occur if impermeable barrier(s) exists outside the extent of drawdown induced dur-
ing pumping. The results indicate that, for an observation well located 3 km from
a pumping project, the effect of a barrier on groundwater levels can be less than

1 m during pumping, yet almost 50 m after pumping has ceased. The timing of the
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maximum effect of a barrier on groundwater levels is proportional to the duration
of pumping and will increase as the distance of the barrier from a pumping project

increases.

The results were based on analytical models that used the linearised Boussinesq
equations (Dupuit assumption). Other assumptions include: that the hydraulic
barrier is completely impermeable, of infinite length, fully penetrating and that the
aquifer is homogeneous. Our model of hydraulic barriers is thus highly simplified,
and does not consider the permeability structure associated with fault zones (Bense
et al. 2013; Caine et al. 1996). We also do not consider multi-aquifer systems in
which faults create offsets on aquifer layers, or faults that act as barriers to perpen-
dicular flow across the fault but as a conduits to flow in the vertical direction or
along, parallel to, the fault. Steady state analytical models of these systems have
been considered (Anderson and Bakker 2008; Anderson 2006). Further research into
methods for modelling barriers with complex permeability and isotropy under tran-
sient conditions would be useful, where numerical modelling and field studies could
complement the use of analytical or analytical-element models. The assumptions of
zero permeability and isotropy across barriers in this paper allow for a worst-case
assessment of omitting impermeable barriers from predictive models of groundwater

levels based on hydraulic head measurements taken during pumping.

Where the effect of a barrier during pumping is insignificant, other methods are
required to detect its presence. These might include surface or aerial geophysics
(Ball et al. 2010; Vittecoq et al. 2015), geochemistry and environmental tracers
(Pereira et al. 2010; Rajabpour and Vaezihir 2016; Sun et al. 2018; Toutain and
Baubron 1999; Umeda and Ninomiya 2009), and lineament analysis (Per et al. 1997;
Tam et al. 2004). Analysis of the pre-pumping potentiometric surface might also
provide information on the existence of barriers to flow (Bense et al. 2003; Seaton
and Burbey 2005), although often bore networks are sparse in areas that are not
affected by groundwater pumping. This is certainly the case in northwest Australia,
where dewatering of large open pit mines occurs in areas of highly complex geology
(Cook et al. 2016). Nevertheless, the use of multiple data sets, such as geochemistry,
temperature and hydraulic heads, can shed light on past and current groundwater
dynamics in regions impacted by pumping (Gumm et al. 2016). However, inter-
preting variations in hydraulic conductivity and geological structures from some
methods can be challenging (Viezzoli et al. 2013). Therefore, simple approaches to
understand the impact of impermeable barriers on predictions of future groundwater

levels can be very useful.
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3.1 Abstract

Hydraulic head and groundwater age data are effective in building groundwater
system understanding. Yet their joint role in detecting and characterising low-
permeability geological structures—hydrogeologic barriers, such as faults and dykes,
has not been widely studied. Here, numerical flow and transport models, using
MODFLOW-NWT and MT3D-USGS, were developed with different hydrogeologic
barrier configurations in a hypothetical aquifer. Computed hydraulic head and
groundwater age distributions were compared to those without a barrier. The con-
joint use of these datasets helps in detecting vertically-oriented barriers. Two forms
of recharge were compared: (1) applied across the entire aquifer surface (uniform),
and (2) applied to the upstream part of the aquifer (upgradient). The hydraulic head
distribution is significantly impacted by a barrier that penetrates the aquifer’s full
vertical thickness. This barrier also perturbs the groundwater age distribution when
upgradient recharge prevails. However, with uniform recharge, groundwater age is
not successful in detecting the barrier. When a barrier is buried (such as by younger
sediment), hydraulic head data also do not clearly identify the barrier. Groundwater

age data could, on the other hand, prove to be useful if sampled at depth-specific
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intervals. These results are important for the detection and characterisation of hy-
drogeologic barriers, which may play a significant role in the compartmentalisation
of groundwater flow, spring dynamics, and drawdown and recovery associated with

groundwater extraction.

3.2 Introduction

Hydrogeologic barriers, including some dykes and faults, are structures that cut off
or restrict groundwater flow (Ferris et al. 1962). Detecting hydrogeologic barriers in
the subsurface is important because they can compartmentalise groundwater flow
(Ferrill et al. 2004; Marshall et al. 2019) and provide a mechanism for spring and
wetland formation (Babiker and Gudmundsson 2004; Bense et al. 2013). Steep
hydraulic head gradients have been observed across hydrogeologic barriers under
natural flow regimes; therefore, detailed potentiometric surface mapping can assist
in their identification (Bense and Van Balen 2004; Bense et al. 2003; Cilona et al.
2015; Stamatis and Voudouris 2003). Yet hydraulic head distributions may not
definitively indicate the presence of barriers, particularly if the sampling density is
low (Bredehoeft et al. 1992; Smerdon and Turnadge 2015). Although the response
of hydraulic head to groundwater pumping can be useful for detecting hydrogeologic
barriers (Kruseman and Ridder 2000), the long-duration pumping often required is
not always feasible (Singh 2001).

Hydrochemical methods can provide useful information about groundwater flow in
regions with hydrogeologic barriers. These have proven useful to identify vertical
groundwater flux along faults. For example, Batlle-Aguilar et al. (2017) used major
ions, isotopic tracers and dissolved gases to present evidence for mixing of older
(upwelling) and younger (infiltrating) groundwater along permeable faults. Stable
isotopes, dissolved gases, and temperature data were used by Gumm et al. (2016)
to uncover the importance of deep, old groundwater mixing with shallow, young
groundwater via faults. Vertical gas exhalation from faults has also been used for
their detection and characterisation (Sun et al. 2018; Umeda and Ninomiya 2009).
However, these approaches rely on the fault causing connectivity between deep and
shallow aquifers, which is not always the case. Hydrochemical approaches can also
unravel groundwater flow mechanisms across geologic structures in the horizontal di-
rection. Analytical and numerical methods have illustrated discrete barrier features
that displace and widen solute plumes (Sebben and Werner 2016). Field studies
demonstrate the relevance of geochemical data, such as ratios of magnesium to cal-
cium in groundwater (Valdes et al. 2007), and discontinuities in total dissolved solids

(Rajabpour and Vaezihir 2016), to map fault properties. Geochemistry can also infer
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connectivity between aquifers separated by horizontal flow barriers (Apaydin 2010).
However, most previous studies are conducted with knowledge of the approximate
location of the fault, with geochemistry refining fault properties. Studies that locate
new structures using geochemistry are not as common. Advances in inverse meth-
ods, however, demonstrate capacity in this area (Comte et al. 2017; Dai et al. 2010;
Harp et al. 2008).

Due to the restriction of groundwater flow across a fault or dyke, these struc-
tures can impact groundwater velocities. Therefore, they can influence groundwater
age, which is usually estimated by measuring environmental tracers in groundwa-
ter (Cook and Bohlke 2000). Two-dimensional modelling of the Carrizo Aquifer in
Texas showed reduced groundwater velocity downstream of a low-permeability fault,
resulting in significantly older groundwater than would have occurred without the
fault present (Castro and Goblet 2005). Raiber et al. (2015) examined the influence
of regional faults on the interpretation of groundwater age (from radiocarbon data)
using the conceptual framework of a 3D geologic model. They found unexpectedly
older ages upgradient of some faults, interpreted as groundwater upwelling along
the fault. They also found downgradient increases in groundwater age across faults,
interpreted as potential leakage through faults from younger, shallower, aquifers.
Groundwater age data are known to be useful for model calibration (Konikow et al.
2008; Sanford 2011), but few examples exist that jointly use hydraulic head and

groundwater age to detect aquifer structures.

This study uses computer simulations of flow and transport in synthetic, regional-
scale aquifers to determine the influence that vertically-oriented hydraulic barriers
have on the spatial distribution of hydraulic head and groundwater age. The objec-
tive is to determine the detectability of barriers under contrasting recharge settings
and barrier configurations. The detection, and any further characterisation, of bar-
riers relies inherently on the availability of data. The objective of this study is not
to quantitatively address the impact of data density on barrier detection. Instead,
the focus is on when, and to what degree, hydraulic head and groundwater age
data may be useful in detecting barriers in simple aquifer systems. This provides
a reference for future studies in the vicinity of low-permeability aquifer structures
that may involve, for example, the design of monitoring networks, the interpretation
of more complex field data or the inversion of similar datasets, such as for model

calibration.
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3.3 Methods

Evaluating the effect of hydrogeologic barriers on hydraulic head and groundwater
age distributions was achieved by first modelling a steady-state flow field with no
barrier (Baseline). To understand the difference between Baseline (homogeneous)
conditions and those with a barrier, two alternative barrier configurations were sim-
ulated. One represents a barrier that fully penetrates the entire depth of the aquifer,
and the other a fault or dyke that has been overlain by younger, undeformed (or
unintruded), sediment (e.g. Rajabpour and Vaezihir 2016). Two alternative spatial
patterns of recharge were applied and the simulations with a barrier were compared

to those for the Baseline case.

3.3.1 Theory and numerical models

Groundwater flow was simulated using the MODFLOW-NWT model (Niswonger
et al. 2011). Age concentrations were calculated with MT3D-USGS (Bedekar et al.
2016) using direct age simulation (Goode 1996). The model simulates age as a non-
reactive solute species using a zeroth order production term to allow water to “age”
by one unit of time per unit time. This approach is useful to understand the distri-
bution of groundwater age in the system, based on flow and transport properties.
The models were developed and post-processed using the FloPy package for Python
(Bakker et al. 2016) and were executed utilising high-performance computing pro-
vided by eResearch SA Ltd (eRSA). The flow model equations were solved using
the Newton solver with a 1e-5 m head change convergence criterion. The advective-
dispersive transport equation was solved using the standard finite-difference method,
due to its superior numerical efficiency. Unlike point-source problems, numerical dis-
persion was not considered as a significant problem for the calculation of an “age
concentration,” which is dominated by advection and the zero-order reaction term.
A convergence criterion of le-6 in terms of relative concentration was used. The
flow and transport models were executed as steady-state simulations. The results
were compared to transient transport model simulations, run for a sufficiently long

time to reproduce steady-state conditions, and were in agreement.

3.3.2 Conceptual models

The conceptual models were designed to evaluate groundwater flow in a large,
regional-scale groundwater system in a semiarid to arid climate. The Baseline model
provides a basis for comparison of potential barrier conditions; it has homogeneous
aquifer properties and includes no hydrogeologic barrier. For simulations with a

barrier, the hydraulic conductivity in cells representing the barrier is three orders of
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magnitude lower. Porosity remains constant across the grid. The dimensions of the
model are 10 km by 5 km, with a thickness of 300 m. The model domain is divided
into a regular rectangular grid. In the x and y directions, cells have dimensions of
10 m by 10 m. The model is vertically discretised into 12 layers, each 25 m thick.
The robustness and resolution of the flow and transport solutions were tested using
more finely discretised grids and the results indicated grid convergence. Dimensions

and parameters used for each model are shown in Table 3.1.

Parameter Symbol Value
MODFLOW-NWT

Grid size (z and y directions) [m] Az, Ay 10
Layer thickness [m] Az 25
Anisotropy ratio K, /K, 10
Specific yield Sy 0.1
Recharge rate [m/d] R 1.37e-5
Hydraulic conductivity - aquifer [m/d] K, 1
Hydraulic conductivity - barrier [m/d] K, le-3
Barrier width (along x axis) [m] Wi 50
MT3D-USGS

Effective porosity Ne 0.1
Zeroth order reaction rate [yr/d] 1/325.25
Longitudinal dispersivity [m] ar, 1.5
Ratio of horizontal transverse dispersivity to longitudi- o, /oy 0.1

nal dispersivity

Ratio of vertical transverse dispersivity to longitudinal ap, /ar 0.01
dispersivity

Effective molecular diffusion coefficient [m?/d] Dx 92-6

Table 3.1: Dimensions and universal parameters for modelling various barrier
and recharge configurations.

The upstream end, the two lateral sides, and base of the aquifer were assigned no-flow
conditions and the downstream end has a fixed general head boundary (Figure 3.1).
The upper surface of the model was simulated as water table (unconfined) conditions.
The only inflow to the system is via recharge. The first Uniform spatial pattern
of recharge represents diffuse recharge from rainfall infiltration evenly across the
region. The second Upgradient spatial pattern of recharge involves recharge only
in the upper part of a catchment. This might occur for a confined aquifer that
outcrops in the upper part of the catchment, but might also occur in unconfined
aquifers in semi-arid to arid climates that are dominated by mountain front recharge
(e.g. Manning and Solomon 2003). A value of 5 mm/yr for the Uniform recharge
scenario is consistent with values estimated for semi-arid regions of Australia (Cook
et al. 2016), and the same volume of recharge converts to a rate of 20 mm/yr when

only applied to the upper quarter of the catchment. These values were chosen as the
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Figure 3.1: Schematic, 3D representation of the simulation domain showing the
model dimensions and boundary conditions. The yellow dot-dash lines illustrate
the central position of a barrier, for relevant cases. The two navy blue lines
represent the physical extent to which recharge was applied to the uppermost
cells in the model for each recharge scenario (recharge applies to all values of y).
The orange model face indicates where a general head boundary was applied and
the black model faces indicate those to which no-flow conditions were applied,
except the upper z-y model face, which was simulated as water table conditions.
The light blue arrow shows the principal groundwater flow direction.

work forms part of a larger project assessing groundwater resources in the semi-arid
Pilbara region of Western Australia (Manning and Solomon 2003; Underwood et al.
2018).

Transport simulations were performed over the entire grid, where recharge water had
an age concentration of zero. The results assess the relative differences in ground-
water age, as described below, and the spatial distribution of these differences. As
differences are measured, the absolute values of recharge are less relevant to the
overall results of the study, as both models being compared were parameterised
identically, except for the presence or absence of a barrier. Nevertheless, the ab-
solute values of recharge and other parameters, including hydraulic conductivity,
porosity, barrier width, and the ratio of the aquifer to barrier hydraulic conductiv-
ities, were assessed in a sensitivity analysis. Two alternative barrier configurations
were simulated (Figure 3.2). The Fully-penetrating barrier penetrates all model
layers, but not the entire width of the model so that some groundwater can flow lat-
erally around it. The Buried barrier only penetrates the lower half of model layers.

In this case, the barrier extends the entire aquifer width. The barrier width (extent
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Figure 3.2: Schematic cross-section and plan-view illustrations of the barrier
configurations. The upper rectangle for both the Fully-penetrating (in blue) and
the Buried (in red) barrier scenarios represent the aquifer in cross-section, taken
through the centre of the y azis of the model. The lower rectangles represent the
aquifer in plan-view, taken from the base of the z axis of the model. Note that
for the Buried barrier case a plan-view slice through the upper half of the aquifer
would display no barrier. The yellow line represents the location of a barrier,
which is 50 m wide (not to scale).

along z axis) is 50 m in all cases.

3.3.3 Hydraulic head and groundwater age difference

To understand how hydrogeologic barriers impact hydraulic head and groundwater
age distributions, the differences between these variables in the simulations with and
without a barrier were compared. The model difference for hydraulic head (Ah) and
groundwater age (Aa) was calculated by subtracting the value for hydraulic head or
groundwater age (respectively) at each cell for the Baseline model (with no barrier)

from the value at the corresponding cell in the model with a barrier:

Ah — hb o hnb

x?y?'z x7y72 x7y7z’

(3.1)

where h’ is the hydraulic head in the case with a barrier and A" is the hydraulic
head without a barrier. The subscripts z, y, z refer to the model cell positions along

the z, y, and z axes of model, respectively.

Similarly, the difference in groundwater age was determined:

a b nb

Ax,y,z - aaz,y,z - a:v,y,z’ (32)
where a’ is groundwater age with a barrier and a™ is groundwater age without
a barrier. The groundwater age difference was normalised using a fractional age
difference, I'* (Zinn and Konikow 2007a), for all points in the model grid, defined
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as:

a

. b nb a _ T,Y,2

Zfa:r,y,z > Qg2 Fw,y,z T OAnb
x?yVZ
a

. b nb a _ T,Y,2

Zfa/x7yvz S &:c7y,z7 Fx7yaz - b : (3'3)
x?y7z

The reason that A® was normalised is because the detectability of a change in
age will depend on the age of groundwater in the system. For example, a 100 yr
difference in age may be relevant if the average age is 200 yr, but not necessarily if
it is 2000 yr. This metric scales positive and negative changes in age in a constant
fashion, where if age increased by a factor of 100, A* would equal 99, and if age
decreased by a factor of 100, A* would equal -99, which is beneficial over a percent
change measurement, as it doesn’t disproportionately emphasise large increases in

age over large decreases.

3.3.4 Extent of spatial impact of a barrier

The results for the values of A" and I'* across the model were evaluated spatially.
Here, absolute values of |A"| and T'® were used to show how different the results
with and without a barrier are, regardless of which is higher. The volume of the
aquifer with a value of |A"] > A was calculated, where A ranged from 0.1 m to
the maximum value of |A"| in increments of 0.005 m. Similarly, the volume of the
aquifer with a value of |[I'*| > B was also calculated, where B ranged from 0.01 to

the maximum value of |I'*| at increments of 5e-4.

The volume of the aquifer for each value of |A"| and |T'%| was normalised by the
cross-sectional area of the barrier (i.e. the area of the barrier in the y — z plane).
Because the barrier cross-sectional area is constant at 1.2 km? and 0.75 km? for the
Fully-penetrating and Buried cases, respectively, these plots of normalised volume
can be simply converted to true volumes. However, this normalisation was found
to be useful, as it represents an “effective distance” from the barrier over which
the relevant groundwater parameters have changed. This value is hence related to
the distance from a barrier that a well would need to be located to detect such a

change.

