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Abstracts

J. P. Amend and E. L. Shock

GEOPIG, Department of Earth and Planetary Sciences,
Washington University, St. Louis, Missouri, U.S.A.

Energetics of amino acid synthesis in hydrothermal
solutions

The amino acid synthesis pathways in microorganisms,
though diverse, share several noteworthy features; the nitro-
gen source for a-amino groups of amino acids is NH,*, and
the skeletal carbons come from intermediates of the tricar-
boxylic acid cycle and other major metabolic pathways. Al-
though the corresponding mechanisms, including the specific
functions of essential enzymes, are well understood, the ener-
getics of amino acid biosynthesis in the context of the natur-
al environment of the host cell have not received their due.
These energetics can be determined by combining standard
state Gibbs free energies of synthesis reactions (AG °) with
intracellular activity products. Values of AG ° as functions
of temperature and pressure for amino acid synthesis can be
computed from recently published thermodynamic properties
[Shock EL et al. (1989) GCA 53: 2157-83; Shock EL et al.
(1997) GCA 61: 907-50; Amend, Helgeson (1997), J Chem
Soc Faraday Trans 93: 1927-41; GCA 61: 11-46]. How-
ever, the intracellular concentrations of the essential reactants
and products are only poorly understood. Nevertheless,
energetic demands that organisms place on their geochemical
environments can be evaluated using extracellular activity
products, which we use to constrain the amounts of energy
released by or required for amino acid synthesis from CO,,
H,, NH,*, and H,S by autotrophic microorganisms in two
diverse ecosystems, hydrothermal solutions and surface sea-
water.

Chemical disequilibria in hydrothermal solutions due to
subsurface mixing of seawater and thermal vent fluids may
provide energy for amino acid synthesis. Thermodynamic
calculations at 100 °C show that the formation from inorgan-
ic precursors of 11 of the 20 naturally occurring amino acids
are exergonic in these highly reduced fluids. By comparison,
similar calculations indicate that the synthesis reactions of all
20 amino acids are strongly endergonic in'cooler, relatively
oxidized surface seawater. Activities of CO,, H,, H", NH_",
H,S, and amino acids in hydrothermal solutions can be deter-
mined from mixing calculations involving thermal vent fluid
and seawater; corresponding activity products in surface sea-
water are calculated from tabulated measurements [McCol-
lom, Shock (1997) GCA 51: 4375-91; Keil R. (1998) pers.
comm.].

We find that although values of AG ° for these reactions
are strongly temperature dependent, it is the hydrogen activi-

ty (a,,) in both the mixed hydrothermal solutions and in sur-
face seawater that dictates the reaction energetics; the differ-
ences in a,, values between a 100 °C hydrothermal solution
(~5 x 10*m, McCollom & Shock, 1997) and surface seawa-
ter (1-2 x 107m, Lilley, 1998, pers. comm.) can be five or-
ders of magnitude or more. As a result, the synthesis reac-
tions in a 100 °C hydrothermal solution are exergonic for the
ten most reduced amino acids (leu, ile, val, lys, phe, met, pro,
tyr, trp, ala) and endergonic for nine of the ten most oxidized
amino acids (his, asn, asp, gly, cys, ser, gln, arg, thr).

We conclude that the energetics of amino acid synthesis
are strongly favoured in hydrothermal systems over surface
seawater. For example, preliminary computations show that
the overall Gibbs free energy (AG)) for the reaction

3CO,(aq) + NH * + 6H,(aq) - Ala(aq) + H* + 4H,0
equals —5.9 kcal mol™" in the mixed hydrothermal solution at
100 °C and +50.6 kcal mol™ in surface seawater. Similar
comparisons of AG_ for the other amino acids show dif-
ferences ranging from approximately 50 to 200 kcal per mole
of amino acid produced. Combined with the conclusion that
peptide bond formation is energetically favoured with in-
creasing temperature [Shock EL (1992) GCA 56: 3481-91],
it can be argued that thermophilic autotrophs expend less en-
ergy for the synthesis of macromolecules, such as proteins,
that do their mesophilic counterparts. In fact, depending on
the amino acid composition of the protein, the synthesis of its
monomers from CO,, H,, and other inorganic precursors in
hot, reduced aqueous solutions may provide substantial sur-
plus energy that can be harnessed to drive intracellular syn-
thesis of enzymes and other biopolymers.

A. M. Child', M. J. Collins', C. Nielson-Marsh?, and
C. Vermeer?

'Fossil Fuels and Environmental Geochemistry (NRG),
University of Newcastle-upon-Tyne, and

*Research Laboratory of Archaeology and the History of
Art, Oxford, U. K.

*Department of Biochemistry, University of Limberg,
Maastricht, The Netherlands

Osteocalcin — an unusually stable bone protein?

Osteocalcin (OC) is the 7th most common protein in the hu-
man body. It is a small, highly negatively charged protein as-
sociated with the mineral phase of bone. This close associa-
tion is linked to the interaction of three g-carboxyglutamic
acid (Gla) residues with the surface of calcium hydroxyap-
atite. It has been claimed that OC survives in dinosaur bones.
We have investigated the preservation potential of this pro-
tein using monoclonal antibodies, which detect different re-



gions of the molecule. The various regions of the OC mole-
cule demonstrate different survival rates; the best preserva-
tion is seen in the a-helix, the worst in the N-terminus. This
same survival pattern is seen in archaeological bones. All
three Gla residues lie in the region we call ,,a-helix®, and this
region is well-preserved in bone, but there is little preserva-
tion potential seen when the extracted helix and mineral are
mixed together as a ,,reconstituted” bone. Indeed, there is lit-
tle advantage for helix preservation when reacted with miner-
al compared to that seen in water.

This may be due to damage during extraction and purifica-
tion procedures. High temperature studies show that at tem-
peratures of less than 95 °C, we could not demonstrate any re-
duction in signal for the Gla region, thus we cannot predict
accurately the likely survival time for this REGION. On the
basis of our kinetic analyses, we are not able to refute reports
of OC in dinosaur bones. Can we use OC to assess the level of
microbial degradation? Having a strong indicator of this alter-
ation would be desirable, since we can then determine which
bones are more or less likely to be useful for archacometric
studies. Archaeological bone samples from Bercy (Paris) have
shown that OC survival rates can be closely linked to the
microbial re-working of bone (macro-porosity).

The correlation between macro-porosity and OC content
is better than that between macro-porosity and nitrogen con-
tent or collagen yield. OC content, therefore, becomes an ide-
al tool for predicting the degree of microbial degradation.

B. Behrends!, G. A. Goodfriend?, and G. Liebezeit!

'Forschungszentrum Terramare, Wilhelmshaven, Germany
Geophysical Laboratory, Carnegie Institution of Washing-
ton, Washington, District of Columbia, U.S.A.

Dating of intertidal flat sedimentation of aspartic acid
racemization — First results

The present study examines the D/L aspartic acid ratio of bi-
valve shells (Cerastoderma edule and Mya arenaria) in sedi-
ments below a mussel bed (Mytilus edulis) on a tidal flat in
the German Wadden Sea. The aim of the present work is to
investigate the applicability of amino acid dating to highly
dynamic environments. Analysis of D/L aspartic acid allows
to date recent (late Holocene) sediments with high resolution.
Additionally the age distributions may be used to elucidate
transport processes of the shells. Sediment core MK3 con-
tained two pronounced shell layers: one from 8 to 20 cm
depth (M. edulis, M. arenaria in life position and C. edule)
and a second from 67 to 87 cm with only juvenile articulated
C. edule of one size class (ca. 1 cm). Some isolated shells of
C. edule were found between these shell layers. Two shell
layers were also found in core MK4 (13-18 and 24-36 cm).
Both contained M. edulis and C. edule. A slight condensation
of shells occurred at a depth of 53-65 cm. The D/L aspartic
acid ratio, analyzed by gas chromatography, was used to de-
termine the age of C. edule and M. arenaria shells. Ages
ranged from 0 to 2000 yr B.P. and generally increased with
sediment depth. Exceptions included three very young C. ed-
ule shells at 24-36 cm depth (16-22 yr B.P.) and one ex-
tremely old shell of this species (2000 yr B.P.). Linear re-
gression analysis yields a sediment accumulation rate of 34
4 cm/100 years (R* = 0.91). This compares favourably to the
25-30 em/100 years reported for the Wadden Sea by other
authors. It is not conceivable that the young shells in deeper
sediment layers were buried by bioturbation, because they
were too big (2.5-2.8 cm). Sediment reworking by e. g.
storms up to this depth is also feasible. However, the occur-
rence of older shells which do not fit the linear age trend with
depth can be explained by reworking. As the energy for the
transport of shells must have been very high, it is assumed
that storm events are responsible for this. From these prelim-
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inary results it can be concluded that aspartic acid dating can
be applied to dynamic depositional environments at time
scales from decades to millennia in the study region. The oc-
currence of significantly older or younger shells, which do
not fit a linear trend with depth, indicates that these shells
have been transported during high energy events.

B. A. B. Blackwell', N. W. Rutter?, and W, M. Last?

'Department of Geology, Queens College & the Earth &
Environmental Sciences Program, The Graduate Center,
Flushing, New York, U.S.A.

‘Department of Geology, University of Alberta, Edmonton,
Canada

*Department of Geosciences, University of Manitoba,
Winnipeg, Canada

Paleoenvironmental reconstruction using amino acid
racemization in bones and teeth

In modern bones and teeth from saline lakes in Australia and
Canada amino acid racemization analyses combined with
mineralogical and geochemical analyses have demonstrated
that bone and tooth fossilization causes significant disruption
in the ,,normal* racemization process. In these samples, time
and temperature are definitely not the controlling factors for
racemization. In these samples, some amino acids have
racemization ratios that greatly exceed those seen in samples
as old as 200 ka.

Bone and tooth samples that had live algal filaments
within their trabeculae also had much slower alanine racemi-
zation, but phenylalanine racemization. Normal alanine con-
centrations coincide with the presence of algae, but proline,
phenylalanine, aspartic and glutamic acid concentrations
were reduced compared to bone not affected by algae.

Amino acids are leached from fossils when secondary
mineralization occurs. Proline leaching is correlated with
high proline racemization rates (R?* > 99.5%), as is the ubi-
quitous glutamic acid leaching. Increased alanine racemiza-
tion occurs when alanine concentrations increase relative to
other amino acids. In associated sediment samples, low glu-
tamic acid concentrations are associated with slow racemiza-
tion rates. Aspartic acid racemization rates also correlate with
aspartic acid leaching.

Under reducing conditions, secondary minerais suclf as
siderite, vivianite, kutnahorite, and hydromagnesite form.
Trace elements, such as Mn, Fe, Co, Sc, Zn, Ni, and U in-
crease simultaneously. Reducing conditions do not promote
as rapid nor as marked changes in cortical bones biogeo-
chemistry as do oxidizing conditions. Relative concentrations
of most amino acids change little from those seen in modern
tissues, and racemization rates are only moderately increased
in reducing conditions. In cancellous bone, however, the
changes are more rapid and pronounced than in cortical bone
or dentine.

Under oxidizing conditions, secondary carbonate miner-
alization is favoured in the fossils. Aragonite, calcite, and
dolomite may all co-occur, but monohydrocalcite, and other
carbonates may also form secondarily. Faster alanine racemi-
zation, enriched alanine, and severely reduced proline con-
centrations are correlated with secondary carbonate mineral-
ization, especially with dolomite formation (R > 99%).
Effects are more rapid in cancellous bone than in cortical bone.

D. Q. Bowen
Earth Sciences, Cardiff University, UK
Time and place in aminostratigraphy

As a means of correlating land sequences with marine oxy-
gen isotope stratigraphy aminostratigraphy contributes to un-
derstanding the ice-age climate system.
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A test of high resolution D/L. data is provided by a
geochronological framework based on magnetostratigraphy,
tephrochronology and first and last appearance datums of
marine foraminifera is presented back to ca. | Ma in the Wan-
ganui Basin, New Zealand. The venerid marine bivalves
Tawera spissa and Austrovenus stutchburyi provide an effec-
tive D-alle/L-1lle framework for New Zealand that is consis-
tent with both lithostratigraphy and geomorphology. At high-
er latitudes (Baffin Island, Spitsbergen and Alaska) regional
marine correlation is possible although not at such high reso-
lution. In the mid-latitude UK epimerization of terrestrial
molluscs provides an independently calibrated geochrono-
logical scale back to ca. 650 ka. This allows testing, and up-
holding, the hypotheses of Shackleton (1987) and Raymo
(1997) that only four major glaciations occurred in the last ca.
800 ka instead of nine inferred from oxygen isotope stratigra-
phy. Thus D/L data contributes to the theory of ice-age cli-
mate system variability that is this case supports a theory
(Raymo), using new calculations for orbital forcing, predicts
that the present interglacial is nearly at an end.

It is concluded from D/L and U-series data from global lo-
cations and the east and west coast U.S.A. that the relatively
high sea-level 80,000 years ago is a function of uplift; and that
notions of , stable” coastlines anywhere are no longer valid.

The concept of climate amelioration mid-way through
the last ice-age (stage 3) requires revision forced by data from
the Greenland ice-sheet and high sedimentation cores show-
ing repetitive ice-rafting events correlated with climate vari-
ability on a global scale. Palacothermometry derived from
aminostratigraphic data indicates temperature depression, be-
low those predicted by CLIMAP (1976) in Australia and by
extension in the Mississippi Valley. This sipport the notions
of Rhodes Fairbridge (1971) about a cold and dry ice-age
world; and also suggests that one of the ,,smoking guns“ of
climate change is water vapour.

J. A. Brandes, N. Z. Boctor, G. D. Cody, R. M. Hazen,
and H. S. Yoder, jr.

Geophysical Laboratory, Carnegie Institution of Washing-
ton, Washington, District of Columbia, U.S.A.

