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ABSTRACT 

Column experiments were conducted to evaluate the potential use of calcitic limestone as a reactive 
material in permeable reactive barriers (PRBs) and its clogging behaviour in the presence of continuous 
acidic flow containing Al, Fe, and acidophilic bacteria. The findings revealed that the biogeochemical 
clogging in the column was not consistent along the flow path, with the ability to neutralise the acid at 
the inlet zone losing effectiveness after 75 days, whereas the acid neutralisation at the outlet remained 
satisfactory throughout 245 days. Additionally, a numerical model was employed to estimate the 
longevity of the limestone assembly in regards to neutralising acid and removing excessive 
concentrations of metals. This model incorporates the governing equations for contaminant transport 
through porous media and the biogeochemical reactions between the acidic input and the alkaline PRB 
media using MODFLOW and RT3D software codes. The model predictions aligned with the laboratory 
findings and affirmed that the chosen calcitic limestone batch, which has a 97% CaCO3 composition, is 
appropriate to serve as a reactive material in a PRB installed in an acid sulfate soil site in NSW, Australia. 
The lifespan predicted by the numerical model for this PRB is approximately 16 years. 
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1 INTRODUCTION 

The impacts of acid sulfate soil on the environment and ecology have been intensified by climate change 
and recent extreme weather conditions in Australia and many coastal regions worldwide (Fitzpatrick et 
al., 2011). During periods of drought or excavation for construction and mining, if the water table is 
lowered, shallow deposits of pyrite (FeS2) can be uncovered to the air and rapidly oxidise, leading to the 
production of sulfuric acid and soil and groundwater contamination (Shand et al., 2018). In acidic 
environments, metals like aluminium (Al) and iron (Fe) can be released from the soil and readily dissolve 
in groundwater, affecting estuarine ecosystems and retarding plant growth, causing fish diseases and 
hindering agricultural and aquaculture development. Acidic groundwater also has a highly corrosive 
effect on steel and concrete infrastructure (Högfors-Rönnholm et al., 2018; Medawela et al., 2019). In 
Australia, over 3 million hectares of coastal land are covered by acid sulfate soil, and the yearly damage 
caused by acidic soil and water is projected to cost millions of dollars (EPHC, 2011). Therefore, 
remediation of contaminated water in acidic floodplains is a critical need. The method of treatment for 
acidic soil and groundwater depends on the specific characteristics of each aquatic ecosystem, such as 
the type and concentration of contaminants, the discharge volume, the quality standards set by 
regulatory agencies, and the intended use of the treated water. 

Permeable reactive barriers (PRBs), which are zones of reactive granular materials placed 
underground, are a cost-effective way to neutralise acidic groundwater when filled with alkaline 
aggregates (Gavaskar et al., 2005). Ongoing monitoring of the flow through PRBs installed in the 
Shoalhaven acidic floodplain, NSW, Australia, over the past 16 years has verified that they are able to 
effectively decontaminate the acidic inflow (Indraratna et al., 2014; Medawela et al., 2022). The 
interaction between acidic groundwater and alkaline media can form chemical precipitates covering the 
surfaces of aggregates, known as chemical armouring. These secondary mineral precipitates also 
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cause blockage of the pores in the granular matrix, referred to as geochemical clogging. Furthermore, 
groundwater also carries bacteria living in pyritic soils into the PRB. These microbes grow in the pores 
and surfaces of the reactive materials, leading to biological clogging. For instance, Acidithiobacillus 
ferrooxidans, a commonly found iron-oxidising bacteria (IOB) in acidic environments, can catalyse the 
oxidation of Fe2+ to Fe3+, accelerating the formation of iron precipitates. The filling of a large portion of 
the pore volume with biomass and chemical precipitates results in a significant reduction in the porosity 
of the granular filter (PRB), which affects the effectiveness of acid neutralisation and metal removal 
(Medawela et al., 2023). Therefore, it is crucial to evaluate the coupled clogging to maintain optimal 
PRB performance. This paper outlines experiments and a numerical approach that can be used to 
analyse the biogeochemical clogging of a PRB installed in an acid sulfate soil terrain. 

