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Fossil resin (amber) has been recently reported as common, but small, sedimentary components throughout the
lower Upper Cretaceous (Cenomanian; 99–94 Ma) strata of the Tupuangi Formation, Chatham Islands, eastern
Zealandia. From these deposits, resin has also been identified and obtained from well-preserved, coalified spec-
imens of the conifer fossil Protodammara reimatamorioriMays and Cantrill, 2018. Here, we employed attenuated
total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) to both dispersed and in situ amber speci-
mens. These resulted in very similar chemical signatures, indicating that these fossils are likely from the same or
closely-related botanical sources. The FTIR data are typical of a conifer source within the ‘cupressaceous resins’
category of Tappert et al. (2011). Carbon-13 nuclear magnetic resonance spectroscopy (13C NMR) facilitated
the probable identification of these ambers as ‘Class Ib' (sensu Anderson et al. 1992). Based on these spectral
data sets, the likely botanical sources of the amber were either Araucariaceae or Cupressaceae; both of these co-
nifer families were common and widespread in the Southern Hemisphere during the Cretaceous. However, the
morphology and anatomy of P. reimatamoriori support an affinity to the latter family, thus indicating that the Cre-
taceous amber of the Chatham Islands was generally produced by members of the Cupressaceae. Comparing the
FTIR data to the published spectra ofmodern resins,we also identify a band ratiowhichmay aid in distinguishing
between the FTIR spectra of Araucariaceae and Cupressaceae, and outline the limitations to this approach. A high
concentration of ester bonds in Chatham amber specimens, which exceeds typical Cupressaceae resins, is prob-
ably caused by taphonomic alteration via thermal maturation. The source of thermal alteration was likely pre-
burialwildfires, conditions forwhich P. reimatamorioriwas adapted to as part of its life cycle. A comparison of am-
bers of the Chatham Islands with modern resins and amber from various localities in Australasia reveals that,
taphonomic influences aside, Chatham amber has a unique signature, suggesting that members of the basal
Cupressaceae (e.g., Protodammara) were not major contributors to other documented Australasian amber de-
posits. The closest analogy to Chatham amber deposits appears to be the Upper Cretaceous Raritan Formation,
USA, which is characterised by its rich amber, charcoal and Cupressaceae fossil assemblages. This study further
supports the hypotheses that the early Late Cretaceous south polar forests were dominated by Cupressaceae,
and regularly disturbed by wildfires.
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1. Introduction

At the start of the Late Cretaceous (Cenomanian–Turonian;
100–89Ma), the world was experiencing intense and prolonged green-
house conditions. Elevated atmospheric CO2 (Bice et al., 2006; Barclay
et al., 2010; Mays et al., 2015a) led to some of the warmest tempera-
tures in recorded Earth history (Friedrich et al., 2012). These climatic
conditions promoted the proliferation of dense vegetation within the
gy, Naturhistoriska riksmuseet,
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polar circles of both the Northern (e.g., Herman and Spicer, 2010) and
Southern (e.g., Mays et al., 2015b) hemispheres. Cretaceous warming
was attended by the diversification and biogeographic spread of angio-
sperms towards the south polar regions (Drinnan and Crane, 1990;
Cantrill and Poole, 2002). A unique example of the Cretaceous floras of
the south polar regions are preserved in sedimentary sequences of the
Chatham Islands, Zealandia. These sequences also contain abundant fos-
sil resins (amber), which occur dispersed within the sediments and in
situ with coalified and charcoalified plant fossils remains (Mays et al.,
2017b). These fossils, Protodammara reimatamoriori Mays and Cantrill,
2018, are cone scales (‘ovuliferous complexes’ herein, sensu Escapa
et al., 2016) commonly found amongst the Cenomanian (99–94 Ma)
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strata of the Chatham Islands, and exhibit a range of morphological and
anatomical features indicative of the conifer family Cupressaceae. Fur-
thermore, P. reimatamoriori specimens typically have copious in situ fos-
sil resin (‘amber’ up to ca 42% of the total fossil volume; Mays and
Cantrill, 2018), and their tendency to co-occur with dispersed fossil
resin pieces suggests that these plants were primary contributors of
the Chatham Islands Cretaceous amber deposits. Analogous to several
modern fire-adapted taxa of pine (Pinaceae; e.g., Pinus banksiana
Lamb.) and cypress (Cupressaceae; e.g.,Widdringtonia Endl.), the adhe-
sive property of resin in P. reimatamorioriwould have played a key role
in long-term seed retention (serotiny) by holding themature seed cone
closed (Mays et al., 2017b). As is common in extant serotinous plants,
these adhesive bonds would break-down during a fire, facilitating
seed dispersal in the post-fire environment (Lamont et al., 1991). The
co-occurrence of high fossil resin and charcoal abundances has been
noted amongst the mid-Cretaceous amber deposits of eastern USA;
these resins have been inferred to be traumatically induced by wildfires
(Jeffrey and Chrysler, 1906; Grimaldi et al., 2000). Protodammara
reimatamoriori provides clues of a reproductive function of the Chatham
Islands fossil resins, and as discussed herein, at least some of the mid-
Cretaceous ambers of eastern USA.

