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This report was prepared by the Water Research Laboratory (WRL) of the School of Civil and 

Environmental Engineering at UNSW Sydney following the peer-reviewed article published in the 

Journal of Geophysical Research: Earth Surface by Rau et al. (2018). This report aims to provide 

information to improve technical work submitted to, and accepted by, decision makers in support of 

development applications for aquifer interference activities (e.g. pumping groundwater, capturing 

groundwater into mine workings, undertaking surface works that alter groundwater recharge). 

 
Specific storage (Ss) is a property of both earth and water that describes how much water is 

released from storage in a pressurised (confined) aquifer for each metre decline in hydraulic head. 

 
In recent years, there have been a number of reports concerning specific storage (e.g. Evans et al., 

2015; Pells and Pells, 2015; Rau et al. 2018) that indicate the following: 

• that there are physical limits to the amount of water stored (specific storage) in confined 

aquifers; Rau et al (2018) have been able to specify an absolute maximum value of Ss of 

~1.3 x 10-5 m-1 and an absolute minimum of ~2 x 10-7 (this equates to the release of just 

0.04 to 2.64 teaspoons of water per cubic metre of aquifer per metre decline in head); 

• that some numerical modellers have been constructing models of groundwater flow using 

assumed values of specific storage that significantly exceed these physical limits. 

 
An inappropriate selection of Ss values produces seriously incorrect results in groundwater models 

when the Ss values are not within the range of physical plausibility. In this report we summarise the 

relevant body of work that leads to this significant conclusion and investigate the likely implications.  

 
Rau et al. (2018) used a new evaluation of poroelastic theory based upon the work of Wang (2000) 

and confirmed this evaluation, using new cross-hole seismic measurements of actual elastic moduli 

and measurements of barometric efficiency. The article concludes that groundwater flow models 

developed using values of Ss outside the aforementioned physical limits leads to an incorrect 

representation of groundwater flow processes that in turn significantly underestimate both leakage 

between surface and groundwater and the interconnectivity between aquifer units.   

 
When a groundwater model has been calibrated to observed groundwater levels and has used Ss 

values that are too large, an inevitable consequence is that vertical leakage and/or interconnectivity 

to the surface (i.e. groundwater recharge) has been ignored. For example, if a cubic metre of 

aquifer can only produce 0.2 teaspoons per metre decline in head but the modeller has assumed 

203 teaspoons (one litre), then the extra water required to close the mass balance has been 

unaccounted for. This misrepresentation of groundwater processes leads to inaccurate prediction of 

groundwater response to changes in recharge or abstraction as will occur due to mining or CSG 

projects. During times of drought, these models may then significantly underpredict the magnitude 

and extent of drawdown and the volume of water lost from connected water sources. 
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Over the last six-years, WRL has reviewed many models of groundwater flow constructed at the 

request of the NSW Government. These models had been constructed to support the assessment 

and management of State Significant Development (SSD) projects that interfere with aquifer water 

balances. The majority had been constructed assuming that Ss is greater than 1.3 x 10-5 m-1 in one 

or more layers of the model. In several cases values of Ss had been used which were as much as 

100 to 1000 times too high. In these cases, the groundwater model is not able to replicate realistic 

conditions.  

 

Rau et al. (2018) reminds practitioners of fundamentally important concepts in relation to 

groundwater, confined aquifers, specific storage and predictions of drawdown from aquifer 

interference activity. These include: 

• the constraints on values of specific storage imposed by poroelastic theory; and 

• the dangers of adopting literature values of specific storage from other sites or models 

without thoroughly considering the simplifications (heuristics) of those studies. 

 

Rau et al. (2018) provided their reminder by contrasting in-situ (field) measurements of Ss that they 

obtained from barometric and earth-tide analyses of water level data collected on the NSW 

Liverpool Plains near Breeza (Acworth et al., 2017) to the limits imposed by poroelastic theory 

(Wang, 2000), and to values that were adopted in two nearby models of groundwater flow by Price 

and Bellis (2012) and McNeilage (2006). They also presented a nomogram that can be used to 

calculate the bias in a prediction of groundwater drawdown at an observation well some distance 

from a pumping well when the value of Ss had been incorrectly estimated. This is a very useful 

diagnostic tool, particularly for some large regional models that historically use only one value of 

hydraulic conductivity (K) and Ss irrespective of the local hydrogeological conditions. 

 

This report’s primary objective is to re-emphasise the advice of Rau et al. (2018), Evans et al. 

(2015), Pells and Pells (2015) and earlier authors that:  

1. Poroelastic theory constrains the physical values of specific storage to the quite small range 

of ~2 x 10-7 to ~1.3 x 10-5 m-1 (in contrast to the wide range of uncertainty in choice of 

values for hydraulic conductivity of three orders of magnitude or more, e.g. Neuzil, 1994); 

2. Model predictions of drawdown and drawdown extent are very sensitive to the values of Ss 

that are adopted for modelling the impacts of transient aquifer interference activities;  

3. Modellers who attempt to predict the impacts of an aquifer interference activity on 

groundwater drawdown in a confined aquifer at nearby water receptors using values of Ss 

outside these bounds are not correct; and 



   

 

4. Drawdown from groundwater extractions in confined aquifers ‘radiate’ out into confined 

aquifers over several to tens of kilometres more rapidly if correct values of Ss are used. 

 

In this report, we achieve this objective by first reviewing groundwater flow theory. We then present 

hypothetical examples of aquifer interferences similar to those presented in the drawdown 

nomogram provided by Rau et al. (2018) but reframed into the more classical time and distance 

groundwater drawdown cross-section format familiar to most people working with groundwater. This 

re-contextualisation aims to enable easier and clearer interpretation of the modelling results to 

highlight the importance of proper modelling of Ss. 

