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When the distribution and abundance of stable
strontium are known for an environment, it should
be possibile to predict the distribuvion of stron-
tium~%0 released to that environment., The be-
havior of sirontium-~-90 released to the environment
due to nuclear weapons testing and radicactive
witste dispesal has created some concern because of
its potential hazard to man, A portion of the
released strontium-50 enters natwal surface water
streams but its fate is not well knowa because the
releases have been small and. when small volumes
of contaminated water are diluted in large volumes
of uncontaminated water, quantitative determina-
tions are exceedingly difficult. Oak Ridge Na-
tional Taboratory, Oak Ridge, Tennessee, has re-
leased small amounts of strontium-90 to the
Tennessee River via White Oak Creek and the Clinch
River since the laboratory was established in 1943
{Mortom, 1861},

Strontium occurs most abundantly in nature
with calcium, its closest chemical relative. Since
an abundant mollusk fauna occurs in the Tennessee
River system, the calcium carbonate shells of
clams collected downstream from the laboratory
could be expected to contain concentrations of
stroptium-20, Clams are excellent index ovganisms
for strontium-90 in surface water streams bhecause
they are relatively immohile on the river bhottonm

, and the strontium-%0 content of the shell should
e repregentative of the locslities from which the
individuais are collected., Clams are active to a
certain extent all year, pumping water through
their siphons, and clam shells after formation,
unlike the bone of vertebrates, are not affecied
by subsequent metabolism, New layers of shell are
laid down as the clam grows; a section through the
shell contains a history of mineral deposition in
successive annual layers, The shells of a number
of species were. analyzed for strontium, calcium,
and strontium-90 to determine: (1} the content of
elenents and the radicisotope of strontium as a
function of species, age, and location in the
Clinch and Tennessee Rivers, and (2) by consider-
ing the strontium-9%0 released from the Laboratory
ag a tracer, to test whether clams may be used as
biolopgical indicators of the strontium-%0 concen-
tration in the river system.

THE DISTRIBUTION OF STRONTIUM YN THE ENVIRONMENT
AHD BIOSPHERE

Btrontium is considered one of the rare ele-
ments in the enviromment., The averape amount in
the earth’'s crust is 35 micrograms per gram and in
surface waters less than G.1 micrograms per gran
(Vinogradov, 1859}, 1In the United States, rivers
in the Pacific Northwest, Northeast, and the
Central Lowlands contain less than 0.5 micrograms

sealedium, and gtrontium-90,
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per gram. From 0.5 o 1.5 micrograms of strontium
per gram are found in the rive of southeastern
Huited States, the Gresi Plains Region, and
western United States. More (han 1.5 micrograms
of strontium per gram are found in wesiern and
northern Texas and southern Xew Mexico and

Arizona (Skougstadt and Horr, 1960).
available from the Clinch and Tenne
sugpest that at most times there is
0.1 micrograms of strontium per gram in the watler
and also the strontium to caleium atom ratio is
rejiatively constant (Tennessee Valley Authority,
1548, Skougstadry and Horr, 1960: Carrigan, 1961).
(Strontium to calcium relatio psoare frequent -
ly expresscd as atom raltios, The strontium fo
caleiwn atom ratio is determined in the followiag
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The current knowledge of the distribution of
stable strontium in the biosphere is basad large-
ly on two papers in which the investigators
analyzed a wide variety of living and nonliving
materials, Thompson and Chow (1955) analyzed 250
species of marine organisms and two unidentified
fresh-water clams, 7These authors emphasized the
congtancy of the strontium to calcium atom ratios
within certain taxonomic categories and siaf
that varying eovirommental ¢onditions such as
temperature, salinity, and Locality had no effect
on the ratioc, They alsc concluded that the
strontiun to calecium ratio of growing shells in
marine orginisms was independent of age, Odunm
(1857) analyzed 0G0 samples including a number of
fresiwater clams. He concluded that the pripei-
pal factor which determined the ratio in calcare-
ous materials was the strontium to caloium aton
ratio of the externzl medium, or food supply, and
that strontium coclusion was passive and inciden-
tal to other functions of the organisms, In lah-
oratory experiments Odum (1951) also neted a
proportionality between the strontium to caloium
atom ratios in snail shells and that of the on-
vironments in wihich they grew, In testing his
analytical techniques, Cdum (1957) Tound no dif-
ferences in the ratio between nacreocus and prig-
matic layers of clam sheils and between young and
old portions of the clawm shell, Swan (1538) S~
gested thal growth and envivonment may Lo impor-
tant in the determinations of the ratios in
bivalve-mollusk shells, He postulated an inverse
relationship between growth rate and stroptium to
caleium atom ratio because Lhick-shelled speci-
hens of Modiolus modiolus, Mytilus edulis, and
Mya a ia contaived more sirontium in relation

