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Cockburn River Groundwater and Surface Water Connectivity Study 

1. Summary 
This project investigates the interaction between surface water and groundwater in the Peel Alluvium 

Groundwater Source - Cockburn River Alluvium Management Zone. It compares the water depth 

and water quality of four pools in the Cockburn River with local groundwater levels and rainfall. 

The main aim of the project is to determine how groundwater extraction influences surface water 

volumes/levels. Key findings of this study, in conjunction with numerical modelling, will assist in the 

development of options for groundwater access rules in the Cockburn River Alluvium Management 

Zone. 

This study concludes that: 

	 Surface water and groundwater were always connected within the Cockburn River Alluvium 

Management Zone during the study period, fluctuating between throughflow connectivity, to 

losing connected, depending on the location and hydrological conditions such as rainfall, 

stream flow and potentially extraction. No part of the stream system was disconnected from 

groundwater. 

	 The pools were maintained by groundwater during the zero-flow period in 2019/2020. 

However, it could not be determined from the available information if groundwater extraction 

over this period significantly impacted on water levels in the pools. 

During the period of very low water levels (in 2019/2020), the pools had poor water quality 

with high water temperatures and very low dissolved oxygen levels, hence biota would have 

been under stress. The pools were also very small (in size and depth) and inflows from 

groundwater were likely important for biota during dry times, as there had been zero surface 

water flows for the previous ten months. 

	 Following the resumption of surface water flow in mid-January 2020, after which the main 

monitoring period commenced, it could not be determined if groundwater extraction 

significantly impacted on pool heights as there was substantial rainfall in the area and 

constant river flows during the data collection period. The direct analysis methods applied in 

this project were not able to distinguish the individual contribution of rainfall, surface water 

flows and groundwater discharge to river/extraction and how they directly impact on or 

contribute to the pool levels. 

	 Pumping groundwater from the alluvium will likely have an impact on surface water especially 

during low/no surface water flow periods. However, the specific contribution and timing of 

impact from groundwater extraction on surface water cannot be determined directly from the 

information and analysis undertaken in this study. 

	 Numerical modelling is required to analyse the direct impact of groundwater extraction on the 

stream/pool levels. 

NSW Department of Planning, Industry and Environment | PUB21/845 | 3 



        

          

   
                 

      

                 

        

         

          

                

              

          

             

               

    

                

        

Cockburn River Groundwater and Surface Water Connectivity Study 

2. Project purpose 
The aim of this project is to assess how groundwater extraction influences water levels in the river 

and river pools of the Cockburn River. 

The scope of this project is limited to understanding the effect of groundwater pumping on river pool 

water levels and the hydraulics of these effects. 

This project aims to answer the following research questions: 

1. How does groundwater extraction influence surface water pool volumes/levels? 

2. How does this affect the water quality in the river pools of the Cockburn River? 

The Department of Planning, Industry and Environment is developing a numerical model for the Peel 

Alluvium that includes the Cockburn River Alluvium Management Zone. 

The model will allow the department to further investigate surface water/groundwater interactions in 

the Peel Alluvium and assess the effect of different access rules in the Cockburn River Alluvium 

Management Zone. 

The information collected in this project will be considered in the modelling and assist in identifying 

options for groundwater daily access rules for further consideration. 

NSW Department of Planning, Industry and Environment | PUB21/845 | 4 



        

          

   
               

                

        

             

              

              

             
              

                

   

               

              

          

             
                

                 

        

             
              

                 

  

                

               

     

Cockburn River Groundwater and Surface Water Connectivity Study 

3. Introduction
 
The groundwater in the Cockburn River Alluvium is highly connected to the Cockburn River, hence 

groundwater extraction has the potential to impact surface water flows and river pool depth (Cook et 

al., 2006; Welch et al., 2013; DoI, 2019). 

Pools in river systems provide valuable ecological services including providing refugia for aquatic 

biota during low and zero flow conditions that are frequently experienced during drought. 

The Cockburn River supports several high ecological value assets that are dependent on the 

sustainability of river pools, including endangered populations of Eel-tailed catfish and Murray cod, 
which are listed as vulnerable. A key threatening process (listed in the Threatened Species 

Conservation Act 1995) for these fish communities is the alteration to natural flow regimes of rivers 

and streams. 

The pools and groundwater system associated with the Cockburn River are also an important source 

of water for licence holders, domestic and stock users and communities, providing for basic 

landholder rights and other productive uses like commercial irrigation. 

Extraction from the unregulated Cockburn River Water Source - Cockburn River Management Zone 
is managed under the Water Sharing Plan for the Namoi and Peel Unregulated River Water Sources 

2012. This plan defines low flow cease to pump rules that are linked to the Cockburn River Kootingal 

gauge that apply to unregulated surface water users. 

The Peel Alluvium Groundwater Source - Cockburn River Alluvium Management Zone is managed 
under the Water Sharing Plan for the Namoi Alluvial Groundwater Sources 2020. While there are 

currently no cease to pump rules for groundwater licences, access rules can be included after 1 July 

2022. 

This study will help us understand the hydrological conditions in the surface water pools and their 

connection to the underlying alluvial aquifer which will be considered in determining if daily access 

rules for groundwater extraction are appropriate. 

NSW Department of Planning, Industry and Environment | PUB21/845 | 5 



        

          

    
            

               

                  

   

                   

               

                 

          

               

               

                 

     

  
              

               

          

             

                

              

                  

         

 

      

Cockburn River Groundwater and Surface Water Connectivity Study 

4. Study area 
Cockburn River Alluvium Management Zone is associated with the Cockburn River in the Cockburn 

River Catchment, a sub-catchment of the Namoi River Catchment (Figure 1 - page 7), located near 

the city of Tamworth in the North-West Slopes region of New South Wales and is part of the Murray-

Darling Basin. 

The Cockburn River is located in the upper catchment of the Peel River. The river is 33.6 km in 

length and drains a sub-catchment of approximately 1,130 km2 (Boys et al., 2011). The Cockburn 

River begins at the confluence of Swamp Oak Creek and Jamiesons Creek, it then flows in a south

westerly direction joining the Peel River (Boys et al., 2011). 

Cockburn River Alluvium Management Zone (Figure 2) extends from the village of Nemingha in the 

south-west approximately 9 km to Kootingal, then another 5.5 km to the north-east past Kootingal 

(total length approximately 15 km). The width of the system varies along its length but is generally 

less than 1 km wide. 

4.1. Climate 
Climate data is available the from Kootingal (Gate Street) Station 55148 and Tamworth Airport 

Station 055325, from the Bureau of Meteorology (BOM) and augmented by patch point data from 

the SILO database (Queensland Department of Environment and Science/BOM). 

The climate in the Cockburn catchment is temperate, the temperature extremes range from -5 

°Celsius (C) in the winter to 40+°C in the summer. Average rainfall is approximately 660 mm/year 

(2010 to 2020), rainfall is generally summer dominant from November to February. Summer rainfall 

is typically 70 - 95 mm per month at Kootingal. During the recent drought in 2018/2019 rainfall was 

well below the 10-year average monthly rainfall (Figure 3). 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 1. Cockburn River water source in the Namoi River catchment. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 2. Study pools location in Peel Alluvium Water Source located in the Namoi Valley. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

The cumulative deviation from mean rainfall (2010 to 2020) for Kootingal is shown in Figure 4. This 

graph shows the cumulative difference from the monthly average rainfall and provides a visual 

representation of the rainfall history in an area. 

The y-axis is unimportant in Figure 4, the rising and falling trends in the data are the focus of the 

graph. The falling trend indicates a period of lower-than-average rainfall, a rising trend showing 

periods of above average rainfall. The 2018/2019 drought period shows a pronounced decreasing 

trend representing the period of very low rainfall. 
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Figure 4. Cumulative deviation from mean rainfall graph – Kootingal 2010 to 2020 

4.2. Hydrology 
There are three current gauging stations in the Cockburn River; two at the Kootingal Bridge (419099 

and 419114) and one at Mulla Crossing (419016). The Kootingal Bridge gauging station (419114) 

has been recently installed and became operational on 1 July 2020. 

The new Kootingal gauge (419114) replaces the existing gauge (419099). The existing gauge is still 

active as it was designed to detect flood events and act as a warning system for Tamworth Regional 

Council. The new gauge is designed to accurately record daily flows at levels required to trigger the 

cease-to-pump rules in the water sharing plan. 

The flow duration curve shows that the river often ceases to flow at the Kootingal gauge (419099), 

about 25% of the time (Figure 5). However, the river does not dry completely with some surface 

water pools being maintained by groundwater discharge throughout the system. The new gauge at 

Kootingal (419114) does not have a history of data to show an updated duration curve. 

NSW Department of Planning, Industry and Environment | PUB21/845 | 9 



        

          

 

   

 

   
             

              

                 

                   

                      

        

   

                

     

              

 

              

               

              

         

               

       

Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 5. Flow duration curve for the Cockburn River at Kootingal 419099. 

4.3. Hydrogeology 
The Cockburn River alluvium forms a shallow unconfined aquifer associated with the Cockburn 

River. The alluvium generally consists of sands, clays, gravels, cobbles and boulders. The thickness 

of Cockburn River Alluvium can be up to 25 m, but is generally less than 15 metres. 

The depth to the water table varies from 4 m to 7 m below the ground surface. The saturated 

thickness of this unconfined aquifer varies from 4 m to 12 metres. The top 3 m to 5 m of the alluvium 

is generally loam or clay rich soils. 

4.4.1 Surface water/groundwater interaction theory 

Surface water can interact with groundwater in all types of landscapes. There are four basic ways 

surface water and groundwater interact: 

a) Gaining stream (Figure 6a) - streams gain water from inflow of groundwater through the 

streambed. 

b) Losing stream (Figure 6b) - streams lose water to groundwater by outflow through the 

streambed. Streams can be both, gaining in some reaches and losing in other reaches. 

c) Disconnected stream (Figure 6c) - the stream is disconnected from groundwater as the water 

table is below the bottom of a stream. 

d) Through-flow stream (Figure 6d) - where groundwater passes across the stream and can be 

gaining and losing at the same time. 

NSW Department of Planning, Industry and Environment | PUB21/845 | 10 



        

          

 

   

                  

                

             

            

             

                  

              

             

                  

    

   

               

     

              

               

               

                

         

               

         

                 

              

  

Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 6. Surface water/groundwater interaction types (Winter et al, 1999) 

For groundwater to discharge into a stream channel, the water table in the vicinity of the stream must 

be higher than the stream water level. For surface water to seep into groundwater, the water table 

in the vicinity of the stream must be lower than the stream level. 

In connected systems including gaining, losing and throughflow streams, pumping groundwater can 

impact on the stream. Whereas disconnected systems, pumping of shallow groundwater near the 

stream does not affect the flow of the stream near the pumped wells/bores. This is because there is 

an unsaturated zone between the groundwater table and river where a system is disconnected, 

meaning that the surface water and groundwater are not hydraulically connected, so pumping 

groundwater, no matter how much or how close the bore is to the stream, will not induce additional 

leakage from a stream. 

4.4.1 Groundwater monitoring network 

Long term groundwater level data is available from the existing government monitoring bore sites at 

Nemingha and Kootingal (Figure 7). 

The hydrographs for the government monitoring bores at Kootingal and Nemingha are shown in 

Figure 8 (Kootingal), with Cockburn River height data from Kootingal gauge (419099) and Figure 9 

(Nemingha), there is no surface water gauge with long term data close to the Nemingha monitoring 

bore sites. The water levels are plotted in metres above the Australian Height Data (mAHD), meaning 

the heights are relative regardless of ground level variations. 

The groundwater level shows correlation to surface water events over time, confirmed in Figure 8, 

as the groundwater levels mimic the surface water peaks. 

The available water level data has been contoured (in mAHD) as shown in Figure 7, the predominant 

groundwater flow direction within the Cockburn River alluvium is downstream from north east to 

south west. 

