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Abstract

Freshwater mussels Felesunio angasi (Sowerby) from Magela Creek, Alligator Rivers Region, Northern
Territory, Australia, experimentally exposed to mean elevated Ra-226 water concentrations ranging between
0.95 and 1.85 Bq 1! for 28 days, accumulated Ra-226 in their tissue to mean concentrations ranging from
2.8 to 4.8 Bg per gram of dry tissue. The Ra-226 (log;y) was accumulated in 2 linear pattern over exposure
periods of 28 and 56 days. Mussel size and sex had little or no effect on the rates of uptake of Ra-226 per
gram of tissue,

Increased Ca and Mg water concentrations, both in combination and singly, reduced the rate of uptake
of Ra-226 by mussel tissue. The experimental data are consistent with Ra-226 accumulation being inversely

proportional to both Ca and Mg water concentrations; for Ca the constant of proportionality i.e. Ra= I“C%I is
unity; for Mg it is about 0.1,

The resuits indicate competitive inhibition of the uptake of Ra-226 by Ca, ie. that the mussel treated
Ra-226 as a metabolic analogue of Ca; however, there are other possible interpretations of these results that
need not invoke competitive inhibition. For Mg the results suggest involvement of some other mechanism(s)
apart from or in addition to competitive inhibition of Ra-226 by Mg,

Exposure of mussels that had accumulated Ra-226 under field and laboratory conditions to radium-free
water for up to 286 days resulted in no significant toss (P >0.05) of Ra-226 from the tissue. This indicates
a very long biological haif-life for Ra-226 in the tissue of V. angasi.

Introduction mining and processing of uranium ore has mobi-
lised Ra-226 that may be released to freshwater en-

The radioactive alkaline-earth metal, radium-226 vironments in the vicinity of the mine sites, the

{Ra-226) is a contaminant associated with uranium
ore which may pollute waters and their associated
biota downstream of the ore body. These waters
may receive Ra-226 pollution due to natural leach-
ing from the ore body and from any effluent asso-
ciated with mining and milling operations which
may greatly increase the mobility of Ra-226 con-
tained in the ore. In the Alligator Rivers Region,
Northern Territory, Austrailia (Fig. 1), where the

freshwater mussel Velesunio angasi {(order Eulamel-
libranchiata, family Hyriidae) naturally accumu-
lates within its tissue Ra-226 to very high levels
(Davy & Conway, 1974; Jeffree & Davy, 1983;
Jeffree, 1985).

Because of the mussel’s ability to accumulate
high levels of Ra-226 in its tissue under naturai con-
ditions and its inclusion in human diet, mining ac-
tivities have potential radiological consequences
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Fig. I. The location of the Alligator Rivers Region (inset} in the
tropical northern area of Australia and the location of billa-
bongs in Magela Creek immediately downstream of the Ranger
Uranium Mine,

that can only be properly assessed by further inves-
tigations into the way V. gngasi metabolises Ra-226
in its tissue (Fox er al, 1977).

This paper reports an experimental study to de-
termine the patterns and rates of uptake and loss of
Ra-226 in mussel tissue after exposure to waters of
varying Ca and Mg concentration, which were for-
mulated to resemble the predicted levels in potential
mine arisings.

Materials and methods
Experimental rationale and design

As a result of mining operations, large amounts
of water containing Ra-226 and other elements, in-
cluding Ca and Mg, are generated and some may
reach the Magela Creek system (Fig. 1).

Ca and Mg were chosen as the experimental vari-
ables, because other studies have shown or indicat-

ed that their concentrations in water and food alter
the accumulation of the non-essential Ra-226 and
isotopes of Sr by other animals and humans (Tem-
pleton & Brown, 1963, 1964; Brungs, 1965; Marey
et al, 1967; Ophel & Judd, 1967; Muth & Globel,
1983). These studies support the hypotheses that
Ra-226 may be treated as a metabolic analogue of
Ca or Mg or both by ¥, angasi, and changes in their
water concentrations would therefore be likely to
change the rates of uptake and loss of Ra-226 by ¥
angasi.

Mussels were experimentally exposed to Ra-226

"in factorial-like combinations with Ca and Mg wa-

ter concentrations ranging from low levels similar
to those of normal Magela Creek waters as meas-
ured by Pancontinental Laboratories (Ca~0.5 mg
1! Mg~0.5mg i1} to the level predicted if re-
leases of mine effluent were to occur (. R. Davy,
pers. comm.), ie. Ca~35 mg ["! Mg~25 mg 171).
The mean Ra-226 water concentrations varied
somewhat between experiments (Table 1). To deter-
mine whether this variation had a significant effect
(P < 0.05) on the rate of uptake of Ra-226 by V. an-
gosi, three experiments were conducted, at the
‘background” Ca and Mg water concentrations
(Ca~0.5 mg 1! Mg~0.5 mg i~!, nominal values)
and at different mean Ra-226 water concentrations
over the whole range of the experiments.

To determine rates of uptake and loss of Ra-226
in mussels exposed to short-term releases of mine
effluents into Magela Creek, mussels were exposed
for 28 days to elevated Ra-226 levels followed by
28 days’ exposure to radium-free conditions.

Mussels and an algal food source (Chlamydomo-
nas rheinhardiii Dang) were simultaneously ex-
posed to Ra-226 in the experimental tank and no
attempt was made to quantify the contribution of
the water and food pathways to the total uptake of
Ra-226 by V. angasi.

Experimental system

Background water was made from de-ionised,
carbon filtered tap water, reconstituted with ana-
lytical reagent grade chemicals. Many of the chemi-
cals, including Ca and Mg, were added as sulphates
giving higher levels of SO?r than background;
however sulphate ions are predicted to be elevated
in mine effluent and studies by Dietz (1978) on the
freshwater mussel Coruncufing texosensis {lea)
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Table I. Assayed water concentrations for the major chemical constituents of the water used for each experiment.

Chemical ‘Background’ Ca and Mg water ‘Elevated’ Ca ‘Elevated® Ca ‘Background’ Ca and

parameter concentrations and Mg water and ‘background’ elevated Mg water
concentrations Mg water concentrations

concentrations

Experiment No. H 2 3 4 5 6 7

Ra-226 {Bg-i—YH 1.799+0.18  0.95+0.11  1.85+0.40 .33 + 0.17 1.14 +£0.10 1.5+ 0.16 1.09+£0.12

Ca (mg-i—1 0.67+0.09 0.82+011 ©¢.74£0.11 4.57 & 035 4.07 +0.47 .73+ 0.04 0.66 £ 0.06

Mg {mg-1-1) 0.59+0.11  0.53+£0.03 0.51x0.03 262 = 1.4 0.51 z=0.04 6.5 + 0.5 242 +1.35

Na {mg-1-H 8.20+2.59 7.83+221 8.12+1.09 3.08 + 1.09 5.86 +1.32 87T + 1.3 84 135

Cl (mg-1-1) 53 +£1.3 4.02+1.38 5.16x0.44 43 + 1.6 56 =18 44 + 04 2.7 £2.1

K (mg-1=h 1.204£0.36  0.83+008 0.89£0.05 .92 £ 0.13 1.12 +0.19 1.5 = 0.1 1.30+£0.2

SO, (mg-1-1) 13.0 7.9 3704042 2.63x£0.50 114.44 +18.93 1.l +1.0 35.1 +32.6 110.6 +8.5

Noy {mg-1—1) 43 +2.4 0.80+0.83 1.20+1.50 0.72 + 1.4 0.80 +1.03 6,43+ 1.09 4.69+1.79

Cu (mg-1-h - - - < 0.003 ¢.005 £ 0.003 - -

Pb (mg:1-H - - - < 0.002 <0.002 - -

n - - - 0.025+ 0.015 0.011 +0.005 & -

Cd E - E <0.002 <0.002 - -

pH 6.63x0.16 6422022 6.506x0.20 531 = 075 6.46 +0.89 6.42+ 0.19 6.45+0.13

Values are means + | standard deviation, based on 8 to 12 samples for all determinations, except for Ra-226 {24 samples) and pH

{30 readings).

Tabie 2. Experimental exposures of mussels from Corndorl
Billabong, Magela Creek, to nominall elevated Ra-226 and
varying combinations of Ca and Mg water concentrations.