Prebiotic amino acid synthesis pathways via «-keto
acids: An alternative to the Strecker synthesis

Prebiotic synthesis of amino acids is considered one of the es-
sential requirements for the genesis of life. The overwhelm-
ing majority of amino acid synthesis experiments involve re-
actions of HCN, formaldehyde and ammonia (Strecker
synthesis). However, this reaction, while capable of produc-
ing a variety of amino acids, bears little resemblance to
amino acid synthesis pathways in living organisms. Recent
theories by Wichtershiuser and others have suggested that
biochemical pathways employed by modern life had their be-
ginnings in abiotic reactions within hydrothermal systems.
Little work has been done so far to investigate the viability of
chemical reactions similar to those utilized by modern organ-
isms. One pathway for the incorporation of reduced nitrogen
into cells proceeds via reductive amination of «-keto acids
such as pyruvate and «-keto glutarate. We examined the po-
tential for this reaction to occur in a non-catalytic environ-
ment using sealed gold tube reactors incubated at pressures
and temperatures relevant to hydrothermal systems. The re-
sults indicate that ammonium quickly reacted with pyruvate
in solution via a self-catalyzed reductive amination to form
the amino acid alanine. Given a source of alpha-keto acid,
this reaction provides a prebiotic route for nitrogen incorpo-
ration into organic molecules to form amino acids, and mim-
ics a pathway used by bacteria in nitrogen replete environ-
ments. The possible metal sulfide-catalyzed generation of
these acids within hydrothermal systems will be discussed.

The results indicate that at least one primary cellular bio-
chemical pathway could have been generated in prebiotic hy-
drothermal systems. Because of the ease of nitrogen incorpo-
ration into these molecules, generation of amino acids may
have been one of the first biochemical pathways, and may
have predated other more complex protein-mediated biosyn-
thesis pathways in the earliest life forms.

R. R. Burky', D. L. Kirner', R. E. Taylor', E. Harl?, and
J. R. Southon?

'Radiocarbon Laboratory, Department of Anthropology,
University of California, Riverside, California,
*Geophysical Laboratory, Carnegie Institution of Washing-
ton, Washington, District of Columbia, and

*Center of Accelerator Mass Spectrometry, Lawrence
Livermore National Laboratory, Livermore, California,
US.A.

The isotopic integrity of «-carboxyglycine (amino-
malonate) in fossil bone based on *C data

Radiocarbon determinations have been obtained on «-car-
boxyglycine (aminomalonate) [Am] isolated from a series of
fossil bones. As far as we are aware, neither has Am previ-
ously been reported in fossil bone and nor has Am "*C values
have previously been measured. Unfortunately, the isotopic
integrity of Am in the bones examined was significantly
compromised. Even for bones retaining significant amounts
of collagen, Am extracts yielded *“C values discordant with
their expected age and with "“C values obtained on total
amino acid fractions isolated from the same bone sample.

M. J. Collins

Fossil Fuels and Environmental Geochemistry (NRG),
University of Newcastle-upon-Tyne, UK

Protein decomposition

Over the past three years our group has been investigating
various processes which impact upon protein diagenesis over
archaeological and geological time. As the costs of laborato-
ry investigation rise, falling computing costs are shifting our
emphasis towards modelling rather than analysing the
processes of decomposition — with variable degrees of suc-
cess.

The difficulty of modelling complex systems and unde-
fined biomeolecules is considered in a study of mechanisms
of long-term diagenesis of macromolecules in brachiopod
shells. The advantages of studying a semi-closed system are
contrasted with the limitations imposed on systems in which
the components and chemistry are poorly characterised.

The one study of invertebrate skeletons is contrasted with
three investigations of bone proteins. Advances in the under-
standing of the chemistry of aspartic acid racemization en-
ables a more detailed kinetic model to be developed. Free so-
lution experiments appear to provide reasonable predictions
of the rates in both phosphatic and carbonate skeletons. Upon
closer inspection of the mechanism, however, the results ap-
pear to be somewhat less predictable. Attempts to model the
rates of reaction are hampered by the sheer diversity of reac-
tions which must be considered; a case of more is less.

In contrast, the melting of collagen is a complex phe-
nomenon which we have caricatured in a simple model. We
are attempting to investigate the apparent diversity of sur-
vival of collagen using this model, but even this appears to
add unnecessary complexity. A straightforward relationship
emerges between temperature and loss of collagen which
then describes a simple bounding plane controlling the upper
limit of collagen survival over a wide range of temperatures.
We are now testing this against data on collagen survival
from radiocarbon dated bone.



Finally, the survival of another bone protein, osteocalcin,
seems to resist attempts to explain it in terms of predictive
models. Attempts to relate the decomposition of this mole-
cule to either laboratory estimates of hydrolysis or decar-
boxylation of the unusual y-carboxyglutamic acid residues in
this protein have failed. Molecular models do not seem to
conform to experimental observations, and the reasons for
this are considered.

M. J. Collins!, A. M. Child', S. Nemethy', M. S. Riley?,
R. Hedges®, and M. Richards®

'Fossil Fuels and Environmental Geochemistry (NRG) and
*Water Resource Systems Research Unit, Department of
Civil Engineering, University of Newcastle,
Newcastle-upon-Tyne, and

*Research Laboratory of Archaeology and the History of
Art, Oxford, UK

The use of a kinetic model to predict collagen survival

The survival of collagen in archaeological bones seems be-
wildering in its ranges and quality. We have attempted to de-
scribe the preservation of collagen in terms of yields vs. '*C
age, but without success. At the extreme, it does appear that
collagen survival is prolonged in cool climates when con-
trasted with warm ones, but this appears to be the limit of ob-
servable trends. We have previously proposed a simple mod-
el which described the loss of collagen by a process of
hydrolysis leading to its transition to soluble gelatin. We
speculated that collagen degradation (i. e., melting) would
prove very temperature sensitive due to a combination of
thermally rate-controlled processes.

Laboratory experiments have been used to determine
the rate of collagen melting over a range of temperatures
(95 °C-55 °C). As previously predicted, the rate of melting is
highly temperature sensitive, but a sigmoidal pattern of
weight loss (as predicted by the model) was not observed.
The rate of melting displays an unexpected simple relation-
ship to temperature; we are now to use this simple kinetic
model to explore the survival of collagen in archaeological
bones.

0. E. Craig!, M. J. Collins', R. Stacey?, K. Gelsthorpe?,
and R. J. Sokol®

'Department of Fossil Fuels and Environmental Geochemi-
stry, University of Newcastle-upon-Tyne,
Newcastle-upon-Tyne,

*Department of Archaeological Science, University of
Bradford, Bradford, and

*Blood Transfusion Service, Longley Lane, Sheffield, UK

The fate of proteins on ceramics during simulated
cooking experiments

Recent studies by the authors and other researchers have re-
vealed that only very low amounts of amino acids are de-
tectable on archaeological and recently used cooking pots.
These results contradict proposed mechanisms which suggest
that proteinaceous material will become bound and stabilised
to the clay surface and protected from enzymolysis by its
porous structure. Is it the case that the methods used for ex-
traction are inappropriate on tightly bound material or is pro-
tein derived material not surviving, even over short time
scales in this context?

To answer these questions, a series of simulated Iron Age
pots have been constructed in order to assess pyrolysis
screening techniques as well as amino acid and protein ex-
traction methods. The simulated ceramics have been used in
a series of laboratory and field experiments involving differ-
ent foodstuffs, cooking methods and on pots with different
pore size distributions, thus allowing assessment of protein
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accumulation during a range scenarios. To understand the
fate of any protein residues during deposition, sections of pot
have been buried under well defined environments and other
test pieces are to be used in artificial diagenesis experiments.
Once the extraction has been optimised, a series of mono-
clonal antibodies, which have been raised against degraded
and intact proteins, will be used to assess the survival in each
of the different simulated contexts.

J. R. Cronin and S. Pizzarello

Department of Chemistry and Biochemistry, Arizona State
University, Tempe, Arizona, U.S.A.

Stereoisomerism of meteoritic amino acids

Analyses of the molecular and isotopic composition of the or-
ganic matter of CM carbonaceous chondrites, for example, the
Murchison meteorite, can provide unique insight to the
process(es) of chemical evolution, The amino acids are an in-
teresting case in point. They comprise a mixture that is quite
different, when viewed in terms of isomerism, from those
found in terrestrial materials. For example, within the four
structural classes of amino acids found in meteorites, all of the
constitutional (structural) isomers appear to be present, i. e., all
of the chain and amino position isomers. This isomeric diver-
sity persists at the level of stereoisomerism. When examined
from the standpoint of symmetry, all enantiomers and di-
astereomers of the amino acid structural isomers are found. In
contrast to the specificity of biosynthetic processes, structural
diversity appears to be a hallmark of chemical evolution.

Enantiomer ratios of meteorite amino acids have been of
interest for many years because they offer a way to assess ter-
restrial contamination. Although it has been generally be-
lieved that the indigenous amino acids occur as racemates
[Kvenvolden K et al. (1971) Nature 228: 923], the signifi-
cance of a convincing demonstration of even small enan-
tiomeric excesses {ee) not related to contamination has moti-
vated further analyses. Such a finding would signify the
operation of an asymmetric influence during chemical evolu-
tion and suggest the possible origin of biological homochiral-
ity in chemical, rather than biological, evolution.

We recently approached the question of meteoritic ee by
analysis of 2-amino-2,3-dimethylpentanoic acid (2a23dmpa)
{Cronin J R, Pizzarello S (1997) Science 275: 951], a me-
teorite amino acid with two chiral centers and thus four
stereoisomers, alternatively named DL-a-methylisoleucine
and DL-a-methylalloisoleucine. This amino acid was of par-
ticular interest in view of a current hypothesis for meteorite
amino acid synthesis. Accordingly, the «-amino acids were
formed in the primitive carbonaceous chondrite parent body
by a Strecker synthesis from HCN, ammonia, and carbonyl
compounds of interstellar origin. If formed in this way,
2a23dmpa, which would be derived from a chiral ketone,
would be sensitive to an asymmetric influence exerted either
in the interstellar medium (ketone) or in the parent body
(amino acid). These different possibilities would produce, in
principle, different ratios among the four 2a23dmpa
stereoisomers. When analyzed by chiral GC-MS, L-ee were
observed in both diastereomer pairs, a result favouring an
asymmetric effect on the amino acid, per se, rather than the
precursor ketone.

L-Ee have been observed in several other «-methyl
amino acids from Murchison and confirmed in preparations
of these amino acids from the Murray meteorite. The hypoth-
esis [Rubenstein E et al (1983), Nature 306: 118] that ee
might come about from exposure of planetary or interstellar
organic matter to a flux of circularly polarized light of a spe-
cific handedness produced as synchrotron radiation by neu-
tron stars provides an attractive possible explanation for the
ce observed in these meteorite amino acids.
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M. H. Engel! and S. A. Macko?

'School of Geology & Geophysics, The University of
Oklahoma, Norman, and

*Department of Environmental Sciences, The University of
Virginia, Charlottesville, Virginia, U.S.A.

Applications of stable isotopes for determining the
origins of amino acids in extraterrestrial materials

Amino acids are essential components of all living systems
and it is therefore commonly assumed that their occurrence in
our solar system was a precondition for life’s origin. Given
the likelihood that life already existed on Earth at the time of
formation of the oldest known crustal rocks (~4.0 Ga), the
search for primordial, abiotic amino acids has focused on the
analysis of ancient, extraterrestrial materials, i. e. carbona-
ceous meteorites. Stable isotope analyses of bulk organic
matter in, for example, the Murchison meteorite, indicate an
interstellar source for elemental constituents that predates the
formation of our solar system. However, the fact that all
cabonaceous meteorites have experienced brief to extended
residence times on Earth presents a serious challenge for dis-
tinguishing indigenous amino acids from terrestrial over-
prints. This is particularly true with respect to the common
amino acids that are the building blocks of all proteins in liv-
ing organisms.

Elemental (C, H, N) constituents of organic matter in the
Murchison meteorite are enriched in *C, °N, and D relative
to terrestrial organic matter of biological origin. We hypoth-
esized that it could be possible to determine the indigeneity
of amino acids in carbonaceous meteorites based on their re-
spective stable isotope compositions. The challenge has
been to make these isotopic measurements on compounds
typically present at nmolg™ levels. We have developed gas
chromatography/combustion/isotope ratio mass spectrome-
try (GC/C/IRMS) methods to address this challenge and our
results confirm an extraterrestrial origin for amino acid
enantiomers in the Murchison meteorite. In addition to iso-
topic assessments of the origins of organic compounds in
other meteorites, it may be possible to use this approach to
determine the source(s) of exotic amino acids in sediments
that have been attributed to the bolide impact at the K/T
boundary.

M. S. Fantle', M. L. Fogel', A. 1. Dittel?, S. M. Schwalm?,
D. Kirchman?, and C. E. Epifanio?

'Geophysical Laboratory, Carnegic Institution of Washing-
ton, Washington, District of Columbia, and

*University of Delaware, College of Marine Studies, Lewes,
Delaware, U.S.A.

Food web dynamics of the juvenile blue crab, Callinectes
sapidus: Whole tissue and compound-specific stable
isotope techniques

As the blue crab migrates inland within the estuarine ecosys-
tem of the Delaware Bay, metamorphosing from its larval
stage to its early juvenile stage, we hypothesize that the crab
shifts from a phytoplankton-based diet to a Spartina alterni-
flora-based diet. This dietary shift occurs during a critical pe-
riod in the lifecycle of the blue crab, during which marsh
ecosystems might play a key role in the development of juve-
nile crabs. The purposes of this study are to isotopically char-
acterize the estuarine food web, determine if marsh ecosys-
tems support the growth of juvenile blue crabs, and examine
the usefulness of stable carbon isotopes of amino acids in
food web studies.

We have measured, by mass spectrometry, the carbon
(861C) and nitrogen (8" N) isotope ratios of representative
members of the blue crab food web at each trophic level, in-
cluding potential diets such as phytoplankton, zooplankton,

meiofauna, and Spartina, as well as experimentally-cultured
and field-collected samples of Callinectes sapidus. In addi-
tion, we have analyzed the 6 "*C of individual amino acids in
these samples by gas chromatography/combustion-isotope
ratio mass spectrometry (GC/C-IRMS). Whole tissue mea-
surements indicate that early juvenile blue crabs in the bay
feed primarily on zooplankton. Marsh-dwelling crabs, which
are isotopically heavier in carbon than those in the bay, ap-
pear to utilize marsh-derived carbon in some form. The blue
crab fractionates dietary carbon and nitrogen in a way that de-
pends on the net growth of the crab over time. This, in turn,
suggests that metabolic factors complicate whole animal
measurements and that amino acids might be helpful in eluci-
dating pathways responsible for isotope fractionation.

