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INTRODUCTION 

The ages of Quaternary (past 1.6 million years) 
geological, climatological and archeological events 
older than the range of radiocarbon dating 
(> 40,000 yr) are often poorly known and controver- 
sial. Improving their chronological control would 
elucidate the history of, and interrelations between, 
global climate fluctuations, paleoenvironmental 
changes and hominid evolution. Reconstructing re- 
gional and global paleoenvironments requires, at a 
minimum, accurate stratigraphic correlations; under- 
standing the forcing mechanisms and rates of pale- 
oenvironmental change requires a reliable absolute 
time scale. Amino acid geochronology has received 
increasing research attention as a promising means of 
providing relative chronostratigraphies and, in some 
cases, independent dates for organic-bearing deposits 
well beyond the range of radiocarbon. Because all 
living organisms contain amino acids, the technique 
offers a wide range of possible applications over 
diverse depositional settings. 

Since the first use of amino acids to date fossil 
mollusc shells in the late 1960s (e.g. Hare and Mit- 
terer, 1967), their utility as a geochronological and 
paleoclimatological tool has advanced significantly. 
The technique is now widely accepted as a standard 
chronostratigraphic tool for Quaternary research. 
The purpose of this paper is to provide a brief 
overview of the principles and applications of the 
technique, particularly as they relate to carbonate 
fossils, and to highlight some recent advances. 

PRINCIPLES 

Fossil remains of biogenic carbonate contain trace 
quantities of indigenous organic matter which is 
preserved for an extended period of geologic time 
(Abelson, 1955). In many skeletal remains the organic 
matter is composed of thin protein membranes that 
play an active role in the biomineralization process 
(Crenshaw, 1980). After death of the organism, the 
proteins degrade through a complex series of chemi- 
cal reactions. Large proteins are hydrolyzed into 
smaller polypeptide chains, eventually forming free 
amino acids; some amino acids are converted into 
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simpler amino acids, or decompose into non-amino- 
acid molecules. By evaluating the extent to which 
these chemical changes have progressed, the length of 
time elapsed since death of the organism can be 
estimated. 

For most geochronological purposes, the most 
reliable of the complex network of interrelated reac- 
tions involved in protein diagenesis is amino acid 
racemization, which involves the inversion of L-(levo) 
amino acids to their o-(dextro) isomeric configur- 
ation. When organisms are living, they utilize amino 
acids exclusively of the L-COnfiguration. Upon death 
and the removal of biological constraints, the L- 
amino acids begin to racemize to their D-configur- 
ation. The abundance of o- relative to L-forms (D/L) 
of a specific amino acid defines the extent of race- 
mization; the ratio increases with time after death 
until the rate of formation of o-amino acids is 
compensated by the reverse reaction, and the ratio 
reaches an equilibrium value of approximately 
1.0-1.3, depending on the particular amino acid. 

Of the approximately 20 amino acids found in 
carbonate shells, isoleucine and leucine are most 
widely used for geochronological applications. Both 
racemize relatively slowly, are stable acids that are 
not created by decomposition of other more complex 
forms, and are uncommon as contaminants (Miller 
and Brigham-Grette, 1989). Unlike most other amino 
acids, isoleucine contains two centers of asymmetry 
(chiral carbon atoms). For L-isoleucine, inversion 
occurs about the alpha-carbon atom, producing the 
new molecule D-alloisoleucine ("allo" for "other") 
through the process of epimerization. The 
diastereomers o-alloisoleucine/L-isoleucine (termed 
"A/I" by some workers) are distinct enough chemi- 
cally to be separated by conventional ion-exchange 
liquid chromatography. Analytical separation of 
other D- and L-enantiomers is usually accomplished 
by gas chromatography. Analyses are most com- 
mordy performed on the total population of amino 
acids after acid hydrolysis in the laboratory. In some 
cases, a separate preparation of the naturally 
hydrolyzed free amino acid fraction has also been 
used (e.g. Miller, 1982). 

A wide range of biogenic carbonate systems have 
been used for amino acid geochronology including 
bivalves, gastropods, foraminifera, coral and avian 
eggshells; non-carbonate fossil such as wood, teeth 
and bone are also used, although with less success. 
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Protein concentrations in most of these biogenic 
carbonates are high enough and detection capabilities 
sensitive enough that 2 mg of sample is sufficient for 
an analysis. 

