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ABSTRACT. "C dating of shells from terrestrial and freshwater mollusks is prone to distor-
tion by post-depositional diagenesis as well as incorporation of material depleted in 'C while
the mollusk was alive. Three types of diagenctic change can result: etching, the development of
surface crusts, and replacement of aragonite by calcite. Inspection under the light micro-
scope, x-ray diffraction, and scanning electron microscope make it possible to assess the rela-
tive importance of the changes. When they are confined to the surface, mechanical cleaning
combined with judicious leaching can reduce them to <1% of the total sample. The corre-
sponding errors, which can now be specified, arc often no greater than those associated with
the statistics of counting.

INTRODUCTION

The chronology of palco-environmental development often calls for
e dating of some form of calcium carbonate, such as shells, carbonate
nodules, calcite, or tufa. Although these materials may be available in quan-
tities that allow conventional "*C dating (Evin et al, 1980; Thorpe, Otlet &
Sweeting, 1980; Callen, Wasson & Gillespic, 1983), and will certainly be
available in the quantities required for AMS techniques, they are often used
only as a last resort because the ages they yield are viewed with skepticism.

Earlier studies on marine mollusks (Gillespie & Polach, 1979; Mange-
rud, 1972) have suggested that the associated errors may be quantifiable
within statistical limits, and the work of Vita-Finzi (1980) and Vita-Finzi and
Roberts (1984) has emphasized the importance of sample preparation in
obtaining reliable results. Olsson, Goksu and Stenberg (1968) have also
emphasized the risk for contamination by adsorption of CO, by storing in
the atmosphere. Land and freshwater molluscan shells are even more sus-
pect than marine shells since they contain material that may have been
severely depleted in " when taken from the environment, besides being
subject to recrystallization and contamination since death. This paper
shows that, once the original shell structure has been recognized, diage-
netic change can readily be identified using the SEM and often the light
microscope. It goes on to show how this major source of error can be elimi-
nated or, failing that, quantified so that suitable error values can be sct on
the age.

METHODS AND TECHNIQUES

In order to make a reliable assessment of the extent and position of
diagenctic changes and areas of contamination it was necessary to establish
the form of unaltered structures, the levels at which diagenetic material and
contamination could be detected, and their potential for removal. The
techniques necessary to achieve these aims were integrated to give a consis-
tent and reliable method.
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Cleaning

All external shell surfaces were cleaned in distilled water and then sec-
tioned parallel to the columella using a Black and Decker Minicraft drill fit-
ted with a cutting disk 1mm thick. When used at the correct speed for a
particular shell thickness sectioning of samples <0.5mm thick was readily
achieved. The columella was discarded as its narrow cylindrical form is diffi-
cult to clean. The samples were then placed in an ultrasonic cleaner filled
with distilled water for 10 minutes and then examined under a low-power
binocular microscope for any adhering particles. If the particles remained
cemented to the shell, mechanical cleaning using diamond drills and grind-
ing wheels was undertaken before further ultrasonic cleaning.

Mineralogy

Analysis of modern samples confirmed that all the species studied were
pure aragonite unless they contained regenerated shell material (Saleud-
din, 1971). Each shell was then sampled at five points to provide a 50mg
sample for XRD analysis. The sample was ground to ca 10u and the powder
placed onto a glass slide in an acetone slurry. The analyses were undertaken
on a Philips PW 1010 diffractometer with a CuK, source fitted with a Ni
filter. The scan speed was 1°/min and calibration showed the minimum
detectable limit to be 0.6% calcite.

Microscopic Analysis

All samples containing calcite and a number of pure aragonite were
examined under a scanning electron microscope. Acetate peels were pro-
duced for the thicker shelled species only because experiment suggested a
minimum shell thickness of 0.5mm was required for this technique to suc-
ceed.

Samples for the SEM were coated with gold/palladium and examined
using a Jeol 35CF and an Hitachi $-530, both operating at 25KV. The work-
ing range was 30-30,000 times, so that single aragonite crystal units could
be resolved.

If observation showed the contamination or recrystallization to be a
surface deposit, further cleaning was undertaken followed by further XRD
analysis. When the shell was judged to be clear of calcite, the whole shell
was etched in 5% HCI, rinsed in distilled water, dried, and ground. The
sample was then subsampled and again analyzed for calcite. Samples in
which none was detected were considered suitable for '*C analysis.

The use of stable isotopes (*C/'*C, '*0/'°0) for detecting diagenetic
change was also considered. Gavish and Friedman (1969) showed a correla-
tion between percentage recrystallization and stable isotope ratio for
marine deposits. However, the wide variation in these values for non-
marine shells and the similarity of the initial and recrystallized values pre-
cludes their use for all but the most severely affected shells.

STRUCTURES PRESENT IN FRESHWATER AND TERRESTRIAL SHELLS

Details of the structures of 18 freshwater bivalves were already avail-
able (Taylor, Kennedy and Hall, 1969; Mackie, 1978) and the observations
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on Unio species were confirmed by further study. Eight species of fresh-
water and 15 species of terrestrial gastropods were examined, the structure
of only one species being known from earlier research. The nomenclature
used is based on that of Taylor, Kennedy and Hall (1969).

Five structures were found to be present: crossed-lamellar, complex
crossed-lamellar, sheet nacreous, lenticular nacreous, and prismatic, the
last four being present only in the freshwater bivalves.

Sheet Nacreous Structure

This is distinguished by the regular arrangement of layers parallel to
the shell interior. The overall effect is of a brick wall, with the interlamellar
and intercrystalline organic matrices representing the mortar.

