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Solid-state 13CNMR characterization of cross-linkage
formation between the exocyclic methylene groups of lab-
dane polymers in amber demonstrated that the process is
an apparent first-order reaction with a half-life of �13 mil-
lion years.

Amber is the fossilized resin of chiefly coniferous and/or
leguminous trees, and belongs to class I resinites of the five
classes of Anderson et al.1 The primary constituent of class I
resinites is known to be labdanoid diterpene (structure shown
in the inset of Fig. 1).1a Amberization, i.e., the formation of
amber from resin, is proposed to occur through cross-linkage
between the exocyclic methylene groups of labdane polymers.2
13C Cross-polarization magic angle sample spinning (CP-
MAS) NMR has been used extensively to characterize amber
at the atomic level.2–4 A comparative study of the spectra of
various ambers demonstrated that the intensities of exocyclic
methylene carbon (C8 and C17 (see inset of Fig. 1)) signals re-
solved at �108 and �148 ppm decrease with increasing degree
of amberization, possibly due to the intermolecular cross-link-
age of exocyclic methylene groups.2,3 In this study, the kinet-
ics of the intermolecular cross-linkage of exocyclic methylene
groups, upon the formation of amber from resin, is analyzed by
means of a comparative study of the 13CCP-MASNMR spec-
tra of ambers exhibiting various degrees of amberization.

Figure 1 shows the 13CCP-MASNMR spectra of various
ambers and sub-fossilized copals, which are arranged in chro-
nological order. In all the spectra, 13CNMR signals are re-
solved in three distinctly different chemical shift regions cor-
responding to aliphatic (10–90 ppm), olefinic (100–160 ppm),
and carbonyl and carboxylic acid (>165 ppm) carbons.2–4

The aliphatic carbon signals appear to become broad with in-
creasing age of the amber, on the other hand, the spectral pat-
tern of the carbonyl and carboxylic acid carbon region exhibits
no clear correlation with the age of the amber. In the olefinic
carbon region, four main signals are resolved and the intensi-

ties of the exocyclic methylene carbon signals at �108 and
�148 ppm decrease with the age of amber. The other olefinic
carbon signals at �127 and �141 ppm become broad with
increasing age of the amber, but their intensities are almost
independent of the age, as reflected in their unaltered signal
intensities relative to the aliphatic carbon signal intensities
at �35 ppm throughout the spectra in Fig. 1. As an index for
characterizing the time-evolution of the cross-linkage reaction,
the R value was defined as the ratio between the sum of the
exocyclic methylene carbons signal intensities at �108 and
�148 ppm, and that of the other olefinic carbons signal inten-
sities at �127 and �141 ppm. Each signal intensity was deter-
mined by a signal deconvolution program.

The R values calculated from the spectra in Fig. 1 are plot-
ted against the age of the amber in Fig. 2. The R value expo-
nentially decreased with increasing age of the amber and the
fitting of the plots to exponential decay yielded an empirical
equation, R ¼ ð1:16� 0:2Þe�ð0:052�0:015Þt, where t represents
the age of the amber in millions of years. The R values for
New Zealand,2a Australia,2a and Dominican ambers3b were cal-
culated from the spectra previously reported and their plots are
included in Fig. 2. The obtained empirical equation also fits
well to the plots for those ambers, demonstrating the validity
of the equation for evaluating the time-evolution of amber.

Fig. 1. 150.9MHz 13CCP-MASNMR spectra of Madagas-
can copal (A, 50–60 years), Colombian copal (B, 400–600
years), Dominican amber (C, 12–20 million years), Baltic
amber (D, 35–55 million years), Kuji amber (E, 83–89
million years), and Choshi amber (F, 112–125 million
years). The structure of the polymer of communic acid,
which is a major constituent of amber produced from
Araucarian trees, is shown.1 Exocyclic methylene carbon
atoms are numbered according to the systematic IUPAC
nomenclature. The R values of the spectra are shown.
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The exponential decrease in the R value with increasing age
of the amber shows that the cross-linkage formation proceeds
as an apparent first-order reaction with an extremely slow rate,
i.e., half-life ¼ �13 million years. This finding indicates that
the cross-linkage formation does not occur through a rapid
chain reaction. A plausible reaction pathway for the cross-link-
age formation is shown in Scheme 1. An exocyclic methylene
group reacts with a surrounding olefine group to form another
olefine group. Therefore, the concentration of olefine groups,
other than the exocyclic methylene one, within amber does
not change upon the cross-linkage formation, while that of
exocyclic methylene groups decreases as the reaction pro-
ceeds. Since an exocyclic methylene group is likely to be sur-
rounded by several olefine groups, the rate of the cross-linkage
formation depends solely on the concentration of exocyclic
methylene groups and is essentially independent of the concen-
tration of olefine groups.

In general, the rate of a chemical reaction in sediments is
determined by the time after sedimentation and the thermal
history of the sample, especially the maximum temperature
to which the sample was exposed and the elapsed time.5 How-
ever, the cross-linkage formation appeared to be determined

only by the age and not by the thermal history of the amber.
This could be due to: 1) The reaction rate is not determined
by a temporary high temperature that amber may experience,
but by the average temperature, because of the extremely slow
cross-linkage formation. When amber experiences a high tem-
perature for a long period, cracking occurs and the amber
disintegrates. 2) The glass-transition temperature of amber is
reported to be higher than 350K and it increases with in-
creasing age of the amber.6 The mobility of exocyclic methyl-
ene and surrounding olefine groups in the solid phase is re-
stricted below the glass-transition temperature. In such restric-
tive conditions, the collision frequency of the two reacting
groups would be almost ostensibly temperature-independent.
3) A radical generated due to radiation from radioisotopes in
sediments can also initiate the cross-linkage formation. The
radiation from radioisotopes is essentially temperature-inde-
pendent. Furthermore, the concentrations of radioisotopes are
an important factor. Since ambers are formed in organic rich
sediments, the concentrations of radioisotopes would be simi-
lar to each other.

In conclusion, we found that the cross-linkage formation in
amber is an apparent first-order reaction with a half-life of �13

million years. The time-evolution of the cross-linkage forma-
tion in amber can be characterized by the analysis of olefinic
13CNMR signals, providing a spectroscopic index for estimat-
ing the age of amber.

Experimental

NMR measurements were performed on a Bruker AVANCE
DRX-600 NMR spectrometer operating at 150.9MHz. The CP
contact time was 2ms. The spectral width was 60.6 kHz and data
points were 2k. The MAS rate was set to 9 kHz. The 13C chemical
shifts were calibrated indirectly using adamantane (29.5 ppm rel-
ative to tetramethylsilane) as an external reference. The amber
and copal samples were ground to a powder for insertion into a
4mm NMR rotor.
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