Reports

Strontium Uptake in Shell Aragonite from the Freshwater

Gastropod Limnaea stagnalis

Abstract. Shell aragonite from 96 specimens of the freshwater gastropod Limnaea
stagnalis grown in laboratory tanks at different temperatures in water with variable
strontium/calcium ratios have been analyzed for its strontium content in order to
evaluate the mechanisms of strontium uptake in molluskan aragonite. Within the
limits defined by natural freshwater environments, the strontium/calcium ratio in the
aragonite was found to be linearly related to the strontium/calcium ratio in the water.
A distribution coefficient k% = 0.237 = 0.029, unaffected by variations in temper-
ature and growth rate, has been found. This finding substantiates the existence of a
strontium-discriminating effect in aragonite precipitated by mollusks as compared to
the case for nonbiogenic aragonite which contains about five times as much stron-
tium when precipitated under the same conditions.

Geochemical studies of fossil shell ma-
terial have recently taken on increasing
importance because of a growing interest
in the paleoclimatological and paleoenvi-
ronmental information which can be ob-
tained from such material. Any material
used for such studies must have pre-
served its original chemical and isotopic
composition since, for example, the
composition of recrystallized shells will
reflect the diagenetic but not the primary
environment.

The Sr contents are used as one of the
indicators for diagenetic changes in car-
bonates. However, without a thorough
knowledge of the Sr distribution in mod-
ern shells it is not possible to interpret
data from related fossil material. Studies
of the Sr distribution in recent biogenic
carbonates have been summarized by
Bathurst (/) and Milliman (2). Calcium
carbonate in its two polymorphs, calcite
and aragonite, is by far the most impor-
tant biogenic carbonate; Mg and Sr are,
respectively, the most abundant minor
elements in these minerals. The uptake
of the Mg in calcite has been investigated
thoroughly (3), but the incorporation of
Sr in biogenic aragonites is less well un-
derstood.

Such is not the case for the inorganic
uptake of Sr in aragonite, which was
studied extensively by Kinsman and
Holland ¢). The partitioning of Sr be-
tween solution and crystal is usually ex-
pressed as a partitioning or distribution
coefficient k4., which is defined as the ra-
tio of the Sr/Ca ratio of the solid phase to
the Sr/Ca ratio in the water from which
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the crystal precipitated. In a more so-
phisticated way it can be defined as a
function of the solubilities of strontianite
(SrCO,) and aragonite, the activities of
Sr and Ca in solution, and the activity
coefficients of the two ions in the crystal
4). This coefficient is dependent on tem-
perature. However, the variations of k%,
are negligible within the temperature
range considered here and an inorganic
distribution coefficient k%, = 1.12 has
been determined (4).

This value corresponds to a Sr concen-
tration in marine, inorganically precipi-
tated aragonite close to 8000 parts per
million (ppm), and is observed in many
natural aragonites of inorganic as well as
biogenic origin. However, aragonitic
shell material may have Sr contents de-
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viating from this ‘‘inorganic’’ value, re-
flecting the phylogenetic levels of the dif-
ferent groups of shell-forming animals (7,
5). Most important in this respect are the
mollusks, which consistently show much
lower Sr contents. The Sr concentration
in a diagenetically unaffected carbonate
shell may thus be a function of one or
more of the following factors: (i) shell
mineralogy, (i) phylogenetic Sr content,
(iii) rate of growth, (iv) water temper-
ature, (v) Sr and Ca concentrations in the
surrounding water, and (vi) ion activity
(salinity).

We describe here the results of a study
on the partitioning of Sr between water
and aragonite grown by the freshwater
gastropod Limnaea stagnalis under con-
trolled laboratory conditions, and its var-
iation with temperature, growth rate,
and chemical composition of the water.
The ionic strength of the water was kept
below 2 X 1072 in all experiments. Stud-
ies with solutions of high ionic strength
are still in progress and will be discussed
elsewhere (6). Similar experiments were
carried out by Odum (7), who discussed
the uptake of Sr by freshwater snails and
considered these data in the context of a
worldwide Sr cycle (7, 8). Additional
data on freshwater mollusks were pre-
sented by Faure ef al. (9), who discussed
the Sr uptake by bivalves in the Great
Lakes. However, both of these investi-
gators considered extreme cases: Faure
examined systems with extremely low
Sr/Ca ratios in the waters, whereas
Odum concentrated on unnaturally high
Sr/Ca ratios. Our experiments cover the
intermediate range including the Sr/Ca
ratios of most natural freshwater sys-
tems.

The individual growth rates deter-
mined in our experiments and expressed
as an increase in the total height of the
shell per day are highly variable (coeffi-
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Fig. 1. (A) Growth rate (O) and distribution coefficient k%, (X) as a function of temperature. (B)
Growth rate as a function of Sr/Ca ratios in tank water. Shells grown in water with a Sr/Ca ratio
above 1.5 show distortion and reduced growth rate (Sr poisoning).
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cient of variation up to 25 percent) within
the population of a single tank. A typical
tank population initially consisted of
more than 15 specimens, and in most ex-
periments more than 50 percent of the
animals survived. Physical factors were
kept constant during each experiment,
and these variations in growth rate must
be ascribed to unknown biological fac-
tors. Nevertheless, relationships be-
tween growth rate and temperature and
growth rate and water chemistry can be
identified on the basis of average growth
rate values for each population. The tem-
perature-defined growth interval for the
investigated specimens falls between 13°
and 28°C, beyond which no measurable
growth takes place (Fig. 1A). Optimal
growth occurred at 27°C.