2 METHODOLOGY 

According to the Australian water quality guidelines, water should have a pH between 6.5 and 8.5 for 
the well-being of plants and animals and to avoid corrosion and scaling of pipes and fittings (NRMMC 
2011). The standard levels of Al and Fe in water should be below 0.5 mg/L (ANZECC, 2000). Despite 
this, monitoring of the groundwater in the Shoalhaven floodplain, 130 km south of Sydney, NSW, 
Australia, over the past 16 years has revealed it to be highly acidic (pH around 3.5) with high levels of 
aluminium (54 mg/L) and iron (91 mg/L) (Golab et al. 2006, Indraratna et al. 2010, 2020). Thus, a pilot-
scale PRB made of limestone aggregates was installed to neutralise the acidity of groundwater and 
reduce high levels of Al and Fe. The PRB measures 18 m in length, 3 m in depth, and 1.2 m in width, 
with the groundwater flowing through the width (1.2 m). Before implementing a PRB in the field, it is 
crucial to evaluate the effectiveness of the chosen material in neutralising acid and removing other target 
contaminants from groundwater through laboratory testing. Also, during the design stage of a real-life 
PRB, it is essential to predict its long-term performance using an appropriate numerical approach.  

The limestone particles (consisting of 97% calcium carbonate) used in the PRB were obtained from a 
quarry in Moss Vale, Australia. Aggregates from the same batch were tested in column experiments to 
determine if they could effectively remove acidity and metals to meet regulatory standards. A 
comprehensive explanation of the experimental process is provided by Indraratna et al. (2020), while 
only a brief overview of the technique used to evaluate clogging in laboratory columns is outlined below. 

The experimental setup consisted of two acrylic tubes (Figure 1): the sample column (SC) and the 
pressure transducer column (PTC). Both columns were of the same length (650 mm) and diameter (50 
mm) and filled with limestone aggregates with a median particle size of 5 mm. Synthetic groundwater 
was pumped through the columns at a rate of 1.2 ml/min to simulate the levels of contaminants present 
in the groundwater of the Shoalhaven acidic floodplain (pH = 3.5, [Al]= 54 mg/L, [Fe]= 91 mg/L). The 
flow direction was assumed to be horizontal. The initial volume of voids of SC and PTC, referred to as 
pore volume (PV) in this paper, were 682 ml and 672 ml, respectively. A multi-parameter water quality 
meter was used to measure the pH of the specimens collected from the sampling column (SC). The 
concentrations of Fe and Al in the specimens were assessed using inductively coupled plasma optical 
emission spectroscopy. Water samples were not taken from the PTC to minimise the disturbances on 
pressure readings, and it was solely used to measure changes in the porewater pressure. The 

Figure 1. Laboratory column test setup 
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experiment also aimed to imitate the potential growth of bacteria in the limestone media. This was done 
by introducing a culture of iron oxidising bacteria (Acidithiobacillus ferrooxidans), which is commonly 
found in the Shoalhaven floodplain, into the columns. This strain of bacteria grows optimally at a pH of 
2-2.5 (Rawlings, 2002). Therefore, the suspension of bacteria was added to the flow when the pH at the 
inlet of the column fell below 4.5. The changes in bacterial cell density were monitored by analysing 
water samples from the column using a Helber counting grid and an optical microscope. 

The experiment was concluded when the pH of the effluent dropped below the influent pH after a total 
of 790 PVs (260 days). The columns were allowed to air dry for two weeks, and samples were taken 
from the inlet (0 to 0.15 m length), middle (0.15 m to 0.35 m), and outlet (0.35 m to 0.5 m) zones of the 
column. A portion of the aggregates extracted from each zone was repeatedly rinsed with distilled water 
and passed through a filter paper with a pore size of 0.45 μm until it became clear. The residues on the 
filter paper, i.e. mineral coating extracted from aggregates, were oven-dried. The remaining aggregates 
that were not rinsed were ground into a fine powder. Then X-ray diffraction was performed on these 
samples using a GBC MMA XRD machine, and the analysis was conducted using X'Pert HighScore 
software. Additionally, each sample was examined through scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDS) to assess the extent of clogging in each region. 

