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1 SUMMARY
The Darwin Harbour region includes Port Darwin and Shoal Bay and extends from
Charles Point to Gunn Point including the estuarine areas, tributaries and catchment
areas (DHAC 2009). Darwin Harbour has many waterways, some of which are adjacent
to urban development. Pollution from urban areas, including wastewater discharges from
sewage treatment plants and other licensed discharges, stormwater runoff, and leachate
from urban land uses have the potential to affect water quality of waterways.
Buffalo Creek estuary to the north of Darwin’s northern suburbs is subject to treated
wastewater discharges from the Leanyer-Sanderson sewage treatment plant. The
treatment plant is subject to a Waste Discharge Licence. The licensed mixing zone is yet
to be fully determined. It is possible that the Buffalo Creek monitoring sites are located
within the discharge mixing zone, and that the water quality objectives may not apply.
The Leanyer-Sanderson wastewater treatment plant uses a treatment system in waste
stabilisation lagoons utilising a combination of sunlight, micro-organisms and algae to
break down the raw wastewater.
In this report, we present data on water quality indicators in Buffalo Creek estuary and an
assessment of water quality condition.
The study includes data on the distribution of chlorophyll a (an indicator of algal biomass)
during the wet season 2010 and the dry season 2009. During March and May 2010,
depth profile physical indicators were taken at 12 sites from the upper navigable reaches
of the estuary through to Shoal Bay. Physical indicators were also continually logged
during a longitudinal transect of the estuary and in Shoal Bay, with spatial interpolation
used to produce water quality mapping. Water quality depth profile measurements
(physical and nutrients such as nitrogen and phosphorus) are also reported for four sites
sampled in 2006 and 2009.
Chlorophyll a spatial distribution showed high values (>80 µg/L) in the upper navigable
parts of the estuary in the wet season in March 2010, compared with the upper estuary
water quality objective (<4 µg/L) for Darwin Harbour region. In several areas of the mid
estuary, chlorophyll a values of approximately 100-170 µg/L were observed. Chlorophyll
a values were approximately 60-75 µg/L near the Buffalo Creek boat ramp in the lower
estuary. Chlorophyll a values were commonly <1 µg/L in many parts of Shoal Bay, and
therefore complied with the upper estuary water quality objective.
In the dry season 2009, very high values (>200 µg/L) occurred in the upper navigable
parts of the estuary with values falling to <10 µg/L near the Buffalo Creek boat ramp.
Values were considered very high compared with upper estuary water quality objectives.
The high chlorophyll a results in 2009 and 2010 indicate water quality in most parts of
Buffalo Creek estuary from the upper navigable part of the estuary to near the boat ramp
is in very poor condition. The presence of elevated concentrations of chlorophyll in
Buffalo Creek estuary could be associated with algae present in the treated wastewater
discharge, or from algal growth in the estuary, or a combination. Poor tidal flushing is
also likely to be a contributing factor. Further research is required to determine the
processes such as algal decay and cycling, and sources of phytoplankton present in the
estuary such as freshwater and estuarine species.
The pH, conductivity and salinity values were lower in the upper to mid estuary in the wet
season in 2010, than in the dry season. The values of conductivity and salinity indicate
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likely inflow of freshwater in the wet season. Dissolved oxygen (percent saturation) had
low values in the upper to mid estuary, indicating water quality in upper reaches is
considered to be in poor condition. Depth profile data from 12 sites showed changes in
salinity and conductivity with depth, indicating some likely stratification (lack of mixing)
from freshwater inflow in the upper estuary. Freshwater sources in the wet season are
likely to include wastewater discharges, catchment stormwater, runoff and drainage.
Water quality objectives (local ‘guidelines’) have been developed from local Darwin
Harbour region data to help protect water quality in the Darwin Harbour region. It is likely
that Buffalo Creek estuary could be described as a ‘highly disturbed system’. Although
less stringent criteria can be developed and applied to such a system, there are
insufficient data to develop WQOs for highly disturbed systems in the region. Therefore,
in the absence of local water quality objectives for highly disturbed systems and no
defined mixing zone, the current water quality objectives for upper estuaries in the
Darwin Harbour region are commonly used as a guideline value for comparison in this
report.
Many water quality indicators from the 2006 and 2009 samplings, particularly nitrogen
and phosphorus indicators and chlorophyll a, did not comply with upper estuary water
quality objectives, indicating very poor water quality. Physical indicators such as
dissolved oxygen (percent saturation) were commonly much less than recommended
values. Many areas in the estuary had nutrient-rich waters with elevated concentrations
of chlorophyll a indicating elevated algal biomass. This may be linked to oxygen
depletion, either via algal respiration or oxygen demand to break down organic matter.
Further research is required to better understand the processes associated with oxygen
depletion in this estuary. Oxygen depletion may affect some animal species.
In general, water quality data presented in this report indicate that water quality is
considered to be in very poor condition in the upper reaches, and in many cases, the mid
reaches of Buffalo Creek estuary. Recommendations for further research and monitoring
are briefly presented.
The Power and Water Corporation is currently planning and implementing a program of
engineering works to improve the quality of the water discharged from the LeanyerSanderson sewage treatment plant.
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2 BACKGROUND
2.1

Darwin Harbour and region

Darwin Harbour and surrounding catchments are located in the wet-dry tropics of
northern Australia. The Darwin Harbour region includes Port Darwin and Shoal Bay and
covers 3227 km2 of land and water (DHAC 2009). It extends from Charles Point to Gunn
Point including the estuarine areas, tributaries and catchment areas of Cox Peninsula,
Woods Inlet, West Arm, Middle Arm, East Arm, and the Howard River (DHAC 2009).
McKinnon et al. (2006) also defines the Harbour from Charles Point to Gunn Point. The
climate has distinct wet and dry seasons. Rainfall averages 1,714 mm per year with 64%
of average rainfall falling between January and March (McKinnon et al. 2006). Darwin
Harbour is a large macro-tidal estuary that experiences tidal variations up to 8 m. The
mean spring tidal ranges are approximately 6 m, while mean neap tidal ranges are
around 3 m.
The cities of Darwin and Palmerston support the majority of the Northern Territory
population. These cities are subject to increasing development. The population of the
Darwin region is approximately 117 000 (ABS 2008). By 2026, around 165,000 people
are predicted to live in the Darwin region (ABS 2008). Continued growth of urban and
rural activities around Darwin Harbour will place increasing pressure on the ecological
integrity of the harbour. Key stressors for estuarine water quality associated with urban
and rural growth include habitat loss, land clearing, diffuse and point source agricultural
runoff and leachate, diffuse and point source urban stormwater, point source industrial
wastewater discharges and other urban land use and industrial stormwater runoff and
leachate.
Growing urbanisation, industry and clearing in the catchment contribute to increasing
diffuse and point source loads to the harbour (Skinner et al. 2008). Impacts of increased
pollutant loads appear to be confined to localised areas of the harbour and upstream
areas of the estuary where tidal mixing is limited. There are three main estuary branches
of Darwin Harbour: East, Middle and West Arms. Tidal creeks adjoining these main arms
are subject to increasing pressure from the catchment receiving loads from a range of
land-uses. Mangrove forests in Darwin Harbour are largely intact and fringe at least twothirds of the Harbour’s foreshore (McKinnon et al. 2006).