1.1. Mid-Cretaceous geology and palaeontology of the Chatham Islands

The Chatham Islands (Moriori: Rēkohu) are an archipelago in the
south Pacific Ocean (44°S 02′S, 176° 26′W), and situated near the east-
ern margin of Zealandia, a mostly submerged subcontinent which also
includes New Zealand, Lord Howe Island, New Caledonia and Campbell
Island (Fig. 1). During the early Late Cretaceous, this region was still in-
tegrated into the supercontinent Gondwana, and situated within the
south polar circle (75–80°S; Markwick et al., 2000). Eastern Zealandia
was undergoing an interval of extensional tectonics prior to seafloor
spreading between Zealandia and Australo-Antarctica (Sutherland,
1999; Schellart et al., 2006). The Chatham Islands region was largely
emergent, with paralic, fluviodeltaic depositional conditions
(Campbell et al., 1993). These palaeoenvironments are reflected in the
ca 400 m thick outcrop successions of the Tupuangi Formation
(Campbell et al., 1993; Mays and Stilwell, 2013). Amongst published
Fig. 1. (A)Map ofmodern central and eastern Zealandia, bold black outline=modern coastline
(C) Geological map of Waihere Bay outcrop successions, northwest Pitt Island. Modified from M
records, this unit has only been definitively recorded in outcrops of
Pitt Island (Moriori: Rangihaute) of the Chatham Islands (Wood et al.,
1989).

The plant fossils of the Tupuangi Formation include abundant gym-
nosperm leaves, seeds, seed cones and pollen (Pole and Philippe,
2010; Mays, 2015; Mays et al., 2015a, 2017c), diverse angiosperm pol-
len (Mays, 2015) and leaves (C.M., pers. obs.), and a low diversity
understorey of ferns, lycophytes and bryophytes (Mays et al., 2015b).
Whilst pollen representatives of the three ‘southern conifer' families
(Araucariaceae, Podocarpaceae and Cupressaceae) are very common,
these strata have a remarkably high abundance of Cupressaceae pollen
(Mays, 2015), aswell as fertile organs (Mays et al., 2017b,c), when com-
pared to other Cretaceous Gondwanan localities. This suggests that the
early Late Cretaceous flora of the south polar region was dominated
by members of this family. Macrofloral fossils typically have a coalified
preservation style, and three-dimensional fossils show some distortion
due to compaction (Mays et al., 2017a). Of the 21 macerated sediment
samples examined from the Cenomanian section of the Tupuangi For-
mation, fossil resin specimens were recovered from all but one (Mays
et al., 2017b); these are dispersed, small (typically b1 cm in length),
and generally tubular (Fig. 2C). These tubular resin specimens are of
similar sizes and shapes of the resin canals of the common
cupressaceous conifer fossil P. reimatamoriori (Mays and Cantrill,
2018; Fig. 2A, C–F). Whilst widely dispersed throughout the studied
succession, the fossil resins typically occur in small quantities; however,
in some samples, the total mass of the resin can be almost as great as
other maceral components such as charcoalified or coalified wood re-
mains (Mays et al., 2017b, table DR1 therein). Based on the
palynostratigraphy (Mildenhall, 1994; Mays and Stilwell, 2013), all
strata identified with resin correlate to the Ngaterian–Arowhanan
New Zealand chronostratigraphic stages (mid- to upper Cenomanian;
ca 99–94 Ma, Raine et al., 2015).