3 RESULTS AND DISCUSSION 

3.1 Removal of acid by limestone 

In comparison to the low pH of the influent water (pH~3.5), the pH of the water flowing through the 
column was significantly increased and reached the standard limit at the outlet [Figure 2(a)]. At the start 
of the test, the pH of the column discharge reached 8, which may have been caused by the rapid 
dissolution of CaCO3 from the limestone upon being exposed to the acidic flow. Afterwards, the pH of 
the water stayed close to neutral (pH ~ 6.5) from 80 PV to 190 PV. This result could be due to the 
bicarbonate buffering of limestone, which occurs when HCO3- ions are released (Table 1). 

During the interval from 80 PV to 190 PV, the amount of Al and Fe in the water that flowed out of the 
column was significantly lower than the amount in the incoming water [Figures 2(b) & 2(c)]. The 
decrease in Al and Fe levels implies that these ions were captured by the alkaline granular matrix as 
mineral deposits, according to the reactions shown in Table 1. This suggests that bicarbonate buffering 
is the crucial phase of treatment by limestone, as it effectively removes the designated pollutants, acidity, 
and high levels of metals. 

After 190 PV, the pH of the column discharge gradually declined and reached 4.81 at 550 PV and then 
abruptly dropped, likely due to the depletion of alkalinity in the aggregates after prolonged exposure to 
acidic water. The concentration of dissolved Al in the effluent started to increase shortly after the pH at 
the outlet dropped below 4 at 670 PV, reaching 20 mg/L by the end of the test [Figure 2(c)]. This is 
because pH ~4 is the buffering point at which Al precipitates redissolve. After prolonged exposure to 

Figure 2. Removal of acidity and metals from limestone (a) pH (b) Fe (C) Al (Data sources: 
Indraratna et al. 2020, Medawela, 2020) 
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acidic water, the redissolution of Al oxides and hydroxides could no longer effectively buffer the acidity. 
Ferric hydroxides maintain a pH of around 3.5 when close to equilibrium (Johnson et al. 2000), but the 
quantity of Fe precipitates was insufficient to sustain the pH for an extended period. As a result, the pH 
of the column effluent eventually reached the same level as the influent after 700 PV. In the final stages, 
the increase in dissolved Al and Fe concentrations in samples taken from the column suggests that 
these ions were no longer retained within the granular structure, which could have occurred due to its 
armouring and clogging. 

The effectiveness of neutralising the acidity of groundwater and removing metals varied in each section 
of the columns. For instance, the pH at the inlet rapidly dropped to the acidity of the incoming water (pH 
= 3.5) after 230 PVs (78 days), while the middle and outlet sections took longer, i.e. 630 PV (215 days) 
and 720 PVs (245 days), respectively. This is because the inlet zone partially neutralises the highly 
acidic groundwater as soon as it reacts with limestone aggregates in the first 0.15 m of the column. 
Then the second zone ( 0.15 m – 0.25 m) exposes to lesser acidity than the inlet zone; therefore, the 
armouring in this middle zone is lesser than the inlet. Subsequently, the outlet zone is exposed to the 
least acidic groundwater, causing minimum armouring and hence preserving the reactivity of the 
aggregates in this area longer. These findings are further supported by the mineralogical analysis of the 
coated aggregates from different sections, discussed in the next section. 

3.2 Mineralogical analysis of armoured aggregates 

Table 2 summarises the X-ray diffraction analysis of minerals based on weight percentages. It displays 
the mineral composition of the limestone aggregates before being used in the experiment, the 
aggregates with surface armouring, and the mineral coating extracted from various regions of the 
columns. 

