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Abstract

The patterns and rates of accumulation, under natural conditions, of the alkaline-
earth merals 2*Ra, Ba, Ca and Mg in the tissue of freshwater mussels (Velesunio angasi)
of increasing size and age were investigated in three populations from Magela Creek in
the Alligator Rivers Urantum Province of the Northern Territory, Australia. Whereas
the **Ra, Ba and Ca tissue concentrations generally increased with size and age of nius-
sel, the Mg tissue concentration remained constant or declined. Differences berween
populations in the rates of accurmulation of **Ra and Ba with size, age and Ca tissue
concentration could be explained by different size/age relationships and ratios of **Ra
or Ba to Ca water concentrations between mussel populations.

Positive correlations berween both #%Ra and Ba with Ca tissue concentrations sup-
port the hypothesis that these non-essential elements are metabolic analogues of Ca; for
Mg fewer and less significani correlations were less supportive of the hypothesis tha
¥25R3 and Ba were metabolic anziogues of Mg.

Comparison between the rates of accumulation of the elements in mussel tissue
gave the sequence “**Ra>PBa = Ca>Mg for mussels from two pepulatons.
The rate of accumulation was correlated (P < 0.01) with the stability constant of the
hydrogen phosphate of the alkaline-earth metal. These data support the hypothesis that
the differential rates of retention of alkaline-earth merals as phosphates in the granular
deposits are directly related to their solubility. '

Introduction

The freshwater mussel Velesunis angasi (Sowsrsy) (order Eulamellibran-
chiata, family Hyriidae) from the Alligator Rivers Region of the Northern
Territory, Australia, is known to accumulate navurally in its tssue very high
levels of the alkaline-carth meral **Ra (Davy & Conway, 1974; lerrree &
Davy, 1983; Jerrree, 1985). Jerrree {1985} reported that, for three mussel pop-
ulations, their #*Ra tissue concentrations Increased significantly (P < 0.05)
with mussel size and that the *¥Ra concentration was positively and sigmif-
icantly (P = 0.05) correlated with the Ca tissue concentration. Jereree &
Swmpson (1984) demonstrated that both elements were co-located in granular
deposits dispersed throughout the tissue; also the other alkaline-carth metals
Ba and Mg were detected in the granular deposits.
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This paper reports on the patzerns of accumulation of these four alkaline
earth metals with mussel size and age and compares the patterns between the

elements in three mussel populations from billabongs that differ in the concen-
tration of alkaline-earth in water.

Study area

In Fig. 1 (inset) is shown the location of the tropical Alligator Rivers
Region. Aboriginals harvest mussels from severa) billabongs which, being
downstream of the Ranger uranium mine, may receive its effluent.

For these studies, mussels from three of these billabongs — Georgetown,
Corndorl and Mudginberri — were used (Fig. 1). Georgetown and Corndorl
are regarded as “backflow” billabongs. They are located close to the junction
of the tributaries and the main Magela Creek channel, from which they are
separated by a low natural levee. At the commencement of the wet season,
they are probably filled initially by runoff from their catchment. During most
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Fig. 1. The location of the Alligator Rivers Region (inset} in the tropical northern area
of Australia and the location of billabongs in Magela Creek immedistely downstream of
the Ranger Uranium Mine.
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wet seasons, there is usually a backflow from Magela Creek in these billabongs
since the flow in Magela Creek then exceeds that in the tributary streams. The
billabongs are 12 m in depth with shelving banks and clay or siley bottoms,
and their waters are rurbid, particularly during the dry season.

Mudginberri billabong, in the main Magela Creek channel, is flushed each
year by main creek flow. It has well vegerated steep banks and clear, deep
(~ 6 m) water, with a sandy bottom {Fox et al,, 1977).

The hydrology of Magela Creek follows a regular pattern. Flow occurs
only during the wet season then, as the dry season progresses, the stream dries
up leaving a series of isolated water holes or billabongs {Fig. 1). The wet season
flow consists of a series of flood pealss superimposed on a base flow which, in
an average year, begins about mid-December and ceases about the end of June.
Some billabongs (e.g. Mudginberri) may receive groundwater inflow during
the dry season.

Table 1 gives a general profile of the water quality for Georgetown,
Corndorl and Mudginberri billabongs. Table 2 compares the mean composi-
tion of river waters of the world with that of Magela Creek water. Although
the Cl concentration for Magela Creek is similar to the world mean, the Na
and K levels are Jower than the world mean values. The SO, HCO; and Mg

Table 1. Summary of water quality of Georgetown, Corndor] and Mudginberri bilia-
bongs*, Magela Creek, Northern Territory.