3.3.5 Change across the barrier

Changes in hydraulic head and groundwater age were calculated across (perpen-

dicular to) the barrier. These results were examined in wells 25 m upstream and
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downstream of the barrier. Because the barrier has a width of 50 m, the midpoints
of the cells were 100 m apart. The changes in hydraulic head and groundwater age
across the barrier were taken by subtracting the value at the upstream point (at z =
4955 m) from the downstream point (at z = 5055 m), at an equivalent position along
the y and z axes. The change in hydraulic head across the barrier was calculated

using:

Shy.. = h* — ", (3.4)

where &h, . is the linear change in hydraulic head across the barrier (m), k¢ is the
value of hydraulic head at the downstream location and A" is the value of hydraulic
head at the upstream location. Similarly, normalised age change across the barrier
was calculated by:

CLd — a

05(at + )’ (35)

day . =
where da, . is the linear change in age across the barrier divided by the average of
the two age values (unitless), a? is the value of age at the downstream location and

au

is the value of age at the upstream location. The spatial patterns of hydraulic
head and groundwater age along the barrier will be reflected in 65, ., and da,, ., which

provide a simple proxy for the interpretation of field data across a barrier.

3.3.6 Baseline hydraulic head and groundwater age distri-

butions

The Baseline conditions (Figure 3.3)—hydraulic head and groundwater age distri-
butions without a barrier—show that the regional hydraulic head gradient with
Uniform recharge (Figure 3.3a) is lower than that with Upgradient recharge (Fig-
ure 3.3c). The groundwater age with Uniform recharge (Figure 3.3b) increases with
depth, but not in the principal direction of flow. In this case, the mean age in the
aquifer (u = 5662 yr) is considerably higher than that for Upgradient recharge (=
3079 yr). With Upgradient recharge, age increases in the direction of flow as the dis-
tance from the recharge region increases, but it varies less with depth (Figure 3.3d).
The age distribution with Uniform recharge is similar to analytical expressions for
an unconfined aquifer, where age is dependent on depth. Those with Upgradient
recharge relate to a confined aquifer, where age also depends on the distance along
the aquifer (Cook and Bohlke 2000). Under both recharge scenarios, the hydraulic

head and groundwater age do not vary laterally across the aquifer (y direction). In
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Figure 3.3: Baseline results with Uniform recharge (a, b) and Upgradient
recharge (c, d) shown as a cross-section taken through the centre of the y axis
of the model. Results show hydraulic head distributions (a, ¢) and groundwater
age distributions (b, d). The arrows on (a) and (c) indicate groundwater flow
direction with their length scaled arithmetically by the groundwater velocity.

this and all following sections, cross-section results refer to the x — 2z plane taken
through the centre of the y axis (at y = 2500 m). The arithmetic average value (u)
and standard deviation (o) of hydraulic head, A", and normalised groundwater age,
I'*, were calculated for the entire model grid, not only for the cross section or layer

for which the results are illustrated.

3.4 Results

3.4.1 Hydraulic head and groundwater age differences

With the Fully-penetrating barrier, a decrease in hydraulic head is observed across
the barrier, in the principal direction of groundwater flow. This is not as pro-
nounced with Uniform recharge, where hydraulic head drop across the barrier is
approximately 1.5 m (Figure 3.4a), as with Upgradient recharge, where the drop is

approximately 2.5 m across the barrier (Figure 3.4d).

With a Fully-penetrating barrier and Uniform recharge, groundwater age does not

change noticeably across the barrier (Figure 3.4b). The normalised age difference
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Figure 3.4: Fully-penetrating barrier results with Uniform recharge (a, b and c)
and Upgradient recharge (d, e and f), shown as a cross-section taken through the
centre of the y azis of the model. Results show hydraulic head distributions (a, d);
groundwater age distributions (b, e); and normalised differences in groundwater
age (c, f). The arrows on (a) and (d) indicate groundwater flow direction with
their length scaled arithmetically by the groundwater velocity.
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(Figure 3.4c) shows that groundwater is very slightly younger downstream of the bar-
rier (at a shallow depth) that it would be without the barrier, and only very slightly
older upstream of the barrier. This is because groundwater flow upstream of the bar-
rier is obstructed (Figure 3.5a). Fresh water recharging downstream of the barrier is
therefore not mixing completely with older water from upstream, especially in the
shadow of the barrier, resulting in younger groundwater ages (Figure 3.5b). With
Upgradient recharge, there is a sharp increase in age across the Fully-penetrating
barrier in the direction of principal groundwater flow (Figure 3.4e). In parts of the
aquifer, I'* reaches approximately 1.6 (Figure 3.4f), showing the difference in age
between the case with and without a barrier is approaching twice the age of the
groundwater. The barrier restricts groundwater flow, creating a high head gradient
across the barrier (Figure 3.6a). Preferential flow around the barrier results in a
“shadow” of comparatively older groundwater in line with, and downstream of, the
barrier (Figure 3.6b).

With a Buried barrier (Figure 3.7), the hydraulic head distribution is very similar
to Baseline conditions. There is, however, an upwards vertical head gradient on
the upstream side of the barrier, and a downwards vertical head gradient on the
downstream side of the barrier for both recharge scenarios. These vertical hydraulic
head gradients are lower with Uniform recharge (Figure 3.7a), due to the lower flow
rate. Nevertheless, this upstream vertical head gradient means that with Uniform
recharge, old groundwater from the base of the aquifer is moving upwards and bank-
ing up, resulting in older groundwater upstream (Figure 3.7b). Groundwater with a
barrier is older than Baseline conditions in the vicinity of the barrier (Figure 3.7c).
Because the vertical head gradients either side of the barrier are more pronounced
with Upgradient recharge (Figure 3.7d), the role of the barrier in restricting ground-
water flow and influencing groundwater age is not as significant (Figure 3.7¢). The
Baseline system with this recharge scenario has less vertical variation in age so the
upwards movement of groundwater over the barrier causes less of an impact on

groundwater age in the vicinity of the barrier (Figure 3.7f).

3.4.2 Extent of spatial impact of a barrier

The likelihood of detecting a barrier depends on: (1) the magnitude of difference
between the hydraulic head and groundwater age with and without a barrier; (2) the
spatial extent of this difference; and (3) the accuracy and precision of measurements
of hydraulic head and groundwater age. Here, the results are presented for the
spatial extent of impact from a barrier. This provides information on the maximum
distance from a barrier that wells could be located to reveal the barrier’s presence.

The volume of aquifer over which the absolute difference in hydraulic head between
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Figure 3.5: Hydraulic head difference (a) and normalised groundwater age differ-
ence (b) for the Fully-penetrating barrier with Uniform recharge, in a plan-view
slice through the upper half of the z azis (2 = 237.5 m). Positive values for
both hydraulic head difference and normalised groundwater age difference indi-
cate that the value for the barrier scenario is higher than that for the non-barrier
scenario. The arrows on (b) indicate the groundwater flow direction, with their
length scaled arithmetically by groundwater velocity. Contours are shown as solid
or dashed black lines where the contour represents a positive or negative value,
respectively.
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Figure 3.6: Hydraulic head difference (a) and normalised groundwater age dif-
ference (b) for the Fully-penetrating barrier with Upgradient recharge, in a plan-
view slice through the upper half of the z azis (z = 237.5 m). Positive values for
both hydraulic head difference and normalised groundwater age difference indi-
cate that the value for the barrier scenario is higher than that for the non-barrier
scenario. The arrows on (b) indicate the groundwater flow direction, with their
length scaled arithmetically by groundwater velocity. Contours are shown as solid
or dashed black lines where the contour represents a positive or negative value,
respectively.
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Figure 3.7: Buried barrier results with Uniform recharge (a, b and c) and
Upgradient recharge (d, e and f), shown as a cross-section taken through the
centre of the y axis of the model. Results show hydraulic head distributions (a, d);
groundwater age distributions (b, e); and normalised differences in groundwater
age (c, f). The arrows on (a) and (d) indicate groundwater flow direction with
their length scaled arithmetically by the groundwater velocity.
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the Baseline and barrier simulations (|JA”"|) exceeded different values was determined.
This volume has been normalised by the cross-sectional area of the barrier (in the
y — z plane) to determine an “effective distance” of impact from the barrier. These
results show that the Fully-penetrating barrier has a greater impact on hydraulic
head than the Buried barrier, and that the magnitude of the head difference is
greatest for the case with Upgradient recharge, reaching 2.2 m (Figure 3.8a).

A perturbation in hydraulic head was assumed to be detectable and significant if
|A" > 0.5 m. Using this cut-off value, for a Fully-penetrating barrier, hydraulic
head is significantly perturbed over an effective distance between 6.3 and 6.4 km
from the barrier. Yet with a Buried barrier, no hydraulic head difference would
be detected, as it is less than 0.5 m across the whole aquifer. For groundwater
age, the Fully-penetrating barrier with Upgradient recharge has the largest aquifer
volume with the greatest values of absolute normalised age difference, [I'*|. Yet,
when normalised to the cross-sectional area of the barrier, these results are similar
to those for the Buried barrier with Uniform recharge (Figure 3.8b). In contrast,
with Uniform recharge the Fully-penetrating barrier has the smallest impact on

relative groundwater age.

The value of normalised groundwater age difference that is discernible in the field
will depend on the method used to determine groundwater age. One estimate is that
groundwater age can be estimated to within 20 % using certain environmental tracers
(Cook and Solomon 1997). Evaluating the groundwater age estimation error using
environmental tracers is, however, complicated. It will depend on many factors,
such as dispersion, the age of the water itself, and the length of the well screens
(Walker and Cook 1991; Zinn and Konikow 2007b). Nevertheless, a value of (|I'%|)
> 0.2 was adopted as a benchmark for understanding the field-scale detectability of
the barriers. The effective distances from the barrier with (|I'|) > 0.2 are: 3.6 km,
2.4 km, and 0.9 km for the Fully-penetrating barrier with Upgradient recharge,
the Buried barrier with Uniform recharge, and the Buried barrier with Upgradient
recharge, respectively. For the Fully-penetrating barrier with Uniform recharge,
none of the aquifer has a groundwater age more than 20 % different to the Baseline

simulation.

3.4.3 Change across the barrier

The previous section compared differences in hydraulic head and groundwater age
data with and without barriers. Here, the changes in hydraulic head and ground-
water age across barriers are explicitly examined. As discussed above, the barrier is
50 m wide (along the x axis). The hydraulic head and groundwater age were exam-

ined 25 m upstream and downstream of the barriers—a distance of only 100 m, over
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Figure 3.8: Cumulative plots displaying absolute (a) hydraulic head difference
(|A"]), and (b) normalised groundwater age difference (|T'%|) compared to the
“effective distance from the barrier.” The effective distance is the volume of
aquifer normalised by the cross-sectional area of the barrier (1.2 km? and 0.75
km? for Fully-penetrating and Buried barriers, respectively). The values shaded

in grey represent those that would not be detectable with measurement errors of
0.5 m for |A"| and 0.2 for |T¢|.



CHAPTER 3. 44

which only very small differences in these variables would usually occur in a uni-
form aquifer. The hydraulic head and normalised groundwater age change across the

barrier, dh, . and da, ., were calculated for each value along the y and z axes.

In the case with the Fully-penetrating barrier, values of 6k, . do not vary significantly
with depth, but do vary with distance along the y axis. The results were therefore
averaged along the z axis and compared along the y axis, denoted as dh,z. The
value of 0h,; is greatest in the middle of the barrier (centre of the y axis) and
decreases towards the barrier’s edges (Figure 3.9a). It is higher with Upgradient
recharge than Uniform recharge, with maximum values of dh,z of -2.6 m and -1.3
m, respectively. Groundwater age change (normalised by the average groundwater
age across the barrier) was also depth-averaged and compared across the y axis,
denoted by da,s. The value of da,z varies more along the barrier with Upgradient
recharge compared to that with Uniform recharge (Figure 3.9b). With Upgradient
recharge, da,z is the most positive in the centre of the barrier, reaching a value of
approximately 0.12. Towards the edges of the barrier, it is -0.09, indicating that

groundwater downstream is younger than upstream.

The results of 6k, . and da, . for the Buried barrier vary with depth, not length.
They were, therefore, averaged along the y axis and compared along the z axis,
denoted by dhy, and dag,. Values of dhy, for both recharge scenarios are close to
Baseline conditions in the upper half of the barrier (Figure 3.9¢). Yet, in the lower
half of the aquifer, where the barrier is present, values of dh;, are more negative.
The change in hydraulic head across the barrier is greater with Upgradient recharge
compared to Uniform recharge. The change in groundwater age across the barrier
day, is approximately the same as Baseline conditions in the upper part of the
aquifer (Figure 3.9d). Immediately above the barrier, day, is at its most positive
for both recharge scenarios, reaching 0.08. Groundwater is older (than without a
barrier) downstream of the barrier and in the middle layer of the aquifer due to
the shadowing effect of the barrier (see Figures 3.7c¢ and 3.7f). In the lower half
of the aquifer, dag, is at its most negative, reaching -0.39 for Uniform recharge.
Downstream age is considerably younger than the upstream age at the same depth,
because young groundwater flows over the top of the barrier and then downwards

on the downstream side of the barrier (see Figure 3.7d).

3.4.4 Impact of barrier orientation

To understand the relation between the orientation of a barrier and the distribu-
tions of hydraulic head and groundwater age, simulations were made of the Fully-
penetrating barrier oriented at different angles to the principal flow direction. In

each simulation, the barrier penetrated all layers of the aquifer and was approxi-
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Figure 3.9: Plots showing change in hydraulic head and groundwater age over
a 100 m distance across a barrier. The results show the depth-averaged change
along the barrier plotted along the y azis for a Fully-penetrating barrier (in blue)
for (a) hydraulic head and (b) normalised groundwater age; and the along-barrier
averaged change plotted versus depth for a Buried barrier (in red) for (¢) hydraulic
head and (d) normalised groundwater age. Baseline conditions are shown by black
lines. The barrier position is indicated by yellow shading.
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mately the same length. (Small variations in length occurred due to the discrete
cell size of the model grid.) An angle of 90° represents barriers that are orthogonal

to the principal flow direction, as was the case for all previous simulations.

The effect of the barrier on the hydraulic head or groundwater age distribution de-
creases as the angle of the barrier decreases (Figure 3.10). If a value of |[Ah| > 0.5
is again considered as measurable, then only barriers with angles > 56.25° will have
a measurable impact on the hydraulic head distribution for Uniform recharge (Fig-
ure 3.10a), or > 33.75° for Upgradient recharge (Figure 3.10b). If I'* > 0.2 is again
considered measurable, then no barrier orientations have a measurable impact on
groundwater age distributions with Uniform recharge (Figure 3.10c). With Upgradi-
ent recharge (Figure 3.10d), on the other hand, the effective distance of impact from
the barrier is: < 1 km for barriers oriented 0-22.50°; between 1-2 km for barriers
oriented 33.75-45°; between 2-3 km for the barrier oriented at 56.25° and > 3 km
for barriers oriented 67.5-90° to the principal flow direction. Plan view plots for the
middle layer of the aquifer for Upgradient recharge show where in the aquifer ground-
water age differs from Baseline conditions (Figure 3.11). Low groundwater velocities
resulting from obstruction by the barrier are more pronounced on one side of the
barrier (y = 0-2500 m), meaning samples taken across the barrier on one end could
have very different results from the other end of the barrier. The “shadow” of older
groundwater, forming downstream of the barrier, is not symmetrical if the barrier

is not orthogonal or parallel to the principal direction of groundwater flow.

3.4.5 Influence of aquifer properties

The dependence of hydraulic head and groundwater age distributions on aquifer
and barrier properties has been assessed through sensitivity analyses for the Fully-
penetrating barrier with Upgradient recharge. This case shows the largest effect on
hydraulic head and groundwater age. If recharge is fixed, but the hydraulic con-
ductivity of the aquifer, K, is decreased (with the same ratio of aquifer hydraulic
conductivity to barrier hydraulic conductivity, K3), then the hydraulic head differ-
ence, A" increases (Figure 3.12a) but the groundwater age distribution is largely
unchanged (Figure 3.12b) as groundwater flux is unchanged. If recharge rate is
decreased with a fixed K,, results are similar to those for changing hydraulic con-
ductivity. In addition, when aquifer hydraulic conductivity and recharge rate were
changed simultaneously by the same proportional multiplier, no variation in the
spatial distribution of hydraulic head or normalised groundwater age difference was
observed. Increasing the porosity of the aquifer results in greater groundwater ages,
but did not change the hydraulic head distribution or the relative age difference

between the barrier and no barrier cases.
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Figure 3.10: Cumulative plots displaying absolute values of (a, b) hydraulic
head difference (|A”|), and (c, d) normalised groundwater age difference (|T'%|)
compared to the “effective distance from the barrier” for the Fully-penetrating
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When the ratios of K, : K} is increased (K, = 1 m/d) from 101 to 103, the impact
on hydraulic head (Figure 3.12¢) and groundwater age (Figure 3.12d) increases.
However, beyond 103, the values of A" and I'* only marginally increase, illustrating
the ratio beyond which any further reduction in Kj, relative to K,, has little to no
influence on groundwater velocity. This represents the point at which groundwater
flow through the barrier becomes negligible. Similarly, as the barrier width increases,
it becomes more difficult for groundwater to flow across the barrier. Therefore, the
maximum hydraulic head difference increases to approximately 4.0 (Figure 3.12e).
The age difference due to the barrier also increases (Figure 3.12f). When the width
of the barrier is greater than 500 m, values of |['*| greater than 10 are observed in
some parts of the aquifer. The effective distance from the barrier having values of
T > 0.2 is < 3 km with a width of 50 m, and > 5 km with a width of 1000 m.

