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1.

Introduction

[1]

In reference to the letter of instructions dated 21 April 2016 (see Attachment A), from
the Environmental Defenders Office (EDO) on behalf of Oakey Coal Action Alliance
Inc. (OCAA), I have undertaken a review of the affidavit of Andrew Durick, sworn on
20 April 2016 (Durick Affidavit) and the affidavit of Brian Barnett, sworn on 20 April
2016 (Barnett Affidavit).

[2]

The following report is prepared as a response to the issues raised in the Durick affidavit
and the Barnett Affidavit to the extent that they are relevant to groundwater modelling
issues in these proceedings.

[3]

This report is in addition to my first expert report in this case, dated 24 February 2016
(First Report).

2.

My Qualifications

[4]

My qualifications and experience are set out in my CV at Attachment A to my First
Report.

3.

Summary of My Conclusions

[5]

On reading the affidavits of Durick (AD) and Barnett (BB), I conclude:
a) AD correctly identifies the reporting inconsistencies between Table 5.5 and
Appendix B of the report in Appendix N to the AEIS1 (‘AEIS Report’). I
accept that errors in Table 5.5,2 arising from misinterpretation of Appendix B
graphs, should be corrected. The main implication of this is that some of the
model’s aquifer properties are more realistic (i.e. Upper WCM Kh and Kz,
Lower WCM Kh and Kz, Marburg Kh) and some are less realistic (i.e. Basalt
Kh and Kz, Alluvium Kz, Marburg Kz) than what was reported in Table 5.5 of
the AEIS Report and was relied upon during the cross-examination of DI.
b) Despite (a), the model is not necessarily conservative (i.e. over-estimates
mining impacts), even though DI and AD maintain this position in exhibit
“AD4” of the Durick Affidavit.
c) There are a considerable number of serious and fundamental misconceptions
posed by BB, to the degree that significant problems with the current model
can be traced to work described in his affidavit.
d) One particularly impactful shortcoming in BB’s affidavit is his approach to
geological fault modelling. For example, there is a lack of any easilyrecognisable hydrogeological basis for his choice of fault representation. BB
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Doc ID EHP.0111. Note that Appendix N also includes Appendix F to the AEIS – Doc ID EHP.0103.
Soft page 115 of Appendix N, Doc ID EHP.0111.
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essentially acknowledges that faults in the model are artificial. That is, there is
a lack of evidence of each fault’s alignment, depth and/or hydraulic properties.
BB’s fault modelling is more worrisome because he has not evaluated the
obvious implication that the faults he has fabricated have the potential to
significantly reduce predicted mining impacts. The modelling work by BB has
led to misconceptions and model errors, as detailed in the Section 4 below,
which have carried over to the current AEIS model (as presented in Appendix
N) and are probably due to inadequate documentation of his earlier work.
e) New problems are raised in the AD and BB affidavits, including:
i) the mine pit inflows used as the primary calibration filter in the AEIS
Report are unreliable. This imparts considerable uncertainty in mine
impacts predicted by the 18 calibrated models of the AEIS Report;
ii) preferential vertical and lateral flow around faults are not considered;
and
iii) the significant number of misconceptions included in BB’s affidavit
undermines confidence in the AEIS modelling results. In particular,
this is because important aspects of the current model, such as faults
and potentially other model features, are legacy characteristics from his
earlier modelling attempts.
f) I conclude from (e) that the AEIS model is considerably more deficient than
was apparent from documentation considered prior to the AD and BB
affidavits.
g) AD accepts the explanation of BB that the simulation of faults, with gaps
between segments of the HFB package of MODFLOW, was intentional and is
appropriate. This is despite:
i) the lack of field evidence to support the method of fault modelling;
ii) the lack of evidence that calibration was improved by the method of
fault modelling;
iii) the conceded mistakes in earlier fault modelling; and
iv) the fact that the fault modelling approach (by BB and subsequently in
the AEIS Report) is inconsistent with the recommended application of
the HFB package in the modelling software (MODFLOW)
documentation.

4.

My Opinion

[6]

My opinion on the AD and BB affidavits is described below.
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4.1 The Durick Affidavit
[7]

On Page 2, I have trouble reconciling the approach adopted by AD to resolve questions
that have arisen in regards to the current AEIS modelling. That is, BB was involved in
the EIS groundwater modelling only until 2013, and his name does not appear on
modelling work completed since.3 It seems necessary to engage with those who have
developed the current model in question to resolve pertinent questions about model
development, rather than with BB as someone who built a now defunct model of the
study area. This is based on the requirement that the modellers responsible for the AEIS
model understood: (a) the conceptual models upon which they relied, and (b) any
historical decisions of relevance to the model that they have created. It indicates that: (a)
the documentation of previous modelling is inadequate to be relied upon for critical
model decision-making in relation to the AEIS model, and/or (b) the developers of the
AEIS model are perhaps not sufficiently versed in the conceptualisation and parts of the
numerical model to answer fundamental questions about important features of the model.

[8]

Regarding paragraph 6(a), I agree that Table 5.5 and Appendix B are not in agreement,
and that most likely, Table 5.5 is in error.

[9]

Regarding paragraph 6(b), I agree that 0.08 m/d is the average Kh of the Monte Carlo
analysis, but that the calibrated models all have values higher than this (i.e. through the
calibration process of selecting particular models that match the calibration criteria).

[10] Regarding paragraph 6(c), I agree that the AEIS Report was virtually silent on the use of
OGIA data, but that it appears that most of the Applicant’s hydraulic conductivities are
higher than OGIA’s values, which is preferable for the shallower conditions of the study
area. However, the Marburg and Alluvium aquifers are assigned lower Kh and Kv in the
AEIS model relative to OGIA’s values, and this may cause the model to produce lowerthan-expected impacts in these aquifers.
[11] Regarding paragraph 6(d), I disagree that Kh = 1.4 m/d is an “outlier” relative to the
current study area, which is apparently also heavily fractured. Values obtained from field
methods by OGIA indicate that Kh = 1.4 is well within the range they have used (3E-5 to
2.2 m/d). For ease of reference to parameters in the Golder Associates Report (Golder
Report), which is Exhibit AD9 to the Durick Affidavit, (the source of the value of 1.4
m/d), see Table 1 below. As an aside, it is difficult to compare Kv in the AEIS model
with the values used in the Golder Report models (i.e. CDA, SEDA, NWDA4 in Table
1), because the AEIS model and the Golder Report models use different representations
of the stratigraphy (i.e. layering, or the aquitard-aquifer sequencing). The respective
representations of aquitards in each of the models mentioned in the table below would
need to be taken into account before the accompanying leakance between WCM and
overlying sequences can be ascertained, i.e. for comparison with the AEIS Report. The
3

Brian Rask was the author of the AEIS Report, and Derwin Lyons, Sarah Buckley, Miles Yeates and Hunter
Brownscombe appear as authors of the response to the IESC in Appendix N to the AEIS (Doc ID EHP.0111)
4
These abbreviations are taken from the Golder Report (Exhibit AD9 to the Durick Affidavit) and defined on
sp160 of the AD Affidavit as Central Development Area (CDA), South East Development Area (SEDA) and
North West Development Area (NWDA).
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highlighted row is the WCM in the AEIS model that corresponds to the WCM in the
CDA, SEDA and NWDA models (noting that there are differences in the way that the
models treat aquitards around and within the WCM).

Source

Min Kh

Max Kh

Min Kv

Max Kv

(m/d)

(m/d)

(m/d)

(m/d)

NAC (Appendix F) Upper WCM

0.12

1.5

5.510-5

2.810-3

NAC (Appendix F) Lower WCM

0.0013

0.12

6.310-7

5.310-3

CDA Model

0.014

1.36

4.6710-3

4.5310-1

SEDA Model

0.0014

0.195

4.6710-4

6.510-2

NWDA Model

0.0014

0.0412

4.6710-4

1.3710-2

Table 1: Comparison of K values in WCM from Golder Report5 and AEIS Report6

[12] Regarding paragraph 6(e), it is not necessary to see the modelling files to appreciate the
problem with the fault-modelling approach. I noticed the errors before the meeting of
experts, based on the contents of the AEIS Report, when reviewing the material in
November 2015.
[13] Regarding paragraph 6(f), I make the following comments about exhibit AD10, which
documents issues raised by the DoE.
a) There are several DoE concerns that are consistent with concerns raised by the
IESC, and by me and Dr Currell in our respective reviews. For example, the
DoE call for justification for faulting.
b) The DoE’s request for more information came in November 2015, and yet the
basis for fault modelling was unclear until AD sought recent input from BB
(some 5 months later).
c) Regardless of insights gained from the Barnett Affidavit, there remains little
justification for faulting, as discussed in detail in Section 4.2 below. For
example, groundwater contours and existing data to support the modelled
faults are missing, and yet were requested by the DoE in November 2015.
Also, excessively high water levels in the model remain unjustified despite
DoE’s concerns.

5
6

See Durick Affidavit soft pp171-176, Golder Report Table 4 (CDA), Table 5 (SEDA) and Table 6 (NWDA).
Soft page 109-110.
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[14] Regarding paragraph 9, I agree that the consideration of heterogeneity is uncommon in
groundwater models of open-cut coal mines. However, it is decidedly more common in
models of:
a) CSG;
b) Irrigation Areas;
c) Contamination sites;
d) Underground waste storage systems;
e) Urban groundwater supplies;
f) Studies of river-groundwater interaction;
g) Carbon sequestration;
h) Landfill leachate plumes; and
i) Dam Leakage.
On this basis, it could be argued that the coal mining industry (referred to as “the
industry” in the Durick Affidavit) is lagging behind the rest of the Australian
groundwater community. Added to this, the expectations of coal mine expansion projects
should be higher and more similar to other types of groundwater investigations,
compared to groundwater investigations of greenfield sites where pertinent groundwater
data are commonly sparse.
[15] Regarding Page 89 of AD’s affidavit, AD accepts the explanation of BB that the
simulation of faults is consistent with the conceptualisation. This is despite fault
modelling that is inconsistent with the recommendations of the modelling software
(MODFLOW) user manual (see figure below), which remains a point of agreement in the
JER. It is also despite a significant number of errors and misconceptions expressed in the
Barnett Affidavit, as discussed in more detail in Section 4.2 below.

Figure 1: Figure 5-8 of Harbaugh, A.W. (2005)7

7

MODFLOW-2005, The U.S. Geological Survey Modular Ground-Water Model—the Ground-Water Flow
Process, U.S. Geological Survey Techniques and Methods 6-A16, Book 6. Modeling techniques, Section A.
Ground Water, Reston, USA.
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[16] Given the Table 5.5 error uncovered by AD, and also considering new issues raised in
part by the affidavits of AD and BB (e.g. measurements of mine pit inflows are
unreliable, preferential flow along fault planes is not considered, etc.), I would modify
my First Report as follows:
a) In paragraph 18(b), replace “In other cases, parameters are skewed towards
non-conservative values (e.g. horizontal conductivity (Kh) and vertical
hydraulic conductivity (Kv) of the upper WCM are lowered by one-to-three
orders of magnitude)”
With
“In other cases, parameters are skewed towards non-conservative values (e.g.
the Basalt Kh and Kz, the Alluvium Kz, and Marburg Kz have reduced, and
the Alluvium Sy, Basalt Sy and Upper WCM Sy have increased)”
b) Replace paragraph 31(a)(ii) with:
“The calibration methodology, which I believe to be deficient, has potentially
resulted in models that produce smaller-than-expected impacts of mining, for
example into the Basalt and Alluvial aquifers, than the impacts that are likely
to occur in reality. That is, modelled impacts from mining may be weaker than
would have been obtained from modelling if parameters were adopted that are
more realistic and reflective of available knowledge. Relevant deficiencies
include:
i)
ii)
iii)
iv)

v)
vi)

the lack of enhanced vertical hydraulic conductivity around faults;
the excessively strict limits (one standard deviation) to selecting the
range in drawdown obtained from the 18 calibrated models;
lower Kz values in the Basalt and Alluvium aquifers;
the fractured nature of the basalt aquifer means that drawdown in this
sequence may not be adequately reflected by “equivalent porous
medium” parameters;
the imposition of artificial, low-permeability faults outside of the
calibration process; and
the untested effect of DRN cells, which potentially restrict drawdown
by effectively acting as specified head cells within the model.”

4.2 The Barnett Affidavit
[17] I have presumed that Exhibit AD2 to the Durick Affidavit is the same as Exhibit BB1 to
the Barnett Affidavit.
[18] As mentioned above, it is unclear why AD has spoken to BB about critical aspects of the
conceptual and numerical models when his involvement in the Applicant’s model ceased
in 2013. That is, it would seem more appropriate to engage in discussions with the coauthors of the reports on more recent modelling efforts. Adequate reporting is imperative
to the proper interpretation and application of groundwater models. Inadequate reporting
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is one of the core sources of fundamental problems with the AEIS model. For example,
the geological faults in the current model are the legacy of poor choices (more detail on
this is provided below) by BB in developing a now defunct 2013 version of the model. It
appears that the developers of the current model have accepted the unfounded faulting of
earlier models. I expect that adequate reporting of BB’s decisions around faulting would
have led to review and revision of faulting in the current model, given the lack of proper
substantiation for the approach that BB has taken (see below). This highlights the critical
aspect that reporting plays in the transfer of legacy decisions into model revisions.
[19] The text on ‘Faults’ (P4) would be improved with the following extensions:
a) In the discussion of faults, BB does not mention the damage zone, which is a
key controlling factor in the hydrogeology of faults (see Evans JP et al., 1997).
The damage zone often has hydraulic conductivities higher than the fault core,
which can result in significantly higher vertical hydraulic conductivity but
reduced horizontal hydraulic conductivity. Therefore, I disagree with the BB
statement that “Those faults that displace the aquifer in a manner that disrupts
the horizontal continuity of the aquifer are likely to be almost completely
impervious.” Clearly, the damage zone can transfer water vertically and along
the alignment of the fault even if the fault core is completely impervious. This
is somewhat conceded in the last sentence of BB’s paragraph, but nonetheless,
referring to a fault as completely impervious does not accord with the
literature on faults.
b) The last sentence of this subsection, starting with “In this case…” would be
more balanced if it mentioned that faults may also enhance vertical leakage
and lateral flows through the creation of damage zones, despite disruption to
the continuity of coal seams. A case-in-point is the F5 fault considered in the
WSA 2013 report, which notes:
i) on p5 “Significant groundwater discharge was occurring from and
around this fault.”
ii) on p13 “In reality, the F5 Fault is likely to have a zone of high
permeability running parallel to the fault on both sides. When the fault
was intersected within the pit, it facilitated dewatering along its
length…”
c) To improve the Court’s notion of a fault (including the clear vertical pathways
that they may create), I include the images below. These images highlight the
complex nature of the subsurface and the potentially enhanced Kv of faults. It
is clear from the images below that in many situations the notion of faults that
are “almost completely impervious” does not apply.
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Figure 2: Examples of faulting through sedimentary aquifers, including
through coal seams8

[20] The text on ‘Barriers and Walls’ (P4-5) is incomplete and somewhat misleading, for the
following reasons:
a) The statements “It allows the definition of faults as 2D planar subsurface
features with a user defined permeability that may range between partially
impermeable to almost completely impermeable” and “use of the term “wall”
in the modelling reports should not be interpreted as an impermeable fault” are
misleading. BB infers that the HFB package was used potentially to simulate
partially permeable faults, whereas in fact, the application of the HFB package
has resulted in virtually impermeable walls in the in-tact segments where it
was applied. Where gaps occur, groundwater will pass through the fault in
accordance with the background (unfaulted) aquifer hydraulic properties. The
use of the term “wall”, inferring an impermeable fault, is in practical terms a
correct description of the implementation of the HFB package by BB. A
proper explanation of the permeability of faults in the model (either the 2009,
EIS or AEIS models) should involve a discussion of the value of the fault
conductance, C, used in the HFB package.
b) The content of the AEIS Report (sp79 of Appendix N) illustrates an important
misconception in the HFB C value, which controls flow across the fault in the
model. The AEIS Report states: “The overall conductance for the faults was
set at 1x10-10 m2/d using a thickness of 1m and a hydraulic conductivity of
1x10-10 m/d. These features are shown in Figure 4-1.” Rather, the MODFLOW
manual (Harbaugh, 2005) provides the equation for C as:

(see Page 5-22 of Harbaugh 2005)
8

A: Getty Images, http://www.gettyimages.com.au/detail/photo/normal-fault-in-sandstone-australia-high-resstock-photography/128560170 ; B: Northwest Exploration, http://nwex.co.uk/showthread.php?t=3118; C:
Alamy, Stock Photo - fault line in coal face open cut mine, http://www.alamy.com/stock-photo-fault-line-incoal-face-open-cut-mine-6654940.html.
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DELC is the cell size (200-400 m in the AEIS model), v is the thickness of
the model layer (up to 145 m for the Upper WCM), L is the distance across the
barrier in the flow direction (assumed 1 m in the AEIS report). If we take
typical values for DELC, v and L of 300 m, 50 m and 1 m, then the C of
1x10-10 m2/d produces a Kbarrier of 6.7 x 10-15 m/d. That is, five orders of
magnitude lower than the value of 10-10 m2/d suggested in the AEIS Report.
The AEIS Report misconception of the HFB package is presumably based on
earlier values of the HFB conductance provided by BB, given other legacy
aspects relating to faults in the AEIS model.
[21] Several points of clarification are warranted on BB’s text on “Staged Reporting” (P5-6),
as:
a) In regards to BB’s role as “a principal author” in co-authoring the
Groundwater Modelling Guidelines, it should be noted that the construction of
the Guidelines was the joint effort of a large team (see Acknowledgement
section on soft page 9 of the Guidelines). All chapters were reviewed, and
significant corrections were required to reverse a large number of
misconceptions, in no small part under the review of Dr Vincent Post (and
others), who was an academic from Flinders University at that time. The more
technical of the Guidelines’ chapters, such as ‘Calibration and sensitivity
analysis’, ‘Uncertainty’, ‘Solute transport’, and ‘Surface water-groundwater
interaction’ were not written by BB. Also, many of the Chapters drew
significantly from the previous Modelling Guidelines (MDBC, 2001), and in
particular the chapters for which BB is attributed principal authorship (e.g.
‘Prediction’ was already a Chapter in the previous Guidelines). It should also
be noted that BB is not associated with Chapter 8 of the Guidelines, from
which he has quoted in his affidavit.
b) BB omits an important aspect of staged reporting. According to soft page 12
of the Guidelines:
“The guidelines suggest that the model review process should be
undertaken in a staged approach, with separate reviews taking place
after each reporting milestone (i.e. after conceptualisation and design,
after calibration and sensitivity, and at completion). Three levels of
review are suggested: a model appraisal by a non-technical audience to
evaluate model results; a peer review by experienced hydrogeologists
and modellers for an in-depth review of the model and results; and a
post-audit, a critical re-examination of the model when new data is
available or the model objectives change. Examples of review
checklists are provided for model appraisal and model review.”
That is, peer review of the staged report should have been undertaken, but
there is no evidence that it was for the Applicant’s model. Instead, BB
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suggests that “progress reports should be provided to the client and other key
stakeholders at various milestones during the project”; there is no mention of
peer review, as suggested in the Guidelines.
c) It is a short-coming of the AEIS Report that it does not clearly explain the
staged process that led to its development.
[22] BB’s description of the 2009 version of the model (page 6 on) includes several
misconceptions and points requiring clarification and extension.
a) The historical reporting on the modelling made available to date does not seem
to include a report on the 2009 version of the model. Indeed, it is not clear in
BB’s text whether or not a report was produced as part of the 2009 model
construction.
b) It is unsurprising that a model that omitted groundwater extraction was unable
to be calibrated, and bewildering that omitting other groundwater users from
the 2009 model was not raised at that time as a short-coming that needed to be
addressed.
c) The reference to “steep groundwater gradients” suggested by BB in regards to
evidence for faulting is not mentioned in the AEIS Report, and as such, it
appears that “steep groundwater gradients in the vicinity of the mine in steadystate conditions” are not important to the conceptualisation modelling of the
study area, or are not apparent. Furthermore, soft page 108 of the AEIS Report
states that: “As such the model should be judged upon its ability to replicate
regional flow gradients”, and hence, adding faults into the model to produce
local steep head gradients seems counter to the general objective of neglecting
local-scale anomalies, as inferred in the AEIS Report. Also, steep gradients,
even if they could be illustrated, might well have arisen from numerous
factors, such as transient effects, faults, fractures, discontinuities of coal
seams, poorly constructed wells, measuring errors, localised recharge,
localised leakage between hydrostratigraphic units, local pumping impacts,
localised high K regions, and/or errors in the understanding of the stratigraphy
with respect to bore construction (i.e. whereas a well is intended to represent
one aquifer, it may in fact measure a different aquifer or give some integrated
water level because it intercepts more than one water-bearing sequence). It is
misguided to presume that steep gradients, if they can in fact be identified, are
necessarily the result of faults. Added to this, there is no argument made here
or evidence presented elsewhere to demonstrate that the site is in fact in a
steady-state condition.
d) Given the criticalness of any decision to include sharp discontinuities in K, it
is concerning that this decision is unsubstantiated in previous reports, and
surprising to be reading it for the first time in BB’s affidavit. Also, it is odd
that there is no evidence in previous reports that modelling improvements
were achieved from adding faults.
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e) Given the considerable uncertainty in fault locations, multiple conceptual
models ought to have been developed. This should have arisen also because a
model with unsubstantiated impermeable walls around a large void quite
obviously has the potential to grossly underestimate the impacts of excavation
below the watertable.
f) The statement “To the best of my knowledge, these data sets were provided by
New Hope” (page 6) appears to place the burden of evidence for the
conceptualisation on others not engaged in the numerical modelling. A
reasonable modelling investigation would not include factors, such as
impermeable faults that control drawdown, without understanding the data
sources for such components. It seems questionable, to say the least, to accept
strong conceptual controls on a model without seeking evidence to support the
inclusion of such features.
g) As discussed at length in the JER, the mismatch between modelled and
conceptualised faults, as given in BB’s Figure 1 and elsewhere,9 is
indefensible.
h) Figure 2 and the text surrounding it offer advice that seems misguided for
several reasons.
i) It is not clear that the water levels in Figure 2 are all from the same
aquifer. For example, a purple rectangle inside of a yellow rectangle
indicates two water levels that are different in elevation by >25 m
occur at the same location. This seems highly unlikely and best
explained by bores not measuring the same aquifer.
ii) I find virtually no evidence of steep hydraulic gradients that would
lead logically to the insertion of a fault in Figure 2.
iii) The groundwater levels are not especially “highly variable” as
suggested by BB, but rather show a general gradation from high in the
north east to low in the south and south west.
i) The statement “The reporting of the 2009 model does not include a detailed
explanation of the assumptions and rationale behind the modelling of the
faults” reads as a valid condemnation of BB’s own reporting, and by
inference, of later reports, which are equally lacking in description of the
assumptions and rationale behind the modelling of faults.
j) The response to “How was the faulting layout chosen?” is irreconcilable with
the previous figures, in that there are no obvious places where faults have been
located between neighbouring groundwater head observations that are
significantly different from each other. In any case, the process adopted here
reaches beyond valid groundwater modelling practice, because steep hydraulic
gradients might arise under myriad causes (see [22]c) above), whereas adding
9

