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Abstract. Stringent environmental controls have been applied to the Ranger mine, in the Northern Territory of
Australia, because of its location in an area of outstanding natural and cultural values. The adjacent Kakadu
National Park contains a wild and extensive biodiversity, striking landscapes, ancient Aboriginal rock art and a
living Aboriginal culture. A special regime of biological, radiological and chemical monitoring has been applied
to protect the environment and detect even very low intensity impacts. The results from this regime demonstrate
to the government and general public that the high conservation values of the national park around the mine are
being properly protected. This paper describes the techniques used to measure environmental impact at Ranger,
and summarizes the results of over 20 years of monitoring. The overwhelming conclusion is that a very high
standard of environmental protection has been achieved.

1. INTRODUCTION

For twenty years, uranium has been mined and milled at the Ranger mine within an area that is
surrounded by Kakadu National Park (Fig. 1), around 12°S in the wet/dry tropics. The region includes
deeply dissected sandstone plateau and escarpments, falling to gently undulating sandy lowlands,
drained by rivers which are tidal for over 60 km inland and which have extensive floodplains
inundated by several metres of brackish water during the wet season. Ranger mine, about 70 km from
the coast, is about 20-25 m above sea level.

The national and international importance of Kakadu has been recognized by its inclusion on the
Register of the National Estate and its inscription on the World Heritage List [1]. The flood plain areas
within Kakadu are recognized as one of Australia's Wetlands of International Importance listed under
the Convention on Wetlands of International Importance. Much of the land in the region, including the
land on which the Ranger deposits were found, has been recognized as part of the traditional estate of
the Aboriginal people of the region. For these reasons, operation of the mine has been subject to a
rigorous system of regulation and supervision [2].

Both state and federal governments (i.e. Northern Territory and Commonwealth) have roles in
environmental management. The mine is regulated by the Northern Territory Government's
Department of Mines and Energy, whilst the Commonwealth stipulates the overall environmental
standards, oversees environmental practice by the company and application of regulation by the NT
government, and develops monitoring techniques

The environmental impact study for Ranger [2] identified that the significant risks from the mine
would be from chemical contamination of surface and groundwater, and airborne and waterborne
radionuclides. A special concern arises from Aborigines who maintain a traditional lifestyle near and
downstream of the mine, potentially exposing them to direct emissions from the mine, higher chemical
or radionuclide exposures through bioaccumulation in foodstuffs and ingestion of soil and dust.
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FIG. 1. The Alligator Rivers Region, and location of the Ranger mine.

2. WATER MANAGEMENT SYSTEM AND CONTROL MEASURES

Water at Ranger is managed to reflect the potential for it to become contaminated (Fig. 2). The
'Restricted Release Zone' is the area where water may come in contact with rock containing more than
0.02% U (i.e. water from the mine pit, runoff from the ore stockpiles and mill site, process water, and
tailings water). The 'Non-Restricted Release Zone' comprises undisturbed areas and waste rock
dumps with less than 0.02% U.

Water from the non-RRZ is allowed to overflow into tributaries of Magela Creek, north of the mine site,
subject to checks on water quality prior to overflow and the local community being informed. Excess
water from the RRZ is disposed of by irrigation onto remnant native bushland within the mine project
area, by treatment in constructed wetland filters, and by enhanced evaporation techniques.

Water in the process circuit (i.e. mill water and tailings water) must be totally contained. It is recycled
through the mill and is lost by evaporation in the tailings repositories (i.e. tailings dam and pit No.l)
and in the milling process.

3. WATER QUALITY STANDARDS IN THE RECEIVING WATERS

The control regime at Ranger comprises measures to protect aquatic ecosystems and people; and a
monitoring program to assess the adequacy of the control measures. The monitoring program uses a
mix of chemical, biological and radiological techniques.

The chemical controls consist of a set of standards, which set the maximum allowable increase in the
concentration of contaminants in the waters of the adjacent Magela Creek. There are also limits on the
total loads of chemicals. These chemicals were chosen after careful assessment of the chemistry of ore
and waste rock and substances used in the milling process and consideration of the US EPA
recommendations for the development of water quality standards [3].

Preliminary standards were derived considering the natural fluctuations of water quality in the creek.
A detailed toxicological assessment was made for those substances that could give rise to
concentrations outside the bounds of natural variation. A x 10 factor of safety was then added to
provide a very high level of assurance against biological impacts.

In addition to these chemical standards, the rate of water release is controlled so that the dilution by
creek water is greater than a minimum value determined by toxicological tests. These tests determine
the lowest concentration of the effluent in creek water at which a change is detected for some sensitive
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FIG. 2. The principal features of the Ranger water management system.

measure of the animal's health (the ^OEC) and the highest concentration at which no effect is
observed (the 2NOEC). The geometric mean of the lowest NOEC and LOEC values for the three
species tested is then divided by a safety factor of 10 to obtain the minimum dilution rate for the
effluent. Nineteen species of local aquatic animals and some plants were tested to determine those
most sensitive to change yet amenable to laboratory breeding and maintenance [4]. The actual
minimum dilution factor required for effluent released to Magela Creek would be the larger of the
factors determined by these chemical and biological procedures.

