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ARE ON-SITE SYSTEMS
ENVIRONMENTALLY SUSTAINABLE? 

E Gardner, A Vieritz, C Beal

Abstract

Septic systems have a mixed reputation
both with the Australian public and
regulatory authorities. There is a general
belief that they are an outdated and
substandard means of on-site wastewater
treatment. In this paper we explore the
evidence for the sustainability of on-site
systems using contamination of surface and
groundwaters as primary criteria. Overall
we show that despite consistent reports of a
high (e.g. ≥20%) incidence of failing septic
trenches, evidence for off-site impacts
ranges from sparse to ambiguous at best. To
help fill in experimental data gaps we
discuss modelling results reported by both
ourselves and others, that place
contaminant exports (in particular N, P and
faecal coliforms) in the context of likely
export loads from existing land uses and
increasing urbanisation. 
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Introduction

Over one million on-site wastewater
systems have been installed in Australia.
The most common form of on-site systems
(>80%) is the septic tank-soil absorption
system (septic) (O’Keefe 2001). In
comparison, about 25% of households in
the United States (i.e ~60 million people)
use on-site systems, the majority are septics.
Non-sewered allotments are considered a
permanent and viable alternative to

reticulated sewerage. Indeed the USEPA
(1997) in a report to Congress stated that
“adequately managed decentralised waste
water treatment systems are a cost effective
and long term option for meeting public
health and water quality goals, particularly
in less densely populated areas”.

However, septics have a mixed reputation
both with the Australian public and
regulatory authorities. There is a general
belief that septic systems are an outdated
and sub-standard means of on-site
wastewater treatment. Studies and surveys
have identified poorly performing on-site
systems, with 15% to 40% of septic
absorption trenches showing surcharge at
least some of the time, and allotment scale
audit information indicating widespread
soggy/ponding/surcharging septic
absorption trenches and effluent/greywater
irrigation areas (see Gardner 2005). But
what do we find when we look for evidence
of off-site impacts?

Evidence for Off Site Impacts 

Surface water quality studies

A limited number of surface water quality
studies from non sewered catchments have
been reported over the last 15 years in
Australia. The early work of Martens and
Warner (1991) measured sediment,
nutrients and faecal coliform concentrations
in streams draining small catchments south
west of Sydney. The catchments included
urban areas serviced by reticulated, septic
and AWTS (Aerobic Wastewater
Treatments Systems) as well as control

catchments which were largely bushland.
After fortnightly sampling over
approximately 12 months, Martens and
Warner reported that N, P, FC (faecal
coliforms) and suspended sediment
concentrations followed the order: septic >>
AWTS > sewered >> bushland. They found
all parameters decreased during wet weather
flows, presumably by dilution from
stormwater flow from roads and other
impervious surfaces. Their results supported
a continuous seepage of contaminant (FC,
TN and TP) from shallow water tables to
streams, rather than episodic failure in
extended wet periods.

In a more recent water quality study of 12
catchments near Melbourne, Hatt et al.
(2004) reported a highly significant
correlation between NO3-N
(concentrations up to 3 mg/L) in streams
and catchment septic density (40 → 140
systems/km2 i.e. roughly 25,000 to
7,000 m2 per system) for both baseflow and
stormflow. However, TN load (up to 3.5
kg/ha/yr) was most strongly correlated with
effective (i.e. directly connected)
impervious area (range 0 → 12%)
demonstrating the overriding importance of
catchment runoff volumes over stream
concentrations. Hatt et al. also observed
that reduction in N loads is most effectively
achieved by reducing the fraction of directly
connected impervious areas, whilst
reduction in N concentrations will be most
effectively achieved by replacement of septic
tank systems. 

Goonetilleke et al. (2005) included a non-
sewered rural residential catchment (2,700
ha) in their study of stormwater quality
from dense urban (160 ha) and forested
(650 ha) catchments in the Gold Coast
hinterland. Whilst annual runoff figures
were not reported, average TN and TP were
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similar for the forested and rural residential
catchments (2 mg/L TN, 0.1 mg/L TP)
and substantially less than those for the
dense urban (3.6 mg/L TN, 0.2 mg/L TP).
As the percentage impervious area for the
dense urban was 55% compared with 9%
for rural residential, it can be safely
assumed that annual TN and TP loads
(kg/ha/year) for the sewered urban will be
substantially greater than that for the rural
residential catchment.

