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Preamble 
The Water Sharing Plan for the Namoi Alluvial Groundwater Sources 2020 (the plan) outlines a 

framework for the sustainable management of groundwater resources in the major alluvial 

groundwater systems in the Namoi catchment, including the maintenance of beneficial use (for an 

explanation of this term, refer to the Glossary).   

The plan includes objectives to maintain salinity levels (total dissolved solids) within ranges that 

maintain beneficial use categories for environmental, economic, Aboriginal cultural, and social and 

cultural objectives. In addition, the Minister for Water, Property and Housing may prohibit or restrict 

the taking of water under Section 324 of the Water Management Act 2000 (NSW) to ômaintain, 

protect or improve the quality of water in an aquiferô. 

The NSW Department of Planning, Industry and Environment (the department) investigated the 

potential impact of groundwater extraction on water quality within the Lower Namoi Groundwater 

Source. This was undertaken whilst also considering the requirements of the plan, and previous 

investigations into processes influencing water quality and beneficial use in the Lower Namoi 

Groundwater Source. 

This document provides a review of the potential impact of groundwater extraction on water quality 

within the Lower Namoi Groundwater Source, with a specific focus on an area at high risk of 

groundwater salinisation north-east of Cryon, NSW. 

Acknowledgment of Country 
The Department of Planning, Industry and Environment acknowledges the Traditional Owners and 

Custodians of the land on which we live and work and pays respect to Elders past, present and 
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Introduction 

Scope 
The scope of this document is to provide an analysis on the water quality monitoring data to 

assess the potential impact of groundwater extraction activities on water quality within the Lower 

Namoi Groundwater Source. The investigation area focuses on 20 monitoring bores located north-

east of Cryon, an area with high salt accumulation that poses a risk to beneficial use of 

groundwater if this salt is mobilised. 

Importance 
Sustainably managing water quality within the Lower Namoi Groundwater Source will ensure that 

groundwater is available for future use to support environmental, economic, and social needs. 

Under the Water Sharing Plan for the Namoi Alluvial Groundwater Sources 2020, water quality 

needs to be maintained within target ranges that support high-priority groundwater-dependent 

ecosystems, businesses and local economies, Indigenous cultural values and uses, and other 

social and cultural values. These target ranges are defined in the Water Quality Management Plan: 

GW14 Namoi Alluvium Water Resource Plan.   

There are approximately 2,000 registered bores across the Lower Namoi Groundwater Source, 

and most of them are located between Narrabri, Wee Waa, and Burren Junction. Approximately 

1,400 of these registered bores are for stock and domestic purposes, and 10 bores are used for 

town water supplies near Narrabri, Wee Waa, and Rowena. The rest of the bores are used for 

agricultural and industrial production. Cotton is the dominant crop produced. Other irrigated crops 

include wheat, cereals, oilseed, and legumes, in rotation with cotton. 

Previous investigations into groundwater quality of the Lower Namoi alluvium have raised concerns 

regarding the impact of groundwater extraction on beneficial use. McLean (2003) identified areas 

of increasing salinity in the western Lower Namoi Groundwater Source potentially influenced by 

regional and localised groundwater extraction activities. Parsons Brinckerhoff (2011) also identified 

areas of water quality concern in a monitoring area north-east of Cryon. 
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Characterisation of the Lower Namoi Groundwater 
Source 
The Lower Namoi Groundwater Source has been extensively described in previous studies, 

particularly in the following studies: 

¶ McLean (2003) Hydrogeochemical evolution and variability in a stressed alluvial aquifer 

system: Lower Namoi River catchment, NSW 

¶ Parsons Brinckerhoff (2011) Characterisation of Hydrogeochemistry and Risks to 

Groundwater Quality  

¶ Barrett (2019) Namoi Alluvium Water Resource Plan ï Groundwater Resource Description.   

Topography and surface hydrology 
The Lower Namoi Groundwater Source occurs in the Lower Namoi catchment, which sits in the 

riverine floodplain of the Namoi River west of Narrabri before the Namoi River joins the Barwon 

River near Walgett (Figure 1). Ground surface elevation is relatively flat. 

The major tributaries of the Namoi River in this area includes Baradine Creek, Bohena Creek, and 

Pian Creek (Figure 1). The Mollee Weir and Gunidgera Weir assist in water regulation for 

irrigation, stock, and domestic users in the Lower Namoi. There are also several small weirs on the 

Pian and Gunidgera creeks. 

Climate 
The Lower Namoi catchment has a sub-tropical climate with hot wet summers and cold winters 

with moderately low rainfall (BoM, 2020a). 

The average daily minimum temperature ranges from 3 °C to 4 °C in the winter to 20 °C to 21 °C in 

the summer, while the average daily maximum temperature ranges from 17 °C to 18 °C in the 

winter to 35 °C to 36 °C in the summer (Figure 2, Figure 3).   

Rainfall is generally spring/summer dominant, with average annual rainfall generally decreasing 

from east to west. Average annual rainfall at Wee Waa is approximately 555 mm/year and average 

annual rainfall at Cryon is approximately 478 mm/year (Figure 4). 

Evaporation (Class A pan evaporation) data from sites closest to the study area follow similar 

seasonal trends to both rainfall and temperature.  Mean monthly evaporation ranges from a low of 

approximately 55 mm to 60 mm/month (Gunnedah Resource Centre) in winter and ranging to a 

high of approximately 300 mm to 315 mm/month (Moree Aero) in summer (Figure 5). Total annual 

evaporation significantly exceeds total annual rainfall, with total annual evaporation ranging from 

approximately 1,750 mm to 2,400 mm/year (BoM 2020b). 
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Figure 1. Topography and surface hydrology map of the Lower Namoi catchment (Gallant et al., 2009) 
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Figure 2. Mean daily minimum temperature at Narrabri West Post Office (1962ï2002), Narrabri Airport 
AWS (2001ï2020), Walgett Council Depot (1878ï1993), and Walgett Airport AWS (1993ï2020) (BoM, 
2020b) 

 

 

Figure 3.  Mean daily maximum temperature at Narrabri West Post Office (1962ï2002), Narrabri 
Airport AWS (2001ï2020), Walgett Council Depot (1878ï1993), and Walgett Airport AWS (1993ï2020) 
(BoM, 2020b) 
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Figure 4. Mean monthly rainfall at Cryon (1936ï2019) and Wee Waa (1891ï2019) (BoM, 2020b) 

 

 

Figure 5. Mean monthly Class A pan evaporation at Gunnedah (1948ï2019) and Moree (1995ï2016) 
(BoM, 2020b) 
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Land use 
The Gomeroi people were the original inhabitants of the Namoi catchment. The land and waters of 

the Namoi catchment contain places of deep significance to Aboriginal people and are central to 

their spiritual and religious belief systems.  