3.5 Discussion

3.5.1 Barrier detection

The ability to detect hydrogeologic barriers has many implications for groundwater
management. Due to their role in constricting and localising flow, barriers can
facilitate spring or wetland formation (Babiker and Gudmundsson 2004; Gleeson
and Novakowski 2009), influence drawdown associated with large-scale groundwater
extraction (Bense and Van Balen 2004; Gumm et al. 2016; Marshall et al. 2019), or
separate high-quality from low-quality water (Mayer et al. 2007). Hydraulic head
data form the foundation of groundwater system characterisation and have proven
to be useful for detecting hydrogeologic barriers. A sharp change in hydraulic head is
observed across the Fully-penetrating barrier. Sharp hydraulic head changes across
barriers have been observed in several field studies through regional potentiometric
mapping (Bense and Van Balen 2004; Bense et al. 2003; Cilona et al. 2015; Ferrill et
al. 2004; Stamatis and Voudouris 2003). The maximum difference in hydraulic head
between cases with and without a barrier was only 2.6 m in this study. However,
this is dependent on the model geometry, boundary conditions, and applied stresses.
The length of the Fully-penetrating barrier was simulated as 4 km (across a 5 km
wide aquifer), whereas in reality some tectonic structures can be tens or hundreds
of kilometres long. Smerdon and Turnadge (2015) used numerical modelling to
demonstrate that a difference in hydraulic head of up to 50 m could be attributed
to the presence of hydrogeologic barriers. Some examples of the observed change in
hydraulic head across barriers include: approximately 5-10 m in Iran (Rajabpour
and Vaezihir 2016); approximately 20-60 m in Germany (Gumm et al. 2016); and
over 80 m in California, USA (Mayer et al. 2007).
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ence to aquifer and barrier properties for a Fully-penetrating barrier with Uniform
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High hydraulic gradients do not definitively signify that a barrier is present. They
may be caused by changes in other aquifer properties; for example, aquifer thinning
(Bense and Van Balen 2004). Datasets such as groundwater age, therefore, pro-
vide useful additional information. For a Fully-penetrating barrier with Upgradient
recharge, groundwater age increases sharply across the barrier. However, for the
same barrier type but with Uniform recharge, the barrier only marginally perturbs
groundwater age. The difference in the results between these two recharge scenarios
is related to the Baseline groundwater age distributions. With Upgradient recharge,
groundwater age increases in the horizontal direction, which the Fully-penetrating
barrier obstructs. Groundwater age does not considerably increase in the horizontal
direction with Uniform recharge, so the impact from the barrier is dramatically less.
Under both recharge scenarios, the difference in hydraulic head and groundwater
age distributions can be partially explained by the fact that the barrier does not ob-
struct the same quantity of low. The cross sectional areas of the Fully-penetrating
barrier is 1.2 km? and of the Buried barrier is 0.75 km?. This is why a metric
for the effective distance from the barrier was derived, to normalise the volume of
the aquifer by the cross-sectional areas of the barrier and therefore allow a better

comparison between the two case studies.

Type of barrier Uniform recharge Upgradient recharge
Fully-penetrating H: Likely H: Likely
A: Unlikely A: Possible
Buried H: Unlikely H: Unlikely
A': Possible A: Unlikely

Table 3.2: Summary of results where the detection of a barrier is “likely,”
“possible,” or “unlikely” given the dataset used, where “H” is hydraulic head
and “A” is groundwater age. These classifications are based on the results from
the spatial impact of a barrier on hydraulic head and normalised groundwater
age distributions (Figure 3.8). They are also based on the effective distances for
which |A"| and |T'| are detectable of > 5 km (“likely”), 2-5 km (“possible”) and
< 2 km (“unlikely”).

The results are summarised in order to answer, for each barrier configuration and
recharge scenario: “would hydraulic head and/or groundwater age be useful in de-
tecting the barrier?” (Figure 3.2). In reality this is a complex question. For any
particular site, it will depend on the network and quality of monitoring data. Nev-
ertheless, this type of summary provides a useful comparison of the utility of each
dataset depending on the barrier type and recharge scenario. Firstly, an assumption
made was that, as previously mentioned, a head difference of > 0.5 m and a nor-
malised age difference of > 0.2 is likely to be detectable in the field. However, this
will depend on the natural variability in hydraulic head, the length of the flow path,
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and the type of environmental tracer used, amongst other things. A second assump-
tion was based on the results for the ‘Extent of spatial impact of a barrier,” where
the effective distance from the barrier was compared to |A"| and |T?| (Figure 3.8).
It was assumed that if the effective distance, where |A"| and |T'| are detectable (i.e.
> 0.5 m and 0.2, respectively), is > 5 km, then it is likely the barrier would be
detected in the field. Similarly, it was assumed that if the effective distance where
|A"| and |T| are detectable is 2-5 km or < 2 km, then it is either possible or un-
likely (respectively) that the barrier would be detectable in the field. While effective
distance is not an exact metric for determining the area of an aquifer impacted from
a barrier, it is, nevertheless, useful as a first step for understanding how data can be
used to locate barrier features. The effective distances can also be loosely related
to sampling densities, although the location of sampling along the barrier and the

depths of the piezometers are important.

In addition to sampling densities, the locations of samples relative to any aquifer
structures are relevant. In general, wells closely spaced across fault zones are un-
common (Bense et al. 2013), so well construction and placement is crucial. With
the Fully-penetrating barrier, head changes would be most likely to be observed at
the centre of the barrier—only small head gradients were observed within 500 m of
the edge of the barrier. With the Buried barrier, the hydraulic head change across
the barrier was only detected if measured at specific depths, such as with a nested
piezometer. Open wells may have lower resolution if a large part of the well is at el-
evations higher than the barrier. Field measurements could also be compromised by
other confounding sources of information, such as preferential flow paths or transient

signals in recharge and pumping.

3.6 Assumptions and limitations

The analyses in this study rely on several assumptions. Firstly, simple constructions
of barriers were analysed. The barriers simulated are of a constant thickness, linear,
vertical, and their internal properties do not vary. Offset of stratigraphic layers or a
changes in topography across the barriers were not considered. This study also does
not consider discharge at the surface, and groundwater levels are consistently below
the top of the aquifer (and land surface). In reality, geological structures are very
complex. Faults may act as conduits or complex conduit-barrier systems and a low-
permeability fault core can be surrounded by a higher-permeability “damage zone”
(Allen and Michel 1999; Bense and Person 2006; Caine et al. 1996). Dykes may also
be preferential pathways for groundwater flow (Wilkes et al. 2004). More research is

required to understand how barriers with complex permeability structures and fault
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offsets will affect groundwater ages in an aquifer system. Groundwater age was
also simulated directly, rather than specific environmental tracers commonly used
to estimate groundwater age. Previous authors have shown that when an aquifer
is heterogeneous, the use of environmental tracers to determine groundwater age
can be challenging (Larocque et al. 2009; McCallum et al. 2014a; Weissmann et al.
2002).

Although we examine the potential to detect barriers using head and age data, and
consider the distance from the barrier over which these parameters are significantly
modified, we do not specifically consider issues of sampling density. The ability to
uniquely ascertain the location of a barrier will depend on the number, position and
depth of observations. Inverse modelling is one extension to this study that could
assist in better understanding the influence of observation data on aquifer charac-
terisation. This method has been proven to successfully combine datasets to detect
and characterise aquifer structures. For example, ground geophysics, hydraulic test-
ing, and tidal fluctuations determined the properties of volcanic dykes (Comte et al.
2017); geophysical data and hydraulic testing identified the distribution of clay in an
aquifer (Harp et al. 2008); and pump-test, regional water-level, and discharge data
were used for conceptual model identification in a step-wise model inversion (Dai
et al. 2010). Using stochastic approaches to characterise the impact of barriers on
a certain model output is another area for potential future research. One example
of a similar approach uses a global sensitivity analysis to understand the impact of
uncertain aquifer fracture characteristics on seawater intrusion modelling (Koohbor
et al. 2019). A similar approach could test the influence of unknown locations and
properties of barriers on aquifer drawdown, groundwater discharge to surface wa-
ter systems, or contaminant transport, for example, depending on the overarching

management goal.

This study provides some insight into data collection approaches for an ‘ideal’ study
investigating an aquifer with suspected low-permeability features. The exact ap-
proach taken to identify a barrier and determine its properties would depend on the
location and purpose of the study. However, one suggestion based on the outcome of
this study is that at sites where no previous data exist, samples for hydraulic head
and groundwater age taken at regular spatial intervals could be evaluated. If other
datasets, such as geophysics, are available, these may be interpreted to understand
if any parts of the aquifer are more likely to contain low-permeability features. Sim-
ple interpolation methods for hydraulic head and groundwater age, such as based
on kriging, could be evaluated for any zones of high contrast. Ideally, groundwa-
ter models could be made with and without barriers and compared to the samples.

The outcome of the mapping and the modelling could help to refine zones where an
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increased density of sampling would be helpful.

3.7 Conclusions

This study uses numerical simulations of flow and transport to simulate the effect of
low-permeability, vertical, linear structures on hydraulic head and groundwater age
distributions. It shows where these data are useful for the detection of hydrogeologic
barriers under two contrasting recharge settings. The results contribute to further
studies in aquifer structure detection, data inversion and monitoring network design.
Two key barrier types were tested. The first penetrated the full aquifer thickness
(Fully-penetrating barrier), and hydraulic head data were found to be useful for
barrier detection, given the sharp hydraulic head gradients. However, for the second
barrier type (Buried barrier), hydraulic head measurements would be unlikely to

reveal the presence of the barrier.

Using groundwater age to detect a barrier’s presence was found to be possible with
two cases, a Fully-penetrating barrier under Upgradient recharge or with a Buried
barrier under Uniform recharge. In the first case, a strong contrast in groundwater
age occurs across the barrier and the difference in age between the case with and
without a barrier is 1.6 times the age of the groundwater in parts of the system. In
the second case, the Buried barrier’s presence causes reduced groundwater velocities
in the lower half of the aquifer resulting in older groundwater banking up on the
upstream side of the barrier. The usefulness of groundwater age data was found,

therefore, likely to depend on the availability of depth-specific sampling.

Barrier orientation is shown to be crucial for whether, and where in the aquifer,
hydraulic head and groundwater age data could detect a barrier. For the Fully-
penetrating barrier, only those with an angle > 56.25° to the principal flow direction
with Uniform recharge, or > 33.75° with Upgradient recharge would be detectable
using hydraulic head data. No barrier orientations had a measurable impact on
groundwater age with Uniform recharge, but those oriented at an angle of at least
45° had an effective distance of impact on groundwater age from the barrier of
> 2 km. Sensitivity analyses shows that the ratio of the hydraulic conductivity of
the aquifer to that of the barrier and the width of the barrier are very relevant in

determining the potential for a barrier’s identifiability.
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4.1 Abstract

Hydrogeological barriers can significantly impact groundwater model predictions.
They are, however, often excluded from, or misrepresented in, groundwater mod-
els due to incomplete knowledge of their geometric and physical properties. Few
existing methods exist for including narrow, linear structures such as faults and
dykes in model inversions. Here we show that sharp barriers can be included in
groundwater model inversion, even where their presence is uncertain. We introduce
a method utilising ‘phantom structures’—randomly located, linear groups of model
cells assigned a unique hydraulic conductivity value—to improve identifiability of
barriers. Automated parameter estimation using PEST is implemented to deter-
mine models structures that best match the hydraulic head and groundwater age
observation data from a hypothetical aquifer. Our results show that with more
than approximately one observation well per four square kilometres we are able to
largely deduce the location and properties of a hydrogeologic barrier. We compare
these results to model inversion using traditional pilot points. With pilot points, the

model-to-measurement misfit is lower than with phantom structures for observation
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well locations, but is higher for other cells across the remaining model grid. The
phantom structures approach shows promise in identifying hydrogeological struc-
tures and in reproducing groundwater flow across a model. Our results demonstrate
that the geometric properties of geological structures can remain flexible in a model
inversion. This is a step towards reducing conceptual model uncertainty where the

presence and properties of hydrogeologic barriers are undefined.

4.2 Introduction

Numerical model development to predict or describe groundwater flow and trans-
port is based on a practitioner’s understanding of an aquifer system, known as
its conceptualisation. Yet a large amount of uncertainty can exist in groundwater
system understanding related to physical processes and the subsurface geological
framework, amongst other things (Beven 2005; Enemark et al. 2019; Gupta et al.
2012; Singh 2001). Model inversion, such as history matching (or model calibra-
tion), is one procedure whereby expert knowledge and direct measurements can be
combined to help estimate a groundwater system’s parameters. The most common
parameter estimated in this manner is hydraulic conductivity, K. Many examples
demonstrate the use of hydraulic head and groundwater age for the estimation of
aquifer properties (Knowling et al. 2020; Konikow et al. 2008; Sanford 2011; Zell
et al. 2018). Embedding knowledge about aquifer structures helps to ensure that
an inversion is well-posed and therefore parameter values are uniquely estimable.
When inverting with a pre-determined model conceptualisation, however, parame-
ter estimates may appear optimal despite misrepresenting salient aquifer features
(Carrera and Neuman 1986). This uncertainty in model structures can result in a
‘perfectly calibrated’ model that remains incorrect with respect to the prediction of
interest (Moore and Doherty 2005).

Some methods exist for determining aquifer structures in model inversions where
no prior knowledge of their geometric properties exist. The use of pilot points—
assigning hydraulic properties to specific positions within the model domain rather
than directly to the whole model grid, allows for flexibility in determining the loca-
tion and shape of model parameters (Doherty 2003). However, this method requires
a form of spatial averaging, often resulting in a smoothed parameter field, which
may not be suitable where sharp changes in hydraulic properties are known to ex-
ist. Another method to estimate structural parameters establishes the proportions,
geometry, and pattern of aquifer facies (such as horizontal clay lenses) and allows
for flexibility in the positioning of facies boundaries (Harp et al. 2008). The use of

training images has also shown to be successful in understanding changes between
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high and low permeability units that result from a braided fluvial setting or changes
in aquifer facies, for example (Chen and Rubin 2003; McCallum et al. 2014b). In
these examples, many conditioning points, or considerable knowledge of existing
aquifer properties, are required at the outset to interpolate other aquifer structures.
However, there may be just one (or a few) relatively narrow low permeability barri-
ers in an otherwise higher-permeability aquifer. These are likely to be more difficult

to detect and may not have been intersected at all by direct measurements.

Faults (Bense and Van Balen 2004; Caine et al. 1996) and dykes (Babiker and
Gudmundsson 2004; Comte et al. 2017; Wilkes et al. 2004) are examples of where
sharp changes in K can occur between a higher-permeability host rock and lower-
permeability barriers. They can form important controls on groundwater flow (Bense
et al. 2003; Cilona et al. 2015; Ferrill et al. 2004), chemistry (Gumm et al. 2016;
Sebben and Werner 2016), age (Castro and Goblet 2005; Janos et al. 2018; Marshall
et al. 2020), discharge processes (Babiker and Gudmundsson 2004; Bense and Kooi
2004; Gleeson and Novakowski 2009), and drawdown (Hadley et al. 2020; Marshall
et al. 2019). Locating and characterising hydrogeologic barriers, however, can be dif-
ficult and costly. Wells intersecting or surrounding geologic structures such as faults
are uncommon (Bense et al. 2013). Even where direct and indirect measurements
of K at or adjacent to barriers exist, challenges exist in scaling these measurements

to a regional area.

Model inversion studies have been used to estimate the properties of hydrogeologic
barriers. For example, the hydraulic conductivity, effective porosity and storativity
of volcanic dykes were estimated in Northern Ireland using manual trial-and-error
parameter estimation (Comte et al. 2017). Hadley et al. (2020) compared simulated
hydraulic head drawdown data to observed values from a large-scale aquifer test to
refine estimates of K of the Sandwich Fault Zone in Illinois. Simulated and observed
pumping test data were also used to estimate the K values of three regional faults
and a volcanic intrusive unit in Valley of Queretaro, Mexico (Ochoa-Gonzalez et al.
2015). Similarly, the hydraulic conductivity of the Mission Creek fault in California
was estimated by Mayer et al. (2007) by comparing simulated groundwater elevation
data with field observations collected over six decades. Regional hydraulic head
distributions were also used by Marler and Ge (2003) to characterise the Elkhorn
Fault in Colorado. In all of these examples, however, the locations and geometric

properties of structures (such as width, strike and dip) were known and fixed.

In this study, our objective is to include hydrogeologic barriers in a model where
their presence is suspected but unknown. A new method is proposed that allows
for the inclusion of thin impermeable structures, which may include faults and

dykes, in a model inversion, without knowing their location or properties in advance.
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The method utilises novel ‘phantom structures’—randomly located, linear groups of
model cells that are assigned unique representative properties during model inver-
sion. The term phantom structures has not, to the authors’ knowledge, been used
in the hydrogeological literature. Instead, the term was created to illustrate that
the structures can be seen but do not really exist. The use of the term phantom
has been used in other statistical disciplines, for example in medical imaging or cos-
mology. However, this study was not based on these and the meaning is unrelated.
In this study, the phantom structures have different locations, geometric properties,
and physical properties (in this case K). Automated parameter estimation is used
to determine the smallest number of these structures that produce the best match
to the hydraulic head and groundwater age observation data. Our method aims to
avoid conceptual model ‘surprise’ and unforeseen consequences of incorrect model
structures in the implementation of numerical models (Bredehoeft 2005). This study
utilises tools and techniques already widely available in the groundwater industry
and is intended as a prototype upon which further studies utilising field examples

can be based.

4.3 Materials and methods

4.3.1 Hypothetical model

The study is designed to evaluate the use of advanced groundwater modelling and
parameter estimation methods to help identify heterogeneous linear features in an
aquifer. We create a hypothetical aquifer system containing an embedded linear
low-permeability feature, which provides a ‘ground-truth’ or control basis. We then
assume it is unknown and use numerical methods to try to identify and characterise
the feature given varying assumptions about the availability of known head and age
data. Here we attempt to emulate the challenges faced in a real system with some,

but limited, data available.

We initially set up a model with a known location of a hydrogeologic barrier, herein
referred to as the real model. This is a simple model that includes only two zones
of differing hydraulic conductivity. The hydraulic conductivity of the aquifer, K,, is
homogeneous, except for a single barrier with a value of hydraulic conductivity, Kp,
three orders of magnitude lower than K,. A simple model set up ensures that we
can test and demonstrate the feasibility of this approach without other complicating
factors, such as additional heterogeneity. It also ensures rapid model processing

times that are preferred for undertaking multiple model inversions.