Warer concentration™ Billabong

{mean and range) Georgetown Corndorl Mudginberri

in mg L™’

Ca 0.7 (0.2-1.6) 1.1 (0.4-5.7) 0.5 {0.2-0.7)
Mg 12 (0.3-1.8) 0.8 (02-23} 0.8 (0.3-1.3)
Na 36 (0.4-8.9) 6.8 (0.8-27) 2.4 (1.1-4.6)

K 09 (0.05-2.3) 18 (02-70) 05 (<0.05-0.8)
HCO; 6.1 {0.4-14.0) 7.3 (2.4-20) 5.1 {<0.7-8.1)
5O, 1.1 {0.1-12.0) 07 (0.1-50) 0.3 {<0.1-09)
cl 67 (0.6-650) 108 (0.5-56) 3.4 (0.3-6.7)
PO, 002(0.003-045)  0.06(0.03-0.17)  0.03{<0.01-1.8)
Suspended solids 380 (10-3200) 240 {1~3300) 8 [2-19)

pH 6.3 (49-7.5) 64 (47-8.6) 64 {21-7.1)
Turbidity (NTU) 33 (7-3000) 11 (25-60) 34 (17-7.5)
Temperature (°C} 25 (23-34) 29 (20-39) 30 (24-34)
22Ra (mBg L7 <19 <19 <19

123 (34- 315y

* Based on water samples {30 to 40 determinations) collected from 1978 to 1981 by
the Water Division, Dept. Transport and Works, Northern Territory.
** Filtered water samples,
*+% Mean value taken from Davy & Conway (1974) for 7 samples taken during the dry
seasons of 197172,



1N SYdop pue uodsueay

daT fmeniagy setemp sduogerrg fasny S L)

33143 10} S30JeA JO SUEIfy o 200 Y17y ey
sBuoqgenq 1fe jo H

SanfEa JO SUEIN {asoy 1N
(0861} ¥OOTIOOW B LaVE - - - %80 6l oro 1800 - ey oi'o ooy epalfepy
# 50 199 £ &l 90 L0 O 540 24! (444 XAy 96°0 PIOM
% €0 81 e 090 LR £0°0 or'e s8¢ 800 00 7570 BHEIsY
- (€961} aNOLSONIAYY % £ 8ol ar’o ¥l - L¥°0 [ARY £9°0 [4 ! ¥e0 8770 QL0 BILY
AM Wedp - 100 46 91’0 69°1 &0 ¥0 60 el a7C 81°0 ot By
M {££61) vmuzLI00n | g0 06t ¥8'0 o 00 {00 290 981 ST 610 as'e 95°L sdoany
FLo 98¢ 9o 1£0 o0 a0 (IR 5¢°0 sL0 ¥i'0 oro 150 wolsWy inog
910 ey XA oL ¥o'0 6¢°0 vo 01 k7! e} [44e LD BOLBULY JuoN
o 18w Tbaw
SUOHED suCIuE

A ISTOIS NF_FON o N BN LD ol 1D L LFOS CFODH

HosdTy mwumwvzﬂ rmwmg GOmM‘HNQEOU .:uw muMuO.kr uLu wO Sd2em 1aald %O GC.ETC&PGOU UEIN 7 .umﬁmlw.




Means of values for rhree
billabongs, Water Di

an, Dept.

Transport and Works, N.T.

"

R

(NUT., Aust)

Patterns of accumulation 71

levels of Magela Creek are well below the world mean values and the Ca water
concentration is much lower.

The chemical characteristics of Magela Creek water vary considerably dur
ing the seasonal cycle, with the changes becoming most pronounced as the dry
season progresses; there is also a natural deterioration of water quality. This
seasonal variation is reflected in the broad ranges for the water concentrations
of many of the elements (Table 1).

As the dry scason advances, the water temperature increases, often t¢ more
than 40°C, and there is increased acidity and concentrations of suspended ma-
terial and dissolved inorganic and organic material. Anaerobic conditions may
occur in and near the bottom sediments.

The clear water of the wet season becomes very turbid as the dry season ad-
vances, especially in the shallower billabongs like Corndorl and Georgetown
(Table 1) owing to lowered water levels and disturbance of the bottom sedi-

ments by buffalo, geese and catfish.