European settlement of the Namoi catchment commenced in the 1830s, primarily for sheep and 

cattle grazing and wool production. Dams were built in the 1960s to enable irrigation, which 

permitted the establishment of cotton production and ginning on the western plains. 

Areas of irrigated cropping occur on the heavy clay soils of the Lower Namoi catchment, where the 

major crop is cotton. The greatest concentration of irrigation is between Narrabri and Wee Waa. 

Other irrigated crops include wheat, cereals, oilseed and legumes in rotation with cotton. Water for 

irrigation is sourced from the alluvial groundwater resources and from surface sources such as the 

Pian and Gunidgera creeks off the Namoi River. Cattle and sheep grazing also occur in the 

catchment (Smart, 2016).  

Alluvium geology 
The Lower Namoi Groundwater Source consists of unconsolidated Cenozoic sediments deposited 

as an extensive alluvial fan by the Namoi River and its tributaries (Barrett, 2019). These deposits 

cover an area of about 7,630 km2, extending west from Narrabri to beyond Walgett (WRC, 1986). 

There are 3 units within the Lower Namoi Groundwater Source: the Narrabri Formation, the 

Gunnedah Formation, and the Cubbaroo formation. A north-south cross section near Burren 

Junction is shown in Figure 7, with the Narrabri Formation (yellow shading) labelled as the 

óshallow aquiferô, and the Gunnedah Formation (non-textured orange) and Cubbaroo formation 

(textured orange) labelled as the ódeep aquiferô. It should be noted that the Cubbaroo formation is 

not an officially recognised name by the Australian Stratigraphy Commission. 

The Narrabri Formation (Pleistocene ï recent age) contains the shallowest aquifer of the Lower 

Namoi Groundwater Source and consists of black, grey, and brown cracking clays with laterally 

discontinuous channel deposits resulting in shoestring lenses comprising lithic sand and polymictic 

gravels. The formation is generally 10 m to 40 m thick but can be up to 70 m thick. It is extensive in 

the Namoi River catchment, forming the soil surface across the area (Williams, 1991). The Narrabri 

Formation conformably overlies the Gunnedah Formation. 

The Gunnedah Formation (Pliocene ï early Pleistocene age) comprises interbedded clays with 

moderately well-sorted lithic sand and polymictic gravel layers. The formation is generally less than 

80 m thick but can be up to 110 m thick in places (Gates, 1980; Kelly et al., 2007). For the 

purposes of this investigation, the Gunnedah Formation has been further divided into the Upper 

Gunnedah Formation and the Lower Gunnedah Formation. This is to assist in identifying hydraulic 

connectivity and geochemical mixing between the overlying Narrabri Formation and underlying 

Cubbaroo formation. 

The Cubbaroo formation (Upper- to Mid-Miocene age) contains the deepest aquifers of the Lower 

Namoi Groundwater Source and consists of sub-rounded to rounded carbonaceous sand and 

quartz gravel with interbedded brown to yellow and grey clays (Williams, 1991). The sand and 

gravel also consist of quartz with minor amounts of volcanic and sedimentary rocks that is, lithic 

fragments, lithic sandstone, siltstone, conglomerate, tuff, andesite and rhyolite. Deposition of these 

sediments are constrained to the main Namoi paleochannel that runs north to north-west of the 

current course of the Namoi River. The paleochannel extends about 60 km north-west from 

Narrabri and then curves around to cross beneath the existing Namoi River east of Walgett, with a 

bedrock high north-west of Wee Waa vertically constricting the paleochannel (Barrett, 2019). 
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Figure 6. Land use of the Lower Namoi catchment (Smart, 2016) 
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Figure 7. Lower Namoi Alluvium northïsouth cross section at Burren Junction, taken from Barrett (2019). Note the paleochannel (Cubbaroo 
formation) is shown as textured orange beneath bore GW036255 
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Groundwater hydrology 
Groundwater flow is generally westward (Figure 8), and the highest bore yields occur between 

Narrabri and Burren Junction. Bore yields decrease in the west and south of the Lower Namoi 

Groundwater Source as the sediments become increasingly clay-dominant (Kalaitzis et al., 2000). 

The aquifer in the Narrabri Formation is a water table (that is, unconfined) aquifer predominantly 

recharged by rainfall, flood, and irrigation. There are varying degrees of hydraulic connectivity on a 

local scale, and the Namoi rivers (Ransley et al., 2012; Kalaitzis et al., 2000; Barrett, 2019) provide 

surface water recharge. Transmissivity in this aquifer is generally less than 200 m2/day and is 

generally low yielding.     

The aquifers in the Gunnedah Formation are confined to semi-confined and are the most extensive 

and productive aquifers in the Lower Namoi Groundwater Source. Transmissivity in this aquifer is 

generally between 200 m² to 800 m2/day and yields good quality water that is used for irrigation 

(Giambastiani et al., 2012). These qualities make it the most productive aquifer in the Lower Namoi 

Groundwater Source (Kelly et al. 2007). Vertical leakage from the overlying Narrabri Formation 

occurs where there is little to no hydraulic separation between these units, particularly where they 

hydraulically act as a single aquifer (CSIRO, 2007; Kelly et al., 2007; Parsons Brinkerhoff, 2011). 

In other areas, there is minimal connectivity, highlighting the heterogeneity of the sediment 

deposits and the localisation of salinity hot spots. 

The aquifers of the Cubbaroo formation at the base of the alluvial sequence are confined. Despite 

its high aquifer transmissivity ï 200 m² to 800 m2/day, Barrett (2019) ï and good quality water, it is 

not used as extensively as the Gunnedah Formation due to its limited extent and depth of 

sediments (generally below 90 metres below ground level (mbgl)). The presence of coarser 

sediments facilitates higher hydraulic conductivities and therefore higher extraction rates than the 

overlying units, making it a productive aquifer for those who can access it (Barrett, 2012). 

The Lower Namoi Groundwater Source overlies formations of the Great Artesian Basin (GAB).  

Groundwater upwelling potentially occurs in this area (McLean, 2003). 

Groundwater salinity and geochemistry  
Detailed hydrogeochemical analysis of the Lower Namoi Groundwater Source has previously been 

conducted by McLean (2003) and Parsons Brinckerhoff (2011). 

Groundwater salinity in the Lower Namoi Groundwater Source is generally less than 1,500 µS/cm. 

Groundwater salinity can be more than 20,000 µS/cm in the southern and western margins of the 

catchment (DLWC, 1997). Salinity values up to approximately 29,000 µS/cm have been measured 

near Cryon west of Burren Junction (Parsons Brinkerhoff, 2011).   

