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Abstract
Determinations of 226Ra and 228Ra in potable mineral waters from springs located in the
Daylesford-Hepburn region of Victoria, Australia, were carried out Concentrations ranged
from 230-810 mBq L"' for ""Ra and 200-800 mBq L'1 for ^Ra. These levels approach or
exceed the guideline limits recommended in the Australian Drinking Water Guidelines.
The annual committed effective dose and health risks from radium in potable water is
discussed. Assuming consumption of 2 L per day the average annual committed effective
dose received from 226Ra was 0.087 mSv y'1 and from ^ R a was 0.10 mSv y*1.

Introduction
There is growing awareness about the impact on humans from ingestion of naturally-
occurring radionuclides from potable ground and spring (mineral) waters in Australia. In
1996 the National Health and Medical Research Council and the Agriculture and Resource
Management Council of Australia and New Zealand published Australian Drinking Water
Guidelines (NHMRC/ARMCANZ 1996). This publication includes guidelines for
radiological quality of drinking water. The radionuclides 226Ra (^^J decay series) and ^ R a
(232Th decay series) are often present in ground water and are considered as potential risks
to health when in drinking water. The Australian Drinking Water Guidelines set guideline
values for both "'Ra and ^ R a at 500 mBq L*\ This paper examines radium levels and
discusses these radium guideline values in drinking waters localized in the Central
Highlands of Victoria, Australia.

History and Source of Radioactivity
A number of Victorian mineral springs are located in the Central Highlands around the
Daylesford-Hepburn region, about 100 km north-west of Melbourne, Victoria. With the
daily consumption of these waters by the small local community and the development of
springs as health resorts, the impact of radionuclides (226Ra and 22iRa) in mineral water on
health is becoming of increasing concern.

The presence of ^'Ra and ^Ra in spring water is a function of the geological formation and
hydrogeology of the region, the concentrations of their respective m\J and a2Th parents in
rocks and sediments, the geochemistry of the parents and the half-lives of "'Ra and "'Ra.
Whitelaw and Baragwanath (1923) have described the geology of this region and Michel
and Moore (1980) have described the a6Ra and ""Ra leaching process by groundwater.
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Mineral waters fix>m Deep Creek Spring (Daylesford-Hepbum region) were considered to
have therapeutic properties due to the presence of radium (Ampt 1920, Dalton 1991). 222Rn
emanation from the Daylesford springs was first measured using y-radiation monitors by
Urquhart and Hamilton (1958). Cooper et al. (1981) investigated radioactivity in
commercial bottled mineral waters and their source waters from this region and found
easily detectable levels of M6Ra (100-900 mBq L"1) and a8Ra (80-1030 mBq L"1).

With increasing consumption of mineral waters directly from the natural springs and bores,
the radiological health implications from radium in these waters were examined. Presented
here are measured 226Ra and 228Ra concentrations and annual committed effective doses
from 6 mineral water springs collected from the Daylesford-Hepburn Region.

Experimental
Sampling
Mineral waters were collected from 6 springs (Daylesford Spring, Deep Creek Spring,
Glenlyon Spring, Locarno Spring, Sulphur Spring and Woolnoughs Crossing Spring) in the
Daylesford-Hepburn. Waters were collected in 1.1 L high density polyethylene bottles with
screw cap lids. New bottles were washed with 2 M HC1, rinsed with Milli-Q water and
then were allowed to dry in a laminar air flow cabinet (Gelman Sciences, Model CF435).
The bottles were further washed with vigorous shaking at each site using the sample
waters. Three 1.1 L water samples were taken from each site and stored in a cool room at
4°C. Bottles were filled to capacity. Bottles of commercially bottled mineral waters from
Deep Creek Spring and Hepburn Spring were purchased.

Radium Analysis
Water samples (1.0 L) in each bottle were acidified by addition of 40 mL of 6 M HC1 to
ensure all radium was in solution. 226Ra concentrations were determined by the liquid
scintillation counting technique described in Tinker et al. (1996). ^ R a concentrations were
determined by the y-spectrometry technique described in Tinker (1997).