Ca concentrations in water
{mg i~ nominal

Mg concentrations
in water (mg 17 1)
nominal

0.5 5.0

Ra-226 experimental
concentration {mBg 1-1)
nominal

0.5 750
1500 1200
1800*

25 1200 1200

5.0 1200 -

* Two month exposure to an elevaied concentration of Ra-226
in water,

T Levels calculated to be present in the experiment water afier
the addition of salts or stock soluiion.

have indicated that SO}~ is a non-penetrating an-
ion. For these sulphate levels (Table 1) studies by
Benes (1982) and Benes et al. (1982) indicate that
radium present in solution would exist in this water

predominantly as Ra2* ions with a significant per-
centage (> 5%) of RaSQ, ion pairs,

Following the addition of the acid Ra-226 stock
solution the mean pH of the experiment water was
adjusted to between 5.5 and 6.6 using NaOH. This
increased the Na water concentration to a mean of
8.7 mg 7! (Table 3); however, this was not consid-
ered detrimental as such concentrations occur nat-
urally in Corndorl Billabong (the collection site —
see later).

Mussels were kept under subdued light with
16 hours of darkness each day. Substrate water
temperatures were maintained at 26°C. Magela
Creek waters vary between 21°C and 37°C
throughout the year (Walker & Tvler, 1979).

Cultures of the single-celled alga Chlamydomo-
nas reinhardtii (negative strain) were used to feed
mussels during acclimation and experiments and to
provide a potential food pathway for the uptake of
Ra-226. During experiments mussels were exposed
to an algal density of 20x10° cells per litre,

Radinm-226 stock solutions were made up from
a gamma-ray Ra-226 standard consisting of Ra-226
in a HNO; solution of 5% by weight. Samples
from this standard were diluted with distilled water
and acidified with concentrated HNO, to give a
pH of 2.6 to 2.8, to reduce the plating out of
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Table 3. Results of an inter-laboratory comparison of Ra-226
determinations for replicated sub-samples of homogenised
dried tissue of mussels from Georgetown Billabong, Magela
Creek.

Replicate Ra-226 determinations (total mBq) for
each laboratory
AMDEL Lucas Heights
Rescarch Laboratories
1 888 1280
2 i023 1247
3 1038 1035

Analysis of variance table

Source  Sum of DF Mean sguare F vajue Tail

squares probability
Between
groups 62628.1133 1 62628.1133  5.1122 0.0866
Within
groups 49002.6563 4 12250.6641

Total 111630.7500

Ra-226 onto the surfaces of the glass vessel con-
taining the stock solution (Gmelin, 1977).

A continuous flow system was used {o maintain
elevated water concentrations of Ra-226 during the
uptake phase of each experiment and specified den-
sities of algal cells during the whole experimental
period. Experimental water, Ra-226 stock solution
and a suspension of Chlamydomonas cells flowed
continually through the experimental tank via a
Masterflex (R) 5 channel, variable speed, peristaltic
pump., The three inflows were mixed upon entry
into the tank by vigorous aeration and by a me-
chanical stirrer located in the tank., This procedure
maintained saturated dissolved O, concentrations in
the tank.

Collection and acclimation of experimental mus-
sels

During the dry season mussels of a wide size
range {7 mm to 25 mm shell breadth) were sampled
by hand from Corndorl Billabong downstream of
the Ranger uranium ore body (Fig. 1) in waters of
0.5 to 1.5 m depth from an area that is harvested
regularly by local Aboriginals. The mussels were
acclimated for two weeks in radium-free conditions
with the same water quality, temperature and densi-

ties of Chlamydomonas cells as used in the ex-
perimental exposures. Water was changed twice
weekly. {(Mussels have been kept under such condi-
tions for up to one year with only 5% mortality.)

Sampling during experimental exposure

Identity numbers were engraved on the shells of
experimental animals and random number tables
were used to choose individuals for sacrifice. The
mussels were sampled in groups of three at nine
time intervals during both the uptake and loss
phase, with more frequent sampling at the begin-
ning of each phase.

For each mussel, total wet mass, maximum shell
length and breadth were measured. The sex of indi-
viduals was determined from the intensity of color-
ation of the gill striations (more intense in O O")
and the presence of gill marsupia in @ 9 ; histologi-
cal sections taken from small amounts of gonad
were used to validate this technique. The total tissue
was then dissected out of ihe shell and oven dried
at 70°C for 12 hours {0 constant weight,

During most experiments two 250 ml water sam-
ples (unfiltered) were taken on days 0, 10, 15, 25
and 28 of the uptake and loss phases, Samples were
acidified upon collection with 1 ml of concentrated
HNO,.

To determine the proportion of Ra-226 associat-
ed with Chlamydomonas aigal ceils, two 1] sam-
ples were taken during days 0, 10, 20 and 28 of the
uptake phase for two experiments and filtered
through a 0.45 pm Millipore(R) filter. The filtered al-
gae and Millipore filter paper were dried in a desic-
cator and analysed for Ra-226. Because Ra-226
may also adsorb onto the filter paper during filtra-
tion, these Ra-226 levels should be regarded as pos-
sibie over-estimates of the amount of Ra-226 asso-
ciated with algae,

Ra-226 analysis

Dried mussel tissue was prepared for Ra-226
analysis at the Lucas Heights Research Laborato-
ries by grinding the tissue in a mortar and pestle be-
fore dissolution in 5—10 ml analytical reagent
grade concentrated HNOQ; in a radon de-emana-
tion flask. This solution was then diluted with dis-
tilled water to 300 ml. For mussel samples analysed
at the Australian Mineral Development Laborato-




ries the dried tissue was dissolved in hydrofluoric
acid. The remaining material was then fused with
boric acid and sodium carbonate and finally taken
up in concentrated HNQ,. For water samples,
250 ml volumes are acidified with 1 ml concentrat-
ed HNO; before analysis at both laboratories,

Although sample preparation of mussel tissue
varied between the two laboratories, an interlabora-
tory comparison showed no significant difference
(P>0.05) between Ra-226 determinations (Ta-
ble 3). Williams (1981) reported on an international
comparison of Ra-226 analysis by the emanation
method at laboratories including the two laborato-
ries used in this study; the precision of the determi-
nations for samples containing quantities of
Ra-226 similar to samples taken in this study was
represented by a coefficient of variation of 12% or
less,

The method used for the determination of
Ra-226 in all samples was virtually the same as that
reported by Stehney er af. (1955) and Lucas (1957)
and detailed by Blanchard (1964).

Staristical analysis

Scatter plots of the data for Ra-226 tissue con-
centration as a function of period of exposure to an
elevated Ra-226 water concentration for several
experiments where there was obvious uptake of
Ra-226 indicated a linear rate of accumulation with
increasing variance in Ra-226 tissue concentration
as the period of exposure increased; a logy, trans-
formation of these values was required to approxi-
mate homogeneity of variances so that linear re-
gression analysis could be performed (Zar, 1974).

Mutltiple linear regression analysis can be used to
determine both functional relations between varia-
bles and for predictive purposes. Here the aims of
the statistical analysis were two-fold, although in-
terrelated, namely:

1) to determine those variables that affect the ac-
cumulation of Ra-226 by ¥ angasi so that its mech-
anism for accumulation of Ra-226 could be better
understood, and

2) to allow the best prediction of Ra-226 tissue
concentrations in mussels after their exposure to
mine effluents.

A variety of techniques, more specifically de-
signed for predictive purposes, have been used to
find a best set of predictor variables when it is
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thought that several of the independent variables
may contribute little or nothing to the accuracy of
the prediction (Snedecor & Cochran, 1967). How-
ever there is no general agreement among statisti-
cians as to the best method.

Snedecor & Cochran (1967) state that ‘the most
thorough approach is to work out the regression of
Y on every subset of kX-variables, that is, on each
variable singly, on every pair of variables, on every
triplet, and so on’. However, Zar (1974} states that
this procedure has drawbacks, namely:

1} a large number of regressions have to be calcu-
lated and compared;

2) there is no objective statistical method for
choosing the best equation.

These criticisms were not particularly relevant to
this study because of the availability of high speed
computers that could quickly generate large num-
bers of multiple regresion equations. In addition,
because of the dual purposes of these investigations
(see above), a single ‘best’ regression equation was
not being sought.

