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Abstract

There are few conventional dating methods that can be used to estimate the geological age of siliceous sediments on
the order of 104^105 yr. In contrast, methods such as N

18O are available for dating carbonate-containing sediments in
this geological age range. We focused on amino acid chronology as an alternative dating method for siliceous
sediments. We analyzed the enantiomeric ratio (D-isomer/L-isomer) of aspartic acid (Asp) in bulk diatom assemblages
in two siliceous sediment cores collected at Station (St.) 3 (approx. lat. 50‡N, long. 165‡E) and St. 5 (approx. lat.
40‡N, long. 165‡E) in the northwestern North Pacific. Radiocarbon and paleomagnetic ages were also obtained from
both cores to use as reference ages. Two models, a reversible first-order kinetic model and a parabolic model, were
used to determine the relationship between the D/L ratios of Asp and reference ages from the core at St. 5. By using
these models, Asp ages were then estimated for the core at St. 3, and these ages were compared to paleomagnetic ages
from that core. There was a large difference between Asp ages estimated by the first-order kinetic model and the
reference ages. On the other hand, Asp ages estimated by the parabolic model were consistent with the reference ages.
Therefore, an Asp dating method using the parabolic model is suitable for dating siliceous sediments. However,
although generally the D/L ratio of Asp increased with increasing depth in the core at St. 5, the ratio did not continue
to increase below about 10 m depth. The D/L ratio of Asp and the paleomagnetic age at that depth were 0.37 and 350
kyr BP, respectively. Therefore, the Asp racemization reaction apparently does not continue to progress in diatom
frustules older than this age. This finding implies that Asp chronology can be used to determine ages up to about 350
kyr BP in sediments composed of diatom ooze. Although the Asp dating method using the parabolic model has a
limitation of 350 kyr BP for siliceous sediments, it is available for the estimation of ages on the order of 104^105 yr
BP, which is beyond the time range (up to 50 kyr BP) datable by the 14C method. ß 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

On a geological time scale, the time interval
from 103 to 106 yr BP is very important in pale-
oceanographic studies because it covers the glacial
and interglacial periods, during which time the
marine environment changed drastically. Although
the precise age determination of geological sam-
ples is an absolute prerequisite to a discussion of
the paleoenvironment, there are as yet no reliable
direct dating methods that can be applied to ma-
rine sediments in the age range from 105 to 106 yr
BP. Therefore, many researchers have investigated
the suitability of amino acid chronology for cov-
ering the long time interval of 103^106 yr BP [1^4].

This chronology is based on the following prin-
ciple: there are two enantiomers of amino acids in
nature: L type (L) and D type (D). Living organ-
isms, except for some bacteria, produce L-amino
acids exclusively [5,6]. However, after the organ-
isms die, the L-amino acids are converted to
D-amino acids until such time as the L- and
D-amino acid isomers become equimolar. The rac-
emization reaction proceeds, according to the re-
versible ¢rst-order kinetic model, at a constant
rate with time if the surrounding temperature is
invariable [7,8].

This method has some advantages: (1) by using
di¡erent kinds of amino acids, geological ages
over the wide range of 103^106 yr BP can be esti-
mated, beyond the time range for which the 14C
method is available (older than 50 kyr BP), and
(2) the discrete age of cored sediments can be
determined, unlike in the case of the N

18O method.
The age determination of geological materials by
amino acid chronology has been studied mainly
for carbonate fossils [3,9,10], for instance, fora-
minifera in marine sediments [11,12]. This chro-
nology has not been applied to other types of
marine sediments, in particular, siliceous sedi-
ments, which are distributed widely on the £oors
of the world’s oceans, although the applicability
of the method to such sediments has been sup-
ported [13,14].

