Reports

Infrared Spectra as a Means of Determining

Botanical Sources of Amber

Abstract. Comparison of infrared spectra of amber no older than QOligo-
Miocene with present-day resins provides convincing evidence as to source,
especially with corroboration from paleobotanical remains and knowledge of
living resin producers. Spectroscopy is also useful in establishing that amber
in widely separated areas in the Cretaceous and Eocene is from the same botan-
ical source, although it may not be possible to relate these older resins to those

from present-day plant populations.

Although amber (/) is a fossilized
resin, little attention has been given
to its botanical source except in the
case of the extensive and well-known
Baltic deposits (2). The task of classify-
ing amber has fallen to the mineralogist
(3), who has more or less routinely
characterized it chemically and physi-
cally without concern for the relation
of these properties to plant source. Al-
though a few organic compounds have
been isolated from amber (4), rarely
has their presence given the clue to the
botanical source of amber. A notable
exception is the isolation of cinnamic
acid and styrene from Siegburgite (5},
which relates this fossil resin to
Liquidambar.

Amber occurs throughout the world
in sizeable deposits of Middle Cre-
taceous to Pleistocene ages (2). Small
amounts of resin have been reported
from Jurassic strata as well as from
some Carboniferous coals. The geologic
time range and the geographic spread
of amber deposits makes plausible the
assumption that different kinds of trees
may have produced the resin; this idea
is likewise supported by the diversity
in chemical and physical properties.
Studies on the woody inclusions in the
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amber from the Baltic deposits (6)
have led to the conclusion that Suc-
cinite was derived from pines. Un-
fortunately, these investigations have
also tended to produce the preconcep-
tion among laymen and scientists alike
that ambers in general are derived
from pines, or at least conifers. There-
fore, the possibility of determining the
botanical sources of ambers, not only
by indications from inclusions but by
chemical data that could connect them
with living resin producers, is of con-
siderable interest.

Recently, evidence has been obtained
that the botanical origin of fossil resins
can be determined by means of in-
frared spectroscopy with greater cer-
tainty than by other methods now on
record (7). Spectra of amber were ob-
tained in the solid state dispersed in
potassium bromide pellets. The large
number of absorption bands which am-
ber shows between 4000 and 625 cm~—1
(2.5 to 15 u) offers a multiplicity of
parameters from a single experiment
which can be performed in 20 min-
utes. Thus it is practicable to examine
a large number of samples. Spectra
were run of amber from different geo-
graphic areas and geologic ages. Where

sufficient material was available, a
good statistical sample was run for a
given area. Spectra also were made of
resins from possible living amber pro-
ducers.

All spectra, both from amber and
modern resins, show more similarities
than differences in the region 4000 to
1250 cm—1 (2.5 to 8 1) where absorp-
tion bands are due to stretching and
deformation vibrations of functional
groups which are little affected by the
intramolecular environment. At higher
wavelengths, where skeletal vibrations
appear, the differences are more pro-
nounced. The identity of two infrared
spectra of pure compounds can be tak-
en as proof of the identity of the
compounds. For some highly complex
mixtures of heterogeneous biological
materials of very high average molecu-
lar weight, such as fossil resins, two
restrictions must be made: (i) only ma-
jor constituents can be expected to
give strong absorption bands, so that
differences in minor constituents may
not be apparent at all; (ii) identity of
spectra can never be expected even
from samples from a single specimen,
but the presence of similarities, par-
ticularly in the upper “fingerprint”
range, is evidence for structural simi-
larity (not identity) of major constitu-
ents. Within these limitations the simi-
larity of spectra of resins which are
separated in time or space is the best
evidence for botanical relationship
short of complete chemical analysis.
The similarity of the spectra of fossil
and present-day resins indicates con-
siderable stability of certain linkages
through approximately 110 million
years (from specimens ranging in age
from the early portion of the Late
Cretaceous to the present). The con-
sistency of the entire spectrum of am-
ber within a locality is startling, es-
pecially considering the possible varia-
tion in depositional conditions as well
as subsequent exposure in outcrops.
Consistency in total spectrum has been-
observed for nearly all Baltic speci-
mens of the Succinite variety (8). Of
234 spectra of this resin, all but three
are similar. Especially noteworthy is
the easily recognizable absorption band
of medium intensity at 1160 to 1150
cm~—1 (8.6 to 8.7 u), which is preceded
by a more or less flat shoulder of
nearly 0.5 , width {Fig. 1). This pattern
is highly suggestive of that shown in
the same region by diethyl succinate
(9), which would confirm the classical
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Fig. 1. Comparison of spectra of typical
Eocene Baltic amber with those from
Cretaceous amber from Maryland, from
Charleston, South Carolina, and from
Manitoba, Canada (I17).

