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1. Introduction

The familiar odor of evergreens, whether in the wild or on
a Christmas tree lot, comes in part from a sticky material
termed a resin, often secreted in response to damage or
disease. Such plant materials are part of a more general group
of materials called exudates, which also includes gum arabic,
myrrh, frankincense, and kino dyes (Figure 1).[1,2] Exudates
are viscous liquids when released by plants. Some harden in a
matter of days or weeks, while others remain sticky. Under

favorable circumstances in soils and
sediments, hardened resins can be
preserved for up to hundreds of mil-
lions of years. Fossilized resins recov-
ered from sediments are popularly
known as amber (Figure 2).[2–4]

Our groups independently have
been collecting and examining both

fossilized and recent samples to answer many fundamental
questions about them. Of what chemical classes or even
molecular constituents are ambers or recent exudates com-

Amber is one of the few gemstones based on an organic structure.
Found over most of the world, it is the fossil form of sticky plant
exudates called resins. Investigation of amber by modern analytical
techniques provides structural information and insight into the identity
of the ancient plants that produced the source resin. Mass spectro-
metric analysis of materials separated by gas chromatography has
identified specific compounds that are the basis of a reliable classifi-
cation of the different types of amber. NMR spectroscopy of bulk, solid
amber provides a complementary classification. NMR spectroscopy
also can be used to characterize modern resins as well as other types of
plant exudates such as gums, gum resins, and kinos, which strongly
resemble resins in appearance but have very different molecular
constitutions.

Figure 1. Exudate (ca. 4 cm long) from a cherry tree (Prunus sp.) on
the Tidal Basin of Washington, DC. This tree is part of the plantings
responsible in the spring for the Cherry Blossom Festival. This material
is a gum. Photograph by Chip Clark, National Museum of Natural
History (Washington, DC).

[*] Prof. J. B. Lambert
Department of Chemistry
Northwestern University
Evanston, IL 60208 (USA)
Fax: (+ 1)847-491-7713
E-mail: jlambert@northwestern.edu

Dr. J. A. Santiago-Blay
Department of Paleobiology
National Museum of Natural History
Smithsonian Institution
P.O. Box 37012, Washington, DC 20013-7012 (USA)
Fax: (+ 1)202-786-2832
E-mail: blayj@si.edu

Prof. K. B. Anderson
Department of Geology
Southern Illinois University Carbondale
Carbondale, IL 62901 (USA)
Fax: (+ 1)618-453-7393
E-mail: kanderson@geo.siu.edu

J. B. Lambert et al.Minireviews

9608 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 9608 – 9616



posed? Can chemical and spectroscopic analyses relate an
amber piece to its plant source? Are ambers from different
sources sufficiently distinct that chemical or spectroscopic
signatures can establish geologic (temporal) or geographic
(spatial) provenance? How do chemical or spectroscopic
signatures of recent exudates vary taxonomically, that is, from
species to species, genus to genus, and family to family? The
subject thus represents the multifaceted interfaces of chemis-
try with botany, geology, and even archaeology.

Plant exudates and their fossilized analogues represent
challenging subjects for chemical analysis. As harvested from
a plant, they constitute a mixture that is generally consistent
within a given species wherever found, because they are
produced by strictly defined botanical processes.[1] How they
might be contaminated with foreign materials, how they
might vary within a species, how they might compare with
exudates from other species, genera, and families, and how
they might change with time are considerations to be
addressed by chemical and spectroscopic tools. Molecular
constituents of amber or of recent resin often can be
separated by gas chromatography (GC) and identified by
mass spectrometry (MS). Although it is a difficult or
impossible task to identify every molecular component in a
recent or fossilized resin, in some cases nearly all major
components may be identified. Furthermore, the occurrence
of specific compounds (biomarkers) or of a specific pattern of
compounds sometimes can serve as a botanical signature. IR
and NMR techniques, on the other hand, can be applied to
bulk materials. They provide a spectroscopic signature that is
not dependent on factors associated with separation of
components and thus reflects an average of all molecular
constituents. Raman spectroscopy and X-ray diffraction are
used less commonly on bulk materials with similar objec-
tives.[5–8] Investigations of separate molecular constituents and
of bulk structure are complementary, and both can identify
the chemical classes that make up the exudate.