Materials and methods
Collection and preparation of mussels

Bovpen (1974, 1977) emphasized the importance of considering the widest possible
range of musse] sizes when determining relarionships with the tissue concentrations of
more commonly studied elements. Accordingly, mussels over an extensive size range
were collecred from Corndorl and Georgetown billabongs in September 1980, from
water 0.5 to 1 m depth, by wading and from Mudginberri billabong in February 1981
from water 2.5 to 3m deep, by diving, At the time of collection, the unfiliered **Ra
water concentration for each billabong was

Billabong Georgetown  Corndor!l  Mudginberri
226Ra water 185 <19 <19
CORCENTration

{mBq L)

Georgerown billabong, an isolated body of water at that time of year, has a raised water
concentration of “Ra {see also Table 1} because of narural seepage from the nearby
Ranger are body {Fig. 1).

Mussels were transported in insulated conrainers to the Lucas Heights Research
Laboratories, where they were maintained in a replicate of Magela Creek water {Jerrree
& Smvrson, 1986} for 48 hours to allow the gut contents to be purged.

For each mussel, the maximum shell length and breadth were measured and the age
determined from the number of shell laminations. This aging technique had previously
beer: validated by growth studies performed by Dr, C. Humeurey, Office of the
Supervising Scientist (pers. comm.} on these populations of V. angasi.

The sex of mussels sampled from Georgetown and Corndorl billabongs was
determined by microscopic examination of histological sections of a small piece of
gonad dissected from the visceral mass. Next, the mussel ussue was dried to constant
weight at 70°C for 12 hours and weighed.
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Chemical analysis

The tissue was dissolved in hydrofluoric acid to remove silica then perchloric acid
1o drive off the hydrofluoric acid. The remaining material was fused with boric zcid and
sodium carbonate and finally taken up in concentrated nitric acid. The ***Ra tissue con-
centration was determined by the Lucas radon emanation method (Lucas, 1957} at the
Australian Minera} Development Laboratories {AMDEL] to an accuracy of + 2mBaq.
The vatues for #Ra, Ca and Mg tissue {dry weight) concentrations, the sex and size
measurements have been presented previously in Table I of Jereres (1985) and are the
raw data used for the statistical analyses reported in this paper.

WiLiams {1981) reported on an international comparison between laboratories of
226R 5 analysis by the emanation method, that included the laboratory where **Ra
analyses for this study were performed. This investigation demonstrated that the precision
of the determinations, for samples containing quantities of **Ra similar to samples
taken in this study, was represented by a coefficient of variaton of 12% or less. This
coefficient of variation indicates that the raw data of Jesrres {1985) could be reduced 1o
fewer significant figures; however, the raw daza were not modified further to minimise
rounding off errors associated with statistical analysis. Values derived from the regres-
sions determined by the stavistical analyses reported in this paper may be rounded off,
with regard to the coefficient of variation determined by WiLirams (1981}, The analyses
of Ca, Mg and Ba concentrations in mussel tissue samples were performed on 2 Varian
A4 atomic absorprion spectrophotometer, using flame absorption spectrophotometry.
Lanthanum znd rubidium were added to all solutions as a matrig modifier (after dilution
if required) to give samples of 2000 mg L™, Calcium, barium and magnesium determina-
tions were reported by the analyst! up to two decimal places (ie. + 0.005 mg), with a
precision coefficient of variation of 3%.

Results

Patterns of accumulation with mussel size

In Fig. 2 #¢Ra, Ba, Ca and Mg tissue concentrations are plotted against the
sheli breadth of mussels sampled from the three billabongs. The equations for
the significant (P < 0.05) linear regressions are given in Table 3. For each pop-
ulation, #Ra and Ba tissue concentration increases linearly with mussel size.
Caleium tissue concentration increases significantly with size only for Corn-
dorl and Mudginberri mussels, but Mg tissue concentration does not increase
with size for Georgetown and Mudginberry; moreover, Mg tissue concentra-
tion decreases significantly (P < 0.01) with size for Corndori mussels.

! Chemical analyses were performed at Lucas Heights by the Energy Chemistry
Division of the Commonwealth Scientific and Industrial Research Organisation
{CSIRO).

Fig. 2. Plats of 226Ra, Ba, Ca and Mg tissue concentrations versus shell breath of mussels
from Georgetown, Corndor] and Mudginberri billabongs. - Significant (P = 0.05)
linear regressions. (Equations given in Table 3).
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Table 3. Results of simple linear regression analysis where the alkaling-earth tissue con-
centration was regressed against shell breadth* (mm) for mussels from Georgetown
Corndorl and Mudginbersi Billabongs.

b

Alkaline-earth Billabong
metal (Y) Georgetown Corndori Mudginberri
26Ra (mBq g™ Y) V= 114455300 ¥ L1454 42X%% V= _ 30194 262X
r?=0.61 =071 =069
Ba(mgg ) Ye124052%> ¥=1.8+0.2%K4 Ve —b.6+0.6K%
=025 r?=0.43 2 =0.65
Ca(mgg™ " NS Y564 11X ¥ —634+5.8%%%
=053 ?=0.65
Mg (mg g™} N.S. T=15-003X** NS
=068
* P=0.05.
P00
B D2 0.00],

N.S. Not significant, i.e. P>0.05.

