
age size was 930 pm, with a range from 
460 to 12 10 pm (9). For comparison, Fig. 
2b shows the crystals produced in the 
system without chloroform, which are 
needles 120 pm in average length. Micro- 
scopic examination showed that the ag- 
glomerate was composed of minute nee- 
dle-like crystals. We anticipated that 
polymorphism or solvation might occur 
during the agglomeration process. How- 
ever. we confirmed that this was not the 
case in the present system by means of 
an x-ray and spectrophotometric inspec- 
tion. The agglomerate size was easily 
controlled by adjusting the agitation 
speed, temperature of the system, chlo- 
roform content in the system, and resi- 
dence time. Agglomerate size decreased 
with increased agitation speed and with 
decreased chloroform content. Increas- 
ing the temperature difference between 
the ethanol solution and the mixture of 
chloroform and water resulted in a de- 
crease in the agglomerate size. 

The micromeritic properties of the ag- 
glomerates in Fig. 2a were investigated. 
The angle of repose (10) was 36" and the 
density of closest packing (11) was 0.488 
g/cm3; the corresponding values for the 
crystals in Fig. 2b were 51" and 0.160 
g/cm3. The agglomerated crystals could 
be formed into tablets by direct compres- 
sion (12). It was not possible to compress 
the unagglomerated crystals because of 
their poor flowability. The hardness (13) 
and weight (14) values of the tablets 
formed from agglomerated crystals could 
meet the requirements for practical use. 

In preliminary studies we found that 
other three-component systems such as 
benzene-ethanol-water, carbon tetra- 
chloride-ethanol-water, and chloroform- 
acetone-water could be used instead of 
the present water-ethanol-chloroform 
systein. This suggests that spherical crys- 
tallization might occur generally when a 
suitable mixture of three partially misci- 
ble liquids is employed as the crystalliza- 
tion solvent. Further, we expect that 
spherical crystallization may be adapted 
to a wide variety of drugs and chemicals. 
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Calcium Carbonate Hexahydrate from Organic-Rich 
Sediments of the Antarctic Shelf: Precursors of Glendonites 

Abstract. Large euhedral crystals of calcium carbonate hexahydrate were recov- 
ered from a shelfbasin of the Bransfield Strait, Antarctic Peninsula, at a water depth 
of 1950 meters and sub-zero bottom water temperatures. The chemistry, mineralogy, 
and stable isotope composition of this hydrated calcium carbonate phase, its 
environment of formation, and its mode of precipitation confirm the properties 
variously attributed to hypothetical precursors of the glendonites and thereby greatly 
expand their use in paleoceanographic interpretation. 

Glendonites belong to a group of un- 
usual calcitic pseudomorphs after origi- 
nal minerals of unknown composition. 
They are associated with glacial marine 
deposits of Permian to Recent age and 
are thought to have formed syngenetical- 
ly from organic-rich muds at sub-zero 
temperatures in polar environments (1- 
3). Therefore, they may be important 
indicators of the regional distribution 
and temperature history of polar water 
masses (4). 

We report here on what we believe is 
the first observation of a highly hydrated 
calcium carbonate mineral from anoxic, 
organic-rich sediments of the Bransfield 
Strait, Antarctic Peninsula, which has all 

Fig. 1 .  Single crystal 
of calcium carbonate A 
hexahydrate from 
Bransfield Strait sedi- 
ments. This is a hy- 
drated phase of cal- 
cite which forms at 
sub-zero tempera- 
tures and elevated 
pressures from meta- 
bolic carbonate and 
seawater calcium. It 
is the first reported 
occurrence of this 
phase forming syn- 
genetically in organic- 
rich, rapidly accumu- 
lating sediments. Its 
crvstal structure is 

the attributes of the elusive glendonite 
precursor (5). This mineral phase is iden- 
tical to synthetic CaC03 . 6H20, known 
for over 100 years (6, 6a), and to the 
mineral ikaite from its single known oc- 
currence in a carbonatite rock at the Ika 
Fjord, Greenland (7). The large euhedral 
single crystals from the Bransfield Strait 
sediments appear to be precipitated 
authigenically from C032- supplied from 
the early diagenetic decomposition of 
sedimentary organic matter and calcium 
from the interstitial seawater. 