In contrast Hunter et al. (2001) reported a
non-sewered area in the Johnstone River
catchment (Qld) exported up to 72 kg
TN/ha/year and 2.4 kg TP/ha/year,
compared with 38 kg TN/ha/year and 6.6
kg TP/ha/year for sugar cane and banana
catchments. Hunter et al. observed that the
non-sewered residential areas (mainly
Malanda) were only <0.5% of the 230,000
ha catchment, yet contributed 4% of TN
exports and 15% of NO3-N export. 

However, Gerritse et al. (1995) reported
very different results for small catchments
on the lateritic Darling escarpment east of
Perth. They showed that for similar N
inputs per hectare, N levels in the streams
draining unsewered areas of different
housing densities were much less
(maximum of 0.55 mg/L NO3-N) than N
in streams draining the agriculture
dominated catchments (2.3 mg/L NO3-N). 

Taken overall, this limited body of
experimental evidence would suggest that
sewered areas with higher housing densities
and larger proportion of impervious
surfaces will usually export more N and P,
and possibly suspended solids, per hectare
than non-sewered rural residential areas.

Modelling studies determining
allowable allotment area

Demonstrating the effects of multiple land
uses in a catchment on stream water
quality is very difficult to investigate
experimentally due to a range of
interacting factors. In such situations
modelling becomes an attractive tool and a
number of studies have investigated
“allowable allotment area” for non-sewered
subdivisions using the predicted average

concentration of nutrients in the receiving
water as the performance criteria.

Edminston (1997), Kinhill (1997) and
Jelliffe (1998) used similar modelling
approaches (AQUALM or a similar type of
model) that combined nutrient export
from a given percentage of failing septic
trenches with dilution from runoff from
the surrounding land surfaces including
impervious (roads and roofs), residential
pervious (e.g. gardens) and residential
grasslands. The recommendations are
similar from all three studies and suggest
that septic systems require allotments of
4,000-6,000m2 if predicted receiving water
quality is not to exceed ANZECC (1992)
levels of 0.5 mg/L for N and 0.05 mg/L for
P.

This recommended area can be compared
with census data for SEQ compiled by Beal
et al. (2005a) who reported that non-
sewered allotment areas ranged from about
10,000m2 in Pine Rivers Shire to less than
800m2 in Noosa Shire. In Caboolture
Shire, Kinhill (1998) reported average
non-sewered allotment areas of 3,000m2

suggesting that receiving water quality may
be adversely impacted by the 12,500 on-
site systems (9,000 of which are septics). 

Modelling studies determining the
relative impact of rural residential
development and urbanisation

Both Edminston (1997) and Kinhill
(1998) commented that the act of
urbanisation was likely to have a greater
effect on water quality than the type of
sewerage system installed. This suggestion
is explored in Table 1 where the urban
water quality model MUSIC (Fletcher et
al. 2001) was used to investigate the effect
of urbanisation on nutrient (and faecal
coliform) export loads, and to compare
these with export loads calculated for the
on-site sewerage systems in the Pine Rivers
Shire (Gardner et al. 2005). The MUSIC
model allowed the disaggregation of each
hypothetical development into road, roof
and paved (all impervious) and urban
garden and open space (both pervious).
Each land surface had a dry weather and

wet weather event mean concentration
(EMC) of N, P and FC associated with it. 

Table 1 shows that as impervious areas
decrease from 68% in high density urban
to 4% in rural residential catchments, the
export of N, P and FC decreases from 17,
3 and 1011 kg/ha (or cfu/ha) to 5, 1 and
107 respectively supporting the general
thrust of modelling predictions by
Edminston (1997) and Kinhill (1998).
The main reasons for the reduced export
loads are the reduction in rainfall runoff
(27% for rural residential compared to
70% for high density urban) and the
reduction in EMC (2.1 mg/L TN for
paved, road and roof vs. 0.1 mg/L for
urban pervious). Also shown in Table 1 is
the export from the 7,000 on-site systems
in the Pine Rivers Shire calculated using
mass balance principles (from Gardner et
al. 2005). It is clear that with the exception
of FC, both N and P exports are
considerably less than that due to the
residential development itself. The high
FC numbers are however an issue as they
are human sourced (the majority from
surcharging septic trenches) and are likely
to have a high concentration of disease-
causing pathogenic organisms, both viral
and bacterial, compared with FC in urban
stormwater runoff. 

Will aerobic sewerage system reduce
contaminant export? Some modelling
results

The general move towards installing
aerobic sewage treatment systems (AWTS)
will undoubtedly produce a better quality
effluent in terms of BOD5, TSS and FC,
but they leave the N and P concentrations
largely unchanged (~70% of septic tank
concentrations, Gardner et al. 1997). The
export from dedicated on site effluent
irrigation areas depends on soil type,
climate, vegetation type, crop agronomy
(e.g. cut and cart) and of course the area
itself. MEDLI (Gardner and Davis 1998)
was used to explore the likely export of N,
P and FC from a 200m2 effluent irrigation
area in Pine Rivers Shire. 