Curt Beck of Vassar College was an early pioneer in this
field. His comprehensive IR studies of ambers revealed a
unique spectroscopic signature for Baltic amber, the most
commonly traded amber throughout much of Europe from
Neolithic times to Classical Greece and Rome and through to

the present.[9] At the same time, Jean H. Langenheim of the
University of California Santa Cruz investigated the plant
sources of many resinous materials; her work culminated in
her monumental summary in 2003.[1] John S. Mills and
Raymond White of The National Gallery, London, were
among the first to apply GC–MS to the analysis of resins and
ambers as part of their broader investigations of a wide
variety of organic materials that have found their way into
museums, both as curated objects and as scientific tools such
as preservatives.[2, 10] In this minireview, we discuss GC–MS
studies of ambers and resins, and NMR studies of these
materials and several additional classes of exudates.

2. GC–MS and Pyrolysis GC–MS of Ambers

2.1. Introduction

Throughout human history, fresh resins have been used
for a variety of purposes, for example as adhesives, lubricants,
perfumes, fuel, incense, medicines, and wine additives.
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Figure 2. Left: Necklace of Baltic amber. Top: Round-beaded necklace
made of Dominican amber. Bottom center: Necklace of Dominican
amber. Right: Bracelet of Baltic amber. Photograph by Chip Clark,
National Museum of Natural History (Washington, DC).
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Ambers have been prized and traded for millennia as jewelry,
as an artistic medium, and occasionally for their purported
medicinal or even magical properties.

Most natural resins, and hence most ambers, consist of
moderately complex mixtures of terpenes. These mixtures
often include components that readily polymerize when
exposed to light or oxygen,[1, 11] giving rise to the hardened
masses commonly observed on many types of plants. The
hardened resins often consist of a mixture of macromolecular
material containing occluded, nonpolymerizable, lower mo-
lecular weight components.

Conventional GC–MS analysis of volatile terpenes found
in resins and ambers consists of three steps: 1) extraction with
an organic solvent, 2) derivatization to convert polar analytes
to more GC-amenable derivatives, and 3) chromatographic
separation of individual components followed by identifica-
tion of the components by MS. Both qualitative and
quantitative information can be obtained in a single analysis,
allowing the abundance and the structure of individual
components to be determined. There are, however, significant
limitations to the use of this methodology for analysis of
ambers. Although use of microextraction and derivatization
techniques has reduced sample requirements significantly,
minimum sample sizes of > 10 mg are typical. Once exposed
to solvent, the sample cannot be recovered in its unaltered
state for further analyses. This sample size, although small,
still often exceeds the total amount of sample available,
especially for rare or precious samples. Most critically, this
methodology is limited to analysis of extractable low-molec-
ular-weight components present in the
resin or amber. Insoluble macromolecu-
lar materials and even soluble oligomeric
materials, which can constitute a large
fraction of some samples, are not ob-
served by this technique.

To circumvent these limitations, con-
ventional GC–MS analyses of ambers
have been supplemented by pyrolytic
injection techniques: pyrolysis GC–MS
(Py GC–MS).[12] In this approach a small
amount of sample is heated rapidly, and
the resulting volatile material is swept
directly into the injector of a GC. Sample
requirements for Py GC–MS are very
small. Exact requirements depend on the
level of volatile and volatilizable materi-
als present, but sample loadings for
ambers of 200–500 mg are typical. This
sample size is sufficiently small that
samples not amenable to analysis by
most spectroscopic methods or by con-
ventional extraction can be readily ana-
lyzed. Furthermore, unlike conventional
GC–MS methods, PyGC–MS analyses
also can provide specific information on
the composition of the macromolecular
components of ambers. The temperature
of pyrolysis can be varied such that only
occluded materials are distilled away

from the macromolecular components, or raised such that
decomposition of the macromolecular phase occurs as well.
Used in combination with in situ derivatization methods[12] to
enhance the chromatographic behavior of polar analytes,
these procedures provide highly detailed information regard-
ing both occluded low-molecular-weight materials and the
composition of the macromolecular phase.