notion that the presence of large
amounts of esters of succinic acid
characterizes the Baltic Succinite.
Amber samples from other localities,
such as Alaska, Sicily, Burma, and
Japan, show their own characteristic
patterns that we have only begun to
study and interpret. It is of particular
interest, however, that specimens from
Cretaceous deposits in Maryland, near
Charleston, South Carolina, and at Ce-
dar Lake, Manitoba (one of eleven sam-
ples) have spectra indistinguishable
from the Eocene Baltic amber (Fig. 1).
Amber specimens thus far examined
from the Upper Cretaceous Raritan
Formation at Kreischerville, Staten Ts-
land, New York, do not have the typi-
cal Baltic spectrum, although succinic
acid has been reported for some speci-
mens from this locality (10, 11). The
spectra from Kreischerville are similar
to the majority of those run from Man-
itoba. A variety of conifers has been
described from the Kreischerville de-
posits and has led several paleobota-
nists (11, 12) to conclude that different
kinds of trees probably produced the
amber. Amber has been found intact
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in both pine (I3) and Sequoia-type
woods (/2). A possible multiple source
of the resin from both Kreischerville
and Manitoba deposits may explain the
difference in spectra. The most signifi-
cant point, however, is the duplication
of spectra from the Baltic Eocene de-
posits and North American Cretaceous
deposits. The great similarity of entire
spectra of ambers separated both
geographically and by a time interval
of millions of years implies that the
spectral character is likely determined
by the plant source.

In a detailed study of amber from
the Oligo-Miocene Simojovel Forma-
tion of Chiapas, Mexico, spectra of
resins from such genera as Styrax,
Amyris, Myroxylon, Guaiacum, Pis-
tacia, Bursera, Protium, Hymenaea, Pi-
nus, Picea, Taxodium, which live in
the area today, were examined. Each
genus was clearly distinguishable, as in-
dicated by the six representatives pre-
sented in Fig. 2. Populations of cer-
tain species, as well as closely related
species within a genus, were found to
have characteristic, reproducible spec-
tra. Remarkably consistent spectra were
obtained from 15 resin samples of
Hymenaea courbaril L. from various
populations in Mexico, Guatemala,
British Guiana, Brazil, Venezuela, and
Ecuador. Six typical spectra from this
group shown in Fig. 3 display these
similarities, particularly for the pairs
Mexico-Guatemala, British Guiana-
Brazil, and Venezuela-Ecuador. It bears
mention that relatively little morpho-
logical variation occurs in this popu-
lation throughout its wide range from
Brazil to Mexico (including the West
Indies), although several varieties of it
have been recognized at the center of
distribution of the genus in the Ama-
zon region. Spectra of resins from
Bursera bipinnata Engl. and B. excelsa
(HBK) Engl. from different localities
in Mexico also are consistently similar.
Spectra of pine resins show reproduci-
bility within some species populations,
but display appreciable differences in
spectra from populations where morph-
ological variation is known to be a
problem. These findings parallel the
more definitive findings of Mirov (74)
that the chemical composition of tur-
pentines in pines is genetically con-
trolled and may be used effectively in
certain cases as a taxonomic property.
Any genetic variability is mirrored not
only morphologically but also in the
chemistry of the turpentine. Mirov cau-

WAVE NUMBER em™")
4000 3000 2000 I500 1000 900 800 700

GUAIACUM OFFICINALE H-Specirum 21

H-Spectrum 3; .

