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Summary

Amino acid racemization dating is used
in Pleistocene stratigraphic studies as a
tool for correlation and relative age
dating of equivalent strata or for the
absolute dating of deposits. The method
1s based upon detection of changes in
amino acid isomer distributions that
accompany fossilization.

The study of amine acids from a
geochemical dating perspective began
aboul 25 years ago with the investiga-
tions of Abelson (1954) and gathered
censiderable momentumn in the late
1960s after development of high resolu-
tion gas chromatographic (GC) tech-
nigues made possible the accurate and
rapid determination of amino acid
isomer distributions. During the last
decade. over 200 publications have
dealt with various aspects of the method

Dating studies have been carned out
with Pleistocene bones, tecth. wood,
seeds, coral. foraminifera. clay minerals.
marine and fresh-water sediments, and
with marine. freshwater and terrestrial
molluscs.

The method is particularly usetul for
correlalion and relauve age datng ot
equivalent strata which have expe-
nenced simiar temper ature histones
and dragenetic conditions

There are two approachesto absolute
agedating  an uncalibrated and a
cahbrated method. The uncalibrated
method requires a knowledge of the
precise temperature history of the fossil,
Asmall error in temperature would lead
o atarge error in absolute age cstima-
tion This severe imitation is ameliorated
by application of the calibrated method

A number of complications present
themsclves in amino acrd racemization
dating Sample contamination is a
concern The validity of certain assump-
tions required for data manipulation may
be questioned. Therequirement of a
knowledge of the precise temperature
histury of the fossil severely restricls
application of the uncalibrated method,
particularly in areas such as Canada
where wide temperature fluctuations
have occurred. Nevertheless, the me-
thod has already proven its usefulness
and offers so much potential that it
cannol be disregarded In Canada.
amine acid racemization dating has
been applied extensively in the eastern
and western Arctic

{ntroduction

Dating Pleistocene deposits beyond the
range of radiccarbon dating. currentty
about 75,000 years, has always been a
problem Even with new and perfecled
absolute methods such as fission track,
potassium-argon and uranium disequili-
brium. the difticulty persists because all
of these methods require special cir-
cumstances not found in the majornty of
Pleistocene deposits.

A comparatively new method, based
upon amino acidracemization, promises
to alleviate the problem. The method has
becn applied widely in the last decade
tor absolute dating. but ts major value at
present, particularly in Canada. is in
correlation and relative age dating.

A number of fossii materials have
been employed with the method. Bone
has been used extensively, as a conse-
quence, much is known about the

dragenesis of amino acids in bones
{Bada, 1972. Bada and Heltman. 1975,
Badaetal. 1973 Bada et ai, 1974;
Bander, 1974: Dungworth ef 3/ 1976,
Hare, 1974a, Ho, 1965, 1967) Correla-
tion and relative age dating ot manne,
freshwater and terrestnal molluscs have
been carried out (Miller and Hare. 1975,
Miller ef a/. 1977 Mitterer, 1974, 1975;
Wehmiller et 4. 1977 Rutter ef ¢/ in
press). Wood offers potential, but has
beonused only rarely (Lec et al. 1976,
Rutter ef al . i press) Toeth offer
potential. with ammo acid racemization
occurring at different rates in the ename!
and dentine fractions (Rutter et al., in
press),

In addition, investigalions involving
amine acid racemizahon age dating
have been carried out with marine
sediments (Bada ef af . 1970; Kven-
volden et 4l 19703 foraminifera
(Wehmiller and Hare, 19713 and coral
{Wehmiller ef al.. 19768 Wehmiller and
Hare, 1970},

Historical Review
Geochemical studies of proteins. pep-
tides and amino acids have been carricd
cut since the turn of the century.
However. it was not until 25 years ago
that investigations by Abelson (1954}
pontedto the significance of amino
acids infossl shells and bones as age
inchcators Abelson’'s pioneering work
encouraged others to investigate further
until, today. sorme 15 laboratories in
North America are actively engaged on
one aspect or another of amino acid
geochemistry