4. MONITORING SYSTEMS

The mining company carries out a comprehensive monitoring regime, and check monitoring is done
by the government authorities. The company must collect data for key points on and around the mine
site for both surface and ground waters, analyse these data, and investigate any divergences or trends.
If there is any risk of contamination passing outside the mine project area, intensive monitoring
requirements come into force; for example, if a release of RRZ water were to be allowed into Magela
Creek in the future, a full chemical analysis of the effluent water prior to release would be required,
plus daily measurements in the first week of release and once weekly thereafter, and daily
measurements of upstream and downstream water quality in Magela Creek and one week after release
ceases.

1 LOEC - Lowest Observed Effect Concentration
2 NOEC - No Observed Effect Concentration
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A number of biological monitoring methods have been developed to demonstrate whether the aquatic
ecosystem is being fully protected [4]. These techniques are: (a) creekside tests that enable a short term
assessment of the impact of release, and (b) population and community structure tests that assess the long
term impact of the mining operation on aquatic ecosystems.

In the creekside tests, species of fish (Melanotaenia nigrans) and freshwater snails {Amerianna
cumingii) are exposed to water collected from upstream and downstream of the mine site. The tests
look for any differences in larval survival for the fish species and egg production and juvenile survival
for the freshwater snails.

The community structure of macroinvertebrates is studied and differences compared with
observations from control streams (i.e. away from mining areas). In addition, macroinvertebrate
communities are monitored in water bodies on the Ranger site, in unaffected billabongs near the mine
in Magela Creek and other catchments. Fish community structure observations are also made at sites
on and off the Ranger lease and compared with similar observations from creeks unaffected by
mining. Finally, counts of migrating fish in Magela Creek are made each Wet season.

5. ASSESSMENT OF IMPACTS

5.1. Chemical impacts

The concentrations of the principal contaminants in Magela Creek downstream from the mine are
compared with the recommended standards in Figs. 3 and 4. The recommended standard is shown as a
solid line.

Sulphate concentrations increased steadily over the first ten years of mining because of runoff from
the waste rock piles into Magela Creek via the seasonal settling pond overflows. Improved on-site
catchment management led to a reversal of this trend. The observed concentrations have always been
at least a factor of ten lower than the recommended standard. A similar pattern is observed for
magnesium, where the maximum observed concentrations are lower by a factor of five than the
recommended standard for protection of aquatic ecosystems.

The maximum concentrations of uranium increased slowly until 1991. The origin of the higher values
in 1991 was an accidental overflow of a bund around the high-grade ore stockpile. The bund was
subsequently re-engineered to divert any future overflow to the mine pit. The maximum value
recorded in 1996 was from sample contamination. In all years, the maximum concentrations of
uranium have been lower than the recommended standard by at least a factor of five.

5.2. Biological impacts

In the creekside tests, species of fish {Melanotaenia nigrans) and freshwater snails (Amerianna
cumingii) are exposed to water collected from upstream and downstream from the mine. The tests look
for any differences in larval survival for the fish species and egg production and juvenile survival for
the freshwater snails [5],

Fish larval survival at both sites was between 80% and 95% with a relatively low variability (Fig. 5).
The difference index between the upstream and downstream responses is also plotted; the mean value
of the difference is approximately zero and the spread of differences from this mean are not
statistically significant. Periods of mine effluent discharge (indicated on the graph as 'RP4 release')
had no effect on the survival of larval fish. The data for snails show that there is quite a significant
natural variation in their egg production rate; patterns of variability at the two sites are similar and not
statistically significant, indicating the effluent release had no detectable effect on the reproductive rate
of freshwater snails.
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FIG. 3. Comparison of sulphate (upper graph) and magnesium (lower graph) concentrations at
gauging station GS8210009 downstream from the Ranger Mine with the receiving water standard
recommended by the Commonwealth. Note the logarithmic scale.
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FIG. 4. Comparison of uranium concentrations downstream from Ranger and the receiving water
standard required by the Commonwealth. Note the logarithmic scale.
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FIG. 5. Biological monitoring using fish larval survival (upper graph) and freshwater snail
reproduction (lower graph) from sites upstream and downstream of the mine. Difference indices also
shown. Periods of effluent release indicated by triangles.