Therefore, we examined the applicability of
amino acid chronology to the determination of
the age of siliceous sediments from the northwest-
ern North Paci¢c over a 300-kyr time span. We
used aspartic acid (Asp) because its racemization
reaction rate is one of the highest of all amino
acids [15], and thus Asp is suitable for age deter-
mination of sediments with ages on the order of
105 yr. By comparing the extent of the racemiza-
tion reaction of Asp contained in diatom frustules
with reference ages obtained by using the 14C
method (6 20 kyr) and magnetostratigraphy
(s 20 kyr), we determined the racemization reac-
tion rate constant for Asp in the sediments of a
core by using a reversible ¢rst-order kinetic mod-
el. We also used an apparent parabolic model [16]
to examine the relationship between the D/L ratios
of Asp and the reference ages. We then estimated
the Asp ages in a second core by using the two
models, and compared the Asp ages with the pa-
leomagnetic ages. The Asp ages estimated by the
parabolic model were more consistent with the
paleomagnetic ages than were those obtained by
using the ¢rst-order kinetic model. Therefore, the
parabolic model is better than the ¢rst-order ki-
netic model for estimating precise geological ages.
Our ¢ndings suggest that amino acid chronology
is applicable to siliceous sediments as well as to
carbonate sediments within a time limit of ap-
proximately 350 kyr.

2. Materials and methods

2.1. Samples

Two piston cores at Stations (Sts.) 3 and 5, 1350
and 1750 cm long, respectively, were collected
from the northwestern North Paci¢c (St. 3: lat.
50‡00P11QN, long. 164‡59P37QE, 5507 m water
depth; St. 5: lat. 40‡00P26QN, long. 165‡03P40QE,
5498 m water depth) during cruise MR98-05 of
the R/V Mirai (Fig. 1). The piston core at St. 3
was composed of gray to grayish olive diatom-
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bearing hemipelagic clays and olive black organic
silty clays. At St. 5, the major lithology was gray-
ish olive pelagic siliceous clays and dull yellow to
brownish black clays [17].

The sediment cores were cut into 2-cm-thick
sections. Subsamples of about 7 g of wet sediment
were suspended in Milli-Q0 water and sieved
through a screen (63 Wm). Bulk sediments retained
on the screen were then dried at room tempera-
ture. Microscopic observation showed that more
than 99% of the bulk material on the screen con-
sisted of diatom frustules, and the remaining 1%
was composed of radiolarian tests, siliceous spi-
cules, and terrestrial materials. The diatom assem-
blage from the core at St. 3 was composed mainly
of Coscinodiscus spp. (including Coscinodiscus
marginatus), Neodenticula seminae, Rhizosolenia
spp. (including Rhizosolenia hebetata), and Tha-
lassiosira spp. (including Thalassiosira trifulta),
and that from the core at St. 5 was composed
of Coscinodiscus spp. (including C. marginatus)
and Thalassiosira spp. (including T. trifulta).
After removal of all material except for the dia-
tom fossils under an optical microscope, about
30 mg of bulk diatom frustules from each
subsample was cleaned ultrasonically and
ground into powder with a mortar and pestle of
agate.

2.2. Amino acid analysis

Powdered samples of diatom frustules were hy-
drolyzed with 6 M HCl for 22 h at 105‡C under
an N2 atmosphere in a tube with a Te£on-lined
cap. We did not use hydro£uoric acid (HF) to
extract amino acids from the diatom frustules,
because the use of HF might have introduced er-
ror to the amino acid age. Kimber et al. [18] re-
ported that HF treatment releases amino acids
from the more tightly bound peptides within air-
fall deposits and paleosols. Amino acids in depos-
its and paleosols transported from land have D/L

ratios di¡erent from those of autochthonous ma-
rine organisms. Although the diatom frustules
were ultrasonically cleaned in Milli-Q0 water,
there was still a possibility that the bulk diatom
frustules were contaminated by terrestrial micro-
particles. Therefore, to avoid contamination by
amino acids of land origin, HF treatment of dia-
tom frustules was not carried out in this study.