TAXODIUM MUCRO)

H-Spectrum 16
AMYRIS ATTENUATA

H-Sgectrum 30
BURSERA BIFINNATA,

! STYRAX

ARGENTEUM H-Spectrum 47-

N H-Spectrum 50
PINUS MONTEZUMA

3 4 5'3 é 7 B 515 |’|
WAVELENGTH (microns)

213714

Fig. 2. Comparison of spectra from rep-
resentatives of copious resin producers liv-
ing in southern Mexico today.

tions that it is not to be assumed that
biochemical and morphological evolu-
tion always proceed at the same rate.
His data, however, increased our con-
fidence that the chemical composition
of resins could be used as a taxonomi-
cally distinct character for certain plant
taxa.

The consistency in spectra found
both in the resin from certain living
populations and in amber from areas
separated in space and time encouraged
a comparison between fossil and pres-
ent-day resins. Such a comparison has
been successful in relating resin of
Hymenaea courbaril L. with amber
from Chiapas, Mexico. Of 29 Chiapas
amber samples run, almost half have
spectra closely similar to that of
Hymenaea (Fig. 4A), although with
some differences. The broad band
at 695 to 705 cm—1 (14.2 to 14.4 ),
due to an unassigned skeletal frequency,
has disappeared in the fossil resin; this
is an expected consequence of poly-
merization. The sharp band at 885 to
890 cm—1 (11.2 to 11.3y) is less in-
tense in the amber than in the modern
resin; since this band can be assigned
to =CH, out-of-plane deformation of
terminal carbon-carbon double bonds,
its decrease would be an expected re-
sult of progressive oxidation by atmo-
spheric oxygen. The attendant forma-
tion of new carbon-oxygen bonds
would also account for the slight shift
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WAVE NUMBER (cM) of the absorption maximum near
1000 900 800 700 1250 cm—1, which is more often at
' : : . 1265 cm—1 (7.9 y) in the resin of mod-
ern Hymenaea, but more often at 1235
cm—! (8.1 ) in the Chiapas amber.
It is likewise significant that none of
the other resin producers of Mexico
today, including Pinus, had spectra re-
sembling the Chiapas amber (Fig. 3).
Corroborative evidence for the prob-
ability that the amber was derived
from ancestral Hymenaea populations
is an apparent leaf and sepals of
Hymenaea included in the amber from
which several spectra were run. Also,
both the habitat conditions and the
characteristics of the secretory system
of Hymenaea courbaril in Mexico to-
day indicate that it is a more likely
source than any of the numerous resin
producers growing there today. The re-
sin of H. courbaril accumulates in large
quantities in the soil around these trees
which grow along the coastal streams
that enter estuaries in sites demonstrat-
ed (by pollen and invertebrates) to be
similar to those in which the amber
was deposited. Little evidence for ma-
jor evolutionary change since the

1 + 3 r3 : - 5 o m P i3 T s Oligo-Miocene is presented by flowers
WAVE LENGTH (MICRONS) (15) as well as by several groups of

) R N . . . insects in the amber (/6). This ap-
Fig. 3. Comparison of spectra of resin from Hymenaea courbaril L. from various local- )
ities in Mexico, Guatemala, British Guiana, Venezuela, Ecuador, and Brazil. parent lack of appreciable change may

well be reflected in the chemical com-

position of Hymenaea resin. Undoubt-

4 edly more detailed chemical study
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! ! 1 L L L L compositions of Oligo-Miocene amber

and the resins of living populations. The

concomitance of evidence, however,

provides convincing support for the

correlation of the spectra, and hence for
the source of the amber.

Another example of similarity be-
tween infrared spectra of fossil and
A present-day resins is provided by the
spectra of Miocene amber from cen-
tral Sumatra and of Shorea sp. resin
from North Borneo (Fig. 4B). At pres-
ent there are no corroborative botanical
data on this amber and only a few
spectra from the living Dipterocarpa-
ceae have been measured. Correlation
of the spectra, nonetheless, is highly
suggestive of a source relationship.