Macroinvertebrate communities have been sampled at the end of significant Wet season
flows. Data for the 10-year period 1988-1997 are shown in Fig. 6 and expressed as
dissimilarity measures, which range from 0 (the taxa and relative abundances of two samples
are identical) to 1 (nothing in common)[6]. Dissimilarity results are shown between the
upstream and downstream sites over time (lower graph), and between consecutive years at the
upstream site (upper graph). The dissimilarity index between the upstream and downstream
sites is smaller than the natural variation at the upstream site. Hence, any change in community
structure that has occurred downstream from the mine is not ecologically significant and may
have been due to natural variability.
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FIG. 6. Dissimilarity (using the Bray-Curtis measure) in macroinvertebrate community structure in
Magela Creek over time at an upstream site (upper figure), and between upstream and downstream
sites (lower figure). Family-level data analysed.

In addition to these studies, work has also been conducted on fish migration patterns and fish
community structures which indicate that no effects are detectable on the dominant fish species of the
region [7].

5.3. Radiological impacts

5.3.1. Impacts on humans fi'om aquatic pathway

Radiation exposure of people can only be measured directly by the use of intrusive techniques such as
the analysis of urine and faeces samples and whole body monitoring. The estimated doses received by
people are so low that they could not be detected by these methods and their use is therefore not
justified. For this reason, radiation exposure of members of the public is calculated, not measured.

Release of radionuclides into the surface waters downstream from the mine does not give rise to
enhanced concentrations in drinking water for the non-Aboriginal population of the region since the
local potable supply is derived from groundwater bores that are unaffected by mining. The major
effect of such releases is increased concentrations of radionuclides in aquatic flora and fauna through
bioaccumulation. As Aboriginal people consume traditional foods from the creek system downstream
of the mine, they constitute the 'critical group'. In the case of the aquatic pathway, doses are calculated
by modelling the physical transport of radionuclides in the surface water system, estimating the uptake of
these radionuclides in aquatic flora and fauna, using the diet of the critical group to estimate the total
intake of each radionuclide and converting this ingested intake into radiation exposure. Wherever
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uncertainties exist, conservative assumptions have been made; e.g. it is assumed that 70% of all food
consumed by the people concerned is derived from traditional hunting and fishing. This is certainly an
overestimate.

Radiation doses have been calculated by:

modelling the physical transport of radionuclides in the surface water system;
estimating the uptake of these radionuclides in aquatic flora and fauna; and
using the diet of the critical group to estimate the total intake of each radionuclide and
converting this ingested intake into radiation exposure.

The annual intake, Iu of the /"' radionuclide of the uranium series by a member of the critical group
resulting from the discharge of a total quantity, Qt, of that radionuclide during the wet season has been
calculated [4] using the expression 7;. = UtQt

where the intake per unit release, Uj, is given by Ut - kw / ^ TW .71.,. + ks V^ MrTri .
j >•

The sum over j includes all aquatic foods of mass try consumed per annum by members of the critical
group and the sum over r includes terrestrial foods of mass mr. The coefficients 7}, and Tri are the
corresponding concentration factors; k,v and ks are coefficients derived from the physical transport
model. The maximum quantity of each radionuclide that may be released each year, Lt, is given by
L^AJU,
where Aj is the ingested intake of the radionuclide that would give rise to an exposure of 1 mSv
obtained using ICRP recommendations [8]. Since releases of a number of radionuclides would occur

at the same time any release of water is subject to the restriction ^ (Qf I Lt) < 1.
7

The relative significance of the various food items with respect to radiation exposure is indicated in
FIG. 7. The main potential dose is contributed by freshwater mussels, followed by fish and water lily
roots. The exposure via freshwater mussels relates to the bioaccumulation of radium [9].
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FIG. 7. Contributions to radiation dose from the traditional diet ofKakadu region Aborigines [10].

5.3.2. Impact on humans from atmospheric pathway

As radon can disperse over large distances from the point of emanation, its atmospheric concentration at
a location several kilometres from a mine could be due both to radon sources associated with the mining
project and to natural background sources. Therefore, the contribution from these two sources needs to
be distinguished because the regulatory dose limits apply only to the contribution from the mine-related
source. The need to make this distinction becomes important when the combined radiation dose due to
both mine-related and natural sources exceeds the prescribed limit, as is the case at Ranger.

Mine-related and background radon levels can be discriminated by comparing radon and radon
progeny concentrations from wind sectors containing only the natural background sources, against
those from wind sectors containing both background sources and mine-related sources [10]. A
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simplified version of the method is used to estimate public doses from Ranger (Fig. 8, lower graph) [7].
The radiation exposure of members of the public living in the vicinity of Ranger due to the dispersion
of radon and its progeny from the mine has always been less than 10% of the recommended dose limit.
Similar methods have been used to determine the dose due to dispersion of radionuclides in dust from
the mine, which is about 5% of the recommended dose limit.

Similar methods have been used to determine the dose due to dispersion of radionuclides in dust from
the mine, which is about 5% of the recommended dose limit.
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FIG, 8. Radiation exposure of members of the public resulting from the Ranger mine via the aquatic
pathway (upper graph,) and the atmospheric pathway (lower graph). Note logarithmic scale.

