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Experimental maturation of pine
resin in sediment to investigate the
formation of synthetic copal and
amber

EvanT. Saitta’™ & Thomas G. Kaye?

Experimentally simulating fossil resin formation would improve our understanding of copal/amber and
could simulate the diagenesis of resin inclusions. Resin from living Pinus underwent sediment-encased
maturation under various temperature and pressure conditions. Light microscopy suggests that
matured resin dries, possibly hardens, and darkens into a brittle, yellow—orange-brown translucent
mass with increased luster, exhibiting flow lines, birefringence, conchoidal fracturing, and air pockets
typical of copal/amber. Leached components were observed in the sediment. Infrared spectroscopy
suggests that matured resins have spectra consistent with those of fossil resins and may exhibit similar
differences from fresh resin—possibly decreased relative intensity of C=0 stretching at~1700 cm™2.
Results suggest desiccation and volatile/labile component loss, alongside potential polymerization/
cross-linking of stable components into a macromolecule (although we discuss the challenge of ‘Class V
ambers’). ‘Synthetic copal/amber’ is amenable to destructive analyses and would guide studies of fossil
resin inclusions in informed, predictable, and targeted manners to limit loss of rare specimens. With
novel experimental methods involving fresh resin and utilizing sediment porosity, our work expands
upon insights from commercial autoclaving of natural subfossil copal/fossil amber used to alter their
physical properties. Considering the broad success of sediment-encased maturation to simulate
carbonaceous compression fossils and ancient resins, we predict that experimental taphonomy

will elucidate the fossilization potential of diverse plant biomolecules and even plant secondary
metabolites related to herbivory, flavor, and pharmacology.

Paleontology has greatly expanded in recent decades to become multi-disciplinary and even experimental, due
in part to the complexity of the interacting biological, physical, and chemical processes of taphonomy during
fossilization!. Taphonomic experiments used to study the degradation and preservation of organismal tissues
inform upon both biases in the fossil record as well as novel avenues of research using fossil biomolecules?.

Artificial maturation applies high heat and pressure to various tissue types under laboratory timescales in
order to simulate long-term diagenesis where a fossil is buried for millions of years. Analogous to pressure
cooking, artificial maturation uses elevated pressures to allow for higher temperatures while maintaining reactions
comparable to natural conditions (e.g., by preventing water from boiling, aqueous chemistry is maintained).
Thus, artificial maturation induces greater alteration to samples over shorter timeframes than would be possible
at lower pressures and temperatures, making artificial maturation a staple experimental approach for studying
the formation of ancient organic material by numerous researchers for decades e.g.,>. Recently, we?>2¢ have
shown that artificial maturation within compacted sediment yields organic residues that are in many ways
microscopically and chemically similar to ‘carbonaceous compression fossils’ (see definition in?’). This similarity
is due to sediment pores allowing breakdown products from volatile or labile tissue components to escape, while
retaining stable components?. Sediment-encased maturation thereby improves upon standard maturation by
allowing for a more naturalistic open system. Such simulations help us to construct models of diagenesis, thereby
guiding our study of fossil taphonomy and the hunt for fossil biomolecules.

Of the various modes of preservation observed in the fossil record, amber and copal inclusions are among the
most spectacular but have only in recent decades been studied extensively with an eye towards their molecular
taphonomy?®?°. The preservation of inclusions in subfossil copal and fossil amber is of great research interest, but
is often limited to non-destructive chemical analyses, such as Raman spectroscopy, nuclear magnetic resonance
spectroscopy, X-ray diffraction, or infrared spectroscopy e.g.,**"*, due to curatorial concerns and the rarity of
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certain types of inclusions (e.g., vertebrates*> or ammonites®). Reports of endogenous biomolecules include the
hardy biopolymers of insect chitin*’ and fungal melanin®. Other reports of biomolecules are sometimes found
to have mixed results, such as feather amino acids (*°, but see®®) or to be outright controversial, such as DNA
(°1, but see®?). Many amber inclusions are simply void spaces within the organic matrix of this fossil resin®?. The
ability to simulate amber formation in the lab, therefore, would be extremely practical in studying both amber
formation and inclusion preservation. Not only would conditions be controlled in the laboratory and replicable,
but the samples would also be amenable to highly destructive chemical analysis.

Sub-fossil copal and fossil amber generally represent various degrees of desiccation and volatile loss in plant
resins (e.g., monoterpenoids, sesquiterpenoids, water), as well as polymerization/cross-linking of their stable
organic compounds (e.g., diterpenoids and triterpenoids)>*~>¢. In other words, the starting oleoresin contains
essential oils that are volatilized, while the resin component remains and can polymerize/cross-link, processes
that can be accelerated under the heat and pressure of diagenesis. Therefore, tree resin is a logical tissue type
on which to perform sediment-encase maturation experiments. These ancient resins are heterogenous with
fractions of varying solubility in organic solvents®’. In addition to polymerization/cross-linking with increased
maturity, these ancient resins can also undergo isomerization and cyclization®. Typically, amber has a refractive
index of ~ 1.5-1.6, Moh's hardness of ~ 2.0-2.5, and a melting point of ~ 250-300 °C*.

Chromatography has revealed diverse terpene biomarkers that correlate to taxonomy of the source resin®*.
Fossil resins can therefore be diverse in their composition, depending on their source plant. For example,
Eocene Baltic amber, also known as ‘succinite, comes from conifers, but there is debate as to the number and
identify of the precise source species. Wolfe et al.®® used Fourier-transform infrared micro-spectroscopy to
conclude that Baltic amber is more likely to have derived from the conifer family Sciadopityaceae than from
either Cupressaceae or Pinaceae conifer families, as had been previously proposed. Although amber is often
described as resulting from polymerization, some believe that amber is better described as a ‘macromolecule’
resulting from cross-linking of diterpenoids and triterpenoids with some of the pore spaces filled with residual
molecules of smaller monoterpenoids and sesquiterpenoids (sometimes physically or chemically bonded to the
macromolecule) to form a ‘supramolecule’®!. Under this definition, the amber is not simply a repeating chain of
monomers making up a typical ‘polymer’.