2.2

Water quality objectives to protect water quality

A Water Quality Protection Plan is being developed for Darwin Harbour for protection of
water quality in the region. Locally-derived guidelines called water quality objectives
(WQOs) have been established in phase one of the ongoing Water Quality Protection
Plan.
Water quality objectives have been established under a process developed by the
National Water Quality Management Strategy. Further details are available in ANZECC
(2000) guidelines and related publications. Further details of Darwin Harbour WQOs are
available in Fortune (2010). WQOs for upper estuary waters of Darwin Harbour are
summarised in Table 1. The definitions of the classification of water types including
upper, mid and outer estuaries are presented in Fortune (2010). The upper estuary is the
‘most upstream of all estuarine waters with a residence time as estimated by a
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hydrodynamic model of greater than 32 days’ (Fortune 2010). It is acknowledged here
that while the hydrodynamic modelling only extended to Lee Point (Fortune 2010), and
therefore did not include Shoal Bay, in the absence of other data and modelling results,
this report assumes that Buffalo Creek is an ‘upper estuary’ classification. WQOs are
less stringent for an upper estuary than for a mid or outer estuary in the region. It is
acknowledged that recent hydrodynamic modelling of Buffalo Creek has been
undertaken, but as yet no results have been made publicly available. Further research is
required to fully understand the hydrodynamics of Buffalo Creek and therefore the future
application of appropriate WQOs.
Fortune (2010) indicated that for the development of the WQOs in the Darwin Harbour
region ‘in most cases sample size exceeded the ANZECC (2000) guidelines
recommendation’. Darwin Harbour WQOs have been developed for ‘slightly disturbed
waters’ (Fortune 2010). It is likely that Buffalo Creek estuary could be described as a
‘highly disturbed system’, given that it has received urban stormwater discharge, treated
wastewater discharge since the 1970s and runoff from defence land use in the
catchment for many years. Although less stringent criteria or reference data from more
impacted but still acceptable reference sites can be developed and applied to such a
system, there are insufficient data to develop WQOs for highly disturbed systems in the
region.
Therefore, in the absence of local WQOs for highly disturbed systems and no defined
mixing zone, the current WQOs for upper estuaries in the Darwin Harbour region are
commonly used as a guideline value for comparison in this report.
The Buffalo Creek monitoring sites in the estuary are influenced by the treated
wastewater discharged from the Leanyer-Sanderson sewage treatment plant outfall. The
treatment plant is subject to a Waste Discharge Licence. The licensed mixing zone is yet
to be fully determined. It is possible that the Buffalo Creek monitoring sites are located
within the discharge mixing zone, and that the water quality objectives may not apply. A
mixing zone is an agreed area of receiving waters where WQOs may not be met.
As reported in Drewry et al. (2010a), the two water quality objective indicators total
suspended sediment and dissolved oxygen (% saturation) are under revision and new
water quality objective values will be based on a larger dataset than that from which
they were developed. This report therefore generally excludes total suspended sediment
and dissolved oxygen (% saturation) from comparison to water quality objectives.
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Table 1 Water quality objectives for upper estuaries in Darwin Harbour (Fortune 2010).
Indicator and units

Water quality objective for upper
estuary in Darwin Harbour

pH
Dissolved oxygen (% sat)
Chlorophyll a (µg/L)
Nitrogen oxides (NOx)
Ammonia
Total nitrogen
Total phosphorus
Filterable reactive phosphorus
Note: 1 mg/L contains 1000 µg/L.

2.3

6-8.5
80-100
<4
<20 (µg N/L)
<20 (µg N/L)
<300 (µg N/L)
<30 (µg P/L)
<10 (µg P/L)

Water quality objective for upper
estuary in Darwin Harbour (as units
commonly presented in this report)
6-8.5
80-100
<4
<0.02 (mg N/L)
<0.02 (mg N/L)
<0.3 (mg N/L)
<0.03 (mg P/L)
<0.01 (mg P/L)

Buffalo Creek estuary

Locations of Darwin Harbour region sewage treatment plant outfalls, including Buffalo
Creek estuary are shown in Figure 1. Buffalo Creek is a small tidal creek flowing into
Shoal Bay in the northern region of Darwin Harbour.
Shoal Bay, unlike some other parts of Darwin Harbour, is a shallow embayment with
several smaller mangrove lined tidal creeks. The area experiences heavy recreational
use and a boat ramp near the mouth of Buffalo Creek is a popular entry point.

STP outfall
Mangroves

0

4

km

Figure 1 Location of Darwin Harbour region sewage treatment plant (STP) outfalls.
Buffalo Creek estuary is located in the north.
The upper reaches of Buffalo Creek receive treated wastewater effluent from the
Leanyer-Sanderson sewage treatment plant (STP) which services the northern suburbs
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of Darwin. The Leanyer-Sanderson STP has the largest set of treatment ponds in the
Northern Territory (PWC 2006). The first stage of the STP commenced in 1969 and
construction was completed in 1971 when secondary treated effluent first began entering
Buffalo Creek (Wilson 1979).
The Leanyer-Sanderson sewerage catchment is approaching maximum development,
with about 70% of total design treatment capacity reached at present, and this will be
about 80% of total design treatment capacity following the completion of the suburbs
Muirhead and Lyons (K. Carter pers. comm.). The remainder of the design capacity is
allocated to new suburbs and increases in residential density within existing sewerage
catchments serviced by the Leanyer-Sanderson treatment plant. These increases may
result in longer term increases in water quality stressors on the Buffalo Creek estuary,
from both urban stormwater runoff and increased volumes of treated wastewater effluent
discharge, under the current outfall configuration.

2.4

Water quality in Buffalo Creek

Several short-term studies (e.g., Burford et al. 2009; Smith and Haese 2009) have been
completed in Buffalo Creek. Burford et al. (2009) indicated that the wastewater outfall
was having substantial effects on the biogeochemical processes of the creek during the
study. Burford et al. (2009) indicated that the greatest effects were on primary
productivity, sediment nutrient fluxes and denitrification activity. Buffalo Creek is a
hypereutrophic system (Burford et al. 2009). Buffalo Creek experiences episodic
hypereutrophic events (Smith and Haese 2009). Hypereutrophic waterbodies are those
with an excessive supply of nutrients (McDowell et al. 2004).
Many water quality indicators failed to comply with water quality objectives reported in
two editions of the ‘Darwin Harbour Region Report Cards’ (Fortune et al. 2009; Drewry et
al. 2010a). Recent studies indicate Buffalo Creek has very low dissolved oxygen levels
at monitoring sites (Fortune et al. 2009; Drewry et al. 2010a). Very high chlorophyll a
levels are present in the water column (Fortune et al. 2009; Burford et al. 2009) and
sediments (Burford et al. 2009). The presence of elevated concentrations of chlorophyll
in Buffalo Creek estuary could be associated with algae present in the treated
wastewater discharge, or from algal growth in the estuary, or a combination of both.
Denitrification is the conversion of bioavailable inorganic nitrogen into dinitrogen gas
(Smith and Haese 2009). Denitrification is an indicator of the efficiency of nitrogen
removal from the system and provides a useful indicator of ecosystem health (Smith and
Haese 2009). Denitrification is very low in Buffalo Creek where most nitrogen is released
back into the water as ammonium or nitrate (Smith and Haese 2009; Burford et al. 2009).
In the upper estuary, Burford et al. (2009) indicated that phytoplankton and benthic algae
did not respond to the addition of N and P suggesting that the algal community had
sufficient nutrients for growth and that there was a significant impact of wastewater on
phytoplankton photosynthesis. Similarly, the nutrient pools and release of nutrients from
sediments to water is very high (Smith and Haese 2009; Burford et al. 2009).
There are many knowledge gaps on the environmental effects in this estuary including
the effect of the tidal cycle, water column stratification, climatic conditions on water
quality, ecological effects of pollutants on biota, and limited understanding of the diversity
of bacteria, pathogens, algae and other micro-biota in the estuary. Further research is
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required to determine the processes such as algal decay and cycling, and sources of
phytoplankton present in the estuary such as freshwater and estuarine species.

Figure 2 Photos of mangrove area in the upper Buffalo Creek estuary, showing high
chlorophyll a levels, as indicted by the green colour, in the upper navigable part of the
estuary near site Buff1. Photo taken on 30 July 2009.

2.5

Rationale and objectives

Urban expansion around the Buffalo Creek catchment is increasing with the
development of two new suburbs. This study reports water quality indicators measured
by the Northern Territory Government’s Aquatic Health Unit from 2006 to 2010.
This report presents data on distribution of chlorophyll a and other indicators during 2009
and 2010 and on depth profile measurements for 12 sites in 2010. Data for nutrients and
other indicators for four sites in 2006 and 2009 are also presented.
The objective of this report was to assess water quality in Buffalo Creek estuary by
reporting water quality data to enhance understanding at sampling sites.
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3 METHODS
This section presents methods used in this study.
3.1

Water quality indicators

Water quality indicators used in this study are shown in Table 2.
Table 2 Water quality indicators in this study and why they are used as indicators.
Indicator

What it represents

Why it is used as an indicator

Electrical
conductivity

A measure of electrical
conductivity (dissolved
solids, usually salts).
A measure of the acidity
or alkalinity of a solution
Cloudiness in water

Inhibits plant and animal growth if too high.
Provides an indication of freshwater or marine
water.
Important for many chemical and biological
processes.
A measure of the light scattering as a result of
material suspended in water. This affects the
amount of light available for photosynthesis.
Critical for aquatic organisms to survive. Low
dissolved oxygen is the major cause of
freshwater fish kills.

pH
Turbidity
Dissolved oxygen

Chlorophyll a

NOx

Ammonia

A measure of the amount
of oxygen in the water.
Varies with physical and
chemical conditions.
The green component of
plants used in
photosynthesis.
Nitrate + nitrite (dissolved)
forms of nitrogen

Total nitrogen

Total ammonia is the sum
of un-ionised ammonia
and the ammonium forms
of nitrogen
Nitrogen.

Total phosphorus

Phosphorus.

Filterable reactive
phosphorus

Fraction of phosphorus
that passes through a fine
filter.
A measure of how deep
light penetrates through
the water.