The AWTS results were simulated for 12

Table 1. Comparison of the effect of allotment density on the annual export loads calculated using the MUSIC model. Also
shown are the N, P and faecal coliform export loads calculated for non-sewered areas in Pine Rivers Shire, Queensland.

Development Type Allotment Size m2 Impervious % Runoff % TN kg/ha/yr TP kg/ha/yr FC cfu/ha/yr

High Density Urban 228 68% 70% 17 3 1.47 x 1011

Medium Density Urban 500 47% 56% 12 2 4.54 x 109

Traditional Urban 700 42% 53% 11 2 4.21 x 109

Peri-urban 1600 14% 34% 7 1 2.34 x 107

Rural Residential 5000 4% 27% 5 1 1.68 x 107

Non-sewered Area in 
Pine Rivers Shire (6600 ha) 9000 N/A N/A 3 0.02 7.7 x 109
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years (1990-2001) on a low permeability
subsoil (Ks ~5 mm/day) growing “cut and
cart” grass. When scaled up to a suburban
density (≈1.5 lots per ha, or 7,000 m2 per
system) the potential runoff of N is small
at 1.5 kg N/ha/year, whilst runoff of P is
about 0.15 kg P/ha/year. Deep drainage
loss of N is substantial at 6.5 kg/ha/year,
whilst the FC in runoff was a very
substantial 2 x 108 cfu/ha/year. In
comparison, from septic dominated areas
the potential losses are a similar 6 kg
N/ha/year though a much larger 3.6 x 1010

cfu/ha/year (Neumann et al. 2004). Clearly
irrigation areas for AWTS have the
potential to export substantial amounts of
N and FC, and should be explicitly
considered in any catchment scale
monitoring. 

Measurement of faecal coliforms in
streams draining non-sewered areas

Considering that FC numbers in septic
tank effluent are of the order of 109 cfu/L
whilst septic effluent TN is of the order of
100 mg/L, it is not surprising that FC have
often been used as evidence for off-site
impacts of non-sewered areas. For example,
Beard et al. (1994) in a fortnightly
sampling of FC in rivers draining four
towns in coastal NSW reported that the
increase in FC/1,000 people as the river
passed through each town was 10 to 20
times greater in septic dominated towns
compared with sewered towns. Other
studies in the Coffs Harbour area (CHCC
1991) have implicated catchments with on-
site systems as major exporters of FC
compared with a rural and an urban

sewered catchment. Over two months, the
geometric mean for the septic catchment
was 1,250 cfu/100 mL compared with c.
200 cfu/100 mL for the rural and sewered
catchments. In Queensland, Hunter et al.
(2001) reported that river FC increased
almost a hundred-fold during storm events
for a non-sewered township (Malanda,
1500 population) reaching values of up to
3000 cfu/100 mL.

But whose faecal coliform is it anyway?

The difficulty with the preceding stream
water quality data is its ambiguity. FC are
ubiquitous to warm blooded animals and
can be sourced from herbivores (e.g. cattle)
and dogs as well as humans. Three
relatively common techniques used to
identify human sources are antibiotic
resistance profiles of faecal enterococci
(Wiggins 1996); biochemical fingerprinting
of E. coli and Enterococcus (Ahmed et al.
2005) and faecal sterol analysis (Leeming et
al. 1998). (See Geary et al, this issue).

Application of these source tracing
techniques can provide some “interesting”
results. For example Booker (1999) in a
post-event analysis of the infamous Wallis
Lake incidence of 1997 (444 cases of viral
food poisoning from eating faecal
contaminated oysters - septics were ascribed
the blame) reported that FC levels in the
Wallamba River draining into Wallis Lake
were little different before and after
rectifying septic system faults in caravan
parks and 490 homes. The faecal sterol
analyses clearly identified that humans were
NOT the source of the FC measured in the
river system, although (human) viral

contamination of oysters remained a
concern. 

In contrast, Geary and Davies (2004) used
antibiotic resistance profiling to identify
that humans were the source of 20-30% of
faecal streptococci isolates in the Tilligerry
Creek catchment which contained 330
septic systems (11% at high risk of export)
that drains into the Port Stephens estuary -
another important oyster producing area of
NSW. A later study by Geary et al. (2005)
in the same area measured FC levels in
excess of 19,000 cfu/100ml in a tidal drain,
and using faecal sterol analysis, identified a
100% human source which they attributed
to septic trenches in direct contact with the
shallow water table.