Patterns of accumulation with mussel age

In Fig. 3, the tissue concentrations of 2*Ra, Ba, Ca and Mg are plotted as a
function of age for mussels from the three populations. The linear regression
equations are given in Table 4. Only the *Ra concentration increases signif-
icantly (P = 0.01) with the age of mussels from each of the three populations.
Barium and Ca concentrations increase significantly (P = 0.55) for Corndorl
and Mudginberri but not for Georgetown mussels. Tissue concentrations for
Mg are not significantly (P >0.05) related to age for Georgetown and Mudgin-
berri mussels but they decrease significantly (P <.01) in concentration with
age for Corndor] mussels.

Comparisons between populations

The slopes and elevations of the significant (P = 0.05) regressions of
alkaline-earth tissue concentrations against both shell breadth (Table 3} and
mussel age (Table 4) were tested for differences between populations by either
covariance analysis or a v test (Zar, 1974); the results are given in Table 5.

Fig.3. Plots of **Ra, Ba, Ca and Mg tissue concentrations versus age of mussels from
Georgetown, Corndor! and Mudginberri billabongs. ——— Significant {P = 0.05) linear
regressions. (Equations given in Table 4},
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Table 4. Results of simple linear regression analysis where the alkaline-earth tissue con-
centration was regressed against mussel age for mussels from Georgetown, Coradorl

and Mudginberri Billabongs.
Alkaline-earth Billabong
metal (¥) Georgetown Corndorl Mudginberrt
26Ra (mBg g~ ) T=500+47X***  §=178+57X**  Tw374+ 101X
=0.57 =064 r=0.65
Ba (mgg™ ") N.S. ¥=33+027%* ¥ 110,233
=039 & =0.61
Ca{mgg™ NS T=14.94 146X Tu12142.1X%*
=043 =058
Mg (mgg™ ") NS, ¥=13-0.04%X* N.S.
rF=0.46
* Ps005
o P=0.01.
R P=0.001.

N.5. Not significant P < 0.05,

Table 5. Comparison by covariance analysis or £ test of the slopes and elevations of the re-
gressions of alkaline-earth tissue concentrations against shell breadih and age of mussels
from Georgerown, Corndor] and Mudginberri Billabongs.

Element F value for F value for t value for t valve for
difference difference difference difference
in slopes in elevations  in slopes in elevation

{a) Sheli breadth

zzsRa 16.60%%* o

Ra 13,1 -

Ca 3998 (O M) -

Mg -

{b) Massel age

2R 324 .01

Ba 0.33 (C,M) 2.47%

Ca NS, —

Mg -

005 =P<006.
ek P <0001,

= P=0.01.

* P=0.05.

-y

Corndorl and Mudginberri.

Tissue concentration as a function of mussel size

Radium-226

Covariance analysis showed that between populations the regressions dif-
fered significantly (P < C.001) in slope. A Student-Newman-Keuls (SNK) mul-
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Y =121 42,40
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o NS
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tiple range test was used to determine which of the slopes were different, and
indicated that Mudginberri mussels increase their 2°Ra concentration in tissue
with Increasing size at a significantly (P < 0.001} greater rate than Corndor!
and Georgetown mussels, whose rates were not significantly different
(P >0.05).

Barium

The regressions for bartum also differed significantly (P < 0.001) in slope
and the SNK test again showed that Mudginberri mussels increase their Ba
tissue concentration with increasing size at a significantly (P < 0.05) greazer
rate than Corndor! and Georgetown mussels, whose rates were not signif-
icantly different {P > 0C.05).

Calcium

Only maussels from Corndorl and Mudginberri billabongs showed signif-
icant (P < 0.05) regressions between Ca tissue concentration and shell breadth.
A comparison of these regressions showed that Mudginberri mussels increase
their Ca tissue concentration at a significantly (PP < 0.001} greater rate than
Corndorl mussels; the range of tssue concentrations is similar for Georgetown
and Corndor] mussels.

Magnesivm

Visual inspection of the data for Mg tissue concentrations (Fig. 2} indicates
that for the most part the three populations are similar, with the exception of
larger Corndorl mussels which showed a decline in Mg tissue concentration.