to'calcium than did thin-sheilod specimens.,
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Clams were collected during the summer and
fall of 1950 from seven different sites {(Table 1,
Figure 1} in the Tennessee River system, and the
shells were identified and analvzed for strontium,
A reference coilection
was used for identifying the clams, A few pre-
Liminary apalyses were based on dry-shei; welipght,
but mest shells were ashed at H0H0 centigrade o
two hours to destroy organic matter, and 411 vaiues
were reported on an ash-welght bagis, After ash-
ing, the shells were covered with distilled water
and dissolved by the gradual addition of conpen-
trated hydrochloric acid. The solution was fil-
teraed and aliquots were used for chemical analyses,
Analyses of the regidue retained on the filters
showed inconsequential amounts of strontium and
calclum; therefore, filtration did not affect the

subseguent analyses for strontium and calcium, A
reagent bilank was used for each ten samples and
these invariably contained less than detectable
amounts of strontiwn and

calciwn, A1l clams
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Table 1.

The strontium and strontium-80G content of Teanessee River
culated strontivm-%0 to strontium atom ratios and strontium

With oai-
to calcium atow ratioy,

systen claus

Strontium

Strontium-99

Average

micrograms strontiun Lo

Seront iam-80
to strontium

Average Average

micromicrocuries

Collection Wumbe per gram  caleium atom  Number per gram atom ratio
Specimens collected site 1 analyzed of shell ratic x 107° anilyzod of whell x Lo 1l
Uniconidae
Anocdantinae 9 4
Ancdonta corpulenta CRM 4.7-14.5 7 382 +40.8 5.435+0.048 7 99.08+17.9 176.1 +25.3
T e Grassy Creskd 4 324.5527.8  0.37050.032 4 - -
tnioninae -
Dromus dromas CRM 66 1 202 0,230
JORM a7 2 182 + 6.00  0,208.0.007
Suadrula metanevra CRM 47 1 - 0. 184"
- TRE 425 3 L&L. 0.184+0.001
Quadrula pustulosa ChM 47 2 186 . 0.212%0,007 2 1.214% 0,249 4.45 + | .05
CRY 17 9 155 .8 0178 40,0002 3 15,18 + 2.57 7.5 Ti0.8
THM 521 2 244, 0.278+0.038 2 5.33% 0.823 185.4 ¥ 4.65
TEM 425 30 202 0.23150.009 3 4.30 % 0801 14.3 T 2.45
) THN 300 A 199, 5y (2 G004 5 2.8 ¢ 0,182 7.7T4 ¥ 0.547
dilatatus CAM 66 2 2220 0.: 007 n -
T CRM 47 10 206, 0. L0086 2 0.38 & 0.42 G.99 + 1.75
THM 425 i 218 o, 1 4.16 7 12.8 7
sidens CRM A7 10 260 .9+ 5.00 0.297:0.006
- TRM 52] 15 211.4% 3,668  0.241%0.004 10 24.9 2,39 38.5 + 3.78
TRM 425 7 196 . 4v 6,40 0.2 007 7 700K 0,742 246 ¥ 2.78
TRE 100 5 228,2+15.5 0.0 018 5 3.96 + 1.52 12.5 3 5,05
Pleurobems cordatum CRM 47 10 201.0% 5.63 0.7 006 e 0.185% 0,184  0,525% 0,620
TRM 425 11 237.3% 6.60  0.27040.007 2 4.24 § 3. 13.8 Fio.1
Fusconaia subrotunda CRM 47 ] 184.3+ 2,38 0.21040.002 - N
Amblens costata Cik 47 2 184.5+ 0.707 0.210%0.001
TRY 425 3 201.7%10.4  0.23070.012 2 12.6 4+ 0.0B9 22.2 4 1.28
Mepalons TRM 425 3 188.7+ 2.87  0.21550,003 B -
Cyclonais oM 47 2 213.5% 3.54 0.24370.004 2 0,714+ 0.621  1.25 & 0.052
TR 521 10 242.6% 5.31 0.27670.006 7 4.81 1 0.488 12.3 T 1.42
TRM 425 4 20384104 0.23250.012 4 5.70 « 0.737 18.8 ¥ 2.07
TRM 100 5 208 .87 6.43  0.23870.007 4 3.13 % 0,341 10.2 ¥ 1.18
Lampsilinac a ’ N - B
Plagiola 1j THY 425 3 199.74 4.08 0.227.0.003
Actinona, ci ta gibba CRM 47 7 5,90 555 0.2117.0.006
Lipumea recta latissima CRM 47 & 82,2+ 3,28 0.20870.004
TRM 425 1 R 0218
Lampsilis ovata CRM 66 7 231.1+ 7.33 0.263+0.008 z 0,780+ 0.045  1.15 + 0,039
””””””” — CRM 47 6 224.,0¥11.2 0,85550.013 2 0.394+ 0,397 1,32 % 1.47
Proptera alata Grassy Creek 4. 226.5511.3 0.251%0.013 - -
T T - THY 521 1 z48 7 0,282
TRM 425 1 186 G.216

1White Oak Creek flows into the Clinch River at O 20.8 a
Laboratory; CRM = Clinch Rivor milte; ThY = Tennessece Rive
2A}1 averages + one standard error of the mesn.