Kinetics of  amino acid racemization in carbonate sys- 
tems 

The kinetics of the racemization/epimerization 
(hereafter, simply "racemization") reaction have been 
evaluated for a variety of biogenic materials by 
measuring O/L values in samples subjected to isother- 
mal high-temperatures for known lengths of time 
(e.g. Mitterer, 1975; Miller, 1985; Brooks et al., 1990). 
These pyrolysis experiments attempt to simulate, in a 
short period of time, slower processes that take place 
in natural samples at lower temperatures. The results 
demonstrate that, for samples held under isothermal 
conditions, the rate of racemization follows an expo- 
nential function of time; it dsecreases as the relative 
concentration of the o-isomer and, therefore, the rate 
of the reverse reaction increases (Fig. la). This re- 
lationship holds true in laboratory experiments as 
well as in fossil foraminifera recovered from deep-sea 
sediments where temperatures have remained rela- 
tively stable and sample ages can be determined 
independently by radiocarbon dating (Fig. lb; 
Miiller, 1984). 

Like other chemical reactions, the rate of racemiza- 
tion is dependent primarily upon the temperature of 
the reaction medium. The present mean annual air 
temperature (MAT) can be used to gauge the tem- 
perature dependency of the reaction in fossil ma- 
terials. For equatorial sites (MAT>25°C),  the 
equilibrium O/L ratio for the amino acid isoleucine (ca 
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Fig. 1. Relation between the extent of amino acid 
(isoleucine) racemization (D/L) and time as determined in: 
(a) the molluscan genus Mercenaria subjected to high-tem- 
perature (152°C) pyrolysis experiments (from Mitterer and 
Kriausakul, 1989); and (b) the foraminifera Globorotalia 
from eastern Atlantic deep-sea core 13519-2 dated indepen- 
dently by radiocarbon (from Miiller, 1984). D]L ratios follow 
an exponential function of time for both laboratory-induced 

and natural diagenetic racemization. 
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Fig. 2. Mean D/L ratios in samples from deposits of the last 
interglaciation (125,000yr ago) worldwide. Ratios are 
measured in genera that racemize at a similar rate (from 

Hearty and Miller, 1987). 

1.3) is attained after 100,000-300,000 yr; in contrast, 
at Arctic sites (MAT < 10°C), equilibrium requires 
more than 10 million yr (Miller and Brigham-Grette, 
1989). By heating samples in the laboratory over a 
range of temperatures, pyrolysis experiments provide 
a more well-controlled environment for evaluating 
the temperature sensitivity of the rate of racemiza- 
tion. The results show that the rate approximately 
doubles for every 4°C rise in ambient temperature 
(Miller and Mangerud, 1985). The exponential re- 
lation between temperature and the rate of racemiza- 
tion is exemplified by studies of molluscan shells that 
are independently dated to the last interglacial high- 
sea stand (125,000 yr) and have been subjected to a 
range of post-depositional thermal regimes (Fig. 2; 
Hearty and Miller, 1987). 

The kinetics of the racemization reaction are typi- 
cally modelled mechanistically as a first-order revers- 
ible reaction. Based on this kinetic theory, O/L ratios 
measured in laboratory-heated samples can be related 
to the forward rate constant of the reaction; the rate 
constant, in turn, can then be related to the reaction 
temperature using the Arrhenius equation. This ap- 
proach, however, is limited by the complexities within 
biogenic systems; amino acids racemize at different 
rates depending on their position within the protein 
or peptide chain. Racemization is faster for amino 
acids in terminal positions, and slower for those that 
are internally bound; amino acids that have been 
completely hydrolyzed from the peptide chain to 
form free molecules racemize slowest. Because the 
reaction network involved in protein diagenesis in- 
cludes the transfer of amino acids from their bound 
to free states, the overall (apparent) rate of racemiza- 
tion does not follow the theoretical pathway predi- 
cated by first-order reversible kinetics. Adding to the 
complexity of  the reaction network in some biogenic 
systems is the slow loss of amino acids with time, due 
partially to post-depositional leaching and perhaps 
microbial decay (Haugen, 1990). As a result of these 
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complexities, the rate of racemization in most carbon- 
ate systems slows beyond the decrease predicted by 
the reversible first-order rate law for D/L ratios greater 
than about 0.3, eventually reaching a rate that is 
about a tenth of the initial phase (Mitterer and 
Kriausakul, 1989). Because the mechanistic model 
fails to satisfy the data beyond the initial stages 
of racemization, some workers have adopted empiri- 
cal models, including parabolic (Mitterer and 
Kriausakul, 1989; Kaufman, 1992) and other expo- 
nential functions (Wehmiller et al., 1988), to approxi- 
mate the overall result of the complex diagenetic 
processes responsible for the degradation of proteins 
and their constituent amino acids within the 
carbonate matrix. 

