the complex because of endosmotic
flow. The profound change in the
mobility of the isotope when lactose is
present is indicative of the formation
of a complex.

The crystalline compound, CaCl,
lactose - 7H,O, was isolated and iden-
tified by Herrington (7), but no data
were reported on the nature of the
binding of Cat** to the sugar, or on the
characteristics of chelation. Our elec-
trophoresis experiments conclusively
demonstrate that the Ca++ forms a solu-
ble, uncharged complex, similar to that
observed for iron (4), but different
from that of Herrington. Mills (8),
in a series of paper-electrophoresis and
chromatographic studies, showed that
Ca* and other divalent metals alter the
migration patterns of polyols and sug-
gested that complexes were formed.
Wasserman and Lengemann (3) were
not able to effect the solution of
CaHPO, with lactose because of the
unfavorable rate of the reverse reaction
and the relationship between the sta-
bility constant of the Ca-lactose com-
plex and the solubility product of the
insoluble salt. '

Several aspects of the regulation and
absorption of Ca** and other divalent
metal ions, as influenced by sugars, are
important to emphasize. There must
be a high ratio of sugar to metal ion
in order to have effective complex for-
mation (4).

The rapidity of absorption of the
sugar is extremely important. For this
reason, it is difficult to correlate the
stability of a Ca-sugar complex in vitro
with its effectiveness in vivo, particu-
larly where the literature indicates little
agreement (9), and where quite differ-
ent rates of intestinal transport for

“each particular sugar have been ob-

served.

Our evidence for chelation of Ca*+
by sugars offers a chemical explanation
for some previous results of nutrition
studies. Whether the complex is trans-
ported through the biological mem-
branes or merely serves as a metal-ion
buffer to maintain Ca** in a form
readily available for transport is yet to
be determined (10).
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Calcium Carbonate: Factors Affecting Saturation in Ocean

Waters off Bermuda

Abstract. Bermuda marine waters are not in equilibrium with the bulk carbonate
sediments with which they are in contact, and they are supersaturated with
respect to pure calcite. This apparent supersaiuration seems to result from a
metastable equilibrium between sea water and the most soluble solid phase

available locally in excess.

The near-shore regions of Bermuda
offer a wide variety of environments in
which marine waters of differing tem-
peratures and chemical compositions are
in contact with relatively pure carbonate
sediments. The island thus offers an
ideal setting in which to study carbonate
sediment—sea-water systems. We have
made a preliminary saturometer-type
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investigation (I) to establish whether
the waters are in equilibrium with the
subjacent sediment. The results were
unexpected.

Samples of sea water and bottom
sediment were collected by skin-diving
and bottom-sampler techniques from
five localities: an open coast environ-
ment at Tobacco Bay on the northeast

end of the island; a shallow semi-
restricted environment in Ferry Reach
near the Bermuda Biological Station;
and from three locations at depths of 3,
15, and 78 feet in Harrington Sound,
an enclosed lagoon. The pH of each
water sample was measured immediately
upon collection (pH, Table 1). An ex-
cess of a solid carbonate phase was
then added, and a glass electrode was
inserted into the sediment. The in-
dicated pH was then recorded at 5-
minute intervals until no further change

‘could be observed (generally about 30

minutes). The difference between the
observed final pH in the presence of
excess solid and the original pH of the
water sample was then recorded (ApH,
Table 1). All measurements were made
with a Beckman model G pH meter,
which has a nominal precision of == 0.01
pH unit and an accuracy of -+ 0.02
pH unit.

The interpretation of the data pre-
sented in Table 1 is not unambiguous.
Using pure calcium carbonate as the
solid phase and solutions of both dis-
tilled water and artificial sea water,
Weyl (/) has shown that saturometer
measurements made as described will
show positive values of ApH when the
solution is initially undersaturated, nega-
tive values when the solution is initially
oversaturated, and no change when the
solution is in equilibrium with the added
solid phase. Wey!’s results show further
that the magnitude of the observed pH
change will be proportional to the de-
gree of over- or undersaturation. When

the solid phase used is a solid solution

of variable composition, however, and
the fluid is a phase as complex as sea
water, the interpretation becomes less
straightforward. Differential complex-
ing of the carbonate-mineral cations by
pH-sensitive ions in sea water or peri-
tectic exchange of the solid solution cat-
ions may occasion pH changes not
directly related to the saturation state of
the water sample. Such changes would
be small, however, and in view of the
large pH changes observed in the pres-
ent study the data in Table 1 are in-
terpreted, qualitatively, as though they
relate to a simple binary system.

So interpreted, the data in Table 1
appear to indicate that only the deepest
water sample from Harrington Sound is
in equilibrium with the subjacent bulk
sediment. Even this sample is in equili-
brium only with a 3-inch surface layer
of ooze containing more than 90 per-
cent aragonite. All of the remaining
samples appear to be oversaturated with
respect to the sediment with which they
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Table 1. Saturometer results expressed as change in observed pH, for ﬁye water sgxmples from Ber-
muda. Positive values of ApH are interpreted as indicating undersaturation; negative values, super-
saturation. The solid phases used are fully identified in the text.