Probably the most influential iabora-
tory, and one that has provided mpetus
for others, 1s operated by £ Hare at the
Carnegie tnshitution {Washington. D C ).
Eventhough Hare and Mitterer {1969)
provided the first demcenstration of the
potential for dating old deposits by
determining the extent of isoleucine
epimerization of fossil Mercenana
shells, Hare exercises caution in apply-
ing the method 1o absolule age dating in
general Onthe other hand, J. Bada of
the Scripts Insttution of Oceanography
{San Diego. California). claims success
In assigning absolute ages to many
deposns Thus. both cautious and
speculative interpretabons persist, but
most workers will tend to be cautious
until more 1s known of the details of the
diagenetic processes involved in aming
acidracemization.
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The purpose of this paper isto provide
an overview of the method and its
applications. More exhaustive treat-
ments may be found in a number of
recent review articles: Williams and
Smith, 1977; Davies and Treloar, 1977,
Dungworth, 19786, Schroeder and Bada,
1976; Bada and Helfman, 1975; Bada
and Schroeder, 1975; Kvenvolden,
1975, Hare, 1974b; Hare, 1969.

Amino Acid Racemization

and Analytical Methods

Amino acids are low molecuiar weight,
non-volatile, crystailine compounds.
They are present - as building blocks of
proteins and as structural components -
in all living organisms. Structurally, all
amino acids except glycine contain a
“central” tetrahedral carbon atom which
is attachedto four different atoms or
groups of atoms (Figure 1} a carboxylic
acid group (-COOH), and amino group
(—NH,}, a hydrogen atom (-H) and a
hydrocarbon group (-R). in glycine, two
hydrogen atoms are attachedto the
tetrahedral carbon atom (i.e., R=H).
Although the number of different hydro-
carbon groups - and, hence, the number

COOH

Rim: C

4

H

NHj

Figure 1

A three dimensional representation of the
general structure of aminu acids: the COOH
and NH, groups are n the plane of the
paper the A group praects betnd the plane
andthe -H projects infront of the plane

of the paper

COOH

HOOCCH,CHy Il ©
\NH?_
H

of possible amino acids - is aimost
hmitless. only 20 commonly occur inthe
protein of organisms (Table ).

A tetrahedral carbon atom to which
four different atoms or groups of atoms
are attached is a chiral or asymmetric
carbon atom. Molecules such as gly-
cine, having no chiral carbon atoms, are
said {0 be achiral. Molecules containing
one chiral carbon atom are chiral
molecules, and exhibit a common
feature - they existintwo stereoisomeric
forms. The two stereoisomers differ in
the sarme manner as the left and right
hands - i e, they have a mirror image
relationship to each other. The stereo-
isomers are called enantiomers, optical
isomers or optical antipodes. Enantic-
mers of aspartic acid are shown in
Figure 2. The relative configuration of
enantiomers is designaled by the sym-
bols D and L, the absolute configuration
by (R) and (8). L-Amino acids usually,
but not always, have the (S) configura-
tion. In this paper. the D/L convention is
used. Two protein amino acids, iscleu-
cine and threonine, contain two chiral
carbon atoms each. As a conseguence,
these aminc acids may exist as four
sterecisomers - a set of enantiomers
{(mirror image iscmers) and a set of

Table |

The protemn armino acids. glycine has no chiral
carban alom: isoleucine and threonine each
contain two chiral carbon atoms. the others
contain ordy one chiral carbon atom.
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diastereomers (non mirror image
ISCMErs).

Only glycine and L-amino acids are
incorporated into the high molecular
weight protein molecules of living or-
ganisms. As the organisms pass from
the biosphere to the lithosphere, these
protein-bound amino acids undergo a
slow interconversion in which L-amino
acids are changed into D-aminc acids.
Eventually, by the Miocene {roughly), a
50:50 “racemic” mixture of D- and L-
stereoisomers results. This process I1s
called racemization; it occurs slowly at
ambient ternperatures but is greatly
accelerated by acids, alkahs or by
elevated temperatures. Since L- to D-
conversion is time dependent, the D/L
ratio of a givenaming acid, which ranges
from zero for living organisms to one for
Miocene {roughly) fossils, may be used
as an indicator of fossit age.