Groundwater flow was simulated using MODFLOW-NWT (Niswonger et al. 2011).
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The groundwater flow equation was solved with the Newton solver using a head
change and residual convergence criterion of le-6 m. Groundwater age was calcu-
lated using MT3D-USGS (Bedekar et al. 2016) with direct age simulation (Goode
1996). Age was simulated as a nonreactive solute species where water age increases
by one unit of time per unit time. This approach allows age mixing (dispersion)
by applying the advection-dispersion transport equation, which is not the case with
purely advective approaches. A value of longitudinal dispersivity of 1.5 m, rep-
resenting transport over approximately 100s of metres (Gelhar et al. 1992), was
adopted. This, as well as other flow and transport parameters (Table 1) were held
constant. However, actual parameter values are not highly relevant as the purpose
is to demonstrate a new approach for model inversion. A standard finite-difference
method was used to solve the transport equation, with a convergence criterion of

le-5 in terms of relative concentration.

Parameter Symbol  Value
MODFLOW-NWT
Grid size (z and y directions) [m] Az, Ay 100
Layer thickness [m] Az 300
Specific yield Sy 0.1
Recharge rate [m/d] R 1.37e-5
Hydraulic conductivity - aquifer [m/d] K, 1
Hydraulic conductivity - barrier [m/d] K, le-3
MT3D-USGS
Effective porosity Ne 0.1
Zeroth order reaction rate [yrs/d] 1/365.25
Longitudinal dispersivity [m] ag, 1.5
Transverse dispersivity [m] ar 0.15
Effective molecular diffusion coefficient, water [m?/d] D= 9e-6

Table 4.1: Model dimensions and universal parameters for the real model.

Dimensions of the real model are 20 km by 10 km with a cell size of 100 m x 100
m. It is a one layer model and grid size was held constant between the forward and
inverse models. A 2D rather than a 3D model was used for simplicity and efficiency
given that faults and dykes are largely vertically inclined. The left and right model
sides both have general head boundaries, and a regional head difference of 100 m
across the domain was imposed (an overall hydraulic gradient of 0.005 m per metre).
The two lateral sides and base of the model are no-flow boundaries and the upper
surface is simulated as a free water-table boundary. Recharge is applied uniformly
across the aquifer at a rate of 1.367e-5 m/d (5 mm/yr). This synthetic example
was devised to represent plausible real-world examples in arid climate regions and
at the same time allow for rigorous examination of the robustness of this inversion

technique with respect to the known aquifer structure. It is subjectively based on
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what is conceptually known about aquifer systems in the arid Pilbara region of
Western Australia, as this work forms part of a larger project assessing groundwater
resources in this region (Cook et al. 2016; Underwood et al. 2018). It is not, however,
intended to directly model this system and is purely hypothetical with no calibration
to field data undertaken.

The hydraulic conductivity of the aquifer, K,, is 1 m/d in all cells except those at
the location of the barrier. Barrier cells have a hydraulic conductivity of 1le-3 m/d
and are located in the central part of the aquifer (Figure 4.1). The barrier location
was randomly chosen and its length and width is again based on what is known
of barrier characteristics in the Pilbara field region. The length of the barrier is
5,515 m and it is one cell width wide (100 m). The models were set up and post-
processed using the FloPy package for Python (Bakker et al. 2016). Both the flow

and transport models were executed as steady-state simulations.

10,000
—_— >
8,000 -
K, =1mid
6,000
£ — >
>
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—_— >

0 ' y ' ' ' ' :
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Figure 4.1: Schematic, 2D plan-view representation of the simulation domain
showing the dimensions of the model and boundary conditions. The slanted grey
line shows the location of the low permeability barrier. The red and orange lines
show general head boundaries. Top and bottom boundaries are no-flow. The
blue arrows show the principal direction of groundwater flow. Recharge is added
uniformly to the surface of the model.

4.3.2 Phantom structures

Phantom structures are introduced in this study as groups of model cells assigned a

single fitting parameter (per group) in the inversion, in this case barrier hydraulic
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conductivity (K3). Their name stems from the fact that they are a representation of
something abstract or ideal in that they can be ‘seen’ in the inversion, when they are
in fact not (necessarily) real. In a sense, including phantom structures is similar to
using model zones or pilot points (i.e. using ‘pilot lines’), in that phantom structures
are included to simplify the parameter field to define a well-posed problem. They
are different from model zones because more phantom structures than are actually
thought to occur are included, with the focus being on narrow, linear structures
generally not well-represented in model inversion. Unlike pilot points, phantom
structures are not intended to be the basis for spatial interpolation but similar to
pilot points, phantom structures or ‘pilot lines” are a spatial parameterisation device

to help guide the solution towards convergence.

One hundred phantom structures were included in each inversion. The location,
orientation and length of each structure were randomly assigned using the random
package in python. Phantom structures are conceptualised as groups of grid cells.
Prior limits were placed on the characteristics for each phantom structure. They
had to occur on the grid with a length between 100 and 10,000 m. Orientation was
assigned randomly between 0 and 180°. Tests were conducted for including fewer
or more phantom structures. Ideally, as many as possible would be included—
this increases the possibility that one phantom structure would occur in the same
position as the real structure. Three configurations of phantom structures, herein
referred to as Phantom Structures 1, 2 and 3 (PS1, PS2 and PS3) were tested for each
observation well configuration (Figure 4.2) to improve the likelihood that a phantom

structure with similar geometric properties as the real structure occurs.
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Figure 4.2: Locations of phantom structures represented by solid blue-grey lines
for each phantom structure configuration, (a) PS1, (b) PS2, and (c¢) PS3. The
real structure is shown as a dashed black line.

4.3.3 Hydraulic head and groundwater age data

Results of running the model with parameters listed in Table 4.1 show that hydraulic
heads gradually decrease in the direction of groundwater flow except across the
barrier, where it sharply declines (Figure 4.3a). Groundwater age increases gradually

in the direction of groundwater flow except downstream of the barrier, where a trail
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of older groundwater extends from the barrier towards the downstream end of the
aquifer (Figure 4.3b). The mean groundwater age in the model domain is 623 yrs.

The age downstream of the barrier reaches a maximum of 1290 yrs.

Randomly selected points (cells) across the model grid are designated as observation
wells, and calculated hydraulic head and groundwater age data at these locations in
the real model are used as observation data to estimate hydraulic conductivity values
in all inversions. Observation wells were randomly sampled within the grid, exclud-
ing cells where phantom structures are present, using the random package in python.
No measurement error was added to the model-produced ‘observation data’. Inver-
sions were completed with 500, 250, 100, 50, 25, 10, or 5 observation wells. For each
observation well density, three different configurations of observation wells (OW1,
OW2 and OW3) were tested to ensure that the number, or density, of wells was
tested, rather than the specific placement of particular wells (Figure 4.4). For each
well configuration, initially the largest number of wells (500) was randomly allocated

and each lower well density is a subset of that original well distribution.
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Figure 4.3: Model-calculated real system (a) hydraulic head, and (b) ground-
water age distributions; hydraulic barrier denoted by dashed black line.
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Figure 4.4: Observation well locations, shows by the blue markers, for the three
different observation well configurations, OW1, OW2 and OW3, represented each
by a column. Each row represents a different observation well density, (a — c¢) 500
wells, (d — f) 250 wells, (g — 1) 100 wells, (j —1) 50 wells, (m — o) 25 wells, (p — 1)
10 wells, and (s — u) 5 wells. The real structure is shown as a dashed black line.

4.3.4 Model inversions

64

We used 100 phantom structure parameters (K;) and one parameter for the remain-

ing aquifer (K,). The model was calibrated to the hydraulic head and groundwater

age observation data using the model-independent parameter estimation code PEST
(Doherty 2018b) and executed using pyEMU (White et al. 2016). Within PEST,
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the Gauss-Levenberg-Marquardt algorithm is used to iteratively minimise a mea-
surement objective function ¢,,, calculated from the weighted sum of squares of the

residuals between observed (measured) and modelled data:

NP A NP
Om = Z whi(h; — hi)2 + Z Wai(G; — ai)2 (4.1)
i=1 i=1

where h and a are observed values (hydraulic head and groundwater age, respec-
tively), h and G are the equivalent modelled values, N P is the number of parameters,
and wj, and w, are the weights applied to the hydraulic head and groundwater age
measurements, respectively. The objective is to minimise ¢,, to achieve an accept-

able level of model-to-measurement fit.

Hydraulic head and groundwater age data were simultaneously included in a single
measurement objective function. Weights of w, = 25 and w, = 1 were used so that
the two datasets had approximately the same contribution to the total objective
function (Doherty and Hunt 2009). The limits for the posterior values of hydraulic
conductivity were set between le-10 m/d and 1 m/d. That is, the structures were

only permitted to form barriers to groundwater flow and not to be conduits.

For each inversion, PEST was run in regularisation mode. This means that a total
objective function, ¢;, was minimised. This includes a term for the regularisation

objective function, ¢,., as well as for ¢,,:

b = gbm + p,2¢,,, (42)

where p is a regularisation weighting factor determined by PEST in the inversion.
The purpose of regularisation is to achieve a unique suite of parameters where there
are a large number of unknowns (Doherty 2015; Hill and Tiedeman 2007). In this
study, Tikhonov regularisation was employed, which allows for prior information
(i.e. expert knowledge) to be included as a constraint to the inversion. To achieve
this, a regularisation objective function that penalises any difference between K,

and K, was applied to every cell that constitutes a phantom structure:

¢r = Z wrieKa_Kbiy (43)
i=1

where n is the number of phantom structures and w, is the regularisation weight
used, where w,, = 1. We used an equation for ¢, that exerts a preference for par-

simony. That is, phantom structures only ‘appear’, or only have K, # K,, if they
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provide a large enough reduction in ¢,, to offset the increase in ¢,.

For each configuration of phantom structures and each well configuration tested, two

model inversions were run. In the first, the target measurement objective function,

t
m?

considered as overfitted with little or no regularisation employed. The resulting

was set extremely low at le-10, meaning that the inversion results could be

value of ¢, from this inversion was then multiplied by 1.1 and used as the value of
¢!, with exactly the same model set-up. Then the minimisation of ¢, is constrained
by ¢m not exceeding ¢! . This is a compromise between reducing observation well
data residuals while also accommodating regularisation. It was based on a similar
approach used by Fienen et al. (2009). Only those for the second inversion including

Tikhonov regularisation are shown in these results.

We compared the results from the phantom faults approach to one using pilot points.
In the pilot point approach, the values of hydraulic conductivity estimated through
the model inversion are assigned to 170 discrete points across the model domain.
These values are used as the basis of a kriging algorithm used to assign hydraulic
conductivity values to the remaining model cells. In this case, ¢, was used to
minimise the (linear) difference between values of K assigned to pilot points and a

prior K value of 1 m/d.

4.3.5 Sensitivity analysis

Composite sensitivity for each head and age observation was calculated for each
inversion by PEST. Composite sensitivity is a measure of the sensitivity of an ob-
servation to all parameters involved in the parameter estimation process (Doherty
2015). This highlights observations that are sensitive to many parameters. One
limitation is that it does not distinguish if there is another (or several other) obser-
vations, for example in the same area, that also have high composite sensitivities.
Recording and comparing sensitivity data for observation data is useful because
it provides insight into the locations of observation wells that are most useful in

estimating a hydraulic conductivity field with a barrier present.

4.3.6 Metrics for evaluating inversion results
Assessing fit when real model is unknown

As there are many model inversions with multiple phantom structure configurations
and observation well locations, it is useful to have methods for comparing the re-
sults from each inversion. The first step was to analyse the model-to-measurement

misfit. We use a simple measure of root mean square error (RMSE) calculated for
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the hydraulic head and groundwater age data, which is larger where the misfit is

greater:

[ Moo 705

RMSE, = el 2 (h—h)?| (4.4a)
- 1 NO ) 2— 0.5

RMSE, = NO 2 (@—a);| (4.4b)

where NO is the number of observation wells, h and a are the posterior values of
hydraulic head and direct age determined in the inversion and h and a are the values
of hydraulic head and direct age extracted from the real model (representing ‘mea-

sured’ observations). A combined error term, RM SE, was also determined:

NO
RMSE, =Y wyRMSEy; + w,RMSE,;, (4.5)

=1

using the same values of wy, and w, of 25 and 1 (respectively) as used in the model

mversions.

Key phantom structures

We want to know if all one hundred phantom structures are required to best represent
the model, or if there is a subset of one or more that are the most significant given
the observation data. The first step was to distinguish phantom structures with
K, < 0.99K,, in order that only structures that are notably different from the
aquifer are assessed. Phantom structures with K ~ K, effectively disappear from
the model and therefore are discarded as not useful to the results. The second step

was to see which phantom structures had a high value of identifiability.

Identifiability is a measure to assess which of the parameters (i.e. which phantom
structures) can be uniquely estimated based on the observation data (Doherty and
Hunt 2009). It is based on the sensitivity statistics of each model output with respect
to all adjustable parameters. Identifiability values for each phantom structure were
calculated with a solution space cut-off of ten singular values using the IDENPAR
executable provided with the PEST software suite (Doherty 2018b). The value of
identifiability for a given parameter lies between zero (complete non-identifiability
based on the observation data) and one (complete identifiability based on the ob-
servation data). An arbitrary value of 0.8 was used as a cut-off to determine which

phantom structures are identifiable. Any phantom structure with an identifiability
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below this value was discarded. The phantom structures that then remained after
removing those with K}, ~ K, or with identifiability < 0.8 are denoted key structures

in the inversion results and were ranked from high to low identifiability.

To isolate the smallest number of phantom structures that are most useful for rep-
resenting our real model, we calculated how the value of RMSFE changed with
different combinations of the key structures. First, RMSFE),, RMSE, and RMSE,
were calculated for a model with no structures (completely homogeneous), then they
were calculated for a model with the first ranked structure (that with the highest
identifiability) only, then for a model with the first ranked structure and the second
ranked structure, then for the first three ranked structures and so forth until all of
the key structures had been evaluated. This shows how many of the structures are

required to achieve a considerable drop in RMSFE.

Assessing fit when real model is known

Because we do know the real model in this analysis, we made a final assessment
of inversion results based on comparing the real model’s head and age distribution
with each inversion’s posterior head and age distribution. To do this, both hydraulic
head and groundwater age distributions from the model results were filtered to
avoid observation wells, phantom structures and model boundaries. This was done
to select only cells not active in the model inversion, or which could be subject
to boundary effects, and is referred to as the filtered model (or the filtered cells).
For all filtered cells, the modelled hydraulic head and groundwater age values were
compared to those from the real model. Again, RMSE,, RMSE, and RMSE.
were calculated as per Equations 4a, 4b and 5 but with a value of NO equivalent to

the number of filtered cells.

A methodological chart describing the approach in this study is shown in Fig-
ure 4.5.
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Figure 4.5: Workflow metric to describe the process for model inversion using

phantom structures.

4.4 Results

The results are first presented for those of a single model to illustrate the process.

We then show results for all observation well and phantom structure configurations.

For the single inversion, results are shown for a case with PS1 (Figure 4.2a) and
OW1 with 500 observation wells (Figure 4.4a).
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4.4.1 Single inversion

After calibration of the dataset of 500 hydraulic head and 500 groundwater age
observations with 100 phantom structures, the key phantom structures were deter-
mined using the approach outlined in the Materials and Methods section above. The
hydraulic conductivity of the four identified key structures, when compared to the
real model (Figure 4.6) show that key phantom structures are located in the vicinity
of the real barrier and display a substantially reduced K;,. Those structures that are
approximately the same orientation as the real structure (Structure 1 and 3) have
K, values of 1.1e-2 and 4.7e-2 m/d, which is one order of magnitude higher than the
real structure, which has a Kj of 1e-3 m/d (Table 2). Structure 2 is the closest in
distance to the real structure and has a K, value of 5.3e-3 m/d. Structure 4 has the
K, of 7.1e-2 m/d, closest to that of the aquifer (1 m/d), possibly because it is fur-
thest in distance from the real structure. The posterior value for K, was 0.99 m/d,
within 1 % of the real K, of 1 m/d. The identifiabilities of the key structures that
are closer to the location of the real structure and more similar in orientation have
the higher values of identifiability. Structures 1, 2 and 3 all have identifiability values
of 1.00. Structure 4 has a marginally lower value of identifiability of 0.998.
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Figure 4.6: Results for a single inversion showing the posterior value of log
K, for each key phantom structure. Phantom structures not deemed as key are
shown as light grey lines.

The difference in hydraulic head and groundwater age distributions for a model
with these phantom structures and those for the real model show that over the en-
tire model domain, the maximum difference in hydraulic head is -16 m (Figure 4.7a).

Overall, the area of greatest hydraulic head difference is confined to a narrow zone
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Phantom K, Identif- Distance Orientation Length
structure  [m/d| iability from [°] [m]

real [m]
1 1.1e-2 1.00 1020 66 5239
2 5.3e-3 1.00 632 18 2941
3 4.6e-2 1.00 1879 56 8653
4 7.1e-2 0.998 3413 13 5142

Table 4.2: Parameter values for key phantom structures in the single inversion
with 500 wells and PS1. The real barrier parameters: Kj = le-3 m/d; orientation
= 45°; and length = 5515 m. Note that the order of phantom structures is based
on identifiability values, which are shown to three significant figures.

adjacent to the location of the real barrier. The remainder of the model has been

relatively well reproduced with negligible error. The maximum difference in ground-

water age is 300 yrs (Figure 4.7b). Once again, the differences are limited to small

areas near the real barrier. For the remainder of the model domain the groundwater

age distribution has been reproduced well, including the trail of older groundwater

extending downstream of the real barrier. As the groundwater age in the vicinity of
the real barrier is on the order of 700-1000 yrs, a difference of 300 yrs (43-30 %) is
significant, though highly localised.
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Figure 4.7: Difference between real model and the posterior parameterisation
in single example for (a) hydraulic head, and (b) groundwater age. The difference
represents posterior single example results minus known (real model) values.