The significantly (P < 0.05) elevated rates of accumulation of ?**Ra, Ba and
Ca in Mudginberri mussels could have been due to a reduced tissue mass in
mussels of increasing size, with a consequent elevation of **Ra, Bz and Ca
concentrations, compared te mussels of similar size from Corndorl and
Georgetown billabongs. However, the graph of dry tissue mass as a function of
shell breadth (Fig. 42) indicate that Mudginberri mussels have tissue masses
comparable to those of Corndorl and Georgetown mussels over the size range
of sampled mussels.

It is possible that either Mudginberri mussels accumulate #*Ra, Baand Ca at
a greater rate than Corndor! and Georgetown mussels or that the rates of
accumulation of 2°Ra and Ca are similar for all three populations, but Mudgin-
berri mussels were older than Carndor! and Georgetown mussels of similar size.

The plot of mussel age against shell breadth {Fig. 4 b} for mussels from each
billabong indicates that the larger Mudginberri mussels are indeed older than
Georgetown and Corndorl mussels of similar size. This finding, confirmed by
the investigations of Humpurey & Smrsow (1985), indicates that the larger
Meudginberri mussels have higher rates of accumulation of ***Ra, Ba and Ca be-



Fig.4 {a}. Plov of dry tissue mass versus shell breadth for mussels
A), Corndzt (@) and Mudginberri () billabongs.
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cause they are older than Corndor!l and Mudginberri mussels of similar size
and consequently have been accurnulating these elements for a longer period.

Tisstte concentration as a function of mussel age

Radium-226

Mussels from the three billabongs were compared for their relationship be-
tween 22°Ra tissue concentration and age by covariance analysis (Table 5}, The
results of this analysis showed that the slopes were not significantly different
{0.05 <P < 0.06), although the slope for Mudginberri mussels was twice that
for Georgetown mussels. With these regressions too there was no significant
difference in elevation (P > 0.05).

Barium

Only mussels from Corndorl and Mudginberri billabongs had significant
{P <0.05) relationships between age and Ba tissue concentrations. The slopes
of these regressions were not significantly different (P > 0.05) but the regres-
sion for Corndorl mussels was significantly higher (P < 0.05) than that for the
Mudginberri mussels.

Calcium

Again, only mussels from Corndorl and Mudginberr: billabongs had sig-
nificant (P < 0.05) regressions of Ca tissue concentration with age. The regres-
sions did not differ significantly (P >0.05) in slope or elevation.

Magnesium

Statistical comparison between mussel populations was inappropriate for
relationships between Mg tissue concentration and age, because only the
Corndorl mussels had a significant (P < 0.05) regresston.

Inter-element comparisons

Radium-226 and barium are generally regarded as physiologically non-
essential elements and the mechanisms of their uptake and accumulation are
usually taken to be due to mistaken identity i.e. the chemically similar **Ra
and Bz are treated metabolically as an analogue of the essential alkaline-earth
Ca (Wrcker & Scuitz, 1982) and/or Mg. Such interpretations can be sup-
ported by data showing similar modes or patterns of metabolism of the modei,
in this case Cz and/or Mg and the analogues *Ra and Ba (Stover et al., 1957},
Accordingly, both 2Ra and Ba tissue concentrations were correlated against
Ca and Mg concentrations for mussels from the three billabongs (Figs. 5 and 6),
Correlations of Ca with **Ra and for mussels from each billabong are positive
and significant (P <0.05), supporting the proposition that both **Ra and Ba
are metabolic analogues of Ca.
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Fig. 5. Plots of *Ra and Ba tissue concentrations versus Ca tissue concentrations for
mussels from Georgetown, Corndor! and Mudginberri billabongs.

Correlations of Mg with **Ra and Ba are positive and significant (P < 0.05)
for Mudginberri mussels only, i.e. they are less supportive of the proposition
that Mg 1s 2 metabolic model for 2Rz and Ba.

The rates of accumulation with age were also compared among the four
alkaline-earths. In Fig. 7 the tissue concentrations of the alkaline-carth merals
are plotted against age of mussels from (a) Corndort and (b) Mudginberri
billabongs, i.e. for those mussels that had significant (P < 0.05) regressions for
three or four of the elements. These data are plotted on the same scales so that
the regression lines for rate of increase in tissue concentration with mussel age
can be compared.

Mussels from both billabongs follow a similar pattern, i.e. a series of de-
scending slopes from **Ra through Ba and Ca to Mg,
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Fig. 6. Plots of 22®Ra and Ba tissue concentrations versus Mg tissue concentrations for
mussels from Georgetown, Corndor} and Mudginberri billabongs.