Caleium was not determined for all specimens {(see texi) .

Grassy Creek joins the Clinch River at CHM 14.5.

analyzed were aged by the annual ving method (Has-
kin, 1954), The age Ifrequency of the clams anal-
yzed for strontium-90 is shown in Table 2. Hone
of the clams used in determining the behavior of
strontium-90 was Iiving prior to 1943,

Chemical analyses for strontium and calcium
were wade by flame photometry, The strontium de-
terminations were further checked for accuracy by
spectrophotometry; in & totel of 13 samples the
same strontium concentration was found in nine,
The extreme difference between the two methods was
five per cent. In a further test of flame photo-

Table 2, Age distribuiion of clans
analyﬁed for strontivn-30.
Clinch River Mile Tennessee River Mile
Age (CRM) o {THM)

Ayears) B8 and 47 4.7 to LT 521 425 100
i to 2 1 3 1
3 to 6 3 2 4 2 i
6 to 9 5 5 3 1 3
W oto 32 3 5 & 9
13 to 16 a 1 G g 1
17 1

l{nciudeS end points of intervals.

t
-

a distance of 2.5 miles belew Oak Ridge

Natiopal

md e,

wetry, two analyses of each of 16
2t different times, The standard deviation withino
determinations was 3.1 micrograms of strontium

per gram and the coefficient of variation was 1.2
per cent, Thus, the chemical analyses of these
shells were apparently completed with a high de-
gree of accuracy and precision. An important con~
sideration in these analyses was that mass speciro-
meter~produced calcium was used for the standards,
This calcium is virtually pure ealcium—40 and,
therefore, free from strontiunm contamination, - A
radicchemical separation was used to obfain stron-
tium-80 and counting was done in a low-background
counter (Wyatt and Smith, 1858). The strontiunm
determined by flame photometry is the toial stron-
tlum present in the shell which also iacludes the
strontium-90 and is referred (o in this paper &s
strontium, Most chemical data in this paper are
averages for each species of clam from the differ-
ent collecting sites. The results of individual
andiyses will bhe inciuded in 2 future report which
will be available from the author. ELstimales of
the average yviver discharge avt the respective col-
lecting stations were cbtained from the U. 8,
Geological Survey (Cragwall and Mathews, 1961),

samples were run
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CAICIUM IN CLAM BHELLS

The aragonite shell of claws is relatively
pure calcium carbonate which should yield 400
“milligrams of ealelum per gram, The initial
analyses of the ashed shells showed the calcium
concentration to be as expected; consequently, in
subsequent analyses only one shell in ten was
analyzed fovr calcium, The following spacies were
analyzed for caleiun {(aumber of individuals}):
Anodonta corpulenta (1), Quadrula pustujoqa (2)
Elliptio dilatatus (3), E. ¢ ns (i0Y,
Pleurobema cordatum (2) Fusc nubroluudﬂ (1},
Megalondias gigantes (1), ACUinonaias CArinatfa
gibba (1), Lipumea recta latissims (1), and Lamp-
51118 ovata 1), The average < caleium concenira—
tion (£ one standard error of the mean) was 400,9 +
1.38 milligrams per gram of shell, These devia~
tions from the expected value are within the
limits of variability of the analyt1ca} technique,
The average calcium concentration (4 vne standard
error of the mean} baged on 64 determinations of
marine pelecyodb analyzed by Thompson and Chow
(1955) was 391.8 + 1.18 milligrams per gram of
shell (ash weight), These results amply demon-
strate the constancy of calcium in both fresh-
witer and marine clams. The difference between
the means is statistically significant (calculated
t = 4,29, with 85 degrees of freedow), The dif-
ference may be due to the LﬂCIuSlOn of greater
amounts of other cations within the sheills of
clams 1iving in marine euv1ronments, Odum (1957)
showed there was about six times ag much stron-
tium in calcareous materials of marine origin as
there was in similar fresh-water samples, Marine
clam shells also contain small amounts of magnes-
fum, silica, aluminum, iron, and manganese {(Vino-
gradov, 1833),

STRONTIUM IN CLAM SHELLS

The average strontium concentration of 16

species of clams collected in the Tennesses River
-systcm ranged from 382 micrograms per gram (Ano-
donta Corpulonta) to 156 micrograms por ?r=w
(Quadrula pustulesa) (Tabhle 1), The highest
strontium conceniration in A, corpulenta was 518
micrograms per gram and the Iow in §. pustu-
lgga was 146 micrograms per gram, These values
which differ by a factor of 3.5, also 1epreqent
the extreme range for all strontium deferminations.
These two species were obtained in the Clinch
Hiver downstream Irom White Osk Creck. Since the
clams were collected in adjacent areas of the
river, it is reasonable to assume theyv were in
gimilar chemical environments, The stivontium to
calcium atom ratic in watler of the Tennessee River
system from which ¢lams were c¢ollected is rela-
tively constant., Therefore, differences in gstron-
tium content of all species must be due fo fac-
tors other than enviromment,