Multiple linear regression analysis has been used
here in the following manner:

1) All possible combinations of the period of ex-
posure, with the variabies

a) shell breadth;

b) shell length;

¢) dry tissue weight; and

d} sex of mussel (as a dummy variable)

were generated using the NEXSET sub-routine.
2) The Ra-226 tissue concentration was then re-
gressed against the period of exposure singly and
with each of these combinations of predictive vari-
ables, using a BMDP (Dixon, 1975) computer pro-
gram. Those significant regression equations
(P <0.05 for F) that contained only significant
predictors {P<0.05) were retained.
3) Among these regression equations, several con-
tained highly correlated independent predictors
that can upset calculations (Snedecor & Cochran,
1967). Consequently regressions containing highly
correlated independent variables (ie. r=0.8 or
greater) were deleted.

Several acceptable regression equations could re-
sult from these procedures. Each regression is re-
ported for each set of experimental data. From this
family of regressions that which gave the best pre-
dictive relationship, i.e. the greatest R? value, could
be chosen while the frequency of recurrence of a
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predictor (with the same sign} with combinations
of other predictors was a measure of the assurance
that it was indeed associated with Ra-226 metabo-
lism in V. angasi,

Regression analyses were performed on data
from the following experimental periods;

1) uptake period for days 0-28;
2} loss period for days 28— 56; and
3) uptake and loss period.

Where there was no significant rate of loss of
Ra-226 from tissues during exposuse to radium-free
water, the period of exposure to the elevated Ra-226
water concentration was set at 28 days for all mus-
sels sampled at 28 days or thereafter, .e. they could
be used as further data points for 28 day exposure
values.

Field-collected mussels contain variable concen-
trations of Ra-226 (Davy & Conway, 1975; Jeffree,
19835; Jeffree & Davy, 1983) that may mask the ef-
fects of parameters on the experimentally-deter-
mined rates of uptake and loss of Ra-226. In an
attempt to remove or correct for the background
tissue concentration of Ra-226 in the experimen-
tally-exposed mussels, a sample of 14 mussels of
wide size range was taken from those to be used for
experimental exposure and separately analysed for
their Ra-226 tissue concentration. These concentra-
tions were then regressed against dry tissue weight,
shell length and breadth and sex, both singly and in
all combinations of parameters that were not sig-
nificantly correlated (P <0.05) to determine the pa-
rameter(s) explaining the greatest variance in the
background tissue concentrations of Ra-226. In the
multiple linear regressions the sex of each mussel
was included as a dummy variable (Zar, 1974). Re-
gression analyses including sex as a dummy varia-
ble were performed only on the subset of mussels
that could be conclusively sexed.

Shell breadth was chosen as the best predictor of
the background Ra-226 tissue concentration be-
cause of its greatest r? value for regression. This
relationship (Jeffree, 1985) was used to predict the
background Ra-226 concentration in the tissue for
each experimental mussel which was subtracted
from the actual Ra-226 concentration of each
experimentally-exposed mussel.

To evaluate the effect of statistically correcting
for variable background Ra-226 concentration on
the results, the regression analyses were performed
on sets of data that were adijusted and unadjusted
for background Ra-226 tissue concentration.

Results
Water quality parameters

The assayed water concentrations for Ca and
Mg, as weil as other chemical parameters, are given
in Table 1 for all the following experiments. The
measured Ca and Mg concentrations were found to
be generally higher than their nominal concentra-
tions.

Exposure of mussels to “background’ Ca and Mg
water concentrations

Figs. 2 and 3 show the patterns of uptake and
logs for two experiments where mussels were ex-
posed to mean Ra-226 water concentrations of
1,79 Bq 7! and 0.95 Bq 17!, respectively, for
28 days followed by 28 days' exposure to radium-
free water (Le. less than 1§ mBq [~1). The Ra-226
concentrations in the mussel tissue at the beginning
of the experiment are included in these figures.
Mussels increased their Ra-226 tissue concentration
at highly significant rates (P <0.0001) during the
uptake phase of each experiment (Table 4). During
exposure to radium-free water (days 28-—-356) there
was no significant decrease (P>0.03) in the con-
centration of Ra-226 in tissue in either experiment,
These mussels were then regarded as having been
exposed to the elevated concentration of Ra-226 in
water for 28 days and their results for each experi-
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Fig. 2. The patiern of uptake and loss of Ra-226 in the tissue of
mussels exposed to a mean Ra-226 water concentration of
179 Bq 171 for 28 days followed by 28 days’ exposure to
radium-free water at the nominal Ca and Mg water concentra-
tions of 0.5 mg 1!, @ Ra-226 tissue concentration. o Ra-226
water concentration. regression line for uptake or loss
data. —— — regression line for uptake and loss data.
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Fig, 3. The pattern of uptake and loss of Ra-226 in the tissue
of mussels exposed to a mean Ra-226 water concentration of
0.95 Bg i-! for 28 days followed by 28 days’ exposure to
radium-free water, at the nominal Ca and Mg water concentra-
tions of 0.5 mg 1-!. & Ra-226 tissue concentration. o Ra-226
water concentration, regression line for uptake or loss
data. -~ - regression line for uptake and loss data.

ment were included with the data for days 028
for further regression analyses, giving similar R?
values (Table 4).

Of all the single and multiple regressions per-
formed, the period of exposure to the elevated
Ra-226 water concentration was the only signifi-
cant predictor {P <0.05) of Ra-226 tissue concen-
tration in each experiment; the uptake of Ra-226
was not significantly influenced (P> 0.05) by the
size or sex of the mussel. The adjustment of the
data to subtract the background tissue concentra-
tion of Ra-226 did not result in any other parame-
ters being discerned as predictors of Ra-226 tissue
concentrations of the experimentally-exposed mus-
seis. The r? values for the regressions between
Ra-226 tissue concentrations and period of expo-
sure were similar for data adjusted and unadjusted
for background Ra-226 tissue concentration,

Results from these two experiments, where
Ra-226 was accumulated in the tissue at a linear
rate during the uptake phase, suggested that mus-
sels would continue to increase their Ra-226 con-
centration if exposed to an elevated Ra-226 water
concentration for a longer period, i.e their tissue
concentration had not reached a level in equilibri-
um with the Ra-226 water concentration.

In a third experiment to test this hypothesis
mussels were exposed to 1.85 Bq Ra-226 ! for
56 days. Fig. 4 shows the resulting pattern of ac-
cumulation of Ra-226. The log,, of tissue concen-
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Fig. 4. The pattern of uptake of Ra-226 in the tissue of mussels
exposed to a mean Ra-226 water concentration of 1.85 Bg 1-!
for 56 days at the nominal Ca and Mg water concentrations of
0.5 mg 1. e Ra-226 tissue concentration. o Ra-226 water
concentration,

tration of Ra-226 apain continued to increase at a
high significant rate (P <0.0001) over the total pe-
riod of exposure (Table 4). A suggestion of curvi-
linearity in this pattern of uptake is due to the
log,, transformation of the data, as it did not ap-
pear in the untransformed values.

In experiment 3, variables related (o size recurred
as significant (P < 0.03) negative co-predictors of
Ra-226 tissue concentration; that is, smaller mus-
sels increased their Ra-226 tissue concentration at
a greater rate than larger mussels. However the ef-
fect of mussel size is minimal when it is combined
with period of exposure as it does little to increase
the amount of variance in Ra-226 tissue concentra-
tion that is accounted for by the regression analysis.

Subtraction of a calculated background Ra-226
tissue concentration from the data once again did
not improve the R? values compared to the regres-
sions based on unadjusted Ra-226 tissue concentra-
tions.

Exposure of mussels fo elevaied Ca and Mg water
concentrations

Experiment 4 was designed to determine the
combined effect of elevated water levels of both Ca
and Mg on the rates of uptake and loss of Ra-226
in mussel tissue. Fig. 5 shows that Ra-226 uptake is
completely inhibited under these conditions, with
no loss of background Ra-226 from the tissue upon
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Fig. 5. The pattern of uptake and loss of Ra-226 in the tissue
of mussels exposed to a mean Ra-226 water concentration of
1.33 Bq 1-! for 28 days, followed by 28 days’ exposure to
radium-free water at the nominal Ca and Mg water concenira-
tions of 5.0 mg 1-! and 23 mg 1-!, respectively. @ Ra-226 tis-
sue concentration, m Ra-226 wafer concentration. re-
gression line for uptake or loss data. — — — regression line for
uptake and loss data.

exposure of mussels to radium-free water. Table 4
shows the results of statistical analysis, confirming
the lack of significant (I >0.05) uptake or loss of
Ra-226 by the mussel under these water concentra-
tions of Ca and Mg.