The trend in 8."C of amino acids in estuarine organisms
such as zooplankton and marsh organisms such as the fid-
dler crab (Uca pugnax) mirrors that of terrestrial organisms.
Essential, less abundant amino acids such as valine, leucine,
isoleucine, and phenylalanine are the lightest amino acids
while non-essential, relatively abundant amino acids such as
glycine, proline, alanine, glutamic acid, and aspartic acid are
heavier. Juvenile blue crabs appear to fractionate the carbon
in essential amino acids differently from non-essential
amino acids, illustrating that these two groups might be used
to trace diet and reflect the degree of metabolic stress of
blue crabs.

M. L. Fogel' and N. Tuross?
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Discerning the diet of humans from stable isotope ratios
of individual amino acids

Stable C and N isotopes in the collagen of prehistoric human
skeletal materials are valuable tools for determining human
diet. Carbon isotopes of collagen are used to estimate per-
centages of C, and C, based foods, whereas N isotopes are
utilized to predict trophic levels. We have undertaken a study
of isotopes in individual amino acids in collagen isolated
from the bones of paleohumans and their potential food
sources in order to search for additional dietary prediction po-
tential. Ten possible dietary sources were compared with
eleven humans who had diets ranging from primarily maize
to C,-based hunter-gatherers. Humans with C, sources of di-
etary carbohydrates had 6'°C values of the nonessential
amino acids, glutamate, aspartate, proline, and hydroxypro-
line, that were 3—-5%o enriched relative to the total 6"*C of
collagen, but those with C, or seafoodenhanced diets deviat-
ed by +1 to 4%, from total collagen. The 8'3C of lysine in
humans ranged from —10 to —23: the most enriched values oc-
cured in humans known to eat extensive amounts of seafood
and the most depleted, in hunter-gatherers. The essential
amino acids, leucine and phenylalanine, were always the
most isotopically-depleted amino acids with a range of —18.6
in the Indians with a maize diet to =30 in C,-based hunter-
gatherers. Humans with dietary meat sources influenced by
injestion of C, grasses, ¢. g. rabbits and bison, had more de-
pleted isotopic compositions of leucine and phenylalanine,
which matched that in potential diets. There was no differ-
ence between the 0PC of lysine and these two essential
amino acids (A) in corn, and in only one human with en-
riched & #*C in collagen was this pattern detected, the Paleo-
indian with a known maize diet. In all other humans, the A
was 7—10%e. These findings were used to determine paleo-
diets of individuals with more mysterious diets: an Indian
Chief with an enriched &'*C value living before maize was
introduced into North America and Easter Islanders.
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Applications of amino acid racemization to detailed
chronostratigraphic analysis of Holocene sedimentary
sequences

Although amino acid racemization has traditionally been ap-
plied primarily to dating and correlation of Pleistocene se-
quences, the technique also is very useful in carrying out de-
tailed chronostratigraphic analyses of Holocene sequences.
For much of the Holocene and for most materials, racemization
dating does not provide dating as precise as that possible with
radiocarbon. However, because racemization analyses are rel-
atively easy and inexpensive to carry out, the method lends it-
self to very detailed studies that would be not possible with ra-
diocarbon because of budget limitations. Two examples of
applications of racemization dating to Holocene sequences are
presented: shallow marine core chronostratigraphy in the
southern Gulf of California (Y. Halfar) and assessment of the
stratigraphy and integrity of archaeological sites in southern
Texas (with Mike Quigg, TRC-Mariah Associates).

Aninitial radiocarbon date on core 5 from the Gulf of Cal-
ifornia gave a surprising late Pleistocene age, whereas a
Holocene age was expected. Racemization analyses were car-
ried out on bivalves (mostly Chione) and rhodoliths (calcare-
ous red algae). These are apparently the first studies of racem-
ization in calcareous algae. Racemization analysis confirmed
an old age for this lower part of the core (2—4 m), but low A/I
(D-alloisoleucine/L-isoleucine) values, consistent with a
Holocene age, were found in the upper part. With a series of
further analyses, we were able to locate the Pleistocene-
Holocene boundary within the core. This stratigraphic break is
not apparent from visual inspection of the core. Rhodolith A/I
values were very close to those for Chione at each level where
these were compared, indicating a similar rate of racemiza-
tion. Holocene sedimentation in this core appears to be episod-
ic. However, racemization analyses of core 3 indicate that sed-
iments accumulated relatively continuously and there is little
evidence of redeposited material at any level. This corc is en-
tirely of Holocene age. Like core 5, core 4 penetrates into
Pleistocene sediments in its lower part. The area where cores 4
and 5 were taken apparently represents a Pleistocene bench or
terrace, covered by a couple meters of Holocene sediments.
Preliminary analyses of two cores from a second location
show a chaotic pattern of racemization in relation to depth.
Disturbance of the sediments by hurricanes is a possible cause.

In Zapata Co., Texas, several test pits at two archaeolog-
ical sites are being evaluated for chronostratigraphy and in-
tegrity. Racemization analyses of shells of the land snail Rab-
dotus alternatus have been carried out on ca. 8 shells per
level at several levels within the test pits. Reworking of ma-
terial (indicated by a range of A/l values within a level) was
found to be common, although certain levels show high in-
tegrity (tight clustering of shell A/l values).

J. I. Hedges', A. K. Aufdenkampe!, J. E. Richey', and
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Origins and reaction histories of organic matter in
Andean tributaries of the Amazon River: An amino acid
perspective

Over the last decade we have found that coarse (> 63 um),
fine (0.5-63 pum) and dissolved (< 0.5 um) organic materials
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transported by the lower (Brazilian) Amazon mainstream and
its major tributaries are ultimately derived from leaves and
woods of trees in the surrounding forests. Each of these size
fractions, however, is compositionally distinct throughout the
lower Amazon system. One outstanding contrast is that the
coarse, fine and dissolved fractions of each water sample are
progressively enriched in nonprotein amino acids (p-alanine
and y-aminobutyric acid), suggesting that smaller materials
are more degraded. A second texturally-related trend is that
organic matter in the dissolved fraction is depleted in nitro-
gen, amino acids and basic amino acids (lysine and arginine)
versus the corresponding coarse fraction, which in turn is de-
pleted versus the nitrogen-rich fine fraction. These two pat-
terns have been hypothesized to result from microbial break-
down of coarse plant debris to soluble remnants, among
which the more nitrogen-rich components are preferentially
sorbed to mineral grains prevalent in the fine size fraction.

To address the question of where and how the composi-
tional patterns characteristic of the lower basin are locked in,
we have analyzed organic matter from tributaries (e. g. Rios
Achumani and Beni) in the Bolivian Andes that flow via the
Madeira into the Amazon River. Laboratory experiments also
have been carried out in which dissolved organic materials
from Bolivian waters and plant leachates are partitioned with
riverine or organic-free mineral particles. The field samples
demonstrate that the pattern of elevated nonprotein amino
acids in smaller size fractions is also evident even in the high-
est reaches (~4,000 m) of the sampled Bolivian tributaries.
Although dissolved and coarse particulate organic matter in
the Andean tributaries are as depleted in nitrogenous materi-
als as counterparts from the lower basin, the fine particulate
fraction is not as rich in amino acids or basic amino acids as
in the lower mainstream Amazon. Thus, diagenetic alteration
of nitrogenous materials appears to occur extensively
throughout the Andean and lower Amazon reaches, whereas
partitioning is more pronounced downsiream outside the
Madeira basin. Laboratory experiments with natural materi-
als demonstrate, as hypothesized, that nitrogen-rich organic
materials are preferentially concentrated on mineral surfaces
versus in the dissolved phase. Additional simulations are un-
derway to test the mechanism of this fractionation, as well as
the origins of nonprotein amino acids in Amazon River wa-
ters.

G. W. L. Hodgins and R. E. M. Hedges

Research Laboratory for Archaeology and the History of
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The characterisation of fossil bone collagen using animal
species affinity purified polyclonal antibodies

We have been investigating the immunological properties of
both fresh and archaeological coilagen using polyclonal anti-
sera and the enzyme-linked immunoassay system. Collagen
is an evolutionarily conserved molecule. Consequently, anti-
sera produced against one animal species cross-react with
collagen from other species. The degree of cross-reactivity is
dependent upon several factors, one of which is the degree of
evolutionary relatedness of the animals from which the target
antigens are derived. We investigated the use of animal
species collagen-Sepharose absorption chromatography to
reduce the level of cross-reactivity in a polyclonal anti-
bovine type | collagen antiserum. The method involved pre-
absorption of the antiserum on a column containing collagen
from a heterologous species and then capturing the unbound
antibody that remained on a bovine collagen-Sepharose col-
umn. Whereas the anti-collagen antibody recovered from the
preabsorption column reacted with collagens from a wide va-
riety of species (mammals, birds, and fish species), the anti-
body recovered from the second column identified epitopes
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shared only within bovidae. We labelled this antibody
bovine-specific for convenience, however its reactivity
spanned collagens from several genuses (e. g. bovine and
ovine collagen competed equally well for antibody binding).

These two antibody fractions (non-species specific, and
bovine-specific”) were used to characterise collagen ex-
tracted from a series of archaeological cow bones of increas-
ing age. The picture emerged that the epitopes identified by
the two fractions decayed at different rates. The non-species
specific epitopes were remarkably stable, whereas the
»bovine-specific* epitopes disappeared with time. Competi-
tion experiments between fresh and archaeological collagen
suggested that a portion of the bovine-specific epitopes were
missing from the archaeological collagen. Additional experi-
ments showed that the ,,bovine-specific” antibody bound to
modern or archaeological collagen (approx. 120 ka) with a
similar pattern of sensitivity to increasing concentrations of
salt. We interpreted this as indicating that high affinity bind-
ing sites survived in old collagen, and therefore information
obtained by antibody binding to ancient samples was reliable
even though the magnitude of the signal small.
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70,000 years of vegetation change in the Australian
Qutback: Implications for the Australian monsoon

P. Edgar Hare and his colleagues were the first to discover the
extraordinary potential of amino acid racemization (AAR) in
ostrich and emu eggshell for providing reliable geochronolo-
gies and paleotemperatures through much of the late Quater-
nary in Africa and Australia (Hare ct al 1984; Brooks et al
1990; Miller et al 1992; Miller et al 1997). These studies
demonstrated that eggshell retains most of its original pro-
teinaceous residues for 10° years or longer. As a result of
these findings, the stable isotope geochemistry of the organic
fraction of ostrich eggshell has been used for paleodietary
and paleoenvironmental reconstructions in Africa (Johnson
et al 1993, 1998). In this paper, we continue to expand on the
pioneering work of Hare and others by deriving paleoenvi-
ronmental information from the stable carbon isotope com-
position of emu eggshell collected from central Australia.

Lake Eyre, South Australia, is located in the diffuse
boundary between the summer and winter rainfall regions in
the arid zone of the Australian Outback. Currently, precipita-
tion to the north of the boundary primarily occurs during the
Australian monsoon in the summer months, and precipitation
to the south primarily occurs from seasonal northward migra-
tion of the Westerlies during the winter months. In this paper,
stable isotopes in emu eggshell from Lake Eyre are used to
track shifts in the Australian monsoon and position of the
Westerlies over the last 70 ka. Stable carbon isotopes in
eggshell laid by the flightless bird emu (Dromiaus novaehol-
landiae) are used to reconstruct diet (i. e., percentage of C,
and C, plants consumed) and ambient vegetation, and subse-
quently to reconstruct large-scale changes in the seasonality
of rainfall through the Australian arid zone.

The 6'*C values of 41 modern emu eggshell (EES) sam-
pled across a N-S transect through Australia reflect regional
changes in the dietary uptake of emus. Modern EES collect-
ed from summer rainfall regions are generally isotopically
enriched (due to a diet dominated by C, plants) relative to
those samples collected from winter rainfall regions (where
diets are dominated by C, plants). The 8 °C values of nearly
300 dated fossil eggshell collected from Lake Eyre reflect
large-scale shifts of dietary input and ambient vegetation
over the last 70 ka. Between 70 and 35 ka, the 6 *C values of

EES reflect a variable ecosystem and the most diverse dietary
intake over the last 70 ka, where emus consumed between
95% C, and 100% C, plants. Such quantities of C, plant con-
sumption are not seen in any of the modern settings, and in-
dicate different climatic conditions than present. We hypoth-
esize that this variable ecosystem resulted from enhanced
monsoonal rainfall throughout more of the year than present.
At 25 ka, the 8 P*C values of EES are more depleted, and the
diet more restrictive where emus consumed between 50 and
100% C, plants. The depleted 8'°C values of EES at the Last
Glacial Maximum (LGM) reflect an ecosystem dominated by
C, plants due to an increase in the duration of winter precipi-
tation. This interpretation of the EES isotope data is in agree-
ment with the palynological record from Lake Frome, and
may be attributed to northward migration of the Westerlies
storm track during the LGM. Beginning at 20 ka, the 6'*C
values become increasingly enriched through most of the
Holocene. We believe this trend in 8'°C values to represent
the on-set of present day rainfall patterns leading to a more
mixed vegetation assemblage. Emu eggshell collected over
the last 150 years are isotopically depleted relative to the rest
of the Holocene, possibly due to the selective removal of C,
grasses by cattle and sheep introduced by European pastoral-
ists.

D. S. Kaufman and J. E. Bright
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Racemization in fossil and laboratory-heated ostracodes
measured by reverse phase liquid chromatography

Amino acid geochronology and paleothermometry are based
largely on the extent of racemization in fossils as measured by
the ratio amounts of D- and L-isomers. Recently, Kaufman
and Manley (1988) developed a reverse phase HPLC method
for simple stereoisomeric separations. The fully automated
procedure separates DL pairs of at least nine amino acids with
baseline resolution in 75 minutes using commercially avail-
able reagents and equipment. Experimental conditions were
optimized for resolution of the most abundant amino acids in
mollusc and ostracode fossil protein, including: aspartic acid,
glutamic acid, serine, alanine, valine and isoleucine. Analyti-
cal uncertainty for nine DL ratios in four fossils spanning a
broad range of ages averages 7% (n = 14 to 28). Aspartic acid
and glutamic acid DL ratios are the most consistently well
resolved and reproduced, with analytical variations of < 3%.
Ratios in three fossil molusc samples (ILC standards; Weh-
miller, 1984) analyzed by the new method and measured pre-
viously by GC-based laboratories overlap in 17 out of 18
cases, when considering the + 1 ¢ analytical interlaboratory
errors. The new procedure reduces sample size requirements
by an order of magnitude compared with ion-exchange chro-
matography, making analyses of sub-milligram quantities of
ostracodes practical. Because ostracodes are common in lake
deposits, the technique can be integrated into studies of lake
cores to derive more complete time series.