The current state of the art on altering amber is driven in large part by the commercial gemstone trade, which
uses autoclaves to expose naturally occurring subfossil copal or fossil amber to elevated heat (e.g., 90-180 °C) at
either atmospheric or relatively low (e.g., 25-35 bar) pressure®. Doing so matures copal and amber in order to
induce changes to their optical properties (e.g., darkening or color/fluorescence change, such as commercially
altered ‘green amber’ from autoclaving®). Other studies have experimentally simulated aging of copal and
amber to mimic weathering or maturation e.g.,**¢*, but these also typically start off with natural copal or amber
samples. Experimentation with modern, fresh resins that does not comprise of photodegradation by light, has
involved either decaying inclusions at room temperature and pressure®® or heating samples without elevated
pressure®®, which although expected to induce dehydration, likely does not fully mimic the formation of natural
amber.

Here, we attempt to improve upon experimental design by performing sediment-encased, high-heat, high-
pressure artificial maturation®® on freshly collected resin, rather than subfossil copal. Like a pressure cooker,
temperatures and pressures exceed those experienced in natural taphonomic settings in order to more fully
account for the vast amounts of time that fossil resins can degrade over. The testable prediction is that sediment
pore filtration will simulate the natural formation of amber. The more volatile compounds (e.g., monoterpenoids
and sesquiterpenoids, as well as water™) are lost to form copal, followed by potential polymerization/cross-
linking of more stable compounds (e.g., diterpenoids and triterpenoids) to form actual amber>*%, while some
aromatization may also occur®. In this sense, the work below is more engineering of novel methodology that
can then lead to highly systematic experimentation in the future. We judge the efficacy of our method through
photography, digital microscopy, and attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR).

A note onresin IR

Given our methodology, it is worth introducing the impact that resin maturation has on the infrared spectra of
this organic matrix, as well as the characteristic IR peaks that have previously been ascribed to fresh resin, copal,
and amber. We present here a general summary of past IR interpretations, while acknowledging that diverse
amber sources (i.e., taxonomy) and precise methodological conditions can complicate such interpretations. Even
intraspecific variation can appear in IR spectra of different modern resins e.g.,*”%%. Differences between and
among fresh and fossil resins are often subtle. We summarize the previously observed spectra of natural and
experimental resins and report the peak assignments designated by those studies, noting that such assignments
are not necessarily certain.

Although the species of plant impacts its resin’s spectra®!, prior research has shown that amber and fresh resin
often have broadly similar IR spectra®?. Liang et al.*’ showed that amber has a reduction of relative peak intensity
at~1700 cm™! (C=0 stretching from carbonyl and carboxyl) compared to fresh resin, but caution should be
exhibited if attempting to interpret this single band in isolation when judging resin age or thermal alteration.
There are also possible signs of aromatization with a peak at 1605 cm™! (aromatic C=C stretching) appearing in
amber?. Liang et al.* found that both fresh resin and amber also have symmetric stretching vibrations (1370~
1480 and 2800-3000 cm™!), phenolic OH (1265 cm™, whose detection can vary depending on methodological
conditions), C-O-C stretching (1247 cm™), and asymmetric C-O-C stretching (1030 cm™).

Even experimentally pressure- and heat-treated subfossil resins (i.e., copal) were observed by Zheng et a
to show only minor changes in their IR spectra, although there was a weakening of the relative peak intensity
at~3078 (C-H stretching of exocyclic C=CH,), 1642 (exocyclic non-conjugated C=C stretching), and 888 (out-
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of-plane C-H bending of exocyclic methylene) cm™! with more intensive treatment. Also observed was a shift
from C=0 related to esters from a peak position ~ 1697 cm™ to higher values up to 1727 cm™192. Zheng et al.®
suggested these results indicate the breaking of exocyclic unsaturated bonds as polymerization/cross-linking
increases (i.e., saturation increases) and reduced concentrations of labdanoid diterpenes monomers during
polymerization/cross-linking. Labdanoid diterpenes are responsible for the majority of natural ancient resins®.

Likewise, it has been suggested by Garcia-Valles et al.*® that, compared to more mature Eocene fossil
Baltic amber, subfossil Congo copal (estimated Pleistocene to recent age’®) contains more intense FTIR peaks
at 3095 (C-H stretching in exocyclic C=CH,), 1643 (C=C stretching in RCH=CH,, RR'C=CH,, unsaturated
compounds), 1265 (C-O stretching), and 887 (C-H bending) cm™!. Like the Congo copal, the Baltic amber still
showed FTIR peaks at 3328 (O-H stretching from water), 2926 (C-H stretching from methyl and methylene
groups) and 2852 (saturated bands), 1735 (C=0 stretching), 1645 (C=C stretching), 1457 (CH, bending), 1375
(CH, bending), a wide absorption shoulder from 1255 to 1156 (‘Baltic shoulder’ from C-O stretching of esters,
alcohols, and carboxylic acids), 1156 (C-O-O stretching), 992 (C-H bending), and 887 (C-O bending) cm™~1%3.

Another study of Baltic amber by Wagner-Wysiecka®® using mid-infrared spectroscopy also identified the
following peaks: O-H stretching, C-H stretching from unsaturated bonds (3080 cm™), C-H stretching from
methyl and methylene groups, saturated bonds (29402960 cm™! and 2930, 2870, 2850 cm™!), C=0 stretching
from esters (1736 cm™') and carboxylic acids (1700 cm™), C=C stretching from unsaturated RCH=CH,,
RR'C=CH, (1642 cm™), C-H bending from methyl and methylene (1455, 1375 cm™), C-O stretching from
esters, alcohols, and carboxylic acids of the ‘Baltic shoulder’ (1260-1160 cm™!), C-O-H stretching from alcohols
(1020 cm™), C-H out-of-plane vibration in RCH=CH,, (980 cm™"), and C-H out-of-plane vibration in R,C=CH,
(888 cm™). Note that the precise assignment of bands 887 and 888 cm™! can differ between studies.