5.4. Specific incidents at Ranger and their impacts upon the environment

The operator of the mine is required to report to the supervising authorities any significant
environmental events or incidents that have the potential to cause adverse impact on the environment
surrounding the mine; cause harm to people living or working in the area; or cause concern to
traditional owners or the broader public. All such incidents are assessed by the Supervising Scientist
and are reported in his annual report to the Australian Parliament.

Over one hundred incidents have been reported and investigated since 1979. None has been judged to
have any lasting environmental impact; two resulted in short term impact [4]. One involved spillage of
yellowcake onto a worker in the packing facility (1982), and the other was a spill of diesel into a pond
of RRZ water (i.e. water contaminated with U) in 1995 which killed 40 water birds. The Supervising
Scientist concluded that this was the first unacceptable environmental impact that had arisen as a
consequence of operations at Ranger.
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5.5. Long term environmental protection issues

Concerns are sometimes publicly expressed about the likelihood of future environmental impact
particularly with respect to seepage of contaminants from tailings repositories and the long term
dispersal of the radioactive tailings themselves.

Following rehabilitation, all tailings will be below the surface of the natural landscape with the highest
point of the tailings mass many metres below the surface and no higher than mean sea level. The
erosional stability of landforms at Ranger have been assessed as in the order of millions of years. As
the effective radiological half-life of the radionuclides in the tailings is about 77 000 years, the
radioactivity of the tailings will have decayed away before any risk of the tailings mass being exposed
and dispersed by erosion. Hence, from the perspective of tailings dispersal, the rehabilitated Ranger
site does not represent a long term environmental risk.

The long term dispersal of contaminants via seepage into groundwater is not expected to be a
significant hazard. The tailings will be placed in the mined-out pits which will be treated (by grouting,
the use of filter beds etc) to minimize interaction between the tailings pore water and the fractured
rock groundwater aquifer of the Ranger region. The waste rock used in the construction of the
rehabilitated landform at Ranger is, unlike that at many other mines, very low in sulphur. No
significant impact from sulphate or acidity is expected to occur in the long term.

A thorough assessment of the probable long term impact arising from the dispersal of radionuclides in
seepage from the mine pits requires detailed hydrogeochemical measurements and modelling.
However, a relatively straightforward but conservative estimate can be made by calculating the rate at
which any substance leaves the tailings repository (using typical ground water velocities and tailings
pore water concentrations) and determining the increase in the concentration in the waters of Magela
Creek using typical volumes of water flowing in the creek. This calculation yields a dilution of
about 1000:1.

The concentration of radium in tailings waters is higher than the natural concentrations in Magela
Creek by a factor of about 1000. On this basis, any seepage to Magela Creek will have a radium
concentration similar to naturally occurring concentrations once it is diluted in the creek. However,
this estimate is highly conservative since it takes no account of the very significant levels of
adsorption of radium on the rocks of the aquifer, and the fact that the permeability of the tailings is
much lower than that of the aquifer. It also assumes that all solutes in groundwater from the tailings
repository reach the creek near Ranger rather than much further downstream or even in the sea.

6. CONCLUSION

The adequacy of the environmental protection regime at Ranger been assessed by extensive chemical,
biological and radiological monitoring programs which have been continually upgraded to take into
account the results of new scientific research. The chemical monitoring program has shown that
contaminant levels in the receiving waters have remained below stringent regulatory standards
throughout the entire period of mining, and have been significantly below the concentrations predicted
by the Ranger environmental impact study [2]. Biological monitoring has shown that the mine has had
no detectable impact on a range of sensitive indicators of ecological health including the survival of
larval fish, the reproduction of freshwater snails, the migration patterns of fish, and the community
structure of fish and macroinvertebrates. The radiological monitoring program has shown that the
radiation exposure of people living in the vicinity of the mine, either through consumption of foods
collected from downstream waters or through radon dispersed from the mine site, has always been
significantly lower than the internationally recommended limit on radiation exposure of members of
the public.

The operation of a mine cannot be conducted without there being limited spatial and temporal impact
on the environment. The environment on the mine lease itself is certainly disturbed but the objective
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of any environmental protection regime is that there be minimal impact off-site and that this impact is
within standards that are set to ensure a high level of environmental protection. A number of incidents
have occurred at the mine, but none has had any lasting impact on the people, biodiversity or
landscapes of Kakadu National Park.

The overwhelming conclusion is that mining and milling operations have been conducted in a manner
that has enabled a very high standard of environmental protection to be achieved for the environment,
landscape and people of Kakadu National Park. World's best practice rehabilitation planning is
expected to preclude any significant radiological and ecological long term impact from the site and the
post-mine buried tailings mass.
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