Results and Discussion
The mean concentrations of 226Ra and 228Ra in the waters studied are summarized in
Table 1. The levels of 226Ra and 228Ra were both lowest at the Daylesford Spring (234 and
200 mBq L1 respectively). 226Ra and 228Ra levels were both highest at the Woolnoughs
Crossing (780 and 800 mBq L1 respectively) and Glenlyon (813 and 760 Bq L*1

respectively) Springs. Cooper et al. (1981) found similar levels of ^'Ra (100-900 mBq L1)
and ^Ra (80-1030 mBq L*1) in the natural springs of the Daylesford-Hepburn region, with
highest levels at Sailors Falls Spring. In Australia, the highest reported levels of "6Ra
(1630 mBq L"1) and mRa (2210 mBq L1) are for the Iredale Spring, Helidon, Queensland
(Cooper et al. 1981). In bottled mineral water from overseas sources, levels of ^'Ra and
228Ra have been reported from 20-440 and 204-850 mBq L"1 respectively (Cooper et al.
1981, Martin 1984). In 30 mineral waters bottled in Austria, average "'Ra levels were 120
mBq L"1, with one brand containing 226Ra concentrations up to 3300 mBq L"1 (Schonhofer
1989). In Croatian thermal and mineral springs used for drinking water, ^''Ra levels from
70-378 mBq L1 have been reported (Marovic et al. 1996).
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The concentration ratios of 226Ra/228Ra in this study were in the range 0.88-1.47. The
variation in 22*Ra/228Ra ratios may be due to the different geochemical source and solubility
behaviour of their respective ^ U and ^Th parents (Michel and Moore 1980).

Table 1 Mean Z26Ra and a8Ra concentrations determined in natural mineral waters
from the Daylesford-Hepburn region, Victoria.

Sample Location

Spring Waters

Daylesford Spring

Deep Creek Spring

Glenlyon Spring

Locarno Spring*

Sulphur Spring1

Woolnoughs Crossing
Spring

Commercial Bottled Waters

Deep Creek Spring (n=l)

Hepburn Spring (n=l)

226Ra(n=3)
mean ± SD
(mBq I/1)

234 ±4

470 ±4

813 ±6
485 ±3
477 ±4
780 ±4

30±2
20±3

mean±SD
(mBqU1)

200 ±20

530 ±30

760 ±30

330 ± 20

540 ±30

800 ±20

<20

<20

"Ra/^Ra ratio

1.18

0.88

1.07

1.47

0.88

0.98

-

-
a) Located at Hepbum Springs

Guidelines for Radioactivity in Drinking Water
There are no statutory limits for 226Ra and ^Ra in potable water in Australia. The
radiological guidelines for potable water supplies for continuous use by the public are set
below the level at which a health risk would occur (NHMRC/ARMCANZ 1996). These
guidelines exclude bottled waters. The Australian guidelines set action levels for gross ot-
radioactivity at 100 mBq L"1 and for gross P-radioactivity at 500 mBq L*1. If either of these
concentrations is exceeded, specific radionuclides should be identified and the
concentration determined. The Australian recommended guideline concentration of K6Ra
and "8Ra in potable waters is 500 mBq L"1 for each isotope, with the risk from decay
products included in these limits. In bottled mineral water the radium content has been set
to not exceed 1000 mBq L"1 by the Australian National Food Authority (National Health
and Medical Research Council 1990).

The World Health Organization (WHO) action levels are 100 mBq L'1 for gross a and 1000
mBq L'1 for gross p (WHO 1993). The guideline concentration for K6Ra and ^ R a in
potable waters, as recommended by the WHO, is 1000 mBq L"1 for each isotope.

Radium concentrations measured in the spring waters are below the WHO guideline
concentrations, but the average "'Ra (530 mBq L"1) and H8Ra (540 mBq L*1) levels exceed
and/or approach the Australian action levels and guideline concentrations. These levels
therefore require some assessment of the associated radiation dose and health risk from
mineral water consumption.



The commercially bottled mineral waters from Hepburn and Deep Spring had levels lower
than the recommended radium limit (1000 mBq L l ) as set for bottled mineral by the
Australian National Food Authority. Bottled mineral water from Hepburn Springs had
226Ra levels at 20 mBq L l with ^ R a less than 20 mBq L'1. These levels are significantly
lower than the mineral waters taken directly from the two springs at Hepburn (Sulphur and
Locarno Springs; M6Ra and ^ R a levels >300 mBq L1). Bottled mineral water from Deep
Creek Spring also had significantly lower a6Ra levels at 30 mBq L*1 with ^ R a less than 20
mBq L1 when compared to the mineral water taken directly from the Deep Creek Spring
bore (^Ra and M8Ra levels >400 mBq L"1). In the bottling process, radium is generally
removed by coprecipitation with hydrated iron oxides during aeration (Bland et al. 1982).