Institutional abbreviations

CBG: Chicago Botanic Garden, Glencoe, IL, USA;
FSA: Foundation for Scientific Advancement, Sierra Vista, AZ, USA;
MAI UG: Museum of Amber Inclusions, University of Gdansk, Gdansk, Poland.

Materials & methods

Samples

Pinus is one of the easiest trees to sample resin from in North America, where we are based. Furthermore, Saitta
et al.?> had presented some early results of sediment-encased maturation of pine resin (which was scraped off
the bark of a living Aleppo Pine [Pinus halepensis] growing at FSA) using an older design of the maturation
equipment, meaning that continued focus on Pinus here allowed for comparison to those initial results.

New samples were obtained and then treated in this study with improved sediment-encased maturation
equipment at the University of Chicago (based on equipment described in?®). Samples for this thermal maturation
were scraped off the bark of three trees at the CBG (Table 1). One Mountain Pine (Pinus mugo) and two Scots
Pines (Pinus sylvestris). One P. sylvestris tree had sticky, moist, fragrant resin (i.e., the oleoresin presumably
contained higher concentrations of volatile oil of turpentine/moisture compared to rosin), while the other had
relatively dryer resin — presumably as a result of longer exposure or other variable conditions (e.g., temperature,
wind, sun exposure) at the tree’s external surface.

Maturation Pressurizing Total

Resin sample Resin notes Source | run Clay Compaction | Temperature | gas Pressure duration* | Run description
Sticky P. Sticky, moist, & Low pressure,
sylvestris** fragrant ~159 bar for 22 h, then short

CBG A Bentonite | 8 metric tons | ~130°C Air then ~ 248 bar for ~22.5h period of high
P. mugo

0.5h pressure, all
Dry P, sylvestris | Dry while under heat
. ~135 °C for High pressure,
Dry P, sylvestris | Dry CBG B Bentonite | &> Metric 22.7h,then | Air ~ 241 bar for ~24.25h | which continued
tons 24.25h
cool down after cool down
Sticky P, sylvestris ?tlcky, rtn()lst, &
ragran ~135-140 °C ~241 bar during
P. mugo for 19.05 h, first heating, then
DrvE syivestri b then cool vented to ~ 172 bar Double
ryP. sylvestris IS . : . .
yE£ sy y CBG O Bentonite 8-8.5 metric | down . Air befo.re second ~4113h heating at high
] | sticky, moist, & tons to~30°C, heating, then temperature,
Sticky P. sylvestris fragrant then ~ 145- brought back high pressure
150 °C for to~241 bar during
P. mugo 24.08h second heating
Dry P. sylvestris | Dry
Fresh Resin Untreated, FSA | NA NA NA NA NA NA NA NA
freshly collected

Table 1. Samples were analyzed with photography, digital light microscopy, and/or IR spectroscopy in this
study, and details are provided for each maturation run. *Excluding initial pressurization to ~ 172 bar before
heating, final cool down, and final depressurizing. **Clay tablet unopened & sample not analyzed to preserve
surface leakage on it from Dry P. sylvestris in same run. ***Thermocouple temperature data logged.
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After digital light microscopy, the ATR-FTIR spectra of these samples were compared to fresh resin scraped
from the surface of an Aleppo Pine growing at the FSA. FTIR spectra from Szwedo & Stroiriski®” of natural
fossil Baltic amber (Gulf of Gdansk, secondary deposit) specimen MAI UG 508,762 from the FEocene’! was also
compared to our experimental maturation results.

Sediment-encased maturation

Maturation of samples was performed in compacted sediment using the methodology of Roy et al.?%, an updated
version of Saitta et al.”® (see supplemental material for schematic diagram). Many of the conditions were generally
inspired by previous maturation experiments (e.g.,>%°), helping to ease comparisons across studies. Therefore,
we could help to control against some of the effects of compaction force, pressure, or duration by keeping them
similar to those of earlier tests.

All samples were first compacted in a hydraulic press at 8-8.5 metric tons across a 13 mm diameter circular
surface area of the pill press while buried in food-grade bentonite (sodium montmorillonite) from the brand
Fossil Power. Compacted samples encased in sediment were then transferred to the maturation chamber to
be pressurized and heated. Multiple samples (i.e., tablets of compacted sediment with a lump of resin encased
inside) are loaded into the chamber for a given run so that all of those samples experience the same conditions,
controlling against things such as temperature fluctuations in the room.

All maturation occurred under pressurized air, which is the most readily available gas to feed into the
air compressor and follows previous studies??°, so it is important to note that these particular results may
better simulate relatively oxic conditions during diagenesis than strictly anoxic conditions (future work could
use pressurized N, gas). Three maturation conditions were studied. We generally ran experiments at lower
temperatures than past studies and also included a multi-step heating treatment under the assumption that resin
curation can occur at milder conditions than alteration of other fossil organics. For example, when the highly
recalcitrant pigment melanin is treated in sediment-encased maturation, 190-225 °C yields residues comparable
to carbonaceous compression fossils according to time-of-flight secondary ion mass spectrometry®. Table 1
describes the samples analyzed in this study that underwent each maturation run and the precise experimental
conditions of each run. Prior to turning on the heat, pressure was typically first raised to ~ 172 bar.

Run A was performed at ~ 130 °C. It involved relatively low pressure (~ 159 bar) for 22 h, followed by a short
period of high pressure (~ 248 bar) for 30 min. Both low- and high-pressure periods occurred during heating.

Run B was performed at ~ 135 °C for 22.7 h and then allowed to cool to room temperature. Air was kept at a
relatively high pressure (~ 241 bar) throughout heating and even after the heat was shut off, for a total of 24.25 h.