Hydrolyzed samples were passed through a cat-
ion exchange resin column (Bio-Rad Laboratories
AG, 50W-X8, 50^100 mesh, Hþ form) to purify
them. Bulk amino acids eluted from the column
were dried with a rotary evaporator in order to
reduce their volume and then were converted to
their N-tri£uoroacetyl isopropyl ester derivatives.
Asp enantiomers were analyzed with a CE Instru-
ments HRGC 8000 series gas chromatograph
equipped with a chiral fused-silica coating column
Chirasil-L-Val (CHROMPAC, 0.25 mm i.d.U25 m
long) and £ame ionization detector to determine
the D/L ratio of the Asp. The analytical error for
the concentration of each Asp enantiomer, es-
timated by replicate measurements, was about
6%.

2.3. 14C and paleomagnetic ages

Radiocarbon ages were determined on bulk or-
ganic material from the core at St. 5 to use as
reference ages for the modern period to 20 kyr
BP (Fig. 2). A portion of the bulk sediment was
treated with HCl vapor to remove inorganic car-
bon and then oxidized with copper oxide and Ag
foil under vacuum in a Vycol tube at an elevated
temperature (approx. 900‡C) to liberate carbon

Fig. 1. Map showing the locations of Sts. 3 and 5, the sites
in the northwestern North Paci¢c where the cores were col-
lected during cruise MR98-05 of the R/V Mirai.
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dioxide. The carbon dioxide was then converted
to graphite carbon as described in a previous
study [19]. 14C was measured as the ratio of
13C/14C with a Carbon Dating System Model-
4130 accelerator mass spectrometer (High Voltage
Engineering Europe Co. Ltd., 2.5 MV) at Nagoya
University, Nagoya, Japan.

Paleomagnetic ages were used for reference ages
older than 20 kyr BP (Fig. 2). Normalized rema-
nence intensities measured on the two piston cores
collected at Sts. 3 and 5 were compared with stan-
dard paleointensity curves [20^22] and gave inde-
pendent age estimations [23]. These two cores
were found to be normally magnetized through-
out the recovered sections, suggesting that both
were within the normal Brunhes Chron (6 780
kyr). Troughs in the normalized remanence inten-
sity curves of the cores, corresponding to geomag-
netic excursions during the Brunhes Chron, were
readily correlated with those of the standard pale-
ointensity curves. These correlations yield the pa-
leointensity stratigraphy [24], which can provide
high-resolution dating of sediment cores even
within the Brunhes Chron. We used the paleoin-
tensity stratigraphy results from the cores at Sts. 3
and 5 as reference ages for comparison with the
Asp ages.

3. Results and discussion

3.1. D/L ratio of Asp in the diatom frustules

The vertical pro¢le of the D/L ratio for Asp
contained in the bulk diatom assemblage from
the piston core at St. 5 is plotted in Fig. 3. The
D/L ratio was not zero at the surface, perhaps

Fig. 3. Vertical pro¢le of the enantiomeric (D/L) ratios of
Asp in diatom fossils of the sediment core from St. 5.

Fig. 2. The age model obtained by using 14C and paleomagnetic ages.
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because a small amount of D-Asp may have been
produced during hydrolysis [25] or from bioturba-
tion. The phenomenon that the D/L ratio at the
core top is not zero has also been found in the
case of foraminiferal tests at the core top. Non-
zero ratios at the core top may be caused by a
hydrolysis reaction. In addition, the D/L ratio of
Asp in modern foraminifera is usually close to
0.07 [26], so it is also possible that some D-Asp
originated from bacterial activity [27]. Therefore,
the nonzero D/L ratio of diatoms at the core top
might be in£uenced by a combination of a hydro-
lysis e¡ect and bacterial activity. The D/L ratio of
Asp increased with depth. While the increase in
the D/L ratio was large, from 0.09 to 0.2, in the
top 30 cm, the increase in the D/L ratio was slight
and gradual at depths below 30 cm. On the other
hand, no apparent increase in the D/L ratio was
found below 950 cm. This pattern has been re-
ported from previous studies of Asp [4,26] and
isoleucine (Ile) [28] in foraminiferal tests. The rac-
emization reaction rate of amino acids in fossils
relates closely to the hydrolysis reaction rate of
peptides and proteins, and the rates of both reac-
tions become slow as geological age increases [3].
Furthermore, the oldest (stratigraphically) D/L