Exposure of mussels to an elevated Ca and “back-
ground’ Mg water concentration

Experiment 5 was designed to determine the ef-
fect of an increased Ca water concentration alone
on the rate of uptake and loss of Ra-226 in mussel
tissue. Fig. 6 shows the reduced rate of accumula-
tion of Ra-226 in the tissues of mussels exposed to
a mean Ra-226 concentration of 1.14 Bg 171, As
for previous experiments, the Ra-226 tissue concen-
tration did not decline when mussels were exposed
to radium-free conditions.

Results for mussels sampled during the first
28 days did not reveal a statistically significant in-
crease (P>>0.05) in their Ra-226 tissue concentra-
tion. There was no significant loss (P >0.05) of
Ra-226 from the tissues during exposure to radium-
free water. However when the results for individuals
sampled during the depuration phase were included
with the data for days 0—28 a statistically signifi-
cant increase {P<0,033) in Ra-226 tissue concen-
tration during exposure to the elevated Ra-226 wa-

T T T T T
I . / _
T AY ,D\ | 7
- .
3 o
g \3/ . g
s
& I ° .
- H s =z
z L 3 =
& ® . z
[ 2=
R A ® ® e® o % @ B
&
® —_— Cm 8 —ib1 5
g %.e T R 'ﬂse ® @ -
z ] P
2 ® 3 =
- % @ 3
- BE 4 - .
8 ® ‘ 2
= b
- . E
R S Tox5.0mgt™ 2
4
: | Mgz 0.5 mg L 9
5 L] .
£
LT = L
! é‘s—a—m——lu—m—-—a—?—o
160 £
28

L] 58
BAYS OF EXPOSURE

Fig. 6. The pattern of uptake and loss of Ra-226 in the tissue
of mussels exposed to a mean Ra-226 water concentration of
1.14 Bg 1-! for 28 days followed by 28 days” exposure to
radium-free water at the nominal Ca and Mg water concentra-
tions of 5.0 mg I-! and 0.5 mg 1!, respectively. & Ra-226 tis-
sue concentration. © Ra-226 water concentration. - re-
gression line for uptake or loss data. — — — regression line for
uptake and loss data.

ter concentration could be discerned. However the
amount of radium taken up was very small com-
pared to that seen in experiments 1 to 3.

Parameters of mussel size, ie. shell length and
breadth and total wet weight, paradoxically recur as
significant (P <0,05) positive co-predictors of
Ra-226 tissue concentration. For the Ra-226 tissue
concentrations not adjusted for the background
concentration, these relationships reflect the natu-
ral increasing Ra-226 tissue conceniration with
mussel size (Jeffree, 1985) that is not masked by the
smalfl amount of Ra-226 taken up during experi-
mental exposure. It is possible that for the adjusted
data the predicted background is lower than the
real concentration, i.e. the effect of background
Ra-226 tissue concentration was not fully removed.

Tor both sets of data, unadjusted and adjusted
for background Ra-226 tissue concentration, the
regression analyses explain little (10 to 20%) of the
variance in Ra-226 tissue concentration.

Exposure of mussels fo ‘background” Ca and
elevated Mg water concentrations

These two experiments determined the single ef-




fect of an elevated Mg water concentration, nomi-
nally 5.0 mg 1=! and 25 mg 1-7, on the rate of up-
take and loss of Ra-226 in mussel tissue in water at
‘background’ Ca concentrations.

Fig. 7 shows the patterns of accumulation and
ioss of Ra-226 in the tissues of mussels exposed to
a mean Ra-226 water concentration of 1.05 Bq1~*
for 28 days followed by 28 days’ exposure to
radium-free water, when the Mg water concentra-
tion was 6.5+0.5 mg 17!, ie about 10 times the
natural level.

Radium was accumulated in the tissues at a high-
ly significant rate (P <0.001) during the 28 day up-
take phase. This statistical significance was main-
tained when the mussels sampled over the last
28 days of the experiment were included in the
analysis. There was no significant loss (P >0.05) of
Ra-226 during exposure to radium-free conditions.
This result suggests that the elevated Mg water con-
centration is not as inhibitive of Ra-226 uptake by
V. angasi as was the elevated Ca water concentra-
tion.

Fig. 8 shows the effect of a 50-fold increase above
background Mg water concentration (24.2 mg 17')
on the patterns of uptake and loss of Ra-226 in
mussels exposed to a mean Ra-226 water concentra-
tion of 1.09 Bg [~! for the uptake phase, followed
by exposure to radium-free conditions. Mussels
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Fig. 7. The paitern of uptake and loss of Ra-226 in the tissuie
of mussels exposed to a mean Ra-226 water concentration of
1.05 Bq 1~! for 28 days, followed by 28 days’ exposure to
radium-free water at the nominal Ca and Mg water concentra-
tions of 0.5 mg 1-* and 5.0 mg 17, respectively. & Ra-226 tis-
sue concentration. 0 Ra-226 water concentration. re-
gression line for uptake or loss data, —— — regression line for
uptake and loss data.
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Fig. 8 The paitern of uptake and loss of Ra-226 in the tissue
of mussels exposed to a mean Ra-226 water concentration of
1.09 Bq 1-! for 28 days, foliowed by 28 days’ cxposure to
radium-free water at the nominal Ca and Mg water concentra-
tions of 0.5 mg 1-! and 25 mg 1!, respectively. @ Ra-226 tis-
sue concentration. 0 Ra-226 water concentration. - TE-
gression line for uptake or loss data, — -~ — regression iine for
uptake and loss data.

exposed only for the period of elevated Ra-226 wa-
ter concentration showed no significant uptake
(P>0.05) of Ra-226 with period of exposure. Nor
was there any significant loss (P >0.05) of Ra-226
upon exposure to radium-free conditions (Table 3),
Bowever, when the values for mussels sampled af-
ter day 28 were included in the analyses for the up-
take phase, there was a significant (P <0.05) but
slight increase in Ra-226 tissue concentration. Lit-
tle (9%s) of the high variance in Ra-226 tissue con-
centrations was explained by regression analysis.

The effects of varying Ca and Mg water concen-
trations on the rate of uptake of Ra-226 in mussel
tissite

To determine whether the varying Ca and Mg wa-
ter concentrations significantly affected (P <0.05)
the rate of uptake of Ra-226 by V. angasi, the fol-
lowing statistical analyses were conducted.

Because the mean Ra-226 water concentration
varied between experiments, it was necessary first
to determine if it had a significant effect (P <0.05)
on the rate of uptake of Ra-226 by mussel tissue.
Accordingly, the log normal rate of uptake was re-
gressed against the mean Ra-226 water concentra-
tion in combination with the mean assayed Ca and
Mg water concentrations and the nominal Ca and
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Mg concentrations. The results of these multiple
linear regressions (Tiable 5: a and b) showed that,
for the range of concentrations used in these stud-
ies, the Ra-226 water level had no significant effect
(P > 0.05) on the rate of uptake of Ra-226 by ¥, an-
gasi.

The log normal rate of uptake was then regressed
against the nominal and mean assayed Ca and Mg
water concentrations (Table 5: ¢ and d) showing
that they both significantly reduced (P <0.05) the
rate of uptake of Ra-226 by mussel tissue. These
regressions show that nearly 90% of the variation
in the rate of uptake of Ra-226 among the experi-
mental exposures is explained by the variation in
the Ca and Mg water concentration, The regression
plane that visually summarises the effects of Ca
and Mg water concentrations on the rate of uptake
of Ra-226 by the mussel is shown in Fig. 9.

To determine whether such reductions in the rate
of accumulation of Ra-226 were proportional to
the increases in the Ca and Mg water concentra-
tions, the following comparisons were made,

Table 6 shows the arithmetic amounts of Ra-226
accumulated in mussel tissue during each ex-

perimental exposure. Table 7 shows a comparison .

of the ratio of Ca water concentrations and the
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Fig. 9. The rate of accumulation of Ra-226 by the tissue of ¥
angasi as a function of the Ca and Mg water concentrations.
e experimentally determined rate of accumulation of Ra-226
for each combination of nominal Ca and Mg water concentra-
tions. The length of the vertical line is a measure of the rate of
accumulation of Ra-226,

corresponding ratios of Ra-226 concentrations
(arithmetic} accumulated in mussel tissue during
experimental exposure. Table 8 shows similar com-
parisons for varying Mg water concentrations.
Within experimental error these results are consis-

Table 5. Results of multiple linear regression where the rate of uptake*’ of Ra-226 in mussel tissue is regressed against the experimen-

tal combinations of water concentrations of Ra-226, Ca and Mag.

