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Inverbrackie Creek Catchment Group 
E: inverbrackiecatchmentgroup@gmail.com M: 0418 892 569 

 

Project: Bird in Hand Gold Project  

Applicant:  Terramin Exploration Pty Ltd (ACN 122 765 708)  

Application:  Mineral lease; Miscellaneous purposes licence 

Mineral claim (MC) number:  MC 4473  

Purpose:  Recovery of gold and silver; Ore processing and tailings storage facilities  

Reference:  2019/1021; 2019/0826 

 

Introduction 

Without farmers, the world is hungry, thirsty and naked. Farmers farm because we love 

the land, and we care for our soils, our crops, our livestock. 

 

Agriculture also needs water. Cities need water. We all need water! 

 

This presents a challenge for farmers in much of the Mount Lofty Ranges, which is part of 

the city of Adelaide’s watershed. Over the last 40 years there has been increased focus 

on local farmers to ensure our management protects the quality of water leaving our 

properties. 

 

This was a catalyst for the formation of the Inverbrackie Creek Catchment Group, which 

since 1992 has focussed on protecting Adelaide’s watershed via water and watercourse 

monitoring, land management education, willow and woody weed eradication, fencing 

riparian zones, reduced cultivation, and extensive revegetation and farm forestry. 

 

Underground water is a precious resource in the Mount Lofty Ranges and is strictly 

regulated by the State Government. After a contentious moratorium that resulted in 

some community adjustment to regulation in this space, a Water Allocation Plan (WAP) 

for the Western Mount Lofty Ranges Prescribed Water Resources Area (WMLR PWRA) 

was adopted in 2013. Water resources are now fully allocated in the WMLR PWRA.  
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The vast majority of Australian farms are family businesses, spending much – at times all 

– of their income into local businesses, suppliers, advisors; and of course, the Australia 

Taxation Office. While farmers recognise that mining is an important contributor to a 

developed world and to the economy, to most of us mining companies are somewhat 

faceless, financially iffy entities whose favourite activity is to dig holes across our land in 

the search of some shiny stones. 

 

We have such a situation in the catchment of the Inverbrackie Creek. The immediate 

area around this proposed mine is one of South Australia’s most picturesque and 

productive districts. It has grown and sustained generations of family businesses that are 

now producing hundreds of millions in economic activity, jobs, tourism and exports every 

year. And it is also part of the Onkaparinga River watershed that provides 60% of 

Adelaide’s drinking water. Our concerns are myriad and significant. 

 

Our district sits on a fractured rock aquifer system that provides the water needed to 

sustain the area’s critical agriculture, horticulture, winemaking and tourism businesses. 

Due to there being no mains water, households also depend on the aquifer for domestic 

use. Within 5km of this proposed mine there are a range of crops grown – strawberries, 

apples, brassicas, beef, sheep, alpacas, horse studs, turf, hay two plant nurseries 

(ornamentals and fruit trees) and wine grapes.  

 

Terramin Australia (TZN) is proposing to dig for gold in this environment, through the 

aquifer, and immediately next door to these businesses. Gold is a somewhat useless 

mineral, with just 10% being used industrially. This proposed mine will operate 

24/7/365, creating noise pollution, dust, great piles of mullock, 74 additional traffic 

movements per day, and – most critically – it will impact the fragile aquifer that 

underpins this whole ecosystem. And this is all for just five years of potential production, 

temporary jobs and minimal royalties for the State. 

 

Terramin’s basic premise is that they will need to pump out 400 megalitres of 

groundwater around their mineshaft to keep it dry, so they plan to re-inject treated water 

at high pressure back underground away from their workings. Trying to force a megalitre 

of water every day into a basin-type aquifer is achievable, but with a fractured rock 

aquifer it is virtually impossible to know – or even to model – what is happening 
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underground and where the water is ending up. This raises real concerns about changes 

to water levels and salinity. There are two strawberry farms near the mine, one less than 

2km away, and strawberries are intolerant of irrigation water with a salinity of greater 

than 500ppm. 

 

During Terramin’s reinjection trial, after 11 days of pumping water back into the aquifer a 

bore 980m away had its level rise almost a metre – and it is simply impossible to 

extrapolate that result over five years of mining, so who knows what our water availability 

and quality will be like after 1,460 days of mining. 

 

Terramin’s previous mine at Strathalbyn spent most of its operational life out of 

compliance, mostly around water management. The modelling was wrong ,and they 

found approximately ten times more water than expected. This company is also now 

wanting to rework a historic gold mine near Palmer, only a few kilometres from some 

cropping land of ours, and again, water ingress was a contributor to previous companies 

abandoning the project. 

 

Despite asking constant questions of the proponent through the Woodside Community 

Consultative Committee, we have no confidence in Terramin’s ability to undertake this 

mine at Woodside in a way that will not harm the area’s unique environment and the 

families, businesses and communities who depend on it.   

 

Their 2018 Full Year Financial Results showed that Terramin lost another $5.6 million, 

taking accrued losses to $175.5 million. And the stock market has not shown great 

excitement over the submission of their Mining Lease Proposal, with shares dropping from 

8.5c to 5.7c since lodgement. 

 

Yes, there have been historic gold mines in our district, mostly mined in the 1880s and 

the 1930s, but few of these companies survived more than a few years – the mines 

always ended up flooded when miners penetrated the aquifer. The Bird-in-Hand mine has 

a well-documented history of water management issues. Flooding closed operations 

when the mine was twice opened in the late 1800s and again in 1934, similar to 

surrounding historic mines. Yes, landowners around Woodside know there is always the 

risk of a gold mine opening again as for years companies have poked around looking for 
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something shiny, but given the enormous agricultural value of the land, and the 

catastrophic risks that mining poses, it is simply ludicrous that any company attempts to 

mine this area again. It is not worth the risk. 

 

There is no place for mining on highly productive agricultural land, and no place for 

mining in a capital city’s watershed. The vast majority of SA’s land is not in a city’s 

watershed, and not on agricultural land – and in these locations, mining is often the 

most economic use of the land. However, the world needs food and drink far more than it 

needs handfuls of stones. 
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Key concerns: Water 

 

 

TZN plans to extract and reinjection around 450ML of water per annum to keep the mine 

dry. This is almost half the total amount of water available to irrigators in the Catchment 

(Fig 1), meaning that any failures in the reinjection process, or worse, in the structure of 
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the underground workings resulting in underground flooding, poses a catastrophic risk to 

existing water users.  

 

Figure 1: Inverbrackie Creek Catchment water balance. Source: DEWNR 

 

The Inverbrackie Creek sits on a fractured rock aquifer (Figure 2), meaning that the 

hydrology is extremely variable and complex, making hydrological modelling difficult. 

Fractured rock aquifer systems are extremely complex, often compartmentalised and 

flow occurs preferentially along fractures. These attributes make it very difficult to reliably 

predict the subsurface movement and likely drawdowns/injection pressures that will be 

generated using groundwater numerical models.  

 

Figure 2: Comparison between a basin-type aquifer (left) and a fractured rock aquifer 

(right). Source: DEWNR 

200989-001

Fractured rockPorous media
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In a fractured rock aquifer water occurs within geological fractures, making water 

chemistry variable depending upon the rate of movement and the chemical composition 

of the surrounding rock. Thus, adjacent bores can have substantially different water 

chemistry and water flows, depending on the chemical composition of the regolith, the 

downward infiltration of rainfall, the size of the fractures, and the pressure created by 

surrounding fractures. This variation is illustrated in Figure 3. 

 

Figure 3: Groundwater yields and salinity levels are highly variable across the Western 

Mount Lofty Ranges, especially around Woodside. East of the red line is the Easter 

Mount Lofty Ranges Catchment. Source: DEWNR 

 

Groundwater numerical models are a mathematical approximation of the natural 

subsurface system and require various assumptions to be imposed in order to 

mathematical represent the complex natural system. Unfortunately, across industry there 

is an over reliance on the results of numerical modelling to provide definitive answers 

(please refer to Attachment 1 - groundwater modelling uncertainty).  

 



8 
 

TZN obtained water samples from investigation bores and from a number of private 

wells. Although much of the groundwater within the catchment is of relatively low salinity 

(most bores are less than 1500 mg/L TDS – which is still too high for strawberries and 

brassicas), some areas of higher salinity exist, particularly to the southeast of the mine 

site. However, based on data contained in Appendix C1 and C2, there are also areas of 

saline water (> 3000 mg/L) much closer to the mine site than depicted in the regional 

groundwater salinity map. It is unclear why this data (e.g., from 6628-23530 and 6628-

8301) is not discussed in the report and omitted from the map. It suggests that a more 

thorough understanding of the distribution of water quality in the regional aquifer 

(including how it changes with depth) is 

 

Critical water quality parameters (natural organic matter, total organic carbon, dissolved 

oxygen, redox potential and microbiological indicators) that would inform the 

geochemical reactions that would take place when oxygenated water from the surface 

storage pond and treatment process have not been collected before, during or after the 

reinjection trial.  

 

Whilst the source water is notionally groundwater, the mixing at the surface with other 

source waters and oxygenation through the ponds plus the proposed ion exchange 

treatment process means that the water to be injected is no longer in equilibrium. It is 

considerably altered and oxygenated which is a trigger for geochemical reactions, which 

is likely to then negatively affect the quality of the water available to neighbours and for 

environmental flows, i.e. Adelaide’s water). Given a proportion of the aquifer water is 

used for human consumption, TZN must ensure that their reinjected water meets the 

quality for drinking water for human consumption, rather than just for agricultural 

production. None of the modelling has achieved this, and it is an absolute necessity. 

 

The injection trial that targeted the Tarcowie Siltstone aquifer was terminated after 17 

days because conditions in the adjacent private well were close to becoming artesian. 

This does not bode well for a planned mine life of 5 years! Thus, TZN’s trial results 

demonstrate that the Tarcowie Siltstone is compartmentalised which represents a high-

risk that the system will quickly become artesian and is therefore this formation/aquifer 

is not suitable for the installation of a long-term sustainable managed aquifer recharge 

scheme.  
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Due to our Group’s grave concerns regarding TZN’s water management, almost a dozen 

of our members personally funded two consultant’s reports, by CDM Smith (Attachment 

2 - Bird in Hand proposed mine hydrogeological review) and Wallbridge Gilbert Aztec 

(Attachment 3 - Bird in Hand Proposed Mine Managed Aquifer Recharge Review). This 

has added to the burden of landholders around the site of the proposed mine, as not 

only do they have the risk of a mine hanging over their head, and concerns over investing 

in and developing their business, and the enormous time commitment of attending 

meetings, WCCC and the like, but they are also having to spend thousands of dollars 

paying for advisors. 

 

Key concerns: Economics 

 

 

Members of the community funded independent economic review of the project, please 

refer to Attachment 4 - EconSearch ICCG final report. 

 

The economics of this proposed mine, and the proponent, simply do not stack up. The 

economic contribution of the mine is around 20% of the value of existing agri-business, 

meaning that if the presence of the mine causes a 20% reduction in agricultural 

economic activity (including tourism), the district and the state as a whole is worse off. 
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Note that there are three cellar doors within 400m of this mine, and two of them have 

turnover exceeding $20m per annum. 

 

In 2017–18, the gross value of agricultural production in the Greater Adelaide region 

was $466 million, which was 7 per cent of the total gross value of agricultural production 

in South Australia ($6.6 billion). The Greater Adelaide region has a diverse agricultural 

sector. The most important commodities were tomatoes ($76 million), followed by apples 

($56 million) and wine grapes ($34 million). There are 285 grape growing farms. The 

region accounted for 100 per cent ($25 million) of the total value of the state's Brussels 

sprouts production, much of which occurs approximately 5km to the southeast of the 

proposed mine site.  

 

Within that region, the Inverbrackie/Woodside area has an annual farmgate turnover of 

$50 million a year and the local agricultural industry directly employs more than 150 

people. The economic value of existing agriculture is forecast to be more than $800 

million over the next five years. In 2015/2016 the economic contribution to the State 

from operating activities of agricultural businesses in the Inverbrackie district is likely to 

be impacted by the proposed mine are $148.8 million in gross state product per annum 

and 793 FTE jobs. ii. By 2020/21 operating activity of agricultural businesses in the 

Inverbrackie district will increase to $169.1 million in gross state product per annum 

(14% increase) and 885 FTE jobs (10% increase).  

 

Unfortunately, TZN’s modelling downplayed the current economic value of the region by 

using 2011 census data (166 employed in 2011 versus 258 in 2016 census data) in 

grape growing/alcoholic beverage employment. 

 

While TZN claim their Project will generate a total positive impact on Gross State Product 

of an estimated $222 million over 8 years, excluding wages and salaries, the total 

impact on Gross State Product is only $37 million. 

 

TZN has largely failed to consider the negative impact their mine could have on tourism. 

Tourism is a rapidly growing part of the local economy, but has taken decades to 

develop. And it could all be lost through the incompatibility of mining and agri-tourism. 

For example, visitors to one of the winery surrounding the mine could post on social 
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media that the ambience of their experience was negatively affected by the noise, 

vibration, dust and/or traffic of mining activity, or that they were run off the road by a 

heavy vehicle from the mine. Immediately this post could be shared/retweeted, others 

could add their negative experiences, and quickly groups of people could be put off 

travelling to wineries around the mine, or around Woodside, or even anywhere in the 

Adelaide Hills. The calm, relaxed aspect of spending time at a winery or other tourist 

facility is a complete paradox to mining operations, where TZN claim they will “Not 

exceed 115dBL for 95% of occasions, with an upper limit of 120dBL” – this sort of noise 

is totally out of character in an agri-tourism environment. . 

 

Finally, if water availability and/or quality is somehow impacted by mining operations, 

there is a significant economic effect associated with impaired agricultural production, 

and even complete crop failure. There is the potential to jeopardise access to 

groundwater to a greater degree than contemplated in TZN’s reports. Periods of 

restricted or no access to water for more than two days may mean crop rejection in wine 

grapes, particularly due to heatwave. Loss of access of irrigation water can lead to loss of 

production for 4 to 10 years (vine removal, a prescribed fallow period and 

reestablishment) with as little as 14 days of water deprivation. However, strawberries, 

brassicas and nursery trees are far less tolerant of water insults. Strawberries will suffer 

within a few hours of water deprivation, and die within 48hrs of dehydration on days 

above 35oC. Given strawberry crops cost over $100,000/ha to establish, any changes in 

the water risks crippling production losses. Similarly, plant nurseries may experience 

total stock loss within 72hrs of water deprivation. 

 

The project life of mining activities is shorter than it would take for a horticultural or 

viticultural activity to recover from a worst-case scenario. 

 

In the absence of absolute guarantees that underground water resources will not be 

significantly damaged or diminished in any way, the Bird-in-Hand mine project presents 

an unacceptable risk for the existing agricultural industry. In addition, the uncertainty 

surrounding the future of the Bird-in-Hand mine site and other mining tenements in the 

region is curtailing investment in the region as other industries wait for a definitive 

direction for this project. 
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Other general concerns 

TZN proposed that 24 (12 return) haulages will occur by using truck and dog vehicles 

daily and 4 (2 return) haulages will occur using heavy vehicles daily. This means 

increased traffic, increased noise and safety issues, especially to non-locals visiting local 

tourist attractions.  

 

The preferred haulage route for both ore extraction and the explosives deliveries initiates 

at the mine site access point, travels along Pfeiffer Road, the Nairne Road into the 

Nairne Township. The Pfeifer Road intersection has a history of vehicle collisions, and is 

too narrow for large trucks – who will pay for the roadworks to make this safe. The Nairne 

intersection is a known blackspot with traffic regularly banking up to past the railway 

crossing. 

 

Further, their proposed site entrance is in the completely wrong place, being in the 

bottom of a dip (meaning that departing trucks have to climb, thus impeding existing 

traffic) and with terrible visibility to the left (Fig. 4). Of course, some of these trucks 

entering the site will be carrying mining explosives, as well as fuel, meaning that any 

collisions with other road users or fixed object may have a catastrophic outcome. 
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Figure 4: Poor visibility for vehicles leaving the mine site, obviously significantly worse in 

a non-4WD (own photo) 

 

In addition, this site entrance is directly across from Adelaide Polo Clubs horse yards (Fig. 

5), putting the valuable (~$10,000 each) horses at risk of trucks failing to stop and 

hurtling across the road, but also subject to the noise and fumes of vehicles entering and 

leaving the mine site. This will also impact owners and grooms caring for the horses, as 

they often stay onsite overnight.  

 

 

Figure 5: Site entrance is directly opposite horse yards, where horse periodically spend 

several days during tournaments (own photo) 

 

TZN’s financial position has long been poor, with the current liabilities of the Terramin 

Group exceeding its assets by $23.6 million. TZN’s share price has been falling all year 

(Fig 6), and the lodgement of their Mining Lease had no positive impact on their share 

price. Additional debt or equity will be required within 12 months in order for Terramin 

Group to continue as a going concern, and TZN auditor Grant Thornton states in 

independent review, “that a material uncertainty exists that may cast significant doubt on 

the [Terramin Group’s] ability to continue as a going concern”. This message has 

appeared on their financial statements for many years. Terramin Group does not have a 



14 
 

Deed of Cross Guarantee in place, thus if Terramin Exploration is unable to discharge any 

of its liabilities, there may be no ability for those liabilities to be recovered from any other 

entities within the Terramin Group  

 

 

Figure 6: TZN is failing to convince investors in 2019 that their business model is viable. 

Source: ASX 

 

TZN claim it is their intention to negotiate access to all land defined as exempt, even as a 

number of parties have indicated that they are not prepared to negotiate. Already TZN 

has taken one landholder to court, which was a traumatic experience for this family who 

were simply trying to protect their business.  

 

Table 21-5 in the Mining Lease Application presents potential land which may require the 

negotiation and registration of a waiver of exemption based on Section 9 of the Mining 

Act due to the nature of activities, buildings, water sources and infrastructure located on 

the properties listed below. There are actually 114 triggers invoking exempt land within 

this Mineral Claim, with 19 of these being residences within 400 metres of the claim. It 

was confirmed at the public meeting on Monday 19 August, 2019 by Paul Thompson 

from DEM that there has never been another mine in South Australia with 114 triggers 
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invoking exempt land. If a mine was placed in the middle of Adelaide Oval there would 

not be as many triggers! 

 

I quote the Hon DC van Holst Pellekaan (Hansard: Wednesday, 3 July 2019 HOUSE OF 

ASSEMBLY Page 6667):  

 

There are a lot of very good operators, a lot of very good explorers out there, 

wanting to work with people properly. There are companies that have said to 

me, 'If people say no, we just don't go there because it's not worth the hassle. 

We don't want to tarnish our reputation. We don't want to force our way in 

with legal means and go exploring or have a mine, whether it is native title 

rights or whatever it is. If they say no, and we can't convince them, we don't go 

there because we don't want our brand tarnished that way. That is 

tremendously good practice. The other example I shared is tremendously bad 

practice. As Minister for Energy and Mining, one of my responsibilities is to 

work with industry to try to clean up that bottom tail so that the industry has 

less problems, so that landholders have less problems. It is incredibly 

important that we understand that this is overwhelmingly a responsible 

industry in mining. This is overwhelmingly a responsible set of operators, 

whether it is in exploration or in mining. But the ones at the bottom of the pile 

do a lot of damage to everybody else, and I can understand why landholders 

would have so many frustrations. 

 

Thus, it appears that the Mining Minister’s considers Terramin are “at the bottom of the 

pile”, “the bottom tail”, an example of “tremendously bad practice”. 

 

The ASX Maximus acquisition statement said that subject to the required regulatory 

approvals, the Bird–in-Hand ore would be processed at a modified Angas Zinc plant and 

that the existing tailings dam at Angas had the capacity to hold all the Bird-in-Hand 

tailings. It should be noted that the lease conditions of the Angas Zinc Mine did not allow 

the processing of ore from other mine sites and the community of Strathalbyn was told 

that ore from other mine sites would not be processed at the Angas Zinc processing 

facility. This would be an unacceptable backflip and the people of Strathalbyn should not 

have to put up with TZN’s activities again. 
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The integrated mullock landform (IML) is also a major concern, covering almost 2ha of 

excellent farm land, stacked 10m high – which will be visible for kilometres around. 

Further, the dust generated will travel kilometres, both vertically and horizontally, posing 

a risk for agricultural production, flower pollination, and to aircraft. There are two airstrips 

within 4km of the proposed mine, Woodside (~600m away, mostly used to recreational 

pilots) and Aerotech’s Claremont (~4km away, used by the CFS fire fighting fleet and for 

agricultural flying). Raised dust is a significant risk to aircraft engines, especially 

turboprops and turboshafts are used on Aerotech’s fleet. Having to fly around visible – or 

possible – dust plumes will slow response times on missions flying west of the Claremont 

airbase, which includes much of the central Adelaide Hills, Yorke Peninsula and the 

southern parts of the Mid North district. 

 

TZN plan to install a permanent sprinkler system for the IML to reduce dust impacts 

associated with moving mullock both from the mine void. However, given the sulphur-rich 

nature of much of the rock, the creation of sulphuric acid in the runoff water is indeed 

possible. Further heavy rainfall on the IML is likely to lead to significant weathering of the 

rock, and run-off containing traces of metals. In extreme rainfall events of 80mm+ in a 

day – as happens in the area every year or so – there is no way the proposed drainage 

system could prevent metal-laden runoff water entering downstream neighbours and the 

Inverbrackie Creek. Whether in wet weather or dry, a 2ha pile of rocks 10m high is a 

disaster waiting to happen, and nothing can fully mitigate the risk. 

 

Other companies have looked at this proposal and walked away but Terramin, with gold 

fever, have pushed on. They have listened to and then ignored community and local 

sentiment. They have tried to tell us that all of their trucks, etc will only be as loud as a 

running fridge. That no light will leave the mine site at night. These two farcical 

statements give an indication of the extent to which they will go to get this mine 

confirmed. This mine is surrounded by neighbours including homes, vineyards, wineries, 

cellar doors, restaurants, function centres and a concert venue all of which will be 

subject to 24 hour mining operations including explosions and lights and noise all night. 

The local roads which Terramin have stated are unsuitable will be subject to increased 

heavy vehicle traffic and tonnes of explosives being carried on them. It is surrounded by 

agriculture that relies on the only good water in the district. I believe I have shown that 
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there are holes in the models – there always are because they are only models. But the 

situation this proposal is in has no margins for error.  

 

Who will manage this project because there is no-one with experience in a project of this 

sort with these tolerances? Staff turnover at TZN is so frequent who knows who will be 

there next year, let alone in five years. The risks are too great! Why risk so much for so 

little! 

 

 

Jim Franklin-McEvoy, B.Ag.Sci(Hons) 

Chair 

Inverbrackie Creek Catchment Group 
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FOREWORD 

National Groundwater Modelling Uncertainty Workshop Notes, July 10, 2017, 

Sydney. 

IAH and NCGRT are delighted to present these workshop notes from the National Groundwater 
Modelling Uncertainty Workshop, held prior to the 2017 IAH-NCGRT Australasian Groundwater 
Conference in Sydney.  

Quantifying and communicating uncertainty in groundwater assessments, underpinned by 
groundwater modelling, is a major technical, management, policy and regulatory challenge. These 
notes are a summary of the workshop and the associated background papers that were presented at 
the workshop. They are not guidelines. 

We believe that there is a need for improved treatment of hydrogeological uncertainty and that we 
need to explore methods for dealing with uncertainty in groundwater modelling. There is also a very 
strong appetite to discuss and debate this – the very reason for this foundational workshop and notes. 
The collective experience and expertise at the workshop represented a wide range of groups, 
including model users, model developers, government agencies, consultants, researchers and 
industry.  

The workshop tackled key questions such as: 

What are current practices and procedures for uncertainty analysis nationally and 
internationally? 
Why is uncertainty analysis not ubiquitous already? What are the major impediments for 
uptake of improved practice?  
How do we best communicate uncertainty, such that model results are interpreted 
appropriately with respect to implications for policy makers, approval authorities, proponents 
and the public?  
How do we employ uncertainty analysis as part of a risk-based decision-making framework? 
Are there gaps between uncertainty analysis research and practice, and if so, how do we 
close these gaps? 

We are delighted that Hugh Middlemis (HydroGeoLogic) has led a team of experts to put this 
workshop and workshop notes together. We thank Hugh and the team for their hard work and 
leadership. The topics and leaders were: 

• Problem Definition – Dr Glen Walker (Grounded in Water)

• Integrating Uncertainty with Model Workflows – Dr Luk Peeters (CSIRO)

• Effective Model Simplification – Dr Catherine Moore (GNS, New Zealand)

• Uncertainty Evaluation Methods – Dr Phil Hayes (UQ / Hayes GeoScience)

• Communicating Uncertainty – Stuart Richardson (CDM Smith)

The authors revised and reviewed these papers after the workshop. We have collated them here to 
produce a citable report. This workshop and workshop notes represent a part of an important 
discussion and a starting point for ongoing discussion and debate.  

Further work includes practical worked examples and case studies, software development, making 
analysis tools accessible, textbooks, instruction manuals, education and training. The Menindee case 
study (Uncertainty Evaluation Methods) is a great example, and we are very grateful to Water NSW 
and Geoscience Australia for making it available. It shows that, even with the most comprehensive 
and complex data and knowledge base available, an overly complex model is not necessarily the best 
approach to investigate the effects of uncertainties on project objectives.  

The field of uncertainty analysis is developing rapidly. We hope these workshop notes are a useful 
reference for the groundwater community and will inspire future work towards improved uncertainty 
analysis and communication in our industry. 

Professor Craig T. Simmons Dr Ian Brandes de Roos 
Director, NCGRT President, IAH Australia 
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EXECUTIVE SUMMARY 

This report provides a summary of the outcomes from the 2017 national groundwater modelling 
uncertainty workshop convened by the National Centre for Groundwater Research and Training 
(NCGRT), and the subsequent modelling outlook panel session held at the Australasian Groundwater 
Conference (AGC) on 10 and 13 July 2017, respectively. The purpose of this report is to provide 
simple documentation of the workshop proceedings (inputs, outputs and discussions). It has been 
reviewed (refer to Acknowledgements) and has been subject to basic editorial procedures. 

Modelling uncertainty issues are discussed in chapter 7 of the Australian groundwater modelling 
guidelines (AGMG; Barnett et al., 2012). However, there has been generally poor uptake of 
uncertainty methods and a perception of low value for money from the results of uncertainty analysis 
and/or poor appreciation of how to make decisions based on a range of predictive simulations and 
results expressed with probabilities rather than ‘a single number’. This is despite the AGMG guiding 
principle 7.1: ‘Because a single “true” model cannot be constructed, modelling results presented to 
decision makers should include estimates of uncertainty’.  

To address these issues, the NCGRT is promoting the improved treatment of uncertainty in 
groundwater investigations generally and more particularly in modelling studies. This was initiated via 
workshop and panel session activities at AGC 2017 with training initiatives planned. The aim is to 
provide additional information and training opportunities that augment the AGMG on how groundwater 
modelling uncertainty methods can best support decision making.  

Draft discussion papers were presented and discussed at the workshop and the subsequent panel 
session at AGC 2017. The final discussion papers, revised to account for the discussions, are 
attached to this report (the papers may also be published in an open access journal). 

The reader is urged to consult the accompanying final discussion papers (Appendix A) for 
detailed information on uncertainty analysis issues, as this report provides a basic overview 
and some information on the consultation process.  

After the workshop, a report on Uncertainty analysis guidance for groundwater modelling within a risk 
management framework for application to large coal mines and coal seam gas projects was issued by 
the Department of the Environment and Energy (Middlemis and Peeters, 2018). It was based largely 
on the discussion papers and the workshop process, but it also provides detailed information on a 
wide range of uncertainty issues, and it outlines some guiding principles and a workflow process for 
addressing uncertainty (i.e. it is not a step-by-step guide). It may be accessed at: 
www.iesc.environment.gov.au/publications/information-guidelines-explanatory-note-uncertainty-analysis 

The purpose of the workshop and panel session at AGC 2017 was to consider, discuss and expound 
upon practical methods for improving the treatment of uncertainty in groundwater modelling 
investigations that are applied to impact assessments. A secondary goal was to provide information to 
support water resources management and decision making.  

In other words, this report on the workshop is not a step-by-step guide, but a set of discussion 
papers on key topics (Appendix A), along with this over-arching report. Additional NCGRT 
reports may be required in future to provide practical, step-by-step guidance on conducting 
uncertainty analyses, along with training initiatives to develop the requisite skills in the 
workforce. 

From a management perspective, modelling is considered to have failed if there is sufficient bias for a 
poor decision to be made (e.g. by lack of uncertainty analysis or lack of transparency in 
documentation), especially if the consequence is large (Walker, 2017; Doherty and Moore, 2017). Put 
another way: if modelling is used to predict that an unwanted outcome won’t happen (e.g. via a biased 
model that overlooks important causal pathways), but it can indeed eventuate (with non-trivial 
probability), then we should consider that the model study has failed.  
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A definition of the purpose of a modelling study is proposed: to provide information about 
uncertainties in the conceptualisations and model simulations in a way that allows decision makers to 
understand the effects of uncertainty on project objectives (echoing the ISO 31000:2009 risk 
definition) and the effects of potential bias. For low risk projects, it is generally acceptable to describe 
the effect of uncertainty on the project objectives in qualitative terms (e.g. Peeters, 2017). For high 
risk projects, a quantitative uncertainty assessment is required in addition to the qualitative 
assessment. Objective uncertainty analysis (qualitative or quantitative) gives end-users confidence 
that future potential impacts (e.g. threshold impacts exceeded) have been considered carefully in an 
unbiased way.  

Explicit consideration of uncertainty is warranted for every groundwater project: it must be considered 
at the problem definition stage and it should be integrated with the workflow. A generic uncertainty 
analysis workflow is presented in Table 1 as an iterative work breakdown structure (after Middlemis 
and Peeters, 2018). It is based on the principles in the accompanying discussion papers (Appendix A) 
and provides detail on the key steps that are commensurate with a quantitative uncertainty analysis 
methodology embedded within a risk management framework (Walker, 2017). 

Table 1: Modelling uncertainty analysis iterative workflow summary 

The following key guiding principles should be used to design a modelling workflow to objectively 

assess uncertainty. The principles are based on the discussion papers accompanying this report 

(Appendix A), and information in Middlemis and Peeters (2018). The guiding principles are all 

consistent with the AGMG (Barnett et al., 2012), including engagement with agencies at the outset 

and at key stages throughout the iterative workflow: 

1. Uncertainty analysis is an integral part of a robust risk management framework (risk is defined
as the effect of uncertainty on project objectives; AS/NZS 31000:2009), as it informs and
complements other aspects such as risk assessment, mitigations/treatments, communicating
outcomes and prioritising efforts to reduce uncertainty (e.g. data acquisition).

2. While all projects require a qualitative uncertainty analysis at a minimum (e.g. discussing how
model assumptions can potentially affect simulations; Peeters, 2017), high risk projects also
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require a quantitative uncertainty assessment to a level of detail commensurate with the 
potential risks and/or consequences of the project (i.e. a preliminary hydrogeological risk 
assessment is needed at an early stage in the project). 

3. It is crucial to explicitly define project objectives and what the model needs to predict in
specific and measurable terms that will support unbiased decision making (e.g. applying
threshold or trigger impact terms which provide information on which decisions may be based
objectively).

4. Modelling methods should be designed to investigate the causal pathways for potential
impacts on water resources and water-dependent assets that may arise from a proposed
development or management plan, and to quantify the related uncertainties, thus providing
unbiased information to support decisions for groundwater management and policy.

5. The methodology should be designed in such as way as to provide information about the
uncertainty in conceptualisations and model simulation outputs so as to allow decision
makers to understand the effects of uncertainty on project objectives (i.e. consistent with the
risk management methods of ISO 31000:2009) and the effects of potential bias. The model
must be specifically fit for this purpose.

6. In developing the model(s), a balance must be struck between model simplicity and
complexity for the purpose of uncertainty evaluation, commensurate with the
risk/consequence profile of the project (i.e. more than one model may be required).

7. The model simulations should be constrained with available observations and information.

8. The range of model outcomes that are consistent with all observations and information should
be presented (calibration-constrained model outcomes).

9. Reports should transparently and logically discuss modelling and methodology assumptions
and choices, and how they affect simulations; uncertainties and potential bias; and present
the results clearly such they are not prone to misinterpretation, to instil confidence in the
model simulations with stakeholders and clients (elaborated in more detail in Richardson et
al., 2017).

10. Uncertainty analysis results should be: (i) carefully tailored to decision makers’ needs (i.e.
based on consultation), (ii) focussed on the messages that are most likely to be relevant to
their decisions; and (iii) presented in plain and clear (precise, non-jargon) language.

11. Project workflow should be iterative, revisiting objectives, assumptions, conceptualisations

and simulations, as well as the risk assessment (with consideration of any risk treatments

applied to mitigate impacts), in a process of engagement between proponents, water

managers (agencies) and their technical experts and reviewers that begins at project

inception.

Noting that the above principles are procedural rather than technical, another guiding principle on a 
key technical matter which was discussed at the workshop is also proposed: 

• Faults may be included as specific model features only where explicit evidence exists,
consistent with the AGMG principle of parsimony. Where some minor/inconclusive evidence
exists, faults could be considered as part of a sensitivity/uncertainty analysis involving
parameterisation of the fault features and consideration of probabilities.
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1. Introduction and Context

This report provides a summary of the outcomes from the 2017 NCGRT national groundwater 
modelling uncertainty workshop and the subsequent modelling outlook panel session held at the 
Australasian Groundwater Conference (AGC) on 10 and 13 July 2017, respectively.  

The discussion papers shared at the workshop have been refined and are attached to this report, 
which addresses talking points from the event. The reader is urged to consult the discussion papers 
(Appendix A) for details on methodologies to improve uncertainty analysis practice.  

This report provides a basic overview of the workshop proceedings (inputs, outputs and discussions) 
and summarises the guiding principles, sets out some information on the workshop process and some 
arguments justifying the level of effort required to conduct uncertainty analyses.  

This report is not a step-by-step guide. 

It is a summary of a set of discussion papers on key topics that were workshopped. Further 
investment in this initiative may be required in future to provide practical, step-by-step guidance on 
conducting uncertainty analyses, along with training initiatives to develop the requisite skills in the 
workforce. 

Decision making in the context of uncertainty is fundamental to natural resource management. 
Deterministic groundwater modelling with no uncertainty analysis is inconsistent with the Australian 
groundwater modelling guidelines (Barnett et al., 2012). A model should be able to quantify its own 
reliability by accompanying its simulations with an assessment of uncertainty so that model-users and 
decision makers have some assurance that uncertainty is not underestimated (paraphrasing Doherty 
and Moore, 2017). 

It is well known in the groundwater community that predictive uncertainty can be large, principally due 
to poorly known sub-surface conditions (aquifer properties and flow systems). Continuing advances in 
computing power, software and expertise have improved our ability to assess groundwater 
uncertainty. Increased capability and demand led to an entire chapter (chapter 7) on uncertainty 
issues in the 2012 Australian groundwater modelling guidelines (Barnett et al. 2012).  

However, there has been poor uptake of uncertainty methods by all but a few expert groundwater 
modellers in each state. There are perceptions by some of low value for money in the results of 
uncertainty analysis and/or poor appreciation of how to make decisions based on a range of 
predictive uncertainty simulations and results expressed with probabilities (noting that decision 
makers and/or policy-setters have traditionally been provided with a ‘single number’). Others have 
suggested that the low uptake is because the upskilling is too onerous for practical/commercial 
modelling projects (i.e., steep learning curve, complex methods and data processing tools, no easy to 
follow guides on conducting uncertainty analysis). Whatever the reasons, there is clearly a strong 
need for practical training in uncertainty analysis methods. This document does not provide that basic 
guide. Rather, it presents information on fundamental uncertainty issues (to assist with the learning 
curve), and it describes a workflow and a set of guiding principles for application to uncertainty 
analysis. The NCGRT and other organisations are planning training initiatives, and it is expected that 
a basic ‘how to’ guide will be prepared in due course. 

Indeed, a ‘single number’ result is often demanded from modellers without the two-way engagement 
that is necessary between modellers, decision makers and/or policy-setters to make well-informed 
decisions and to develop, refine and implement evidence-based policy (Figure 1). This is despite the 
AGMG guiding principle 7.1: ‘Because a single “true” model cannot be constructed, modelling results 
presented to decision makers should include estimates of uncertainty’. 
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Figure 1: Iterative engagement between technical and policy  

There are, however, examples of successful engagement, such as the revision of extraction limits for 
the Padthaway Prescribed Wells Area in South Australia, where community consultation was also an 
element of the multiple feedback loops across the technical–policy–community spectrum (Harrington 
et al. 2010). Although uncertainty analysis was not technically conducted for the Padthaway case, the 
methodology involved a wide range of modelling scenarios to investigate resource condition limit 
sensitivities under extraction and climatic stresses, and to identify a robust sustainable yield option. 
 
In other cases, concerns are often raised that the modelling guidelines are being used inappropriately 
at times to justify ‘indiscriminate complexification’ of models, rather than the ‘effective simplification’ 
that is often needed to meet investigation objectives (Voss, 2011; Doherty and Moore, 2017). There 
are often claims that appropriately simple models are not ‘fit-for-purpose’ and that highly complex 
models are needed to ‘understand the dynamics of groundwater flow systems’. However, highly 
complex models are expensive to develop, and usually run slowly or are not numerically stable across 
feasible parameter ranges, which hinders the application of uncertainty analysis methods that can 
provide valuable information for decision making (the ‘simplicity/complexity dilemma’: Pappenberger 
and Beven, 2006; Beven and Young, 2013; Doherty and Simmons, 2013; Doherty and Moore, 2017). 
 
Advances in groundwater modelling capability have coincided with expansion of the resource sector 
(e.g. CSG and unconventional gas); this has led to more intense public scrutiny of environmental 
impact assessments and the role of groundwater modelling of complex aquifer and aquitard systems 
and the effects of uncertainty.  
 
Other than the Bioregional Assessments1, (e.g. Janardhanaran et al., 2016) there are few examples 
of comprehensive uncertainty analysis applied to models of complex systems. Other notable 
examples include the GEN3 dual phase water and gas regional modelling of the Surat Basin (QGC, 
2013) and the related study of Herckenrath et al. (2015); the Menindee Lakes groundwater modelling 
investigation (Jacobs, 2016; Hayes and Nicol, 2017); and the impact assessment for the Pilbara 
Mining Area C iron ore deposits (BHPB, 2017a, b). 
 
These examples demonstrate that uncertainty analysis is no longer just in the academic realm. 
Uncertainty analysis can and indeed must be applied to decision making in relation to high value 
environmental assets and/or economically productive assets.  
 
The burgeoning need for uncertainty analysis to guide decision making and the continued 
development of methods invokes challenges in selecting an appropriate uncertainty quantification 
method for the study objectives and in developing adequately skilled practitioners. There are also 
challenges in interpreting and communicating the results, all of which have implications for decision 
making, as explored in this report.  
 

                                                                 

1 http://www.bioregionalassessments.gov.au/methods/propagating-uncertainty-through-models 

http://www.bioregionalassessments.gov.au/methods/propagating-uncertainty-through-models
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2. Aims, Process And Products 

 
 
The AGC 2017 workshop and panel session process, including preparation of discussion papers 
beforehand and publishing this report, aims to promote the improved treatment of uncertainty in the 
groundwater modelling industry. 
 
This report and the accompanying discussion papers (Appendix A) are philosophically integrated and 
consistent with the Australian groundwater modelling guidelines (Barnett et al., 2012). This report 
augments the guidelines with additional information on the practical implementation of uncertainty 
methods, highlighting the need for consultation at all stages during a model study, along with 
consideration of the risk context to identify the level of effort required in the qualitative and/or 
quantitative uncertainty analysis.  
 
This report provides an overview of the guiding principles on groundwater modelling uncertainty 
analysis workflows and methodologies that have been drawn from the discussion papers; the reader 
is urged to consult the accompanying discussion papers for detailed guidance (Appendix A). 

The process that led to this report involved: 

 

• Preparing draft discussion papers for presentation and discussion at a workshop on 10 July 
2017; 

• Engaging with an influential cross-section of around 40 workshop delegates, including 
uncertainty experts, practising groundwater modellers, academics, industry and government 
users of modelling results; 

• Workshopping alternative modelling workflows and uncertainty assessment methods, and 
discussing opportunities to reduce impediments to the uptake of improved practice, including 
training (being followed up by the NCGRT and ICEWaRM; 

• Preparing a glossary of uncertainty analysis terms (augmenting the modelling guidelines 
glossary); 

• Learning from the experience of Australian and international uncertainty assessments and 
providing advice on communicating uncertainty in ways that are useful for decision making, 
including: 

 

o The Menindee Lakes modelling study, where the workflow was designed as an 

uncertainty assessment with effective model simplification applied, even though 

comprehensive datasets were available from the extensive Broken Hill Managed 

Aquifer Recharge investigation (Lawrie et al., 2012; 

www.ga.gov.au/about/projects/water/broken-hill-managed-aquifer-recharge). 

o The Bioregional Assessments (www.bioregionalassessments.gov.au), where the uncertainty 

analyses applied are integrated with risk assessments and consideration of causal 
pathways for propagation of impacts, and innovative methods have been trialled for 
the communication of uncertainty analysis results. 

 
In addition to the workshop, a plenary address at AGC 2017 by Dr Catherine Moore on 13 July 
2017 expounded the need for and justification of optimal model complexity (or effective model 
simplicity) to ensure tractable uncertainty analysis. 
 
The plenary reprised some of the issues set out in the accompanying discussion paper (Doherty and 
Moore 2017), and was followed by a modelling outlook panel session on uncertainty, which 
considered some key questions arising and/or outstanding from the workshop, as well as questions 
from the conference floor.  
 

http://www.bioregionalassessments.gov.au/
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Notes from the workshop and panel sessions are presented in Appendix C.  
 
Final discussion papers that account for the workshop and panel discussions are attached to this 
report (Appendix A). The papers may also be published in an open access journal (e.g. Environmental 
Modelling and Software). 
 
The reader is urged to consult the final discussion papers (Appendix A) for detailed 
information on uncertainty analysis issues; this report provides a simple overview and some 
information on the process. 

Subsequent to the workshop, a report on Uncertainty analysis guidance for groundwater modelling 
within a risk management framework (for application to large coal mines and coal seam gas projects) 
was issued by the Department of the Environment and Energy (Middlemis and Peeters, 2018): 
http://www.iesc.environment.gov.au/publications/information-guidelines-explanatory-note-uncertainty-analysis.  

That report has drawn on information from these workshop discussion papers, and this report in turn 
has also drawn on some content from Middlemis and Peeters (2018), and has tried to avoid 
inconsistency. 

 

http://www.iesc.environment.gov.au/publications/information-guidelines-explanatory-note-uncertainty-analysis
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3. Types Of Uncertainty And Other Definitions 

 

There are different ways to categorise uncertainty, but it is often lumped into two main types (Barnett 
et al. 2012):  

• Deficiency in our knowledge of the natural world (including the effects of error in 
measurements), and  

• Failure to capture the complexity of the natural world (or what we know about it).  

 

It is helpful, however, to consider four main types of uncertainty: 

1. Structural/Conceptual 
Geological structure and hydrogeological conceptualisation assumptions applied to derive a 
simplified view of a complex hydrogeological reality (any system aspect that cannot be 
changed in an automated way in a model); 

2. Parameterisation 
Hydrogeological property values and assumptions applied to represent complex reality in 
space and time (any system aspect that can be changed in an automated way in a model via 
parameterisation, including aquifer properties, boundary conditions, etc.); 

3. Measurement error 
Combination of uncertainties associated with the measurement of complex system states 
(heads, discharges), parameters and variability (3D spatial and temporal) with those induced 
by upscaling or downscaling (site-specific data, climate data);  

4. Scenario uncertainties 
Guessing future stresses, dynamics and boundary condition changes (e.g. mining, climate 
variability; land and water use change). 

 
These four sources of scientific uncertainty result in predictive uncertainty – the bias and other error 
associated with model simulations (see Figure 2, after Richardson et al. 2017, and Doherty and 
Moore, 2017). Bias refers to systematic error, which displaces the model outputs away from the 
accepted ‘true’ value, and error refers to the difference (spread) between the average value of model 
simulations and the accepted true value. Bias and error affect the precision of model results, even 
when that model is consistent with the conceptual understanding of the system and the related 
observations and measurements.  
 

 

Figure 2: Errors, biases and influences on uncertainty (after Richardson et al. 2017; Doherty and 
Moore, 2017) 

 

Being overcommitted to one conceptualisation over others (bias), perhaps one that is not adequately 
representative of key system features, could lead to simulations that overestimate or underestimate 
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impacts. If uncertainty analysis focusses only on errors and neglects to account for or discuss biases, 
incomplete and distorted evidence of the modelling accuracy will be provided (Doherty and Moore, 
2017). The effects of bias are also discussed in Richardson et al. (2017). 

A list of uncertainty-related definitions is presented in Appendix B. 
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4. Decision-Making With Uncertainty And Risk 

 

4.1 Uncertainty analysis and risk management  

 
The sub-surface environment is heterogeneous and complex, difficult to directly observe, characterise 
or measure. Groundwater systems are open to influences from climate, topography, vegetation, 
hydrology and human activities. This means that uncertainty affects our ability to accurately describe 
existing or future states of hydrogeological systems.  
 
Scenario modelling is used to investigate and support decisions for groundwater resource 
assessment, management and policy. This invokes further uncertainty due to the assumptions applied 
to conceptualise a simplified view of hydrogeological reality, due to parameterisation and scenario 
uncertainties (e.g. land/water use, climate variability).  
 
The seminal paper by Freeze et al. (1990) characterises the role of models in decision support as 
quantifying the level of risk associated with management options. It follows that if a model is applied 
to support environmental decision making, its simulations of the consequences (impacts or outcomes) 
of management options must quantify the related uncertainties and probabilities (Doherty and Moore, 
2017), noting that: 
 

• Risk is defined as the effect of uncertainty on project objectives (AS/NZS 31000:2009); 
 

• Risk is characterised/quantified as a function of the probability and consequences of an 
outcome. 

 
As discussed in Walker (2017), uncertainty analysis is an integral part of a robust risk management 
framework, as it informs and complements other aspects such as risk assessment, 
mitigations/treatments, communicating outcomes and prioritising efforts to reduce uncertainty (e.g. by 
acquiring data on key processes). A simple example of high priority (and relatively low cost) data that 
reduces uncertainty in groundwater models is accurate LiDAR topographical data. Accurate definition 
of the interface between the surface and the sub-surface is critical for implementing boundary 
conditions in a model to represent surface-water features (creeks/rivers), evapotranspiration and 
spring features (Doble and Crosbie, 2017).  
 