For example, Figure 3 on p12 of NAC’s IESC Response, OCA.0037.
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impermeable barriers has a drastic impact on the model’s ability to predict
drawdown propagation. The paucity in data and the guesswork invoked in
inserting walls into the model should have led to considerable new efforts to
validate the occurrence or otherwise of faults. Instead, imaginary faults have
persisted, largely unquestioned, in relevant groundwater models since 2009.
k) Several statements under the heading “How can the inclusion of unmapped
faults be justified?” are invalid and/or unjustified.
i) It is incorrect to say that “groundwater levels are not a key input
dataset for a groundwater model (apart from initial groundwater
levels)”, because they are almost always used to define boundary
conditions, most commonly in the form of specified heads derived
either directly or indirectly from head measurements. This was the
method adopted in the AEIS model.
ii) BB offers misguided advice on the use of water levels in model
calibration. The water levels are not the solution to the dilemma of the
unknown status of model parameters. Rather, the water levels are one
component of the conceptualisation, which should otherwise include
significant aquifer testing to obtain on-site parameters. Perhaps it is
therefore unsurprising that aquifer testing has been insufficient in
previous characterisation efforts by NAC. The heavy reliance on
groundwater levels to parameterise the model, as described by BB, is
fraught with problems given that there are an infinite number of
possible parameter combinations that can arrive at essentially the same
water levels. Or in other words, having water level measurements does
not necessarily lead to accurate model parameters (and therefore
accurate model predictions). In many cases, calibrating to water levels
does not improve the modeller’s knowledge of the subsurface
parameters because the water level data are not sufficiently frequent or
closely spaced.
iii) The description of the calibration process by BB, starting with
“Calibration involves…” is misleading. It should read as: “Calibration
involves the process of running the groundwater model to estimate
groundwater behaviour (for example groundwater levels and any
available estimates of groundwater flow), comparing that behaviour
with observations. Hydrogeological parameters such as hydraulic
conductivity (a parameter that influences the rate at which water may
pass through a permeable medium), specific yield and specific storage
(parameters defining the water storage capacity of the system) are
iteratively refined until two outcomes are achieved: 1. the parameters
are closest to the expected values based on field testing of the aquifer,
and 2. the best match can be obtained between the model-predicted and
measured groundwater levels.” Part (1.) above is known as

13

‘regularisation’, and is a standard part of contemporary model
calibration efforts. Without considering (1.), the text by BB indicates
that water levels can guide parameter values, when it is more likely in
the AEIS model (with little knowledge of recharge and no knowledge
of pumping by other users, for example) that they cannot.
iv) The sentence: “In the event that the calibration result is at odds with
the conceptual model, then a decision is required as to whether the
calibration based evidence is sufficiently compelling to invoke changes
in the conceptualisation” needs revision. It is important to highlight
that parameters at odds with the conceptual model most likely indicate
that the uncalibrated aspects of the model (e.g. recharge, pumping by
others, heterogeneities, preferential flow through faults, representation
of surface water systems, ignoring transient effects, etc.) are deficient.
These elements may or may not have been conceptualised correctly.
BB’s advice should be extended to highlight that calibration may lead
to conceptualisation revision, but also, it is frequently the case that
model structure needs to be modified in accordance with known
conceptual factors.
v) The statement “The addition of unmapped faults and exclusion of some
mapped faults is justified in the same sense that defining hydraulic
conductivity distributions is justified in any groundwater model.” is
misleading and illogical. Zones are defined based primarily on
geological knowledge, and certainly not in contrast to geological
knowledge. The addition or exclusion of faults without or in contrast to
geological knowledge is poor practice.
vi) The statement “Trying to achieve the same hydrogeological effect
simply by changing hydraulic conductivity within an aquifer is likely
to result in unreasonable hydraulic conductivity values within an
aquifer unit (i.e., values of hydraulic conductivity that are at odds with
the hydrogeological conceptualisation)” is an outdated view, and in
any case, is in direct contradiction with recent modelling results by AD
– i.e. who removed faults and re-ran the model. That is, rather than
impose imagined and unjustified faults into the model, a better
approach would be to adopt sensible restrictions to model parameters
and interpret the deviations in modelled water levels (relative to
measured models) and in the model parameters obtained from
calibration (relative to field-based parameters) by reconsidering both
the conceptual model and the numerical model structure. In any case,
AD showed that water levels obtained with no faults whatsoever were
largely of the same degree of consistency with measured values as
obtained by the model with faults. In direct contradiction to BB’s
assertions, it appears from AD’s results that a similar degree of head
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calibration can be obtained across the majority of the model from a
model without faults. As mentioned earlier, this also accords with the
AEIS Report recommendation that “the model should be judged upon
its ability to replicate regional flow gradients”.10
vii) I disagree with the statement “The justification for the adopted faults is
simply that the model is able to explain observed groundwater
behaviour as illustrated through calibration and it is consistent with the
hydrogeological conceptualisation”. The model did not explain
observed behaviour because modelled heads remain poorly matched to
observations. The inclusion of fabricated faults or exclusion of known
faults does not abide by the conceptualisation. A modeller is not given
a license to use faults wherever they please because a study area is
known to have some faults in it. This is similar to adding creek
recharge at any rate and in any place to make the model match the
water levels because there are some creeks in the area.
viii) I have reservations about the statement: “In this regard, the New
Acland Coal Mine Stage 3 model is no different from the vast majority
of groundwater models where hydrogeological parameters are chosen
with the only justification being that they produce a model that
achieves an appropriate level of calibration and that they are consistent
with the conceptualisation.” It is incorrect to suggest that parameters
can be chosen simply because they achieve a level of calibration and
have some loose association with the conceptual model. Models are
too non-unique for this to be an allowable approach. There must be a
field-based reason to adopt parameters of a certain value. Given the
lack of field substantiation with which BB has added faults to the
model, it appears that BB is using the term “consistent with the
conceptualisation” to infer that only a passing regard for the
conceptualisation and available field data are required in building a
groundwater model. Rather, a statement such as “consistent with the
conceptualisation” should infer “consistent with various forms of field
data and interpretation from suitably qualified experts”. It is
unreasonable to place faults in a model without reasonable
substantiation. The existence of some faults in the general area does
not grant unlimited opportunity to insert faults in any location,
particularly when it might significantly and artificially reduce the
impacts of mining on surrounding groundwater users.
l) The response to the question: “Why include some mapped faults and exclude
others?” is misguided for the following reasons.
i) It is always the case that geological features will occur that are
unmapped. This does not grant the modeller the opportunity to impose
10

EHP.0111 at soft page 108.
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unfounded geological features into the model that might significantly
reduce the impacts of the proposed development, at least not without
reasonable substantiation and adequate model testing.
ii) I cannot reconcile this statement “While there is little doubt that the
mapped faults are indeed faults” with the data provided. There is
inadequate evidence of data sources leading to mapped faults.
Discerning scrutiny of maps and data are essential components of
robust scientific investigation.
iii) The statements defending the omission and inclusion of faults, e.g.,
“Without further information on the hydrogeological significance of
the faults, only those faults that appeared necessary to achieve
calibration were included.” lacks a sounds logical basis, as:


there is no evidence presented that the faults included were
better or worse at reproducing heads than other faults;



it is stated above that detailed fault mapping was undertaken,
and yet here it is inferred that important information about
faults (e.g. displacement) is not known - these statements reads
as contradictory;



the knowledge that pump-testing of the aquifer is needed to
understand the role of faults has not been acted upon by NAC
since 2009;



the HFB package can modify the fault permeability, so it is not
defensible to suggest that faults must be either omitted or
included, when they can be simulated to varying degrees;



there are not sufficient data to be able to infer whether one fault
is more or less important than another;



the possibility of other factors potentially causing “steep
hydraulic gradients” (of which none are apparent in the figures
provided by BB) is counter to the notion that calibration can
eliminate or identify which faults to include; and



it is contradictory to argue on one hand that aquifers should be
treated as laterally homogeneous because of a lack of data (see
JER comment by AD: “Further to this, AD is of the opinion
that the current observation dataset is not of a distribution that
would support heterogeneous calibration; hence the
homogeneous approach is the most appropriate approach at this
time.”), while on the other hand, BB is suggesting that
calibration is able to inform the characteristics of faults in the
area.
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m) Responses to the question “Were some of the faults intentionally modelled as
being semi-permeable or leaky?” are misleading in the following ways.
i) Where BB states “Yes” (page 10), the correct answer based on all the
available evidence is in fact “No”, for reasons that are explained at
[23]a) below.
ii) This statement is incorrect: “and thickness on one of the four faces”.
The HFB package can be applied to as many faces of a model cell as
the modeller choses.
iii) This statement is untrue: “The HFB condition is able to define a
restriction in hydraulic conductivity in the direction of one of the
principal axes of the model domain”. The HFB package can and should
be used to represent restrictions to flow along both of the principal
axes (in the horizontal domain) of the model. This is identified in the
JER. The MODFLOW manual clearly illustrates the correct stair-case
pattern for representing faults using the HFB package.
iv) This statement lacks a logical basis: “Where the HFB package is used
to model a fault that cuts diagonally across the model grid, HFB
conditions must be defined on orthogonal faces of adjacent cells if a
completely impermeable barrier is to be modelled”. A diagonal fault
should be represented on orthogonal faces regardless of whether or not
it is intended to be represented as impermeable. Otherwise, the
modeller cannot control the influence of the fault on groundwater flow
behaviour in the model.
v) The paragraph starting with “The HFB package does not…” is
theoretically correct, but is in contradiction to the actual modelling of
faults in the AEIS (and presumably also by BB), or at least the
continuous segments of faults that represent essentially impermeable
barriers.
vi) The paragraph starting with “The HFB package allows…” is
misguided for several reasons.


Allowing flow “through” gaps in the fault by omitting HFB
faces (i.e. as BB has done) leaves the modeller with no control
over the influence of the fault. Essentially, the modeller has
rendered the representation of faults to an unpredictable and
mathematically unspecified representation. There is no way to
know what leaving gaps in the HFB faces will do.



I find it inconceivable that a modeller needs a visual
representation of where particular features have been included
in the model, when modelling is the process of creating
mathematical representations and not pictorial representations.
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The modeller should rely on the mathematical representation to
know where and how particular aspects of the model have been
created. Control of the model’s characteristics should not rely
on obtuse and unprecedented methods, such as the one adopted
by BB to model faults, to create visual images that are more
easily recognisable. BB could simply have shown the faults by
colour coding their conductance values to produce a visual
display of fault variability.


BB has already stated that there is little to guide the parameters
of the faults, so there are insufficient bases to work out which
faults ought to be leaky and which ought to be impermeable.
That is, water levels alone are not adequate for defining fault
characteristics.



Using an approach such as that suggested by BB for modelling
leaky faults contradicts the original intention of the HFB
package, in which conductance is a user-specified parameter,
whereas BB’s method offers virtually no control over the
mathematical behaviour of the fault.



It is apparent in Figure 3 that BB’s approach leads to gaps in
the faults in seemingly random locations – e.g. consider
Unmapped Faults #2 and #3, which have long lengths of
impermeable faults with occasional gaps in apparently
unplanned locations.

vii) There is no evidence, in the way of reporting or conceptualisation, to
defend the choice of “semi-permeable features” in the 2009 version of
the model.
viii) The statement “It is of interest to note that most of the unmapped faults
(those that do not align with a mapped fault) have been modelled as
being semi-impermeable and hence allow some water movement” is
simply untrue. It is clearly apparent in Figure 3 that there are as many
unmapped faults that are leaky as there are impermeable.
n) Regarding the responses to the question: “Was the faulting pattern specifically
designed to restrict the impacts that might arise from future mining?”, the
following comments apply.
i) It is hard to accept BB’s assertion that: “Indeed many of the faults
were intentionally modelled as being semi-permeable to help reduce
such influence”, where “such influence” is the restriction of
drawdown. That is, if the restriction of drawdown by imposing
fictitious faults has not been mentioned or considered in any of the
reporting, then limiting the restriction of drawdown is highly likely to
have been also neglected. The SKM (2013) report lists the hydraulic
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conductivity (i.e. as part of the HFB conductance) as a calibration
parameter, in: “Hydraulic conductivity assigned to the Modflow Walls
already present within the model to replicate the influence of faults”.
The same report also states: “Wall settings were adopted to represent
the faulting present at the mine. The locations, alignment and
permeability of the flow walls were derived from faults mapped by
New Hope Mining at the site and during model calibration process”.
The only reasonable interpretation that can be drawn from this text is
that the conductance (C) of the HFB package was the focus of
calibration efforts to obtain optimal matches to water level
measurements. This seems contradictory to the statement by BB that
gaps were the calibration strategy.
ii) Rather than the assertion by BB that fault gaps were included and
modified through model calibration, as mentioned in (i) above, I prefer
to believe that true thinking behind faults is explained in the SKM
(2013) report:
“The calibration was attained by global changes in hydraulic
conductivity and specific yield without the need to implement local
scale anomalies. While faults and fractures in the rocks around the
mine may be of hydrogeological importance, the fact that the model
has been calibrated without explicit fracture representation and
without including patches of anomalous conductivity or storage
suggests that preferential flow along such structures is not necessary
to explain observed groundwater behaviour. Experience to date
suggests that most of the mapped faults do not necessarily represent
preferred flow channels. The exclusion of these features in the model at
this stage eliminates the need to decide where additional anomalies
and faults may need to be activated in the model in the future as the pit
migrates to the south.”
This series of statements is inferring that calibration to a small number
of water levels allows the author to eliminate the possibility that there
are any other faults in the model aside from the ones modelled, and
that the process of leakage along faults can also be eliminated. This
point of view neglects the unavoidable fact that the model is subject to
parameter non-uniqueness, and gives the impression of an
overwhelming understanding of head variations across the study area
(i.e. at might be obtained from a dense array of water level
measurements), when in fact, there remains no field-based
groundwater head contours constructed for the region, most likely due
to the lack of available head measurements. The advice in SKM (2013)
report that different faulting is unlikely to be important in the region
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appears contradictory to BB’s latest advice that some of the faults were
knowingly created without a valid hydrogeological basis at the time.
That is, it does not seem reasonable to create faults without a valid
hydrogeological basis, as BB has undertaken, if modelling apparently
indicates that all of the faults that could potentially be important have
been identified. That is, on one hand, BB has created fictitious faults,
whereas according to SKM (2013), the model was apparently so well
calibrated and informative that it could identify that no more new
faults would be required. If the model was informative to this degree, it
would have informed the modellers that the faults in the model were,
in fact, fictitious and placed in the model erroneously.
iii) In the paragraph starting with “It certainly was not…”, BB indicates
that he “would like to address each of these faults individually”. He
then goes on to indicate that he has no recollection of the reasoning for
Fault #1’s alignment. Rather, he speculates on the reasons for artificial
Fault #1 based on model reruns. This indicates to me that historical
records and documentation on this critical aspect of the modelling are
extremely poor. Without adequate justification in reports for the
modelled faults, a reconceptualization of faulting in the study area is
warranted.
iv) The same lack of recollection is conceded for Fault #2. BB suggests
that a subordinate may have mistakenly used the mine boundary as a
fault line. Or, that perhaps the fault was an artificial addition in an
attempt to somehow maximise the need for auxiliary water required for
mining operations. Either way, the inclusion of such a feature in a
model that is destined to provide advice on drawdown impacts seems
counterproductive to the normal expectations of fact-based
investigations. The points made here by BB add further to my concerns
about the lack of adequate documentation (and independent peer
review) of modelling work undertaken for this project.
v) In regards to the explanation for the inclusion of Fault #3, I have no
confidence that the 2009 model was able to indicate or exclude the
occurrence of leaky faults, as suggested in the paragraph starting with
“The Unmapped Fault #3…”, for reasons already given above.
vi) The statement “d) the faults have a minor impact on the predicted
spread of…” is unfounded and misleading, because there has been no
assessment of the influence of faults on the calibration process,
amongst other reasons mentioned elsewhere in this document and
within the joint-expect reporting.
vii) I cannot draw logical conclusions from the statement: “Even so, it is
noted that the model still predicts drawdown over a broad area in this
aquifer due to the relatively high hydraulic conductivity that has been
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used (5 m/d).” Perhaps BB is inferring here that the Marburg
drawdown is larger than the extent that he was somehow expecting to
occur. The basis for his expectations (i.e. that the Marburg Kh is
“relatively high” or that the extent of drawdown is necessarily “broad”)
expressed in this statement is unclear. In my experience, it’s best not to
rely so heavily on one’s intuition when dealing with a highly complex
aquifer system.
o) Regarding responses to the question “How much confidence do we have in the
faulting pattern included in the 2009 model?”, the following comments apply.
i) The limited confidence in faults in 2009 models is not reflected in the
AEIS report, and has not led to any model testing (aside from recent
modelling by AD within the joint-expert review process) to explore the
implications of sticking to these low-confidence fault representations
during calibration and other model development phases. This perhaps
arises from the dismissive and unfounded assertion within the 2013
SKM report “The exclusion of these features in the model at this stage
eliminates the need to decide where additional anomalies and faults
may need to be activated in the model in the future as the pit migrates
to the south.”
ii) There are serious misconceptions in the statement “Increased
confidence in the faults included in the model can be expected once the
model is required to replicate the more extensive and greater
drawdown that will occur once mining activities expand and deepen.
The 2009 model should be considered as a starting point from which
further modelling will help to constrain and improve the
hydrogeological characterisation of the site.” for the following reasons.


This statement seems to mistakenly infer that the 2009 model
has not been superseded. That is, the 2009 model has already
been considered as a starting point for future modelling, so it is
odd to be recommending to use it here as a starting point, in a
manner that suggests that the 2009 model is the current model.



It is not appropriate to recommend that a model with low
confidence (i.e. a “starting point” model) should be used to
decide on the future fate of a groundwater system and the many
neighbouring users of that system. Rather, it should be
expected that the current model can simulate future
groundwater conditions under expanded and deeper mining
activities with at least some degree of confidence. Surely the
decision to construct a coal mine is difficult, if not impossible,
to reverse partway through the excavation. Furthermore, the
mine pit imposes a permanent drain on the groundwater system.
Therefore, it is hard to justify the inference here by BB that it is
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appropriate to allow decisions on a large-scale groundwater
impact to rest on a model that can be described as a “starting
point”, particularly when mines have already been operating for
a number of years at the site. Rather, it seems more appropriate
to use a well-developed model to make such decisions.


The need for additional data and model improvements has been
raised on several previous occasions, and the model has
undergone a number of iterations and has been subject to
independent peer review. Despite this, the mode retains a
legacy of shortcoming and errors that are being highlighted in
the Barnett Affidavit. On this basis, I have little confidence that
a continuation of the same approach to model enhancement,
during the mine construction phase, would lead to the
significant improvements that are needed for the AEIS to be fit
to provide predictions of mining impacts with an appropriate
level of confidence. Rather, I expect that future efforts are more
likely to reflect the past investigations that have resulted in a
groundwater study and numerical model that are well short of
my expectations and those of the IESC and Dr Currell.