Run C occurred after the labs acquisition of a Supco SL500TC Thermocouple Temperature Data Logger,
allowing for more precise recording of temperature throughout the duration of the experiment. This run involved
two pulses of heating. The first heating was ~ 135-140 °C for 19.05 h, followed by a cool down to about ~ 30 °C,
then a second heating at a slightly higher temperature of ~ 145-150 °C. Air pressure was at~241 bar during the
first heating, followed by venting to ~ 172 bar before the second heating, and then brought back to~241 bar
during the second heating. Run C included two samples for each of the three resin types.

After maturation was performed, the equipment was allowed to cool down (if not already cool) to roughly
room temperature, before slowly depressurizing and retrieving the samples from the chamber.

Light microscopy & photography

The clay tablet containing the dry P. sylvestris resin from run A split unintentionally at some point before removal
from the chamber but was examined using digital light microscopy. The digital microscope was a Dino-Lite Edge
AM73915MZTL (10X~ 140X; 5.0MP; USB 3.0). The brittle nature of matured resin may make such damage
more difficult to avoid.

Additionally in Run A, some resin leaked during maturation that was found on the surface of another
compacted clay tablet. The fluid nature of uncured resin can lead to such difficulties. We think this most likely
derives from the same split tablet containing the Run A dry P. sylvestris resin (it is possible it comes from Run
A P. mugo resin instead), and this surface leakage was also studied with digital microscopy. The compacted clay
tablet bearing this surface leakage (i.e., tablet containing Run A sticky P. sylvestris resin) was not opened to
preserve the unique observations from the surface leakage atop of it.

Finally, the dry P. sylvestris resin from Run B was prepared by hand using a pin vise and imaged using digital
microscopy. Run A P. mugo resin was split open using a razor blade and photographed using an iPhone 14 given
its poor preservation. Beyond microscopy, this iPhone 14 camera was also used to obtain photographs, especially
prior to maturation.

ATR-FTIR spectroscopy

Owing to their more precise temperature logging, samples from Run C (P. mugo, dry P. sylvestris, and sticky P
sylvestris) were extensively examined via ATR-FTIR spectroscopy. Their spectra were compared to the figured
Run A dry P. sylvestris resin (excluding its possible leakage), Run A P. mugo resin, Run B dry P. sylvestris, fresh
Aleppo Pine resin from outside of the FSA (Sierra Vista, AZ, USA), and a previously published ATR-FTIR
spectrum from natural Eocene fossil Baltic amber MAI UG 508,762%. Note that the experimentally matured
resins were analyzed with ATR while compacted in clay sediment, which possibly added some noise to the
results due to heterogenous composition.

ATR-FTIR spectroscopy was performed at the Foundation for Scientific Advancement lab (Sierra Vista,
Arizona, USA) on a Nicolet 510P FTIR, with Thermo Scientific OMNIC spectra software. For each sample, we
used 50 scans at 16 cm™! resolution, 0.4178 cm/s velocity. All spectra were background subtracted at the same
exposure time as the samples. Finally, the spectral data files obtained were analyzed using Spectragryph v1.2.16.1
software for presentation here.
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Results

Light microscopy & photography

Resin that has been artificially matured through sediment-encased maturation are not only altered in their
appearance and physical properties, but they also gain many features typical of true amber and copal. The fresh,
modern pine resin starts off as opaque, pale/off-white, and soft/pliable. Sometimes fresh, modern pine resin is
even sticky, moist, and fragrant (excepting the dryer P. sylvestris resin) (Figs. 1, 2, 3). However, maturation alters
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Fig. 1. Run A results from dry P. sylvestris resin. (A) Resin before maturation, showing pale off-white
coloration and opacity. (B) Split tablet’s broken edge, showing darkening, translucence, and brittleness. (C)
Close up of bottom left region of (A) showing conchoidal fracturing (arrow). (D-G) Resin we suspect likely
leaked from this sample during maturation onto the surface of another, unopened tablet. Yellow, translucent,
birefringent surface leakage showing prominent luster in (D) parallel polarization and (E) cross polarization
settings of the microscope. Close up of the top left region of (D-E) showing circular flow lines and preference
in (F) parallel polarization and (G) cross polarization.
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Fig. 2. Run A results from the P. mugo resin. (A) Resin before maturation, showing light coloration and
opacity. (B) Part and counterpart after maturation, showing loss of mass/volume to produce a large cavity, as
well as poorer preservation than in Fig. 1.

these resins, as seen in this study (Figs. 1, 2, 3) as well as in the supplemental results of Saitta et al.>> (Fig. 4).
Novel features that are consistent with at least copal and especially amber or their formation include:

1) Darkened coloration, ranging from yellow to orange to brown (Figs. 1, 2, 3, 4)

2) Increased dryness/desiccation/dehydration (Figs. 1, 2, 3, 4)

3) Increased luster (Figs. 1, 3 and 4)

4) Increased translucence (Figs. 1, 3 and 4)

5) Increased brittleness and tendency to crumble/break (e.g., as seen in the unintentionally split tablet in
Fig. 1)

6) Possibly increased hardness compared to the pliable fresh resin, as qualitatively judged by contact with
handheld preparation tools (i.e., pin vise) (Figs. 1, 2, 3, 4); note that this change was not quantified on the
Mohs scale and so should be considered tentatively.

7) Appearance of conchoidal fracturing (Fig. 1)

8) Appearance of flow lines (Fig. 1)

9) Appearance of birefringence under cross polarization (Fig. 1)

10) Volume/mass loss and air pocket formation (Figs. 2, 3, 4)
11) Loss of volatile/labile components into the surrounding sediment matrix, as shown in Saitta et al.?® (Fig. 4).

The Run A P. mugo resin (Fig. 2) did not survive maturation nearly as well as the Run A dry P. sylvestris resin
(or even Run B dry P. sylvestris resin, see below) in terms of total recovered material. This shows that starting
composition of the resin can impact its preservation potential through maturation. In particular, the dry P
sylvestris resin survives quite well through maturation. Perhaps this is due to its desiccation/volatile loss while
on the bark of the tree prior to maturation, which would be consistent with the formation of copal prior to
significant polymerization/cross-linking, or this is due to differences in starting composition of the resin
between the species.