Table 2. The mass percentage of various mineral phases in fresh limestone, armoured limestone, 
and the mineral coating extracted from armoured aggregates (Source: Medawela et al., 2023) 

Mineral Phase 
Percentage by weight (%) 

Inlet zone(0 – 0.15m) Middle zone Outlet zone 
FL1 AA2 MC3 FL1 AA2 MC3 FL1 AA2 MC3 

Calcite (CaCO3) 97.1 71.6 17.1 97.1 79.2 22.8 97.1 89.2 36.4 

Dolomite (CaMg(CO3)2) 1.1 0.3 0.3 1.1 0.4 0.4 1.1 0.4 0.5 

Hematite(Fe2O3) 0.1 8.2 28.3 0.1 5.4 22.6 0.1 4.3 16.5 

Goethite (FeOOH) 0 10.8 31.2 0 8.5 27.8 0 3.2 19.4 

Alumina (Al2O3) 0.2 3.3 11.2 0.2 1.6 12.9 0.2 1.4 10.9 

Boehmite (AlOOH) 0.3 5.8 11.9 0.3 4.9 13.5 0.3 1.5 16.3 
1 FL = Fresh Limestone , 2 AA = Armoured aggregates, 3MC = Extracted mineral coating 

The data demonstrates that the limestone originally consisted of 97.1% calcite and 1.1% dolomite; 
however, due to the continued dissolution of Ca minerals in acidic water, the amount of CaCO3 in the 
coated limestone has decreased. The presence of Hematite (Fe2O3), Goethite (FeOOH), Alumina 

Table 1. Chemical and biological reactions between limestone and acidic water 
(Source: Medawela & Indraratna (2020)) 

Description Dissolution/Precipitation Reaction Kinetic rate coefficients (k)    
molL-1s-1 

Laboratory Field 
Limestone 
dissolution 

𝐶𝑎𝐶𝑂3 +  2𝐻+ ↔ 𝐶𝑎+ + 𝐻2𝐶𝑂3 2.43E−07 7.21E−08 𝐶𝑎𝐶𝑂3 + 𝐻2𝐶𝑂3  ↔ 𝐶𝑎2+ + 2𝐻𝐶𝑂3− 2.43E−07 7.21E−08 
Ferrous oxidation 
- chemical 

𝐹𝑒(𝑎𝑞)2+ + 1 4⁄ 𝑂2(𝑎𝑞) +𝐻(𝑎𝑞)+ → 𝐹𝑒(𝑎𝑞)3+ + 1 2⁄ 𝐻2𝑂 5.62E−08 1.97E−08 

Ferrous oxidation 
– by bacteria

𝐹𝑒(𝑎𝑞)2+ + 1 4⁄ 𝑂2(𝑎𝑞) +𝐻(𝑎𝑞)+ 𝐼𝑂𝐵→ 𝐹𝑒(𝑎𝑞)3+ + 1 2⁄ 𝐻2𝑂 
3.09E−07 9.82E−08 

Formation of 
mineral 
precipitates    

𝐹𝑒3+ + 3𝐻2𝑂     → 𝐹𝑒(𝑂𝐻)3(𝑠) + 3𝐻(𝑎𝑞)+ 8.98E−08 2.81E−08 𝐹𝑒3+ + 2𝐻2𝑂     → 𝐹𝑒(𝑂𝑂𝐻) + 3𝐻(𝑎𝑞)+ 8.49E−08 2.56E−08 2𝐹𝑒3+ + 3𝐻2𝑂   → 𝐹𝑒2𝑂3 + 6𝐻(𝑎𝑞)+ 7.81E−08 2.62E−08 𝐴𝑙3+ + 3𝐻2𝑂     → 𝐴𝑙(𝑂𝐻)3(𝑠) + 3𝐻(𝑎𝑞)+ 3.03E−07 8.98E−08 
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(Al2O3), and Boehmite (AlOOH) in the aggregates was negligible before starting the column test. The 
rise in these Al and Fe-bearing mineral percentages in coated aggregates demonstrates the formation 
of precipitates on the aggregate surface. The XRD analysis also confirmed that the clogging and 
armouring were uneven in three adjacent zones of the column. At the end of the experiments, the 
quantity of calcite had decreased by 26.2% at the inlet, 18.4% in the middle, and 8.1% at the outlet. The 
calcite decrease was less at the outlet, meaning the depletion of alkalinity was also less at the outlet. 
The highest concentration of Fe and Al minerals in the armoured aggregates was found in the inlet, with 
the lowest concentration at the outlet. The reduction in weight of Hematite (Fe2O3), Goethite (FeOOH), 
Al2O3, and AlOOH from the inlet to the outlet was over 50%. 