Finally, Ahmed et al. (2005) classified the
E.coli and enterococci phenotypes
downstream of a small septic dominated
subdivision with shallow groundwater in
Eudlo Creek, Queensland using the
biochemical fingerprinting method. They
concluded that 10-13% of the phenotypes
(which numbered in the thousands) came
from human sources, and were able to use
the biochemical phenotypes to clearly
identify the individual septics that were
exporting faecal bacteria.

It would appear that the faecal sterols and
biochemical fingerprinting are valuable
tools to identify the “smoking gun” of
human export from on-site systems.
However, sampling must be event-based as
FC export during storm events can be
orders of magnitude greater than that
during baseflow, especially if the source is
surcharging septic trenches. 

o n - s i t e  t r e a t m e n t

Table 2. Comparison of evidence for/against substantial denitrification of septic plume NO3-N in aquifers. For further details,
see Gardner et al. (2005).

Reference Location Observation

Showing denitrification

Gerritse et al. (1995) Lateritic soil profiles near Perth Denitrification of 80% of initial NO3-N occurred 
within 10m of a septic trench

Cromer (2001) Sandy aquifer in Tasmania Denitrification ( >90% initial NO3-N) occurred within
5m of a septic trench

Geary and Davies (2004) Sandy aquifers in Port Stephens, NSW: groundwater passes >95% denitrification of initial NO3-N of 75mg/L 
through the riparian zone adjacent to a small creek measured over 5m

Robertson et al. (1991, 1992) Aquifers in Canada with either high levels of carbon in the aquifer > 90% denitrification of initial concentration of 50
sediment, or a carbon rich stream bed. mg/L NO3-N within 10-70m of travel

Anderson (1999) Sandy aquifer in Florida with septic plume Almost complete denitrification of 60 mg/L NO3-N 
within 20 m of travel

Pagendam and Rassam (2005) Beerburrum, SEQ - riparian zone near to ephemeral stream Denitrification of bank storage inflow was almost 
100%

Showing no denitrification

Whelan and Barrow (1984) Sandy soils of Perth No denitrification. N concentration (in excess of 300
mg/L TN) was leached essentially unchanged to 6m 
deep g/w 

Robertson et al. (1991) A course grained sandy aquifer in Canada - plume from a Little change in 30 mg/L NO3-N over 80m of travel
septic tank

refereed paper



31 FEBRUARY 2006  

Ground water quality studies - Do septic
systems contaminant groundwater?

The objective of septic absorption trenches
is to generate unsaturated soil conditions
beneath the trench to enhance the oxidation
of N to NO3-N, BOD to CO2 and destroy
most of the FC and viral pathogens. With
600 to 900 mm of unsaturated soil above
the water table, there is convincing evidence
that dissolved organic carbon is reduced by
at least an order of magnitude and
bacteria/viruses concentrations are reduced
by 3 to 4 log (see review by Beal et al.
2005b). Once the effluent leachate reaches
the groundwater, there is a further natural
disinfection influenced by water
temperature, travel time (Yates and Yates
1988) and in some cases strong viral
adsorption on aquifer material (e.g. Pang et
al. 2003). Most P is transformed into the
reactive orthophosphate (PO4-P) (Gardner
et al. 1997) which is strongly immobilised
in most Australian soils (Gerritse et al.
1995). 

Given the likely validity of the preceding
arguments, NO3-N is the most likely
contaminant of groundwater underlying
non-sewered subdivisions. However the
evidence for such contamination (defined as
NO3-N ≥10 mg/L) is not consistent,
notwithstanding the seminal “septic plume”
study in Canada by Robertson et al. (1991). 

In a review of Australian studies, Whitehead
and Geary (2000) noted the elevated levels
of NO3-N in groundwater associated with
non-sewered allotments in Victoria (800m2

lot size). However in a subsequent review of
five studies in NSW and Tasmania
(Whitehead et al. 2001), they concluded
that even with septic densities as high as
900/km2 - (i.e. lot sizes ca. 1000 m2) there

was no clear association between NO3-N
levels (and FC numbers) and septic density,
nor indeed with the percentage of “failing
septic systems” they measured. This lack of
relationship may be due to denitrification in
the groundwater, often dismissed because of
insufficient labile carbon. However, there is
an increasing number of studies showing
substantial denitrification occurs in aquifers
(Table 2). A more detailed review of
Australian & USA evidence on groundwater
contamination is reported in Beal et al.
(2005b).