Despite using an earlier design for the sediment-encased maturation equipment than that used here, the
results from Saitta et al.?> are consistent with the new results. Those prior runs were at much higher temperature
and pressure than Runs A, B, or C. It is perhaps unsurprising that the preservation of this earlier sample is
similar to the Run A P. mugo resin, where it too is largely a void space left behind in the sediment, with preserved
hardened, darkened resin only at the edges of this cavity. See Fig. 4 for details of the precise maturation conditions
of the Saitta et al.>> Aleppo Pine resin sample.
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A

Fig. 3. Run B results from dry P. sylvestris resin. (A-B) Resin before maturation, showing light coloration
and opacity. Top (C) and side (D) view of hand-prepared tablet after maturation, showing darkened color and
translucence. (E) Close up of the side view in (D) showing surface texture. (F) Front view and close up (G)
showing large air pocket produced (arrow) and prominent luster.

ATR-FTIR spectroscopy

Although susceptible to difficult background correction (e.g., from possible air pockets and reduced contact
with the resin), the spectra are all generally consistent with spectra from fossil resins described above and often
bear the characteristic high-absorbance peaks, as seen in Fig. 5. Given the uncertainties often present in IR peak
assignment, we therefore attempted to analyze our spectra extremely conservatively.

The matured resins tend to show alterations from fresh resin as might expected from fossil resins. Namely,
we observed a decrease in the relative intensity of the C=O stretching peak around ~1700 cm™! that might
be possible evidence of increased maturation if these putative C=0O bonds represent exocyclic carbonyl and
carboxyl groups. Using the interpretations from prior studies, these bonds would derive from labdanoid
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Fig. 4. Previous experimental results from Saitta et al.?>, using older sediment-encased maturation equipment
than presented here (e.g., heat produced by placing pressurized chamber in a laboratory oven instead of by
alocalized, insulated heating coil around the pressurized chamber). Pine resin (scraped from living Aleppo
Pine at FSA) in calcium bentonite compacted at ~9.1 metric tons over a 126.7 mm? surface area. Maturation
was at~ 250 °C and ~ 230-300 bar (pressurized air) for ~ 23 h. Part (A-B) and counterpart (C-D) of the

tablet, showing darkly colored, translucent, hardened resin with a front of leaching labile material out into the
sediment matrix (arrows) (A, C) and air pockets within an overall largely voided space (B, D). Images modified
from supplemental material of Saitta et al.?>.

diterpene monomers whose concentrations are reduced through covalent incorporation into the macromolecular
structure’®®2, Modern pine resins from the genus Pinus have indeed been shown to contain various diterpenes
e.g.,’%7%, including labdanoid diterpenes and those with exocyclic C=0 bonds from carbonyl and carboxyl
groups e.g.,”4”77. Baltic amber forms in large part from the cross-linking of the labdanoid diterpenes communic
acid and communol, which bear exocyclic C=O bonding, and also contains elevated quantities of the non-
terpenoid dicarboxylic acid known as succinic acid that polymerizes to its macromolecular structure through
esterification®®’8, Bornyl acetate also bears a C=0 bond and is a primary odor-producing compound from
modern Pinaceae essential oils’®, meaning it is volatile and would likely be eliminated during maturation as well,
which could further reduce the relative intensity of the C=0 peak.

While this C=0 stretching peak is relatively the most intense in fresh resin, it is not the most intense in fossil
amber and in some of the matured resins here (Run B dry P. sylvestris resin, Run C sticky P. sylvestris resin, and
one of the two samples for Run C dry P. sylvestris resin). Even when this C=0 stretching peak has the highest
absorbance within the matured resins, it appears to be reduced in relative intensity compared to the that of fresh
resin (e.g., Run A P. mugo resin, one of the samples of Run C dry P. sylvestris resin, Run C P. mugo resin). Run A
dry P, sylvestris resin and Run A P. mugo resin also show a slightly higher peak wavenumber for these putative
C=0 stretches (ie., closer to 1700 cm™) compared to fresh resin, consistent with changes observed during
experimental maturation of copal®”¢2.

Given the noise in our spectra, the diminution of the major peak in fresh resin attributed to C=0 bonds could
be further impacted by a concurrent diminution of the relative intensity of the nearby peak from exocyclic C=C
bonds (~ 1642-1645 cm™) as saturation increases during maturation through polymerization/cross-linking*>.
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Fig. 5. ATR-FTIR spectra of fresh (A), fossil (B), and sediment-encased matured (C-H) resins. (A) Fresh
Aleppo Pine resin from outside of the FSA (Sierra Vista, AZ, USA). Two spectra were obtained from the same
sample. (B) Natural Eocene fossil Baltic amber MAI UG 508,762 (also ATR-FTIR and baseline corrected)
modified from Szwedo & Stroiniski*” (CC BY-NC-SA 4.0). (C) Run A dry P. sylvestris resin (excluding its
possible leakage). (D) Run A P. mugo resin. (E) Run B dry P. sylvestris resin. (F-H) Run C contained two
samples of each resin type (e.g., two separate pieces of P. mugo resin were compacted separately into two
separate clay tablets and then matured at the same time in the maturation chamber, alongside the other Run
C samples). (F) Run C dry P, sylvestris resin. (G) Run C sticky P. sylvestris resin. (H) Run C P. mugo resin. Red
dots indicate ~ 1700 cm™! C=0 stretching peaks that are not the most intense peak relative to their spectrum,
as expected as resins mature. Purple dots indicate ~ 1605 cm™! peaks that might derive from aromatic C=C
stretching, as possibly expected during resin maturation. Negative absorbance values (grey) in (A) and
especially (H) indicate difficulties in background correction (e.g., air pockets and reduced contact with resin)
and/or suboptimal measurement parameters in OMNIC software; still, many characteristic peaks can be
inferred in these spectra.