Based on the results from SEM-EDS analysis, the amount of calcium in fresh limestone was found to 
be higher, as indicated by the higher calcium peak in the EDS plot [Figure 3(a)], compared to the 
armoured aggregates, as seen in the much lower calcium peaks in Figures 3 (b, c, & d). On the other 
hand, Fe and Al peaks were barely present in the fresh limestone but were clearly visible on the coated 
particles from the inlet at the column, indicating the presence of precipitates. The SEM images of the 
fresh particles in Figure 3(a) only show the limestone surface, while the images of the samples from the 
inlet show that it has encrusted making it difficult to see any limestone aggregates [Figure 3(b)]. The 
highest peaks for Fe and Al in  EDS graphs were found at the inlet [Figure 3(b)], suggesting an increased 
amount of encrustation at the entrance compared to the middle [Figure 3(c)] and the outlet [Figure 3(d)]. 
As the peaks representing Ca increased along the column while those representing Fe and Al 
decreased, these observations infer that the degree of clogging and armouring decreased along the 
column.  

4 MODELLING THE CLOGGING OF GRANULAR BARRIER 

Table 3 summarises the equations used to solve the one-dimensional form of the fundamental equation 
that governs fluid flow through porous materials. The hydraulic head, h(x,t), at a certain time (t) and 
location (x) along the direction of groundwater flow is captured by this solution, taking biogeochemical 
clogging of the porous media into account. Medawela and Indraratna (2020) employed a combination 
of commercially available groundwater modelling software, MODFLOW and RT3D, to develop a model 
for predicting fluid flow and reactive contaminant transport through limestone columns and the PRB 
installed in the Shoalhaven floodplain. The set of chemical and biological reactions that occur in a 
granular limestone assembly when exposed to acidic groundwater (see Table 1) were integrated into 
the model using FORTRAN subroutines. The equations listed in Table 3 were utilised to generate input 
data arrays that account for the changing porosity and hydraulic conductivity over time. 

Figure 3. Energy-dispersive X-ray spectroscopy (EDS) analysis of limestone: (a) Fresh limestone, 
Armoured aggregates from (b) inlet (c) middle zone (d) outlet (Modified after Indtraratna et al. 2020) 
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Table 3. Equations used in the biogeochemical reactive transport model (Source: Indraratna et al. 2020, Medawela & Indraratna 2020) 

Definition of terms 𝑋0 = initial concentration of bacterial cells  observed in influent [ML-3]𝑋∞= maximum concentration of bacterial cells in the granular assembly [ML-3]𝑋𝑡 = bacterial cell concentration [ML-3] at time t [T]𝑘𝑐 = carrying capacity coefficient [T-1]𝜌𝑐  = solid phase biomass density [ML-3]𝑀𝑘 = molar volume of minerals (m3mol-1)𝑅𝑘 = ∑ 𝑟𝑖𝑁𝑖=1          = overall reaction rates for Ca, Fe or Al minerals (molm-3s-1)  𝑟𝑖 = −𝑘 (1 − 𝐼𝐴𝑃𝐾𝑒𝑞) = reaction rate of each precipitation or dissolution reaction  

(molm-3s-1) 
k = kinetic rate coefficient (molm−3s−1) for each reaction (see Table 1) 
IAP = iron activity product 
Keq = equilibrium coefficient  

K = timely varied hydraulic conductivity [LT-1] 
Ko = Initial hydraulic conductivity [LT-1] 

Kxx, Kyy, Kzz = hydraulic conductivity along the x, y, and z coordinate axes 
h = hydraulic head (L) 
W = volumetric flux per unit volume representing sources and/or sinks of water 
Ss =specific storage of the porous material (L-1) 