When clams were selected for strontium anal-
ysis 1t wes assumed, as in marine species (Thomp-
son and Chow, 1855), strontium concentration was
independent of age, The data and subseguent ana-
lyses showed that in fresh-water clams the stron-
tium content is at least partially age dependent.
For Elliptio erassidens collected {from Tennessee
River mile (TRM) 521, the strontium content of five
clams three to six years old was 212, 201, 207,
201, and 202 micrograms per gram., The sirontiun
content of ten clams 10 to 15 years old was 200,
219, 254, 197, 211, 209, 202, 216, 223, and 217
microgramg per gram, The difference between the
mepns is not statistically significant (calcu-
lated t = 1,35, with 13 degrees of freedom). How-
ever, fou“ A, gﬁgpglggiﬂ two.and three years old

263, 294, and 383

microgramg per gram, while individuals 11 and 13
ears old had stvontium contents of 441 and 3518
micrograms per gram, respectively. Since 1t was
nof possible to obtain a cemplclo age series of
any one species, four E, i shells were
sectioned and each anpnual increment of growih wasg
separated and analyzed, The strontium concentra-
tion in the nacreous layers deposited when the
clam is one to six years old is oune-half to two-
thirds as much as in the Jayers deposited in yvears
seven to nine (Nelson, in press). These
differences could not be detected unless one anal-
yred clans representing different year classes or
sectloned the shell, The nacre deposited in the
Tirst several years is a swmall porfion of a thick-
shelled a1am (L c dens ) ten or more y@°rs
old, BLiy 5 not materially affect
the results of anaiyboq of whole shells of this
apecies ., Anodonta corpulenta has a thin ghell in
which the nacreous lﬂyers deposited in the firsgt
two to three years comprise at least one-halfl the
shell of an individual four years old, The com-
parigson of sirontium analyses of {wo~and~three
vear-old A, corpulenta with 1l and 13-year-ocid
individuaTs showed thére was less stroutium de-
posited in the young clams than in the older
clams, These resulis were completely unexpected
gince previous workers had claimed a2 honopencous
distribution of strontium within clam shells
{(Thompson and Chow, 1955: Odum, 1937}, Bocause
of these results, an anticipated statistical ana-
lysis of variance comparing the strontium con-
tent of clams at different collecting sites was
not completed, However, with the data available
from selected species Jf is possible to discuss
gsoune factors which apparenily affect strontium
deposition in fresh-water cloms.

Swan (1936) postulated an inverse relation-
ship betwsen growth rate and strontium deposi-
tion, but the average growth rate observed for
corpule ta (CM 4.7 to 14.5) was 8.7 & 1.1 ( +
oné standard error of the mean) pgrams per year
and that for §. pustulosa (CRM 17) was 2,1 + G.11
grams per year bascd on seven and nine obsetva-
tions, respectively. He caloulated ¢ = 214,
which is significant at the %3 per cent lovel
with 14 deprees of freedom. The averape st{ron-
tium content of A, ¢ x was J82.3 + 40,8
{ + one gtandard erro W mern) miclograns
per gram and the strontium of Q. pustuless: was
155.9 + 2.19 micrograms per gram, The difference
is h:gﬁly significant (faJPuiatoc o= 6,34, with
14 degrees of freedom), Data on the seven indi-
widunl A, Lq_pulonia suggoest that the variability
in strontium conie“?‘;n that spoecies 1s associated
with ape {Table 3). ¥ith the cxception of one
seven-year-oid clam the strontium content in-
credsed with age. Alsc, the growth rate oif older

Table 3. Apge, growth rate, aod strontiom content
of seven ﬂ\m)(l(}n(‘a. corpuienia callc
from Clinch River mile 4.7 Lo 34,7

Ay Growth ratoe Strontiom content
{yoars) {yvams per year) (micrograms per
2 3.6
4 [CI
4 9.4
7 2.8
7 1204
11 il1.2
13 8.1

clams appears to be more rapid than that of voung-
er clams. These data ave ouly suggestive,  How-
ever, with P (Ta ible 4Y collegte
from CRM 47 and ThM 425 there does not appear to
be an effect of age on strontium content or growth
rate, There are gignificant differences between
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Table 4. Age, growth rate, and stroatium con-
tent of Pl ne cordatum collected
from Clinch

River mile 47 (CRM 47) and

v i Tennessee River mile 425 (TRM 425,
Age Growth rate Strontium conient
[yea prams per vear;y (mu‘,x‘t_)_i«z.'_ams per pramn)
CRITTAY T CRM A7 TTHVTARY T TR R
5 | 1.1 £ 198
El 14 a7 a.5 187
11 I4 3.2 5.5 180
12 16 3.2 4.7 189
12 17 3.5 3.0 235
14 18 3.3 G.8 BT
14 18 3.8 6.0 190
i 20 2.7 5.6 219
20 20 Z.8 4.9 213
23 23 3.6 5.8 21z
24 4.4
Averape 3.37 5.86 201
sStandard .
error (. 144 0.487 59.63 6. 60

the growth rate of the two populations {(calculated
t = 3,16, with 19 degrees of freedom) as well as
strontium contents (calculated t = 4,04, with 19
degrees of freedonm),