Asp ratio was slightly lower than that of a sample
immediately above (Fig. 3). According to Mu«ller
[28], ‘scattering’ from the expected Ile/AIle value
becomes signi¢cant in mixed foraminiferal sam-
ples older than 150 kyr. This implies that the ra-
cemization reaction rate depends on the foramini-
feral species and that the species dependence of
the reaction gradually becomes more signi¢cant
as older samples are measured. The species depen-
dence of the racemization reaction rate might be
because the dissolution e¡ect is di¡erent for dif-
ferent foraminiferal species and, thus, the amount
of leaching out of D- and/or L-amino acids from
the foraminiferal tests is di¡erent for each species.
Because the dissolution e¡ect would alter the D/L

value in the fossil, Mu«ller [28] recommended that
only one species be analyzed in order to estimate
the amino acid age more accurately. Since our
data were obtained from the frustules of multiple
species of diatoms, it is likely that the dissolution
e¡ect observed with foraminifera also in£uenced
the oldest D/L Asp value obtained at St. 5. How-

ever, for diatoms, it is almost impossible to per-
form an analysis by using only one species. Thus,
to avoid estimating an incorrect age, we consider
that this age at this depth (where the D/L ratio was
0.37) represents the apparent limit ^ the point at
which the Asp racemization reaction is no longer
progressing ^ for this piston core.

3.2. First-order kinetic model

In general, the relationship between the racemi-
zation reaction rate and the reaction time can be
demonstrated by a reversible ¢rst-order kinetic
model [15] and can be expressed by the following
equation:

ln½ð1þ D=LÞ=ð13D=LÞ�t3

ln½ð1þ D=LÞ=ð13D=LÞ�t¼0 ¼ 2kt ð1Þ

where k is the rate constant of the racemization
reaction, and the y-intercept, ln[(1+D/L)/(13D/
L)]t¼0, is the initial value of the reaction. The
age of the sample, t (yr), can be calculated on
the basis of the observed D/L value of the amino
acid using Eq. 1, if k has already been determined.
Therefore, it is necessary to determine ¢rst the
value of k by using samples whose ages are al-
ready known. To determine the k value for Asp
(kAsp) for the ¢rst-order kinetic model, the
ln[(1+D/L)/(13D/L)] values of Asp were regressed
against reference ages estimated by the 14C and
magnetostratigraphy dating methods (Fig. 4).
Although the extent of the Asp racemization re-
action and the paleomagnetic ages were signi¢-
cantly correlated, a discontinuity at about 30
kyr BP, with an in£ection point where the D/L

ratio equaled 0.22, was observed. Two kAsp values
were calculated: 0.50U1035 yr31 (the regression
coe⁄cient was signi¢cant at the 99% con¢dence
level by F test) for the interval from the present to
30 kyr BP, and 0.58U1036 yr31 (signi¢cant at the
99% con¢dence level by F test) for ages from 30
to 370 kyr BP. In order to determine Asp ages,
either 0.50U1035 yr31 or 0.58U1036 yr31 was
selected as kAsp, depending on whether the D/L