2.2. Classification of Fossil Resins

Inorganic minerals are defined on the basis of their crystal
structure and composition. Ambers lack a definable crystal
structure and hence cannot be classified as true minerals. That
is not to say, however, that ambers lack definable structural
characteristics. PyGC–MS and other studies of ambers from
all over the world indicate that most ambers fall into a small
number of structural families, within which samples share
common structural characteristics. Based on these observa-
tions, a structurally defined classification system for ambers
has been proposed (Scheme 1).[13–16]

Ambers whose macromolecular structure is based on
polymers or copolymers of labdanoid diterpenes are classified
as Class I. These are by far the most common fossil resins
found in the geosphere, both in terms of geographic
distribution and distribution across geologic time. This type
of resin structure appears to have evolved early and been
conserved by subsequent evolution. Hence, a broad range of
genera and families produce and have produced resins with

Scheme 1. Classification system for fossil resins, including structures of major precursors for
Class I ambers.
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this general macromolecular structure. This class is subdivid-
ed on the basis of the stereochemical characteristics of the
labdanoids that make up the macromolecular structure and
on the presence or absence of succinic acid within the
structure.

Class I a ambers are based on labdanoid polymers with a
so-called regular configuration (11b,19b,20b ; hereafter refer-
red to as bbb), for example polymers and copolymers of
communic acid (1), communol (2), and biformene (3); in
addition they incorporate significant amounts of succinic acid
within their macromolecular structure. The well-known and
abundant ambers found in the Baltic region and northern
Europe are generally of this type. The structural role of
succinic acid in these materials is not clear, but it may function
primarily as an ester cross-linking agent between communol
units within the macromolecular structure. Regular polylab-
danoid ambers that lack succinic acid are classified as Class I b
and are arguably the most common form of amber in the
geosphere. Class I c ambers are based on polymers or
copolymers of labdanoid diterpenes that have a 19b,11a,20a

stereochemistry (hereafter referred to as baa), for example
ozic acid (4), ozol (5), and ent-biformene (6); they do not
incorporate succinic acid within their structure. Polylabda-
noid amber based on baa monomers that does incorporate
succinic acid also is known. At present such materials have
been obtained only from a single site[17] and cannot be
considered to be a general class. If confirmed, such materials
would be designated Class I d.

The second most common type of amber on a global basis
(Class II) is based on polymers of sesquiterpenoid hydro-
carbons related to cadinene (Scheme 1). The most often cited
structure for these materials[18, 19] has been shown by 2D NMR
analyses to be inaccurate.[20] Ambers of this type are common
in Southeast Asia and the western and southern regions of the
United States.

The remaining classes of ambers are far less common.
Class III ambers are fossil polystyrenes.[13,21] These are con-
firmed from only two areas: Germany, where they are known
as siegburgite, and the Atlantic coastal plain in the U.S.,
where they co-occur with other ambers. Class IV and V
ambers are composed of terpenoids that lack the structural
characteristics necessary for spontaneous polymerization and
hence are not based on macromolecular structures. As a
consequence, these materials tend to be softer and more
friable than ambers of Classes I–III, and hence they are less
able to survive, in recognizable form, the geologic processes
that accompany burial. For this reason these materials are
generally rare. Class IV ambers are based on cedranes and
related materials. Class V ambers consist of mixtures of
abietane, pimarane/isopimarane, and related diterpenoids
commonly associated in modern taxa with pinaceous species.

Ambers are most conveniently classified by PyGC–MS,
although the classifications are not defined on the basis of this
type of analysis and Py GC–MS is by no means the only
method capable of differentiating ambers of these various
classes. The minimal sample requirements and detailed
molecular level information accessible by this technique,
however, make Py GC–MS the methodology of choice for
characterization and classification of ambers.

Class I ambers are readily recognized in PyGC–MS
analysis by the presence in their pyrolysates of a characteristic
series of bicyclic compounds (Scheme 2) derived from the A/

B rings of the labdanoids from which the macromolecular
structure of these ambers was originally derived. Compounds
7–10 are characteristic of Class I a and I b ambers, and the
epimeric compounds 11–14 are characteristic of Class I c
ambers. In mature samples, A-ring functionalization (R) also
can be lost, and the remaining methyl group can be retained in
either the a or the b configuration.[16] Classes I a and I b
ambers are readily distinguished on the basis of the presence
or absence of succinic acid.