At the western margin of the Lower Namoi Groundwater Source, deeper low salinity groundwater 

of the Gunnedah and Cubbaroo formations is overlain by a highly saline Narrabri Formation. The 

potential for deep aquifer salinisation due to vertical leakage and mixing has been identified 

(Barrett et al., 2003).  

Processes contributing to groundwater salinity and geochemistry are further described in Previous 

below. 

Groundwater use 
Groundwater extracted from the Lower Namoi Groundwater Source is used for a variety of 

productive purposes including irrigation and industry, as well as for water supply for local water 

utilities and stock and domestic use. Groundwater use generally increases during the irrigation 

seasons ï generally considered to be from October to March ï and in drier years when there is 

reduced rainfall and access to surface water. 

https://www.bioregionalassessments.gov.au/node/12772#References114
https://www.bioregionalassessments.gov.au/node/12772#References114
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There are approximately 2,000 registered bores across the Lower Namoi Groundwater Source 

(Barrett, 2019; Figure 9). Approximately 1,400 these bores are used for stock and domestic 

purposes. Approximately 580 are associated with agricultural and industry production. There are 

10 bores used for town water supply, and are located near Narrabri, Wee Waa, and Rowena 

(Figure 10). 

The current long-term average annual extraction limit for the Lower Namoi alluvium is set at 

88,255  ML/year. 

Risks to groundwater quality  
According to Parsons Brinckerhoff (2011), the main risk factors to groundwater quality within the 

Lower Namoi north-east of Cryon include the: 

¶ rate of groundwater extraction resulting in aquifer depressurisation and, in some instances, 

reversal of hydraulic gradients 

¶ mobilisation of salts and salt stores from clay-rich bands in the alluvial deposits. 

Groundwater level declines due to extraction has the potential to change hydraulic gradients locally 

on both short and long-time scales. During a single pumping season, where hydraulic heads are 

artificially lowered near production bores, there is the potential to draw saline groundwater either 

from overlying saline aquifers (if hydraulic connectivity exists) or within aquifers towards the 

pumping location. This creates salinity plumes that can facilitate a range of salinisation processes 

to occur in what would have otherwise been areas of fresher groundwater. These processes can 

reverse once groundwater extraction ceases and the aquifer stabilise both hydraulically and 

geochemically. However, if these processes do not reverse back to a pre-pumping state before the 

next pumping season starts, and pumping induces more salinisation plumes, the long-term 

geochemical signature at a site can shift. In addition, long-term water level declines can induce the 

movement of saline groundwater even when pumping ceases for a season, further shifting a 

geochemical equilibrium towards increased salinisation (Pulido-Bosch et al., 2018). 

Groundwater levels in the Lower Namoi Groundwater Source around Cryon have declined by 

1.5 m to 4.0 m since groundwater extraction commenced in the late 1970s. A decrease in the pore 

water pressure that is contributing to the support of the overlying sediment can cause an overall 

decrease in the volume of the aquifer matrix if this drawdown is sustained over long periods. As the 

sediment is compacted, the pore spaces between the aquifer materials decreases. Not only can 

this reduce the space between sand and gravel for groundwater to flow through, reducing hydraulic 

conductivity and therefore transmissivity, but the compaction of sediments can ósqueezeô the clay 

bands of the alluvial deposits and therefore any saline pore water stored in them. This can lead to 

groundwater salinisation through the introduction of saline water and decrease in relatively fresh 

groundwater flowing from upstream. Sediment compaction can also lead to toxicant mobilisation 

(Xue et al., 2019; Xiao, 2020), impacting beneficial use before salinity changes do. 

Generalised beneficial use information is presented in Appendix 1 ï Beneficial use . 
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Figure 8. Groundwater flow direction in the Lower Namoi Groundwater Source 
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Figure 9. Registered bores in the Lower Namoi Groundwater Source 
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Figure 10. Distribution of average annual groundwater extraction (ML/year) in the Lower Namoi Groundwater Source for the 2014ï2015 to 2018ï
2019 water years 
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Methodology 

Site and time frame selection 
Samples for geochemical analysis have been collected from 20 monitoring bores, centred around 

Cryon, on a regular basis from July 2003 to the present. This area has been monitored because 

there is a high-risk potential of shallow highly saline groundwater leaking into underlying low 

salinity groundwater due to groundwater pumping regimes (Barrett, 2019). This investigation 

incorporates data collected between 1 October 2003 and 1 October 2019 to align with generalised 

pumping (OctoberïMarch) vs non-pumping (AprilïSeptember) timeframes.  A summary of 

geochemical data available from each monitoring site is in Table 1, with detailed work summaries 

of the monitoring bores in Appendix 2 ï Work summaries of monitoring bores. The location of 

these monitoring bores is presented in Figure 11. 

 

Table 1.  Summary of monitoring sites 

Site ID Pipe Screen interval 

(mbgl) 

Aquifer Date range No. sampling 

events 

GW036377   1.1 29.00 ï 33.00 Narrabri Formation 7 October 2003ï25 

September 2019 

91 

GW036377 1.2 73.00 ï 81.00 Gunnedah Formation 

(lower) 

7 October 2003ï25 

March 2019 

93 

GW036364 1.1 34.00 ï 38.00 Gunnedah Formation 

(upper) 

7 October 2003ï24 

September 2019 

93 

GW036364 1.2 82.00 ï 88.00 Gunnedah Formation 

(lower) 

7 October 2003ï25 

March 2019 

91 

GW036364 1.3 105.00 ï 117.00 Cubbaroo formation 7 October 2003ï25 

March 2019 

93 

GW036340 1.1 37.00 ï 40.00 Narrabri Formation 7 October 2003ï24 

September 2019 

94 

GW036340 1.2 63.00 ï 66.60 Gunnedah Formation 

(upper) 

7 October 2003ï25 

March 2019 

93 

GW036340 1.3 73.00 ï 76.50 Gunnedah Formation 

(lower) 

7 October 2003ï25 

March 2019 

93 

GW036314 1.1 29.00 ï 30.00 Narrabri Formation 7 October 2003ï25 

March 2019 

96 

GW036314 1.2 51.00 ï 54.00 Gunnedah Formation 

(upper) 

7 October 2003ï25 

March 2019 

96 

GW036314 1.3 60.00 ï 64.00 Gunnedah Formation 

(lower) 

7 October 2003ï25 

March 2019 

97 
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Site ID Pipe Screen interval 

(mbgl) 