NSW Department of Planning, Industry and Environment | PUB21/845 | 11 



        

          

 
          

Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 7. Groundwater flow direction in the Cockburn River Alluvium Groundwater Management Zone 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Kootingal 419099 zero-gauge level 

Figure 8. Kootingal groundwater monitoring bore hydrographs with monthly river height (blue line) 

Figure 9. Nemingha groundwater monitoring bore hydrographs 
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Cockburn River Groundwater and Surface Water Connectivity Study 

4.4. Extraction 
The number of extraction sites and shares held in the Cockburn River Management Zones, alluvial 

and unregulated river are listed in Table 1. The location of all bores and surface water extraction 

sites is shown in Figure 10. 

Table 1. Extraction information for groundwater and surface water licences 

Access Licences Basic Landholder Rights 

Cockburn River 

Management Zones 

Number of 

extraction 

points 

Number of 

Water Access 

Licences 

Total Shares 

Held 

(equivalent 

to ML/year) 

Number of 

extraction points 

Volume allocated 

in the water 

sharing plan 

(ML/year) 

Alluvium (groundwater) 57 37 4720 44 240* 

Unregulated River 58 87 3075 ~ 219 

* Volume allocated for the whole Peel Alluvium Groundwater Source. 

~ Information on the number of Basic Landholder Rights extraction points is unavailable. 

Groundwater extraction in the alluvium is monitored and recorded for Water Access Licences 

holders, the usage for the last 10 years from 2011 to 2021 is shown in Figure 11. The highest 

groundwater usage year was 2013/2014 with approximately 1300 ML/year. Average usage over this 

period is 800 ML. The recorded usage was relatively low in 2019/2020 (approximately 200 ML 

recorded) and in 2020/2021 (approximately 330 ML recorded), these low usage years is likely a 

result of both very low rainfall/recharge in 2019 that could have impacted on bore yields and 

potentially planting, this was then followed by resumption of surface water flow and higher rainfall 

fall in 2020 to present. 

Figure 11. Total groundwater extraction (2011/12 to 2020/21) from production bores in Cockburn River 
Alluvium Management Zone 

0

200

400

600

800

1000

1200

1400

2011/2012 2012/2013 2013/2014 2014/2015 2015/2016 2016/2017 2017/2018 2018/2019 2019/2020 2020/2021

T
o

ta
l 
e
x
tr

a
c
ti

o
n

 (
M

L
/y

e
a
r)

Cockburn River Alluvium Management Zone 

Extraction from basic landholder rights bores is not monitored and is unknown. Unregulated surface 

water extraction is not currently metered, there is no surface water extraction data available from the 

Cockburn River Management Zone. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 10. Location of active and inactive production bore in Cockburn River Alluvium Management Zone (in map: SW = surface water). 
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Cockburn River Groundwater and Surface Water Connectivity Study 

5. Methodology 

5.1. Site selection 
Four pools on the Cockburn River and 23 nearby groundwater bores were selected to study how 

much groundwater extraction influences water levels in the river and river pools. 

The four pools were selected based on: 

 ease of access 

 healthy riparian vegetation (riparian vegetation provides bank stability, habitat, shade and 

food for native fish) 

 depth and size sufficient to determine pool persistence during drought conditions 

Pools 2, 3 and 4 were initially inspected in October 2019. Temporary gauging posts were installed 

at pools 3 and 4 to give an estimate of any changes in pool depth; the original gauge post 

downstream of Kootingal Bridge was used for Pool 2 (Appendix A, Figure 32 to 35). Pool water level 

changes, daily flow, rainfall and evaporation data was monitored for the period December 2019 to 

April 2021. 

The 23 groundwater bores were selected for this investigation based on their proximity to the pools 

and ease of access. These included 8 existing monitoring bores, 11 private bores and 4 newly drilled 

monitoring bores. 

The private and new monitoring bores included in the study, as well as the pools, were surveyed by 

a registered surveyor in 2020, this information is included in Appendix B. The location of the pool 

and bores considered in this study are identified in Figure 12. Further information on the sites is 

provided in Appendix C and bore logs for each bore considered in the study are included in Appendix 

D, E and F. 

5.2. Surface water monitoring 
The dimensions of the four pools were measured using a variety of techniques. Pool length and 

width were measured using a laser rangefinder. Pool depths were measured using a Deeper Pro 

sonar. Multiple transects were taken longitudinally and laterally along the pools to establish pool 

dimensions during different flow conditions. 

During zero flow river conditions, the depths of individual pools were shallow, with most pools having 

an average depth of 1 to 1.5 metres. Pool length ranged from approximately 23 m to 240 m, and 

pool width ranged from 10 to 25 metres. When the pools resumed flowing in early 2021, pool depths 

increased with average depths ranging from 1.5 to 3 metres during flowing conditions 

Diver dataloggers (pressure probes) were installed in the four pools to measure water levels and 

conductivity. Pressure probes were installed during a dry period in December 2019 and 

measurements were recorded every 15 minutes. Pressure probes were attached to Besser blocks 

so their relative height did not change as water levels fluctuate. A barometric pressure probe was 

also installed in a nearby location. The Barometric pressure probe provided a reference for air 

pressure in the local area. 

The pressure probes measure water level with a highly accurate pressure sensor that measures 

absolute pressure. The pressure is equal to the weight of the water column above the measuring 

instrument plus the prevailing air pressure. Accuracy of probes are +-0.5cm (VanEssen Instruments, 
Product Manual, 2018). 

Water quality loggers were also installed in all four pools to analyse changes in temperature, 

dissolved oxygen and salinity. One dissolved oxygen/temperature logger was placed approximately 

NSW Department of Planning, Industry and Environment | PUB21/845 | 16 
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Figure 12. Pools and bores examined in the study. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

25 cm below the water surface, the other was placed just above the riverbed. These probes were 

fixed in-situ as outlined for pressure probes. Measurements were taken automatically and logged 

every 30 minutes (day and night) to determine if dissolved oxygen stratification occurred within each 

pool and if dissolved oxygen concentrations were influenced by flow, particularly in zero flow periods. 

5.3. Groundwater monitoring 
Groundwater level and temperature data was collected from 23 bores included in the study; this 

information is summarised in Table 2. 

Note: Monitoring bore GW093031 (shown on the maps) was not included in the study, as there is 

limited information available from this site. This bore is situated on a bedrock high (6 m deep) and is 

often dry. Also, GW093035 was not included, as it is at distance from Pool 2 and there are other 

closer sites available. 

Table 2. Groundwater monitoring information 

Site Location Bore Type Instrumentation type Date instrument 

installed 

GW047599 Pool 1 Private production Diver datalogger June 2020 

GW013404 Pool 2 Private production Diver datalogger February 2020 

GW019247 Pool 2 Private production Diver datalogger February 2020 

GW022231 Pool 2 Private production Diver datalogger February 20201 

GW093036 Pool 2 Existing monitoring WaterNSW probe & telemetry February 2005 

GW093037 Pool 2 Existing monitoring WaterNSW probe & telemetry February 2005 

GW093038 Pool 2 Existing monitoring WaterNSW probe & telemetry June 2020 

GW093039 Pool 2 Existing monitoring WaterNSW probe & telemetry June 2020 

GW093040 Pool 2 Existing monitoring WaterNSW probe & telemetry December 2002 

GW042585 Pool 3 Private production Diver datalogger February 2020 

GW047919 Pool 3 Private production Diver datalogger February 2020 

GW062410 Pool 3 Private production Diver datalogger February 2020 

GW900594 Pool 3 Private production Diver datalogger February 20202 

GW093110 Pool 3 New monitoring Diver datalogger May 2020 

GW093111 Pool 3 New monitoring Diver datalogger May 2020 

GW093112 Pool 3 New monitoring Diver datalogger May 2020 

GW093113 Pool 3 New monitoring Diver datalogger May 2020 

GW060042 Pool 4 Private production Diver datalogger February 2020 

GW060043 Pool 4 Private production Diver datalogger February 2020 

GW060044 Pool 4 Private production Diver datalogger February 2020 

GW093030 Pool 4 Existing monitoring WaterNSW probe & telemetry June 2020 

GW093032 Pool 4 Existing monitoring WaterNSW datalogger August 2020 

GW273033 Pool 4 Existing monitoring WaterNSW probe & telemetry July 2020 
1GW022231 only has data from the 24 February 2020 to the 9 September 2020. The logger was accidently turned off on 

the 9 September 2020 and it wasn’t discovered until the next download of data on the 16 April 2021. 
2GW900594 collapsed at some point between 2 April 2020 and 9 September 2020 and the logger has been stuck in the 

hole since this time. Data is only available forGW900594 from the 24 February to the 2 April 2020. 

The Diver dataloggers (pressure probes) are similar to those installed in the pools. Diver datalogger 

data for groundwater included in this report was downloaded in April 2021. The main data considered 

in this report if for the period February 2020 to April 2021 except GW022231, which has data 

available to September 2020. 

The instrumentation installed by WaterNSW is consistent with their existing protocol for groundwater 

datalogger and telemetry installation, for more information including water level data available for 

download see the WaterNSW website. 

NSW Department of Planning, Industry and Environment | PUB21/845 | 18 

https://realtimedata.waternsw.com.au/


        

          

    

   

     

              

               

                  

  

 

 

                 
           

              
    

                 

             

               

Cockburn River Groundwater and Surface Water Connectivity Study 

6. Analysis and results 

6.1. Study pools 

6.1.1. Flow condition effects on dissolved oxygen and temperature 

The hydrographic data was categorised into flow classes (Appendix A) and compared with the 

dissolved oxygen and temperature data for Pool 2 (Figure 13). Pool 2 has been selected as 

representative of the pools because it was the deepest pool and is located where the new river gauge 

exists (419114). 

Figure 13. Pool 2 during the summer of 2020-21 with mean surface and benthic probe data: (a.) 
dissolved oxygen concentrations; and (b.) temperature values, per flow category during the summer 
of 2020-21. The red dashed line (a) represents the dissolved oxygen concentration (4mg/L) required to 
support aquatic organisms. Concentrations less than 2mg/L can result in death. 

During summer when water levels were low (up to a moderate flow of 20 ML/d), dissolved oxygen 

concentrations were extremely low, potentially resulting in conditions that are lethal for aquatic 

organisms (anoxic conditions, i.e., <2 mg/L). However, when the river was flowing (e.g., a 50th 
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Cockburn River Groundwater and Surface Water Connectivity Study 

percentile: ≥29 ML/d) the pool was well oxygenated, reducing stress on aquatic organisms such as 

fish. 

When dissolved oxygen concentrations remain below 4 mg/L, as highlighted by the red dashed line 

in Figure 5a, fish and other biota are placed under increasing stress. Dissolved oxygen 

concentrations below 2 mg/L can be lethal. The water temperature was consistently above 21°C, 

irrespective of river discharge during the summer months (Figure 5b). 

Pool electrical conductivity levels generally increased with distance downstream, although values 

are not likely to be a concern for biota or irrigation (values ranged between 0.1 to 0.79 millisiemens 

per centimetre). 

Lastly, no groundwater water quality samples were collected during the study period. 

6.1.2. Native biota 

It was not within the scope of this study to undertake native biota sampling in the surface water pools. 

A previous study by Boys et al., (2011) surveyed a range of native fish species in these pools. 

However, during site visits by staff in December 2019, fish were observed to be under stress in some 

pools. Our observations can be summarised as: 

1.	 fish have lost condition (i.e. had visual loss of weight) 

2.	 fish were observed to float to the top of the water column often on their side and then slowly 

swim back down to the bottom of the pool 

3.	 some fish had perished 

Additionally, during the drought conditions as pools were drying up, a community member provided 

a photo of seven adult native Eel-tailed catfish that were collected and moved from a drying pool into 

a larger and deeper pool. 

6.2. Surface water / groundwater interaction 

6.2.1 Zero flow period 

As outlined in section 5.1, visual estimates to determine changes in pool depth prior to the installation 

of pressure probes was achieved using existing or temporary gauging plates (Appendix B: Figure 23 

to Figure 26 ). From late October 2019 to mid-December 2019 pool depths dropped by 6 cm in Pool 

2; 30 cm in Pool 3; and 20 cm in Pool 4 during the zero flow period (Appendix B: Figure 22). 

Upon installation of pressure probes in all four pools, changes in water levels for individual pools 

were compared against river flow, rainfall and evapotranspiration data to establish potential 

influences on pool heights. A linear regression was undertaken to establish the rate at which pools 

were changing height. 