Discussion
Patterns of accumulation of **Ra, Ba, Ca and Mg by V. angasi under
natural conditions

For at least two of the three populations, tissue concentrations of #$Ra, Ba
and Ca continue to increase as the mussel ages and increases in shell size. The
linearity of the relationship indicates that the mussel has not reached tissue
concentrations of 2%Ra, Ba or Ca that equilibrate with that of the water, and
also suggests that the mussel has not reached an upper limit of accumulation
under natural conditions. This proposition is supported by the results of ex-
perimental exposures of mussels to elevated 2*Ra water concentrations where
mussels accumulated **Ra an order of magnitude above the highest recorded
background tissue concentration (Jerrres & Smmrson, 1986).

& Archivf Hydrobiologie, Bd. 112
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AGE OF MUSSEL (YEARS!

In V. angasi, alpha-track autoradiography, combined with electron micro-
probe analysis and histochemical staining, revealed that the alkaline-earth
metals were co-located in deposits of 1um diameter extracellular granules as
phosphates (Cr'ne-Tan, 1968; Fiis & Jerrres, 1982; JEFFREE & SiMpsow,
1984). Jerrree & Smpson (1984) hypothesized that 2Ra multiplies in con-
centration at a greater rate than Ca in Corndorl mussels owing to (i) greater
apparent discrimination against **Ra than Ca across the mantle, compared to
the tissue, returning ***Ra to the body fluids and granular deposits, and/or {ii)
the selectively higher retention of *Ra in the granular deposits than Ca,
owing to the lower sofubility of radium phosphate.

The data presented in Fig. 7 show a declining rate of accumulation of
alkaline-earth with age, beginning with *Ra through Ba and Ca to Mg. These
rates of accumulation with age, expressed as the number of times the zissue
concentration multiplies over the lifespan investigated, are plotted against the
critical stability constants, log K for the hydrogen phosphates of 2Ra, Ba, Ca
and Mg (Fig. 8). The values of log K for Ba, Ca and Mg were taken from Smita
& MarteLr (1976) and the log K value for ®Ra was derived as in Jerrree &
Smmpson (1984}, These data show that the rate of accumulasion of the alkaline-
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Fig. 7. Tissue concentrations of **Ra, Ba, Ca and Mg plotted on the same scale against
age of mussels from Corndorl and Georgetown billabongs.

earth metal 15 strongly correlated (r= -0.84, P <0.01) with the relative
solubility of its hydrogen phosphate and provided supportive evidence for the
above hypotheses, especially hypothesis (if). The hypotheses are currently
being tested experimentally for Ca and **Ra.

Otber species of freshwater mussels have shown increasing tissue con-
centrations with size and/or age for elements other than alkaline-earths. The
congeneric Australian species Velesunio ambiguus accurnulates Fe, Mn and Zn
in granules, as is the case for Fe and Mn in V. angasi, and increases the concen-
trations with age {Cr'ne-Tan, 1968; Jones & Warker, 1979; Jerrmze &
Swvpson, 1984). Studies by Ravera (1964) and Mzruna (1967) on Unio mancus
elongatulus have shown that Mn and **Mn tissue concentrartions increase with
maussel size, and Anodonta nuttalliana accumulated *Mn and Zn at linear
rates for 147 days during experimental exposure, the main storage site being
12 pm calcareous granules containing phosphate (Harzison, 1969),

Populations of Anodonta anatina, in which the concentrations of merals
are high, raise their Pb and Cd tissue concentration as the body weight in-
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Fig. 8. Mulriples of increase in alkaline tissue concentration plotted against log ¥ values
for the hydrogen phosphates of the alkaline-earth metals. The multiple of increase for

each element was calculated by dividing the tissue concentration for mussels of the maxi-

mum age available (determined by the regression equations 1a Table 4) by that for mus-

sels of the minimum age. The log K values were taken from Smrrn & MarteLr (1976)

that were determined at 25 °C in solutions of zero ionic strength. The log K value for

the hydrogen phosphate of #*Ra {C ) was predicted as in Jerrres & Smpson (1984), @
Corndor] # Mudginberr,

creased (ManLy & GEORGE, 1977) and the Pb tissue concentration of V. angasi
tncreases with increasing age (A. Jounsow, pers. comm.),

The following stability constants for the hydrogen phosphates of these ele-
ments, determined under conditions comparable with those for the alkaline-
earth metals (Fig. 8), were taken from Smith & Marrers (1976) and are shown
below:

Mezal Ton Log K*

Fe?™ ~36.0
Fe3+ ~26.4
Ph#+ ~11.43

* Determined at 25 °C for solurions of zero ionic strength.