To assess the integrity of the new technique applied to os-
tracodes, we measured the extent of racemization in both fos-
sil and laboratory-heated shells. Late Holocene Candona
from the floor of Bear Lake, Utah/Idaho was heated to deter-
mine the rate or racemization at elevated temperatures (140°,
110° and 80° C) for up to 50 days (longer-term heating is in
progress). The results show the expected differences in the
relative rates of racemization between amino acids (Asp >
Ala > Glu > Val > [le). D/L aspartic acid, the most abundant
amino acid (next to glycine), increases as a power function of
time in both the heated Holocene ostracodes (Fig. 1a) and in
a down-core sequence of well-dated Plio-Pleistocene fossil
ostracodes recovered from the Burmester core, Bonneville



basin, Utah (Fig. 1b). The mean aspartic acid D/L measured
in four species of Candona heated at 140° differ by 5 to 9%,
with C. caudata consistently racemizing slower than an
unidentified species of the C. Rawsoni group at three time
steps.

Laboratory heated

Burmester core, Utah

T T T

0.7

Asp D/L

RSP U SR B

1 2 3
Age (Ma)

Time (day)

Fig. 1. Extent of aspartic acid racemization (Asp D/L)
measured in: (a) laboratory-heated, late Holocene Candona
caudata from Bear Lake (Utah/Idaho); and (b) ostracode
Candona spp from Burmester core, Utah. Error bars in (b) are
+ | o of 2 to 6 subsamples (typically 4 or 5), each comprising
0.1 to 0.2 mg of ostracode valves and each analyzed twice.
Ages for core samples are based on tephrochronology and
magnetic stratigraphy of Williams (1994); samples provided
by R. Thompson and J. Oviatt.
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Degradative history of amino acids in sediments
underlying oxic and suboxic waters of the Pacific coast
of Mexico

An oxygen-deficient water mass currently impinges along the
coast of the eastern tropical north Pacific continental margin.
Sediments deposited within this oxygen-deficient environ-
ment (oxygen not measurable in the bottom waters by Win-
kler titration) typically have organic matter contents that are
elevated over similar sediments deposited under more oxic
conditions. We evaluated the amino acid content and compo-
sition of sediments from a transect off the Mexican coast near
Mazatlan, as well as a gravity core taken in the center of the
current oxygen-deficient zone. Organic matter contents in
these cores range from 1-11% OC and amino acid contents
range from 8-24 mg AA/100 mg OC. Amino acid contents
(either carbon- or mass-normalized) are inversely related to
oxygen content of the bottom water and more strongly to the
oxygen exposure time of the sediments (calculated as the
quantity of time sedimentary organic matter is exposed to
oxygen prior to burial). The positive correlations between
carbon-normalized amino acid contents and overlying water
oxygen content or oxygen exposure time suggests that amino
acids undergo diagenesis at an accelerated rate relative to the
bulk organic matter in the sediments.
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Amino acid compositions also correlate with environ-
mental parameters. Within the oxygen-deficient zone, amino
acid contents are very similar to that of fresh plankton sam-
ples or fecal materials. This suggests that the amino acids
present in these sediments have undergone relatively little di-
agenetic alteration. Conversely, the non-protein amino acids
[3—alanine, y-aminobutyric acid and ornithine, which are not
commonly found in planktonic sources, are present in elevat-
ed quantities in sediments having higher ambient oxygen
concentrations or longer oxygen exposure times. Elevated
quantities of non-protein amino acids in marine sediments re-
sult from diagenetic reactions, and thus indicate an increased
relative level of diagenesis. Mole percentages of non-protein
amino acids are low (< 2.5%) in sediments taken from within
the oxygen-depleted zone, and higher (3—6 mole %) in sedi-
ments taken from areas with longer oxygen exposure times.
These latter levels (3—6%) are typical of continental margin
sediments that are not oxygen-deficient. The correlations of
mole percent non-protein amino acids with ambient oxygen
levels in overlying water masses or oxygen exposure times
suggest that the amino acids present in sediments form under
the oxygen-deficient waters have undergone less diagenesis
than those deposited under more oxic conditions.

Similar trends are inferred in the gravity core sample taken
from within the present-day oxygen-deficient zone. In sedi-
ments deposited during the Holocene, at which time oxygen-
deficient waters are thought to have been continuously present,
amino acid contents and compositions are consistently elevat-
ed and plankton-like in composition. Before the Holocene-
Pleistocene transition, approximately 11,000 years ago, the
amino acid contents and compositions were consistent with
those observed under the present day oxic conditions (lower
yields, altered compositions). These data, along with other (N
isotopic compositions, organic carbon to mineral surface area
ratios) suggest that the oxygen minimum zone was not present
(or was not as intense) during the last glacial period.

(Acknowledgements: This work was supported by NSF
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Chemical composition and bacterial utilization of
dissolved protein in the Sargasso Sea

The chemical form and bacterial degradation of dissolved
amino acids were investigated in surface and intermediate wa-
ters (0-900 m) in the northern Sargasso Sea. Dissolved free
amino acid (DFAA), dissolved combined amino acid (DCAA)
and protein (using the BCA assay) pools were measured and
their utilization by bacteria monitored. In all waters, DCAA
dominated over DFAA. In surface waters (< 150 m),
DCAA : DFAA ratios were ~150 and in deep waters
DCAA : DFAA averaged 350. DCAA in surface waters was
largely identifiable as protein, but most of the DCAA at depth
is not identifiable as protein. A kinetic approach was used to
estimate protein and DCAA turnover. In surface waters, pro-
tein was the dominant form of organic nitrogen used to support
bacterial growth, supporting 20-65% of the calculated bacter-
ial N-demand. With increasing depth (150-900 m), less-labile
forms of protein dominated microbial use ot the DCAA pool,
supporting an average of 40% of the observed bacterial
growth. Within these deeper waters, free and combined amino
acids did not meet the full bacterial N-demand and other, un-
measured nitrogen sources were required. Similar to trends in
utilization, kinetically-estimated maximum uptake velocities
(Vmax) for fresh protein (RuBPcarboxylase) and slowly
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degraded protein (glucosylated RuBPcase) showed peaks at
the surface and at depth, respectively. Thus, the forms and re-
activities of amino acids in northern Sargasso Sea water
change between the surface waters and the deeper waters. This
may be due to either shifts in the relative importance of various
biological processes that release amino acids to sea water, or
may be due to non-biological processes in deeper waters. Re-
gardless of cause, bacterial assemblages appear capable of uti-
lizing the recalcitrant forms of protein that dominate the pro-
tein pool at depth.

R. W. L. Kimber and C. V. Griffin
CSIRO Land and Water, Adelaide, SA, Australia

Amino acid racemization rates in degraded and non-
degraded agricultural soils

Itis recognised that the D/L ratios used in the AAR dating tech-
nique are calculated from the D- and L-forms of amino acids
derived from mixtures of many types of peptides of differing
chain lengths. Variations in these parameters, as well as age,
determine the degree of racemization measured. Interpretation
of the data can thercfore be complex even with single entities
such as shell, coral or bone. In soils clearly the complexity and
therefore the potential usefulness of the technique for dating
purposes would seem to be reduced further due to the presence
of both living and dead microorganisms, as well as plant mate-
rial. In addition, in most soils organic matter is continually
being added ensuring that, at least in the top soil, most residual
organic material is modern and has low D/L values.

Laboratory heating experiments on soils used for long-
term continuous crop rotations of wheat/fallow (WF) and
permanent pasture (PP) showed a dramatic difference in rate
kinetics. The WF soil that had been ,,mined* for nutrients for
60 years generally showed a much higher apparent racemiza-
tion rate than the PP soil (40 years) where loss of nutrients
was minimal due to the ready on-going supply from the pas-
ture material. Treatment of the soil residues remaining after
traditional HCI hydrolysis (and removal of the solute — HCI
fraction) with HF released more peptide material (up to
10%). D/L ratios of amino acids in this ,.entrapped* fraction
determined following further HCI hydrolysis (HF fraction)
were lower than those from the HCI fraction. The PP soil con-
tained mainly modern organic matter and gave very low D/L
ratios, even when the soil had been hcated. This applied both
to the HC1 and HF fractions. The WF soil that had been con-
tinually degraded due to the continual ,,mining” of nutrients
produced high D/L values.

These results indicate a close relationship between D/L
ratio and accessibility to peptides that can rapidly bc hydro-
lysed to smaller units and in the process encourage rapid
racemization of the amino acids formed. Soil particles that
have been ,,mined* for nutrients from entrapped organic mat-
ter seem to allow for easier access to the protein and peptide
moieties at the same time producing more rapid racemization.
In ., mined” WF soil the HCI fraction being more easily ac-
cessible is more easily broken into small chain peptide frag-
ments during heating than the more protected HF fraction.

Valine, allofisoleucine and alanine had similar patterns of
D/L ratio change with time when the soil was held at 140 °C.
This was for both the HC1 and HF fractions in permanent pas-
turec and wheat/fallow soils, directly reflecting the above
hypothesis. The atypical nature of aspartic acid, however, as
observed previously reflects preferential rapid loss of the
more highly racemized low molecular weight peptide species
leaving behind less racemized material — hence producing a
reversal of racemization.

We suggest that the AAR technique used in this way
provides a method of differentiating between degraded and
non-degraded soils with implications for farm management
strategies.
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Fate of dissolved protein in the pelagic zone of marine
ecosystems

The input of protein into the upper layer of oceans is poten-
tially very large since protein comprises over 50% of plank-
tonic organisms. Recent evidence suggests that at least some
of this material may be preserved in the dissolved organic
matter pool and may comprise a large fraction of dissolved
organic nitrogen (DON) in the oceans. This presentation will
review the current understanding of what happens to protein
as it is relcased into seawater. It is well known that protein
must be hydrolyzed by extracellular proteases to free amino
acids and oligopeptides roughly smaller than pentamers
which can be transported into microbes. Some ol this low
molecular weight material is released and used by other bac-
teria. Our experiments and that of others have shown that
,.soluble* protein, i. e. not associated with ccll membranes, is
used readily by heterotrophic bacteria and sometimes can
support much bacterial growth. In contrast, it appears that
degradation of .insoluble® or membrane-associated protein is
slower than that of soluble protein, for reasons that are still
not entirely clear. Membrane-associated protein may be sim-
ply less available to proteases because of steric hindrance by
lipids and other membrane or cell wall material. It so, the
steric hindrance mechanism alone would not explain the ap-
parent preservation of membrane proteins in seawater. Partic-
ularly intriguing is the work of E. Tanoue and colleagues who
found a bacterial membrane protein (a porin) widely distrib-
uted in the surface and deep ocean. We hypothesize that
membrane proteins are generally found in liposome-like par-
ticles consisting of membranes surrounding an aqueous core.
Protein inside these liposomes are degraded more slowly than
freely dissolved protein. In addition to delaying microbial at-
tack, liposomes may be ,,reaction chambers® and make possi-
ble abiotic reactions that require high concentrations not pre-
sent in the dissolved pool. Abiotic reactions that modify
proteins, such as condensation and Amadori rearrangement
to form melanoidins, can inhibit degradation by bacteria. The
formation of these liposomes and subsequent abiotic modifi-
cations of liposome protein may be the first step in the for-
mation of refractory DON found in the oceans.
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Stratigraphic analysis of White Paintings Shelter,
Botswana utilizing isoleucine epimerization in ratite
eggshell

White Paintings Shelter, Botswana is one of the few sites in
sub-Saharan Africa which provides evidence for very early
(ca. 30,000 yrs bp) use of fishing technology. Numecrous ex-
amples of both single and double barbed harpoons have been
discovered at this rock shelter. Isoleucine epimerization
analysis has been combined with radiocarbon dating of os-
trich eggshell to provide both an absolute chronology as well
as a determination of the extent of age-mixing within each
stratigraphic level at this site.

Allo-isoleucine/Isoleucine (Alle/lIle) ratios have been ob-



tained for more than 60 individual fossil ostrich eggshell
fragments. Radiocarbon determinations were made on eight
of these samples. The epimerization values correlate well
with the radiocarbon ages. Although this site was originally
thought to consist of a single component, the Alle/lle ratios
cluster around three different sets of valucs, suggesting three
different archaeological horizons. The radiocarbon determi-
nations have provided the following ages for these 3 periods:
Historic, 3.5-3.9 ky, and 28.5-33.5 ky (the harpoon bearing
levels).

The distribution of the Alle/Ile values within each exca-
vation square also suggest that stratigraphic mixing occurred
within the upper levels at this site.

K. A. Kvenvolden
U.S. Geological Survey, Menlo Park, California, U.S.A.

A review of the discovery of extraterrestrial amino acids
in the Murchison meteorite

The finding of amino acids in meteorites has always excited
scientific imaginations, sometimes leading to observations
suggesting evidence for extraterrestrial life; however, results
of meteorite investigations before 1969 often could be ex-
plained in terms of terrestrial contamination. But in 1969 the
Murchison meteorite fell in southeastern Australia, and this
event changed the course of studies in organic cosmochem-
istry. Samples from this meteorite provided material for the
first unambiguous identification of extraterrestrial amino
acids. Acid-hydrolyzed water extracts were cxamined in
1970 by ion exchange chromatography, gas chromatography,
and combined gas chromatography-mass spectrometry.
These procedures, developed in preparation for the analyses
of returned lunar samples from the Apollo program, first es-
tablished unequivocally the presence of six amino acids
(glycine, alanine, valine, proline, aspartic acid, and glutamic
acid), commonly found in protein of living systems along
with twelve non-protein amino acids (N-methylglycine, -
alanine, N-methylalanine, N-ethylglycine, a-aminoisobu-
tyric acid, e-amino-n-butyric acid, p-aminoisobutyric acid,
-amino-n-butyric acid, isovaline, norvaline, and pipecolic
acid).