The above model applies to amino
acids having only one chiral carbon
atom. in aming acids having two such
centers, such as isoleucine, each chiral
carbon atom can, in principle, undergo
interconversion to produce all four
sterearsomers. Under diagenetic condi-
tions. however, only one of thetwo chiral
carbon aloms undergoes interconver-
sion sc that only one other isomer,
D-alloisoleucine. a non-protein aminc
acid, 1sformed. In this case, the inter-
conversion process is called epimeriz-
ation L-isoleucine and D-alioisoleucine
are diasterecmers (Fig. 2).

alanine leunine
arginine lysine
aspartic acid methicnine
asparagine phenylalanine .
cystene prohne Figure 2
gutamic acid serine A three dimensional representation of the
glutamine threonine enanliormuers of aspartic acd, L-isoleucine
gycine tryptophan and s drastereorner, D-afloisoleucine. Sub-
histadine tyrasine stiuents altached to chral carhon atoms
soleucine valine project betund fgottedtines). e n(solid ines)
or project in front (wedge hnes} of the plane
of the paper.
COOH COOH
COOH = =
! HoN = C -l H Hip= C -l NH,
/C 'I’,/ |
HoN“" | CHaCH,CO0H HaC B C el H HyCe- C <l H
H £ =
CH3CHg CH,CHg
L-aspartic acid L-isoleucine D-alloisoleucine

D-aspartic acid
(an enantiomer)

{an enantiomer}

(a diastereomer)

(a diastereomer)
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Racemization (or epimerization) ¢f
amino acids in geologic specimens s a
complex process Involving a number of
factors. The rate of these interconver-
s10n processes are especially depend-
ent upon amgient temperatures, types of
matricies in which the amino acids are
imbadded. and statein which the amine
acids occur - (e whether they are
protein-bound or “free” In addition,
other external diagenelic factors such
as moisture content. acidity {or pH). and
oxidation-reduction conditions play a
role In general, interconversion rales
double for approximately each 5°C
Increase Intemperature, are faster in
going from shells to bones to wood. and
are faster for free amino acids than for
protern-bound amino acids. In view of
the |atter cbservation, it is desirable to
isolate one particular state of the amino
acid for analysis Optimally. protein-
bound amino acids are used since they
are less susceptible fo contamination
and are probably least affected by trace
metal catalysis, atactor which apparent-
ly accountsfor the fastracemizationrate
of free amino acids However, in many
cases, analytical works carned out with
the “total” amino acid fraction contain-
ing both protein-bound and free amino
acids Usually, the proportion of free
amino acids is small compared to
protem-bound amine acids. and de-
creases with increasing fossil age.

An accurate determination of D/L
ratios ¢t low concentrations of ammo
acids in fossit specimens s, of course,
the keyto successregardless of howthe
datz 1s to be utlized. Methods of
extracting amine acids vary from labora-
tory to laboratory depending upon the
preference of the worker and the type of
fossit o be analyzed.

A common procedure, and the one
used at the University of Alberta. is as
follows: a small amount of tossil speat-
men{ca. 200 mg) is cleaned by
sonication with cold 2N HCl and
distlled water, and then healed ina
sealed tube with ca 5.5 N (constant
boiling™} hydrochloric acid. This latter
step decomposes the fossil matrix and
causes the imbedded protein to be
broken down (“hydrolyzed”) nto indrid-
ual amine acids Inorganic salts arethen
removed from the solution, either by ion
exchange methods, (our preference) or
by HF precipitation, and the solution is
evaporated to dryness.