The values of RMSE;, RMSE, and RMSE, all follow a similar pattern of decline
with each key phantom structure added subsequently in order of identifiability (Fig-
ure 4.8). Initially, without any structures in the system, RMSE,, RMSE, and
RMSE, are equal to 3.0, 85.1, and 161.3, respectively. These values drop consider-
ably (by 0.7, 50.1 and 68.6 respectively) with the additions of Structures 1 and 2.
These drops show that inclusion of Structures 1 and 2 in the inversion, with high
values of identifiability, at close distances to the real structure, yield a good fit with
the observation data. The addition of both the third and fourth structures results
in additional drops in RMSE,, RMSE, and RMSE, of 0.2, 6.6, and 12.1 respec-
tively. After structures 1, 2, 3, and 4, no considerable further decrease in RMSE},,
RMSE, and RMSE, occurs with the addition of the other 94 phantom structures

that were not key.
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Figure 4.8: The RMSFE values for the single example with each key phantom
structure, added cumulatively in order of identifiability for (a) hydraulic head, (b)
groundwater age, and (c) hydraulic head and groundwater age combined. The
dotted lines show the RM SFE value with all 100 phantom structures.

Evaluating sensitivity of the observation well data shows the sampling locations that
are most useful for defining K, values of the phantom structures. Sensitivity data for
hydraulic head is highest for observation wells located close to (within approximately
2 km) the real structure predominantly on the upstream side (Figure 4.9a). The
sensitivity of groundwater age observation illustrates that data collected both close
to the barriers and within the trail of old water extending downstream of the real

structure have higher sensitivities than elsewhere in the model (Figure 4.9b).
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(a) Hydraulic head observation data
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Figure 4.9: Composite sensitivity of observation well data for (a) hydraulic
head, and (b) groundwater age for the single example.

4.4.2 All simulations
Key phantom structures

As the observation well density and phantom structure configuration vary, so does
the posterior value of K, for each phantom structure. For each observation well
configuration, the K} results with the same number of wells were averaged, and show
(Figure 4.10) that as the number of wells increases, the key phantom structures are
more centrally located around the site of the real structure. This can be particularly
seen for PS1 where, as the number of wells increases to 100 or more, all phantom
structures are located within a short distance of the real structure (Figure 4.10a, d
and g). This trend is similar but not as pronounced with PS2 and PS3. This is likely
because the randomly allocated phantom structures were not as good of a fit as for
PS1; there were not as many phantom structures with a location similar to the real

structure. The K, of the key structures are mostly between 0 and 1e-3 m/d.
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Figure 4.10: The mean values of K; for each key phantom structure, where
columns represent different phantom structure configurations, and rows represent
different observation well densities. The mean is taken for each well configuration
with the same number of observation wells. Only the key structures are shown.

Assessing fit when real model is unknown

As with the single inversion example (Figure 4.6), we can assess how many of the key
structures contribute to the fit of modelled-to-measured misfit at the observation well
locations. These results (Figure 4.11) show RM SE, for the key phantom structures
determined for each inversion. RMSE, generally increases as the number of wells

increases, up until 100 wells. The reason for this is because, the fewer the number
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of wells, the easier it is to fit a trend surface for those wells only. The larger the
number of wells, the more points there are to fit and the more that the fit at one well
can be offset by trying to fit to another well. Among 100, 250 and 500 wells there is
no large difference in RMSE.. As the number of phantom structures increases from
0 to 1, in all cases the RM SE, decreases. This is also usually the case for addition
of a second and a third phantom structure. With 5 to 100 wells, change in RMSFE,

is more variable and does not follow a smooth downward trend.

Number of wells
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Figure 4.11: The RM SE, for all simulations with the same number of observa-
tion wells (taken as a mean across the three different observation well scenarios)
for key phantom structures.

Assessing fit where real model is known

We compared the RM SE, calculated using data from observation wells to that cal-
culated using data from the other cells in the model, excluding the observation wells
(the filtered model) (Figure 4.12a—c). The RM SE. calculated with the observation
wells represents the model fit that would be determined in the usual situation where
the true properties of the real model are not known. This increases as the number
of wells increases until 100 wells, then it does not change significantly between 500,
250 and 100 wells. RM SE, values for the filtered models (Figure 4.12a—) follow an
opposite trend. As the number of observation wells increase, the RM SFE, decreases.
The average misfit is higher overall for the cells of the filtered model than for the
observation wells themselves. This suggests that the actual distribution of hydraulic
head and groundwater age across the model becomes more divergent from the real
model with fewer observation wells included in the inversion. For our model, 50

wells are required for a reasonable fit across the model domain.
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Figure 4.12: RMSE, values from model inversions using phantom structure
configurations PS1 (a), PS2 (b) and PS3 (c), and from the model inversions using
pilot points (d). RM SE, values are shown when calculated for observation wells
only (solid lines with triangle markers) and for all cells in the filtered model
that excludes observation wells (dotted lines with circle markers). Each marker
represents the mean result of the three observation well configurations for that
number of observation wells.

4.4.3 Pilot points

We again compared the RMSE. at the observation wells to the filtered model for
the pilot point method (Figure 4.12d), which does not include the use of phantom
structures. The RM SE, calculated with the observation wells shows a similar trend

to that of the phantom structures as it increases as the number of wells increase.
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For the filtered model, RM SE,. decreases as the number of wells increase, with large
additional increase for 50 and 25 wells. Across most of the observation well range,
the filtered model RM SE, values are higher with pilot points than with phantom

structures.

The posterior K field from the pilot point inversions with 500 and 250 wells (Fig-
ure 4.13a and b, respectively), show a zone of low K approximately at the same
location as the real structure with a similar trending orientation. With the K fields
with 100 and 50 wells (Figure 4.13c and d, respectively), we also visualise low K
fields at approximately the same location as the real structure, but with less conti-
nuity. They consist of smaller, partially connected patches of low K rather than a
single elongated low K zone. With 25 wells (Figure 4.13e), two small circular zones
of low K are present on the upflow side of the real structure. The cases with 10
and 5 wells (Figure 4.13f and g, respectively) show almost homogeneous K fields
with a similar K to the real model K, of 1 m/d. In all cases, the K values are not

estimated to be as low as the real structure Kj, of 1e-3 m/d.
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Figure 4.13: Inversion results for log K when using the pilot point approach
with (a) 500, (b) 250, (c) 100, (d) 50, (e) 25, (f) 10, and (g) 5 wells and no
phantom structures. Results shown are the mean results of the three different
well configurations for that number of observation wells.

4.5 Discussion

Developing approaches to address conceptual model uncertainty (structural noise) in
groundwater modelling studies is an established, and growing, field of study (Beven
2005; Enemark et al. 2019; Gupta et al. 2012; Ye et al. 2010). Innovative methods
have also been developed to better understand uncertain model structures specifi-
cally (e.g. Chen and Rubin 2003; Harp et al. 2008; Koohbor et al. 2019). However,
few are applicable to structures such as faults and dykes, which may only comprise
a very minor spatial extent in an aquifer. This study demonstrates that groundwa-
ter model inversion can be used to conceptualise hydrogeologic barriers where no
prior knowledge of them exists. The phantom structures method is not intended
to reveal the exact properties of a natural system’s barrier(s). Rather, the results

indicate locations and geometries where barriers are likely to exist. We see that, for
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most observation well scenarios, the phantom structures located closest to the real
barrier are parameterised with a low Kj close to that of the real barrier. In many
cases, only minor, localised variations exist in the distribution of hydraulic head and

groundwater age when compared to the real model.

The ability to include hydrogeologic barriers with unknown geometric properties
in model inversion depends on the number of observation wells used. The ability
to identify a barrier using this approach is most optimal with 50 or more observa-
tion wells across the aquifer (or approximately one well per four square kilometres).
However, given the high cost of drilling observation wells, this may be economi-
cally unfeasible. Using the value of RMSFE to evaluate the ‘success’ of a model
inversion given a certain well density should be carefully interpreted. Using the
phantom structures method, as the number of observation wells decreases, the value
of RMSE. calculated at observation wells decreases. This is suggesting that there
is a lower model-to-measurement misfit with fewer wells. However an opposite trend
can be seen in the results when analysing the RM SFE, calculated using data from
the other cells in the model, excluding the observation wells (the filtered model). In
this case RMSE, increases as the number of wells decrease. This shows that with
fewer wells the actual ability of the inversion to reproduce the hydraulic head and

groundwater age distribution is compromised.

We compared the results with phantom structures to that with pilot points, as
using pilot points is a known approach for identifying regions of an aquifer with
contrasting physical properties (Doherty 2003). When RMSE, is calculated for
the observation wells, the results with pilot points were approximately the same as
those for phantom structures. However, when RM SE., is calculated with the filtered
model, the RM SE, is poorer with pilot points than with the phantom structures over
much of the observation well range. This shows that using phantom structures has
resulted in a better representation of hydraulic head and groundwater age across the
model, likely because the sharp changes in hydraulic head and groundwater age are
difficult to reproduce with the smoothed hydraulic conductivity profile generated
using pilot points. One cannot definitively use these results to determine which
method is superior. The best method should be based on the model purpose and

the impact of hydrogeologic barriers on specific model predictions.

The results show that it is important to consider the location and type of observation
data used in a model inversion. The sensitivities of the observation well data show
that it is useful for hydraulic head data to be collected within approximately 2 km
of the barrier. Steep hydraulic head gradients across barriers have been observed in
other studies and often can be used to determine their properties (Bense and Van

Balen 2004; Bense et al. 2003). Many of the inversions with few observation wells
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close to the real barrier also resulted in a good distribution of phantom structures,
however, showing that wells spaced further apart are still helpful for the delineation
of geological structures. Nevertheless, the results are strengthened by including
groundwater age alongside hydraulic head data. Our study shows that groundwater
age data are useful when collected not only close to the barrier but also on the
downstream side of the fault, in the trail of older groundwater that extends further
away from the barrier. Incorporating groundwater age data in model inversions
can shed light on groundwater system processes or parameterisations that may not
otherwise be evident (Schilling et al. 2019). Although previous studies have utilised
groundwater age data in model inversion (Konikow et al. 2008; Reilly et al. 1994;
Sanford 2011; Zell et al. 2018), or tested how faults may impact groundwater age
distributions (Castro and Goblet 2005; Janos et al. 2018; Marshall et al. 2020),
very few studies have used groundwater age data in model inversions to identify or

characterise structures such as faults and dykes.

Evaluating how many phantom structures are key in an inversion is important so
that the smallest number of structures with the largest impact on hydraulic head
and groundwater age could be determined. Regularisation is therefore critical as it
plays a role in limiting the number of key phantom structures with low K, values.
We used a regularisation objective function that increases its penalty as the values
of K, diverges from K,. Nevertheless, the inversions do not result in identifying a
single structure exclusively, even though there is only one in the real model. The
single example showed that most of the decline in RMSE;,, RMSE, and RMSE,
was achieved with the two phantom structures that had the highest values of iden-
tifiability. The other results showed a similar pattern, that most of the decline in
RMSE, was achieved with three phantom structures. However, the geometries of
the phantom structures to begin with is also a critical factor in determining the final
number of key phantom structures. With a smaller grid spacing over the same area,
one can represent a greater variety of phantom structures, which would improve the
likelihood that the geometric properties of phantom structures align with the real
hydrogeologic barrier. The prior geometric properties of phantom structures could
also be further refined, for example by using soft knowledge of known hydrogeologic

barrier properties in a region.

4.5.1 Limitations and future studies

This study, although valuable for demonstrating a new method to include hydroge-
ologic barriers in model inversions, has limitations that could be further examined
and extended upon in further studies. Four key limitations/extensions are described

in the following paragraphs.
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First, we focus on hydrogeologic barriers, rather than permeable features. Perme-
able structures do not necessarily result in sharp changes of hydraulic head and
groundwater age and are therefore likely to be more challenging to identify using
the phantom structure approach. Nevertheless, this could be investigated in more
detail.

Second, the real model was controlled with fixed recharge and other model pa-
rameters. We know that recharge can control hydraulic head and groundwater age
distributions across barriers, as can the geometry of the barrier itself (Marshall et al.
2020). Future studies could include additional parameters in the model inversion,
such as heterogeneous K,, recharge, transport parameters, and barrier geometries.

It could also test variable grid configurations.

Third, our results show that an important variable is the location of the phantom
structures to begin with. One hundred phantom structures were used in this study,
but more could be included to increase the likelihood that one is located at the
site of the real barrier. However, the number of phantom structures used depends
on the grid spacing in the model. With a smaller grid spacing over the same area
you can represent a greater variety of phantom structures, which would improve
the likelihood that the geometric properties of phantom structures align with the
real hydrogeologic barrier. For this study, we used a wide constraint to define
the geometric properties of phantom structures, for example structures could be
any length between 100 m and 10,000 m and at any orientation. However, these

constraints can be further refined, for example:

1. Using soft (or quantitative) knowledge of known hydrogeologic barrier prop-

erties in a region; or

2. By implementing the process of inversion several times. Using the results from
the first inversion could refine the geometric properties of phantom structures

for a second inversion.

Another possibility that could result in better alignment of a single, calibrated model
structure with a real structure would be to directly estimate the geometric properties
of the phantom structures within the model inversion. This would allow the location,
length and orientation of structures to be completely flexible and to be optimised
based on the observation data. Other options for using pilot points to identify
hydrogeologic barriers could also be tested, which would allow for more flexibility
in the barrier location and shape. Using more pilot points would minimise their
smoothing effect. However, the ability to include more pilot points depends on
the computational resource available and could also result in parameter over-fitting

(Moore and Doherty 2005). Alternatively, an interpolation algorithm that favours
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sharp structures could be used instead of standard kriging (Doherty 2018a).

Finally, an important point to consider for future studies is that the approach taken
to address uncertainty in model conceptualisation should depend on the specific
study’s purpose. A specific aspect of conceptual uncertainty, such as that arising
from unidentified hydrogeologic barriers, is only relevant if it has an impact on the
overall purpose of the modelling study. In our study we use model inversion to
describe the hydraulic properties of an aquifer, not for a particular model predic-
tion. The prediction of interest, and whether it is sensitive to a particular type of
conceptual uncertainty, is paramount in considering how we address any conceptual
uncertainty (Doherty and Welter 2010; Moore and Doherty 2005).

4.6 Conclusions

This study introduces a new method—phantom structures—for identifying the ge-
ometries and hydraulic conductivities of barriers in models. Phantom structures
are a regularisation device that allow sharp structures, such as faults and dykes,
to be included in a model inversion where no previous knowledge of their location
exists. The results show that two to three phantom structures can reasonably and
successfully reproduce hydraulic head and groundwater age distributions for a hypo-
thetical, ‘real” aquifer that has one hydrogeologic barrier. We found good agreement
between the lengths, orientations and hydraulic conductivities of the key phantom
structures and the real hydrogeologic barrier. The location and geometric properties
of phantom structures approach the real structure when more than 50 observation
wells were used in an inversion. They also indicate that hydraulic head data are
most useful within approximately 2 km of the barrier. Groundwater age observa-
tions can also be useful when located at great distances downstream of the barrier,
where groundwater age is higher due to the constricting presence of the barrier on
groundwater flow. We compared the results with phantom structures to those with
more traditional pilot points. As the number of wells decreases, both approaches
become less successful in replicating the hydraulic head and groundwater age distri-
bution across the model grid (not including observation wells). Yet we found that
the fit was overall better with phantom structures than with pilot points over much
of the observation well range. This shows that the method is successful when com-
pared to pilot points for replicating groundwater flow resulting from sharp structures
such as faults and dykes. The best approach to use, however, will depend on the
purpose of a specific model inversion study. Overall, the novel phantom structures
method shows promise for recognising and including hydrogeologic barriers in model

inversions where their presence is not predetermined.
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Conclusions

5.1 Overview

Due to the hidden nature of the subsurface, it can never be perfectly represented
by any model attempting to emulate its behaviour. This thesis employs different
investigative approaches to the common problem of conceptual model uncertainty
related to the distribution of geological structures, specifically hydrogeologic barri-
ers. In groundwater systems, uncertainty in physical structures is one of the greatest
issues in groundwater modelling because of incomplete sampling of the subsurface
(Guillaume et al. 2016). In fact, according to Oreskes and Belitz (2001): “Conceptu-
alisation is probably the most thorny issue in modelling”. The challenges related to
uncertainty in hydrogeologic barriers pose important questions. What implications
do the limitations in our knowledge of geological structures have on the outcomes
of a modelling exercise? How can we best conceptualise complex geological struc-
tures using available field data? Can we design novel methods to advance modelling

practices, in light of this geological uncertainty?

In order to address these questions, I have used analytical models, numerical mod-
els of groundwater flow and transport, and inverse models to explore the relations
between groundwater pumping, aquifer properties, barrier properties, and hydraulic
head and groundwater age data. Using a suite of models, from simple (i.e. ana-
lytical) to complex (i.e. three dimensional numerical and calibrated models), has
several advantages. Simple models can be run thousands, or more, times and thus
can investigate a plethora of parameter combinations otherwise not possible in a
more complex model. This thesis demonstrates that they can therefore be employed
as a guide to direct future data acquisition, or more complex modelling. On the
other hand, three-dimensional modelling helps to show more realistically how a real

aquifer system may appear. Complex geometries and processes that are not easily
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represented in an analytical model can be captured. The systematic advancement
from simple to complex modelling is a framework espoused by Doherty and Sim-
mons (2013), among others, for conscientious modelling to support decision making,.
By employing a range of approaches, I have shown how the issue of understanding,
detecting, and conceptualising hydrogeologic barriers in groundwater models can be

approached from different angles.