The presence in this meteorite of all the amino acid struc-
tural isomers with two and three carbon atoms and with all
but two of the isomers with four carbon atoms strongly sug-
gested a mixture created by random, abiotic syntheses. Later
work by others showed that all amino acid structural isomers
with two to seven carbon atoms are present, lending further
support to the suggestion of random synthescs. Each of the
amino acids with an asymmetric centre and whose di-
astereoisomeric derivatives could be separated by the proce-
dures available at the time (alanine, valine, proline, aspartic
acid, glutamic acid, «-amino-n-butyric acid, norvaline, -
aminoisobutyric acid, and pipecolic acid) had approximately
equal amounts of D and L isomers. Recent analyses in 1997
of portions of the same meteorite sample analyzed in 1970
have confirmed the racemic nature of the stereoisomers, al-
though others have now reported non-racemic mixtures of
amino acids in other samples of the Murchison meteorite.
The distribution of structural isomers and stereoisomers of
the meteorite amino acids first analyzed suggest that they are
products ol extraterrestrial, abiotic, random syntheses. These
discoveries provided a relatively uncomplicated basis for un-
derstanding cosmochemical evolution; in contrast, the later
results showing non-racemic mixtares of amino acids in
some samples of the metcorite require much more complex
explanations.
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Stable carbon and nitrogen isotopes of individual amino
acids: Clues to origin and history

A significant challenge in amino acid geochemistry is the
identification of potential sources of the amino acids in a fos-
sil or other geological material. This identification could in-
clude the authentication of the amino acids prescnce in the
lossil since the time of deposition, or the contribution of con-
taminating amino acids which may have been added to the
fossil through contact with the environment. The only mech-
anism presently available for distinguishing separate sources
of chemically identical compounds is through the stable iso-
tope characterization of the component. Initially, through the
development of preparative scale liquid chromatographic
techniques, it was possible to establish that there existed little
fractionation during racemization of amino acids under mild
temperature regimes. Furthermore, amino acids exhibited
isotopic compositions that reflected biochemical pathways
during synthesis, with products ol the reactions being sub-
stantially depleted in the heavy isotope. More recent ad-
vancement in the coupling of a gas chromatograph, through a
combustion interface, to an isotope ratio mass spectrometer
(GC/C/IRMS) have allowed for the analysis of nanomol lev-
els of individual amino acids in fairly complex mixtures for
either their carbon or nitrogen isotope compositions. Addi-
tionally, this novel system has allowed for the isotopic char-
acterization of individual amino acid stereoisomers, which
are separated using a chiral phase.

W. F. Manley!, G. H. Miller', J. Mangerud?, and
J. 1. Svendsen?

'INSTAAR, University of Colorado, Boulder, Colorado,
U.S.A.
“Department of Geology, University of Bergen, Norway

Aspartic acid racemization in arctic marine bivalves:
Improved age resolution of Quaternary glacial and sea-
level histories at Brgggerhalvgya and Kapp Ekholm,
Western Svalbard

D/L Aspartic acid ratios in Hiatella arctica and Mya truncata
provide increased age resolution for glacial and raised marine
deposits related to fluctuations of the NW Barents Ice Sheet.
Fast-racemizing Asp provides greater resolution [ 1} for Qua-
ternary deposits at high latitudes relative to D-allolsoleucine
/L-Isoleucine (A/1). Total D/L Asp ratios were quantified [2]
with a Reverse Phase Liquid Chromatograph (hydrolysis:
110°C for 6 hr). Free D/ Asp results are pending.

At Kapp Ekholm, four deglacial emergence cycles are as-
sociated with shallow marine sand of Formations B, D, F, and
H. Mangerud and Svendsen [3] correlated Fm. B with the last
interglacial, Fms. D and F with early and middle Weichselian
interstadials, and Fm. H with isostatic emergence 11-9 ka fol-
lowing late Weichselian advance across the site. Total A/l ra-
tios were important for correlating among sections, for age
control, and for paleotemperature considerations relating to
duration of ice cover. However, variation about the mean A/l
ratio for each Fm. is high (average c. v. = 17%), and results for
Fms. B and D overlap at = [ sigma (Table 1). In contrast, vari-
ation about the mean D/L Asp ratio for each Fm. is low (aver-
age ¢. v.=4%), and D/L Asp results for Fms. B and D are dis-
tinct at = | sigma. D/L Asp better separates the deposits into
age groups, and more clearly identifies periods of racemiza-
tion associated with marine submergence or ice cover (warm
relative to annual subacrial temperatures < —5 °C).
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At Brgggerhalvgya, at least five deglacial emergence cy-
cles are preserved [1,4], termed Episodes H, D, C, B, and A.
The oldest, Ep. H, is early or middle Pleistocene in age. Ep. C
is correlated to the last interglacial, and Ep. A is tied to iso-
static uplift following the Late Weichselian. We reanalyzed
111 shells from 15 collections for both A/l and D/L Asp ra-
tios (Table 1). The latter displayed significant variation for
EP. A, but variation about mean ratios is less for D/L. Asp
(7%) than for A/l (11%j). In particular, D/L. Asp better sepa-
rates EP. C from Ep. B. Both measures indicate that Brggger-
halvgya has experienced lower temperatures since the last in-
terglacial period than has Kapp Ekholm, apparently due to
greater subaerial exposure. Pyrolysis studies underway for
both Total and Free D/L. Asp will quantify temperature kinet-
ics, and will clarify the temperature histories of both sites.

Table 1. A/l and D/L aspartic acid ratios for two sites on
western Svalbard
Unit A/l

Kapp Ekholm M. r.

D/L Asp

Fm. H 0.015=0.003 (8) 0.123 £ 0.007 (10)
Fm. F. 0.026 = 0.004 (26) 0.205 = 0.008 (16)
Fm. D 0.063 £0.013 (6) 0.279 £ 0.009 (11)
Fm. B 0.069 = 0.008 (14) 0.297 + 0.006 (16)

Brgggerhalvgya M. t. and H. a.

Ep. A 0.017 £0.002 (17) 0.156 + 0.033 (17)
Ep.B 0.027 + 0.004 (33) 0.183 = 0.011 (33)
Ep.C 0.038 + 0,006 (22) 0.213 + 0.009 (22)
Ep.D 0.063 (14) 0.283 = 0.007 (19)
Ep. H 0.104 + 0.001 (20) 0.333 = 0.005 (20)

Values are mean + 1 s. d. of collection averages (number of
shells analyzed).

References

1. Goodfriend G A, Brigham-Grette J, Miller G H (1996)
Quaternary Res 45: 176187

2. Kaufman D S, Manley W F (in press) Quaternary Science
Rev

3. Mangerud J, Svendsen J I (1992) Quaternary Science Rev
11: 633-664

4. Miller G H, Sejrup H P, Lehman S J, Forman S L (1989)
Boreas 18: 273-296

M. D. McCarthy', J. Hedges', and R. Benner?

'University of Washington, Oceanography, Seattle,
Washington, and

2University of Texas, Marine Science Institute Port Aransas,
Texas, U.S.A.

Amino acid enantiomeric and isotopic signatures of
oceanic dissolved organic matter: Evidence for remnant
microbial cell wall material as major component of high
molecular-weight dissolved organic nitrogen in the sea

The majority of dissolved organic nitrogen (DON) in the sea
is relatively refractory, remineralized on time scales slow
enough to allow both the advected export of fixed nitrogen
from the euphotic zone (Jackson and Williams, 1985), as well
as persistence in the deep sea over multiple ocean mixing cy-
cles (Hedges, 1992). The biochemical identity as well as the
processes controlling the long-term persistence of this enor-
mous fixed nitrogen reservoir remain largely unknown. Re-
cent work with high molecular-weight fraction of DON has
indicated that while only a minor portion can be identified as
hydrolyzable amino acid (McCarthy et al., 1996), neverthe-
less essentially all is functionally composed of amide nitro-
gen (McCarthy et al., 1997). This comparison suggests that
much of this material may be hydrolysis resistant, of substan-

tial age, or composed of non-proteinaceous amide biochemi-
cals.

We report here new evidence based on amino acid enan-
tiomeric ratios in high-molecular weight DON suggesting
that peptidoglycan remnants directly constitute a consider-
able portion of this nitrogen pool. High D/L ratios of Ala,
Glu, Asp, and Ser were found to be extremely consistent in
both surface and deep ocean DON isolates from three ocean
basins. Initial molecular-level C and N isotopic signatures for
similar oceanic samples have also been conducted, and gen-
erally support the enantiomeric data. These results indicate
that enantiomeric and isotopic signatures of amino acids may
prove to be powerful new tools for tracing sources of nitroge-
nous organic matter within the oceanic water column. Over-
all, our observations suggest that processes which directly in-
troduce relatively refractory microbial cell wall components
into sea water, and not age or fundamental abiotic structural
alterations, are central to the longer-term cycling of organic
nitrogen in the sea.

References

Hedges J I (1992) Global biogeochemical cycles: progress
and problems. Marine Chemistry 39: 67-93

Jackson G A, Williams P M (1985) Importance of dissolved
organic nitrogen and phosphorus to biological nutrient
cycling. Deep Sea Res 32/2: 223-235

McCarthy M D, Hedges J I, Benner R (1996) Major bio-
chemical composition of dissolved high-molecular
weight organic matter in seawater. Marine Chemistry 55:
281-297

McCarthy M D, Hedges J I, Pratum T, Benner R (1997)
Chemical composition of dissolved organic nitrogen in
the ocean. Nature 390: [50-154

A. R. Millard

Department of Archaeology, University of Durham,
Durham, UK

A model for 8N changes caused by weaning in humans

Detection of weaning in the archaeological and palaeoanthro-
pological record is an important issue in assessing patterns of
fertility and fecundity of past populations. In the past most at-
tempts to obtain information on this have used physical ex-
amination of skeletal material and making deductions from
infant mortality patterns, or enamel hypoplasias. However,
these have recently been shown not to be reliable indicators
of weaning practices (Katzenberg et al., 1996), and various
workers are now turning to nitrogen isotope measurements to
investigate the trophic level shift associated with weaning.
A recent paper by Schurr (1997) has suggested a mathe-
matical model for isotopic changes in infants during weaning,
which is an improvement on previous purely descriptive
models. However, in this presentation I develop a critique of
this model, showing that the two saturating exponential func-
tions used by Schurr are appropriate only for modelling an in-
stantaneous switch in diet whilst maintaining a constant body
weight. Weaning is far from instantaneous, and infancy is the
time of most rapid growth in humans (relative to body
weight), which suggests that a more realistic model could be
sought. This paper develops such a model, taking account of
the effect of changing body mass, and an extended weaning
period on the trajectory of isotopic change within juveniles.
The model includes (a) typical growth patterns for human
infants, based on longitudinal studies of child growth, and (b)
a function which represents a gradual shift from sole depen-
dence on the mother’s milk to complete weaning. These are in-
corporated into the isotope mass balance equations, which are
then solved numerically. Comparison with longitudinal iso-
topic data from modern populations allows estimates of the



age for start of weaning and its duration. Comparison with ar-
chaeological population data gives less precise estimates of
the mean values of these parameters in the population.

In principle this model can be extended to other isotopic
and elemental indicators of weaning, or other age-dependent
dietary change. Anindication of the possibilities will be given.
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Quaternary coastal aminostratigraphy — Australian data
in a global context

Since the early 1980s amino acid racemization (epimerisation)
reactions have been applied to the dating of Quaternary mar-
ginal marine successions in Australia. Deposits relating to Ol
Stage 9 or younger have received the greatest attention and in
particular, Ol Substage Se, and Stages 7, 3,2 and 1. Molluscs of
Plio-Pleistocene age from the Perth Basin, Western Australia
and from several deposits in Tasmania and the Bass Strait Is-
lands have also been studied. The relative tectonic stability of
the Australian continent, conferred by its intra-plate setting
and extensive distribution of Precambrian Cratons, accounts
for the general absence of emergent marine shell beds of OI
Substages 5c¢ (ca. 105 ka) or 5a (ca. 82 ka) amenable to dating.

The most reliable results are from replicate analyses of
the hinge region of well-preserved and diagenetically, rela-
tively unmodified (e. g. generally greater than 98% primary
aragonite present), fossil bivalve moluscs from well-buried
contexts (i. e. >1 m). Analyses using gas chromatography
have permitted the quantitation of a range of amino acid D-L.
isomers that include alanine (ALA), aspartic acid (ASP), glu-
tamic acid (GLU), leucine (LEU), phenylalanine (PHE), pro-
line (PRO), valine (VAL) and with optimum column perfor-
mance, isoleucine (ALLO/ISO). Results for the amino acids
leucine and isoleucine provide a framework to compare with
data sets published from other countries.

Mollusc species that have been analysed by amino acid
racemization principally include the bivalves Anadara
trapezia, Katelysia sp., Donax (Plebidonax) deltoides,
Glacymeris sp., Mactra australis, Fulvia tenuicostata, and
Pecten sp., in view of their common occurrence in marginal
marine successions in Australia. Opercula of the gastropod
Turbo undulatus from archaeological and geological contexts
have also proved an important medium for dating.