Euphotic depth

Photosynthetically
active radiation
(PAR)
Pheophytin

Waveband of light used by
photosynthetic organisms.
A pigment produced by
digestion or degradation
of chlorophyll a.

Is used as an index of the amount (biomass) of
algae.
Nitrate stimulates plant growth. Travels with
water in solution.
Readily used by aquatic plants. Decomposition
and excretion product. Ammonia can be toxic to
biota.
Nitrogen is essential for living organisms.
Includes all forms of nitrogen.
Phosphorus is essential for living organisms.
Travels with sediment in water.
Stimulates aquatic plant growth. Travels with
water in solution.
Euphotic depth extends from the atmospherewater interface downwards at a depth where
light intensity, used for photosynthesis, falls to
1% of that measured at the surface. Euphotic
depth is greater in clearer water than in water
with high turbidity.
Waveband of light (400-700 nm) used by
photosynthetic organisms. PAR measurements
are used to calculate euphotic depth.
Used as an index of the amount (biomass) of
algae.
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3.2

Chlorophyll a mapping and fluorometry

Chlorophyll a is a pigment contained in phytoplankton. Chlorophyll a is one of the most
important indicators of eutrophication in water bodies. Chlorophyll containing organisms
are the first link in most food chains, so the evaluation of chlorophyll a concentration is
important when monitoring the health of an estuarine or freshwater system. Nutrients
associated with diffuse and point sources in urban and other waterways can lead to
increased algae growth.
Chlorophyll a concentrations can be determined in the laboratory either by fluorescence,
or by light absorption, the latter of which requires greater resources (Pinto et al. 2001).
Fluorescence is a process where some compounds absorb specific wavelengths of light
and almost instantaneously emit longer wavelengths. Chlorophyll a naturally absorbs
blue light and emits, or fluoresces, red light. The measurement of fluorescence of the
water containing the natural plankton is a practical and cost-effective method when
evaluating large areas (Pinto et al. 2001).

3.2.1

Fluorometry and sampling 2009 and 2010

Chlorophyll a and fluorometer readings were taken in Buffalo Creek in the dry season of
2009 (30 July) and in the wet season in 2010 (8 March).
A Turner 10A fluorometer was used to determine fluorescence of continuously pumped
water, collected from about 20 cm depth, in one longitudinal transect of the estuary. The
fluorometer logged fluorescence values every five seconds. Approximately 1700
fluorometer readings were taken in 2009 and 2000 readings in 2010. The fluorometer
measurements were taken over a 2-3 hour period (Table 3).
Discrete water quality samples (28 in 2009; 13 in 2010) were taken for laboratory
determination of chlorophyll a to calibrate the fluorometer readings (Davies 2004; Pinto
et al. 2001; Masson and Pena 2009). Pure chlorophyll a from laboratory standards is not
recommended to be used to calibrate in vivo (field) samples since it fluoresces with a
different intensity to that of chlorophyll a inside living cells (Pinto et al. 2001). Laboratory
methods are shown in Table 8.
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Table 3 Fluorometry and other sampling dates, times, and low and high tide times.
Note that tide times in Buffalo Creek vary from tides quoted below for Darwin from BOM
website. High tide in Buffalo Creek occurs approximately 40 minutes after quoted times.
Date
sampled

Start
time

Finish
time

Sampling
on tide

Tide

07/05/2010

0943

1104

Incoming

08/03/2010

0926

1200

Incoming

30/07/2009

1212

1436

Outgoing

Time
Height
Time
Height
Time
Height

0552
3.15
0501
2.24
515
3.42

1216
5.36
1125
5.57
1053
5.57

1940
3.59
1621
4.02
1824
2.18

2211
5.30

Tide data from BOM website. Height (m).
http://www.bom.gov.au/oceanography/tides/MAPS/nt.shtml#form

3.2.2

Spatial interpolation, data and statistical analyses

A regression model was used to determine the relationship between the fluorometer
reading and field chlorophyll a values. Field samples for chlorophyll a were collected and
sent to the laboratory for analysis.
For the 2010 data, a regression model was fitted to the Buffalo Creek estuary values. For
the 2009 data, several other estuaries were also measured, so a regression model was
fitted to pooled data across several estuaries, but mainly influenced by very high Buffalo
Creek estuary values (Drewry et al. 2010b). Significance was assessed at the P<0.05
level. Regression models were fitted using the statistical package Statistica. Spatial data
for the fluorometry and chlorophyll a data were obtained from a ‘Garmin GPS 60’ logging
at 5 second intervals. Chlorophyll a mapping was undertaken with ArcGIS spatial analyst
by ordinary kriging methods.
3.3

Physical indicator mapping

A Hydrolab multi-parameter probe was used to determine physical measurements of
continuously pumped water into a small bucket, collected from about 20 cm depth, in one
longitudinal transect of the estuary. The Hydrolab was calibrated prior to use for all
samplings. The longitudinal transect was the same as for the fluorometer. The Hydrolab
data were logged every 30 seconds. The logged Hydrolab measurements were taken
over a 2-3 hour period on 8 March 2010 (Table 3). The physical measurements were
temperature, pH, dissolved oxygen, electrical conductivity, and salinity. Dissolved
oxygen was measured with a Hydrolab LDO sensor.
Spatial data for the physical indicator mapping were obtained from a ‘Garmin GPS 60’
track log. Spatial interpolation of physical measurement data was undertaken with
ArcGIS spatial analyst by ordinary kriging methods.
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3.4

Water quality profiles 2010

Physical measurements of temperature, pH, dissolved oxygen, electrical conductivity
and salinity were measured with a Hydrolab multi-parameter probe logging at 2 second
intervals. The probe was placed in the water to equilibrate for several minutes to enable
readings to stabilise, then data logging commenced while slowly lowering the probe to
the bottom and then slowly pulling it up again. Logging was completed for approximately
3-4 minutes at each site.
March 2010
Profile sampling with the Hydrolab probe was completed on 8 March 2010 with tide
details in Table 3. Twelve sites were sampled (Figure 3 and Table 4), from sites Bf1 in
the upper navigable part of the estuary to Bf12 in outer Shoal Bay.
Measurements reported for 8 March 2010 do not include dissolved oxygen as a sensor
was faulty. A later sampling was therefore undertaken in May 2010 at the same sites for
all measurements.
Bf12

Bf11

Bf8

Bf7

Bf6

Bf9
Bf10

Bf5

Bf4

Bf3

Bf2

Bf1

0

0.8
km

Figure 3 Site locations for the 12 profile samplings on 8 March and 7 May 2010.
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Table 4 Sites and sampling dates, times, location for depth profile sampling 8 March
2010.
Site

Date

Bf1
Bf2
Bf3
Bf4
Bf5
Bf6
Bf7
Bf8
Bf9
Bf10
Bf11
Bf12

8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10
8-Mar-10

Time

Lat

Long

Depth max (m)

9:22:10AM
9:49:00AM
10:05:15AM
10:08:26AM
10:15:56AM
10:24:07AM
10:35:53AM
10:40:42AM
10:57:03AM
11:10:24AM
11:20:51AM
11:31:38AM

-12.3518
-12.3492
-12.3466
-12.3444
-12.3428
-12.3407
-12.3409
-12.3382
-12.341
-12.3425
-12.3314
-12.3229

130.9077
130.9091
130.9102
130.9103
130.9102
130.9097
130.9078
130.9097
130.9184
130.928
130.931
130.9313

2.1
2.4
3.3
3.3
3.3
2.9
3.0
2.2
2.5
3.0
3.4
7.6

May 2010
Profile sampling with the Hydrolab probe was completed on 7 May 2010 with tide details
in Table 3. Twelve sites were sampled (Figure 3 and Table 5), from sites Bf1 in the upper
estuary to Bf12 in outer Shoal Bay. Measurements reported include dissolved oxygen for
this sampling date.

Table 5 Sites and sampling dates, times, location for depth profile sampling 7 May 2010.
Site
Bf1
Bf2
Bf3
Bf4
Bf5
Bf6
Bf7
Bf8
Bf9
Bf10
Bf11
Bf12

3.4.1

Date

Time

Lat

Long

Depth max (m)

7-May-10
7-May-10
7-May-10
7-May-10
7-May-10
7-May-10
7-May-10
7-May-10
7-May-10
7-May-10
7-May-10
7-May-10

9:43:39 AM
9:58:41 AM
10:04:00 AM
10:09:14 AM
10:13:34 AM
10:19:04 AM
10:24:34 AM
10:30:42 AM
10:37:54 AM
10:44:04 AM
10:51:34 AM
11:01:28 AM

-12.3518
-12.3492
-12.3466
-12.3444
-12.3428
-12.3407
-12.3409
-12.3382
-12.341
-12.3425
-12.3314
-12.3229

130.9077
130.9091
130.9102
130.9103
130.9102
130.9097
130.9078
130.9097
130.9184
130.928
130.931
130.9313

2
2.2
3
2.9
3
2.6
1.8
1.4
2
2.6
2.9
7

Data and statistical analyses

Water quality data from depth profiles of the 12 sites were analysed using the statistical
package Statistica. Some data are presented as summary statistics and box plots.