Elemental concentration Regression t P fort F ratio PforF Muitiple R?
coefficient

(@)

Ra-226 {mean assayed) 0.004 0.993 0.394

Ca (mean assayed) —0.003 - 3,109 0.053 10.02 0.045 0.9

Mg (mean assayed) - (.0002 -2.777 0.069

(b}

Ra-226 (mean assayed) 0.004 1.033 0.378

Ca (nominal) —-0.002 -~ 3.490 0.040 11.66 0,037 0.92

Mg (nominal) - 0.0002 —-3.154 0.051

(c)

Ca (mean assayed) —0.003 —-3.191 0.633 14.59 ¢.015 (.88

Mg (mean assayed) - 0.0002 -3.076 0.037

()

Ca {nominal} —0.003 ~3.563 0.023 16.68 0.011 .89

Mg (nominal) —0.0002 . —3.409 0.027

* Determined from data unadjusted for background Ra-226 tissue concentration.
T Mussels exposed to an elevated Ra-226 water concentration and the nominal Ca and Mg concentrations of 5 and 25 mg I~ !, respec-
tively, showed no significant rate of uptake (P>0.05) of Ra-226 (Table 4). However, for the purpose of this analysis the rate was

set at the very low value of 0.0001,




Tuble 6. The arithmetic amounts of Ra-226 accumulated in tis-
sue of mussels from Cornderl Billabong during experimental
exXposure.

Experiment Water concentrations Ra-226

MNo. accumulated
Ra-226 Ca Mg (mBqg~ 1
(Bgi-l, (mgi-l, (mgl-l, over
assayed) nominal) nominal) 28 days*

1 1.79 0.5 0.5 2760

2 0.95 0.5 0.5 4020

3 1.85 0.5 0.5 4790

4 1.33 5.0 25.0 0

5 1.14 5.0 0.5 460

6 1.05 0.5 5.0 1940

7 1.09 0.5 25.0 560

* The regressions between Ra-226 tissue concentration (not ad-
justed for background) and period of exposure {Table 4) were
used to determine the log, tissue concentration before and
afrer experimental exposure (28 days). These log;y values
were then converted to the arithmetic values and subtracted to
determine the amount taken up during experimental ex-
posure. These values are shown in the table.

Table 7. Comparisons of the ratios of Ca water concentrations
with the ratios of arithmetic Ra-226 concentrations in mussel
tissue after experimental exposure.

Mean Ra-226 water Ratio of Ca water Ratjo of

congentration concentrations Ra-226 tissue
{high Ca:low Ca) concenirations

Low Ca HighCa ————— (low Cahigh Ca)
Assaved Nominal

1.79 1.14 6.1 10 6.0

0.95 1.14 5.0 10 3.8

1.85 1.14 5.5 10 10.5

Table 8. Comparisons of the ratios of Mg water concentrations
with the ratios of arithmetic Ra-226 concentrations in mussel
tissue after experimental exposure.

Mean Ra-226 water Ratic of Mg water - Ratio of
concentration concentrations Ra-226 tissue
e (high Mgilow Mg} concentrations®
Low Ca High ¢a -————— (low Mg:high Mg)

Assayed Nominal

1.79 1.05 11 10 1.42
6.93 1.05 12.3 16 2.07
1.85 1.05 12.7 10 2:46
1.79 1.09 41.6 50 4,70
0.95 1.0% 45.7 50 6.83
1.85 1.0% 47.5 50 8.14
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tent with Ra-226 accumulation being inversely pro-
portional to both Ca water concentration and Mg
water concentration; for the former the constant of

proportionality i.e Raz[ﬁ% is unity; for Mg it is
about 0.1.

Condition of experimental mussels

The physiology of the mussel under experimental
conditions may be adversely affected by Ca and Mg
water concentrations elevated, both singly or in
combination, above those experienced by mussels
under natural conditions, complicating interpreta-
tion of the experimental results. Moreover the arti-
ficial nature of experimental conditions in general
could affect mussel physiology.

To allow some assessment of the effects of the ex-
perimental exposure on the general physiology of
the mussel, the condition of mussels during ex-
perimental exposure was investigated and percent-
age mortality was tabulated for each experimental
exposure,

To determine whether the condition of mussels
changed during experimental exposure, the dry tis-
sue weight wpon sacrifice was regressed against
both shell breadth and period of experimental ex-
posure, This procedure removed the effect of mus-
sel size on dry tissue weight so that the effect of the
period of experimental exposure on dry tissue
weight could be determined.

These results are shown in Table 9. For only one
out of the seven experiments was there a significant
decrease (P <0.05) in dry tissue mass during the
period of experimental exposure.

Mortality rates were generally low except for ex-
posure to highest water concentrations of both Ca
and Mg (5.0 mg 1~} and 25 mg [~ nonunal respec-
tively).

Longer term loss experiments

The exposure of mussels that had accamulated
high concentrations of Ra-226 under experimental
conditions to radium-free water over 28 days did
not result in any significant loss (P>0.05) of
Ra-226 from the tissue. To determine whether &
true rate of loss of Ra-226 was being masked by the
relatively short exposure to radium-free conditions,
combined with the high variance in the result, mus-
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Table 9. Results of multiple linear regression of dry weight of mussel tissue at sacrifice against shell breadth and exposure period.

Water concentrations of alkaline Results of multiple linear regression Percentage®
earth metals mortality
Predictor Coefficient 1t P Fratio P
Ra-226 Ca Mg
{(mBg 1-1) (mg 1= (mgl-T
(mean assayed) {(nominal} (nominat)
1.7% 0.5 0.5 shell breadth 0.13% 6.82  <0.01
period of exposure 0.005 1.18 0.249 23.49 <0.L001 O
0.95 6.5 0.5 shell breadth 0.060 19.59 <{.01
period of exposure  —~0.001 -1.08 (.286 36.97 <0.0001 0
1.85 0.5 0.5 shell breadth 0.053 12.3% <G08
period of exposure  ~0.001 _2198 g3 oL+ <0.0001 4
1.14 5.0 0.5 shell breadth 0.079 7.80 <0.01
period of exposure  ~0.0001  —0.10 0.2 o118 <0000
1.05 0.5 5.0 shell breadth 4.052 8.222 <001
period of exposure  —0.002 —1.792 0.079 36.95 <0.0001 6
1.09 0.5 25.0 shell breadth 0.069 1076 <00t
petiod of exposire  —0.002  —0.937 054 o642 <0001 0
1.33 5.0 25.0 shell breadth 0.032 1.60 0.117
period of exposure 0.002 1.07 0.291 134 0.223 12

* Expressed as a percentage of the number of mussels that died during the total experimental exposure to the total number of mussels

present at the beginning of the experiment.

sels were exposed to radium-free conditions for
longer periods, and the Ra-226 tissue concentra-
tions monitored.

Two experiments were conducted. First, musseis
from Corndorl Billabong (Fig. 1) that had accumu-
lated high concentrations of Ra-226 during 56 days
of exposure to a mean Ra-226 water concentration
of 1.83 Bg 1! (Fig. 4) were exposed to radium-free
water for up to 81 days. Mussels were exposed to a
continuous flow of water with nominal Ca and Mg
water concentrations of 0.5 mg 1~! and a density
of Chlamydomonas cells of 20x10° cells per litre
as detailed previously.

Fig. 10 shows the relationships between Ra-226
tissue concentration and the period of exposure to
radium-free conditions and indicates no significant
decrease (P>0.05) in the Ra-226 tissue concentra-
tion during the experimental period. To determine
whether any real decrease in Ra-226 tissue was be-
ing masked by a possible decreasing tissue mass
during the period of exposure, the tissue mass was
regressed against both shell breadth and period of
experimental exposure. This technique removed the
effect of mussel size on dry tissue mass so that the
effect of the period of experimental exposure on
dry tissue mass could be more clearly determined.
The results for the regression analysis show that
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Fig. 10. Ra-226 tissue concentration (e ) as a function of period
of exposure to radium-free water for mussels previcusly exposed
to a mean Ra-226 water concentration of 1.85 Bg 1! for
56 days.

there was no significant reduction (P >0.05) in tis-
sue mass during the experimental exposure, During
the experimental exposure 15% of the original
number of mussels died.