Calibration of Australian amino acid racemization data
by direct comparison with other methods (e. g. radiocarbon,
uranium-series disequilibrium, luminescence, and electron
spin resonance dating) and selection of suitable samples
within a set of stringent criteria (e. g. depth of burial, preser-
vation state, genus and hence general racemization rate as
well as reproducibility of measurements) provides a prelimi-
nary framework to evaluate Australian amino acid data in a
global context. Australian data reaffirm the strong tempera-
ture dependence of amino acid racemization, as reflected in a
temperature (latitude) plot of the extent of racemization in
last interglacial molluscs (OI Substage Se). The data also
compare favourably with fossils of equivalent age from a
range of northern hemisphere sites, providing additional evi-
dence for the potential application of amino acid racemiza-
tion (epimerisation) as a tool to complement other methods in
global correlation.
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Protein preservation during early diagenesis in marine
waters and sediments

The fate of protein was followed during phytoplankton decay
in flow-through laboratory incubations and with depth in the
sediments of Mangrove Lake, Bermuda, which recieves prin-
cipally algal input. Two-dimensional electrophoresis and
amino acid analysis suggest that while most proteins are de-
graded during early diagenesis, a significant fraction is pre-
served. Although >92% of the initial particulate nitrogen was
lost during the oxic water column decay of the diatom Tha-
lassiosira weissflogii, proteins remained a significant fraction
of total amino acids and of the residual nitrogen (83% and
48%, respectively). Hydrolyzable amino acids associated
with a >2 kDa molecular weight fraction accounted for 78 to
98% of total amino acids and 36 to 63% of total nitrogen in
Mangrove Lake sediments. Two-dimensional electrophoresis
revealed the preservation of few discrete, acidic protein
species, some of which were common to both water column
and sediment samples. Amino acid analysis of low
(3.5-18 kDa), mid (18-43 kDa), and high (43-200 kDa) mol-
ecular weight protein fractions observed a shift toward high
molecular weight proteinaceous material after extensive algal
decay and with increasing sediment depth, compared to fresh
algal material or recently deposited organic matter. These re-
sults suggest that small amounts of discrete proteins survive
early diagenesis, with most proteins retained in the residual
organic matier as extensively modified and cross-linked,
acidic species.
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Separation, isolation and isotopic analysis of individual
amino acids from archaeological bone collagen: a new
method using RP-HPLC

This paper presents a new method for the separation, isola-
tion and isotopic analysis of individual amino acids from pro-
teins. The technique and its constituent steps are discussed,
then isotopic analyses of amino acids from several samples of
bone collagen from the Late Roman site of Poundbury,
Dorset, UK are presented.

The applications of the method are discussed, as well as
some advantages of this technique relative to other methods.
Although developed for use with archaeological bone colla-
gen, the technique is equally applicable to other proteina-
ceous materials. The use of reversed-phase HPLC avoids
problems of isotopic fractionation inherent in using ion ex-
change HPLC. Amino acids are separated preparatively al-
lowing both carbon and nitrogen isotopic values to be mea-
sured on a single sample using cf-irms. Since amino acids are
isotopically analysed in an underivatized form (unlike GC-C-
IRMS), the method also presents the possibility of collecting
the CO, generated during cf-irms: this would allow the sub-
sequent dating by '“C-AMS of individual amino acids isolat-
ed from archaeological samples.
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Amino acid geochronology of Delaware Bay Quaternary
coastal terrace deposits: Morie Pit, Southern New Jersey,
U.S.A.

A chronologic sequence of deposition for Quaternary sea-
level highstand deposits on the northern margin of Delaware
Bay was derived through an amino acid racemization (AAR)
analysis of fossil molluscs from dredge spoil and vibracores
collected in the Morie Company sand and gravel pit on the
western flank of the Maurice River in southern New Jersey.
AAR analyses of total amino acid content were performed on
20 Mercenaria mercenaria samples after acid hydrolysis, us-
ing a high-pressure liquid chromatograph. Data are reported
for D-alloisoleucine/L-isoleucine (A/I). Two populations of
tossil Mercenaria were identified, above and below a promi-
nent unconformity, interpreted to be a transgressive ravine-
ment surface, recognized in ground penetrating radar pro-
files, vibracores and split-spoon cores. The two populations
yielded A/l mean values of 0.367 and (.365, above and below
the unconformity, respectively.

Age estimates for the fossil Mercenaria were modeled
using calibration A/l values of 0.24, 0.22 and 0.20 and a cal-
ibration age of 100 ka, from data collected on marine oxygen
isotope substage Se-equivalent deposits exposed in Gomez.
Pit, Virginia (Mirecki et al., 1995). A temperaturc correction
of 8%/°C (Kaufman and Brigham-Grette, 1993) was applied
to age estimates to compensate for the 2 °C difference in cur-
rent mean annual temperature between the latitudes of south-
eastern Virginia and southern New Jerscy. The three parabol-
ic kinetic curve models suggest correlation of the Morie Pit
deposits with isotope highstand stages 7 0 9, 9 to [1 or 9 to
[3. While not resolvablic geochemically, the two Mercenaria
populations are interpreted to be chronologically equivalent
to oxygen isotope stages 9 and [, above and below the
prominent unconformity, respectively, on the basis of strati-
graphic position and elevation in relation to a nearby coastal
escarpment of probable substage 5e (minumum) age.
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New perspectives on ancient proteins: The application of
MAILDI-MS for characterization of modern and ancient
osteocalcin protein sequences

We have begun to evaluate diagenetic changes in the structure
and preservational potential of the bone protein, osteocalcin
(OC), using matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS). This approach is rapid, can iden-
tify very small quantities of protein (pmoles), does not exhibit
interferences from most salts or solvents used for protein pu-
rification and is unaffected by amino-terminus blockage. We
have purified OC from 0.5 M EDTA and | N HCI extracts
from crude extracts of modern and ancient bones by deminer-
alization, dialysis, and reversed-phase HPLC and subjected
the extracts to SDS-PAGE, radioimmunoassay (RIA) and
MALDI-MS. The sequence of modern bovine osteocalcin was
obtained by peptide mass mapping and by direct MS sequenc-
ing using a novel peptide derivatization approach that pro-

duces a mass spectra containing easily interpretable fragment
peaks indicative of amino acid sequence. Analysis of ancient
OC by SDS-PAGE produces aband near 7 kDa consistent with
that observed for modern OC standards. The difference be-
tween the observed and expected molecular weight of OC (ex-
pected = 5200 to 5900 kDa) is due to polyelectrolytic effects.
The presence of OC in these bones and other fossils as old as
450,000 years was confirmed by RIA in diminishingly small
quantities (less than 0.2 ng/mg). In initial studies we have iso-
lated OC from fossil material and have observed peaks with
molecular masses consistent with OC from several 800 year
old to 53,000 year old bones.

A. M. Patrick and J. Brigham-Grette
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Separation of intra 8'%0 stage 5 glacial and sea level
events in the Bering strait region: HPLC vs. GC
aminostratigraphy

The stratigraphy and geochronology of Pliocene and Pleis-
tocene high sea level events studied in coastal deposits on
both sides of the Bering and Chukchi seas over the last
18 years has been dramatically strengthened by the use of
aminostratigraphy on enclosed fossil mollusks (Kaufman and
Brigham-Grette, 1993; Brigham-Grette et al, in press). Tradi-
tional use of HPLC to measure the extent ol L-isoleucine
epimerization in genera such as Mya, Hiatella, Macoma, and
Astarte has allowed several workers to recognize at least 6
Pre-Holocene high sea level sequences. In places where ma-
rine deposits are found interbedded with glaciogenic sedi-
ments, aminostratigraphy has allowed reinterpretation of the
timing and extent of glacial vs. interglacial periods. Limiting
the usefulness of stratigraphic applications, however, is the
fact that at sustained ground temperatures well below 0 °C,
the rate of isoleucine epimerization to alloisoleucine is im-
peded to the point that we cannot clearly distinguish deposits
less than roughly 50 ka—100 ka ycars apart. In particular at a
few sites, we seem to have stratigraphic evidence for changes
in eustatic sea level as well as the rapid buildup of local
mountain glaciers that may record a complex series of paleo-
climatic events within marine isotope stage 5 (132,000 to
72,000 years BP). To improve age resolution and answer
thesc new science questions, it is now to our advanlage to
utilize faster stercochemical reactions such as the racemiza-
tion of aspartic and leucine to distinguish depositional events
that differ in age by much less than 50 ka years. We are par-
ticularly interested in determining whether the sedimentolog-
ical evidence at two sites along the Russian coast are record-
ing climatic and sea level changes at the Substage 5e/5d
boundary or at the Substage 5a/4 boundary within the Bering
Land Bridge.

To test our hypothesis concerning Stage 5 and early
Wisconsin events, we have analyzed using HPLC a series of
bivalves from sections interpreted to represent the last in-
terglacial substage 5e (Pelukian/Val’katlen Transgression,
120 ka to 132 ka) and stratigraphically younger samples
thought to record substage 5a (Simpsonian transgression,
72 ka-85 ka) from both the Alaskan and Russian coast of
the Bering strait region. The results from these deposits
show virtually no separation of stratigraphic events. We
now have begun analyses of the same samples for D/L as-
partic acid and D/L leucine using GC separations and expect
a clear separation of at least one high sea level event around
80 ka. Published results (Goodfriend et al., 1996) are en-
couraging as they demonstrate nearly an order of magnitude
difference in D/L ratios between modern samples and those
125 ka years old even, at 71° N where modern ground tem-
peratures are —11° C.



Further analysis of mollusks from chronosequences
found at other high latitude sites, ¢. g. those on Ellesmere
Island and across the Russian Arctic, are planned for study to
further enhance our ability to evaluate oceanic/cryospheric/
atmospheric interactions at times of paleoclimatic transitions.
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Carbon and nitrogen isotopic variability of different
protein fractions from modern and fossil shells

Molecular geochemical characteristics from individual shell
matrix proteins from modern organisms can provide a base-
line for comparing origin and history of fossil organic mater-
ial and for potentially understanding the function of these
components in a modern system.

Shell matrix proteins from modern Mercenaria and Polin-
ices were isolated and characterized by reverse phase HPLC.
[ndividual proteins were then analyzed for carbon and nitro-
gen isotopic values. The carbon isotopic composition of
amino acids resulting from the hydrolysis of the proteins
were also determined.

At the bulk protein level, we observed significant iso-
topic differences between hydrophobic and hydrophilic pro-
teins of modern shells. Variability was also expressed at the
molecular level. Differences in §"C values of individual
amino acids between hydrophilic and hydrophobic protein
fractions were as large as 10%c. Such differences could be re-
lated to the functional attributes of the proteins. Consequent-
ly, we are currently investigating the relationship between
biomineralization and environmental conditions and isotopic
composition of individual proteins. This information would
be particularly useful in understanding molecular biogeo-
chemistry in the fossil record.
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Patterns of intramolecular isotopic heterogeneity within
the amino acids of animals and plants

The existence of large intramolecular variations in the carbon
isotopic composition of amino acids has been known since the
pioneering work of Abelson and Hoering at the Carnegie Insti-
tution in 1961. They found that the carboxy! carbons of amino
acids isolated from photosynthetic algal cultures were en-
riched by 10.5 =2.9%g relative to the other carbon atoms of the
molecules. Amino acids isolated from heterotrophic cultures
displayed little or no *C enrichment of their carboxyl carbons.

We have surveyed the 6"C of the amino acid carboxyl
carbons of a variety of field-collected autotrophic and het-
erotrophic organisms. In general, autotrophs displayed a sig-
nificant "*C enrichment in the carboxyl carbons of their
amino acids, although the magnitude of the enrichment was
about one half that observed by Abelson and Hoering for al-
gal cultures. Multicellular heterotrophs did not conform to
the pattern observed for unicellular cultures. Amino acid iso-
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topic heterogeneity for heterotrophs was not significantly dif-
ferent than that measured for autotrophs. The biochemical ba-
sis for the results will be discussed, and potential applications
of the technique to biogeochemistry will be presented.

P. A. St. John
St. John Associates, Inc., Beltsville, Maryland, U.S.A.

The amino acid analyzer in a suitcase: A high sensitivity
ion exchange chromatograph for laboratory or field
analyses of trace amino acids

The Model 2000 amino acid analyzer is the commercial em-
bodiment of P. E. Hare’s legendary ,,Analyzer in a Suitcase®.
This tough, compact little analyzer features a short, narrow-
bore cation exchange column and gas-pressure delivery of
ophthalaldehyde fluorophore. The design resulted from
Dr. Hare’s desire to produce an ion exchange chromatograph
with high speed and sensitivity that could be taken into the
field for on-site analyses. Model 2000’s have seen duty in di-
verse locations around the globe, from Spitsbergen to the
Amazon Basin. Today they are primarily found in the lab,
dwarfed by their ancillary autosamplers and data processors,
producing results that continue to reaffirm the genius of the
designer.

C. E. Shawl', M. L. Fogel', and N. Tuross?

'Geophysical Laboratory, Carnegie Institution of Washing-
ton, Washington, District of Columbia, and

*Conservation Analytical Laboratory, Smithsonian Institu-
tion, Suitland, Maryland, U.S.A.

Assessment of diet composition through stable isotopic
analysis of collagen amino acids from bone cell cultures

Ancient diets can be examined using the stable isotopic com-
position of collagen from fossil bones. Current models for
how isotopic values are translated from diet to bone protein
have been previously investigated using whole animal feed-
ing experiments, but many questions remain unanswered. Ex-
periments therefore have been designed to examine the stable
isotopic values (8"*C and 8"°N) in collagen produced by os-
teoblastic cell cultures. Cultured collagen provides a clearer
understanding at the molecular level of isotopic fractionation
during the biosynthesis of collagen than is possible with
whole animal studies. In addition, this in vitro system allows
easy manipulation and control of diet variables through the
culture growth media. Culture media has been formulated to
address the specific question of the relative contributions of
diet protein and carbohydrate to bone protein synthesis. Fur-
thermore, isotope measurements on the individual amino
acids are expected to allow discrimination in more complex
dietary situations as well analysis of older and more degrad-
ed fossil bones.

A. C. Sigleo and G. Hannach

U.S. Environmental Protection Agency, Newport, Oregon,
U.S.A.

Photoinduction of UV-absorbing mycosporine-like
amino acids in marine phytoplankton

Production of ultraviolet (UV)-absorbing compounds may
improve the ability of some algal populations to acclimate to
variations in the radiation environment. High fluence PAR
(photosynthetically active radiation, 400-700 nm), UV-A
(320-400 nm), and UV-B (280-320 nm) radiation were test-
ed for their ability to stimulate the production of UV-absorb-
ing mycosporine-like amino acids (MAAs) in six diverse
species of marine phytoplankton. Dunaliella tertiolecta, Tha-
lassiosira, weissflogii, Pyramimonas parkeae, Paviova gy-
rans and Isochrysis sp. were grown under 1) low fluence
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PAR (LL, 25-75 umol photons m~s™"), 2) high fluence PAR
(HL, 255-290 umol photons m72s™!), 3) PAR + UV-A
(240-268 umol photons m2s~" and 4910 mW m?, respective-
ly) and 4) PAR + UV-A + UV-B (103, 206, or 304 mW m™
weighted UV-B).