ratio of Asp in the sample was, respectively, less
than or greater than the in£ection value ( = 0.22).
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A change in the k value during the period up to
several hundreds of kyr BP, as was found in this
study, was also found in earlier investigations on
foraminiferal fossils [26,29]. One previous study
on foraminifera [29] reported that the in£ection
point at which the k value changed might be
caused by the combined e¡ects of the diagenetic
hydrolysis of amino acids and the dissolution of
calcium carbonate in the foraminiferal tests. How-
ever, we consider that a dissolution e¡ect, appli-
cable not only to carbonates but also to silicates,
cannot account for the appearance of the in£ec-
tion point, because we found in this study of dia-
toms that the D/L ratio of Asp, 0.22, at the in£ec-
tion point was very close to that determined for
foraminifera, 0.24 [29]. Dissolution intensity and
mechanisms and solubility in sea water are quite
di¡erent between silicates and carbonates. If the
dissolution e¡ect is one of the main causes of the
appearance of the in£ection point, should both
diatoms and foraminifera have similar Asp D/L

values at the in£ection point? Mu«ller [28] pre-
dicted that the mechanism of the racemization/
epimerization reaction occurring in fossil fora-
miniferal tests would be remarkably associated
with diagenetic hydrolysis. Because polypeptides,

which in foraminiferal tests are less sensitive to
diagenetic hydrolysis, increase in number with
geological time, the rate of protein and peptide
hydrolysis progressively decreases. Consequently,
a reduction in the rate of protein hydrolysis,
rather than an increase in the racemization reac-
tion rate, may cause an in£ection point to occur
when the regression is calculated. This mechanism
would also operate in the case of the racemization
reaction of amino acids in silicates. As a result,
the timing of the change in the value of k might
be similar between silicates and carbonates.

Previous investigations of foraminiferal fossils
obtained two kAsp values, 0.94^1.01U1035 yr31

and 0.78^0.99U1036 yr31, for the past several
hundreds of kyr BP, with an in£ection point at
several tens of kyr BP in each core [4,26,29].
However, kAsp values obtained from foraminifera
and diatoms are di¡erent in degree. For diatom
fossils, the kAsp values, 0.50U1035 yr31 and
0.58U1036 yr31, obtained before and after the
discontinuity point, respectively, were smaller
than those for foraminifera. In fact, there are dif-
ferences in the roles of amino acids in diatom and
foraminiferal tests [30,31], as follows: (1) the
structure of the template protein is amorphous
in diatoms, but is a L-sheet in foraminifera. The
amorphous protein structure is more vulnerable
to diagenetic hydrolysis than the L-sheet structure,
and the change in the diagenetic hydrolysis rate
a¡ects the racemization reaction rate in the fos-
sils. (2) Asp contained in silicate fossils is not
bound to the silicate itself, but Asp contained in
carbonate fossils is bound tightly to the calcium
ion in the carbonate. Furthermore, crystalline
water in silicate fossils would accelerate the race-
mization reaction of amino acids in diatoms,
making it faster than that in carbonate fossils,
which lack crystalline water. The progress of dia-
genetic hydrolysis of proteins in diatom frustules
of young geological age might cause not only the
racemization reaction rate of Asp to accelerate,
but also the percentage of free D-Asp to increase.
The free Asp in diatoms might be easily released
from the fossils as the geological age increases,
because the silicate test itself is amorphous and
porous compared with the structured and massive
carbonate test. It is likely that di¡erences in the

Fig. 4. Relationship between ln[(1+D/L)/(13D/L)] of Asp ob-
tained by using a ¢rst-order kinetic model and the 14C and
paleomagnetic ages from the sediment core from St. 5.
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two fossil types described above cause smaller
kAsp values to be observed for diatom fossils com-
pared with those observed for foraminifera.