 

The examples chosen for this report are two hypothetical aquifer systems; a 75 m deep hard rock 

aquifer (Model 1) and a 45 m deep alluvial aquifer (Model 2), both of which are overlain by a 30 m 

clay aquitard with a water table at ground surface and no other sources of pumping. For both 

systems, we simulated values of K equivalent to both fractured hard rock (i.e. K < 3.47 x 10-6 ms-1 or 

0.3 m/d) and alluvium (i.e. K > 1.16 x 10-6 ms-1 or 0.1 m/d) and applied groundwater abstractions to 

a one (1) metre diameter pumping well lasting for periods ranging from 5 to 30 years and steady 

abstraction rates ranging from 3.94 to 8.68 x 10-3 m3s-1 (0.34 to 0.75 ML/d). It should be noted that 

these abstraction rates are similar to the groundwater capture rates of some small operational 

mines as well as some irrigation pumping wells, however, very few irrigation pumping wells take 

water at a constant flow rate over such periods of time. 

 

All simulations were performed using the software package RADFLOW (Rushton and Redshaw, 

1979), a finite difference numerical model for solving the horizontal radial time-varying flow equation 

in a confined, semi-confined or unconfined aquifer. The outputs of the simulations clearly show that 

for confined aquifers, drawdown predictions are highly sensitive to the adopted Ss value in the 

model and that models based on very large values of Ss, outside the bounds of poroelastic theory, 

considerably under predict drawdown. 

 

This report is structured as follows: 

• Section 2: Groundwater modelling - defines groundwater modelling, introduces the 

groundwater flow equation and discusses the importance of specific storage in groundwater 

modelling practice. 

• Section 3: Methodology - describes the methodology used in this report to prepare 

predictions of drawdown to highlight the sensitivity of model predictions to specific storage. 

• Section 4: Results - presents the drawdown predictions obtained by solving the 

groundwater flow equation as described in the methodology section. 

• Section 5: Discussion - discusses the results and implications of the modelling exercise. 

• Section 6: Conclusions – provides a summary of findings and concluding remarks. 



   

 

 

 

Hydrogeological models are tools built in software packages (e.g. MODFLOW, FEFLOW etc.) that 

apply mathematical codes to solve the equations of groundwater flow. Some hydrogeological 

models can also solve the surface water flow equation at the same time (e.g. ComSOL, 

HydroGeoSphere, and Mike-SHE). The latter is leading practice and enables surface water – 

groundwater interactions to be more thoroughly understood.  

 

Models are not magic boxes that accurately predict the future. Models are built by people. Modelers 

frequently work with limited observation data, and their work is often constrained by resources of 

both time and money. Therefore, modelers must employ simplifications to simulate complex 

realities. Reports describing models should discuss, explore and examine the consequences of the 

simplification hypotheses adopted. Decisions based on modelling predictions can become 

dangerously unreliable when we forget that (Taleb, 2012). 

 

 

In modelling practice, it is important to first contextualise the action, or more accurately the 

sequence of actions, that numerical modelling consists of. Modelling is a verb. It is an activity 

undertaken by people. It first begins with the critical analysis and understanding of a finite amount of 

field observation data, followed by the simplification and loading of this information into a software 

package. Critical assessment of the input data within the numerical model is key and heavily relies 

on a sound understanding of the ‘real world’ and relevant physical processes which are aimed to be 

reproduced in the numerical model. 

 

Only after this critical assessment of available data and numerical input parameters can the ‘run’ 

button be pressed to solve the groundwater (and/or surface water) flow equation. Modelling reports 

must always include a presentation of the model limitations (simplifications and assumptions), a 

clear summary of the results and, given the model limitations, a discussion of how these results 

might be utilised in the context of the modelling objectives. 

 



   

 

 

Specific storage (Ss) is a property of both earth and water that describes how much water is 

released from storage in a pressurised (confined) aquifer for each metre decline in hydraulic head.  

Rau et al (2018) have been able to specify an absolute maximum value of Ss of ~1.3 x 10-5 m-1 and 

an absolute minimum of ~2 x 10-7 m-1. These values equate to the release of just 0.04 to 2.64 

teaspoons of water per cubic metre of aquifer per metre decline in head.  

 

Ss has a significant influence on how quickly groundwater levels fall in response to groundwater 

abstraction and how quickly groundwater levels rise in response to recharge, or the cessation of 

groundwater abstraction. Similarly, Ss also significantly influences how quickly a pressure 

disturbance (e.g. groundwater drawdown) propagates away from an aquifer interference activity 

(e.g. pumping / injection well, mine) to a more distant groundwater user, surface water body or 

groundwater fed ecosystem. 

 

 

The distribution of groundwater pressure (also called piezometric or hydraulic head) throughout a 

confined aquifer can be calculated from the solution to the groundwater flow equation. The three-

dimensional form of the groundwater flow equation can be represented as: 

 

∇(𝐾∇ℎ) =
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𝑑𝑡
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Where: 

• ∇ is the Laplace operator which acts on K and h in the x, y and z directions; 

• K is the hydraulic conductivity of the earth to a fluid. It may help to think of K as a 

conductance term that describes how easily water can move through the ground because 

of the size and connectedness of the water filled pore spaces in the earth; 

• h is the piezometric (hydraulic) head (or pressure) at a location; 

• t is time; 

• Ss is the specific storage as defined in Section 2.3; 

• R is the combination of all sources of groundwater recharge into the aquifer; and 

• D is the combination of all sources of groundwater discharge out of the aquifer. 