An important exception was recently observed for 
fossil and pyrolyzed ostrich eggshells in which the 
rate of racemization follows first-order kinetics be- 
yond a D/L ratio of 1.0 (Brooks et al., 1990). This 
behavior must be related to the greater integrity of 
the eggshell system as compared to other carbonate 
matrices. The eggshell approximates a closed system 
with respect to indigenous amino acids, minimizing 
the loss of amino acids by diffusional processes that 
otherwise affect the apparent rate of racemization in 
other, less ideal, systems. In addition, the kinetics of 
racemization in ratite eggshell appears to be less 
sensitive to the relative position of the particular 
amino acid in the peptide chain, compared to other 
carbonate matrices (Miller et al., 1990). These prop- 
erties indicate that amino acid racemization in ostrich 
eggshells offers particularly high precision for 
geochronological purposes. 

An additional factor governing the rate of race- 
mization in biogenic systems is taxonomy. This taxo- 
nomic effect results from differences in the sequences 
of amino acids and the variable bonding strengths 
between adjacent amino acids within the protein. To 
minimize the taxonomic effect, analysis and interpret- 
ation of D/L ratios are typically restricted to one or a 
few of the most commonly occurring genera. The 
most suitable taxa are those in which D/L ratios vary 
minimally within a shell and are reproducible be- 
tween individuals of the same age (Miller and 
Brigham-Grette, 1989). 

APPLICATIONS 

Relative-age chronologies 

Converting D/L ratios to absolute ages is often 
difficult because the precise temperature history of a 
fossil is rarely known. A simpler and more reliable 
application of D/L ratios is as relative age indices. 
Within a limited geographic area, where the thermal 
history is uniform, D/L ratios can be used directly to 
construct a regional relative chronostratigraphic 
framework. This application, termed "aminostratig- 
raphy" (Miller and Hare, 1980), is independent of 
assumptions regarding the rate of racemization, so 
that differences in D/L ratios are interpreted exclu- 
sively as differences in age. Thus, groupings of 
samples with similar O/L ratios, termed "amino- 
zones" (Nelson, 1978), represent intervals of sediment 
accumulation within a sedimentary sequence. Amino- 
zones can be used to correlate sedimentary units 
across disjunct exposures. 

The primary application of aminostratigraphy has 
been in studies of the relative chronology of mollusc- 
bearing coastal sediments deposited during high-sea 
stands of the late Pliocene and Pleistocene. It has 
been successfully applied in a wide range of environ- 
ments from the Arctic to lower middle latitudes. 
Regional studies include the Canadian Arctic (Miller, 
1985), northwestern Alaska (Brigham-Grette and 
Carter, 1992; Kaufman, 1992), Norway (Miller et al., 
1983), Northwest Europe and the UK (Miller and 
Mangerud, 1985; Bowen et al., 1985), the Pacific 
coast of the US (Kennedy et al., 1982; Wehmiller, 
1984) and Peru (Hsu et al., 1989), the US Atlantic 
Coastal Plain (York et al., 1989; Wehmiller et al., 
1988), and the Mediterranean (Hearty et al., 1986). 
The technique has been employed with equal success 
to chronostratigraphic studies of terrestrial deposits, 
including those of the UK (Miller et al., 1979; Bowen 
and Sykes, 1988), Eastern Europe (Oches and Mc- 
Coy, 1990), interior US (Scott et al., 1983; McCoy, 
1987a; Miller et al., 1987; McCoy and Miller, 1990), 
and the Negev Desert (Goodfriend, 1987). The tech- 
nique has also been used in deep-sea chronostratigra- 
phy by studying the extent of racemization in down- 
core samples of foraminifera from the Arctic Ocean 
(Sejrup et al., 1984), North Sea (Sejrup et al., 1987), 
Gulf of Mexico (Johnson, 1990), and the equatorial 
Pacific and Atlantic Oceans (Mfiller, 1984; King, 
1977). A thorough and up-to-date review of many of 
these studies is provided by Wehmiller (1990). Figure 3 
illustrates examples from five sites, where D/L ratios were 
instrumental in devising local chronostratigraphies. 

The technique is applicable not only to /n situ 
samples collected from superposed stratigraphic 
units, but is also useful in the case of transported 
shells from redeposited sediment. Because an amino- 
zone is defined solely on the basis of clusters and gaps 
in the distribution of D/L ratios, it need not corre- 
spond to bio- or lithostratigraphic subdivisions of a 
sedimentary sequence. Nor must an aminozone 
necessarily be represented by any in situ lithostrati- 
graphic unit; instead, it may be composed of re- 
worked material contained in glacial debris (e.g. 
Andrews et al., 1983) or even mine tailings (e.g. 
Kaufman, 1991). Likewise, a single lithostratigraphic 
unit may contain multiple aminozones separated by 
lithologlcally indistinguishable depositional hiatuses. 