𝐹(𝑥)  = (𝐶1𝑠𝑖𝑛𝐶𝑥 + 𝐶2𝑐𝑜𝑠𝐶𝑥) ;     C, C1 ,C2      = Integral constants 𝐹(𝑡)
=  −𝐶2𝐵 (  

 −∑ 𝑀𝑘𝑅𝑘𝑁𝑚𝑘=1 𝑡22 + 𝑋∞𝜌𝑐𝐾𝑐 𝑙𝑛 [1 − 𝑋0𝑋∞ (1 − 𝑒𝑘𝑐𝑡)] + (𝑛𝑜 + 2)𝑡 − 3𝑙𝑛[∆𝑛𝑡 − 𝑛𝑜 + 1] +3𝑙𝑛 [𝑋0𝜌𝑐 − 𝑛𝑜 + 1] + 1∆𝑛𝑡 − 𝑛𝑜 + 1 − 1(𝑋0𝜌𝑐 − 𝑛𝑜 + 1) )  
 

(Indraratna et al., 2020) 

Equation 

∆𝑛𝑡(𝑏𝑖𝑜) = 𝑋0𝑒𝑘𝑐𝑡𝜌𝑐 (1 − 𝑋0𝑋∞ (1 − 𝑒𝑘𝑐𝑡))
(Monod, 1949) 

= ∑𝑀𝑘𝑅𝑘𝑡𝑁𝑚
𝑘=1  

(Steefel & Lasaga, 1994) ∆𝑛𝑡 = ∆𝑛𝑡(𝑏𝑖𝑜)+∆𝑛𝑡(𝑐ℎ𝑒)𝑛𝑡 = 𝑛0 − ∆𝑛𝑡 
𝐾 = 𝐾0 [𝑛0 − ∆𝑛𝑡𝑛0 ]3 / [1 − 𝑛0 + ∆𝑛𝑡1 − 𝑛0 ]2
𝜕𝜕𝑥 (𝐾𝑥𝑥 𝜕ℎ𝜕𝑥) + 𝜕𝜕𝑦 (𝐾𝑦𝑦 𝜕ℎ𝜕𝑥) + 𝜕𝜕𝑧 (𝐾𝑧𝑧 𝜕ℎ𝜕𝑧)+𝑊 =  𝑆𝑠 𝜕ℎ𝜕𝑡
(Harbaugh, 2005) ℎ(𝑥, 𝑡) = 𝐹(𝑥). 𝑒𝐹(𝑡)
(Indraratna et al., 2020) 

Parameter 

Porosity reduction 
due to biological 
clogging 

Porosity reduction 
due to chemical 
clogging 

Total reduction in 
porosity 

Porosity at time t 

Hydraulic Conductivity 

Transient flow through a porous 
media 

Solution for the one-dimensional 
formulation of flow equation 

Time-
dependent 
porosity 

3
6
3
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The model outputs, including variations of ion concentrations and pH along the reactive granular 
assembly, were used to assess the longevity of the PRB. 

4.1 Applying model to the column experiments 

The simulation of flow through laboratory columns using the model was based on the assumption that 
a column represents a confined, uniform, and isotropic aquifer with relatively consistent particle 
angularity throughout and experiences transient flow conditions. It was also assumed that the flow within 
the column was mainly horizontal, resulting in limited lateral and vertical flow in the limestone aquifer. 
The model used a single-layer grid to represent the one-dimensional flow through a layer of uniform 
thickness along the centerline of a 500 mm long and 50 mm wide column [Figures 4(a)]. The domain 
was evenly divided into 5 x 50 grid cells, each measuring 10 mm in length and 10 mm in width. The inlet 
and outlet were initially considered to be fixed head boundaries, and the sides of the column were 
considered to be no-flow boundaries. The flow was introduced by specifying wells with a positive flow 
rate at the inlet. Model input parameters are given in Table 4.  