Some of the matured resins might also show signs of aromatization through peaks at~ 1605 cm™ (i.e., possible
aromatic C=C stretching?’), but these peaks are small.

Discussion

Comparing artificially matured resins to copal and amber

Sediment-encased maturation has previously been shown to reasonably simulate the diagenesis of carbonaceous

compression fossils at both the macroscopic and microscopic level®®. At the chemical level, sediment-encased

maturation has even been shown to simulate key diagenetic pathways (e.g., in keratin and melanin diagenesis?®).
Here, the multiple shared optical/material and chemical properties between our experimental resins and

natural copal/amber further support this methodology’s utility to the study fossilization. The following lists the

Scientific Reports |

(2025) 15:7627 | https://doi.org/10.1038/s41598-025-89448-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

observations of our experimentally matured resin and references descriptions of the same features in natural copal
and, especially, amber: darkening to a yellow, orange, or brown color®®8!; desiccation®*#%; increased luster®*83;
translucence®; brittleness®*3; hardening®; conchoidal fracturing®$35-8; flow lines®*®; birefringence®!; air
pockets®>~%; and volatile/labile compound loss>>3%9657,

Our results therefore suggest that sediment-encased maturation can indeed simulate key pathways for the
formation of copal and amber in terms of the loss of moisture, volatile, or labile components into the adjacent
sediment. The loss of more volatile terpenoids and, under typical processes of amber formation, possibly the
polymerization/cross-linking of remaining terpenoids is further supported by a decrease in the relative intensity
of the dominant IR peak in fresh resin after maturation, as is seen in fossil resins®’*. This peaks possibly
corresponds to C=0 bonds that, under the standard amber formation model, could derive from reduction of
diterpene monomers into the macromolecular structure (and possibly also influenced by a concurrent loss of
exocyclic C=C bonds during saturation)®?. If our samples are more copal-like than amber-like in their maturity,
then their spectra may instead reflect elimination of volatile components more than polymerization/cross-
linking. Some of the artificially matured resins may show evidence of aromatization (i.e., formation of cyclically
conjugated rings)*’, but these peaks are small if they are indeed present.

The problem of class V ambers

There is a major consideration to be made for these particular experimental samples as they relate to their
source species. As North American researchers, we collected Pinus resin due to its regional accessibility. While
Baltic amber was once thought to be produced by Pinaceae pines, this has been questioned*°. Baltic amber
is categorized as a Class 1a amber, the most common type in the fossil record’®. This amber forms from the
polymerization/cross-linking of the labdanoid bicyclic diterpenes communic acid and communol and also
contains high amounts of the non-terpenoid dicarboxylic acid known as succinic acid, such that the amber is
often called ‘succinite’®.

In contrast, pine resins are said to produce Class V ambers which contain carboxylic acid-bearing tricyclic
abietane/pimarane/isopimarane diterpenoids®**® and n-alkyls. Class V ambers are not considered to undergo
significant polymerization/cross-linking to produce a macromolecule®, as seen in the partly mineralized Eocene
copal from the London Clay Formation known as ‘copalite’®’. As such, Class V resin is thought to be very rare in
the fossil record®*!%!. There are several possible conclusions one could draw from our experiments considering
this:

1) Our experiments are producing substances not found in, or at least not currently known from, nature.

a. Compounds in modern Pinus that often do not polymerize/cross-link in natural depositional settings
might be unnaturally induced to polymerize in our experiments, yielding products more akin to other
classes of amber. For example, normally non-polymerizable abietic acid can be undergo polymerization
reactions after modification, such as dimerization'9%!%%,

b. Similarly, but more naturalistically, it could also be the case that Class V ‘copalites’ might be able to un-
dergo some degree of polymerization/cross-linking if they experience sufficiently high diagenetic and
thermal alteration. Our experiments here might thereby be simulating Class V substances of greater
thermal maturity than have been currently discovered.

2) Pinus resin might actually contain diterpenoids or other compounds capable of polymerization/cross-link-
ing, but the presence or concentrations of these compounds might vary taxonomically, evolutionarily, sea-
sonally, geographically, or nutritionally (e.g., geographic and seasonal variation of terpenes, resin acids, suc-
cinic acid, and phenolics in Pinus sylvestris litterfall or oleoresin!®*-1% nutritional variation of Pinus nigra
terpenes and phenolics'”’). Neutral oxygen-containing diterpenoid fractions of oleoresins can greatly differ
in composition between even closely related Pinus species'®. Pinus koraiensis and Pinus sibirica were found
to not only contain different lipophilic metabolite compositions (including labdane-type diterpenoids) from
each other, but also between the needles and twigs of the same plant!%. Resin composition as measured by
ATR-FTIR, even in a single species, can vary based on the habitat and conditions (e.g., type of resin exuda-
tion stimuli or wild vs. arboretum trees)®”¢. All of this variability could mean that the modern Pinus sam-
pled here happen to be more amendable to polymerization/cross-linking than those suggested to produce
Class V ambers in the fossil record.

While abietane-type diterpenoids of pines are often considered non-polymerizable, recent research using
FTIR and pyrolysis gas chromatography-mass spectrometry has suggested that such compounds are not
just occluded in amber macromolecular structure, but some can indeed be bound to the structural macro-
molecule!!’. Furthermore, some Pinus trees have been reported to produce labdane-type diterpenes (e.g., ‘P
eldarica’”, P. nigra”, P. resinosa''l, P. elliottii’*, P. monticola''?, P. massoniana''3, P. strobus’®, P. ponderosa''4,
P. pumila''®, P. koraiensis, P. sibirica'®, P armandii, P. kwangtungensis''®, P. pinea''?). In P. massoniana, not
only have diterpenoid biosynthesis genes been identified, but there was observed a strong positive corre-
lation between their expression and overall oleoresin yield'!®. Labdane-type diterpenoids are considered
more polymerizable than abietane-type diterpenoids. Even the polymerizable labdane-type diterpenoid
communic acid, a major monomer of Baltic amber, has been detected in several Pinus species!''’, such as
trans-communic acid in P. thunbergii'®®, P. luchuensis, and P. densiflora'*'. Trans-communic acid has been
shown experimentally to undergo initial polymerization around 135-170 °C when examined with IR spec-
troscopym, consistent with our experimental temperatures here.
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Specific to our experimental resin sources, Pinus mugo has been shown to produce a labdane-type diterpe-
noid, which can even be esterified with succinic acid'?>!?%, reminiscent of Baltic amber. Pinus sylvestris has
been shown to contain labdane-type diterpenoids in its needles and essential oils”>!123125,