During the December 2019 to January 2020 zero flow period, when pressure probes were installed, 

overall the pool water level did not change substantially, but there were some differences in how 

they responded. It was expected that high evapotranspiration rates in summer (rates of 0.87 cm/day 

- daily evapotranspiration data, Tamworth Airport, BOM) would result in clear decreases in water 

levels for the zero flow period. However, this was not the case with some pool water levels 

increasing, some decreasing and some barely changing (Figure 14). 
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Figure 14. Water levels above pressure probes for the four surface water pool sites during the cease 
to flow conditions (17/12/2019 until 14/01/2020). There was very little rainfall in this period 
(approximately 7 mm recorded at Kootingal station 55148 between 17/12/2019 and 14/01/2020). 

Pool 1 had water levels dropping in depth by approximately 2 cm over the 18 days (between 

28/12/2019 and 14/01/2020). The slope of linear regression indicates there is a decrease in depth 

of 0.1 cm each day on average for the pool (Figure 14). A smaller set of data was used for this 

analysis, as there was are some unexplained changes in water depth in the first 10 days. 

Pool 2 had very little change in water depth (<1 cm) over the 29 days of zero flow (between 

17/12/2019 and 14/01/2020). The slope of the linear regressions shows the small decrease in depth 

0.01 cm each day on average for the pool (Figure 14). 

Pool 3 has more variability of depth but an overall increase over the 29 days of zero flows. The probe 

shows an initial increase in water depth of 13 cm for the initial 12 days (17/12/2020 until 28/12/2020). 

There are some time periods where water level decreases. The slope of the linear regressions shows 

the small increase in depth 0.18 cm each day on average for the pool (Figure 14). 

Pool 4 had overall decreases in water levels over the 29 days of zero flows. The pool dropped in 

depth by approximately 5 cm (between 17/12/2019 and 14/01/2020). The slope of linear regression 

indicates there is a decrease in depth of 0.2 cm each day on average for the pool (Figure 14). 

There were no other zero flow periods during the study. 

6.2.2 Resumption of flow period 

Following the resumption of flow in mid-January 2020, changes in pool heights were compared to 

groundwater levels to determine the relationship between surface water and groundwater. As an 

example, data over a 3-month period (October 2020 to December 2020) is displayed for Pool 3, with 

private bore GW047919 (Figure 15) located approximately 1 km east of the pool. These three months 

were chosen to coincide with the main pumping period of the bore. A shorter period has been 

displayed than the complete record of data so more detail can be seen from this example. 
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The downward spikes in the data of up to nearly 2 m, represent drawdown in response to pumping 

from that bore, the level that groundwater returns to when the pump is turned off is called the 

recovered water level. This bore extracted 74 ML over the 2019/2020 water year and 36 ML over 

the 2020/2021 water year. The exact volume pumped in October 2020 (2019/2020 water year) and 

November/December 2020 (2020/2021 water year), cannot be determined with the available 

information. 

There was a pronounced declining trend in the recovered groundwater level (orange line) over the 

groundwater pumping period in the first half of October, this declining trend is replicated, but more 

subdued in the river height data (grey dashed line) over the same period, however; did not show a 

perceptible corresponding decline in the pool data (blue line).  
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Surface water level at Pool 3 (mAHD) GW047919 River height  

Figure 15. Surface water (SW) and groundwater (GW) fluctuations around Pool 3. River height was 
measured at Kootingal bridge (419099).  

The river was flowing over this period hence the pool level is dominated by river flow. The pool data 

(blue line) shows minor fluctuations just prior to and following the river event in October 2020, these 

are most obvious in the data between the 5/11/2020 and 15/11/2020. As the river was flowing over 

this period, there is the possibility these fluctuations are due to surface water extraction. 

The groundwater data shows a significant water level increase in response to the main river peak 

event in December 2020, but not to the smaller event in late October/early November. 

The direct impact of groundwater pumping on the pool over this period cannot be determined from 

review of this information, as the river was flowing over this period masking any evidence of direct 

impact from groundwater extraction. 

Hydrographs of all available water level data (pools and study bores) collected to date is provided in 

Appendix G. The data from the other pools and bores show similar trends. 
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6.2.3 Cross-sections 

Cross sections have been developed to visualise and determine the nature of the surface water and 

groundwater connectivity near each of the four study pools. The cross sections are based on surface 

elevation, aquifer depth (where it could be determined from the bore logs) and groundwater level 

data plotted with riverbed elevation and pool water levels (all in mAHD). Where the total depth of the 

alluvium is unknown, the average depth was considered as an approximate depth of bedrock. 

The cross sections were plotted with water levels from two periods; July 2020 to represent winter 

conditions and January 2021 to represent summer. Rainfall is summer dominant in this area and this 

is reflected in the water levels, which are generally higher over the summer period. 

Pools 1 and 2 

Pools 1 and 2 have been represented by two cross sections (Figure 16). 

Section AB runs approximately east to west, parallel along the alluvium and intercepting the river at 

two locations near Pool 1 and Pool 2 (Figure 17). 

Section CD runs north-west to south-east, perpendicular to the river, intercepting the river near Pool 

2 (Figure 18). 

Figure 16. Cross section locations - Pools 1 and 2 (GW = groundwater). 
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Figure 17. Cross section AB. 

Figure 18. Cross section CD (GW = groundwater). 
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Cross section AB (Figure 17) shows the groundwater hydraulic head decreases from point A to point 

B, that is, water is flowing downstream (approximately) from north to south, which is confirmed in the 

hydrograph shown in Figure 8. 

Based on these water level readings, Pool 1 (Figure 17) appears to be a through-flow system, as 

the groundwater level to the north-east of the pool is higher than the groundwater level to the south

west of the pool. The groundwater levels near Pool 1 are relatively similar to the pool levels, meaning 

that the system is likely to be transitional, changing form gaining or throughflow to losing depending 

on the conditions in this area. 

Cross sections AB (Figure 17), and CD (Figure 18) show that groundwater levels to the north-east 

side of Pool 2 are higher than the groundwater levels on the south-west side, indicating the 

groundwater is flowing (generally) across the river. During summer 2021 (January) the pool level is 

higher than the groundwater levels, indicating losing conditions. In winter (July) the groundwater 

level is higher than Pool 2 to the north-east and slightly lower on the south-west side, making it a 

throughflow system over winter. This again shows the transitional nature of the connectivity between 

the surface water and groundwater. 

Pool 3 

Pool 3 is represented by two cross sections (Figure 19). 

Section EF runs north-east to south-west, parallel along the alluvium and intercepting the river near 

Pool 3 (Figure 20). 

Section GH runs east to west, perpendicular to the river, intercepting the river near Pool 3 (Figure 

21). 

Figure 19. Cross section locations – Pool 3 (GW = groundwater). 
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Figure 20. Cross section EF 

Figure 21. Cross section GH. 
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Pool 3 shows the pool level is lower in summer compared to winter, which is opposite to what is 

expected given summer dominate rainfall in this area. The other three pools all show the pool height 

is higher in summer (January) compared to July (winter). 

The reason for this unexpected trend in Pool 3 is potentially due to surface water extraction 
dropping the pool level, there is a surface water extraction point close to Pool 3, this cannot be 
verified as there is currently no metering of unregulated extraction. This could also be due to 
probes shifting during flows, but this is also unable to be verified. 

Cross sections EF (Figure 20) shows that groundwater levels to the north-east of Pool 3 is higher 

than the groundwater level on the south-west side, again indicating the groundwater is flowing 

(generally) across the river from north-east towards the south-west. 

Cross section EF, the groundwater level is similar, but slightly lower than the pool level to the north

east during winter (July) and the groundwater level lower than the pool to the south-west, making 

the connectivity losing at this time. Over summer the groundwater level is higher than the pool to the 

north-east and the groundwater level lower than the pool level to the south-west, making the 

connectivity throughflow from at this time. 

Section GH (Figure 21) only shows trends on the eastern side of Pool 3. The water level during both 

summer and winter are higher than the pool level, although during winter (July) the groundwater 

level is only marginally higher than the pool level. This indicates the gaining connectivity on the 

eastern side of the river. It is expected from the EF section that the groundwater level would be lower 

on the western side of the pool, making it through-flow connectivity. The connectivity near Pool 3 is 

transitional, changing form gaining/throughflow (flow from north-east to south-west) to losing 

depending on the conditions in this area. 

Cross section EF (Figure 20) shows very low groundwater levels on the left-hand side (south-west) 

edge of the section, the reason for this is not fully understood and should be investigated. There is 

limited available information on bore GW900594, located to the south east of the section, to inform 

on water levels in this section. An investigation into the reason for the unexpected low water level 

monitoring bore GW093113 is required. 

Pool 4 

Pool 4 is represented by one cross section (Figure 22). 

Section IJ runs north-east to south-west, approximately parallel along the alluvium and terminating 

adjacent to Pool 4 (Figure 23). There is no data south-west of the pool. 

In July 2020 the groundwater level was slightly higher than the pool level, making it a gaining system 

at this time, the groundwater level is below the pool height in January 2021, meaning that at this time 

the river was a losing system. 

During summer 2021 (January) the pool level is higher than the groundwater levels, indicating losing 

connectivity. In winter (July) the groundwater level is higher than Pool 4 indicating gaining 

connectivity. The flow is towards the pool, demonstrated by the groundwater level being higher in 

GW060044 compared to GW273033. The connectivity is likely to be transitional, changing 

throughflow (flow from north-east to south-west) to losing depending on the conditions in this area. 
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Figure 22. Cross section location – Pool 4 (GW = groundwater). 

Figure 23. Cross section IJ. 
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7.Conclusions 

7.1 Pool levels during no river flow 

During the zero flow events within the monitoring period (December 2019 to January 2020), the pool 

water levels were relatively stable, despite high evaporation rates under drought conditions. 

The river had been in zero river flow conditions for ten months prior to the pressure probes being 

installed in the pools. Between initial site visits in late October 2019 and when the pressure probes 

were installed in December 2019, study pools were observed to contract in size, relative to gauge 

plates. Pool height data obtained from temporary height gauge plates shows that by the end of the 

extended drought (December 2019), the pools monitored showed a drop in water level, with Pool 3 

by as much as 30 cm. It is likely that over the ten months of zero flow the pools contracted in size 

until they reached a level where pool height was maintained by groundwater. 

Thus, a form of equilibrium (or pressure balance) between the pools and the groundwater source 

appears to be reached and pool water levels stabilised. 

7.2 Water quality during the no river flow 

Dissolved oxygen in the pools deteriorated under zero flow conditions, putting aquatic biota under 

stress when dissolved oxygen was less than 4 mg/L. This was apparent with observations of some 

native fish under visible stress (December 2019). 

When river flows were in the low flow category (below the 80th percentile), dissolved oxygen 

concentration was lower. This is in spring and autumn and during moderate flows (64th percentile) 

conditions. Reduced flow can result in low dissolved oxygen concentrations and low flow supports 

algal blooms. Both these conditions can increase the stress on native fish and other river biota. 

These water quality patterns were not as apparent during winter periods and as flows returned the 

water column was well mixed and oxygen levels remained above sub-lethal levels. 

In Australian inland rivers dissolved oxygen concentrations can vary considerably. Dissolved oxygen 

is driven by a combination of factors including: temperature, the presence of phytoplankton, organic 

matter and aquatic plants (Sheldon & Walker, 1997). 

An increase in water temperature results in a reduction in the dissolved oxygen carrying capacity of 

the water. In Australian inland river pools reduced dissolved oxygen concentrations generally occur 

during the summer months and when river flows are minimal. Stratification will occur with a layer of 

warmer water on the surface, above a cooler layer of water (Boulton & Brock, 1999) below. 

The conceptual model below helps to summarise these relationships and identifies ecosystem 

responses to water extraction in river pool under no-flow conditions and can be applied to the 

Cockburn River (Figure 24). 
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Figure 24. Aquatic ecosystem responses to water extraction in river pools under no-flow conditions. 
Responses will vary according to natural patterns of water loss and timing, frequency and magnitude 
of extraction. 

7.3 Connectivity 

In this study, water levels in the river pools and groundwater were compared over the period 

February 2020 to April 2021. The Cockburn River was low/zero flow conditions prior to the 

commencement of the study, flow resumed in January 2021 following a significant rainfall event. 