Risk assessment and management frameworks involve consideration of the balance between 
estimating uncertainty; reducing uncertainty through monitoring and scientific investigations; and 
managing or treating risk, at times in response to new information (Figure 3, after Walker, 2017).  

Figure 3: Schematic showing how uncertainty analysis may support different elements of a risk 

management framework (after Walker, 2017) 

Each situation is different, and the balance of these components will vary. An uncertainty analysis is 
required to support each of these elements and conversely, the balance of these elements will 
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determine the objective of the uncertainty analysis and the level of effort required. Further information 
is provided in the accompanying discussion paper (Walker, 2017; see Appendix A). 
 
In environmental management, risk has negative connotations generally associated with the hazards 
or impacts of a development. In this sense, risk is one possible (negative) consequence of 
uncertainty. Other (positive) consequences of uncertainty can also be identified (Begg, 2013) by way 
of opportunities to achieve desired benefits (e.g. to justify expenditure on a mining project where 
sound environmental management can manage other project risks).  
 
This highlights the point that value judgements are involved in all risk and uncertainty assessments 
and the value judgements depend largely on the economic, social and/or environmental values 
established in public policies, business cultures and community viewpoints, while scientific studies 
provide objective information on environmental risks, impacts, mitigations, benefits and management.  

 

4.2 ESD and the precautionary principle 

 
Ecologically sustainable development (ESD) and the precautionary principle are very important to 
decision making and environmental management, and have been tested in Australian law, notably in 
the Queensland Land Court case in 2015 regarding the proposed Adani Carmichael coal mine (QLC 
48), where groundwater modelling issues and uncertainties were considered in detail. A subsequent 
case on the New Acland Coal project (QLC24) also considered modelling issues and judged elements 
of the modelling to be not consistent with best practice.  
 
ESD principles establish that social/community considerations (including value judgements) are a key 
factor in decision-making processes, along with economic and environmental factors. The 
precautionary principle is incorporated in the principles of ESD, which are promoted by the objectives 
of the EPBC Act 1999, as explained in the 2009 independent review of the EPBC Act (Cth, 2009). 
 
The precautionary principle may be summarised as follows: if a development raises the risk of harm 
to the environment (i.e. in non-trivial likelihood and consequence terms), then proportionate 
precautionary measures should be taken even if some cause and effect relationships are not fully 
established scientifically.  
 
There are two key pre-conditions for the application of the precautionary principle: the threat of 
serious or irreversible environmental damage, and scientific uncertainty as to the nature and scope of 
the threat of environmental damage. If both pre-conditions are established (noting that these 
conditions or thresholds are cumulative), the burden of proof as to the impacts/outcomes shifts to the 
proponents of the development (Cth, 2009; item 13.21).  
 
This means that groundwater models should be designed to investigate the causal pathways for 
potential impacts on water resources and water-dependent assets that may arise from a proposed 
development or management plan, and to quantify the related uncertainties, thus providing unbiased 
information to support decisions for groundwater management and policy. In principle, causal 
pathways should be identified by conservatively considering potential connectivity between 
groundwater units and/or surface-water features and related ecological assets such as groundwater 
dependent ecosystems (GDEs). 

 

4.3 Need for improved modelling practice to support decision-
making 

 
There has been a demand from government agencies for improved assessment of potential impacts 
that may be manifested via groundwater pathways. There is also increased awareness by 
stakeholders of the limitations of modelling and the potential effect of associated uncertainties. 
However, the users, purchasers and reviewers of model studies are seeing little uptake in the analysis 
and quantification of uncertainties of modelling studies, despite the encouragement over many years 
of guidelines (Middlemis et al. 2001; Barnett et al. 2012) and papers (Freeze et al. 1990; Moore and 
Doherty, 2005; Doherty, 2010). This is despite material changes in our capability to describe 
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predictive uncertainty through greater computing power, better software and related documentation 
on the technical methodologies, and better-trained professionals.  
 
Reasons for the generally poor uptake might include (i) rapid changes and developing maturity of the 
subject and time and effort required to achieve competency, (ii) lack of acceptance of the higher costs 
associated with uncertainty analyses, (iii) unclear workflow processes to successfully undertake 
uncertainty analyses for specified project objectives and to communicate them clearly, (iv) lack of 
wider communication amongst groundwater modellers, purchasers and regulators and issues of 
guideline adoption pathways, (v) the users of model study results expressing their preferences to 
model developers for ‘a singular number’ on which to base decisions for resource allocation or 
management, impact assessment and/or infrastructure and agriculture development. This is despite 
the AGMG guiding principle 7.1: ‘Because a single “true” model cannot be constructed, modelling 
results presented to decision makers should include estimates of uncertainty’. 
 
As indicated above, modelling guidelines are sometimes being used to justify ‘indiscriminate 
complexification’ of models, which results in highly complex models that are expensive to develop, 
and usually run slowly or are not numerically stable, which hinders formal uncertainty analysis (the 
‘simplicity/complexity dilemma’: Voss, 2011; Doherty, 2010; Doherty and Moore, 2017). Formal 
uncertainty and sensitivity analysis is required, based on effective or optimum model complexity, to 
help reduce or quantify predictive uncertainty so that model-users and decision makers have some 
assurance that uncertainty is not underestimated (see accompanying discussion paper by Doherty 
and Moore, 2017;  Appendix A)). 
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5. Model Confidence Level And Modelling
Workflows

The 2012 Australian groundwater modelling guidelines (Barnett et al., 2012) dedicate an entire 
chapter to uncertainty analysis. While this may lack the detailed methodologies presented in certain 
papers (e.g. Doherty, 2010), the AGMG is arguably more accessible in describing aspects of the 
philosophy of uncertainty assessments, including the simplicity/complexity dilemma and how to 
communicate the effects. This report is designed to augment the AGMG, and is philosophically 
integrated with its principles, despite one or two nominal divergences, as explored in this section. 
Additional reports will be required in future to provide practical, step-by-step guidance on conducting 
uncertainty analyses, along with training initiatives to develop the requisite skills in the workforce. 

This section combines information from the accompanying discussion papers (Appendix A), the 
workshop and plenary sessions at AGC 2017. It incorporates some information from the IESC 
Explanatory Note (Middlemis and Peeters, 2018), which itself expands on issues outlined in the 
discussion papers. 

5.1 Model confidence level classification 

The AGMG (Barnett et al. 2012) state that objective consideration of uncertainty is warranted for 
every groundwater project. As described in Peeters (2017) and Richardson et al. (2017), a well-
executed uncertainty analysis (qualitative and/or quantitative) means that a model should be able to 
quantify its own reliability, rather than relying on the AGMG ‘confidence level’ schema (Barnett et al. 
2012, Section 2 and Table 2-1) which is prone to misinterpretation. For example, there is a tendency 
to ‘cherry pick’ a comment from the AGMG content around its Table 2-1 to undermine the model 
confidence classification, or to ignore the commentary and overreach the confidence level, rather than 
considering the balance of model performance against the entire table of attributes (Middlemis and 
Peeters, 2018). The table is itself not unreasonable, but the related commentary and guidance is poor 
and self-contradictory on some elements. For example, with reference to Table 2 (discussed below), 
the AGMG commentary indicates that a single Class 1 attribute is sufficient to classify the model as 
Class 1 overall, even though the weight of evidence in this example indicates a Class 2 model is 
reasonable. Other AGMG commentary also suggests that ‘if a model has any of the characteristics or 
indicators of a Class 1 model it should not be ranked as a Class 3 model, irrespective of all other 
considerations’, which implies that, while a model may not be Class 3, it could be labelled as Class 2, 
even though it has Class 1 characteristics, which is logically inconsistent with the point a single Class 
1 attribute. 

Table 2: AGMG model confidence level case study example 

Alternative methods of confidence level assessments have been tested in practice, based on 
indicating which attributes in the table are satisfied for a given model and explaining the reasoning in 
relation to the model objectives, outcomes and uncertainties (including why other attributes may not 
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be satisfied). This requires modellers to justify assumptions and choices in technical reports in a 
manner that is open, transparent and amenable for scrutiny (a key guiding principle for effective 
uncertainty analysis). The overall confidence level may then be assessed via consideration of the 
weights in each class, ignoring the contradictory commentary in the guideline content referring to the 
table, but working directly with the table attributes themselves. An example is presented in Table 2, 
based on an original suggestion by Dr Noel Merrick (pers.comm.), as cited in Middlemis and Peeters 
(2018). This model is assessed as Class 2, despite the lack of metered usage data. 

5.2 Generic modelling workflows 

As explained in the accompanying papers (e.g. Walker, 2017; Peeters, 2017) uncertainty analysis 
must be considered at problem definition and each subsequent stage of the workflow. It must be 
integrated within a risk management framework, which will require an initial risk assessment and 
subsequent iterations to review and revise (e.g. as risk treatments are invoked). It must involve 
meaningful (‘without prejudice’) engagement/consultation between proponents and agencies on 
methodologies and assumptions.  

This need not be a frequent/intensive consultation process, but it should occur at appropriate times 
during the three key stages of the workflow, as discussed at section 5.4 and Table 3 later, and 
consistent with the AGMG guiding principles. For example, at the first stage, it may be prudent for a 
proponent to conduct an initial risk assessment and engage with a modelling consultant to investigate 
the hydrogeological conceptual model and potential causal pathways to identify whether risk 
treatments may be effective. That would lead to a modelling and uncertainty assessment 
methodology design report that would be appropriate to discuss with agencies before committing to 
the next stage (see Table 3 later).  

A conceptual example is illustrated in Figure 4 (after Walker, 2017, based on discussions in 
Guillaume et al. 2016, and Peeters, 2017). Initially, a preliminary risk assessment is done, possible 
risk mitigations are considered, and the model is conceptualised to meet the objectives. As the 
modelling and assessment workflow proceeds through its iterations, there is a winnowing of the 
objectives according to risk, and complexity may be added or refined as necessary. In the preliminary 
stages, there may not be any need for numerical modelling, and if risks are not high at any stage, 
nothing more may be required and resourcing the investigation may be curtailed. 

Figure 4: Schematic iterative approach for groundwater modelling involving setting objectives, risk 
mitigation options and modelling conceptualisation (Guillaume et al. 2016) 

For low risk projects, it may be acceptable to qualitatively assess or describe the effect of 
uncertainties on the project objectives. As explored in Peeters (2017), this may involve the application 
of the model confidence level classification, as indicted in Section 5.1, along with a traditional 
workflow (conceptualise, design, build, calibrate, predict) that may include sensitivity analysis 
simulations (Figure 5). 
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For high risk projects, a quantitative uncertainty analysis is warranted (Walker, 2017; Peeters, 2017; 
Doherty and Moore, 2017), which will result in the model evaluating its own predictive reliability, 
without needing to invoke the model confidence level classification (Section 5.1). The modelling 
workflow required to support a quantitative uncertainty analysis differs conceptually from the 
traditional workflow (Figure 5), although it is still consistent with AGMG principles.  

The conceptual flow charts for a traditional modelling workflow and an alternative workflow for 
improved uncertainty assessment, expounded by Ferré (2016), are illustrated in Figure 5. While the 
uncertainty analysis workflow includes traditional elements of model development (e.g. design, 
calibration and sensitivity), an uncertainty-driven approach differs conceptually in that it is designed 
and applied specifically to support decisions by exploring uncertainties within a risk and adaptive 
management framework.  

Traditional modelling workflow Uncertainty-driven modelling workflow 

Collect data, develop 

conceptual models, 

build and calibrate 

models and assess 

sensitivities, use 

predictions and/or 

uncertainty analysis to 

support decision 

making. 

Consider objectives, 

decisions, risk context 

and conceptual model(s); 

build models to support 

decisions and explore 

uncertainties; 

collect/analyse data to 

test models; evaluate 

effects of uncertainties on 

objectives/decisions. 

Figure 5: Conceptual/generic modelling workflows 

The traditional workflow tends to favour the development of a complex model (i.e. typically one 
deterministic realisation), even though the AGMG encourages finding the right balance between 
complexity and simplicity for the project objectives, and it suggests exploring alternative 
conceptualisations and parameterisations and investigating uncertainty.  

An uncertainty-driven modelling approach, however, requires carefully designed models with short run 
times for the large numbers of runs involved. Careful design can take many forms, such as ensuring 
stable model simulations and that complexity is included where it is relevant to the project objective 
(‘effective simplicity’), while not using long run times as an excuse to avoid necessary complexity.  
Careful design can also mean that more than one conceptualisation or realisation is tested, as 
suggested by many leading hydrogeologists, including Darcy Distinguished Lecturers (Ferré, 2016; 
Poeter, 2006). While building multiple models is a challenge for any project in these budget-
constrained times, there are examples of it in practice (e.g. Hayes 2017; Middlemis 2011, referring to 
examples including Prominent Hill, Tasmanian Sustainable Yields, McLaren Vale). There is also an 
example where a conceptual model has not been updated with new data and an environmental court 
has judged the work as poor practice (QLC17–24; see also http://envlaw.com.au/acland/).  

5.3 Uncertainty analysis workflows 

As discussed in Peeters (2017), the goal of an uncertainty analysis is to build confidence with clients 
and stakeholders by communicating what we do know, and what we can predict with an objective 
estimate of uncertainty. This means that we must communicate honestly and transparently that there 
can exist a wide range of model simulations that are all consistent with our current understanding of 
the system, even though gaps limit our system understanding. Part of an uncertainty analysis is 
therefore to assess how these knowledge gaps might affect the model simulations.  
The common principles that emerge from examining these alternative modelling workflows, which 
also can be found in the AGMG (Barnett et al., 2012), are: 

• Explicitly define project objectives and what the model needs to predict (i.e. not simply ‘the
development of calibrated model’ for use in deterministic scenarios);

http://envlaw.com.au/acland/
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• To meet the objectives, define an appropriate study methodology, optimal model complexity
and modelling workflow;

• Constrain the model simulations with all available observations and information;

• Discuss model assumptions and choices and how they affect simulations;

• Iterate and revisit model objectives, assumptions, workflow and simulations during the project
in consultation with proponents and agencies.

These principles form the basis of the uncertainty analysis workflow depicted in Figure 6 (after 
Peeters, 2017). The left-hand side provides a high-level workflow, emphasising the need to explicitly 
define project objectives and the types of information to be provided by the simulations so that these 
can be taken into consideration when developing conceptual models. From that stage, there are two 
parallel processes, a qualitative and quantitative uncertainty analysis. A qualitative uncertainty 
analysis is a formal discussion of all model assumptions and choices and how they affect model 
simulations, which should be conducted and documented for all projects (low or high risk) as a 
minimum requirement. A quantitative uncertainty analysis seeks to find all model simulations that are 
consistent with (or constrained by) the observations; it is warranted for all high-risk projects. The 
workflow depicted on the right of Figure 6 provides more detail on quantitative uncertainty analysis 
aspects such as what change to make to an existing model, how to define initial parameter ranges 
and how to bring in observations. The thick blue arrows indicate the need to iterate between all the 
components of the workflow during the model project, including communication and reporting. 

Figure 6: Qualitative and quantitative uncertainty analysis iterative workflow (after Peeters, 2017) 

In the discussion paper by Peeters (2017), various aspects of the uncertainty workflow are discussed 
in an approachable way, based on questions pertinent to the modelling process, such as: 

• Where to start?;

• Which assumptions matter?;

• What to change in the model?;

• How to bring in observations?; and

• Do initial parameter values matter?.

An emphasis is given to the need for the following (see also item 2.8 in Appendix C, Workshop notes): 

• Specifying explicitly what simulations are required of the model and justifying all assumptions
in the context of these simulations;

• Developing a stable model and well-defined acceptance criteria based on the available
observations, especially for parameters that cannot be constrained by observations or are
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prone to compensating for structural model issues (closely related to complexity issues 
discussed in Doherty and Moore, 2017);  

• Transparently documenting and honestly reporting the results of an uncertainty analysis
together with its limitations and assumptions, to instil confidence in the model simulations with
stakeholders and clients (elaborated in more detail in Richardson et al., 2017).

5.4 Uncertainty analysis work breakdown structure 

In Middlemis and Peeters (2018), the uncertainty analysis workflow is presented as an iterative work 
breakdown structure (Table 3). It is based on the principles in the accompanying discussion papers 
and provides more detail than Figure 6 (above) on the key steps that are commensurate with a 
quantitative uncertainty analysis methodology embedded within a risk management framework 
(Walker, 2017). 

Table 3: Modelling uncertainty analysis iterative workflow summary 
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6. Optimal Simplicity And Conditional Calibration

6.1 Simplicity–complexity dilemma 

As explored in detail by Doherty and Moore (2017), highly complex models are usually expensive to 
develop, and usually run slowly or are not numerically stable. Many complex models fail to deliver the 
decision support promised because they are too complex and insufficiently agile to use in a decision-
making process that is based on an uncertainty analysis requiring thousands of simulations. Whereas 
increased complexity does not necessarily translate directly into a stronger technical basis for 
regulatory decisions, the use of overly simplified models may result in erroneous decisions. A careful 
balance must be achieved between simplicity and complexity, requiring discussion and agreement 
between modellers, proponents and agencies.  

Doherty and Moore (2017) suggest that models can provide better support for environmental decision 
making if the premise of their construction is altered from the common setting of a simulator of 
complex environmental processes to that of a tool for implementation of the scientific method. This 
method requires that hypotheses be tested, and maybe rejected, through evaluating their compatibility 
with information/data on the nature and properties of the groundwater system. In the decision-making 
context, hypotheses that require testing are the unwanted outcomes (‘bad things’) that we seek to 
avoid if a certain course of management action is adopted. For each such bad thing, it should be 
possible to construct a model, specific to that bad thing, which can provide receptacles for information 
against which the probability of its occurrence can be tested. Such a model will likely be ‘optimally 
simple’ (rather than indiscriminately complex), for its performance in carrying out the task for which it 
was built will be enhanced if it is unencumbered by unnecessary complexity and is not required to 
provide receptacles for unnecessary information. 

Based on the principles outlined in the accompanying discussion papers (Appendix A), Middlemis and 
Peeters (2018) advocate an approach that goes beyond the platitudes of subjectively making a model 
‘as simple or complex as required, but not too simple or complex’ as many guidelines recommend. 
Rather: 

• The model must be designed to be specifically fit for the purpose of providing information
about uncertainty in a way that allows decision makers to understand the effects of
uncertainty on project objectives, and the effects of potential bias;

• Engagement with regulatory agencies is required from the outset and at all stages throughout
the modelling study, to discuss and agree upon the uncertainty analysis methodologies and
understand the implications of the results.

6.2 Conditional calibration 

The traditional workflow has been characterised as a means of reducing parameter bias and 
uncertainty through calibrating a (deterministic) model against measured observations of historical 
hydrologic system behaviour. A model that is demonstrably consistent with monitoring data 
(especially if head and flux calibration targets are matched) is traditionally deemed to be a reliable 
deterministic simulator of future behaviour. However, neither the structure nor the parameter values of 
a deterministic model are unique. This ‘equifinality’ problem has long been recognised and is not 
simply one of identifying a system's ‘true’ model structure or parameter values (Beven, 1993). In fact, 
a ‘true’ model for a hydrologic system does not exist, due to the sources of uncertainty outlined 
previously. Even the most complex model can (by definition) only be approximate in its attempted 
simulation of environmental processes. 

Doherty and Moore (2017) show that the calibration process does not reduce the uncertainty of a 
simulation where it is sensitive to parameters/combinations that lie within the ‘calibration null space’. 
The calibration null space here refers to those model parameters and combinations that are not 
informed by the available historical measurements. However, they also show that calibration is a valid 
first step in a two-step uncertainty analysis process using linear methods: 

• The first step is finding a history match (inverse) solution of minimum error variance by fitting
model outputs to the calibration dataset of heads and fluxes (preferably during a period of
wide-ranging hydrological stress); this reduces non-uniqueness and can be achieved using
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the uncertainty analysis techniques of pilot point parameter estimation with Tikhonov 
regularisation (a means of ensuring that parameter estimates do not move far from initial 
estimates that are considered to be reasonable; Barnett et al. 2012). 

• The second step is quantifying the error in simulations made by the history-matched model.

A model that is carefully calibrated (and/or subsequently validated) in this way should be qualified as 
a conditionally calibrated (validated) model in that it has not yet been falsified by tests against 
observational data (Beven and Young, 2013). Conditionally calibrated models are useful for running 
simulations within the range of the calibration and evaluation data (Barnett et al. 2012), while allowing 
for their updating in the light of future investigation/research and development or changes in 
catchment characteristics.  

A conditionally calibrated model can be considered a ‘receptacle for expert knowledge’ (Doherty and 
Moore, 2017), or a ‘good representation of the system of interest’ (Barnett et al. 2012), in terms of: 

• The conceptualisation and parameterisation used to represent real world hydraulic properties
with effective simplicity (or appropriate complexity); and

• The historical behaviour of the system (as the history match [conditional calibration]
constrains parameters to a narrow stochastic range).

Deterministic scenario analysis using a conditionally calibrated model and subjective probability 
assessment is discouraged as an uncertainty quantification approach due to its questionable 
subjectivity. However, if it can be established that the conceptualisation and parameterisation is 
conservative (i.e. over-estimates impact), then a deterministic scenario analysis can be used as a 
screening tool for further investigation and detailed modelling, or it may be used in qualitative 
uncertainty analysis for a low risk context (Middlemis and Peeters, 2018). However, it does not 
necessarily reduce sources of predictive bias that may be introduced via simplification assumptions or 
via a conditional calibration process that compensates for model defects via biased parameter values 
in the history-match (conditionally calibrated) model (Doherty and Moore, 2017).  
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7. Guiding Principles For Uncertainty Analysis

As outlined in Walker (2017) and Doherty and Moore (2017), from a management perspective, 
modelling is considered to have failed if there is sufficient bias for a poor decision to be made (e.g. by 
lack of uncertainty analysis or lack of transparency in documentation), especially if the consequence 
is large. Put another way, if modelling is used to predict that an unwanted outcome won’t happen (e.g. 
via a biased model that overlooks important causal pathways), but it can indeed eventuate (with non-
trivial probability), then we should consider that the model study has failed. 

Objective uncertainty analysis (qualitative or quantitative) gives end-users confidence that future 
potential impacts (e.g. threshold impacts exceeded) have been considered carefully in an unbiased 
way. Explicit consideration of uncertainty is warranted for every groundwater project; it must be 
considered at the problem definition stage and it should be integrated with the workflow. For low risk 
projects, it may be acceptable to describe the effect of uncertainty on the project objectives in 
qualitative terms (e.g. Peeters, 2017). For high-risk projects, a quantitative uncertainty assessment is 
required in addition to the qualitative assessment.  

The following key guiding principles should be used to design a modelling workflow to objectively 
assess uncertainty. The principles are set out in Middlemis and Peeters (2018) and are based on the 
discussion papers accompanying this report (Appendix A). The guiding principles are all consistent 
with the AGMG (Barnett et al. 2012), including engagement with agencies at the outset and at key 
stages throughout the iterative workflow: 

1. Uncertainty analysis is an integral part of a robust risk management framework (risk is defined
as the effect of uncertainty on project objectives; AS/NZS 31000:2009), as it informs and
complements other aspects such as risk assessment, mitigations/treatments, communicating
outcomes and prioritising efforts to reduce uncertainty (e.g. data acquisition).

2. While all projects require a qualitative uncertainty analysis at a minimum (e.g. discussing how
model assumptions can potentially affect simulations; Peeters, 2017), high risk projects also
require a quantitative uncertainty assessment to a level of detail commensurate with the
potential risks and/or consequences of the project (i.e. a preliminary hydrogeological risk
assessment is needed at an early stage in the project).

3. It is crucial to explicitly define project objectives and what the model needs to predict in
specific and measurable terms that will support unbiased decision making (e.g. applying
threshold or trigger impact terms which provide information on which decisions may be based
objectively).

4. Modelling methods should be designed to investigate the causal pathways for potential
impacts on water resources and water-dependent assets that may arise from a proposed
development or management plan, and to quantify the related uncertainties, thus providing
unbiased information to support decisions for groundwater management and policy.

5. The methodology should be designed in such as way as to provide information about the
uncertainty in conceptualisations and model simulation outputs so as to allow decision
makers to understand the effects of uncertainty on project objectives (i.e. consistent with the
risk management methods of ISO 31000:2009) and the effects of potential bias. The model
must be specifically fit for this purpose.

6. In developing the model(s), a balance must be struck between model simplicity and
complexity for the purpose of uncertainty evaluation, commensurate with the
risk/consequence profile of the project (i.e. more than one model may be required).

7. The model simulations should be constrained with available observations and information.

8. The range of model outcomes that are consistent with all observations and information should
be presented (calibration-constrained model outcomes).

9. Reports should transparently and logically discuss modelling and methodology assumptions
and choices, and how they affect simulations; uncertainties and potential bias; and present
the results clearly such they are not prone to misinterpretation, to instil confidence in the
model simulations with stakeholders and clients (elaborated in more detail in Richardson et
al., 2017).



National Centre for Groundwater Research and Training / International Association of Hydrogeologists 25 

10. Uncertainty analysis results should be: (i) carefully tailored to decision-makers’ needs (i.e.
based on consultation), (ii) focussed on the messages that are most likely to be relevant to
their decisions, and (iii) presented in plain and clear (precise, non-jargon) language.

11. Project workflow should be iterative, revisiting objectives, assumptions, conceptualisations

and simulations, as well as the risk assessment (with consideration of any risk treatments

applied to mitigate impacts), in a process of engagement between proponents, water

managers (agencies) and their technical experts and reviewers that begins at project

inception.

Noting that the above principles are procedural rather than technical, another guiding principle on a 
key technical matter, which was discussed at the workshop, is also proposed: 

• Faults may be included as specific model features only where explicit evidence exists,
consistent with the AGMG principle of parsimony. Where some minor/inconclusive evidence
exists, faults could be considered as part of a sensitivity/uncertainty analysis involving
parameterisation of the fault features and consideration of probabilities.
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8. Engagement And Communication 

 

A key guiding principle is that engagement with regulatory agencies is required at the workflow outset 
and at subsequent key stages, to discuss and agree the objectives and methodologies, and to 
understand the implications of the results. It should be no surprise that this key principle is established 
in the AGMG (Barnett et al. 2012) and it remains valid. It requires meaningful dialogue between 
modellers, decision makers (including the proponent), the regulatory agencies and their technical 
experts.  

The subtle change in focus recommended in this report is that, given the complexities involved in 
uncertainty analysis, engagement can and should occur on a ‘without prejudice basis’, and it requires 
engagement throughout the investigation, not simply at the end to present the results (Richardson et 
al. 2017; Barnett et al., 2012).  

Richardson et al. (2017) also explore the issue of bias (common forms include availability bias, 
confirmation bias, confidence bias and framing bias) and the need for transparent and honest 
communication of information to counter its pernicious effects. 

As set out in Richardson et al. (2017), the key to successful engagement and communication is to 
design and undertake the investigation methodology and present the results and related information 
about uncertainty in a way that will allow decision makers to understand the effects of uncertainty on 
project objectives; that is: 

• Based on agreed and transparent model objectives; 

• Tailored to decision-makers’ needs;  

• Focussed on the messages that are relevant to their decisions; 

• Presented in plain and clear (precise, jargon-free) language, made fully transparent for 
independent scrutiny, and not prone to misinterpretation. 

Effective engagement means that the modelling objectives need to be discussed early in the project 
workflow and may require agreement to develop more than one model in order to address what may 
be quite different objectives (e.g. mine dewatering options based on adequate site data and/or impact 
assessment at sensitive receptors where data may be sparse). Using one model to address all issues 
has often delivered sub-optimal results. However, recent advances in software (unstructured grids) 
and hardware (networked processors) mean that a well-designed one-model approach may be 
deemed adequate, provided it considers causal pathways and evaluates the effects of uncertainties. 

Together, the model impact assessment results and uncertainty analysis should be used by decision-
makers as a guide to the likelihood of consequences eventuating (be they beneficial or adverse) and 
to the assessment (by all parties) of attractive2 and effective3 management actions/options.  

Positive or negative framing of the reporting syntax can be used in the decision-support context, 
meaning that expressions should take advantage of this priming (i.e. the direction and expression 
should be consistent) to reduce cognitive stress for all parties. For example, a 5% chance that 
drawdown will be greater than 0.2 m is the same as 95% chance that drawdown will be less than  
0.2 m; both should be easy to understand by anyone, but the latter could be seen as a more positive 
framing (or possibly negative, depending on the reader’s viewpoint). Whether to use a positive or 
negative framing is an intentional decision in the context of a project as it can affect the interpretation 
of the results. Whichever framing is adopted, it should be applied consistently throughout the 
reporting. 

2D and 3D visualisation of conceptual models and other data can be helpful in explaining complex 
scientific processes and communicating concepts and simulation results. The AGMG (Barnett et al. 
2012) present comprehensive guidance on reporting and visualisation issues.  

Richardson et al (2017) augment the AGMG with detailed discussions on effective communication 
principles (and an 11-point summary), and give examples of clear descriptions for the scale of 

                                                                 

2  Economically and socially acceptable 

3 Able to reduce risk and able to be implemented in a timely fashion 
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uncertainty using combinations of numeric and visual descriptors integrated with colour, along with 
narrative descriptors that apply ‘calibrated language’. Middlemis and Peeters (2018) have taken the 
concept further, based on some real-world testing by Dr Merrick (a workshop participant), resulting in 
the schema outlined in Table 4. It is worth noting that the 10th and 90th percentiles are equally likely 
(each about 10% probability), or indeed unlikely for that matter. The colour coding from green to red is 
suggested in the context of likelihood of exceedance, and is designed to aid the narrative 
descriptions, indicating that the outcome is likely (80% probability) to lie between the green and the 
red indicators. Some projects may find it helpful reduce cognitive strain by using the alternative 
description, or perhaps adding it along with the default description. It is also worth pointing out that an 
80% probability based on a set of 1000 simulations means that some 200 simulations will have 
predicted outcomes outside the criteria range selected.  

 

Table 4: Example of a combined numeric, narrative and visual approach to describing likelihood 

Probability 
class 
(Outcomes 
ranked from small 
to large) 

Colour 
code 

Narrative descriptor 

(In terms of likelihood of 
exceedance) 

Alternative description 

(In terms of likelihood of non-
exceedance) 

<10%  
It is very likely that the outcome 

is larger than this value. 

It is very unlikely that the outcome is 

smaller than this value. 

10-33%  
It is likely that the outcome is 

larger than this value. 

It is unlikely that the outcome is 

smaller than this value. 

33–67%  
It is as likely as not that the 

outcome is larger than this value. 

It is as likely as not that the outcome 

is smaller than this value. 

67–90%  
It is unlikely that the outcome is 

larger than this value. 

It is likely that the outcome is smaller 

than this value. 

>90%  
It is very unlikely that the 

outcome is larger than this value. 

It is very likely that the outcome is 

smaller than this value. 
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9. Examples 

 

As indicated above, the few examples of comprehensive uncertainty analysis applied to models of 
complex systems include the: 

• Menindee Lakes groundwater modelling investigation (Hayes and Nicol, 2017; Appendix A); 

• Bioregional assessments (e.g. Janardhanaran et al. 2016); 

• Pilbara Mining Area C iron ore deposit impact assessments (BHPB, 2017a, b); 

• GEN3 dual phase water and gas regional modelling of the Surat Basin (QGC, 2013) and the 
related study of Herckenrath et al. (2015). 

The first two examples were discussed during the workshop to help demonstrate in practical ways 
how uncertainty should be integrated with modelling workflows (rather than as a separate task) and 
what benefits resulted for decision making. The Pilbara case study is summarised in Middlemis and 
Peeters (2018), while Herckenrath et al. (2015) investigate key uncertainty issues of the Surat study. 

The Menindee Lakes case study (Jacobs, 2016; Hayes and Nicol 2017) used the comprehensive 
information and data from the well-resourced multi-disciplinary Broken Hill MAR study by Geoscience 
Australia (Lawrie et al., 2012). An uncertainty-driven workflow was applied by Jacobs (2016) to 
investigate groundwater supply options and river- and lake-aquifer interactions. Despite the unusually 
comprehensive information available, the Menindee modelling study implemented an effective 
simplification approach in model design and execution. Predictive uncertainty was successfully 
evaluated using PEST and Null-Space Monte-Carlo methods (1000s of realisations), with results 
presented in terms of probabilities of drawdown impacts and subsequent aquifer recovery. The 
Menindee study considered and addressed uncertainty issues to a much more extensive and detailed 
level than is typically undertaken. While not every study may be able to achieve this level of detail, it 
demonstrates the advantages of best practice methods to investigate uncertainty and guide decision 
making. 
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Predictive uncertainty in groundwater modelling: How is it 
best used? 

Glen Walker1, Member, Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining 
Developments, 1 currently at Grounded in Water, Adelaide 

Abstract 

The external expectation is that statements on groundwater modelling should be made transparently, honestly 
and with precision. Given deficiencies in our knowledge of underground structures and properties, this would 
require some form of uncertainty analysis on the groundwater modelling. This uncertainty analysis would 
normally need to fit into a risk management framework and complement other aspects of this such as risk 
assessment, risk mitigation, reducing uncertainty, communicating outcomes and prioritisation of effort. While the 
output of uncertainty analysis is ideally a probability distribution, this may not be strictly feasible nor required. 
Embedding the risk assessment framework into an iterative or hierarchical process provides an approach for 
finding the appropriate level of resourcing required to meet a need, and for refining objectives, model 
conceptualisation and risk treatments. Over-complexity of groundwater models can impede the application of 
uncertainty analyses by requiring unnecessary overheads. Over-complexity can be perceived to be improving 
defensibility of models and modelling outputs yet possibly making projections worse. We may be better using a 
suite of simpler groundwater models rather than a single complex model to address a range of management 
objectives. The main impediment to appropriate uptake of uncertainty analyses may well be understanding how 
to incorporate uncertainty methods into the decision-making processes. 

Making decisions under uncertainty 

Risk assessment and mitigation and adaptive management frameworks (AS/NZS 2009) are now widely used 
and accepted for making decisions and managing impacts under uncertainty. They are designed to meet 
management objectives despite some deficiency of knowledge. While imperfect knowledge is often used as a 
reason for deferring decisions until more information is available – on the basis that it can prevent poor 
outcomes – it can also incur costs. Policies, such as the precautionary principle under the ecologically 
sustainable development (ESD) framework specifically address this by stating that scientific uncertainty should 
not be used as a reason to postpone actions to prevent irreversible environmental degradation. Risk 
frameworks often support flexible management arrangements that allow actions to be taken with imperfect 
knowledge, while collecting further information and enabling management to be adjusted in response to this 
information. Risk assessment and management frameworks for programs that affect the environment are 
required to address ESD principles more widely by balancing potentially conflicting economic, social and 
environment management objectives.  

The high profile of global issues such as climate change and controversial local developments have raised 
awareness amongst environmentalists, industry, regulators and the community of uncertainty and risk and how 
this influences the balance between conflicting management objectives. This has raised expectations that 
scientific results are presented in an honest, precise and transparent fashion. It is difficult to see how this could 
be achieved without some form of analysis of scientific uncertainty and the resulting confidence of conclusions 
and recommendations. The need for transparency has been emphasised by the growing distrust of government, 
scientists and industry. There are drivers for and occurrences of both understatement and overstatement of 
uncertainties, in some cases deliberately aimed at undermining the science. If decisions on the appropriate 
balance of social, economic and environmental outcomes are to be made on the best evidence rather than 
distorted or ignored science, this issue needs to be addressed.  

The climate science community, through the Intergovernmental Panel on Climate Change, has tackled this 
through clear and reviewed statements on the identification of uncertainties and the implications of these 
uncertainties. Recent court cases have shown that groundwater is not immune to these issues and are a timely 
reminder of the importance of reviewing current practices. Fortunately, community expectations reinforce 
scientific principles of analysing uncertainty and confidence of conclusions. 

Risk management requires that the full range of impacts of decisions and their likelihood are considered. 
Modelling is usually required to support this by indicating the future likelihood of any impact and attributing 
responsibilities for this impact. Where groundwater forms an important pathway linking actions to future impacts, 
groundwater modelling is used, usually with numerical models on established platforms. The bias and spread 
associated with modelling projections is called predictive uncertainty and the process of determining this is 
uncertainty analysis. Predictive uncertainty includes the impact of our deficiency of knowledge of processes 
causing the impacts, the ability of the models to capture the main processes and the uncertainty due to random 
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processes. From a management perspective, the modelling is considered to have failed if there is sufficient bias 
for a poor decision to be made on the basis of the bias. This failure becomes a greater concern if the 
consequence of this is large.  

This paper is the first of a series of discussion papers that form the basis of a workshop to discuss current 
practices in uncertainty analysis for groundwater modelling and how they can be improved. It aims to provide a 
context for the other papers, which deal with the mathematics, algorithms and logic process to address 
predictive uncertainty and how to communicate the outputs of an uncertainty analysis.  

This paper considers groundwater modelling to support risk assessment and management. While groundwater 
modelling can be used for purposes other than risk assessment (e.g. improvement of system understanding), 
major applications such as groundwater allocations, salt interception, mining and gas developments and 
seawater intrusion usually involve risk assessment and management, e.g. DEWNR, 2012).  

The difficulty of assessing underground properties means that there can be quite different hydrogeological 
conceptualisations of the connectivity between different components of the hydrological system, the relative 
importance of different processes for most predictions and the estimation of parameters.  This would suggest 
that predictive uncertainty should be an important part of the groundwater modelling process. However, until 
relatively recently, the normal approach has been to use a single ‘fit-for-purpose’ model without any uncertainty 
analysis. This means that it is difficult to provide definitive statements on the confidence of any predictions, and 
more than this, it connotes an overconfidence in the predictions. This is sometimes partially addressed through 
the use of a deliberately biased model is to provide the ‘best case’ or ‘worst case’ scenario. 

Over the past ten years, there has been an increase in the use of uncertainty methods in Australia. There has 
also been increased availability of software, expertise and experience. Courses are being run in the use of such 
software. A chapter on uncertainty has been included in the Australian groundwater modelling guidelines 
(Barnett et al., 2012). There are also now some documented and practical case studies at reasonable scales 
including the Surat Basin (QWC, 2012) and Bioregional Assessments (e.g. Cui et al., 2017). A further example, 
the Menindee Lakes model is discussed in companion paper 4 (Hayes and Nicol 2017). Improvement in all 
these adoption processes is still required to raise the skill level of the groundwater modelling community. The 
inadequacy of uncertainty analyses in reports would suggest that the impediments to wider use of uncertainty 
analyses are not necessarily all technical in nature. This paper discusses some of the non-technical issues. To 
explore these, it is first necessary to understand in more detail how modelling and uncertainty analyses are 
integrated with the risk framework. 

The application of risk and adaptive management frameworks to groundwater 

management 

The management and mitigation of risk can occur in different ways, depending on the nature of the risks. These 
are discussed in more detail elsewhere (AS/NZS, 2009). This section gives a sense of how risk is managed in 
groundwater, using groundwater allocation to exemplify concepts. 

One of the principles of risk frameworks is to gather information and adjust management on the basis of this 
information. This is often referred to as ‘adaptive management’. In one end member of risk management, the 
system under scrutiny is treated as a black box (a transfer function), in which the responses will lead directly to 
adjustments of the levers through rules, without direct reference to the details of the groundwater system. This 
is analogous to driving a car without knowing how the engine works. The rules may be reviewed periodically, 
and this may entail an investigation of the system. An example of this in groundwater management is water 
level response management (WLRM). (McIntyre and Wood 2011). Management is adjusted and even optimised 
in response to monitoring data to keep within the target range of objectives. There are commonly large time lags 
between actions and impacts, and this, together with high administrative costs, means that approaches such as 
WLRM can be difficult to implement. WLRM is an example of risk avoidance, using essentially one lever i.e. 
allocations. 

The other end member of adaptive management is scenario planning. This is generally built explicitly upon 
hydrogeological conceptualisation and groundwater modelling. Scenarios refer to the means in which the future 
unknowns are handled. Scenarios could include assumptions on commodity prices, government policies, 
technological innovations, climate and social behaviour. Groundwater planning using plausible scenarios 
provides a transparent approach for dealing with uncertainties associated with the future. Scenario planning 
allows various contingencies within plausible futures to be considered. It also allows various management 
options to be compared under the same assumptions. Scenario planning is often used at the initial stage of 
development and then refined periodically as part of the planning cycle. Scenarios are not critical for conducting 
adaptive approaches such as WLRM although they are sometimes used to build robustness into the 
management plan.  
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An example of the use of scenario planning is a groundwater sharing plan that uses a sustainable yield 
determination. Groundwater sharing plans tend to have conflicting objectives: providing a secure operating 
environment to the industry, optimising operation costs, minimising government administration and intervention, 
and protecting environmental objectives. Adjustments are made as part of the planning cycle, often less 
frequently than for WLRM. Significant adjustments can be politically and socially difficult. Conceptualisation and 
some form of groundwater modelling is used to help determine an extraction regime that allows management 
objectives to be achieved.  

Risk is managed in a range of different ways. A precautionary approach is often used, especially in early stages 
of development (Figure 1). This can occur by lower allocations and rules such as buffers. Monitoring triggers 
that indicate when the groundwater is responding outside of the predicted envelope become more important as 
development is increased. For example, New South Wales local management plan rules use water level and 
quality triggers based on reduction of saturated aquifer thickness, change in groundwater salinity, levels at sites 
of groundwater dependent ecosystems or in the vicinity of streams. When the monitored water level or quality 
passes some pre-determined threshold, it triggers a review of the plan. Often problems to do with groundwater 
allocation can occur at hotspots, rather than across the whole plan area. Local rules allow flexibility to deal with 
not only unpredictability, but also hotspots, while the extraction limit deals with the broader plan area. The use of 
sustainable yield allows simpler administration and by providing security to groundwater users, it supports 
investment. The political and economic difficulty in reducing allocations can cause a risk to environmental 
objectives, including protecting the groundwater management objectives. This is more likely to occur when the 
demand for groundwater places pressure on using what is perceived to be an overly precautionary approach.  

(a) (b) 

Figure 1: How risk management might vary along a timeline of increasing extraction in order to meet 
management objectives as represented by the sustainable yield. The graph on the left represents a situation in 
which there is a large number of decisions being made gradually, while the graph on the right shows a situation 
where a decision needs to be made on a major development. 

Risk can also be managed through mitigation or acceptance, rather than by avoidance. All groundwater 
extraction will cause some impacts, but the benefits from groundwater extraction mean that the government and 
community may accept some adverse impacts. Even when a management objective is set through a resource 
condition, it may be agreed to later vary this for the greater good. The variation of resource conditions can be 
associated with compensation or offsets. In some cases, there may be agreement to maintain resource 
conditions but find alternative water supplies through desalination or transportation of water from elsewhere. In 
some cases, the risks may be mitigated. For example, salt interception schemes mitigate the salinity impacts on 
streams that might occur from surface-water irrigation, and managed aquifer recharge may mitigate the 
environmental impacts of high allocation.  

The availability of attractive and feasible risk treatments allows more than one lever to be used and gives more 
opportunities for uncertainties to be addressed in an adaptive fashion. If monitoring and scientific investigations 
show that the groundwater is not responding as originally predicted, an alternative management option might be 
implemented. All these options will take some time to prepare, including obtaining government approval and 
social acceptance, purchase of any land required and design and financing of the mitigation. Fortunately, the 
large time lags associated with groundwater processes may enable sufficient time for some of this preparation if 
the monitoring was designed to provide early warning of any impacts. However, if the option was more 
contentious, some degree of approval will be required much sooner, possibly at the start of the development or 
program, to allow alternative options to be considered. Thus, alternative options are included in the initial stages 
of programs (‘hedging’) and as better information is obtained, options are narrowed. This may allow a less 
precautionary approach to be taken.  
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For some environmental assets, such as for groundwater-dependent ecosystems and especially for discharge 
springs, there may be no feasible or attractive mitigation scheme. Where ecosystem values are high and 
sensitive to groundwater pressure changes, the precautionary principle would suggest that the likelihood of a 
groundwater impact should be demonstrated to be very low before initiating any action. In such circumstances, 
large time lags can be a significant disadvantage, as turning off the pumps as impacts are observed may be too 
late to prevent environmental damage. The monitoring would need to be structured to provide sufficiently early 
warning to modify pumping strategies. If the likelihood of an impact at the start of the program is sufficiently 
high, there may be a need for closer scrutiny before program is approved and monitoring and management 
plans approved at the same time.  

In contrast to sustainable yield approaches, WLRM emphasises environmental objectives at the cost of security 
of groundwater supply and administrative efficiency. Addressing different management objectives in different 
ways would generally reflect the risk associated with each objective. WLRM tends to be used where 
environmental values are high and the likelihood of impacts is greater. As demand increases, it may make 
sense, where high environmental values are important and time lags shorter, to abandon the precautionary 
approach by changing from a sustainable yield approach to WLRM. This would transfer the risk from the 
environment to groundwater users. 

Thus, it can be seen that risk can be managed by avoidance, acceptance, transfer and mitigation. This allows 
uncertainty to be managed by the use of scenario planning, taking a precautionary approach, hedging of options 
and optimisation through adaptation. While adaptive management should allow adjustment of plans, this is 
reliant on active seeking of information and review of the conceptual understanding. Better knowledge will allow 
the reduction of available options, the availability of which can be expensive to maintain. Some upfront planning 
will always be required, including contingencies, but the level of required planning will depend on the residual 
risks, i.e. the risk assessed when management is considered. Where the residual risk is high, a greater upfront 
effort is required. 

Defining the objectives of uncertainty analysis for risk management 

To define the objectives of uncertainty analysis for an issue, we need to consider the risk assessment and 
management framework in its entirety, including the balance between determining uncertainty; reducing 
uncertainty through monitoring and scientific investigations; and managing or treating risk, at times in response 
to new information (Figure 2). Each situation is different, and the balance of these components will vary. An 
uncertainty analysis is required to support each of these elements and conversely, the balance of these 
elements will determine the objective of the uncertainty analysis and the level of effort required. This section 
describes this interaction in more detail.  

