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Quantitative ecological risk assessment (ERA) is a means whereby the risk posed by a toxicant in any
system can be evaluated by comparing the distribution of its measured or modelled concentrations
(water quality data (WQD)) with available information on the range of concentrations that are known
to adversely affect biota within that, or similar, habitats (dose-response data (DRD)). Initially, the WQD
are compared with regulatory criteria (e.g. ANZECC and ARMCANZ, 2000). If they fail this test, then,
on the assumption that both data sets comprise subsets of the entire range of concentrations,
probability density functions are derived assuming a standard distribution formaetypically log-normal.
The WQD and DRD distributions are then convoluted to estimate (a) the likelihood that WQD will
exceed set criteria derived from the DRD (see below), and (b) the proportion of taxa (e.g. species,
genera etc.) likely to be affected. The criteria derived from the DRD usually comprise an estimate of
the concentration that is hazardous (HC) to a set proportion of taxa (e.g. HC5 for 5% of taxa) and an
estimate of the uncertainty (e.g. HC5.95 would be the 95% lower uncertainty value of the HCS).

The AQUARISK code (Twining et al., 1999) has been developed to derive these criteria and
estimate the risk of their exceedence. In addition, the geochemical speciation code
MODPHRQ (a modular version of HARPHRQ, Brown et al., 1991) has been included in
AQUARISK to evaluate the bioavailable fraction (i.e. the concentrations of those metal species
present that are able to cross biological membranes) for copper and other metals in water. The
speciation modelling is designed to overestimate the actual bioavailable concentration when any
of the influential parameters are unknown. This approach is an appropriate application of the
Precautionary Principle (O'Riordan and Cameron, 1994). AQUARISK also estimates the average
concentration that should be achieved to satisfy the regulatory or DRD derived criteria, with an
agreed exceedence, or that is likely to be tolerated by a set proportion of taxa.

In this paper, AQUARISK has been used to estimate the risk posed by copper in effluent from the
Rum Jungle mine site, pre- and post-remediation, and the proportion of taxa likely to be affected
in the East Branch (EB) of the Finniss River downstream of the mine. In addition, the average
concentrations required to achieve no more that 5% exceedence of the various criteria, or 67%
tolerance by affected taxa, have also been evaluated. The WQD used to evaluate risk were monitoring
data from gauging station 097 (M. Lawton, unpublished) located about 5km downstream of the
mine. Sampling was less regular prior to remediation, but included intensities as often as daily within
the period from February 1968 to May 1981. The post-remedial data were collected daily during the
period of flow at the site between December 1990 and June 1995. The data comprised total copper
concentrations and, usually, pH and sulfate concentrations. Filtered copper concentrations were only
reported after remediation. In addition, some information was given on the major cations, calcium
and magnesium, and to a lesser extent sodium. If these parameters were highly correlated (P <
0.001) with sulfate within the period of assessed risk, then missing values were estimated from the
sulfate concentrations, by linear regression, for the purposes of estimating bioavailable copper
concentrations. As these parameters represent only a proportion of those that are likely to reduce
bioavailability of copper, the final estimates are higher than in reality, and hence, allow for a
reasonable, conservative risk assessment.



The DRD used derive from the default set for copper provided with the AQUARISK code.

Four subsets were compiled: all taxa or only primary consumers across either all or only lethal

effects. Five probability distribution functions (PDFs) were derived from the available WQD:

Pre-remediation total and bioavailable copper and post-remediation total, filtered and

bioavailable copper. Figure 1 plots these distributions relative to each other. The distributions

show the significant shift towards lower Cu concentrations in the post-remedial period with a

reduction of approximately two orders of magnitude at the higher concentrations for all fractions.

The overall reduction due to remediation becomes less at lower concentrations, particularly when

considering total copper concentrations, but the general pattern is consistent.

Figure 1. Cumulative probability
distribution functions of measured
(total or filtered) and modelled
(bioavailable) copper
concentrations in samples from
GS 097 collected pre-remediation
(n = 189) and post-remediation
(n = 583).
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It should be noted that the pre-remedial bioavailable estimates are likely to be significant

overestimates. They are based on total copper concentrations rather than filtered values and

do not have the advantage of excluding particulate-bound copper. Given the limited data

available on other water quality parameters, the estimates of bioavailability are conservative as Cu-

complexation by bicarbonate or organic carbon present in the water cannot be assessed. Of the four sets

of DRD selected, the most sensitive are lethal and sub-lethal data for primary consumers (predominantly

larval macroinvertebrates). The least sensitive is for lethal data on all taxa. The PDFs for these sets are

shown in Figure 2. Estimates of the hazardous concentrations to 5% of species and their lower
uncertainties (HC5 and HC5;95) are given in Table 1. Due to the number of data the 95% lower

uncertainty estimate is equivalent to the median estimate in some cases. The 2000 national guideline for
protection of (moderately disturbed)

freshwater ecosystems is included in
Table 2 for comparison.
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Figure 2. Cumulative probability
distribution functions of the most-
sensitive (Lethal and sub-lethal
macroinvertebrates) and least-sensitive
(lethal data for all taxa) dose-response
data sets.
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Table 1. Hazardous concentrations (|jg L"1) to 5% of selected taxa and their 95% lower uncertainty estimates
as derived from various dose-response data subsets. The 2001 guideline value is included for comparison, n,
number of data used