The above log K values indicate that these elements have a solubilivy
equivalent to or less than that for **Ra and Ba when deposited as phosphates.
A comparable ser of stability constants for the phosphates {PO}") of the
foliowing elements was taken from Hocrerpr (1982):
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Metal Jon Log K*

Ca?* - 668
Fel* ~360
Zn?* ~35.29
Ph?+ ~76.8
~84.4

* Determined at 25°C and corrected to solutions of zero ionic strength,

These log K values again indicate that the elements are relatively insoluble
as phosphates and are in accord with their patterns of accumulation which are
similar to those observed for the alkaline-earth metals in V. angasi, 1.e. concen-
trations increase with age for elements that have low solubility when deposited
as phosphates.

Relationship of #*Ra and Ba with Ca and Mg tissue concentrations

The Ca tissue concentration recurs as a positive correlate with ***Ra and Ba
tissue concentrations in mussels from each population. Moreover, for mussels
from Corndor! and Mudginberri billabongs, the Ca concentration accounts for
87 to 98% of the variance in **Ra and Ba tissue concentrations among
individual mussels. The similarity of patterns of aceumulation of #*Ra and Ba
with Ca indicates that 2®Ra and Ba are treated as 2 metabolic analogue of Ca,
However, the patterns of continual accumulation with age seen for *%Ra, Ba
and Ca are not restricted to alkaline-earth metals (see above).

Because non alkaline-earths exhibit simifar patterns of accumuiation to Ca,
this weakens the hypothesis that Ca and *%Ra are accumulated in similar
patterns solely because they are both alkaline-earth metals.

For Mg, the relationship with **Ra and Ba is neither as strong nor consis-
tent among the mussel populations as that seen for Ca i.e. there is a significant
(P < 0.05) positive correlation between the Mg and *Ra and the Mg and Ba
concentrations only for mussels from Mudginberri billabeng. It could be
argued that such patterns are weaker for Mg than for Ca because Mg is more
soluble; so, even if *¥Ra was taken up and stored as an anzlogue of Mg, this pat-
tern would disappear with age, owing to the very different solubilities of **Ra
and Mg in the granules.

However, the weaker relationship of Mg with ?*Ra and Ba also agrees
with the results of short-term experimental studies (Jereree & Sivpson, 1986)
which showed that, whereas 2$Ra accumulation was inversely proportional to
both Ca and Mg water concentrations, the constant of proportionality for Ca,

re. Ra= [C

T Was unity, but for Mg it was about C.1.
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Differences between populations

Rates of accumulation of *%Ra

A comparison of the regressions of **Ra tissue concentration against
musse] age showed no significant (0.05 <P <0.06) difference in the rares of
accumulation of #*Ra. However, regressions of **Ra against Ca tissue concen-
trations {see plots in Fig. 4a), which explained more varance in **Ra tissue
concentration than did mussel age, had no significant differences in slope
(P >0.05) {Jerrree, 1985). The elevations of these regressions were significantly
different (P <0.001), with the Georgetown and Mudginberri mussels being
significantly (P > 0.05) higher than Corndorl mussels, but there was no signif-
icant difference (P >0.05) berween them,

As was demonstrated experimentally (Jerrree & Davy, 1983; Jermze &
Swvpson, 1986), it is not the *Ra water concentration per se which
determines the rate of accumulation of *Ra in the tissue of V. angasi, but
predominantly the ratio of the **Ra to Ca water concentrations. Fig. 9 shows
the Ca and **Ra water concentrations sampled from Georgetown, Mudgin-
berri and Corndor] billabongs during 1978 to 1981. For Corndor! billsbong
the ratio of ®*Ra to Ca water concentration is reduced, owing to its elevated
Ca water concentrations (% = 1.1 mg 1.7, Table 2} compared to Georgetown
(% = 0.7) and Mudginberri (% = 0.5) and to a #Ra water concentration that is
lower than that in Georgetown billabong. The reduced ratio of #%Ra w Ca
tissue concentrations in Cornder! mussels due to a reduced #*Raz ta Ca ratio of
water concentrations is in agreement with these experimental findings (Jeerne
8 Davy, 1983; Jerrree & Simpson, 1986).