1.2. Chemotaxonomy of resins and amber

Amber is developed through the gradual polymerisation and
fossilisation of certain plant resins over geological time. This process re-
sults in a macromolecular, highly cross-linked polymer encompassing a
, fine grey outline= 2000m isobath. (B) Map of Chatham Islands, grey areas= emergent.
ays et al. (2015b) with permission.
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Fig. 2. (A) Protodammara reimatamoriori, desiccated coalified fossil with in situ resin analysed in this study (arrows), scale = 2 mm, PL1228 (paratype). (B) Fragments of fossil resin
(amber) extracted from PL1228, scale = 1 mm. (C) Tubular amber pieces from sieved bulk sediment sample, scale = 1 mm, B1471. (D, E) Artist reconstructions of P. reimatamoriori,
internal resin canals in yellow, post-fire condition with scorched distal surface and diffuse opaque resin on and near distal margins, resin paths inferred from neutron tomography
(Mays and Cantrill, 2018), artist: Pollyanna von Knorring; (D) adaxial surface view with adaxial resin canals; (E) abaxial surface view with abaxial resin canals. (F) Reconstruction of
numerous specimens of P. reimatamoriori attached to cone or in the process of post-fire shedding, artist: Pollyanna von Knorring.
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heterogenous mix of occluded, non-polymerised compounds
(Langenheim, 2003). The exact chemical composition of both the mac-
romolecular phase and occluded compounds may vary significantly be-
tween samples, dependent largely on the specific plant taxon from
which the original resin was derived. This variability provides a reason-
able method for determining botanical provenance, as long as the
chemical structure can be sufficiently characterised (e.g., Langenheim
and Beck, 1965). Initial studies investigating amber structural chemistry
using pyrolysis-gas chromatography–mass spectrometry (Py-GC–MS;
Anderson and Winans, 1991; Anderson et al., 1992) categorised five
classes of amber based on molecular differences within the macromo-
lecular structure (‘classes I–V'). In parallel to this approach, analysis by
solid-state carbon nuclear magnetic resonance (13C NMR; Lambert
et al., 1985, 1988, 1990, 1993, 2008; Lambert and Poinar, 2002) identi-
fied four world-wide groupings of amber (‘groups A–D’) by phenome-
nological distinctions between 13C NMR spectra. These assignments
were later found to correspond to subdivisions of Class I and II amber,
as identified by Py-GC–MS (Lambert et al., 2008). Of the two classes,
Class I ambers, composed of polymers of labdanoid diterpenes, are the
most widespread, having been associated with resiniferous
gymnosperms and select angiosperm families. Class I ambers can be fur-
ther divided into four subclasses based on stereochemical and composi-
tional differences (Anderson et al., 1992; Poulin and Helwig, 2012).
Class Ia ambers (corresponding to Group C), also known as ‘Baltic
amber’ due to their abundance across northern Europe, are defined by
the presence of succinic acid within the macromolecular structure.
The botanical provenance of these ambers ultimately remains un-
known, although various members of Araucariaceae and Pinaceae
have long been proposed (see review by Langenheim, 2003). However,
a combination of FTIR and time of flight-secondary ion mass spectrom-
etry have recently revealed Pinaceae and Sciadopityaceae as the most
likely candidate groups (e.g., Wolfe et al., 2009, Wolfe et al., 2016).
Class Ib ambers (Group A) lack succinic acid but remain otherwise
chemically equivalent to Class Ia (Lambert et al., 2008). Class Ib or
Group A ambers are widespread, having been identified in both North-
ern and Southern hemispheres, including Australia, Zealandia, North
America, Greenland, Europe and Asia (e.g., Lambert et al., 1988, 1990,
1993; Coward et al., 2018), and recent preliminary evidence in sub-
Saharan Africa (Perrichot et al., 2016). Class Ib ambers have been linked
to both araucarian and cupressaceous sources (e.g., Lambert et al., 1993;
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Anderson, 2006), most notably the araucarian genus Agathis (Lyons
et al., 2009). Class Ic ambers (corresponding to Group D) are stereoiso-
mers of Class Ib, and likewise do not possess succinic acid. They have
been identified in South America, Africa and the Caribbean where they
have been strongly associated with the Fabaceae genus Hymenaea
(Anderson, 1995). A recently established subclass of amber, Class Id, is
structurally comparable to Class Ia, but with ozol moieties cross-linked
with succinic acid, rather than communol found in Class Ia (Poulin
and Helwig, 2012, 2014). More recently, analyses employing Fourier
transform infrared spectroscopy (FTIR; Tappert et al., 2011), carbon
(13C) NMR (Lambert et al., 2010, 2012) and proton (1H) NMR
(Lambert et al., 2007, 2012) have enabled further subdivisions of
amber and resin classes, providing the ability to successfully distinguish
betweenmodern araucarian, cupressaceous and pinaceous resins. How-
ever, the application of these procedures to in situ ambers remains
largely untested. These amber classes and their correlative NMR groups
and probable botanical sources are summarised in Table 1.