At St. 3, the Asp ages of three discrete samples
of siliceous sediments were calculated by using
kAsp values 0.5U1036 yr31 and 0.58U1036 yr31.
As a result, Asp ages were estimated to be 7.4,
79.6, 103.5, and 215.5 kyr BP at 0.5, 300.5, 400.5,
and 700.5 cm depth, respectively (Table 1). The
paleomagnetic ages at the same depths were 0.19,
79.8, 101.9, and 191.1 kyr BP, respectively (Table
1). The di¡erence between the Asp and the paleo-
magnetic ages was 7.2, 0.2, 1.6, and 24.4 kyr at
each respective depth. The Asp age at 0.5 cm
depth was much smaller than the paleomagnetic
age. A 14C age, which would be more appropriate
than the paleomagnetic age for ages in that range,
was not obtained from the sample at 0.5 cm
depth. Therefore, the paleomagnetic age at that
depth is listed in Table 1, even though the paleo-
magnetic dating method is too imprecise to esti-
mate ages younger than 20V30 kyr BP. The Asp
age at 700.5 cm depth was much greater than the
paleomagnetic age, although the Asp ages from
300.5 and 400.5 cm depth corresponded to the
paleomagnetic ages within the margin of error.
These results imply that the Asp racemization re-
action in diatom fossils cannot be explained only
by a reversible ¢rst-order kinetic model, and that
the racemization reaction rate of Asp changes
over geological time because of changes in the
diagenetic hydrolysis rate.

3.3. Parabolic model and comparison with the
¢rst-order kinetic model

The amino acid racemization reaction theoret-
ically progresses according to a reversible ¢rst-or-
der kinetic model, and the progress of the Asp

racemization reaction in foraminifera younger
than about 25 kyr BP is consistent with this
theory [26]. However, a decrease in the racemiza-
tion/epimerization reaction rate constant calcu-
lated by regression during geological time has
been pointed out [29,32].

Some investigations have implemented other ki-
netic models, such as a parabolic kinetic model
[16,33,34] and a multinomial model [35], which
o¡er improved linearity between D/L ratios and
reference ages. Therefore, we also investigated
the relationship between the D/L ratios of Asp
and the paleomagnetic ages from sediments at
St. 5 using a parabolic model (Fig. 5). The line-
arity and the standard deviation of the slope of
the relationship expressed by the parabolic model
were compared with those of the ¢rst-order ki-
netic model. The relationship between the D/L ra-
tio and age for the parabolic model is expressed
by the following equation:

D=L ¼ a
ffiffi
t
p
þ C ð2Þ

where t is the age (yr) of the sample, a is the slope
(regression coe⁄cient), and C is the y-intercept.
The empirical equation for St. 5 using the para-
bolic model was:

D=L ¼ 4:45U1034
ffiffi
t
p
þ 0:122 ð3Þ

The correlation coe⁄cient was 0.94, and the line-
arity was very high.

By using Eq. 3, Asp ages were calculated for
the same samples of the St. 3 core as had been
used for the ¢rst-order kinetic model, and then
they were compared with the paleomagnetic ages
(Table 1). The Asp ages were estimated to be 0.99,
80.1, 97.6, and 198.9 kyr BP. The di¡erences be-
tween the Asp and the paleomagnetic ages were

Table 1
Comparison between Asp ages calculated by the two models and paleomagnetic ages from the piston core at St. 3

Depth D/L of Asp Paleomagnetic age First-order kinetic model Parabolic model
(cm) (kyr) (kyr) (kyr)

0^1 0.134 0.19 7.4 þ 0.5 0.99 þ 0.1
300^301 0.246 79.8 79.6 þ 5.6 80.1 þ 5.6
400^401 0.259 101.9 103.5 þ 7.2 97.6 þ 6.8
700^701 0.319 191.1 215.5 þ 15.1 198.9 þ 13.9
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0.8, 0.3, 4.3, and 7.8 kyr, respectively. As men-
tioned above, since the age estimated at 0.5 cm
depth by the paleomagnetic dating method has a
large error, we omit that point from our discus-
sion here. The Asp age thus corresponded to its
respective paleomagnetic age within the margin of
error for all other samples. The Asp ages esti-
mated by the parabolic model were therefore clos-
er to the paleomagnetic ages than those obtained
by using the ¢rst-order kinetic model. The dis-
tance of each Asp D/L ratio point from the regres-
sion line was assessed as a magnitude of the stan-
dard deviation of the slope and expressed as a
percentage error. The standard deviation of the
regression coe⁄cient of the parabolic model was
calculated to be 7%. On the other hand, the stan-
dard deviation of each kAsp value calculated by
using the ¢rst-order kinetic model was larger
than that of the regression coe⁄cient of the para-
bolic model because the data set that was used to
calculate the standard deviation for the parabolic
model was divided into two sets for the calcula-
tion of the standard deviations of the two kAsp