Occluded compounds are readily differentiated from
products derived from the macromolecular phase of the
amber by variation of pyrolysis temperatures. Pyrolysis at
300–360 8C results in distillation of volatile components
present in the amber but is insufficiently severe to result in
dissociation of the macromolecular phase. Pyrolysis at higher
temperatures (480 8C is typical in our laboratory) results in
disruption of the macromolecular phase and release of
compounds 7–10 or 11–14. Pyrolysis at temperatures exceed-
ing 500 8C tends to increase the formation of secondary
pyrolysis products.[12]

Pyrolysis of Class II ambers generates characteristic but
complex mixtures of hydrocarbons related to cadinene, and
Class III ambers produce only styrene and related dimeric
and trimeric compounds when subjected to pyrolysis.[13]

Hence, these classes of ambers also are readily assigned on
the basis of Py GC–MS analyses. Class IV ambers have not
been studied by PyGC–MS to date. Class V ambers readily
distill on low-temperature pyrolysis and are easily analyzed.

2.3. Maturation

All forms of organic matter undergo changes in sedimen-
tary systems over geologic time. This general phenomenon is
referred to as maturation. For example, vegetable matter
deposited in sediments matures from biomass to peat to
lignite to sub-bituminous coal to bituminous coal to anthra-
cite, with each stage being accompanied by both physical and
chemical changes in the structure of the material. Ambers

Scheme 2. Structures of characteristic bicyclic products observed in
the pyrolysates of Class I ambers. Compounds 7–10 are characteristic
of Class Ia and Ib ambers, compounds 11–14 are characteristic of
Class I c ambers.
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undergo similar processes of maturation. The initial structural
characteristics of polylabdanoids appear to be fairly well
understood, based on studies of components of recent
resins.[22, 23] Communic acid and related compounds (1–3),
for example, polymerize across a terminal double bond,
resulting in a general polymer structure of the type illustrated
in Scheme 1 for Classes I a/I b. Likewise, ozic acid and its
analogues (4–6) polymerize to give a comparable macro-
molecular structure, which, however, incorporates the alter-
native stereochemical characteristics of these compounds
(Class I c in Scheme 1).

Rapid polymerization results in the formation of high-
molecular-weight polymers in hours to days, as indicated by
the rapid hardening of fresh resins on the outer surfaces of
trees.[22, 23] Over geologic time, however, these initial polymers
undergo further, subtle structural changes, possibly including
additional cross-linking, in response to prolonged exposure to
moderately elevated temperatures. The precise details of the
structural changes that occur in Class I fossil resins in
response to increasing maturation are not yet completely
clear, but analytical evidence for these changes is well
established.

A number of groups[5,13, 24–26] have reported spectroscopic
analyses of series of related Class I ambers of different levels
of maturity and have demonstrated progressive loss of
exomethylene (C=CH2) structures with increasing maturity.
In PyGC–MS data, maturation results in a change in the
relative abundances of the characteristic C14 and C15 bicyclic
products, e.g., (7 + 8)/(9+10) in Scheme 2. With increasing
maturity, the relative abundance of C15 bicyclic products
increases significantly to the point at which in mature samples
C14 products are minimal or completely absent.[13] We also
have observed a general trend of decreasing levels of
occluded materials with increasing maturity, probably be-
cause these products migrate slowly into surrounding sedi-
ments.

3. NMR Spectroscopy of Ambers

As mentioned earlier, spectroscopic methods such as
NMR and IR characterize the bulk composition of an amber
sample, thus combining occlusions and polymeric materials.
Although there is some advantage in examining the bulk of a
material, the result is not a molecular analysis but rather a
spectroscopic fingerprint. Thus, whereas GC–MS provides a
(partial) analysis at the molecular level, IR and NMR
spectroscopy provide an empirical or phenomenological
assessment of the entire material with minimal consideration
of molecular structure.