[23] Under BB’s description of the 2013 version of the model (page 13 on), several
misconceptions are apparent.
a) In the paragraph starting with “During the model upgrade…”, it is conceded
that coarsening of the model grid converted some faults from impermeable to
leaky. This is in direct contradiction to earlier suggestions that leaky faults
were emplaced into the model intentionally, and were part of the calibration
process. It seems that leaky faults are in a number of instances an artefact of
the grid cell size, which cannot be considered a controlled approach to fault
representation.
b) The statement “It was also recognised that it would be beneficial to remove
faults that had little or no useful contribution to calibration” is not based on
logical foundations for the following reasons.
i) AD clearly shows the leaky faults have reduced influence on water
levels, so by the logic offered here, those faults should have been
removed.
ii) It is not the goal of modelling to simply produce the model that
calibrates best to the water levels, but rather, a model that best makes
accurate predictions is needed. Unfortunately, calibrating to heads does
not necessarily achieve this. Rather, a thorough consideration of the
field conditions is necessary, and the goals of the model need to be
considered. Under the logic provided here by BB, faults might be
removed (because there are no contributions to calibration) where there
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are no water levels near the fault with which to calibrate the model. In
doing this, the modeller ignores the potential influence of each fault on
predictions, and the goal of the model is violated.
iii) There is no record in the reports that this process was undertaken. I
have no confidence that changes to faults followed a logical or
reasonable sequence, or were based on an adequate amount of field
evidence and proper modelling analysis, in contradiction to AD’s
acceptance of BB’s explanations for the fault conceptualisation and
modelling. My lack of confidence arises partly from the paucity in
reporting on this process, and partly the considerable number of critical
misconceptions expressed by BB.
c) The suggestion (page 14) “The faulting pattern included in the model at this
stage provided little or no constraint on drawdown propagation in the
Northwest -Southeast direction and a substantial restriction in drawdown in
the Northeast – Southwest direction. I believe this to be entirely consistent
with observations (referred to below)…”, suggesting that drawdown
propagation is “entirely consistent with observations” is difficult to defend,
and reads as highly optimistic. Evidence for the consistency with drawdown
patterns is not provided. Also, the attempt to link this observed behaviour to
compartmentalisation and local-scale heterogeneity is invalid and illogical,
and additionally, I disagree with the notion of compartmentalisation raised
within the context of the Acland study area. All aquifers have local-scale
heterogeneities, and all aquifers could be deemed “compartmentalised” if one
chose to selectively view water level patterns in a particular light. The reality
of hydrogeology is that K varies by many orders of magnitude, but is rarely if
ever effectively equal to zero. Very few, if any, aquifers are truly
compartmentalised, at least over distances relevant to basin-scale numerical
modelling. Whether or not the mathematical formulae of the AEIS model are a
reasonable representation of the hydrogeology of the Acland setting has not
been properly evaluated, and is certainly a long way from being “entirely
consistent” in any practical or theoretical sense.
d) The removal of faults from the Marburg aquifer (page 15) is without a
reasonable basis. It is unclear what new information has come to light that
should lead to the removal of Marburg faults.
e) The responses to the question “Was there any additional data used in 2013 that
would support the fault pattern used in this version of the model?” seem to
avoid the question. Historic mine progressions, observed groundwater levels
(none are identified as showing fault effects in the Applicant’s response to the
IESC in Appendix N to the AEIS11), estimates of pit inflows and the future
mining plan seem to have no relevance to the question. Only point (d)
regarding a “faulting map” appears to hold some relevance to the question,
11

Doc ID EHP.0111.
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and yet this once again involves the inclusion of information for which limited
substantiation, methodology, field data or detailed interpretations have been
offered. The expectation to adopt interpretations prima facie and without
supporting evidence is a continuation of the approach that has led to the long
list of problems with the current model. Assertions that calibration is able to
inform the use of faulting are unfounded, and in any case, it is unclear how
faulting was incorporated into the calibration process in the 2013 modelling.
f) I can find no logical basis for the statement “It suggests that the faulting
pattern included in the model at this time was consistent with the observed
drawdown and mine inflows that were used in the calibration exercise.” in
response to the question “Did Calibration in 2013 require a
reconceptualisation of the faults?” The fact that faults were not
reconceptualised appears more likely to be based on the lack of any new data
on the occurrence or hydrogeological influence of faults. It is also odd to read
that BB considers that mine inflows help validate the consistency of the
faulting pattern, when mine inflows were reported as being unreliable.
g) Regarding the response by BB to the question “How much confidence do we
have in the faulting pattern included in the 2013 model?”, the following
comments apply.
i) Here and elsewhere, BB infers that the model meets industry standards.
The paradoxical situation of a model that meets industry standards but
may nonetheless have fundamental flaws warrants some commentary.
The discipline of groundwater modelling has moved rapidly in the past
few decades with advances in the tools upon which groundwater
modellers rely. The uptake of contemporary methods is wide ranging,
and the standards applied to different groundwater problems is also
highly variable. In the case of coal mines, the industry is dominated by
greenfield mines constructed in sparsely populated areas with limited
data. Thus, the industry standard has developed as one where a
relatively ‘rough-and-ready’ groundwater model suffices. However,
the emergence of coal-seam gas extraction, involving monumental
levels of drawdown, has been accompanied by a requirement for more
accurate groundwater models. The coal-mining industry is entering a
time when the impacts of coal mines are beginning to coalesce and
compound. On this basis, it is my view that the time to reconsider the
industry standard of coal mine groundwater investigations is well
overdue. This is particularly the case where mine impacts overlap,
where mine expansions are proposed, and/or where mines are proposed
in areas of otherwise high-value groundwater extraction.
In regards to relying on the industry standard for groundwater
investigations/modelling, I prefer to consider model traits and the
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model’s documentation to gain an understanding of the modellers’
knowledge and appreciation of the model, its non-uniqueness, the
degree of calibration misfit, the degree to which assumptions and
model characteristics are supported by field data, etc. If the model has
fundamental flaws, but someone has nonetheless given it a positive
recommendation by comparing its attributes against the groundwater
modelling guidelines and “industry standards”, then I prefer to retain
the view that the model ought to be improved. This seems to be
consistent with the views of the IESC, who have continued to highlight
problems with the model and its documentation despite that the model
has passed the requirements of industry standards on the basis of the
independent peer review that was undertaken.
A strong indictment of the industry-standard-versus-model-quality
paradox is the statement by BB that “In this regard I can conclude that
there was limited confidence in the faults included in the model in
2009. That is not to say that the modelling was inadequate or did not
meet appropriate industry standards.”
ii) Where BB states “a calibration controlled uncertainty analysis that
considers the predictive uncertainty associated with HFB cell hydraulic
conductivities should be conducted during future model reviews” is
inferring that reviewers should undertake this work, or that this work
should occur during a review process. I suspect that BB meant to refer
to ‘revisions’ in using the term “reviews”, but the intention of this
sentence is unclear without speculation.
h) Regarding responses to the question “Can the confidence in the faulting
pattern be increased?”, it seems an oversight not to recommend additional
monitoring in key locations respective of both expected and artificial fault
locations. Rather, BB appears to recommend to progressively improve the
model without seeking to develop a more diverse and informative data set.
There is no mention of efforts to inform model parameters through pump tests
and other in-situ methodologies.
i) Regarding responses to the question “Does the faulting pattern have a
significant influence on the predictions of drawdown that might arise from
future mining?”, BB appears to rely on his intuition for the extent of
drawdown arising from the mine in suggesting that the geological faults
included in the model have little bearing on predictions of drawdown.
However, this seems to contradict AD’s modelling, which indicates that the
faulting pattern does potentially impact drawdown in a significant manner. I
prefer an approach that relies more so on actual investigation rather than
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intuition, because the complex nature of hydrogeological systems often proves
intuition to be misguided, in my experience.

4.3 Pit inflows
[24] In the Affidavit of AD (11 April 2016), the attached SKM report prepared by BB in
August 2013 provides important insights into mine pit inflows that need to be
highlighted, as follows.
a) On soft page 16 of 28, measured rates of extraction from the mining pit are
graphed for the period Sept 2011 to December 2012, with monthly totals
ranging from 0 to 0.91 ML/d (or 0 to 910 m3/d).
b) On soft page 16 of 28, BB indicates that shortcomings in the knowledge of
historic mining activities were the primary cause of poor calibration results for
pre-2010 water levels.
c) On soft pages 17-18 of 28, model predictions of mine inflow rates are given,
and while these appear to over-estimate mine pit inflows to some degree
(values in 2011 and 2012 are 0.92 and 1.03 ML/d, respectively), the match to
the short record of mine pit inflows seems reasonable (albeit perhaps not
“consistent” as suggested in the report).
d) On page 17, the report provides important caveats regarding measured mine
pit inflows, in that these are not the groundwater inflows, but include rainfall
and runoff inputs and are subjected to evaporation and “leakage processes”.
“Leakage processes” can perhaps be ignored because only the net groundwater
inflow to the pit is of interest. The report subsequently states that “measured”
pit inflows therefore include significant uncertainty and its use in calibration
should be viewed as an approximate target (i.e. a sanity check) only.”
[25] Implications of the points in paragraph [[24]] above and interpretations arising thereof
are as follows.
a) Some form of surface water modelling/mine pit water balance analysis,
including accounting for mining operations that might change pit inflows,
ought to be/have been undertaken to produce more reliable mine pit inflow
estimates from the available data.
b) The strong variability (in “measured” mine pit inflows) is indicative of strong
surface water/rainfall and/or evaporation effects, notwithstanding changes in
groundwater inflow that might occur during mine construction. The values
presented in the 2013 SKM report therefore cannot be relied upon as estimates
of groundwater inflow.
c) There are no data on mine pit inflows in the AEIS report, of the type that is
offered in the 2013 SKM report. Mine pit inflow measurement (and analysis)
should have continued since 2012, particularly given the predicted steep
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increase in mine pit inflows shown in Figure 6-1 of the AEIS report. The
resulting measurements (with corrections for runoff, rainfall and evaporation)
should have been applied to the calibration of the AEIS model, because the
longest possible period of record should be used.
d) Mine pit inflows should not have been used as the primary calibration target
within the AEIS model given the considerable uncertainty in these values.
e) A wider range of mine pit inflows, rather than 300-400 m3/d, should have been
adopted as a calibration target in the AEIS report for 2011 and 2012 mine pit
inflows because the measurements show considerable variability and the
uncertainty is very large.

4.3 Analysis of NAC response to IESC concerns
[26] Further to my assessment above, Attachment C to this report is a table I have prepared
with Dr Currell that analyses the current status of NAC’s responses to IESC concerns
dated 10 April 2014 and 10 December 2015.
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6.

Expert’s Statement – Material relied on and additional facts

[27] The opinions set out above are based primarily on the documents that are referenced
therein, with some level of recollection of the documents reviewed as part of my
preparation for the joint expert meeting process, and a relatively brief review of the
groundwater modelling files.
[28] To my knowledge, no readily ascertainable additional facts are available at the present
time to assist me in reaching a more reliable conclusion.
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7.

Declaration
[29]
In accordance with rule 24F(3) of the Land Court Rules 2000 (Qld), I confirm
the following:
a)
b)
c)
d)
e)
f)
g)

the factual matters stated in the report are, as far as I know, true;
I have made all enquiries considered appropriate;
the opinions stated in the report are genuinely held by myself;
the report contains reference to all matters I consider significant;
I understand the duty of an expert to the court and have complied with that duty;
I have read and understood the Land Court Rules 2000 on expert evidence; and
I have not received or accepted instructions to adopt or reject a particular
opinion in relation to an issue in dispute in the proceeding.

Signature
5 May 2016
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Attachment A

30 Hardgrave Rd WEST END, QLD 4101
tel +61 7 3211 4466 fax +61 7 3211 4655
edoqld@edo.org.au www.edo.org.au/edoqld

21 April 2016
Professor Adrian Werner
School of the Environment
Flinders University
Sent by email: adrian.werner@flinders.edu.au

Dear Professor Werner
Oakey Coal Action Alliance Inc. – Supplementary report
In addition to the material with which you were briefed on 11 November 2015, we have now
received further affidavit evidence from Mr Andrew Durick1 and Mr Brian Barnett.2
1.

Instructions

1.1

Further to the evidence you have prepared in these proceedings to date, you are
instructed to review this letter and accompanying documents and prepare a
supplementary report in response to the issues raised in Mr Durick and Mr Barnett’s
affidavits to the extent that they are relevant to groundwater modelling issues in these
proceedings.

1.2

We note that Dr Currell has also been instructed to prepare a supplementary report
with respect to the groundwater conceptualisation and quality issues raised in the new
evidence.

2.

Timing

2.1

Further groundwater evidence is presently scheduled to be heard from 10 May 2016.

2.2

While we recognise you were not anticipating having to respond to fresh evidence, we
would appreciate if you are able to prepare your supplementary report as soon as
possible.

2.3

You may be required to participate in a further meeting of experts.

1
2

The affidavit of Andrew Durick, sworn on 20 April 2016 is available on Dropbox – linked here.
The affidavit of Brian Barnett, sworn on 20 April 2016 is available on Dropbox – linked here.
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3.

Your duty to the Land Court

3.1

We enclose as Annexure A rules 22 to 24I of the Land Court Rules 2000 which
govern experts in the Land Court.

3.2

In particular we note that rule 24C of the Land Court Rules 2000 provides that you
have a duty to assist the Land Court which overrides any obligations you may have to
our client.

3.3

We also emphasise that we and our client do not seek to influence your views in any
way and we ask for your independent opinion to assist the Land Court. Consequently,
please note that any statements of fact or opinion in this letter of instructions, the
above documents, or anything given or said to you by us relevant to the issues in your
report do not constrain you in any way and are not intended to influence your views.
We ask you to form your own opinion about the relevant facts and circumstances for
the purposes of your report.

3.4

Your supplementary report and any joint report you prepare should confirm that you
understand your duty to the court and have complied with that duty.

4.

Format of your statement of evidence (other than joint report)

4.1

We suggest for consistency that you adopt a similar format to your first individual
report.

4.2

We would also appreciate if you can address the evidence of Mr Durick and Mr
Barnett in separate sections of your report, to the extent practicable.

4.3

Your report must:
(1)

be addressed to the Court;

(2)

include your qualifications;

(3)

include all material facts, whether written or oral, on which your report is
based;

(4)

include references to any literature or other material you relied on to prepare
the report;

(5)

include for any inspection, examination or experiment you conducted, initiated,
or relied on to prepare your report—
a)

a description of what was done; and

b)

whether the inspection, examination or experiment was done by the
expert or under the expert’s supervision; and

c)

the name and qualifications of any other person involved; and

d)

the result;

2
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(6)

if there is a range of opinion on matters dealt with in your report, include a
summary of the range of opinion, and the reasons why you adopted a particular
opinion;

(7)

include a summary of the conclusions you reached; and

(8)

include a statement about whether access to any readily ascertainable
additional facts would assist you in reaching a more reliable conclusion;

(9)

include a confirmation at the end of the statement of evidence:

(10)
4.4

a)

the factual matters included in the statement are, as far as the expert
knows, true; and

b)

the expert has made all enquiries considered appropriate; and

c)

the opinions included in the statement are genuinely held by the expert;
and

d)

the statement contains reference to all matters the expert considers
significant; and

e)

the expert understands the expert’s duty to the court and has complied
with the duty; and

f)

the expert has read and understood the rules contained in this part, as far
as they apply to the expert; and

g)

the expert has not received or accepted instructions to adopt or reject a
particular opinion in relation to an issue in dispute in the proceeding.

include your signature.

You should attach to the report:
(1)

a copy of your Curriculum Vitae; and

(2)

a copy of this letter.

4.5

Please number all pages and paragraphs of your report. You may wish to include an
index.

4.6

If your report includes any photographs, measurements, graphs or illustrations these
should be firmly attached to the report, and clearly identified and numbered.

5.

Change of opinion

5.1

If for some reason, you change your opinion after delivering your report, please advise
us as soon as possible. If that change is material, a supplementary report will need to
be prepared, which explains the reasons for the change in your opinion.

3
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6.

Confidentiality and privilege

6.1

In accepting this engagement, you agree that:
(1)

this letter and all future communications (whether electronically maintained or
not) between us are confidential. These communications may be subject to
client legal privilege;

(2)

you must take all steps necessary to preserve the confidentiality of our
communications and of any material or documents created or obtained by you
in the course of preparing your report;

(3)

you must not disclose the information contained in our communications or
obtained or prepared by you in the course of preparing your report without
obtaining consent from us;

(4)

you must not provide any other person with documents which come into your
possession during the course of preparing this report, whether created by you
or provided to you by us or our clients, without obtaining consent from us.

6.2

The duty of confidentiality continues beyond the conclusion of your instructions.

6.3

If you are ever obliged by law to produce documents containing any of this
confidential information (whether by subpoena, notice of non-party discovery or
otherwise) please contact us immediately so that we may take steps to claim client
legal privilege.

6.4

You should ensure that you retain copies of all drafts of your report together with all
documents that you rely on in preparing your report. We will inform you when you
are no longer required to retain them.

6.5

If requested, you must return to us all documents and other material (including copies)
containing confidential information. Where any confidential information is in
electronic form, we may require you to delete this information instead.

6.6

Any internal working documents and draft reports prepared by you may not be
privileged from disclosure and may be required to be produced to the opposing parties
in the litigation, and to the Court.

6.7

You may be cross-examined about any changes between your working documents and
your report. The Court will be interested to understand the reason or reasons for any
changes, and you should be prepared to, and able to, explain them.

7.

Document management

7.1

Please ensure that all documents created pursuant to this retainer are marked
“Privileged and Confidential: prepared for the purpose of the Queensland Land Court
objection hearing to Stage 3 New Acland Coal Mine”.

4
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If you have any questions regarding your engagement or require further information, please
do not hesitate to call us on 3211 4466.

Yours faithfully
Environmental Defenders Office (Qld) Inc

Michael Berkman
Solicitor

5
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ANNEXURE A - Land Court Rules 2000 (Qld)

Part 5

Evidence

Division 1

Preliminary

22

Definitions for pt 5
In
this
part—
expert means a person who would, if called as a witness in a proceeding, be
qualified to give opinion evidence as an expert witness in relation to an issue in
dispute in the proceeding.
joint report, for a proceeding, means a
report—
(a)

stating the joint opinion of experts in relation to an issue in dispute in
the proceeding; and

(b)

identifying the matters about which the experts agree or disagree and the
reasons for any disagreement.

meeting of experts—
1

2

A meeting of experts is a meeting at which experts in each area of
expertise relevant to a proceeding meet, in the absence of the parties—
(a)

to discuss and attempt to reach agreement about the experts’
evidence in relation to an issue in dispute in the proceeding as it relates
to the experts’ area of expertise; and

(b)

to prepare a joint report.

The term includes
(a)

a resumed meeting of experts or further meeting of
experts; and

(b)

a meeting attended by the experts in either, or a
combination, of the following ways—
(i)

personally;

(ii)

a way that allows contemporaneous communication between
the experts, including by telephone, video link or email.

party, for a proceeding, means a party to the proceeding or the party’s lawyer or
agent.
statement of evidence, of an expert, see rule 24E.
Division 2
23

Meetings of experts

Application of div 2
Unless the court otherwise orders, this division applies in relation to a meeting
of experts ordered or directed by the court at any time in a proceeding.
6
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24

Party must ensure expert ready to take part in meeting of experts
Before a meeting of experts, a party to a proceeding must do all things
reasonably necessary or expedient to ensure an expert chosen by the party is ready
to take part fully, properly and promptly in the meeting, including by giving the
expert—
(a) reasonable prior notice that the court has ordered or directed a meeting of
experts; and
(b) notice of the contents of any order or direction about the meeting, including the
time by which the meeting must be held; and
(c) reasonable notice of the issue in dispute in the proceeding to the extent it
is relevant to the expert’s expertise; and
(d) enough information and opportunity for the expert to adequately investigate
the facts in relation to the issue in dispute in the proceeding; and
(e) written notice that the expert has a duty to assist the court and the duty overrides
any obligation the expert may have to the party or any person who is liable
for the expert’s fee or expenses.

24A

Experts attending meeting must prepare joint report
(1) The experts attending a meeting of experts must, without further reference to
or instruction from the parties, prepare a joint report in relation to the meeting.
(2) However, the experts attending the meeting may, at any time before the joint
report is completed, ask all parties to respond to an inquiry the experts make
jointly of all parties.
(3) Despite subrule (1), any of the experts may participate in a mediation involving
the parties.
(4) The joint report must—
(a) confirm that each expert understands the expert’s duty to the court and
has complied with the duty; and
(b) be given to the parties.
(5) The applicant or appellant must deliver to the registry, personally or by
facsimile or email, a copy of the joint report received under subrule (4) at least
21 days before the date set for the hearing.

24B

Admissions made at meeting of experts
(1) Subrule (2) does not apply to a joint report prepared in relation to a meeting
of experts.
(2) Evidence of anything done or said, or an admission made, at a meeting of
experts is admissible at the hearing of the proceeding or at the hearing of
another proceeding in the court or in another civil proceeding only if all parties
to the proceeding agree.
(3) In this rule—
civil proceeding does not include a civil proceeding founded on fraud alleged
to be connected with, or to have happened during, the meeting.
7
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Division 3
24C

Evidence given by experts

Duty of Expert
(1) A witness giving evidence in a proceeding as an expert has a duty to assist
the court.
(2) The duty overrides any obligation the witness may have to any party to the
proceeding or to any person who is liable for the expert’s fee or expenses.

24D

Giving or accepting instructions to adopt or reject a particular
opinion prohibited
A person must not give, and an expert must not accept, instructions to adopt or
reject a particular opinion in relation to an issue in dispute in a proceeding.

24E

Expert must prepare statement of evidence
(1) An expert must prepare a written statement of the expert’s evidence (a statement
of evidence) for the hearing of a proceeding.
(2) If the expert has taken part in a meeting of experts—
(a) a joint report prepared in relation to the meeting is taken to be the
expert’s statement of evidence in the proceeding; and
(b) a further statement of evidence in relation to any issue of
disagreement recorded in the joint report is to be prepared by the expert.
(3) However, the further statement of evidence must not, without the court’s leave—
(a) contradict, depart from or qualify an opinion in relation to an issue
the subject of agreement in the joint report; or
(b) raise a new matter not already mentioned in the joint report.

24F

Requirements for statement of evidence other than joint report
(1) An expert’s statement of evidence, other than a joint report, must be addressed
to the court and signed by the expert.
(2) The statement of evidence must include the following information, to the
extent the information is not already contained in a joint report prepared for the
proceeding—
(a) the expert’s qualifications;
(b) all material facts, whether written or oral, on which the statement is based;
(c) references to any literature or other material relied on by the expert
to prepare the statement;
(d) for any inspection, examination or experiment conducted, initiated or
relied on by the expert to prepare the statement—
(i)

a description of what was done; and

(ii)

whether the inspection, examination or experiment was done by
the expert or under the expert’s supervision; and
8
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(iii)

the name and qualifications of any other person involved; and

(iv)

the result;

(e) if there is a range of opinion on matters dealt with in the statement, a
summary of the range of opinion and the reasons why the expert adopted
a particular opinion;
(f) a summary of the conclusions reached by the expert;
(g) a statement about whether access to any readily ascertainable additional
facts would assist the expert in reaching a more reliable conclusion.
(3) The expert must confirm, at the end of the statement of
evidence—
(a) the factual matters included in the statement are, as far as the expert
knows, true; and
(b) the expert has made all enquiries considered appropriate; and
(c) the opinions included in the statement are genuinely held by the expert;
and
(d) the statement contains reference to all matters the expert considers
significant; and
(e) the expert understands the expert’s duty to the court and has complied
with the duty; and
(f) the expert has read and understood the rules contained in this part, as far
as they apply to the expert; and
(g) the expert has not received or accepted instructions to adopt or reject a
particular opinion in relation to an issue in dispute in the proceeding.
24G

Serving statement of evidence other than joint report
(1) This rule applies to a statement of evidence other than a joint
report.
(2) A party to a proceeding intending to call evidence by an expert
in the proceeding must deliver to the registry, personally or by
facsimile or email, and serve on each other party to the
proceeding, a copy of the expert’s statement of evidence.
(3) A party must comply with subrule (2) at least 21 days before the
date set for the hearing or, if the court directs a different time,
within the time directed by the court.

24H

Matters contained in statement of evidence not to be repeated
During examination in chief, an expert must not, without the court’s leave, repeat or
expand on matters contained in the expert’s statement of evidence or introduce new
material.