Surface water flow continued over the main study period. 

The data shows that all four pools transition from throughflow connected systems (groundwater is 

flowing through to or from the river) to losing systems (the river is losing to groundwater). Hence, the 

pools and groundwater are connected, the type of connection dependent on the location and 

hydrological conditions such as rainfall, stream flow and potentially surface water or groundwater 

pumping. 

Over the study period (from February 2020 to April 2021) the groundwater level always remained 

above the base of the pools even during periods where the river was losing to the groundwater. At 

these times, the river/pool water level was above the groundwater level, making the hydraulic 

gradient from the river/pool towards the groundwater, however; the groundwater level never dropped 

lower than the deepest point of the pools. 

It can be inferred from the available pool data collected in December 2019 during no surface water 

flow conditions (this is before the main study period commenced), that the pools were 

gaining/throughflow connected, that is, the groundwater level was above the base of the pools and 

the pools were being maintained by groundwater in December 2019 as there was no flow in the river 

to maintain the pools. 
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The Cockburn River Alluvium Management Zone is a relatively small alluvial system, being mostly 

less than 1.5 km wide and less than 15 m deep. Given the small size of the system, groundwater 

extraction will most likely impact on surface water. However, the direct relationship of groundwater 

pumping and the degree of impact on surface water at a specific location depends on surface water 

flows, aquifer properties, volume pumped and proximity of pumping bores to surface water. 

During no surface water flow periods, where the groundwater is maintaining the pools, surface water 

will likely be most sensitive to groundwater extraction. 

7.4 Management considerations 

A risk assesment, undertaken by the department for the Namoi catchment, identified a high risk to 

ecological values in the Cockburn River during zero flows and base/low flows from both surface and 

groundwater extraction. The risk assessment considered the current strategies and rules in place 
under the NSW Water Management Act 2000 and the water sharing plan rules. 

Daily access (cease-to-pump) rules are established for surface water users in the Cockburn River 
Management Zone in the Cockburn River Water Source under the Water Sharing Plan for the Namoi 

and Peel Unregulated Rivers Water Sources 2012. A summary of these access rules are listed in 

Figure 25. 

Figure 25. Access rules for the Cockburn River Management Zone as summarised in the Rules 
Summary Sheet for the Cockburn River Water Source 

There are no daily access rules for groundwater licences in the Cockburn River Alluvium 
Management Zone in the Peel Alluvium Groundwater Source under the Water Sharing Plan for the 

Namoi Alluvial Groundwater Sources 2020. However, the water sharing plan includes an amendment 

provision (clause 68) that allows for the plan to be amended after 1 July 2022 to establish access 

rules in the Cockburn River Alluvium Management Zone. 

Extraction from groundwater will likely have some degree of impact on surface water, however; the 

specific contribution and timing of impact from groundwater extraction on surface water cannot be 

determined directly from the information and analysis from this study. 

Key findings of this study, in conjunction with other information and numerical modelling if available, 

will help inform options to manage the impact of groundwater extraction on surface water in the 

Cockburn River Alluvium Management Zone. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Appendix A – Additional study pool data
 
Hydrographic data (from gauging stations 419099 and 419114 at Kootingal Bridge and Pool 2) were 

used to determine the variability in river discharge during the study. Water quality data, including 

temperature and dissolved oxygen from each pool, was compared against discharge and pool 

heights. The data was compared hourly as a basis for determining daily pattern in rivers (increased 

temperatures occurring in the evening and reduced temperatures in the morning). 

Flow categories used to estimate dissolved oxygen and temperature variability against discharge, 

across seasons, is presented below. The discharge categories reflect the range of flows that can 

occur within the Cockburn River. For example, the 80th percentile is the value below which 80% of 

observations may be found. 

Figure 26. Pool 2 during the winter of 2020, showing mean surface and benthic probe data: (a.) 
dissolved oxygen concentrations; and (b.) temperature values, per flow category. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 27. Pool 2 during the spring of 2020, showing mean surface and benthic probe data: (a.) 
dissolved oxygen concentrations; and (b.) temperature values, per flow category. The red dashed line 
(a) represents the dissolved oxygen concentration (4mg/L) required to support aquatic organisms. 
Concentrations less than 2mg/L can result in death. There was an anomaly during the moderate flow 
categories in spring where benthic concentrations exceeded surface values. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 28. Pool 2 during the autumn of 2020, showing mean surface and benthic probe data: (a.) 
dissolved oxygen concentrations; and (b.) temperature values, per flow category. The red dashed line 
(a) represents the dissolved oxygen concentration (4mg/L) required to support aquatic organisms. 
Concentrations less than 2mg/L can result in death. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Table 2. Seasons flow duration table from the Cockburn River gauge (419114) used to determine flow 

categories that influence dissolved oxygen and temperature pool data. Percentiles selected are based 

on the generic flow duration curve or unregulated rivers (Figure 20). 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 29. Flow duration curve estimating the percentage of time a flow category is equalled or exceeded in an unregulated river in NSW 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 30. Hydrograph leading up to and during the study period with details of when the project started and activation of the new surface water 
gauge. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 31. Histogram showing relative changes in pool height (depth) based on gauge post readings across two site visits. 0 ML/d flows were 
recorded during both the October and December 2019 visits. Pool 1 was not located until the site visit in December 2019. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 32. Gauging post in Pool 2 (23-Oct-2019) used to estimate changes in pool depth prior to 
installation of pressure probes in mid-December 2019. 

Figure 33. Gauging post in Pool 2 (16-Dec-2019) comparative depth change with Figure . 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Figure 34. Temporary gauging post in Pool 4 (24-Oct-2019) used to estimate changes in pool depth 
prior to installation of pressure probes in mid-December 2019. 

Figure 35. Temporary gauging post in Pool-4 (16-Dec-2019) showing drop in pool depth compared to 
Figure 34 above. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Appendix B – Survey data 
It is noted that the pool names changed in reporting, so they are labelled in order down the system. 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Appendix C – Bore details 
These tables should be used with reference to Figure 12 for locations. 

Table 3. Groundwater bores monitoring activity near Pools 1 and 2. 

Site Bore Type Depth 
(mbgl) 

Latitude Longitude Date 
surveyed 

Date 
instrumentation 
installed 

Instrumentation 
installed by 

Instrumentation type 

GW047599 Active Production 7.3 -31.0559 151.077 22 July 2020 5 June 2020. DPIE Water Diver datalogger 

GW013404 Active Production 9.8 -31.0618 151.0592 22 July 2020 24 February 2020. DPIE Water Diver datalogger 

GW019247 Inactive Production 9.4 -31.0626 151.0611 22 July 2020 24 February 2020. DPIE Water Diver datalogger 

GW022231 Inactive Production 9.4 -31.0631 151.0608 22 July 2020 24 February 2020. DPIE Water Diver datalogger 

GW093036 Monitoring 12 -31.0684 151.0593 18 February 2005 WaterNSW Data logger and telemetry 

GW093037 Monitoring 21 -31.0665 151.0577 18 February 2005 WaterNSW Data logger and telemetry 

GW093038 Monitoring 17 -31.0646 151.0561 29 June 2020 WaterNSW Data logger and telemetry 

GW093039 Monitoring 16 -31.0631 151.0558 29 June 2020 WaterNSW Data logger and telemetry 

GW093040 Monitoring 17 -31.0616 151.0537 11 December 2002 WaterNSW Data logger and telemetry 

Table 4. Groundwater bore monitoring activity near Pool 3. 

Site Bore Type Depth 
(mbgl) 

Latitude Longitude Date 
surveyed 

Date 
instrumentation 
installed 

Instrumentation 
installed by 

Instrumentation type 

GW042585 Active Production 10.6 -31.087 151.0337 22 July 2020 27 February 2020 DPIE Water Diver datalogger 

GW047919 Active Production 8.7 -31.0852 151.0345 22 July 2020 27 February 2020. DPIE Water Diver datalogger 

GW062410 Inactive Production 8.6 -31.0802 151.0357 22 July 2020 27 February 2020. DPIE Water Diver datalogger 

GW900594 Active Production 9.5 -31.0893 151.024 22 July 2020 24 February 2020. DPIE Water Diver datalogger 

GW930110 New Monitoring 
Drilled 30 April to 1 
May 2020 

9.2 -31.0864 151.029785 22 July 2020 14 May 2020. DPIE Water Diver datalogger 

GW930111 New Monitoring 
Drilled 28 April 2020 

13.5 -31.0866 151.026553 22 July 2020 14 May 2020 DPIE Water Diver datalogger 

GW930112 New Monitoring 
Drilled 5 May 2020 

14 -31.0872 151.02659 22 July 2020 14 May 2020 DPIE Water Diver datalogger 
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Cockburn River Groundwater and Surface Water Connectivity Study 

Site Bore Type Depth 
(mbgl) 

Latitude Longitude Date 
surveyed 

Date 
instrumentation 
installed 

Instrumentation 
installed by 

Instrumentation type 

GW930113 New Monitoring 
Drilled 6 to 7 May 
2020 

13.2 -31.0882 151.025847 22 July 2020 14 May 2020 DPIE Water Diver datalogger 

Table 5. Groundwater bore monitoring activity near Pool 4. 

Site Bore Type Depth 
(mbgl) 

Latitude Longitude Date 
surveyed 

Date 
instrumentation 
installed 

Instrumentation 
installed by 

Instrumentation type 

GW060042 Active Production 11.6 -31.1282 150.9867 3 August 2020 24 February 2020. DPIE Water Diver datalogger 

GW060043 Inactive Production 10.7 -31.1285 150.9892 3 August 2020 24 February 2020. DPIE Water Diver datalogger 

GW060044 Inactive Production 10.7 -31.1687 150.9917 3 August 2020 24 February 2020. DPIE Water Diver datalogger 

GW093030 Monitoring borehole 13 -31.1262 150.9917 29 June 2020 WaterNSW Diver datalogger 

GW093031 Monitoring borehole 6 -31.1268 150.9942 

GW093032 Monitoring borehole 13 -31.1289 150.9919 18 August 2020 WaterNSW Data logger and telemetry 

GW273033 Monitoring borehole 17 -31.124 150.999 10 July 2020 WaterNSW Data logger and telemetry 
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Appendix D – Bore log data, new bores
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Appendix E – Bore log data, existing government 
monitoring bores 
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Appendix F – Bore log data, private bores
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Appendix G – All available water level information 
from the study 
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	1. Summary 
	1. Summary 
	This project investigates the interaction between surface water and groundwater in the Peel Alluvium Groundwater Source -Cockburn River Alluvium Management Zone. It compares the water depth and water quality of four pools in the Cockburn River with local groundwater levels and rainfall. 
	The main aim of the project is to determine how groundwater extraction influences surface water volumes/levels. Key findings of this study, in conjunction with numerical modelling, will assist in the development of options for groundwater access rules in the Cockburn River Alluvium Management Zone. 
	This study concludes that: 
	. Surface water and groundwater were always connected within the Cockburn River Alluvium Management Zone during the study period, fluctuating between throughflow connectivity, to losing connected, depending on the location and hydrological conditions such as rainfall, stream flow and potentially extraction. No part of the stream system was disconnected from groundwater. 
	. The pools were maintained by groundwater during the zero-flow period in 2019/2020. However, it could not be determined from the available information if groundwater extraction over this period significantly impacted on water levels in the pools. 
	During the period of very low water levels (in 2019/2020), the pools had poor water quality with high water temperatures and very low dissolved oxygen levels, hence biota would have been under stress. The pools were also very small (in size and depth) and inflows from groundwater were likely important for biota during dry times, as there had been zero surface water flows for the previous ten months. 
	. Following the resumption of surface water flow in mid-January 2020, after which the main monitoring period commenced, it could not be determined if groundwater extraction significantly impacted on pool heights as there was substantial rainfall in the area and constant river flows during the data collection period. The direct analysis methods applied in this project were not able to distinguish the individual contribution of rainfall, surface water flows and groundwater discharge to river/extraction and h
	. Pumping groundwater from the alluvium will likely have an impact on surface water especially during low/no surface water flow periods. However, the specific contribution and timing of impact from groundwater extraction on surface water cannot be determined directly from the information and analysis undertaken in this study. 
	. Numerical modelling is required to analyse the direct impact of groundwater extraction on the stream/pool levels. 