At this point. if should be noted that
enantiomers {mirror image isomers) of a
given amino acid have the same
physical properties {except for the
direction in which they rotate plane-
polanzed bght) and cannot be separated
by conventional chromatographic tech-
mques, diastercomers, onthe other
hand. have difterent physical properties
and can. therefore. be resolved by
simple chromatographic methods.
Further, a mixture of enantiomers. in a
chemical reaction with an enantiomer of
a different compound. will produce a
mixture of diastercomers. providing the
configuration of all chiral carbon atoms
Is retained

The: mixture ot aming acids (above) is
then analyzedtor D /L rahos either by ion
exchange ur by gas chromatography In
either method, the rabo of the diastereo-
mers. O-alloiscleucing/L-isoleucine
{allo/1s0). may be determined directly
using conventional methods The D/L
ratios of other amino acids may be
determinead by chiral GC methods or,
after appropriate derivatizalion, conven-
tional ion exchange or GC (our prefer-
ence) methods.

Gas chromatographic analysis re-
quires that non-volatile amino acids are
converted into volatile derivatives This
1s normally accomplished by using a
two-step chemical procedure inthe first
step.the dry amino acids are heated with
an anhydrous, acidic alcohol reagent
Theresultling amino acid esters arethen
acylated by heating with pentafluoropro-
pichic anhydride (PFPA). The N-acy-
lated aming acid esters are then
analyzed by GC.

Some laboralories employ an achiral
alcohol inthe esterification step, and
analyze the resulting mixture of volatile
enantiomers using a GC equipped with a
glass capillary column coated with a
chrral stationery phase. Hare, for exam-
ple, atthe Carnegie Institution currently
uses this method. Other laboratories.
including the University of Alberta, have
found it convenicnt to carry out the
esterification step with a chiral alcohol,
(+} 2-butanol, and tc analyze the result-
ing mixture of volatile diastereomers
using a GC equipped with an analytical
celumn coated withan achiral stationery
chase A flowchart surnmarizing our
analytical procedure is shown in Figure
3 The former method is most clegant
since it avoids the use of a chiralreagent
which, if not optically pure, can itself

tntroduce error. Both techmgues. how-
aver, are sufficiently refined that D /L
ratios should be reproducible and
accurateloca 51c 7 per cent.

Inthe fatter mnethod of GC analysis.
the mixture of armino acid diastereo-
mers. 1in the gaseocus state. is propelled
through the GC column by helium. an
inert carrier gas. Owing to differcnces in
poiarity and volatility, each of the
diastereomers is eluted from the column
after a different ime interval. Volatile
diastereomers of valine and alanine, for
example, are eluted rapidly { 10to 15
min.) whereas less volatile diastereo-
mers of glutamic acid and phenylalanine
are eluted slowly (35to 45 min)). In alf
cases, diastereomers derived from
D-amino acids elute slightly faster than
those dernved from L-amino acids As
diastereomers are eluted, they are
detected and recorded as peaks on
chart paper Areas under the peaks are
deterrmined by elecironic integration
and. thanks lo ncw microprocessor
technology. are automatically reported
at the end of the run. /L ratios of
diastereomers are proportional to those
of the original amino acids. Abundances
of the various amino acids may be
estimaled by the addition of a known
amount of an internal standard, com-
maonly DL-norleucine. to the originat
amino acid solution. No single GC
statonery phasa s capable of resolving

Fossil

. Clean (2N HCJ, sonication}
. Hydrolyze (5.5MN HCI, 150 C, 15 min)
. Desalt (10n exchange or HF precipitation)

. Evaporate

DL-amino acids
(dry state)

[

1. {+»2-butanol/H*
2. PFPA/CH,CH;

+

Volatile
Diastereomers

BN -

Gas
Chromategraphy

Figure 3

A fiow chart of the analytical method used for
amino acid determmnaton in fossils at the
Umiversity of Alberta.
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all diastereomers of all protein amino
acids. Adequate resolution of the diaste-
reomers of valing, alanine, leucine,
proline, asparlic acid, phenyl alanine
and glutamic acid is routinely achieved
in our laboratories using columns coat-
ed with carbowax 20M and/or stabilized
EGA. Anexample of the output of our GC
system is shownin Figure 4 and Table .