12

3.5

Water quality 2006 and 2009

This section presents methods for sampling of four sites on 12 December 2006 and 30
July 2009.

3.5.1

Site location and sampling

Four locations were sampled along the estuary during 2006 and 2009 (Figure 4).

Buff4

(
!

Buff3

(
!

Buff2

(
!

Buff1

(
!

WWTP outlet

±

(
!
0

137.5

275

550 Meters

Figure 4 Site locations for the 2006 and 2009 samplings. The Leanyer-Sanderson
sewage treatment plant is also shown. Image source: NRETAS maps.

3.5.2

Field sampling

Four sites were sampled on the 12 December 2006, to coincide with neap tide conditions
in 2006. Sampling commenced at high tide (10:20 hrs; Table 6) and was completed in
two hours.
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The same four sites were sampled on the 30 July 2009. Sampling commenced 09:30
and finished 11:30. Note that tide times in Buffalo Creek vary from tides quoted below for
Darwin from BOM website.

Table 6 Tide height at Fort Hill, Darwin Harbour and sampling period on 12 December
2006.
Tide height m (Time)
Date
Low

High

Low

High

12th Dec

5.01 (10:20)

2.09 (16:39)

5.72 (23:16)

3.22 (05:13)

Table 7 Tide height at Fort Hill, Darwin Harbour and sampling period on 30 July 2009.
Tide height m (Time)
Date
Low

High

Low

30 Jul

5.57 (10:53)

2.18 (18:24)

3.42 (05:15)

Tide data from BOM website
http://www.bom.gov.au/oceanography/tides/MAPS/nt.shtml#form

3.5.3

Physical measurements

2006
On 12 December 2006 temperature, pH, dissolved oxygen, electrical conductivity,
turbidity and salinity were measured with a Hydrolab multi-parameter probe logging at 1
second intervals, at the surface water (<0.5m depth) and from the middle and bottom
depths. Logging was completed for approximately 3-4 minutes at each site, and the
mean value determined for each set of depths.
Photosynthetically active radiation (PAR) was recorded at the sites in clear conditions
using a Li-COR spherical quantum sensor light meter (model LI-193SA). A light
recording was taken at the surface, then lowered and continuing at 0.25 m increments.
An extinction coefficient was calculated as the slope of the relationship between natural
logarithm of light intensity and depth. The euphotic depth (99% light extinction
coefficient) was calculated as described in section 3.5.7.

2009
On 30 July 2009 dissolved oxygen, electrical conductivity, turbidity and salinity were
measured with a Hydrolab multi-parameter probe at each site, surface water (<0.5m
depth) and from the middle and bottom depths. Turbidity was measured using a portable
Hach turbidity meter.
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3.5.4

Nutrient measurements and laboratory methods

Nutrient samples were taken at surface water (<0.5m depth) and from the middle and
bottom depths. Separate sample bottles, supplied by the laboratory, were collected for
total and filterable nutrients and ammonia. All samples were analysed for total kjeldahl
nitrogen (TKN), nitrite (NO2), nitrate (NO3), ammonia-N, total phosphorus (TP), and
filterable reactive phosphorus (FRP). Nutrient samples for nitrite, nitrate and FRP were
filtered with 0.45 µm filters in the field. Ammonia is a measure of the ammonium ion
NH4+, and is measured by the automated phenate method by NTEL (NTEL staff pers.
comm.). All samples were collected, transported and stored using recommended
sampling protocols, preservation protocols and chain of custody documentation.
The chemical and nutrient analyses were carried out by the Northern Territory
Environmental Laboratories (NTEL), Berrimah. NTEL is National Association of Testing
Authorities (NATA) accredited. All nutrient samples were determined using APHA
standard methods (Table 8). If required, NOx and total N (TN) can be calculated as
follows:
TN = TKN + nitrite + nitrate
NOx = nitrite + nitrate

Table 8 Laboratory methods for water quality.
Measurement
Nitrate
Nitrite
Ammonia
Total kjeldahl
nitrogen
Filterable reactive P
Total phosphorus
Chlorophyll a
Pheophytin

Method
Automated cadmium reduction
Automated cadmium reduction
Automated phenate method
Sulphuric acid digestion followed by the
automated phenate method
Flow injection analysis for orthophosphate
Persulphate digestion followed by
automated ascorbic acid method
Fluorometry (3) or spectrophotometry (H2)
Fluorometry (3) or spectrophotometry (H2)

APHA (1998) number
4500-NO3 I
4500-NO3 I
4500-NH3 G
4500 TKN D
4500-P F
4500-P H
10200 H (APHA 2005)
10200 H (APHA 2005)

APHA (1998) unless otherwise stated
APHA (2005) for chlorophyll a and pheophytin; method depends on concentration.

3.5.5

Chlorophyll a and pheophytin

Chlorophyll a and pheophytin samples were also taken. Chlorophyll a was filtered by
vacuum and Whatman 45 µm filters in the laboratory, and kept in dark conditions in a
freezer prior to dispatch to the laboratory. Chlorophyll a and pheophytin (Table 8) were
analysed by the Department of Regional Development, Primary Industry, Fisheries and
Resources (now Department of Resources) laboratory, Berrimah. All samples were
collected, transported and stored using recommended sampling protocols, preservation
protocols and chain of custody documentation.
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3.5.6

Suspended solids

Total suspended solids (TSS) and volatile suspended solids (VSS) were taken at surface
water (<0.5m depth) and from the middle and bottom depths. TSS and VSS were
analysed by the Department of Regional Development, Primary Industry, Fisheries and
Resources (now Department of Resources) laboratory, Berrimah. All samples were
collected, transported and stored using recommended sampling protocols, preservation
protocols and chain of custody documentation.

3.5.7

Data and statistical analyses

Where concentrations of nutrients and other measurements were below limit of
detection, half the limit of detection was used in calculations. Data are presented as
summary statistics and scatter plots.
The euphotic depth (99% light extinction coefficient) was calculated using the light meter
data and the Beer-Lambert equation (Masson and Pena 2009). Attenuation of PAR
through the water column was estimated from a regression of natural log-transformed
PAR with depth (Masson and Pena 2009).
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4 CHLOROPHYLL A MAPPING RESULTS
4.1

Regression model 2010 wet season

The regression model is shown in Figure 5. The relationship had a good fit (r2 = 0.85,
P<0.001). Regression statistics and parameters for the relationship are shown in Table
10, with equation parameters presented in the form of equation 1. Chlorophyll a values
for discrete samples sent to the laboratory ranged from <1 µg L–1, at Bf11 and Bf12 in
Shoal Bay, to 117 µg L–1 at Bf3, and 141 µg L–1 at Bf2.

Chla=bF + c

(1)

Where Chla is the concentration of chlorophyll a in the laboratory (µg L–1), F represents
field-based fluorometer value, and b, and c are fitted parameters for slope and intercept,
respectively.

Figure 5 Relationship between field-based fluorometry reading and chlorophyll a
determined by laboratory from Buffalo Creek in March 2010.
Table 9 Regression model parameters and statistics for 2010 for equation 1.
2

b slope

Std error
for b slope

c intercept

Std error for
c intercept

r

2.21

0.28

-8.8

10.3

0.85
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P

P<0.001

4.2

Chlorophyll a spatial distribution 2010 wet season

The spatial distribution of chlorophyll a in Buffalo Creek estuary during the 2010 wet
season (8 March 2010) indicates values >80 µg/L in the upper navigable part of the
estuary. In several areas of the mid estuary, greater chlorophyll a values were observed.
Between sites Bf6 and Bf7 chlorophyll a values of approximately 100-120 µg/L were
observed. Near Bf5 chlorophyll a values were approximately 120-170 µg/L. Chlorophyll a
values were approximately 60-75 µg/L near the boat ramp in the lower estuary (Figure
6). Chlorophyll a values were commonly <1 µg/L in many parts of the Shoal Bay area.
Some caution should be used interpreting spatial distribution in Shoal Bay (Figure 6) due
to the lack of data in that area.

175

0

0.4
km

<1

Figure 6 Spatial distribution of chlorophyll a (µg/L) in Buffalo Creek estuary in March
2010.