 

It may be helpful to think of the above equation as an electrical (or water) circuit in which case: 

• h is the distribution of voltage (water pressure) in the circuit; 



   

 

• K is a resistor to current flow (the lower the value of K the harder it is for fluid to move);  

• Ss is a capacitor that temporarily stores or releases charge (water); 

• R is a battery that supplies current (recharge, leakage) to the circuit; and 

• D is a device that draws current (water) out of the circuit. 

 

 

When conducting field investigations to support groundwater impact assessment practice, some 

practitioners will often assert that hydraulic conductivity (K) is the most important earth parameter 

that needs to be understood to make predictions of future impact to groundwater resources. Some 

practitioners may also present numerical model calibration sensitivity test results to show that the 

calibration model is more sensitive to the choice of hydraulic conductivity (K) than the specific 

storage (Ss). In some cases, these observations may be further extrapolated to a conclusion that 

the impacts of some aquifer interference activity (e.g. pumping or interception of seepage) are not 

sensitive to the Ss parameter and, therefore, the value(s) of Ss assumed for modelling are 

appropriate and/or have no bearing on the validity of the model predictions. 

 

However, as can been seen from Equation 1 for transient groundwater disturbance, when 

groundwater pressures (hydraulic heads) are changing (dh/dt > 0), both K and Ss have weight in 

the equation for confined groundwater flow. Consequently, for the scenarios described above, the 

drawdown predictions of a model must exhibit some sensitivity to the adopted value of Ss. 

 

Therefore, simplified statements and conclusions about the sensitivity of specific model parameters 

must be avoided and discussed in the context of time, the nature of the relevant aquifer interference 

activity, the model objectives, and the numerical model limitations. Some common limitations of 

numerical models that lead to incorrect conclusions about model sensitivity include insufficient 

observation data to support transient calibration (e.g. observations made at quasi steady state) or 

the model time-step or grid resolution being too large.  

 

 

It is important to observe that, irrespective of geology, values of specific storage (Ss) are 

constrained between approximately 2 x 10-7 and 1.3 x 10-5 m-1; a range of just two orders of 

magnitude. In contrast, hydraulic conductivity (K) typically varies over seven (7) orders of magnitude 

(between 1x10-10 to 1 x 10-3 ms-1) for common geological materials or about three (3) orders of 

magnitude for similar lithology (e.g. for clays and shales see Neuzil, 1994). 

 



   

 

Consequently, a transient model calibration based on realistic estimates of Ss and observations of 

changes in hydraulic head and/or gradient in response to observations of changes in recharge and 

discharge through time will yield more realistic estimates of the possible ranges of all parameters 

(refer equation 1). In some circumstances this may be particularly helpful for constraining values of 

hydraulic conductivity within their broad range of possible values.  

 

 

The discussion above highlights that initial, reliable estimation of specific storage during model 

calibration can help constrain the estimates of all model parameters including hydraulic conductivity, 

recharge and discharge to yield more accurate model predictions. 

 

Therefore, when conducting modelling investigations to characterise a confined groundwater 

system subject to a transient disturbance (and this describes nearly all anthropogenic activities) the 

following design considerations are important: 

1. Observations of groundwater levels and hydraulic gradients should be collected in the field at 

a range of locations and depths for a range of recharge and discharge conditions (i.e. 

groundwater levels and gradients during pumping and non-pumping periods); 

2. Initial estimates of groundwater recharge, discharge and baseflow should be developed from 

analyses of the available groundwater level and water quality monitoring data; 

3. Initial estimates of specific storage should be consistent with poroelastic theory; 

4. Initial estimates of hydraulic conductivity should be consistent with literature values and/or the 

results of interpretations of hydraulic tests (pumping tests, packer tests etc); and 

5. The calibration objective function should penalise solutions that achieve calibration using 

unrealistic values of specific storage, recharge, discharge, hydraulic conductivity and 

hydraulic gradients (in contrast to penalising solutions based only on deviations from 

baseflow and/or hydraulic head observations); commonly available and free model 

independent calibration optimisation software such as PEST (Doherty, 2015) provides this 

functionality.  

 

Wherever field investigation and data analysis are limited, or a system is simplified in a model, there 

will be some uncertainty in the understanding of the groundwater system. In such cases multiple 

conceptual and numerical models are typically required to estimate all types of impact. Alternatively, 

the project modellers may be asked to estimate the conditions, if any, that might give rise to 



   

 

particular undesirable impacts. Subsequently, field investigations could then be undertaken to 

establish whether these impacts are possible or impossible. 

 

 

When it is observed that a model calibration of a confined aquifer is not sensitive to the chosen 

value(s) of specific storage and/or the values of specific storage are not documented, or the values 

of specific storage are very large, the following checks need to be performed prior to concluding that 

the model predictions are fit for purpose: 

1. The modelled specific storage value(s) are within the bounds of poroelastic theory; 

2. The aquifer interference activity is capturing groundwater at a steady (or quasi-steady) rate - 

very few anthropogenic activities capture groundwater at a steady rate; 

3. The objective of the modelling exercise is to understand the steady-state impact of the 

aquifer interference activity and not the time taken for some problematic impact to occur; 

4. The values of hydraulic conductivity, groundwater recharge and groundwater discharge 

utilised for modelling are well-substantiated by fundamental hydrogeological analyses of 

field observation data (e.g. the K and Ss values adopted for modelling are consistent with 

the interpretations made from aquifer pumping tests by hydrogeologists); 