JEaAN H. LLANGENHEIM

4000 3000 2000 1500
1 1 ' 1

MEXICO H-~SPECTRUM ! B~I¥

GUATEMALA \\_sprcTRUM 62

BRITISH GUIANA H-SPECTRUM 58

BRAZIL. H~SPECTRUM 6l

ECUADOR H-SPECTRUM 64

VENEZUELA H~SPECTRUM &5

H-SPECTRUM A

CHIAPAS, MEXICO AMBER

H-SPECTRUM IBI

SUMATRA AMBER H-SPECTRUM 39

SHOREA SR RESIN H-SPECTRUM 72

B CURT W. BECK
Radcliffe Institute for Independent
; :.. ; ; ?'- a, ; 170 ,'. ,'2 :3 l:t- s Study and Botanical Museur.n,
WAVE LENGTH (MICRONS} Harvard University, Cambridge,

. . . . Massachusetts and Department of
Fig. 4. (A4) Comparison of spectra of Oligo-Miocene Chiapas amber and a resin from P

a Mexican population of Hymenaea courbaril L. (B) Comparison of spectra from Chemistry, T/assar College,
Miocene amber from central Sumatra and a resin of Shorea sp. from Borneo. Poughkeepsie, New York

54 SCIENCE, VOL. 149



References and Notes

1. In the strict sense, as a translation of the
German word Bernstein, the name ‘‘amber”
has been limited by some workers to the
Baltic variety known to the mineralogist as
Succinite, but it is better used in the broad
sense to denote any fossil resin. It is in this
latter and wider sense that we use the term.

2. J. Langenheim, Harvard Univ. Botan. Mu-
seum Leaflets 20, 230 (1964).

3. M. H. Hey, Index of Mineral Species and
Varieties Arranged Chemically [British Mu-
seum (Natural History) London, ed. 2, 1962].

4. A. Tschirch, Die Harze und die Harzehdlter
(Borntraeger, Leipzig, 1900); L. Schmid ez
al.,, Ann. Chem. 503, 269 (1933); Monatsh.
Chem. 63, 210 (1933); ibid. 65, 348 (1935);
ibid. 72, 290 (1939); ibid., p. 311; ibid. 73,
115 (1940); Agricola, De Natura Fossilium
(Basel, 1558); A. Karoly, Ber. Deutsch.
Chem. Ges. 47, 1016 (1914).

5. H. Klinger and R. Pitschki,
Chem. Ges. 17, 2742 (1884).

6. G. C. Berendt, Die Insekten im Bernstein
(Danzig, 1890); H. R. Goeppert, “Uber die
Bernsteinflora,” Monats. Konig. Akad. Wiss.,
60 (1853); H. R. Goeppert and A. Menge, Die
Flora des Bernsteins und ihre Beziehungen
zur Flora der Tertidformation und der Gegen-
wart (Danzig, 1883); H. Conwentz, Mono-
graph der Baltischen Bernsteinbiiume (Dan-

Ber. Deutsch

zig, 1890); K. Schubert, Beiheft Geol. Jahr-
buch 45, 15 (1961).

7. At Harvard University, ambers primarily from
North and South America were being investi-
gated paleobotanically. At Vassar College,
ambers primarily from Europe were being in-
vestigated for archeological ends.

8. C. W. Beck, E. Wilbur, S. Meret, Nature 201,
256 (1964).

9. Standard Spectrum No. 3001, Sadtler Research
Laboratory, Philadelphia, Pa.

10. A. Hollick, Staten Island Assoc. Arts Sci.
Proc. 2, 34 (1908).

11. A. Hollick and E, C. Jeffrey, Mem. N.Y.
Botan. Garden 3, 11 (1909).

12, A. Hollick, Am. Naturalist 39, 144 (1905).

13, E. C. Jeffrey and M. A. Chrysler, Botan.
Gaz. 42, 2 (1909).

14, N. T. Mirov, U.S. Dept. Agr. Forest Serv.
Tech. Bull. 1239 (1961), p. 4.

15. F. Miranda, J. Paleontol. 37, 613 (1963).

16. P. D. Hurd, R. F. Smith, J. W. Durham,
Ciencia, Mex. 21, 116 (1962).

17, “V-Spectrum” designates spectra made at
Vassar College and ‘“H-Spectrum” those made
at Harvard University.