Several previous studies have examined the chemical signatures of
resin found within the resin canals of modern and fossilised fertile
plant organs, e.g., seed cones and/or ovuliferous complexes
(Anderson and Lepage, 1995; Grimaldi et al., 2000; Otto et al.,
2002a,b, 2003, 2007). These studies have demonstrated the utility of
targeting fertile fossils for constraining amber chemotaxonomic inter-
pretations because they are dense in distinctive characters, facilitating
accurate identification and phylogenetic placement. By establishing
these affinities, the same chemical analyses can be applied to dis-
persed fossil resins and identify their botanical sources with confi-
dence. Here, we apply this rationale by using 13C NMR and ATR-FTIR
on in situ resins from P. reimatamoriori, a species of ovuliferous com-
plex common amongst the Cenomanian strata of the Chatham Islands.
By characterising the chemical signatures of these specimens, we aim
to: (1) test whether the dispersed resins and P. reimatamoriori had
comparable botanical sources; and (2) further delineate the chemo-
taxonomic variability of Cupressaceae by fingerprinting an extinct
stem group of this family.

2. Materials and methods

All samples were collected from outcrops of the Tupuangi Forma-
tion, Pitt Island, Chatham Islands, New Zealand. Fossil material was col-
lected by C.M., D.J. Cantrill, P. Viegas, and T. Ziegler during January–
February, 2016. Fossil resin has been reported from 20 horizons of this
unit (Mays et al., 2017b) from both Waihere Bay and Tupuangi Beach
Table 1
Probable botanical sources, principle monomers and corresponding solid-state 13C NMR group

Amber classes and their correlative13C NMR groups and botanical sources

Amber
class1

Subclass1 Solid-state13C
NMR group

Predominant monomers

Class I Ia Group C Regular labdanoids, including communic acid, com
biformene, with crosslinked succinic acid.

Ib Group A Regular labdanoids including communic acid, com
with self-crosslinking between moieties.