Btrontium deposition is also governed hy
other factors in addition fo growth rate.
dilatatug (CRM 47} (Table 5) and B, crassid
(TeM 527) had the same strontiun concentrations
but significantly different growth rates (calcy-
lated t = 10,7, with 16 degrees of freedom), In
connection with strontium deposition in the hio-
sphere, Odum (1957) discussed what he called " iso-
lation of the depositional surface” as a function

Table §. Age, growih rate, and Strontium content

of Blliptio collected from
essee RIVer mile 521 (TRM 521) and B,
atatus from Clinch River mile AT(CRM 47).

Age Growih rate Stroutivie content
{years) (orams per year) (nicrograms per gram)
CaM 47 TRy 425 CRM 47  TRM 425 ChM 47 TRM 425
[ 3 2.1 6.9 181 202
7 5 1.5 7.5 213 : 20
8 5 1.4 5.3 198 207
8 o 1.6 5.8 202 201
9 =] 1oi G.¢ 235 212
2] G 1.3 4.8 198 216
g 106 1.8 3.7 231 - 204
9. 12 1.5 3.6 185 202
10 1.6 212
11 1.0 217
Averapge 1.41 5.60 . 206, 2 206, 2
Standaxd
errar 0.186 Q. 442 5,16 2.02

of both circulatory system and geparation of the
caleification surface from the externzl environ.
ment. The circulntory system of olams may be con-
sidered relatively constant, leaving in effect
surface-volume relaticnships as snother factor af~
fecting strontium deposition in clams, The in-
crease in strontium content with age in the
nacreous layers of E. cragsidens shells may be re-
lated to a decreasing surface-volume relationship,
A young clam would have a greater surface in pro-
portion to its volume and consequently ionic ex-
change belween the depositional lissues and the
external environment would be npore rapid., Since
there is discrimination against strontium rela-
tive to calcium in sheil depesition, the tissues
surrounding the site of deposition become relative-
ly enriched with strontium. In a clam with a high
surface to voiume relationship, there would be a
greater opportunity for the strontium excluded

from the crystal deposition to egcape to the en~
vircnment, The slowly growing E, dilatatus also

has an elongated, flattened shell, This combination

should produce a low strontium content, but the
shells analyzed contained as much sirontium as
faster-growing species. These data suggest there
are inherent species differences associated with
the nonhomogencous distribution of strontium in
clam shells,

STRORTIUM TO CALCIUM ATOM RATIOS IN CLAM SHELLE

The results of this study may be compared with
those of Odum (1957) only on the basis of
tium to calcium atom ratios (Table 6)., 1t is ap-
parent that the strontium content of clams from
the Clinch and Tennessee Rivers results in much
lower strontium to caloium ntom ratios. Since an-
parently the calcium content of fresh-water o loms
is relatively counstant, the discrepancy must be
related to: (1) differences in species of ¢lams
analyzed, (4) differcpnees in growth rate, (3) dif-
ferences in the strontium to calcium atem ratio in
the environment which would in furn affect Lhe
ratio in the clam shells, {4) analytical errors in
the chemical determipation of strontium, and (5)
sampling error,

Table 6. Comparison of the frequency of strontium to
calciom atom ratios for clam shells fr m this

study with those reported by Odum {

Strapiium (o o JThis study Qs (19577
caloiom aton wher of  Per cednl Wimbor ol | Por cent
ratio x 07 : total  ocourrences total

to 760 3 T

to 244 i 20, 5

Lo 0.5 ’ k) 23

Lo ] 23
Greagtiar than

1.0 14 Zh.48

A species comparison with Odum's Work wis
possible only for <
tium to caloium at ratioy Iy four analiyvses of
Clinch-Tennessee River specimens were 0,181, 0,183,
6,188, and 0,185 (all % 107%) and in one anal-
ysis by Odum the ratio was .48 x 1079 Odum's

specimen came from the Cumberland River near Nash-
ville, Tennessee, so the difference may be due to
growth rate or the environmental strontium to cal-
Cium atoir ratic, A number of Odum's analyses
on Anodonta,

s were
ecific Identification not given,
L COT R 1ta accounted for the seven high-
)443, 0,504, 0,487, 0,496, 0,592, 0.438, and
all x 10-3) strontium fo caicium slom Tatios

in this study, Most of the remaining clams anal-
yzed by Odum were Musculium spp., 'old genus Unio'
and Unio spp.; consequently species differenc

may be important, Tt is impossible to compare the
effect of growth rate because Cdun gives no data
on growti, But 17 the abundance and diversity of
clams are an indication of the suitahility of the
habi{at, the Tennessee River must he considered a
favorable environment for ¢lam grawth,