Correlation and Relative Age Dating
D/L ratios of amino acids from fossils of
various stratigraphic horizons can be
used to correlate equivalent beds andto
refative age date the beds providing they
have been subjected to similar thermat
histories, Carrelation studies are most
successful where there is a wide
vanation in age - and hence a wide
variation intossil aming acid D/L ratios -
between the units to be correlated. Units
of nearly the same age, in which the
range of values of D/L ratios from each
unit overlap, cannot be correlated with
assurance. The resolution with which
D/L ratios from various fossils and
conditions can bracket, or separate,
time intervals can only be speculated
upon from data currently available.

In principle, D/L ratios of any protein
amino acid would suffice for these
studies; in practice, owing to ease of
detection and to adequacy of racemiza-
tion rates, two amino acids - aspartic
acid and isoleucine - have found the
greatest applicability. Aspartic acid
undergoes racemization rapidly and,
hence, is well suited for studies involving

Mammaoth Bone Report

Run # 138 Apr. 28, 1977 Timae 17:51:28
Area %
AT Arsa Araa u DrL
[vaL 1128 1ee? 2136 _
1300 152 0174
13 62 157 0180
[0~ Sars o _om 1126
ALA 1417 - £992 TA7S
16500y 142 0182
LBV 5885 8754 oozs
il — U
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1939 132 - [-RE3]
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0 s 19120 2187% 0030
35 79iD) 1063 1218
ASP asomiL 7528 ae12 0140
PHE 4911 5253 sosa |
5003 {0} 399 0457
GV g 2908 10184 o3
Tablell

Mammaoth bone report produced by gas
chromalograph microprocessor and printer
(Hewlell-Packard Model 5840). Amino acid
names are added, and D/ L ratios are
computed from peak areas.
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Gas chromatogram cf the N-PFPA(t)-2-bulyl
esters of 9 amino acids occurring in Pleisto-
cene mammaoth bone and norleucine (added

as ainternal standard}. Cofumn: 50 meter
glass capillary column cooled with carbo-
wax 20m.

fossils from the northern latitudes. The
half-lite for aspartic acid racemization in
bone over the temperature range
10°C-20°C varies between 30,000 and
15,000 years. Isoleucine, which epimer-
izes about four imes slower, can be
used to date material scoldthat aspartic
acid racem:zation would have been
essentially completed. Isoleucine epi-
merization is more suited for dating
studies involving fossils obtained from
warm regions.

Racemizationrates of amino acids are
strongly dependent upon the matrix in
which the amino acids are imbedded.
Thus, a given amine acid would be
expected to undergo racemization at a
different rate 1n shell than in bone or in
wood. etc. Further. racemization rates
for a given fossil material may be
species depandent. Miller and Hare
{1975} for example, have observed such
an effect with iscleucine epimerization in
mollusc shells. In their study, three
species of molluscs frem the same
straugraphic layer gave allo/iso ratios
varying between 0.09 and 0.21. Other
fossil materials might exhibit this effect
as well, and so correlations and relative
age dating should be done with 1he same
type and species of fossil.

The following examples illustrate
some of the potential of correlation and
relative age dating by this method. in
Baffin Island, NW.T., under cold climatic
conditions, Miller et al. (1977) correlated
four members of the Clyde Foreland
Formation using allo/iso ratios obtained
from Hiatella arctica (marine molluscs).
Ratios and estimated ages of the
members are: 0.02 (8-10,000 yrs. B.P)),
0.045 (40-48,000yrs. B.P.). 010
(48.000-130.000B.P)Yard 0 15 (ca.
130,000 yrs B.P).

In correlating marine sequences in
Florida, under relatively warm condi-
tions. Mitterer (1974) used allo/1sc ralos
from Mercenaria (marnne molluscs)
Ratios and ages of sediments from
which the molluscs were taken are 0.2
(ca. 4,500 yrs. B8.P.). 0.4 {ca 34000 yrs.
BP)and0.6{ca 110,000yrs. BP.).
Although epimerization rates may have
been different for the different genera
used in these two studies, the large
ditferences in allo/isc ratios for valves of
about the same age is best explained by
the large differences in temperature
histories of the two sets of valves.