values. Therefore, the smaller mother group re-
sulted in a large standard deviation for each of
the kAsp values.

The most critical factors that a¡ect the racemi-
zation reaction rate of amino acids in natural
samples are temperature and di¡erences in sedi-
ment type (e.g. carbonate or silicate) [3]. Although
St. 3 is about 10‡ of latitude north of St. 5, both
stations have in common the following character-
istics : (1) the sediments are composed mainly of
diatom ooze, with similar species assemblages,
and (2) temperature conditions are almost the
same because water depth (approx. 5500 m) is
about the same. Therefore, the racemization reac-
tion in diatom frustules at both Sts. 3 and 5 pro-
gressed under similar conditions throughout the
geological period studied, and the Asp ages at
St. 3 estimated by the empirical equation derived
from sediments at St. 5 were consistent with the
paleomagnetic ages at St. 3.

4. Conclusions

The relationship between Asp D/L ratios and
reference ages obtained by 14C dating and magne-
tostratigraphy was investigated by using two
models, a ¢rst-order kinetic model and a para-
bolic model. The former model is a theoretically
correct model that can explain the mechanism of
the racemization reaction of amino acids. In this
study, the linearity of the relationship between the
D/L ratio of Asp and the reference age was higher
in the case of the latter model, and the standard
deviation of the regression coe⁄cient was smaller,
when compared with the ¢rst-order kinetic model.
Probably, the decision as to which model is ap-
propriate for age determination should depend on
the nature of the sediments (carbonate or silicate).
For diatom ooze, we suggest that the parabolic
model estimates ages more accurately than the
¢rst-order kinetic model. In addition, in samples
from the core at St. 5 older than about 350 kyr
BP, the D/L ratio of Asp in diatom fossils did not
increase (Fig. 3); thus, the Asp racemization re-
action apparently did not continue to progress in
fossils older than that age. This ¢nding implies
that 350 kyr BP is the limit for the use of Asp
chronology in diatom ooze sediments.

Few investigations have applied amino acid
chronology to the determination of the geological

Fig. 5. Relationship between the D/L ratio of Asp obtained
by the parabolic model and the square root of the 14C and
paleomagnetic ages from the sediment core from St. 5.
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age of siliceous ooze. Possible reasons are as fol-
lows: (1) unlike in carbonate fossils, proteins and
peptides in siliceous fossils are not tightly bound
to a test [30], and (2) bulk analysis of the diatom
assemblage is necessary, because, unlike in the
case of the foraminifera, it is very di⁄cult to se-
lect only a single species to analyze. Each reason
is critical and contributes to the error in the de-
termination of the amino acid age of siliceous
sediments. However, the results of this study sug-
gest that the application of amino acid chronol-
ogy to the age determination of siliceous sedi-
ments is valid. In particular, it is suitable for the
estimation of high-resolution ages on the order of
104^105 in siliceous sediments, for which N

18O,
unlike in the case of carbonate sediments, is un-
suitable. Furthermore, if the parabolic model de-
veloped in this study is con¢rmed to be commonly
applicable to age determination of siliceous sedi-
ments in the North Paci¢c, we expect it to be a
robust method for dating coastal siliceous sedi-
ments that have been precipitated under anoxic
conditions and cannot be dated by using paleo-
magnetic or N

18O chronologies.
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