Crystal specimens of identical size and 
shape were discovered in two narrow 
zones at depths of 205 and 714 cm in a 
12-m-long sediment core. The fresh min- 
erals were initially amber in color and 
translucent; they occurred as elongate 
crystals with perfectly shaped bipyrami- 
dal terminations (Fig. 1). At laboratory 
temperature onboard ship, the interior 
became cloudy within hours and the min- 
eral physically disintegrated into a mush 
of water and small whitish crystals, later 

) identified as calcite. The terminations, 
edges of the bivyramids, and certain - - - 
crystal fragments, however, remained 
intact for longer periods and could there- 
fore be preserved by cold storage (8). 

Subsamples of the hydrated crystals 
were analyzed for total calcium and total 
weight loss after ignition (9). With one 
exception, all analyses correspond to 
within 6 1  percent of the ideal composi- 

- - . - ~ -  - - ~ - ~ -  -~ 

monoclinic and iden- tion of C ~ C O ~  6H20 (in percentage by 
tical to that of synthetic CaC03 6H20, and weight): CaO, 26.95; C02, 21 14; and 
its chemical composition is similar to that of H20, 51.92 (Table the mineral ikaite, reported from a carbonatite 
rock submerged in the Ika Fjord, Greenland. %or to the analysis of hydrated Veci- 
Scale, 1 cm. mens, dehydrated subsamples, stored at 
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room temperatures and pressures, were 
analyzed for phosphate, magnesium, cal- 
cium, and carbon in order to ascertain 
the gross composition and check for pos- 
sible mixed phases (10). The dehydrated 
solid phase was essentially pure calcium 
carbonate with traces of sediment, most- 
ly quartz and clays. 

The very light 613c values (Table 1) 
identify the carbonate as derived from 
organic matter. In contrast to calcium 
carbonate from skeletal components, the 
8l3C values of organic matter in recent 
marine sediments range from - 10 to -30 
per mil relative to the Pee Dee belemnite 
standard (PDB), frequently with values 
between -20 and -27 per mil (11). It is 
therefore common practice to trace for- 
mation of such isotopically light carbon- 
ates to organic matter as a source (12), 
whereby microbial decomposition and 
associated carbonate production, nota- 
bly by sulfate reducers, transpose the 
stable carbon isotope signature of the 
organic matter to the solid calcium car- 
bonate phase. The high metabolite con- 
tents of pore waters from the Bransfield 
Strait sediments leave little doubt that 
the CaC03 . 6H20 precipitation there is 
induced by such microbial carbonate 
production under anoxic conditions. 

The ~ ' ~ 0  value of +3.84 per mil 
relative to PDB (Table l ) ,  for samples 
showing the least dehydration, indicates 
an equilibrium precipitation temperature 
of -0.6"C based on the "calcite" paleo- 
temperature equation of Shackleton (13). 
This value is in good agreement with the 
measured bottom water temperature of 
- 1.6"C at the sampling locality. How- 
ever, it is not obvious why CaC03 . 
6H20 and calcite should behave identi- 
cally with regard to the isotope fraction- 
ation during precipitation from seawater, 
because effects of polymorphism on the 
oxygen isotope ratios have been ob- 
served elsewhere (14). Therefore, at this 
stage, inferences on geothermometry are 
tentative, particularly so in view of the 
changes of S180 toward lighter values 
with increasing degree of dehydration. 

Crystal structure and phase identifica- 
tion were determined by single-crystal 
(15) and random powder x-ray diffrac- 
tometry, respectively. Because of the 
much shorter time period required for 
the more accurate single-crystal mea- 
surements, no interfering calcite reflec- 
tions from gradual dehydration were re- 
corded. These data were used to index 
the reflections obtained from the random 
powder pattern (15). The most probable 
space groups of the hexahydrate phase 
are C 2/c or C c. Lattice constants and 
interplanar spacings (d-spacings) of the 
Bransfield Strait monoclinic CaC03 . 
4 JUNE 1982 

6H20 are, to our knowledge, the first 
obtained from the natural phase and are 
identical to those of synthetic products 
(6a). As far as we know, the structure of 
the mineral ikaite from Greenland has 
never been directly determined but in- 
stead was inferred from the very similar 
chemical composition of synthetic and 
natural phases. 