As explained in Chapter 1, the objectives of this study stem from an overarching
project based in the Pilbara region of Western Australia. This region is geologically
complex and contains known flow barriers, mostly in the form of faults and dykes.
In many regions, data collection is sparse and may be centralised around sites easily
accessed, or where infrastructure exists. Indeed, in the Pilbara, data collection is
concentrated in the immediate vicinity of mines, with fewer data available across
the regional landscape (e.g. Cook et al. 2016). New and existing data collected at
one particular field site within the Pilbara known as Baby Hope are summarised in
Appendix A. The sharp hydraulic head changes across inferred barriers at this site
provided part of the basis for the research questions in this thesis. After environmen-
tal tracer data (to infer groundwater age) were also collected, this led to questions
about how sampled ages would be impacted by hydrogeologic barriers, ultimately
leading to the outcomes of the modelling shown in Chapter 3 particularly. Although
a complete analytical or numerical modelling study of Baby Hope, required to field-
test the theoretical approaches demonstrated in the thesis, is not part of this thesis,
a conceptualisation of the site has nevertheless been prepared (Appendix A). This
demonstrates one example of the types of sites that require further insight into ways
that hydrogeologists can consider hydrogeologic barriers in groundwater modelling

studies.

Across the Pilbara, and across the world, geological structures such as hydrogeo-
logic barriers are usually not detected or fully characterised. Groundwater models
are nevertheless used to characterise groundwater systems containing such struc-
tures and to predict changes to them resulting from various climate or management
scenarios. Each of the three bodies of research presented in this thesis are designed
to address problems that are relevant to the mis-characterisation or non-inclusion
of barriers in groundwater models. The objectives of the thesis grew from ground-
water issues arising in the Pilbara and the outcomes are helpful when applied to
this region. As a whole, however, the research in the thesis is general and not sin-
gularly focused on any one field region. Large-scale groundwater extraction is not
only required in mining regions for dewatering, but it is common in urban and in-
dustrial areas for water supply purposes. In Chapter 2, this thesis helps to show

the degree to which models of groundwater drawdown could be incorrect if barriers
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are undetected. It quantifies the timescales over which this occurs. In Chapters 3
and 4, numerical modelling and inverse modelling studies are developed using hy-
pothetical aquifer settings loosely based on the field characteristics in the Pilbara.
The outcomes are relevant to the general pursuit of improving conceptualisation
and prediction of groundwater systems with geological structures that are difficult

to characterise.

5.2 Limitations and future work

Limitations specific to each study are included in the relevant chapters. Several
limitations that span the research as a whole are summarised in the following para-
graphs. These are augmented with suggestions for future work based on the findings
of this thesis.

1. Incorporating geological structure heterogeneity

In this thesis we make assumptions about the characteristics of the hydro-
geologic barriers modelled. In Chapter 2, the barriers are modelled as be-
ing completely impermeable, of infinite length, fully penetrating and with an
aquifer that is homogeneous. In Chapters 3 and 4, barrier characteristics are
of a constant thickness, linear, vertical, and their internal properties do not
vary. In reality, faults can have complex permeability structures (Bense et al.
2013; Caine et al. 1996). Our modelling did also not account for anisotropy,
for example where faults may act as barriers to perpendicular flow across the
fault but as a conduits to flow in the vertical direction or along, parallel to,
the fault (e.g. Gumm et al. 2016). Offset of stratigraphic layers or changes
in topography across the barriers were also not considered. Using a simpli-
fied approach, however, can be an exceptionally useful first step for exploring
the impact of the obstruction to groundwater flow caused by a hydrogeologic

barriers without additional complexity to complicate any findings.
2. Testing approaches at a specific field study

The models used in this thesis were simplified and hypothetical, not intended
to represent a particular field site. However, it would be beneficial to test the
insights gained, and the new approaches developed, at a specific field site. This
could include geological drilling across barriers, to understand the intricacies
of their permeability structures. It could also be combined with other field-
based data collection such as groundwater temperature data and geophysics
to help understand groundwater flow dynamics at the site of hydrogeologic

barriers. The conceptual model shown in Appendix A, of Baby Hope, would
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be an appropriate site to apply a detailed modelling study.
3. Modelling surface discharge processes

Hydrogeologic barriers can strongly influence surface discharge processes. In
this thesis, however, discharge at the surface was not considered and groundwa-
ter levels were consistently simulated to be below the top of the aquifer (and
land surface). Future studies may consider testing various modes of spring
discharge based on the presence of hydrogeologic barriers and how spring dis-

charge may be impacted by groundwater pumping, for example.
4. Including environmental tracers

In Chapters 3 and 4, groundwater age was simulated directly, rather than sim-
ulating specific environmental tracers commonly used to estimate groundwater
age. Previous authors have shown that when an aquifer is heterogeneous, the
use of environmental tracers to determine groundwater age can be challenging
(Larocque et al. 2009; McCallum et al. 2014a; Weissmann et al. 2002). Com-
bining the collection of several environmental tracers with their simulation for
the detection or characterisation of hydrogeologic barriers would be a natural

extension of this research.
5. Calibrating for recharge

In Chapter 3, two variable recharge settings were tested. The results showed
that recharge can significantly influence hydraulic head and groundwater age
distributions across barriers. We did not, however, test variable recharge set-
tings in Chapter 4. Recharge could also be included as an inversion parameter

to be estimated during groundwater model inversion.

5.3 Summary of findings

The key conclusions from the three studies presented in this thesis are:

1. Understanding the effect of undetected barriers on groundwater re-

covery

This research shows that in areas with impermeable barriers, hydraulic head
measurements made during pumping cannot reliably be used to predict recov-
ery unless the presence and effects of the barrier boundary are recognised and
accounted for. Problems will occur if impermeable barrier(s) exist outside the
extent of drawdown induced during pumping. This finding is demonstrated
using simple, non-dimensional analytical solutions based on the Theis (1935)

solution to radial flow to a well, adapted using the principle of superposition
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and image well theory. We establish the conditions under which barriers im-
pact groundwater level recovery, expressed in terms of aquifer diffusivities,

timescales, and distances from a pumping site to a barrier.

The research presented in Chapter 2 has improved the understanding of how
lack of knowledge about hydrogeologic barriers can affect water level drawdown
and recovery at sites with large-scale groundwater extraction. Specifically,
they show that the magnitude of the impact from an undetected barrier will
increase as the ratio of pumping rate to aquifer transmissivity increases. The
timing of the maximum effect of a barrier on groundwater levels is proportional
to the duration of pumping and will increase as the distance of the barrier from
a pumping project increases. The results are exemplified for a hypothetical
aquifer with an unknown barrier 3 km from a pumping well. The difference
in drawdown between a model with and without a barrier may be < 1 m in
the ten years while pumping is occurring, but up to 50 m after pumping has

ceased.

2. Detecting hydrogeologic barriers using hydraulic head and ground-

water age data

The research in Chapter 3 uses numerical simulations of flow and transport
to simulate the effect of low-permeability, vertical, linear structures on hy-
draulic head and groundwater age distributions. Two key barrier types and
two recharge settings were tested. For the Fully-penetrating barrier, hydraulic
head data were found to be useful for barrier detection, given the sharp hy-
draulic head gradients. The hydraulic head distribution is significantly im-
pacted by the barrier under both Uniform and Upgradient recharge settings.
With the Buried barrier, hydraulic head measurements would be unlikely to

reveal the presence of the barrier, regardless of the recharge scenario.

Using groundwater age to detect a barrier’s presence was found to be possible
with two cases, a Fully-penetrating barrier under Upgradient recharge or with
a Buried barrier under Uniform recharge. In the first case, a strong contrast
in groundwater age occurs across the barrier and the difference in age between
the case with and without a barrier is 1.6 times the age of the groundwater in
parts of the system. In the second case, the Buried barrier’s presence causes
reduced groundwater velocities in the lower half of the aquifer resulting in older
groundwater banking up on the upstream side of the barrier. The usefulness of
groundwater age data was found, therefore, likely to depend on the availability

of depth-specific sampling.

Barrier orientation is shown to be crucial for whether, and where in the aquifer,
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hydraulic head and groundwater age data could detect a barrier. For the
Fully-penetrating barrier, only those with an angle > 56.25° to the principal
flow direction with Uniform recharge, or > 33.75° with Upgradient recharge
would be detectable using hydraulic head data. No barrier orientations had
a measurable impact on groundwater age with Uniform recharge. Sensitivity
analyses shows that the ratio of the hydraulic conductivity of the aquifer to
that of the barrier and the width of the barrier are very relevant in determining

the potential for a barrier’s identifiability.

3. Conceptualising hydrogeologic barriers in groundwater model inver-

sions

The research in Chapter 4 demonstrates that sharp barriers can be included
in groundwater model inversion, even where their presence is uncertain, using
the new approach introduced in this research of “phantom structures”. Good
agreement was demonstrated between the lengths, orientations and hydraulic
conductivities of the key phantom structures and the real hydrogeologic bar-
rier. The geometries of the phantom structures to begin with is also a critical
factor in determining the final number of key phantom structures. We found
that two to three phantom structures can reasonably and successfully repro-
duce hydraulic head and groundwater age distributions for a hypothetical,
‘real’ aquifer that has one hydrogeologic barrier. However, the prior geometric
properties of phantom structures could also be further refined using soft knowl-
edge of barrier properties in a region, which could result in a single, rather
than multiple, phantom structures successfully reproducing the observation
data.

The location and geometric properties of phantom structures approach the real
structure when more than 50 observation wells (one observation well per four
square kilometres) were used in an inversion. Hydraulic head data are most
useful within approximately 2 km of the barrier. Groundwater age observations
can also be useful when located at great distances downstream of the barrier,
where groundwater age is higher due to the constricting presence of the barrier

on groundwater flow.

The results are compared to model inversion using traditional pilot points.
As the number of wells decreases, both approaches become less successful in
replicating the hydraulic head and groundwater age distribution across the
model grid (not including observation wells). Yet, the fit was better with
phantom structures than with pilot points over much of the observation well

range. The results of this study demonstrate that the geometric properties
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of geological structures can remain flexible in a model inversion. This is a
step towards reducing conceptual model uncertainty where the presence and

properties of hydrogeologic barriers are undefined.

Overall, this research helps to show what the effects of complex geology, such as
the geology of the Pilbara region, have on groundwater resources and on the use of
groundwater models. It develops new approaches of aquifer characterisation, using
modelling, to shed light on the conceptualisation of hydrogeologic barriers using
commonly-collected hydrogeological datasets. This information is critical for making
decisions now about how to minimise impacts on an aquifer system that may occur
for many years into the future. The findings do not solve the issue of conceptual
model uncertainty, which is a broad field and is the subject of extensive research (for
a recent review see Enemark et al. 2019). However, they do contribute to improving
groundwater modelling outcomes in regions that contain hydrogeologic barriers. The
results contribute to further studies in aquifer structure detection, data inversion
and monitoring network design. These results are important for the detection and
characterisation of hydrogeologic barriers, which may play a significant role in the
compartmentalisation of groundwater flow, spring dynamics, and drawdown and

recovery associated with groundwater extraction.



Appendix A

Conceptual model of Baby Hope:
a site in the Pilbara region of

Western Australia

A.1 Introduction

This appendix describes a field site where the presence of hydrogeologic barriers are
thought to occur. This site, known as Baby Hope, is an area in the Pilbara region
of Western Australia, with planned iron ore mining. The underlying Archaen to
Palaeoproterozoic geology has been significantly deformed structurally and intruded

by dolerite dykes.

Two dolerite dykes have been mapped in the eastern part of the site. Two hydro-
geologic barriers (with an unknown geology) have also been inferred in the western
part of the site. Large head drops can be observed across each of these sets of struc-
tures. This forms part of the evidence for interpreting these geological structures as
hydrogeologic barriers. The barriers have implications for the management of water
resources at the site before, during and after scheduled open-pit mining. The bar-
riers can influence volumetric estimates of mine dewatering, as well as groundwater

flow to surface water systems and groundwater-dependent ecosystems.

Despite the significance of these inferred barriers, their hydrogeological properties
are not completely known. To improve hydrogeological understanding of the site,
new data were collected. These included environmental tracer data to interpret
groundwater residence times and stable isotopes data to improve understanding of
recharge mechanisms. However, in order to interpret this data and elucidate the

characteristics of the barriers specifically, more understanding as to how barriers
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control groundwater flow is required. The research presented in this thesis will

assist with this.

Improving the understanding of how barriers can impact sites with large scale
groundwater extraction, which occurs at iron ore mines that neighbour Baby Hope
(and may possibly occur at Baby Hope in the future), is the basis for the technical
study shown in Chapter 2. Better characterising how barriers control hydraulic head
and groundwater age, so that new data can be interpreted at a site like Baby Hope, is
the basis for the technical study shown in Chapter 3. Determining new methods for
how barriers with unknown geological or hydrogeological properties can be included
in a groundwater model, which could be eventually implemented at Baby Hope, is
the basis for the technical study shown in Chapter 4. This appendix presents a

real-world field site to which the research presented in this thesis is applicable.

A.2 Project background

The Hope Downs Iron Ore Project is located approximately 75 km northwest of
Newman in the Pilbara region of northwestern Australia (Figure A.1a). Two existing
major ore bodies, Hope Downs 1 North (HDIN) and Hope Downs 1 South (HD1S)
(Figure A.1b), are currently mined to produce iron ore at a rate of 32 million tonnes
per annum. A new development is beginning as a part of the Hope Downs Project
at a site known as Baby Hope. The Baby Hope site is expected to be developed
with three above water table pits, associated waste dumps, stockpiles, haul roads
and infrastructure. Three mine voids will remain after mine closure (Hope Downs
Management Services Pty Ltd 2000).

A.2.1 Site description

Baby Hope is situated within the Hamerley Basin, which extends over an area of
approximately 40,000 km? in the Pilbara region (Rojas et al. 2018). Within the
Hamersley Basin, the dominant landforms include ranges, river valleys and eroded
plains. Surface water drainage predominately comprises ephemeral creeks (Vreeswyk
et al. 2004). The Baby Hope site is located on the northern flanks of a broad shallow
valley between two low ranges of hills within the Hamersley Range (Figure A.lc).
The ranges and valley are oriented in an east-west direction. Mineralisation at Baby
Hope primarily occurs within the Marra Mamba Iron Formation, which is above the
water table. The deposit is approximately 8 km long and 1.5 km wide (Parrod
2019).

There is a major drainage line known as Pebble Mouse Creek that flows from west to
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east through the valley. It is a tributary of the Weeli Wolli Creek. Weeli Wolli Creek,
and its associated tributaries, flow in a northeast direction. The total catchment
area of the Pebble Mouse Creek is 340 km? culminating at the confluence with Weeli
Wolli Creek (Hamersley HMS Pty Ltd 2015). Pebble Mouse Creek is a generally well-
defined, meandering creek and it contains minor braiding. It is a low-flow channel
with an average width of 10 m and an average depth of 1.5 m. It is ephemeral and
only flows as a result of intense rainfall. After significant rainfall, the drainage line
floods and overbank flow events form (Hamersley HMS Pty Ltd 2015).

Surface water drainage in the Pilbara in general consists of sandy to gravelly channels
that are mostly dry except during periods of flooding. Springs provide a permanent
source of surface water, which are maintained by inflows from groundwater and are
often downstream of geological structures (McKenzie et al. 2009). Weeli Wolli Spring
is a natural surface discharge site of groundwater. It is located 8.2 km downstream
of the Baby Hope site. The surface water catchment upstream from Weeli Wolli
Spring has an approximate area of 1450 km? (RPS Group 2015). This spring is
protected under the Aboriginal Heritage Act 1972. As a part of the HD1 Project,
the site is managed to sustain spring flow to maintain the integrity of riparian
vegetation supported by the creek system and protect the defined environmental
values of the Weeli Wolli Spring and Creek. Dogramaci et al. (2015) studied the
effect of continuous discharge of surplus mining water on the water budget of the
Weeli Wolli Creek. Continuous discharge has occurred into the Weeli Wolli Creek
due to mine dewatering since 2007. As a result, permanent pools have developed

where previously there was previously only ephemeral flow.

A.2.2 Climate

In the Pilbara region, the climate is arid to semi-arid. It is defined by a hot summer
from October to April and a mild winter from May to September. Most rainfall
occurs during summer, from December to March. This is driven by the northern
tropical rainfall system, which brings thunderstorms and occasional cyclones. A less
dominant weather process is the southern winter rainfall system, causing some rain
from April to June (Vreeswyk et al. 2004).

Data from three weather stations were used to determine rainfall and temperature
conditions at the site: Marillana, Newman Aero and Prairie Downs (Bureau of
Meteorology 2020). These are located approximately 50 km, 85 km and 60 km from
Baby Hope, respectively (Figure A.1). Mean monthly rainfall varies between 2 and
64 mm and is often highest at the Marillana station (Figure A.2a). Mean maximum
and minimum temperatures are greatest from November to February and are at

their lowest from June to August. Mean maximum temperatures at Newman Aero
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Figure A.1: Site description of Baby Hope region. (a) The study location in
context of the Australian coastline and its proximity to cities Perth and Newman,
including the locations of weather stations; (b) The study location in relation to
the Weeli Wolli catchment, note that weather stations (WS) are not on the map
and the labels, along with the arrows, are used to show the approximate location
and distance to them from the study location; and (c) the extent of the Baby Hope
and HD1S ore deposits, including the digital elevation model (DEM), note that
the Weeli Wolli spring is not on this map and the arrow indicates the approximate
direction and distance from the site to the spring.

reach approximately 40 °C and the minimums are as low as 6 °C (Figure A.2).

As well as variability between seasons, there is also large year-to-year variation in
rainfall. The annual rainfall (data collected from Bureau of Meteorology 2020) calcu-
lated over periods of 1936-2020, 1971-2020, and 1968-2019 show large annual vari-
ation with minimum to maximum recorded rainfalls of 0-832 mm, 0-619 mm, and
0-626 mm, for Marillana, Newman Aero and Prairie Downs stations, respectively
(Figure A.3). On average, potential evaporation exceeds average annual rainfall by
a factor of up to 20 (McKenzie et al. 2009).