3.1. Solid-State 13C NMR Spectroscopic Analysis of Ambers

In our early work, inspired by and carried out originally
on samples provided by Beck, we set out to examine Baltic
amber (succinite) and other ambers by the then newly
developed technique of high-resolution solid-state 13C NMR
spectroscopy.[27] Many ambers are very poorly soluble in all

solvents, so that solution NMR experiments would be
selective if not impossible. The solid-state spectra of several
samples of Baltic amber proved to be very consistent
(Figure 3). The spectra of these samples are dominated by a

reproducible sequence of peaks in the saturated region (d =

0–80 ppm). They also contain weak carbonyl resonances (d =

170–210 ppm) and very characteristic but weak alkenic
resonances (d = 110–150 ppm). In addition to alkenic peaks
in the region d = 115–140 ppm from di- and trisubstituted
double bonds, the spectra contained peaks at d = 110 and
150 ppm from the functionality C=CH2. This exomethylene
functionality is found in the labdanoid diterpenes that define
Class I (Scheme 1, compounds 1–6) and in some other
diterpenes such as agathic acid, but it does not occur in
tricyclic diterpenes such as abietic acid and pimaric acid.
Figure 3 contains not only the spectrum of Baltic amber with
complete proton decoupling but also the spectrum with
partial decoupling due to dipolar dephasing. This latter
technique allows selection primarily of quaternary carbons,
those not bonded to hydrogen, although some non-quater-
nary carbons in rapidly moving groups leak through. The two
decoupling methods provide distinct patterns and help define
phenomenological differences.

A few ambers, such as beckerite, proved to have spectra
nearly identical to that of succinite and may be considered to
be the same material chemically.[28] Just as Beck observed
with the IR spectra of succinite,[9] we found its NMR spectra
to be rather different from those of European ambers other
than succinite (Figure 4).[29] Differences are found in the
alkenic region, which for non-succinite European ambers is
devoid of exomethylene resonances at d = 110 and 150 ppm.
In our 2002 summary,[30] we considered these differences
sufficient to define two types of amber. We labeled the larger
set, often lacking exomethylene resonances, Group A, and
succinite and related materials, always with exomethylene
resonances, Group C.

These phenomenological groups based on NMR spectra
have correspondences with the molecular classifications
based on GC–MS and other techniques. Thus Group A
corresponds to Class I b (the largest in both classifications)

Figure 3. The 13C NMR spectrum of Baltic amber (Class Ia, equivalent
to NMR Group C) with a) full decoupling and b) dipolar dephasing.
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and Group C to Class I a (largely Baltic amber and related
materials). Indeed, these materials differ only in the presence
of succinic acid for Class I a and its absence for Class Ib. The
13C NMR resonance of the carboxyl carbon of succinic acid
occurs at about d = 170 ppm, a relative low frequency value
for carboxyl groups. Such a resonance appears in the spectra
of Baltic amber (Figure 3) but not in the spectra of other
European ambers (Figure 4) or of the more recent, related
New Zealand ambers. Thus succinic acid appears to provide a
distinguishing characteristic in both GC–MS and NMR
classifications.

Subsequently, we undertook a worldwide survey of
ambers by solid-state 13C NMR spectroscopy.[30,31] We found
many examples of the Group A NMR pattern for Class 1b
ambers from all over the world, including Alaska, Canada, the
continental United States, Greenland, western Europe,
Southwest Asia (Jordan, Lebanon, Iran), China (Liaoning
province), Siberia, Southeast Asia (Burma),[34] Australia, and
New Zealand. In general, the carbonyl resonance at d =

170 ppm was absent, and in older (especially Cretaceous)
samples the exomethylene resonances at d = 110 and 150 ppm
were minimal or absent (compare Figures 3 and 4).

A second worldwide NMR spectral pattern emerged from
this study for samples, then termed Group B, corresponding
to the molecular Class II.[30–33] This distinct NMR pattern
(Figure 5) exhibits stronger resonances at the low-frequency
end of the saturated region than the NMR patterns referred
to as Groups A and C for Class I ambers. These materials also
exhibit weak alkenic resonances but no exomethylene peaks.
Samples of this type were found in the United States
(Arkansas), India (Gujarat), Borneo, Sumatra, Papua New
Guinea, and Australia.

Caribbean amber, usually from mines in the Dominican
Republic, proved to have a 13C NMR signature different from
the other three groups (Figure 6).[25] The exomethylene
resonances varied from strong in Dominican mines containing
more recent amber to absent in nearby mines in Chiapas,
Mexico.[35] The saturated region, however, remained rela-
tively constant in all these samples, particularly when the
spectra were recorded with the selective decoupling provided
by dipolar dephasing. This pattern was designated as spectral
Group D, which corresponds to the molecular Class Ic. Many

ambers from South America and Africa proved to have the
same pattern, including materials from Kenya, Tanzania, and
Madagascar.[36]

NMR spectra have been reported of fossil polystyrene
from New Jersey (Class III).[31] No phenomenological group-
ing was assigned to this material.