Radiation Dose
Once a radionuclide is inside the body, its metabolic behaviour and the effect of a given
dose on specific organs must be considered. Radiation exposure varies greatly depending
on the residence time and the organ or tissue irradiated and which type of radiation deposits
the energy. To provide a measure of the overall effect of any exposure, weighting factors
are used. These weighting factors for organs, tissues and radiation are described in detail
by the International Commission on Radiological Protection, ICRP 61 (ICRP 1991). The
term 'effective dose' describes the sum of the doses received by all tissues or organs,
appropriately weighted for their sensitivity to radiation. Radionuclides taken into the body
may remain in a particular organ for a considerable time, resulting in exposure over many
months or years. The 'committed effective dose' is a measure of the total effective dose
over a life-time. The units for effective dose and committed effective dose is the sievert
(Sv), where 1 sievert (Sv)=l J kg"1. Terms and definitions of radiation dose are described
by the International Commission on Radiological Protection, ICRP 60 (ICRP 1990).

Committed Effective Dose
From the consumption of potable water, the guideline committed effective dose for an
individual radionuclide is set at 0.1 mSv year1 (WHO 1993, NHMRC/ARMCANZ 1996).
The annual global average for individual exposure to radiation from natural and artificial
sources is estimated to be 2.4 mSv (1.6 mSv internal; 0.41 mSv external; 0.36 mSv cosmic)
(UNSCEAR 1988).

When radium is taken into the body, its metabolic behaviour is similar to that of calcium
with more than 70% of radium is contained in bone (Schlenker et al. 1982). The effective
dose of radium depends on this behaviour and internal dosimetry, as well as contributions
from its progeny. These factors are included in the dose conversion factor, which is the
effective dose received as a result of the ingestion of one becquerel of the radionuclide.
The National Radiological Protection Board has set the dose conversion factor for S6Ra at
2.2 x \V* mSv Bq"1 and for 228Ra at 2.7 x 10"4 mSv Bq'1 (NRPB 1991). The annual
committed effective dose, E, for any radionuclide can be calculated from:

= C x W x D
CT

where C is the measured radionuclide concentration in potable water in Bq I/1, W is the
annual water consumption in L year'1 and DCF is the dose conversion factor in mSv Bq"1.
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In this study, a water consumption of 2 L day"1 (WHO 1993) of mineral water containing
the average levels of 226Ra (0.54 Bq L l ) and MlRa (0.53 Bq I/1) is assumed. The annual
intake and annual committed effective dose from these radionuclides is shown in Table 2.

Table 2 Annual intake and annual committed effective dose received from the
consumption (2 L day1 is equivalent to 730 L year1) of mineral waters (non-commercial)
from the Daylesford-Hepbum region, Victoria.

Nuclide

226Ra
228Ra

Decay
Mode

a

P

Nuclide
Concentration

(BqL1)

0.54

0.53

Dose
Conversion

Factor
(mSvBq1)

2.2 x 10"4

2.7 x 10"4

Annual
Intake
(Bq)

390

390

Annual Committed
Effective Dose (E)

(mSv y1)

0.087
0.10

In this study, the annual committed effective dose from ""Ra (0.084 mSv y"1) and ^'Ra
(0.093 mSv y*1) are below or equivalent to the guideline level of 0.1 mSv year'1. However,
when more than one radionuclide is present in the drinking water supply, the summation
equation should be used to estimate the total dose (WHO 1993, NHMRC/ARMCANZ
1996):

where C, is the measured activity concentration in Bq L"1 and RC, is the Australian
guideline concentration (0.5 Bq L'1 for 226RSL and u*Ra) of the radionuclide i. When Eq. 2
is satisfied, no further action is required. Application of Eq. 2 results in the ratio of 2.1
indicating that a 2 L day1 consumption of mineral water over a year from the Daylesford-
Hepburn springs region would give an annual dose exceeding 0.1 mSv. This does not
imply that the water is unsuitable for consumption on a daily basis but is regarded as a level
at which further investigation is required (WHO 1993, NHMRC/ARMCANZ 1996).
Further investigation of this region may include establishing "real" exposure times
(consumption rates) for the local community and routine sampling to monitor any changes
in radium concentrations.

Conclusion
The IRCP 61 (1991) estimates the life-time risk of fatal cancer following exposure to
radiation to be 5 x 10'2 per sievert of radiation dose. A committed effective dose of
0.1 mSv year"1 posses an annual risk of 5 x 10^, an additional risk of five cancers per
million people. The radiation dose received by members of the public consuming natural
mineral waters directly from the Daylesford-Hepburn springs region with the levels of
activity (230-810 mBq L*1 for "^Ra and 200-800 mBq L*1 for ^'Ra) measured in this study
do not represent a significant health risk over a life-time.
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