Observed pH change with respect to:

Depth Initial Pure Aragonite . Leit
(ft) pH Subjacent and and High-Mg calcite
sediment low-Mg med-.Mg Coarse Fine
calcite calcite
Tobacco Bay (after rain)
8.22 —0.28
" Ferry Reach
8.14 —0.52 —0.22 —~0.46* +0.17
Harrington Sound
3 8.23 —0.40 —0.50 —-0.25 -0.22 —0.07
15 8.22 —0.46 —0.03
78 7.44 ~0.01 +0.21
—0.461

* This reading appears to be anomalous.

1 Determination made with light grey sediment from below

the 3-inch layer of surface ooze. The surface ooze is a dark grey, organic-rich mud which evolves H,S

when disturbed.

are in contact. This observation poses
the problem of determining the mech-
anism controlling the - activities of dis-
solved carbonate species.

Bermuda sediments are made up of a
variety of skeletal fragments. These are
composed not only of calcite but also of
aragonite and magnesian calcite solid
solutions of a wide range of composi-
tions (2). The solubility of aragonite is
substantially greater than that of calcite,
and the solubility of magnesian calcites
increases with increased magnesium
content (3). For this reason, saturome-
ter experiments were repeated on several
of the same water samples using single-
phase carbonates of various compositions
in an attempt to determine whether the
solutions were in equilibrium with one
of the more soluble phases. The single-
phase carbonate minerals used, with the
exception of reagent-grade calcium car-
bonate (calcite), were derived from the
skeletons of organisms common in Ber-
muda waters: aragonite from Oculina,
a coral; slightly magnesian calcite (less
than 2 percent MgCO:) from Pinna,
a pelecypod; moderately magnesian cal-
cite (9.5 percent MgCO:) from Plex-
.aura, an alcyonarian; and highly mag-
nesian calcite (18 percent MgCO:)
from Amphiroa, a red alga.

When crushed samples (approximate
diameter, 10 ) of these carbonates
were used in the saturometer, it was
found that the Harrington Sound and
Ferry Reach waters were greatly over-
saturated with respect to calcite and
slightly magnesian calcite, and some-
what less oversaturated with respect to
aragonite and moderately magnesian
calcite. The moderately magnesian cal-
cite used in the experiments gave results
almost identical with pure aragonite, as
would be expected from the relative
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solubilities reported by Chave et al. (3).
The water samples were most nearly in
equilibrium with the highly magnesian
calcite, though all appeared to be some-
what oversaturated even with respect to
this relatively very soluble phase.

The solubility of carbonate minerals
can be substantially increased by grind-
ing (4). This effect results in part from
the relatively high surface energies of
the smaller particles (5) and in part
from the energy contributed by lattice
distortions introduced by grinding.
When finely ground (particle diameter
less than 1 y) highly magnesian cal-
cite (Amphiroa) was placed in the
saturometer, the results indicated that
the waters from depths of 3 and 15 feet
in Harrington Sound were nearly in
equilibrium with the solid phase, while
the water samples from Ferry Reach
and the 78-foot depth in Harrington
Sound were undersaturated. The water
samples from the wave zone, where con-
stant stirring and grinding of the sedi-
ment should produce an abundance of
extremely fine particles, appear to be in
equilibrium with carbonate material
even more soluble than the finely ground
highly magnesian calcite employed in
the experiment, while water samples
from quieter areas appear to be in
equilibrium with some slightly less solu-
ble phase. .

The saturometer experiments thus in-
dicate that all of the water samples
examined were in equilibrium with solid
phases substantially more soluble than
pure calcite, and that the amount of dis-

~solved carbonate present in each sam-

ple is related to the nature of the en-
vironment from which the sample was
collected.

It must be emphasized that these
measurements do not provide direct evi-

dence of the mechanism responsible in
nature for the saturation state of the
water samples. The saturometer shows
only whether the activity of bicarbonate
ion (the dominant species) in the sam-
ple is greater than, less than, or equal
to that which would obtain in a satu-
rated solution of the particular solid
phase used in the saturometer. In the
present case, however, two factors
strongly suggest that the saturation state
of the samples is controlled in the natu-
ral environment by a combination of
grain size and the magnesium content
of the carbonate phases present in the
sediment. First, the amount of dissolved
carbonate in each sample appears to
bear a direct relationship to the char-
acter of the natural environment, and
second, the subjacent sediment in each
case includes an excess of that solid
phase with which the solution may be
shown to be in equilibrium in the satur-
ometer.

We may thus account for the ap-
parent supersaturation of the Bermuda
water samples with respect ‘to pure
calcite by inferring that the satura-
tion state of each sample is controlled
by the solubility of the solid phases
locally available. This conclusion sug-
gests that the activity of dissolved car-
bonate species in Bermuda waters may
be determined by a metastable equilib-
rium between sea water and the most
soluble solid phase present in the sedi-
ment. Whatever the local controlling
phase, the more soluble carbonate min-
erals, particularly in the finer size
ranges, should be progressively removed
by solution until only the most stable
phase, coarse calcite, remains. The con-
clusion thus provides a mechanism to
account for the observations reported
by Chave (2) (6).
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