Aquifer Date range No. sampling 

events 

GW036398 1.1 73.10 ï 79.20 Gunnedah Formation 

(lower) 

7 October 2003ï26 

March 2019 

95 

GW036398 2.2 109.70 ï 115.80 Cubbaroo formation 7 October 2003ï26 

March 2019 

93 

GW036280 1.1 31.90 ï 34.40 Narrabri Formation 7 October 2003ï25 

March 2019 

95 

GW036280 1.3 101.00 ï 107.00 Cubbaroo formation 7 October 2003ï25 

March 2019 

94 

GW036320 1.1 35.00 ï 38.00 Narrabri Formation 7 October 2003ï26 

March 2019 

96 

GW036320 1.2 54.30 ï 55.50 Gunnedah Formation 

(upper) 

7 October 2003ï26 

March 2019 

95 

GW036320 1.3 64.50 ï 68.80 Gunnedah Formation 

(lower) 

7 October 2003ï29 

March 2019 

96 

GW036406 1.1 57.90 ï 64.00 Gunnedah Formation 

(upper) 

7 October 2003ï26 

March 2019 

95 

GW036406 2.2 106.60 ï 112.70 Cubbaroo formation 7 October 2003ï26 

March 2019 

95 
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Figure 11. Monitoring bores used in this investigation in the Lower Namoi catchment 
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Data sources and parameter selection 
Historical geochemical data was sourced from both the WaterNSW Power BI and KiWQM 

database. Key geochemical parameters were selected for further investigation based on their 

ability to collectively identify and describe major geochemical processes occurring within 

groundwater systems. These parameters are as follows: 

¶ Physicochemical parameters ï electrical conductivity (standardised to 25 °C) and pH 

¶ Major ions (dissolved): 

o Cations ï sodium (Na+), potassium (K+), calcium (Ca2+), and magnesium (Mg2+) 

o Anions ï chloride (Cl-), sulfate (SO4
2-), alkalinity represented by carbonate (CO3

2-) 

and bicarbonate (HCO3
-), and nitrate (NO3

-). 

Data cleansing and preparation 

Data amalgamation 

The same geochemical analyte can be labelled with different descriptors in different databases.  A 

consistent descriptor framework is required to simplify the amalgamated datasets, to ensure that 

geochemical analysis can be compared across the different source datasets, and to provide a 

longer timeline where geochemical data is available for a groundwater site. The descriptor 

framework used in this investigation is summarised in Table 2. 

Table 2.  Simplified geochemical analyte descriptor framework 

Analyte Descriptor in source datasets Descriptor in amalgamated datasets 

Electrical 

Conductivity 

Conductivity Field (mS/cm) 

Conductivity uS/cm 

Electrical Conductivity (uncompensated) 

Uncompensated EC (uS/cm) 

Electrical Conductivity @25 °C 
 

Electrical Conductivity @ 25 °C (µS/cm) 

pH 
pH 

pH (Field) 
 

pH (Field) (pH units) 

Metals/ 

metalloids 

(é) ï soluble 

(é) as óxxô ï soluble 

(é) ï filtered  

(é) as óxxô (dissolved; units) 

Hydroxide 

Alkalinity 

Alkalinity (Hydroxide) as CaCO3 

Hydroxide Alkalinity as CaCO3 

Hydroxide Alkalinity as CaCO3 

Hydroxide Alkalinity as OH- 

Carbonate 

Alkalinity 

Alkalinity as Carbonate 

Alkalinity (Carbonate) as CaCO3 

Carbonate Alkalinity as CaCO3 

Carbonate Alkalinity as CaCO3 

Carbonate Alkalinity as CO3
2- 
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Analyte Descriptor in source datasets Descriptor in amalgamated datasets 

Bicarbonate 

Alkalinity 

Alkalinity (Bicarbonate) as CO3 

Bicarbonate alkalinity 

Alkalinity as Bicarbonate (HCO3) 

Bicarbonate Alkalinity as CaCO3 

Bicarbonate Alkalinity as HCO3
- 

Total 

Alkalinity 

Alkalinity (Total) as CaCO3 

Alkalinity (mgCaCO3/L) 

Total Alkalinity as CaCO3 

Total Alkalinity as HCO3
- 

óZeroô data 

There were instances where the value of an analyte concentration was reported as ó0ô or óNDô in 

the source databases.  To ensure consistency in the amalgamated dataset, these values were 

replaced with a value equivalent to the lowest detection limit for that analyte and are summarised 

below in Table 3. Reported values of ó0ô for physicochemical parameters were removed from the 

dataset if it was determined that it could not be a reasonable value. 

Table 3. Replacement values in amalgamated dataset for ózeroô data in source datasets 

Analyte Count Replacement value 

Alkalinity as Carbonate 163 <1 mg/L 

Potassium as K - soluble 1 <1 mg/L 

Nitrate as N 23 <0.01 mg/L 

Censored data 

Analyte concentrations that are reported to be below analytical method detection limits (that is, 

censored data that has a ñ<ò qualifier (e.g. <1 mg/L)) cannot be incorporated into some 

geochemical investigative techniques in the censored format.  Therefore, this data needs to be 

transformed into an uncensored number (that is, a number that does not have a ñ<ò qualifier) so 

that it can be included in data interpretation.  This uncensored value should be a value between 0 

and the analytical method detection limit since a reported non-detect value does not necessarily 

mean that the analyte is not present in the water sample.  Values of 0.5 × detection limit (Farnham 

et al., 2002) and 0.55 × detection limit (Sanford et al., 1993; Güler et al., 2002) have been 

proposed.  This investigation has utilised the 0.55 × detection limit method to transform censored 

data into uncensored data.  For example, a censored data value of < 1 mg/L would be transformed 

to 0.55 mg/L for geochemical data interpretation purposes. 

Unit conversions 

Some parameters required standardisation to ensure comparative continuity across the dataset.   

Since the electrical conductivity of a solution can vary with temperature, all values were 

standardised to 25 °C. The equations used to perform these standardisations are as follows 

(Hayashi 2004): 

Ὁὅ
Ὁὅ

ρ ὧὸ ὸ
  

éEquation 1 



Lower Namoi Groundwater Source 

NSW Department of Planning, Industry and Environment | DOC21/309909 | 19 

where ECt0 is the electrical conductivity (µS/cm) at a standard temperature t0 (°C), where ECt is the 

electrical conductivity (µS/cm) at temperature t (°C), and c is a constant given by:  

ὧ
ὥ

ρ ὥὸ ςυ
 

éEquation 2 

where a (°C-1) is a temperature compensation constant set as 0.0187.   

The temperature at which a field-measured electrical conductivity value was taken was assumed to 

be 25 °C when no temperature value was recorded in the database. 