24I

Evidence from only 1 expert may be called
Other than with the court’s leave, a party to a proceeding, at any hearing of the
proceeding, may call evidence from only 1 expert for each area of expertise dealt
with in the hearing.
9
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Abstract-The
permeability
structure ofa fault zone in granitic rocks has been investigated by laboratory testing of
intact core samples from the unfaulted protolith and the two principal fault zone components;
the fault core and the
damaged zone. The results of two test series performed on rocks obtained from outcrop are reported. First, tests
performed
at low confining pressure on 2.54-cm-diameter
cores indicate how permeability
might vary within
different components
of a fault zone. Second, tests conducted
on 5.1-cm-diameter
cores at a range of confining
pressures (from 2 to 50 MPa) indicate how variations in overburden
or pore fluid pressures might influence the
permeability
structure of faults. Testsgerformed
at low confining pressure indicate that the highest termeabilities
are found in the damaged zone (10-l -1Op’4 m’), lowest permeabilities
are in the fault core (<loo~10~‘7 m’),
with intermediate
permeabilities
found in the protolith
(10~‘7~10~‘h m’). A similar relationship
between
permeability
and fault zone structure
is obtained
at progressively
greater confining pressure. Although
the
permeability ofeach sample decays with increasing confining pressure, the protolith sustains a much greater decline
in permeability
for a given change in confining pressure than the damaged zone or fault core. This result supports
the inference that protolith samples have short, poorly connected fractures that close more easily than the greater
number ofmore throughgoing
fractures found in the damaged zone and fault core. The results of these experiments
show that, at the coreplug scale, the damaged zone is a region of higher permeability
between the fault core and
protolith. These results are consistent with previous field-based and in-situ investigations
of fluid flow in faults
formed in crystalline rocks. We suggest that, where present, the two-part damaged zone-fault
core structure can
lead to a bulk anisotropy in fault zone permeability.
Thus, fault zones with well-developed damaged zones can lead
to enhanced fluid flow through a relatively thin tabular region parallel to the fault plane, whereas the fault core
restricts fluid flow across the fault. Although this study examined rocks collected from outcrop, correlation with insitu flow tests indicates that our results provide inexact, but useful, insights into the hydromechanical
character of
faults found in the shallow crust. Q I997 Elsevier Science Ltd.

INTRODUCTION

Faults profoundly
affect patterns and rates of fluid flow
in both modern and paleo-flow
systems found in the
upper part of the Earth’s crust. Metoric water and deeplevel fluids may penetrate and influence rocks at depths
as deep as 10 km (e.g. Nesbitt and Muehlenbachs,
1989)
and in flow regimes operating on scales ranging from the
microscale
to basins tens of kilometers
wide (Bethke,
1985; Ge and Garven, 1994). Fault zones act as barriers,
conduits, or mixed conduit/barrier
systems, which form
important components
of fluid flow regimes operating in
the upper crust (Smith et al., 1990; Antonellini
and
Aydin, 1994; Caine et al., 1996). As a fault evolves, its
structure and hydraulic properties may vary over time
and space (Smith, 1980; Allan, 1989; Bouvier et al., 1989;
Pittman, 1981; Smith et al., 1990; Knipe, 1992; Harding
and Tuminas, 1988; Bouvier et al., 1989; Anderson et al.,

1994). Some faults formed
conduits
early in their
histories
(Gibson,
1994; Roberts,
1995; Anderson,
199.5; Tellam, 1995) only to become barriers to fluid
flow later in their history. The impact of fault-related
compartmentalization
and permeability
anisotropy
on
fluid flow has been documented
at the small scale
(Randolph
and Johnson,
1989; Mozley and Goodwin,
1995; Ashland
et al., 1996), and at the aquifer scale
(Kastning,
1977; Huntoon,
1987; Maclay and Groschen,
1992; Maclay
and Small, 1983). Numerical
models
incorporating
fault-like
features illustrate
how faults
may act as barriers
or conduits
to fluid flow and
influence
fluid pressure
distributions
(Forster
and
Smith, 1988; Bernard et al., 1989; Forster and Evans,
1991; Lopez et al., 1994; Lopez and Smith,
1995;
Haneberg,
1995) and the stresses on the fault (Barton
data are available,
et al., 1995). Few quantitative
however, to provide geologically plausible permeability
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values for faults and fault-like features incorporated
in
numerical simulators.
Quantitatively
assessing the impact of fault zones on
fluid flow in modern and paleo-flow systems requires an
accurate
conceptual
model
of fault zone structure
coupled with sound data regarding the hydraulic properties of different
fault zone components.
Field and
microstructural
studies of fault zones demonstrate
that
fault zones are composed,
in varying amounts,
of two
principal components
(Chester and Logan, 1986; Caine
et al., 1996): the damaged zone (a region of enhanced
subsidiary fracturing, faulting, and veining) and the fault
core (line-grained
incohesive
to well-indurated
fault
gouge or cataclasite). These principal fault zone components are encompassed
by the protolith, or undeformed
host rock. The amount and distribution
of each component depend upon the lithology
and geologic setting
within which the fault has formed (Caine et ul., 1996).
Boundaries between the damaged zone and fault core are
typically sharp, whereas the damage zone to protolith
transition is usually gradational
(Caine et al., 1996).
Few studies have systematically
examined the permeability characteristics
of different
fault components.
Antonellini
and Aydin (1994) report that cataclastic
deformation
may reduce sandstone permeabilities
by as
much as lo4 (to 10~‘y-10~‘6m2)
within carefully
described, fine-grained deformation
bands. Davison and
Kozak (1988) note that in-situ permeabilities
measured
within a small thrust fault in crystalline rocks range from
lop’7 to lo-”
m2 without identifying
how the permeability structure might relate to structural elements of the
fault. Many laboratory-based
permeability
measurements have been performed on reconstituted
fault gouge
derived from crystalline rocks (Morrow et al., 198 1, 1984;
Morrow
and Byerlee, 1988; Chu and Wang,
1988;
Faulkner
and Rutter,
1996). The low permeabilities
obtained in these tests (10 ~22-10p I9 m2) are likely to be
representative
of the fault-core component of a fault zone
developed
in crystalline
rocks, although
the work of
Faulkner
and Rutter (1996) documents
an orientation
effect on the permeability
values within the fine-grained
gouge. Additional
permeability-shear
experiments
using
artificial gouge in sandstone rocks show that increasing
shear strain leads to permeability reduction in fault gouge
(Teufel, 1987) but yields little insight into the way that the
permeability
might vary as a function
of shear strain
within the damaged zone. A large number of laboratory
tests performed on fractured rocks obtained from both
faulted and unfaulted
environments
show that permeability declines with increasing
confining
pressure in
samples containing
either single or multiple fractures
(Brace it ~zl., 1968; Brace, 1978; Kranz et cd., 1979; Walsh,
1981; Morrow et ul., 1984; Bernabe, 1986; Lin efa!., 1986;
Morrow
and Byerlee,
1992; Frederich
et al., 1993;
Morrow and Lockner, 1994; Morrow et al., 1994). Little
information
is available,
however, to determine
how
pressure-permeability
relationships
might vary in the
different fault components.
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This paper presents the results of a study designed to
determine how the permeability
structure of a fault zone
can be related to the consequences
of fault evolution. We
present
experimentally
determined
permeabilities
of
natural,
fault-related
rocks
developed
in granitic
gneisses. Representative
samples of protolith, damaged
zone, and fault-core rocks collected from outcrop are
included in the sample set. Pressure-permeability
relationships have been evaluated by measuring permeabilities across a range of confining pressures (O-50 MPa). A
preliminary
effort is made to estimate how preferred
orientations
of structural fabrics and fracture networks
might lead to permeability
anisotropy within a fault. The
test results are interpreted in light of our previous work
on the microstructures
of the fault-related
rocks and in
terms of our present understanding
of fault zone growth
processes.
The determination
of physical properties of exhumed
fault-related
rocks has two caveats. The permeabilities
of
rocks obtained
from outcrop are commonly
different
from values obtained
from drill holes (Morrow
and
Lockner, 1994). The permeability
of exhumed samples
tends to display less pressure sensitivity, perhaps due to
the the presence of weathering products in fractures on
the outcrop samples. Secondly, tests on samples from any
fault zone represent
only one stage on the temporal
evolution of the fault, and in faults that are no longer
active, from a ‘dead’ system. None the less, we have little
opportunity
to examine the real-time change in fault zone
permeability,
and testing of ‘dead’ systems still provides
an insight
into the differences
between
fault zone
components
and the properties
of fault zones during
their interseismic phase.

GEOLOGIC

SETTING

OF ROCKS

EXAMINED

Samples used in the testing program were collected
from outcrops of one of the East Fork thrust faults found
in the Washakie Range, Wyoming, U.S.A. The East Fork
thrust faults are hanging wall imbricates
of the EA
thrusts (Evans, 1993) which are a series of moderately
dipping
reverse faults that juxatapose
Precambrian
granite and gneiss on Paleozoic and Mesozoic sedimentary rocks of the Wind River basin. Fault zones in the
East Fork area formed at depths of 4-7 km have granite
and gneiss in both the footwall and hanging wall, and
have 24 km of slip (Evans, 1993). Quartz veins, ironoxide-filled fractures, and syntectonically
altered feldspar
grains indicate that fluid infiltrated the fault zone during
slip (Evans, 1990).
Two fault types are found in the East Fork fault zone;
narrow
faults
(24 cm thick) comprising
clay-rich
foliated cataclasites
and wider (up to 20 cm thick)
indurated
gouge zones. Damaged
zones consist
of
irregularly shaped regions of enhanced fracturing, faulting, and veining, which bound the fine-grained
cataclasites. The damaged zones give way to protolith quartz
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max = 11.3%
b

Fig. I Fabrics of microfractures
as a function of sample orientation,
(a)
View of a core plug cut perpendicular
to the fault slip vector and viewed
parallel to the fault strike. Samples viewed perpendicular
to the slip
vector, in the strike direction of the fault, exhibit a larger number of
fractures oriented at O-20” to the fault surface than sampled viewed
down the fault dip. Fracture densities are shown by rose diagrams of
fracture orientations
for three samples, with largest petal equal to 11.3%
of total population,
and other petals scaled accordingly.
Shaded regions
are fault gouge. Sense of slip shown by arrows. The tendency for
fractures to form subparallel
to the fault plane leads to an effective
permeability
at the core plug scale with reduced permeability
normal to
the fault plane. (b) View of a core plug cut parallel to the fault slip vector
(looking down the fault dip). Top towards viewer. Fracture orientations
are distributed
more uniformly
in this view when compared
to that
shown in (a). At the coreplug scale, this likely produces an approximately isotropic permeability
tensor within the viewing plane.

diorite gneisses, which have little grain scale deformation,
but do exhibit fractures spaced 0.25-2 m, with a variety
of orientations
(Evans,
1993; Evans
et al., 1993).
Contacts
between
the fine-grained
faults
and the
damaged zones are sharp, whereas contacts between the
damaged zones and the protolith are gradational.
The
dominant
deformation
mechanisms
included
brittle
inter- and intragranular
fracture and comminution
of
feldspars and quartz (Evans, 1988, 1990). Subsequent to
brittle deformation,
syntectonic alteration of feldspars to
clays resulted in development
of foliated cataclasites.
Microstructural
studies (scales of observation
from
several mm to 6 cm) of the rocks from the East Fork fault
zone (Evans, 1990; Goddard and Evans, 1995) show that

rocks
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the damaged zone and fault core rocks exhibit a preferred
orientation
of fractures and fabric elements that probably leads to an inherent permeability
anisotropy within
these fault components.
For example, damaged zone thin
sections cut in a vertical plane parallel to transport (slip)
direction and perpendicular
to the fault surface (Fig. la)
show a modest
to strong preferred
orientation
of
transgranular
fractures between 0” and 20” to the plane
of the fault, whereas vertical thin sections cut perpendicular to the slip vector reveal that the damaged zone
samples have a blocky fracture pattern (Fig. lb). The
frequency of fractures subparallel to the fault, as viewed
parallel to fault strike is much greater than when viewed
downdip (Fig. lb), and the total fracture lengths are
greater in the orientations
subparallel
to the main slip
surfaces. Intragranular
fractures tend to be controlled by
the orientations
of the two prominent
cleavages in
feldspar (Evans, 1988). Fabric elements of the fault core
samples are composed of clay-rich zones and slip surfaces
that are almost parallel to the boundaries
of the faults as
viewed in both planes. The microstructural
studies also
show that microfracture
densities in the damaged zone
are three to five times greater than in the protolith
(Evans, 1988). These microstructural
studies document
that fabrics of the fault core rocks formed during
faulting.
Exhumation
may have altered the fracture
densities in the rocks. Thus, our results are strictly
applicable in the upper 2-3 km of crust, over the range
of confining pressures used.

EXPERIMENTAL

CONDITIONS

Thirty-one
core samples were selected, at a variety of
orientations
relative to the slip plane (Fig. 2) to provide
test results representing the primary components
of faultrelated rocks from the East Fork fault (gouge, damage
zone, and adjacent protolith). Two core sizes were tested;
2.54 cm (1 inch) and 5.08 cm (2 inch) in diameter. Sample
lengths are generally at least twice the sample diameter.
Samples were cored in the laboratory
from approximately rectangular blocks of fault-related
rocks collected
in the field. Block sizes varied from 20 to 45 cm on a side.
Both ends of each core sample were ground flat and
parallel, and the core was dried at a temperature
of
105°C. Samples were jacketed in heat-shrink
tubing and
capped at each end before being submerged
in the
confining fluid of the hydrostatic
test cell. All tests were
performed
by Terra Tek, Inc. in their Salt Lake City
laboratory
using equipment
designed by Terra Tek.
Equipment
limitations
preclude measuring
permeabilities less than 10V2’ m2.
The smaller cores (19 in number) were tested using a
nitrogen gas permeant at room temperature
with a single
effective confining
pressure (P,) of 3.5 MPa, a pore
pressure (PJ of 1.3 MPa, and a steady state method. A
steady flow field is maintained
in the sample using an
upstream constant flow pump while the downstream
end
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variations
in permeabilities
obtained at high confining
pressure may still provide reasonable
insight into the
permeability
variations
found within and between each
fault component.
Testing these relatively small samples yields a biased
view of the bulk permeability
of the faulted and fractured
rock mass because the larger fractures are not included in
the core plugs. Thus, each test result probably underestimates the bulk permeability
of a larger volume of rock
than that tested in the laboratory.
The bias is minimized
where fractures are more widely spaced (e.g. in the fault
core and protolith)
and maximized where fracturing
is
more intense (e.g. in the damage zone). The magnitude of
the bias inherent in using small core samples is best
evaluated through a comprehensive
program of in-situ
testing within a larger volume of rock that includes a
more representative
number of through-going
fractures.

Damaged zone
Fault core

RESULTS
down

Fig. 2. Schematic
block diagram
showing the orientation
of cored
samples and the fault rock components
sampled in this study. Arrows
indicate slip direction of fault.

Results of the laboratory
tests illustrate
permeability
in three categories:

is vented to the atmosphere.
Differential
pressures are
measured between the upstream and downstream
ends.
The larger cores (12 in number) were tested at room
temperature
using nitrogen gas and a transient pressure
pulse method. The larger cores were each subjected to a
series of confining pressures ranging from 2 to 47 MPa
(with pore pressures fixed at about 2.7 MPa) to evaluate
how the permeability
of each fault component might vary
during deformation
or as a function ofdepth. Because the
smaller samples were collected in sets of three mutuallyperpendicular
orientations
relative to the slip plane (Fig.
2) these test results provide an insight into the orientation and magnitude
of permeability
anisotropy
that
might be found within each fault component.
These
results should prove useful for estimating
the in-situ
permeability
structure of faults encountered
in shallow
investigations.
Equipment
limitations
preclude
testing with pore
pressures maintained
at a constant deviation
from the
applied confining
pressure. Thus, test results obtained
with confining pressures above about 10 MPa are ‘underpressured’ relative to typical in-situ fluid pressure conditions. That is, when applied confining pressures exceed
10 MPa, the effective stress (P,) on the sample exceeds
that which would be expected where in-situ confining
stresses and pore fluid pressures,
respectively,
reflect
typical
lithostatic
and hydrostatic
gradients.
As a
consequence,
permeability
values obtained at confining
pressures in excess of 10 MPa may underestimate
the ii?.situ permeabilities
that might be associated with each
sample. Despite this limitation,
however, the relative

(1) between the different fault-related
components;
fault core, damaged zone, and protolith,
(2) as a function of orientation
relative to fault slip
within a specific fault component,
and
(3) as a function of confining pressure. Low PC test
results obtained for the small diameter samples range
from less than
10m2” m2 (lower limit of the test
apparatus)
to 2 x IO- I5 m2 (Table
1 and Fig. 3).
Samples from the damaged
zone fall in the highest
range of permeability
(10 ~ ‘“-IO- I4 m2), whereas fault
core samples have permeabilities
in the lowest range
(< 10-20--10~ I7 m’). Protolith
samples fill a narrow,
intermediate,
range of permeability
between 10 -Ix m2
and
lO-‘7 m2. Thus,
at
low
effective
stresses
(P, = P, - P,), the permeability
of fault-related
rocks
depends strongly on the sample position within the fault
zone. Similar
results are obtained
as the effective
confining
pressure applied to the sample is increased
(Fig. 4). At the relatively small scale of these tests (2.5
and 5.4-cm-diameter
core plugs), there may be a lo-lo4
contrast
in permeability
between damaged zone and
protolith,
and a similar contrast between the damaged
zone and fault core samples. Several of the fault core
samples exhibit such low permeabilities
that a contrast of
up to IO6 is possible between damaged zone and fault
core. Thus, the gouge/cataclasite
component may hinder
fluid flow across the fault while the damaged zone may
enhance flow within the plane of the fault.
Tests performed at a low confining pressure on the 2.5
cm diameter cores reveal a distinct orientation
dependence of permeability
with anisotropy
ratios as high as
104. Samples of fault core oriented parallel to the fault
plane (Fig. 1) have permeabilities
in the range of 10.‘ IxlOpI7 m2 (Table l), whereas satnples oriented perpendi-
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Table

1. Laboratory

estimates

Protolith

Zone

Gouge/Cataclasite
Zone

rocks

of permeability
of 2.54-cm-diameter
effective stress

Sample number

Sample type

Damaged

of fault-related

Orientation

1397
core at 3.4 MPa net

Permeability

(m*)

EF391-A
EF391-B
EFR
EFY
EF29 1-B
EF391-C
EF591-A
EF591-B
EFPI
EFP2
EF291-V

Par 2
Par 2

Par 2
Par 2
Par 1
Par 1
Par 1
Par 1
Perp

9.8 X 10-1’
1.8 x lo-l7
2.2 x lo-‘h
1.4 x 10K’h
1.4 x IO_‘6
1.9 x 10-16
1.9 x 10-15
1.6x lo-l5
1.2 x lo-‘5
3.0 x 10-15
1.3 X 10-1’

EF591-V
EF391-V
EFV

Perp
Perp
Perp

< 10-20
9.6 x lOpI9
2.0 X lo-”

EF291-A
EF291-C
EF591-C
EFHl
EFH2

Par
Par
Par
Par
Par

4.5
8.0
7.4
6.0
1.0

2
2
1
1
1

X lo-‘8
x lo-‘8
X lo-”
x lo-”
x lo-”

Orientation
notation: Perp: perpendicular
to the fault plane; Par 1: parallel to the fault
plane and parallel to slip direction; Par 2: parallel to fault plane and perpendicular
to fault

cular to the fault plane have values ranging from less than
10p20 to lo- I7 m*. Although samples were unavailable
to assess permeability
normal to the fault within the
damage zone and protolith,
data shown in Table 1
suggest that permeability
anisotropy
may occur within
the plane of the fault in both the damage zone and
protolith.
In each case, the permeability
of samples
oriented parallel to the slip vector is about one order of
magnitude greater than that of samples oriented perpendicular to slip. This limited data set suggests that each
component
of the fault zone may exhibit three-dimensional permeability
anisotropy
with minimum
permeability values perpendicular
to the fault plane, maximum

values parallel to the slip vector, and intermediate
values
within the fault plane but perpendicular
to slip. Although
sample orientation
relative to the orientation
of the fault
plane appears
to have influenced
the permeabilities
measured
at low confining
pressure
in the smaller
diameter
samples,
an insufficient
number
of larger
diameter samples are available to determine whether an
orientation
effect persists across a range of applied
effective stresses. Additional
studies are required
to
more fully evaluate this hypothesis,
test the possibility
that it might hold in other fault environments,
and assess
the implications
of permeability
anisotropy
in engineering applications.

-14
-15-

W

Protolith

0

Damaged

II

0

Fault core perpendicular
to foliation

0

A

Fault core parallel to slip
and foliation

I

8
-16-17-

:

zone

4

w

-18-19-20 -21

0

I

I

I

I

I

Fig. 3. Results of permeability
tests performed at low confining pressure as a function of structural position within the fault
zone. Protolith permeabilities
are typically lower than those of the damaged zone and greater than those of the fault core.
Samples cored in the fault plane yield higher permeabilities
than samples cored normal to the fault plane. The small bar
indicates the approximate
measurement
error.
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These results agree reasonably
well with conceptual
models for fault-zone
permeability
structure
(Scholz,
1994; Caine et al., 1996) with in-situ tests performed at
a shallow depth (Davison and Kozak, 1988; Andersson et
al.,
1991) with observations
in underground
mines
(Martel and Peterson, 1991; Lachmar,
1994; Levens et
al., 1994) and with observations
made during tunneling
through fault zones (Schadt, 1905; Fox, 1907; Mears,
1932). These studies show that shallow faults can contain
a zone of relatively high permeability that forms a crudely
planar conduit within the fault while a zone of relatively
low permeability
restricts fluid flow across the fault. The
tunnel driving observations
provide a particularly
graphic illustration
of this effect because water trapped in a
zone of high permeability
within the fault plane is often
released at high flow rate over a short term when a tunnel
penetrates the adjacent zone of much lower permeability
(Mears, 1932). Although
detailed information
is often
lacking to conclude definitively that all high permeability
features found within a fault zone correspond
to a
damaged zone (and lower permeability
features correspond to gouge or cataclasite), our studies of a number of
faults suggest that this may often be the case.
Tests performed
at a series of progressively
more
elevated confining pressures show how the permeability
of each component
type might respond to deformation
caused by increased overburden
stress or reduced pore
fluid pressure (Fig. 4 and Table 2). Plotting permeability
as a function of PC reveals a decline in permeability
with
increasing P, that differs for each component
type (Fig.
4). The general form of the permeability
decay curves is
similar to those observed in previous tests of intact
samples (Brace et ul., 1968; Brace, 1978; Kranz et al.,
1979; Bernabe,
1986; Frederich et al., 1993) in single
fracture samples (Kranz et ul., 1979; Walsh, 198 1) and in
fault gouge tests (Morrow et al., 1984). Our test results
show three important results:
(1) permeability
decays exponentially
with PC,
(2) permeability
of the damaged zone is 10-1000 times
greater than samples from the protolith or fault core, and
permeability in the damaged zone samples drops off more
slowly with P, than do samples from the protolith or fault
core, and
(3) differences between hydromechanical
properties of
the fault component
types decreases with increased P,.