In vivo absorption spectra indicated that only Pavlova gy-
rans has a pronounced UV maximum. Of the three MAA
compounds detected in P. gyrans, only one with peak ab-
sorption in the UV-A range was photoinducible. The other
species examined exhibited relatively small in vivo UV ab-
sorption peaks. In these species only one MAA was detected,
a compound with peak absorption in the UV-B range and lim-
ited inducibility. UV-B radiation more effectively induced
MAAs than UV-A or HL in 4 of the 6 species. In P. gyrans
large increases in the concentration of the inducible MAA
were obtained with HL and with UV-A + UV-B radiation.
Relative to LL cells, UV-B-exposed P. gyrans exhibited a
145-fold MAA increase, accompanied by an 11-fold increase
in the in vivo UV absorption. In all other species HL had min-
imal or no effect on MAA production. UV-A radiation effec-
tively increased the chl a-specific MAA content in Isochrysis
sp. (77%), T. weissflogii (13%), and P. parkeae (43%), and
UV-B supplementation increased it by a further 141% in
Isochrysis sp. and 95% in P. parkeae. On a cell volume basis,
UV-B also approximately doubled the MAA concentration in
the latter two species. We conclude that although MAAs may
be commonly present in phytoplankton cells, an ability to
produce significant amounts of these compounds through
photoinduction is limited to certain species or taxa.

M. Sinibaldi', P. Ferrantelli', G. A. Goodfriend?, and
G. Barkay®

Nstituto di Cromatografia, C.N.R., Area della Ricerca di
Roma, Rome, Italy,

*Geophysical Laboratory, Carnegie Institution of Washing-
ton, Washington, District of Columbia, U.S.A., and
Institute of Archaeology, Tel Aviv University, Tel Aviv,
Israel

Aspartic acid racemization in teeth from late Holocene
burial caves in Jerusalem

Amino acid racemization reactions may, in principle, be used
for dating of teeth, if the tooth proteins are well preserved and
either the effective average temperature is known or some
other means exists to calibrate the rate of racemization. In
this study, we evaluate the potential and applicability of as-
partic acid racemization dating of human tooth dentine from
archaeologically-dated Jewish burial caves in Jerusalem.
Based on associated cultural artefacts, these burials date pri-
marily to the latter half of the 7" century BC, just prior to the
Babylonian conquest and destruction of the First Temple,
with possible reuse of the burial caves during the Second
Temple period, ca. 100 BC [1]. Several milligrams of dentine
of teeth of various types and ages (at burial) were analyzed by
gas chromatography of N-TFAA isopropyl ester derivatives
using a capillary Chirasil-val column. To obtain the net
racemization since the time of burial, we subtracted the
racemization induced by the preparation procedures and the
in vivo racemization, as estimated from the age at burial
(through analysis of abrasion) and the rate of in vivo racem-
ization reported in the literature [2].

The net D/L aspartic acid values fall into two groups.
Based on the reported kinetics of aspartic acid racemization
[3], as determined by heating experiments and the in vivo
rate, the expected rate of racemization at ambient tempera-
tures could be calculated. When these values are used in the
first-order kinetic equation with a rate corresponding to the
effective average temperature measured inside the burial
cave (18.0 °C), the estimated ages of these groups are consis-

tent with the archaeologically-determined ages, viz.
2550-2650 yr BP and 2000-2050 yr BP. These results con-
firm the later reuse of the caves for burials. The close corre-
spondence of the racemization ages to the archaeological
ages indicates that racemization in these late Holocene teeth
proceeds in a quantitatively predictable way.
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Preservation of biosignatures in museum herbarium
collections

Throughout the museums of the world there exist extensive
collections of plant specimens. These herbarium specimens
are a potential reservoir of information of changes in climate
and environments throughout the world over the past two
centuries. These samples are well documented, dated and
geographically constrained. In order to fully realize the use-
fulness of the information contained within herbarium speci-
mens we examined plant specimens from the National Muse-
um of Natural History. Although the macro-integrity of the
plants survive storage and preservation under herbarium con-
ditions, it is unknown whether organic material such as pro-
teins survive during the storage of plant samples.
Concentrations of individual amino acids, C/N ratios and
whole tissue §'*C and 6 "N of a suite of plant samples, dating
back to 1849, were determined. The stable carbon isotopic
composition of plant tissue was progressively more enriched in
C with increasing age. Indeed, this pattern of enrichment
closely followed observed changes in & *C of atmospheric CO,
over a similar time period. C/N ratios showed little consistent
changes over time indicating preservation of organic matter.
Preservation was further confirmed by the detection of suites of
amino acids in the oldest samples similar to those of modern
plants. These results indicate that herbarium collections will be
a useful source of molecular information of changes in plant
ecology and environmental changes in the recent past.

T. Torres, P. Garcia-Alonso, L. Canoira, and
J. F. Llamas

Laboratory of Biomolecular Stratigraphy, Madrid School of
Mines, Madrid, Spain

Amineostratigraphy of the Middle-Upper Pleistocene
marine and continental deposits of the Cape of Huertas
on the Mediterranean coast of Spain

The Pleistocene history of the Mediterranean coastal line of
Spain has been controlled by consecutive sea level high
standing/falling periods. This produced stepped terrace sys-
tems. In some places a red soil was developed on the top of
the terrace deposits. In other cases loess-like silt and aeolian
sand appeared on the topmost of the marine terraces. Because
of neotectonics the real coastal evolution was much more
complex than described above, acting as a local forcing
controlling sedimentation and geomorphological evolution.
Tyrrhenian Cycle (Last Interglaciar Sth oxygen isotopic stage
or older) coastal deposits are characterized by abundant fos-
sil mollusca that indicate Mediterranean Sea water warming.
This fauna has been named the ,,Senegalian Complex*.



According to different authors, Thyrrhenian evolution
occurred in three different ways: (i) a single long still-stand-
ing sea level (ii) a slow but continuous sea level change, and
(iii) two or three periods of rapid sea level change. In fact in
the Balearic Islands Tyrrhenian deposits had recently been
interpreted as result of i) and iii), depending on the view-
point of the author of the paper in question. The aim of this
paper is to add information on the Pretyrrhenian and Tyrrhen-
ian history of the Mediterranean coast of Spain, based on
amino acid racemization analysis of faunal remains from the
Cape of Huertas (C. H.) (Alicante).

The oldest Pleistocene marine deposits (terraces) from
the C. H. out of the range of the ®*U/**Th dating method
> 350 ka, are placed 30 m a.s.l. and consist of biomictric al-
gal limestone measuring 1.5 m in thickness. 38 samples of
sea urchin spicules (Echinoidea), fragmenta indet. Patella
sp., Spondylus sp., and Glycymeris sp. have been analysed.
The average amino acid racemization ratios of 11 samples of
Glycymeris sp., the most frequent Pelecypoda of the Mediter-
ranean Quaternary record are as follows: A/I = 101.10%;
LEU = 81.72%; and GLU = 65.39%. These marine deposits
interfinged landwards with yellow silty (aeolian?) sediments
containing land snail shells. Their amino acid racemization
ratios (8 samples) do not differ significantly from those of the
marine terrace fauna.

The higher Tyrrhenian terrace appears 2 m a.s.l. and con-
sists of bioclastic sand and gravel measuring 2 m in thick-
ness, at the top of this terrace acolian sand with land snail
shell appears. 95 samples of Monodonta sp., Gibbula sp.,
Patella sp., Helix sp. (from the topmost of the marine de-
posits strata), Arca sp., Ostrea sp., Pecten sp., Venus sp.,
Spondylus sp. and Glycymeris sp. have been analysed. The
average amino acid racemization ratios from 15 samples of
Glycymeris sp. are as follows: A/l =54.65%; LEU = 37.86%;
GLU = 48.30%. The amino acid racemization ratios in aeo-
lian sand land snail shells do not differ significantly from
those of the Helix sp. from the top strata of the marine terrace
which has been **U/**Th dated (91 = 6 ka).

The lower Tyrrhenian terrace in the C. H. section is
placed at the sea level covered during storms and high tides.
It consists of bioclastic sand and gravel measuring 35 cm in
thickness. 35 samples of Monodonta sp., Ostrea sp., Pecten
sp., Venus sp. and Glycymeris sp. have been analysed. The
amino acid racemization ratios from 11 samples of Gly-
cymeris sp. are as follows: A/l =42.35%; LEU = 35.80% and
GLU =36.71%.

it seems that two rapid sea level changes took place dur-
ing the Tyrrhenian in the C. H. area.

T. Torres, P. Garcia-Alonso, L. Canoira, and F. J. Llamas

Laboratory of Biomolecular Stratigraphy, Madrid School of
Mines, Madrid, Spain

Aspartic acid racemization in the dentine of cave bears
(Ursus deningeri von Reichenau and Ursus spelaeus
Rosemiiller-Heinrooth)

Cave bears inhabited Europe during Middle and Upper Pleis-
tocene times. Because they were cave hibernants, thousands
of bones and teeth were preserved, along with other mammal
and even hominid remains (,,Sima de los Huesos®). Ursus
deningeri was a typical representative of the Middle Pleis-
tocene and Ursus spelaeus lived from the uppermost part of
the Middle Pleistocene until the end of the Upper Pleistocene,
colonizing both lowlands (coastal and continental) and high-
lands. In some cases it has been possible to establish sub-
species on the basis of skeletal or dental perculiarities. In
spite of the striking differences detected, our less creative
colleagues have argued that both species (U. deningeri and
U. spelaeus) and the subspecies were an extreme case of

polytypism.
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The Madrid School of Mines has a very large collection
of European Pleistocene fossil bears from fifteen palaeonto-
logical localities in Spain, excavated by one of us (T. T.)
since 1976. Dating cave bear populations seemed to be an in-
teresting objective. Our first results are presented below.

A sample of five teeth was selected from each of four dif-
ferent localities, the selection being made on the basis of con-
dition of conservation and age of death; the teeth of immature
animals were rejected because they have hollow roots which
might be an entry route for contamination. From each tooth
an 80 milligram sample of dentine was obtained from the in-
nermost part of the crown. After light attack with HCI the
sample was dialyzed (Spectra/Por mnco 3500 membrane) to
remove free amino acids (of lower racemization velocity) and
the dialyzates were prepared according to the usual protocol.
Analyses were carried out using a GC-HP 5890 with a 25 m
long Chirasil L-Val column and NP detector.

Comparison of recent analytical data with some old re-
sults obtained in our laboratory some years ago, without pre-
vious sample dialysis, confirms the need to work with bound-
ed amino acid fraction (dialyzate), our former results being
erratic. We have also confirmed that Ursus deningeri and Ur-
sus spelaeus are not only morphologically and morphometri-
cally different species, but are in clearly different amino-
zones. The ASP racemization averages obtained are as
follows:

4.2% ASP r. a. in two samples from a canine of recent
Ursus americanus Pallas from USA. This is the racemization
of the sample preparation method but a little additional amino
acid racemization in the Museum deposit cannot be neglect-
ed. On living mollusca shells the induced sample preparation
method amino acid racemization is 3%.

19.4% ASP r. a. of ten samples from teeth of U. spelaeus
from two different caves: the Reguerillo Cave (20.3% ASP
r. @) in the central part of Spain and the Arrikrutz Cave
(18.5% ASP r. a.) in the vicinity of the Atlantic Ocean shore
line. Ursus spelaeus, the ,true* cave bear, probably inhabited
the Iberian Peninsula (the species border) during the last in-
terglacial period (Eem).

39.0 ASP r. a. of ten samples from teeth of U. deningeri
from two different caves: the ,,Sima de los Huesos* Cave
(38.15.3% ASP r. a.) in the central part of Spain and the San-
ta Isabel Cave (39.87% ASP r. a.) near the Iberian Peninsu-
la’s Atlantic Ocean Coast. A 320 ka age was recently ob-
tained from ,,Sima de los Huesos* bear remains (ESR and
U-series).

N. Tuross

Conservation Analytical Laboratory, Smithsonian Institu-
tion, Suitland, Maryland, U.S.A.

Racemization reconsidered: The potential use of the in-
soluble extracellular matrix of vertebrate calcified tissue

It has been over twenty-five years since bone was proposed,
utilized, challenged and, by some, rejected as a tissue source
for racemization studies. When used as a relative chronome-
ter, whole bone aspartic acid racemization values often did
not agree with the radiocarbon ages of the fossils, and a
range of aspartic acid racemization values were documented
as a function of molecular weight in the soluble protein of
one bone by Hare and Kimber. In this study, the racemiza-
tion of aspartic acid in whole bone is compared to that of
well characterized collagen from both experimentally high
temperature aged cow bone and in two fossil assemblages
that range over thirty-five thousand years in time and were
utilized previously in paleodietary investigations. As has
been previously reported, the difference in both the experi-
mental and fossil samples D/L Asp values in whole bone
versus collagen is large. In the fossil bone collections, the
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collagen D/L Asp values were much lower and more con-
sistent than those observed in the whole bone from the same
sample. Further, the D/ Asp values in the collagen from
both the 40,000 year old faunal collagen and the much
younger human bone collagen agrees well with the deposi-
tional history of the assemblages. It is proposed that the in-
soluble gel-like state of the collagen molecule imposes con-
straints on the racemization rates of the constituent amino
acids, and as in the ratite eggshell, it is the physical state of
the extracellular matrix that termines the utility of the tissue
in racemization studies.

M. E. Uhle!, S. A. Macko?, H. J. Spero®, and M. H. Engel*

'Department of Geological Sciences, The Ohio State
University, Mendenhall Laboratory, Columbus, Ohio,
“Department of Environmental Sciences, The University of
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*Department of Geology, University of California, Davis,
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4School of Geology and Geophysics, University of Oklaho-
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Biogeochemistry and Paleoceanography: An amino acid
perspective

Isotopic analysis of bulk organic matter in foraminifera have
been used to estimate the isotopic composition of nutrients in
ancient oceans. The isotopic compositions of the nutrients,
however, are altered by processes associated with fixation
and assimilation by phytoplankton and may not be accurately
recorded by foraminifera. In addition, the isotopic composi-
tion of the total organic matter in foraminifera is a complex
mixture of proteins, carbohydrates, and lipids, all of which
have distinct isotopic compositions relative to that of the en-
tire organism. Our knowledge of the synthesis and fate of or-
ganic matter within individual foraminifera is limited and
may be important to the interpretation of this data.