Miller and Hare (1975) measured
allo/isoratios in molluscs from sections
of fossiliferous units on Baffin Island,
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NW T Their data was used to correlate
units trom sections four km apart. Lateral
correlation between the units was
hampered by a major outlet, In the
northern Yukon. wood (Saix and Popu-
lusy yielded D /L aspartic acid ratios
averaging about ¢ 06 from Holocenc
deposits less than 9190 years B.P and
about 0.24 for Piceq from deposits
greater than 53.000 & P but probably
lessthan 100,000 B P {Rutter ef al, in
pressy Thus. it appears that wood of
different taxa can be used for relative
age dating without undue concern for an
effect analogous to the species effect
That such a small D/L ratic increment
{024 006 -0.18) separates deposits of
such large age difference probably
reflects the cold climatic conditions and,
hence, retarded racemization rather
than the different vancties of wood
employed.

Absclute Age Dating
Geochroneological determinations have
been carned out mainly with fossi shells
(Hare and Mitterer, 1969) and bones
(Bada. 1972 Dungwoarth el al. 1974)and
wilth deep sea sediments (Bada ef af.
1970) The methed has been more
successful with shells and bones In
addition, some work has been con-
ducted with wood. coral. woodrat mid-
dens and teeth.

There are two methods for utihzing
amino acid racemization data for deter-
mination of absolute age - the uncaii-
brated (or “extrapolation”™) and cali-
brated methods. The formeér approach
has been applied far more extensively
although its application requires a
precise knowledge of the temperature
history of the fossil. The cahbrated
method partially overcormes this limita-
tion and, where calibration standards
are available, is expected (o give more
accurateresuls.

To apply the uncalibrated method, it s
necessary to know the precise temper-
ature history of the fossil, the racemiza-
tion rate constant of the pertinent amino
acid at the time - average temperature
of the fossil, and the D/L {or allo/150)
ratio of the amino acid inthe fossil The
age of the tossil is then calculated by
substiiution of these values into an
appropriate inlegrated rate equation,
which has been derivedonthe basisthat
the aming acid racemizahion process

follows reversible first order kinetics

The integraled rate expression for an
amino acid having one chiral carbon
atom s

1+D/)
1m|:1 —D,JL] =2kt + constant

where K = racemization rate constant:t
time or.inthis case. age. and “constant”
Is a constant of integration which would
be zeroif the reaction starts with pure
L-isomer. In practice. it has a small, finite
value since some D-isomer is hoth
detectable in modern specimens and
induced by the anlytical methcds The
integrated rate expression is shghtly
more complicated for 1soleucine epi-
menzation. The racemization rate con-
stant tor geological temperatures. which
is required by the above equation. 1s
obtamed by extrapolation (hence the
term “exirapolalion” method) of an
Arrhenius Plot {loganithm of the rate
constant versus the reciprocal of the
absclute temperature) Datarequired for
the construction of an Arrhenius Plot are
obtained through elevated temperature
kinetc studres with modern or "young”
matcrial of the same type which isto be
dated. This latter procedure requiraes
rngorous experimentation and s time-
consuming, but needs only to be carried
oul once for each type (and species) of
material. Parameters needed for the
construction of an Arrhenius Plgt are
already known for a number ot amino
actds from bone, shell and deep sea
sediments.

inthe calibrated method (Bada and
Protsch, 1873). which avoids some ol
the temperature problems inherent in
the uncalhbratedmethod, the D /L rato of
an amino acid, commonly aspartic acid.
Is obtained tor a tossil which has been
radiocarbon dated. From the D/L ratio
andthe radiocarbon date, an in situ
racermizalion rate constant 1s calculated
{above equation) This rate constant 1s
then applied to other fossils from the
same site which are outside the radio-
carbonrange The assumptionimphcitin
the use of this method is that the time-
average temperature history of the
calibrated fossil is the same as that of
the fossil which is to be dated.