3.2. NMR Spectroscopic Analysis of Modern Exudates

Since amber derives from resins, it is important to
characterize as many recent exudates as possible to make
comparisons. Numerous GC–MS studies of resins have been
reported.[1–2] Even as recently as 2005, however, the solid-
state 13C NMR spectra had been reported for very few
resins.[38] The 13C NMR spectra of nearly 50 resin samples
showed that the conifer families Cupressaceae and the
Araucariaceae in general give nearly identical spectra,
distinct from the spectra of the coniferous Pinaceae in
particular.[38] The angiospermous Fabaceae and Burseraceae
had quite different spectra from those of the three gymno-
spermous families and from each other.

Resins are just one class of exudates, and our survey of
13C NMR spectra provided a means to distinguish quickly
between materials that have little visual or tactile differ-

Figure 4. The 13C NMR spectrum of walchowite (Class Ib, equivalent
to NMR Group A) with a) full decoupling and b) dipolar dephasing.

Figure 5. The 13C NMR spectrum of amber from the Claiborne Forma-
tion in Arkansas, USA (Class II, equivalent to NMR Group B) with
a) full decoupling and b) dipolar dephasing.

Figure 6. The 13C NMR spectrum of amber from the La Aguita mine,
Dominican Republic (Class Ic, equivalent to NMR Group D) with a) full
decoupling and b) dipolar dephasing.
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ence.[38] Mills and White[2] discuss three types of plant
exudates: resins, gums, and gum resins. Even after having
harvested hundreds of exudates in the wild, Santiago-Blay
says that resins and gums are difficult or impossible to
distinguish. Whereas resins derive from terpenes and have
basically hydrocarbon structures, hardened plant gums are
generally insoluble, high-molecular-weight polysaccharides.
Gums have been used as watercolor media, as adhesives on
postage stamps, and as components of food. Gums are
produced commonly by plants of the genus Acacia of the
Fabaceae and by trees of the genus Prunus of the Rosaceae,
known for their fruit production (Figure 1). No conifers
produce gums, although we have identified an araucarian gum
resin. Figure 7 gives the spectrum of the well-known gum

arabic as an example of a gum.[38] There is a large peak from
carbons attached to a single oxygen centered at d = 70 ppm
and a small peak from the anomeric carbon, which is attached
to two oxygens, at d = 105 ppm. There are almost no hydro-
carbon peaks, either saturated or unsaturated.

In our survey we also found several examples of gum
resins.[38] Chemically, these materials contain both terpenoid
hydrocarbons, as do resins, and polysaccharides, as do gums.
Frankincense and myrrh are famous examples of this
category. Their NMR spectra also provide an immediate
measure of the relative amounts of gum and resin, informa-
tion not easily available from other techniques.

A fourth general exudate category emerged from the
initial study[38] and was confirmed later.[39] Their solution 1H
and solid-state 13C NMR spectra are dominated by resonan-
ces of unsaturated functionalities. Aromatic resonances
attributable to phenols were evident in several samples from
the Myrtaceae (genera Eucalyptus and Corymbia), generally
referred to as eucalyptus trees, but also from the Fabaceae
(Prosopis, Centrolobium) and the Zygophyllaceae (Guaia-
cum). We termed all of these materials kinos, although in the
past the term has been used only for a few specific exudates.[39]

The eucalypt materials are known as gum in Australia, but it
seemed to us that the term should be reserved for polysac-
charide exudates.