Ic Group D Enantio labdanoids, including ozic acid, ozol and e

Id4 Unknown Enantio labdanoids, including ozic acid, ozol and e
cross-linked with succinic acid5

Class II Group B Polymers of sesquiterpenoids based on the cadina
Class III Group E7 Natural polystyrene
Class IV Unknown Non-polymeric sesquiterpenoids based on the ced
Class V8 Unknown Non-polymeric abietane and pimarane diterpenoid

structures

Note: the list of botanical sources includes the plant groups that have demonstrated an associa
1= Anderson et al., 1992; 2= Anderson and Lepage, 1995; 3 = Anderson, 1995; 4 = Poulin a
et al., 2015; 8 = Anderson and Botto, 1993; 9 = Beck, 1999.
(northwestern and northeastern Pitt Island, respectively). The fossil
resins were found amongst poorly to moderately consolidated, well-
sorted, grey–light brown, siltstone to medium sandstone facies. The
samples analysed in this study were from the Ngaterian (mid-
Cenomanian) localities CH/f0799 (co-ordinates: 44° 15′ 53.2″S; 176°
14′ 17.1″W) and CH/f0811 (co-ordinates: 44° 15′ 53.2″S; 176° 14′
17.5″W; Fig. 1). These correspond to the stratigraphic heights of 147
and 142 m of the stratigraphic section exposed at Waihere Bay, respec-
tively (Mays and Stilwell, 2013, Fig. 4 therein). Plant fossil samples (pre-
fix ‘PL’) and bulk sediment samples (prefix ‘B’) have been assigned
unique sample registration numbers. Individual specimens recovered
from the same bulk sample were given letter specimen codes. Fossil
and sediment samples are curated at GNS Science, Lower Hutt, New
Zealand.

Compression fossil photographs were taken using a Canon EOS
700D digital SLR camera fitted with an EF 50 mm 1:2.5 macro lens
(Fig. 2A); resin fossil photographs were taken using a Leica M205 C
stereo microscope equipped with a Leica DFC290 HD digital camera
(Fig. 2B, C). All photographs are composite images, consisting of mul-
tiple photographs taken at different focal depths, which were then
digitally processed to increase the depth of field; this was performed
with the ‘Auto-Blend Layers’ function in Adobe Photoshop CS6. Dis-
persed resin specimens were collected by soaking 1252 g of sedimen-
tary rock from the target horizon at CH/f0799 in 1% HCl (diluted with
deionised water) for ca 14 days, and gently sieving at 0.5 mm with
running water. This sample was selected because it contained the
highest abundance of dispersed resin; other samples failed to reach
the minimum mass of clean, uncontaminated resin required for both
valid 13C NMR and ATR-FTIR spectra. Macerated sediments were
sorted with a Leica M60 reflected light stereomicroscope, and dried
in an oven at 60 °C for 24 h before weighing.

ATR-FTIR spectra were collected at Monash University's School of
Chemistry byA.C. using anAgilent Technologies Cary 630 FTIRwith a di-
amond ATR accessory. Prior to sample acquisition, the accessory was
cleaned with acetone, after which an open-air background spectrum
was obtained. For the analysis, approximately 5–10 mg of tubular in
situ amber was extracted from the resin canals of the coalified and des-
iccated remains of one of the P. reimatamoriori Mays and Cantrill 2018
paratype specimens (PL1228A; Fig. 2A; the impression fossil of this
specimen was illustrated by Mays et al., 2017b, Fig. 2B). The resin was
cleared of all potential inclusions, contamination and surface alter-
ations, then crushed and placed on the accessory. The absorbance spec-
trum was obtained across the range of 4000–650 cm−1, with 64 scans
s of amber classes.

Closest botanical affinity

munal and/or Pinopsida: Pinaceae (Pseudolarix2)

munal and/or biformene Pinopsida: Pinaceae (Pseudolarix2), Cupressaceae
(Metasequoia2), Araucariaceae (Agathis2)

nantio biformenes. Pinopsida: Pinaceae (Pseudolarix2)
Magnoliopsida: Fabaceae (Hymenaea3)
Pinopsida: Pinaceae (Pseudolarix2)
Magnoliopsida: Fabaceae (Hymenaea3)

nantio biformenes, Unknown

ne skeleton Magnoliopsida: Dipterocarpaceae (Shorea1), Cornaceae6

Magnoliopsida: Altingiaceae (Liquidambar1)
rane carbon skeleton Unknown
carboxylic acid Pinopsida9: Pinaceae (Pinus2)

tion with each class, but is not comprehensive.
nd Helwig, 2012; 5= Poulin and Helwig, 2014; 6= van Aarssen et al., 1994; 7= Lambert
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per sample at a resolution of 2 cm−1. Raw ATR-FTIR data are provided
herein as Appendix 1.