	2. Project purpose 
	2. Project purpose 
	The aim of this project is to assess how groundwater extraction influences water levels in the river and river pools of the Cockburn River. 
	The scope of this project is limited to understanding the effect of groundwater pumping on river pool water levels and the hydraulics of these effects. 
	This project aims to answer the following research questions: 
	1. 
	1. 
	1. 
	How does groundwater extraction influence surface water pool volumes/levels? 

	2. 
	2. 
	How does this affect the water quality in the river pools of the Cockburn River? 


	The Department of Planning, Industry and Environment is developing a numerical model for the Peel Alluvium that includes the Cockburn River Alluvium Management Zone. 
	The model will allow the department to further investigate surface water/groundwater interactions in the Peel Alluvium and assess the effect of different access rules in the Cockburn River Alluvium Management Zone. 
	The information collected in this project will be considered in the modelling and assist in identifying options for groundwater daily access rules for further consideration. 

	3. Introduction. 
	3. Introduction. 
	The groundwater in the Cockburn River Alluvium is highly connected to the Cockburn River, hence groundwater extraction has the potential to impact surface water flows and river pool depth (Cook et al., 2006; Welch et al., 2013; DoI, 2019). 
	Pools in river systems provide valuable ecological services including providing refugia for aquatic biota during low and zero flow conditions that are frequently experienced during drought. 
	The Cockburn River supports several high ecological value assets that are dependent on the sustainability of river pools, including endangered populations of Eel-tailed catfish and Murray cod, which are listed as vulnerable. A key threatening process (listed in the Threatened Species Conservation Act 1995) for these fish communities is the alteration to natural flow regimes of rivers and streams. 
	The pools and groundwater system associated with the Cockburn River are also an important source of water for licence holders, domestic and stock users and communities, providing for basic landholder rights and other productive uses like commercial irrigation. 
	Extraction from the unregulated Cockburn River Water Source -Cockburn River Management Zone is managed under the Water Sharing Plan for the Namoi and Peel Unregulated River Water Sources 2012. This plan defines low flow cease to pump rules that are linked to the Cockburn River Kootingal gauge that apply to unregulated surface water users. 
	The Peel Alluvium Groundwater Source -Cockburn River Alluvium Management Zone is managed under the Water Sharing Plan for the Namoi Alluvial Groundwater Sources 2020. While there are currently no cease to pump rules for groundwater licences, access rules can be included after 1 July 2022. 
	This study will help us understand the hydrological conditions in the surface water pools and their connection to the underlying alluvial aquifer which will be considered in determining if daily access rules for groundwater extraction are appropriate. 

	4. Study area 
	4. Study area 
	Cockburn River Alluvium Management Zone is associated with the Cockburn River in the Cockburn River Catchment, a sub-catchment of the Namoi River Catchment (Figure 1 -page 7), located near the city of Tamworth in the North-West Slopes region of New South Wales and is part of the Murray-Darling Basin. 
	The Cockburn River is located in the upper catchment of the Peel River. The river is 33.6 km in length and drains a sub-catchment of approximately 1,130 km(Boys et al., 2011). The Cockburn River begins at the confluence of Swamp Oak Creek and Jamiesons Creek, it then flows in a southwesterly direction joining the Peel River (Boys et al., 2011). 
	2 

	Cockburn River Alluvium Management Zone (Figure 2) extends from the village of Nemingha in the south-west approximately 9 km to Kootingal, then another 5.5 km to the north-east past Kootingal (total length approximately 15 km). The width of the system varies along its length but is generally less than 1 km wide. 
	4.1. Climate 
	4.1. Climate 
	Climate data is available the from Kootingal (Gate Street) Station 55148 and Tamworth Airport Station 055325, from the Bureau of Meteorology (BOM) and augmented by patch point data from the SILO database (Queensland Department of Environment and Science/BOM). 
	The climate in the Cockburn catchment is temperate, the temperature extremes range from -5 °Celsius (C) in the winter to 40+°C in the summer. Average rainfall is approximately 660 mm/year (2010 to 2020), rainfall is generally summer dominant from November to February. Summer rainfall is typically 70 -95 mm per month at Kootingal. During the recent drought in 2018/2019 rainfall was well below the 10-year average monthly rainfall (Figure 3). 
	Figure
	Figure 3. Average monthly and 2018/2019 rainfall at Kootingal (BOM station 55148) 
	Cockburn River Groundwater and Surface Water Connectivity Study 
	Figure
	Figure 1. Cockburn River water source in the Namoi River catchment. 
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	Cockburn River Groundwater and Surface Water Connectivity Study 
	Figure
	Figure 2. Study pools location in Peel Alluvium Water Source located in the Namoi Valley. 
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	The cumulative deviation from mean rainfall (2010 to 2020) for Kootingal is shown in Figure 4. This graph shows the cumulative difference from the monthly average rainfall and provides a visual representation of the rainfall history in an area. 
	The y-axis is unimportant in Figure 4, the rising and falling trends in the data are the focus of the graph. The falling trend indicates a period of lower-than-average rainfall, a rising trend showing periods of above average rainfall. The 2018/2019 drought period shows a pronounced decreasing trend representing the period of very low rainfall. 
	Recent drought 
	Figure 4. Cumulative deviation from mean rainfall graph – Kootingal 2010 to 2020 

	4.2. Hydrology 
	4.2. Hydrology 
	There are three current gauging stations in the Cockburn River; two at the Kootingal Bridge (419099 and 419114) and one at Mulla Crossing (419016). The Kootingal Bridge gauging station (419114) has been recently installed and became operational on 1 July 2020. 
	The new Kootingal gauge (419114) replaces the existing gauge (419099). The existing gauge is still active as it was designed to detect flood events and act as a warning system for Tamworth Regional Council. The new gauge is designed to accurately record daily flows at levels required to trigger the cease-to-pump rules in the water sharing plan. 
	The flow duration curve shows that the river often ceases to flow at the Kootingal gauge (419099), about 25% of the time (Figure 5). However, the river does not dry completely with some surface water pools being maintained by groundwater discharge throughout the system. The new gauge at Kootingal (419114) does not have a history of data to show an updated duration curve. 
	Figure
	Figure 5. Flow duration curve for the Cockburn River at Kootingal 419099. 

	4.3. Hydrogeology 
	4.3. Hydrogeology 
	The Cockburn River alluvium forms a shallow unconfined aquifer associated with the Cockburn River. The alluvium generally consists of sands, clays, gravels, cobbles and boulders. The thickness of Cockburn River Alluvium can be up to 25 m, but is generally less than 15 metres. 
	The depth to the water table varies from 4 m to 7 m below the ground surface. The saturated thickness of this unconfined aquifer varies from 4 m to 12 metres. The top 3 m to 5 m of the alluvium is generally loam or clay rich soils. 
	4.4.1 Surface water/groundwater interaction theory 
	4.4.1 Surface water/groundwater interaction theory 
	Surface water can interact with groundwater in all types of landscapes. There are four basic ways surface water and groundwater interact: 
	a) Gaining stream (Figure 6a) -streams gain water from inflow of groundwater through the streambed. b) Losing stream (Figure 6b) -streams lose water to groundwater by outflow through the streambed. Streams can be both, gaining in some reaches and losing in other reaches. c) Disconnected stream (Figure 6c) -the stream is disconnected from groundwater as the water table is below the bottom of a stream. d) Through-flow stream (Figure 6d) -where groundwater passes across the stream and can be gaining and losing
	Figure
	Figure 6. Surface water/groundwater interaction types (Winter et al, 1999) 
	For groundwater to discharge into a stream channel, the water table in the vicinity of the stream must be higher than the stream water level. For surface water to seep into groundwater, the water table in the vicinity of the stream must be lower than the stream level. 
	In connected systems including gaining, losing and throughflow streams, pumping groundwater can impact on the stream. Whereas disconnected systems, pumping of shallow groundwater near the stream does not affect the flow of the stream near the pumped wells/bores. This is because there is an unsaturated zone between the groundwater table and river where a system is disconnected, meaning that the surface water and groundwater are not hydraulically connected, so pumping groundwater, no matter how much or how cl

	4.4.1 Groundwater monitoring network 
	4.4.1 Groundwater monitoring network 
	Long term groundwater level data is available from the existing government monitoring bore sites at Nemingha and Kootingal (Figure 7). 
	The hydrographs for the government monitoring bores at Kootingal and Nemingha are shown in Figure 8 (Kootingal), with Cockburn River height data from Kootingal gauge (419099) and Figure 9 (Nemingha), there is no surface water gauge with long term data close to the Nemingha monitoring bore sites. The water levels are plotted in metres above the Australian Height Data (mAHD), meaning the heights are relative regardless of ground level variations. 
	The groundwater level shows correlation to surface water events over time, confirmed in Figure 8, as the groundwater levels mimic the surface water peaks. 
	The available water level data has been contoured (in mAHD) as shown in Figure 7, the predominant groundwater flow direction within the Cockburn River alluvium is downstream from north east to south west. 
	Cockburn River Groundwater and Surface Water Connectivity Study 
	Figure
	Figure 7. Groundwater flow direction in the Cockburn River Alluvium Groundwater Management Zone 
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	Kootingal 419099 zero-gauge level 
	Figure 8. Kootingal groundwater monitoring bore hydrographs with monthly river height (blue line) 
	Figure
	Figure 9. Nemingha groundwater monitoring bore hydrographs 


	4.4. Extraction 
	4.4. Extraction 
	The number of extraction sites and shares held in the Cockburn River Management Zones, alluvial and unregulated river are listed in Table 1. The location of all bores and surface water extraction sites is shown in Figure 10. 
	Table 1. Extraction information for groundwater and surface water licences 
	Table
	TR
	Access Licences 
	Basic Landholder Rights 

	Cockburn River Management Zones 
	Cockburn River Management Zones 
	Number of extraction points 
	Number of Water Access Licences 
	Total Shares Held (equivalent to ML/year) 
	Number of extraction points 
	Volume allocated in the water sharing plan (ML/year) 

	Alluvium (groundwater) 
	Alluvium (groundwater) 
	57 
	37 
	4720 
	44 
	240* 

	Unregulated River 
	Unregulated River 
	58 
	87 
	3075 
	~ 
	219 


	* Volume allocated for the whole Peel Alluvium Groundwater Source. 
	~ Information on the number of Basic Landholder Rights extraction points is unavailable. 
	Groundwater extraction in the alluvium is monitored and recorded for Water Access Licences holders, the usage for the last 10 years from 2011 to 2021 is shown in Figure 11. The highest groundwater usage year was 2013/2014 with approximately 1300 ML/year. Average usage over this period is 800 ML. The recorded usage was relatively low in 2019/2020 (approximately 200 ML recorded) and in 2020/2021 (approximately 330 ML recorded), these low usage years is likely a result of both very low rainfall/recharge in 201
	Figure 11. Total groundwater extraction (2011/12 to 2020/21) from production bores in Cockburn River Alluvium Management Zone 
	Extraction from basic landholder rights bores is not monitored and is unknown. Unregulated surface water extraction is not currently metered, there is no surface water extraction data available from the Cockburn River Management Zone. 
	Cockburn River Groundwater and Surface Water Connectivity Study 
	Figure
	Figure 10. Location of active and inactive production bore in Cockburn River Alluvium Management Zone (in map: SW = surface water). 
	Figure 10. Location of active and inactive production bore in Cockburn River Alluvium Management Zone (in map: SW = surface water). 
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	5. Methodology 
	5. Methodology 
	5.1. Site selection 
	5.1. Site selection 
	Four pools on the Cockburn River and 23 nearby groundwater bores were selected to study how much groundwater extraction influences water levels in the river and river pools. 
	The four pools were selected based on: 
	 ease of access  healthy riparian vegetation (riparian vegetation provides bank stability, habitat, shade and food for native fish)  depth and size sufficient to determine pool persistence during drought conditions 
	Pools 2, 3 and 4 were initially inspected in October 2019. Temporary gauging posts were installed at pools 3 and 4 to give an estimate of any changes in pool depth; the original gauge post downstream of Kootingal Bridge was used for Pool 2 (Appendix A, Figure 32 to 35). Pool water level changes, daily flow, rainfall and evaporation data was monitored for the period December 2019 to April 2021. 
	The 23 groundwater bores were selected for this investigation based on their proximity to the pools and ease of access. These included 8 existing monitoring bores, 11 private bores and 4 newly drilled monitoring bores. 
	The private and new monitoring bores included in the study, as well as the pools, were surveyed by a registered surveyor in 2020, this information is included in Appendix B. The location of the pool and bores considered in this study are identified in Figure 12. Further information on the sites is provided in Appendix C and bore logs for each bore considered in the study are included in Appendix D,E and F. 