The strontiug to calcium atem ratio in Clinch
River water is 1.4 x 10~3 (Carrigan, 1861) which
ig a relatively high ratic when comparaed with
other rivers in the eastern United States, The
strontium to caleium atom ratios in a nunber of
these rivers have been calculated from data (Durum
et al,, 1950):

Missiswippl River, Baton Houpae, CuisLang 0
Atehalalays Biver, Hiouw ing lLonisiana L.
5L Lawregnoce River, fLoevis, P , Lanada 1.
Mobile fliver, 41 Mi. N, i ke, Alaboma a2,

Hudson River, Green Isdand, New York

H
Jusguehanua Alver, Canovwingo, Maryland U
Apafachicola River, Blountstown, ¥lorids .
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Mogt of the clams analyzed by Odum came from
eastern United Btates, Therefore, 1f the envir-
ommental strontiuvm to calcium atom ratio is s
major, factor in freshwater streams, a2 much higher
ratio could be expected in. clams from the Tennes-
gsee Rlver sysiem rather ihan the comparatively low
ratios ohzerved,

Becaugse 25 per cent of Gdum’s znalyses result
in ratios greater than 1 x 10-3, errors in stron-
tium determination way be one reason for the dis-
crepancy. The two ratios for Ifreshwater clams re-
ported by Thompson znd Chow (1955} are 1.02 x 10-3
apd 0.90 k¥ 10-3, which are in general agreement
with those reported by Odum, The determination of
strontium in the presence of large amounts of cal-
cium, a8 in the case with clam shells, presents
analytical difficulties, Preparation of standard
sojutions is a major prohlem. Nelther Thompson
and Chow (1955) nor Odum (1850} reported strontium

Table 7. Strontium contamination of
reagent grade calcium compounds.,

Micrograms of
strantium per
pram of ecalecium

Manufacturar

Compound and lot number

Calcivm citrate 285 Heker 81844
Caleium phosphate,

dibasic 300 B and A N 220
Calcium chloride THLE B and A L 098
Caleium nitrate 139.5 Mallinckrodt EXP
Caicium oxide 345 Buker 27427
Caleiun sulfate 877 Baker 91405
Calcium carbonate 174 Baker 7069
Calcium hydroxide 346 Mallinckrodt GKH

contamination of the reagent calicium compounds
uzed in preparation of their standards, BStrontium
centamination of veageni grade calcium compounds
iz surprisingly high and is of the same order of
magrlitude as the concentration of strontium in
clam shells (Table 7). Therefore, it is possible
that exrors in their deterwinations of Sr in
froshwater ¢lams could accouni for the high stroa-
tium to calcium ratios,

STRORTIUM-20 TO BTROWTIUH APOM RATIONS

The specific activity of strontium-80 {(atoms
of strootium-80 divided by atoms of strontium) was
uged to determine if clams might he guantitative
biological indicators of strontium-980 in the

Tennesses River system, In aguatic organisms the

accumuiation of a radionuclide is divectly pro-

portional to the specific activity of the isclope
in its enviromment, Application of the commonly
vsed strontium-90 to calcium relationship would be
questionable, if not meaningless, because of the
demonzs trated differences in stable strontium con-
tent of the shells and the equally demonstirated
constancy of calciunm, :

The strontium-80 to strootium atom ratios in
clawg from the Clinch River upstream from White
Oak Creel which are subject only to fallout levels
of strontium-30 were compared with the ratios in
clams collected in the Clinch River downstream
from White Qak Creek and at three locations in the
Tennessee River (Figure 1}. Ratios cobserved and
the ratios expected from diluticn of Clinch River
water in Tennessee River water are shown in Table
8. The expected ratics were calculated by divid-
ing the average observed ratio of clams in the
Clinch River downstream from White Qalk Creek by
the appropriste dilution factors {Cragwall and
Mathews, 1961). There is an excellent agreement
between expected and observed atom ratios con-
sldering that this represenis a tracer experiwment
over almost 500 river miles. The accrual of fall-
cut sirontium~90 fo river water is dependent
largely on run-off (Morgan and Stansbury, 1961).
Therefore, higher values than the fallout stron-
tlum-2G¢ to stromtium atom ratio may be attributed
to Laboratory releases of strontium-40,

The contribution of laboratory releases of
strontium~8%0 to the Clinch and Tennessee Rivers
may De compared with that from fallout through use
of the strontium-90 Lo strontium atom ratiocs in
¢lams cellected upstream from White Oak Creek and
the atom ratio in clams ¢ollected downstream from
White Oak Creek {Table 8). Fach of the downsircam
ratics cvan be divided by the upstream ratio to de-
termine ihe relative abundance of strontium-90
from each source. Thus, the Laboratory contribu-
ted 78 atoms of strontium-90 for each atom of
faliout strontium-90 in the Clinch River. Thisg
ratio then decreased at downstream lccations in
proportion to the dilution of Clinch River water,

These data suggest that clams may be used as
indicators of the behavior of strontium-%0 in
streams, BSince there 1s no significant loss of
strontium~90 from the Tennessee River water,
strontium and stronfium-80 in the water are in
eguilibrium with other components of the systien
such as .organisms and bottom sediments.