4.3

Regression model 2009 dry season

The regression model fitted to Buffalo Creek data in 2009 is shown in Figure 7a (r2 =
0.92, P<0.001). As discussed, in 2009 chlorophyll a data from several estuaries were
also determined. The regression model fitted to pooled data is shown in Figure 7b. The
pooled relationship had a good fit (r2 = 0.91, P<0.001). Data from Buffalo Creek estuary
dominated the pooled relationship (Figure 7 and Table 10). Regression statistics and
parameters are shown in Table 10.
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(a) Buffalo Creek

(b) Pooled

Figure 7 Relationship between field-based fluorometry reading and chlorophyll a
determined by laboratory from data for (a) Buffalo Creek and (b) pooled for estuaries.
Table 10 Regression model parameters and statistics for 2009 for equation 1.
2

Estuary

b slope

Std error
for b slope

c intercept

Std error for
c intercept

r

Pooled
Buffalo

0.67
0.65

0.02
0.04

-0.89
4.2

0.93
2.6

0.91
0.92

4.4

P

P<0.001
P<0.001

Chlorophyll a spatial distribution 2009 dry season

The spatial distribution of chlorophyll a in Buffalo Creek estuary during the 2009 dry
season shows values >200 µg/L in the upper estuary, with values falling to <10 µg/L
near the boat ramp (Figure 8 and Figure 9). Chlorophyll a values were <1 µg/L as the
estuary entered Shoal Bay.
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The diagrams presented indicate many of the areas within the estuary are at the ‘low’
end of the scale. Some caution is required when interpreting ‘low’ values in this estuary.
Even chlorophyll a values around 10 µg/L near the Buffalo Creek boat ramp, would be
considered ‘high’ in many other estuaries of the Darwin Harbour region. Condition
assessment and comparison to water quality objectives are discussed in section 8.

Mangroves
214

0

0.4
km

0.4

Figure 8 Spatial distribution of chlorophyll a (µg/L) in Buffalo Creek estuary.

Mangroves
0.4 - 24
24 - 48
48 - 71
71 - 95
95 - 119
119 - 143
143 - 166

0

0.4
km

166 - 190
190 - 214

Figure 9 Spatial distribution of chlorophyll a (µg/L) in Buffalo Creek estuary, with
classification of concentrations included.
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5 WATER QUALITY MAPPING RESULTS
This section presents spatial distribution of physical measurements for the wet season
sampling on 8 March 2010.
The spatial distribution of salinity, conductivity, dissolved oxygen and pH, measured at
approximately 20 cm depth, are shown in Figure 10 to Figure 13.
The spatial distribution of pH, conductivity and salinity shows low values in the upper
estuary to mid estuary. Low values of conductivity and salinity indicate likely inflow of
freshwater. Depth profile data in section 6.2 shows changes in salinity with depth,
indicating some stratification in the upper estuary. Conductivity, salinity and pH values
commonly occurring in marine waters occurred in the Shoal Bay area, with much less
variation than in the estuary.

33

0

0.8
km

5.7

Figure 10 Spatial distribution of salinity (ppt) in Buffalo Creek estuary, March 2010.
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50200
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Figure 11 Spatial distribution of conductivity (µS/cm) in Buffalo Creek estuary, March
2010.
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Figure 12 Spatial distribution of dissolved oxygen (% sat) in Buffalo Creek estuary,
March 2010.
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8.4

0

0.8
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Figure 13 Spatial distribution of pH in Buffalo Creek estuary, March 2010.
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6 WATER QUALITY DEPTH PROFILE RESULTS
This section reports water depth profile data at 12 sites sampled 8 March 2010, and
again on 7 May 2010. Site details were presented in section 3.4. Site Bf1 is in the upper
navigable part of the estuary while site Bf12 is in outer Shoal Bay.

6.1

Summary of data March 2010

Summary statistics for the 12 sites across all depths are presented in Table 11. Further
details are presented in the following sections.
The physical water quality indicators (pH, conductivity and salinity) indicate that water
quality particularly in the upper to mid estuary, is heavily influenced by inflow of
freshwater. There was much less variation of physical water quality indicators at sites
Bf9 to Bf12 (near entrance and in Shoal Bay). This most likely reflects the greater tidal
mixing in the lower estuary sites.

Table 11 Summary statistics for physical indicators for12 sites for 8 March 2010.
pH

Conductivity (µS/cm)
Mean
Std. Dev
Med

Salinity (ppt)
Mean
Std.
Dev

Site

Mean

Std.
Dev

Med

P20

P80

Bf1

7.3

0.06

7.3

7.3

7.3

12100

2330

11700

7.0

1.4

6.7

Bf2

7.6

0.07

7.6

7.6

7.7

22400

5800

25300

13.5

3.8

15.4

Bf3

7.8

0.05

7.8

7.7

7.8

32100

8490

32400

20.1

5.8

20.2

Bf4

7.9

0.04

7.9

7.9

7.9

36100

8050

38500

22.9

5.5

24.5

Bf5

8.0

0.04

8.0

7.9

8.0

38800

7910

43400

24.8

5.5

28.0

Bf6

8.0

0.04

8.0

8.0

8.1

41700

8470

46700

26.8

6.0

30.4

Bf7

8.0

0.01

8.0

8.0

8.1

46700

2100

47500

30.4

1.5

31.0

Bf8

8.1

0.01

8.1

8.1

8.1

49400

360

49600

32.4

0.3

32.5

Bf9

8.1

0.01

8.1

8.1

8.1

50600

120

50600

33.3

0.1

33.3

Bf10

8.1

0.01

8.2

8.1

8.2

50900

40

50900

33.5

0.0

33.5

Bf11

8.2

0.01

8.2

8.2

8.2

50800

30

50800

33.4

0.0

33.4

Bf12

8.2

0.01

8.2

8.2

8.2

51300

240

51200

33.7

0.2

33.7

th

Med

th

Notes: Med is median; P20 is 20 percentile; P80 is 80 percentile. Number of readings varies from 36 at
site Bf8 to 88 at site Bf12.

6.2

Sites by depth March 2010

Data for each site and depth for salinity and pH values are presented as box plots in
Figure 14 and Figure 15. Salinity and pH values, in general, varied more at <1 m depths
than for deeper depths for sites Bf1 to Bf8. There was much less variation of salinity with
depth at sites Bf9 to Bf12. The pH was greater and less variable for the outer estuary
and Shoal Bay sites (sites Bf9 to Bf12). Sites from upper to about the mid estuary (Bf1 to
Bf5) show the influence of freshwater input through reduced salinity values most likely
from a freshwater layer at the surface.

24

Figure 14 Box plots for salinity for each site and depth for March 2010.

Figure 15 Box plots for pH for each site and depth for March 2010.
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6.3

Summary of data May 2010

Summary statistics for the 12 sites across all depths for the 7 May 2010 sampling are
presented in Table 12. Further details are presented in the following sections.
There was much less variation of physical water quality indicators at sites Bf9 to Bf12
(near entrance and in Shoal Bay). This reflects the greater tidal mixing in the lower
estuary sites.
The physical water quality indicators (pH, conductivity and salinity) indicate that water
quality in the upper estuary is influenced by inflow of freshwater. The influence of
freshwater though is less than during the sampling in March 2010.
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Table 12 Summary statistics for physical indicators for12 sites for May 2010.
Site
Bf1
Bf2
Bf3
Bf4
Bf5
Bf6
Bf7
Bf8
Bf9
Bf10
Bf11
Bf12

Conductivity (µS/cm)
Mean
Std.Dev.
Median
33100
5360
31000
38600
5930
43000
40100
6680
40000
41300
2980
40900
42300
900
42300
46300
860
46800
50300
290
50400
52200
130
52200
52800
60
52800
53400
30
53400
54700
20
54700
54800
30
54800

Mean
32
40
47
60
71
86
85
82
79
73
71
70

Std.Dev.
9
9
16
13
8
2
1
1
1
4
1
1

DO (% sat)
Median
35
39
49
65
75
87
85
82
79
74
71
70

P20

P80
21
32
28
49
64
85
84
81
78
71
70
70

41
50
65
71
78
88
87
82
80
75
71
71

Salinity
pH
(ppt)
Site
Mean
Std.Dev.
Median
Mean
Std.Dev.
Median
P20
P80
Bf1
21
3.7
19
7.2
0.06
7.2
7.1
7.2
Bf2
25
4.2
28
7.2
0.06
7.2
7.2
7.3
Bf3
26
4.8
26
7.3
0.09
7.3
7.2
7.4
Bf4
27
2.2
26
7.4
0.08
7.4
7.3
7.5
Bf5
27
0.7
27
7.5
0.07
7.5
7.4
7.5
Bf6
30
0.6
31
7.7
0.01
7.7
7.7
7.7
Bf7
33
0.2
33
7.7
0.01
7.7
7.7
7.7
Bf8
34
0.1
34
7.8
0.00
7.8
7.8
7.8
Bf9
35
0.05
35
7.8
0.01
7.8
7.8
7.8
Bf10
35
0.03
35
7.7
0.01
7.7
7.7
7.7
Bf11
36
0.02
36
7.7
0.00
7.7
7.7
7.7
Bf12
36
0.03
36
7.7
0.00
7.7
7.7
7.7
th
th
Notes: P20 is 20 percentile; P80 is 80 percentile. Number of readings varies from 24 at site Bf7 to 85 at
site Bf12.