Approximately, 25 mg of tubular resin fragments from B1471 were
available for solid-state 13C CP-MAS NMR (carbon-13 cross-
polarisation-magic angle spinning nuclear magnetic resonance) analy-
sis. The NMR methods employed herein follow Coward et al. (2018),
with the following exceptions: (a) 50,000 scans were acquired;
(b) teflon spacers were included in the rotor to centre the smaller
amount of sample relative to the RF coil; and (c) extra line broadening
(25 Hz) was applied to smooth the peaks. 13C solid-state NMR data
were collected from dispersed fossil resins of sample B1471, and the
rawdata are provided herein as Appendix 2. Amber from B1471was se-
lected as a target for comparison to PL1228A, as this hand sample exhib-
ited multiple surface impressions of P. reimatamoriori. It also had
sufficiently large volumes for 13C solid-state NMR, and had a consistent,
tubular shape, reminiscent of the shape of the resin canals observed in
PL1228A. To ensure that B1471 was representative of P. reimatamoriori
(PL1228A), six randomly selected fragments of tubular resin were
analysed by ATR-FTIR; these six fragments were designated B1471A–F.

Principal component analysis (PCA)was conducted on: (1) 13C NMR
data from B1471; and (2) the 13C NMRdata set of modern conifer resins
compiled by Lambert et al. (2010, and references therein). Following
Lambert et al. (2010), the following 19 chemical shifts or ranges were
targeted for PCA because of their demonstrable utility in distinguishing
different resin groupings: δ 13, 18–20, 25, 28, 30–31, 34, 38–40, 43–44,
46, 48–50, 52, 56–58, 72–74, 104–105, 106–108, 145, 154, 179, and 204.
Ranges were employed for peaks, which are clearly related structurally,
but do not always resonate at precise locations on the spectra. For
standardisation, intensities were re-scaled on a 1 to 10 scale. The com-
piled, decimalized 13C NMR data set was entered into PAST, a
palaeontology statistics software package (Hammer et al., 2001). The
results of the conifer 13C NMR PCA are presented graphically in
Appendix 3, and the data and principle component variables are in Ap-
pendix 4.

3. Results

3.1. ATR-FTIR

FTIR spectra for both amber samples, PL1228A and B1471, are pre-
sented in Fig. 3. The adsorption features of both spectra were extremely
similar, differing only in the relative intensity of some peaks. The
Fig. 3. ATR-FTIR spectra of Chatham Island amber samples examined in this study. All m
spectral similarities between the resin from the P. reimatamoriori
paratype specimen (PL1228A) and the isolated specimens from B1471
imply a common fossil botanical source. Both spectra exhibited key ab-
sorption features characteristic of amber, as defined in previous studies
(Guiliano et al., 2007; Tappert et al., 2011). Hydroxyl (OH) stretching of
alcohols and acids is evident at 3400 cm−1 as a broad, shallow peak.
Alkyl stretching peaks are located adjacent at 2924 and 2867 cm−1, cor-
responding to CH2 stretching and CH3 stretching, respectively. Another
CH2 stretching feature at 2848 cm−1, usually present in cupressaceous
resins as a small peak (Tappert et al., 2011), is instead evident as a
shoulder in both spectra. Two additional alkyl peaks are located at
1448 and 1378 cm−1, and are attributed to CH2 and CH3 bending and
CH3 bending, respectively. The most prominent absorption peak in
both spectra, at 1692 cm−1, corresponds to carbonyl (C_O) stretching
in carboxylic acid groups, while the region from 1300 to 1100 cm−1 can
be assigned to the stretching of C–O single bonds of acids, alcohols and
esters. All spectral features below 1100 cm−1 cannot be easily
interpreted, with the exception of a prominent peak at 887 cm−1