Figure 2: How uncertainty analysis may support different elements of a risk management framework 

Groundwater modelling of some kind provides the only means for the future impact of an action to be assessed, 
including whether management objectives are met. Outputs from groundwater modelling that relate directly to a 
resource condition can be compared to thresholds that indicate a management objective. For example, if the 
management objective is not to have water table drawdowns of greater than 5 m, this can be tested using a 
model. Not all management objectives are in the form of groundwater pressures, fluxes and groundwater. In 
some cases, e.g. ecological resource condition limits, post-processing of groundwater model outputs using 
models or regressions will provide an indication of management objectives. 
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In testing management objectives, there needs to be recognition that outputs from a groundwater model will 
have a bias. This can happen as a result of deficiencies in knowledge or as a result of the modelling not 
adequately representing what we know.  Figure 3 schematically shows how a groundwater models can wrongly 
indicate impacts on management objectives. The true solution represents what happens if the real world was 
subject to the management actions. Given that we do not know this, we do not know the bias. Thus, without any 
uncertainty analysis, we are unsure of whether the management objective is met or not. If we use only one 
model, as is often done in practice, there can be an undeserved level of confidence attached to the prediction. 
Often the one model output chosen is one that in some sense optimally fits historical data. However, as will be 
seen, that can still lead to a large bias. For risk assessment, we need some indication of the likelihood that the 
management target is met. 

Figure 3: How an error in a modelling projection for a particular management objective might change a decision 
based on whether the projection is above a threshold value used for the decision. In (a), (c) and (d), the model 
projection would lead to the correct inference to base a decision upon. In the case of (b), the model would lead 
to an incorrect inference. Normally, we do not know the actual realisation and hence any estimate of the error. 

One way of giving a sense of the uncertainty is to consider a range of models that generally fit our known 
knowledge of hydrogeology and other processes. This could be done by varying parameters within a possible 
range or varying the hydrogeological structure. The outputs of this are shown in Figure 4.  

Figure 4: How an ensemble of model projections might affect the decision-making process. This gives both a 
bias and a spread. Normally we do not know the actual realisation and hence the bias. If the model is properly 
developed, the actual realisation should fit in the spread of projections. If not, as shown here, it may lead to a 
poor decision being made, because of a bias in predictions leading to the prediction being on the wrong side of 
a threshold value (case b).  

A range of model outputs leads to both a bias and a spread. An uncertainty analysis should provide us with 
some indication of the spread and/or bias. As we do not know the true answer, we generally only know the 
spread. By consideration of appropriate structures and parameters, the true answer should lie within the spread 
of outputs. One can see that consideration of a spread produced by varying a small range of parameters in a 
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poorly structured model may produce a spread that does not include the true answer. We would expect that the 
spread and bias would decrease as more information is obtained from monitoring.  

Figure 5 shows different ways uncertainty may be displayed. Ideally, it would be good if the analysis led to a full 
distribution of possible outputs that relates to our current knowledge. While uncertainty methods may produce 
distributions, the discussion above shows that these may not represent the true uncertainty. A feature of interest 
is the extremes of our distributions that generally will be represented by the 5th and 95th percentiles. Scenarios 
help us represent plausible futures within the modelling. It is difficult to assign a probability to these scenarios, 
except as broad ranges of likelihood. This large uncertainty propagates to the prediction uncertainty. Similarly, 
we could provide some sense of a likelihood to faults or levels of connectivity between two points and hence 
represent it in the models, recognising we do not fully understand the hydrogeology or represent it correctly in 
the model. However, as we do not know what we do not know, it becomes difficult to provide a metric in regard 
to this uncertainty. 

Figure 5: How different levels of uncertainty can be represented in different forms (from Guillaume et al., 2016) 

The metric required for a risk framework will depend on the context. The broad aim of the risk framework is to 
make the program of actions robust against surprises. Sensitivity analyses can show whether an impact is 
sensitive to a specific factor and hence allows methodologies to be developed that facilitate robustness. 
Uncertainty analyses add to sensitivity analyses by using information on whether that factor is likely or not. For 
example, the modelling output may have some measured sensitivity with a given parameter. By adding 
information on the probability distribution of values for that that parameter, one can limit the range of outputs. 
Sensitivity analyses generally apply to scenarios and conceptualisations. 

Scenario planning requires uncertainty analysis in order to understand the distribution of risk (risk assessment) 
and to develop contingencies to manage potential risks. Trigger levels to be applied and management 
responses need to be defined. Where there are no attractive or feasible management options, risk needs to be 
avoided. Precautionary approaches require information about the extremes. Under the precautionary principle, 
the objective is for a high unlikelihood of irreversible damage to an important asset. The higher the residual risk 
to the asset, the greater the confidence is required that management objective is met. To reduce the number of 
options, there often needs to be a high degree of confidence that an option is not required. Some modellers 
deliberately apply a bias (‘conservatism’) to provide an indication about the extreme (Ferré, 2017). 

Adaptive management requires information to be continually gathered, often by monitoring. Uncertainty analysis 
can provide a means to assess where scientific uncertainty can be reduced in the most relevant areas. 
Choosing sites of monitoring to provide early warning systems relies on knowledge of structures that limit the 
rate at which pressure changes occur. More knowledge about faults or zones of high connectivity could 
significantly limit scientific uncertainty with a focussed piece of work. Determining the source of groundwater for 
springs and sensitivity of ecosystems to groundwater changes provide clearer information about the 
management objectives and the associated risk. The volume of water needed to be extracted to depressurise a 
coal seam affects not only the volume of co-produced water (and salt) that needs to be managed but also the 
impacts on other aquifers.  
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Approaches such as WLRM are also aided by groundwater modelling and uncertainty analysis. While such an 
approach protects environmental objectives, there is a risk to the security of other users and the efficiency of 
operating the plan. Groundwater modelling can help assess these other management objectives. Uncertainty is 
important for assessing these risks, which in turn, is required for the risks to water-dependent industries. 
Groundwater modelling is also required to define and review trigger levels, and together with sensitivity analysis 
prevents the water levels moving outside target range. 

If other sources of water are being considered as part of regional planning, information will be required on the 
security to different water users. Confidence of model predictions needs to be communicated to the users more 
generally, particularly where there is contention. This requires appropriate language to communicate 
confidence, where there may be little trust. There is also a need for as much consistency as possible. 
Communication is considered more in the workshop discussion paper 5 (Richardson et al., 2017). 

This discussion has shown that uncertainty analyses are not uniform in terms of objectives, outputs and level of 
effort. Risk and uncertainty need to be described clearly when defining the objectives of a groundwater 
modelling project or indeed the larger project for which the groundwater modelling is being done. This is likely to 
lead not only to better outcomes but also to better targeting of resources. 

Lack of resources is a common reason for uncertainty not to be analysed. Low risks mean that greater 
resourcing would be difficult to justify. Systems where risks are high – and where there are a lack of attractive 
and effective risk treatments and time lags are long – demand a more detailed level of analysis. Without 
commensurate funding, there are reputational and political risks. In between these two limits, there is a range of 
possibilities.  

While not comprehensive, this is a sensible level of analysis and associated burden on a development. It is 
important to also understand whether uncertainty analyses from the supply (modelling and hydrogeology) side 
can be scaled proportionately to the prioritisation of resources from the demand (purchaser and regulator) side. 
We address this issue later, after first discussing the sources of uncertainty. 

Sources of uncertainty 

Predictive uncertainty includes both our uncertainty about processes and the ability of the model to capture the 
processes that we do know about. We tend to divide the sources of uncertainty into the following categories 
(Figure 6): 

Figure 6: How different elements of the modelling process contribute to predictive uncertainty 

• Model structure: We are generally interested in issues where future stresses are different from
historical stresses. Hence, there is usually a need to use physically-based models. The groundwater
model is a gross simplification of the real world, and structural error relates to the effect of the
simplification on predictions. Structural error includes assumptions on which processes and features are
included and how.

• Parameters and inputs: Hydraulic properties that affect groundwater movement are not well known.
As the model is a simplified version of the real world, parameters tend to be ‘lumped’ rather than
measurable quantities. Parameters can be derived or inferred in different ways: measurements at the
site, transference from nearby sites, values from the literature and calibration. A prior distribution of
parameters can be derived from the first three methods, while calibration can constrain these
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distributions further. Groundwater models use time series of climate, recharge and groundwater 
extraction as inputs. Any bias in these inputs can lead to biases in predictions. Inputs can themselves 
be parameterised functions. 

• Post-processing: The outputs from a groundwater model include pressures, fluxes and groundwater

balances. However, management objectives may relate to impacts on groundwater users, ecological
values, low flow, economic costs, sometimes at different scales to the modelling. Hence, there can be
uncertainties due to downscaling, conversion to other values and aggregation. Fortunately, regional
groundwater outcomes at a site are necessary for other impacts to occur. Hence, such uncertainties
become irrelevant if regional groundwater impacts at the given site are very unlikely and groundwater
policies tend to be written in terms of groundwater model outputs. However, care needs to be taken to
ensure that the thresholds in these outputs reflect both risks and timeliness with respect to risk
treatments.

• Calibration: This is the process in which the combinations of model structures, parameters and inputs

are constrained to those whose outputs acceptably fit historical data. Optimisation can be used to find
the combination that best fits this data. Such an optimisation can lead to problems of ‘non-uniqueness’
and bias. The optimisation process can be modified through regularisation to remove the worst features
of non-uniqueness, but these modifications can then become a source of uncertainty. Parameters are
varied based on the sensitivity done during calibration to provide a range of outputs as the basis for a
metric for predictive uncertainty. Because future stresses often differ from historical ones, the suite of
parameters that optimise the fit to historical data may not provide the best predictions. Monte Carlo
methods select from the large number of possible combinations to identify a suite of plausible
parameters and implementable models. The range of outputs from these various models also provides
a useful metric for predictive uncertainty.

• Scenario error: We don’t know the future, so plausible scenarios will include errors.

Potential for scaling the effort in uncertainty analyses 

Uncertainty analyses have sometimes been presented as ‘all or nothing’. By this, we mean that the calibrated 
‘fit-for-purpose’ models are then used in an uncertainty analysis. This can be an expensive exercise and hence 
might not scale according to budgets and need. In this section, we consider three ways this might be addressed. 

One of the methods used by risk frameworks in other domains is embedding the assessment process in an 
iterative or hierarchical process. This is shown conceptually in Figure 7. Initially, a preliminary risk assessment 
is done, possible risk mitigations are considered, and the model is conceptualised to meet the objectives. This is 
discussed in more detail for groundwater modelling by Guillaume et al. (2016) and in discussion paper 2 
(Peeters 2017). In going through more iterations or steps down in the hierarchy, there is a winnowing of the 
objectives according to risk, and complexity is added as necessary. In the preliminary stages, there may not be 
any need for numerical modelling. If risks are not high, nothing more is required, and resourcing is stopped. The 
process could, in some cases, take several years or it could take a few months.  

Figure 7: An iterative approach for groundwater modelling involving setting objectives, risk mitigation options 
and modelling conceptualisation (from Guillaume et al., 2016) 

To make such a framework able to be implemented, it is necessary to discuss two issues in more detail i.e. 
complexity and the use of more than one model. Complexity refers to the representation of processes in the 
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model relative to the information available. The adage that ‘models should be as simple as possible, but no 
simpler’ applies here. Additional complexity leads to greater effort required to set up and calibrate models, 
analyse outputs and revise the models, and can be less transparent. They are also more difficult to stabilise and 
automate, thus making uncertainty analyses difficult and expensive. Model structure can lead to significant bias. 
While they are often the source of dispute, they are not often analysed due to the time required to alter and 
recalibrate models.  

Additional complexity may better represent real processes, but does not necessarily result in better predictions. 
The workshop discussion paper 3 (Doherty and Moore 2017) shows that due to the limitations in the information 
content in historical data, there is an optimal number of parameters (or combinations) that can be fitted to that 
data to reduce predictive uncertainty. Trying to fit more parameters (‘overfitting’) leads to increased predictive 
uncertainty. Sensitivity analyses may be used on the prior distributions of non-fitted parameters as part of 
developing a metric for predictive uncertainty. Complex models may provide an educational role in investigating 
sensitivities and feedbacks. However, because of the predictive uncertainty, they do not necessarily provide 
better projections despite the additional overheads in using them. Greenfield sites, where there has been little 
previous development, may have little information relevant to parameters. However, such data and information 
should become available quickly after development. If development is agreed upon after assessment of risks, 
regular groundwater updates are important, as the ability to constrain groundwater parameters should improve 
in parallel with monitoring. 

One of the arguments for complex models is that they appear to be more defensible to criticism. It is relatively 
easy to identify seemingly important processes that are omitted in the model, but less obvious to identify the 
‘sweet spot’ in regard to complexity. While the notion of ‘parsimony’ is well-ingrained in groundwater modelling, 
there are various worldviews as to where the ‘sweet spot’ is. The workshop discussion paper 3 (Doherty and 
Moore 2017) shows an objective way to view this issue. There may well be a need to review the concept of 
parsimony for uncertainty analyses to be sensibly done. 

Monte Carlo methods produce many plausible model ‘implementations’. The culture of having one ‘fit-for-
purpose’ model is well-embedded. Custodians of many of the groundwater models are often subject to 
diminishing resources. The notion of one model that is used to support decisions such as allocations has been 
important in defending decisions. A single model could be chosen based upon the percentiles (e.g. 50th or 95th) 
against one objective, but the actual choice of model is likely to vary for different objectives. A model based on 
optimisation with historical data may not be the best for predictions. It should not be surprising that the one 
model may not be suitable or ideal for all objectives. Trying to achieve one model suitable for use for all 
modelling objectives may lead to unwanted complexity. To make robust decisions, alternative 
conceptualisations may need to be trialled or different weighting on different objectives needs to be considered. 
Some disciplines, such as climate and hydrology, use ensembles of models built on different platforms to 
provide increased confidence in outputs. Some (e.g. Ferré 2017) have argued that this is the way that 
groundwater modelling should proceed. The notion of more than one model being used should therefore not be 
surprising. The flexibility afforded by multiple models may be required to implement the iterative process 
described above. The issue of multiple models is further discussed in the workshop discussion paper 3. 

While these three issues are important in ensuring resources are justified, it is likely that including uncertainty 
analyses will sometimes be more resource intensive. Common sense would dictate that adding iterations or 
using more models will not necessarily reduce required resources. In a world of finite funding, this means 
uncertainty analyses will be dependent on priority.  

Changing the groundwater culture 

Some of the inertia on the introduction of uncertainty analysis is caused by non-technical issues. The 
groundwater community has been using numerical groundwater models for some time without uncertainty 
analyses. They have become familiar with the notion of relatively complex fit-for-purpose models. Administrative 
processes have been built around these. Some models support legislation, others form the basis of inter-
jurisdictional agreements. Understanding uncertainty, and how it can be used – rather than be abused – will 
take some time. Some of these models may be expensive and slow to change over to models that incorporate 
uncertainty. Communication with a range of stakeholders for them to understand any changes in modelling 
processes and how this may impact on decisions will be even slower. It is therefore likely to be a staging of the 
introduction of uncertainty techniques, starting with high risk, contentious new developments. Workshops 
targeted at non-modellers may be useful in supporting this. 

Some other processes, such as peer review and modelling guidelines checklists may unduly ingrain poor 
practices with respect to complexity and unnecessarily constrain practices. Thus, while the guidelines have 
undoubtedly raised the general standard of modelling, quality assurance and model documentation, this may 
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have been at the cost of constraining innovation and implementing some of the changes that uncertainty 
analysis requires. It may be that most gains in future might be made by tailoring the modelling guidelines to 
meet decision-making frameworks and focusing on the outcomes of the modelling rather than refining and 
prescribing modelling processes. By doing this, the framing of objectives, prioritisation of resources, iteration of 
the risk management system and tailoring of outputs may be more naturally addressed. It may also encourage 
different approaches while doing away with superfluous processes that do not improve decision making.  

Despite the modelling guidelines requiring uncertainty analyses and the availability of courses on the topic, it is 
clear that there is a need to continue to raise skills across the groundwater community. There is no textbook on 
uncertainty methods, software can be difficult to use and terminology difficult for the novice. Targeted 
workshops, mentoring as part of on-the-job work and other approaches will continue to be required. 

Finally, there is one issue where perhaps the pendulum has swung too far. Adaptive management is justifiably 
used to address environmental issues. However, the large time lags and lack of risk treatments for groundwater 
actions can mean that once an action is taken, it may be difficult to reverse the impacts. Hence, by the time 
monitoring shows that a significant ecological asset will be affected, it may be too late to act. Turning off the 
pumps will not solve the problem. In such situations, there needs to be very careful understanding of the system 
and a significant sensitivity analysis before proceeding. Any lack of details of risk treatments in the initial 
environmental impact statements can be misleading in regard to the residual risk and in the ability to adaptively 
manage. In such cases, the likely adaptive management strategies should be included in the scenario modelling 
and trialled as part of the initial assessment. 
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Uncertainty analysis in groundwater modelling: Where to 
start? 

Luk Peeters, CSIRO Land and Water, Adelaide 

Introduction 

As discussed in Walker (2017), the goal of an uncertainty analysis is to build confidence with clients and 
stakeholders by communicating what we do know and can predict. This means that we have to honestly and 
transparently communicate that there can exist a wide range of model predictions that are all consistent with our 
current understanding of the system, even though gaps limit our system understanding. Part of an uncertainty 
analysis is therefore to assess how these knowledge gaps might affect the model predictions. 

The methodologies for evaluating which predictions are consistent with the observations and system 
understanding are the focus of Doherty and Moore (2017), while the communication aspect is thoroughly 
discussed in Richardson et al. (2017), and the overview describing all these elements is presented in Middlemis 
et al. (2017).  

This paper is about the groundwork required before predictive uncertainty can be evaluated, and how 
quantitative and qualitative uncertainty analysis fits in the modelling and project workflow. Workflow elements 
are discussed in terms of practical guidance issues, such as ‘Where to start?’, ‘Which assumptions matter?’, 
‘What changes to make to the model?’, ‘How to bring in observations?’ and ‘Do initial parameter values matter?’ 

There are several papers that provide workflows and approaches for uncertainty analysis for environmental 
modelling in general (Jakeman et al., 2006; Refsgaard et al., 2007; Liu et al., 2008; Bennett et al., 2013) and 
specifically for groundwater flow and transport modelling (Refsgaard et al., 2012; Guillaume et al., 2016). 

The common principles that emerge from examining these workflows, which also can be found in the Australian 
groundwater modelling guidelines (Barnett et al., 2012), are: 

1. Explicitly define project objectives and what the model needs to predict.
2. Constrain the model predictions with all available observations and information.
3. Discuss model assumptions and choices and how they affect predictions.
4. Iterate and revisit model objectives, assumptions and predictions during the project in consultation with

clients and stakeholders.

Figure 1: Uncertainty analysis workflow 

These concepts form the basis of the workflow depicted in Figure 1. The left-hand side provides a high-level 
workflow, emphasising the need to explicitly define project objectives and the types of information to be 
provided by the predictions so that these can be taken into consideration when developing conceptual models. 
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From that stage, there are two parallel processes: a qualitative and quantitative uncertainty analysis. The 
qualitative uncertainty is a formal discussion of all model assumptions and choices and how they affect model 
predictions. The quantitative uncertainty analysis seeks to find all model predictions that are consistent with (or 
constrained by) the observations. The workflow depicted on the right provides more detail on the aspects of the 
quantitative uncertainty analysis, such as including what to change to an existing model, how to define initial 
parameter ranges and how to bring in observations. The final step in the workflow is the communication and 
reporting. The thick blue arrows indicate the need to iterate between all the components of the workflow during 
the model project. 

In this paper various aspects of this workflow are discussed based on questions pertinent to the modelling 
process, such as ‘Where to start?’, ‘Which assumptions matter?’, ‘What changes to make to the model?’, ‘How 
to bring in observations?’ and ‘Do initial parameter values matter?’ 

Where to start? 

The obvious starting point is stated in any modelling textbook or model guidelines; a modelling project starts 
with the objectives of the project, the research question that needs to be addressed. While obvious, it is not 
trivial to formulate the research question, let alone to explicitly define which model outcomes will answer the 
question. Morrison-Saunders et al. (2014) claim that one of the largest issues in environmental impact 
assessments is a lack of focus due to vaguely formulated research objectives. 

Let me illustrate this with a very simple example (Figure 2). In an unconfined, alluvial aquifer a new irrigation 
development is proposed (D), using both surface water and groundwater. The river is regulated, considered to 
be losing-disconnected and supports a Ramsar wetland (R). In the aquifer is an existing stock and domestic 
bore (B) and a spring (S), both up-gradient from a geological fault that may or may not act as a barrier to flow. 

Figure 2: Hypothetical example to illustrate uncertainty analysis workflow concepts. In an unconfined, alluvial 
aquifer a new irrigation development (D), using both surface and groundwater is proposed. The river is 
regulated, considered to be losing-disconnected and supports a Ramsar wetland (R). In the aquifer is an 
existing stock and domestic bore (B) and a spring (S), both up-gradient from a geological fault that may or may 
not act as a barrier to flow. 



Groundwater Modelling Uncertainty – Implications for Decision-Making – Discussion Paper 2 – Peeters 2017 

National Centre for Groundwater Research and Training / International Association of Hydrogeologists 44 

The objective of a model study in this case, the reason to build a groundwater model, could be ‘Is this proposed 
development sustainable?’ While this is a very pertinent research question from a water resources management 
point of view, it is impossible for a groundwater model to directly answer. For a groundwater model to be able to 
inform this issue, the details of what is be sustained must be detailed, and then predictions can be specified 
explicitly in those terms. In this example that can look like: 

In the next 15 years, the irrigation development should not cause: 

• More than 20 cm drawdown at the spring S;

• More than 2 m drawdown at the stock and domestic bore B;

• An increase in the number of no flow days at the wetland R to more than 14 days per year;

• A decrease in the flood inundation event frequency at the wetland R to less than 1 in 3 years.

This short statement describes very precisely the future scenario to consider (15 years of irrigation 
development), the kind of hydrological impacts we seek to avoid (drawdown, no flow days, flood frequency), the 
maximum tolerable impact (20 cm / 2 m drawdown, 14 no flow days) and the location where these impacts need 
to be evaluated (at a spring, at a stock and domestic bore and at a wetland). 

Defining such predictions explicitly is much more challenging than formulating the research question; it requires 
a thorough and detailed local understanding of not just the hydrogeology and hydrology of the system, but also 
of the social, economic and ecological functioning of the study area. Participatory modelling, in which clients and 
stakeholders are actively engaged in the modelling process (Castilla-Rho et al., 2015; Castilla-Rho, 2017), 
illustrates the importance of iterating between the modelling and model predictions to identify which model 
aspects are relevant for groundwater management. 

The emphasis on defining model predictions is not just part of good modelling practice in general, it is crucial for 
uncertainty analysis. It is not possible to carry out an uncertainty analysis of a groundwater model. It is only 
possible to carry out an uncertainty analysis on the predictions of a groundwater model. Without explicitly 
defining model predictions, it is impossible to do an uncertainty analysis. 

Which assumptions matter? 

The qualitative uncertainty analysis of the workflow (Fig. 1) is a formal and structured discussion of all model 
choices and assumptions and their effect on predictions (Kloprogge et al., 2011). The discussion is organised by 
answering following four questions with 'low', 'medium' or 'high' (Peeters, 2017a; Peeters et al. 2017b): 

• What is the likelihood that I would have made the same choice if I had more or different data?

• What is the likelihood that I would have made the same choice if I had more time and budget?
• What is the likelihood that I would have made the same choice if I had a better model/software?

• What is the likelihood that the model predictions are very different if I change the assumption?

Assume in the example in Figure 2 that the choice is made to not represent the fault in the groundwater model; 
for example, because a lot of extra data is required, such as the geometry of the fault, the displacement and the 
hydraulic properties of the fault. Assume that such data is not available in this example, so the first question is 
scored ‘high’, Likewise, adding a fault to a groundwater model requires additional time and resources especially 
since the added complexity will require model runs during model calibration and uncertainty analysis. If the 
budget for the project is limited and if the timelines are strict, the second question also receives a ‘high’ score. 
Implementing faults in existing groundwater modelling software is possible, but not trivial. The third question 
therefore is scored ‘medium’. The final question, however, is the most important one as it pertains to the effect 
on predictions. For the drawdown predictions, it would be scored ‘high’ as an impermeable fault might 
completely prevent drawdown from propagating to the spring and stock and domestic bore. For the hydrological 
change at the wetland however, the scoring would be ‘low’ as the river is losing-disconnected, and the fault is 
up-gradient from the irrigation development. Despite the ‘high’ score for drawdowns, the choice might still be 
justified as, in this example, not representing the fault would be conservative as it overestimates drawdown. 

In this illustration, the effect on predictions is discussed from first principles, considering a fault as a barrier to 
flow. In Peeters (2017) a number of additional approaches are discussed, including sensitivity analysis, 
hypothesis testing with custom-made models, analogues from literature and expert opinion. An example of 
hypothesis testing, salient to this discussion, can be found in Knapton and Middlemis (2017), where a fault was 
modelled both as a barrier and as a conduit of flow. It was only possible to match the observed groundwater 
levels in the latter conceptualisation, which provided an argument against the fault acting as a barrier to flow. 
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Elements of this scoring and discussion of assumptions and limitations are already part of most groundwater 
model reports, as recommended in Barnett et al. (2012). Rather than relying on a ‘confidence level’ 
classification prone to misinterpretation, an open and transparent plain English discussion is a great way to 
engage with clients and stakeholders who do not necessarily have the same in depth knowledge of the system 
or groundwater modelling as a technical reviewer might have. In addition to that, critically evaluating 
assumptions has since long been shown to reduce overconfidence in predictions, an affliction experts in many 
scientific disciplines suffer from (Koriat et al., 1980). 

The qualitative uncertainty ideally complements a quantitative uncertainty analysis, but the concept can also be 
applied to a deterministic groundwater model. It serves as a first evaluation of conceptual model uncertainty and 
the results identify the most crucial knowledge and data gaps.  

What to change in the model? 

In essence, a quantitative uncertainty analysis consists of evaluating different parameter combinations with a 
groundwater model. This is not materially different to calibration or sensitivity analysis. Calibration and 
sensitivity analysis are often done manually, by changing parameter values in a graphical user interface and 
running the model again. However, automated analysis is becoming more common, as a manual approach 
becomes very impractical if the number of model runs required exceeds a couple of dozen.  

To systematically explore a wide parameter range, the model needs to be run, and the parameters changed in 
an automated way. This means that any pre -or post-processing step needs to be captured as part of the model 
variables. Recharge is for instance often computed through a separate process. To account for uncertainty in 
this recharge estimation, the recharge estimation and processing script needs to be integrated in the model 
batch file that is run from the command line.  

Similarly, model predictions are often not direct outputs of the model, but need to be post-processed. Think for 
instance of the maximum difference in groundwater levels between two scenarios or a mass-balance over a part 
of the model domain. To compute these, additional programs or scripts need to be executed and, if they are the 
target of an uncertainty analysis, these programs need to be included in the batch file. Recent advances, such 
as Python packages Flopy (Bakker et al., 2016) and PyEmu (White et al., 2016), combine the flexibility and 
numerical analysis capability of a scripting language (Python) with traditional groundwater modelling 
(MODFLOW) and uncertainty analysis (PEST) packages. In addition to the practical advantages, a scripted 
workflow increases transparency and reproducibility of the modelling process greatly (Fienen et al., 2016). 

There is however a large drawback to automating the running of groundwater models. Everyone who has ever 
created and run a groundwater model knows that they are not unconditionally stable. A large part of model 
development is often devoted on ensuring that a model converges to a solution. This is hard enough when 
dealing with a deterministic model and a single parameter combination, let alone when considering a wide range 
of parameter combinations. To make matters even more challenging, it is quite likely that custom-made scripts 
have bugs or coding errors. 

Solving these issues during calibration or uncertainty analysis is very time-consuming and frustrating. A stress 
test, shown in the detailed workflow in Figure 1, can help to identify and avoid potential issues before they 
become a problem. In a stress test, a limited number of extreme parameter combinations (coloured red in 
Figure 1) are evaluated with the batch file that contains the pre-processing scripts, the model executable and 
the post-processing scripts. The goal is to break the model; to find out for which parameter combinations the 
model no longer converges.  

Non-convergence for some parameter combinations is not always an issue. It is not hard to imagine that if you 
combine a low hydraulic conductivity value with a high storage value that a model will struggle to converge. As it 
is quite unrealistic that such a parameter combination exists in reality, the model does not need change, but in 
the uncertainty analysis such parameter combinations need to be avoided, for instance by specifying a 
covariance between hydraulic conductivity and storage. It is different when a model fails to converge for a 
realistic parameter combination as it points to a structural issue with the model. While it is often hard to fix these 
structural issues, a stress test will at least make the modeller aware of their existence before starting a 
computationally expensive quantitative uncertainty analysis. Stress-testing also allows verification that all the 
processing scripts work as intended and that the model produces sensible results over a wide range of 
parameter values. 
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How to bring in observations? 

Observations of state variables, for instance groundwater level observations or stream flow data, come into a 
calibration and uncertainty analysis through an objective function or likelihood function. In calibration, the 
minimum of the objective function is sought, while in uncertainty analysis, a range of parameter values is sought 
consistent with observations. In the detailed workflow in Figure 1 we emphasise that it is therefore not enough to 
specify a likelihood function to bring in observations; one needs to specify how much mismatch between model 
and observations can be tolerated before one considers a parameter set to be not consistent with observations. 

A common approach in calibration and uncertainty analysis in groundwater is to assign the weights of each 
observation as the inverse of the standard deviation of observation error (Hill et al., 2007). This approach 
assumes that observation error is normally distributed. The distribution of parameter combinations that result 
from an uncertainty analysis, the posterior distribution, will then produce a distribution of model residuals that is 
comparable with the observation error. As an example, consider the standard deviation of observation 
uncertainty of a groundwater level observation to be 1 m. If this value of observation uncertainty is used in an 
uncertainty analysis, it implies that 5% of posterior parameter combinations will result in a residual larger  
than 2 m. 

The result of the uncertainty analysis, the width of the uncertainty bounds, will largely depend on what one 
defines as observation uncertainty or acceptance criteria. Unfortunately to date, there is not a lot of research 
available to provide guidance on this matter. An acceptance criterion can be defined by unpacking the 
observation process, such as in the case of groundwater level observations, via the accuracy of the data logger 
and the survey level on the observation bore, and by accounting for scale issues related to the resolution of the 
groundwater model. Such a first principle approach is relatively straightforward for groundwater level 
observations, but becomes very challenging when dealing, for instance, with stream flow fluxes or salinity 
concentrations. It is however crucial when combining different sources of data in the likelihood function as it 
determines the weight each data type receives. 

The approximate Bayesian computation (ABC) approach, applied in groundwater by Vrugt et al. (2013) and 
Peeters et al. (2017), uses a rejection algorithm in which a set of criteria to evaluate a model is defined and only 
those parameter combinations are accepted that are within predefined thresholds. The approach misses the 
statistical rigor a formal Bayesian likelihood function provides, but has the great advantage that it makes the 
uncertainty analysis process less opaque and more flexible. The goal of the ABC approach is, in discussion with 
local experts, clients and stakeholders, to establish a rule set of what is an acceptable model. This can be 
related to the mismatch with observations (e.g. groundwater levels must be matched to within 2 m) but can also 
include conditions based on the system understanding (e.g. conductivity of layer 2 is always lower than 
conductivity of layer 3, the groundwater contribution to a stream cannot be more than stream flow). Many of 
these conditions may appear self-evident at first sight, but they are invaluable in formally constraining a 
groundwater model. 

Do initial parameter values matter? 

The quantitative uncertainty analysis workflow shown in Figure 1 is a generic representation of the Bayesian 
inference approach that underpins most quantitative uncertainty analysis methodologies. It starts with defining 
an initial range of values for each parameter, which is referred to as the prior parameter distribution (blue in 
Figure 1). The quantitative uncertainty analysis evaluates this initial parameter range with the model. By 
comparing the model outcomes with the objective function or likelihood function, a range of parameter 
combinations is obtained that is consistent with the observations. This is referred to as the posterior parameter 
distribution (green in Figure 1). The ensemble of predictions that correspond to the posterior parameter 
combinations are referred to as the predictive posterior distribution. 

If the observations are informative, the posterior parameter distribution can be quite different to the prior 
distribution (parameters 2 and 3). Some parameters, however, will not be constrained by the observations 
(parameter 1). An obvious example is that it is not possible to infer storage values from a steady state model. 
For complex models, it is often not that straightforward to work out which parameters can be constrained by the 
observations. A systematic sensitivity analysis, often a by-product of an uncertainty analysis, can provide 
valuable insight into this aspect, for instance by quantifying parameter identifiability (White et al., 2014). 

This implies, however, that, when a prediction strongly depends on a parameter that cannot be constrained by 
observations, the definition of the prior parameter distribution is crucial. Even in the case where a parameter can 
be constrained by observations, it is possible that the parameter is compensating for structural issues with the 
model. River-bed hydraulic conductivity, for instance, can compensate for an incorrectly specified river stage. A 
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prior parameter distribution informed by local knowledge can safeguard against parameters assuming 
unrealistic values. 

Unfortunately, we are rarely in a position that it is possible to describe a prior distribution of a parameter at the 
scale of model discretisation, based on field measurements, and the range applied in the modelling is mostly 
informed by literature values and expert knowledge. It is, however, important to be aware that parameter values 
that fit the observations are not necessarily correct. 

Conclusion 

The goal of an uncertainty analysis is to build confidence with clients and stakeholders in what we do know and 
can predict (Walker, 2017). The generic workflow presented and discussed in this paper considers uncertainty 
analysis as an integral and crucial component of a modelling project. It highlights the need to explicitly specify 
what predictions are required of the model and to justify all assumptions in the context of these predictions. This 
paper emphasises the need for a stable model and well-defined acceptance criteria based on the available 
observations and informative priors, especially for parameters that cannot be constrained by parameters or are 
prone to compensate for structural model issues. This is closely related to the complexity of models discussed 
in Doherty and Moore (2017). 

Transparently documenting and honestly reporting the results of an uncertainty analysis, together with its 
limitations and assumptions, is crucial to instil confidence in the model predictions with stakeholders and clients. 
Richardson et al. (2017) elaborate more on this communication aspect of uncertainty analysis. 
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Simple is beautiful 

John Doherty, Watermark Numerical Computing, and Catherine Moore, CSIRO Land and Water, Brisbane.

Preface 

This short text summarises a much larger document delivered through the ‘Smart Models for Aquifer 
Management’ project undertaken by GNS, New Zealand. That document, Doherty and Moore (2017), provides a 
theoretical basis for the discussion that is presented herein. It can be downloaded from: 

https://www.gns.cri.nz/Home/Our-Science/Environment-and-Materials/Groundwater/Research-Programmes/Smart-Aquifer-
Models-for-Aquifer-Management-SAM/SAM-discussion-paper 

Introduction 

We commence with an apology to EF Schumacher, the author of the much-acclaimed book Small is Beautiful. 
The book’s subtitle is ‘a study of economics as if people mattered’. To cement our plagiarism we should subtitle 
the present text ‘a study of environmental modelling as if decisions mattered’.  

The subject of this paper is the construction, calibration and deployment of models that are built to support 
environmental and resource management. Nowadays, it is common practice to build models for this purpose. 
We submit that many of these models fail to deliver the support which they promise because they are too 
complex and insufficiently agile to use in the decision-making process. But first we discuss the role that models 
can play as an environmental decision-support tool, and then we explain why they so often fail to provide that 
support. 

Models and decisions 

The contribution that numerical modelling should make to the environmental decision-making process is 
succinctly described by Freeze et al. (1990). Though often cited, the arguments presented in this landmark 
paper are mostly ignored by the modelling community. Freeze et al. (1990) point out that modelling introduces 
to the decision-making process the vital ingredient of risk. Risk can be roughly equated to the probability of a 
bad thing happening as a consequence of a particular decision, multiplied by the cost associated with its 
occurrence. It follows immediately that if a model is deployed to support environmental decision making, its 
predictions of environmental behaviour under different management options must be accompanied by estimates 
of the uncertainties associated with those predictions.  

Moore and Doherty (2005) show that model predictions of groundwater behaviour can be accompanied by large 
uncertainties, even where these predictions are made by a ‘calibrated model’ i.e. by a model whose parameters 
have been adjusted to ensure that its outputs match historical measurements of system state (for example 
heads in wells and flows in streams). They show that, to the extent that a prediction is sensitive to components 
of the calibration null space, the uncertainty of that prediction is not reduced through the calibration process at 
all. (The ‘calibration null space’ refers to model parameters, and/or combinations of parameters, which are 
uninformed by historical measurements that comprise the calibration dataset.) Such predictions, therefore, tend 
to be those that are sensitive to hydraulic property detail and hydraulic property variability that exists at small 
spatial scales. They include (but are not limited to) movement of a contaminant through a heterogeneous sub-
surface, nuances of groundwater/surface-water interaction, and the response of a natural system to extreme 
climatic events, and/or to large changes in its management regime. Unfortunately, many decision-critical 
predictions fall into one or more of these categories. 

Doherty and Simmons (2013) and Doherty and Vogwill (2015) extend the concepts introduced by Freeze et al. 
(1990) to define failure of a modelling enterprise in lending support to the decision-making process. Based on 
the premise that decisions are taken to avoid the occurrence of an unwanted outcome (i.e. a ‘bad thing’), a 
model fails in its decision-support role if its predictive uncertainty margins underestimate the probability of 
occurrence of that bad thing.  

Examined from a frequentist perspective, decision making requires exploration of the hypothesis that a bad 
thing will happen if a certain management strategy is adopted. (This strategy can include so-called ‘adaptive 
management’, where mitigation actions are prescribed if certain monitoring thresholds are crossed.) Ideally, an 
environmental model should be employed to implement the scientific method, whereby rejection of the ‘bad 
thing hypothesis’ is attempted by demonstrating incompatibility of its occurrence with information about the 
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system that is encapsulated in the model. This information is comprised of expert knowledge of system 
properties and processes on the one hand, and measurements of the historical behaviour of the system on the 
other hand. A type 2 statistical error occurs if the hypothesis of a bad thing happening is falsely rejected; we 
define this as failure. 

Armed with a definition of failure, a firm conceptual reference point exists for setting specifications for any model 
that is built to support environmental decision making. In the present discussion, specifications of most interest 
are those pertaining to the level of model complexity. 

Another criterion of relevance to model design is that of usefulness. If the uncertainty bounds calculated by a 
model for a decision-critical prediction are too broad, then the bad thing hypothesis can never be rejected. 
Failure to reject a false hypothesis is referred to as a type 1 statistical error. A model’s usefulness increases to 
the extent that it can reduce the uncertainty of a decision-critical prediction to the lower limit set by availability of 
current information pertaining to that prediction.  

Models as receptacles for information 

It is apparent from the above discussion that a model’s support for the decision-making process rests on its 
ability to provide receptacles, or containers, for information about the system that is undergoing management. 
As stated above, this information falls into two broad categories, namely expert knowledge on the one hand, 
and the historical behaviour of the system on the other hand. Expert knowledge is expressed through the 
construction details of the model, its boundary conditions, and its parameterisation (i.e. how hydraulic properties 
of the simulated system are represented in the model).  

Conceptually, all of these (especially its parameterisation) must be stochastic, as that is the nature of expert 
knowledge as it pertains to environmental systems. Information that is encapsulated in the historical behaviour 
of the system is introduced to the model through the history-matching process. This information constrains 
parameters to a narrower stochastic range than that based on expert knowledge alone. This is because 
parameters employed by a model must be such as to allow the model to replicate that behaviour. These two 
types of information constitute the prior probability and likelihood terms that appear on the right side of Bayes 
equation; see any statistical text for more details. 

Bayes’ equation states that the outcomes of the history-matching process are probabilistic, this pertaining to 
parameters employed by a model, and to predictions made by a model. At first glance it would appear that the 
concept of the ‘calibrated model’ which forms the basis for widespread, model-based decision making is at odds 
with this fundamental premise. This is indeed the case. However, if model calibration is considered as the first 
step in a two-step process of: 

• Finding a solution of minimum error variance to the inverse problem posed by fitting model outputs to 
the calibration dataset; and then 

• Quantifying the error in predictions made by the thus calibrated model; 

then the precepts of Bayes equation can be followed in a way that is far easier to implement than Bayes’ 
equation itself, with outcomes that reduce the probability of occurrence of a type 2 statistical error to an 
acceptable level. See Doherty (2015) for further details. 

Instead of being considered as devices through which the scientific method can be introduced to the decision-
making context, models are often construed (especially by non-modellers who pay for them) as (presumably 
accurate) simulators of environmental behaviour at a particular study site. However even the most complex 
model can only be approximate in its attempted simulation of local environmental processes. Nevertheless, the 
ability to simulate, even in an approximate fashion, processes that are operative at a location of interest endows 
a model with the information receptacles that it requires to fulfil its decision-support role. Importantly, it is these 
receptacles which are of primary importance.  

In contrast, exact (and elusive) replication of environmental processes is of secondary importance, for the role 
of simulation is to serve the greater task of providing receptacles for information that resides in local knowledge 
of the system and in measurements of the behaviour of that system. Furthermore, exact replication of 
environmental behaviour may not even be required if the occurrence of a bad thing can be relegated to a low 
level of probability using only a fraction of the information that is available at a particular study site. 
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Complex models 

Presumably, the more complex is a model, the greater is the amount of information for which it can provide 
receptacles.  

Complex models provide more receptacles for expert knowledge because of their ‘realistic’ representation of 
real-world conditions, and because of their ‘physically-based’ simulation of real-world processes. Local 
measurements of system attributes, and of hydraulic properties, can thus be transferred directly to the model. 
These can then exert constraints on properties assigned to parts of the model domain where no such 
measurements have been made, using correlations that have emerged from local site characterisation.  

Complex models provide receptacles for information encapsulated in historical measurements of system state 
because they can support many adjustable parameters, and because these parameters embody realistic 
descriptions of system heterogeneity. It follows that a good fit between model outputs and historical 
measurements should be readily achievable. This does not, of course, result in parameter uniqueness. 
However, it does result in tighter constraints on parameter variability than that which is permitted on the basis of 
expert knowledge alone. 

In theory, environmental decision making is therefore well supported by a complex model. In practice, this is 
rarely the case. Complex models have long run times. Often they are plagued by numerical instability. 
Furthermore, the more detail that a model can express, the greater is the necessity for that detail to be 
expressed stochastically (i.e. probabilistically). Stochasticity is required because neither direct measurements of 
system properties at a discrete number of locations, nor inferences of system properties made through history 
matching, can yield unique estimates of that detail throughout a modelled area. Unfortunately, however, the long 
run times of complex models preclude running the model the number of times required for proper stochastic 
analysis. These same run times, accompanied by a penchant for numerical instability, often make the task of 
history-matching very difficult indeed – if not impossible. A simplistic parameterisation scheme is often therefore 
draped over the domain of a complex model to ease the burden of history matching. The model then becomes 
simple again – losing the benefits of complexity while eschewing the quick run times that model simplicity can 
bring. 

It is often the complex model itself, rather than the support that it must provide to management decisions, that 
constitutes the deliverable of a model construction exercise. This is based on the premise that a complex model 
can be built to support the making of many different decisions. To avoid failure (as defined above) of the time-
consuming and expensive model-construction process, the model that emerges from this process must be 
capable of quantifying the uncertainties of many different predictions. Furthermore, for each of these predictions 
a guarantee must be provided that a type 2 statistical error has been avoided. Meanwhile, model usefulness (as 
defined above) requires that predictive uncertainties be reduced to a level that is commensurate with all 
available information. This requires inclusion in the model of all parameters that can be informed by the 
calibration dataset. Meanwhile, avoidance of failure requires inclusion in the model of all parameters that are not 
informed by the calibration dataset but to which one or more predictions of management interest may be 
sensitive. Both sets of parameters must be capable of variation under calibration constraints, to support 
exploration of the uncertainties of all predictions that the complex model may be required to make. Where run 
times are high and where model numerical stability is questionable, this is not possible. 

Meanwhile, the personal difficulties faced by a modeller who has been engaged to build a complex model are 
considerable. With his/her focus on the model as a deliverable, the modelling process descends into that of 
making the model ‘look good’ by adding ever-increasing amounts of non-stochastic detail to the model, to 
forestall accusations of its inadequacy as an ‘accurate simulator’ of reality. The decisions that the model must 
support are forgotten as the modeller nurses the model to a point at which it can be delivered to a manager or 
client, with the hope that the latter will not use it in ways that expose its numerical deficiencies. 

Simple models 

Simple models can be built and calibrated more quickly than complex models. However, they must be used with 
caution. As is discussed extensively by Doherty and Moore (2017), the design, calibration and deployment of a 
simple model must be tailored to one or a small number of specific predictions to ensure its decision-support 
role is not corrupted. This is not necessarily a bad thing. The relationship between a simple model and the 
decision that it is built to support is thus clearly defined, right from the start of the model construction process. 
Furthermore, in deploying the simple model in support of the decision-making process, the modeller becomes 
an integral part of that process. The simple model is thus seen as an agent for better decision making rather 
than as an end in itself.  
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In general, simple models do not provide good receptacles for the information contained in expert knowledge. 
They are often abstract in nature; their parameters are often ‘lumped’. It is therefore difficult for point 
measurements of real-world system properties to inform these parameters. Nor can the prior uncertainties of 
lumped parameters be readily established through site characterization studies. Hence if a prediction is 
sensitive to parameters that are not well informed by the calibration dataset, it is difficult to calculate the 
uncertainty of that prediction because the receptacles for expert knowledge (the only other source of information 
pertinent to the prediction) are not provided by a simple model. At the same time, the abstract parameter set 
employed by a simple model may not be capable of representing local heterogeneities in system properties to 
which a management-critical prediction may be sensitive. The assignment of too little or too much prior 
uncertainty to the parameters encapsulated in a simple model may, under these circumstances, lead to a type 2 
statistical error in the first case or a type 1 statistical error in the second case. 

A simple model may include too few parameters to support a good fit with a calibration dataset. Presumably this 
design defect would be rectified prior to its deployment, or an alternative model would be chosen. However, the 
ability of a simple model to fit a calibration dataset does not provide a guarantee that its predictions are without 
bias. Nor does it guarantee that the uncertainty interval ascribed to a prediction reflects the true uncertainty of 
that prediction, together with any ‘manufactured uncertainty’ (i.e. bias) accrued through use of the simple model 
itself. Predictive bias can arise in two ways. It may be a direct reflection of simple model inadequacy as it 
pertains to that prediction. Alternatively, it may be incurred through the very process of attempted uncertainty 
reduction; that is, through the process of model calibration. Doherty and Christensen (2011), White et al. (2015) 
and Doherty (2015) show how a simple model may be capable of making relatively unbiased predictions if 
parameter values are based on expert knowledge alone. However, these same predictions may be 
accompanied by considerable bias once the model has been calibrated because of the surrogate roles that 
parameters must play to compensate for model defects as they are adjusted to fit the calibration dataset. These 
authors show that this applies to some predictions made by a simple model but not to others. For some 
predictions, model defects can be ‘calibrated out’. For other predictions, the calibration process can actually 
thwart the model’s ability to make an unbiased calculation. 