.OOE-17

O.OOE+OO

and J. V. GODDARD

50

Fig. 4. Results of permeability
tests performed
across a range of
confining pressures. The abscissa is scaled the same in each panel:
however, the ordinate scaling varies from panel to panel. (A) Protolith
samples exhibit a relatively steep decline in permeability
with small
increases in net effective stress. Initial permeabilities
are less than
1 x lo-‘* m* at effectives stresses of 5-10 MPa. (B) Damaged
zone
samples yield higher initial permeabilities and exhibit shallow declines in
permeability
with large increases in net effective stress. (C) Fault core
samples yield low initial permeabilities
and exhibit moderate declines in
nermeabilitv with large increases in net effective stress.

The best-fit relationship
effective stress are shown
exponential
form:

between permeability
and
in Fig. 4 and have an

K = Ko exp(-yPc).
where
K = the permeability
at effective stress P,,
K. = the sample permeability
when P, = 0, and
=
a
curve
fitting
parameter,
which is a measure
Y
dependence of K on the effective stress.
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Sample type
Cataclasite
Damaged
Damaged
Damaged
Damaged
Cataclastic
Damaged
Cataclastic

Zone
Zone
Zone
Zone
Zone

Sample type
Protolith
Protolith
Protolith
Protolith

Sample
number

Orientation

2-92- 1
2-92-2
7-92-l
7-92-2
8-92-2
6-91-1
6-91-2
6-91-3

Sample
number

Par 2
Par I
Par I
Par 2
Par 1
Perp
Par 2
Perp

1.946
2.081
3.448
3.706
2.963

1.679
2.239
1.974
Ambient
porosity
W)

Orientation
Par I
Par 2
Perp
Perp

9-92-l
9-92-2
9-92-3
9-92-4

Orientation
notation:
plane and perpendicular

Ambient
porosity
W)

0.185
0.143
0.299
0.263

Perp: perpendicular
to fault slip

of fault-related

at effective stresses for 5.2-cm-diameter

Rock type

2.07
1.89x
2.23 x
6.69 x
9.60x
1.168x
1.32x
3.32 x
2.18 x

4.14

lo-”
lo-”
10~”
1Op’5
10-14
IO-”
lOpI6
lo-”

9.80x
I.713 x
5.63 x
8.78 x
1.17x
1.16x
2.93x
1.63x

Fault core

Zone

5.03
1.29
2.93
5.92
2.08
6.28
9.73
1.26
3.57
1.38
1.41
2.04

x
x
x
x
x
x
x
x
x
x
x
x

2.07

8.274

lo-‘”
lop’s
lOpI5
lOpI5
lOpI4
IO-”
lo-l6
1O-‘8

1.426 x
1.970x
3.975 x
3.530 x

4.14

1Op’8
1op’8
lo-‘”
lo-‘”

for the data in Fig. 4

lo-‘8
1Op’8
lo-‘”
1Op’8
lOpi
1OK’5
lo-‘5
lOpI4
10p’6
IO-”
lo-”
IO-”

cores

4.62x
8.52x
3.43 x
6.15 x
9.27x
8.67x
1.99x
1.45x

loo’*
IO-”
lO_”
1OV’s
IO-t5
10~”
lo-”
IOK’”

16.55
2.72x
3.74 x
1.84 x
3.51 x
6.58x
5.58x
1.08 x
1.03 x

lo-”
lO_‘h
lo-l5
lo-l5
lo-l5
lo-‘”
IO-l6
IO_‘8

33.10
1.13x
1.77 x
3.08 x
1.64x
3.76x
2.59x
4.64x
6.09 x

IO-”
lo-‘6
10p’h
1OK’5
1Om’5
1OK’8
lo-”
lo-l9

46.89
N/A
4.9YK
I6
1.07 x lo-l5
2.5 x 1O-‘5
N/A
N/A
N/A

Permeability (m*) at
Net effective stress (psi)/M PA

7.27 x
1.27 x
2.80x
2.37 x

to the fault plane; Par 1: parallel

& (m’)

Protolith

Damaged

parameters
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Permeability (m’) at
Net effective stress/M PA

Values of K. and y computed
for each sample are
summarized
in Table 3. For all three component
types,
the decay of permeability
as a function of effective stress
is notably
similar to work on intact and fractured
crystalline rocks (e.g. Brace and Martin, 1968; Kranz et
al., 1979; Bernabe, 1986; Frederich et al., 1993; David et
al., 1994). Also similar is the decreased dependence
of
permeability
on effective stress as the confining pressures
increase (see Kranz et al., 1979).
Values of K. clearly show that each fault component
type has a characteristic
maximum permeability
Ko; the
damaged zone has the highest values (about lo-l5 m*),
the fault core has the intermediate
values (about
lOpI7 m*), and the protolith has low values of K. (about
lo-l8 m2). Although
values of y are similar for both
damaged zone and fault core (0.040.08
MPaa’),
the
protolith has notably larger values (about 0.20 MPa-‘).
David et al. (1994) have compiled experimentally
derived
values of y for a variety of rock types. Intact gneiss and
granites have y of 0.02330.032 MPa-’
(Bernabe,
1986;

Table 3. Curve-fitting

rocks

*/(MPaK’)
0.165
0.200
0.187
0.170
0.082
0.059
0.051
0.035
0.062
0.082
0.052
0.038

6.21

IO-l9
loo’*
10~”
10~”

5.49 x
8.27 x
1.77x
1.78 x

lOpI9
lo-l9
lO_‘”
IO-‘”

8.274
8.863 x
5.704 x
1.300x
1.393 x

lOp’9
lOpI9
lo-”
lo-”

10.34
N/A
8.40%
t9
7.95 x lOpI9

to the fault plane and parallel to slip direction;

Par 2: parallel to fault

Kranz et al., 1979), and 0.058-0.11 MPa-’
for amphibolite (Morrow
et al., 1994). Our results from the
damaged zone are close to those determined in fractured
granitic rocks (0.079-0.092 MPa-‘,
Kranz et al., 1979),
and for clay-rich
fault gouge (0.012-0.055 MPaa’;
Morrow et al., 1984). Larger values of y correspond to a
strong response to changes in effective stress (David et al.,
1994). Previous
work suggests that the permeability
reduction that occurs in samples with large values of y
probably results from crack closure (David et al., 1994).
In general, all values for y are smaller than the 0.2 MPa-’
value used by Rice (1992) in modeling the pore pressure
near a fault zone.
Comparison
of the results obtained for each component type is complicated
by the fact that permeabilities
associated with each component
can differ from other
components
by at least one order of magnitude. Thus, we
plot normalized
permeability
as a function
of P, to
explore variations
in the hydromechanical
response of
each component to changes in confining pressure (Fig. 5).
Normalized
permeability
varies from 0 to 1 and is
computed separately for each sample. In each case, the
maximum value of K (corresponding
to the minimum P,)
obtained for the sample is used to normalize the results
obtained at successively higher values of P,.
The normalized
permeability
vs effective stress plots
shown in Fig. 5 highlight
the contrast
between the
hydromechanical
response
of the protolith
and the
response of both the damaged zone and fault core. For
example, the permeability
of the protolith
samples is
reduced to approximately
10% of the initial value at an
applied effective stress of about 12 MPa. Much larger
applied stresses (3&50 MPa) are required, however, to
reduce the permeability
of the other fault components.
The dramatic drop in permeability
obtained for the
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Fig. 5. Normalized
permeability
as a function of confining pressure. Increasing effective stress causes a sharp decline in
protolith permeability,
whereas a much shallower decline is found for both the damaged zone and fault core samples.

protolith over a small range of confining pressure (Figs 4
& 5) corresponds
to the larger values of 7 shown in Table
3. We interpret
these data as reflecting a low initial
fracture density and high sample stiffness in the protolith
that, in turn, contribute to hydrostatic compaction due to
crack closure. The more shallow decline in permeability
seen in the fault gouge samples is attributed
to a low
initial permeability
that is further reduced by grain
rearrangement
and flattening.
The foliated cataclasites
tested here are fine-grained
and fractured, and exhibit
higher permeabilities
than the protolith. Changes in P,
do not significantly
alter K vs P, behavior, as there are
few cracks to be closed in these rocks, and the
permeability
may be intergranular.
The pressure sensitivity of protolith vs the relative lack
of sensitivity in the damaged zone samples may also be
due to the effects of weathering.
Rocks with greater
densities of fractures are likely to have more weathering
products, which appears to reduce the pressure sensitivity
of permeability
(Morrow and Lockner, 1994), whereas
the protolith samples are less likely to have weathered
along tectonically
developed fractures, and thus have a
higher pressure sensitivity.
The mechanical behavior in rocks subjected to changes
in either confining
pressure or pore fluid pressure has
commonly
been cast in terms of the effective stress
relationship
(Hubbert and Rubey, 1959; Handin et al.,
1963; Brace, 1972) where the efTective stress, PC, is given
by:
P, = P, - P,.
In many porous,
permeable
rocks, this relationship
appears to be valid (Handin et al., 1963; Garg and Nur,
1973). However, a more general expression for the static
case is:

P, = P, - CXP,
(Nur and Byerlee, 1971; Robin, 1973; Garg and Nur,
1973; Zoback and Byerlee, 1975: Kranz et al., 1979;
Walsh, 1981), where the factor a depends on rock type,
fracture topography
and connectivity,
porosity,
pore
geometry,
and tortuosity
(Kranz et al., 1979; Walsh,
1981; Bernabe, 1986; Berryman, 1992). The value of g is
found empirically,
and can range from 0 to I.0 for
fractured
and intact rocks. Values of x less than 1
obtained for intact crystalline rocks have been ascribed
to microfracture
dilatency (Brace and Martin, 1968), in
which the true internal pore pressures differ from the
externally
measured
pore pressures.
For experiments
conducted
on single fractures
(Kranz
et al., 1979),
Walsh (1981) showed that the value of x was 0.5-0.7.
Morrow et ai. (1994) showed that 3 is 1.0 for friction
experiments
on montmorillonitejillite
gouges in drained
conditions,
whereas CIis much less than 1.O in undrained
friction experiments
with clay or sheet silicate gouges
(Morrow et al., 1984).
In order to determine X, permeability
tests must be run
at a variety of P, and P, values. Since the experiments
reported here were conducted at a single value of P,, we
cannot explicity find a. However, we can compare the
results shown in Figs 4 and 5 with the interpretations
of
Walsh (1981) to estimate crudely how x might vary as a
function of fault rock type. We infer that x is higher for
damaged zone samples and lower on the fault core and
protolith
samples. The higher fracture densities and
larger degree of fracture interconnectivity
may create a
rock that is closer to a porous, permeable rock that can
transmit fluids and fluid pressures efTectively, and thus
the value of x would be closer to 1.0. The low fracture
densities and fine-grained
nature of the protolith
and
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used with caution as a basis for developing quantitative
fault core may result in a significant departure from the
ideal effective stress relationship,
and would yield CI models of fluid flow in faults. For example, values
obtained for the damaged zone samples may be reprevalues much lower than 1.O.
sentative
only of permeabilities
associated
with the
relatively unfractured
fault or fracture-bounded
blocks
used in a dual-permeability
modeling approach. Thus, inDISCUSSION
situ permeability
tests aimed at determining
the bulk
permeability
of the damaged zone would probably yield
Our work examines the coreplug-scale
permeability
of
higher values because fractures not encountered
at the
samples
of fault-related
rocks in granitic
gneisses
coreplug scale will provide greater bulk connectivity.
For
collected from outcrop, which represent one stage of
example, in-situ tests performed
in faulted crystalline
fault development.
As such, the numerical
values
rocks at the Canadian
Underground
Research Laborareported here, and in many other tests of permeability,
tory yield permeabilities
that range from lo-l7
to
can be strictly applied to a narrow range of natural
lo-”
m2 (Davison and Kozak, 1988; National Research
analogs. Permeabilities
associated with a particular rock
Council,
1996, pp. 479492).
Values obtained
for the
type or fault zone component
likely vary as a function of
fault core, however, may be more representative
of its
the sample size tested. Brace (1984) and Clauser (1992)
bulk permeability
because the reduced fracture intensity
outline
how the increase
in fracture
intensity
and
of the fault core is less likely to modify estimates of bulk
connectivity
associated
with increasing
sample
size
permeability
based on tests performed at the coreplug
(from lab to well-test scales) produces
an apparent
scale.
increase in bulk permeability.
Given the problems of the
Examining
the outcrop-scale
structure
of the East
scale effect, exhumation,
and temporal
evolution
of
Fork fault zone, and the other fault zones in crystalline
faults, we discuss how our coreplug-scale
tests aid in
rocks, leads us to suggest that damaged
zones are
understanding
the permeability
structure of individual
characterized
by fractures, veins, and small faults that
fault zone components,
then attempt to infer how these
form blocks 10 cm to several meters on a side (Mitra,
results provide
insight
into larger, fault-zone
scale
1984; Evans, 1988; Bruhn et al., 1994; Goddard
and
permeability
structure
both for modern flow systems
Evans, 1995). Because these fractures, faults, and veins
with ‘dead’ faults, and in the evolutionary
development
of faults.
commonly display enhanced alteration and deposition of
hydrous minerals, they appear to have formed mesoscale
The coreplug-scale
test results show a clear distinction
conduits supplying
fluids to intervening
blocks in the
between the relatively high permeability
damaged zone
damaged zone. While the intragranular,
coreplug-scale
and the lower permeability
protolith
and fault core.
Enhanced
permeability
in damaged zones has implicapermeabilities
reported here may provide representative
values for the intervening blocks, in-situ tests are required
tions for understanding
the in-situ hydraulic properties
to understand
better the overall permeability
structure of
and hydraulic structure of faults. The test results suggest
the damaged zone. We suggest that the results of our
that damaged zones, where present, would form pathways for enhanced fluid flow. This inference is supported
coreplug-scale
tests on damaged zone samples did not
by geochemical,
petrologic, and mineralogic
studies of
exceed lo-l4 m* because we could not include the larger,
more throughgoing
fractures found in situ.
the fault zone. Goddard
and Evans (1995) and Evans
The presence of a relatively high permeability
damaged
(1988, 1990) show that damaged zones found in the East
Fork faults are zones of increased mineralogic
alteration
zone has implications
for the fluid pressure state near
vein abundances,
and
fault zones. Permeabilities
above 10e2’ m* would preto hydrous
clays, increased
clude development
of fluid pressures
in excess of
variations
in the elemental composition
of the rocks as
compared
to the protolith.
In addition,
the damaged
hydrostatic (Brace, 1984) and thus, the values measured
zones exhibit modest losses in soluble elements and slight
here suggest that such high values of P, cannot develop in
increases in less soluble elements. Similar evidence for
the damaged zone.
localized fluid flow in damaged zones has been docuThe abundance
of clay and fine-grained
cataclasites
found in the fault core is likely to cause well-developed
mented in larger displacement
faults found in crystalline
fault cores to act as barriers to fluid flow across faults.
rocks of the nearby Wind River Range (Goddard
and
Thus, if the forces driving fluid flow are arranged so that
Evans, 1995) and along the San Gabriel fault (Evans and
cross-fault flow is favored, the hydraulic character of a
Chester, 1995) and the Punchbowl
fault (Chester and
Logan, 1986). Fracture density, measured at the thinrelatively
thin fault core may dominate
the effective
hydraulic properties of a fault. Fault cores in crystalline
section scale, is three to five times greater in the damaged
zone than in the protolith
(Evans,
1988). Thus, the
rocks are commonly
narrow and homogenous
zones of
fine-grained
comminuted
cataclasite
and clays that
permeability
results presented here suggest a permeability structure for the fault zone that agrees with inferences
probably evolved from damaged zones formed at earlier
based on fluid-rock
interactions
that occurred while the
stages in fault development
(Chester and Logan, 1986).
fault was active.
The homogeneous
character of many fault cores probThe permeability
values determined
here should be
ably reflects the large amounts of strain accommodated
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along them (Mitra, 1984; Chester et al., 1993; Goddard
and Evans, 1995). This apparent homogeneity,
combined
with the relatively low intensity of fracturing
in fault
cores, suggests that the coreplug-scale
permeabilities
estimated in this study may be applicable
throughout
the fault core. As a consequence,
in the absence of
detailed structural information
and taking into account
the effects of sample size and the influence of exhumation,
we infer that fault core materials may be characterized
by
the lower end of the permeability
range (about lo-“10~‘s m2), whereas more heterogeneous
damaged zone
materials may be characterized
by the wider range of
higher permeabilities
(10~‘6~10-”
m2).
Permeability
variations
observed within a fault zone
provide a basis for inferring the overall hydraulic effect of
a fault. Caine et ul. (1996) indicate that the relative
proportion
of fault core and damaged zone, combined
with a knowledge
of the permeability
of each fault
component,
may be used to estimate
the local- to
regional-scale
hydraulic behavior of the faults. Modeling
results presented by Forster and Evans (1991) suggest
that fluid flow through the more widely spaced fracture
networks that control regional-scale
flow in crystalline
terrain is little affected by the detailed permeability
structure of a fault. The bulk permeability
structure of
the fault, however, controls whether or not the fault will
perturb the regional-scale
flow system by acting as a
conduit or barrier. When a fault acts as a conduit, fluid
moving through relatively widely spaced fractures in the
protolith is fed to the fault zone and transmitted
within
the more intensely fractured and permeable
damaged
zone (Forster and Evans, 1991; Lopez and Smith, 1995).
The two-component
fault zone structure
described
here clearly does not apply to all faults formed in all
settings. Some faults, such as deformation
bands in
sandstones,
lack damaged zones with enhanced permeability (Aydin,
1978; Antonellini
and Aydin,
1994).
Permeability
reduction
in elastic sediments commonly
results from pore collapse, crushing, grinding and grainsize reduction of rigid grains (Aydin, 1978; Fowles and
Burley, 1994; Antonellini
and Aydin, 1995) and smearing, growth, and plastic deformation
of clay in faults
(Smith, 1980; Knott, 1993; Lindsay et ul., 1993; Gibson,
1994) which is often accompanied
by little or no
damaged
zone development.
Thus, the deformation
band faults yield a distinctive network of fault-controlled
fluid flow barriers within the more porous and permeable
sandstones.
The hydraulic
structure
of a fault changes during
evolution
such that structures observed in the field, or
inferred during earlier geologic times, reflect the integrated effect of fault growth processes. For example,
process zones inferred to form at the tips of propagating
faults (Pollard and Segall, 1987; Martel and Pollard,
1989; Scholz et al., 1993) may become damaged zones as
a fault evolves. The character of a damaged zone is likely
to reflect the impact of repeated slip events and the wear
processes
that induce
deformation
in response
to
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perturbations
in geometry or local stresses along the
fault (Scholz,
1990). The presence or absence, and
inherent character, of a damaged zone depend upon a
variety of factors that include: the mechanical properties
of the rocks, fluid-rock
interactions,
total strain, deformation mechanisms,
and fault geometry. Thus, predicting the hydraulic structure and fluid flow properties of
fault zones requires an understanding
of (1) the structural
setting and evolution
of the fault, (2) the hydrologic
setting of the fault, and (3) the mechancial development
of the fault.

CONCLUSIONS
Coreplug-scale
permeability
tests performed
over a
range of confining pressures show that the permeability
of naturally faulted crystalline rocks varies as a function
of structural location within a fault zone and confining
pressure. Permeability
tests performed at low confining
pressure provide two major results. First, damaged zone
samples yield permeabilities
from lOpI6 to lo- I4 rn’. The
greater number of fractures, faults, and veins found in the
damage zone yield permeabilities
as much as lo4 times
greater than values obtained for the protolith and fault
core samples, even at the coreplug scale. Second, samples
of fault core and protolith
have similar, but lower
10-X’
coreplug-scale
permeabilities
(less
than
IO-” m*).
Permeability
tests performed across a range of confining pressure (3-50 MPa) yield additional insight into the
hydromechanical
properties of faulted rocks. Although
all three fault components
display a logarithmic
or
exponential
permeability
decay with increased confining
pressure,
distinct
differences
are found between the
behavior of the protolith
samples when compared
to
fault gouge and damaged zone samples. For example,
protolith permeability declines one order of magnitude as
the confining pressure is raised to 12 MPa. Much higher
confining pressures (30-50 MPa) are required to cause
the same order of magnitude
reduction
in the permeability of the damaged zone and fault core samples.
We extend our laboratory
test results to enhance our
understanding
of the bulk fluid flow properties of natural
fault zones by suggesting that faults in crystalline rocks
may comprise one or two zone(s) of enhanced permeability sandwiched between lower permeability
fault core
and protolith.
This permeability
structure
probably
causes the more intensely fractured damaged zone to act
as a conduit for fluid flow, whereas the lower permeability fault core is likely to inhibit fluid flow across the
fault. Thus, the fault zone has a bulk permeability
anisotropy
with higher permeability
parallel to the fault
plane and reduced permeability
normal to the fault.
Although difficult to document,
this bulk anisotropy
is
probably
superimposed
on a permeability
anisotropy
derived from the anisotropic
fabrics and fracture networks found within each fault component.
Because our
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tests were performed
at confining
pressures less than
50 MPa, our results are strictly applicable
only in the
upper 2 km of the crust. Thus, these results may be of
greatest interest to those studying geotechnical problems,
water resources protection and development,
geothermal
production,
and shallow resource extraction issues.
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Dr Matthew Currell and Professor Adrian Werner – Analysis of whether IESC advice has been addressed by NAC
No.

Issue raised in IESC Advice

Analysis of NAC response

First IESC Advice – 10 April 2014
1.

Relevant data and information: key conclusions
The following data and information are needed
for potential impacts arising from proposed
project to be fully assessed:

2.



A comparison between observed and
modelled potentiometric heads,
presented in a series of maps, to enable
better assessment of the reliability of the
groundwater flow model;

Not addressed. The comparison maps have not been provided in the revised project AEIS or
responses to the IESC advice (Appendix N of the AEIS & New Hope Group, 2016). Maps of
modelled potentiometric heads were included in the revised groundwater modelling report
(Appendix F of the AEIS); however, there are no maps comparing these modelled heads
with observed heads. Observed heads are only mapped in one aquifer on one occasion.
Note that the recent affidavit of Brian Barnett refers frequently to steep gradients in
groundwater levels (i.e. potentiometric heads) as the basis for placing artificial geological
faults in the 2009 model. A proper evaluation of gradients requires a map of potentiometric
contours (which is not included in his affidavit), so it would seem that the need for a
potentiometric head map has existed since 2009 or earlier.

3.



Measured flow data to improve
confidence in the characterisation of
Lagoon Creek’s flow regime;

4.



Additional monitoring data, across a
greater spatial and temporal extent, to
more robustly characterise existing
surface water quality in Lagoon Creek;

This is a surface water issue, and was therefore out of scope for the groundwater experts

This is a surface water issue, and was therefore out of scope for the groundwater experts

1
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This is a surface water issue, and was therefore out of scope for the groundwater experts

5.