5. There is observation data from a transient aquifer interference activity at a suitable time-step 

to enable a transient model calibration, e.g. if the only observations of groundwater 

pressure utilised in model calibration are from a groundwater system in quasi-equilibrium 

with climate then there may be little point conducting a transient calibration; 

6. The calibration model is run at a time-step that is commensurate with the observations of 

changing groundwater pressures in response to some change in groundwater recharge or 

discharge, e.g. if rainfall or an aquifer pumping test causes a groundwater pressure 

disturbance lasting a few days or weeks there is little point conducting a transient calibration 

using a model that runs at six-monthly or even monthly time-steps); and 

7. No part of the real groundwater system remains confined (pressurised) as opposed to the 

modelled groundwater system, which may be simplified to an unconfined or single water 

table aquifer by the modeller, e.g. to maximise the drawdown predictions local to the 

development (but minimises the drawdown predictions in the confined aquifer over greater 

distance). 

 

If all the above checks have been performed, and appropriate corrections made, but the value of 

specific storage estimated from pumping test analysis or numerical modelling is still very large and 

outside the bounds of poroelastic theory, then any modelling results should be treated with caution. 



   

 

In such cases, land subsidence should be considered as a possible water release mechanism. 

Appropriate simulation of land subsidence is discussed in Section 2.9. 

 

 

During land subsidence, clays and silts are squeezed by the weight of the overlying ground to 

reduce total porosity, thereby releasing otherwise immobile water. During this process the specific 

storage of the aquifer is irreversibly decreased.  

 

When land subsidence does occur in response to groundwater capture in a confined aquifer, 

drawdown should be predicted using specialist modelling codes that incorporate an additional 

storage term to release immobile water at the appropriate times. If the specific storage value in a 

groundwater model (which represents mobile water) is artificially increased in an attempt to simulate 

this process, then the predictions from that model (water table and drawdown) will not be accurate. 

Land subsidence does not increase specific storage; it irreversibly decreases it. 



   

 

 

For the purpose of this study, the authors simulated groundwater flow for two (2) hypothetical 

confined groundwater systems (Section 3.1) to which various hydraulic properties (Section 3.2) and 

simplifying assumptions (Section 3.3) were applied. Section 3.4 describes the model limitations. 

 

To highlight the sensitivity of predicted groundwater pressure declines (drawdown) to the specific 

storage (Ss) parameter, the models were run for a range of Ss values both within (~2 x 10-7 m-1 to 

~1 x 10-5 m-1) and outside (> 1 x 10-5 m-1) the bounds of poroelastic theory. The outputs from the 

modelling exercise have been presented in the classical drawdown-time and drawdown-distance 

cross-section format as described in Section 4. Simulation of groundwater flow was achieved with 

the numerical modelling software, RADFLOW, which is described in Section 3.5. 

 

 

Two (2) different conceptual groundwater systems were considered for this demonstration study. 

Both groundwater systems were confined, 20 km in radius, and overlain by a 30 m thick aquitard to 

ground surface with a one (1) metre diameter pumping well placed at the centre of the aquifer. The 

differences between the two systems were: 

• System 1: A 75 m thick (30 m to 105 m deep) rock aquifer (Figure 2); and  

• System 2: A 45 m thick (30 m to 75m deep) sedimentary aquifer (Figure 2)  

 

 

Figure 1. Conceptualised subsurface geometry for Model 1 (Rock Aquifer)  
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Figure 2. Conceptualised subsurface geometry for Model 2 (Alluvial Aquifer) 

 

 

In the absence of field investigations and data analysis reports of these two hypothetical 

groundwater systems, and in the interests of expediency, the authors of this report decided to 

simulate groundwater flow in the two systems with: 

• spatially homogenous and temporally invariable values of aquifer thickness; 

• constant aquitard thickness; 

• constant initial water table depth; 

• uniform hydraulic conductivity; and 

• uniform specific storage. 

 

In reality, all of these parameters would vary through space and some may even vary through time. 

Therefore, to understand the predictive uncertainty arising from the simplifying assumptions, 

multiple conceptual models with different parameter values were considered for modelling as 

summarised in Table 1 and Table 2. 

 
For each of these scenarios, we simulated a range of different pumping rates at the hypothetical 

one (1) metre diameter groundwater pumping well that was situated at the centre of the model and 

completed to the very bottom of the aquifer. Two pumping scenarios were simulated; one for a 

duration of five (5) years, and another for a duration of thirty (30) years, with a forty (40) year period 

of recovery. The pumping rate for each scenario was chosen to maintain confined conditions in the 

aquifer. To avoid producing an over-whelming number of plots to satisfy the study objectives, 

drawdown predictions in this report are presented for Models 1D and 2B only for the pumping rates 

in Table 3. 
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Table 1:  Conceptualised properties for Model 1 (Rock Aquifer) 

Conceptual 
Model  

Aquifer 
Thickness 

(m) 

Aquitard 
Thickness 

(m) 

Initial Water 
Table 

Depth (m) 

K 
(md-1) 

K 
(ms-1) 

Ss* 
(m-1) 

A 75 30 0 0.001 1.2e-08 2e-7; 
5e-7; 
1e-6; 
5e-6; 
1e-5; 
5e-5; 
1e-4; 
5e-4; 

B 75 30 0 0.01 1.2e-07 

C 75 30 0 0.1 1.2e-06 

D 75 30 0 0.3 3.5e-06 

*Note: Multiple model scenarios for each conceptual model for all listed values of Ss  

 

Table 2. Conceptualised hydraulic properties for Model 2 (Alluvial Aquifer) 

Conceptual 
Model  

Aquifer 
Thickness 

(m) 

Aquitard 
Thickness 

(m) 

Initial Water 
Table Depth 

(m) 

K  
(md-1) 

K 
(ms-1) 

Ss* 
(m-1) 

A 45 30 0 0.1 1.2e-06 2e-7; 
5e-7; 
1e-6; 
5e-6; 
1e-5; 
5e-5; 
1e-4; 
5e-4; 
1e-3; 
5e-3. 