Because simple models tend to employ fewer parameters than complex models, the null space exposed 
through the calibration process is generally of lower dimension for a simple model than it is for a complex 
model. A simple model may be designed in such a way, and calibrated in such a way (see below), as to reduce 
the chances of predictive bias. Furthermore, the calibration dataset may be rich in information pertaining to the 
prediction that a simple model is designed to make. However, if the prediction is dependent on some null space 
parameter components, then these parameter components should be represented in the simple model, not 
because they are estimable, but precisely because they are inestimable; this avoids a type 2 statistical error 
when quantifying the uncertainty of the prediction. If the model is too simple to include these parameters, then 
their lack of representation must be accommodated through strategic inflation of the predictive uncertainty 
interval calculated by the simple model. Means through which this can be achieved will be context-specific, and 
will probably involve a degree of subjectivity. 

Despite all these shortcomings, there are some types of predictions that a simple model can make with 
impunity. These are predictions that are wholly dependent on the solution space of the ‘real world model’ of 
which the simple model is an emulator. These predictions tend to be similar in nature to those which comprise 
the simple model’s calibration dataset. White et al. (2015) show that for predictions of these types, a sufficient 
and necessary condition for the making of an unbiased prediction of future system behaviour is that the model is 
able to replicate past system behaviour to a level that is commensurate with measurement noise. Because the 
uncertainties of these types of predictions are dependent only on measurement noise that accompanies the 
calibration dataset, and not on the nature and dimensionality of the calibration null space, a simple model is able 
to quantify their uncertainties with integrity. 

Overcoming simple model defects 

The problems that beset complex models when used in the decision-support context are not about to disappear. 
Hence, despite the difficulties facing simple model usage that have been outlined above, ways must be found to 
build, calibrate and deploy them with integrity on a widespread basis as fleet-footed, flexible, prediction-specific 
replacements for the slow, prediction-general, complex models that are currently used on a widespread basis 
for decision support. Doherty and Moore (2017) outline ways in which this can be achieved. Some of these are 
now briefly discussed. Refer to the original text for further details. 

Specifications of a simple model must be such that it is capable of making, with as little bias as possible, the 
prediction for which purpose it was built. Here it is worth noting that most models are better at predicting 
differences than absolutes. Even complex models are compromised in their ability to associate numbers with 
future system states. However, these compromises tend to be reduced for predictions that are defined as 
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alterations to system state following alterations to current management practice. The same applies to 
comparative system states emerging from two competing management strategies. It follows that it is preferable 
to base management decisions on alterations to system states, or on comparative system states, than on the 
absolute values of system states. 

The type of prediction required of a model sets a lower limit on the complexity of the model that is used to make 
it. This applies particularly to predictions that are sensitive to system and parameterisation detail. The 
uncertainty associated with such predictions is often large. This follows from the fact that such detail may lie 
largely within the calibration null space. At the same time, representation and parameterisation of such detail will 
probably be far more simple in the model than in the real world; this may lead to under-estimation of predictive 
uncertainty, especially if attempts are made to constrain inappropriately broad scale or lumped parameters 
through history-matching. In cases like these, the model’s decision-support role may be best served by not 
calibrating the model at all on the basis that the prior uncertainty of the prediction can serve as a useful (and not 
overly-conservative) surrogate for its posterior uncertainty. Evaluation of prior uncertainty is numerically easier, 
and far cheaper, than evaluation of posterior uncertainty. Methodologies such as multiple point geostatistics can 
be easily used to generate ‘realistic’ random parameter fields that pay maximum respect to expert knowledge. 
Meanwhile, history-matching can be undertaken in a ‘stochastic’ sense, by ensuring that model-generated 
counterparts to the calibration dataset calculated using these random parameter fields collectively encompass 
measurements comprising the calibration dataset. 

The most difficult predictions to make with a simplified model are those whose uncertainties are partially 
reduced through history-matching, but which still retain a significant amount of null space sensitivity. These are 
the predictions that are most likely to incur bias as attempts are made to reduce their uncertainties through 
calibration; see White et al. (2015) for details. Nevertheless, because of their partial solution space dependency, 
considerable reduction in predictive uncertainty can be achieved through the history matching process; hence 
calibration must be undertaken to promulgate model usefulness. Doherty (2015) and White et al. (2015) show 
that it is possible to reduce the potential for calibration-induced predictive bias through formulation of a multi-
component objective function that incudes observations and corresponding model outputs that have been 
specially processed prior to matching. This processing is designed to isolate or ‘orthogonalise out’ aspects of 
the calibration dataset that are likely to entice parameters to adopt surrogate roles in order that model outputs 
can match that dataset. In many cases, it is not a difficult matter to design appropriate model and data 
processing schema to achieve this aim. It may only require that vertical, horizontal and temporal differences, as 
well as the individual measurements themselves, be included in the calibration dataset. The objective function 
components that emerge from introduction of these ‘differences observations’ must then be weighted for 
visibility in the overall calibration objective function. 

Finally, the prior uncertainties that are ascribed to the lumped and averaged parameters with which a simple 
model is endowed may require special consideration to avoid underestimation of posterior predictive 
uncertainties. These prior lumped parameter uncertainties may need to be wider than the uncertainties 
associated with their spatially distributed real world counterparts. This ensures that any prediction-salient details 
(for example continuous zones of high or low hydraulic conductivity) that may be ‘hidden’ in these parameters 
because they are undetectable through the calibration process, can nevertheless find expression when 
evaluating the uncertainties of these predictions.  

Concluding remarks 

The history of model-based decision support is chequered. Too often, specifications for model construction and 
deployment have been based on an illusion that human beings can create a numerical surrogate for a complex 
environmental system. It is assumed that this surrogate can be used to predict the future of that system under 
any proposed management strategy before that strategy is implemented in the real world. Millions of dollars 
have been spent on models that were built in pursuit of this goal. Frequently, those who paid for models such as 
these were disappointed with what they received.  

The authors of this paper suggest that models can provide better support for environmental decision making if 
the premise of their construction is altered from that of a simulator of complex environmental processes to that 
of a tool for implementation of the scientific method. This method requires that hypotheses be tested, and 
maybe rejected, through testing their compatibility with information pertaining to the nature and properties of the 
system whose management is being decided. In the decision-making context, hypotheses that require testing 
are clearly defined. They are the bad things that we seek to avoid if a certain course of management action is 
adopted. For each such bad thing, it should be possible to construct a model, specific to that bad thing, which 
can provide receptacles for information against which the probability of its occurrence can be tested. In all 
likelihood, such a model will be ‘simple’, for its performance in carrying out the task for which it was built will be 
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enhanced if it is unencumbered by unnecessary complexity, and is not required to provide receptacles for 
unnecessary information. 

Reducing the probability of decision-support failure to an acceptable level requires a guarantee that the 
hypothesis of occurrence of a bad thing is not falsely rejected. Model-calculated uncertainty intervals must 
therefore accommodate contributions to predictive uncertainty that are an unavoidable outcome of the 
necessarily defective nature of any model that attempts to simulate a real-world system. Sadly, defects are the 
price that must be paid for an ability to quantify uncertainty. Pursuit of modelling ‘perfection’ inevitably results in 
a level of numerical complexity that makes uncertainty analysis difficult, if not impossible. 

With acceptance of the benefits of prediction-specific simplicity in simulation of real-world systems comes 
abandonment of the premise that a single model can be used as a basis for all environmental management 
within a certain study area. So too follows abandonment of the notion that model development should be 
separated from the decisions that a model is intended to support. Instead, construction, calibration and 
deployment of a model must all be done as part of a single, prediction-specific enterprise. This enterprise must 
result in demonstrably conservative quantification of the uncertainty of that prediction (thus avoiding a type 2 
statistical error) while reducing that uncertainty to a level that reflects all available information (thus avoiding a 
type 1 statistical error).  

Our industry is yet to acquire the skillset required for widespread construction of simple, prediction-specific 
models that maximise the support that model-based data-processing can provide to environmental decision 
making. This is an area in which research is urgently needed. Paradoxically, it is often easier to build a complex 
model than a simple model. Construction of the latter requires a deep understanding of the system that is being 
simulated, founded on detailed data analysis. It also requires a deep understanding of the numerical strategies 
that are required for design of a tool that can provide receptacles for information from disparate sources through 
which specific hypotheses of management failure can be tested, and maybe rejected. Development of this 
skillset is fundamental to the future of model-based decision making.  
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Uncertainty by design: sufficient model simplification to 
make predictive uncertainty analysis tractable 

Phil Hayes, Jacobs (now University of Queensland) and Chris Nicol Groundwater Logic 

Introduction 

This paper outlines methods to make groundwater model uncertainty analysis tractable. It looks at the Menindee 
groundwater model as a practical example of focus and simplification that enabled robust assessment of the 
uncertainty of key model predictions. It is intended to complement Doherty and Moore (2017), which makes the 
case for model simplicity and uncertainty analysis, and to show real world ways in which uncertainty can be 
incorporated within the modelling workflow, from setting aims and objectives through to providing 
communication of confidence to decision makers. 

The Menindee groundwater model developed for WaterNSW in 2016 (Jacobs, 2016) is unusual in the size of 
the dataset available, and the detailed conceptualisation completed previously by Geoscience Australia (GA) 
during the Broken Hill Managed Aquifer Recharge (BHMAR) in 2012. The example uses PEST and the Null 
Space Monte-Carlo (NSMC) method of uncertainty analysis (Doherty, 2016). Many of the techniques used to 
make predictive uncertainty analysis tractable for the NSMC method and the Menindee model would apply to 
other predictive uncertainty analysis techniques, where computational effort is a limiting factor. 

Uncertainty by design 

Planning for uncertainty analysis started with the overall project aim and model objectives. These were defined 
iteratively by WaterNSW, who procured the model, and the modelling team, in discussion with the regulator, DPI 
Water. The overall project aim was assessment of impacts from planned time-limited pumping of two new 
wellfields installed to provide emergency water supply to Broken Hill, and the subsequent recovery of 
groundwater systems. The impact assessment was to support abstraction licence applications.  

From that overall aim, the following specific study objectives (Walker, 2017; Peeters, 2017) were set as: 

• To assess the extent, magnitude and timing of drawdown impacts on groundwater-dependent
ecosystems and other water users.

• To predict the impact on river flows and the timing of impacts, and whether primarily at periods of high
or low flow.

• To assess the extent, magnitude and timing at which confined aquifers are made unconfined.

• To assess the likely mechanisms of aquifer recharge and the rate and frequency of recharge.

• To predict the recovery of groundwater levels after pumping and their rate of recovery.

• To predict whether and over what timescale groundwater resources will be replenished.

• The new wellfields had not been pumped beyond individual well pumping tests lasting a few days.
Model calibration to the required type of prediction – the response to sustained pumping – was therefore
not possible. A further objective was therefore set: to define the uncertainty, or error in predictions using
the Null-Space Monte-Carlo method (Doherty, 2016).

The specified objectives are targeted on impact assessment; they are specific enough to describe required 
results, and they are realistic. They are not general; no mention is made of developing a ‘water resource 
management model’. And they are flexible enough to trust the modelling team to plan effectively, in that they do 
not prescribe the aquifers to be simulated or the domain. And they include predictive uncertainty analysis from 
the outset.  

At first glance, these objectives appear to fall short of specifying ‘bad things we don’t want to happen’, as set-out 
by Doherty and Moore (2017). They do not explicitly set out hypotheses to be tested. However, the model 
scenarios and results naturally require a greater level of detail than the objectives list and those details were 
developed as the project progressed. Once this is done, the testing of relevant hypotheses is straightforward, 
and can be undertaken in a number of ways, including using plots shown later in this paper. 
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From the objectives, the factors that influenced model design, the modelling workflow and overall modelling 
philosophy included: 

• That the model should focus on the required key predictions: assessment of environmental impacts of 
wellfield pumping in terms of drawdown, and the recovery of the groundwater system. It must capture 
sufficient complexity to represent the key aspects of the system for predictions. 

• There was no experience of historic long-term wellfield operations and no experience of the drawdown 
and recovery impacts – the key modelling predictions sought. Therefore, the model needed to use as 
many different types of pertinent field data as possible to inform model calibration. Use of different data 
types in calibration assisted in narrowing down estimates of unknown parameters, such as vertical 
hydraulic conductivity, that strongly influence the drawdown and recovery responses. 

• Known hydrogeological complexity, the number of observations available and estimates of distributions 
of parameters from GA made the use of parameter estimation software such as PEST essential. To 
best inform the model whilst ensuring a tractable solution, the time variant calibration covered as long a 
period of historical record as practical, over a period of intense hydrological drying followed by a 
significant flood. In the absence of long term pumping, this hydrological variability is critical to 
understanding groundwater recovery post-pumping. 

• The groundwater model used and honoured the significant GA datasets and conceptual model as far as 
possible, unless evidence suggested they were not applicable. 

• For key predictions, uncertainty analysis defined the likely range of impacts of wellfield pumping. With 
software such as PEST required for calibration, it made sense to use PEST and proven workflows for 
uncertainty analysis. 

• Model design needed to take account that PEST was to be used for calibration and uncertainty analysis. 
A balance was required between model runtime and the complexity represented, such that the model 
could achieve its key objectives, with runtimes that were sufficiently short to make use of the full 
capability of PEST. The number of model cells, layers and estimated parameters, in addition to stress 
period numbers and durations, required careful judgment, and some model stress-testing (Peeters, 
2017). 

• Finally, the modelling was to follow good practice and be broadly consistent with the Australian 
groundwater modelling guidelines (Barnett et al., 2012). 

The design of the model was discussed during the development stage. The following aspects were agreed or 
influenced by discussion between the modelling team and the project review group consisting of client, 
reviewers and the regulator: 

• For predictions, the model considered a 10-year period. The regulator, DPI Water, assesses 
sustainability over a decadal timescale, so predictions of recovery were considered over this timeframe. 

• The predictive model scenarios considered a range of borefield pumping rates, regimes, time frames 
and bores.  

• The model used predictive uncertainty analysis on two main pumping and recovery scenarios. These 
were then used to inform a further eight scenarios run deterministically. 

• The types of predictive model outputs were designed to provide objective information on the effects of 
pumping and the system response/recovery post-pumping. 

• The model calibration period covered the range of drought to flood conditions from 1985 to 2016, and 
predictive scenarios were run using the latest ten years of hydrological data to 2016 as a surrogate for 
likely future variability. 

• The modellers honoured GA-estimated hydraulic conductivity ranges and spatial patterns (which were 
derived from a range of methods, as described in the next section) to an agreed extent. 

• The approach to incorporating faults into the model (to test elements of alternative conceptualisations) 
was also agreed upon. 
 

A surfeit of data 

Maintaining sufficient simplicity for the Menindee groundwater model was challenging in part due to the breadth 
and magnitude of the available data (Geoscience Australia, 2012). The content and scale of the dataset is 
described briefly below to set in context the model design focus and simplifications. 

The primary source of information was the intensive investigation and research of the Broken Hill Managed 
Aquifer Recharge Study (BHMAR). The BHMAR study was undertaken by Geoscience Australia between 2008 
and 2012 with funding from the Commonwealth Department of the Environment. The study comprised a wide 
suite of scientific and technical investigations with the objective of ‘assessing the viability of managed aquifer 
recharge (MAR) and/or groundwater extraction options to provide improved drought security for Broken Hill’ 
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(GA, 2012). Subsequent to the BHMAR study completion in 2012 and reporting in 2013, further work by 
WaterNSW concentrated on the drilling of the Lake Menindee and Talyawalka borefields and associated 
wellfield yield assessments, see Figure 1. 

The BHMAR study comprised a comprehensive range of scientific and technical investigations over four years 
that included conventional hydrogeological techniques such as drilling, piezometer installation, pumping tests, 
remote sensing data processing and analysis, hydrochemical studies and laboratory testing. This was 
supplemented by an extensive airborne and downhole geophysics program that included flying more than 
30,000 km of airborne electro-magnetic (AEM) surveys with helicopters, ground resistivity surveys and 
downhole geophysics including nuclear magnetic resonance (NMR) profiling.  

The scale of investigations and the outputs produced can be illustrated by the five main reports from the study 
that in total cover over 3,000 printed pages, and the digital GIS and other datasets produced that comprise more 
than 42 GB (the GIS component is 29 GB). The scope of the GIS dataset is illustrated in Table 1 by the section 
headings used within ArcGIS.  

One unusual output to be integrated into the model design was spatial estimates of the range of hydraulic 
conductivity by aquifer. 

Table 1: Section headings from BHMAR spatial datasets 

Section Headings in GA ArcGIS Dataset

Boundaries and Misc Bores Hydrochemistry Ground Geophysics 

Borefields and Targets Topography River Geology 

Land Physiography Geomorphology Hydrogeology 

AEM Data AEM Sections AEM Data 
AEM Interpreted 
Products 

Surface Materials Flood Extent Vegetation Elevation 

Basemaps 

Model design and simplification 

The key areas where model design was kept simple, or where potentially numerically intensive processes were 
streamlined, often using detailed data analysis, included: 

• Model code, domain and grid
o MODFLOW-USG was selected due to flexible mesh and integration with PEST.
o A simulation of pumping using a rapidly developed 1-layer prototype model of the main aquifer

helped define the required model domain.
o Grid design focussed on predictions with refinement at wellfields, and where the system

recharges, along the rivers and lakes, see Figure 1.

• Model layering
o Three model layers were used for detailed modelling. A shallow unconfined aquifer layer,

comprising three or more geological units including a clay drape that effectively excludes areal
recharge across most of the floodplain, a confining clay layer (aquitard) with holes/gaps in
certain localised areas, and the Calivil Formation, the main productive aquifer horizon.

o Underlying units were excluded due to low vertical connectivity with the main aquifer.
o Holes or gaps in the clay aquitard were represented in a simple manner, replacing aquitard

properties with those of the overlying layer.

• Aquifer properties

o The best available information from pumping tests at wellfields and the GA datasets was used.
o Workflow was developed in conjunction with John Doherty to use GA spatial estimates and

ranges within PEST calibration.

• Model domain boundary conditions
o Boundaries were placed at sufficient distance to not unduly influence results.
o They were represented in a simple manner by non-varying general head boundaries.
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• Rivers and lakes 
o Surface water is the predominant source of recharge. The aim was to ensure sufficient 

representation of the surface-water system, without adding a large numerical burden. 
o With little evidence of active recharge from anabranches and other channels, only the main 

channel of the River Darling was included. 
o The MODFLOW river package was used as it is simpler to configure than the stream flow 

routing and lake packages, and because accurately simulating river and lake stages and their 
variability was critical to paying due respect to the GA conceptualisation of recharge processes 
via rivers and lakes. A PEST ‘observation’ constrained infiltration to prevent unrealistic river 
infiltration. 

o Hydrographs were combined with river-bed surveys and LiDAR topography to set river bed 
elevations (to establish physical/geometric constraints on the recharge process).  

o The ephemeral Menindee Lakes were included from historical lake stage data and bathymetry / 
topography. As the lakes dry, the boundary condition was switched from a surface-water 
boundary to evapotranspiration to take account of losses. 

o The surface-water time series was used to define variable stress periods of between 7 and 90 
days. This ensured focus during the calibration, and predictive models, on periods of rapid 
change to the groundwater system, and enabled the models to reflect GA’s conceptualisation of 
recharge processes from surface waters. 

o Part of GA’s conceptual model was implemented by changing river-bed conductance depending 
on river stage (high/dynamic river flows erode the within-channel clay drape and allow for 
greater recharge than during low/stable flows). This was incorporated within the Python 
program that wrote the MODFLOW river and evapotranspiration packages and included 
parameters to enable PEST to optimise the degree of conductance change. Suitable allowable 
conductance ranges were defined through simple preliminary 1-dimensional spreadsheet 
modelling of observed groundwater levels and river stage. 

Evapotranspiration 
o Classification and mapping of vegetation by GA was simplified to three main classes: forest, 

woodland, and shrubs and grasses. 
o Extinction depths were set from literature on vegetation rooting depths. 
o PEST was able to optimise extinction depth. 
o Potential evaporation was set simply from average monthly open pan at Menindee. As actual 

evaporation is typically much less than potential, there was little to be gained from inclusion of 
the full historical timeseries. 

o A soft calibration target was included in PEST: modelled evapotranspiration should be higher in 
areas mapped by GA as being GDEs than in other areas. 

• Abstraction 

o Prior multi-layer modelling of pumping indicated that production well yields should be 
sustainable for at least two years; this was also confirmed by source reliable output analysis 
using pumping test and installed capacity data. 

o Abstraction wells, shown on Figure 1, were represented using the ‘standard’ WEL package 
ahead of multi-node wells, or connected linear networks in MODFLOW-USG to reduce the 
chances of instability and convergence issues with PEST.  

• Neotectonic faults 
o GA mapped over 500 small fault features with sufficient offset to juxtapose the shallow and 

Calivil sand aquifers and to open potential pathways to recharge. 
o Faults were incorporated using the simple method of modifying vertical hydraulic conductivity in 

the layer 2 aquitard, taking account of grid size.  
o More complex methods of representation, such as connected linear networks, J-array 

modification or grid offsets were rejected as taking too long to implement and / or increasing the 
possibility of instability and convergence issues. 

o Parameters were included in the fault processing Python script to allow PEST to optimise fault 
connectivity with constraints that faults with larger overlap were modelled with higher hydraulic 
conductivities that those with smaller overlaps. 

• Model simulation period 

o The calibration was run over the period 1985–2016. Earlier data was available, but temporal 
data density is much lower prior to 1985. 

o Predictive scenarios were run as a hind cast of the most recent decade of hydrological data, 
with pumping starting in 2006 with recovery through to 2016. This shorter period was used for 
all predictive pumping scenarios. The computational burden of the stochastic realisations made 
creation of a shorter predictive simulation period worthwhile. 
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Figure 1: Menindee model domain showing mesh refinement at wellfields and along surface-water features 

 

 
Optimising calibration 

Calibration proceeded iteratively, starting from mean (but spatially variable) values of aquifer parameters 
estimated by GA. Initially, aquifer parameters were constrained to vary in a manner that respected both the 
spatial pattern developed by GA and the hydraulic conductivity range. Subsequently, the requirement to 
maintain the spatial pattern was relaxed, when it became clear that the conceptualisation warranted some 
refinement. Steps to make the model calibration process as efficient as possible included: 

• The observed groundwater level data were resampled where necessary – from sub-daily time intervals 
to as long as necessary to adequately reflect the observed temporal groundwater level variability. A total 
of 8314 groundwater level observations were used in model calibration, having been re-sampled down 
from a data set of around 220,000 data points. 

• The groundwater level data were incorporated into calibration in several ways: 
o As groundwater levels (8,314 observations); 
o As vertical head differences at nested bore sites (2,191 observations); 
o As lateral head differences between the river and/or lakes and nearby groundwater observation 

bores (4,410 observations); 
o As temporal head differences per bore – from each observation to the next (8,220 

observations); 
o As temporal head differences per bore (drawdown) – from the first observation to all 

subsequent (8,220 observations). 

• The number of parameters to be calibrated was controlled by careful placement of pilot points used to 
estimate aquifer parameters, and global factors in PEST were used to control other aspects such as 
EVT, faults, and the change in river conductance with stage. 

• Additional ‘observations’ were specified to stop PEST from exploring nonsensical solutions, such as 
infiltrating more water than was flowing in the river. These observations assisted in constraining the 
calibration with additional ‘expert knowledge’. 

• A total of 409 calibratable parameters and 31,953 calibration targets were ultimately used.  

For model calibration, each run took approximately three hours to complete including pre- and post-processing. 
Calibration required approximately 5,000 hours of compute time, using PEST-HP, multiple cores and machines 
and a combination of local and cloud computing resources. Predictive scenarios consumed a similar level of 
resources. 
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Figure 2: Example output showing predicted 50th percentile unconfined aquifer drawdown after two years of 
pumping 

 
Predictive scenarios 

Predictive uncertainty analysis was completed following the null-space Monte-Carlo method with 1,000 
realisations created by PEST from the calibrated model datasets and run through the calibration period from 
1985–2016. From these runs a sub-set of 153 realisations were selected where the objective function had not 
changed by more than 5% from the calibrated model. No recalibration of the stochastic runs was undertaken, 
saving significant run time. 

Predictive uncertainty analysis was then completed using the ensemble of 153 realisations. Full predictive 
analysis was restricted to two primary scenarios: one operational base case for each wellfield. Each scenario 
was run from 2006-2016, using starting heads from the calibration run. As the stress period setup was changed 
to accommodate pumping, a base case of 153 non-pumping realisations was also run. The computational 
saving from a reduced duration for the predictive scenarios was worth the additional pre-processing as flexible 
utility program design simplified the task. 

A final efficiency step was achieved with pre-agreed model outputs. This meant that post-processing for each 
stochastic realisation was automated via batch files to be executed upon completion of the model run. 

Example results showing predicted 50th percentile drawdown is shown in Figure 2 with a stochastic 
representation of abstract impact and recovery shown in Figure 3. 

Discussion 

The Menindee model demonstrates that predictive uncertainty analysis is tractable, even with the largest of 
datasets. It is regarded as a successful modelling project that met all objectives. Upon completion, WaterNSW 
noted that the:  

‘capacity to manage potential complexities from the modelling brief ensures that the model is as simple 
as needed to offer a rigorous response to the predictions sought and the time constraints. At the same 
time, it satisfies the expectations of peer reviewers and our regulator.’  
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WaterNSW also commented on the clear communication of model technicalities and its results (echoing 
principles outlined in Richardson et al., 2017). What made for that success? From our perspective, the 
foundations to success were: 

• Uncertainty analysis was planned from the outset, and included within project budgets.

• Objectives were focussed (see also Walker, 2017; Peeters, 2017). Unhelpful objectives, such as
defining a maximum RMS error for the model calibration, were omitted.

• The client contributed by engaging with the modelling team regarding scope, by not insisting on lump
sum costs, and facilitating the project review group.

• Model design decisions were left to the informed judgement of the modelling team, with the project
review group commenting.

• A knowledgeable modelling team was assembled, with members capable of making informed decisions
on simplification and with sufficient programming skill to create tools to shorten model development and
runtimes, and to facilitate efficient incorporation of the extensive data sets.

• Reviewers were accessible throughout, and also acted as trusted advisors. Reviewers were
constructive and helpful, rather than negative and point scoring.

• The Menindee model described here was a second phase of modelling that followed simple wellfield
yield modelling completed in 2015. The experience from that work assisted significantly when deciding
on key aspects of model design such as layering.

In terms of the simplifications made to make the predictive uncertainty analysis workflow tractable the areas we 
highlight are: 

• Many of the simplifications and approximations made to the conceptual model helped reduce model
runtime. A standard calibration MODFLOW run was kept to 60–90 minutes maximum.

• Other design decisions, such as adoption of standard wells and avoidance of connected linear networks
or unsaturated zone representation, were made to promote model stability such that PEST could
calculate continuous derivatives. Some decisions, such as adoption of MODFLOW-USG and grid
refinement helped both runtime and stability.

• PEST was applied as efficiently as possible by controlling the number of calibration parameters. In
hindsight, we should have included more spatial variability than we did (to better explore alternative
conceptualisations and parameterisations); however, time was a limiting factor. Predictive scenarios
were shortened to reduce computational burdens.
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Figure 3: Example probabilistic output showing aquifer depletion and recovery using water balances 
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Conclusions 

We conclude that the Menindee model example demonstrates that predictive uncertainty analysis can be 
rendered tractable, even with large datasets. To do so requires careful planning from the outset, both by those 
requisitioning a model, and the modellers, with tightly defined objectives. Focussing the model and numerical 
effort on the key drivers of the hydrogeological system and those that control predictions enables runtimes to be 
limited. And judicious application and use of PEST enables calibration and uncertainty analysis to be completed 
without supercomputing power. 
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Communicating uncertainty to decision makers and 
stakeholders  

Stuart Richardson, CDM Smith; Dr Miriam McMillan, Office of Water Science; and Dr Dougal Currie, CDM Smith 

 
Introduction 

Models cannot predict the future with complete (100%) confidence and they cannot be used to make decisions 
for us. This is the job of decision makers and stakeholders who must exercise their judgement to decide what 
level of risk is acceptable for a specific context. Modelling aids the process of determining the potential 
outcomes for specified courses of action, and uncertainty analysis can quantify or qualify the confidence we 
have in the modelled outcomes. Together, the model results and uncertainty analysis should be used by 
decision makers as a guide to the likelihood of consequences eventuating (be they beneficial or adverse) for 
any chosen course of action. 

A key part of uncertainty analysis is, however, often overlooked or not adequately addressed: its 
communication. When modelling is intended to support decision making it is essential that uncertainty is 
communicated in a manner that is useful for decision making. Poor communication of uncertainty often leads to 
the impression that model outputs are unreliable; though in fact, ‘sound decision making requires a full 
understanding of the full range of possible consequences and associated possibilities’ (Mastrandrea et al., 
2010). Peeters (2017) provides an overview of assessment workflow that includes uncertainty analysis and 
highlights the need to have transparency in communication and reporting of uncertainty. 

The key to successful communication of uncertainty is to present the information in a way that is most likely to 
aid decision making. To achieve this, analysis of uncertainty information in model output needs to be: (i) 
adequately tailored to decision-makers’ needs, (ii) focussed on the messages that are most likely to be relevant 
to their decisions, and (iii) presented in plain and clear (precise, non-technical) language. These three key 
factors require a meaningful two-way dialogue between modellers and decision makers from the early stages of 
a project. Transparency about the modelling objectives is also necessary and these need to be discussed early 
in the project workflow with the decision makers. This can help to make sure that modellers and decision 
makers agree on the objectives. 

This paper 

In this paper, we outline some key principles that underpin sound communication of uncertainty analysis with a 
discussion of: 

• How uncertainty analysis is perceived and why it is important to decision makers; 
 

• How analysis of uncertainty helps with decision making and what should be communicated; and 
 

• Some best practice guidance for communication of uncertainty analysis. 

This discussion demonstrates that it is possible to improve how information about uncertainty analysis is 
communicated to decision makers by using some existing examples of good practice as a guide. Taking the 
perspective of the decision maker rather than the modeller we aim to provoke discussion on how to reach an 
acceptable trade-off between what is needed and what can be provided.  

Understanding of roles 

Effective communication of uncertainty requires an understanding of the role of the decision maker and their 
needs. It is imperative to also understand how they interact with other parties informing and responding to the 
decision making process. 

In the context of water resource planning, Refsgaard et al. (2007) talk about four different types of actors in the 
process: 

• Water manager 
The person or organisation responsible for the management or protection of the water resources, and 
thus of the modelling study and the outcome (the problem owner). 

• The modeller 
A person or an organisation that develops the model and works it, conducting the modelling study (if the 
modeller and the water manager belong to different organisations). 

• The reviewer 
A person who is conducting some kind of external review of a modelling study. The review may be more 
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or less comprehensive depending on the requirements of the particular case. The reviewer is typically 
appointed by the water manager to support her/him to match the modelling capability of the modeller. 

• The stakeholders/public 
Any interested party with a stake in the water management issue, either in exploiting or protecting the 
resource. Stakeholders include the following categories: (i) competent water resource authority 
(typically the water manager, cf. above), (ii) interest groups, and (iii.) general public. 

• The project proponent 

The project proponent (an additional ‘actor’ where the analysis involves a development such as a mine 
or infrastructure) is the person or organisation that owns the project or development (e.g. a mine). The 
project proponent is asking the water manager to make a decision related to impacts to a water 
resource. The project proponent commissions studies by outside professionals such as consulting 
hydrogeologists. 

The water manager may be the primary decision maker. This person should interact with all parties including the 
technicians and the public (e.g. irrigators). The decision maker will require the modeller to generate outputs from 
models that can be understood by all stakeholder groups – requiring clarity in communication with stakeholders.  

Stakeholders still need to understand what the range of possible predictions means for their interests in the 
decision-making process. This is especially true when the range of predictions is likely to be relevant for 
particular concerns (e.g. a clear view of the likelihood of a possible reduction in groundwater flux to a river), and 
indicates how it can be modified or managed. The decision maker may want to understand the range of possible 
outcomes including whether a set of circumstances is possible that will likely result in unacceptable outcomes.  

The modeller is in a good position to describe the range of uncertainty but may not be as well placed to know 
what it means for the decision. Therefore, the modeller’s focus should be on making sure the estimates of 
uncertainty are accurately and clearly described using language and statistical measures that non-experts can 
understand, and framed in a manner that supports the decision-making process. 

The decision maker will not only require information about the overall uncertainty of model predictions, but will 
need to understand the sources of this uncertainty and whether there are biases inherent in the modelling 
undertaken. Knowledge about what is contributing to the uncertainty and its relative influence enables a 
decision maker to prioritise efforts to reduce uncertainty or manage its effects on decisions and management 
plans. Knowledge about biases in the modelling undertaken can assist the decision maker in determining 
whether the model predictions are conservative, balanced or optimistic. 

The format of the uncertainty information provided to the decision maker is important and should ideally be 
quantitative given that most people: ‘(i) like receiving explicit quantitative expressions of uncertainty (such as 
credible intervals), (ii) can interpret them well enough to extract their main message, and (iii) are liable to 
misinterpret qualitative expressions of uncertainty (e.g., ‘good’ evidence, ‘rare’ side effect) (Fischoff and Davis, 
2014). 

Principles for communication of uncertainty – framed to support the 
decision-making process 

The type of information about uncertainty that needs to be communicated with decision makers and the level of 
detail required to inform their decision making is context-specific and dependent on how sensitive the risk 
(event) is to the magnitude of uncertainty present (Flage and Aven, 2009). In general, where information about 
uncertainty analysis is relevant to a particular decision, the decision maker needs to understand the types, 
sources and levels of uncertainty. This information should be presented quantitatively where the magnitude of 
the impact and uncertainty is significant or otherwise be presented more simply as a qualitative description of 
biases and data gaps that impact on the estimated magnitude of the event (noting that qualitative descriptions of 
uncertainty need to be precisely defined to avoid misinterpretation). 

The most critical aspect is tailoring the uncertainty analysis to what is needed to inform the decision (Walker, 
2017) before the analysis begins. Achieving this necessitates careful design and meaningful review of the 
uncertainty analysis from an early stage in the project. Communicating end-products to decision makers is a last 
step in what (ideally) should be multiple communication steps beforehand. However, there are practical 
limitations to the extent of engagement with stakeholders during a technical process. Middlemis et al. (2017) 
suggest that engagement doesn’t have to be ‘intensive’, but rather targeted at critical points in the workflow 
such as conceptualisation of causal pathways. 

Ultimately, the nature of the decision will guide how the uncertainty analysis should be framed. Fischhoff and 
Davis (2014) discuss three types of situations where a decision is required: 

• For situations where a threshold or trigger for action needs to be defined (e.g. whether a mitigation 
measure needs to be activated or not), uncertainty analysis should be framed around the confidence in 
the model predictions (for example) of the defined threshold being breached. 
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• For a choice between fixed options (e.g. setting different pumping limits), uncertainty analysis should be 
framed around the confidence in predicted outcomes (either adverse or beneficial) that result for all 
options being evaluated (e.g. the rate of groundwater discharge to a stream that results from different 
pumping rates). 

• For decisions about potential options testing what may be possible (e.g. pumping optimisation or water 
supply investigations), uncertainty analysis should be framed around the confidence in the processes 
being simulated which shape the outcomes (e.g. does the model include all the processes which 
influence water availability, such as inter-aquifer leakage in response to drawdown, and how well is 
each of these processes known). 

In many cases the decision maker needs to know the ‘most likely’ outcome and to understand whether there are 
circumstances or possibilities that result in an unacceptable outcome – will the option fail under conditions z, y 
or z? This could relate to assumptions on parameters set within a model prediction, or some other component of 
the conceptual model. The uncertainty analysis should be framed around understanding the confidence level to 
predict the likelihood of failure. That is, what is the level of confidence in the quantification of the likelihood of 
failure? In this regard, uncertainty analysis can support quantitative risk analysis (see for example Flage and 
Aven, 2009). 

 

Principles for communication of uncertainty – systematic documentation and 
presentation of sources of error and potential bias 

Thorough uncertainty analysis systematically documents all sources of uncertainty and potential bias which 
contribute to the overall uncertainty in the model predictions. Bias is an important component of model 
uncertainty, but is often not made explicit in uncertainty analysis. The diagram shown in Figure 1 illustrates how 
errors and bias contribute to uncertainty.   

 
Figure 1: Errors, biases and their influence on uncertainty (NDT Resource Center, 2017) 

Random error is one component of uncertainty that may result from a variety of factors (e.g. natural variability, 
measurement noise), influencing the precision in the model output. Bias refers to systematic error, which 
displaces the model outputs in a predictable way. This influences the trueness in the model output, where 
trueness is the difference between the average value obtained from model predictions and an accepted true 
value. Being over committed to one conceptualisation over others (bias), perhaps the wrong one, could lead to 
predictions that overestimate or underestimate an impact. If uncertainty analysis only focusses on errors and 
neglects to account for biases, incomplete and distorted evidence of the modelling accuracy will be provided. It 
is therefore crucial that biases are documented. 
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When communicating uncertainty, the sources of uncertainty and their relative importance to overall uncertainty 
should be clearly outlined. An example of how this can be applied is provided in Table 1. A table such as this 
facilitates decision making by readily identifying components driving overall uncertainty so efforts to reduce 
uncertainty can be prioritised. While the approach uses straightforward language, each of the terms would need 
to be clearly defined if it is to be used effectively, to avoid misinterpretation.  

Table 1: An example of an uncertainty matrix showing ‘Sources of uncertainty and their importance in a specific 
project context’ (Refsgaard et al. 2007) 

 

 
Being aware of subjective biases 

Having uncertainty information that fully informs risk assessments has been shown to result in better decision 
making (e.g. Joslyn and LeClerc, 2012). However, many decisions involving risk are complex and require a lot 
of mental effort involving multiple concepts that often conflict with each other. To reduce this mental effort, our 
brains often use shortcuts that allow us to make rapid judgements with less mental effort (Kahneman, 2011). 
These shortcuts are hard-wired into human brains and result in consistent cultural and personal biases in how 
we make decisions (New Zealand Government, 2014). These biases can affect how different groups of people 
(including experts and non-experts) interpret information about uncertainty (Kahneman, 2011; Kloprogge et al., 
2007). This is shown to be true in particular for interpretation of information about probabilities (New Zealand 
Government, 2014).  

It is not possible to completely eliminate biases from limit-setting decision making because the decisions require 
value judgements to be made regarding what is important and what is an acceptable level of risk (New Zealand 
Government, 2014).  

When seeking to effectively communicate information around uncertainty to stakeholders involved in 
groundwater modelling processes, professionals benefit when subjective biases are identified and 
communicated to the greatest extent possible (New Zealand Government, 2014). Minimising the influence of 
these possible biases should come from early acknowledgement of possible biases (for greater transparency), 
being able to present output in a non-emotive way and by being data-driven in the analysis. 

 
Relevant and common biases 

Four of the most relevant and common biases that can affect communication of uncertainty are (following New 
Zealand Government, 2014): 

• Availability bias  
‘People tend to judge events that are easily recalled as more risky or more likely to occur than events 
that are not readily available to memory. An event may have more availability if it occurred recently, if it 
was a high-profile event, or if it has some other significance for an individual or group.’  

• Confirmation bias  

‘Confirmation bias refers to the filtering of new information to fit previously formed views. In particular, it 
is the tendency to accept as reliable new information that supports existing views, but to see as 
unreliable or erroneous and filter out new information that is contrary to current views. People may 
ignore or dismiss uncertainty information if it contradicts their current beliefs.’ 
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• Confidence bias  
‘People typically have too much confidence in their own judgements. This appears to affect almost all 
professions, as well as the lay public. The few exceptions are people who receive constant feedback on 
the accuracy of their predictions, such as weather forecasters. The psychological basis for this 
unwarranted certainty seems to be insensitivity to the weaknesses in assumptions on which judgements 
are based.’  

• Framing bias  

‘How probabilistic information is framed can influence how that information is understood as well as the 
confidence that people have in the information. ‘Priming’ the brain with a particular stimulus can affect 
how it responds to a later stimulus. Using expressions that take advantage of this priming (i.e. the 
direction and expression are consistent) can reduce cognitive strain, which makes it easier for 
stakeholders to understand the idea presented without requiring further analysis. For example, the 
phrase ‘there is a 5% chance the drawdown in the groundwater level will be greater than 0.2 m’ may 
leave a different impression than the phrase ‘there is a 95% chance the water drawdown level will be 
less than 0.2 m’; even though the two phrases contain the same information (New Zealand government 
2014). The latter requires less mental workload because your brain is already ‘primed’ to think about 
being ‘down’ when it hears ‘less than’. This is particularly effective when paired with explicit advice 
about whether precautionary action is advised.’ 

 
Concise, consistent and easily understood 

For the decision maker it is important to have a clear description of the confidence in the model’s ability to 
provide accurate predictions; for example, discussion of evidence to support knowledge of a particular process. 
Being concise is an integral part of this. If modellers and technicians include excessive detail and complexity in 
the communication of uncertainty, decision makers often become overwhelmed and could be less inclined to 
rely on the model results due to a lack of understanding. This is particularly important when model results are to 
be communicated to a wide audience of stakeholders, with varying levels of scientific understanding. 

Consistency and precision in language is required to help avoid the subjective decision-making biases by the 
water manager or the project proponent. It is critical to not distort the relative importance of the findings 
presented. Moss and Yohe (2011) provide some guidance on the use of consistent language in communicating 
uncertainty and their definition of confidence levels is outlined in Table 2 which could be modified to fit a 
groundwater-related context. Other examples on the use of qualitative terms to describe uncertainty can be 
found in Regan et al. (2002) and Uusitalo et al. (2015). 

Table 2: Confidence levels as defined by Moss and Yohe (2011) 
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The New Zealand government (2014) builds on the guidance of the IPCC (Mastrandrea et al. 2010) to suggest a 
consistent approach to combining the narrative descriptors of likelihood, of a given outcome, with quantitative 
ranges in probabilities (Table 3). This table provides descriptors of likelihood from other sources/contexts. 

Table 3: Suggested narrative descriptors of ranges in likelihood (New Zealand Government, 2014) 

Probability 

Intergovernmental 
Panel on Climate 
Change (IPCC) scale4 

Scale based on legal standards 
of proof5 

Environmental risk 
management authority 
(ERMA) scale6 

100% – Beyond any doubt – 

>99% Virtually certain Beyond a reasonable doubt Highly likely 

90–99% Very likely Clear and convincing evidence Highly likely 

80–90% Likely Clear showing Highly likely 

67–80% Likely Substantial and credible evidence Likely 

50–67% About as likely as not Preponderance of evidence Likely 

33–50% About as likely as not Clear indication Unlikely (occasional) 

10–33% Unlikely 
Probable cause, reasonable 
belief 

Very unlikely 

1–10% Very unlikely 
Reasonable grounds for 
suspicion 

Highly improbable 

<1% Exceptionally unlikely 
No reasonable grounds for 
suspicion 

Highly improbable 

0% – Impossible – 

Note: Dashes (–) indicate that no equivalent point is provided in the IPCC and ERMA scales.  

 

This same work by the Ministry of the Environment (2016) describes the strengths and weaknesses in numeric, 
narrative and visual methods for communication. A simple example of combining these approaches is provided 
in Table 4 where the ranges of IPCC probability classes are simplified and combined with a visual colour coded 
cue. This concept is explored further within the summary report on Groundwater Modelling Uncertainty by 
tailoring the narrative descriptor, so it relates to the likelihood of exceedance of a threshold condition. 

While the numeric approach allows for ‘precision’ in the description, the presentation of numbers does not 
always appeal to people who look for more contextual descriptions. A key advantage of the visual is that it can 
allow a person to quickly see patterns in outputs, which can be easily related to the numeric and narrative 
descriptors. 

The concept of the use of simple ‘calibrated’ language is used by the IPCC (Mastrandrea et al, 2010) to rank 
confidence in analysis based on combinations of agreement and evidence (Table 5). In this example, there is 
deemed to be greater confidence where ‘high’ agreement and ‘robust’ evidence intersect. Agreement is a 
qualitative term that could come from a technical reference group.  

 

 

                                                                 

4  Mastrandrea et al. (2010). 

5  Weiss (2003). 
6  Environmental Risk Management Authority (2009). 
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Table 4: Example approach to combined numeric, narrative and visual approach to describing likelihood 
(Ministry of the Environment, 2016) 

Narrative descriptor 
Probability 
class Description 

Colour 
code 

Very likely 90–100% Likely to occur even in extreme conditions  

Likely 67–90% Expected to occur in normal conditions  

About as likely as not 33–67% About an equal chance of occurring as not  

Unlikely 10–33% Not expected to occur in normal conditions  

Very unlikely 0–10% Not likely to occur even in extreme conditions  

 

Table 5: An example of using calibrated language to define (and rank) confidence (from Mastrandrea et al, 
2010) 

 

 
Best practice for communicating uncertainty  

The following guiding principles are suggested for sound communication of uncertainty: 

1. Identify the stakeholders (audience) and engage with them early in the process to decide on whether 
the evaluation of uncertainty is important for the decisions the modelling is intended to inform, and if so, 
why. 

2. Communicate the context of the uncertainty analysis. Early conversations should convey the positive 
aspects of being clear about uncertainty, i.e. there is greater transparency and credibility so that 
analysis can be seen to be unbiased.  

3. Contextualise the uncertainty by describing the risk, that is, the consequences and boundaries within 
which the uncertainty is applicable.  

4. Related to point 2, align the type and presentation of uncertainty to objectives, i.e. if the analysis is to 
inform an approval for a new development then uncertainty should relate to the range of possible 
impacts associated with that development. 

5. Check that the analysis is relevant to the context of the issue at hand, (for example, if the analysis 
relates to a water planning issue then it should be policy-relevant) i.e. support the iterative science-
based development of water policy with an initial range in predicted outcomes that are assessed and 
used to refine policy settings. 

6. Indicate the type of uncertainty present (and from what source/s) and how it was characterised. 
Describe the relative contribution of each source of uncertainty (following Kloprogge et al., 2007).  

7. Match how the uncertainty is expressed (positive or negative framing) to the expressions used in the 
decision context. Using expressions that take advantage of this priming (i.e. the direction and 
expression are consistent) can reduce cognitive strain, making it easier to understand ideas presented 
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without further analysis (Joslyn and LeClerc, 2012). A good way to frame uncertainty output is to 
present threshold probability estimates (at the threshold relevant to the user’s decision) where possible 
– these are often the most usable kind of uncertainty information (Joslyn and LeClerc, 2012). If the fact 
is presented in isolation, also present the uncertainty values in terms of odds (e.g. 1 in 100 as well as 
1% chance) (Fischhoff et al., 2002). 