Predictor of tissue mass £ P (2 tail)
Period of exposure ~1.80 0.089
Shell breadth 6.31 <0.001




Secondly, mussels from Georgetown Billabong
(Fig. 1} which had naturally elevated Ra-226 con-
cenirations in their tissues (Davy & Conway, 1974)
and which had no experimental exposure to elevat-
ed radium in water were exposed to radium-free wa-
ter at the nominal Ca and Mg water concentrations
of 5.0 and 25.0 mg 1! respectively. It was thought
possible that such high levels may result in an ele-
vated rate of exchange of Ca and Mg for Ra-226
within the tissues thus accelerating the loss of
Ra-226 from them as reported for mammalian
studies of Sr retention in bone (Catsch & Melchin-
ger, 1959, quoted in Roushdy et al, 1979).

Water was changed twice weekly and mussels
were fed once daily with veast cells (20108 1-1),
i.e. at the same concentration as for the Chlamydo-
monas cells.

Radium-free conditions were maintained for up
~ to 286 days. A simple linear regression of Ra-226
tissue concentration against the period of exposure
showed that Ra-226 tissue concentration increased
significantly (P <0.001) with period of exposure.
However, a sirong negative correlation between dry
tissue mass and period of exposure (y=-0.79,
P <0.001) was also demonstrated, suggesting that
the Ra-226 was being retained in a tissue mass that
was reducing with the period of experimental ex-
posure, giving rise to an increasing concentration
over time. Accordingly, the Ra-226 tissue concen-
tration was regressed against both period of ex-
posure and dry tissue mass as well as shell breadth,
a determinant of the initial tissue mass, and initial
Ra-226 tissue concentration. This analysis gave the
following results:

Predictor of Ra-226 t P (2 tail)
tissue concentration

Period of exposure 0.67 0.505
Dry tissue mass —2.603 0.013
Shell breadth 3.473 0.001

showing that after the effects of declining tissue
mass and mussel size were taken into account, the
Ra-226 tissue concentration did not significantly
decline (P =0.505) during the period of exposure to
radium-free water. This result is shown in Fig. 11,
where the calculated residual Ra-226 tissue concen-
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Fig. 11, Residual Ra-226 tissue concentration { @ ) as a function
of period of exposure to radium-tree conditions for mussels col-
lected from Georgetown Billabong.

tration (adjusted for the effects of tissue mass and
shell breadth) is plotted against the period of expo-
sure 1o radium-free water.

A second similar experiment over 195 days gave
similar results. These results suggested no signifi-
cant decrease (P=0.172) in Ra-226 tissue concen-
tration as the period of exposure increased; howev-
er there was a highly significant inverse correlation
{(y=—047, P<0.001) between period of exposure
and dry tissue mass. This again suggested that the
decreasing mass may have masked a real decrease in
Ra-226 tissue concentration during experimental
exposure. The Ra-226 tissue concentration was con-
sequently regressed against the combined parame-
ters as above giving the following results:

Predictor of Ra-226 t P (2 tail)
tissue concentration

Period of exposure —0.150 0.882
Dry tissue mass —0.404 < 0.001
Shell breadth 2.935 0.005

The Ra-226 tissue concentration did not decrease
significantly (P = 0.882) with the period of exposure
to radium-free water, after the effects of declining
tissue mass and mussel size were removed. This re-
sult is shown in Fig. 12 where the calculated residu-
al Ra-226 tissue concentration is plotted against the
period of exposure to radium-free water.

During these two experimerntal exposures about
30% of the original number of mussels died.
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Fig. 12. Residual Ra-226 tissue concentration (e ) as a function
of period of exposure to radium-free conditions for mussels col-
lected from Georgetown Billabong.

The significant decline (P <0.05) in tissue mass
of mussels exposed to waters with elevated Ca and
Mg concentrations may reflect the adverse effects
of these levels on the mussel’s physiology or the in-
adequacy of yeast cells as a food for V, angasi,

Discussion

The effecis of Ca and Mg water concentrations on
the rate of uptake of Ra-226 by V. angasi and other
animals

The results show that increased Ca and Mg water
concentrations, both in combination and inde-
pendently, significantly reduce (P < 0.05) the rate of
accumulation of Ra-226 in the tissue of V. angasi
during exposure to an elevated Ra-226 water con-
centration.

The inhibiting effect of the increased Ca water
concentration on Ra-226 uptake by ¥ angasi is in
accord with the results of similar studies on the ac-
cumulation of Ra-226 and radioactive Sr by other
animals and humans.

Marey ef al. (1967) investigated the effect of in-
creased Ca content in drinking water on the Ra-226
and Sr-90 content in the bone tissue of two adult
human populations from middle Asia, where simi-
lar amounts of Ca, Ra-226 and Sr-90 were received
from food. For the population receiving additional
amounts of Ca from water, Sr-90 accumulated in
the bone tissue was significantly reduced (P <0.05).
The elevated Ca water concentration also appeared
to reduce Ra-226 levels in the bones of both adults
and children. Muth & Glébel (1983) attributed the

higher transfer of Ra-226 from the diet {0 the skele-
tons of people living in Germany to the lowered Ca
intake of the German population as compared to
other investigated populations. Wasserman ef al.
{1957) investigated the effect of dietary Ca level on
the retenfion of Sr-85 in the carcasses of young rats
and found that an increasing Ca content in the diet
reduced the retention of Sr-85.

Roushdy ef af. (1979) found that the rate of depo-
sition of ingested Sr-89 in rats maintained under
varying Ca dietary conditions is reduced by an in-
creased Ca dietary content.

Templeton & Brown (1963, 1964) investigated the
relationships between the concentrations of Ca, Sr
and Sr-90 in brown trout, Selmo frutta (Linnaeus),
and the concentrations of Ca and Sr in waters of
the United Kingdom. They showed that for brown
trout (and other species of freshwater fish) the Sr
concentration in bone and muscle tissue was in-
versely related to Ca concentration of the water; the
relationship between Sr-90 in brown trout tissues
and the Ca water concentration was comparable
with that determined for stable Sr.

Studies by Ophel & Judd (1967} on Sr-90 accu-
mulation by goldfish, Carassius auratus (Lin-
naeus), from food showed that Ca added to the
food caused an obvious reduction in Sr-90 levels in
the whole fish body. Similarly Brungs’ (1965) ex-
perimental study of the effect of a variable Ca
water concentration on the uptake from water of
Sr-85 by freshwater bluegill, Lepomis macrochirus
{Rafinesque), showed that there was a continual de-
crease in uptake of Sr-85 with increasing Ca water
concentration. More recently, investigations by
Rope & Whicker (1985) on Ra-226 accumulation in
trout exposed under field conditions showed the
highest fissue concenirations were found in those
individuals living in water with the highest Ra/Ca
ratio.

The inhibiting effect of elevated Mg water con-
centrations on Ra-226 uptake observed in this study
on V. angasi does not have universal support in the
literature. For example, Brungs {1965) found that
increasing Mg water concentration had no signifi-
cant (P > 0.03) inhibiting effect on the uptake from
water of Sr-85 by the bluegill, Lepomis macrochi-
rus. In contrast, Ophel & Judd (1967) showed that
the poldfish, Carassius quratus, reduced its ac-
cumulation of Sr-90 from food when the Mg level
in food was elevated, although Mg was less inhibi-




tive than Ca and Sr. Roushdy ef ol (1979) found
that injected Mg decreased uptake of injected Sr-85
by rats.

In V. angasi the limited results of these experi-
mental studies are consistent with Ra-226 accumu-
lation being inversely proportional to the Ca water
concentration with the constant of proportionality
being approximately unity (Ra= Té%]m), as found by
Templeton & Brown (1964) for Sr concentrations in
brown trout. Wasserman ef ¢l {1957) also showed
experimentally that the inhibiting effect of increas-
ing Ca content in the diet of rats on their retention
of Sr-85 was close to being proportional; a four-
fold increase in Ca intake resulted in about a three-
fold decrease of Sr-85 retention in the short-term,
and for a longer feeding period the relationship was
nearly proportional. The authors suggested that
the animal tended to absorb more Ca when the Ca
level was suddenly raised, before adjusting its utili-
sation to pre-exposure level,

A ftest of the metabolic analogue hypotheses?

The proportionally inhibitive effect of increased
Ca and Mg water concentrations on the rate of up-
take of Ra-226 by V. angasi supports the hypothe-
ses that Ra-226 is metabolised in a manner analo-
gous to Ca or Mg. The evidence is particularly
strong for Ca where the constant of proportionality
is approximately unity.