6.4

Sites by depth May 2010

Data for each site and depth sampled on 7 May 2010 for DO (% sat), salinity and pH are
presented as box plots in Figure 16 to Figure 18.
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Figure 16 Box plots for DO (% sat) for each site and depth for May 2010.

Figure 17 Box plots for salinity for each site and depth for May 2010.
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Figure 18 Box plots for pH for each site and depth for May 2010.
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7 WATER QUALITY RESULTS FOR 2009 AND 2006
This section presents the water quality results for the sampling on 30 July 2009 (dry
season) and 12 December 2006 (wet season).

7.1
7.1.1

Physical measurements in 2009
Summary of all data

Summary statistics across all sites and depths are presented in Table 13. Further details
are presented in the following sections.

Table 13 Summary statistics for physical measurement data for 2009.

pH
Dissolved oxygen (mg/L)
Dissolved oxygen (% sat)
Conductivity (uS/cm)
Salinity (ppt)
Turbidity (NTU)
N is number of samples

7.1.2

Mean

N

Std.
Dev

Min

Max

Median

Percentile
20

Percentile
80

7.6
4.2
45
54300
35.5
11.5

12
12
12
12
12
12

0.4
1.5
16
1990
1.6
3.6

7.1
1.6
17
49800
32.5
7.6

8.1
5.6
62
55600
36.8
16.6

7.7
4.7
51
55100
36.3
10.9

7.1
2.0
21
53800
33.1
7.6

7.9
5.2
57
55500
36.7
16.6

Site and depth

Data for each site and depth are presented in this section. DO, salinity, pH, and turbidity
values for each site and depth (surface, middle and bottom) are shown in Figure 19 to
Figure 22. DO (% sat) is <21% at site 1 at the three depths. DO (% sat) at site 1 is 1721% for all depths. Salinity range was 32.5 ppt at site 1 to 36.7 ppt for site 4.
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Figure 19 Scatter plots for DO (% sat) for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.

Figure 20 Scatter plots for salinity for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.
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Figure 21 Scatter plots for pH for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.

Figure 22 Scatter plots for turbidity for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.
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7.2

7.2.1

Nutrients and other indicators in 2009

Summary of all data

Summary statistics across all sites and depths are presented in Table 14. Further details
are presented in the following sections.
Many nutrient levels for this sampling are considered very high and many greatly exceed
water quality objectives (for further details and comparison see section 8.5).

Table 14 Summary statistics for nutrients and other indicators for 2009.

Nitrate-N (mg/L)
Ammonia-N (mg/L)
TKN (mg/L)
TP (mg/L)
FRP (mg/L)
Chlorophyll a (ug/L)
Pheophytin (ug/L)
TSS (mg/L)
VSS (mg/L)
N is number of samples

7.2.2

Mean

N

Std.
Dev

Std.
Err

Min

Max

Median

0.03
0.37
1.37
0.26
0.18
14.1
5.8
39
6.5

12
12
12
12
12
12
12
12
12

0.02
0.41
0.66
0.28
0.19
14.4
7.0
12
2.2

0.01
0.12
0.19
0.08
0.05
4.2
2.0
3
0.6

0.01
0.03
0.81
0.04
0.03
3.0
0.1
25
4.0

0.06
1.07
2.53
0.76
0.50
48.0
18.0
58
11.0

0.02
0.15
1.01
0.11
0.08
8.0
2.0
35
6.0

Site and depth

Data for each site and depth are presented in this section. Nutrients, chlorophyll a and
TSS values for each site and depth (surface, middle and bottom) are shown in Figure 23
to Figure 29.
Many nutrient levels for this sampling were considered very high and many nutrient
levels exceeded water quality objectives (for further details see section 8.5). Ammonia
values, for example, at site 1 at the three depths were >0.89 mg N/L. At site 1 in the
upper estuary TKN at the three depths ranged from 2.2 to 2.5 mg N/L. At site 4 in the
lower estuary TKN at the three depths ranged from 0.81 to 0.91 mg N/L. At site 1 in the
upper estuary TP at the three depths ranged from 0.61 to 0.76 mg P/L. At site 4 in the
lower estuary TP at the three depths averaged 0.04 mg P/L.
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Figure 23 Scatter plots for TKN (mg N/L) for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.

Figure 24 Scatter plots for nitrate (mg N/L) for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.
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Figure 25 Scatter plots for ammonia (mg N/L) for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.

Figure 26 Scatter plots for TP (mg P/L) for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.
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Figure 27 Scatter plots for FRP (mg P/L) for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.

Figure 28 Scatter plots for TSS for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.
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Figure 29 Scatter plots for chlorophyll a for each site and depth in 2009.
Note: s surface, m middle, b bottom depth.

7.3
7.3.1

Physical measurements in 2006
Summary of all data

Summary statistics across all sites and depths for the sampling on 12 December 2006
are presented in Table 15. Further details are presented in the following sections.

Table 15 Summary statistics of physical measurement data in 2006.
N
pH
Dissolved oxygen (mg/L)
Dissolved oxygen (% sat)
Conductivity (uS/cm)
Salinity (ppt)
Turbidity (NTU)
N is number of samples

7.3.2

12
12
12
12
12
12

Mean
7.9
4.8
81
47000
31.5
19.4

Median
7.9
4.4
74
47300
32.1
18.6

Min

Max

7.5
1.1
23
39400
25.2
13.5

8.1
8.4
138
53050
36.9
27.0

Percentile
20

Percentile
80

7.7
2.8
50
42000
27.4
14.6

8.0
7.5
126
52200
35.0
22.9

Std.
Dev
0.2
2.5
39
4890
3.8
4.5

Site and depth

Data for each site and depth are presented in this section. DO, salinity, pH, and turbidity
values for each site and depth (surface, middle and bottom) are shown in Figure 30 to
Figure 33.
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DO (% saturation) was very low at site 1 at the mid (33%) and bottom (23%) depths. DO
(% saturation) was >100% at some depths at sites 2, 3, and 4. Salinity varied much more
than in the 2009 dry season sampling.

Figure 30 Scatter plots for DO (% sat) for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.

Figure 31 Scatter plots for salinity for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.
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Figure 32 Scatter plots for pH for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.

Figure 33 Scatter plots for turbidity for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.

7.4
7.4.1

Nutrients and other indicators in 2006
Summary of all data

Summary statistics across all sites and depths for the 2006 sampling are presented in
Table 16. Further details are presented in the following sections.
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Many nutrient levels and chlorophyll a levels were considered very high and many
exceed water quality objectives (see section 8.5.2).

Table 16 Summary statistics for nutrients and other indicators for 2006.
N
Nitrate-N (mg/L)
Ammonia-N (mg/L)
TKN (mg/L)
TP (mg/L)
FRP (mg/L)
Chlorophyll a (ug/L)
Pheophytin (ug/L)
TSS (mg/L)
VSS (mg/L)
N is number of samples

7.4.2

12
12
12
12
12
12
12
12
12

Mean
0.02
0.16
1.4
0.7
0.4
68
7
14
3.4

Median
0.02
0.08
1.3
0.6
0.4
60
6
14
4.0

Min

Max

0.01
0.02
0.7
0.2
0.1
16
0.1
10
2.0

0.03
0.46
2.4
1.4
0.8
130
18
26
5.0

Percentile
20

Percentile
80

Std. Dev

0.02
0.03
0.7
0.2
0.1
24
4
11
2.0

0.03
0.40
2.2
1.2
0.7
120
11
15
4.0

0.005
0.169
0.7
0.5
0.3
48
5
4
1.2

Site and depth

Data for each site and depth are presented in this section. Nutrients, chlorophyll a and
TSS values for each site and depth (surface, middle and bottom) are shown in Figure 34
to Figure 40. Many nutrient and other indicator levels for this sampling were very high
and many greatly exceeded water quality objectives. Many indicator values were
particularly high at site 1. Chlorophyll a, ammonia, TKN, TP and FRP values, for
example, were considered very high at site 1.

Figure 34 Scatter plots for TKN (mg N/L) for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.
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Figure 35 Scatter plots for nitrate (mg N/L) for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.

Figure 36 Scatter plots for ammonia (mg N/L) for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.
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Figure 37 Scatter plots for TP for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.

Figure 38 Scatter plots for FRP (mg P/L) for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.
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Figure 39 Scatter plots for TSS for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.

Figure 40 Scatter plots for chlorophyll a for each site and depth in 2006.
Note: s surface, m middle, b bottom depth.