	5.2. Surface water monitoring 
	5.2. Surface water monitoring 
	The dimensions of the four pools were measured using a variety of techniques. Pool length and width were measured using a laser rangefinder. Pool depths were measured using a Deeper Pro sonar. Multiple transects were taken longitudinally and laterally along the pools to establish pool dimensions during different flow conditions. 
	During zero flow river conditions, the depths of individual pools were shallow, with most pools having an average depth of 1 to 1.5 metres. Pool length ranged from approximately 23 m to 240 m, and pool width ranged from 10 to 25 metres. When the pools resumed flowing in early 2021, pool depths increased with average depths ranging from 1.5 to 3 metres during flowing conditions 
	Diver dataloggers (pressure probes) were installed in the four pools to measure water levels and conductivity. Pressure probes were installed during a dry period in December 2019 and measurements were recorded every 15 minutes. Pressure probes were attached to Besser blocks so their relative height did not change as water levels fluctuate. A barometric pressure probe was also installed in a nearby location. The Barometric pressure probe provided a reference for air pressure in the local area. 
	The pressure probes measure water level with a highly accurate pressure sensor that measures absolute pressure. The pressure is equal to the weight of the water column above the measuring instrument plus the prevailing air pressure. Accuracy of probes are +-0.5cm (VanEssen Instruments, Product Manual, 2018). 
	Water quality loggers were also installed in all four pools to analyse changes in temperature, dissolved oxygen and salinity. One dissolved oxygen/temperature logger was placed approximately 
	Cockburn River Groundwater and Surface Water Connectivity Study 
	Figure
	Figure 12. Pools and bores examined in the study. 
	Figure 12. Pools and bores examined in the study. 
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	25 cm below the water surface, the other was placed just above the riverbed. These probes were fixed in-situ as outlined for pressure probes. Measurements were taken automatically and logged every 30 minutes (day and night) to determine if dissolved oxygen stratification occurred within each pool and if dissolved oxygen concentrations were influenced by flow, particularly in zero flow periods. 

	5.3. Groundwater monitoring 
	5.3. Groundwater monitoring 
	Groundwater level and temperature data was collected from 23 bores included in the study; this information is summarised in Table 2. 
	Note: Monitoring bore GW093031 (shown on the maps) was not included in the study, as there is limited information available from this site. This bore is situated on a bedrock high (6 m deep) and is often dry. Also, GW093035 was not included, as it is at distance from Pool 2 and there are other closer sites available. 
	Table 2. Groundwater monitoring information 
	Site 
	Site 
	Site 
	Location 
	Bore Type 
	Instrumentation type 
	Date instrument installed 

	GW047599 
	GW047599 
	Pool 1 
	Private production 
	Diver datalogger 
	June 2020 

	GW013404 
	GW013404 
	Pool 2 
	Private production 
	Diver datalogger 
	February 2020 

	GW019247 
	GW019247 
	Pool 2 
	Private production 
	Diver datalogger 
	February 2020 

	GW022231 
	GW022231 
	Pool 2 
	Private production 
	Diver datalogger 
	February 20201 

	GW093036 
	GW093036 
	Pool 2 
	Existing monitoring 
	WaterNSW probe & telemetry 
	February 2005 

	GW093037 
	GW093037 
	Pool 2 
	Existing monitoring 
	WaterNSW probe & telemetry 
	February 2005 

	GW093038 
	GW093038 
	Pool 2 
	Existing monitoring 
	WaterNSW probe & telemetry 
	June 2020 

	GW093039 
	GW093039 
	Pool 2 
	Existing monitoring 
	WaterNSW probe & telemetry 
	June 2020 

	GW093040 
	GW093040 
	Pool 2 
	Existing monitoring 
	WaterNSW probe & telemetry 
	December 2002 

	GW042585 
	GW042585 
	Pool 3 
	Private production 
	Diver datalogger 
	February 2020 

	GW047919 
	GW047919 
	Pool 3 
	Private production 
	Diver datalogger 
	February 2020 

	GW062410 
	GW062410 
	Pool 3 
	Private production 
	Diver datalogger 
	February 2020 

	GW900594 
	GW900594 
	Pool 3 
	Private production 
	Diver datalogger 
	February 20202 

	GW093110 
	GW093110 
	Pool 3 
	New monitoring 
	Diver datalogger 
	May 2020 

	GW093111 
	GW093111 
	Pool 3 
	New monitoring 
	Diver datalogger 
	May 2020 

	GW093112 
	GW093112 
	Pool 3 
	New monitoring 
	Diver datalogger 
	May 2020 

	GW093113 
	GW093113 
	Pool 3 
	New monitoring 
	Diver datalogger 
	May 2020 

	GW060042 
	GW060042 
	Pool 4 
	Private production 
	Diver datalogger 
	February 2020 

	GW060043 
	GW060043 
	Pool 4 
	Private production 
	Diver datalogger 
	February 2020 

	GW060044 
	GW060044 
	Pool 4 
	Private production 
	Diver datalogger 
	February 2020 

	GW093030 
	GW093030 
	Pool 4 
	Existing monitoring 
	WaterNSW probe & telemetry 
	June 2020 

	GW093032 
	GW093032 
	Pool 4 
	Existing monitoring 
	WaterNSW datalogger 
	August 2020 

	GW273033 
	GW273033 
	Pool 4 
	Existing monitoring 
	WaterNSW probe & telemetry 
	July 2020 


	GW022231 only has data from the 24 February 2020 to the 9 September 2020. The logger was accidently turned off on 
	1

	the 9 September 2020 and it wasn’t discovered until the next download of data on the 16 April 2021. 
	GW900594 collapsed at some point between 2 April 2020 and 9 September 2020 and the logger has been stuck in the hole since this time. Data is only available forGW900594 from the 24 February to the 2 April 2020. 
	2

	The Diver dataloggers (pressure probes) are similar to those installed in the pools. Diver datalogger data for groundwater included in this report was downloaded in April 2021. The main data considered in this report if for the period February 2020 to April 2021 except GW022231, which has data available to September 2020. 
	The instrumentation installed by WaterNSW is consistent with their existing protocol for groundwater datalogger and telemetry installation, for more information including water level data available for download see the 
	WaterNSW website. 



	6. Analysis and results 
	6. Analysis and results 
	6.1. Study pools 
	6.1. Study pools 
	6.1.1. Flow condition effects on dissolved oxygen and temperature 
	6.1.1. Flow condition effects on dissolved oxygen and temperature 
	The hydrographic data was categorised into flow classes (Appendix A) and compared with the dissolved oxygen and temperature data for Pool 2 (Figure 13). Pool 2 has been selected as representative of the pools because it was the deepest pool and is located where the new river gauge exists (419114). 
	Figure
	Figure 13. Pool 2 during the summer of 2020-21 with mean surface and benthic probe data: (a.) dissolved oxygen concentrations; and (b.) temperature values, per flow category during the summer of 2020-21. The red dashed line (a) represents the dissolved oxygen concentration (4mg/L) required to support aquatic organisms. Concentrations less than 2mg/L can result in death. 
	Figure 13. Pool 2 during the summer of 2020-21 with mean surface and benthic probe data: (a.) dissolved oxygen concentrations; and (b.) temperature values, per flow category during the summer of 2020-21. The red dashed line (a) represents the dissolved oxygen concentration (4mg/L) required to support aquatic organisms. Concentrations less than 2mg/L can result in death. 


	During summer when water levels were low (up to a moderate flow of 20 ML/d), dissolved oxygen concentrations were extremely low, potentially resulting in conditions that are lethal for aquatic organisms (anoxic conditions, i.e., <2 mg/L). However, when the river was flowing (e.g., a 50
	During summer when water levels were low (up to a moderate flow of 20 ML/d), dissolved oxygen concentrations were extremely low, potentially resulting in conditions that are lethal for aquatic organisms (anoxic conditions, i.e., <2 mg/L). However, when the river was flowing (e.g., a 50
	th 

	percentile: ≥29 ML/d) the pool was well oxygenated, reducing stress on aquatic organisms such as fish. 

	When dissolved oxygen concentrations remain below 4 mg/L, as highlighted by the red dashed line in Figure 5a, fish and other biota are placed under increasing stress. Dissolved oxygen concentrations below 2 mg/L can be lethal. The water temperature was consistently above 21°C, irrespective of river discharge during the summer months (Figure 5b). 
	Pool electrical conductivity levels generally increased with distance downstream, although values are not likely to be a concern for biota or irrigation (values ranged between 0.1 to 0.79 millisiemens per centimetre). 
	Lastly, no groundwater water quality samples were collected during the study period. 

	6.1.2. Native biota 
	6.1.2. Native biota 
	It was not within the scope of this study to undertake native biota sampling in the surface water pools. A previous study by Boys et al., (2011) surveyed a range of native fish species in these pools. 
	However, during site visits by staff in December 2019, fish were observed to be under stress in some pools. Our observations can be summarised as: 
	1.. 
	1.. 
	1.. 
	fish have lost condition (i.e. had visual loss of weight) 

	2.. 
	2.. 
	fish were observed to float to the top of the water column often on their side and then slowly swim back down to the bottom of the pool 

	3.. 
	3.. 
	some fish had perished 


	Additionally, during the drought conditions as pools were drying up, a community member provided a photo of seven adult native Eel-tailed catfish that were collected and moved from a drying pool into a larger and deeper pool. 


	6.2. Surface water / groundwater interaction 
	6.2. Surface water / groundwater interaction 
	6.2.1 Zero flow period 
	6.2.1 Zero flow period 
	As outlined in section visual estimates to determine changes in pool depth prior to the installation of pressure probes was achieved using existing or temporary gauging plates (Appendix B: Figure 23 to Figure 26 ). From late October 2019 to mid-December 2019 pool depths dropped by 6 cm in Pool 2; 30 cm in Pool 3; and 20 cm in Pool 4 during the zero flow period (Appendix B: Figure 22). 
	5.1, 

	Upon installation of pressure probes in all four pools, changes in water levels for individual pools were compared against river flow, rainfall and evapotranspiration data to establish potential influences on pool heights. A linear regression was undertaken to establish the rate at which pools were changing height. 
	During the December 2019 to January 2020 zero flow period, when pressure probes were installed, overall the pool water level did not change substantially, but there were some differences in how they responded. It was expected that high evapotranspiration rates in summer (rates of 0.87 cm/day -daily evapotranspiration data, Tamworth Airport, BOM) would result in clear decreases in water levels for the zero flow period. However, this was not the case with some pool water levels increasing, some decreasing and
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	Figure 14. Water levels above pressure probes for the four surface water pool sites during the cease to flow conditions (17/12/2019 until 14/01/2020). There was very little rainfall in this period (approximately 7 mm recorded at Kootingal station 55148 between 17/12/2019 and 14/01/2020). 
	Pool 1 had water levels dropping in depth by approximately 2 cm over the 18 days (between 28/12/2019 and 14/01/2020). The slope of linear regression indicates there is a decrease in depth of 0.1 cm each day on average for the pool (Figure 14). A smaller set of data was used for this analysis, as there was are some unexplained changes in water depth in the first 10 days. 
	Pool 2 had very little change in water depth (<1 cm) over the 29 days of zero flow (between 17/12/2019 and 14/01/2020). The slope of the linear regressions shows the small decrease in depth 
	0.01 cm each day on average for the pool (Figure 14). 
	Pool 3 has more variability of depth but an overall increase over the 29 days of zero flows. The probe shows an initial increase in water depth of 13 cm for the initial 12 days (17/12/2020 until 28/12/2020). There are some time periods where water level decreases. The slope of the linear regressions shows the small increase in depth 0.18 cm each day on average for the pool (Figure 14). 
	Pool 4 had overall decreases in water levels over the 29 days of zero flows. The pool dropped in depth by approximately 5 cm (between 17/12/2019 and 14/01/2020). The slope of linear regression indicates there is a decrease in depth of 0.2 cm each day on average for the pool (Figure 14). 
	There were no other zero flow periods during the study. 