Use of consistent salinity thresholds for
discharges of mine-affected water to
Lagoon Creek and inclusion of other key
water quality indicators in the site water
management system’s release rules;

6.



Assessment of ecosystems associated
with Oakey Creek and Myall Creek; and

This is a surface water issue, and was therefore out of scope for the groundwater experts

7.



Identification and assessment of
terrestrial groundwater dependent
ecosystems within the predicted cone of
depression.

Partially addressed. MC notes that additional terrestrial ecosystem mapping was conducted
in response to the IESC advice, as provided in the report by Dr Andrew Daniel (Daniel, 2016)
and Dr Daniel’s contribution to the response to the most recent IESC advice (New Hope
Group, 2016). This mapping identifies areas of vegetation that may be accessing
groundwater, and which are predicted to be impacted by drawdown, near Lagoon Creek
(see p.28, paragraph 1.21 of New Hope Group, 2016). However, the additional work is not
adequate to identify and assess all potential GDEs within the predicted cone of depression,
for the following reasons:
1. Not all areas previously identified as potential GDEs within the zone of predicted
drawdown have been subject to mapping. Additional vegetation mapping has been
conducted largely within the mine lease area (Figure 5 of Dr Daniel’s report) and
selected areas outside the mine lease (Figure 6; Figure 11). Some areas that were
identified as being potential GDEs according to the WetlandInfo tool (Figure 2-14 &
2-15 of Appendix N of the AEIS) appear not to have been further subject to field
based surveys. Dr Daniel’s assessment also does not include vegetation mapping or
seasonal water depth analysis in the areas adjacent to Oakey Creek and Myall
Creek, and areas of basalt to the south of the mine lease, as was requested by the
IESC’s2014 advice and subsequent advice in 2015 (see 61 and 104 below).
2. The assessment does not identify whether or not mapped ecosystems are indeed
groundwater dependent through systematic collection of field data (such as
2
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monitoring of groundwater levels and their diurnal fluctuations in the vicinity of
terrestrial flora). The assessment relies on speculation that:
a) vegetation is not likely to be accessing groundwater in areas where the
groundwater level is more than 10m below the surface;
b) predicted water levels are indeed below 10m in a number of areas in which
there is no groundwater level monitoring data to confirm this (e.g. Figure 11 of
Dr Daniel’s report).

8.

Application of appropriate methodologies: key
conclusions
Confidence in the predictive capacity of the
numerical groundwater model is low due to the
adopted boundary conditions, anisotropic
hydraulic conductivity and recharge values, and
the lack of sensitivity testing of the model to
these parameters.

Partially addressed. Each of the areas listed is discussed separately below:
-Boundary conditions: these have been adjusted in the revised model (e.g. presented in
Appendix F of the AEIS); however field evidence to justify the updated boundaries has not
been provided in full. For example, the choice of constant head boundaries based on
relationships between topography and water levels is not justified with reference to maps
of groundwater levels that confirm this relationship around the site. For the alluvial aquifer,
a value which is essentially arbitrary (13.5m below ground level) is set as a constant head
condition, without justification. These boundary conditions may contribute to the poor
capacity of the model to replicate observed water levels, and particularly the tendency to
over-predict water levels in the alluvial and coal aquifers (see 92 below).
AD checked the flow rates through the boundaries and found that they deviated only
slightly with and without the mine included in the model. While this suggests that the
boundary heads are probably at a sufficient distance from the mine not to impact
drawdown directly, errors in boundary conditions still have the potential to influence model
calibration, for reasons given in the paragraph above.
-Anisotropic hydraulic conductivity: the anisotropy ratios (relating horizontal to vertical
hydraulic conductivity) that are adopted in the model are relatively high (e.g. Freeze and
Cherry, 1979). No field evidence has been presented to justify the use of these high
anisotropy ratios, such as estimates of vertical hydraulic conductivity from pumping tests,
or qualitative evidence on the degree of vertical connectivity between units. What limited
evidence does exist (e.g. WSA, 2013) appears to suggest that there is relatively strong
hydraulic connectivity between aquifers such as the Walloon Coal Measures and Tertiary
3
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Basalts, at least in some areas (e.g. WSA, 2013; p 4). While estimates of vertical hydraulic
conductivity for the aquifers in question were provided in the OGIA Surat Basin model, and
there is overlap with the ranges used in the model for this site (e.g. as shown in attachment
AD7 of the affidavit of Andrew Durick), the significant difference in the structural setting of
the Project site - at the uplifted margins of the Clarence-Moreton Basin, rather than deep
within the regional Surat Basin - mean that more site-specific estimates are needed.
Alternative conceptualisations with lower anisotropy ratios (greater vertical connectivity
between aquifers) should be tested during model development and calibration, and field
evidence should be collected to better inform this, as it is critical to the prediction of
drawdown propagation between aquifers.
-Recharge values: These initially adopted a uniform percentage of rainfall with some
adjustments made to particular zones during the updated model calibration (Appendix F,
AEIS). However, little field evidence is provided to justify assigning recharge rates, such as
independent estimation using chloride mass balance or other techniques. It appears the
rates adopted are higher than other published studies from the same region (e.g., Smitt et
al, 2003) and that studies relevant to the topic, such as the Smitt et al (2003) study, have
not been consulted. As discussed in the IESC’s advice, independent techniques other than
model calibration are required to justify the use of particular rates in the modelling (see 28
below).
Sensitivity analysis of the model with respect to these parameters is not clearly presented
in the updated modelling, although some graphs purporting to show the sensitivity of
particular parameters is included in Appendix F of the AEIS (Figures 5-5 to 5-10). A thorough
sensitivity analysis would report the relative impact of changes to values in the above
parameters on key model predictions (such as the extent of drawdown in each aquifer), in a
systematic way. It would then discuss which parameters have a larger/smaller effect on the
predictions. This analysis is absent in the AEIS and responses to the IESC’s advice (Appendix
N; New Hope Group, 2016).

9.

The exclusion of other groundwater users within
the model domain further limits confidence in the

Not addressed. The response to this part of the advice cited difficulty in assigning licensed
groundwater entitlement volumes to specific bores (e.g. page 9 & 10 of IESC 2014 response,
4
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model’s predictions.

Appendix N of AEIS). The entitlement volumes can in fact be determined for particular
properties from DNRM’s database. These entitlements therefore could be included into the
model by simply assigning the allocated volume to a single bore at the centre of the
property (for example). This would provide a far more rigorous estimate of the water
balance than is currently in the model. The issue was raised again in IESC’s 2015 advice but
again has still not been incorporated into the modelling (see 99 below).

10.

A revised groundwater study is needed to
improve confidence in the conclusions of the
assessment documentation and enable
development of appropriate measures to monitor
and manage uncertainties and risks to waterrelated assets.

Not addressed. Some modifications to the groundwater model were made following this
advice, as reported in Appendix N. However, this work does not constitute a ‘revised
groundwater study’, which should include additional fieldwork, data collection and revision
of the hydrogeological conceptualisation. Additional field data are required to update the
modelling in line with the IESC’s advice, such as new data on the horizontal and vertical
hydraulic conductivity values, storage coefficients, hydraulic behaviour of faults, recharge
estimates and groundwater discharge rates (including groundwater use in the region).
Furthermore, the approach to model construction warrants significant revision, and
reporting deficiencies need to be addressed as discussed in more detail below.

11.

Reasonable values and parameters in calculation:
key conclusions
Justification and/or further information are
needed to support the proponent’s approach or
conclusions in relation to:

12.
13.



Numerical groundwater model boundary
conditions;

Partially addressed. see point 8 above



The substantial differences between
vertical and horizontal permeability
values used in the numerical groundwater
model;

Not addressed, see point 8 above

5
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The application of a uniform percentage
for recharge from rainfall for each time
step in the numerical groundwater model;
and



Uncertainties in the mine water balance
resulting from:

Analysis of NAC response
Not addressed, see point 8 above

o

The thresholds used for discharges of
mine-affected water, which do not
adequately consider ambient water
quality or flow; and

This is a surface water issue, and was therefore out of scope for the groundwater experts

o

The assumed flow regime in Lagoon
Creek, which is likely to over-estimate
opportunities for discharges of mineaffected water.

This is a surface water issue, and was therefore out of scope for the groundwater experts

The IESC recommends that the proponent
develop any further project assessment
documentation in line with its Information
Guidelines.1

Question 1: What does the Committee consider are the key uncertainties and risks of the project in relation to water resources and water-related assets?
What does the Committee consider are the features of a monitoring and management framework that would address these uncertainties and risks? In
responding to this question, please consider the matters raised by the State and Commonwealth (Attachments B and C) as well as additional information
contained in the RFA.
19.

1. There are uncertainties and risks in the
hydrogeological conceptualisation and

Partially addressed. While an attempt to address model uncertainties is inherent in the
stochastic calibration of the AEIS model, model uncertainties have not been adequately

1

Information Guidelines for Proposed projects Relating to the Development of Coal Seam Gas and Large Coal Mines where there is a Significant Impact on Water Resources
available at: http://www.iesc.environment.gov.au/publications/information-guidelines-independent-expert-scientific-committee-advice-coal-seam-gas
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numerical groundwater model relating to
design and implementation, which impact on
the reliability of model predictions.

Analysis of NAC response
addressed to date, and the suggestion in the Appendix F report that the uncertainty of
predictive results is minor is lacking in a scientific or logical basis. Areas for improvement
in the calibration and uncertainty analysis are outlined in the individual and
supplementary reports of Adrian Werner, and include the over-reliance of calibration on
mine pit inflows, the excessive uncertainty in the application of faults, the lack of
consideration of the degree of calibration in the uncertainty analysis, and weaknesses in
the field data set, amongst others.
Another critical area for improving the model design is the reduction in stress period
lengths from annual to monthly, because the current use of yearly stress periods inhibits
the AEIS model’s capacity to study a number of important hydrogeological processes and
potential impacts.

20.

21.

An updated hydrogeological study that
considers the following matters would enable
risks to water resources to be more accurately
evaluated. Suggested enhancements to the
proponent’s Groundwater Monitoring and
Impact Management Plan (GMIMP) are
provided in the response to Question 3.
However, until the IESC’s concerns about the
groundwater model are addressed it is difficult
to determine the appropriateness of the
management and mitigation measures.

Not addressed. As pointed out in 10 (above), the additional work carried out does not
constitute a substantive updated hydrogeological study, which would involve revision of
the hydrogeological conceptualisation based on a body of significant additional field
evidence, and addressing significant flaws and uncertainties that remain in the
groundwater model and resulting predictions. These deficiencies preclude an assessment
of the adequacy of proposed management/mitigation measures.

Conceptualisation
a. The absence of confining units of low
hydraulic conductivity (with the exception of
the Evergreen Formation) in the conceptual
and numerical models will result in an
unrealistic parameterisation of the

Partially addressed. The values chosen for vertical hydraulic conductivity have been
revised, however they are still low by typical hydrogeological standards (e.g. Freeze and
Cherry, 1979). This is justified on the basis of the conceptualisation presented in the Office
of Groundwater Impact Assessment (OGIA) Surat Basin model; however this model applies
to the same aquifers where they are much deeper and more confined than at the Acland
7
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hydrogeological regime. In particular, the low
vertical hydraulic conductivities assigned to
aquifers within the model will result in the
underestimation of vertical drawdown
propagation.

22.

23.

Analysis of NAC response
site. Values of vertical hydraulic conductivity that are between 10 and 5000 times less
than horizontal conductivity have been used in the updated groundwater modelling (e.g.
Table 5.1 of Appendix F, AEIS). There is no direct field evidence to support this
conceptualisation; for example water level records from nested sites screened to different
depths at the same location or pumping tests designed to capture vertical leakage
behaviour and/or vertical hydraulic conductivity. Qualitative evidence included in the
report by WSA (2013) indicates that the Basalt aquifer and Walloon Coal measures are in
vertical hydraulic connection in at least some locations (e.g. p.4: 'The results of historical
pump testing of groundwater bores in basalt in the southwest of the site show there is
groundwater movement between the coal and basalt aquifers in this part of the site'),
which contradicts this conceptualisation.

Model Documentation
b. Several predicted drawdown maps are
provided; however, the pre-development
head patterns have not been presented. A
qualitative comparison between observed and
modelled potentiometric heads, in a series of
maps, would enable better assessment of
model reliability. Modelled heads in each layer
need to be presented, across the entire model
domain, and at intervals representing premining, the proposed project’s operational
phase, immediately post-mining, and longer
term, in order to evaluate the modelled spatial
and temporal pattern of groundwater flow.

Not addressed (see comment in response to 2 above). There is difficulty in determining
pre-mining water levels, due to a lack of baseline data in the pre-mining phase of
operations (e.g. Appendix N, response to IESC advice, 2014). The absence of this baseline
data is regrettable; however notwithstanding the lack of data, some maps of water level
patterns during more recent stages of mining (e.g. beginning with Stage 2 operations and
continuing to the present) and comparison with modelled water level maps at the same
stage in time can and should be provided to assess the model’s ability to replicate
historical water levels.

c. Extension of the water balance to include
predicted post-mining groundwater levels
data would enable evaluation of long term
risks. An indication of fluxes by aquifer is also

Addressed. Analysis of post-mining water balance is presented in the updated modelling
(Appendix F, AEIS). The post-mining water balances do however raise potential concerns
over long-term impacts of the project, such as the fact that one of the pits is expected to
reach an equilibrium level that is higher than the current water levels at the site, posing a

There ought to also be an attempt to compare the model’s ability to predict historical
drawdown due to previous mining by comparing modelled estimates of drawdown to the
observation wells in which drawdown has been observed. This would require a historical
simulation without the effects of previous mining.
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needed.

24.

25.

Analysis of NAC response
risk of becoming a contaminant source after mining ceases (see response to 98 and 115
below).

Boundaries
d. Constant head cells have been assigned along
the northern, western, southern and part of
the eastern margins of the model domain,
which may result in unrealistic water budgets
and laterally constrained drawdown within the
model. Small variations in flow through these
constant head boundaries may introduce large
uncertainties in groundwater impact
predictions.

Partially addressed. As discussed above in response to 8 (above) and 97 (below), field
evidence for the setting of constant head boundary levels is either limited and/or
questionable, particularly for the alluvium and basalt aquifers.

e. The setting of boundary conditions has relied
on one potentiometric head map for the
Walloon Coal Measures that is restricted to
the vicinity of the proposed project.
Confidence in the adopted boundary
conditions could be improved by incorporating
potentiometric head maps from other
hydrostratigraphic units as this would help to
identify groundwater flow features and
provide justification for the selected model
boundaries. The use of the Queensland
Government’s Office of Groundwater Impact
Assessment (OGIA)2 groundwater flow model
would assist in determining the wider
groundwater flow conditions.

Not addressed. Further potentiometric head maps have still not been produced other
than the initial map referred to in this advice. See response to 2 and22 above.
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26.

f. Confidence in the groundwater model’s
Partially addressed (see response to 24 above).
predictive capability would be improved by
providing and justifying the numerical values
assigned to the constant head cells along the
northern, western, southern and eastern
boundaries. These values, in particular the
relationship between the constant head values
adopted at the same location but for different
layers, may have a strong influence on the
flow fields and heads, and hence the model’s
performance, including its predictive
capability.

27.

g. Choices for groundwater model boundaries
should be described with respect to the spatial
distribution of water entitlements and
developments. The model excludes wells
associated with other developments within
the model domain; for example, the 9,000
ML/year groundwater entitlements that exist
within 8 km of the proposed project. These
developments are likely to invalidate the
assumed boundary conditions, resulting in
model constraints that produce inaccurate
water budgets and model predictions.

Not addressed (see response to 8 above). Groundwater entitlements are still not included
in the model, despite this issue being again raised in the IESC’s 2015 advice, and the fact
that data are available (at least at the property by property level). The lack of
incorporation of these data raises serious questions about the model’s predicted water
budgets and calibrated parameter sets.

28.

h. Modelling of recharge as a fixed percentage
of rainfall is considered simplistic in a climate
where evaporation exceeds rainfall for most of
the year. As recharge is the largest inflow to
the model, even small variations in recharge

Not addressed. Alternative recharge rates and zones were used in the updated modelling
(Appendix N). However, no additional field based techniques (such as chloride mass
balance) were used to assess the recharge rates as recommended by the IESC, and studies
which do discuss recharge rates in the region were not referenced (e.g., Smitt et al, 2003)
and therefore appear not to have been consulted. While recharge rates and zones have
10
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introduce large uncertainties in groundwater
impact predictions. It is recommended that
the magnitude of recharge be estimated using
methods other than model calibration (refer
to Scanlon et al., 2002) and that a sensitivity
analysis be undertaken to explore the
robustness of the model predictions to
variations in recharge rates.

Analysis of NAC response
changed, this does not overcome the IESC concerns.
Additionally, while a sensitivity analysis has been undertaken in the AEIS report, the
sensitivity analysis of recharge shows that the model is almost completely insensitive to
recharge, which is an unexpected and concerning outcome. That is, while sensitivity
analysis has been undertaken in accordance with the IESC request, the results have
produced a rather worrying indication of possible problems with the model. For example,
it may imply that the model has excessive (i.e., potentially erroneous) rates of discharge to
the land surface, which potentially have the same effect as fixed-head conditions, and
thereby restrict the extent of drawdown. Exploration of the robustness of both model
predictions and the model parameters arising out of calibration is needed in relation to
variations in recharge rates, as requested here by the IESC.

29.

i. The evaporation rate and extinction depth
adopted in the model are not described.
Evaporation appears to be the second most
important contributor to flows leaving the
model domain and small variations in
evaporation may introduce large uncertainties
in groundwater impact prediction.

Partially addressed. Additional testing of alternative potential evaporation rates was
conducted during updated modelling. However, the actual extinction depths adopted in
the model are still not reported in the updated modelling or responses to IESC advice
(AEIS, Appendix N and New Hope Group, 2016).

30.

j. Walls or flow barriers have been used to
simulate faults in the model. While some
faults may form barriers to flow, others may
provide conduits for groundwater flow.
Therefore, a justification for the use of flow
barriers in the groundwater model is
warranted.

Not addressed. Faults are still conceptualised as barriers to flow in some locations,
without any significant field evidence to justify that these particular faults indeed act as
flow barriers (notwithstanding additional water level data provided in the affidavit of
Brian Barnett). Alternative conceptualisations, such as faults that act as leaky barriers, or
even conduits, in the vertical plane, but partial barriers in the horizontal plane, should be
tested in the model and further verified using field evidence. Preliminary field data
presented in WSA (2013) appear to support the notion that faults may act as vertical
and/or lateral conduits as well as horizontal barriers in some instances. The locations of
many faults in the model do not match actual mapped locations of faults, even in the
most recent updated modelling (e.g. New Hope Group, 2016). The affidavit of Brian
Barnett confirms that some of the faults seem to have been incorporated without basis
11
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and/or in error.

31.

k. Myall Creek is included in the groundwater
model as a drain boundary condition despite
evidence that groundwater elevations lay
significantly below stream bed elevations.
While it is noted that Myall Creek is situated to
the north of the proposed project, justification
is needed for the assumed boundary condition
as it does not allow for seasonal flows to
recharge groundwater.

32.

Model Layers

33.

Partially addressed. While Myall Creek was changed to being a ‘River’ boundary in the
updated modelling, simply converting Myall Creek to a River condition does not solve the
problem. There needs to be a transient water level applied to Myall Creek or else the
Creek will artificially recharge the aquifer, or fail to recharge the aquifer when it flows. Or,
in other words, it is not enough to simply switch from DRN (Drain) to the RIV (River)
package without adequate explanation of the manner in which the RIV package has been
parameterised. The report provides no guidance on the water levels used for creeks
simulated by the RIV package.

l. An understanding of the conceptual hydrology
across the entire model domain would
improve understanding of lateral drawdown
propagation from the Walloon Coal Measures
to the Quaternary Alluvium. This may be
achieved by inclusion of north-east to southwest cross-sections across the entire model
domain and identification of the extent of
each hydrogeological unit.

Partially addressed. The extents of the hydrogeological units as conceptualised in the
modelling is now shown in a series of formation isopach maps in Appendix F. In terms of
cross sections, one additional section was shown in the updated report; however this is
‘not to scale’ and the line of section is not clearly shown on any map. This section is
oriented West-East, not northeast-southwest as suggested. Generally, the reporting still
lacks any detailed cross sections, based on bore logs from the site (as agreed in the JER,
paragraph 2.2).

m. Information in relation to the geometry of
the hydrostratigraphic units across the model,
including the top, base and thickness of model
layers, would aid understanding of how the
numerical model parameterisation relates to
the conceptual model. Individual model layers
may include more than one unit which can
result in an oversimplification of the

Partially addressed. MC notes that the formation isopach maps allow the extents and
thicknesses of model layers used in the modelling to be determined (albeit with some
difficulty – this could be aided by including a series of cross-sections in different
orientations linked to the surface geology map). However, the zonation of model layers in
terms of what aquifer properties were assigned within a given layer, and whether zones
within a given layer were assigned in order to allow parameters to vary within a layer, is
not described clearly.
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hydrostratigraphy; in particular, inaccurate
representation of hydraulic conductivity
values. A description of how the south-west
dipping conceptual hydrogeology was
incorporated in the groundwater model is also
needed.
34.

n. The Lower Walloon Coal Measures are
conceptualised as separated from the Walloon
Coal Measures by clays with low primary
porosity, rather than low vertical hydraulic
conductivity.

Not addressed. No potentiometric head map for the Lower Walloon Coal measures has
been provided, nor has a systematic analysis of head levels in the upper and lower
Walloon coal measures been conducted to determine their level of hydraulic connection
across the site.

Evidence, in the form of a potentiometric head
map for the Lower Walloon Coal Measures, a
comparison between heads from adjacent
bores, or a head to elevation analysis within
the Walloon Coal measures is needed to
support this conceptualisation.
35.

Model parameterisation and calibration
o. Calibrated model parameters indicate
substantially higher horizontal and vertical
hydraulic conductivity ratios than generally
expected for alluvium, sandstone, and shale.
Further, specific yield values are substantially
lower than generally applied in groundwater
models (for example, in Freeze and Cherry
(1979)), which may underestimate unconfined
aquifer storage. The rationale for the adopted
values should be explained.

Partially addressed. Updated modelling involved adjustment of parameter values using a
stochastic approach. However, the rationale for adopted values of anisotropy (ratio of
horizontal to vertical hydraulic conductivity) is still not explained with reference to
extensive field evidence (see response to 8 above). Nor has there been any updated
discussion with regard to justifying the ranges of specific yield or specific storage values
adopted in the model.
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p. The information provided in the assessment
documentation does not appear to support a
scaled Root Mean Square (RMS) value of 8 per
cent. Further explanation of the scaled RMS
errors, including an analysis of those across
the entire model domain, at appropriate time
intervals and for each model layer, would
improve confidence in model calibration.