Stoichiometric conversions 

Some parameters are reported in different stoichiometric units ï that is, as a concentration relative 

to a chemical element ï and may need to be converted for data QAQC and/or comparative 

continuity purposes. These conversions are performed using the following simplified equation: 

ὅ    ὅ    
άέὰ   

άέὰ  
  
άὥ   

άὥ  
 

éEquation 3 

where C is the analyte concentration, mol is the analyte molar concentrations in a balanced 

chemical equation, and ma is the analyte atomic mass. 

An example conversion is that from Sulfate as S to Sulfate as SO4
2-, which results in the following 

conversion equation: 

ὅ   ὅ  
άέὰ 

άέὰ
  
άὥ  

άὥ
 

éEquation 4 

The chemical equation relating these two chemical units is: 

Ὓ  ςὕ  P Ὓὕ  

éEquation 5 

Since 1 mole of S corresponds to 1 mole of SO4
2-, the conversion equation is updated as follows: 

ὅ   ὅ  
ρ άέὰ

ρ άέὰ
  
ωφȢπυφ ὫȾάέὰ 

σςȢπφ ὫȾάέὰ
 

éEquation 6 

Therefore, 1 mg/L of Sulfate as S is approximately equivalent to 3 mg/L of Sulfate as SO4
2-. 

Data QAQC 
Quality Assurance (QA) and Quality Control (QC) checks were performed to determine if the 

geochemistry data is representative of expected conditions for water samples. The QAQC checks 

used in this assessment include the anion-cation balance and comparing field-measured electrical 

conductivity with the ion sums (APHA et al. 2017, Section 1030 pp 8ï9). Detailed results of the 

data QAQC is in Appendix 4 ï QAQC . 

Anion-cation balance  

The anion and cation sums, expressed as milliequivalents per litre (mEq/L) must balance because 

all waters are electrically neutral ï that is, positively charged ions balance out the negatively 
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charged ions. However, an error between these sums is accepted since multiple analytical 

methods are used to determine analyte concentrations and there is analytical error associated with 

each of these determinations. This error, reported as a percentage difference, is calculated as 

follows: 

Ϸ ὨὭὪὪὩὶὩὲὧὩρππ  
ВὧὥὸὭέὲί  ВὥὲὭέὲί

ВὧὥὸὭέὲί  ВὥὲὭέὲί
 

éEquation 7 

An acceptable percentage difference is usually determined by the anion sum for most modern 

laboratory analysis. However, considering this dataset occurs over a long time with analysis 

conducted at various analytical laboratories, a single acceptance difference of ±5% has been 

adopted. 

A total of 244 samples (of 1,854 samples, ~13.2%) were excluded from this investigation since the 

calculated anion-cation balance was outside the range of ±5%. 

Electrical conductivity vs ion sums  

Both the anion and cation sums are generally accepted to be approximately 1/100th of the 
measured electrical conductivity value (standardised to 25 °C). Since there are errors associated 

with field-probe measured values, along with solutions used to calibrate these instruments, an 

allowable error of ±10% is generally adopted.  Therefore, the acceptable criteria are as follows: 

ρππ ὥὲὭέὲ έὶ ὧὥὸὭέὲίόάȟάὉήȾὒ πȢω ρȢρ  ὩὰὩὧὸὶὭὧὥὰ ὧέὲὨόὧὸὭὺὭὸώ АὛȾὧά ͽ ςυЈὅ  

éEquation 8 

Performing a comparison between electrical conductivity and ion sums after the anion-cation 

balance check has been completed helps find suspect field-measured electrical conductivity 

values.   

A total of 519 samples (of 1,610 samples, ~32.2%) potentially have suspect field-measured 

electrical conductivity values since the electrical conductivity vs ion sums comparison was outside 

the range of ±10%.  Since there are many factors that can influence the field-measured electrical 

conductivity values, these values have been incorporated into this analysis with a caveat that they 

are semi-quantitative values ï that is, they represent an approximation of the real electrical 

conductivity result ï so that generalised trends within and between monitoring sites can be 

identified. 

Geochemical analysis methods 
This investigation is a qualitative analysis of broad geochemical trends observed in the Lower 

Namoi Groundwater Source over time. Therefore, geochemical methods that identify major 

processes influencing groundwater chemistry were used.   

Determination of water types 

Identifying groundwater chemical types can assist in determining broad processes influencing 
water quality. The chemical type of groundwater is classified using the Piper classification scheme 
(Piper, 1944), in which groundwater types are classified based on the concentrations of major ions 
constituting >20% of the total anions and cations. If a concentration of a single ion constitutes 
Ó50% of the cation or anion composition, this ion is ódominantô. If no single ion concentration 
makes up Ó50% of the cation or anion composition, then all ions that make up 20% to 50% of the 
cation or anion composition are óco-dominantô.   
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Dissolved ion ratios 

One key geochemical analysis method is calculating ion/Cl- ratios. Chloride (Cl-) is a dissolved ion 

that is highly mobile and behaves in a conservative way. That is, Cl- has a similar mobility to water 

molecules and it does not participate in geochemical reactions that would cause it to be lost or 

gained from the aquifer matrix. This means that the dominant processes influencing Cl- 

concentrations in groundwater are dilution, concentration of salts down a groundwater flow path, 

and mixing with other waters (Herczeg and Edmunds, 2000). Therefore, Cl- can be used as a 

tracer of salt movement in groundwater systems. Calculating dissolved ion/Cl- ratios, with both 

concentrations in mEq/L, and identifying changes to the ratios assists in determining other 

processes that may be influencing dissolved ion concentrations. If other processes were not 

influencing dissolved ion concentrations to a significant degree, we would expect dissolved ion/Cl- 

ratios to be maintained despite changes to groundwater electrical conductivity values. Dissolved 

ion/Cl- ratios have been compared with time on biplots to determine processes influencing 

groundwater geochemistry. 

In addition, the ion ratios (Na++K+)/(Ca2++Mg2+) and (Cl-+SO4
2-)/(HCO3

-+CO3
2-) have been 

compared with time on biplots to determine broad changes in the cation and anion compositions 

respectively. 

Beneficial use indicators 

Some key beneficial use indicators were also calculated and compared with time on biplots. These 

beneficial use indicators include total hardness, residual alkalinity, and the sodium adsorption ratio. 

Total hardness is a measure of multivalent cations in water, largely Ca2+ and Mg2+. Irrigation water 

that has high hardness values can produce solid deposits on pumping and irrigation equipment 

collectively called scale. This is caused by Ca2+ and Mg2+ ions reacting with HCO3
- ions to 

precipitate carbonate minerals when water is heated as shown by equations 6 and 7 

(Groundwater salinity  section). 