8. Provide a clear description of the scale of uncertainty using combinations of numeric, narrative and 
visual descriptors. Use plain and clear, precise non-technical language. Present uncertainties in multiple 
formats, including probabilities and associated qualitative (categorical) descriptions (e.g. likely, meaning 
greater than 66%). Use consistent (preferably established, e.g. IPCC) calibrated terminology to define 
quantitative and qualitative descriptors of uncertainty. This calibrated terminology should be clearly 
defined so decision makers understand what the terms mean and are aware of biases. 

9. Discuss how uncertainty may influence decisions, i.e. are the methods used to estimate uncertainty 
known to have biases making them likely to either over or under estimate the potential impacts? And if 
so, what is the magnitude?  

10. Indicate which uncertainties (if any) have been or may be reduced and how that is achieved. Also 
indicate a general structure of the cost–benefit to reducing it, i.e. time/$/person hours etc. vs how much 
the uncertainties can be reduced and whether it’s likely to impact the decision. 

11. Use positive and balanced language. Too often, it seems, a narrative description of uncertainty 
focusses on those aspects ‘we don’t know’. This sometimes has the effect of creating confusion and 
usually leads to perceptions the work is of low value. A more positive approach is suggested in this 
paper where the reporting framework is one of probability or likelihood of an event occurring. A narrative 
of uncertainty can also be balanced by describing those aspects ‘we do know about’. 
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APPENDIX B 

Glossary of key terms used in groundwater 

modelling uncertainty analysis 

Bias Bias refers to systematic error, which displaces the model outputs in a 
predictable way. This influences the trueness in the model output, where 
trueness is the difference between the average value obtained from model 
simulations and an accepted true value. (Richardson, McMillan and Currie, 
2017). Four of the most relevant and common biases that can affect 
communication of uncertainty are listed below (New Zealand Government, 
2014). 

Bias –  
Availability 

People tend to judge events that are easily recalled as more risky or more 
likely to occur than events that are not readily available to memory. An event 
may have more availability if it occurred recently, if it was a high-profile event, 
or if it has some other significance for an individual or group. 

Bias –  
Confirmation 

Refers to the filtering of new information to fit previously formed views. In 
particular, it is the tendency to accept as reliable new information that 
supports existing views, but to see as unreliable or erroneous and filter out 
new information that is contrary to current views. People may ignore or 
dismiss uncertainty information if it contradicts their current beliefs. 

Bias –  
Confidence 

People typically have too much confidence in their own judgements. This 
appears to affect almost all professions, as well as the lay public. The few 
exceptions are people who receive constant feedback on the accuracy of their 
predictions, such as weather forecasters. The psychological basis for this 
unwarranted certainty seems to be insensitivity to the weaknesses in 
assumptions on which judgements are based.  

Bias –  
Framing 

How probabilistic information is framed can influence how that information is 
understood as well as the confidence that people have in the information. 
‘Priming’ the brain with a particular stimulus can affect how it responds to a 
later stimulus. Using expressions that take advantage of this priming (i.e. the 
direction and expression are consistent) can reduce cognitive strain, which 
makes it easier for stakeholders to understand the idea presented without 
requiring further analysis. For example, the phrase ‘there is a 5% chance the 
drawdown in the groundwater level will be greater than 0.2m’ may leave a 
different impression than the phrase ‘there is a 95% chance the water 
drawdown level will be less than 0.2m’; even though the two phrases contain 
the same information (New Zealand Government, 2014). The latter requires 
less mental workload because your brain is already ‘primed’ to think about 
being ‘down’ when it hears ‘less than’. This is particularly effective when 
paired with explicit advice about whether precautionary action is advised. 

Calibration –  
Conditional 

Conditional calibration is a process by which parameters are adjusted until 
model simulations fit historical measurements or observations, indicating that 
the model has not yet been falsified by tests against observational data, and 
that the model is accepted as a good representation of (or receptacle of 
knowledge about) the physical system of interest. 

Calibration null space Model parameters/combinations not informed by historical measurements. To 
the extent that a simulation is sensitive to individual parameters, and/or to 
combinations of parameters, that lie within the ‘calibration null space’, the 
uncertainty of that simulation is not reduced via the calibration process at all. 
(Doherty and Moore, 2017) 
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Communication / engagement The key to successful communication is to present the information about 
uncertainty in a way that is most likely to aid decision making. To achieve this, 
analysis of uncertainty information in model output needs to be: (i) adequately 
tailored to decision-makers’ needs; (ii) focussed on the messages that are 
most likely to be relevant to their decisions; and (iii) presented in plain and 
clear (precise, non-technical) language. (Richardson et al., 2017) 

Complexity 
(Middlemis et al., 2001) 

The degree to which a model application resembles, or is designed to 
resemble, the physical hydrogeological system (adapted from the model 
fidelity definition given in Ritchey and Rumbaugh, 1996, cited in Middlemis et 
al 2001). A hierarchical classification of three main complexities in order of 
increasing complexity: basic, impact assessment and aquifer simulator. 
Higher complexity models have a capability to provide for more complex 
simulations of hydrogeological processes and/or address resource 
management issues more comprehensively. In the 2001 modelling guideline 
(Middlemis et al 2001, the term complexity is used in preference to fidelity (to 
assuage community concerns at the time). 

Effective and attractive option 
(risk treatment) 

Able to reduce risk and be implemented in a timely manner, and economically 
and socially acceptable risk treatment. 

Equifinality Explicit recognition that there may be multiple model representations that 
provide acceptable simulations for any environmental systems. The concept 
of equifinality is distinguished from non-identifiability or non-uniqueness: non-
identifiability can be described as a poorly defined optimum of the calibration 
objective function, while non-uniqueness can be described as multiple local 
optima (Beven, 2002). 

Fit-for-purpose 
 
See italic text opposite for 
proposed new definition for 
uncertainty context. 
 
 

 

(see also Middlemis et al 2001 
guideline ‘definition’ below). 

This term is not actually defined in the 2001 guidelines (nor in the AGMG) , 
but ‘purpose’ is used in the guiding principle for defining the model study 
objectives, complexity and resources (it is always linked to complexity and 
objectives). The term ‘fit-for-purpose’ is only ever used in the context of 
evaluating the model performance (i.e. review of whether performance is 
adequate in relation to the stated purpose, complexity etc).  
Suggested new definition in the context of uncertainty analysis: 

The purpose of a modelling study is to provide information about uncertainties 
in the conceptualisations and model simulation outputs in a way that allows 
decision makers to understand the effects of uncertainty on project objectives 
(echoing the ISO 31000 risk definition) and the effects of potential bias. 

Hypothesis In the environmental risk management context where groundwater modelling 
is applied, the hypothesis to be tested typically comprises the conjecture of an 
unwanted outcome or consequence associated with a particular development 
and/or management strategy. In practice, the hypothesis should be clearly 
stated in terms of threshold impacts (preferably regulatory-based) and/or 
resource condition indicators, and should be closely linked with the specified 
modelling objectives. The hypothesis of an unwanted outcome can never be 
completely rejected (a ‘known unknowns’ issue). 

High-risk systems Systems where environmental or economic risks are high, that lack attractive 
and effective risk treatments (see definitions) and where long time lags apply 
require detailed uncertainty analysis. 

Low-risk systems Systems with low environmental or economic risks and/or with effective and 
attractive risk treatments (see definition of ‘Effective and attractive option’) 
may not need detailed uncertainty analysis. 

Model –  
Coupled –  
Externally 

Solve for surface flow and sub-surface flow separately but without iteration 
within a time step (i.e. solve surface flow first then groundwater, then advance 
to next time step; usually applies short time steps for dynamic surface-water 
system, and longer time steps for groundwater system). Example: Mike-SHE. 
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Model –  
Coupled –  
Fully 

Solve for surface flow and sub-surface flow and dynamic exchanges 
simultaneously within time step (i.e. iteration proceeds at same time step for 
all processes, usually constrained by surface water as that is most dynamic; 
this can cause significant computational overhead). Examples: 
HydroGeoSphere, MODHMS. 

Model –  
Coupled –  
Iteratively 

Solve for surface flow and sub-surface flow separately, but iteratively within 
time step (i.e. solve surface flow first then groundwater, iterate within time 
step to convergence before advancing to next time step; short time steps for 
surface water and longer time steps for groundwater). Example: MODFLOW. 

Model –  
Deterministic 

Same output for same input – most regional models developed for impact 
assessment are deterministic. 

Model –  
Distributed 

Spatial variability of parameter distributions across domain, and local-scale 
processes also represented, such as recharge/discharge zones, rivers, wells. 

Model –  
Empirical 

Algorithms or mathematical relationships that are based on observations or 
evidence (empiricism) but do not necessarily have a physical basis (e.g. 
regressions that do not necessarily establish a causal relationship). 

Model –  
Integrated 

Integrated solution of surface and groundwater flow and dynamic exchanges 
via coupling techniques. 

Model –  
Lumped 

Hydrological processes lumped to catchment-scale (no spatial variability 
within catchment/domain). 

Model –  
Physically-based 

Algorithms designed to realistically represent physical processes (e.g. depth-
dependent ET). 

Model –  
Stochastic 

Different output for same input (element of random). Can invoke stochastic 
via PEST on deterministic model. 

Modeller  
(actor in engagement process) 

A person or an organisation that develops the model and conducts the 
modelling study. 

Model failure Model has failed if the predictive uncertainty margins underestimate 
probability of a bad thing happening. Or, if there is sufficient bias for a poor 
decision to be made on the basis of the bias, especially if the consequence of 
this is large. 

Model purpose 

 
(after Middlemis et al,. 2001, 
Table 2.1) 

A guideline for defining modelling study objectives, complexity and resources: 

 
(i) The modelling study objective and purpose must be clearly stated in 
specific and measurable terms, along with the resource management 
objectives that the model will be required to address.  
(ii) The overall management constraints should be outlined in terms of budget, 
schedule, staged development and long-term maintenance, and eventual 
ownership and use of the model. 
(iii) The model complexity must be assessed and defined to suit the study 
purpose, objectives and resources available for each model study  
(iv) The model complexity assessment must involve negotiation between a 
client/end-user and the modelling team, including the model reviewer, and 
relevant government agency representatives. 

Non-identifiable  
(Barnett et al., 2012; s.5.4.1) 

Model parameters can be non-identifiable or non-unique if the mathematical 
equations that describe a situation of interest depend on parameters in 
combination (e.g. R/T, R/Sy or T/S), rather than individually, in such a way 
that the product or ratio of parameters may be identifiable, but not the 
individual parameters themselves (Barnett et al., 2012). 
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Non-uniqueness  
(Middlemis et al., 2001; s.3.2.2) 

The principle that many different possible sets of model inputs can produce 
nearly identical computed aquifer head distributions for any given model.  

Precautionary principle (ESD 
context) 

Where there are threats of serious or irreversible environmental damage, lack 
of full scientific certainty should not be used as a reason for postponing 
measures to prevent environmental degradation; 
www.environment.gov.au/about-us/esd/publications/national-esd-strategy-
part1#GoalsEtc.  

PP has four central components:  
(i) Taking preventive action in the face of uncertainty;  
(ii) Shifting the burden of proof to the proponents of an activity;  
(iii) Exploring a wide range of alternatives to possibly harmful actions; and  
(iv) Increasing public participation in decision making (Kriebel et al., 2001). 
It has been suggested that ecologically sustainable development (ESD) is not 
a factor to be balanced against other considerations; rather, ESD is the 
balance between development and environment/social imperatives. 

Probability density function 
Probability distribution function 
(PDF) 

The probability distribution of a random variable specifies the chance that the 
variable takes a value in any subset of the real numbers. For example; ‘there 
is a probability of p that the variable is between x and y’. 

Proponent  
(actor in engagement process) 

The person or organisation that owns the project or development (e.g. a 
mine). The project proponent is asking the water manager to make a decision 
related to impacts to a water resource. The project proponent commissions 
studies by outside professionals such as consulting hydrogeologists. 

Reviewer  
(actor in engagement process) 

A person conducting an external review of a modelling study. The review may 
be more or less comprehensive depending on the requirements of the 
particular case. The reviewer is typically appointed by the water manager to 
support her/him to match the modelling capability of the modeller. 

Risk (calculation) Combination of consequence and likelihood (AS/NZS ISO 31000:2009). 

Risk (definition) The effect of uncertainty on management objectives (AS/NZS ISO 
31000:2009). Effect can be positive or negative deviation from the expected. 

Risk (descriptive) Can be roughly equated to the probability of a bad thing happening as a 
consequence of a particular decision multiplied by the cost associated with its 
occurrence (Doherty and Moore, 2017). 

Sensitivity analysis 
(Middlemis et al, 2001) 

The measurement of the uncertainty in a calibrated model as a function of 
uncertainty in estimates of aquifer parameters and boundary conditions. 

Sensitivity analysis  
(Peeters, 2017) 

The study of how uncertainty in the output of a model (numerical or otherwise) 
can be apportioned to different sources of uncertainty in the model input. 

Simplicity (effective) 
(Middlemis et al., 2001) 

The simplicity (or parsimony) principle implies that a conceptual model has 
been simplified, yet it retains enough complexity that it adequately represents 
the physical system and its behaviour for the specified purpose of the model.  
(The term ‘effective model simplicity’ was discussed by Voss, 2011. Model 
simplification involves testing and removing all redundant elements of the 
model that the prediction is insensitive to.)  

Simplicity (optimal) Optimal model simplicity is achieved by testing and removing all elements of 
the model that the prediction is not sensitive to (optimal means no redundant 
elements). However, where the prediction is sensitive to parameters that are 
not informed by the calibration dataset, uncertainty reduction via calibration 
can be minimal, even if a model is perfectly calibrated. Furthermore, the 
parameters that cannot be estimated uniquely are just as important as those 
that can be estimated uniquely when exploring predictive uncertainty. 
(Doherty and Moore, 2017) 

http://www.environment.gov.au/about-us/esd/publications/national-esd-strategy-part1#GoalsEtc
http://www.environment.gov.au/about-us/esd/publications/national-esd-strategy-part1#GoalsEtc
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Stakeholders/public 
(actors in engagement 
process) 

An interested party with a stake in the water management issue, either in 
exploiting or protecting the resource. Stakeholders include the following 
categories: (i) competent water resource authority (typically the water 
manager, cf. above); (ii) interest groups; and (iii) general public. 

Type 1 error (statistical) ‘False Positive’ – failure to correctly reject, or incorrect or false acceptance of 
the hypothesis (e.g. accepting a hypothesis of a bad thing happening when it 
is indeed unlikely). 

Type 2 error (statistical) ‘False Negative’ – falsely rejecting the hypothesis (e.g. wrongly rejecting a 
hypothesis of a bad thing happening when it can indeed eventuate). 

Type 3 error (generic) Not definitive, but put simply: the right answer to the wrong question. 

Uncertainty  Alternates: probability of threshold impacts. Confidence of predictions. 

Uncertainty (definition) Uncertainty is the state, even partial, of deficiency of information related to the 
understanding or knowledge of an event, its consequence, or likelihood 
(AS/NZS ISO 31000:2009). 

Uncertainty (source/type) Any deficiency in information relating to understanding or knowledge in four 
main classes/sources of uncertainty: 
1. Structural/Conceptual uncertainty 
2. Parameter/input uncertainty 
3. Measurement error 
4. Scenario uncertainties  

Uncertainty – 
Measurement error 

Combination of uncertainties associated with the measurement of complex 
aquifer system states (heads, discharges), parameters and variability (3D 
spatial and temporal) with those induced by upscaling or downscaling (site-
specific data, climate data). 

Uncertainty –  
Parameterisation 

Hydrogeological property values and assumptions applied to represent 
complex reality in space and time (any system aspect that can be changed in 
an automated way in a model via parameterisation). 

Uncertainty –  
Predictive 

The quantification of uncertainty in predictions. The bias and spread 
associated with model predictions that are made via a model that is consistent 
with the conceptual understanding of the system and associated 
measurements. 

Uncertainty –  
Scenario 

Guessing future stresses, dynamics and boundary condition changes (e.g. 
mining, climate variability; land and water use change). 

Uncertainty –
Structural/Conceptual 

Geological structure and hydrogeological conceptualisation assumptions 
applied to derive a simplified view of a complex hydrogeological reality (any 
system aspect that cannot be changed in an automated way in a model). 

To test alternative conceptualisations (structural uncertainty), one needs to 
parameterise the conceptualisation issue (e.g. faults) or apply Bayes theorem 
to combine/evaluate the known and unknown conceptual models. 

Faults may be included as specific model features only where explicit 
evidence exists. Where some minor/inconclusive evidence exists, faults could 
be considered as part of a sensitivity/uncertainty analysis involving 
parameterisation of the fault features, and consideration of probabilities. 

Uncertainty analysis 
(Predictive uncertainty) 

The quantification of uncertainty in predictions.  
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Uncertainty analysis 
(Qualitative) 

A formal and structured discussion of all model choices and assumptions and 
their effect on simulations. The discussion is organised by answering 
following four questions with 'low', 'medium' or 'high' (Peeters, 2017): 

• What is the likelihood that I would have made the same choice if I had 
more or different data?  

• What is the likelihood that I would have made the same choice if I had 
more time and budget?  

• What is the likelihood that I would have made the same choice if I had 
a better model / software? 

• What is the likelihood that the model simulations are very different if I 
change the assumption? 

Uncertainty analysis 
(Quantitative) 

Quantitative uncertainty analysis seeks to find all model predictions that are 
consistent with (or constrained by) the observations. 

Water manager  
(actor in engagement process) 

The person or organisation responsible for the management or protection of 
the water resources, and thus of the modelling study and the outcome (the 
problem owner). 
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APPENDIX C 

NCGRT national workshop on groundwater 

modelling uncertainty 

AGC2017 Uncertainty Workshop (Monday 10 July 2017)
Role Name Organisation
Convenor Hugh Middlemis Hydrogeologic Pty Ltd  
Convenor Glen Walker Grounded in Water 
Convenor Luk Peeters CSIRO Land and Water 
Convenor Stuart Richardson CDM Smith 
Convenor Phil Hayes Jacobs
Convenor Catherine Moore GNS Science 
Convenor Prof Craig Simmons NCGRT 
Federal Agency Peter Baker Office of Water Science
Federal Agency John Higgins Office of Water Science
Federal Agency Peter Hyde Murray-Darling Basin Authority
Federal Agency Olga Barron CSIRO Land and Water 
Federal Agency Hashim Carey Geoscience Australia
State Agency Joel Hall WA Department of Water
State Agency Dale Cobban NT Dept Land Resource Mgt, Water Resource Division 
State Agency Juliette Woods SA Dept Environment, Water & Natural Resources 
State Agency Andrew Druzynski NSW Department of Primary Industries - Water
State Agency Keith Phillipson Office of Groundwater Impact Assessment (QLD)
State Agency Sanjeev Pandey Office of Groundwater Impact Assessment (QLD)
State Agency Ashley Bleakley QLD Department of Natural Resources and Mines 
Consultant Noel Merrick HydroSimulations
Consultant Anthony Knapton CloudGMS
Consultant Kevin Hayley Groundwater Solutions 
Consultant Brian Barnett Jacobs
Consultant Aine Patterson Pells Sullivan Meynink, Engineering Consultants
Academic Tony Jakeman Australian National University
Academic Wendy Timms University of New South Wales
Academic Tim Peterson University of Melbourne
Academic Doug Anderson University of New South Wales
Academic Martin Andersen University of New South Wales
Industry Keith Brown Rio Tinto 
Industry Shawan Dogramaci Rio Tinto 
Industry Ryan Morris Origin Energy 
Internationals Steve Berg Aquanty
Internationals Prof Fabien Cornaton DHI Water & Environment  
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 1: Glen Walker – Predictive uncertainty in groundwater modelling: How is 
it best used? (2017) 

• Q1.1 – Can a complex model answer all questions?  

o A1.1.1: Complex models can be built but don’t expect that they can answer all 
questions, especially answers that require uncertainty analysis (UA). Engagement is 
common theme in papers, confirming need to set objectives then iterate through 
process to set specific questions to be answered, then design the model complexity 
and method required to provide the answers. Sometimes more than one model is 
needed; one model does not suit all questions. 

• Q1.2 – Should we run (many) multiple conceptualisations?  

o A1.2.1: Competitive market and budget constraints mean that (many) multiple 
conceptualisations are not possible (unless budgets increase).  

o A1.2.2: Some examples of two alternate conceptual models in practice (e.g. IAH SA 
seminar 2016), but not many.  

o A1.2.3: Menindee project used preliminary model study to help set boundaries and 
explore key process, and final detailed uncertainty-driven modelling also used simple 
sub-models to explore certain processes, and that is a form of testing multiple alternate 
conceptual models. 

• Q1.3 – Suggestion that main source of error is estimating recharge, which means we 
should use physics-based process models integrated with groundwater model (e.g. 
Mike-SHE). Taken as comment. 

o A1.3.1: Questions about the important hydrological processes need to consider all 
contexts, not just recharge (e.g. subsidence in coal mining jobs, fracture effects, 
aquitards etc.). 

• Q1.4.– Where should we concentrate our efforts, given that prioritisation of uncertainty is not 
done in environmental science? Sources of uncertainty should include ‘asking the “right” 
question’, which is as important as recharge. Taken as statement. 

• Q1.5 – Need more engagement with economists etc. regarding the value of groundwater and the 
effect of uncertainty in terms of risks and cost/investment to guide decision making. General 
agreement and noted Glen Walker’s paper regarding embedding UA within risk framework. 

• Q1.6 – Do we have cascading uncertainty (structural on top of parameterisation on top of 
scenario uncertainty etc.) and how do we grapple with that?  

o A1.6.1: Question taken on notice, and later addressed during presentations by Luk 
Peeters and Cath Moore, who demonstrated that UA can help reject certain hypotheses 
and thus reduce the problem of cascading uncertainty.  

o A1.6.2: Subsequently also addressed during presentation by Phil Hayes, in that 
scenario uncertainty can sometimes be reduced almost as a by-product of careful 
discussion with stakeholders about the specific questions to be answered by the model 
(e.g. Menindee Lakes study). 

Notes from breakout session on where to from here (Walker) 

• Note 1.1 – Good discussion involving industry, government and consultants 

o Demand-driven need for uncertainty analysis 

o Discussion focussed about EIS rather than intra-government processes 

o Change in terms of references for EIS should be focussed and based on tech issues 

o Matching ToRs with risk, need indication of $$ (resources required) 

o This involves government and industry, with consultation with others 

o Robustness of management plans 

• Note 1.2 – Training, training, training 

o Practitioners: high priority; logical framework with respect to different approaches 

o Also for agencies, community, model procurers 
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• Note 1.3 – Conceptual uncertainty needs to be addressed, where risk requires it 

o Currently too focussed around parameter uncertainty 

• Note 1.4 – Guidelines were seen to be important and useful 

o Often are high level, so perhaps consider more case studies and more discussion of 
methods and computing and other technical requirements 

• Note 1.5 – Language – use of IPCC-style calibrated language recommended and consider 
different terminology that does not put too much focus on uncertainty, which can be 
mistaken for lack of knowledge or understanding. Echoed later with suggestions for 
focus on confidence, not uncertainty. 

 

2: Luk Peeters – Uncertainty analysis in groundwater modelling: Where to 
start? (2017) 

• Luk also addressed Q1.3 

o About recharge – the model must be efficient for uncertainty analysis, which would 
usually preclude complicated recharge models.  

o About which is largest source of uncertainty: it is different for different contexts and the 
UA (if done properly) will help identify which are the largest sources of uncertainty for 
any particular case. 

• Q2.1 – Could the answer be that one is better off not doing a model? Can it be difficult to 
communicate to stakeholders that a model may not be required?  

o A2.1.1: Straw poll – about half the workshop attendees put up their to agree that they 
had ever said that a model is not required. 

o A2.1.2: Sometimes not doing a model can be the answer, and that has been argued 
during the Bioregional Assessments. Professionals involved in the Bioregional 
Assessments indicated that, yes, it can be difficult to suggest that a model is not strictly 
required, even within an informed community. In general, the public usually expects a 
model and experience suggests that, if folks think/feel there is an impact, then a model 
is likely to be needed to predict/quantify impacts (whether benign or not).  

o A2.1.3: If the question is who we are doing the models for, then the answer is often that 
models are used to provide objective evidence to the community (rather than ‘trust 
me’). Suggested that Naomi Oreskes’ seminal paper provides an answer. 

• Q2.2 – What is the model being built for? While the fit-for-purpose catch-all is often used 
to suggest the model is suited to multiple purposes, models are usually built for one 
main purpose (e.g. mine dewatering) and may not be that applicable for other purposes, 
such as assessing environmental impacts (e.g. fine grid at mine pit rather than detail at a 
GDE).  

o A2.2.1: Should not be misled by fine grid at the mine suggesting a dewatering focus; 
fine grid is needed at pit because that is where water table curvature is greatest (not 
simply because that is where the mine is). Models can be designed with an equal focus 
on mine dewatering and on environmental impacts. Furthermore, NSW Aquifer 
Interference Policy requires a certain design for the model to provide information on 
environmental impacts, so any mining impact assessment models are definitely 
designed mainly for environmental assessment purposes and yet they are also 
appropriate for mining.  

o A2.2.2: Suggestion that model should be developed to provide answers to the 
questions posed, including where to get more information to reduce uncertainty and 
help inform community and improve confidence. One can’t build a model if one does 
not know what question needs answering. 

o A2.2.3: Starting to have success in SA in having discussions up front with stakeholders 
and then building the right sort of model and designing the modelling methodology to 
answer the well-considered/defined specific questions. 
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o A2.2.4: Other delegates suggested that they would like regulators to be less 
prescriptive (e.g. less insistent on a single complex model), so this initiative about 
uncertainty analysis is worthwhile. 

 

 

• Q2.3 – Should we be using a Pareto front rather than one single solution?  

o A2.3.1: If a Pareto front is a required outcome, the you need to build a model specifically to 
answer a specific (single) question, and then build a Pareto front from the results from a 
number of such models. 

• Q2.4 – Modflow is often specified by regulators; how do we encourage change and allow 
for diversity and innovation in approaches and software? Other questions about whether 
PEST is the ‘best’ software for UA? 

o A2.4.1: Essentially, there is no one best software solution for modelling or for 
uncertainty. Question taken on notice on how to allow for diversity in tools and 
methods. 

• Q2.5 – How do we upskill to make the UA process efficient? Often, we fall back to what 
we know, and the problem is the learning curve on scripting and numerical methods. 

o A2.5.1: Departments often work with grads a lot, so the learning curve issue is a 
challenge and training initiatives are required. General support from delegates for 
initiatives for training and for hosting tools. 

o A2.5.2: Scripting is becoming more available, but there is a learning curve even if the 
scripts are available, and then specialist computer help is needed. USGS quite a good 
source of scripts etc., as is John Doherty  
(https://water.usgs.gov/ogw/modflow/utilities.html; https://water.usgs.gov/ogw/flopy/; 
http://pesthomepage.org/Utility_Support_Software.php). 

• Q2.6 – What is the difference between sensitivity analysis and uncertainty analysis? 

o A2.6.1: Sensitivity analysis (SA) is done in addition to uncertainty analysis (UA); in 
definitions below, SA is done after UA for insight on what drives prediction uncertainty.  

 Uncertainty analysis is the quantification of uncertainty in predictions.  

 Sensitivity analysis is the study of how uncertainty in the output of a model can 
be apportioned to different sources of uncertainty in the model input. 

o A2.6.2: Can do SA as a screening exercise.  

• Q2.7 – Parameter uncertainty is a common UA method, but how to test for conceptual 
uncertainty? Perhaps hypothesis testing may be where we need to go forward? 

o A2.7.1: To efficiently test alternative conceptualisations, one needs to parameterise the 
conceptualisation issue (e.g. fault parameters).  

o A2.7.2: Often small modelling exercises are used to test different conceptualisations 
(i.e. not all equally developed conceptual realisations) – example of Menindee Lakes 
model (Hayes and Nicol, 2017).  

o A2.7.3: Example of experienced modeller recalling surprise at how two very different 
models were developed in the 1990s from the same datasets (one by modeller one, by 
QLD govt); now happy to admit that both are probably equally wrong.  

o A2.7.4: There is a question about how to deal with questions about alternate 
(hypothetical) conceptualisations (e.g. unmapped faults). This was considered in the 
breakout session: see below Breakout Note 4.1. 

o A2.7.5: There is a formal way to use Bayes to combine the known and unknown 
conceptual models – see Doherty and Moore (2017) and related references.  

• Q2.8 – Can we specify a set of minimum requirements for UA? Discussed at breakout 
session. 

o A2.8.1: Maybe, but only if the minimum requirements are couched in risk terms, and in 
terms of issues to be considered and then addressed by the study and documented in 
the report, which should be reviewed. 

https://water.usgs.gov/ogw/modflow/utilities.html
https://water.usgs.gov/ogw/flopy/
http://pesthomepage.org/Utility_Support_Software.php
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o A2.8.2 Luk Peeters suggested these five minimum requirement points need to be 
considered during a UA study, and objective evidence that they have been addressed 
needs to be provided in the report, in a transparent way, with all assumptions 
discussed, so it is amenable to scrutiny: 

1. What are the objectives? How do they link to model outcomes? 

2. Which parameters or model aspects are included in the uncertainty analysis? What is the 
reason to include a parameter? Is there a prioritisation done beforehand, during 
conceptualisation, of what are the main sources of uncertainty, how they can affect the 
predictions/objectives? (This is not just for the modeller to answer, this is as much a 
question for the client/stakeholder.) 

3. How is the parameterisation done? How are the parameters varied? How is prior 
knowledge incorporated? What are the prior distributions for parameters? (Literature and 
expert knowledge are valid ways to get to prior distributions, it just needs to be spelled out.) 

4. What kind of likelihood function / objective function is used? Are there regularisation terms 
(i.e. soft constraints based on expert knowledge of the system)? What is considered an 
acceptable mismatch? How is observation uncertainty accounted for? How are 
observations weighted? 

5. Uncertainty analysis method: are the assumptions underpinning the method documented 
and discussed in function of the model and objectives (model linearity, sampling design, 
likelihood function)? (This information is not readily available, and we need clear guidance.) 

Notes from breakout session on uncertainty analysis – Where to start 

(Peeters) 

• Note 2.1 – Terms and language used 

o ‘Uncertainty’ not helpful in building confidence 

o Probability of threshold impacts, and confidence of predictions would be more helpful 

o Effective model simplicity – optimal simplicity rather than simple models 

• Note 2.2 – Training, training, training – suggested courses 

o Modelling and Uncertainty 

 for managers 

 for regulators 

 for model procurers 

 for community? 

o Communicating the main concepts in modelling and uncertainty analysis 

o Modelling workflows and options for uncertainty analysis 

o Data visualisation 

o Objective and evidence-based reviewing of modelling studies 

o Data processing and mathematical tools for uncertainty analysis 

 scripting, weighting functions, cloud computing, Algomesh 

o Designing specific questions for models to answer to meet objectives 

o Streamlining models for efficient uncertainty analysis 

• Note 2.3 – In-house coaching of junior staff; start slowly/simply and build slowly, with 
formal training 

• Note 2.4 – Why and when do we do uncertainty analysis? 

o Make uncertainty analysis an integral part of a risk framework 

o Low risk – do at least qualitative UA (e.g. Table 2.1 of the AGMG) 

o High risk – comprehensive and detailed UA required 

o Can do early with simple models, to explore alternative options/processes 
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o Can do later with more mature models, as a comprehensive uncertainty analysis 

o Can use independent reviewers to advise during a project (e.g. as in Menindee Lakes 
model) 

• Note 2.5 – Question regarding the ethics of modellers who claim that uncertainty has 
been addressed, citing the 2012 AGMG but presenting no objective evidence 

o Model review criteria are often used as a bureaucratic checklist in an attempt to avert 
future accusations of policy error or wrongdoing by deflecting responsibility in advance; 
however, this uncertainty initiative requires that objective evidence be presented 
showing how uncertainty issues have been addressed and the degree of stakeholder 
engagement. 

o Corrective Action suggested – 2012 AGMG model review criteria (‘Checklist’) should be 
updated to require objective evidence of conformance/compliance. 

• Note 2.6 – Engagement is not always easy, especially when third party proponents are not 
comfortable discussing with agencies what may be sensitive issues for them, and they may not 
wish to be seen to be possibly over-committing. Similarly, there are sensitivities for agencies, 
who like to see final study report before committing.  

o Transparency, honesty and ‘without prejudice’ would seem to be the only way to 
conduct engagement (as suggested in Richardson et al., 2017). 

3: Catherine Moore – Simple is beautiful (Doherty and Moore, 2017) 

• Key Points regarding presentation on discussion paper no.3 

o If calibration is sensitive to parameters that are not informed by dataset, then suggested 
to not bother with calibration and just go to uncertainty assessment. Parameters that 
cannot be estimated uniquely should be included in the process of uncertainty analysis. 

o Uncertainty Methods tips: Rejection sampling is difficult with highly parameterised 
model. Markov Chain Monte Carlo (iterative update of prior distro) is more efficient than 
rejection sampling but still inefficient. Ensemble or Kalman Filters/Smoothers (adjusting 
parameters so that match to calibration dataset) show significant improvements 
recently by Jeremy White (the ‘Ensemble Smoother’). 

o Pragmatic alternatives to Bayesian include Approximate Uncertainty Analysis (Doherty). 
Non-Linear: foundation of Null Space Monte Carlo, which uses a linearised form of 
Bayes (i.e. not strictly Bayesian, but it is numerically tractable). Linear: sensitivity 
assessment (Jacobean) then linearised form of Bayes used. Quite fast methods and 
allows assessment of influence of data and parameters on prediction uncertainties. 

o If we can calculate uncertainty, we can estimate how much uncertainty would be 
reduced by more data in key areas of uncertainty. 

o Simplification: numerical stability and long run time issues mean that we need 
simplification. Requires building models that remove details that the prediction is not 
sensitive to. The cost is the error incurred due to simplification, but sometimes get a 
systematic or bias term, so simplify carefully. 

o Art of model simplification involves the use of expert knowledge. Success can be 
judged when simplification-induced uncertainty is small compared to the predictive 
uncertainty. 

• Q3.1 – What do you mean by model simplification?  

o A3.1.1: See above key points. In simple terms, remove all elements of the model that 
the prediction is insensitive to (all redundant elements).  

o A3.1.2: There is tension between building a complex model that can answer many/all 
questions but ends up so complex that it can’t efficiently answer the questions posed 
for uncertainty analysis; hence the need for some simplification.  

o A3.1.3: Delegate suggested rejecting the notion that complex models are difficult to 
calibrate where one knows the recharge very well.  

 If you assume that you know the recharge perfectly then you can remove that 
uncertainty from the calibration. But most hydrogeologists believe that recharge 



Groundwater Modelling Uncertainty – Implications for decision-making – Appendix C – Workshop Notes 

National Centre for Groundwater Research and Training / International Association of Hydrogeologists 85 

estimations are fraught with uncertainty, so that issue should be considered 
very carefully indeed. 

• Q3.2 – What about cost of UA?  

o A3.2.1: Senior agency delegate suggested that regulators will drive the need for better 
UA and industry may need to wear the cost, noting the value of improved decision 
making. 

o A3.2.2: It is expensive, so multiple conceptualisations are not possible in competitive 
consulting, but parameter UA is possible and is happening slowly. There is a timeline 
issue, in that groundwater is already the slowest element of EIS, and the mining 
industry for example has not allowed in their project timelines for groundwater to 
become slower. 

• Q3.3 – Should PEST be specified as a requirement (a bit like Modflow often is)?  

o A3.3.1: No. There is no one software solution for all modelling or for all uncertainty 
analysis. 

• Q3.4 – Can we learn from surface water and annual allocation setting?  

o A3.4.1: SA is moving towards that with changes in legislation. Other states? 

• Q3.5 – ‘Simple’ model might not be the best term? And use of the term ‘uncertainty’ is 
not helpful in building stakeholder confidence. 

o A3.5.1: Note that the words ‘simple’ and ‘complex’ are hard-wired into NSW Aquifer 
Interference Policy.  

o A3.5.2: Suggested use of terms like ‘confidence’ rather than uncertainty. 

o A3.5.3: Suggested use of terms like ‘streamlined’ or ‘optimal’. 

o A3.5.4: Would be useful to see more examples of Cath Moore’s work on comparing 
simple versus complex (steady state versus complex). 

4: Phil Hayes – Uncertainty by design (Hayes and Nicol, 2017) 

• Key points regarding presentation on discussion paper no.4: 

o Broken Hill MAR background briefly presented then model development (not in paper, 
but in report). Comprehensive dataset (42 GB) based on $30 million plus of GA 
investigations. 

o Objectives (licensing): drawdown impact assessment, timing of impacts (low/high 
flows), recharge mechanisms, recovery (rates, levels, sustainability).  

o Discussion of approach and model design as per paper. Null Space Monte Carlo 
method.  

o Worked closely with stakeholders. 

o Successful project: focussed objectives, planned UA from outset with appropriate 
budget; client contributions with review (HM and JD); key decisions left to modellers, 
with inputs from others; modelling team capability, assisted by initial simple modelling. 

o Conclusion: predictive uncertainty analysis is tractable, even with large datasets. 

• Q4.1 – Regarding the Menindee study, how much data was redundant, and would early 
engagement optimise that requirement?  

o A4.1: Did not need all the data to do the model, but it was used as an example where 
maximum data was used to optimise the model for UA. Early engagement may have 
optimised the requirement. 

• Q4.2 – What makes a good model? 

o Balance between conceptual and numerical features and capability. 

o The right software tool and careful design with review and discussion with stakeholders. 

o Fit-for-purpose is not a dirty word when the purpose is commensurate with objectives. 
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Notes from breakout session on effective simplicity (Moore) and uncertainty 

by design (Hayes) 

• Note 4.1 – Conservatism: modelling with worst case has helped modelling progress a 
long way 

o Faults, for example; should include only where explicit evidence exists. 

o Where other minor evidence exists, include faults in sensitivity / uncertainty analysis 
(involves parameterisation and should consider probability). 

• Note 4.2 – Petroleum Engineering 

o Standard workflows involve uncertainty analysis and using results for hard economic 
decisions. 

o What can be learnt from their workflows? 

o What about communication? (Tornado plots for example). 

• Note 4.3 – OGIA Surat cumulative impact model lessons learned 

o Started simply, but with added complexity over time. 

o Now moving to simpler, smaller scale models to investigate processes. 

• Note 4.4 – Lack of skills is currently a constraint and training initiatives required 

o Maths / programming / stats and uncertainty. 

o Uncertainty training for regulators, decision makers and model procurers. 

o Do we want or need accreditation, or is a suite of examples enough?  

• Note 4.5 – Objectives must be translated to specific targeted questions 

o ‘No significant impact’ is not specific enough. 

• Note 4.6 – Grid / scale independent modelling is a developing area 

o Rapid moving from large scale to small, complex to streamlined, and feeding back. 

o Hydro-Algorithmics are developing a tool: www.hydroalgorithmics.com/software/algomesh/ 

• Note 4.7 – Emulators (models of models) is a developing area 

o Could speed up and allow integration to other models, economic/ecological. 

o But similar issues of training, communication etc. 

5. Stuart Richardson – Communicating uncertainty (Richardson et al., 2017) 

• Key points regarding presentation on discussion paper no.5 

o Embed uncertainty within risk framework and link modelling objectives. 

o Results need to be tailored to needs, focussed on key messages, plain and clear.  

o Need to move into the mindset of a regulator. Communication/engagement. 

o Do we overplay the concept of uncertainty and underplay the value of UA? 

o Actors: proponent, water manager, modeller, reviewer, stakeholders/community 

 Would be useful to include in glossary/definitions – done! 

 Need careful identification of stakeholders. 

o Undertake meaningful co-design and co-production on UA. Documentation of results is 
the end product that needs to be designed at the start via engagement process. 

o Reduce cognitive strain by matching how uncertainty is expressed to align with 
expressions in the decision making (+ve or -ve). 

o Guidance from IPCC on calibrated language (discipline required on report writing). 

http://www.hydroalgorithmics.com/software/algomesh/
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o Provide clear description of scale of uncertainty via multiple outputs and use numeric, 
visual and commentary elements, with consistent and precise language (IPCC 
calibrated language). 

o Indicate type and source of uncertainty present and relative contributions. 

o Describe how biases could skew the results. 

o Indicate whether/how uncertainty has been or can be reduced (with extra info). 

• Q5.1 – Do we need to allow for extra runs to test alternative conceptual models? 

o A5.1: A sound communication process with engagement should ensure that the model 
and the overall approach are designed appropriately, allowing for testing alternate 
conceptual models if that is needed.  

Notes from breakout session on communicating uncertainty (Richardson) 

• Note 5.1 – Cross-section of stakeholders in group. 

• Note 5.2 – Definitions: uncertainty, certainty, confidence. Negative. We need positive language. 

• Note 5.2 – ‘Engagement’ may be a better title for the paper, to highlight the need for 
communication with stakeholders throughout the uncertainty analysis (engagement theme runs 
through all the papers). 

• Note 5.3 – Different requirements from different decision makers (e.g. stakeholders involved in 
policy-driven settings require qualitative assessments while stakeholders making investment 
decisions require quantitative analysis like probability of occurrence). 

• Note 5.4 – Communication is made easier where it can be shown that certainty is improved – 
‘building confidence’ through the modelling workflow. 

• Note 5.5 – Focus on telling people what we do know rather than what we don’t know – 
likelihood/probability of occurrence is a useful communication tool. 

• Note 5.6 – Support to develop ‘calibrated language’ for groundwater modelling – types of 

uncertainty, similar to IPCC. 
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Executive Summary 
The Inverbrackie Creek Catchment Group has engaged CDM Smith Australia Pty Ltd to undertake a 
third party hydrogeological review of the proposed Bird in Hand mine located near Woodside 
township in the Adelaide Hills.  The proponent (Terramin Australia Ltd) conducted hydrogeological 
investigations and groundwater modelling to assess potential impacts of the proposed mining 
operation on groundwater users and ecosystems. This report provides a review of the proponent’s 
report (issued on 19 June 2017) summarising those investigations, along with relevant information 
available in the public domain. 

It is CDM Smith’s understanding that Terramin have committed to the Woodside community that 
the proposed mine will not adversely impact other groundwater users.  However, the groundwater 
assessment report prepared for the proponent indicates that groundwater users within 600 m to 
2 km of the proposed mine may be impacted to varying degrees by groundwater drawdown in 
response to the mining operation.  The groundwater assessment conducted by the proponent 
indicates some existing users may experience reduced access to groundwater (groundwater levels 
decline of up to 10-20 m, depending on the groundwater management strategy) and groundwater 
level rise at another location, which may result in local waterlogging.  

The hydrogeological investigations conducted by Terramin to develop the conceptual 
understanding and describe the existing environment is adequate for the purpose of the report.  
However, the presentation of information in the groundwater model and impact assessment report 
(e.g. figures and tables) is poor at times, making it difficult to assess the results and review the 
assessed changes to groundwater flow during the proposed and simulated mining.  

The following provides a list of additional information required to demonstrate adequacy of the 
groundwater impact assessment: 

 Demonstration that re-injection is an appropriate mine water management strategy 

 Demonstration that grouting will be an effective mine water control measure, particularly to 
mine areas outside of the decline and development drives 

 Potential impact of the proposed mining operation on springs that potentially occur within the 
zone of drawdown influence, other than those associated with the Inverbrackie Creek 

 Presence of groundwater dependent ecosystems other than springs, such as terrestrial and 
riparian vegetation and subterranean fauna, and the potential impact on these ecosystems (if 
present) 

 The potential impact on existing users (private wells and the environment) under a ‘no 
mitigation’ scenario 

 Discussion on how predicted changes in groundwater levels will impact the operation of third 
party wells and ecosystem water access 

 Demonstration that proposed management strategies will be effective in mitigating impacts to 
third party wells and ecosystems 

 Further detail and quantification regarding the criteria for when grouting of water-bearing 
fractures will be conducted (i.e. the ‘specified levels’) 

 Risk assessment of potential groundwater impacts, prior to and following proposed 
management measures 
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Based on advice from the Department of Environment, Water and Natural Resources, it is 
understood that the West Mount Lofty Ranges Prescribed Water Resources Area is fully allocated, 
therefore the reported groundwater abstraction from the proposed mine will exceed the allocation 
limit for the West Mount Lofty Ranges area.  Water use on the mine (including potable supply, dust 
suppression and concrete batching), if sourced from groundwater, will require an allocation.  In 
addition, whether abstractions can be offset by reinjection under the rules of the Water Allocation 
Plan is not clear. 