7.4.3

Euphotic depth

Euphotic depth was 1.2 m for Buff1, 2.0 m for Buff2, 1.8 m for Buff3 and 2.0 m for Buff4
sites.
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8 COMPARISON TO WATER QUALITY OBJECTIVES AND
CONDITION ASSESSMENT
8.1

Introduction

In this section, water quality data from the previous sections are compared with water
quality objectives for upper estuaries in Darwin Harbour region. As discussed in section
2.2, in the absence of local WQOs for ‘highly disturbed systems’ (which Buffalo Creek
could be classified as in future) and no defined mixing zone, the current WQOs for upper
estuaries in the Darwin Harbour region are used as a guideline value for comparison.
The treatment plant is subject to a Waste Discharge Licence. The licensed mixing zone
is yet to be fully determined. It is possible that the Buffalo Creek monitoring sites are
located within the discharge mixing zone, and that the water quality objectives may not
apply.
Values for individual samplings are compared with WQOs, given that there are
insufficient data spread across a whole year. Appropriate caution may therefore be
needed in some cases. Dissolved oxygen (% sat) and TSS WQOs for Darwin Harbour
region are currently under revision (Drewry et al. 2010a). A general condition
assessment of very low to very high values is used, as discussed below.
In this section, a condition assessment of whether water quality values are very low
through to very high is made. This is somewhat subjective. Similarly, a broad
assessment of whether water quality is ‘excellent’ through to ‘very poor’ is made to assist
public understanding of the water quality. This is somewhat subjective. Schemes for
classifying water quality into ‘excellent’ through to ‘very poor’ classifications are
associated with very low or very high values etc. Schemes range from percentage of
compliance values for WQOs for report cards (e.g. Fortune et al 2009; Healthy
Waterways 2009), indicator values being a defined percentage above or below the WQO
value (e.g., Healthy Waterways 2009) to condition scores for individual indicators only
(e.g., NLWRA 2008), or a combined index.
The ANZECC (2000) lower limit trigger value for slightly disturbed ecosystem estuaries
for tropical Australia for DO, for example, is 80%. There does not appear to be an
equivalent trigger value for highly disturbed ecosystem estuaries. NLWRA (2008)
indicates minimum sustained dissolved oxygen values during the days following an
inflow event (such as in the wet season) as an indicator of estuarine condition. NLWRA
(2008) indicated DO values <50% saturation for periods of >24 hours as ‘fair’; <35%
saturation for periods of >24 hours as ‘poor’ and <20% saturation for periods of >24
hours as ‘very poor’.
Data in this report does not always suit some these methods (e.g., not collected at
regular intervals through a year of monitoring, or for a period longer than 24 hours) so
condition assessments in this report are therefore arbitrary but based on many of these
general methods and generally accepted water quality principles.
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8.2
8.2.1

Chlorophyll a mapping
Chlorophyll a spatial distribution 2010 wet season

The spatial distribution of chlorophyll a in Buffalo Creek estuary during the 2010 wet
season indicates the estuary between sites Bf1 and Bf9 had chlorophyll a values that did
not comply with the upper estuary WQO (<4 µg/L). Chlorophyll a values were commonly
<0.5 µg/L in many parts of the Shoal Bay area including sites Bf10, Bf11 and Bf12, and
therefore complied with the upper estuary WQO.
Most values between the in the upper navigable part of the estuary and the boat ramp
were considered very high – values were >80 µg/L; between sites Bf6 and Bf7 values of
100-120 µg/L; near Bf5 values were 120-170 µg/L; values were 60-75 µg/L near the
boat ramp. The chlorophyll a results during the March wet season sampling indicate
water quality in many parts of the Buffalo Creek estuary from the upper navigable part of
the estuary to near the boat ramp is in very poor condition.

8.2.2

Chlorophyll a spatial distribution 2009 dry season

The spatial distribution of chlorophyll a in Buffalo Creek in the 2009 dry season sampling
indicates Darwin Harbour water quality objective would be complied with north of the
entrance to Shoal Bay.
Chlorophyll a in Buffalo Creek estuary during the 2009 dry season shows very high
values (>200 µg/L) in the upper navigable part of the estuary. Chlorophyll a values were
<1 µg/L (low) as the estuary entered Shoal Bay. The high chlorophyll a results indicate
water quality in most parts of Buffalo Creek estuary from the upper navigable part of the
estuary to near the boat ramp is in very poor condition.

8.3

Water quality mapping

This section refers to the spatial distribution of physical measurements for the wet
season sampling on 8 March 2010. The spatial distribution of pH, conductivity and
salinity shows low values in the upper estuary to mid estuary. Low values of conductivity
and salinity indicate likely inflow of freshwater. The spatial distribution of dissolved
oxygen (% saturation) shows low values in the upper to mid estuary (Figure 12). The
ANZECC (2000) lower limit trigger value for slightly disturbed ecosystem estuaries for
tropical Australia for DO is 80%. Low values of dissolved oxygen indicate water quality in
upper reaches of the estuary is in generally poor condition.

8.4
8.4.1

Water quality depth profile
March 2010

The water quality in the March 2010 sampling indicates 20th and 80th percentile values of
pH at sites Bf1 to Bf12 (Table 11) would comply with the upper estuary WQO. The pH,
conductivity and salinity indicate that water quality at sites Bf1 and Bf2 is influenced by
inflow of freshwater.
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8.4.2

May 2010

For the 7 May 2010 sampling, the 20th and 80th percentile values of pH at sites Bf1 to
Bf12 complied with the upper estuary WQO (Table 12).
For the 7 May 2010 sampling, low dissolved oxygen (% saturation) values indicate that
water quality is generally poor at sites Bf1, Bf2 and Bf3 (Table 12). Median values were
considered low at sites Bf1 (35%) and Bf2 (39%). Median values for several depths were
considered low at sites Bf1 to Bf3.
Median salinity values at upper depths (Figure 17) were generally considered low in the
upper estuary sites, for example, at sites Bf1, Bf2 and Bf3. This is likely to indicate inflow
of freshwater. Salinity at sites Bf7 to Bf12 was considered normal for marine waters in
the region.

8.5
8.5.1

Water quality for 2009 and 2006
2009

Summary statistics (Table 13) for this dry season sampling indicate that the 20th and 80th
percentile values for pH would comply with the upper estuary WQO. Summary statistics
(Table 13) indicate that DO (% sat) is considered low (20th percentile is 21%) and
therefore considered of poor water quality for that indicator.
DO (% sat) is very low at site 1 at the three depths (Figure 19), and this indicator shows
that water quality is generally poor at all four sites, at all depths. DO (% sat) at site 1 (1721%) shows that water quality at site 1 is in very low and therefore in poor condition.
Many nutrient levels for this 2009 sampling are considered very high and many greatly
exceed upper estuary water quality objectives. Median values across sites 1 to 4 (see
Table 14) exceeded upper estuary WQOs. Examples include ammonia (median 0.15 mg
N/L; WQO <0.02 mg N/L), total N (median 1.03 mg N/L; WQO <0.3 mg N/L), TP (median
0.11 mg P/L; WQO <0.03 mg P/L) and chlorophyll a (median 8 µg/L; WQO <4 µg/L).
Many of these indicators show that water quality is generally considered to be in very
poor condition.

8.5.2

2006

Summary statistics for this wet season sampling across all four sites show pH in the
2006 sampling shows acceptable 20th and 80th percentile values (7.7 and 8.0; Table 15)
that comply with the upper estuary WQO.
Summary statistics across all four sites show the DO (% sat) indicator in the 2006
sampling shows 20th and 80th percentile values (50% and 126%; Table 15) that show low
to high values.
In 2006, many nutrient levels and chlorophyll a levels were considered very high and
many greatly exceed water quality objectives. Many indicators at this sampling show that
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water quality was considered generally very poor. Median values across sites 1 to 4 (see
Table 16) exceeded upper estuary WQOs. Examples include ammonia (median 0.08 mg
N/L; WQO <0.02 mg N/L), total N (median 1.42 mg N/L; WQO <0.3 mg N/L), TP (median
0.6 mg P/L; WQO <0.03 mg P/L) and chlorophyll a (median 60 µg/L; WQO <4 µg/L).
Many indicator values were particularly high at site 1 in the upper navigable part of the
estuary. Chlorophyll a, ammonia, TKN, TP and FRP values, for example, were
considered to be very high at site 1. Such values indicate poor water quality.
Although some sites and depths may comply with water quality objectives (e.g., nitrogen
oxides), further data were needed to fully evaluate compliance across a longer time
period than for a single sampling. Many of these indicators nevertheless suggest that
water quality at many sites and depths was generally considered very poor.
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9 DISCUSSION
In general, water quality data presented in this report in 2006, 2009 and 2020 indicate
that water quality was in very poor condition in the upper reaches, and in many cases,
the mid reaches of Buffalo Creek estuary. Poor conditions have also been observed in
the lower reaches of the estuary, but some measurements may be subject to the
confounding influence of the incoming tide.