By analyzing a number of individuals from a single 
stratigraphic horizon, D/L ratios can be used to detect 
mixed-age assemblages and to test if samples are 
contemporaneous. A unimodal distribution of D/L 
ratios reflects a single-age population probably de- 
posited contemporaneously with the enclosing sedi- 
ments, whereas a multimodal distribution indicates 
the presence of a mixed-age population. The method 
serves as a valuable screening tool, whereaby D/L 
ratios are measured in a group of shells to determine 
their relative-age distribution. Individual shells repre- 
sentative of each relative-age class can then be ana- 
lyzed by other geochronologic methods (Miller et al., 
1987; Waiters, 1988). 

Absolute-age chronologies 

Perhaps the most problematic application of acid 
geochronology is determining the absolute (numeri- 
cal) age of a sample. Accurate age determinations 
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Fig. 3. Lithe- and aminostratigraphy at five sites ranging from -12  to + 15°C present mean annual 
temperature. Stratigraphic units are arranged according to their physical superposition and by their mean 
D/L ratio. The patterned line connects units believed to date to the last interglaciation (125,000 yr BP). 
D/L ratios were measured in the molluscan genera Hiatella and Mya (which racemize at a similar rate) 
for all but the San Pedro Harbor site where Mercenaria was used. Arctic Coastal Plain data from 
Brigham--Grette and Carter (1992), Spitsbergen from Miller et al. (1989), Hudson Bay Lowland from 
Andrews et al. (1985), Fjosanger from Miller et al. (1983) and San Pedro Harbor from Wehmiller (1984). 

require a secure reconstruction of the integrated 
post-depositional thermal history of a site and a valid 
model of racemization kinetics. In most cases, neither 
is well-constrained. Nonetheless, the extent of amino 
acid racemization in a fossil organism does contain 
primary chronological information, which, when 
interpreted prudently, can offer valuable temporal 
information. 

There are two general approaches to converting the 
D/L ratios of a fossil to an absolute time scale: the first 
is a calibrated approach, in which the D / L  ratio is used 
to interpolate between, or extrapolate beyond, the 
known ages of one or more independently dated 
aminozones within a limited geographic region where 
temperature histories are similar. In the second ap- 
proach, the effects of time and temperature on the 
extent of racemization are determined in modern 
shells subjected to high-temperature laboratory ex- 
periments. This relationship, together with a model of 
racemization kinetics, is used to calculate the age of 
a sample if its D/L ratio and temperature history are 
known. In practice, some combination of the two 
approaches is typically employed. For example, a 
kinetic model is used to estimate the age of an 
undated sample by extrapolating beyond a cali- 
bration point, or a calibration curve developed for 
one thermal regime is applied to another using a 
kinetic model to adjust the reaction rate for differ- 
ences in site temperature. 

The most appropriate and frequent use of D/L 
ratios as absolute-age indicators is in providing 
reasonable constraints on the likely age range of a 
sample. For example, a Holocene rate constant can 
be calculated using radiocarbon-dated samples of the 
last 10,000 yr. This rate constant can then be applied 
to D/L ratios measured in older, late Pleistocene 
samples from the same area. Because temperatures 

during the Holocene were generally warmer than 
during the late Pleistocene, the age calculated using 
the Holocene rate constant must underestimate the 
true age of the late Pleistocene sample. In some cases, 
the late Pleistocene temperature depression can be 
determined using independent paleoclimatic evi- 
dence, which in turn, can be used to evaluate the 
time/temperature combinations needed to explain a 
particular D/L ratio. 

The dating of stratified cave deposits containing 
ostrich eggshells in association with archeologically 
significant material provides a recent example of the 
use of the racemization reaction to derive absolute 
ages. Ostrich and other ratite eggshells are ubiquitous 
in prehistoric sites of Africa, Australia and the Middle 
East where early humans used the eggs for food, water 
vessels and more recently, for beads. Brooks et aL 
(1990) measured D / L  ratios in ostrich eggshells from 
radiocarbon and uranium-series dated sites in Africa 
to calibrate the racemization rate constant; using this 
rate constant, the ages of older Middle Stone Age 
levels were estimated at 65,000-85,000 yr BP. The 
technique was also useful in demonstrating the strati- 
graphic integrity or admixture within particular levels. 