Scale build-up can reduce equipment life and increase maintenance and running costs. Water 

hardness is calculated using the following equation: 

Ὕέὸὥὰ ὬὥὶὨὲὩίί άὫȾὒ ὥί ὅὥὅὕ ςȢτωχὅὥ τȢρρψὓὫ  

éEquation 9 

where Ca2+ and Mg2+ concentrations are expressed as mg/L. 

The sodium adsorption ratio (SAR) is an irrigation water quality parameter that is primarily used in 

the management of sodium-affected soils. If irrigation water with high SAR values is applied to 

soils for a long time period, the dissolved Na+ in the water can displace Ca2+ and Mg2+ adsorbed 

onto soils aggregates. This decreases the stability of the soil aggregates, thereby decreasing soil 

structure and infiltration capacity. The SAR is calculated using the following equation:  

ὛὃὙ
ὔὥ

ρ
ς
ὅὥ ὓὫ  

  

éEquation 10 

where Na+, Ca2+, and Mg2+ concentrations are expressed as mEq/L. 

Residual alkalinity, or the residual sodium carbonate index (RSC), is an irrigation water quality 

parameter used to indicate the alkalinity hazard for soil and is used to determine irrigation water 

suitability in clay soils that have a high cation exchange capacity. Irrigation water with high levels of 

HCO3
- and CO3

2- can combined with Ca2+ and Mg2+ adsorbed onto soils aggregates, causing the 
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precipitation of carbonate minerals and a decrease in the stability of soil aggregates. The RSC is 

calculated using the following equation:   

ὙὛὅ Ὄὅὕ ὅὕ  ὅὥ ὓὫ   

éEquation 11 

where Ca2+, Mg2+, HCO3
-, and CO3

2- concentrations are expressed as mEq/L. 

Hydrogeological trends and processes in the Lower 
Namoi Groundwater Source 

Groundwater levels 

Narrabri Formation 

Generally, long-term groundwater levels in the Narrabri Formation are steady (GW036377.1.1 and 

GW036314.1.1) or declining (all other sites), with the initial and final water level measurement over 

the investigation time period being within ±1 m of each other (Figure 11; Figure 12).   

Groundwater levels at all sites show responses to drought periods and seasonal variations aligned 

with irrigation pumping seasons. Groundwater levels generally decline between October 2003 and 

April 2007, increase between April 2007 and October to December 2017, and decline for the 

remainder of the investigation period. (Figure 11; Figure 12). 

Groundwater level measurements at sites GW036340.1.1, GW036280.1.1, and GW036320.1.1 

show seasonal fluctuations that suggest a response to groundwater extraction (Figure 11; Figure 

12). This could be groundwater extraction from the Narrabri Formation in these areas or induced 

drawdown from groundwater extraction from the underlying Gunnedah Formation. Comparisons 

with nested sites within the Gunnedah Formation (GW036340.1.2, GW036340.1.3, 

GW036320.1.2) show that (1) recovered water levels in the Gunnedah Formation are similar to 

those in the Narrabri Formation and (2) drawdown responses in the Narrabri Formation lag behind 

and are more subdued than those in the Gunnedah Formation (Figure 11; Figure 12). This 

suggests that induced drawdown from the underlying Gunnedah Formation is the most likely 

influence. Hydraulic connectivity between these sites was also noted by Parsons Brinckerhoff 

(2011). 

Gunnedah Formation 

As with the overlying Narrabri Formation, long-term groundwater levels in the Gunnedah Formation 

are steady or declining, with the initial and final recovered groundwater levels over the investigation 

time period being within ±3 m of each other (Figure 11; Figure 12). Since most monitoring bores 

screened within the Gunnedah Formation show a strong response to groundwater extraction, these 

declines could be more influenced by pumping regimens than overall groundwater level declines in 

the aquifer. However, groundwater level measurements at site GW036406.1.1 are more indicative 

of overall groundwater level decline since this site is downstream of the main extraction area and 

measurements have slightly declined over the investigation period. 

Increased groundwater extraction in response to drought periods is apparent in the Gunnedah 

Formation, with groundwater drawdown of up to 15 m (GW036398.1.1) occurring between August 

to September 2017 and July 2018. Recent recovered groundwater levels are also lower than those 

observed pre-August to September 2017 (Figure 11; Figure 12).   

Groundwater levels as site GW036406.1.1 have generally increased or remained steady between 

July 2007 and March 2018 before declining for the rest of the investigation period. 
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Drawdown in the Gunnedah Formation (GW036398.1.1 and GW036320.1.3) has been >20 m 

during a pumping season (Figure 11; Figure 12). Larger responses have generally occurred in the 

lower Gunnedah Formation rather than in the upper Gunnedah Formation. These responses are 

not unexpected considering (1) the Gunnedah Formation is a more productive aquifer both 

hydrologically and geochemically than the overlying Narrabri Formation, and (2) larger production 

bores tend to be screened deeper in aquifers to increase long-term water security. Groundwater 

levels at GW036406.1.1 show that larger drawdown responses are constrained to the main 

extraction areas to the north-east of Cryon (near sites GW036398 and GW036320), with 

dampened drawdown responses of up to 0.5 m seen downstream.    

Cubbaroo formation 

Long-term groundwater levels in the Cubbaroo formation have generally increased over the 

investigation period, with recovered groundwater levels at the beginning and end of the 

investigation period being within ± 5 m of each other (Figure 11; Figure 12).   

As with the Gunnedah Formation, groundwater level responses to drought periods are dominated 

by the resultant increase in groundwater extraction. Groundwater drawdown of up to 18 m 

(GW036398.2.2) occurs between August to September 2017 and July 2018, with recent recovered 

groundwater levels lower than those observed pre-August to September 2017 (Figure 11; Figure 

12). Drought responses are clearer at site GW036406.2.2, with groundwater levels generally 

increasing/remaining steady between July 2007 and March 2018 before declining for the rest of the 

investigation period. 

Drawdown of up to 30 m has been observed in the Cubbaroo formation (GW036280.1.3) during a 

pumping season, with larger responses occurring at sites GW036280.1.3 and GW036398.2.2.  As 

with the Gunnedah Formation, these responses are not unexpected considering (1) the Cubbaroo 

formation is a more productive aquifer both hydrologically and geochemically than both overlying 

formation, and (2) larger production bores tend to be screened deeper in aquifers to increase long-

term water security. Groundwater levels at GW036406.2.2 also demonstrate that larger drawdown 

responses are constrained to the main extraction areas to the north-east of Cryon (near sites 

GW036398 and GW036320), with dampened drawdown responses of up to 0.5 m seen 

downstream.    