Some studies have reconstructed palaeoclimate in the Pilbara. For example, Rouil-
lard et al. (2016) used an approximately 200-year sediment sequence from the Fortes-
cue Marsh in the eastern Pilbara region to interpret the climate history of the region.
They found that the wettest period in the last 2000 years has occurred between 1990
and the present day.

A.2.3 Hydrogeology

In general across the Pilbara, the hydrostratigraphy can be broadly subdivided into
four main aquifer types (Johnson 2004):
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Figure A.4: Three dimensional conceptual model showing the main aquifer
types surrounding the Fortescue Marsh, a region that is approximately 80 km
northeast of Baby Hope (from Dogramaci and Skrzpek 2015).

1. Superficial aquifers in coastal and valley-fill alluvium.

2. Calcrete and pisolithic limonite aquifers.

3. Sedimentary rock aquifers in dolomites, banded iron and sandstone formations.
4. Fractured sedimentary and igneous rock aquifers.

Other important aquifers include inland valley aquifers and palaeovalley aquifers,
including channel iron deposits, calcrete and gravels. Alluvial sediments associated
with modern alluvial systems can also be important aquifers (McFarlane 2015). A
conceptual model of the hydrogeology of the Pilbara region in general (depicting the
region near the Fortescue Marsh, which is approximately 80 km northeast of Baby
Hope) helps to demonstrate the variety of aquifer types occurring in this region
(Figure A.4).

Within the Pilbara, the Hamersley Basin is formed from the approximately 1.5 km
thick sediments of the Hamersley Group (Morris and Horwitz 1983). The Hamersley
Group has three key water-bearing formations. From oldest to youngest these are
the Marra Mamba Iron Formation, the Wittenoom Formation and the Brockman

Iron formation (Dogramaci and Skrzypek 2015).

The Archaen to Palaecoproterozoic rocks of the Hamersley Group have been sig-
nificantly structurally deformed and have been folded, faulted and intruded with
dolerite dykes. The full impact of this structural deformation on groundwater flow
is not completely understood. In parts of the Pilbara, there is evidence of ground-

water divides (no-flow boundaries) occurring due to the presence of dolerite dykes.
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The dewatering at HD1N itself is thought to be constrained by the presence of a
large dolerite dyke (Latscha 2010). Yet each geological structure in the Pilbara has
a different effect on groundwater levels. The hydrogeological properties of dykes, as
well as of faults and other geological structures, is thought to vary from having no
impact on groundwater flow to significantly impinging groundwater flow across the

Pilbara (Latscha 2010).

Permeability characteristics of the main aquifers can vary greatly depending on
a number of factors. The fractured rock aquifers often underlie alluvial aquifers.
Hydraulic connectivity of alluvial aquifers and underlying aquifers depends on lo-
cal conditions and the presence or absence of confining units (Rojas et al. 2018).
Enhanced permeability is associated with mineralised successions of the Mount New-
man Member of the Marra Mamba Iron Formation and the West Angela Member
of the Wittenoom Formation (Dogramaci and Skrzypek 2015). Iron ore formation
generated a network of fractures, resulting generally in areas of increased hydraulic
permeability (Dogramaci et al. 2012). This effect is heterogeneous across the Pilbara,
depending on topography and existing structural geology. It is expected that the
un-mineralised Marra Mamba Iron Formation (MacLeod and Nammuldi Members)

and the Mount McRae Shale form no-flow groundwater boundaries.

The Wittenoom Formation consists of interbedded shale, dolomite, sandstone and
mudstone. It conformably overlies the Marra Mamba Iron Formation and is over-
lain by the Brockman Iron Formation. Extensive resource drilling and hydrogeolog-
ical studies across the catchment has shown that the primary permeability occurs
within this formation to an average depth of approximately 100 m. Whether or not
the Wittenoom Formation forms an aquifer depends on whether or not significant
weathering and karstification processes have occurred. The Wittenoom Formation
has been estimated to have a hydraulic conductivity value of 50-100 m/d (Kellogg

Brown Root 2008). These estimates were made using pumping tests.

The Baby Hope site is situated within an alluvial valley underlain by the Wittenoom
Formation and Marra Mamba Iron Formation. The alluvial valley is separated by
the unmineralised Marra Mamba Formation and the Jeerinah Formation in the north
and the southern boundary is defined by the McRae Shale Member of the Brockman
Iron Formation (Parrod 2019).

The main aquifer at Baby Hope comprises the Tertiary Detrital sediments and the
Wittenoom Formation collectively. These are hydraulically connected and their
porosity and permeability depend on the degree of weathering (Parrod 2019). Sur-
ficial, Tertiary Detrital sediments comprise alluvial silts, clay, pisolite and calcrete.

Cross sections in the N-S and E-W orientations through the Baby Hope site (Fig-
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Figure A.5: N-S and E-W oriented cross-sections through the Baby Hope de-
posit (G. Kirkpatrick, 2020 pers comms.).

ure A.5) show that the thickness of the aquifer varies considerably across the site. In
the N-S direction, it thickens towards Pebble Mouse Creek, in line with being part
of an alluvial valley. The Tertiary, surficial units (‘Detritals’ and ‘Red Ochreous De-
tritals’) and the Wittenoom Formation together are between 100-200 m thick.

These cross sections, provided by Rio Tinto (G. Kirkpatrick, 2020 pers comms.),
shows the mine design as occurring below the water table, although other reports
have stated that the Baby Hope mine will occur above the water table and will not
require dewatering (Hope Downs Management Services Pty Ltd 2000). In addition,
it shows a low-angle thrust fault occurring predominantly within the Mt Newman
and MacLeod Members, the hydrogeological implications of which are unknown.
Based on these cross sections, Rio Tinto interpreted the aquifer to be 174 m thick
(Figure A.6).

A three dimensional geological model using the software Leapfrog has been devel-
oped for the Baby Hope site to investigate its geology (Parrod 2019). Cross-sections
through this model show the simplified stratigraphic framework of the Detrital For-
mations overlying the Wittenoom Formation and the Marra Mamba Formation (Fig-
ure A.7 and Figure A.8). The model illustrates the variation in stratigraphic thick-

nesses and the implications of the central thrust fault in controlling the stratigraphy
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Figure A.6: Hydrogeological conditions interpreted from the E-W oriented
cross-section through the Baby Hope deposit shown in Figure A.5 (G. Kirkpatrick,
Rio Tinto 2020 pers comms.).

(Figure A.7). It also shows the role of the dolerite dykes in the eastern side of
the deposit in controlling hydraulic heads (Figure A.8). Despite this interpretation,
at the Baby Hope site the hydrogeology is still not well understood, as groundwa-
ter monitoring is focused on areas to be mined with fewer wells spaced regionally
across the Weeli Wolli catchment. Wells are also generally developed with large
screened intervals, designed for dewatering, rather than for targeting specific aquifer

formations.

Figure A.7: Three-dimensional geological model interpretation of the western
side of the site.
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Figure A.8: Three-dimensional geological model interpretation of the eastern
side of the site.

A.2.4 Groundwater recharge

There have been no specific studies of recharge in the Baby Hope region. There
is some understanding of recharge process across the Pilbara, however. Recharge
processes include both diffuse (i.e. rainfall infiltration) and point (or line) source (i.e.
infiltration from ephemeral creeks and mountain fronts) recharge (Dogramaci and
Skrzypek 2015). Groundwater recharge is associated with high precipitation events
at times of low evaporation (Dogramaci et al. 2012). Recharge to the fractured
rock aquifer, where it underlies the alluvial aquifer, is also thought to occur when
water levels in the alluvium aquifer are high, such as after a flood. A study by
McCallum et al. (2017) found that four primary age distributions are present in
Pilbara groundwater: (1) less than 20 years old; (2) between 50 and 200 years; (3)
between 100 and 600 years; and (4) between 1000 and 2000 years. In this paper, the
authors employed a multi-tracer technique using 3H, 8°Kr, CFCs, SFg, 3 Ar and 4C
to assess the groundwater age distribution. The results correlate well with rainfall

episodes determined by studies of palacoclimate by Rouillard et al. (2016).

Diffuse recharge

Rainfall infiltrates directly to the fractured rock system is via preferential pathways
in the fractures. A minimal amount of evaporation is thought to occur during this
process and recharge water can be quite fresh (Dogramaci and Skrzypek 2015).
However, according to Pham (2016), in a different part of the Pilbara (the West
Angeles area), direct rainfall recharge is expected to be low due to the low rainfall,
the depth to groundwater and the thickness of the detrital sediments. Recharge has

been estimated to be between one and three percent of rainfall annually (Dogramaci
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and Dodson 2009).

Point source recharge

Dogramaci et al. (2012) used the isotopic characteristics of rainfall, groundwater
and surface water to assess the significance of rainfall to recharge to aquifers in the
Pilbara. The authors found that intense rainfall events of > 20 mm with limited
evaporation prior to infiltration contribute most to recharge. A study by Cook et
al. (2020) estimated that the recharge rate due to infiltration of surface water is

approximately 1 mm/y.

A.2.5 Groundwater chemistry

In the Hope Downs area, natural groundwater is considered to be fresh and slightly
alkaline with reported concentrations of total dissolved solids (TDS) ranging from
260 to 540 mg/L and pH ranging from 6.7 to 8.1 (Hope Downs Management Services
Pty Ltd 2000). In general, the TDS concentrations increase downstream (Hope
Downs Management Services Pty Ltd 2000). Groundwater at HD1 is fresh, with
TDS generally in the range of 600-700 mg/L. This groundwater contains ions mostly

of magnesium, calcium and bicarbonate (Cook et al. 2016).

A.2.6 Hydrogeologic barriers

Several hydrogeologic barriers are inferred to occur in the Baby Hope area. Two
barriers (or possibly one single barrier) are inferred on the western end of the Baby
Hope Deposit (Figure A.1c). These will be referred to as the ‘Western Barrier(s)’.
Two barriers are also inferred on the eastern end of the deposit, between Baby
Hope and HD1S, these are referred to as the ‘Eastern Barrier(s)’. All barriers were
identified by Latscha (2010).

Western barrier(s)

A NE-SW trending structure was identified based on groundwater levels falling
from 615 m Reference Level (mRL) to 595 mRL over 500 m. It is not considered
to be a narrow linear structure such as a dyke and no dolerite has been observed in
drill cuttings. The structure is interpreted to be a massive chert band within the

Wittenoom Formation and may be as wide as 500 m (Latscha 2010).

Eastern barrier(s)

Approximately 6.5 km away from the Western Barrier(s), two NW-SE trending
hydrogeologic barriers have been mapped. These dykes have been confirmed by



APPENDIX A. 102

geological mapping and drilling. These are interpreted to be dolerite dykes and act
as low-permeability barriers where hydraulic head drops from 593 mRL to 573 mRL
in an easterly direction. In addition, dewatering of wells at HD1S do not appear to
impact groundwater levels to the west of the structures, which is more evidence that
they are likely to be low-flow barriers. The dykes are dipping in the north-northwest
direction with an angle of approximately 90° and are estimated to be approximately
25 m thick (Parrod 2019). The 3-D geological model has interpreted well logs to
show that the barriers are inferred to extend through the Wittenoom and Marra
Mamba Formations, but are overlain by and do not intrude through the Tertiary
Detritals.

A.3 Groundwater data

Well data has been made available by Rio Tinto for 49 wells across the site (Table A.4
and Table A.5, Figure A.9). Most of the wells are located within the Baby Hope
footprint both north and south of the Pebble Mouse Creek. The majority of wells are
completed with 50-100 mm diameter steel casing. Well depths range from 41.6 m
below ground level (BGL) to 182 m BGL. Screen intervals are up to 160 m long.

Of these wells, 47 have available static water level data and 33 have transient water
level data. The wells were sampled at different times between July 2006 and August
2016. Approximately one third of all available groundwater level data did not have a
recorded date attributed to the record. Very little change in water level has occurred
in these wells over time, except where wells have been impacted by groundwater
pumping in the vicinity of HD1S. Most wells had detailed construction information,
including screen intervals and top of casing (TOC) measurements. However, some
only had an elevation measurement and not a TOC. In cases where both elevation
and TOC data are available, in some cases these values are equivalent but not in all
cases. Radiocarbon data are available for 15 wells. These data were processed in
October 2019. CFC data are available for 13 wells, where a sample from each well
was processed twice. These samples were processed in July and August 2019. Stable
isotope data (6'%0 and §?H) are available for 18 wells, these data were processed in
August 2018.

The practice for sampling the groundwater wells was to sample them through a
nylon tube attached to production bore taps using brass fittings, for wells that are
production wells. These wells that were pumping at the time of sampling did not
require purging, but purging was conducted where necessary. Samples for radiocar-
bon analyses were collected in 500 mLL. HDPE bottles. Radiocarbon samples were
analysed by the GNS Rafter Radiocarbon Laboratory (New Zealand). Radiocarbon
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Figure A.9: Groundwater wells across Baby Hope site. Wells are represented by
open circles, inferred hydrogeologic barriers by teal lines, surface water features
by blue lines and aquifer boundaries by light brown patches. Numbers are referred
to as ‘Well Reference (WR)’ in Table 4.

isotope data are reported in delta notation, as per mil (%o) and *C are also re-
ported in percent modern carbon (pmC) according to the convention described in
Stuiver and Polach (1977). Samples for CFC analysis were collected in 125 mL clear
glass bottles with metal screw lids and analysed for CFC-11, CFC-12, and CF-113
concentrations by gas chromatography using a purge and trap system with electron
capture detector at the GNS Water Dating Laboratory, New Zealand.

A.4 Hydraulic head data

A.4.1 Steady state, pre-pumping data

Steady-state hydraulic head data were interpreted based on water level data collected
across the site. For each well, where only one data point was provided, that value
was used. Where more than one data point was provided, if those values did not vary
significantly (i.e. by greater than 1 m), an average of the values was used. In some
parts of the site, the water level data was influenced by groundwater pumping and
showed a significant decline in water levels. In these cases, the earliest, pre-pumping

water level measurement was used.

Higher water levels in the western part of the site and lower water levels in the south-
ern part of the site indicate that groundwater flow is from west to east. This reflects

the same flow direction as the surface water systems towards the discharge point of



APPENDIX A. 104

Weeli Wolli spring, to the northeast of the Baby Hope. The steady-state hydraulic
head data (Figure A.10) show higher hydraulic heads in the western side of the site
with highs of 627 mRL at wells LHRP13 and LHRP3. Across a flow path of approxi-
mately 3.5 km to the western-most inferred dolerite dyke (to wells MB17TH1ISW0027
and MB17TH1SW0029), the water level decreases approximately 14 mRL to 613 mRL
(gradient of 0.004 m/m). Across the two inferred Western Barriers, the water level
drops to 595 m, which is a change of 18 m over approximately 250 m (gradient of
0.072).

In the centre part of the aquifer, between the Western and Eastern Barriers, wa-
ter levels do not significantly change through time. All water levels are between
593-595 mRL, except for WB16BHT0001 with a water level of 590 mRL and
MB16H1SW0002 with a water level of 614 m. These wells are a further distance
from Pebble Mouse Creek than the other wells. It would be helpful if more wells
were located some distance south of Pebble Mouse Creek to understand if there is
lateral flow in the south to southeast direction, or if this data point just represents
an anomaly. In the centre part of the aquifer, between the Western and Eastern
dykes, the water level change is at most 2 m, over a distance of approximately
3.2 km (gradient of 0.0006). Across the Eastern Barriers, the water level drops from
593 mRL to approximately 574 mRL (wells PZ07THD1S010 and PZ07HD1S011).
This indicates a head drop of 19 m over a distance of approximately 400 m (gradi-
ent of 0.05). To the east of the Eastern Barriers, again water levels do not appear to
significantly change. To determine a gradient for this part of the aquifer, it would
be reliable if additional wells were located in the north-eastern part of the aquifer.
However, due to groundwater pumping at HD1S, any new wells drilled in this area
would not provide steady-state data for appraisal of the pre-pumping potentiometric

surface.

A.4.2 Transient data

Transient water level data from the area of the aquifer west of the Western Barriers
show (Figure A.16) that all water levels are within the range of 612-621 mRL. Each
well shows a water level trend that is largely constant and show no evidence of
seasonal or long-term trends. Transient water level data from the area between the
two inferred Western Barriers also show that water levels have largely remained
constant (Figure A.17). For well MB13H1SW002 (WR 8), data are available from
the beginning of 2014 until 2018. Some minor (< 1 m) seasonal variation in water
levels appear to exist but overall water levels have been constant at approximately
599 mRL throughout that time.

Transient water level data from the middle part of the aquifer between the Western
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Figure A.10: Standing water levels, values shown are in mRL. Where more than
one standing water level is available, an average was used, except where transient
data were available (Appendix 2), in which case the earliest, pre-pumping value
was used as reported in Table 4. Wells are represented by open circles, inferred hy-
drogeologic barriers by teal lines, surface water features by blue lines and aquifer
boundaries by light brown patches.

Barriers and the Eastern Barriers show mostly constant water levels throughout
the period of data collection (Figure A.18 and Figure A.19). Well MB17H1SW0019
(WR 25) shows a large increase of almost 5 m in water levels from 2017 to 2019, but
it is unclear if this is a real trend rather than a measurement error. Also from the
central section of the aquifer, between the Western and Eastern Barriers, the data
from well MB16H1SWO0002 (WR 19) shows a different trend (Figure A.20). This
well shows that water levels may have increased by approximately 10 m from 2016
to 2018. However, large variation in the water levels recorded from 2016 to 2017
exists. It is not clear if this is due to seasonal trends or due to measurement errors.
This well lies approximately 1.2 km away from Pebble Mouse Creek, while other

wells lie within a closer proximity to the creek (usually within 500 m).