Because many modern resins generally are soluble in
organic solvents, we also began systematically examining the
solution-phase 1H NMR spectra of conifer resins.[40, 41] Such
experiments, like non-pyrolytic GC–MS methods, have lim-
itations with regard to sampling. They provide a phenom-
enological approach to characterizing many types of modern
resins quickly. In the 1D spectra, we found 13 peaks present in
most spectra of species of the Pinaceae, nine for the
Cupressaceae, and five for the Araucariaceae (these are the
three largest conifer families), with little overlap of the
defining peaks between families. In the 2D COSY spectra, we
found ten cross peaks characteristic of the Pinaceae, ten of the
Cupressaceae, and six of the Araucariaceae, again with little
overlap. Although some of these peaks and cross peaks occur
in more than one family, it is clear that 1H NMR spectroscopy
generally can distinguish samples from the three families. Of
the 21 other cross peaks considered diagnostic for one or
more of these families, only three were diagnostic for two
families. Thus 18 cross peaks could be used to identify
particular families.

4. Botanical Sources of Ambers

Another dimension of the study of fossilized resins is the
identification of the plant species responsible for the original
exudate. Such identification is based primarily on comparison
of ancient material with modern botanical counterparts.
Unfortunately, there is no guarantee that the ancient plant
is extant or even that closely related species still exist. In such
cases, any identification is problematic. Secondly, maturation
of the fossilized resins during burial over geologic times can
produce changes that render comparisons with modern
counterparts difficult. Nonetheless, it is important to endeav-
or to identify species responsible for exudates, because of
possible ramifications in our understanding of paleoenviron-
ments and possible clarification of phylogenetic or evolu-
tionary relationships between extant and extinct taxa. Two
general methods have been applied to this problem: identifi-
cation of fossil plant parts associated with amber and
comparison of chemical or spectroscopic characteristics of
ancient and modern materials.

4.1. Identification of Fossil Plant Parts

Attempts to associate plant fossils with co-deposited
amber suffer from a degree of uncertainty unless the amber is
in unequivocal association with the plant fossils. It is possible,
for example, that the dominant plant species present in an
ecosystem may not have produced significant quantities of
resin and that a relatively minor species was a copious resin
producer. Abundant amber from the Fossil Forest deposits in
the Canadian Arctic provide an excellent example of this
problem.[17] Studies of well-preserved macrofossils have
established that the original flora was dominated by Meta-
sequoia, but analysis of fossil resins found in association with
cone scales established that the ambers in these deposits were

Figure 7. The 100 MHz 13C NMR spectrum of an example of a gum,
Acacia senegal (gum Arabic), with a) normal decoupling and b) dipolar
dephasing.
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derived primarily from Pseudolarix, a relatively minor species
in these ecosystems.

In most cases, paleobotanical association between ambers
and co-deposited tissues can provide only circumstantial
evidence for the botanical origins of the ambers. Analysis of
Burmese amber (burmite) illustrates the methodology.[34]

Fossil wood associated with the amber exhibited tracheal pits
known to occur only in wood of the family Araucariaceae, and
particularly in the wood of the genus Agathis (although the
genus Araucaria is similar), suggesting this family as a
potential paleobotanical source for this amber. In these cases,
chemical or spectroscopic experiments on the amber itself are
useful in providing supporting information (see Section 4.2).

Numerous workers have attempted to draw tentative
conclusions regarding the paleobotanical sources of ambers.
Langenheim[1] has reviewed the many controversies concern-
ing paleobotanical assignments of ambers, so we will mention
only a few of the more certain cases. Ambers of Class I c have
been associated with the genus Hymenaea of the Fabaceae, a
family of flowering plants (angiosperms), in contrast to the
coniferous or gymnospermous sources of Class I b ambers.
Langenheim found plant parts characteristic of Hymenaea in
amber from Chiapas,[1] Grimaldi et al.[42] identified Hymenaea
plant parts associated with Dominican amber, and Poinar[43]

made similar observations with African materials. These
conclusions are supported by spectroscopic investigations
(see Section 4.2).

Probably the longest running and most controversial
question on the subject of paleobotanical origins of amber
relates to identification of the source of the rich Class I a
amber deposits around the Baltic Sea. No modern resin
analogous to these ambers is known. Langenheim�s detailed
review[1] came to no firm conclusion, but described possibil-
ities within the gymnospermous families Pinaceae and
Araucariaceae. Ambers derived from Pseudolarix found in
the Eocene forests on Axel Heiberg Island in the Canadian
Arctic contain succinic acid but are based on a macro-
molecular structure derived from labdanoids with a baa

rather than the bbb configuration found in typical Class I a
ambers. Hence, Pseudolarix can be excluded as a potential
source for Baltic amber.[17]