Although these various compounds with elevated polymerization potential have been detected in different
Pinus species, they are not always equally expressed throughout the plant!®. For example, Wolfe et al.%
detected succinic acid and its esterified derivatives in the needles of Pinus ponderosa, but not its resin. In
Pinus thunbergii, the labdane-type diterpenoid trans-communic acid was found to be more enriched in the
needles than in the twigs and outer bark!?’. Still, the metabolic ability for Pinus to produce these compounds
is nevertheless notable, and diterpenes would be expected to derive from the oleoresin throughout the pine.
Under this explanation, Pinus resin might not be limited to producing Class V ambers sensu stricto as of-
ten thought. Bicyclic labdane-type diterpenoids, including communic acid, manool, and imbricatolic acid
have been suggested to be present in all families of conifers'?. Likewise, it is important to remember that
although tricyclic abietane-type diterpenoids are the predominant component of Pinus resin!?%, other coni-
fer taxa in Podocarpaceae, Pinaceae, Phyllocladaceae, Cupressaceae, and Araucariaceae, some of which are
amber-producing, also possess such non-polymerizing abietane-type diterpenoids'?’. Even Class 1a ambers,
such as ‘succinite’ (e.g., Baltic amber) and ‘glessite), have been reported to contain some tricyclic diterpe-
noids'®. In this sense, it is not so much that Pinus cannot produce polymerized amber, but that they may not
be as prone to as other taxa that are relatively more enriched in labdane-type diterpenoids.

3) Our current experimental results might be more akin to copal than to amber, whereby polymerization/
cross-linking is limited and most of the observed changes were induced through desiccation and the loss of
volatile/labile compounds. In this case, our experimental products might be more akin to Class V ‘copalites,
such as ‘Highgate copalite’

We consider explanations (2) or (3) to be more likely, and we remain agnostic until further experiments and
analyses are performed. Future work should also experiment on resins more amenable to polymerization/cross-
linking from Cupressaceae and Araucariaceae.

Broader potential of sediment-encased maturation: plant fossil biomolecules

The ability to naturalistically simulate the formation of copal and amber would assist not just the study of ancient
resin formation, but also the study of the diagenesis and preservation of their inclusions. Sediment-encased
maturation has already shown success at reasonably simulating the diagenesis of carbonaceous compression
fossils2®, including leaves and other carbohydrate-based tissues (Fig. 6), such as insect cuticles?®, down to the
molecular level. Now with the potential to simulate copal/amber formation, diverse taphonomic hypotheses,
especially those relating to plant biomolecules, can now be more fully tested in an experimental framework.

Plant molecular fossils have become an important data source (e.g., chlorophyl and its derivatives!?8, wax
alkanes'?’, lignin'3°), but many additional molecules exist that might provide unique paleobiological insights,
such as ecological interactions. While much work has focused on structural biopolymers, pigments, and resins
(i.e., the major constituents of plant tissues), many unique compounds found in lower concentrations may have
reasonably high predicted thermodynamic stability through the heat and pressure of diagenesis compared to the
proteinaceous components of vertebrate tissues. These compounds could include secondary metabolites relating
to herbivory attraction or deterrence!®!, which in turn have been utilized for societal purposes of drugs and
food seasonings!'?2. Although herbivorous insects can be found trapped in fossil amber!?, the rarity of amber-
producing fossil beds often limits destructive analyses due to curatorial considerations. Thus, experimental
approaches that ‘ground truth’ taphonomic hypotheses on more expendable samples become elevated in
importance.

In addition to experimental simulation of carbonaceous compression fossils*>*, sediment-encased maturation
could make it possible to study biomolecular degradation of inclusions within ‘synthetic copal/amber’ and then
use that insight to guide destructive sampling of fossil inclusions (e.g., insects consuming plant metabolites) in
amber. The following questions can be experimentally verified prior to destructively sampling rare fossils: What
plant biomolecules are thermally stable and therefore more likely to survive diagenesis? Can these thermally
stable biomolecules be detected in experimentally matured plant residues at sufficient concentration, or might
they escape into sediment pores and be lost into the surrounding environment due to their volatility? Can those
stable biomolecules be detected in other organisms that consume those plants after the consumers themselves
have undergone diagenesis? What analytical methods are most efficient at detecting those biomolecules in plant
and insect fossils, whether they be carbonaceous compression fossils or 3D fossil resin inclusions?

For example, modern plants and insects with fossil relatives could undergo decay and maturation
experiments, followed by gas or liquid chromatography-mass spectrometry (i.e., long-established methods
to study fossil biomolecules) to determine which secondary metabolites might be able to preserve in fossils
and under which taphonomic conditions. Such experiments reveal the likely chemical reactions that modern
biomolecules undergo to converge upon the often-altered forms we detect as fossil biomolecules. Past ecological
interactions might even be chemically detected in fossil plants and their fossil herbivorous consumers, if specific
biomolecules can be detected in both.