Analysis of NAC response

Addressed. AW notes that the SRMS of the revised calibration effort is 5% and SRMS
errors are shown for each layer and each well, in addition to hydrographs showing the
transient match between modelled and field water levels. However, the result of doing
this was not to improve confidence in model calibration but served to highlight significant
bias in the calibration results.

Model predictions
q. Given the uncertainties in determining
recharge and the limited documentation of
the constant head boundaries across which
flow occurs, there is the potential for large
variations in the predicted drawdown and pit
inflows, and an uncertainty/sensitivity analysis
should be undertaken.

Partially addressed. A basic sensitivity analysis for some key parameters has been
reported in the updated modelling (Appendix F, AEIS; Figures 5-5 to 5-10). However, as
discussed in the response to 8 above, this sensitivity analysis does not meet the objectives
of a typical modelling sensitivity analysis, which is to determine the magnitude of variation
possible in key model predictions (such as drawdown extent) when particular parameters
are varied within realistic possible ranges. The sensitivity analysis needs to be more
systematically conducted, reported and discussed so that it is clear which parameters are
most important in controlling the extent of drawdown. On this basis, further field data
collection and refinements to the model should then be carried out to improve confidence
in these parameters. AW notes that the uncertainty analysis (Section 7 in Appendix N)
requires improvement to key aspects of the methodology to be informative – e.g., one
standard deviation is overly restrictive in seeking plausible drawdown extents, and 18
calibrated models is too few to produce statistically significant estimates of uncertainty
ranges. The uncertainty analysis also needs to incorporate the calibration misfit in
reporting drawdown - i.e. to show which results are from models that are best calibrated
to the field measurements, and also which of the calibrated models have parameters that
best match the knowledge of aquifer properties, because the best calibrated models are
the most likely to produce more reliable estimates of drawdown.

r. Predicted drawdown in 2030 indicates a steep

Not addressed. Additional analysis of model outputs and field evidence to inform the issue
14
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cone of depression in the Walloon Coal
Measures and basalts. Given the
comparatively high hydraulic conductivity
assigned to the adjoining Oakey Alluvium at
this location, and the potential presence of
groundwater dependent ecosystems in the
Oakey Creek catchment, the cause of the
restricted lateral drawdown in all
hydrostratigraphic units should be clarified.

Analysis of NAC response
of whether the drawdown propagation from the Coal Measures to the Alluvium is
represented realistically was not included in the updated modelling. Of ongoing concern
is that the vertical hydraulic conductivity values for the alluvium used in the model appear
to be orders of magnitude lower than proposed in the OGIA’s Surat Basin model (as
indicated in attachment ‘AD7’ of the affidavit of Andrew Durick). The OGIA model should
provide relatively reliable estimates of this parameter, as the Alluvium is a surficial,
unconfined aquifer. In the case of the other aquifers, the OGIA data is unlikely to provide
reliable estimates of vertical hydraulic conductivity for the Project site, as the values apply
to the same aquifers at much greater depths, where vertical hydraulic conductivities
generally tend to be lower.

39.

s. The presentation of drawdown contours for
the Marburg Sandstone indicates that
drawdown in this aquifer in the vicinity of the
proposed project is greater than drawdown in
the coal measures and basalts. This
presentation is inconsistent with assessment
documentation conclusions, which state that
drawdown in the Marburg Sandstone is less
that in the coal measures and basalts. This
discrepancy should be reconciled.

Addressed. (provided in the updated modelling in Appendix F of AEIS)

40.

t. The presentation of drawdown maps should
be reviewed and amended to ensure that
groundwater drawdown predictions in the
alluvium are accurate. The assessment
documentation lacks clarity around why
contour lines cross the Lagoon Creek Alluvium
but do not cross the alluvium associated with
Oakey Creek.

Partially addressed. Updated maps of alluvium drawdown are provided in Appendix F,
which are consistent with model predictions. However, as noted above in response to 24
and 38, there is still uncertainty regarding how robust the estimates of drawdown extent
in the alluvium are.
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u. The model predictions in terms of drawdown
or stream depletion are shown in a
deterministic manner; however, the model
has considerable uncertainties in the
calculation of the much larger components of
recharge, flow across constant head boundary
cells, and evapotranspiration. Inclusion of
stochastic results or error/confidence intervals
would better reflect the model uncertainties
in the presentation of drawdown and stream
depletions.
v. Use of pan evaporation to assess the final void
water balance may lead to overestimation of
evaporation rates as void walls can protect
water in the void from wind and sunlight. It is
suggested that this effect is explored in the
revised hydrogeological study and alternate
evaporation rate factors are adopted if
applicable; for example, Castendyk and Eary
(2009) use a factor of 0.7 to account for the
reduced evaporation from pit lakes. If the rate
of evaporation is reduced in the model, the
predicted post-mining drawdown will be
smaller and the predictions for the post
mining water levels in the Manning Vale West,
Willeroo and Manning Vale East voids would
need to be revised. Inclusion of either
stochastic results or error/confidence intervals
would better reflect the model uncertainties
in the presentation of post-mining drawdown

Analysis of NAC response

Partially addressed. AW notes that an attempt to report drawdown as the outcome of a
stochastic calibration exercise has been made. However, uncertainty ranges of
evapotranspiration fluxes and boundary inflows have not been reported in a similar
manner to the reporting of uncertainty in other model outputs.

Addressed. Alternative rates of evapotranspiration have been adopted for the post-mining
simulation period and this has resulted in an updated water balance after mining ceases
(see response to 23 above).
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and groundwater levels in the final voids.
43.

w. The proponent states that the final voids will
act as groundwater sinks and therefore will
not permit pooled water to flow outwards into
the regional groundwater system. This
concept may apply to times when evaporation
is larger than rainfall. If, however, episodic
large rainfall events bring the pool level above
that of the surrounding groundwater, there
may be flow to the groundwater system; the
probability of which would increase with a
decreased model evaporation rate factor.
Evaluation of the potential for groundwater
recharge from the final voids would enable
assessment of the proposed project’s long
term risks to groundwater quality.

Not addressed. The AEIS model runs on annual stress periods, whereas seasonality
requires monthly (or shorter) stress periods. Therefore, the current model is not able to
investigate the sorts of episodic events raised by the IESC. It is noteworthy that one of the
pits (Willaroo) is now predicted to act as a source (i.e., not a groundwater sink, which is
preferred to minimise groundwater contamination), notwithstanding the weaknesses in
the approach to modelling mine pits. Also, current mine pits may be acting as areas of
increased recharge/mounding, on the basis of Brian Barnett’s Affidavit (see Figure 2 of the
memorandum). Added to this, there has been no attempt to explore the change in water
chemistry in the mine pits with time. In combination, these shortcomings render
investigations to date somewhat uninformative on the potential for mine pits to
contaminate the groundwater system. Therefore, significantly more consideration is
needed of the influence of mine pits on the surrounding groundwater system.

44.

x. A sensitivity and uncertainty analysis of the
major components of the proponent’s
groundwater balance would enable evaluation
of confidence limits for model outputs.

Partially addressed. See response to 37 above. A basic sensitivity analysis with respect to
recharge is conducted and presented in Appendix F. However, no sensitivity to changes in
groundwater discharge (e.g. groundwater usage rates) has been conducted, as
groundwater use is not included as part of the model’s water balance (see response to 9
above).

45.

2. Additional characterisation of surface water
resources associated with Lagoon and Oakey
Creeks, as described below, would enable
potential impacts on water quality and aquatic
ecosystems to be more robustly evaluated.

The following issues (45 to 51) are surface water issues, and are out of scope for the
groundwater experts

46.

Existing Conditions
17
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a. Spatial and temporal limitations of the
baseline monitoring program are not
acknowledged in the assessment
documentation. For example, characterisation
of existing metals concentrations is based on
one sampling event; however, the uncertainty
associated with this limitation is not discussed.
Consequently, existing conditions are difficult
to ascertain and describe, which leads to
reduced confidence levels when determining
current state and condition; and attributing
future impacts associated with the proposed
works/activities. The following additional
information would enable a more confident
characterisation of the existing condition:
47.

i. existing and background water resource
conditions, including explicit identification
of processes such as different flow, mixing,
chemical and redox regimes;

48.

ii. key water quality indicators and the
appropriate sensitivity of measurement;

49.

iii. temporal and spatial sampling frequency;
and

50.

iv. appropriate sample collection, sampling
preservation and analytical methods.

51.

b. Methods used to characterise
18
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macroinvertebrate diversity in Lagoon Creek
are not appropriate for dams or dry season
pools. It is suggested that future sampling
rounds are undertaken in accordance with the
Queensland Monitoring and Sampling Manual
2009 (DEHP, 2013)3.
52.

c. Groundwater dependent ecosystems,
particularly those dependent on the alluvium
and tertiary basalt aquifer, are not clearly
identified in the assessment documentation. A
map identifying seasonal groundwater depths
and the vegetation present within the
predicted area of groundwater drawdown
would aid understanding of the extent and
type of groundwater dependent ecosystems
across the proposed project’s area of
influence. The identification of groundwater
dependent ecosystems should be undertaken
with reference to the Queensland
Government’s groundwater dependent
ecosystem mapping in WetlandInfo.4
Quantification of groundwater dependent
ecosystem water requirements as well as the
reliance of terrestrial ecosystems on shallow
groundwater systems would inform the
evaluation of the risks to these ecosystems
posed by proposed project development.

Partially addresses. MC notes that some additional mapping of vegetation has been
conducted and an attempt to relate this mapping to water table depths is included in Dr
Daniel’s report (see response to 6 & 7 above). However, no maps showing seasonal
groundwater depths in the alluvium or basalt aquifers (or indeed any aquifer) have been
provided. The WetlandInfo tool was used to identify potential GDEs, as presented in
figures 2.14 and 2.15 of Appendix N. However, these areas were not all systematically
surveyed in Dr Daniel’s report.

53.

d. Assessment of the dependency of threatened
species, such as Pteropus poliocephalus (Grey-

This is a terrestrial ecology issue, outside the expertise of the groundwater experts
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headed Flying-fox) and Phascolarctos cinereus
(Koala) on groundwater dependent vegetation
would provide a more comprehensive
understanding of the significance of
groundwater dependent ecosystems in the
proposed project’s development area.
54.

e. The assessment documentation would benefit
from a review of published literature in
relation to existing aquatic and terrestrial
ecosystems in the region; for example, see
Cosser, P. (1988)5.

This is a terrestrial ecology issue, outside the expertise of the groundwater experts

55.

Water Quality Objectives

This is a surface water issue, and was therefore out of scope for the groundwater experts

a. The proponent identifies three possible
descriptors of aquatic ecosystem
environmental values for Lagoon Creek;
however, the ‘slightly to moderately
disturbed’ value has been adopted without
explanation. Further justification for adoption
of this environmental value, with due
consideration of the spatial distribution of the
environmental values along potentially
affected watercourses, would ensure that this
watercourse has been appropriately classified.
56.

b. Explanation of the rationale for using water
quality objectives developed for south-eastern
Australia and the Fitzroy Basin would enable
evaluation of their applicability to the Lagoon

This is a surface water issue, and was therefore out of scope for the groundwater experts
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Creek and Oakey Creek catchments.
57.

c. Evidence is needed to support the
proponent’s adoption of a water quality
objective for electrical conductivity which is
double the typical measured values in the
upper reaches of Lagoon Creek. This should be
informed by continuous, flow weighted
electrical conductivity measurements.

58.

Integrity and Limitations of the Data

This is a surface water issue, and was therefore out of scope for the groundwater experts

This is a surface water issue, and was therefore out of scope for the groundwater experts

d. Limitations of the monitoring data should be
described in the assessment documentation;
particularly in relation to: the ability of the
existing data to describe the water resources
both spatially and temporally; data quality;
discussion on the analytes collected (for
example, the suitability of some analytes as
indicators or surrogates for other analytes).
59.

3. Aquatic and terrestrial ecosystem
assessments are limited to Lagoon Creek and
do not acknowledge the potential for the
following groundwater drawdown-induced
impacts.

60.

a. The groundwater model predicts a reduction
in baseflow for Oakey Creek and Myall Creek,
indicating that there is a connection between
the proposed project’s operations and
baseflow discharges to these watercourses.

Partially addressed. The updated modelling predicts no impact on baseflow in these two
creeks. As highlighted in the groundwater experts’ JER (paragraph 2.10), there was little
justification provided as to why this has changed in the updated model. Some discussion
of terrestrial ecosystems associated with these creeks is contained in Dr Daniel’s report on
terrestrial flora (Daniel, 2016); however it appears Dr Daniel is under the impression that
21
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Characterisation of the existing aquatic and
terrestrial ecosystems associated with Oakey
Creek and Myall Creek is needed, clearly
integrating the hydrological and water quality
characterisations with the hydrogeological and
ecological characteristics of the catchment.

Analysis of NAC response
there is minimal likelihood that these areas will be impacted by drawdown from mining
(paragraph 5.65) and therefore the ecosystems have not been assessed in detail in the
report.

61.

b. The assessment of potential groundwater
drawdown impacts on terrestrial vegetation is
based on the depth to groundwater in the
Walloon Coal Measures. It is suggested that
consideration of groundwater drawdown in
the alluvium and tertiary basalt aquifers would
more appropriately inform risks to
groundwater dependent ecosystems.

Partially addressed. MC notes that assessment of GDEs in Dr Daniel’s report appears to be
based on depth to water in the Alluvium (Figure 11). The depth to water in the Tertiary
Basalts aquifer is still not shown. Also, no actual monitoring of water levels in the Basalt or
alluvium has been conducted in areas noted to be potential GDEs in the response to this
advice; the water level map is based on interpolation rather than actual field data (See
Appendix N, figures 2.14 and 2.15 and Figure 11 of Daniel, 2016). AW notes that the
assumption that alluvium groundwater levels are a uniform 13.5 m below land surface at
the model boundaries should be considered in regards to the influence of this assumption
of model depth-to-water levels across the alluvium. This may have implications for the
evaluation of groundwater dependent ecosystems.

62.

c. If the studies suggested in Paragraphs 2(c),
3(a) and 3(b) above indicate that groundwater
dependent ecosystems are present and would
be affected by groundwater drawdown, the
consequential impacts on threatened species
should be evaluated.

Partially addressed. MC notes that Dr Daniel’s report provides further assessment of the
likelihood of GDE occurrence, however the assessment is at this stage still incomplete (see
response to 6, 7, 60 and 61).

63.

4. The proposed project’s site water balance and
proposed discharge scenarios are likely to
underestimate potential impacts on water
resources. The site water balance should be
updated to address the following matters:
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64.

a. The simulated daily flow regime in Lagoon
Creek is a poor fit in comparison to the
calibration data set. The flow duration curve
for Lagoon Creek is not consistent with
measured data at the Oakey Creek stream
gauge, which indicates that the proponent has
assumed higher and more frequent flows in
Lagoon Creek than are likely to be the case.
This creates uncertainty with respect to the
modelled mine water balance and a mine
water management system that relies on
releases to Lagoon Creek. Real time flow and
water quality measurements on Lagoon Creek
would more effectively direct the release of
water from environmental dams to Lagoon
Creek and inform the significance of any
potential impacts;

This is a surface water issue, and was therefore out of scope for the groundwater experts

65.

b. Salinity trigger values for discharge water
This is a surface water issue, and was therefore out of scope for the groundwater experts
quality exceed the measured salinity within
Lagoon Creek and may be expected to result in
water quality exceeding the water quality
objectives. This assessment is supported by
model predictions which indicate that water
quality downstream of the mixing zone in
Lagoon Creek will exceed the 500 μS/cm water
quality salinity objective proposed by the
proponent. Adoption of release rules that
enable water quality objectives to be achieved
would minimise risks to water quality and
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water-related assets;
66.

c. Inclusion in the water release rules of
additional water quality indicators which can
be measured reliably in the field, such as
dissolved oxygen, turbidity, temperature and
pH, would reduce the risk of adverse impacts
to water quality and aquatic ecosystems. In
addition, routine sampling of a more detailed
list of analytes (e.g. metals) should be
implemented to verify the effectiveness of
mitigation and management measures;

67.

d. Release rules that are specified in terms that
relate to the measured ambient water quality
in Lagoon Creek, in addition to flow rates
during a release, could provide a more
appropriate approach to avoiding
environmental impacts, including changes to
the flow regime; and

68.

e. The provision of verified, measured electrical
conductivity values for treated wastewater
proposed to be imported for operational use
by the proposed project would justify the
proponent’s adopted value of 250 μS/cm. This
water will be managed as part of the mine
water management system and potentially
released to Lagoon Creek. Therefore, it is
important that water quality parameters are
accurately reflected within the site water

This is a surface water issue, and was therefore out of scope for the groundwater experts

This is a surface water issue, and was therefore out of scope for the groundwater experts

This is a surface water issue, and was therefore out of scope for the groundwater experts
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balance.
69.

5. An investigation of the cause of the elevated
copper concentration in Lagoon Creek is
needed to understand whether these
concentrations result from natural processes.
The analysis of measured data from the mine
water management system would inform this
assessment. If a link with existing mining
operations is suspected and expected to be
continued under the proposed project, water
quality management and monitoring
strategies would be needed to minimise water
quality risks.

70.

6. An evaluation of the potential impacts of
mine-affected water discharges on surface
water users downstream of the proposed
project would provide a more comprehensive
analysis of risks to water-related assets.

This is a surface water issue, and was therefore out of scope for the groundwater experts

This is a surface water issue, and was therefore out of scope for the groundwater experts

Question 2: Have cumulative impacts with other developments in the region that may impact water resources been sufficiently addressed?
71.

7. The proponent has qualitatively considered
cumulative groundwater impacts, which the
IESC considers reasonably deals with 4
surrounding mines but not coal seam gas (CSG)
activities, or entitlements. Confidence in the
proponent’s assessment of potential cumulative
impacts on water resources and water-related
assets would be improved by:
25
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72.

a. Describing the choice for groundwater model
boundaries used in this model with respect to
OGIA’s groundwater flow model. In particular,
CSG activities may affect the heads in the
proponent’s groundwater model, in particular
along boundaries, which could render the
proponent’s boundary assumptions invalid; and

Addressed. The OGIA model results were examined during the revised modelling, and it
was deemed that the drawdown relating to CSG impacts in the Surat basin will not have a
significant cumulative drawdown effect with the project. The validity of this assumption
should be re-examined as OGIA conducts updated modelling and monitoring in the Surat
Basin in response to CSG development.

73.

b. Incorporating entitlements from other
groundwater users in the model domain into an
updated groundwater model. These
entitlements represent over 9,000 ML/year of
groundwater abstraction, which is large
compared to modelled pit inflows. Therefore,
their exclusion may result in inaccurate model
predictions.

Not addressed. See response to 9 and 27 above.

Question 3: Are additional measures and commitments required to mitigate and manage impacts to water resources and water-related assets?
74.

8. A number of additional measures and
commitments are suggested to mitigate and
manage impacts:
a. Following revision of the numerical
groundwater model, it is suggested that the
proponent’s GMIMP consider and
incorporate:

75.

i. Selection of key groundwater monitoring
bores on the basis of criteria such as
target aquifers, and potentially affected

Partially addressed. MC notes that new monitoring bore locations were proposed in the
updated Groundwater Monitoring and Impact Management Plan, and some of these sites
have now been drilled (Jacobs, 2016). However, there remain areas where no monitoring
26
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groundwater users and groundwater
dependent ecosystems;

Analysis of NAC response
bores exist in key aquifers (e.g. Tertiary Basalts, Alluvium) in areas where drawdown is
predicted to occur (as described in MC’s individual report, paragraph 10.2.5 to 10.2.7).
There are also regions where drawdown extent is still uncertain and where additional
monitoring bores are warranted to obtain baseline water level and geological data, to
improve the hydrogeological conceptualisation and to conduct future monitoring.

76.

ii. Selection of key groundwater monitoring
bores and commencement of monitoring
within a timeframe than enables seasonal
and inter-annual measurement of
groundwater flux;

Partially addressed. MC notes that new monitoring bores drilled in 2015 -16 (described in
Jacobs, 2016) are fitted with pressure transducers, to allow time-series water level data to
be collected. This will capture seasonal behaviour of water levels, although only in the
locations where these bores exist (there are still important aquifers and areas which lack
monitoring bores – see response to 75 above). In terms of inter-annual trends, a baseline
monitoring period of minimum two years prior to the commencement of mining would
need to be conducted in order to observe any inter-annual trends. Under the current draft
Groundwater Monitoring and Impact Management Plan, it is unclear how long new bores
are intended to be monitored prior to any mining activity.

77.

iii. Identification of modelled drawdowns
and triggers based on the updated
hydrogeological study suggested in this
advice;

Not addressed. Modelled drawdowns have been produced in the updated modelling
(appendix F); however, many aspects of the proposed hydrogeological study in this advice
are still yet to be conducted (as described above and below), meaning the updated
modelling has not been revised according to this advice in full and therefore revision of
drawdown estimates still require updating. Additionally, in the draft Environmental
Authority, trigger levels in monitoring bores are yet to be determined or proposed for
either water levels or water quality.

78.

iv. Groundwater data from the existing New
Acland Mine’s monitoring program
and/or other regional monitoring
programs;

Partially addressed. Monitoring data from the existing monitoring program have been
taken into account in the selection of new monitoring locations and in the updated
modelling. However, maps of water levels and water quality have still not been presented
and used to inform the model calibration and likely impact on water level patterns in the
region qualitatively (e.g. see response to 2 above).

79.

v. A bore at coordinates 370000:6976000 to

Not addressed. MC notes that no bore at that location (or close to it) has been proposed
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monitor the predicted 20m drawdown in
the Walloon Coal Measures between
monitoring bores 114P and the unnamed
monitoring bore to the west near Lagoon
Creek; and

80.

vi. An additional monitoring bore in the
Marburg Sandstone (near bores 5a and
5b), given the uncertainties in relation to
predicted drawdown within this aquifer
described in Paragraph 1(s);

81.

c. Real time flow and water quality monitoring
stations on Lagoon Creek would enhance
management of controlled releases from the
proposed project’s environmental dams. It is
suggested that measured water quality
parameters include turbidity, dissolved oxygen,
pH and electrical conductivity, and that these
are measured in the environmental dams, as
well as near the release point and at the
junction with Oakey Creek;

82.

d. Risks to water quality would be minimised by
updating the water balance to incorporate a
more robustly calibrated representation of the
flow and quality regime within Lagoon Creek.
Based on the results of the updated study, the
size of the environment dams and frequency
and duration of releases may need to be
reassessed;

Analysis of NAC response
in the updated GMIMP, or drilled in the most recent drilling of monitoring bores for Stage
3 (Jacobs, 2016).