	6.2.2 Resumption of flow period 
	6.2.2 Resumption of flow period 
	Following the resumption of flow in mid-January 2020, changes in pool heights were compared to groundwater levels to determine the relationship between surface water and groundwater. As an example, data over a 3-month period (October 2020 to December 2020) is displayed for Pool 3, with private bore GW047919 (Figure 15) located approximately 1 km east of the pool. These three months were chosen to coincide with the main pumping period of the bore. A shorter period has been displayed than the complete record 
	The downward spikes in the data of up to nearly 2m,represent drawdownin responseto pumping from that bore, the level that groundwater returns to when the pump is turned off is called the recovered water level. This bore extracted 74ML over the 2019/2020water year and 36ML over the 2020/2021 water year.The exact volume pumped in October 2020 (2019/2020 water year) and November/December 2020 (2020/2021 water year), cannot be determined with the available information. 
	There was a pronounced declining trend in the recovered groundwater level (orange line)over the groundwater pumping period in the first half of October, this declining trend is replicated,but more subdued in theriver height data (grey dashed line) over the same period, however;did not show a perceptible corresponding decline in the pool data (blue line). 
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	Figure 15.Surfacewater (SW) and groundwater(GW)fluctuations around Pool 3. River height was measured at Kootingal bridge (419099).  
	The river was flowing over this period hence the pool level is dominated by river flow. The pool data (blue line)showsminor fluctuations just prior to and following theriverevent in October 2020, these are most obvious in the data between the 5/11/2020 and 15/11/2020. As the river was flowingover this period, there is the possibility these fluctuations are due to surface water extraction. 
	The groundwater data shows a significant water level increase in response to the main river peak event in December2020, but not to the smaller event in late October/early November. 
	The direct impact of groundwater pumping on the pool over this period cannot be determined from review of this information,as the river was flowing over this period masking any evidence of direct impact from groundwater extraction. 
	Hydrographsof all available water level data (pools and study bores)collected to dateis provided in Appendix G.The data from the other pools and bores show similar trends. 
	 
	 

	6.2.3 Cross-sections 
	6.2.3 Cross-sections 
	Cross sections have been developed to visualise and determine the nature of the surface water and groundwater connectivity near each of the four study pools. The cross sections are based on surface elevation, aquifer depth (where it could be determined from the bore logs) and groundwater level data plotted with riverbed elevation and pool water levels (all in mAHD). Where the total depth of the alluvium is unknown, the average depth was considered as an approximate depth of bedrock. 
	The cross sections were plotted with water levels from two periods; July 2020 to represent winter conditions and January 2021 to represent summer. Rainfall is summer dominant in this area and this is reflected in the water levels, which are generally higher over the summer period. 
	Pools 1 and 2 
	Pools 1 and 2 
	Pools 1 and 2 have been represented by two cross sections (Figure 16). 
	Section AB runs approximately east to west, parallel along the alluvium and intercepting the river at two locations near Pool 1 and Pool 2 (Figure 17). 
	Section CD runs north-west to south-east, perpendicular to the river, intercepting the river near Pool 2 (Figure 18). 
	Figure
	Figure 16. Cross section locations -Pools 1 and 2 (GW = groundwater). 
	Figure 16. Cross section locations -Pools 1 and 2 (GW = groundwater). 


	Figure
	Figure 17. Cross section AB. 
	Figure 17. Cross section AB. 


	Figure
	Figure 18. Cross section CD (GW = groundwater). 
	Figure 18. Cross section CD (GW = groundwater). 


	Cross section AB (Figure 17) shows the groundwater hydraulic head decreases from point A to point B, that is, water is flowing downstream (approximately) from north to south, which is confirmed in the hydrograph shown in Figure 8. 
	Based on these water level readings, Pool 1 (Figure 17) appears to be a through-flow system, as the groundwater level to the north-east of the pool is higher than the groundwater level to the southwest of the pool. The groundwater levels near Pool 1 are relatively similar to the pool levels, meaning that the system is likely to be transitional, changing form gaining or throughflow to losing depending on the conditions in this area. 
	Cross sections AB (Figure 17), and CD (Figure 18) show that groundwater levels to the north-east side of Pool 2 are higher than the groundwater levels on the south-west side, indicating the groundwater is flowing (generally) across the river. During summer 2021 (January) the pool level is higher than the groundwater levels, indicating losing conditions. In winter (July) the groundwater level is higher than Pool 2 to the north-east and slightly lower on the south-west side, making it a throughflow system ove

	Pool 3 
	Pool 3 
	Pool 3 is represented by two cross sections (Figure 19). 
	Section EF runs north-east to south-west, parallel along the alluvium and intercepting the river near Pool 3 (Figure 20). 
	Section GH runs east to west, perpendicular to the river, intercepting the river near Pool 3 (Figure 21). 
	Figure
	Figure 19. Cross section locations – Pool 3 (GW = groundwater). 
	Figure 19. Cross section locations – Pool 3 (GW = groundwater). 


	Figure
	Figure 20. Cross section EF 
	Figure 20. Cross section EF 


	Figure
	Figure 21. Cross section GH. 
	Figure 21. Cross section GH. 


	Pool 3 shows the pool level is lower in summer compared to winter, which is opposite to what is expected given summer dominate rainfall in this area. The other three pools all show the pool height is higher in summer (January) compared to July (winter). 
	The reason for this unexpected trend in Pool 3 is potentially due to surface water extraction dropping the pool level, there is a surface water extraction point close to Pool 3, this cannot be verified as there is currently no metering of unregulated extraction. This could also be due to probes shifting during flows, but this is also unable to be verified. 
	Cross sections EF (Figure 20) shows that groundwater levels to the north-east of Pool 3 is higher than the groundwater level on the south-west side, again indicating the groundwater is flowing (generally) across the river from north-east towards the south-west. 
	Cross section EF, the groundwater level is similar, but slightly lower than the pool level to the northeast during winter (July) and the groundwater level lower than the pool to the south-west, making the connectivity losing at this time. Over summer the groundwater level is higher than the pool to the north-east and the groundwater level lower than the pool level to the south-west, making the connectivity throughflow from at this time. 
	Section GH (Figure 21) only shows trends on the eastern side of Pool 3. The water level during both summer and winter are higher than the pool level, although during winter (July) the groundwater level is only marginally higher than the pool level. This indicates the gaining connectivity on the eastern side of the river. It is expected from the EF section that the groundwater level would be lower on the western side of the pool, making it through-flow connectivity. The connectivity near Pool 3 is transition
	Cross section EF (Figure 20) shows very low groundwater levels on the left-hand side (south-west) edge of the section, the reason for this is not fully understood and should be investigated. There is limited available information on bore GW900594, located to the south east of the section, to inform on water levels in this section. An investigation into the reason for the unexpected low water level monitoring bore GW093113 is required. 

	Pool 4 
	Pool 4 
	Pool 4 is represented by one cross section (Figure 22). 
	Section IJ runs north-east to south-west, approximately parallel along the alluvium and terminating adjacent to Pool 4 (Figure 23). There is no data south-west of the pool. 
	In July 2020 the groundwater level was slightly higher than the pool level, making it a gaining system at this time, the groundwater level is below the pool height in January 2021, meaning that at this time the river was a losing system. 
	During summer 2021 (January) the pool level is higher than the groundwater levels, indicating losing connectivity. In winter (July) the groundwater level is higher than Pool 4 indicating gaining connectivity. The flow is towards the pool, demonstrated by the groundwater level being higher in GW060044 compared to GW273033. The connectivity is likely to be transitional, changing throughflow (flow from north-east to south-west) to losing depending on the conditions in this area. 
	Figure
	Figure 22. Cross section location – Pool 4 (GW = groundwater). 
	Figure 22. Cross section location – Pool 4 (GW = groundwater). 


	Figure
	Figure 23. Cross section IJ. 
	Figure 23. Cross section IJ. 







	7.Conclusions 
	7.Conclusions 
	7.1 Pool levels during no river flow 
	During the zero flow events within the monitoring period (December 2019 to January 2020), the pool water levels were relatively stable, despite high evaporation rates under drought conditions. 
	The river had been in zero river flow conditions for ten months prior to the pressure probes being installed in the pools. Between initial site visits in late October 2019 and when the pressure probes were installed in December 2019, study pools were observed to contract in size, relative to gauge plates. Pool height data obtained from temporary height gauge plates shows that by the end of the extended drought (December 2019), the pools monitored showed a drop in water level, with Pool 3 by as much as 30 cm
	Thus, a form of equilibrium (or pressure balance) between the pools and the groundwater source appears to be reached and pool water levels stabilised. 
	7.2 Water quality during the no river flow 
	Dissolved oxygen in the pools deteriorated under zero flow conditions, putting aquatic biota under stress when dissolved oxygen was less than 4 mg/L. This was apparent with observations of some native fish under visible stress (December 2019). 
	When river flows were in the low flow category (below the 80percentile), dissolved oxygen concentration was lower. This is in spring and autumn and during moderate flows (64percentile) conditions. Reduced flow can result in low dissolved oxygen concentrations and low flow supports algal blooms. Both these conditions can increase the stress on native fish and other river biota. 
	th 
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	These water quality patterns were not as apparent during winter periods and as flows returned the water column was well mixed and oxygen levels remained above sub-lethal levels. 
	In Australian inland rivers dissolved oxygen concentrations can vary considerably. Dissolved oxygen is driven by a combination of factors including: temperature, the presence of phytoplankton, organic matter and aquatic plants (Sheldon & Walker, 1997). 
	An increase in water temperature results in a reduction in the dissolved oxygen carrying capacity of the water. In Australian inland river pools reduced dissolved oxygen concentrations generally occur during the summer months and when river flows are minimal. Stratification will occur with a layer of warmer water on the surface, above a cooler layer of water (Boulton & Brock, 1999) below. 
	The conceptual model below helps to summarise these relationships and identifies ecosystem responses to water extraction in river pool under no-flow conditions and can be applied to the Cockburn River (Figure 24). 
	Figure
	Figure 24. Aquatic ecosystem responses to water extraction in river pools under no-flow conditions. Responses will vary according to natural patterns of water loss and timing, frequency and magnitude of extraction. 
	Figure 24. Aquatic ecosystem responses to water extraction in river pools under no-flow conditions. Responses will vary according to natural patterns of water loss and timing, frequency and magnitude of extraction. 