18. This work was supported in part by NSF
grant GB 1312, and funds from the Radcliffe
Institute for Independent Study.

3 May 1965 »

Uranium-Series Ages of Pacific Atoll Coral

Abstract., The thorium-230:uranium-234 method of dating corals and oolites
has been evaluated in detail for reliability, and various criteria have been estab-
lished. Reliable ages for extensive coral formations of about 6000 and 120,000
years were obtained. A hiatus in the development of coral between 6000 and
120,000 years ago on the Pacific atoll of Eniwetok implies that conditions did
not permit coral grewth during this period. The record prior to 120,000 years
ago is not clear, probably because of a lack of unaltered samples.

Barnes et al. (1) first demonstrated
the feasibility of using Th??°, the
daughter of U2?%%, for dating marine
carbonates; they showed that living cor-
als contain several parts per million
(ppm) of U238 almost completely free
of its product, Th?3°, Fossil coral from
progressively greater depths in borings
from Eniwetok vyielded progressively
higher Th?2°:U?*% ratios, approximat-
ing the equilibrium ratio at depths be-
yond 30 m. This discovery suggested
the possibility that Pleistocene marine
carbonates in the range of a few thou-
sand to a few hundred thousand years
old might be dated by this technique.

Subsequent studies (2), while sub-
stantiating the initial work, emphasized
that recrystallization was evidence that
the chemical system had not remained
closed. Both this and other work (3)
suggested that the presence of Th?32
was evidence of possible incorporation
of external Th?3°, Thurber’s report (4)
that the dissolved uranium in sea water
is enriched in U?%* activity by 15 per-
cent over that of its parent U?3% not
only required a revision of previous age
estimates but also opened the possibil-
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ity of an independent age method based
on the decay of the excess U?3%,

Comparisons between Th2%° and C!4
ages, although limited to samples less
than 25,000 years old, provided an ob-
vious means of establishing the validity
of both methods. The relation between
the concentration of Ra??% and that of
its parent Th®*° offered a means of
checking the assumption that the sys-
tem had remained closed for the past
few thousand years. Our report is of
a cooperative effort between Washing-
ton University and Columbia Univer-
sity groups to apply these approaches
in evaluating Th?3° ages obtained on
carefully selected coral samples from
borings made in the mid-Pacific atolls
(5). Fanale and Schaeffer (6) report
analyses of He:U in several of these
samples as an independent means of
establishing their absolute age.

The quantitative relations between
the four isotopes U??8, U?23¢ Th230,
and Ra®?® as a function of age are
given in Figs. 1 and 2 (7). The initial
ratios of UZ%34:U238 Th230:U2%¢ and
Ra??%:U%** are taken respectively as
1.15, .00, and .09 (see below). The sys-

tem is assumed to have been closed to
further addition or removal of these
isotopes; the equations used to generate
these graphs are given by Broecker (8).

The measurements reported here
were made as follows. Th?2° and Th?*3?
were measured by alpha-counting thin
sources of separated thorium. The
Washington University group used
alpha-decay curve analysis and alpha
spectrometry (2, 9); the Lamont group,
alpha spectrometry (710). Uranium
measurements were made by either
fluorometry (8, 71) or alpha spectrom-
etry. Ra*?® measurements were made
by alpha counting the Ra??? daughter
(8); C** measurement, by proportional
counting of CO, gas (I2). The per-
centage of calcite was determined by
x-ray analysis.

In Table 1 the ratios of one nuclide
to another are relative decay rates
rather than mass ratios. Two nuclides
at radioactive equilibrium will have an
activity ratio of unity. The first and
last samples in Table 1 are control
samples: one living and one very an-
cient coral. Ratios observed for the
living coral are consistent with previous
estimates (2, 3, 13); they are used to
establish the initial conditions listed
above. As expected, the Miocene coral
shows equilibrium throughout the ura-
nium decay series. Based on the re-
sults on living coral and on the assump-
tion that the system has remained
closed, the following criteria can be
used to evaluate the results on samples
of unknown age.

1) The sample should contain less
than a few percent calcite. As coral
forms as pure aragonite, the presence
of calcite indicates that recrystallization
or cementation has taken place; such
processes are likely to lead to violation
of the closed-system assumption,

2) The uranium concentration in the

Th2R/y234

50 ! 1 L] 1 1.0t
500

100 400

300
AGE (103 YRS}

Fig. 1. Theoretical decay and growth
curves for U234 and Th23° in a fossil
marine coral.
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