Hydrological connectivity between aquifers 

As previously outlined, hydraulic connectivity between the Narrabri Formation and Gunnedah 

Formation is possibly occurring. In addition, groundwater is expected to move from the Narrabri 

Formation into the Gunnedah Formation, given that groundwater levels are higher in the Narrabri 

Formation. Inter-aquifer connectivity, if present, is low, given the dampened hydrological response 

in the Narrabri Formation to drawdown occurring in the Gunnedah Formation (GW036377, 

GW036314 and GW036320; Figure 11; Figure 13; Figure 14).   

It is more difficult to determine if hydrological connectivity exists between the Gunnedah Formation 

and Cubbaroo formation based on groundwater level data alone, since both aquifers show strong 

responses to groundwater extraction (GW036364, GW036398, GW036406; Figure 11; Figure 13; 

Figure 14). Similar recovered groundwater levels at GW036398 may indicate a strong hydrological 

connection, with hydraulic head reversals occurring throughout the investigation period (Parsons 

Brinckerhoff, 2011). However, as stated above, the strong drawdown responses to groundwater 

extraction are masking connectivity, if present. 
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Figure 12. Groundwater levels grouped by aquifer in the Lower Namoi Groundwater Source 

  



Lower Namoi Groundwater Source 

NSW Department of Planning, Industry and Environment | DOC21/309909 | 25 

 

 

Figure 13. Groundwater levels in the eastern cluster of monitoring sites screened in the Lower Namoi Groundwater Source 
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Figure 14. Groundwater levels in the western cluster of monitoring sites screened in the Lower Namoi Groundwater Source
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Hydrogeochemistry 

Narrabri Formation 

Physicochemical parameters 

Summary statistics for groundwater electrical conductivity and pH occurring throughout the 

Narrabri Formation and at individual monitoring sites are shown in Table 4.  The raw data is 

presented in Appendix 3 ï Raw data. 

Table 4. Summary statistics for physicochemical parameters in the Narrabri Formation (excluded 
values not included) 

Site Parameter No. 

points 

No. 

non-

detects 

Min Median Max 

All Electrical conductivity (µS/cm) 396 0 5,850 13,800 31,500 

All pH (pH units) 351 0 6.6 7.9 8.5 

GW036377.1.1 Electrical conductivity (µS/cm) 78 0 11,700 14,600 16,600 

GW036377.1.1 pH (pH units) 68 0 6.7 7.9 8.4 

GW036340.1.1 Electrical conductivity (µS/cm) 80 0 5,850 10,705 16,200 

GW036340.1.1 pH (pH units) 69 0 6.7 7.9 8.5 

GW036314.1.1 Electrical conductivity (µS/cm) 78 0 20,200 28,300 31,500 

GW036314.1.1 pH (pH units) 72 0 6.6 7.6 8.3 

GW036280.1.1 Electrical conductivity (µS/cm) 76 0 7,370 12,800 15,900 

GW036280.1.1 pH (pH units) 67 0 7.4 8.0 8.5 

GW036320.1.1 Electrical conductivity (µS/cm) 84 0 10,300 14,230 16,900 

GW036320.1.1 pH (pH units) 75 0 7.0 7.7 8.4 

Electrical conductivity values in the Narrabri Formation range from 5,850 µS/cm to 31,500 µS/cm 

when suspect values are not considered.  Electrical conductivity is highest at site GW036314.1.1, 

where values are up to 6 times those of other sites screened in the same aquifer (Table 5; Figure 

11; Figure 15a). Electrical conductivity values have generally remained steady or increased in the 

Narrabri Formation, with decreases at all sites observed between April 2008 and August 2009. 

Prolonged decreasing trends in electrical conductivity were observed at site GW036280.1.1 

(Figure 11; Figure 15a). There are no clear indications of an influence of groundwater pumping on 

electrical conductivity values in the Narrabri Formation when this parameter is viewed in isolation. 

Groundwater pH in the Narrabri Formation ranges from 6.6 to 8.5 when suspect values are not 

considered (Table 5; Figure 11; Figure 15b). Groundwater pH values are very similar across all 

the monitoring sites but are generally more acidic (lower pH values) at site GW036314.1.1 and 

more basic (higher pH values) at site GW036280.1.1. Groundwater extraction may be influencing 

pH values, with pH values generally decreasing during pumping periods and increasing during 
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recovery (Figure 11; Figure 15b). Long-term increasing pH value trends occur from October 2003 

to the end of the pumping recovery period in 2005 (July to September) before there is a decreasing 

trend until the end of the investigation period (October 2019) (Figure 11; Figure 15b). 

a) 

 

b) 

 

Figure 15. Groundwater (a) electrical conductivity (b) and pH in the Narrabri Formation 
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Major ions 

Summary statistics for groundwater major ions occurring throughout the Narrabri Formation and at 

individual monitoring sites are shown in Table 5 to Table 10, with the raw data supplied in 

Appendix 3 ï Raw data. 

Table 5. Summary statistics for major ions for all monitoring sites in the Narrabri Formation. 

Parameter (mg/L) No. points No. non-detects Min Median Max 

Na+ 422 0 888 2,600 6,500 

K+ 422 0 1.8 4.3 41 

Ca2+ 422 0 60 240 740 

Mg2+ 422 0 64 294 650 

Cl- 422 0 1,340 4,400 11,000 

SO4
2- 422 0 68 970 4,200 

CO3
2- 407 373 <0.6 <0.6 17 

HCO3
- 421 1 <25 310 960 

NO3
- 381 145 <1.0 1.33 177 

 

Table 6. Summary statistics for major ions at monitoring site GW036377.1.1 in the Narrabri 
Formation. 

Parameter (mg/L) No. points No. non-detects Min Median Max 

Na+ 82 0 2,400 2,700 2,900 

K+ 82 0 3.3 4.6 10 

Ca2+ 82 0 190 270 350 

Mg2+ 82 0 270 340 410 

Cl- 82 0 4,300 4,885 5,300 

SO4
2- 82 0 386 1,000 1,170 

CO3
2- 80 77 <0.6 <0.6 9.3 

HCO3
- 82 1 <25 230 320 

NO3
- 73 28 <1.0 1.37 177 
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Table 7. Summary statistics for major ions at monitoring site GW036340.1.1 in the Narrabri 
Formation. 