 

 

 



 

  

 
    AWS160058-01_RPT-01_Rev2.docx 

Table of Contents  
 

Section 1 Introduction .......................................................................................................................................... 1-1 
1.1 Background .............................................................................................................................................................. 1-1 
1.2 Objectives and work scope ................................................................................................................................ 1-1 
1.3 Water management area and mining approval approach ................................................................... 1-3 
1.3.1 Water management and allocation ................................................................................................................ 1-3 
1.3.2 Mining approvals  .............................................................................................................................................. 1-3 
1.4 Groundwater effects assessment approach ............................................................................................... 1-4 
Section 2 Historical and current land use ..................................................................................................... 2-1 
2.1 Historical land use ................................................................................................................................................. 2-1 
2.1.1 Mining history  .............................................................................................................................................. 2-1 
2.1.2 Woodside town history ....................................................................................................................................... 2-1 
2.2 Current land use ..................................................................................................................................................... 2-1 
Section 3 Existing environment ........................................................................................................................ 3-1 
3.1 Climate ........................................................................................................................................................................ 3-1 
3.2 Topography and hydrology ............................................................................................................................... 3-2 
3.3 Geology ....................................................................................................................................................................... 3-3 
3.4 Hydrogeology .......................................................................................................................................................... 3-5 
3.4.1 Overview   .............................................................................................................................................. 3-5 
3.4.2 Groundwater levels  .............................................................................................................................................. 3-5 
3.4.3 Groundwater quality ............................................................................................................................................ 3-9 
3.4.4 Surface water – groundwater interactions ................................................................................................ 3-9 
3.4.5 Groundwater dependent ecosystems ........................................................................................................ 3-10 
3.4.6 Existing groundwater users ........................................................................................................................... 3-11 
3.4.7 Conceptual hydrogeological understanding ........................................................................................... 3-14 
Section 4 Proposed mine ..................................................................................................................................... 4-1 
4.1 Mine plan and schedule ...................................................................................................................................... 4-1 
4.2 Site infrastructure ................................................................................................................................................. 4-2 
4.3 Proposed groundwater management ........................................................................................................... 4-3 
4.4 Groundwater modelling and impact assessment .................................................................................... 4-4 
Section 5 Adequacy assessment........................................................................................................................ 5-1 
Section 6 Preliminary effects assessment ..................................................................................................... 6-1 
6.1 Potentially sensitive groundwater receptors............................................................................................ 6-1 
6.2 Effects assessment ................................................................................................................................................ 6-1 
Section 7 Summary and conclusions ............................................................................................................... 7-1 
 

List of Figures 

Figure 1 Locality plan ....................................................................................................................................... 1-2 
Figure 2 Land use in the proposed BIH mine area ........................................................................................... 2-2 
Figure 3 Average annual rainfall (1968-2016) – Lenswood Research Centre (#23801) ................................... 3-1 
Figure 4 Cumulative deviation from mean rainfall (1968-2016) – Lenswood Research Centre (#23801) ....... 3-2 
Figure 5 Geology plan ...................................................................................................................................... 3-4 
Figure 6 Groundwater elevation and flow direction ........................................................................................ 3-7 



 

 Bird in Hand proposed mine hydrogeological review   •  Inverbrackie Creek Catchment Group 
 

    AWS160058-01_RPT-01_Rev2.docx 

Figure 7 Private well hydrographs (AGT, 2017) ............................................................................................... 3-8 
Figure 8 Springs identified from groundwater census completed by AGT (Figure 34 in AGT, 2017), red 

circles represent the springs identified and the purple rectangle represents the approx. location 
of the proposed mine ...................................................................................................................... 3-10 

Figure 9 Potential Groundwater Dependent Ecosystems .............................................................................. 3-12 
Figure 10 Groundwater census – well status (Figure 32 in AGT, 2017), the purple rectangle represents the 

approx. location of the proposed mine ........................................................................................... 3-13 
Figure 11 Groundwater census – groundwater abstraction (Figure 33 in AGT, 2017), the purple rectangle 

represents the approx. location of the proposed mine ................................................................... 3-13 
Figure 12 Conceptual hydrogeological understanding (adapted from AGT, 2017) ....................................... 3-15 
Figure 13 Cross-section of proposed BIH mine (Terramin, 2017) .................................................................... 4-1 
Figure 14 Proposed BIH mine site infrastructure (Terramin, 2017) ................................................................. 4-3 
 
 

List of Tables 

Table 1 Adequacy assessment ......................................................................................................................... 5-1 
Table 2 Summary of preliminary groundwater effects assessment ................................................................ 6-1 
 
 

 



 

  

 
1-1 AWS160058-01_RPT-01_Rev2.docx 

Section 1 Introduction 

1.1 Background 
The Inverbrackie Creek Catchment Group (ICCG), has engaged CDM Smith Australia Pty Ltd (CDM 
Smith) to undertake an external third party hydrogeological review of the proposed Bird in Hand 
(BIH) mine operation located near Woodside township in the Adelaide Hills, approximately 30 km 
east of Adelaide (Figure 1).  The proponent for the mine is Terramin Australia Ltd (Terramin). 

The proposed mine is located within close proximity to businesses that play an important role in 
South Australia’s tourism, agricultural, and food and winery industries, and there is concern from 
the local community that groundwater management for the proposed mine may result in changes 
to groundwater and connected systems that pose a risk to existing groundwater users.  Local 
businesses and producers rely on groundwater abstracted from private wells for drinking water, 
irrigation, wine production, and stock water supply. 

1.2 Objectives and work scope 
The overall objective of CDM Smith’s engagement is to provide an independent hydrogeological 
review of available information, identification of potential threats to groundwater from the 
proposed mining activities, requirements for managing those impacts and advice regarding 
Terramin’s due diligence.  The study documented in this report is the first part (Stage 1) of a two 
stage project that includes: 

 Stage 1 – Desktop review and identification of potential impacts associated with the proposed 
mining operation 

 Stage 2 - A third party review of the hydrogeological impact assessment presented within the 
MLP 

The scope of work for Stage 1 is as follows: 

 Review available reports and documents that inform the hydrogeological understanding of the 
study area, including: 

- A report prepared by Australian Groundwater Technologies (AGT) (issued on 19 June 
2017), which summarised hydrogeological investigations and groundwater modelling 
conducted on behalf of the proponent  

- The Water Allocation Plan (WAP) for the Western Mount Lofty Ranges (WMLR) 

- Maps (topography, geology, discrete geological features, surface water features, 
groundwater dependent ecosystems) 

- Climate and stream flow data 

- Existing hydrogeological studies 

 Development of a hydrogeological conceptual model 

 Identification of proposed mine related water affecting activities, and potential groundwater 
effects and exposure pathways 

 Preparation of a report outlining the findings of the review work and identifying potential 
threats associated with the proposed mine in relation to water management 
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1.3 Water management area and mining approval 
approach 
1.3.1 Water management and allocation 

The proposed mine is located within the WMLR Prescribed Water Resources Area (PWRA), which 
is managed under the WMLR WAP and administered by the South Australian Department of 
Environment, Water and Natural Resources (DEWNR).  The WMLR PWRA covers an area of around 
2,750 km2, from Gawler in the north to Middleton and Cape Jervis in the south (AMRLNRMB, 2013).  

A WAP provides for the allocation and use of water, and for the transfer of and other dealings with 
water allocations.  The purpose of a WAP is to ensure the economic, social and environmental needs 
of the Prescribed Area are met for future generations and to provide secure and equitable access to 
water for all users. 

The proposed mine and surrounding area is located within the Inverbrackie Creek Adelaidean 
groundwater management zone.  The groundwater abstraction limit for this management zone is 
940 ML per year (AMRLNRMB, 2013).  DEWNR has advised that the Inverbrackie Creek Adelaidean 
groundwater management zone is fully allocated and allocations have not increased since initial 
licences were issued to existing users after the WAP was adopted in 2013, i.e. essentially this means 
there is no water available for future allocation increases (pers. comm., S. Barnett, DEWNR, 7 April 
2017).  

In addition to the allocation limits, buffer zones are assigned to existing wells and new groundwater 
abstraction must not impact on the buffer zone of an existing user / well.  The size of a buffer zone 
varies depending on the volume abstracted (size of the allocation): 

 For allocations <10 ML/yr, the well buffer zone radius = 50 m 

 For allocations 10- 50 ML/yr, the buffer zone radius = 100 m 

 For allocation >50 ML/yr, the buffer zone radius = 200 m 
 

The WAP discusses groundwater injection in the context of groundwater discharge to a well (during 
a seasonal aquifer recharge period) for later abstraction (i.e. to store and then later abstract for use), 
rather than groundwater abstraction that is then reinjected. In addition, the WAP states: 

 The volume of water allocated (to be taken) must not exceed 80% of the volume of water that 
was drained or discharged into a well, as recorded by a water meter, in the recharge period; and 

 The water must be taken from the same allotment and from the same aquifer that the water was 
drained or discharged into. 

It is not clear whether abstractions can be offset by reinjection under the rules of the WAP. 

1.3.2 Mining approvals 

A Mining Lease Proposal (MLP) is required to support a Mining Lease, Retention Lease or 
Miscellaneous Purpose Lease application under the Mining Act 1971.  The MLP needs to describe the 
existing environment, the proposed mining operations (including the mining approach, use of 
explosives, water management, sequence of mining and rehabilitation operations, waste 
management, vegetation clearing, mine completion), and management of environmental impacts. 
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If the MLP is approved and tenement granted, the mining company is then required to prepare a 
Program for Environmental Protection and Rehabilitation (PEPR), which forms the criteria under 
which the mine (if approved) must be operated.  The purpose of the PEPR is to ensure the tenement 
holder achieves the construction, operational and mine completion environmental outcomes 
derived from the results of the environmental impact assessment included in the mining lease 
application and / or PEPR review.  

Terramin will need to provide these documents and meet reporting and government requirements 
if the proposed mining operation is to proceed. 

1.4 Groundwater effects assessment approach 
The National Water Commission, as part of the National Water Initiative, developed a framework 
for assessing the potential local and cumulative effects of mining on groundwater resources and to 
develop tools to help predict and assess these effects (Howe, 2011).  The mining risk framework 
adopts a staged approach comprising context setting, groundwater effects assessment, receptor 
exposure and threat assessment, and risk management and mitigation measures. 

For the purpose of this work, an explanation / definition of some terms is provided below: 

 A ‘threat’ is defined as a negative consequence occurring to a sensitive receptor as a result of a 
groundwater affecting activity   

 Sensitive receptors include environmental (e.g. groundwater dependent ecosystems, such as 
riparian and terrestrial vegetation, baseflow fed creeks and springs), social (e.g. third-party 
groundwater users), and economical (e.g. irrigators and industry, such as wineries)   

 A groundwater affecting activity is any activity associated with the proposed mining operation 
that has the potential to alter groundwater conditions, in terms of quantity and quality of 
groundwater, surface water – groundwater interaction or physical disruption of aquifers   

 Groundwater effects can only result in a threat if an exposure pathway exists that links the effect 
to a sensitive receptor 
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Section 2 Historical and current land use 

2.1 Historical land use 
2.1.1 Mining history 

The original BIH gold mine was first established in 1881 and was mined until 1889 when it was shut 
down due to complications with managing groundwater inflows to the mine.  The mine consisted of 
two main shafts extending to depths of approximately 120 m and three minor shafts linked with 
horizontal drives and open stope areas.  In 1933, the mine was dewatered, surveyed and sampled 
but work then ceased.  From 1934 to 1966, the Department of Defence abstracted groundwater from 
the mine for use at the Woodside Army Barracks. 

Terramin acquired the project in late 2013 and proposes to re-establish the mine for gold 
production. 

2.1.2 Woodside town history 

The Johnston family of Oakbank, founded Woodside in the 1850s, primarily to improve their 
brewery business.   

The first commercial building was the Woodside Inn, now the Woodside Hotel.  The Heritage Park 
reflects more than a century of development for the Onkaparinga Cheese, Butter and Produce 
Factory.  It was the first such enterprise in the Onkaparinga Valley, starting in 1889.  The South 
Australian Company, which had farms in the area, probably built the factory to process milk from 
the farms run by its tenants. In 1919, it was bought by the SA Farmer's Co-operative Union and 
operated until the 1970s. 

2.2 Current land use 
Current land use in the area immediately surrounding the proposed BIH mine is primarily 
horticulture (vineyards and wineries), livestock and rural residential (Figure 2).  The Bird in Hand 
winery, Petaluma winery and Artwine vineyard are direct neighbours to the proposed BIH mine. 

The ICCG commissioned an assessment by EconSearch to estimate the economic contribution of 
existing land use in the Inverbrackie Creek sub-catchment area, and to demonstrate the economic 
contributions of local land use and businesses to the economy of the Adelaide Hills and South 
Australia that may be impacted by mine water affecting activities (EconSearch, 2017).  The 
assessment determined that existing businesses contribute approximately $148.7 million (gross 
state product) per year to the South Australian economy and $121.6 million (gross regional product) 
per year to the Adelaide Hills region economy.  Based on information available, most of these 
businesses rely on groundwater abstraction as part of normal operation.  Further discussion on 
groundwater users is provided in Section 3.4.6. 
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Figure 2
Land use in the proposed BIH mine area
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Section 3 Existing environment 

3.1 Climate 
The proposed BIH mine is located within the Inverbrackie Creek sub-catchment of the Onkaparinga 
River catchment (Figure 1).  The region is characterised by a Mediterranean climate (warm to hot 
summers and mild and typically wet winters).  The closest and longest recording weather station to 
the proposed mine is located at Woodside (station no. 23829), however climate data is not available 
between 1987 and 2000.  The Lenswood Research Centre (station no. 23801) is the next closest 
station and has climate data from 1968 to 2016.  The majority of rainfall occurs during the months 
of May to September (Figure 3), and the average annual rainfall is around 800 mm (BoM, 2017a).  
The average annual potential (pan) evaporation rate is 1,700 mm and the average annual actual 
evapotranspiration rate is approximately 300 mm (BoM, 2017). 

 

Figure 3 Average annual rainfall (1968-2016) – Lenswood Research Centre (#23801) 
 

Figure 4 presents the cumulative deviation from mean annual precipitation for Lenswood Research 
Centre (station no. 23801).  The graph shows decadal trends in rainfall are the norm in the area of 
the proposed mine with: 

 A consistent trend in above average precipitation between 1968 to 2008 

 Between 2008 and 2015, precipitation rates show a trend of below average rainfall.  
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Figure 4 Cumulative deviation from mean rainfall (1968-2016) – Lenswood Research Centre (#23801) 

3.2 Topography and hydrology 
The topography of Onkaparinga River catchment is undulating, with numerous creeks that mostly 
drain into the Onkaparinga River (Fradd and Morris, 2015).  The Onkaparinga River is the third 
largest watercourse in South Australia, and flows southwest from the headwaters near Charleston 
to discharge to the Gulf of St Vincent at Port Noarlunga South (AMLRNRMB, 2013).   

The Inverbrackie Creek sub-catchment is characterised by a steep-sided stream channel and 
elevations between 400 and 500 m AHD (Zulfic et al, 2002).  The Inverbrackie Creek is a moderately 
sized stream that rises to the north and east of Woodside in the southern Mount Lofty Ranges, and 
flows west into the Onkaparinga River, to the south of Woodside.   

The Environmental Protection Authority South Australia (EPA SA) conduct Aquatic Ecosystem 
Condition Reports for the Inverbrackie Creek, and in 2016 described the creek as having Poor 
condition (EPA SA, 2017).  Key points of the report are: 

 Permanent flowing stream in autumn and spring 2016.  The creek consisted of mostly still to 
slow-flowing pool habitats connected by tiny areas of faster-flowing, shallower sections (riffles) 
in both seasons sampled 

 Sparse macroinvertebrate community, lacking any rare or sensitive species 

 Water quality was moderately fresh, turbid and slightly coloured, and enriched with nutrients 

 Riparian vegetation consisted of weedy shrubs over introduced grasses 
 

The creek was given a poor rating because the site sampled showed evidence of major changes in 
ecosystem and moderate changes to the way the ecosystem functions.  There was evidence of human 
disturbance at the site due to the nutrient enrichment, the mobilisation of fine sediment, and the 
extent of weeds in the riparian zone.  Grazing modified pastures (53%) is the main land use in the 
2,589 ha catchment upstream from the site sampled, with smaller areas used for irrigated pastures 
and horticulture, cropping, roads, residential housing, plantation forestry, dams, irrigated cropping 
and native vegetation.  The site selected for monitoring is located in the lower reaches of the creek, 
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approximately 1.4 km from the confluence with Onkaparinga River (EPA SA, 2017) and 
approximately 1.5 km from the proposed mine.   

3.3 Geology 
The Mount Lofty Ranges are located within the southern portion of the Adelaide Geosyncline, which 
is a Neoproterozoic to Cambrian rift-related basin complex of more than 10 km.  Sedimentary rocks 
were formed in a fault controlled, north-northwest trending extensional basin over several phases 
of rifting and marine transgression-regression cycles.  Tectonic activity has resulted in deformation, 
faulting and faulting of these rocks (Zulfic et al, 2010).  

The Onkaparinga Catchment is underlain by consolidated basement rocks identified as the Barossa 
Complex, Adelaidean sediments and Kanmantoo Group.  Quaternary alluvium is found along valley 
floors and along drainage courses (Figure 5).  The Umberatana Group of the Adelaidean strata is the 
dominant geological unit at the proposed BIH mine and surrounding area, comprising the Appila 
Tillite, Tapley Hill Formation, Brighton Limestone and Tarcowie Siltstone.  The Tapley Hill 
Formation comprises dark grey to blue, carbonaceous, pyritic, sandy to dolomitic siltstones.  Locally, 
the upper zone of the Tapley Hill Formation is highly weathered and contains bleached siltstones 
and fine-grained sandstones.  The depth and extent of the bleaching reduces with distance away 
from the BIH orebody (adjacent to the orebody the weathering depth is approximately 90 m, 
whereas around 250 m northwest of the orebody the weathering depth reduces to 50 m and is then 
absent 350 m northwest of the orebody).  The Brighton Limestone is a grey to white pyrite-bearing 
marble containing silt- and sand-rich beds.  The Tarcowie Siltstone is a grey to beige siltstone unit 
containing sandstone beds.  These sandstone beds are uniform and continuous between drill holes 
on Terramin’s investigation site and have been interpreted (by Terramin) to be broadly equivalent 
to the regional Cox Sandstone member of the Tarcowie Sandstone.  Gold mineralisation in the BIH 
area is located within reef deposits of the Brighton Limestone.  The stratigraphy generally dips at 
45° to 50° to the southeast (AGT, 2017 and Griessmann, 2011). 

There are a number of dolerite dykes in the area, reported to be part of the Woodside Dolerite dyke 
swarm (AGT, 2017), which trends north-northwest and is mostly found within the Backstairs 
Package of the Kanmantoo Group (Figure 5).  The Nairne Fault, which is a major north-south 
striking, east dipping fault, cuts through the fold axis of the synclinal structure within Adelaidean 
strata (Griessmann, 2011). 
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Figure 4
Geology map
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3.4 Hydrogeology 
3.4.1 Overview 

The hydrogeology of the MLR has been described by many authors (Zulfic et al, 2002 and 2010; 
Green et al, 2007; AGT, 2017).  The following sections provide a summary of the information 
provided by these sources. 

The WMLR PWRA is characterised by fractured rock aquifers (FRAs) and sedimentary aquifers that 
are of varying age, hold different water quality and report a range of yields.  There are two main 
aquifer types in the Inverbrackie Creek sub-catchment area: 

 A shallow alluvial / colluvial perched aquifer, associated with creeks.  The shallow aquifers are 
thin, have limited extent and limited water supply potential 

 Groundwater associated with fractures in the Cox Sandstone, Tarcowie Siltstone, Brighton 
Limestone and Tapley Hill Formation 

 

In general, the weathered upper zone of each stratigraphic unit is expected to be densely fractured, 
followed by a less-fractured transitional zone and a largely competent lower zone.   

The main water bearing feature in the proposed mine area is a large fault that has been identified 
and mapped towards the base of the Tarcowie Siltstone (in the proposed mine hanging wall, 
referred to by Terramin as the Hanging Wall Fault).  The fault and associated fracture zone dips 45-
50° to the west and intercepts the old mine workings at BIH.  The fault has been interpreted by 
Terramin to intercept the Brighton Limestone (which hosts the orebody), and could be 
characterised by secondary porosity formed by dissolution (AGT, 2017).  

The water supply potential and hydraulic conductivity of the: 

 Cox Sandstone and the Tarcowie Siltstone (away from the fracture zone) is generally low.  

 The water supply potential and hydraulic conductivity of the Brighton Limestone is generally 
low, however drilling by Terramin has identified cavernous areas associated with the main 
mineralised quartz vein.  

 

The majority of local wells are installed within the upper zone of the Tapley Hill Formation, where 
weathering and / or fracturing has enhanced hydraulic conductivity.   

The Kanmantoo Group, in the east of the Inverbrackie Creek sub-catchment (Figure 4) and to the 
east of the proposed BIH mine area, is considered to have poor water supply potential and 
groundwater hosted by these rocks generally has higher salinity.   

The hydraulic characteristics of the Nairne Fault, located approximately 1.6 km east of the proposed 
BIH mine, are not well documented.  

3.4.2 Groundwater levels 

3.4.2.1 Data availability 

Groundwater monitoring data from wells in the region is available via DEWNR’s Water Connect 
database and Terramin has been conducting groundwater level monitoring in the Inverbrackie 
Creek sub-catchment area since November 2013 (AGT, 2017). 
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3.4.2.2 Fractured rock aquifer 

Groundwater flow generally follows the topography, where it typically discharges to surface water 
in low-lying areas (DEWNR, 2016).  FRA groundwater elevation (measured in summer 2015) ranges 
from 470 mAHD in the northeast of the Inverbrackie Creek sub-catchment (Kanmantoo Group) to 
345 mAHD in the southwest / lower reaches of the sub-catchment (AGT, 2017).  Groundwater 
elevations within the FRAs within the BIH proposed mine area are around 407 to 411 mAHD.  
Groundwater monitoring data indicate groundwater elevations within the different FRA 
stratigraphic units are similar, suggesting hydraulic connection between the units exists. 

A groundwater divide is interpreted to exist east of the proposed BIH mine area, consistent with the 
surface water sub-catchment boundary (Figure 6). 

Based on the groundwater level measurement data (AGT, 2017), depth to groundwater typically 
ranges from 10 to 50 m below ground surface and many wells show seasonal variation (shallower 
in winter and deeper in summer) driven by seasonal factors (rainfall in winter causing groundwater 
levels to rise) and social and economic factors (such as increased domestic use and irrigation in 
summer, causing groundwater levels to decline).  Figure 7 presents available groundwater level for 
local wells. 

3.4.2.3 Shallow alluvial aquifer 

AGT (2017) report that groundwater levels at wells installed in the shallow alluvial aquifer in the 
BIH area are generally 1 to 3 m below ground surface (434 to 438 mAHD) and that monitoring data 
show groundwater levels in the shallow aquifer(s) are not in hydraulic connection with the deeper 
FRAs.  Based on the information presented, this appears to be an appropriate assessment. 
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Figure 6
Groundwater elevation and flow direction
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Figure 7 Private well hydrographs (AGT, 2017) 
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3.4.3 Groundwater quality 

Groundwater quality monitoring data (salinity and major ion chemistry) for wells in the region are 
available via DEWNR’s Water Connect database and Terramin has been conducting water quality 
sampling in the Inverbrackie Creek sub-catchment area since November 2013 (AGT, 2017). 

The salinity of groundwater sampled from the Cox Sandstone, Tarcowie Siltstone, Brighton 
Limestone and Tapley Hill Formation is generally fresh, with salinity generally less than 1,500 mg/L 
total dissolved solids (TDS).  Higher groundwater salinity has been recorded in the east of the 
Inverbrackie Creek area (around 4,000 mg/L TDS), from wells completed in the Kanmantoo Group.   

Groundwater samples have been collected by Terramin for major ion chemistry analysis.  AGT 
(2017) report that:   

 Groundwater sourced from the shallow aquifers and water collected from some springs 
resemble waters that are close to rainfall recharge (based on stable isotope analysis and typical 
rainfall water quality signature) 

 Groundwater sourced from private wells completed in the Tapley Hill Formation, Tarcowie 
Siltstone and Kanmantoo Group are sodium-chloride dominant, indicating the groundwater is 
older, as expected of the deeper FRA 

3.4.4 Surface water – groundwater interactions 

Historical creek level data from a gauging station in the upper reaches of the Inverbrackie Creek 
indicate that this section of the creek is ephemeral, only flowing during winter and following major 
rainfall events (AGT, 2017).  In addition, inferred groundwater elevations (AGT, 2017) in the upper 
reaches of the creek are below the creek elevation, indicating that the upper reaches are most likely 
losing streams (lose water to groundwater). 

As part of a groundwater census conducted by AGT in April 2015 (on behalf of Terramin), a number 
of pools along the Inverbrackie Creek were identified and major ion chemistry shows that water 
collected from the pools is characteristic of groundwater quality observed at nearby wells.  In 
addition, groundwater elevations measured in wells nearby the creek pools were higher than the 
base of creek, suggesting that these sections of the creek receive groundwater (baseflow) discharge 
(gaining stream).  As groundwater levels rise in winter, it is possible that other sections of the 
Inverbrackie Creek are also fed by groundwater discharge (AGT, 2017) thereby sustaining rainfall 
runoff flows for some time after rainfall runoff events occur. 

The census also identified springs away from the Inverbrackie Creek.  However, these are not 
discussed in AGT’s report (2017), beyond identifying them in a figure (Figure 8).  One of the 
identified springs appears to be within close proximity to the proposed mine.  Additional 
information regarding these springs is a data gap that should be assessed as part of the groundwater 
effects assessment. 

In addition to the monitoring conducted by the EPA SA, Terramin has also conducted water 
sampling at selected locations along the Inverbrackie Creek.  Salinity of the water upstream of the 
proposed BIH mine area is generally around 800 mg/L TDS and downstream is around 1,200 mg/L 
TDS.  AGT (2017) report that the higher salinity water downstream may be due to contribution of 
groundwater in these areas or evaporation of water in the pools.   
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Figure 8 Springs identified from groundwater census completed by AGT (Figure 34 in AGT, 2017), red 
circles represent the springs identified and the purple rectangle represents the approx. location of 
the proposed mine 

3.4.5 Groundwater dependent ecosystems 

In addition to groundwater used by private landholders, groundwater can also support surface 
(above ground) and subsurface (below ground) ecosystems that are assessed as beneficial users of 
these resources.  The Australian Groundwater Dependent Ecosystems Atlas (GDE Atlas) presents 
the current knowledge of ecosystems that may depend on groundwater across Australia (BoM, 
2017b). The GDE Atlas contains information about three types of ecosystems: 

 Aquatic GDEs – ecosystems that rely on the surface expression of groundwater, including 
surface water ecosystems which may have a groundwater component such as rivers/ 
creeks, wetlands and springs. 

 Terrestrial GDEs – ecosystems that rely on the subsurface presence of groundwater, 
including vegetation ecosystems such as forests and riparian vegetation. 

 Subterranean GDEs – ecosystems that reside in aquifer and caves (e.g. stygofauna). These 
ecosystems typically include karst aquifer systems and fractured rock groundwater 
environments. 
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The GDE Atlas provides a national assessment which considers largescale spatial datasets such as 
water courses, water table depth and vegetation types.  Potential GDEs identified by the GDE Atlas 
within 5 km of the proposed BIH mine area are presented on Figure 9 and described below: 

 Terrestrial GDEs: 

- Low potential GDEs (from a national assessment) located on the eastern boundary of 
the BIH property boundary 

- Eucalyptus leucoxylon woodland 

- Moderate potential GDEs (from a national assessment) located east and northeast of 
the proposed BIH mine area 

- E. camaldulensis woodland 

- E. leucoxylon woodland 

- High potential GDEs (from a national assessment) located north and southeast of the 
proposed BIH mine area 

- E. viminalis woodland 

- E. camaldulensis woodland 
 

 Subterranean GDEs 

- The GDE Atlas contains no information regarding potential subterranean GDEs in this 
area. 

 

AGT (2017) do not report on the potential groundwater dependence of vegetation in the area or the 
potential for the presence of subterranean GDEs, such as stygofauna.  Given that Terramin has 
identified cavernous areas associated with the main mineralised quartz vein, there is the potential 
for subterranean GDEs to be present.  This should be assessed as part of Terramin’s groundwater 
effects assessment. 

3.4.6 Existing groundwater users 

There are a number of private wells in the Inverbrackie Creek sub-catchment area, with most wells 
100 to 150 m deep.  Terramin conducted a groundwater census to identify existing well status and 
groundwater usage (refer Figure 10).  They identified 30 operational wells in the Inverbrackie Creek 
sub-catchment area.  The majority of the operational wells are installed in the Tapley Hill Formation 
and AGT (2017) report that there are no wells installed within the Cox Sandstone or Brighton 
Limestone.  

As part of the census, Terramin gathered information regarding groundwater abstraction rates from 
39 landholders.  The estimated groundwater abstraction volume for FRA in the Inverbrackie Creek 
sub-catchment is up to 550 ML/yr (AGT, 2017), which is around 58% of the volume available for 
allocation for the area.  The groundwater abstraction information collated from landholders by 
Terramin is shown on Figure 11 (AGT, 2017). 

As mentioned in Section 1.3.1, DEWNR has advised that groundwater available for abstraction in 
the Inverbrackie Creek Adelaidean groundwater management zone is fully allocated (pers. comm., 
S. Barnett, DEWNR, 7 April 2017).  



G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

_̂

_̂

_̂
Petaluma

ArtWine

Bird in Hand Winery

5km buffer

HOLDERK     I:\AWS160058_BIH\GIS\DATA\MXD\TEMP\GDEs_5km_20170824.mxd     8/28/2017

Figure 8
Potential Groundwater
Dependent Ecosystems

N

0 10.5
Kilometers

Legend
G Towns

Surface water sub-catchments
Proposed BIH mine

Subsurface GDE dependency
High potential for GW interaction
Moderate potential for GW interaction
Low potential for GW interaction

Surface GDE dependency
High potential for GW interaction
Moderate potential for GW interaction
Low potential for GW interaction

DATA SOURCE
Bureau of Meteorology (BoM) 2017

Date:
1:50,000Scale @ A4
28/08/17

Drawn: KH



 

 Bird in Hand proposed mine hydrogeological review  •  Inverbrackie Creek Catchment Group 
 

 
3-13 

 AWS160058-01_RPT-01_Rev2.docx 

 

Figure 10 Groundwater census – well status (Figure 32 in AGT, 2017), the purple rectangle represents 
the approx. location of the proposed mine 

 

Figure 11 Groundwater census – groundwater abstraction (Figure 33 in AGT, 2017), the purple 
rectangle represents the approx. location of the proposed mine 
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3.4.7 Conceptual hydrogeological understanding 

Figure 12 presents the conceptual hydrogeological understanding of the Inverbrackie Creek sub-
catchment area, incorporating data from the preceding sections and adapted from AGT (2017).  Key 
processes include: 

1. Recharge areas – outcropping fractured rock and losing reaches of streams (estimated by 
AGT (2017) to be between 6 to 60 mm/yr to FRA units) 

2. Discharge areas – groundwater discharge to the Inverbrackie Creek, springs (not well 
understood) 

3. Groundwater abstraction from FRA units by private wells 

4. Irrigation, e.g. wineries / vineyards 

5. Evapotranspiration losses where groundwater dependent vegetation occur and the water 
table is shallow 

6. A groundwater and surface water divide occurs between the Inverbrackie Creek and 
Dawesley Creek sub-catchment areas 
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Figure 12 Conceptual hydrogeological understanding (adapted from AGT, 2017) 
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Section 4 Proposed mine  

4.1 Mine plan and schedule 
The proposed underground gold mine has a proposed life of 5.5 years and the mine plan comprises 
a decline within the Tapley Hill Formation and a series of horizontal drives to access ore hosted by 
the Brighton Limestone.  Based on information available, it appears that the underground mine will 
progress to a depth of around 400 m below ground surface and the first stope will be at around 
300 mRL (100 m below ground surface) (Figure 13).  

 

Figure 13 Cross-section of proposed BIH mine (Terramin, 2017) 
 

The proposed mining method will be via drilling and blast, and cut and fill methods, backfilling 
mined areas as the mine progresses.  It is assumed that the backfill material will be waste (non-
mineralised rock).  Terramin has advised that the proposed underground mine will have minimal 
surface disturbance and that all ore will be removed from site and trucked to their existing Angus 
Zinc Mine at Strathalbyn for processing. 

The hanging wall comprises Tarcowie Siltstone, which drilling has shown to be highly fractured and 
a likely “conduit for high groundwater flow” (yielding flows of up to 40 L/s; AGT, 2017).  The decline 
and footwall occurs in the upper zone of the Tapley Hill Formation, which has higher fracture 
density than the deeper intersections of the formation.   
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4.2 Site infrastructure 
Based on Terramin’s fact sheets (2017), site infrastructure (Figure 14) comprises of: 

 Site offices 

 Ore storage silo 

 Concrete batching plant 

 Fuel storage 

 Waste landform (“Integrated Mullock Landform”) 

 Mine water dam 
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Figure 14 Proposed BIH mine site infrastructure (Terramin, 2017) 

4.3 Proposed groundwater management 
Based on information presented in AGT’s report (2017) and information available on Terramin’s 
website, the mine plan has been designed to avoid the main water-bearing structures (the Hanging 
Wall Fault) to minimise groundwater inflows to the mine.  Where the proposed mine development 
(access drives and ore drives) will occur near water-bearing fractures associated with the Hanging 
Wall Fault, probe drilling and grouting ahead of development will be undertaken.  The probe drilling 
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will allow detection of water-bearing fractures and cement will be pumped into the fractures (to 
approximately 2-5 m around the mine void) prior to the tunnel / drives advancing.  The probe 
drilling will also provide information regarding rock strength and confirming geology.  Terramin 
propose to drill additional holes after the grouting to assess the effectiveness of the grouting.  If the 
groundwater inflows are above “specified levels” (not quantified by Terramin), additional grouting 
will be conducted.  

Groundwater that enters the mine workings will be pumped to the surface and Terramin proposes 
to reinject this water (once treated) back into the FRAs via injection wells in a radial pattern around 
the mine (AGT, 2017).  Terramin and AGT (2017) are referring to this water management approach 
as managed aquifer recharge (MAR), however MAR is the “intentional recharge of water to aquifers 
for subsequent use or environmental benefit” (CSIRO, 2017).  Terramin’s proposed approach differs 
to this definition.  Therefore, the proposed approach will be referred to as ‘reinjection’ in this report. 

There do not appear to be any groundwater inflow mitigation measures in place for the decline or 
mine development in the Tapley Hill Formation (other than pumping the water to the surface and 
reinjecting it). 

4.4 Groundwater modelling and impact assessment 
AGT (2017) conducted numerical groundwater modelling to assess the possible scale of 
groundwater inflow to the proposed mine and potential groundwater related impacts of mining on 
existing users and the Inverbrackie Creek, and to assess the effectiveness of Terramin’s proposed 
water management strategies.  The following points summarise the groundwater modelling 
conducted by AGT: 

 Hydraulic properties simulated by the model were derived from aquifer testing (8 constant rate 
tests) conducted at wells drilled by Terramin and private wells that are constructed in the 
Tarcowie Siltstone, Cox Sandstone, Brighton Limestone and Tapley Hill Formation 

 Observed groundwater levels in spring (late August) 2014 were used for the model ‘steady state’ 
calibration (to represent pre-mine development conditions).  Most of the wells used for the 
steady state calibration are within the Tapley Hill Formation, with a smaller number of wells in 
the Brighton Limestone, Tarcowie Siltstone, Cox Sandstone and Kanmantoo Formation.  The 
model predicted groundwater elevations are a reasonable representation of the observed and 
conceptual understanding of the groundwater flow patterns, which is represented in the scaled 
root mean squared error (SRMS) of the steady state calibration.  The SRMS is a model 
performance measure and compares model predicted groundwater levels with measured 
groundwater levels. The SRMS of the steady state calibration is 6%, which is within the 
recommended and acceptable range (<10%) as outlined in the Australian Groundwater 
Modelling Guidelines (Barnett et al, 2012).  Other model performance measures and targets 
include model water balance (assessing movement of water into and out of the model), model 
convergence (small change in hydraulic heads between model iterations) and qualitative checks 
(e.g. predicted groundwater level contours and groundwater flow patterns being consistent 
with the conceptual understanding; Barnett et al, 2012).  Based on the information presented, 
this was achieved in the model calibration 

 Transient model calibration was involved a ‘local’ transient calibration (based on a 6-day 
aquifer test) and a ‘regional’ transient calibration process (based on groundwater abstraction 
from private wells and the measured groundwater levels).  The model predicted groundwater 
level drawdown was reasonable in most wells, with the exception of three wells located close to 
the existing underground mine working.  AGT (2017) state that the difference in the transient 
calibration results with observed water levels at those wells is likely due to anisotropy 
associated with the Hanging Wall Fracture and recommend that simulation of a local scale 
fracturing be presented in future model updates 
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 Groundwater abstraction rates at private wells were simulated based on the information 
collected as part of the census and not the allocation limit 

 Groundwater flow barriers (faults inferred by AGT from analysis of aquifer testing completed at 
the proposed site) within the Tarcowie Siltstone within close proximity to the proposed mine 
were simulated in the base model(s) 

 Simulation of the underground mine (decline and mine drives) was conducted using drain cells 
with high conductance values.  Grouting in the underground was simulated by reducing the 
conductance of the drain cells through trial and error until predicted mine inflows reduced by 
70% and 90% (depending on the scenario) 

 The report states that two reinjection approaches were simulated: (1) reinjection of treated 
water pumped from the underground; and (2) active depressurization of the Hanging Wall Fault 
to reduce mine water inflows and reinjection (without treatment).  However, only the results of 
the first approach was discussed in the model report.  Reinjection was simulated using eight 
injection wells: one well in the Tarcowie Siltstone to maintain the groundwater divide between 
the WMLR and EMLR, and prevent saline groundwater intrusion from the east; two wells in the 
Tarcowie Siltstone towards the northeast and southwest outside of the inferred groundwater 
flow barriers; and five wells in the Tapley Hill Formation to offset groundwater level decline at 
existing wells and to maintain baseflows to Inverbrackie Creek.  The reinjection rate was 
equivalent to the average total mine inflows (abstraction volume) during each stress period 

 

The groundwater model results presented in AGT’s report (2017) show: 

 Without any management of groundwater inflows, the predicted extent of groundwater level 
decline in the FRA is ~2 km from the proposed mine, and the groundwater divide between the 
EMLR and WMLR is removed.  The maximum predicted drawdown at the end of mining is 
around 100 m at the proposed mine.  The figures presented in the report make it difficult to 
assess the maximum predicted drawdown below the neighbouring properties.  Based on the 
figures, provided the maximum drawdown below the neighbouring properties is predicted to 
be around 5 m to 20 m 

 Simulation of grouting to 70% and 90% effectiveness (without MAR), reduced the extent of 
groundwater drawdown to 1.6 and 1.2 km, respectively.  The maximum predicted drawdown at 
the end of mining is still predicted to be around 100 m at the proposed mine, however the area 
of the 100 m drawdown is reduced.  Based on the figures, provided the maximum drawdown 
below the neighbouring properties and at existing wells is predicted to be around 5 m to 20 m 

 Reinjection reduces the predicted radius of influence to around 600 m from the proposed mine, 
maintaining groundwater levels at private wells and the groundwater divide between the 
WMLR and EMLR 

 The predicted total groundwater abstraction rates will range from 110 to 430 ML/yr from the 
WMLR PWRA under the various groundwater management scenarios. 

 The supergene zone, which has the potential to generate Acidic Metalliferous Drainage (AMD) 
is unlikely to dewater and oxidise 

 5 years after mining ceases, the maximum residual drawdown is predicted to be:  

-  1 to 10 m without any groundwater management, with the largest residual 
drawdown predicted to occur in the area of the proposed mine and southeast of the 
proposed mine 

- 1 to 4 m without reinjection and 0.5 m with reinjection for the 70% effective grouting 
scenario 
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Model predictions are uncertain because models are dependent on the availability of information 
and because the capacity to capture real-world complexity in a model is limited (Barnett et al, 2012). 
AGT (2017) also conducted uncertainty analysis to assess knowledge gaps and specifically assessed: 

 The underground mine intercepting the Hanging Wall Fault at 130 m and 300 m below ground 
surface –  
Mine water inflows are predicted to peak when the mine (decline or drives) intercept the 
Hanging Wall Fault at 70 L/s, however the mine water inflow rates are expected to decline 
back to the same inflow rates predicted by the base model (around 10 L/s after the initial peak 
and then increasing to around 25 L/s) 

 Removal of the inferred groundwater flow barriers simulated in the Tarcowie Siltstone –  
Predicted extent of groundwater level drawdown increases, most notably to the south of the 
proposed mine in the unmitigated scenario and to the east in the scenario with 70% effective 
grouting and reinjection 

 A zone of weathering near the upper decline (in the Tapley Hill Formation, resulting in 
increased clay content) –  
Simulated by lowering the horizontal hydraulic conductivity of the zone in the model, which 
predicts a reduction in groundwater inflows to the proposed mine 

 Sensitivity to aquifer properties –  
Assessed by varying the hydraulic conductivity and aquifer storage of the Tapley Hill 
Formation, ‘cavernous zone’ in the Brighton Limestone and the Hanging Wall Fault.  The 
results of this analysis shows minor changes in predicted groundwater inflows to the mine and 
minor changes to the extent of drawdown 

 

The groundwater model was peer reviewed by Innovative Groundwater Solutions (IGS), who 
determined that the numerical groundwater model is fit-for-purpose. 
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Section 5 Adequacy assessment 
Table 1 summarises the outcomes of CDM Smith’s review of the information provided in AGT’s 
(2017) report, and assessment of the adequacy of the work presented in the report and information 
available in the public domain.  Table 1 also summarises the additional information or work that 
Terramin would be expected to provide as part of the MLP and hydrogeological impact assessment. 

Table 1 Adequacy assessment 
Task Comment Adequacy 

Surface water – 
groundwater 
interactions 

Groundwater discharge areas in the 
Inverbrackie Creek were identified during 
the groundwater census conducted by AGT 
(on behalf of Terramin).  These locations 
were sampled to confirm groundwater 
interaction and were assessed as part of the 
groundwater modelling to determine 
potential impacts from the proposed mine.   
However, the census also identified springs 
away from the Inverbrackie Creek that have 
not been discussed or assessed for potential 
impacts from the proposed mine.  

Additional information 
regarding these springs is a 
knowledge gap that should be 
assessed as part of Terramin’s 
groundwater effects 
assessment. 

Groundwater 
dependent 
ecosystems 

The GDE Atlas identifies potential 
groundwater dependent vegetation near 
the proposed mine.  However, it appears 
that this has not been assessed and was not 
discussed in AGT’s (2017) report.  In 
addition, there is the potential for presence 
of subterranean fauna (stygofauna) within 
the ‘cave zones’ of the Brighton Limestone.   

Terramin should address the 
potential for these aquifer 
GDEs to occur as part of the 
groundwater effects 
assessment in the MLP. 

Groundwater 
management 
and impact 
assessment 

Terramin has not conducted an injection 
trial to assess the effectiveness of 
reinjection as a water management 
approach.  The results of the groundwater 
modelling suggest that reinjection is a 
significant mitigation measure to reduce 
the impact of the mine on the environment 
(Inverbrackie Creek) and existing users (via 
drawdown), and water quality changes by 
changing the position of the groundwater 
divide between the WMLR and EMLR. 

Terramin should conduct an 
injection trial to assess the 
effectiveness of reinjection as 
a mitigation measure to 
prevent impacts to existing 
users. The trial should also 
assess the potential for 
clogging during injection 
(operational use), 
management of injection wells 
(to ensure effectiveness) and 
whether the FRA at this 
location is conducive to 
groundwater injection. 

The model results (for the scenarios with 
grouting) predict the radius of impact from 
mining (groundwater level drawdown) will 
extend from 1.2 to 2 km from the proposed 
mine, with some private wells expected to 
have groundwater levels decline by 10 m 
(with 70% effective grout and reinjection) 

This impact breaches a 
requirement of the WAP that 
the radius of influence of a 
new groundwater abstraction 
cannot encroach within 50-
200 m of an existing licensed 
user. 
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Task Comment Adequacy 
to 20 m (with 70% effective grout and no 
reinjection).  The report does not discuss 
how this will affect the continued operation 
of the existing wells. 

Terramin will need to address 
the predicted impact on 
existing private wells and the 
intended management or 
mitigation of this impact for 
each existing user. 

The groundwater model predicts that 110 
to 430 ML/yr will be abstracted from the 
FRA in the WMLR PWRA under the various 
groundwater management scenarios.  
However, AGT’s (2017) report does not 
provide the predicted annual groundwater 
abstraction volume under the scenario 
without water management measures.   
 

Terramin should advise what 
the predicted groundwater 
abstraction volume is under 
the scenario without water 
management.  As stated in 
Section 1.3, it is understood 
there is no groundwater 
available for allocation within 
the WAP, meaning the 
proposed management 
strategies need to be 100% 
effective.   

The groundwater model includes flow 
barriers (as faults) in the base case models 
that were inferred from the 6 day aquifer 
test at one of Terramin’s investigation 
bores (IB4).  While the 6-day test did not 
impact groundwater levels at existing wells 
outside these zones, a flow barrier 
(discharge boundary) effect was not 
evident in the drawdown data at the 
production well.  In addition, the flow 
barriers were not discussed in much detail 
in the aquifer test discussion section of 
AGT’s (2017) report.   

Based on the information 
provided in the report, CDM 
Smith believe that the base 
case model should not include 
the simulation of these flow 
barriers until they have been 
assessed further, alternatively, 
if it has been assessed further 
with additional field data, the 
information should be 
presented in Terramin’s 
groundwater section of the 
MLP.  

Figures in the groundwater model section 
of AGT’s (2017) report are poor and not 
well labelled, making it difficult to read or 
allow review of results.  For example, scales 
and legends are missing and charts with 
private wells do not clearly show the 
change in groundwater levels and figures 
throughout the report do not show where 
the mine is in relation to existing private 
wells.  

Report figures should be 
presented so that the results 
can be easily interpreted and 
reviewed (including providing 
scales, legends, 
distinguishable symbol 
assignment to wells in charts 
and not crowding information 
in figures) 

Figure 68 of AGT’s (2017) report shows 
that even under reinjection with 90% 
effective grouting, there is predicted to be 
some level of impact to existing users, 
under 70% grouting effectiveness and 
reinjection, 8 operational private wells are 
predicted to be impacted by a reduction in 
groundwater levels 

The report does not clearly 
define Terramin’s planned 
groundwater management 
measure (i.e. 70% grouting 
effectiveness with reinjection 
or 90% grouting effectiveness 
with reinjection). This should 
be provided in the MLP 
document, along with clear 
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Task Comment Adequacy 
explanation of predicted 
impacts and planned 
management of those impacts, 
and commitment to triggers 
that will initiate additional 
management or mitigation 
measures 

The AGT (2017) report states that two 
reinjection approaches were simulated: (1) 
reinjection of treated water pumped from 
the underground; and (2) active 
depressurization of the Hanging Wall Fault 
and reinjection (without treatment) to 
reduce mine water inflows.  However, only 
the results of the first reinjection approach 
was discussed. 

Terramin should present the 
results of the other MAR 
scenario if it is being 
considered for groundwater 
management 

Terramin advises that mining will include 
probe drilling in advance of the mine 
drives, and if water-bearing structures are 
intercepted, grout will be pumped into the 
fractures to limit groundwater inflows to 
the mine. However, the information 
available at the time of this review did not 
include information regarding the grouting 
approach, or testing the effectiveness of the 
grouting procedure.  In addition, the 
information available stated that grouting 
will be used if groundwater inflows are 
‘above specified levels’, however these 
levels have not been quantified. 

Terramin will need to include 
details regarding the proposed 
grouting approach, including 
the ‘specified levels’ that 
triggers the need to grout 
fractures, effectiveness of the 
approach and confirmation on 
how many times Terramin will 
cycle through probing, 
grouting, testing, and re-
grouting if inflows are above 
‘specified levels’ before they 
advance the mine. 