Of the chemical parameters investi-
gated, only the Sr/Ca ratios of the wa-
ter have any well-defined influence on
growth; Sr/Ca ratios above 1.5 result in
distinct growth rate reductions (Fig. 1B)
and distortions of the shells. These *‘Sr-
poisoned’’ shells contained up to 27 per-
cent (by weight) of elemental Sr (more
than 50 percent SrCOj), but x-ray dif-
fractograms did not reveal any detect-
able amount of strontianite; only a shift
of the aragonite peak toward the stron-
tianite reflection was observed. High Sr/
Ca ratios in the water obviously affect
the physiology of the animals, and data
on Sr uptake from these shells should be
applied with caution. Neither absolute
Ca and Sr concentrations in tank water
nor ionic strength within the range of
normal freshwater systems had any vis-
ible effect on the growth pattern.

The Sr/Ca ratios of the water are by far
the most important parameter con-
trolling the Sr uptake in Limnaea stag-
nalis. Neither variations in temperature
nor variations in growth rate had any
measurable influence on the Sr partition-
ing between water and shell aragonite
(Fig. 1A). Figure 2 shows data from all
tanks and indicates the existence of a lin-
ear relationship between Sr/Ca ratios in
tank water and corresponding shells. If
data from the ‘‘abnormal’’ Sr-poisoned
tanks are excluded, the k values in six
tanks vary between 0.10 and 0.29; statis-
tical treatment of the results yields:

(Sr/Ca),, = 0.23 X (Sr/Cayater)*?

where the correlation coefficient r =
0.99. Expressed as an average value,
one obtains k%, = 0.237 + 0.029. Data
from three tanks with abnormal environ-
ments yield k values between 0.34 and
0.35, reflecting higher Sr concentration
in these snails.

Data by Odum (7) and Faure et al. (9)
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Fig. 2. Uptake of Sr (Sr/Ca ratio in aragonite)
as a function of the Sr/Ca ratio in tank water:
O, shells grown at Sr/Caq, lower than 1.5;
V, shells grown at Sr/Ca,, aer above 1.5, show-
ing Sr poisoning; X, Sr data from Physa sp.
grown in tanks by Odum (7); +, Sr data from
Lampsilis sp. collected in the Great Lakes by
Faure ef al. (9). The ionic strength in our ex-
periments was always less than 2 x 1072, and
it was lower by about an order of magnitude in
the Great Lakes where Faure ef al. collected
their material.

are also compiled in Fig. 2. Despite the
fact that the Sr content of the water var-
ies from very low values (approximately
20 parts per billion) to more than 10
times that observed in nature (250 ppm),
the Sr/Ca ratios in water and aragonite
from the different gastropod species in-
vestigated are strongly correlated, yield-
ing an overall distribution coefficient of
k%, ~ 0.25. This result suggests that the
Sr uptake by many freshwater mollusks
is independent of taxonomy, absolute Sr
and Ca concentrations in the water, and
temperature.

The k% = 0.237 for L. stagnalis is
somewhat lower than the value for
Physa of 0.288 given by Odum (7) but is
in good agreement with the Lampsilis
data of Faure et al. (9). Odum’s results,
however, were based on tank experi-
ments with Sr/Ca ratios in water as high
as 200; these snails were probably af-
fected by a Sr poisoning effect, leading to
a greater Sr enrichment in the aragonite.
No information on the total chemistry of
Odum’s solutions is available to us.

Compared to the inorganic k4§, = 1.12
for aragonite precipitated at 25°C ¢), the
observed value of 0.237 is more than four
times smaller. This result confirms the
existence of a biochemical discrimina-
tion of Sr uptake during formation of
shell aragonite in mollusks. No experi-
mentally documented k4, values are
available for marine mollusks, but data
given by Lowenstam (5) and Milliman (2)
for free-living organisms yield similar
values (10). The effect is probably re-
lated to the internal precipitation of shell

carbonate in mollusks in contact with the
pallial fluid in a microenvironment sepa-
rated from the surrounding water by the
mantle, a process involving transporta-
tion of ions across biological mem-
branes. If the Sr uptake in ancient mol-
lusks was controlled by the same factors,
it would be possible to estimate the Sr/
Ca ratio in fossil shell aragonite unaf-
fected by diagenetic processes (assuming
that the Sr/Ca ratio in ancient oceans
was identical to the conditions at pres-
ent).

Several investigators have related var-
iations in the Sr concentration in mollusk
aragonite with salinity and temperature
variations (/7). Our findings indicate
that the important factor controlling
the Sr uptake in natural environments
is the Sr/Ca ratio of the water, and
that temperature and absolute Sr con-
centration exert little or no influence.
Therefore, unless variations in the Sr/Ca
ratios in the water in ancient environ-
ments are known or inferred, paleoenvi-
ronmental conclusions based on Sr anal-
yses of fossil shell aragonite should be
considered with great caution.
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