Many organic plant fossils with interesting modern relatives have been and could be further analyzed with
mass spectrometry to hunt for peculiar fossilized secondary metabolites with preservation potential (Fig. 6) or
their diagenetic products (e.g., hydrocarbon skeletons, ideally still diagnostic to the parent molecule). Candidate
fossil biomolecules could even comprise terpenoid-related (like in copal/amber) and other molecules with
low aqueous solubility, limiting their potential loss into sediment pore waters. Though, the volatility of some
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Fig. 6. Formulating intriguing hypotheses for candidate plant secondary metabolites to search for in the fossil
record. Their diagenesis could be studied experimentally using sediment-encased maturation. In addition to
resin maturation here, our method has already shown success at simulating carbonaceous compression fossils
- whereby carbohydrate-based (A) plant tissues such as leaves (i.e., cellulose) and (B) arthropod cuticles (i.e.,
chitin) survive well through experimental maturation as compressed, darkened, organic residues (modified
from Saitta et al.?®), as they do through natural diagenesis. (C) Candidate fossil biomolecules with predicted
high diagenetic thermodynamic stability: Humulus humulone, Cinnamomum *cinnamaldehyde, Cannabis
THC and CBD, Lamiaceae (e.g., Mentha) *pulegone and *menthol, Zingiberaceae gingerol, zingerone, and
shogaol, and Platanaceae scopoletin. *However, structures with the highest predicted volatility may be less
likely to preserve well in fossils, unless contained by or incorporated into their surrounding matrix. All
chemical structures are from public domain Wikimedia Commons.

HO
0

compounds (e.g., odor/flavor compounds) might require sufficient retention from or direct incorporation into
(i.e., bonding) the structural biopolymer components of plant fossils (e.g., lignin, cellulose) or the supramolecular
structure of ancient resins. Some candidate taxa for fossil biomolecules that could first be studied using
taphonomic experiments might include the following (especially if the compound is thermodynamically stable
but potentially volatile, unless trapped within a matrix or capable of polymerizing/cross-linking with other
molecules):
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1) Eocene Humulus fossils'3*

flavor in beer)!?®

2) Rare Cenozoic Cannabis fossils'*® whose modern forms produce cannabinoids that are biosynthesized from
terpenes'?’, such as the medicinal cannabidiol (CBD)!*® and the psychoactive, aromatic tetrahydrocannabi-
nol (THC)!*

3) Cretaceous Cinnamomum fossils
that possesses a stable aromatic ring
retention in fossils

4) Pliocene fossil Mentha from the mint family (Lamiaceae)'*?> whose modern forms produce the monoterpene
pulegone (i.e., peppermint odor) as well as mintlactone (i.e., minty odor) and the simple monoterpenoid
menthol'*, although the volatility of these molecules might limit their retention in fossils

5) Fossil Zingiberaceae (ginger family) as old as the Late Cretaceous'** whose modern forms produce the phe-
nolic gingerol (i.e., ginger flavor), which possesses a stable aromatic ring and can be altered through heat or
desiccation into the related compounds, zingerone (a compound similar to vanillin) and shogaol'*> - thus
representing possible diagenetic products of gingerol that might also be produced in experimental matura-
tion

6) Eocene fossil Platanaceae (sycamore family)'*¢ whose modern forms produce the antimicrobial/antiparasit-
ic coumarin scopoletin'¥’, which contains a stable aromatic ring.

whose modern forms produce the isoprenoid-bearing humulone (i.e., bitter hops

136

140 whose modern forms produce cinnamaldehyde (i.e., cinnamon flavor)

141 although the volatility of this molecule might pose a challenge for

Even in cases where a specific molecule that imparts a particular function or flavor is not unique to a plant taxon,
interesting organic compositional profiles might still be detected in fossils. For example, cacoa is predicted
through molecular phylogenies to have diverged about 10 Ma!“3. Chocolate flavor that humans sense ultimately
comes from a suite of compounds, some of which are volatile, rather than a specific molecule'*’. Based on their
predicted thermodynamic stability alone, many of these compounds might have some preservation potential
(e.g., aromatic polyphenols, volatile heterocyclic aromatic pyrazines'>’). Could the more stable components of
an organically preserved fossil Theobroma tree (e.g., structural biopolymers such as lignin, carbohydrates such
as cellulose, kerogens derived from in situ polymerization of aliphatic lipids such as leaf waxes, or ancient resins)
trap or even directly incorporate (i.e., bond to) the more volatile compounds? If so, then a suite of compounds
involved in chocolate flavor might be detected when compared to taphonomic experiments and analyzed
alongside appropriate controls (e.g., surrounding sediment, other plant fossils from the same formation, modern
relatives of those plant taxa).

Again, these are hypotheses that should now be easier to test, given the broad utility of sediment-encased
maturation at simulating disparate modes of plant tissue fossilization (i.e., carbonaceous compression fossils and
ancient resins). Experimental taphonomy opens the door for paleontology to become a more predictive science
than it has historically been, whereby experiments guide the hunt for previously undetected fossil biomolecules
that would inform upon paleo-physiology and paleo-ecology.

Conclusion

Sediment-encased maturation was previously shown to reasonably approximate key aspects of the diagenesis of
carbonaceous compression fossils from the macroscopic to the chemical level>>2°. Here we show that sediment-
encased maturation can also alter modern resins into substances that resemble natural copal and amber across
a variety of material and optical properties, as well as chemical composition. Our results suggest that volatile/
labile compound loss into the sediment matrix occurred in our matured resins, as in sub-fossil copal. It is also
possible that polymerization/cross-linking and some aromatization occurred in our matured resins, as in fossil
amber. These results represent a proof-of-concept for the use of sediment-encased maturation to study not just
the formation of fossil resins, but eventually the diagenesis of copal and amber inclusions. Future work should
refine the precise temperature and pressure regimes, as well as the source species (e.g., resins from Cupressaceae
and Araucariaceae more amenable to polymerization/cross-linking), needed to more closely approximate fossil
resins.

The availability of such an experimental approach to study the diagenesis of diverse plant tissues, whether
carbonaceous compression fossils or fossil resins, would hone our search for fossil biomolecules. The future
discovery of fossil plant secondary metabolites (whose volatility might be counteracted by retention from organic
matrices, such as lignin or resins), guided by sediment-encased maturation of plant structural tissues, resins, and
insects, could provide novel insights into paleobiology (e.g., plant and herbivore ecological interactions).

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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