Thefollowing examples areillustrative
of absclute age dating studies which
have been carried cut with shells and
bones

Historically. it was a study of the
D-alloisoleucine content of progres-
sively alder shells that first indicated a
correlation between amino acid racemi-
zation and age (Hare and Abelson,
1968). The first application of the dating
method came when Hare and Mitterer
11969) used the uncalibrated methodto
estimate an age of ca. 70.000 years for
an upper Pleistocene Mercenara shell
having an allo/iso ratic of 0.32 and a
probable average temperature history of
11t0 127°C Mitterer {1975} has dated
Mercenaria shells of iale Holocene age
and of known diagenetic temperature by
the uncalibraled method

Fossil bone has received the greatest
attention inthe application of ammno acid
racemization to geochronology Studies
on bones date: back to 1972 when Bada
(1972) used the uncalibrated method
and allo/iso ratios to estimate ages of a
fossii goat bone from Muleta Cave, Isle
of Mallorca, Spain. and a fossil shark
vertebrate from inside a manganese
nedule found onthe ocean floor ca.
1.000 km wesl of Hawali. The age of the
geal. basedon an allosisorate of 0.083
and a temperature history of 197C, was
foundto be 26,000 years. This date
agrees well with the radiocarbon date of
28,000 years The shark vertebrate,
which had an allo/isoratic ot 0 78 and
an average temperature history of 3°C.
was 8.7 million years old. In both cases,
Ihe fussil bones were taken from sites
having stable temperature histories.

Dungworth et al. (1974) used the
uncahbrated method to estimate the age
of afassil walrus fernur dredged from
Pleistocene estuarne sediments at a
depth of 1810 20 metres. A fossil age of
300,000 years was determined from D/ L
ratios of four amino acids - alanne,
valine, 1soleucine and leucing - and
agreement between the ages was good.
Some anmne acid dating results on bone
have led to considerabie controversy
For example. Bada and Heliman {1975
have put forward racemizalion dates of
4(-50,000 B.P. tor human remamns from
the San Diego area and a possible date
ot 70,000 B P for the Sunnyvale skele-
ton. Previously. onthe basis of a
radiocarbon date for the “Los Angeles
Man™ it was thought that man’s carliest
presence in North America was ca.
250008 P

As an example of the application of
the calibrated method. Bada and Deems
{1975} used a calibrated bone from
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Nelson Bay Cave. southern Cape
Province. South Africa, to determine a
regional in situ racemization rate con-
stant for aspartic acid. Therate constant
was then applied to the dating of a bone
from nearby Klasies River Mouth (KRM)
caves. The age of the KRM bone was
toundto be 110.000 B.P. An age
deduced from radiometric dating of
fossil corals in the area was in close
agreement.

Extensive dating studies have been
carrned out on deep sea sediments, but
results have been less successful than
was earlier anticipated. There are a
number of complications, including lack
of sample homogeniety, increasing
extent of isoleucine epimerization with
increasing depth and, most significantly,
a change nisoleucine epimerization
rate at an allo/isc ratio of ca. 0.3 (see
Schroeder and Bada, 1976).

Problems and Limitatlons
in Amino Acid Dating
There are a number of complications
inherent in amino acid dating and, as a
consequence. caution must be exer-
cised throughout. A major consideration
is the possibility of sample contamina-
tion. Analytical methods are generally
well worked out, and should be accurate
for most amine acids to ca. 5to 7 per
cent. The correlation and relative age
dating approach appears 1o be scund as
long as caution is exercised with regard
tothe species effect. Certain assump-
tions and laboratory methods  the
validity of which remains uncertain -
must be employed in absolute dating by
the uncahbrated method The most
severe imitation of this method. the
requirement of a knowledge of the
temperature history of the fossib s
partially offset by application of the
calibraled method

Sevoral factors are involved during
the history of a fessil which eftect the
rate ot racemization {or the observed
D.Lratos). and should be consideredin
an amino acid dating study For exam-
ple. some protemn hydrolysis occurs
under diagenetic conditions to produce
pephdoes and free amine acids. The rate
constants fur racemization of protein-
hound and tree amino acids differ. Thus,
the apparent kinetic pattern is compli-
cated and depends on the relative
amounts of each i a particular sampie
The problem can be avoided by using

only the protein-bound amine acid
fraction. The importance of hydration in
racemization dating has been consi-
dered (Hare. 1974a). Whether the
presence of water effects racemizaton
rates. or whether it simply effects D/L
ratios by leaching out highly racemized
free amino acids is uncertain Racemi-
zation rates may be pH-dependent.
although studies in bone suggest that
httle variation inrate occurs belween pH
510 9. The species effect occursin
forarminifera and shelis, and may be
important in other fossils as well.