In an optical examination at laboratory 
temperature, the progress of dehydration 
was easily observed. Hydrated crystal 
fragments of CaC03 . 6H20 were color- 
less, showed no pleochroism or cleav- 
age, had strong birefringence, were opti- 
cally negative, and yielded a biaxial opti- 
cal figure with strong dispersion of the 
bisectrix. The highest and lowest indices 
of refraction were n, = 1.542 and n, = 
1.482, respectively, and the intermediate 
one n~ = 1.530. 

Extremely high metabolite concentra- 

tions, in fact the highest ever reported 
for marine sediments, were measured in 
the pore waters of the Bransfield Strait 
sediments (Fig. 2). The increasing NH3 
content reflects the continuously accu- 
mulating metabolites from the decompo- 
sition of organic matter by heterotrophic 
microbes. The total titration alkalinity, 
however, deviates from such a cumula- 
tive distribution by first increasing rapid- 
ly and then becoming constrained by the 
precipitation of CaC03 . 6H20 at - 57 
meqlkg. Concomitant with such a depth 
distribution of the major dissolved car- 
bonate species, dissolved calcium de- 
creases significantly. 

We calculated the ion concentration 
product (ICP) between C032- and Ca2+ 
from the alkalinity, pH, and calcium data 
for the in situ temperature of - 1.6"C and 
a pressure of 1 atm, using published 
constants (16, 17). Such equilibrium 

Table 1. Composition of hydrated and dehydrated subsamples. 

Chemistry, hydrated sample Stable isotopes 

Sam- Resi- CaO c o z *  H ~ O L  Hydrated Dehydrated 
ole due (% by weight) samDle samDle subsamplet subsample 

weight weight (%by  (%by  
(mg) (mg) Residue Sample weight) weight) 8180 8I3C 8180 8I3C 

*Calculated from the total weight loss by partitioning C 0 2  and H 2 0  according to the measured CaO content 
(7). tFor comparison, samples at various stages of dehydration were analyzed. Those designated 

hydrated" showed evidence of only minimal dehydration. Warnple from Meteor cruise 56, station 278, 
714 cm below the sediment surface. §Sample from Meteor cruise 56, station 278, 205 cm below the 
sediment surface. 

Concentration (mM) 

A 

E 
w 

C: - 
P 
0 
0 

8 - 

- 

12 - 
Fig. 2. Concentrations of dissolved metabolites and calcium in pore waters from Bransfield 
Strait sediments and depth intervals in the core where CaCO, . 6Hz0 occurred. The continu- 
ously increasing NH3 content with depth of up to 5 mMlkg results from the interstitial 
accumulation of bacterial metabolites with time. Alkalinity is also the result of metabolic 
activity; its concentration (of up to 60 meqlkg) and that of calcium (reduced to 6 mMlkg), 
however, become constrained by the precipitation of CaCO, 6H20 at these two depth 
intervals. For equilibrium modeling of the precipitation reaction, see (18). 



modeling yields two maxima for the ICP, 
the first at 183 to 385 cm and the second 
at 700 to 714 cm. These are exactly the 
depth intervals at which solid-phase 
CaC03 . 6H20 was found. Averaging the 
results yields a mean value of 1.62 x 

mole2/kg2. Using this value, we 
calculated the thermodynamic stability 
product at -1.6"C (18) as ' K  = 7.58 
x lo-' or paK = 7.120. Recalculation of 
a solubility determination by Mackenzie 
(19) yields an activity product at 2°C and 
1 atm of 4 X lo-' to 8 x lo-'. Using 
standard free energy data and the stabil- 
ity product (ZO), we calculate a Gibbs 
free energy of formation of -616 kcall 
mole. The hexahydrate is apparently un- 
stable above 0°C at atmospheric pres- 
sure, its formation and persistence being 
favored by the magnesium content of 
seawater and certain additives, for ex- 
ample, Calgon, a mixture of polymeta- 
phosphates and polyphosphates (6, 6a,  
21), but it can also be prepared as a pure 
phase at 0°C (22). Because of a - 20 
percent decrease in volume accompany- 
ing the reaction 