The water demand (and water quality 
requirements) of the water for the planned 
concrete batching plant has not been 
specified in the information available. 

Terramin will need to provide 
information on the concrete 
batching plant water demand, 
as well as other project water 
demands, along with the 
proposed source of the water 
and, if groundwater will be 
used, Terramin will need to 
obtain a permit / allocation to 
abstract and use the water.  
However, as outlined in 
Section 1.3.1, it is understood 
that the WMLR PWRA is 
already fully allocated. 

The groundwater assessment report did 
not provide risk rankings of the potential 
impacts to the environment and other 
users.  

A risk assessment (prior to 
controls and following applied 
management or mitigation 
measures) should be included 
in Terramin’s MLP 
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The hydrogeological investigations conducted by AGT (on behalf of Terramin) to develop the 
conceptual understanding and describe the existing environment is adequate for the purpose of the 
report.  However, the presentation of the information in the report (e.g. figures and tables) is 
sometimes challenging to interpret, making it difficult to assess the results and review the predicted 
changes to groundwater flow conditions during mining.  
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Section 6 Preliminary effects assessment 

6.1 Potentially sensitive groundwater receptors 
As described in Section 2, potentially sensitive groundwater receptors in the proposed BIH mine 
area include: 

 Social and economic -  domestic water users, livestock, horticultural enterprises 

 Environmental – aquatic ecosystems in baseflow maintained pools or watercourses 
(Inverbrackie Creek, springs / seeps), potential riparian vegetation, potential subterranean 
fauna (aquifer GDEs) within the Brighton Limestone where it is cavernous 

 

6.2 Effects assessment 
Table 2 presents a summary of the possible mine-related water affecting activities at the proposed 
BIH mine and the likely associated direct effects (changes to groundwater quantity and quality, 
changes to groundwater and surface water interaction, and aquifer disruption).  The threats 
identified will need to be addressed by Terramin as part of the MLP submission document.  Any 
identified threats will need to include an assigned risk (based on likelihood and consequence), 
proposed management of the threat / impact and the residual risk following application of the 
management / control measure. 

Table 2 Summary of preliminary groundwater effects assessment 
Direct effect Present Threat Description 

Groundwater affecting activity:  UNDERGROUND MINE DEVELOPMENT 

Groundwater 
quantity Yes 

Groundwater intercepted by the decline and mine drives will be 
pumped to the surface for re-injection into the FRA.  This will 
result in a lowering of water tables and groundwater pressures 
resulting in a cone of drawdown / depressurisation that 
extends for some distance away from the mine. 
Lowering of the water table has the potential to impact local 
existing groundwater users (including the environment and 
private wells).  The extent of the impact is dependent on the 
hydraulic properties of the geology in the area of the proposed 
mine, groundwater abstraction rate, mining duration and any 
water control management strategies. 

Groundwater 
quality Potential 

Exposure of Potential Acid Forming (PAF) materials during 
mine development can give rise to AMD generation, which may 
impact on existing landowner wells, receiving environment, 
and abstracted water will require water treatment prior to 
discharge from site (including reinjection). 
The act of mining may result in the interconnection of aquifers, 
which can have implications for water quality changes between 
connected aquifers.  The interconnection of aquifers / fractures 
that were not previously in hydraulic connection can result in 
the mixing of poorer quality groundwater with better quality 
groundwater. 
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Direct effect Present Threat Description 

Groundwater & 
surface water 
interaction 

Yes 

Groundwater abstraction for mine dewatering may result in a 
reduction in baseflow to local watercourses (Inverbrackie 
Creek), springs and wetlands, and increased water table 
beneath riparian zones.  
The extent of the impact is dependent on the hydraulic 
properties of the geology and groundwater abstraction rates.  

Aquifer 
disruption Yes 

As stated above, mining will likely interfere with aquifers, 
including removal of aquifer material. The mining method (drill 
and blast) also has the potential to disrupt aquifers. The extent 
of the impact is dependent on the extent of the mine, the aquifer 
connectivity, the mining approach and geotechnical properties 
of rocks within the mine area. 

Groundwater affecting activity:  ABANDONED MINE 

Groundwater 
quantity Yes 

Underground mine workings will likely act as groundwater 
sinks until ‘re-filled’ after closure (i.e. this effect is not enduring) 
but will result in drawdown near the mine enduring after mine 
closure, i.e. the impact on nearby affected users will be 
sustained into the future until full recover of groundwater 
levels / pressures occurs. 

Groundwater 
quality Potential 

If underground mining results in the interconnection of 
aquifers / fractures of varying water quality, there is the 
potential to alter groundwater quality at existing landowner 
wells, at least until full recovery of groundwater levels / 
pressures occurs.  

The potential exists for local (underground mine) water quality 
to impact on groundwater quality, particularly where AMD 
potential exists. 

Groundwater & 
surface water 
interaction 

Potential 

As the underground mine workings are expected to act as 
groundwater sinks, there is potential for continued reduction in 
baseflow to local watercourses / wetlands, and sustained water 
table drawdown beneath riparian zones, at least until full 
recovery of groundwater levels / pressures occurs. 

Aquifer 
disruption No No additional disruption is expected 

Groundwater affecting activity:  WASTE ROCK DUMPS 

Groundwater 
quantity Potential 

Potential enhanced groundwater recharge through dump 
materials may give rise to local mounding of the water table and 
/ or water logging. 

Groundwater 
quality Potential The potential for water draining through waste rock to 

encounter PAF material exists, which could give rise to 
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Direct effect Present Threat Description 
mobilisation of ‘contaminants’ to groundwater or surface 
water.   

Groundwater & 
surface water 
interaction 

Potential If groundwater mounding occurs, there is the potential to 
increase discharge to riparian zones / wetlands. 

Aquifer 
disruption No n/a 

Groundwater affecting activity:  TAILINGS STORAGES 

Groundwater 
quantity No n/a   

Groundwater 
quality No n/a   

Groundwater & 
surface water 
interaction 

No n/a 

Aquifer 
disruption No n/a 

Groundwater affecting activity– CONCRETE BATCHING PLANT 

Groundwater 
quantity Potential 

Terramin have not advised of the intended use of the concrete 
batching plant. It is assumed that the concrete batching plant 
will require water to provide grout for the planned grouting of 
water-bearing fractures. Therefore. the water demand of the 
concrete batch plant has the potential to influence the volume 
of groundwater that will be reinjected into the FRA (assuming 
that groundwater will be the water source), and will require a 
groundwater abstraction permit in an area that is already fully 
allocated.  

Groundwater 
quality Potential 

Potential spills from the concrete batching plant may infiltrate 
to the water table and mobilise ‘contaminants’ to groundwater. 
However it is assumed that the site will be sealed and bunded. 

Groundwater & 
surface water 
interaction 

No n/a 

Aquifer 
disruption 

 
No n/a 
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Direct effect Present Threat Description 

Groundwater affecting activity – FUEL STORAGE 

Groundwater 
quantity No n/a 

Groundwater 
quality Potential Spillage / leaks from fuel storage areas has the potential to 

mobilise contaminants to groundwater 

Groundwater & 
surface water 
interaction 

Potential 

Spillage / leaks from fuel storage areas has the potential to 
impact riparian vegetation and / or springs / water courses 
where groundwater that has become contaminated from a spill 
discharges 

Aquifer 
disruption No n/a 

Groundwater affecting activity – WATER STORAGE FACILITIES 

Groundwater 
quantity Yes Seepage from the planned mine water dam has the potential to 

give rise to local mounding of the water table and water logging. 

Groundwater 
quality Potential 

Depending on the quality of the water stored in the mine water 
dam, water draining from the dam may be contain 
‘contaminants’ to groundwater. 

Groundwater & 
surface water 
interaction 

Potential  The potential for groundwater mounding to increase discharge 
to riparian zones / wetlands and waterlogging is a possibility. 

Aquifer 
disruption No n/a 
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Section 7 Summary and conclusions 
As stated in the Australian Groundwater Modelling Guidelines (Barnett et al, 2012), “groundwater 
management and policy decisions must be based on knowledge of the past and present behaviour 
of the groundwater system, the likely response to future changes and the understanding of the 
uncertainty in those responses”.   

The groundwater investigation work completed by Terramin is considered adequate to develop a 
conceptual understanding of the interactions between potentially sensitive receptors (social, 
economic and environmental) and the groundwater system, and how proposed mining activities 
may impact on the water resource and most receptors.   

Without the groundwater management measures, the proposed mine is expected to impact an area 
2 km from the proposed mine.  Terramin proposes to grout water-bearing fractures (intercepted in 
the mine drives) and reinjection to manage impacts of the mine on existing groundwater users 
(private wells and Inverbrackie Creek).  With groundwater management measures, the area of 
impact is predicted to reduce to 600 m with reinjection or 1.2 km with 90% effective grouting of 
water-bearing fractures.  However, Terramin has not conducted an injection trial to assess the 
appropriateness and effectiveness of reinjection in managing impacts on existing users of 
groundwater, and this would need to be undertaken before the strategy can form the primary 
groundwater management strategy for the project.  In addition, evidence of where the proposed 
grouting of water-bearing rocks has been successfully undertaken to reduce 70 to 90% of potential 
inflows needs to be presented.  

In addition to the injection trial and demonstration that grouting will be an effective mine water 
control measure, Terramin will need to address the following as part of their MLP document: 

 Potential impact of the proposed mining operation on springs, other than those associated with 
the Inverbrackie Creek 

 Presence of GDEs and the potential impact on these GDEs (if present) 

 Fully explain the potential impact on existing users (private wells and the environment) under 
a ‘no mitigation’ scenario 

 Provide further detail and quantification regarding the criteria for when grouting of water-
bearing fractures will be conducted (i.e. the ‘specified levels’), and details regarding the concrete 
batching plant water requirements 

 Risk assessment of the potential impacts, prior to and following proposed management 
measures, including assessing the potential impacts (and proposed management) of the 
groundwater affecting activities identified in Section 6.2 that have not been raised in AGT’s 
(2017) report (e.g. mine water dam and fuel storage) 

 

Based on advice from DEWNR, it is understood that the WMLR PWRA is fully allocated, therefore 
the reported groundwater abstraction from the proposed mine will exceed the WMLR WAP 
allocation limit.  Water use on the mine (including potable supply, dust suppression and concrete 
batching), if sourced from groundwater, will require an allocation.  In addition, whether abstractions 
can be offset by reinjection under the rules of the WAP should also be considered. 
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Disclaimer and Limitations 
This report has been prepared by CDM Smith Australia Pty Ltd (CDM Smith) for the sole benefit of 
Inverbrackie Creek Catchment Group for the sole purpose to provide an independent 
hydrogeological review of available information and identification of potential groundwater 
related impacts associated with the proposed Bird in Hand mining operation.  

This report should not be used or relied upon for any other purpose without CDM Smith’s prior 
written consent. Neither CDM Smith, nor any officer or employee of CDM Smith, accepts 
responsibility or liability in any way whatsoever for the use of or reliance on this report for any 
purpose other than that for which it has been prepared.   

Except with CDM Smith’s prior written consent, this report may not be:  

(a) released to any other party, whether in whole or in part (other than to officers, employees 
and advisers of Inverbrackie Creek Catchment Group); 

(b) used or relied upon by any other party; or 

(c) filed with any Governmental agency or other person or quoted or referred to in any public 
document. 

Neither CDM Smith, nor any officer or employee of CDM Smith, accepts responsibility or liability 
for or in respect of any use or reliance upon this report by any third party. 

The information on which this report is based has been provided by Inverbrackie Creek Catchment 
Group and third parties.  CDM Smith (including its officers and employees): 

(a) has relied upon and presumed the accuracy of this information; 

(b) has not verified the accuracy or reliability of this information (other than as expressly 
stated in this report); 

(c) has not made any independent investigations or enquiries in respect of those matters of 
which it has no actual knowledge at the time of giving this report to Inverbrackie Creek Catchment 
Group; and 

(d) makes no warranty or guarantee, expressed or implied, as to the accuracy or reliability of 
this information. 

In recognition of the limited use to be made by Inverbrackie Creek Catchment Group of this report, 
Inverbrackie Creek Catchment Group agrees that, to the maximum extent permitted by law, CDM 
Smith (including its officers and employees) shall not be liable for any losses, claims, costs, 
expenses, damages (whether in statute, in contract or tort for negligence or otherwise) suffered or 
incurred by Inverbrackie Creek Catchment Group or any third party as a result of or in connection 
with the information, findings, opinions, estimates, recommendations and conclusions provided in 
the course of this report. 

If further information becomes available, or additional assumptions need to be made, CDM Smith 
reserves its right to amend this report. 
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EXECUTIVE SUMMARY 

This review has been completed using the reports provided by Terramin supporting the Bird in Hand 

Gold Project Mining Lease Application MC-4473 and provided to the Inverbrackie Creek Catchment 

Group. This review considers the information presented in the supporting documentation with specific 

reference to the option of Managed Aquifer Recharge as a water management strategy against the 

Principles set out in the Water Allocation Plan for the Western Mount Lofty Ranges and the 

Environment Protection (Water Quality) Policy 2015, which are the main legislative instruments 

governing Managed Aquifer Recharge operations in South Australia. 

There is widespread concern from the community that the water management option proposed for the 

mine, if poorly implemented and operated, will have significant detrimental impacts on the quality and 

quantity of the available groundwater thus threatening the long-term economic viability of business 

activities that rely on the groundwater. The nearest groundwater user is some 600 m from the 

proposed mine operations but impacts on water quality and quantity could extend for several 

kilometres beyond the mine lease area.  

The Bird in Hand Gold Project Mining Lease Application MC-4473 identifies that water from mine 

inflows and mine affected runoff will be treated, mixed with groundwater and/or mains water to 

account for losses and then recharged via wells back into the fractured rock aquifer.  

Fractured rock aquifer systems are extremely complex, often compartmentalised and flow occurs 

preferentially along fractures. These attributes make it very difficult to reliably predict the subsurface 

movement and likely drawdowns / injection pressures that will be generated using groundwater 

numerical models. Groundwater numerical models are a mathematical approximation of the natural 

subsurface system and require various assumptions to be imposed in order to mathematical represent 

the complex natural system. Unfortunately, across industry there is an over reliance on the results of 

numerical modelling to provide definitive answers. Recent court cases in New South Wales have 

demonstrated that even though models have used the best available information and meet the 

Australian Modelling Guideline criteria (Barnett 2012) they should not be relied upon implicitly as they 

are only a predictive tool.    

The approach to this review has been to determine if the reported investigations adequately 

demonstrate that all risks associated with the proposed option of using Managed Aquifer Recharge to 

mitigate the mining impacts on the local groundwater resource have been identified and the 

management contingencies proposed are suitable. 

The Terramin (2019) documentation identifies that grouting to prevent water ingress to the mine 

workings will be 90% effective but identifies that a credible worst-case scenario is that grouting will 

only reduce mine inflows of water by 70%. Groundwater numerical modelling and the water treatment 

aspects all consider the credible worst-case scenario that grouting is only 70% effective. Additionally, 

the reports identify that in an extreme event (considered by Terramin to be a low probability) a sudden 

inrush of water to the workings could exceed rates of 60 L/s. As Terramin consider this to be an 

extreme case with low probability there have been no management or mitigation measures identified 

in the Trigger Action Response Plan. Whilst the probability of such an event occurring is most likely 
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low such an inrush of water is likely to present significant risk to operations and water management 

options. This risk has not been addressed throughout the supporting documentation and the surface 

balancing storage proposed is too small to hold such a significant inrush of water should it occur. 

The National Water Quality Management Strategy Australian Guidelines for Water Recycling: 

Managing Health and Environmental Risks (Phase 1) use a risk-based approach to evaluate the 

robustness of Managed Aquifer Recharge and the required supporting investigations. Applying risk 

principles to this assessment the identified credible worst-case scenario of 70% grout effectiveness 

and the associated volumes of water that will require management has been adopted.  

After reviewing the supplied documentation, it is considered that several of the conclusions are 

incorrect regarding the suitability of the target aquifers for managed Aquifer Recharge. Additionally, 

the level of investigation and analysis of the data does not adequately identify all potential risks 

associated with the managed aquifer recharge option nor are there adequate management options 

identified in the Trigger Action Response Plan.  

Critical water quality parameters (natural organic matter, total organic carbon, dissolved oxygen, redox 

potential and microbiological indicators) that would inform the geochemical reactions that would take 

place when oxygenated water from the surface storage pond and treatment process have not been 

collected before, during or after the trial. Best practice when evaluating the suitability of an aquifer 

system for managed aquifer recharge and identifying a treatment train should include detailed analysis 

of the source and receiving water quality. Hydrogeochemical modelling should be carried out to test 

for geochemical reactions between the source and receiving water and the aquifer matrix to ensure 

that the receiving groundwater is not adversely impacted.  

Whilst the source water is notionally groundwater, the mixing at the surface with other source waters 

and oxygenation through the ponds plus the proposed ion exchange treatment process means that the 

water to be injected is no longer in equilibrium. It is considerably altered and oxygenated which is a 

trigger for geochemical reactions.  

The water chemistry data that was collected has not been evaluated. There is no reason given as to 

why this fundamental evaluation to assess the risk of geochemical reactions during reinjection was not 

carried out. This is particularly important to qualify the risk associated with geochemical reactions in 

the presence of acid forming minerals.  

Management measures identified in the supplied reports identifying possible strategies for remediation 

should clogging occur are effectively a “shopping list” of the various techniques presented in the 

literature on Managed Aquifer Recharge. Each site is unique and the approaches to managing issues 

such as clogging require specific methods that align with the well design, treatment train, water quality 

and the target aquifer.  

Without a clearly defined management option to remediate the injection wells specifically related to 

their construction, water quality or clogging cause (geochemical, microbiological) would result in the 

wells being out of action for several weeks whilst the appropriate methods of remediation are worked 

through. There is no reference concerning how produced water would be managed during a period 

where the managed aquifer recharge wells were out of commission.  

The treatment train includes ponding at the surface and mixing with other water sources including 

chlorinated mains water. Ponding will change the redox state of the water, provides a pathway for 

contamination by pathogens and mixing with chlorinate mains water introduces disinfection byproducts 

into the aquifer. There is no proposed recovery of the water by the Bird in Hand operation which 

means any contaminants will cumulatively concentrate in the aquifer. 
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Because the assessment of the water quality and risks has not been adequately completed, the 

proposed treatment train to achieve the required water quality is deficient. It does not provide 

treatment for introduced pathogens and the ion exchange process proposed to reduce salinity, 

increases the risk of adverse geochemical reactions that threaten the water quality in the aquifer; 

namely, reactions with the potentially acid forming minerals identified in the aquifer that produce 

arsenic.  

The presence of pyrite in the rock matrix increases the risk of producing arsenic due to geochemical 

reactions when the oxygenated surface water, that is not in chemical equilibrium due to mixing and 

treatment processes, comes into contact with the ambient groundwater. Under Principle 151 a permit 

to drain or discharge water into a well must not be granted if the draining or discharging of water would 

have the potential to degrade underground water-dependent ecosystems or to reduce the suitability of 

the underground water for other purposes for which it might reasonably be used. 

The target criteria set for reducing suspended solids allows for up to 4 kg/day of sediment to be 

introduced into the injection well. Such excessive volumes of sediment would result in clogging and 

lost well efficiency in a matter of days.  

Further deficiencies in the documentation include failure to complete a detailed risk assessment for 

the managed aquifer recharge option as set out under Principle 146 of the WAP. 

An effective operation and management plan demonstrating that operational procedures are in place 

to protect the integrity and quality of the groundwater in the target aquifer on an ongoing basis 

(Principle 147(g) of the WAP) has not been prepared.  

The injection trial that targeted the Tarcowie Siltstone aquifer was terminated after 7,400 minutes 

because conditions in the adjacent private well were close to becoming artesian. The Principles in the 

water allocation plan identify that during Managed Aquifer Recharge operations conditions must 

remain sub-artesian. The reports identify the result to be a function of the aquifer being 

compartmentalised which resulted in the aquifer approaching artesian conditions.  

Importantly the trial results demonstrate that the Tarcowie Siltstone is compartmentalised which 

represents a high-risk that the system will quickly become artesian and is therefore this 

formation/aquifer is not suitable for the installation of a long-term sustainable managed aquifer 

recharge scheme. 

There are several references throughout the Terramin documentation that the Managed Aquifer 

Recharge option has been peer reviewed. This is not strictly correct as Innovative Groundwater 

Solutions (IGS) reviewed the updated groundwater numerical model that incorporated the Managed 

Aquifer Recharge option. IGS did not review or comment on the results of the trials, water chemistry, 

treatment process, aquifer mineralogy, or the aquifer hydraulic responses during testing. These are all 

fundamental elements that need to be reviewed to determine if the risks and viability of a managed 

aquifer recharge system have been adequately identified, and the appropriate management strategies 

are in place to protect the resource as set out under the legislation.  

Numerical modelling of the Managed Aquifer Recharge option involved placing wells in a radial pattern 

around the mine as reported in AGT (2017). The subsequent updated report (Golder, 2019) adopts 

this conceptual well spacing. Four of the wells were located to target the fracture zone encountered in 

the Tapley Hill Formation while locations for the other wells appear to have been arbitrarily placed with 

little regard to fracture orientation, compartmentalisation of the aquifer or spacing to avoid potential 

cumulative hydraulic impacts associated with multiple recharge wells.  
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As these elements appear to have been ignored and the wells placed “conceptually” in a radial pattern 

around the mine the validity of the numerical model to predict the actual impacts associated with the 

Managed Aquifer Recharge option is in doubt.  

Solute transport modelling (AGT 2017) was completed to assess the risk of mine inflows drawing in 

the surrounding saline groundwater however no solute transport modelling was undertaken to identify 

the extent of the injection envelope. Flow moves preferentially through the fractures and in the event 

of a contaminant entering the aquifer via injection operations it is critical to understand what risk this 

may present to the nearest users.  

The injection trial showed hydraulic influences on nearby users wells of up to nine metres. This clearly 

identifies a level of hydraulic connection between the injection well and the nearest users’ wells. 

Simulations that predict the movement of the injection envelop should have been undertaken 

especially because no recovery is planned from the injection wells for the life of the mine.  Not 

evaluating the extent of the injection envelope during the life of the injection operations presents a 

high degree of uncertainty concerning the impacts to water quality and impacts users.  

The aquifer system is identified to be compartmentalised therefore the claimed benefits from managed 

aquifer recharge at this location are not valid. As a result of the compartmentalisation:  

• Existing users will have no access to the recharged water. 
• Reinjection will not result in lateral spreading of the recharged water because flow will occur 

preferentially along the fractures. For the water to spread laterally the pore throat entry 
pressure of the aquifer matrix rock need to be overcome and the pressure required to do this 
in a metasediment, such as the Tapley Hill Formation, would be considerable and most 
likely exceed the safe operating pressure presented in Golder (2019). 

• The potential for MAR to support discharge to environmental receptors such as the spring 
and creek is limited. 

• Overpressurisation of the aquifer compartments due to the MAR recharge may be the trigger 
that causes an unexpected inrush into the workings.  

• Overpressurisation of the aquifer compartments due to the MAR recharge has the potential 

to significantly reduce the grouting effectiveness. 

The Groundwater Trigger Action Response Plan as presented does not adequately address all the 

potential risks, nor does it set out management triggers to address clogging or geochemical reactions 

such as elevated arsenic or management associated with artesian conditions resulting from the 

managed aquifer recharge. There is no clear strategy or alternative management option for the 

produced water if the Managed Aquifer Recharge option does not meet expectations or breaches the 

criteria set out in the water allocation plan.  

There is no apparent appreciation that remediation of a clogged injection well could potentially take 

several weeks to resolve. There are no identified management options to manage the water pumped 

from the mine if the managed Aquifer recharge operations are compromised. 

Significant risks to water quality and existing users have not been adequately identified in the work 

that has been undertaken concerning the option to adopt managed aquifer recharge as a water 

management strategy for the proposed Bird in Hand gold prospect. Furthermore, mitigation and 

management measures have not been adequately identified to offset or reduce the risks. Therefore, 

because of the significant gaps in the assessment completed to date it is considered that managed 

aquifer recharge remains a high-risk water management option at this location.  
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1 INTRODUCTION 

1.1 BACKGROUND 

The Inverbrackie Creek Catchment Group (ICCG) engaged Wallbridge Gilbert Aztec (WGA) to 

complete an external third-party review of the water management strategy for the proposed Bird in 

Hand mine operation located near the township of Woodside in the Adelaide Hills. The water 

management strategy identified in the Bird in Hand Gold Project Mining Lease Proposal (Terramin 

2019) identifies Managed Aquifer Recharge (MAR) as a key aspect of the proposed mine operations 

to ensure the protection of environmental values of the groundwater and to meet the intent of the 

Western Mount Lofty Ranges (WMLR) Water Allocation Plan (WAP).   

The Department for Environment and Water (2018) defines Managed Aquifer Recharge as: the 

intentional recharge of water to suitable aquifers for subsequent recovery or to benefit the 

environment. (protection of groundwater dependent ecosystems (GDE’s)). It is noted that there is no 

recovery associated with the MAR operation at the proposed Bird in Hand Gold Prospect.  

The hydrogeological setting typically determines which of the different MAR methods is the most 

appropriate to deliver the project outcomes. For the Bird in Hand proposed mine, recharge via wells 

has been proposed as the MAR method.   

The proposed Bird in Hand (BIH) mine is located within close proximity to businesses that have a high 

reliance on the available groundwater resource in terms of quality and quantity. These businesses 

continue to play an important role in South Australia’s tourism, agricultural and food and wine 

industries delivering $170 million gross state profit p.a. and providing employment for more than 850 

people (Econsearch, 2017). Comparatively, beyond the initial start-up phase the mine proposes work 

for 40 people over five years.  

There is widespread concern from the community that the water management option involving MAR, if 

poorly implemented and operated, will have significant deleterious effects on the quality and quantity 

of the available groundwater and therefore threatens the long-term economic viability of business 

activities that rely on the groundwater. 

There are three main considerations that need to be addressed as part of any MAR feasibility study 

which include:  

1. Characterisation of the source and receiving water chemistry. 

2. Characterisation of the aquifer matrix (e.g. mineralogy, rock properties, subsurface 

boundaries).  

3. Establishment of the aquifer hydraulic properties (i.e. response to pumping and injection, 

yields, rates and pressures). 
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This review has been carried out with an emphasis on the above considerations and how the results of 

the investigations reported in Terramin (2019), and supporting documentation, align with the current 

legislative framework for MAR in South Australia.   

1.2 OBJECTIVES AND SERVICE SCOPE 

The objective of WGA’s engagement is to provide an independent review of the available information 

and identification of potential risks that have not been adequately addressed associated with the 

option of using MAR to mitigate the impacts to the groundwater system associated with proposed BIH 

mine operations.  

The scope of services has included:  

• A desktop review of the available documentation used to assess the option of MAR as a 

mitigation strategy for managing the proposed BIH mine operations on the groundwater 

resources of the Inverbrackie sub-catchment.  

• Identification and documentation of potential risks associated with the option of applying 

MAR as a management tool that have not been adequately addressed or there are 

potentially fatal flaws in the conclusions drawn from the studies carried out.  

• Preparation of a report outlining the findings of the review and identification of potential 

risks associated with the proposed MAR strategy.  
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2 REVIEW OF INVESTIGATIONS 

2.1 DOCUMENTS REVIEWED  

The following documents provided by Terramin Australia to the ICCG have been reviewed to support 

the findings presented herein: 

• Bird in Hand Gold Project Executive Summary – Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Chapter 10 Groundwater – 

Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Chapter 11 Surface Water – 

Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Chapter 13 Geochemistry and 

Geohazards – Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H1 Groundwater 

Assessment Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H2 and H3 

Groundwater Assessment Peer Review 1 and 2 Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H4 Grouting Proposal 

- Multigrout Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H4 Grouting Proposal 

Peer Review Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H7 Draft Groundwater 

TARP Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H8 MAR Stage 1 and 

2 Report Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H9 MAR Investigation 

Report Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H10 MAR 

Investigation Report Peer Review Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix H11 Groundwater 

Baseline Data 2014 2018 update Report Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix J1 Water Treatment 

Proposal and Addendum 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix J2 Water Treatment 

Peer Review 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix M1 Geotechnical 

Assessment Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix M2 Acid and 

Metalliferous Drainage Assessment, Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix Q3 Stygofauna Field 

Study Terramin 2019. 

• Bird in Hand Gold Project Mining Lease Application MC 4473 Appendix Q4 2018 Stygofauna 

Study 2019. 
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2.2 APPLICABLE LEGISLATION FOR MAR ACTIVITIES IN SOUTH 
AUSTRALIA 

It is important that any MAR proposal refer to the relevant state legislative framework and national 

guidelines which set out the requirements for the investigations and documentation required to support 

a MAR scheme and associated licences.  

The legislative framework for MAR in South Australia crosses multiple Acts which are administered by 

various State Government agencies. If the MAR activity is likely to impact an environmental habitat of 

national significance the Environment Protection Biodiversity and Conservation Act, 1999 must be 

referred to. 

Additionally, the Australian Guidelines for Water Recycling: Managing Health and Environmental Risks 

Phase 1 (NWQMS, 2006) and the Stormwater Harvesting and Re-use and Managed Aquifer Recharge 

Phase 2 (NWQMS, 2009) provide the framework for the management of stormwater quality, use and 

aquifer recharge.  

The relevant state legislation is aimed at mitigating adverse environmental harm through managing:  

• the diversion and taking of water from within water courses or from groundwater;  
• the responsibilities regarding stormwater management;  
• the equitable share for all users including the environment;  
• impacts to the source and receiving environs.   

The main pieces of legislation governing MAR activity in South Australia are: 

• the Natural Resources Management Act, 2004 administered by Department for Environment 
and Water DEW; and 

• The Environment Protection Authority Act, 1993 administered by the SA Environment 
Protection Authority.  

This review has been completed with specific reference to the MAR principles set out in the Western 

Mount Lofty Ranges WAP and the requirements under the Environment Protection Act, 1993 and 

NRM Act, 2004.  

Under the Natural Resources Management (NRM) Act, 2004 all water taken for consumptive use are 

regulated. Under the NRM Act, 2004 rights in relation to the ability of a person to take and use water 

include: 

• Water licences and water access entitlements. 
• Stock and domestic right (where uses are not prescribed). 
• Permits and licencing of water affecting activities.  

In locations where the water resources have been prescribed the Water Allocation Plan (WAP) 

developed under the guidance of the regional Natural Resources Management Board (NRMB), in 

consultation with the community, sets out the governing principles for water resource management 

within the defined Prescribed Water Resources Area (PWRA).  

Water resources in the Inverbrackie sub-catchment lie within the Western Mount Lofty Ranges PWRA. 

Management of the resource and allocation criteria is set out in the Western Mount Lofty Ranges WAP 

which was adopted by the Minister on 17 September 2013. 

The Environment Protection Act, 1993, specifically the Environmental Protection (Water Quality) Policy 

2015, is the second key piece of legislation that governs MAR activities in SA. The WAP makes 

specific reference to the Environment Protection (Water Quality) Policy (EP(WQ)P), 2015 under 

Principle 145(a)(i).  
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The EP(WQ)P, 2015 provides the structure for regulation and management of water quality in South 

Australian inland surface waters, marine waters and groundwaters. The main objective of the Water 

Quality Policy is linked to the Environment Protection Act 1993: …….” to ensure that all reasonable 

and practicable measures are taken to protect, restore and enhance the quality of the environment 

while having regard to the principles of ecologically sustainable development.” 

Other legislation that a MAR system in South Australia must have regard for includes:  

• Work, Health and Safety Act, 2012.  
• Pollution of Waters by Oil and Noxious Substances Act, 1987.  
• Public and Environmental Health Act, 1987.  
• Soil Conservation and Landcare Act, 1989.  
• Native Vegetation Act, 1991.  
• Environment Protection Act, 1993.  
• Environment Protection (Water Quality) Policy, 2003.  
• Agricultural and Veterinary Chemicals Code Act, 1994.  
• Petroleum Products Regulation Act, 1995.  
• State Records Act, 1997.  
• Natural Resources Management Act, 2004.  
• Aboriginal Heritage Act, 1988.  
• Water Service Association of Australian Codes (WSAA).  
• Dangerous Substances Act, 1979.  
• Adelaide and Mount Lofty Ranges Natural Resources Management Board Natural Resources 

Management Plan. 

If there are high pressure gas lines or high voltage power lines, within the proposed area of an MAR 

site, the Gas and Electricity Acts may need to be consulted.  

The Acts are administered by various State Government agencies. Many of the agencies, in addition 

to providing a regulatory function in administration of the various Acts, can assist operators through 

the provision of specialist advice. The Government agencies include:  

• Department of Health (DOH).  

• Department of Environment and Heritage (DEH).  

• Environmental Protection Authority (EPA).  

• Department for Environment and Water (DEW).  

• Adelaide and Mount Lofty Ranges Natural Resources Management Board (AMLR NRMB).  

• The Stormwater Management Authority. 

2.3 ASSIGNED ENVIRONMENTAL VALUES 

Environmental values have been set in the EP(WQ)P, 2015 as set out in Table 1. The Environmental 

values (EVs) for underground waters set to a specific salinity threshold for designated beneficial uses 

of the water. For example, all underground waters that have a salinity reported as total dissolved 

solids (TDS) of less than 1,200 mg/L have a beneficial use for drinking water and the other four 

categories identified in Table 1. 
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Table 1:  Environmental values of waters EP(WQ)P, 2015 Principle 6 

Waters 
(1)  

Aquatic 
ecosystem 

(2) 
Recreation 

and 
aesthetics 

(3) 
Drinking 
water for 
human 

consumption 

(4) 
Primary 

industries— 
irrigation 

and general 
water uses 

(5) 
Primary 

industries— 
livestock 
drinking 

water 

(6) 
Primary 

industries— 
aquaculture 
and human 

consumption 
of aquatic 

foods 

Public stormwater 
systems 

X X     

Surface waters in a water 
protection area (within 
the meaning of section 61 
of the Act) 

X X X X X X 

Underground waters as follows 

a) underground waters 
with a background 
TDS level of less 
than 1,200 mg/L 

  X X X X 

b) underground waters 
with a background 
TDS level of 1,200 
mg/L or more, but 
less than 3 000 mg/L 

   X X X 

c) underground waters 
with a background 
TDS level of 3, 000 
mg/L or more, but 
less than 13,000 
mg/L 

    X X 

Source: Environment Protection (Water Quality) Policy 2015.  
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3 ADEQUACY ASSESSMENT 

3.1 GROUTING  

Considerable emphasis is placed on the grouting report and confidence that a 90% grouting 

effectiveness can be achieved to manage water ingress into the mine.  

Terramin (2019) identify that the credible worst-case scenario for the grout effectiveness is 70%. 

Groundwater numerical modelling reported in AGT (2017), Golder (2019) and the Water Treatment 

Options Study (GPA Engineering, 2017) all adopted the 70% grout effectiveness as a benchmark.   

Table 2:  Grout effectiveness and predicted mine water inflow rates.  

Year of operation 

70% effectiveness 90% effectiveness 

L/s ML/d L/s ML/d 

Year 1 4.1 L/s 0.35 1.4 L/s 0.12 

Year 4 13.4 L/s 1.2  4.5 L/s 0.39 

 

In keeping with the modelling and treatment studies this assessment uses the credible worst-case 

scenario i.e. that the grout will be 70% effective to evaluate the capacity for MAR to meet the water 

management requirements at the proposed Bird in Hand mine prospect.    

3.2 RECEIVING WATER QUALITY AND ASSIGNED ENVIRONMENTAL 
VALUES 

The electrical conductivity (EC) of the underground water in the Tarcowie Siltstone reported in 

Terramin Ch. 10 (Table 10-2 pp10-16 to 10-18) for multiple wells around the Bird in Hand Gold Project 

and in the hanging fault, ranges between 911 and 2,200 µS/cm (equivalent Total Dissolved Solids 

(TDS) 501 to 1,217 mg/L).   Specific values for well BHRIB02 for EC taken at different intervals show 

an increase in salinity with depth with EC reported to be 1,440 to 1,540 µS/cm (equivalent TDS 794 to 

850 mg/L).  

The TDS reported in Table 10-2 (Terramin 2019) has used a conversion factor from EC (reported in 

micro Siemens per centimetre) to TDS (reported in milligrams per litre) of 0.65. The conversion from 

EC (µS/cm) to TDS (mg/L) is a non-linear relationship. At an EC below 5,000 µS/cm the conversion 

factor is 0.55; at EC from 5,001 to 10,000 µS/cm the conversion factor is 0.57 and between 10,001 to 

20,000 µS/cm the conversion factor is 0.59. At an EC of 50,000 µS/cm the conversion factor from EC 

to TDS is 0.65.  
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The DEW website recommends converting from micro Siemens per centimetre to TDS the EC units 

should be multiplied by 0.55. The EPA website identifies that the conversions from EC to TDS ranges 

from 0.55 to 0.72.  

Golder (2019) report the EC for groundwater samples collected from 35 wells in the surrounding area. 

The wells are completed in different lithological formations (not necessarily different aquifers) and the 

average reported EC is 1,260 µS/cm (reported calculated TDS is 750 mg/L @ 180°C).  

Whilst it appears minor, using the incorrect conversion from EC units to TDS equivalent makes a 

considerable difference in assigning the environmental values for the aquifer under the EP(WQ)P 

(refer Table 3). Using the conversion recommended by DEW the EV for the Tarcowie Siltstone and the 

Tapley Hill Formation, the two identified target aquifers for MAR, are drinking water for human 

consumption. Using the conversion factor of 0.65 as applied by Terramin (Ch. 10, Table 10-2 (2019)) 

for the Tarcowie Siltstone results in a higher EV category being assigned for that aquifer (refer 

Table 3).   

Table 3:  Example illustrating the difference in TDS using different conversion values against the 
 assigned Environmental Value criteria  

Formation 
Electrical 

Conductivity 
(µS/cm) 

Conversion 
factor 0.65 [1]  

(µS/cm to TDS 
mg/L) 

EP(WQ)P 
Environmental 
value criteria 

using 
conversion 
factor 0.65 

Conversion 
factor 0.55 [2]  

(µS/cm to TDS 
mg/L) 

EP(WQ)P 
Environmental 
value criteria 

using 
conversion 
factor 0.55 

Tarcowie 
Siltstone 

(BHRIB02) 
2,220 
2,270 
2,370] 

1,440 
1,480 
1,540 

Primary 
industries— 
irrigation and 
general water 

uses 

1,221 
1,249 
1,304 

Primary 
industries— 
irrigation and 
general water 

uses 

Tarcowie 
Siltstone 

(Regional) 
1,200 – 2,200 744 – 1,430 

Drinking water 
for human 

consumption[3] 

660- 1,210 
Drinking water 

for human 
consumption 

Tapley Hill 
Formation 
(BHRIB01) 

1,370 
1,690 
1,630 

1,120 [4] (890) 
1,100 (1,100) 
1,060 (1,060) 

Drinking water 
for human 

consumption 

754 
930 
897 

Drinking water 
for human 

consumption 

Tapley Hill 
Formation 
(Regional) 

600-2,690 
390-1,749 

(363-1,480) [5] 

Drinking water 
for human 

consumption 
330 – 1,480 

Drinking water 
for human 

consumption 

Source:   Bird in Hand Gold Project Mining Lease Application MC 4473 Chapter 10 Groundwater table 

 10-2  – Terramin 2019 

Notes:  [1] conversion factor EC to TDS used in Terramin report Ch.10 (2019) 0.65 

 [2] conversion factor EC to TDS recommended by DEW 0.55 

 [3] the EV assigned should be based on the regional values not a single value from the 

 pumped well  

 [4] value reported in Terramin report Ch.10 (2019) uses 0.88 

 [5] values reported in Terramin report Ch.10 (2019) use 0.55 and 0.6 conversion.  
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Using the conversion factor for EC to TDS recommended by DEW (0.55) the EV for the Tarcowie 

Siltstone in BHRIB02 just exceeds the EV criteria of 1,200 mg/L. However, regionally sampling of 

multiple wells (Terramin Ch. 10, 2019) identify that regionally the groundwater in the Tarcowie 

Siltstone is typically less than 1,200 mg/L and therefore the assigned EV should be drinking water for 

Human consumption. 

The assignment of the EV has significant implications for a MAR system because it defines the quality 

that the injected water must meet prior to recharge into the aquifer.  

The EV for both the Tarcowie Siltstone and the Tapley Hill Formation should be drinking 
water for human consumption. Therefore, the water quality prior to reinjection must meet 
drinking water quality.  

If the source water exceeds the EV of the receiving environment pre-treatment is required to ensure 

the source water meets the required criteria. Ongoing monitoring and reporting against the licence 

conditions is required and needs to be factored in as part of the operation and maintenance of the 

system.  

Further discussion on the proposed treatment and the water quality required to meet the EV for 

reinjection into a potable aquifer is contained in section 3.4. 

3.2.1 Source and Receiving Water Chemistry  

A large effort went into collection of groundwater samples during the trial but Golder (2019) explicitly 

state (pg. 36) “that interpretation of recharge water and receiving aquifer groundwater quality has not 

been undertaken as part of the scope”. No reason is given as to why the groundwater quality data was 

not evaluated or if any further work is planned to evaluate the chemistry results from the trial.  

The lack of analysis of the chemistry and the potential for geochemical reactions to occur 
that could compromise the existing groundwater quality is a significant gap in the 
investigations undertaken to date. The chemistry of the source and receiving waters are a 
fundamental control on the success or otherwise of the MAR system.  

Additional interpretation should have been carried out to better characterise the spatial distribution of 

groundwater given the apparent “variety” of types and the receiving end members (creek or dams). 

Interpretation of the groundwater chemistry along transects including interpretation of the ratios of 

specific ionic concentrations against chloride would have been beneficial to informing the MAR option 

and the risk of chemical precipitation.  

The stable isotope data, as presented (AGT 2019), is not informative as it does not identify where, or 

from what formation the samples were collected. It is uncertain if these samples have been collected 

along a defined transect or if they are just a collection of samples taken at various locations across the 

study area.  

Identifying the chemistry correctly is important because it goes to supporting the interpretation (AGT, 

2017, Golder, 2019) from the hydraulic analysis and MAR trial that the aquifer system is 

compartmentalised.  

As both the target aquifers are reported to be compartmentalised this increases the risk of 
MAR being a suitable long-term management option.  

The hydraulic analysis and results of the trial and issues associated with the target aquifers being 

compartmentalised are discussed further in section 3.3.  
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Terramin (Ch. 10, 2019) cite examples of MAR in the mining industry, such as, Fortescue 

(Cloudbreak) and Mandalay Resources (Costerfield Operation) but do not identify that these schemes 

have issues with managing clogging. Anecdotal reports indicate Fortescue drill a new well every three 

to four days to manage clogging associated with iron precipitation and maintain recharge rates.  

Mandalay Resources have recently had to shut their system down for over three months to remediate 

clogged reinjection wells. Advice on remediation of the MAR system at Costerfield Operations has 

been provided by this reviewer. 

The following dot points present a list of issues relating to the chemistry of the source and receiving 

water that have not been adequately addressed by the investigations to date.  

- Despite a significant amount of water quality data being collected the analysis of the data is

deficient. There is a simple piper diagram presented in van den Akker (2017) and a cursory

assessment of the deuterium and oxygen 18 data. Analysis should have included evaluation

of the ionic ratios between major ions versus chloride along specific transects and at depth for

the different aquifer units.

- The presentation and interpretation of the hydrochemistry isotope data presented in van den

Akker (2017) is deficient. There is no indication of what wells the samples came from or if they

were taken over a specific transect or taken randomly from wells surrounding the site.

- Key water quality parameters (natural organic matter, total organic carbon, dissolved oxygen,

redox potential and microbiological indicators) that can trigger geochemical or microbiological

reactions have not been collected during background sampling and throughout the trial. This is

basic information which should be collected on the source and receiving waters and

throughout the trial to evaluate the risk of geochemical reactions occurring that would impair

groundwater quality, impact ability of existing users to continue to use the water for current

uses or impair the operation of the MAR option.

- Failure to collect these key parameters represents a significant knowledge gap associated

with assessing the risk of clogging and long-term sustainable operation of the MAR system.

Without this information detailed evaluation concerning impacts to water quality and other

users cannot be quantified and the risk that the MAR option will impact water quality remains

high.

- Key water quality parameters e.g. redox potential, EH, pH and salinity were only measured in

grab samples as part of the MAR injection trial and not continuously in-line throughout the trial.

These parameters are fundamental measurements to assess the risk of geochemical

reactions occurring that will impact the water quality in the aquifer. Failure to measure these

key parameters in-line throughout the trial means that the opportunity to gain valuable

information about the aquifer geochemical responses for a very low cost has been missed.

- Water quality analysis should have included testing for iron II and iron III especially given the

reported presence of potentially acid forming minerals in the aquifer. Oxygen in the reinjected

water will result in precipitation of minerals (e.g. iron) and reactions that produce arsenic.

- Bird in Hand is a greenfield site where MAR has not been undertaken previously. Best

practice, when investigating the MAR potential, should include geochemical modelling to

assess the likelihood of adverse reactions e.g. iron precipitation, or release of arsenic,

occurring between the source and receiving waters that would impact on the injection capacity

of the MAR wells or groundwater quality in the aquifer.
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- The Acid and Metalliferous Drainage Assessment report (Tonkin, 2017) identifies that some 
sections of the rock strata in the Tapley Hill Formation (the primary target aquifer for MAR at 
this site) are potential acid forming (PAF) due to the bound pyrite within the strata and filling 
quartz fracture zones.

- The presence of pyrite in the rock matrix increases the risk of producing arsenic due to 
geochemical reactions when the oxygenated surface water, that is not in chemical equilibrium 
due to mixing and treatment processes, comes into contact with the groundwater. The 
produced mine water will be held in a storage pond (allowing for oxygenation) and mixed with 
other water so it will no longer be in equilibrium.  Minor levels (below guideline levels) for 
arsenic are reported in the GW sampling (Golder 2019).

- The risk of geochemical reactions to occur that will result in elevated concentrations of arsenic 
in the groundwater remains high as no detailed evaluation of this risk has been undertaken.

- The conceptual treatment process (GPA Engineering, 2017) and the water balance 
assessment identifies that water losses will be balanced with mains water and water sourced 
from a nearby bore. The potential risk concerning the fate of disinfection by-products from 
residual chlorine in the mains water e.g. Trihalomethanes (THM) and Halo Acetic Acids (HAA), 
has not been assessed.

- The MAR component operated by the mine effectively has no recovery component and 
therefore there is an increased risk of cumulative concentration of the disinfection by-products 
and other contaminants in the aquifer over time.