A paradoxical result of these studies is that, whereas *Ra water concen-
tration at the time of sampling was highest for Georgetown billabong, the rate
of accumulation of ®Ra with age was not significantly (P >0.05) higher in
Georgetown mussels. However, in Georgetown billabong, the #%Ra water
concentration increases toward the end of the dry season (Fig. 9), as doss the
Ca water concentration, reducing the magnitude of the ratio of **Ra 10 Ca
water concentrations and hence the rate of uptake of #%Ra by mussels. During
the rest of the year, the ®Ra water concentrations in Georgetown billbong
are similar to those recorded for Corndor! and Mudginberri billabongs.

Rates of accumulation of Ba

A comparison of the regressions of Ba tissue concentration versas age
showed that the regression was significantly (P < 0.05) higher for Corndorl
mussels than for Mudginberri mussels. By analogy with the experimental
results for #¥Ra, which showed that its uptake depends on the ratio of #Ra 1o
Ca water concentrations (Jerrree 8 Davy, 1983; Jesrrer & Smvpson, 1986},
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this result suggests that the ratio of Ba 1o Ca is, on average, higher in Corndor]
than in Mudginberri billabong; Ba water concentrations for these billabongs
were not available for comparison.

Rates of accumulation of Ca

For Corndorl and Mudginberri mussels the significant regressions
(P = 0.05) of increasing Ca tissue concentration with age did not differ signif-
icantly {P >0.05) in slope or elevation, regardless of the mean water concen-
tration of Corndorl billabong being more than double that of Mudginberri
billabong. This suggests that mussels from these two populations do not alter
their rate of Ca accumulation with variation of corresponding water concen-
trations within this range.

Georgetown Billabong

In contrast to those of Corndorl and Mudginberri billabongs, mussels
from Georgetown billabong did not show significant (P >>0.05) positive regres-
sions of Ca tissue concentration with mussel size {Table 3}, or Ba and Ca tissue
concentration with mussel age (Table 4). However, analyses of
later samples of mussels from Georgetown billabong have shown significant
(P < 0.05) positive correlations between Ca tissue concentration and mussel
size (Jerrree, unpublished), so these original results may be due simply 10 a
high variance in this particular sample which is not fully representative of this
mussel population,

Summary

The patterns of accunulation of the alkaline-earth mserals #Ra, Ba, Ca and Mg in
the uissue of the Australian freshwarer mussel V. angasi as a function of age and size were
determined for mussels sampled from three populations in Magels Creek, Northern
Territory, Australia {(Figs. 2 and 3).

The *°Ra, Ba and Ca tissue concentrations increase significantly (P < 0.05), for at
least two of the three populations, as the mussels increase in size and age. The Mg tissue
concentration shows no such significant (P < 0.05) increases and significantly (P < 0.05)
declines with increasing size and age for one mussel population {Corndorl),

Differences among the populations of the rares of accumulation of these elements
with increasing size are caused mainly by different growth rates berween populations,

Comparisons among the populations of their regressions of ?**Ra, Ba and Ca tissue
concentrations as a function of age showed no significant (P > 0.05) differences between
populations in their rates of accumulation. However, the regression for Ba was signif-
icantly (P <<Q.05) elevated in Corndor] compared to Mudginberri mussels, suggesting an
elevated ratic of Ba 10 Ca water concentrations in Corndor billabong, The ratic of
#Ra to Ca in the tissue of mussels from Corndor! is significantly (P < 0.05) less than for
mussels from the other bitlabongs, in accord with the reduced ratio of 2Ra to Ca water
concentrations of Cornder] billabong,
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Significant (P < 0.05) and positive correlations between both ***Ra and Ba tissue
concentrations with the Ca tissue concentrations for each mussel population is consi-
stent with the notion that the non-essential ***Ra and Ba are treated as metabolic ana-
logues of Ca. Only for mussels from Mudginberri billabong was there a significant
(P < 0.05) and positive correlation between both ***Ra and Ba with Mg, i.e. the evidence
for Rz and Ba being regarded as a metabolic analogue of Mg is not as strong for Ca,
These findings are consistent with those from experimental investigations {Jererer &
Davy, 1983; Jerrrez 82 Stapsow, 1986).

Comparisons berween the elements of rates of accumulation with increasing mussel
age indicated the rate for Ra>Ba® Ca>Mg similar sequences were ob-
tained for mussels from Corndor] and Mudginbersi. The rate of accumulatior: was sig-
nificantly (P <0.01) correlated with the solubility constant of the hydrogen phosphate
of the alkaline-earth metal, further supporting the hypothesis that relative to Ca the
selective retention of 26Ra in the calcium phosphate granules is due to the lower solubil-
ity of radium phosphate.
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