B 45 30 0 1 1.2e-05 

C 45 30 0 5 5.8e-05 

D 45 30 0 10 1.2e-04 

E 45 30 0 20 2.3e-04 

*Note: Multiple model scenarios for each conceptual model for all listed values of Ss  

 

Table 3. Dewatering Scenarios for Model 1 and 2 

Aquifer 
Model 

Conceptual 
Model 

Pumping 
Scenario 

Duration 
(Years) 

Pumping 
Rate  

(MLd-1) 

1 D i 5 0.40 

1 D ii 30 0.34 

2 B i 5 0.75 

2 B ii 30 0.64 

 

More complicated representations with multi-kilometre wide mining voids and seepage boundary 

conditions could have been attempted as part of this study, however, the mathematics of near-field 

groundwater flow conditions about mine pits is complicated, challenging to characterise and is 

usually simplified to provide predictions of impact. In many groundwater impact assessments, the 

simplifying assumptions are often debated by groundwater modellers and are shown to have 

substantial influence on the predictions of groundwater impact. Consequently, this report aimed to 

highlight the sensitivity of model predictions to specific storage under the more controlled and well-

defined conditions of pumping groundwater from a much smaller diameter well. 



   

 

 

For all of these aquifer systems: 

• The initial pressure level in the confined aquifer prior to groundwater pumping was set at 

ground surface (i.e. a sub-artesian, confined groundwater system);  

• A constant head boundary condition was applied at a distance of 20 km; 

• No recharge (leakage) through the aquitard into the aquifer was allowed; and 

• Groundwater pumping rates were restricted to prevent the aquifer from becoming 

unconfined in the vicinity of the pumping well. 

 

This representation approximates the conditions that might exist in a carefully managed 

groundwater system at the beginning of a drought. We define “carefully managed” as a system in 

which the groundwater reservoir is kept full of groundwater, and groundwater discharge at all 

locations (both natural and pumped) equals average recharge (i.e. a system is in quasi equilibrium 

with average climate). Thus, the aquifer interference activity described in Section 3.2 commences at 

the beginning of a drought, which is an appropriate condition to assess the impacts of a 

development on the long-term viability of surrounding water assets and ecosystems. 

 

A further simplifying assumption made for this study, is that groundwater pumping at the pumping 

well is assumed to occur at a constant rate, 24 hours a day, 365 days a year. 

 

Implicitly in these scenarios, we also assume that all groundwater users and ecosystems in the 

20 km around the new aquifer interference activity stop using groundwater in the aquifer as soon as 

the drought starts (other than what might leak out of the aquitard). The authors are aware that is a 

very unrealistic assumption, since irrigators and downgradient ecosystems need to pump 

substantial groundwater during drought. However, this assumption allows the resultant model 

predictions to isolate, without any confusion, the impact of the simulated aquifer interference activity 

on the surrounding hypothetical groundwater systems for each scenario (assuming the aquifer 

remains confined). 

 

In this hypothetical model, in addition to ignoring aquitard leakage, we also assume that the aquifer 

and aquitard are homogenous with no variability in properties either through space or time. While 

this is not of concern to this hypothetical study, which seeks to highlight the sensitivity of model 

predictions to specific storage, it is a very important consideration in models of large aquifer 

interference activities (e.g. mines) in real groundwater systems. In all real aquifers and aquitards, 

the parameters listed in Table 1 and Table 2 vary significantly through space and sometimes also 

significantly through time (e.g. ground subsidence which activates old rock defects and creates new 

fractures to increase hydraulic conductivity and porosity). 



   

 

 

Other than the limitations imposed by solving the groundwater flow equation in software (which is a 

general limitation of practice), the principal limitation of the model predictions presented in this 

report is that leakage from adjacent aquifers and aquitards is not explicitly simulated or assessed. 

The authors carefully considered whether to include or exclude this leakage in the model 

predictions as it does change the outcome of the simulation. Ultimately, leakage was ignored. 

 

Our rationale for this heuristic (intentional simplifying) assumption was to: 

1. Provide a conservative prediction of the water level impact in the pumped aquifer (i.e. 

slightly over-predict the impacts of the development on the main water supply aquifer). 

2. Copy practitioners who set the hydraulic conductivity of aquitards and the recharge applied 

into or across aquitards as very low without field monitoring evidence. This effectively 

prevents water from leaking from adjacent aquifers or water sources into the main aquifer.  

3. Remind practicing hydrogeologists and groundwater modellers who believe that some 

stakeholders may find the practices described above to be unrealistic, that they need to 

advise their clients during the design stages of a hydrogeological assessment to: 

a. install wells into the aquitards and aquifers above and below the pumped aquifer, 

b. monitor these wells during aquifer testing for a sufficient period of time, and 

c. when subsequently interpreting the data-set to use leaky aquitard and/or aquifer 

test interpretation models, to interpret both the: 

i.  horizontal hydraulic conductivity and specific storage of the aquifer; and 

ii. vertical hydraulic conductivity and storage of the aquitards. 