- Principle 146 and 147 of the WAP for the region refers to completing a hydrogeological risk 
assessment consistent with the National Water Quality Management Strategy Australian 
Guidelines for Water Recycling: Managing Health and Environmental Risks (Phase 1).  There 
is no reference to the risk assessment in the documentation and further no comment on the 12 
hazards identified in the guidelines, in particular, pathogens, inorganic chemicals, sodicity, 
nutrients, organic chemicals, turbidity and particulates, radionuclides, contaminant transport 
through preferential flow paths.

- These key water quality risks can adversely impact the ambient groundwater quality impacting 
on suitability for the existing uses but have not been adequately quantified in the 
documentation reviewed or in accordance with the principals of the WAP for this proposed 
MAR operation. The target for MAR Tapley Hill Formation and Tarcowie Siltstone is a fractured 

rock aquifer system which heightens the risks associated with the fate of these parameters 

within the aquifer.

- The Groundwater Trigger Action Response Plan (TARP) presented in Appendix H7 (Terramin 
2019) is deficient because none of the risks associated with the impacts to the water quality

(other than salinity) have been addressed.

3.3 AQUIFER HYDRAULIC RESPONSES DURING TRIAL 

Principle 154(b) of the WAP requires that drainage and discharge into a well must not have the 

potential to cause artesian conditions in the aquifer.  

The recharge trial into the Tarcowie Siltstone started at 7 L/s and was reduced to 5 L/s after 4,450 

minutes and then reduced to 3 L/s after 7,132 and terminated after 7,324 minutes of injection because 

groundwater levels were approaching artesian conditions in the nearby historic well 6628-8944 160 m 

from the recharge well BHRIB02 (Golder, 2019) as per Principle 154(b) in the WAP.  
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Terramin Ch. 10 Groundwater (2019) and Golder (2019) state that the Tarcowie Siltstone is 

compartmentalised (structurally controlled). Long-term injection without extraction is proposed but the 

results of the injection trial show the system could not be operated for any longer than 7,324 minutes 

before the adjacent well was at risk of becoming artesian.  

AGT (2017) and Golder (2019) state that the recharged water will flow laterally into the surrounding 

rock. This statement is misleading as flow will occur preferentially along the fractures. To overcome 

the pore-throat entry pressure required to induce flow into the bulk rock matrix of the meta-sediments 

that comprise the fractured rock aquifer significant injection pressures would be required for this to 

occur. Such injection pressures would exceed the calculated safe operating pressure reported in 

Golder (2019). 

The aquifer system is identified to be compartmentalised therefore the claimed benefits from managed 

aquifer recharge at this location are not valid. As a result of the compartmentalisation:  

• Existing users will have no access to the recharged water.
• Reinjection will not result in lateral spreading of the recharged water because flow will occur

preferentially along the fractures.
• The potential for MAR to support discharge to environmental receptors such as the spring and

creek is limited.
• Overpressurisation of the aquifer compartments due to the MAR recharge may be the trigger

that causes an unexpected inrush into the workings.
• Overpressurisation of the aquifer compartments due to the MAR recharge has the potential to

significantly reduce the grouting effectiveness.

Based on a review of the available information including the results of the MAR injection trial 
at the Bird in Hand site it is concluded that MAR targeting the Tarcowie Siltstone aquifer is 
high risk and not sustainable in the long-term due to compartmentalisation and the risk of 
the aquifer becoming artesian. 

Terramin Ch. 10 Groundwater (2019) identifies that the combined injection rate to the Tapley Hill 

Formation and the Tarcowie siltstone was 20 L/s. This statement is misleading as the trials were 

conducted independently of one another, not concurrently. It is therefore incorrect to conclude that the 

two aquifer systems can be recharged simultaneously at 20 L/s as this is not supported by the trial 

results presented in Golder (2019).  

During the inject trial hydraulic responses in adjacent monitoring wells resulted in rises in the 

groundwater level by 9 m showing a high degree of hydraulic connectivity (e.g. Davis well 6628-

23182). In a confined aquifer the pressure response (rising water level) can be observed up to several 

kilometres from the point of injection but the physical movement of water is constrained. In a fractured 

rock aquifer, the physical movement of water is preferentially along the fractures and can therefore 

move considerable distances (kilometres) away from the recharge well.  

There has been insufficient analysis or modelling carried out on the potential movement of the injected 

water preferentially along the fractures during MAR at this site. This is a significant gap in the 

assessment of potential risks to existing users and impacts on water quality.  
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3.4 TREATMENT TRAIN 

Figure 1 presents the water treatment process schematic which incorporates a surface storage dam 

which collects the pumped mine inflow water and mine affected runoff. Post ponding the water flows 

through a biofiltration bed and passes through and ion exchanger. After the treatment process the 

water may be blended with mains water or water from the Goldwyn Bore as identified in Figure 1. 

The proposed treatment process, coupled with the open ponds presents, several risks to the receiving 

groundwater and aquifer: 

• The open pond will be subject to contamination from surface runoff, mine affected runoff and

waterfowl increasing the risk of pathogens. There is no treatment proposed to manage

pathogen levels in the recharge water.

• The ion exchange process acts to break the bond between targeted ions which in turn causes

a pseudo reduction in the measured salinity but results in a water composition that is no

longer in chemical equilibrium. This significantly increases the risk of geochemical reactions

occurring in the aquifer that would impair the water quality.

• Ponding the water at surface will change the redox state and therefore increases the risk of

geochemical reactions (such as arsenic) due to the presence of PAF minerals in the host rock.

• The use of chlorinated mains water will introduce disinfection by-products into the aquifer (e.g.

Trihalomethane (THM) and Haloacetic Acid (HAA)) which will impact on water quality. In other

MAR operations where mains water is used it is typically recovered to meet demands. In the

Bird in Hand operations there is no planned recovery of the injected water increasing the risk

of cumulative concentration over time of the disinfection by-products.

Figure 1:  BIH Water treatment process schematic (source GPA Engineering (2017)) 

The treatment design reported in GPA Engineering (2017) identifies a target level for suspended 

solids of 10 mg/L. If the grouting is only 70% effective the recharge rate is reported to be 4.1 L/s. 

Injection at 4.1 L/s with a suspended solids concentration of 10 mg/L would result in approximately 

3.4 kg/day of sediment being recharged into the bore.  This level of suspended solids would result in 

clogging in the injection well within a matter of days.  
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The treatment system is optimised to 15 L/s but there are suggestions in the documentation that a 

sudden ingress of water could be as much as 40 L/s. The treatment system and surface storage 

cannot manage this capacity and there is no identified management strategy should such an event 

occur.  

3.5 GROUNDWATER NUMERICAL MODEL 

The focus of the MAR peer review completed by Innovative Groundwater Solutions (2019) has been 

the numerical modelling. No independent peer review of the water quality chemistry, injection trial 

results or aquifer hydraulics during the trial has been completed.   

The aquifer discharge tests and injection trial identify structural controls and anisotropy within the 

aquifer (AGT, 2017 and Golder 2019). There is no rational presented as to why injection was then 

subsequently modelled to occur radially around the mine void.  This is a fractured rock aquifer with 

evidence showing clear direction for fracture orientation, strike and dip (AGT, 2017). It would have 

been more appropriate to site any additional bores along fracture orientation as per two of the wells 

that target the Tapley Hill Formation.  

Additionally, the Figures presented in AGT (2017) of the geology of the area show significant structural 

controls (faulting) but it appears that only two such controls trending north- west south-east, have 

been included in Layers 2, 3, 4, and 5 of the model. Zones assigned for the hydraulic conductivity over 

the model domain are presented in the documentation, but spatially variable storage parameters were 

not assigned in the model (AGT 2017). This seems unusual as the fractures will have a significantly 

different storativity compared to the bulk rock matrix by perhaps two orders of magnitude or more.   

Solute transport modelling (AGT 2017) was completed to assess the risk of mine inflows drawing in 

the surrounding saline groundwater, however, no solute transport modelling was undertaken to identify 

the extent of the injection envelope during MAR operations.  

Flow moves preferentially through the fractures and in the event of a contaminant entering the aquifer 

it is critical to understand what risk this may present to the nearest users. The injection trial showed 

hydraulic influences on nearby users wells of up to 9 metres (e.g. Davis bore 6628-23182 reported in 

Golder, 2019). This clearly identifies a high degree of hydraulic connection between the injection well 

and users’ wells. It therefore represents a significant risk to the water quality available to existing users 

in the event a contaminant enters the aquifer or adverse geochemical reactions occur resulting in 

elevated concentrations of arsenic.  

Best practice when evaluating the impacts of a MAR system on existing groundwater users typically 

include modelling simulations that predict the movement of the injection envelop. It is uncertain why 

this level of analysis was not undertaken but, in this case, where no recovery is planned, 

understanding how and where the water will move is critical. 

A predictive simulation could have been undertaken using the groundwater salinity from the pumped 

well (~1400 mg/L) against the regional background salinity of ~600 mg/L. Whilst Terramin identify that 

they propose to recharge water of similar salinity into the aquifer following treatment the model could 

have been used to test the movement of the injected water. Testing such a scenario would instil 

greater confidence in the reliability of the model to predict potential impacts on existing users, in 

particular, changes to water quality. 

As stated above the results from the trial do not support the conclusion presented in the Terramin 

2019 and Golder 2019 that the Tarcowie Siltstone is suitable for MAR. Because of the 

compartmentalisation long-term recharge without any recovery is not likely to be sustainable into this 

unit. 
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An additional scenario should be included in the numerical groundwater modelling that excludes 

recharge into the Tarcowie Siltstone to determine if the volumes of water can be recharged into the 

Tapley Hill Formation. 

It should be noted that the results for the injection heads presented in the groundwater numerical 

model will be underpredicted as they are influenced by the model grid cell size. Cross checks of the 

actual heads at the injection well should be compared using analytical approaches.   

3.6 GROUNDWATER TRIGGER ACTION RESPONSE PLAN (TARP) 

The draft TARP presented as Appendix H7 in the Bird in Hand Gold Project Mining Lease proposal 

(MC4473) is deficient and does not adequately address many of the risks associated with MAR 

operations other than salinity and groundwater levels.  

The TARP identifies groundwater level declines but does not provide a strategy to mange artesian 

conditions in existing users wells although the WAP requires groundwater levels associated with MAR 

activities to remain sub-artesian.    

The TARP does not consider the risks associated with geochemical reactions e.g. elevated arsenic 

levels impacting water quality, existing users and the sustainable operation of the proposed MAR 

system. Introduction of oxygenated water during MAR increases the risk significantly of oxidising the 

supergene layer producing arsenic and changes to the groundwater pH that would facilitate further 

geochemical reactions  

There is no detailed MAR risk assessment and monitoring management plan that is consistent with 

the MAR National Guidelines and specified under Principles 146 and 147 of the WAP for the 

Inverbrackie sub-catchment.  

There are general approaches and statements drawn from the literature presented in the Terramin 

document Ch. 10 Groundwater (2019) outlining the methods that could be used to remediate the 

reinjection wells in the event of clogging. The methods proposed take time and could result in the 

MAR system being offline for several days and up to several weeks whilst they are rehabilitated. There 

is no discussion or identified management strategy for the mine discharge water if the MAR system is 

off-line.  

There is no identification of a mitigation or management strategy should the MAR operations result in 

unacceptable levels of arsenic in the aquifer which would render the groundwater unsuitable for 

existing users. 

The risk of contamination by pathogens has not been identified and no treatment for mitigating this risk 

has been identified.  

There is no description of what water quality parameters will be routinely monitored and the frequency 

of monitoring.  

There are no triggers or targets identified to initiate a management action if water levels in the injection 

wells or adjacent monitoring wells approach artesian conditions.  
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4 SUMMARY AND CONCLUSIONS 

The WAP for the Western Mount Lofty Ranges PWA sets out several Principles for the recharge of 

water to the aquifers using MAR approaches. The information presented in the Bird in Hand Gold 

Project Mining Lease Application (MC4473) is deficient with respect to the MAR investigations and the 

principles set out in the WAP.  

• The conversion from EC to TDS in mg/L uses 0.65 compared to 0.55 recommended by the 

DEW which skews the results towards a higher EV category. The correct category under the 

EPA EP(WQ)P should be potable and therefore the injected water must meet this criterion 

prior to recharge as per Principle 145(a)(i).  

• A detailed risk assessment as set out under Principle 146 of the WAP has not been 

completed. Some risks have been identified but what has been presented is not consistent 

with the National Water Quality Management Strategy Australian Guidelines for Water 

Recycling: Managing Health and Environmental Risks (Phase 1). 

• An appropriate operation or management plan demonstrating that operational procedures 

are in place to protect the integrity of the aquifer on an ongoing basis (Principle 147(g) of the 

WAP) has not been prepared.  

• There has been no analysis of the water quality data collected prior to and during the trial to 

support the MAR option. Analysis of the water quality data shows there is a high risk of 

geochemical reactions - arsenic which will impact water quality and iron precipitation which 

will cause clogging 

• Key water quality parameters important to assessing the risks that MAR operations pose to 

water quality have not been collected. These include, natural organic matter, total organic 

carbon, dissolved oxygen, redox potential and microbiological indicators (e.g. E.coli).  

• The lack of analysis of the chemistry and the potential for geochemical reactions to occur 

that could compromise the existing groundwater quality is a significant knowledge gap in the 

investigations undertaken to date. The chemistry of the source and receiving waters are a 

fundamental control on the success or otherwise of a MAR system. 

• The presence of pyrite in the rock matrix increases the risk of producing arsenic due to 

geochemical reactions when the oxygenated surface water, that is not in chemical 

equilibrium due to mixing and treatment processes, contacts the groundwater. Under 

Principle 151 a permit to drain or discharge water into a well must not be granted if the 

draining or discharging of water would have the potential to degrade underground water-

dependent ecosystems or to reduce the suitability of the underground water for other 

purposes for which it might reasonably be used. 
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• The aquifer system is identified to be compartmentalised therefore the claimed benefits from 

managed aquifer recharge at this location are not valid. As a result of the 

compartmentalisation:  

o Existing users will have no access to the recharged water. 
o Reinjection will not result in lateral spreading of the recharged water because flow 

will occur preferentially along the fractures. For the water to spread laterally the pore 
throat entry pressure of the aquifer matrix rock need to be overcome and the 
pressure required to do this in a metasediment, such as the Tapley Hill Formation, 
would be considerable and most likely exceed the safe operating pressure 
presented in Golder (2019). 

o The potential for MAR to support discharge to environmental receptors such as the 
spring and creek is limited. 

o Overpressurisation of the aquifer compartments due to the MAR recharge may be 
the trigger that causes an unexpected inrush into the workings.  

o Overpressurisation of the aquifer compartments due to the MAR recharge has the 

potential to significantly reduce the grouting effectiveness. 

• Based on a review of the available information including the results of the MAR injection trial 

at the Bird in Hand site it is concluded that MAR targeting the Tarcowie Siltstone aquifer is 

high-risk and not sustainable in the long-term due to compartmentalisation and the risk of 

the aquifer becoming artesian. 

• The proposed treatment process, coupled with the open ponds presents, several risks to the 

receiving groundwater and aquifer: 

o The open pond will be subject to contamination from surface runoff, mine affected 

runoff and waterfowl increasing the risk of pathogens. There is no treatment 

proposed to manage pathogen levels in the recharge water.  

o The ion exchange process acts to break the bond between targeted ions which in 

turn causes a pseudo reduction in the measured salinity but results in a water 

composition that is no longer in chemical equilibrium. This significantly increases the 

risk of geochemical reactions occurring in the aquifer that would impair the water 

quality. 

o Ponding the water at surface will change the redox state and therefore increases the 

risk of geochemical reactions (such as arsenic) due to the presence of PAF minerals 

in the host rock.  

o The use of chlorinated mains water will introduce disinfection by-products into the 

aquifer (e.g. Trihalomethane (THM) and Haloacetic Acid (HAA)) which will impact on 

water quality. In other MAR operations where mains water is used it is typically 

recovered to meet demands. In the Bird in hand operations there is no planned 

recovery of the injected water increasing the risk of cumulative concentration over 

time of the disinfection by-products. 

o The proposed targets for meeting suspended solids result in 3.4 kg/day of sediment 

being recharged into the bore.  This level of suspended solids would result in 

clogging in the injection well within a matter of days.  

 

• There are several references throughout the Terramin documentation that the MAR option 

has been peer reviewed. This statement is misleading as IGS only reviewed the updated 

groundwater numerical model that incorporated the MAR option. IGS did not review or 

comment on the results of the trials, water chemistry, treatment process, aquifer mineralogy, 

or the aquifer hydraulic responses during testing. 
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• The injection heads in the groundwater model underpredict the actual heads due to the 

influences of the model grid cell size. No attempt has been made to cross check what the 

actual heads in the injection wells will be using analytical approaches.  

• The injection trial showed hydraulic influences on nearby users wells of up to nine metres. 

This clearly identifies a level of hydraulic connection between the injection well and the 

nearest users’ wells. This represents a significant risk to users in the event of contamination 

or geochemical reactions.  

• Failure to evaluate the extent of the injection envelope using modelling simulations during 

the life of the injection operations presents a high degree of risk and uncertainty concerning 

the impacts to water quality and impacts to existing users that has not been quantified by 

Terramin.  

• The TARP as presented does not adequately address all the potential risks, nor does it set 

out management triggers to address clogging or geochemical reactions such as elevated 

arsenic.  

• There is no apparent appreciation that remediation of a clogged injection well could 

potentially take days or weeks to resolve. There are no identified management options to 

manage the water pumped from the mine if the MAR option is compromised. 

• There is no contingency for the management of the water if the MAR option goes sideways 

due to clogging, geochemical reactions, over pressurisation or many of the other risks 

associated with undertaking MAR in a fractured rock.  

• Knowledge gaps and gaps in the identification of risks associated with the option of MAR at 

the proposed Bird in Hand Gold Prospect presents significant risks to water quality and 

existing users.  

• Management options have not been clearly identified to counter or control all the likely risks 

that surround MAR in a fractured rock aquifer where there are many existing users and the 

EV of the water is potable. It is concluded therefore that despite the level of investigation 

MAR remains a high-risk option for water management at this location.  
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EXECUTIVE SUMMARY 

The Inverbrackie Catchment Group commissioned EconSearch to estimate the economic 

contribution (gross regional product/gross state product, household income and jobs) of existing 

land use in the Inverbrackie District, in particular land and businesses that will be impacted by 

the mine development proposed by Terramin Australia Ltd. The specific aim is to demonstrate 

the link between the current and future operations of these businesses and the economic 

contributions they make to the Adelaide Hills and South Australian economies. 

Estimates of the economic contribution of the current and planned operations of businesses are 

based on actual expenditures, business income and household income in wages paid to 

employees and retained earnings by farm and related business owners. The associated 

contribution from capital expenditures1 is also estimated. These estimates of regional and state 

economic contribution were prepared using RISE models2 for the Adelaide Hills region and for 

South Australia, constructed by EconSearch. 

Economic contribution to South Australia … 

In summary, the current (2015/16) economic contribution to the state from the operating 

activity of agriculture businesses in the Inverbrackie district likely to be impacted by the mine 

development is estimated to be: 

 $148.7 million in gross state product (GSP) per annum 

 793 fte jobs 

 $60.7 million in household income per annum. 

By 2020/21 the economic contribution to the state3 from the operating activity of these 

businesses is expected to be: 

 $169.1 million in GSP per annum, an increase of 14 per cent on current estimates 

 885 fte jobs, an increase of 10 per cent on current estimates 

 $71.8 million in household income per annum, an increase of 16 per cent on current 

estimates. 

The current (2015/16) economic contribution to the state from the capital expenditure activity 

of these businesses is estimated to be: 

 $10.2 million in GSP per annum 

                                                             

 
1  Building and other infrastructure construction and orchard/vineyard development. 

2  RISE (regional industry structure and employment) models for South Australia and regions have been recently 
(2017) updated by EconSearch for the Department of Premier and Cabinet. 

3  In real terms (current 2017 dollars). 
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 77 fte jobs 

 $6.5 million in household income per annum. 

Economic contribution to the Adelaide Hills region 

In summary, the current (2015/16) economic contribution to the Adelaide Hills region from the 

operating activity of agriculture businesses in the Inverbrackie district likely to be impacted by 

the mine development is estimated to be: 

 $121.6 million in gross regional product (GRP) per annum 

 681 fte jobs 

 $47.7 million in household income per annum. 

By 2020/21 the economic contribution to the Adelaide Hills region from the operating activity 

of these businesses is expected to be: 

 $140.6 million in GRP per annum, an increase of 17 per cent on current estimates 

 772 fte jobs, an increase of 12 per cent on current estimates 

 $58.3 million in household income per annum, an increase of 21 per cent on current 

estimates. 

The current (2015/16) economic contribution to the Adelaide Hills region from the capital 

expenditure activity of these businesses is estimated to be: 

 $6.3 million in GRP per annum 

 66 fte jobs 

 $4.6 million in household income per annum. 

It is expected that the reported annual economic contribution to the State and Adelaide Hills 

region economies from these established businesses will be ongoing. 
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1. INTRODUCTION 

The purpose of the analysis is to estimate the economic contribution (gross regional 

product/gross state product, household income and jobs) of existing land use in the Inverbrackie 

District, in particular land and businesses that will be impacted by the mine development 

proposed by Terramin Australia Ltd. The specific aim is to demonstrate the link between the 

current operations of these businesses and the economic contributions they make to the 

Adelaide Hills and South Australian economies. 

Estimates of the economic contribution of the current operations of businesses have been based 

on current expenditures, business income and household income in wages paid to employees 

and retained earnings by farm and related business owners. 

The associated contribution from capital expenditure has also be estimated. Not only do on-

going business operations and earnings affect the level of local economic contribution, so does 

the level of capital replacement and investment in new developments. 

Income and expenditure data relating to current operations of the businesses has been gathered 

in meetings with a selection of landholders (8) from the group of around 20 or more businesses 

likely to be impacted.  

The estimates of regional and state economic contribution presented in this analysis has been 

prepared using RISE models4 for the Adelaide Hills region and for South Australia, constructed 

by EconSearch.  

                                                             

 

4  RISE (regional industry structure and employment) models for South Australia and regions have been recently 
(2017) updated by EconSearch for the Department of Premier and Cabinet. 
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2. METHOD OF ANALYSIS AND DATA 

2.1 Method of Analysis 

Any economic activity inevitably impacts the wider economy. For example, if a farmer in the 

Adelaide Hills region is irrigating a given crop then not only will they produce a valued product, 

but they will be likely to make investments in buildings and plant and will be likely to maintain 

or perhaps increase their annual expenditure on inputs to production such as labour, fuel, 

transport and processing. The suppliers of these inputs (including households) will therefore 

make expenditures on their own inputs (or consumption in the case of households) since they 

meet the ongoing or increase in demand. The results of these direct and flow-on effects 

comprise the economic activity and employment in the Adelaide Hills region of the farming 

activity. 

For this analysis the estimation of regional economic contribution has been made with the 

application of an extension of the conventional input-output method. Over the past decade 

EconSearch has developed an extended input-output model known as the RISE model (Regional 

Industry Structure & Employment). The RISE model provides a comprehensive economic 

framework that is applied widely in the resource planning process, particularly for regional 

economic impact applications5.  

The report uses 2015/16 RISE models for the Adelaide Hills South Australian government region 

and for South Australia as a whole, prepared for the Department of the Premier and Cabinet 

(EconSearch 2017). The models are used to estimate the economic contribution to the Adelaide 

Hills region and the state of irrigated agriculture, wine making and related activity in the 

Inverbrackie district of the Adelaide Hills. 

2.2 Economic Indicators 

Estimates of direct and flow-on economic impacts are presented in terms of gross regional 

product (GRP), household income and employment. 

Gross regional product (GRP) 

Contribution to GRP is a measure of the net contribution of an activity to the regional economy. 

Contribution to GRP is measured as value of output less the cost of goods and services (including 

imports) used in producing the output. In other words, it can be measured as household income 

plus other value added (gross operating surplus and all taxes, less subsidies). It represents 

payments to the primary inputs of production (labour, capital and land). Using contribution to 

                                                             

 

5  RISE models have been constructed for both the South Australian and Victorian Governments at both a state and 
regional level (EconSearch 2013, 2017). 
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GRP as a measure of economic impact avoids the problem of double counting that may arise 

from using value of output for this purpose. 

Household income 

Household income is a component of GRP and is a measure of wages and salaries paid in cash 

and in kind, drawings by owner operators and other payments to labour including overtime 

payments, employer’s superannuation contributions and income tax, but excluding payroll tax. 

Employment 

Employment is a measure of the number of working proprietors, managers, directors and other 

employees. The report presents employment impacts in terms of the number of full-time 

equivalent (fte) jobs. 

Direct, flow-on and total impacts 

Direct impacts are the initial round of output, employment and household income generated by 

an economic activity. 

Flow-on (or indirect) impacts are the sum of production-induced effects and consumption-

induced effects. Production-induced effects are additional output, employment and household 

income resulting from re-spending by firms (e.g. transport contractors) that receive payments 

from the sale of services to firms. Consumption-induced effects are additional output, 

employment and household income resulting from re-spending by households that receive 

income from employment in direct and flow-on activities.  

Total impacts are the sum of direct and flow-on impacts. 

2.3 Data and Assumptions 

Structured interviews with eight businesses in the Inverbrackie District were carried out in June-

July 2017. These included businesses producing wine grapes, strawberries, pome fruit and 

vegetables as well as operating wineries and cellar doors. Interviewees were asked to supply 

data that could be attributed to their business in the Inverbrackie District for the 2015/16 

financial year. Key information derived from the interviews included: 

1. Gross revenue 

2. Details of operational expenditure, including: 

a. itemised expenditure to the level of detail possible (e.g. electricity, materials, 
security, repairs and maintenance, travel, training, etc.) 

b. estimates (percentages) of where each item of expenditure would occur: 

i. Adelaide Hills 

ii. Elsewhere in South Australia 

iii. Outside South Australia 

3. Direct (on-site) employment (total jobs and full-time equivalents) 
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4. Direct payments in wages and salaries 

5. Visitor numbers (if relevant) 

6. Details of average annual capital expenditure for the past 5 years (2011/12 – 2015/16) 
including broad categories of expenditure where possible. 

7. Details of planned capital expenditure over the next 5 years, including 

a. Details of capital expenditure and timing of expenditure 

b. Expected changes to turnover, operational expenditure, employment, wages 
and salaries and visitors (if relevant) 

Information was also obtained from Adelaide Hills Council on land use in the Inverbrackie district 

(area by crop type) which was used to scale up the survey information to derive estimates of the 

total direct economic activity in the district. The area that could potentially impacted by the 

Inverbrackie gold mine development was assumed to be that area identified as irrigated 

horticulture within a 5 kilometre radius of the proposed mine site. 
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3. RESULTS OF ANALYSIS 

3.1 Economic Contribution of Operating Activity 

3.1.1 Surveyed businesses 

Estimates of the economic contribution in 2015/16 and 5-year projection to 2020/216 of 

agriculture and related activity in the Inverbrackie district by surveyed businesses are detailed 

in Table 3-1 for the Adelaide Hills region and Table 3-2 for South Australia as a whole. 

For each measure of economic activity, the impacts at the state level are greater than the sum 

of the regional level impacts. This is to be expected, as the regional impact is simply a 

component, albeit a significant one, of the total state impact. 

The direct impact measures farming, wine making and cellar door activities. The flow-on impact 

measures the economic effects in other sectors of the economy (trade, manufacturing, etc.) 

generated by the direct activities, that is, the multiplier effects. 

Table 3-1 The economic contribution of operating activity, surveyed businesses, Adelaide 
Hills region, 2015/16-2020/21 

  

a Full-time equivalent jobs.  

b Totals may not sum due to rounding. 

c Household income is a component of GRP. 

Source: EconSearch analysis 

                                                             

 

6  In real terms (current 2017 dollars). 

2015/16 2016/17 2017/18 2018/19 2019/20 2020/21

Value of Output ($m) 56.8 59.3 59.4 60.4 61.7 62.2

GRP ($m)

Direct 26.3 29.3 29.3 30.3 31.5 32.0

Flow on (production induced) 11.2 11.2 11.3 11.4 11.5 11.6

Flow on (consumption induced) 5.4 5.6 5.7 6.0 6.3 6.8

Total b 42.9 46.0 46.3 47.6 49.3 50.4

Employment (fte) a

Direct 145 152 155 167 170 172

Flow on (production induced) 109 109 109 110 110 111

Flow on (consumption induced) 36 37 37 39 41 45

Total b 291 298 302 315 321 327

Household Income ($m) c

Direct 10.4 10.7 10.9 11.6 12.3 13.6

Flow on (production induced) 7.7 7.7 7.7 7.8 7.9 8.0

Flow on (consumption induced) 2.3 2.4 2.4 2.6 2.7 3.0

Total b 20.4 20.7 21.1 22.0 22.9 24.6
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Table 3-2 The economic contribution of operating activity, surveyed businesses, South 
Australia, 2015/16-2020/21 

 

a Full-time equivalent jobs.  

b  Totals may not sum due to rounding. 

c Household income is a component of GSP. 

Source: EconSearch analysis 

Value of output... 

For surveyed businesses, the value of output generated directly in South Australia and the 

Adelaide Hills region was $56.8 million in 2015/16 in aggregate (Table 3-1). Output is expected 

to increase by approximately 10 per cent from $56.8 million in 2015/16 to $62.2 million in 

2020/21 (Table 3-1). 

Employment and household income... 

In 2015/16, agriculture and related activity in the Inverbrackie district by surveyed businesses 

was responsible for direct employment of around 145 full-time equivalents (fte) and flow-on 

business activities created employment of around 193 fte jobs state-wide (Table 3-2). The total 

employment contribution in the Adelaide Hills region was estimated to be 291 fte jobs (Table 

3-1) and 338 fte jobs in SA as a whole (Table 3-2). Total employment is expected to increase 

from 2015/16 estimates by approximately 10 per cent in SA and 12 per cent in the Adelaide Hills 

region by 2020/21. 

For the surveyed businesses, personal income of $10.4 million was earned in 2015/16 in the 

Inverbrackie district (wages of employees and estimated drawings by owner/operators) and 

$15.8 million in flow-on activities state-wide (Table 3-2). The total household income 

contribution in the Adelaide Hills region was estimated to be $20.4 million (Table 3-1) and $26.2 

million in SA as a whole (Table 3-2). Total contribution to household income from the surveyed 

businesses is expected to increase by approximately 16 per cent in SA and 21 per cent in the 

Adelaide Hills by 2020/21. 

2015/16 2016/17 2017/18 2018/19 2019/20 2020/21

Value of Output ($m) 56.8 59.3 59.4 60.4 61.7 62.2

GSP ($m)

Direct 26.3 29.3 29.3 30.3 31.5 32.0

Flow on (production induced) 18.7 18.6 18.7 18.7 18.7 18.7

Flow on (consumption induced) 9.9 10.1 10.3 10.7 11.2 12.1

Total b 54.9 58.0 58.3 59.7 61.4 62.8

Employment (fte) a

Direct 145 152 155 167 170 172

Flow on (production induced) 142 141 140 139 139 138

Flow on (consumption induced) 51 52 53 55 58 62

Total b 338 345 349 361 366 373

Household Income ($m) c

Direct 10.4 10.7 10.9 11.6 12.3 13.6

Flow on (production induced) 12.0 12.0 12.0 12.0 12.0 12.0

Flow on (consumption induced) 3.8 3.9 4.0 4.2 4.4 4.8

Total b 26.2 26.5 26.9 27.8 28.7 30.5
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Contribution to GSP and GRP... 

As noted above, contribution to GSP or GRP is measured as value of output less the cost of goods 

and services (including imports) used in producing the output. In 2015/16, total direct industry 

related contribution to GRP was $26.3 million for surveyed businesses (Table 3-1). The flow-on 

effects in the Adelaide Hills region summed to $16.6 million (Table 3-1) while the flow-on effects 

state wide were $28.6 million (Table 3-2). Total contribution to GSP from the surveyed 

businesses is expected to increase by approximately 14 per cent from $54.9 million to $62.8 

million by 2020/21. Likewise, total contribution to GRP for the Adelaide Hills region from the 

surveyed businesses is expected to increase by approximately 17 per cent from $42.9 million to 

$50.4 million by 2020/21. Total contribution to GSP over the six years is estimated to be $355.1 

million (Table 3-2) and total contribution to GRP (Adelaide Hills region) over the same period is 

estimated to be $282.5 million (Table 3-1). 

3.1.2 Agricultural businesses in the Inverbrackie district 

Estimates of the economic contribution in 2015/16 and 5-year projection to 2020/21 of 

agriculture and related activity in the Inverbrackie district are detailed in Table 3-3 for the 

Adelaide Hills region and Table 3-4 for South Australia as a whole. 

Table 3-3 The economic contribution of operating activity, Inverbrackie district businesses, 
Adelaide Hills region, 2015/16-2020/21 

 

a, b, c See footnotes to Table 3-1.  

Source: EconSearch analysis 

2015/16 2016/17 2017/18 2018/19 2019/20 2020/21

Value of Output ($m) 148.4 155.0 155.4 157.8 161.2 162.5

GRP ($m)

Direct 85.9 93.6 93.8 96.3 99.6 100.9

Flow on (production induced) 22.4 22.3 22.4 22.5 22.7 22.8

Flow on (consumption induced) 13.4 13.7 14.0 14.7 15.5 16.9

Total b 121.6 129.6 130.2 133.5 137.7 140.6

Employment (fte) a

Direct 380 398 406 436 443 450

Flow on (production induced) 212 210 210 209 210 210

Flow on (consumption induced) 90 92 93 98 103 112

Total b 681 700 709 743 756 772

Household Income ($m) c

Direct 27.1 27.9 28.6 30.4 32.2 35.7

Flow on (production induced) 14.8 14.8 14.8 14.9 15.0 15.1

Flow on (consumption induced) 5.9 6.0 6.1 6.5 6.9 7.5

Total b 47.7 48.6 49.5 51.8 54.0 58.3
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Table 3-4 The economic contribution of operating activity, Inverbrackie district businesses, 
South Australia, 2015/16-2020/21 

 

a, b, c See footnotes to Table 3-2.  

Source: EconSearch analysis 

Value of output... 

For agricultural businesses in the Inverbrackie district, the value of output generated directly in 

South Australia and the Adelaide Hills is estimated to be approximately $148.4 million in 

2015/16 (Table 3-3). Output is expected to increase by approximately 10 per cent from $148.4 

million in 2015/16 to $162.5 million by 2020/21 (Table 3-3). 

Employment and household income... 

In 2015/16, agriculture and related activity in the Inverbrackie district was responsible for direct 

employment of around 380 fte jobs and flow-on business activities created employment of 

around 413 fte jobs state-wide (Table 3-4). The total employment contribution in the Adelaide 

Hills region was estimated to be 681 fte jobs (Table 3-3) and 793 fte jobs in SA as a whole (Table 

3-4). Total employment is expected to increase from 2015/16 estimates by approximately 10 

per cent in SA and 12 per cent in the Adelaide Hills region by 2020/21. 

Personal income of an estimated $27.1 million was earned in 2015/16 in the Inverbrackie district 

(wages of employees and estimated drawings by owner/operators) and an estimated $33.6 

million in flow-on activities state-wide (Table 3-4). The total household income contribution in 

the Adelaide Hills region was estimated to be $47.7 million (Table 3-3) and $60.7 million in SA 

as a whole (Table 3-4). Total contribution to household income from agricultural businesses in 

the Inverbrackie district is expected to increase by approximately 16 per cent in SA and 21 per 

cent in the Adelaide Hills by 2020/21. 

2015/16 2016/17 2017/18 2018/19 2019/20 2020/21

Value of Output ($m) 148.4 155.0 155.4 157.8 161.2 162.5

GSP ($m)

Direct 85.9 93.6 93.8 96.3 99.6 100.9

Flow on (production induced) 38.9 38.7 38.8 38.7 38.8 38.8

Flow on (consumption induced) 23.9 24.4 24.9 26.0 27.2 29.5

Total b 148.7 156.7 157.4 161.0 165.6 169.1

Employment (fte) a

Direct 380 398 406 436 443 450

Flow on (production induced) 286 283 283 281 280 279

Flow on (consumption induced) 127 129 131 137 143 156

Total b 793 811 820 854 867 885

Household Income ($m) c

Direct 27.1 27.9 28.6 30.4 32.2 35.7

Flow on (production induced) 24.1 23.9 24.0 24.0 24.0 24.0

Flow on (consumption induced) 9.5 9.7 10.0 10.5 11.1 12.1

Total b 60.7 61.5 62.5 64.9 67.2 71.8
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Contribution to GSP and GRP... 

In 2015/16, total direct industry related contribution to GRP was $85.9 million (Table 3-3). The 

flow-on effects in the Adelaide Hills region summed to $35.8 million (Table 3-3) while the flow-

on effects state wide were $62.8 million (Table 3-4). Total contribution to GSP from agricultural 

businesses in the Inverbrackie district is expected to increase by approximately 14 per cent from 

$148.7 million to $169.1 million by 2020/21. Likewise, total contribution to GRP for the Adelaide 

Hills region from the surveyed businesses is expected to increase by approximately 17 per cent 

from $121.6 million to $140.6 million by 2020/21. Total contribution to GSP over the six years is 

estimated to be $958.5 million (Table 3-4) and total contribution to GRP (Adelaide Hills region) 

over the same period is estimated to be $793.2 million (Table 3-3). 

3.2 Economic Contribution of Capital Expenditure  

3.2.1 Surveyed businesses 

Estimates of the economic contribution of capital expenditure by surveyed businesses in the 

Inverbrackie district are detailed in Table 3-5 for the Adelaide Hills region and in Table 3-6 for 

South Australia as a whole. As noted for the operating impacts, the impacts at the state level 

are, as expected, greater than the sum of the regional level impacts.  

The direct impact measures the contributions made by the businesses7 that are the recipients 

of the capital expenditure. The flow-on impact measures the economic effects in other sectors 

of the economy, i.e. those supporting the primary contractors. 

Capital Expenditure... 

The aggregate value of capital expenditure across the eight surveyed businesses averaged $6.1 

million per year over the five years to 2015/16. Projections over the five years to 2020/21 are 

lower ($3.7 million per year on average), although it should be noted that respondents only 

provided estimates for capital expenditures for which they had a high level of confidence. 

                                                             

 

7  Businesses in building and other infrastructure construction and orchard/vineyard development. 
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Table 3-5 Economic contribution of capital expenditure, surveyed businesses, Adelaide Hills 
region, historical and projected 

 
a, b, c See footnotes to Table 3-1.  

Source: EconSearch analysis 

Table 3-6 Economic contribution of capital expenditure, surveyed businesses, South 
Australia, historical and projected 

 

a, b, c See footnotes to Table 3-2.  

Source: EconSearch analysis 

Avg Annual Projected Avg Annual

2011/12 -2015/16 2016/17 -2020/21

Capital Expenditure ($m) 6.1 3.7

GRP ($m)

Direct 1.3 1.0

Flow-on (production induced) 0.8 0.8

Flow-on (consumption induced) 0.3 0.2

Totalb 2.4 2.0

Employment (fte)a

Direct 16 13

Flow-on (production induced) 8 8

Flow-on (consumption induced) 1 1

Totalb 25 22

Household Income ($m) c

Direct 1.1 0.9

Flow-on (production induced) 0.6 0.5

Flow-on (consumption induced) 0.1 0.1

Totalb 1.8 1.5

Avg Annual Projected Avg Annual

2011/12 -2015/16 2016/17 -2020/21

Capital Expenditure ($m) 6.1 3.7

GSP ($m)

Direct 1.9 1.6

Flow-on (production induced) 1.4 1.3

Flow-on (consumption induced) 0.6 0.6

Totalb 3.9 3.5

Employment (fte)a

Direct 17 14

Flow-on (production induced) 11 10

Flow-on (consumption induced) 2 2

Totalb 30 26

Household Income ($m) c

Direct 1.4 1.3

Flow-on (production induced) 0.9 0.9

Flow-on (consumption induced) 0.1 0.1

Totalb 2.5 2.3
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Employment and household income... 

Average annual capital expenditure by the surveyed businesses in the Inverbrackie district over 

the five years to 2015/16 was responsible for direct employment of around 16 fte jobs and flow-

on employment of another 9 fte jobs in the Adelaide Hills region, a total of 25 fte jobs (Table 

3-5). State-wide employment impact was estimated to be 30 fte jobs (Table 3-6). Based on the 

conservative estimates of forecast capital expenditure for the years 2016/17 to 2020/21, the 

projected state-wide employment impact is estimated to be 26 fte jobs on average (Table 3-6). 

Average annual personal income of an estimated $1.8 million over the five years to 2015/16 was 

earned in the Adelaide Hills region as a result of capital expenditure by the eight survey 

businesses, $1.1 million in direct development8 activities and $0.7 million in flow-on activities 

(Table 3-5). For SA as a whole the contribution is slightly higher, the total household income 

effect estimated to be $2.5 million (Table 3-6). Based on the conservative estimates of forecast 

capital expenditure for the years 2016/17 to 2020/21, the projected state-wide household 

income impact is estimated to be $2.3 million per year (Table 3-6). 

Contribution to GSP and GRP... 

The total average annual GRP impact from capital expenditure over five years to 2015/16 was 

estimated to be $2.4 million in the Adelaide Hills region (Table 3-5) and $3.9 million in SA as a 

whole (Table 3-6). Based on the conservative estimates of forecast capital expenditure for the 

years 2016/17 to 2020/21, the projected contribution to GSP is estimated to be $3.5 million per 

year (Table 3-6). 

3.2.2 Agricultural businesses in the Inverbrackie district 

Estimates of the economic contribution of capital expenditure by businesses in the Inverbrackie 

district are detailed in Table 3-7 for the Adelaide Hills region and in Table 3-8 for South Australia 

as a whole. 

Capital Expenditure... 

The aggregate value of capital expenditure by agricultural businesses in the Inverbrackie district 

averaged an estimated $16.0 million over the five years to 2015/16. Projections over the five 

years to 2020/21 are lower ($9.7 million per year on average), although it should be noted that 

this analysis is based on data from surveyed businesses, and as discussed in Section 3.2.1, 

respondents only provided estimates for capital expenditures for which they had a high level of 

confidence. Hence projected impact estimates can be considered conservative. 

                                                             

 

8  Building and other infrastructure construction and orchard/vineyard development. 
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Table 3-7 Economic contribution of capital expenditure, Inverbrackie district businesses, 
Adelaide Hills region, historical and projected 

 

a, b, c See footnotes to Table 3-1.  

Source: EconSearch analysis 

Table 3-8 Economic contribution of capital expenditure by the Inverbrackie district 
businesses, South Australia, historical and projected 

 

a, b, c See footnotes to Table 3-2.  

Source: EconSearch analysis 

Avg Annual Projected Avg Annual

2011/12 -15/16 2016/17 -2020/21

Capital Expenditure ($m) 16.0 9.7

GRP ($m)

Direct 3.5 2.7

Flow-on (production induced) 2.1 2.0

Flow-on (consumption induced) 0.7 0.6

Totalb 6.3 5.3

Employment (fte)a

Direct 41 33

Flow-on (production induced) 22 20

Flow-on (consumption induced) 3 3

Totalb 66 57

Household Income ($m) c

Direct 2.9 2.5

Flow-on (production induced) 1.5 1.4

Flow-on (consumption induced) 0.2 0.2

Totalb 4.6 4.0

Avg Annual Projected Avg Annual

2011/12 -15/16 2016/17 -2020/21

Capital Expenditure ($m) 16.0 9.7

GSP ($m)

Direct 5.0 4.2

Flow-on (production induced) 3.7 3.3

Flow-on (consumption induced) 1.6 1.6

Totalb 10.2 9.1

Employment (fte)a

Direct 44 35

Flow-on (production induced) 28 26

Flow-on (consumption induced) 5 6

Totalb 77 67

Household Income ($m) c

Direct 3.7 3.3

Flow-on (production induced) 2.5 2.2

Flow-on (consumption induced) 0.3 0.4

Totalb 6.5 5.9
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Employment and household income... 

Average annual capital expenditure in the Inverbrackie district by agricultural businesses over 

the five years to 2015/16 was responsible for direct employment of around 41 fte jobs and flow-

on employment of another 25 fte jobs in the Adelaide Hills region, a total of 66 fte jobs (Table 

3-7). State-wide employment impact was estimated to be 77 fte jobs in total (Table 3-8). Based 

on the conservative estimates of forecast capital expenditure for the years 2016/17 to 2020/21, 

the projected state-wide employment impact is estimated to be 67 fte jobs (Table 3-8). 

Average annual personal income of an estimated $4.6 million over the five years to 2015/16 was 

earned in the Adelaide Hills region as a result of capital expenditure by agricultural businesses 

in the Inverbrackie district, $2.9 million in direct development activities and $1.7 million in flow-

on activities (Table 3-7). For SA as a whole the contribution to household income is higher, the 

total household income effect estimated to be an estimated $6.5 million per year (Table 3-8). 

Based on the conservative estimates of forecast capital expenditure for the years 2016/17 to 

2020/21, the projected state-wide household income impact is estimated to be $2.3 million per 

year (Table 3-8). 

Contribution to GSP and GRP... 

The total average annual GRP impact from capital expenditure over five years to 2015/16 was 

estimated to be $6.3 million in the Adelaide Hills region (Table 3-7) and $10.2 million in SA as a 

whole (Table 3-8). Based on the conservative estimates of forecast capital expenditure for the 

years 2016/17 to 2020/21, the projected contribution to GSP is estimated to be $3.5 million per 

year (Table 3-8). 
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Disclaimer 

The assignment is a consulting engagement as outlined in the ‘Framework for Assurance 

Engagements’, issued by the Auditing and Assurances Standards Board, Section 17. Consulting 

engagements employ an assurance practitioner’s technical skills, education, observations, 

experiences and knowledge of the consulting process. The consulting process is an analytical 

process that typically involves some combination of activities relating to: objective-setting, fact-

finding, definition of problems or opportunities, evaluation of alternatives, development of 

recommendations including actions, communication of results, and sometimes implementation 

and follow-up. 

The nature and scope of work has been determined by agreement between BDO and the Client. 

This consulting engagement does not meet the definition of an assurance engagement as 

defined in the ‘Framework for Assurance Engagements’, issued by the Auditing and Assurances 

Standards Board, Section 10. 

Except as otherwise noted in this report, we have not performed any testing on the information 

provided to confirm its completeness and accuracy. Accordingly, we do not express such an audit 

opinion and readers of the report should draw their own conclusions from the results of the 

review, based on the scope, agreed-upon procedures carried out and findings. 
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