Table B, Observed and expecied strontium-90 to stable
strontium atom ratios {x 3011) in clams as a
function of the dilution of Clinch River water,

Atoms of fallout

Dilution Expected strontium-%0:
factor for on the laboratory
£linch River Dhasis of Number Observed released
Collection site water dilution analyzed average strontlum-90
crw 47t
fupstream frow 5
White Oak Creek) 12 1.67+0.50
CRM 17 to 4.7
(downstream from
¥hite Qak Creek) 1 130.8 12 130.8422.7 1:78
TRM 5211 5.6 23.4 19 25.7443.,36 Liis
TRM 425 7.05 18.6 19 18.7841.71 1:12
CTRM 100 12.3 10.6 14 10.14%1.91 1:6

1CRM = Clinch River mile: THM = Tenpessee Biver mile; the Clineh River joins the
Tennessee River at TRM 568 (river miles measured from mouth of the river).

2

All averages + one standard ervor of the mean,

3Strontium—90 te strontium atom ratioc in c¢lams from the Clinch River down-
stream from White Oak Creek is the bhasis for the atom ratios expected

because of dilution.
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DISCUSITON

The specific activity of sirontium-86 in
clam shells was used to describe the behavior of
strontium-30 released to the Tennessee River sys-
tem, Yor the purposes of this analysis the stron-
tium~80 released by the laboratory was considered
as a tracer, aithough, in the strict sense, the
release was not the typical tracer experiment, A
typical tracer experiment comsists of introducing
a known amount of an isotope inte a closed system,
Thereafter, certain conditlong must pertain; (1)
stable and radicactive isotopes of the same ele-
ment are completely mixed; (2} the supply of
atoms is sufficient to meet the requirements of
a1l metabolicalily active sites; and (3) metabol-
ic discrimination between stable and radioactive
isotopes does not occur, or else corrections can
be made for such discrimination. Rate processes
and equilibrium conditions are detsrmined by eount-
ing radioactivity in components of the system at
gelected intervals. HResults wmay be interpreted
directly from radioactivity associated with each
phase of the sysien,

Rivers are open systems with 2 continual
flux of water containing dissolved and suspended
solids, There are short-term variations in dis~
charge and chemical quality of the water, [Decause
of this a classical tracer experiment requiring a
censtant specific activity could be conducted onty
with copsiderable effort, Therefore, determining
metsbolic rate processes or eduilibrium conditions
for aquatic organisms is not feasible in a river,

Nevertheless, the relesses of low-level ra-
diocactive wastes to 2 river can be used to deter-
mine the hehavior of nuclides in the enviromment.
In such & study, samples are taken at suitable lo-
cations downstreazm from the waste outiail., A cop-
trol sampling location is established immediately
upstream from the release point. The control
point is required to evaluate the level of fallout
from nuclear weapons tests or other industrial re-
leases of the nuclide under consideration. Addi-
tional control points should be established on
each m&jor tributary where releases of nuclides
ocour,

The index point is the first sampling loca-
tion downstream from the release site and is lo-
cated sufficiently far downstream so that the ra-
dioactive wastes are completely dispersed with
the river water, Ideally, the index point is lo-
cated at the first reach of the river where com-
plete mixing occcurs, If this poinft is too far
from the release site, it is possible that trans-
ient phenomena involving & nuclide could
be overlooked, Data from other downstream sam-
pling stations ave interpreted using the index
point as the base,

Upon release of wastes o the environment a
specific activity is established for each radio-
active nuclide in the waste, The speeific activ-
ity in the water can change either by the release
of different amounts of the radienuciide or by
differences in the quantity of the stable ele-
ment. Irrespeciive of these variations, a mass of
water iz tagged whenever radionuclides are rew
leagsed in the waste effluent. Concentrations of

~mpny radicactive nuclides are so low (strontium-
80 for example) it is difficult to quantify the
small releases in water., However, radiorctivity
and stabie element concentrations af all sampling
stations are measured in an organism which con-
centrates the nuclide., The organisms sampled at
each location must be of the same age or, as in
the case of clams, of a similar age distribution.

The water mass flows through the index point and
the organisms take up stable and radiocactive iso-
topes ©of an element in the same proportion as they
cccur in the water,

This same water mass passzes downstream and
mixes with other wasses preceding and foliowing it
(farker, 1858), Thus, there are errors assoclated
with the start and end of a water flow, These er-
rors can be reduced to a minimum by sampling or-
ganisms or tissues, such as clam shell, which ac-
cumiulate a nuclide over long periods. Two factors
which affect the specific activity of a water nmass
are; (1) dilution of the contaminated water by un-
contaminated water, and (2) changes in the con-
centrations of the stable isotopes by the conflu-
ence of streams having different concentrations of
the element. In either case, spacific activity in
the water can be corrected for dilution and for
differences in the concentration of the stable
element, Therefore, the significant aspects of a
tagged water mass are not altered as the water
fiows by distant sampling locations.