Groundwater modelling studies

In the absence of relatively unambiguous
experimental data, we turned to modelling
to examine the effects of septic trench
density, aquifer dilution and denitrification
on groundwater contamination, using
MODFLOW/MT3D. We assumed a 
NO3-N concentration of 77 mg/L in the
leachate calculated from N load per house,
effluent volume loading, and fractional N
losses in the septic tank (6%) and leach field
(35%) as per the Valiela et al. (1997) study.

Figure 1 shows the NO3-N contours for an
unconfined aquifer, 5 m thick, with a
dispersivity of 10 m, a typical hydraulic
gradient of 0.001, hydraulic conductivity of
10 m/day, an effective porosity of 0.1, and
two denitrification rates (0% and 2%). The
septic trench density was either 1 or 4
allotments per ha (i.e. 2,500 to 10,000 m2).
The high NO3-N leachate concentration of
77 mg/L is quickly diluted by dispersion in
the aquifer to values below 10 mg/L within
150 m down gradient from the subdivision
(Fig 1a) even with nil denitrification.
Although reducing septic trench density to
1 allotment per ha reduced the extent of

groundwater contamination, a modest
denitrification of 2% was found to be by far
the most effective process, reducing both
the plume concentrations and travel length
substantially (Figs 1c&d).

The seduction of modelling, of course, is
that one can “twist the knobs” to ones
heart’s content if there are no validation
data to provide a reality check. Such data
seem to be largely missing in Australia and
until model predictions can be calibrated
against well-focused field data, the
ambiguity of NO3-N contamination will
remain. Some empirical evidence (e.g.
Geary 2004) suggests that aquifer
denitrification can be a major loss process
especially in riparian groundwater areas.
Modelling and measurement in agricultural
catchments in SEQ support these findings
(Rassam et al. 2005).

Conclusions

Considering that 15% to 40% of septic
absorption trenches show surcharge at least
some of the time, it would be expected that
off site impacts on stream water quality
would be self evident. However the data we
have reviewed suggests otherwise, probably
due to masking effects from nutrient and
FC export from the impervious zones of an
urbanised area (even rural residential). With
the exception of tracing studies by Ahmed et
al. (2005), Geary et al. (2005) and Carroll
et al. (2005), there is little evidence for a
“smoking gun” from non-sewered areas,
despite widespread synoptic water quality
monitoring by many local authorities and
catchment management authorities.

However absence of evidence is not evidence of
absence, especially if the best source
identification protocols, which include

o n - s i t e  t r e a t m e n t

Figure 1. Predicted NO3-N contours after 5 years in a 5 m thick unconfined aquifer with a dispersivity of 10m, septic trench
densities of 1 and 4 allotments per ha, and two denitrification rates. The square defining the septic development is 9 ha.
The plumes are coloured to the 10 mg/L contour line, uncoloured to the 1 mg/L contour line.
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faecal bacteria fingerprinting, faecal sterols
and possibly natural isotopes (e.g. N15)
have not been employed. These techniques
are still in the research domain and some
more well-designed monitoring projects in
streams draining non-sewered areas are
required before we can move forward with
any certainty.

Evidence for groundwater contamination,
largely by nitrate-N, is also ambiguous
probably due to a combination of variable
housing density, aquifer dilution, and
denitrification. Indeed aquifer
denitrification is likely to be more
widespread than commonly thought,
especially in the riparian zone. Groundwater
modelling can help provide insight into the
relative importance of the various processes,
and help guide the location and
experimental design of subsequent
monitoring studies (e.g. Rassam et al.
2005).

The unsaturated zone beneath the septic
trench is essential for the oxidation,
immobilisation and/or destruction of
nutrients or pathogens. Shallow water tables
(e.g. <90cm to trench bottom) are the
enemy to well functioning septic systems,
and absorption trenches located in such
areas should be removed.

Common sense suggests that sub-standard
systems need to be properly maintained and
even repaired, but do we have the
community will to enforce this? Ratepayers
and politicians have yet to be convinced of
any substantial adverse impacts. However
this is not surprising given that the evidence
for off site impacts is anything but clear cut.
Is this due to the large allotment size (e.g.
≥3,000m2) of many non-sewered areas?
Conversely are small allotments (e.g. 800-
1,000 m2) prime candidates for export of
sewage sourced contaminants? How can we
tease apart the urbanisation export loads
from those due to the type of sewerage
system installed?

We fully support the allotment scale
audit/monitoring initiatives by councils in
SEQ (described in Gardner 2005) - the
results are likely to raise community
awareness of the size of allotment scale
problems and lead to professional system
maintenance and consistent regulatory
enforcement of failing systems.
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