The model predictions and the measured pH values at the inlet, middle, and outlet regions of the column 
were found to be in agreement, particularly during the first half of the experiment [see Figure 2]. 
However, some minor differences emerged during the final stages of the experiment, which arose from 
the use of the maximum kinetic rate (k in Table 1) throughout the length of the column. The rate 
coefficients for each biochemical reaction within the reactive granular assembly were initially estimated. 
Then these unknown parameters were refined to ensure that the modelled hydraulic head [h(x,t) from 
Table 3] matched the hydraulic head determined from piezometer readings obtained from PTC 
(Indraratna et al., 2020). However, determining the spatial and temporal variations of multiple kinetic 
rate coefficients (𝑘CaCO3, 𝑘Al(OH)3, kFe(OH)3, k FeOOH,k Fe2O3) for the inlet, middle, and outlet regions of the 
column over 800 PVs using a trial and error approach is time-consuming. Therefore, these values were 
only determined for the inlet region, where the highest level of clogging occurs due to biologically-driven 
mineral precipitation, while the fouling in subsequent regions is less significant, as discussed in Section 
3.1. Therefore, the kinetic rate coefficients for the inlet region were applied to the entire length of the 
column, despite the fact that in reality, the kinetic rate coefficients should be lower in the middle and 
outlet regions. This results in the model slightly overestimating clogging in the outlet, leading to lower 
predicted pH values than the actual values. However, using the maximum rate kinetics throughout the 

Table 4: Input parameters for bio-geochemical transport model (Source: Medawela, 2020) 

Input parameter Lab Columns Field PRB 
Dimensions 0.05 m X 0.5 m 18 m  x 3 m x 1.2 m 
Flow rate 1.2  mL/min 1.1 x 106  L/ year 
Porosity of the aquifer (n0) 0.68 0.69 
Hydraulic conductivity  of the aquifer  (K0) 1·8 ×10−5  m/s 0.9565 m/day 
Influent pH 3.5 3.7 
Ca of influent 152  mg/L 152  mg/L 
Fe of influent 91    mg/L 91    mg/L 
Al of influent 54    mg/L 54    mg/L 
Bacteria Concentration of influent 107  cells/ cm3 107   cells/ cm3 
Initial [Ca2+] 620  mg/L 700 
Initial  concentrations within the aquifer: [ Fe], [ Al] 0 0 
Initial cell density of bacteria in the aquifer 0 0 

Figure 4. Model domains (a) limestone column (b) field PRB (Modified after Medawela, 2020) 
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entire length is a conservative approach as it predicts the earliest possible time when the hydraulic head, 
and thus the hydraulic conductivity within the granular assembly, would drop below a specific limit. 
Additionally, the model accurately predicted the removal of target ions [see Figures 2(b) & (c)] and 
showed that these ion levels at the outlet met the standards until the pH of the discharge began to drop 
below 6.5. 

4.2  Applying the model to a field PRB 

The biochemical reactions that take place in column experiments and a real-life PRB are the same. 
However, groundwater treatment tends to occur in an accelerated manner in laboratory simulations due 
to strict control over conditions such as constant pH, specific concentrations of Al, Fe, and IOB in the 
inflow, fixed flow rates, smaller particle sizes, and constant temperature. As a result, incorrect results 
may be obtained if the laboratory-based reaction kinetics which may differ from natural systems, are 
used to model biogeochemical clogging in a field PRB. Hence, it is critical to scale up the reaction rates 
derived from laboratory observations to the field scale when designing a real-life PRB. Thus the 
upscaled rate kinetics from the laboratory scale to the field scale based on dimensional analysis (see 
Table 1) were used in the model to predict the longevity of the PRB installed in the Shoalhaven 
floodplain. The reaction kinetics found in laboratory experiments are higher than that calculated for the 
field scale by a minimum of three times (Medawela & Indraratna, 2020). 