calcite(,, + 6H20(e1 = CaC03 . 6H20 

formation of ikaite appears favored at 
elevated pressures; indeed, above 6 kbar 
the hexahydrate forms spontaneously at 
the expense of both calcite and aragonite 
(6, 6a). All these conditions and stability 
relations for the formation of ikaite rath- 
er than calcite are met at the Bransfield 
Strait locality. 

The data assembled here leave little 
doubt that CaC03 . 6H20 is an authi- 
genic precipitate that forms at sub-zero 
temperatures from interstitial solutions 
of organic-rich sediments undergoing mi- 
crobial decomposition. Its distribution in 
the geological record is probably diag- 
nostic of high-latitude environments 
where organic-rich sediments accumu- 
late rapidly in cold bottom waters. 

A change from the original environ- 
ment would cause rapid dehydration and 
conversion of monoclinic ikaite to ortho- 
rhombic calcite. This process would 
yield the long-known peculiar calcitic 
cryptocrystalline pseudomorphs (glen- 
donites) in sedimentary rocks of all ages. 
Upon dehydration, the oxygen isotope 
signal would become lost because of 
reequilibration with the aqueous phase at 
a new temperature. The 8l3C character- 
istics of the organic source material, on 
the other hand, would be preserved; for 
example, glendonites of Cretaceous age 
from the Upper Deer Bay Formation of 
Arctic Canada (23) show the same deple- 
tion in I3C as the Bransfield Strait ikaite; 
organic matter is thus identified as the 
carbon source. 
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The identification of ikaite from the 
Bransfield Strait sediments and the clari- 
fication of the relationship between this 
original phase and the pseudomorphs 
should further stimulate its application 
as a paleoclimate indicator, which was 
pioneered by Kaplan (2) and by Kemper 
and Schmitz (I). These investigators 
compiled and correlated patterns of glen- 
donite distribution with other glacial ma- 
rine indicators but did not know the 
identity of the glendonite precursors. 
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Stable-Carbon Isotope Ratios as a Measure of Marine 
Versus Terrestrial Protein in Ancient Diets 

Abstract. The stable-carbon isotope ratios for the flesh of marine and terrestrial 
animals from Canada's Pacific coast differ by 7.9 ? 0.4 per mil, reflecting the - 7 
per mil difference between oceanic and atmospheric carbon. This difference is 
passed on to human consumers. The carbon isotopic values (813c) for human 
collagen thus yield direct information on the relative amounts of marine and 
terrestrial foods in prehistoric diets. 

In studies of the subsistence bases of 
prehistoric people, one may, by identify- 
ing faunal remains from archeological 
sites, determine the species of animals 
that were likely to have provided dietary 
protein. However, in those cases in 
which a population had access to two or 
more sources of protein, it is difficult to 
determine the relative amounts derived 
from each. It has been shown that stable- 
carbon isotope abundance ratios for hu- 
man bone collagen can provide an esti- 
mate of the average fractions of the diet 
derived from C3 and C4 plants (C3 plants 
fix carbon from ribulose diphosphate 
into a three-carbon acid, utilizing the 
enzyme ribulose-diphosphate carboxyl- 
ase; in C4 plants, C 0 2  is first fixed into 
phosphoenolpyruvate to yield four-car- 
bon acids, using the enzyme phospho- 
enolpyruvate carboxylase), because the 
C3 and C4 photosynthetic processes frac- 
tionate carbon by different amounts (I). 
In this report we show that a similar 
discrimination may be made between 
marine- and terrestrial-based diets on the 
coast of British Columbia and that this 
method can give a direct determination 
of the dietary adaptation of a population. 