Through the use of compound specific stable isotope
analysis, it is possible to trace elements through complex
flow paths as the 8""N and & "*C of a molecule records its bio-
chemical history in the food chain and its signature may re-
veal evidence of the isotopic fractionation between the indi-
vidual amino acids and the dict. Conscquently, isotopic
analysis of individual amino acids in foraminifera provides a
method to assess the 6°C and 8'°N of the protein consumed
by foraminifera, provided that the 1sotopic effects associated
with the incorporation of protein from the diet to the
foraminifera can be assessed.

Previous studies have reported trends in the stable carbon
and nitrogen isotopic compositions of individual amino acids
which reflected known biosynthetic pathways. The majority
of those studies focused on modern and fossil organisms. This
work extends those findings with data on the amino acid iso-
topic compositions of foraminifera as well as bulk isotope
analyses on the organic matter of the organisms and their diets.

Specimens of juvenile Orbulina universa and Globigeri-
na bulloides were collected by SCUBA divers off the coast of
Santa Catalina Island, California, during the summers of
1994 and 1996. These specimens were cultured in the labora-
tory in sea-flow tank under ambient light conditions. The
foraminifera were grown in individual glass jars in filtered
sea water and fed on a daily basis Arremia nauplii of a known
stable carbon and nitrogen isotopic composition. In addition,
specimens of O. universa were recovered from a sediment
core, the amino acids were isolated and isotopically analyzed
by GC/IRMS. The acidic amino acids were typically more
enriched in '*C, whereas the neutral amino acids were deplet-
ed, leucine being the most depleted in '*C. The exception to
this was glycine which was the most enriched in '*C. These
data are consistent with 6"C values reported for the modern
foraminifera as well as modern and fossil mollusk shells.

D. W. von Endt! and P. E. Hare?

'Smithsonian Center for Materials Research and Education,
Smithsonian Institution, and

*Geophysical Laboratory, Carnegie Institution of Washing-
ton, Washington, District of Columbia, U.S.A.

The stability of collagen and keratin in museums: Some
nitrogen-containing heterocycles found in bone, and the
preservation of keratin in ethanol and formalin

Vertebratc cotlections are stored in museums under a variety
of conditions, ranging from dried skins and skeletons on
shelves or in drawers, to their storage in fluid preservatives
such as 70% ethanol. We have decided to study the stability
of these specimens in museums by examining the organic
materials (primarily structural proteins) common to various
taxa under simulated museum storage regimes.

To follow the effect of water (relative humidity, RH) on
some of the organic reactions of bone deterioration, we con-
ducted accelerated aging experiments, and heated bone be-
ginning at 45% RH, and at 100% RH for 24 hours at 160 °C,
190 °C and 220 °C. At the end of the experiment, the 100%
RH bone heated at 220 °C had lost about 50% of its weight,
and the amino acids of the bone proteins had been altered to
varying degrees. Aspartic acid, threonine and serine were
partially or completely destroyed, while glutamic acid and
glycine were the most stable. Hydrolysis, deamination, and
decarboxylation reactions also occurred as evidenced by the
production of organic acids and amines.

Heating bone beginning at 45% RH (dry) for the same
time and temperatures produced a 20% loss of weight and
less destruction of the protein as evidenced by amino acid
patterns. Dry-heated bone also released a series of volatile,
nitrogen-containing cyclic deterioration products under these
conditions. These findings will be used to point to deteriora-
tion products that should be investigated in the breakdown of
bone under varying museum treatment and storage condi-
tions.

Another group of structural biopolymers is the keratins, a
closely related family of chemically stable proteins compos-
ing mammalian hair, horn, hooves, quills and avian feather.
Sheep hair (wool) has been much studied chemically because
of its economic value. To our knowledge, no studies have
been conducted on the long-term stability of the other ker-
atins from a museum perspective. Feather and hair were heat-
ed dry, in 70% ethanol, and in 70% ethanol plus 1% formalin
at 180 °C for periods of one and two days. Feather keratin
was approximately 50% less stable in ethanol than was hair
keratin, as evidenced by the amount of amino acids lost from
the sample and appearing in the solution. Feather and hair,
heated for the same periods of time under dry conditions, ex-
hibited the same pattern of stability. Ethanol containing a
small amount of formalin (to simulate residual fixative) pro-
duced even more deterioration than did ethanol alone. As a
corollary, the amino acid patterns of fresh hair and feather
from different species were found to be distinct, and indica-
tive of their originating taxon.

E. R. Waite, M. J. Collins, and A. van Duin

Fossil Fuels and Environmental Geochemistry (NRG),
University of Newcastle Upon Tyne, UK

Improving the analysis of aspartic acid racemization in
human dentine for use in age and death determinations

The racemization of aspartic acid in human dentine proteins
has been used in both archaeological and forensic contexts to
determine age at death. This approach appears quite success-
ful in some forensic studies, having aged unidentified indi-
viduals to within + 3 years of their actual age. The mecha-
nisms of protein degradation in metabolically isolated



dentine are poorly understood but will include deamidation
and isomerization reactions as well as epimerization. We
have attempted to model this complex series of reactions and
use the model to re-examine the data from these carlier stud-
ies.

The model has highlighted a number of inter-laboratory
differences, notably in the amount of racemization induced
during sample preparation. We have used the model to track
down the causes of this variation. Notable findings have in-
cluded the impact of the method of long-term storage and
somewhat unexpectedly the extent of pulverisation of the
dentine.

Further undocumented analytical problems have arisen
using the standard forensic method of gas chromatography
and separation on a chiral capillary column. The presence of
an interfering peak was noted, which has not previously been
reported in the forensic literature. This was identified as a
monoacetylated derivative of hydroxyproline by mass-spec-
trometry. The peak must be well resolved trom L-Asp for ac-
curate DL Asp ratios, particularly from collagen-rich sam-
ples.

J. F. Wehmiller', L. L. York', H. A, Stecher, III', and
I. Friedman?
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The thermal environment of fossils: Measurement of
modern ground temperatures

The use of diagenetic amino acid racemization (AAR) for
chronostratigraphic purposes requires understanding not only
a variety of geochemical reactions but also the thermal histo-
ry of analyzed samples. Measurements of ground tempera-
tures over extended periods at selected sample sites are a nec-
essary component of this understanding, although modern
thermal records cannot unambiguously characterize the en-
tire temperature history, especially for Pleistocene samples or
any samples with complex burial histories. Here we report re-
sults from a program of ground temperature observation for
sites along the US Atlantic coastal plain from Maine to Flori-
da, a region where contrasting thermal histories have been in-
voked as explanations of conflicting AAR age estimates.
Data collection began in August, 1994 and now continues at
10 sites that range in mean annual air temperature from 7 to
23 degrees C. Data from 1994-1995 were obtained using
Ambrose diffusion cells that yield a single effective tempera-
ture for the period of observation. Data from 1995 to the pre-
sent have been obtained using electronic recorders. Both
methods have yielded results from multiple depths (to 2 me-
ters or more) and for a variety of exposure conditions. From
these data, estimates of the modern effective ground temper-
ature (MEGT) for AAR (assuming an activation energy of
27 kcal/mole) can be calculated. These effective ground tem-
peratures can be compared with mean annual air tempera-
tures (MAT), the parameter most frequently used in amino-~
stratigraphic comparisons. Although the relations between
MEGT and depth, or MEGT and MAT, are consistent with
theory and regional trends, local variability in MEGT (ex-
plained by exposure and/or soil-moisture differences) can be
large enough to introduce at least at 10% variability in AAR
results for sites with the same MAT value. The consequences
of annual freeze-thaw cycles for comparison of MAT and
MEGT have implications for modelling of Quaternary tem-
perature histories. Exposure variability appears to have a
more significant impact on higher latitude sites than lower
latitude sites.
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Mollusk shell formation

The pioneering studies of Gregoire and his colleagues in the
1950s revealed the complexity of mollusk shell formation,
and in particular the organic matrix. The importance of the
organic matrix proteins in controlling the mineralization
processes was highlighted by the study of Hare in 1960,
which showed that the proteins are different in shell layers
composed of aragonite and calcite, and that they may there-
fore function in polymorph determination.

In the intervening years, we have learned that mollusk
shells contain a relatively insoluble component composed
mainly of silk fibroin-like proteins and beta-chitin, as well
as a complex assemblage of relatively soluble glycoproteins
some of which are rich in aspartic acid. The amino acid se-
quence of a major insoluble protein shows that it is similar
to spider silk, and a soluble protein contains a Gly-X-Asn
repeating sequence, where X is Asp, Asn or Glu. Further-
more, this sequence is flanked by segments of carbonic an-
hydrase, an enzyme that may be involved in concentrating
the anions.

The importance of the matrix in controlling crystal nucle-
ation was evidenced by the well defined spatial relationship
that exists between the orientations of the insoluble protein
and chitin components and the a and b crystallographic axes
of the associated aragonite. This was further demonstrated in
nucleation experiments in which analogues of the matrix
components were assembled in vitro and crystals were in-
duced to form. If the soluble proteins from an aragonite layer
were added, aragonite crystals formed. The same was ob-
served for calcite. Fractionation of the glycoproteins from an
aragonitic layer of the bivalve Atrina by anion exchange
chromatography, followed by assaying their nucleation po-
tential in vitro, showed that one fraction, composed mainly of
a single protein, is capable of inducing aragonite formation
with high cfficiency. These observations confirm Hare’s pre-
diction.

A large proportion of the soluble acidic proteins are lo-
cated within the crystals. In vitro experiments involving the
growth of calcite crystals in the presence in solution of matrix
glycoproteins showed that some of these are able to interact
preferentially with certain crystal faces and in so doing
change the shape of the growing crystal. Once adsorbed they
are overgrown and end up inside the crystal. Their presence
also alters the mechanical properties of the crystal. The shell
is thus a composite material at the level of single crystals, as
well as at the level of crystal-matrix relations.

P. Wu, F. Li, H. Wang, and J. Li

Tianjin Institute of Geology and Mineral Resources,
Chinese Academy of Geological Sciences, Tianjin, PRC

Application of amino acids racemization in East China

This study reports amino acid racemization (AAR) on the
fossil bones and teeth (lacustrian), shells (marine), and in-situ
megaspores (terrestrial) in China (Table 1).

Preliminary analyses of amino acids using gas chro-
matography has been obtained for the in-situ megaspores of a
fossil lycopsid, Pleuromeio epicharis, which is one of the
most distinctive plants in the early Triassic floras in North
China. Through comparison with that of a modern lycopsid,
i. e. herbaceaous Lycopodium, the results are considered to
indicate indigeneity of amino acids, at least in part, through a
rather low total quantity of amino acids, the general trend of
decreasing amounts with age, in having a high D/L value
(Leu: 0.88; D-Allo/L-Iso: 0.54), and in the similarity of
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Table 1. Case study of the AAR in China

Locality and stratigraphy Material dated D-Allo/L-Iso Age (BP)
1.Qikou, Arca sp.
Chenier II (beach ridge) 52-1 0.31 3650 a.
53-1 0.26 2860 a.
54-1 0.14 2240 a.
Corbulidae
52-2 0.26 2860 a.
53-2 0.16 1330 a.
54-2 0.14 1030 a.
2. Nihewan
Bed 12 Pulu Clam N-3 0.37 2.70 Ma.
Bed 5 Danangou Bone N-5 0.38 2.78 Ma.
3. Yuanmou
Bed 26 Yuanmou Teeth Cervus sp. 87994 1.16 1.54 Ma.
4. Wushan
Bed 8 Longgupo Teeth of horse D385.b 0.77 2.39 Ma.

The amino acid analysis was carried out using a gas chromatograph [GC: HP5890A (USA); capillary column: Chirasil-Val. ID.

0.32 mm x 25 m. (USA)].

amino acid compositions that can be recognized from the re-
sults of the two samples. The high concentrations of the
acidic and aromatic amino acids of the modern sample might
be a result of an adaptation to strong acidic soils in which the
plant lives. In contrast, the higher concentrations of alka-
loidal components in the fossil lycopsid could be produced
under reductive taphonomic conditions, and probably, are not
indigenous.

S. M. M. Young and N. J. van der Merwe

Archaeometry Laboratories, Harvard University, Peabody
Museum, Cambridge, Massachusetts, U.S.A.

Evaluation of ancient diet: Dietary tracing by stable
isotope analysis of consumer tissues

The reconstruction of past human diets through isotopic
analysis of archaeological human skeletons has been suc-
cessfully used for two decades in tracking the spread of
maize (a C, plant) into the C, biomes of the Americans.
Contradictions between isotope data and other evidence sug-
gest that the relationship between the dietary importance of
maize and the carbon isotope ratios of consumer bone colla-
gen (or hair, muscle, etc.) is not linear, as the initial model
(the ,,scrambled egg* model) proposed. Recent experiments
with rats showed consumer apatite carbonate to reflect
whole diet, rather than only energy components, and con-
sumer collagen to be dominated by, but not entirely formed
from, dietary protein. This demonstrates the failing of the al-
ternative ,routing* model. A correct model requires an ap-
preciation of biochemistry.

In order to provide basic metabolic information for future
archaeological interpretations of human diets, experimental
diets in this study have been designed to simulate the intro-
duction of maize to C, biomes in the Americas. We measured
natural stable isotope ratios in the tissues (bone, muscle, hair)
of pigs (large omnivores with the same essential amino acids
as humans) in order to study the biochemical routing from di-
etary components to consumer tissue. We raised pigs on 13
different diets, using foods that are naturally labelled with
stable carbon and/or nitrogen isotopes. Their diets are de-
signed to identify the dietary components used in the synthe-
sis of pig protein tissues, particularly where more than one
protein source (animal and/or plant) is available, and also to
determine whether dietary carbon is averaged during the for-
mation of mineral bone carbonate. The full set of results for
the first generation of pigs will be presented. Requirements
for a new biochemically informed model will be discussed.
Final results will make it possible to interpret isotopic dietary
signatures in archaeological human skeletons with greater ac-
curacy in most dietary situations.

This study was inspired, in part, by work done with pigs
by P. Edgar Hare and co-workers (Hare et al, 1991).
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