Data set

All taxa: all endpoints
All taxa: lethal endpoints
Macroinvertebrates: all endpoints
Macroinvertebrates: lethal endpoints
2000 trigger value (95% moderately disturbed)

HC5

1.72

2.66

1.26

1.68

HC5;95

1.72

2.66

0.97

1.10

1.4

n

869

503

297

160

Due to high copper concentrations, both pre-remedial distributions (Figure 1) have 100%
probability of exceeding the regulatory guideline values and the HC5 values. Even allowing for
obvious reductions post-remediation, these criteria are likely to be exceeded with greater than
99% probability by any fraction of copper (the best was an 0.08% chance of non-exceedence of
the HC5;95 by bioavailable copper using lethal data for all taxa). Hence, it is apparent that the
biology in the EB of the Finniss River downstream of the mine has been, and remains, under high
levels of toxic stress. It is interesting to note, however, that AQUARISK predicts some species
should be able to tolerate these conditions. Table 2 gives the estimated proportions of taxa that
are likely to be affected by the measured or modelled copper concentrations. Despite the risk of
any impact remaining unacceptably high, the proportion of species able to tolerate conditions at
the monitoring site has increased from < 9% prior to remediation to as much as 48% post-
remediation, based on probabilistic assessments performed by AQUARISK. This implies a

dramatic improvement in community structure.

In 1993 the average number of macroinvertebrate families present at unpolluted sites within
the EB ranged from 12 to 17 compared with 3 to 4 within the general vicinity of CS 097
(Jackson and Ferris, 1998). Similarly, sampling by Edwards in 1995 (Twining et al., 2002) found
10-13 families at reference sites compared to 3-5 at GS 097. Assuming a consistent community
structure along the stream, these values imply that between 18-25% and 23-50%, respectively for
those two studies, of all macroinvertebrate families were able to tolerate post-remedial copper
concentrations at, or near, the monitoring site. Given that the modelled bioavailable copper
concentrations are likely to be overestimates, and that other contaminants are likely to contribute
to the observed reduction in biological diversity, these values compare favourably with the
AQUARISK estimate of 36% as a tolerant proportion of macroinvertebrates assuming both lethal

and sub-lethal impacts of copper alone.

Table 2. AQUARISK estimates of the proportion of taxa likely to affected by the measured or modelled copper
concentrations at CS 097, pre- and post-remediation (Tolerance = 1 - affected fraction)

Taxa

All taxa
Macroinvertebrates
Lethal, all
Lethal, macroinvertebrates

Pre-remediation
Total
.931
.956
.922
.945

Bioavailable
.920
.948
.910
.935

Post-remediation
Total
.732
.804
.700
.767

Filtered
.583
.661
.542
.616

Bioavailable
.558
.637
.515
.591

Pre-remedial biological monitoring was sparse, due to the obviously depauperate fauna in the
heavily impacted EB Oeffree and Williams, 1975). Jackson and Ferris (1998) compared these earlier
data with their own samples collected in 1993. The total number of families sampled at GS 097 in
1993 was 11 compared to 5 sampled in 1973-4, a ratio of 2.2. Using this ratio, the implied pre-
remedial species tolerance values reduce to between 8 and 11% which are again in reasonable
agreement with the AQUARISK estimate of 5%. In this case, AQUARISK is also likely to
underestimate biological tolerance, as some species are able to effectively isolate



themselves from the hazard. The most obvious fauna found at the polluted sites of the EB are
adults of the Dytiscidae. These are air-breathing beetles that also insulate themselves from the

aquatic environment with a blanket of air when submerged. Thus, they are not directly exposed
to the toxicant and are therefore extremely resilient.

AQUARISK has also been used to estimate the average concentration that should be achieved to
allow 5% exceedence of the ANZECC and AMRCANZ (2000) regulatory guideline concentration
(1.4 jig I/1) or HCS;95 criteria derived from each of the DRD. The average target concentration for
acceptable regulatory guideline exceedence in all cases ranges between 0.4-0.5 |u.g L1. Similarly,
acceptable exceedence of the HC5;95 could be achieved with average concentrations ranging from
0.3 |o.g L1 based on lethal and sub-lethal macroinvertebrate data to 0.9 jo.g L1 based on lethal data
for all taxa. The estimates of the required bioavailable concentration for 67% of species to tolerate
conditions at the monitoring site range from 34-73 |ag L'1 across all DRD sets. The pre- and post-
remediation average bioavailable copper concentrations are 22,900 and 230 |ng L1 respectively.
Hence, to achieve compliance, a further reduction in post-remedial bioavailable copper
concentrations by a factor of 660 is required. To achieve the more reasonable target of recovery to
67% species diversity at this heavily impacted site, the reduction is more modest, ranging between
factors of 3.2 to 6.8.
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