4. Highlight that, since our model does not reliably simulate the drawdown that will occur in the 

non-pumped aquitards and aquifers, our model does not reliably predict the localised water 

losses that will occur from any rivers and lakes resting above the aquitard or from 

groundwater systems below the main aquifer. Consequently, our model is not suitable for 

quantifying the drawdown that does occur at groundwater dependent ecosystems or cultural 

assets resting on the aquitard and, therefore, for assessing the localised hydro-ecological 

impacts of the development in a quantitative framework. 

 

An additional limitation of the model described in this report, relates to the pumping rate 

assumptions. For example, if the same amount of water is pumped, but this water is extracted at a 

much faster rate for a shorter duration of time, such as would occur during a drought, the drawdown 

effects experienced by nearby water users may be under-predicted. Similarly, the actual drawdown 

effects experienced by users at times of drought will be significantly greater than predicted in this 



   

 

model due to the interaction between the proposed aquifer interference activity as assessed and 

other existing water users. 

 

None of the above limitations interfere with the objective of this study which is to highlight the 

relevance and importance of the specific storage values adopted for modelling.  

 

 

In preparing the numerical model scenario outputs for this report, the equation of groundwater flow 

was solved for a confined aquifer with the simplifying assumption of radial homogeneity. While 

these calculations could have been performed equally well using analytical equations reported in 

any groundwater textbook, we utilised the free software RADFLOW; first developed by Dr K. R. 

Rushton from the University of Birmingham (Rushton and Radshaw, 1979). 

 

The version of RADFLOW utilised for our study was provided by Dr R. I. Acworth, Emeritus 

Professor, Connected Waters Initiative Research Centre, UNSW Sydney. The software is described 

in more detail by Acworth (2019).   

 

RADFLOW main inputs and data entry units are presented in Table 1. 

 

Table 4. RADFLOW Input Parameters 

Input Unit 

Hydraulic Conductivity (K) m/day 

Storativity (S)*  m-3 m-3 m-1  * b (m) 

Well Diameter  mm  

Outer Radius  m  

Depth to top of Aquifer   m  

Depth to base of Aquifer   m  

Depth to Water Level   m  

Recharge   mm/day  

Boundary Condition (Constant Head or No Flow)    N/A 

Observation nodes: 1, 2, 3, 4  m  

Pumping Rate   m3/day  

Duration of Pumping   days  

*Storativity (S) is the product of specific storage (Ss) and aquifer thickness (b). 



   

 

 

The results of the RADFLOW modelling exercise for Models 1D and 2B, pumping scenarios (i) and 

(ii), are presented in Figure 3 to Figure 6 over the following four pages. The presentation format for 

the results is the classical drawdown-time and drawdown-distance cross-section plots familiar to 

most people who work with groundwater.  

 

The following description is provided to aid with the interpretation of the figures: 

• The upper four panels of each figure present the drawdown-time plots at distances of 1.3 

km, 3.9 km, 6.5 km, and 11.9 km from the centre of the pumping well. These panels show 

how the groundwater level is predicted to change at each observation location through time 

in response to pumping at the central well: 

o The left vertical axis reports the magnitude of the predicted groundwater drawdown; 

o The right vertical axis reports the ratio between drawdown and the pumping rate; 

o Time is shown on the horizontal axis; and 

o Annotations at the top of the figure report the pumping rate at a particular time. 

• The lower panel of each figure presents the drawdown-distance cross-section plot at the 

end of the simulation period. This panel shows the residual drawdown at the end of the 

numerical model simulation.  

• Cool colours on these plots represent predictions of drawdown based on values of specific 

storage consistent with poroelastic theory (2 x 10-7 m-1 to 1 x 10-5 m-1); 

• Warm colours are associated with Ss values above this limit (5 x 10-5 m-1 to 5 x 10-3 m-1).  

 

When reviewing these figures, it is important to recall that models using values of specific storage 

above the limit of poroelastic theory (warm colours) should not be accepted unless accompanied by 

comprehensive documentation and analysis of the physical realities and the model limitations. 

 

In particular, it is very important to note that when specific storage is simulated with unrealistic 

values (values larger than the limits of poroelastic theory) then leakage is implied, and the sources 

and volumes of water have not been clearly identified. In Australia in the state of New South Wales 

(NSW), The Aquifer Interference Policy 2012 which is “NSW Government policy for the licensing 

and assessment of aquifer interference activities” requires estimates of “all quantities of water taken 

from any water source during and following cessation of the activity and all predicted impacts 

associated with the activity”.    



   

 

 

Figure 3. Drawdown predictions for Model 1D (i), K=0.3 m.d-1, Q=0.4 ML.d-1 for 5 years 



   

 

 

Figure 4. Drawdown predictions for Model 2B (i), K=1.0 m.d-1, Q=0.75 ML.d-1 for 5 years 



   

 

 

Figure 5. Drawdown predictions for Model 1D (ii), K=0.3 m.d-1, Q=0.34 ML.d-1 for 30 years 



   

 

 

Figure 6. Drawdown predictions for Model 2B (ii), K=1.0 m.d-1, Q=0.64 ML.d-1 for 30 years 



   

 

 

 

In the context of confined aquifers, the model results highlight that: 

1. Drawdown predictions are very sensitive to the values of Ss adopted in models; 

2. The drawdown impacts from the relatively small aquifer interference activities described in 

this report (e.g. a single irrigation bore) ‘radiate’ out into the confined aquifer over several to 

tens of kilometres very quickly; 

3. Models with very large (and physically impossible) values of Ss predict negligible drawdown 

and take much longer to respond to aquifer interference (see warm colours on figures); 

4. Peak drawdown impacts at distant groundwater and surface water receptors lag peak 

groundwater abstraction rates at the aquifer interference activity by months to many years 

depending on the modelled value of Ss (aquifers with small values respond very quickly); 

 

 

As discussed in Section 2.6 and 2.7, the use of specific storage values in models in the range of 

poroelastic theory (two orders of magnitude) will significantly constrain the range of all other model 

parameters estimated during model calibration. If further clarification of specific storage is required, 

it can be readily obtained from analyses of field data. 