Other possible interpretations of these findings,
apart from the mechanism of competitive inhibi-
tion, are discussed below so that the data and the
experimental design can be evaluated for their ade-
quacy to test a metabolic analogue hypothesis,

Mussels were exposed to combinations of levels
of Ca and Mg that were higher than those they en-
countered in Corndor] Billabong water. The in-
creased concentrations may have altered aspects of
the mussel’s physiological state, in particular the
biochemical pathways involved in Ra-226 accumu-
Iation, even if they were not analogous to those
used in Ca and Mg accumulation.

Indeed Ca and Mg water concentrations are
known to alter a variety of physiclogical parame-
ters in other aquatic molluscs., Harrison (1968)
showed that the calcium bicarbonate concentration
of his experimental water affected the physiology
of the freshwater gastropod, Biomphalaria pfeifferi
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(Krauss) to a level that could be detected by oxygen
uptake measurements. Its egg-laying rate was in-
creased in waters with increased Ca water concen-
trations and reduced in waters with increased Mg
concentrations. Associated field studies showed
that aquatic snails were absent from water with
high Mg concentrations at low Ca levels (Harrison
et al, 1966). Experimental studies by Nduku &
Harrison (1980) on the freshwater gastropods,
Biomphalaria pfeifferi (Krauss), B. glabrata (Say)
and Helisoma trivolvis {Say) showed that increas-
ing Ca concentration in the experimental water in-
creased shell sizes over a 14 week exposure. In con-
trast, an increased Mg water concentration reduced
the rate of growth of the shell, as well as reducing
the rate of egg-laying and delaying sexual matura-
tion. Similarly, experimental studies by Thomas ef
al. (1974) on Biomphalaria glabrata showed that an
elevated Ca water concentration increased natality
and growth rates. These results aliow the possibility
that general physiological effects per se of elevated
Ca and Mg water concentrations, irrespective of
their diluting effect on the Ra-226 water concentra-
tion (in the sense of physiological availability),
could alter the rate of accumulation of Ra-226 by
V. angasi by mechanisms other than competitive in-
hibition.

More specific physiological effects of elevated Ca
water concentrations have also been reported for
bivalves. Satir (1975) and Walter & Satir (1978)
showed that the movement of both intact and iso-
lated cilia from the gills of the freshwater mussel,
Elliptio could be arrested by high concentrations of
external Ca in the presence of the divalent cationic
ionophore A23187, It was assumed that the iono-
phore resulted in an increase in cytoplasmic Ca
concentration, and its physiological significance
was seen to be that water currents to the organism
can be shut down, either momentarily or for longer
periods, under unfavourable conditions. Moreover,
studies by Dean & Paparo (1983) on the effects of
changes of salinity and Ca water concentration on
ctenidial ciliary activity in the oyster Crassostrea
virginica (Gmelin) showed that metachronal wave
activity and particle transport rates were more in-
hibited the greater the change in salinity and that
this sensitivity to salinity change was mediated by
Ca water concentration. If the increased Ca water
concentrations to which V. gngasi was exposed re-
sulted in similar changes in the animal, it could re-
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duce its period of effective exposure to experimen-
tal water, thus reducing its rate of accumulation of
Ra-226.

More specific effects of elevated Mg water con-
centrations have been reported for some aguatic
invertebrates. Lang ef al. (1979) found that in the
lobster, Homarus americanus, neuromuscular
transmission was severely depressed during expo-
sure to solutions elevated to 40 mM of Mg?*.
Nduku & Harrison (1980) observed that the fresh-
water gastropods, B. pfeifferi, B. glabrata and
Heliosoma trivolvis were noticeably more sluggish
than normal after their exposure to elevated Mg
water concentrations, although these levels were
much lower than those that can produce narcotisa-
tion in freshwater invertebrates (Pantin, 1959},

if the elevated Mg water concentrations had a
similar anaesthetic effect on V. angasi, reducing its
general metabolic rate, then its rate of uptake of
Ra-~226 could be reduced by a mechanism that was
not due to competitive inhibition.

Furthermore, elevated Mg water concenirations
may alter Ca and, by assumed analogy, Ra-226 me-
tabolism of V, angasi, as has been demonstrated for
two freshwater gastropods by Nduku & Harrison
{1980). An increasing Mg water concentration re-
sulted in decreasing calcium levels and increased
Mg levels in the haemolymph of B. glabrata and H.
trivolvis; the authors suggested that this effect was
due to metabolic antagonism or competition be-
tween Ca and Mg. Hence it is possible that Mg may
inhibit Ra-226 uptake by ¥, angasi by both a gener-
al anaesthetic effect and by competitive inhibition.

Because Ca and Mg were added as sulphates to
the experimental water, the effects of their in-
creased water concentrations on the rate of accu-
mulation of Ra-226 by V. angasi cannot be separat-
ed from the effect of the increased sulphate water
concentration. However, studies by Dietz (1978,
1979} on the unionid C. fexgsensis and freshwater
mussels from other families have indicated that sul-
phate is not transported across the body surface
from the water to the body fluids. Hence it may be
of limited physiological significance with regard to
Ra-226 uptake by V. angasi.

Mussels may avoid conditions that they regard as
unfavourable by closing their valves. If V. angasi
responded in this way to elevated Ca and Mg water
concentrations then its uptake of Ra-226 could be
reduced.

These other interpretations of the experimental

results, that derive from the complexity of biologi-
cal systems and the resultant variety of ways they
may react to any given set of experimental condi-
tions, indicate that this experimental design does
not completely test the hypotheses that Ra-226 is
treated as a metabolic analogue of Ca or Mg.
Heowever, these other explanations of the effects
of elevated Ca and Mg water concentrations on the
rate of uptake of Ra-226 are only theoretical possi-
bilities for ¥, angasi, and although these physiolog-
ical effects were not specifically investigated, the
following points throw light on their significance.
— The experimental data are consistent with
Ra-226 accumulation being inversely proportional
to the Ca water concentration, with a unit constant
of proportionality; this suggests that Ca merely
diluted the Ra-226, i.e. proportionally decreased the
Ra-226 ions available per unit time to the mussel
for uptake, with minimal physiological changes to
the mussel.
— Growth rates for populations of mussels in
Magela Creek are similar in water of Ca concentra-
tions that naturally range from 0.5 to 5 mg 17!
(Simpson et af, 1983); these field data indicate no
physiological stress is caused by 5§ mg 17! of Ca.
— Similar patterns of accwmulation of Ra-226 and
Ca in field-collected mussels (Jeffree & Davy, 1983;
Jeffree, 1985) and the co-location of Ra-226 and Ca
predominantly in granular deposits in mussel tissue
(Jeffree & Simpson, 1984) are consistent with
Ra-226 being a metabelic analogue of Ra-226.
~ Although the experimental data are consistent
with Ra-226 accumulation being proportional to
the Mg water concentration, the constant of pro-
portionality is about 0.1, i.e. Mg does not merely
dilute the Ra-226. Also an elevated Mg water con-
centration (in combination with a high Ca water
concentration) appeared to increase mortality in
the shorter-term experiment and cause weight loss
and increased mortality in the longer-term loss ex-
periments. These results indicate that an increased
Mg water concentration causes some physiological
changes to the mussel, in turn altering its mecha-
nism of Ra-226 uptake, although Mg may still com-
pete with Ra-226 and Ca for uptake sites.

Patterns of accumulation and loss of Ra-226 in the
fissue of V. angasi

For all the experiments where there was a signifi-
cant accumulation (P <0.03) of Ra-226 in mussel




tissue the patterns of uptake were the same, ie. a
continuous linear increase of Ra-226 tissue concen-
tration with period of exposure to the elevated
Ra-226 water concentration. This finding is consis-
tent with the patterns of accumulation observed in
field-collected V. anmgasi where the Ra-226 tissue
concentration increases with increasing mussel size
and age (Jeffree & Davy, 1983; Jeffree, 1985). Simi-
larly, experimental studies by Harrison (196%) on
Mn-34 and Zn-65 accumulation in the freshwater
clam Anodonta nuttalliana (Lea) showed that over
an uptake period of up to 146 days, A. nuttalliona
accumulated these two elements at an essentially
linear rate.