Nuclide behavior is determined by comparing
the specific actlvity in samples collected from
downs tream locations with samples from the index
point. The magnitude of nuclide uptake is of no
consequence a5 long as it is possible to determine
the specific activity. If predicted and observed
specilic activities are equal, there is no iso-
tope loss from the water, Therefore, the living
and nonliving components of the stream ecosysten
are in equilibrium with the element., If the ob-
served specific activity 1s less than expected,
uptake in some phase of the system is suggested,

Strontium-80 and clams shells are a parti-
cularly suitable combinatign for an analysis of
this nature. There ave 109 to 1010 times as many
atoms of stable strontium as strontium-80 in the
clam shells (Table #), No meiabolic discrimina-
tion between the isotopes of strontium is expec-
ted and the same proportion of gtable and radio-
active atoms occurs in the water, Therefore,
variations in the amcunt of strontium-90 released
by the labovatory do not appreciably affect the
total quantity of strontium, The clams analyzed
live as long as JO years and thus are best used
as long-term indicators of strontium-90, Other
mollusks, such as Sphseriidae and Physidae, live
one to two years and could be used as shorter-term
indicaters, VYoung Sphaeriidae develop in the gills
of the parent and should be useful for periods as
short as two or three months.

Most tissues, unlike clam shell, continually
exchange atoms with their environmeant, A tissue
containing an element for which there is a rapid
exchange with the environment iy suitable for aun
analysis of the type discussad here. It is feas-
ible to introduce organisms at specific locations
in a river and then coordinate gampling time with
water flow rate. Another possibility is sampling
during a period when the environmental specific
activity is constant, The peried of time in which
this type of sampling is satisfactory is directly
dependent upon the biological half-1ife of the
element in the organism or tissue., Hence, the
criterion of five biological half-lives in which
the sampled material reaches 31/32 of its equili-
briwm concentration can be used as the minimum
time for a constant envirommental specific activ-
ity. Bomewhat longer periods of constant speci-
fic activity are desirable because of the mixing
of water masses,

The possibility of using low-level envi-

roumental discharges of radioactive wastes as
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tracers to determine the behavior of elements in
the environment is dependent upon: (1) an organisn
or substrate which concentrates z specific nuc lide
&0 that suitable radioassays. are obtained, (2)
knowledge of river discharpes required to compute
dilution factors, and (3} guantitative chemical
analyses for the element studied. In most cases
river flow rates and biological half-lives for

the element are also necessary.,

There are exciting possibilities in using
tracers of this nature to determine the fate and
behavior of elewents in surface water gtireams.
Questions regarding the behavior of elements in
ratural surface waters of different quality may
be answered with such studies, Elements required
for biclogical production in water are of parti-
cular interest and a knowledge of the behavior of
these elements is requisite Lo an understanding
of biological productivily. ‘

SUMMARY

The shells of a number of species of clams
from the Clinch and Tennessee Rivers were analyzed
for calcium, strontium, and strontium-90 to de-
termine: (1) the content of these elements and
this isotope of strontium 25 a function of species
and location in the river, and (2) whether they
could be used as biological indicators of siron-
tium-80 in the watey., The caleium content of the
shells was relatively constant and constituted 40
per cent of the shell ash weight as would be ex-
pected with calcium carbonate, The average stron-
tium content of shells of different species of
clams ranged from 156 to 382 micrograms per granm,
The differences in strontium content are due- to
inherent differences belween species rather than
to the strontium to calcium ratic in the envivr-
onment ,

Two factors which appear to affect strontium
deposition in clam shells are growth rate and sur-
face to volume relationships. 7The strontium con-
tent of clam shells incilemses with growth rate and
with a reduced surface to volume ratico. These fae-—
tors do not explain the gtrontium content of all
species, and the inherent species differences may
be related to the nonhomogeneous distribution of
strontiws within the clam shells,

Probable reasong for the lower strontium to
calcium ratios obtained in this study compared to-
the ratios reported by others are differences in
species and populations analyzed, environmental
ratics, and errors in strontium determination.
Bowever, this is not an unequivocal explanation,

The low-level releases of strontium-%0 by the
laboratory were used as a tracer to determine the
behavior of strontium-80 released to the Tennessee
River system. There was a very good agrecment be-
tween the strontium-8G to stable strontium atom
ratios observed and expected in cilam shells on the
basis of dilution of Clinch River water by Tennes-
see River water. This agreement suggests that
clams may be used as samplers of strontium-80 and
that strontium-80 released to the Clinch River is
in equilibrium with the living and nonliving com-
ponents of the river system, Concentrations of
strontium-90 in the Tennessee River will be direct-
ly related to dilution of thé contaminated water
by nencontaminated water,
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