 

Specific storage can be estimated by many methods, including analysis of geotechnical and/or 

aquifer pumping test data. However, application of these methods has a number of limitations: 

1. Extreme care must be taken during data analysis not to over simplify the mechanics, 

geology and hydrogeology of the system or incorrect estimates of K and Ss will result; and 

2. While these data analyses are relatively cheap to deploy in the context of the total revenue 

created by primary production, the upfront costs of obtaining drill core and/or constructing 

pumping wells and observation bores (e.g. > $200,000) may be a barrier for some projects.  

 

To help overcome some of these limitations of practice, Acworth et al. (2017) and Rau et al. (2018) 

have recently demonstrated that specific storage can be reliably estimated by alternative methods 

which make use of estimates of porosity and/or seismic velocities and the information from 

barometric pressure and earth-tide signals encoded into high frequency groundwater level 



   

 

observation data. In some circumstances, where reliable prediction of groundwater impacts is 

important, these methods may significantly reduce the cost of estimating specific storage.  

 

 

For the groundwater drawdown scenarios presented in this report, the pumping well diameter is 

small and the borehole fills reasonably quickly following the stopping of pumping, except when the 

value for specific storage is simulated unrealistically high. This is a very different situation to a large 

open cut mine pit or an underground void. 

 

In these larger systems, groundwater does not immediately stop flowing into mine voids (or a 

depressurised aquifer) when mining (or dewatering) activity ceases. Groundwater will continue 

seeping into the void spaces (or depressurised regions) for many decades (or even centuries) until 

the final void or backfilled void space is fully saturated by water. In the case of terminal pit-lakes in 

which groundwater seepage is evaporated and/or transpired, or under-ground mines with a 

discharge point, groundwater will be lost from the surrounding aquifers in perpetuity. Discharges of 

this nature permanently change the hydrogeology and hydrology of the area around the mine.  

 

Therefore, compared to the landholder pumping and groundwater drawdown scenarios presented in 

this report, large mines and coal seam gas activities may intercept significantly larger volumes of 

groundwater (and/or gas) and cause much more groundwater drawdown for substantially longer 

periods of time. Consequently, when assessing the impacts on groundwater and connected surface 

water resources for large mining and coal seam gas development it is important for the purpose of 

avoiding social, ecological and economic externalities that (refer Section 2.6 and 2.7): 

1. Hydrogeologists undertake field work and data analyses to constrain estimates of all model 

inputs through time and space (including Ss); 

2. Modellers make objective use of all estimated model inputs in the calibration of their 

predictive models (including Ss); and 

3. Modellers accurately calculate the void and pore space left behind by the mining operation 

and do not ‘turn off’ the model’s seepage face boundary condition that extracts water from 

the model until such time as the void space has been completely filled with groundwater, if 

this ever does occur. 

 

For open cut mines, the time to turn off the seepage boundary conditions must be determined 

through iteration with the aid of a surface water balance model that takes into account both the 

rainfall, runoff and groundwater flow into the void and the resultant evapotranspiration and 



   

 

groundwater outflows. Consequently, information must be exchanged between the groundwater and 

surface water models either manually or automatically.  

 

Furthermore, given that the value of mineral resources and labour vary through time, it is 

precautionary to assess all mining projects for the groundwater impacts of multiple closure 

scenarios to accommodate all possible future economic scenarios, e.g. mine voids backfilled, 

partially backfilled and mine voids not backfilled. 

 

 

For confined aquifers, the figures presented in this report highlight that groundwater wells pumping 

water at reasonably small rates of up to 8.68 x 10-3 m3s-1 (0.75 ML/d) can quickly cause significant 

(more than minimal) groundwater depressurisation impacts at water assets up to about ten (10) 

kilometres away. 

 

For example, for the scenarios shown in Figure 3 and Figure 4 drawdown impact is observed 

1.3 km from the pumping well within just weeks of pumping activity. Similarly, for sustained pumping 

(Figures 5 and 6), the simulation results show that the maximum drawdown impact 11.9 km from 

the pumping well varies between six (6) months to thirty (30) years after start of interference 

activities, depending on the assumed value of specific storage. In the case of models assuming 

very high (unrealistic) values of specific storage (warm colours), it can also be seen that these 

models fail to predict the amount of drawdown that does occur. 

 

These observations highlight some important implications for the management of groundwater 

systems that are confined for the pre-development scenario: 

1. The lateral boundaries of predictive models may need to be established tens of kilometres 

away from the source of aquifer interference to avoid boundary condition effects; and 

2. Where groundwater monitoring is undertaken for the purposes of detecting and managing 

groundwater impacts, any control (reference) site to be used as an indicator of background 

water table fluctuations may need to be located much more than ten kilometres away from 

the aquifer interference activity being assessed otherwise it may respond in concert with the 

impacts of the aquifer interference activity and may fail to trigger adaptive management. 