Parameter (mg/L) No. points No. non-detects Min Median Max 

Na+ 85 0 990 1,900 3,200 

K+ 85 0 2.0 4.8 20 

Ca2+ 85 0 60 150 250 

Mg2+ 85 0 65 180 350 

Cl- 85 0 1.500 3.200 5.400 

SO4
2- 85 0 122 610 1.100 

CO3
2- 82 68 <0.6 <0.6 15 

HCO3
- 85 0 46 301 561 

NO3
- 73 29 <1.0 2.2 14 

 

Table 8. Summary statistics for major ions at monitoring site GW036314.1.1 in the Narrabri 
Formation. 

Parameter (mg/L) No. points No. non-detects Min Median Max 

Na+ 85 0 888 5,600 6,500 

K+ 85 0 2.0 6.9 41 

Ca2+ 85 0 65 640 740 

Mg2+ 85 0 64 820 950 

Cl- 85 0 1,340 9,700 11,000 

SO4
2- 85 0 195 3,300 4,200 

CO3
2- 81 80 <0.6 <0.6 0.7 

HCO3
- 84 0 63 500 768 

NO3
- 74 49 <1.0 <1.0 24 
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Table 9. Summary statistics for major ions at monitoring site GW036280.1.1 in the Narrabri 
Formation. 

Parameter (mg/L) No. points No. non-detects Min Median Max 

Na+ 81 0 1,300 2,800 3,400 

K+ 81 0 1.8 2.9 12 

Ca2+ 81 0 110 320 300 

Mg2+ 81 0 140 260 340 

Cl- 81 0 1,980 3,500 4,300 

SO4
2- 81 0 68 2,400 3,400 

CO3
2- 78 66 <0.6 <0.6 17 

HCO3
- 81 0 49 370 960 

NO3
- 81 8 <1.0 20 71 

 

Table 10. Summary statistics for major ions at monitoring site GW036320.1.1 in the Narrabri 
Formation. 

Parameter (mg/L) No. points No. non-detects Min Median Max 

Na+ 89 0 1,700 2,600 3,000 

K+ 89 0 3.4 4.5 17 

Ca2+ 89 0 150 290 350 

Mg2+ 89 0 160 320 370 

Cl- 89 0 3,100 4,800 5,400 

SO4
2- 89 0 590 930 1,200 

CO3
2- 86 82 <0.6 <0.6 7.6 

HCO3
- 89 0 32 220 262 

NO3
- 80 31 <1.0 1.3 133 
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The ion ratios of (Na++K+)/(Ca2++Mg2+) and (Cl-+SO4
2-)/(HCO3

-+CO3
2-) in groundwater within the 

Narrabri Formation are following different trends at different sites. The (Na++K+)/(Ca2++Mg2+) ratios 

at sites GW036340.1.1 and GW036280.1.1 have generally increased over the investigation period, 

with a substantial pulse following electrical conductivity decreases in 2010ï2011 (Figure 11; 

Figure 16). The (Na++K+)/(Ca2++Mg2+) ratios at all other sites are slightly decreasing. Similar 

trends are present in the (Cl-+SO4
2-)/(HCO3

-+CO3
2-) ratios. The (Cl-+SO4

2-)/(HCO3
-+CO3

2-) ratios at 

sites GW036340.1.1 and GW036280.1.1 decrease following electrical conductivity decreases in 

2010ï2011 before increasing for the rest of the investigation period (Figure 11; Figure 17). The 

(Cl-+SO4
2-)/(HCO3

-+CO3
2-) ratios at GW036377.1.1 have generally increased over the investigation 

period, with the (Cl-+SO4
2-)/(HCO3

-+CO3
2-) ratios generally decreasing at GW036320.1.1 and 

GW036314.1.1 (Figure 11; Figure 17).   

The general trend of increasing ion ratios at sites GW036340.1.1 and GW036280.1.1 (except for 

Mg2+/Cl- at both sites and SO4
2-/Cl- at GW036340.1.1; Figure 11; Figure 16; Figure 17) suggests 

that the broad changes to (Na++K+)/(Ca2++Mg2+) ratios and (Cl-+SO4
2-)/(HCO3

-+CO3
2-) ratios is due 

to general salinisation processes potentially including the addition of Na+ from cation exchange and 

the addition of Ca2+, Mg2+, and HCO3
-+CO3

2- from carbonate mineral dissolution. The ópulseô 

present from 2011ï2015 (Figure 11; Figure 17) could be due to the addition of fresher Na+ïCl- 

dominated water either through flooding or deep infiltration of irrigation water. The noticeable 

increase of SO4
2-/Cl- at GW036280.1.1 could be a result of sulfate mineral precipitation, microbial 

processes, or the oxidation of sulfide. 

The decreasing (Na++K+)/(Ca2++Mg2+) ratios at sites GW036377.1.1 and GW036320.1.1 are driven 

by the combination of decreasing Na+/Cl- and K+/Cl- ratios and increasing Ca2+/Cl- and Mg2+/Cl- 

ratios (Figure 11; Figure 18a,b,c,d). This, coupled with decreasing (HCO3
-+CO3

2-)/Cl- (Figure 

19b) suggests that reverse ion exchange is adding Ca2+ and Mg2+ to groundwater whilst removing 

Na+, with carbonate mineral precipitation removing HCO3
-+CO3

2- along with some of the Ca2+ and 

Mg2+ introduced by reverse ion exchange. The removal of HCO3
-+CO3

2- could also contribute to the 

decreasing pH values since there is less alkalinity to neutralise any acidity present in the 

groundwater. 

Despite both Na+/Cl- and Ca2+/Cl- increasing at site GW036314.1.1, the decreasing 

(Na++K+)/(Ca2++Mg2+) suggest that Ca2+ is being added to groundwater at a higher rate than Na+ 

(Figure 11; Figure 18a,c). This coupled with increasing (HCO3
-+CO3

2-)/Cl- and SO4
2-/Cl- ratios 

(Figure 19a,b) suggests that Ca2+, SO4
2-, and HCO3

-+CO3
2- could be added to groundwater via 

mineral dissolution, with Na+ being added via cation exchange. 

The NO3
-/Cl- ratios across the Narrabri Formation are generally increasing over the investigation 

period (Figure 11; Figure 19c). 
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Figure 16. Groundwater cation ratios in the Narrabri Formation 

 

 

Figure 17. Groundwater anion ratios in the Narrabri Formation 
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Figure 18. Detailed groundwater cation/chloride ratios in the Narrabri Formation, including (a) Na+/Cl-, (b) K+/Cl-, (c) Ca2+/Cl-, and (d) Mg2+/Cl- 
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Figure 19. Detailed groundwater anion/chloride ratios in the Narrabri Formation, including (a) SO4
2-/Cl-, (b) (HCO3

-+CO3
2-)/Cl-, and (c) NO3

-/Cl- 


















































































































































































































































































































































