In a companion study, Miller et al. (1991) used D/L 
ratios in ostrich eggshells associated with lacustrine 
deposits to date the history of Quaternary lake level 
fluctuations at Bir Tarfawi and Bir Sahara East, two 
depressions in the present-day hyperarid eastern Sa- 
hara. Using uranium-series dates on algal mats con- 
tained within some lake beds for calibration, the D/L 
ratios in eggshells associated with other lacustrine 
sediments were used to date the most recent Pleis- 
tocene lacustrine interval to about 100,000 yr BP, and 
two older intervals, one about 200,000 + 25,000 yr 
BP, and another that occurred prior to 250,000 yr BP. 
These estimates indicate that the lacustrine intervals 
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apparently coincided with Northern Hemisphere 
solar-radiation maxima. 

Paleothermometry 

Because the extent of racemization is dependent 
on both temperature and time, the average post- 
depositional temperature can be determined from the 
O/L ratio if the sample age is known independently. 
By integrating the entire post-depositional tempera- 
ture history of a deposit, the amino acid data provide 
a more reliable means of evaluating long-term climate 
changes, as compared to the geologically instan- 
taneous paleoenvironmental evidence contained 
within the deposits themselves. This is particularly 
true for high-sea-level deposits which are necessarily 
biased toward peak-interglacial conditions. The po- 
tential of amino acids for paleotemperature recon- 
structions was reviewed by McCoy (1987b). He 
concluded that D/L ratios can be used to measure 
paleotemperatures with a precision of about +3°C. 
Where paleotemperatures are calculated from 
samples of different age, the temperature difference 
between the two periods is accurate to within + 1 °C. 

In a recent study, D/L ratios were measured in 
AMS-14C-dated planktonic foraminifera recovered 
from upper-Quaternary marine sediment from the 
Indian, mid-Pacific and mid-Atlantic Oceans to de- 
termine the magnitude of bottom-water temperature 
changes during the last glacial-interglacial transition 
(Johnson et aL, 1990). Paleotemperature calculations 
based on these measurements together with analyses 
of pyrolized foraminifera indicate that temperature of 
oceanic bottom water in the Indian Ocean increased 
by about 3°C during this period. This provides an 
independent confirmation of temperature changes 
previously estimated by changes i n  the oxygen- 
isotopic composition of fossil benthic foraminifera. 

A similar approach was used by Oches et al. (1989) 
to estimate paleotemperatures in the lower Missis- 
sippi River valley during the last glacial maximum 
(,,-24,000-18,000yr B.P.). Using a rate expression 
derived from O/L ratios measured in radiocarbon- 
dated and laboratory-pyrolized terrestrial gastropod 
shells, temperature reductions of about 8-12°C were 
estimated for several periods bracketing the last 
glacial maximum. Likewise, in northern United King- 
dom, Miller et aL (1987) compared D/L ratios 
measured in marine molluscs from two deposits, one 
with I)/L ratio of 0.055 and a radiocarbon age of 
11,500 yr BP, and a nearby site with only slightly 
higher D/L ratios (0.078) but with a much greater 
radiocarbon age (>42,000 yr). They calculated that 
the minimum glacial-age temperature depression 
required to explain the data was 9°C. 

SUMMARY 

Amino acid geochronology is an increasingly im- 
portant chronostratigraphic tool than can be used in 
a wide range of  Quaternary geologic settings. The 
technique has been applied to deep-sea and coastal 
marine deposits, terrestrial deposits and archeological 
sites. Although a wide variety of  preserved organic 
remains have been used, most recent studies have 
focused on marine molluscs and foraminifera. Studies 
utilizing bone remain controversial. The most suc- 

cessful applications rely on D/L ratios as relative-age 
indices that are independent of assumptions regard- 
ing post-depositional temperatures. As a relative-age 
tool, D/L ratios provide a basis for identifying uncon- 
formities in stratigraphic sequences, resolving mixed 
populations of reworked material and evaluating 
stratigraphic correlations between disjunct exposures. 
D/L ratios, combined with independent paleoenviron- 
mental evidence, can be used to constrain the reason- 
able time/temperature range of  a stratigraphic unit. 
Where the ages of units are known from independent 
determinations, D/L ratios can be used to evaluate the 
overall temperature history of a deposit. A newly 
emerging and particularly promising application of  
the amino acid geochronology is in dating eggshell 
from archeologlcal sites. The outstanding potential of 
this application is derived from the integrity of the 
eggshell carbonate matrix which, better than any 
other carbonate system, approximates a dosed sys- 
tem for the retention of amino acids. 
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