 

From the equations and model scenarios presented in this report, it can also be appreciated that 

groundwater levels change because of a change in flux. Positive fluxes include groundwater 

recharge from rainfall, floods, lakes / wetlands, and rivers / creeks / streams. During drought, these 

positive fluxes are decreased. Negative fluxes include groundwater pumping and natural 



   

 

groundwater discharges such as evapotranspiration and baseflow to surface water bodies. During 

drought the latter may decrease, while the former may increase. Consequently, it must be 

appreciated that groundwater levels fall not only because of the absence of rainfall (i.e. drought) but 

because of a net change in flux. 

 

These are important concepts that must be factored into groundwater management plans of aquifer 

interference activities. For example, when developing monitoring, management and trigger 

response plans for timely adaptive management practice (refer equation 1): 

1. It is not acceptable to assume that an activity is having minimal groundwater impact simply 

because rainfall is below average (i.e. a cumulative rainfall deficit and a groundwater 

hydrograph plot both show downwards trends); 

2. It is important to consider that impacts will only be detected in a timely manner if the focus 

of monitoring and analyses are on detecting changes in the rate of groundwater level 

decline while accounting for both changes in recharge and discharge; and 

3. It is important to realise that a model cannot be used as a tool to identify the presence of an 

aquifer interference impact or to quantify the magnitude of an aquifer interference impact 

unless that model was developed using reliable estimates of specific storage and reliable 

observations of recharge, discharge and groundwater level. 

 



   

 

 

This report reviews the work of Rau et al. (2018) and discusses the equation of groundwater flow to 

demonstrate that groundwater impact assessments and management plans for large activities 

interfering with confined aquifers will be wrong unless based on specific storage values that are 

between approximately 2 x 10-7 m-1 and 1.3 x 10-5 m-1. These values equate to the release of just 

0.04 to 2.64 teaspoons of water per cubic metre of aquifer per metre decline in head.  

 

To demonstrate these points, a series of simple models of groundwater flow in a confined, radially 

symmetric aquifer were created and simulated to demonstrate that predictions of drawdown in 

groundwater level are sensitive to the value of specific storage adopted for modelling.  

 

The graphs of groundwater level drawdown presented in this report highlight that: 

1. Models with very large (and physically impossible) values of Ss predict negligible drawdown 

that takes much longer to respond to aquifer interference (see warm colours on figures) and 

recovers much more slowly when (and if) the interfering activity ceases; 

2. The drawdown impacts from the relatively small aquifer interference activities described in 

this report (e.g. a single irrigation bore) ‘radiate’ out into the confined aquifer over several to 

tens of kilometres very quickly; and 

3. Peak drawdown impacts at distant groundwater and surface water receptors lag peak 

groundwater abstraction rates at the aquifer interference activity by months to many years 

depending on the modelled value of Ss (aquifers with small values respond very quickly). 

 

A number of important implications for groundwater management practice can be derived from the 

observations provided in this report. They include: 

1. It is essential to constrain values of specific storage in models to be within the limits of 

poroelastic theory now known (approximately 2 x 10-7 m-1 and 1.3 x 10-5 m-1);  

2. Since the use of specific storage within identified bounds may result in predicted impacts 

spreading out further into the aquifer than previously considered, care should be taken in 

the establishment of revised model extents and boundary conditions for reliable prediction 

of, and impacts within, the capture zone of the development;  

3. Where groundwater monitoring is undertaken for the purposes of detecting and managing 

groundwater impacts from aquifer interference activity, any control (reference) site to be 

used as an indicator of background water table fluctuations must be located outside of the 

capture zone of the development; this may be tens of kilometres away;  



   

 

4. Since specific storage varies over only two orders of magnitude and hydraulic conductivity 

typically varies over seven orders of magnitude, application of realistic values of specific 

storage in groundwater models may help to constrain the model parameters determined 

during model calibration, thereby identifying sources of leakage which are not readily 

apparent from the available field observation data. 

5. Groundwater levels rise and fall as a result of changes in flux (groundwater levels do not fall 

only because of the absence of rainfall, i.e. drought); and, therefore,  

a. Attribution of groundwater drawdown impacts to specific aquifer interference 

activities requires reliable estimation of specific storage and reliable monitoring of 

groundwater levels and all sources of groundwater recharge and discharge; and  

b. Triggers for timely adaptive management of groundwater impacts must be based 

on much more than graphs of groundwater level and cumulative rainfall deficit and 

include analyses of changes in the rates of groundwater level rise and fall while 

accounting for changes in both recharge and discharge. 

6. All modelling reports should be accompanied by comprehensive documentation describing: 

a. the physical realities of the system under study, 

b. the locations of confined and unconfined aquifers,  

c. the reasons for the model parameter choices, 

d. the model assumptions and limitations, and 

e. predictions from alternative conceptual models to test the modelling assumptions, 

which is particularly important when the understanding of the groundwater system 

is limited due to a lack of investigative data; 

7. If a decision maker or regulator identifies that the specific storage of a confined aquifer has 

been set too high (i.e. > 1.3 x 10-5 m-1) and the specific storage of the aquifer is a much 

smaller number, then the decision maker should reject the findings of the modelling study 

and ask the development proponent to explain where the unaccounted water comes from 

and to report the impacts of that water take on those water sources.   

 

For example, if review of a model report identifies that the specific storage value of a confined  

aquifer has been set to 1 x 10-3 m-1 and it is known that the specific storage is likely to be closer to 

1 x 10-6 m-1 (i.e. the release of one litre of water versus one millilitre of water per cubic metre of 

aquifer per metre decline in head), then the authors of the modelling study: 

1. Must be asked to explain the origins of the remaining 99.9% of the water balance and report 

the impacts of taking 99.9% of the water balance from unacknowledged sources; and 

2. Must be told that the model cannot be used for making management decisions until this 

information is provided and the model has been revised. 
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