The model simulated one-dimensional flow along the centerline of the PRB to investigate the elimination 
of acidity and metals from groundwater as it flows through porous limestone over 20 years. The porous 
media was assumed to be a homogeneous and isotropic aquifer comprised of limestone aggregates 
with a near-uniform size (d50 = 40 mm) and a uniformity coefficient of 1.8, having a similar particle 
angularity. The PRB can be divided into several hypothetical horizontal layers along its depth (as shown 
in Figure 4(b), labelled as the ABCD layer), which coincides with the centerline of the PRB. The ABCD 
layer has a uniform thickness and represents a 1.2 m x 18 m layer model domain with 12 x 180 grid 

Figure 5.  Model predictions for the variation of [Fe] along the centreline of the PRB (modified after 
Medawela, 2020)  

Figure 6. Model predictions on pH and ions at the PRB outlet (Modified after: Medawela et al., 2023) 
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cells. If it is assumed that vertical and lateral flows are negligible, the horizontal flow through each 
column of the ABCD layer can be analysed. By stacking multiple ABCD layers of unit thickness on top 
of each other from the top to the bottom of the PRB, the horizontal flow through its entire depth can be 
modelled. 

The concentration of Fe in the ABCD layer of the PRB is displayed in Figures 5 (a) to 5(e), showcasing 
its changes over 17 years. The simulation projects that the iron concentration at the outlet (CD side) of 
the PRB would reach 0.15 mg/L at the end of the first year [Figure 5(a)] but then rise to 0.44 mg/L within 
16 years [Figure 5(d)]. By the 17th year, the expected concentration of Fe at the outlet surpasses 0.5 
mg/L [Figure 5(e)], the maximum limit established by the ANZECC (2000) guidelines for Fe in water 
sources. This indicates that the efficiency of the limestone granular assembly in producing iron-free 
water decreases after 16 years. In the same way, the variations in the concentrations of other target 
pollutants, Al and pH, can be estimated. As illustrated in Figure 6, the simulation predicts that by the 
17th year of operation, the expected Al level at the outlet would increase to 0.57 mg/L, which exceeds 
the acceptable limit. This implies that the discharge from the PRB is anticipated to be free of Al and Fe 
for the first 16 years. The simulation results also suggest that the starting pH of the discharge would 
increase to 8.67, then gradually decrease to 6.75 within 16 years. However, after 17 years, the pH at 
the outlet is expected to become acidic (Figure 6). Therefore, it can be inferred that the PRB is expected 
to generate nearly neutral effluent for the first 16 years. To summarise, this PRB is estimated to have 
effective longevity of approximately 16 years to neutralise acid and remove toxic metals, after which the 
water quality of the effluent will deteriorate. 

4 CONCLUSIONS 

Experiments and numerical simulations were performed to evaluate the treatment capacity of a pilot-
scale PRB located in a low-lying pyritic floodplain in Shoalhaven, NSW, Australia. In order to create 
more realistic field conditions in the laboratory, synthetic acidic groundwater was used that mimicked 
the water chemistry and iron oxidising bacteria levels at the PRB site. The results led to the following 
conclusions. 

The results showed that using limestone aggregates to treat acidic groundwater in the Shoalhaven 
floodplain was effective. The most efficient treatment occurred during the bicarbonate buffering phase 
of the column experiments, which was found to occur within a quarter of the total test duration. The 
biogeochemical reactive transport model estimated that the optimum treatment of an actual pilot-scale 
PRB in the area would occur within the first 16 years of operation. However, the model also indicated 
that the alkalinity of the limestone media would eventually be depleted. Thus, it is essential to identify 
the duration of bicarbonate buffering for a PRB through model simulations to determine its longevity. 

The results showed that the armouring and biogeochemical clogging were not evenly distributed 
throughout the flow path of the groundwater, with the highest intensity at the inlet and becoming less 
intense towards the outlet of the granular assembly. The pH increase at the inlet of the column was 
initially successful but rapidly dropped to the influent pH level after only 2.5 months, even before the 
experiment was half over. On the other hand, the acid neutralisation at the outlet was adequate for about 
8 months before the acidity increased again. Therefore, despite the severe clogging and failure of acid 
neutralisation at the inlet of a PRB, the outlet can still generate an effluent of the required quality for a 
long time. 

It is crucial to consider the scaling of reaction rates when using the biogeochemical reactive transport 
model to predict the performance of a PRB in the field. In this study, it was found that laboratory-scale 
reaction rates were almost three times higher than the field-scale reaction rates, highlighting the 
importance of using accurate kinetic rates to avoid incorrect predictions. 
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