4.2. Chemical and Spectroscopic Comparisons of Ancient and
Modern Resins

In some cases, chemical and spectroscopic analyses can
provide strong evidence supporting the paleobotanical assign-
ment of specific ambers. Class I c amber illustrates one
relatively straightforward case for identification of the source
genus. Fossil plant parts are consistent with a source from the
genus Hymenaea of the angiospermous Fabaceae.[1] The IR
spectra[44] of modern Hymenaea courbaril samples, their solid-
state 13C NMR spectra,[25,36] and their molecular components
according to PyGC–MS[13] showed strong similarities to the
data from Dominican and African ambers. Py GC–MS studies
comparing Dominican and Mexican (Chiapas) ambers
showed indistinguishable polylabdanoid skeletons character-
istic of Class I c.[16] Dominican, Mexican, and South American

amber additionally gave 13C NMR spectra with strong sim-
ilarities to each other.[25, 36]

The paleobotanical origins of Class I b ambers are com-
plex. An array of modern genera produce labdanoid-contain-
ing resins[45] that in principle could be precursors of Class I b
ambers. It is also possible that extinct genera with no modern
analogues could have produced polylabdanoid resins that
now are preserved in the fossil record as Class I b ambers.
There are a few cases (see below) with strong evidence
associating particular ambers with defined botanical sources,
but, in general, identification of paleobotanical sources of
Class 1b ambers has not been achieved with any level of
confidence.

Py GC–MS analysis of upper Cretaceous amber from the
Raritan Formation in New Jersey, USA, suggests a cupressean
origin.[46] This conclusion is based on the presence of specific
biomarkers that in modern species occur primarily in this
family. This same study also was able to differentiate two
related but distinct forms of amber in these deposits, based on
variation in the distribution of diterpenes occluded within the
macromolecular structure. On this basis it was suggested that
these ambers are derived from at least two discrete, but likely
closely related, cupressean species.[46]

Studies of ambers from New Zealand strongly suggest an
association with the araucarian genus Agathis. Both NMR[26]

and Py GC–MS[13] analysis indicate that these samples repre-
sent a nearly continuous series of Class I b ambers deposited
from the Eocene on. These studies indicate strong correlation
between mature samples and recent or even modern Agathis
resins. The similarity of the NMR spectra of several burmite
samples with those of some of the New Zealand samples
supports the conclusion, based on tracheal pits observed in
associated fossil wood, that burmite also was formed from
araucarian species.

Although the situation is no clearer for Class II ambers,[1]

the preponderance of evidence, primarily from IR and fossil
plant studies, is that the source or sources of these ambers
probably were angiospermous rather than gymnospermous.

5. Summary and Outlook

Modern chemical and spectroscopic techniques have
provided reliable means to distinguish the several types of
modern plant exudates. These include terpenoid resins,
polysaccharide gums, hybrid gum resins with both terpenes
and polysaccharides, and phenolic kinos. Only resins appear
to persist over geological time to form amber. Py GC–MS has
provided a general and reliable classification of amber types
based on specific molecular constituents. Solid-state NMR
spectroscopy is able to distinguish the various types of
modern exudates and generally reflects the molecularly based
GC–MS classification of ambers. NMR data also can provide
many distinctions at the family, genus, and sometimes species
level for modern resins.

The strongest challenge in this field at present is the
reliable identification of ancient species responsible for the
different types of amber. Only the modern plants responsible
for amber in Class I c have been identified with reasonable
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reliability (the genus Hymenaea of the angiospermous family
Fabaceae). Controversy continues over the most famous type
of amber, found around the Baltic Sea (Class I a), although all
experts agree on a coniferous (gymnospermous) source.
Class I b ambers likely have many suggested coniferous
sources. Paleobotanical affiliations need to be assessed on a
case-by-case basis. Class II ambers appear to have an
angiospermous source, but reliable and general attribution
to specific plant families remains to be determined. Such
research requires collaboration among geologists, archaeolo-
gists, botanists, and chemists in order to find the ancient
materials with reliable provenance, identify associated an-
cient plant parts, obtain samples of modern plant exudates
from thousands of candidates, characterize the modern
exudates by chemical or spectroscopic techniques, and draw
conclusions based on comparisons of the ancient and modern
materials.
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