	7.3 Connectivity 
	In this study, water levels in the river pools and groundwater were compared over the period February 2020 to April 2021. The Cockburn River was low/zero flow conditions prior to the commencement of the study, flow resumed in January 2021 following a significant rainfall event. Surface water flow continued over the main study period. 
	The data shows that all four pools transition from throughflow connected systems (groundwater is flowing through to or from the river) to losing systems (the river is losing to groundwater). Hence, the pools and groundwater are connected, the type of connection dependent on the location and hydrological conditions such as rainfall, stream flow and potentially surface water or groundwater pumping. 
	Over the study period (from February 2020 to April 2021) the groundwater level always remained above the base of the pools even during periods where the river was losing to the groundwater. At these times, the river/pool water level was above the groundwater level, making the hydraulic gradient from the river/pool towards the groundwater, however; the groundwater level never dropped lower than the deepest point of the pools. 
	It can be inferred from the available pool data collected in December 2019 during no surface water flow conditions (this is before the main study period commenced), that the pools were gaining/throughflow connected, that is, the groundwater level was above the base of the pools and the pools were being maintained by groundwater in December 2019 as there was no flow in the river to maintain the pools. 
	The Cockburn River Alluvium Management Zone is a relatively small alluvial system, being mostly less than 1.5 km wide and less than 15 m deep. Given the small size of the system, groundwater extraction will most likely impact on surface water. However, the direct relationship of groundwater pumping and the degree of impact on surface water at a specific location depends on surface water flows, aquifer properties, volume pumped and proximity of pumping bores to surface water. 
	During no surface water flow periods, where the groundwater is maintaining the pools, surface water will likely be most sensitive to groundwater extraction. 
	7.4 Management considerations 
	A risk assesment, undertaken by the department for the Namoi catchment, identified a high risk to ecological values in the Cockburn River during zero flows and base/low flows from both surface and groundwater extraction. The risk assessment considered the current strategies and rules in place under the NSW Water Management Act 2000 and the water sharing plan rules. 
	Daily access (cease-to-pump) rules are established for surface water users in the Cockburn River Management Zone in the Cockburn River Water Source under the Water Sharing Plan for the Namoi and Peel Unregulated Rivers Water Sources 2012. A summary of these access rules are listed in Figure 25. 
	Figure
	Figure 25. Access rules for the Cockburn River Management Zone as summarised in the Rules Summary Sheet for the Cockburn River Water Source 
	Figure 25. Access rules for the Cockburn River Management Zone as summarised in the Rules Summary Sheet for the Cockburn River Water Source 


	There are no daily access rules for groundwater licences in the Cockburn River Alluvium Management Zone in the Peel Alluvium Groundwater Source under the Water Sharing Plan for the Namoi Alluvial Groundwater Sources 2020. However, the water sharing plan includes an amendment provision (clause 68) that allows for the plan to be amended after 1 July 2022 to establish access rules in the Cockburn River Alluvium Management Zone. 
	Extraction from groundwater will likely have some degree of impact on surface water, however; the specific contribution and timing of impact from groundwater extraction on surface water cannot be determined directly from the information and analysis from this study. 
	Key findings of this study, in conjunction with other information and numerical modelling if available, will help inform options to manage the impact of groundwater extraction on surface water in the Cockburn River Alluvium Management Zone. 
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	Appendix A – Additional study pool data. 
	Appendix A – Additional study pool data. 
	Hydrographic data (from gauging stations 419099 and 419114 at Kootingal Bridge and Pool 2) were used to determine the variability in river discharge during the study. Water quality data, including temperature and dissolved oxygen from each pool, was compared against discharge and pool heights. The data was compared hourly as a basis for determining daily pattern in rivers (increased temperatures occurring in the evening and reduced temperatures in the morning). 
	Flow categories used to estimate dissolved oxygen and temperature variability against discharge, across seasons, is presented below. The discharge categories reflect the range of flows that can occur within the Cockburn River. For example, the 80percentile is the value below which 80% of observations may be found. 
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	Figure
	Figure 26. Pool 2 during the winter of 2020, showing mean surface and benthic probe data: (a.) dissolved oxygen concentrations; and (b.) temperature values, per flow category. 
	Figure 26. Pool 2 during the winter of 2020, showing mean surface and benthic probe data: (a.) dissolved oxygen concentrations; and (b.) temperature values, per flow category. 


	Figure
	Figure 27. Pool 2 during the spring of 2020, showing mean surface and benthic probe data: (a.) dissolved oxygen concentrations; and (b.) temperature values, per flow category. The red dashed line 
	Figure 27. Pool 2 during the spring of 2020, showing mean surface and benthic probe data: (a.) dissolved oxygen concentrations; and (b.) temperature values, per flow category. The red dashed line 


	(a) 
	(a) 
	(a) 
	represents the dissolved oxygen concentration (4mg/L) required to support aquatic organisms. Concentrations less than 2mg/L can result in death. There was an anomaly during the moderate flow categories in spring where benthic concentrations exceeded surface values. 

	(a) 
	(a) 
	represents the dissolved oxygen concentration (4mg/L) required to support aquatic organisms. Concentrations less than 2mg/L can result in death. 


	Figure
	Figure 28. Pool 2 during the autumn of 2020, showing mean surface and benthic probe data: (a.) dissolved oxygen concentrations; and (b.) temperature values, per flow category. The red dashed line 
	Figure 28. Pool 2 during the autumn of 2020, showing mean surface and benthic probe data: (a.) dissolved oxygen concentrations; and (b.) temperature values, per flow category. The red dashed line 


	Cockburn River Groundwater and Surface Water Connectivity Study 
	Table 2. Seasons flow duration table from the Cockburn River gauge (419114) used to determine flow categories that influence dissolved oxygen and temperature pool data. Percentiles selected are based on the generic flow duration curve or unregulated rivers (Figure 20). 
	Figure
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	Cockburn River Groundwater and Surface Water Connectivity Study 
	Figure
	Figure 29. Flow duration curve estimating the percentage of time a flow category is equalled or exceeded in an unregulated river in NSW 
	Figure 29. Flow duration curve estimating the percentage of time a flow category is equalled or exceeded in an unregulated river in NSW 
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	Cockburn River Groundwater and Surface Water Connectivity Study 
	Figure
	Figure 30. Hydrograph leading up to and during the study period with details of when the project started and activation of the new surface water gauge. 
	Figure 30. Hydrograph leading up to and during the study period with details of when the project started and activation of the new surface water gauge. 
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	Cockburn River Groundwater and Surface Water Connectivity Study 
	Figure
	Figure 31. Histogram showing relative changes in pool height (depth) based on gauge post readings across two site visits. 0 ML/d flows were recorded during both the October and December 2019 visits. Pool 1 was not located until the site visit in December 2019. 
	Figure 31. Histogram showing relative changes in pool height (depth) based on gauge post readings across two site visits. 0 ML/d flows were recorded during both the October and December 2019 visits. Pool 1 was not located until the site visit in December 2019. 
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	Figure
	Figure 32. Gauging post in Pool 2 (23-Oct-2019) used to estimate changes in pool depth prior to installation of pressure probes in mid-December 2019. 
	Figure 32. Gauging post in Pool 2 (23-Oct-2019) used to estimate changes in pool depth prior to installation of pressure probes in mid-December 2019. 


	Figure
	Figure 33. Gauging post in Pool 2 (16-Dec-2019) comparative depth change 
	Figure 33. Gauging post in Pool 2 (16-Dec-2019) comparative depth change 
	with Figure . 



	Figure
	Figure 34. Temporary gauging post in Pool 4 (24-Oct-2019) used to estimate changes in pool depth prior to installation of pressure probes in mid-December 2019. 
	Figure 34. Temporary gauging post in Pool 4 (24-Oct-2019) used to estimate changes in pool depth prior to installation of pressure probes in mid-December 2019. 


	Figure
	Figure 35. Temporary gauging post in Pool-4 (16-Dec-2019) showing drop in pool depth compared to Figure 34 above. 
	Figure 35. Temporary gauging post in Pool-4 (16-Dec-2019) showing drop in pool depth compared to Figure 34 above. 



	Appendix B – Survey data 
	Appendix B – Survey data 
	It is noted that the pool names changed in reporting, so they are labelled in order down the system. 
	Figure
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	Appendix C – Bore details 
	Appendix C – Bore details 
	These tables should be used with reference to Figure 12 for locations. 
	Table 3. Groundwater bores monitoring activity near Pools 1 and 2. 
	Site 
	Site 
	Site 
	Bore Type 
	Depth (mbgl) 
	Latitude 
	Longitude 
	Date surveyed 
	Date instrumentation installed 
	Instrumentation installed by 
	Instrumentation type 

	GW047599 
	GW047599 
	Active Production 
	7.3 
	-31.0559 
	151.077 
	22 July 2020 
	5 June 2020. 
	DPIE Water 
	Diver datalogger 

	GW013404 
	GW013404 
	Active Production 
	9.8 
	-31.0618 
	151.0592 
	22 July 2020 
	24 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW019247 
	GW019247 
	Inactive Production 
	9.4 
	-31.0626 
	151.0611 
	22 July 2020 
	24 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW022231 
	GW022231 
	Inactive Production 
	9.4 
	-31.0631 
	151.0608 
	22 July 2020 
	24 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW093036 
	GW093036 
	Monitoring 
	12 
	-31.0684 
	151.0593 
	18 February 2005 
	WaterNSW 
	Data logger and telemetry 

	GW093037 
	GW093037 
	Monitoring 
	21 
	-31.0665 
	151.0577 
	18 February 2005 
	WaterNSW 
	Data logger and telemetry 

	GW093038 
	GW093038 
	Monitoring 
	17 
	-31.0646 
	151.0561 
	29 June 2020 
	WaterNSW 
	Data logger and telemetry 

	GW093039 
	GW093039 
	Monitoring 
	16 
	-31.0631 
	151.0558 
	29 June 2020 
	WaterNSW 
	Data logger and telemetry 

	GW093040 
	GW093040 
	Monitoring 
	17 
	-31.0616 
	151.0537 
	11 December 2002 
	WaterNSW 
	Data logger and telemetry 


	Table 4. Groundwater bore monitoring activity near Pool 3. 
	Site 
	Site 
	Site 
	Bore Type 
	Depth (mbgl) 
	Latitude 
	Longitude 
	Date surveyed 
	Date instrumentation installed 
	Instrumentation installed by 
	Instrumentation type 

	GW042585 
	GW042585 
	Active Production 
	10.6 
	-31.087 
	151.0337 
	22 July 2020 
	27 February 2020 
	DPIE Water 
	Diver datalogger 

	GW047919 
	GW047919 
	Active Production 
	8.7 
	-31.0852 
	151.0345 
	22 July 2020 
	27 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW062410 
	GW062410 
	Inactive Production 
	8.6 
	-31.0802 
	151.0357 
	22 July 2020 
	27 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW900594 
	GW900594 
	Active Production 
	9.5 
	-31.0893 
	151.024 
	22 July 2020 
	24 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW930110 
	GW930110 
	New Monitoring Drilled 30 April to 1 May 2020 
	9.2 
	-31.0864 
	151.029785 
	22 July 2020 
	14 May 2020. 
	DPIE Water 
	Diver datalogger 

	GW930111 
	GW930111 
	New Monitoring Drilled 28 April 2020 
	13.5 
	-31.0866 
	151.026553 
	22 July 2020 
	14 May 2020 
	DPIE Water 
	Diver datalogger 

	GW930112 
	GW930112 
	New Monitoring Drilled 5 May 2020 
	14 
	-31.0872 
	151.02659 
	22 July 2020 
	14 May 2020 
	DPIE Water 
	Diver datalogger 
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	Site 
	Site 
	Site 
	Bore Type 
	Depth (mbgl) 
	Latitude 
	Longitude 
	Date surveyed 
	Date instrumentation installed 
	Instrumentation installed by 
	Instrumentation type 

	GW930113 
	GW930113 
	New Monitoring Drilled 6 to 7 May 2020 
	13.2 
	-31.0882 
	151.025847 
	22 July 2020 
	14 May 2020 
	DPIE Water 
	Diver datalogger 


	Table 5. Groundwater bore monitoring activity near Pool 4. 
	Site 
	Site 
	Site 
	Bore Type 
	Depth (mbgl) 
	Latitude 
	Longitude 
	Date surveyed 
	Date instrumentation installed 
	Instrumentation installed by 
	Instrumentation type 

	GW060042 
	GW060042 
	Active Production 
	11.6 
	-31.1282 
	150.9867 
	3 August 2020 
	24 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW060043 
	GW060043 
	Inactive Production 
	10.7 
	-31.1285 
	150.9892 
	3 August 2020 
	24 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW060044 
	GW060044 
	Inactive Production 
	10.7 
	-31.1687 
	150.9917 
	3 August 2020 
	24 February 2020. 
	DPIE Water 
	Diver datalogger 

	GW093030 
	GW093030 
	Monitoring borehole 
	13 
	-31.1262 
	150.9917 
	29 June 2020 
	WaterNSW 
	Diver datalogger 

	GW093031 
	GW093031 
	Monitoring borehole 
	6 
	-31.1268 
	150.9942 

	GW093032 
	GW093032 
	Monitoring borehole 
	13 
	-31.1289 
	150.9919 
	18 August 2020 
	WaterNSW 
	Data logger and telemetry 

	GW273033 
	GW273033 
	Monitoring borehole 
	17 
	-31.124 
	150.999 
	10 July 2020 
	WaterNSW 
	Data logger and telemetry 
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	Appendix D – Bore log data, new bores. 
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	Appendix E – Bore log data, existing government monitoring bores 
	Appendix E – Bore log data, existing government monitoring bores 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Appendix F – Bore log data, private bores. 
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	Appendix G – All available water level information from the study 
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