Lenticular Nacreous Structure

In this form the euhedral or rounded tablets, formed of piles of thin
layers, are stacked in uneven groups. In general, the surfaces are distorted,
leading to a more irregular form than that of sheet nacre.

Prismatic Structure

The prisms that form the basic structural unit are generally pentagonal
cells divided from one another by thick conchiolin walls. The cells are nar-
row near the periostracum, giving rise to a large number of small prisms.
Geometric selection eliminates many of these in growth and the character-
istic prismatic form is produced.

Crossed-Lamellar Structure

This is the only structure found in non-marine gastropods, though its
exact form shows wide variation. The structure is formed from a three-fold
hierarchy consisting of first-, second-, and third-order lamellae (Pl 1). Mac-
Clintock (1967) and Phillipon (1974) describe two types of crossed-lamellar
structure, concentric and radial, that differ in their orientation to the shell
margin. Both types occur in most gastropod shells.

Complex Crossed-Lamellar Structure

This form is built of the same structural units as the crossed-lamellar
structure but with four orientations of crystallites instead of two.

DIAGENETIC STRUCTURES

The present study of fossil shells (3000 —9000 BP) from the British Isles
revealed three forms of post-depositional changes: surface etching, forma-
tion of surface crusts, and recrystallization. Associated with these is the
exfoliation of shell layers.

After burial, the shells may undergo changes. The first is the loss of the
periostracum, allowing ground waters access to the crystal structure. The
terrestrial gastropods, with the exception of Pomatias elegans, are formed
from 2 or 4 layers of crossed-lamellar structure. These layers begin to part
after a short time, possibly before burial is complete. This is probably
because layers of different crystal orientation suffer differential expansion
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Plate 1
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Unaltered structure (crossed-lamellar) in the shell of Theodoxus Sluviatilis

Plate 2
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Exfoliation of recrystallized material (right) from the unaltered crossed-lamellar structure
(left) (Cepaea nemoralis, 7880 + 160 BP)
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when subjected to changes in temperature and moisture. The process is a
form of exfoliation and accounts for the *“flakey” texture frequently found
in non-marine gastropod shells. The gaps caused by exfoliation are suscep-
tible to both contamination and the growth of secondary calcite.

Etching

This appears to represent the earliest stages of dissolution. Alexan-
dersson (1978) and Walker (1979) observed this effect at up to 300u from
the surface. However, in the terrestrial gastropods examined the attack was
confined to the surface and had penetrated only a few microns perhaps
because each of the third-order lamellae in the structure was protected by
organic matrix. The surfaces available for dissolution are increased by the
exfoliation processes because it gives access to the first-order lamellae
interfaces which are not protected by organic matrices.

Surface Crusts

This form of diagenetic change was observed on many shells. A similar
structure was recorded by Evans (1972), who suggested it was a secondary
deposit on the original shell surface. The present study suggests that it can
also be formed by recrystallization of original shell material. It was
observed on both inner and outer surfaces, but only occasionally exceeded
10u in thickness. The thickness is limited by the crust breaking away from
the shell surface, as was clearly seen in a number of specimens. This is also
seen as exfoliation and is comparable with the loss of the hydration layers
observed on obsidian. The exfoliation of crusts may owe something to dif-
ferential expansion of the shell aragonite relative to the calcite crust.

Replacement of Aragonite by Calcite

Where the surface crusts had not peeled off, or where the recrystalliza-
tion had taken place from an inner layer surface, larger areas of replace-
ment calcite where found (P1 2). In the shells studied, this did not form a
major part of the shell, the highest level being ca 5%. However, this still
represents an unacceptably high level in older samples.

The recrystallization process appears to conform to the model pro-
posed by Pingitore (1976;1982), with a narrow diagenetic front separating
the calcite from the unaltered aragonite. However, although the front is
narrow (1-24) no apparent retention of the original structure was
observed.

THE EFFECT OF DIAGENETIC CHANGES ON '*C DATES

The diagenetic deposits detected all affected <5% of the total sample
volume. Surface etching will cause no error in the '*C date, but can be taken
as evidence of an environment in which dissolution and therefore recrystal-
lization may be taking place.

The formation of a surface crust will involve the incorporation of
material with a different '*C value from that of the sample, and therefore,
an age error. However, the position of the deposit allows it to be removed
mechanically from the shell surface. Replacement calcite can also be
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removed if accessible, but if it is within the shell, this part of the shell must
be discarded.

If the diagenetic products are submitted as part of the sample, a 5%
level of modern pre-bomb contamination could produce errors of ca 1000
years on a 10,000 Bp sample, and ca 17,000 years on a 40,000 BP sample.
Thus, it is essential that the most rigorous steps be taken to clean shell mate-
rial, as the apparent age due to environmental contributions during the life
of the mollusk (500-2500 yr) can easily be overshadowed by the diagenetic
and contamination errors.

CONCLUSION

The work so far completed in this project has shown that one of the
two major problems associated with the use of non-marine shells for '*C
dating can be reduced to low levels and in the case of younger samples con-
fined to within the statistical errors associated with counting. To achieve
this requires a rigorous approach to the cleaning and preparation of mate-
rial for dating. The methods described here are simple and rely on equip-
ment that is readily available.

Work in progress deals with the second main source of error, namely,
the uptake of material deficient in '*C, and again seeks to facilitate the
selection of samples in the field and to evaluate the probable size of the
error, this time by isotopic analysis of the environment occupied by the
mollusk. The results obtained so far reinforce the view that with careful
selection and pretreatment non-marine shells can be suitable material for
'C dating.
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