9.1

Chlorophyll a and water quality

Many parts of Buffalo Creek estuary had areas with chlorophyll a concentrations much
greater than upper estuary water quality objectives. The presence of elevated
concentrations of chlorophyll in Buffalo Creek estuary could be associated with algae
present in the treated wastewater discharge, or from algal growth in the estuary, or a
combination. Further research is required to determine the processes such as algal
decay and cycling, and sources of phytoplankton present in the estuary such as
freshwater and estuarine species.
Burford et al. (2009) also reported that chlorophyll a levels in Buffalo Creek estuary were
very high, particularly in the upper estuary. Seasonal variations in chlorophyll a
concentrations may occur depending on increases in solar radiation, inflows and depth of
euphotic zone (Masson and Pena 2009). Studies have shown that chlorophyll a
concentrations can be greater under near surface stratification conditions due to
freshwater inflows (e.g. Masson and Pena 2009).

9.2

Nutrients and water quality

Many nutrient indicators from the 2006 and 2009 samplings did not comply with upper
estuary water quality objectives, and would also greatly exceed WQOs. Several other
studies have also reported very poor water quality condition from a nutrient perspective
in the estuary (e.g., Fortune et al. 2009; Drewry et al. 2010a; Smith and Haese 2009;
Wilson 1979). Burford et al. (2009) in a short-term study reported that nitrogen and
phosphorus levels in the upper parts of Buffalo Creek estuary were high, and that
dentrification efficiency was very low. In Buffalo Creek estuary most nitrogen is released
back into the water as ammonium or nitrate (Smith and Haese 2009; Burford et al. 2009).
Ammonia and phosphate sediment fluxes were also reported to be many times greater in
Buffalo Creek estuary than in Myrmidon Creek estuary and a reference estuary (Burford
et al. 2009). Burford et al. (2009) indicated that these sediment nutrient pools contribute
to a large flux of nutrients to the overlying water column and are readily available for
phytoplankton and benthic algae uptake. Burford et al. (2009) reported no response of
phytoplankton from the addition of N and P in the upper estuary compared with
Myrmidon Creek estuary and a reference estuary. Burford et al. (2009) reported that
these results showed a significant impact of sewage wastewater on phytoplankton
photosynthesis and ecosystem health in Buffalo Creek.
Tidal exchange into Buffalo Creek estuary is likely to be limited in neap tide conditions,
and is likely to exacerbate eutrophic conditions in the upstream reaches. Eutrophic
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conditions refers to nutrient-rich waters. This may lead to algal blooms, oxygen depletion
and may affect some fish or other animal species. Sites measured further from the
shoreline in Shoal Bay appear to have good water quality when measured on the
incoming tide. The influence of the outgoing tide from Buffalo Creek estuary on water
quality in Shoal Bay is currently unknown.

9.3

Physical indicators and water quality

Some of the depth profile sampling in 2006, 2009 and 2010 showed the influence of
freshwater particularly in the upper sites of the estuary. The lower values of salinity and
conductivity that occurred in March 2010 compared with May 2010 may be an indicator
of freshwater inflows. Rainfall of 340 mm was recorded at Darwin airport during the 10
days prior to 8 March 2010. Only 4.2 mm rainfall was recorded at Darwin airport rain
gauge during the 10 days prior to 7 May 2010. The pH, conductivity and salinity values in
the wet season samplings indicate that water quality at sites particularly in the upper
estuary is heavily influenced by inflow of freshwater. While pH, conductivity and salinity
can be lower than in marine waters, this is naturally associated with freshwater inflow.
Freshwater sources could include catchment runoff, catchment drainage and stormwater
and the treated wastewater.
Dissolved oxygen concentrations in water are a result of the interaction between oxygen
production (photosynthesis) and oxygen consumption (aerobic respiration, nitrification
and chemical oxidation) and atmospheric exchange (NLWRA 2008). Natural processes
and human pollution including organic matter can result in severe reductions in dissolved
oxygen levels. Low oxygen levels are harmful to many marine animals and can result in
animal kills (NLWRA 2008). Dissolved oxygen varies over a 24 hour period.
Photosynthesis by algae during the day causes net oxygen production while reduced
oxygen levels occur at night from net respiration (NLWRA 2008). Reductions in dissolved
oxygen are commonly related to increased organic matter loads. Discharges from
sewage treatment plants and industry, organic runoff or algal blooms increase bacterialinduced decomposition leading to an increase in oxygen consumption, and therefore
depletion of oxygen (NLWRA 2008). Low oxygen levels generally affect bottom waters
first and most severely (NLWRA 2008).
Many areas in the estuary had nutrient-rich waters with elevated concentrations of
chlorophyll a indicating elevated algal biomass. This may be linked to oxygen depletion,
either via algal respiration (in the absence of sunlight) or oxygen demand to break down
organic matter associated with dead algal cells and other material such as contained in
stormwater runoff. The processes associated with oxygen depletion in the water column
represent a knowledge gap. Further research is required to understand the type of algae
(marine algae or freshwater pond algae present in effluent, and persisting in the
estuarine environment) and cycling processes under dry season and wet season
conditions.

9.4

Further research and remediation

Further intensive monitoring is recommended to help evaluate the current state of the
estuary and potentially act as a benchmark for future improvements or remediation in the
estuary. A program is currently being undertaken in Buffalo Creek estuary with the
Australian Institute of Marine Science and Charles Darwin University for shellfish
monitoring and assessment of micro-pollutants including endocrine disrupting chemicals.
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Further potential monitoring activities could include studies of the types of algae present,
processes associated with oxygen depletion in the water column, processes associated
with freshwater inflows such as decay of treatment pond algae and composition of algal
pigments, assessment of micro-pollutants, bacteriological and algal monitoring, pathogen
monitoring and ‘entire microbiota’ assessment (e.g., DNA extraction, pyrosequencing,
pathogenicity and diversity), increased physical and nutrient indicator monitoring over
daily, seasonal and tidal cycles, and comparison with other estuaries in Shoal Bay or
other reference areas. Further funding is required to pursue this research and
monitoring.
The Power and Water Corporation is planning and implementing a program of
engineering works at the treatment plant to improve discharge water quality from the
Leanyer-Sanderson STP.
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10 CONCLUSIONS
Many sites monitored in Buffalo Creek estuary from 2006 to 2010 had measurements
such as dissolved oxygen, nutrients, chlorophyll a concentrations and other indicators
that did not comply with upper water quality objectives or national water quality
guidelines.
Sites in the navigable upper part of the estuary had the greatest level of nutrients and
chlorophyll a, sometimes at very high levels. Sites in the lower part of the estuary also
had water quality indicator values that often did not comply with upper estuary water
quality objectives and were commonly in poor condition. In contrast, water quality at sites
in Shoal Bay was observed to be in better condition.
Further research and monitoring is recommended to evaluate water quality, quantify and
understand estuarine processes in the estuary and in the wider Shoal Bay area under a
variety of tidal conditions.
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12 ACRONYMS AND ABBREVIATIONS
Acronym and
abbreviation

Definition

DO
FRP
NRETAS
STP
TN
TP
WQO

Dissolved oxygen
Filterable reactive phosphorus
Department of Natural Resources, Environment, The Arts and Sport
Sewage treatment plant
Total nitrogen
Total phosphorus
Water quality objective
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13 GLOSSARY
Key water quality indicators were described in an earlier section.
Terms

Definition

Ambient water
quality
Diffuse source

Background water quality levels in waterways. In freshwater
streams this commonly refers to low flow (non event) conditions.
Refers to transport (such as run-off) from non-point sources such
as urban paved or non-paved areas, hillslopes, agricultural land
and forest.
Euphotic depth is a measure of how deep light penetrates through
the water. Euphotic depth extends from the atmosphere-water
interface downwards at a depth where light intensity falls to 1% of
that measured at the surface.
The capacity of tidal movement to dilute a body of water.
Hypereutrophic waterbodies are those with an excessive supply of
nutrients (McDowell et al. 2004).
A pigment produced by digestion or degradation of chlorophyll a.
The ratio of pheophytin to chlorophyll a can provide an indication of
the decline or growth in microphytobenthos populations.
Microscopic aquatic plants.
Discharge from a single point, such as an outlet pipe. Can refer to
runoff or wastewater discharges.
A facility that processes wastewater and partially removes
materials that damage water quality.
Water quality objectives act as local waterbody guideline levels
and/or reference levels to help guide planning and water
management. Water quality objectives describe the water quality
needed to protect Beneficial Uses identified by the community.

Euphotic depth

Flushing
Hypereutrophic
Pheophytin
Phytoplankton
Point source
Sewage
treatment plant
Water quality
objective
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