Contamination of the fossil by amino
acids other than those originally present
at the tme of death of the organism
would lead either to under - or over-
estimation of absclute age. Incorpora-
tion of free amino acids or of older
protein material into the fossil specimen
would lead tc a high D-amino acid
content, and an over-estimation of age.
Conversely, contamination by recent
protein would lead to a high proportion of
L-amine acids and a low age estimate,
The oider the fossil, the lower the
concentration of criginal amino acids
and, consequently, the greater the
potential for erroneous D/L ratios.
Contamination by bacteria, fungi or
ground water are possible.

The major problem with the uncak-
brated method stems from the tact that
the racemizaticn process is highly
temperature dependent With iscleucine
epiunernzation. arelatively small temper-
ature uncerainty of - 2°C may yield an
estimated age whose uncertainty s ca
50 per cent. Further, higher temperatures
disproportionately influence amount of
racemization With aspartic acid. for
example. 1000 years at 25° C produces
ten times as muchracemization as 2000
yvears at 12,5 Although the earth's
general climate has been relatively
constant for the last 10.000 years.
present day average temperatures can
give only a rcugh overall average for a
particutar site The problem s less
significant for fossil specimens gatherad
from deep ocean sites or from deep
caves where long term temperature
variations would have been minor.
Consequently, application of the uncali-
brated method 1s imited 10 fossil speci-
mens taken fram such sies

A second major difficulty with the
uncalibrated method concerns determi-
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nation cf the racemization rate constant
for an amine acid at geologic tempera-
tures Thisis done using data obtained
by elevated temperature kinetic experi-
maonts carried out with the same type of
material. Whether or not the changes
which occur at these elevated tempera-
tures accurately reflect changes which
occur during low temperature diagene-
s1s is not known with a tugh degree of
certainty. The validity of the extrapola-
tion procedure itself must also be
assumed.

The calibrated method may be used
withfossils occurring at sites which have
undergone relatively wide temperature
fluctuations Since the method partially
allows for these temperature fluctua-
hions, it is expected to be more accurate
than the uncalbrated method. However,
the method is not without criticism: use
of a calibrated fossil having an age of
20-25,000 years will give an erronecusly
low age for an older fossil, since higher
postglacial racemizationrates are not
accurately reflected by a calibrated
bone of this age. It has been suggested
that two calibrated tossils be used - one
of postglacial age and one of preglacial
age (Davies and Treloar, 1877).

Concluding Remarks
Dating by amino acid racemization is a
relatively new technigue. The problems,
which include temperature dependence
and contamination. are considerable.
However, the method 1s potentially so
useful that it cannot be ignored. Results
obtained during the last decade are
probably highly significant. The method
1s stillinits intancy Two major advan-
tages are that it extends beyond ratio-
carbon imits, and that it requires only
very small amounts of fogsil specimen.
Correlation and relative age dating
studies of equivalent beds by amino acid
racermizabon have shown ther worth in
many Pleistocene stratigraphic mvest
gations In Canada. the method has
been employed mainly in the eastern
and western Arctic regions, although
studies are now being undertaken in
Pleistocene deposits on the west coast.
archeolegical sites in Saskatchewan
and Halocene deposits in Ontanio. The
major lrmitation at this time centers
around the lack of similar types of tossil
matenal inthe deposis. However. many
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areas of Canada have this requisite and,
theretore, offer potential.

Determination of absolute dates by
aming actd racemization dating requires
a knowledge of the temperature history
of the specimen. While such a knowl-
edge may be possible for fossils ga-
thered from the ocean bottom or from
deep tropical caves. fossils from most
Fleistocene deposits in Canada have
bcen subjected to wide temperature
variations throughout their diagenetic
history. Therefore, absolute age dating,
except perhaps by the calibrated me-
thod, will be restricted in Canada
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