Mussel tissue did not become saturated with
Ra-226 after 56 days of exposure to an elevated
Ra-226 water concentration even though tissue lev-
els were up to 40 times higher than average back-
ground tissue concentrations. These results gave no
indication that V. angasi has a Ra-226 tissue con-
centration that equilibrates with the Ra-226 water
concentration, i.e. there is no evidence for a regu-
lated pool of Ra-226 in the tissues of V. angasi, as
postulated by Davy & Conway (1974). Similarly,
bone from the leg, rib and spine of native Tajiwan-
ese buffalo naturally increases in Ra-226 concentra-
tion at a linear rate as the animals increase in age
between 1 and 5 years (Wu & Cheng, 1977).

In contrast to these linear patterns of accumula-
tion of Ra-226, Muth & Gldbel’s study (1983) of the
natural Ra-226 concentration in hurman bone
showed a marked age dependency; there were two
maxima, between ¢ and 1 year and 10 and 16 vears.
During these age intervals the human skeleton goes
through its rapid growth phases. After the second
growth phase there is a reduction in the Ra-226
concentration of human bone. Also studies by
Muth ef al. (1960) on the natural Ra-226 content of
the domestic chicken showed that the Ra-226 con-
centration in bone continued {o decrease during the
period of bone growth, after which the level re-
mained constant; however the total Ra-226 content
per chicken did increase with increasing age,

Such patterns of accumulation are not restricted
to freshwater bivalves; linear patterns of accumula-
tion under experimental conditions of constant wa-
ter concentration have also been shown for Sr-90
uptake from water by the freshwater fish (total tis-
sue) Lebistes, Danio and Tanichthys (Rosenthal,
1857), for 14 to 18 days.
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In these experiments on V. gngasi there was a
consistent absence of any significant loss (P <0.05)
of Ra-226 from the tissue upon exposure to
radium-free conditions for 28 days, whether
Ra-226 had been accumulated experimentally or
naturally. The Ra-226 accumulated by ¥ angasi is
retained in the tissue in the longer term, whether
under natural or experimesntal conditions, even
when the tissue mass is declining. Additionally the
varying Ca and Mg water concentrations had no ef-
fect on the mobilisation of Ra-226 from the tissue
during the short or longer-term loss experiments,
These results indicate that V. angasi has a long bio-
logical half life for Ra-226. Similar resulis have
been shown by Harrison (1969) for Anodonita nut-
talliang where both Mn-54 and Zn-63 were present
in the tissue predominantly in metabolic pools that
turn over at very low rates; for Mn the half-life was
about 1300 days and for Zn, 650 davs. Also in
Velesunio ambiguus (Philippi) no significant loss
of experimentally accumulated 7Zn was seen over
the shorter depuration period of 21 days (Milling-
ton & Walker, 1983). Hobden’s study (1970) of Fe
metabolism in Elliptio complanata (Solander)
showed there was little or no loss of Fe from the tis-
sue of mussels exposed to running tap water for
6 months, even though the tissue mass was declin-
ing over this period.

These patterns of uptake and loss of Ra-226 by
the tissue of V. angasi result from its being stored
in an inert form in granular deposits that are dis-
persed throughout the tissue (Ellis & Jeffree, 1982;
Jeffree & Simpson, 1984). Similarly in Arodonta
nuftalliana the main storage sites for Mn-54 and
Zn-65 in the tissue were 1—-2 o diameter granules
(Harrison, 1969),

The effect of mussel size and sex on rate of accumu-
lation of Ra-226 by V. angasi

Mussel size was neither a persistent nor a strong
predictor of the rate of Ra-226 uptake by the tissue
of V. angasi. It showed up as a significant (P <0.05)
negative predictor of Ra-226 tissue concentration
when mussels accumulated Ra-226 over the longest
experimental exposure, i.e. 56 days; however little
variance in Ra tissue concentration among indi-
vidual mussels was explained by this parameter.

In contrast, smaller individuals of Anodonta
nuttalliana showed obviously higher rates of uptake
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per gram of tissue of Mn-54 and Zn-65 in the cal-
careous tissue and gills (Harrison, 1969),

The slightly higher rate of accumulation of
Ra-226 by smaller mussels would be explained in
terms of their demand for Ca and/or Mg and, by
analogy, Ra-226 (as a metabolic analogue) being
greater than that of larger older mussels whose
growth rate would be expected to have slowed
down.

Mussei sex was never a significant predictor
{P > 0.05) of the rate of uptake of Ra-226 by V. an-
gasi. Jones & Walker (1979) also demonstrated that
the variabiliiy in fissue concentrations of Fe, Mn,
Zn and Ca of ¥ ambiguus (Phillipi) were not relat-
ed to mussel sex.

Pathways of uptake of Ra-226 for V. angasi

These experimental studies, although designed to
provide pathways for the uptake of Ra-226 ffom
water and food, did not attempt to quantify the
contribution from each source.

However, other studies of alkaline-earth metabo-
lism in freshwater molluscs have indicated the rela-
tive importance of the pathway directly from the
water. The freshwater gastropod Lymnaea stagnalis
{Linnaeus) can accumulate Ra-226, Ca, Sr and Ba
directly from the water (Van der Borght, 1963;
Van der Borght & Van Pymbroeck, 1964} and the
freshwater bivalve, Anodonta cygnea (Linnaeus)
takes up Ca directly from the water (Schoffenieis,
1951a, 1951h). Morcover Van der Borght & Van
Pymbroeck (1966) showed that Lymnaea stagnalis
took about 80% of its Ca directly from the water

and the rest from food.

These studies would support the notion that ¥
angasi takes most of its Ra-226 from the experi-
mental water where, considering its pH and sul-
phate concentrations (Table 1), it would exist pre-
dominantly as Ra?" cations, with significant
(>5%) amounts present as RaSO, ion pairs
{Benes, 1982; Benes ef af,, 1982). Water was the ma-
jor compartment for Ra-226 in these studies, con-
taining 96% of the Ra-226 present, with the re-
maining 4% associated with Chlamydomonas cells
{Table 10y, mainly by adsorption (Havlik, 1971).

Furthermore, for the two experiments where the
assayed percentage of Ra-226 associated with
Chilamydomonas cells was similar (Table 10), the
rate of uptake of Ra-226 by V. angasi was reduced
by the increased Ca water concentration. If the
Chlamydomonas cells were the major source of
Ra-226 for V. angasi, then the uptake of Ra-226
would have been very similar in both experiments.
The more parsimonious interpretation of this result
is that most Ra-226 is taken directly from the water
by the mussel, the food contributing little of the
Ra-226 taken up by the mussel.

Conclusions

Our interpretation of the experimental results
and statistical analyses leads to the following set as
the most logical conclusions:

— The rate of accumulation of Ra-226 [{Ra-226-
g~ )0] by the tissue of V. angasi is linear with re-
spect to period of exposure to an elevated Ra.226

Table 10. The percentage of Ra-226 in the experimental water associated with Chlamydomonas cells.

Experimental water Ca 0.5 5.0
concentrations [mg 1-! Mg 0.5 0.5
(nominal) and Bq 1-! (§)]  Ra-226 1.79 1.14
Total Ra-226 % of Ra-226 Total Ra-226 % of Ra-226
content of algal associated total of algal associated
filtrate (mBg) with algae filtrate with algae
Experimental day during ] 40 2.2 23 2.0
period of exposure to the 10 110 5.4 56 4.7
elevated Ra-226 water 20 57 3.4 67 6.8
concentration 28 76 4.9 57 4.5
Mean % of Ra-226 4.0 4.5

associated with algae




water concentration.

— The biological half-life for Ra-226 in the tissue
of V. angasi is very long.

— The accumulation of Ra-226 is inversely pro-
portional to both [Ca] and. [Mg]. The constant of
proportionality is unity for Ca and about 0.1 for
Mg.

— The resuits indicate that Ra-226 accumulation
in v, gngasi is reduced by an elevated Ca water con-
centration due to competitive inhibition, i.e. Ra-226
is treated as a metabolic analogue of Ca,

— For Mg the results suggest that Ra-226 accumu-
lation is reduced by elevated Mg water concentra-
tions due to some other mechanism(s) apart from
or in addition to competitive inhibition, i.e. Ra-226
is not necessarily treated as a metabolic analogue
of Mg.

— Mussel size and sex had little or no effect on the
rate of accumulation of Ra-226 by mussel tissue.
— Most accumulated Ra-226 is taken directly from
the water under these experimental conditions.
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