Addressed. MC notes that this bore has been drilled in the recent drilling program (Jacobs,
2016).

This is a surface water issue, and was therefore out of scope for the groundwater experts
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83.

e. Regular monitoring of wastewater treatment
plant effluent quality would enable early
detection of any changes to effluent quality
over time;

84.

f. Incorporation of suitable strategies to manage
leachate from waste rock with elevated
manganese concentrations into the proponent’s
environmental management plan would
minimise risks to water quality;

85.

g. Independent certification of infrastructure
design by a practising erosion control or
waterway specialist would provide a greater level
of confidence that works within the floodplain
would create minimal long term impacts;

86.

h. Implementation of an environmental inspection
program to identify emerging erosion and
sediment mobilisation issues would enable early
detection and management of potential
impacts; and

87.

i. Commitments for surface and groundwater
monitoring should be presented as part of a
water monitoring plan and should be consistent
with the National Water Quality Management
Strategy.

88.

9. The Northland Inland Catchment has been
identified as a Bioregional Assessment priority

Analysis of NAC response
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region. Data and relevant information from the
proposed project should be made accessible for
this Bioregional Assessment to assist the
knowledge base for regional scale assessments.

Second IESC Advice – 10 December 2015
89.

Key potential impacts
The IESC’s advice of April 2014 identified
significant uncertainty in the proponent’s
groundwater model predictions. While the
proponent’s groundwater model has been
improved, uncertainties remain in the
hydrogeological conceptualisation and
subsequent revised groundwater impact
predictions including the magnitude of drawdown
and the lateral extent of potential impacts. Based
on the revised assessment documentation, key
potential impacts resulting from the proposed
project are to groundwater resources,
groundwater and surface water users and
groundwater dependent ecosystems (GDEs),
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including the EPBC Act-listed endangered
ecological community Brigalow (Acacia
harpophylla dominant and co-dominant).
90.

Assessment against information guidelines
IESC has considered (in line with the April 2014
advice) whether the proposed project assessment
has used the following:

91.

Relevant data and information: key conclusions
Evidence of faulting to the south and east of the
proposed open cut pits has not been provided.
Hydrogeological monitoring data to validate the
stated groundwater flow “barrier” effect of faults
(including justification of existence and extent of
faulting) has not been provided. The proponent
has not included groundwater abstraction data
from surrounding groundwater users in the
groundwater model. Surface water quality
objectives remain undetermined.

92.

Not addressed. See responses to 95 and 99 below. The point on surface water quality
objectives was out of scope for the groundwater experts.

Application of appropriate methods and
interpretation of model outputs: key conclusions
Calibration hydrographs indicate the groundwater
model has bias which results in frequent overprediction of groundwater head in the alluvium
and Walloon Coal Measures, when compared to
observed data in monitoring bores. Updated
modelling also predicts water levels within final
voids will exceed the existing groundwater level,

Not addressed. See responses to 96, 97 & 98 below.
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contributing to continued low confidence in the
model conceptualisation and predictions.
93.

Identification of GDEs, including EPBC Act-listed
endangered ecological communities, has not
occurred within the predicted lateral extent of
groundwater drawdown, including outside of the
proposed project area. Mapping of depth to
groundwater and consideration of seasonal
groundwater requirements of GDEs have not
been provided.

Partially addressed. Updated terrestrial vegetation mapping and limited assessment of
groundwater level data has been provided in Dr Daniel’s report (see response to 7 above).
However, this assessment did not include updated mapping of groundwater depths based
on collection of additional water level data. No assessment of seasonal trends in
groundwater levels was conducted or presented.

Question 1: The proponent has revised the groundwater modelling in response to the IESC advice of 10 April 2014, including a sensitivity and uncertainty
analysis of the parameters and assumptions used within the original model. The revised modelling has been peer-reviewed and assessed by Queensland
Government groundwater experts.
Does the IESC consider that the matters raised in its advice of 10 April 2014 are adequately addressed in the updated information provided in the
proponent’s EIS?
94.

Response
1. No. A number of key matters raised in the
IESC’s advice of April 2014 remain unresolved,
including evidence for the existence and
justification of hydraulic properties of faults;
representation of model domain boundaries,
final voids and groundwater users in the
groundwater model; identification of surface
water quality objectives; and appropriate
identification of GDEs. The unresolved matters,
particularly regarding the chosen
hydrogeological conceptualisation (specifically
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the representation of faults) and model
calibration approach, which may be contributing
to bias and over-prediction of groundwater
heads, result in continued uncertainty in the
proponent’s groundwater model and hence
impact assessment.
95.

Explanation
Groundwater modelling
2. Evidence, characterisation and validation of the
role of faulting with regards to lateral extent
and magnitude of impacts to groundwater
resources is needed, with particular emphasis
on faults to the south and east of the proposed
open cut pits. Assessment data and monitoring
bores are required to validate the assumptions
made regarding faults. Monitoring bores need
to be strategically positioned so that the
influence of faults on groundwater head and
flow can be determined.

Partially addressed. Further field evidence, in the form of a map of known faults on the
mine lease was provided in NAC’s response to this IESC advice (New Hope, 2016).
However, the groundwater model has not been updated accordingly to include faults in
the locations where these have been mapped, meaning that these new data are yet to be
incorporated into the conceptualisation and groundwater model. The fault map provided
also lacks any indication of whether faults have actually been mapped along their full
extent, or rather extrapolated along their lines of strike (and if so, to what degree). In
general terms, the source of data for mapped faults is lacking.
No further field data regarding the hydraulic properties of these faults has been collected,
as is suggested by the IESC, using strategic placement of monitoring bores. Such bores
would be needed either side of mapped faults, and water levels checked under current
conditions and during pumping tests to provide evidence of fault hydraulic behaviour. This
is despite claims in Brian Barnett’s affidavit of steep hydraulic gradients being indicative of
faults as reasoning for the original inclusion of faults in the 2009 version of the model.
Some limited field work was conducted in one area of existing mining in 2013, which gave
some indication of the hydraulic behaviour of faults (WSA, 2013). However, it appears
this information has not been incorporated into the conceptualisation. The data in this
report suggest that while faulting may restrict horizontal flow of groundwater between
displaced coal seams in some areas, this is not always the case (e.g. Page 12) and that
additionally, in the lateral and vertical directions, faults may in fact act as conduits for
groundwater flow (Pages 10-13). These alternative conceptualisations of the faulting have
33
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not been incorporated into updated groundwater modelling.
New monitoring bores have been included in areas which are likely to be within relatively
close proximity to faults (e.g. within 100s of meters of a mapped fault) (Figure 8 of New
Hope Group, 2016). However, there is no information given on whether the drilling at
these sites indicates that faults do indeed occur near these locations or not. As yet it can’t
be assessed whether or not these monitoring locations provide useful information about
the hydraulic properties of faults, or what subsequent testing will be carried out in order
to assess this. We recommend siting bores in closer proximity to key faults, and including
nested piezometers to study fault behaviour in multiple aquifers, to gain an appreciation
of their hydraulic control on groundwater flow patterns.

96.

3. The presented calibration hydrographs indicate
that the updated groundwater modelling
consistently over-predicts groundwater heads,
by tens of metres in some cases, particularly in
the alluvium and Walloon Coal Measures (e.g.
monitoring bores 116P, 40Pc, CSMH1 east of
proposed project area). This results in a lack of
confidence in the hydrogeological
conceptualisation, model calibration and
predictions across the model domain. Future
modelling and monitoring should consider
specific environmental objectives (for example,
estimating volumetric take from Oakey Creek
Alluvium) using relevant calibration targets to
improve groundwater impact predictions.

Not addressed. Since the time of this advice (December 2015), there has been no
subsequent attempt to refine the hydrogeological conceptualisation or re-calibrate the
model to address the problem of significant over-prediction of water levels in parts of the
study area. Updating of model parameters (based on additional field data) and water
balance (including estimates of groundwater usage around the site) are required in order
to address this point.

97.

4. In the updated modelling, the proponent has
used a relationship between topography and
head level to determine constant head
boundary conditions, except for alluvium for

Not addressed. No new water level data in the vicinity of the model boundaries has been
collected and used to revise the model boundary conditions. These conditions remain
unchanged as per the most recent version of the model (Appendix F of the AEIS), and
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which a set value of 13.5 metres below ground
level was used. These estimates need to be
validated with measured groundwater level
data in the vicinity of the model boundary,
especially the closer eastern and western
boundaries which are likely to have greater
influence over model predictions.

Analysis of NAC response
alternative boundary condition settings have not been attempted.

98.

5. The IESC considers there is a high degree of
uncertainty regarding the scale of potential
impacts associated with the proposed voids.
This uncertainty is due to the predicted
temporally variable source/sink status of the
final voids, the associated potential seepage to
the groundwater system, and the revised
prediction that water levels will now recover to
greater than pre-mining levels in Willeroo Pit
(and Manning Vale East Pit in the 84th percentile
prediction).

Not addressed. This uncertainty has been acknowledged in NAC’s response to the IESC
advice (New Hope Group, 2016). It is proposed that: ‘A more detailed understanding of
the final void conditions is considered likely as the mine progresses towards closure
planning. The model will also become more refined with reduced uncertainty resulting in
prediction of final void water levels being more accurate.’ This uncertainty could however
be addressed through updated modelling prior to mining (e.g. not towards closure
planning), based on more detailed field data and updated/alternative conceptualisations
of the site in accordance with the IESC’s first question (paragraph 94, above). Further, we
believe that a reasonable understanding of mine pit hydrology (and hydrochemical
evolution) is necessary prior to the commencement of mining, in particular because of the
inherent links to the potential impacts on other groundwater users.

99.

6. The proponent has not included surrounding
groundwater user abstraction data in the
groundwater model. All groundwater fluxes
should be represented in the model, and
differentiation of mine- and landholder-induced
impacts on groundwater levels is needed for
assessment of impacts on specific areas or
bores.

Not addressed. Groundwater extraction from properties surrounding the mine is still yet
to be incorporated into the models water balance (see response to 9 and 27 above). This
is potentially a fundamental flaw in the modelling, particularly given the total entitlements
are comparable to the overall recharge of the site (i.e., groundwater extraction is a
significant part of the water balance).

100.

Surface water quality
7. Some physicochemical and nutrient monitoring

The following issues (100 to 101) are surface water issues and deemed to be out of scope
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data has been collected over a representative
period. However, surface water quality
monitoring for dissolved oxygen and
contaminant metals from more than one
sampling episode has not been undertaken.
Representative surface water quality data
(including dissolved oxygen and contaminant
metals) is needed to determine the existing
surface water quality within the project area
because water quality of ephemeral rivers such
as Lagoon Creek is typically highly variable with
time. This data will then need to be used to
determine downstream surface water quality
objectives (see paragraph 16).

101.

8. As noted in the IESC’s April 2014 advice, the
proponent agreed with the need for a study into
the cause of elevated levels of copper in Lagoon
Creek to determine if these concentrations are
naturally occurring, mining-related or caused by
an anomalous reading. The study has not been
undertaken. Once complete, the study should
be used to provide a better understanding of
the existing water quality during periods of flow
in Lagoon Creek, especially “first pulse” flows,
and inform the assessment of impacts to
ecosystems and water users downstream of the
proposed project.

102.

Groundwater dependent ecosystems

Analysis of NAC response
for the groundwater experts

9. Consistent with the IESC’s April 2014 advice,
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GDEs need to be clearly identified within the
zone of predicted groundwater impact. While
the proponent utilised the Wetlandinfo tool, a
systematic approach to identifying vegetation
GDEs is still needed and should include:
103.

a. using the hydrogeological
conceptualisation to identify areas of
shallow groundwater,

Partially addressed. MC notes that a map of depth to groundwater contours is presented
in Dr Daniel’s evidence, although this does not cover the whole site and excludes the
basalt aquifer. The map is largely based on predicted and/or interpolated groundwater
levels using the groundwater model, rather than actual monitored water levels. Therefore
the map’s reliability has not been validated with real measurements.

104.

b. maps that show depth to groundwater
(ideally seasonal) contours in the basalt
and alluvial aquifers, overlaid with
vegetation and wetland mapping to aid
identification of potential GDEs,

Not addressed. MC notes that no map of depth to groundwater in the basalt has been
produced and no maps of seasonal changes in water level depths have been produced in
any aquifer.

105.

c. application of this approach to the full
extent of predicted drawdown impacts
associated with the proposed project
including outside of the project area,
and

Partially addressed (as outlined above in 103 and 104).

106.

d. application of techniques from, for
example, the Australian GDE Toolbox
(Richardson et al., 2011) and Eamus et
al. (2015), to confirm groundwater use
by vegetation and groundwater
discharge to surface water bodies.

Partially addressed. MC notes that Dr Daniel’s report includes risk assessment based on
the GDE Toolbox recommended methods. However, techniques outlined in Eamus et al.,
(2015) have only been used to a limited degree. Eamus et al., (2015) describe three major
techniques which can be used to identify GDEs. These are:
1. Use of remotely sensed data (e.g. satellite imagery);
2. Observing fluctuations in depth to groundwater, associated with plant water use;
3. Stable isotope analysis of water in the transpiration stream.
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Some limited use of remotely sensed data (1) has been used (e.g. aerial image anaylsis).
However, there has been no analysis based on the other two techniques (2 & 3).

107.

10. Identification of remnant patches of the
EPBC Act-listed endangered ecological
community Brigalow (Acacia harpophylla
dominant and co-dominant), a known
vegetation GDE, is needed. Identification of,
and assessment of potential impacts to, this
endangered ecological community needs to
occur within the predicted zone of
groundwater drawdown, including outside
the project area.

Partially addressed. MC notes that Dr Daniel’s report identifies some areas of Brigalow, for
example associated with the alluvial aquifer. Assessments of groundwater dependence
and possible impacts from drawdown is not conducted systematically – for example
through monitoring of groundwater depth fluctuations in these areas.

Question 2: The Queensland Coordinator-General has imposed, stated and recommended conditions to mitigate and manage impacts to surface and
groundwater, at Appendices 1, 2 and 4 respectively of the New Acland Coal Mine Stage 3 project: Coordinator-General’s evaluation report on the
environmental impact statement (December 2014) and these are reflected in the draft Environmental Authority – New Acland Coal Mine (August 2015).
Does the IESC consider that the outstanding matters raised in its advice of 10 April 2014 in managing impacts to surface and groundwater are adequately
addressed through the Queensland Coordinator-General’s conditions of approval (December 2014)? If not, what outstanding matters are still required to
be addressed?
108.

Response
11. The Queensland conditions proposed under
the draft Environmental Authority and
imposed, stated and recommended by the
Coordinator-General address a number of
issues raised in the IESC’s advice of 10 April
2014 that were not resolved by the
proponent’s AEIS. Residual matters raised in
response to Question 1 (and the IESC’s April
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2014 advice) are outlined below.
109.

Groundwater
12. The IESC has remaining concerns regarding the
high degree of uncertainty over the role of
faulting and its influence on propagation of
drawdown impacts to areas surrounding the
proposed project site. Specifically:

110.

a. The groundwater impact assessment is
lacking a geological map to show locations
of faults. Without a detailed
hydrogeological investigation it is difficult
to determine the hydraulic nature of a
fault, particularly whether it is a barrier or
conduit to groundwater flow (as also
noted by the peer review of the
proponent’s revised groundwater
modelling (AGE 2014)). Geological maps
and hydrogeological field investigations
(such as groundwater head
measurements on either side of modelled
faults) should be provided to validate the
proponent’s conceptualisation of the
nature of faults, including verification of
their existence, vertical and lateral extent,
hydraulic properties and how they are
parameterised in the groundwater model.

Partially addressed. The response to the advice (New Hope Group, 2016) does include a
map of fault locations, albeit the data sources of these are not explained. However, none
of the suggested hydrogeological field investigation techniques (such as measurement of
groundwater head on either side of faults) have been conducted to a) validate the
location of the faults and b) determine their hydraulic properties. See response to 95
above.

111.

b. Further monitoring bores (in addition to
those stated in the Coordinator General’s

Partially addressed. Some bores additional to those outlined in the CG’s report and draft
EA have been either proposed and/or drilled in the recent drilling program (Jacobs, 2016).
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report and the draft Environmental
Authority) are needed to validate the
predicted lateral extent of drawdown
propagation, which is controlled in the
Walloon Coal Measures by the faulting.

However, there are also bores that were proposed in the updated GMIMP which have not
been drilled, in some cases due to the fact that the predicted aquifer(s) were not all
encountered where drilling was attempted (e.g. Tertiary Basalt to the west of the mine
lease). Alternative drilling locations which do intersect the target aquifers should be
identified and included in the monitoring network to ensure drawdown impacts in all
aquifers and affected regions can be monitored.

c. Future reviews of modelling should require
validation of the existence and nature of
faulting in terms of their effect on
groundwater and a sensitivity analysis of
their impact on predictions.

Partially addressed. A rudimentary ‘sensitivity analysis’ regarding the impact of faults on
drawdown predictions has been conducted, by re-modelling the system without any
faults. However, neither the simulation without faults, nor the simulation with erroneous
faults are correct, and the true effect of faults may not simply lie somewhere in between.
There are a number of alternative conceptualisations which should be included in a
thorough sensitivity analysis with respect to faults in addition to this approach, including:
1. Modelling the system with faults included at the locations where they have
actually been mapped (this has still not been conducted);
2. Testing the model with alternative hydraulic properties assigned to the faults,
such as enhanced vertical permeability along with reduced (but not a complete
lack of) horizontal permeability;
3. Testing enhanced flow along the face of the fault – i.e. enhanced hydraulic
conductivity parallel to the fault in the horizontal and vertical directions;
4. Testing the effect of fault depth (e.g. depending on how many layers offset) on
flow patterns, as the depth of faulting may be uncertain.
This analysis should be conducted on the basis of improved field data to justify the
location, extent and hydraulic properties of faults (see response to 95 above).

113.

d. Monitoring requirements should be
targeted towards reducing the
uncertainty of the predicted lateral
drawdown extent. This will be particularly
important when determining the

Not addressed. Additional monitoring locations in particular areas have been drilled
during the recent program (Jacobs, 2016). However, the distribution of the monitoring
well network is still not adequate to capture drawdown impacts in all aquifers over the full
extent of potentially impacted areas – particularly in the Alluvium and Basalt aquifers.
Specifically, there are only 2 new bores in the basalts and 1 new bore in the alluvial
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proponent’s offsets requirements for the
Commonwealth Government’s MurrayDarling Basin Plan aquifers (the Oakey
Creek Alluvial aquifer and the Main Range
Volcanics aquifer) and make-good
requirements. Additional investigations
and modelling are required to reduce
uncertainties in predictions of scale of
impact to these aquifer systems.

Analysis of NAC response
aquifer to monitor drawdown impacts. As discussed in MC’s individual report (paragraphs
10.2.5-10.2.7) this is far from adequate to assess drawdown impacts in these aquifers, and
additional locations are required.

114.

13. In addition to the Coordinator-General’s
Schedule 3, Condition 2 regarding
requirements for Oakey Creek Alluvial aquifer,
inclusion of other water users’ take within the
groundwater model is needed. Accurate
representation of landholder water use within
the model, appropriate model outputs and
presentation would be required to facilitate
differentiation of mine-induced impacts from
landholder impacts for specific wells or areas
of importance to local landholders.

Not addressed. See response to 9, 27 and 99.

115.

14. Further to the investigation into residual voids
(draft Environmental Authority - Condition
E20), inclusion of updated groundwater
modelling and subsequent analysis of
potential impacts associated with the final
voids is needed. Such modelling and analysis
would result in improved predictions of final
water levels, changes in water quality with
time, ongoing estimates of take via

Not addressed. No updated modelling has been conducted to improve the level of
certainty with respect to final void conditions subsequent to this advice or examine
evolution of water quality in these areas over time.
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evaporation (and estimates of associated
volumetric take from regulated alluvial and
volcanic aquifers), and the scale and impact of
seepage to surrounding aquifers. This would
inform subsequent adaptive management
measures that may need to be implemented
during the proposed project.
116.

Surface water
15. A large proportion of the water quality
objectives for contaminants in surface waters
and mine release waters has not yet been
determined in conditions. Given the previously
identified exceedances of pH, electrical
conductivity as well as sulphate levels that are
higher downstream of the existing mining
operations in Lagoon Creek when compared to
upstream, water quality objectives are needed
to determine existing conditions and to allow
identification of surface water quality impacts
during the proposed project.

117.

The following items (116 to 120) are surface water issues, out of scope for the
groundwater experts

16. Water quality objectives should be informed
by monitoring data gathered from the existing
mine. While preference would be to use local
data or monitoring information, the use of
ANZECC/ARMCANZ (2000) guideline values
would be appropriate while baseline data is
being gathered. The Queensland Monitoring
and Sampling Manual 2009 (DEHP, 2013)
presents details on the design and
42
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implementation of baseline sampling
techniques, especially in ephemeral rivers
such as Lagoon Creek.
118.

17. A range of surface water quality variables,
including dissolved oxygen and contaminant
metals, should be included in conditions that
detail the monitoring requirements for surface
and discharged waters. The IESC’s April 2014
advice identified contaminants that were
naturally elevated (i.e. copper, manganese
and aluminium) and would be mobilised into
surface water during flow events.

119.

18. Further to the currently proposed state
conditions, and as identified in the IESC’s April
2014 advice, existing surface water quality and
flow monitors along Lagoon Creek should be
upgraded to facilitate continuous monitoring
during discharges and natural flow events.

120.

19. Schedule C of the draft Environment Authority
sets out the monitoring requirements for
environmental dams. Further to these
conditions, consideration should be given to
setting regular water quality monitoring
requirements including frequency of
monitoring and specific parameters to be
monitored (e.g. physicochemical, nutrients
and contaminants) within hazardous waste
and environmental dams. This information
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should be used to inform options for
improving water quality prior to release.
121.

Groundwater dependent ecosystems

Partially addressed (MC).See response to 102 to 106 above.

20. Vegetation mapping and identification has
largely only occurred within the project area.
Identification of impacts to vegetation GDEs
(including EPBC Act-listed endangered
ecological communities containing Brigalow)
caused by groundwater drawdown within the
full extent of the proposed project’s resultant
impact (including outside of the mining lease
area) is needed to support the existing
proposed offset and monitoring conditions.
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