Transient water level data in the area of the aquifer between the two inferred Eastern
Barriers show (Figure A.21) very minor (< 1 m) changes in water levels for both
MB17H1ISW0024 (WR 27) and MB17HD1S0001 (WR 32). However, only limited
data are available for this region from late 2017 to late 2018. Transient water
level data in the area of the aquifer to the east of the Eastern Barriers show that
water levels have changed considerably over the collection period (Figure A.22 and
Figure A.23). The water levels in 2014 all begin at approximately 570 mRL. Water
levels then steadily decline in all wells by up to 30 m. Mining at HD1S commenced



APPENDIX A. 106

in 2010.

A.5 Groundwater chemistry

A.5.1 Radiocarbon data

Radiocarbon data are available for 15 wells across the site (Table A.1). Thirteen
of these samples were collected recently, for this study, but two sample results have
been taken from Cook et al. (2016), as indicated in the table.

Site ID WR  Date anal- ABC sC AMC o“C pmC
ysed [%00] error  [%o] error
HDDO0004 27/09/2019 -13.11 0.2 0.98 3.2 100.1

1
LHRP1 2 27/09/2019 -10.57 0.2 -822.28 3.58  17.77
LHRP4 ) 27/09/2019 -1047 0.2 -749.57  3.35  25.04
MB16H1SW0001 18 27/09/2019 -10.22 0.2 -900.13  3.83  9.99
MBI17H1SW0018 24 27/09/2019 -9.81 0.2 -932.98 395 6.7

MB17HISWO0019 25 27/09/2019 -10.86 0.2 -727.07 0 3.29 0 27.22
MBI17H1SW0020 26 27/09/2019 -15.11 0.2 -527.24  2.87  47.28
MB17H1SW0024 27 27/09/2019 -12.7 0.2 -711.43  3.25  28.86
MBI17H1SW0027 29 27/09/2019 -10.46 0.2 -721.64 328  27.84
MBI17HISW0029 30 27/09/2019 -13.78 0.2 -407.33  2.75  59.27
MB17H1SW0030 31 27/09/2019 -11.02 0.2 -630.24 3.06  36.98
MB17HD1S0001 32 27/09/2019 -13.08 0.2 -505.71  2.82 4943
MB17HD1S0002 33 27/09/2019 -10.55 0.2 -826.22  3.59  17.38
WB10HD1S001 46 - -11.4 - - - 39.8
WB10HD1S002 47 - -10.9 - - - 35.2

Table A.1: Radiocarbon data. Data for WB10HD1S001 and WB10HD1S002
are collated from Cook et al. (2016), the remaining data were newly collected by
Rio Tinto for this study.

Some gradation exists from older groundwater with lower pmC to younger ground-
water with higher pmC in the direction of groundwater flow. This trend of older
groundwater in the western part of the catchment can be observed where the data
are plotted in cross section (Figure A.11). It also shows that, in general, younger
groundwater occurs in the shallower parts of the aquifer and older groundwater oc-
curs in the deeper parts of the aquifer. An interesting feature is that WR 32 and
WR 33 are approximately the same depth, but have quite different values of pmC
(49.43 and 17.38 respectively). This is suggesting that WR 32 has sampled ground-
water that is younger than WR 33. WR 32 is between the two Western Barriers
and WR 33 is between the Eastern and Western Barriers, in the central part of the
aquifer. WR 1 has very young groundwater, with pmC of 100.1. This well is located
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Figure A.11: Radiocarbon data (pmC) in cross section below water table, where
the z-axis shows the Easting of the well and the y-axis shows the total well depth.
Coloured dots represent wells for which a radiocarbon measurement is available
and the colour is scaled by the value of pmC as shown on the scale bar. Grey dots
show wells for which no radiocarbon value is available. Teal dotted lines show the
approximate location of inferred barriers, note that their Easting depends on the
Northing value of the cross section, which is not shown, so barriers are indicated
to just penetrate the upper part of the aquifer for an approximate guide. The
number next to each circle represents the sample’s Well Reference number.

adjacent to the Weeli Wolli Creek and could indicate a high connectivity between

surface water and groundwater at this location.

When the data are plotted to compare the depth of the well screen with the value of
pmC (Figure A.12), we see that there is some relation between the depth of the well
screen and the value of pmC. However, this trend is not strong, and some samples
with relatively shallow screens (i.e. WR 18 and WR 24) also have low values of
pmC, indicating that the groundwater is relatively old. Both of these samples are
in the western part of the catchment and are located to the west of the Eastern
Barriers. This could potentially indicate that some anomalously older groundwater

occurs upstream of these barriers.

A.5.2 CFCs

CFC data are available for 13 samples across the site, where duplicate samples for
CFC analysis were collected on most wells (Table A.2). CFC-12 data shown in cross
section (Figure A.13), indicating that there is no clear trend between location in
the aquifer and the value of CFC-12. Again, as was seen by the values of pmC, we
can see that there are two samples located at approximately the same depth and
within a close distance, WR 32 and WR 33. The results for CFC-12 show that
the value is higher in WR 32, which is between the two Western Dykes. WR 25

also appears to have anomalously high values (indicating younger groundwater) of
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Figure A.12: Measured value of pmC compared to the depth of the well screen
below the water table are shown by the yellow lines. Note than WR 46 and 47
either did not have well screen information or groundwater level data available so
they are represented as a circle denoted by their total well depth.

Well Ref- CFC- CFC- CFC- Temp- Excess
erence Sampling 11 12 113 erature Air
Site ID (WR) Date  [pg/kg] [pg/kg] [pg/kg] [°C]  [mL(STP)/ke]
HDDO0004 1 01/08/2019 155.2 171.7 31.9 23.9 8.6
HDDO0004 1 01/08/2019 175.8 168.1 35.6 23.9 6.6
LHRP1 2 20/07/2019 9.6 4.8 3.7 30.2 3.6
LHRP1 2 20/07/2019 19.2 13.3 3.7 31.7 5.8
LHRP4 5 20/07/2019 2.7 26.6 3.7 29.3 4.4
LHRP4 5 20/07/2019 19.2 26.6 3.7 28.8 3.3
MB16H1ISWO0001 18 03/08/2019 26.1 14.5 5.6 27.8 4.3
MB16H1SWO0001 18 03/08/2019 24.7 14.5 7.5 28.6 4.2
MB17H1ISWO0018 24 03/08/2019 23.4 9.7 7.5 33.8 3.9
MB17H1ISWO0018 24 03/08/2019 26.1 9.7 5.6 32.7 3.5
MB17H1ISWO0019 25 03/08/2019 513.7 185.0 33.7 13 10.3
MB17HISWO0019 25 03/08/2019 501.4 180.2 39.3 13.3 9.4
MB17H1ISWO0020 26 03/08/2019 1.4 101.6 1.9 23.7 5.1
MB17H1ISWO0020 26 03/08/2019 13.7 107.6 7.5 24.3 6.3
MB17H1SW0024 27 20/07/2019 37.1 41.1 7.5 28.8 0.6
MB17H1SW0024 27 20/07/2019 42.6 49.6 94 29.1 04
MB17H1ISWO0027 29 20/07/2019 0.0 8.5 1.9 30.8 4.6
MB17H1SWO0027 29 20/07/2019 5.5 13.3 3.7 32.8 4
MB17H1ISWO0029 30 03/08/2019 1.4 71.3 3.7 31.1 1.8
MB17H1SWO0029 30 03/08/2019 33.0 73.8 5.6 31 2
MB17H1ISWO0030 31 03/08/2019 37.1 18.1 0.0 26.8 1.1
MB17H1ISWO0030 31 03/08/2019 35.7 19.3 7.5 26.9 1.3
MB17HD1S0001 32 20/07/2019 64.6 70.1 13.1 22.6 2.3
MB17HD1S0001 32 20/07/2019 59.1 50.8 9.4 20.8 1.2
MB17HD1S0002 33 20/07/2019 11.0 10.9 3.7 31.2 2.1
MB17HD1S0002 33 20/07/2019 5.5 20.6 5.6 28.4 1.9

Table A.2: CFC data for baby Hope samples.
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Figure A.13: CFC-12 data in cross section below water table, where the z-axis
shows the Easting of the well and the y-azis shows the total well depth. Coloured
dots represent wells for which a CFC-12 measurement is available and the colour
is scaled by the value of CFC-12 as shown on the scale bar. Where more than one
CFC-12 measurement were available, an average was used. Grey dots show wells
for which no CFC data are available. Teal dotted lines show the approximate
location of inferred barriers, note that their FEasting depends on the Northing
value of the cross section, which is not shown, so barriers are indicated to just
penetrate the upper part of the aquifer for an approximate guide. The number
next to each circle represents the sample’s Well Reference number.

CFC-12 when compared to samples further upstream of the Western Barriers at the
same depth. When observing the value of the CFC-12 compared to the depth of the
well screen below the water table (Figure A.14), it can be seen that there is no clear
trend between the depth of the well screen below the water table and the value of
CFC-12.

A.6 Stable isotopes

Stable isotopes data, including values for §'%0 and 0%2H are available for 18 wells
across the site (Table A.3).

The stable H and O isotope values are all within a close range of values representative
of the general range observed in other studies of the Hamersley Basin (Dogramaci
and Skrzypek 2015). Many are located close to the GMWL (i.e. WR 31, WR 26,
WR 25, WR 32 and WR 18) although the others appear enriched in §'¥0 compared
to the GMWL (Figure A.15). The range of values is, however, narrow. A narrow
range of negative stable isotope values has previously been interpreted to suggest

relatively low evaporative losses prior to recharge (Skrzypek et al. 2013).
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Figure A.14: Measured value of CFC-12 compared to the depth of the well
screen below the water table are shown by the blue lines. Where more than one
CFC-12 measurement were available, an average was used.

Site ID WR  Sampling %0 60 H

date [VS- [VS-

MOW]| MOW]
HDDO0004 1 1/08/2019  -6.47 -42.6
LHRP1 2 20/07/2019 -8.07 -58.7
LHRP4 5 20/07/2019 -7.80 -57.1
LHRP7 6 21/07/2019 -7.69 -53.6
MB15HD1S002 17 4/08/2019 -8.45 -58.6
MB16H1SWO0001 18 3/08/2019 -8.40 -59.4
MB17H1SWO0001 20 3/08/2019 -8.70 -60.7
MB17H1ISWO0002 21 3/08/2019 -8.16 -59.8
MB17THISWO0018 24 3/08/2019  -7.98 -60.7
MB17H1ISWO0019 25 3/08/2019  -8.57 -59.5
MB17H1SW0020 26 3/08/2019 -8.53 -58.7
MB17H1SW0024 27 20/07/2019 -7.78 -57.0
MB17H1SW0026 28 22/07/2019 -7.92 -55.0
MB17H1ISWO0027 29 20/07/2019 -8.03 -59.6
MB17H1SW0029 30 3/08/2019 -8.09 -07.7
MB17H1SWO0030 31 3/08/2019 -8.40 -57.7
MB17HD1S0001 32 20/07/2019 -8.50 -59.6
MB17HD1S0002 33 20/07/2019 -7.60 -57.1
Table A.3: Stable isotopes data for Baby Hope.
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Figure A.15: Stable isotopes plot, where purple dots represent the value of §'%0
and §%°H and are labelled with the WR number. Global Meteoric Water Line
(GMWL) taken from Coplen et al. (2000), Local Meteoric Water Line (LMWL)
taken from Dogramaci et al. (2012)
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A.7 Summary

This appendix provides a summary of the available data and conceptual hydro-
geological understanding of the Baby Hope site in the Pilbara region of Western
Australia. This is a site that is intended for open-pit iron ore mining. The site
includes four potential hydrogeological barriers, two in the east of the site and two
in the west of the site. In the west of the site, the geology of the barriers is not
known. It is not clear if these two barriers could in fact be a single low-permeability
feature. In the east of the site, on the other hand, the barriers have been mapped
and ground-truthed and are known to be dolerite dykes. In both the east and the
west, steady-state hydraulic head data demonstrate that sharp decreases in head
occur across the barriers. They appear to be buried by Tertiary sediment. However,

the extent to which the western barriers, in particular, are buried is not clear.

Environmental tracer data was collected at this site to improve its hydrogeological
understanding. There appear to be some unexplained, sharp changes in radiocarbon
values and CFC values at a similar depth either side of the barriers. Interpreting
this data is challenging, however, without full context of the recharge characteristics
of the site and knowledge of how barriers impact groundwater flow. These open

questions link well to Chapter 3 of the thesis in particular.

This appendix is not a full interpretation of the data at Baby Hope and does not
provide a conclusion as to the nature and hydrogeological properties of the barriers.
To achieve this, I suggest that numerical modelling of the Baby Site would be a

natural extension to the project.

Recommended future work includes developing a numerical model of the site and
reconstructing hydraulic head and groundwater age data. Groundwater age itself
could be modelled, such as by using a direct age simulation (as per Chapters 3
and 4 in the thesis), or the concentration of environmental tracers could be explic-
itly simulated. Different hydrogeological properties of the inferred barriers could
be compared to the field data collected. This may include model inversion, such
as using PEST, where the geometric properties (i.e. the physical location) of the
barriers are held constant while their hydrogeological properties (i.e. K values) are
estimated. Further still, it could include model inversion where both the geomet-
ric properties and the hydrogeological properties are estimated, such as using the

phantom structures technique demonstrated in Chapter 4 of this thesis.
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Figure A.16: Available transient water level data from the western side of the
Western Barriers. WR = ‘Well Reference’. Black crosses show data points,blue
lines show interpolated trends.
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Figure A.17: Available transient water level data from the area between the
two inferred Western Barriers. WR = ‘Well Reference’. Black crosses show data
points, blue lines show interpolated trends.
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Figure A.18: Available transient water level data from the area between the
Western Barriers and Eastern Barriers, A. WR = ‘Well Reference’. Black crosses
show data points, blue lines show interpolated trends.
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Figure A.19: Available transient water level data from the area between the
Western Barriers and Eastern Barriers, B. WR = ‘Well Reference’. Black crosses
show data points, blue lines show interpolated trends.
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Figure A.20: Available transient water level data from well MB16H1SW0002,
located in the area between the Western Barriers and Eastern Barriers. WR =
‘Well Reference’. Black crosses show data points, blue lines show interpolated
trends.
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Figure A.21: Available transient water level data from the area between the
two inferred Eastern Barriers. WR = ‘Well Reference’. Black crosses show data
points, blue lines show interpolated trends.
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Figure A.22: Available transient water level data from the area to the east of
the Eastern Barriers, A. WR = ‘Well Reference’. Black crosses show data points,
blue lines show interpolated trends.
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Figure A.23: Available transient water level data from the area to the east of
the Eastern Barriers, B. WR = ‘Well Reference’. Black crosses show data points,
blue lines show interpolated trends.
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Conference abstracts

B.1 Modelling the effect of undetected barriers

on groundwater drawdown and recovery

Sarah K. Marshall; Peter G. Cook; Anthony D. Miller; Craig T. Simmons;

Shawan Dogramaci

Abstract for presentation at the Geological Society of America Annual Meeting, 4-7
November, Indianapolis 2018

In the Pilbara region of Australia, large, open-pit iron-ore mines require high rates
of dewatering. Predictions of drawdown are required both during mining and after it
has ceased (groundwater recovery). The hydrogeology of the region is complex, with
aquifers dissected by extensive dolerite dykes. Sharp hydraulic head gradients and
pumping tests across these dykes demonstrate that many are impermeable barriers
and inhibit groundwater flow. However, dykes may exist in areas that have not yet
been affected by mine dewatering. These are therefore unlikely to have been detected
and act as a source of structural uncertainty in models predicting groundwater

drawdown and recovery.

This paper develops non-dimensional solutions to analytical models of groundwa-
ter flow to a well, utilising the methods of images. It explores conditions under
which impermeable barriers may be undetected during groundwater pumping, yet
still control the recovery of groundwater levels. The results show that even if a
barrier is undetected during pumping, drawdown during recovery could be signif-
icantly greater than if that barrier were not present (on the pumping side of the
barrier). The results are exemplified for a hypothetical aquifer with an unknown
barrier 3 km from a pumping well. During ten years of pumping, the presence of

the barrier increases drawdown by < 1 m adjacent to the barrier. However, 40
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years after pumping has ceased, the presence of the barrier causes approximately
50 m of additional drawdown. The results have implications for the development of

regional-scale models in areas affected by impermeable barriers.

B.2 Conjoint use of hydraulic head and ground-
water age data to detect hydrogeologic bar-

riers

Sarah K. Marshall; Peter G. Cook; Leonard F. Konikow; Craig T. Sim-

mons; Shawan Dogramaci

Abstract for presentation at the Australasian Groundwater Conference, 2427 Novem-
ber, Brisbane 2019

Hydraulic head and groundwater age data are effective in building groundwater
system understanding. Yet their role in detecting and characterising near-vertical
low-permeability geological structures—hydrogeologic barriers, such as faults and
dykes—has not been widely studied. Here, numerical flow and transport models,
using MODFLOW-NWT and MT3D-USGS, were developed with different hydroge-
ologic barrier configurations. Computed hydraulic head and groundwater age dis-
tributions were compared to those without a barrier. The joint use of these datasets
helps in detecting vertically-oriented hydrogeologic barriers for a range of hydro-
geologic conditions. Two forms of recharge were compared: (1) applied across the

whole aquifer (uniform); or (2) applied only to its upstream part (upgradient).

The hydraulic head distribution is significantly impacted by a barrier (with gaps)
that penetrates the aquifer’s full vertical thickness. This barrier type also perturbs
the groundwater age distribution when upgradient recharge prevails. However, with
uniform recharge, groundwater age is not successful in indicating the barrier’s pres-
ence. When a barrier is buried, such as by younger sediment, hydraulic head data
does not clearly identify the presence of a barrier. Groundwater age data could, on
the other hand, prove to be useful if sampled at depth-specific intervals. These re-
sults are significant for the detection and characterisation of hydrogeologic barriers
where they may play a significant role in the compartmentalisation of groundwater
flow, spring dynamics, and drawdown and recovery associated with groundwater

extraction.
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