The purpose of this study was to deter- 

mine whether the - 7 per mil difference 
observed between seawater bicarbonate 
and atmospheric C02  (2) is maintained 
through the various trophic levels, in- 
cluding human consumers, of the ma- 
rine- and terrestrial-based food chains on 
the Pacific Coast. If such is the case, 
then a measurement of the 813C value, 

813C = &ample - Rstandard x 1000 
Rstandard 

where R = 1 3 C / ' 2 ~ ,  using the Pee Dee 
belemnite (PDB) standard for the bone 
collagen of a human consumer would 
give an estimate of the relative amounts 
of marine- and terrestrial-based carbon 
in the diet. The accuracy of this estimate 
will depend upon the variability in the 
613C values for each food chain. If the 
variability introduced at each trophic 
level and in the collagen-forming process 
is large, it may obscure the difference 
between the two food chains. 

Although the photosynthetic mecha- 
nisms may differ, marine phytoplankton 
fractionate carbon to approximately the 
same extent as terrestrial C3 plants, that 
is, by about 19 per mil relative to their 
carbon source (3), thus maintaining the 7 
per mil difference between air and ocean 

carbon at this trophic level. The plank- 
ton values do vary with ocean tempera- 
ture but this variation is small (- 0.35 
per mil per degree celsius) (4), and we 
expect that for the study area considered 
here it will be negligible. 

The fractionation between an animal's 
diet and the average 813C value for its 
whole body has been measured as 
0.8 2 1.0 per mil and is not species- 
specific (5). Therefore, the 7 per mil 
difference should persist between marine 
and terrestrial herbivores at this trophic 
level, without a great deal of variabil- 
ity being introduced. Furthermore, this 
small fractionation makes it possible to 
treat both plants and animals in a food 
chain as a single food source. 

In this study the highest trophic level 
considered is man. For archeological 
studies, all isotope measurements should 
be made on bone collagen. This tissue 
reliably preserves its carbon isotope 
composition through time, as carbon re- 
placement would result in the destruc- 
tion of the protein. In living humans, 
bone collagen has a turnover of about 30 
years (6), and so measurements will rep- 
resent long-term average dietary intakes 
of individuals. This collagen is composed 
of amino acids which are derived from 
the food ingested. Dietary protein pro- 
vides the essential amino acids, whereas 
the nonessential amino acids may be 
synthesized from carbohydrates or ob- 
tained from the protein. The diet on the 
Canadian Northwest Coast is reported 
(7) to have been very low in carbohy- 
drate content, and so the human collagen 
would have been derived primarily from 
dietary protein. As this collagen results 
from the ingestion of a large number of 
animals and plants, it should therefore 
reflect the average 813C value for the 
food chain or chains upon which the diet 
is based. The 813C value for a consum- 
er's collagen has been found to be - 5 
per mil higher than that of its diet (1, 8). 
The variability of this fractionation is not 
well known, but the limited available 
data suggest that it is 5 1  per mil (1, 8). 

Application of this technique will be 

Table 1. Average 6I3C values relative to PDB for diet and consumer samples obtained from British Columbia and the Ottawa Valley, Quebec, and 
from the literature (10) (literature values are in parentheses). Variabilities are 1 standard deviation. 

Description of samples N 6I3C (per mil) Description of samples N 8l3C (per mil) 

Dietary materials 
Terrestrial mammals 27 -25.5 ? 1.5 Marine mammals 4 -17.5 t 0.9 
Terrestrial birds 15 -25.2 ? 1.5 Marine fish and shrimp 20 -17.5 ? 1.5 
Freshwater fish 4 -28.8 * 2.2 Littoral species 7 -18.7 ? 1.2 

Population mean and error -25.7 t 0.3 -17.8 t 0.3 
Human bone collagen 

(Northern European C3 consumers 81 - 19.6 ? 1.6) (Greenland Eskimo 2 - 12.8) 
Ottawa Valley consumers 17 -19.6 * 0.9 British Columbia consumers, coastal area 40 -13.4 ? 0.9 

British Columbia consumers, interior area (N = 5) -15.4 ? 0.3 
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