caused by the CH bending of exomethylene groups (C_CH2). Two
other peaks attributed to exomethylene stretching, present at 1640
and 3048 cm−1 in other ambers (e.g., Dominican amber, Class Ic,
Grimalt et al., 1988; Baltic amber from Poland, Class Ia, Guiliano et al.,
2007; New Zealand amber, Class Ib, Seyfullah et al., 2015), were not
observed.

3.2. 13C solid-state NMR

The solid state 13C solid-state NMR spectrum for B1471 is displayed
in Fig. 4, with the assignment of resonance signals following that of
Lambert and Frye (1982). Resonances corresponding to saturated car-
bons extend from 10 to 80 ppm. Six of these peaks, at 12, 19, 27, 32,
36 and 42 ppm, can be assigned variously to methyl (CH3), methylene
(CH2) andmethine (CH) carbons. Two further peaks correspond to car-
bon atoms singly bonded to oxygen, with carbons adjacent to ester
groups (CO2CH2) resonating at 55 ppm and carbons adjacent to either
alcohols (CH2OH) or ethers (CH2OC) resonating at 72 ppm. The unsatu-
rated region is represented by four peaks between 100 and 150 ppm,
with two resonances for carbons of internal, disubstituted
(\\CH_CH\\) and trisubstituted (NC_CH\\) alkenes at 124 and
133 ppm, and two weaker resonances for exomethylene carbons at
105 (CH2_C) and 146 ppm (CH2_C). Carbonyl carbons of acids and es-
ters are found in the region from 170 to 190 ppm, characterised by a
ajor and unique peaks have been marked with their corresponding wavenumber.

Image of Fig. 3


Fig. 4. 13C solid-state CPMAS NMR spectrum of representative amber specimen from B1471. All major resonances have been marked with their corresponding chemical shift.
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prominent peak at 184 ppm, representing carboxylic acids (CO2H), and
a second peak at 176 ppm attributed to esters (CO2R). An additional
shallow, broad resonance is present at 210 ppm, likely corresponding
to aldehyde (R(C_O)H) or ketone (R(C_O)R') carbons.

Principal component analysis of the compiled 13CNMRdata revealed
distinct clusters for the three analysed extant conifer families:
Araucariaceae, Cupressaceae and Pinaceae (as established previously
by Lambert et al., 2010). However, the P. reimatamoriori-equivalent
sample (B1471) did not plot within any of the extant conifer family
clusters. The first two principal components, PC1 and PC2, comprised
65.6% of the total variance in the data set, and are presented graphically
in Appendix 3.

4. Discussion

4.1. Chatham amber classification: 13C solid-state NMR

The 13C solid-state NMR spectra of the fossil resins analysed in this
study (herein referred to as ‘Chatham amber’), including those associ-
ated with the conifer fossils P. reimatamoriori, were comparable to sev-
eral previously classified modern and fossil resins. Specifically, these
resins correspond to the Class Ib resins first classified with Py-GC–MS
by Anderson et al. (1992). 13C solid-state NMR has revealed a consistent
spectral signature from numerous modern and fossil Class Ib resins the
world over; these correspond to Group A (see Lambert et al., 2008,
2015). This is indicatedby comparable aliphatic, olefinic and carbonyl re-
gions and the absence of any significant succinic acid resonances at
170 ppm (which are characteristic of Class Ia resins). Class Ib (or Group
A) fossil resins are consistently associated with conifers, particularly
Araucariaceae (Anderson et al., 1992; Lambert et al., 1993, 2008, 2015),
but a broader range of botanical sources have beenproposed,most nota-
bly: Cupressaceae (Anderson et al., 1992; Anderson and Lepage, 1995;
Anderson, 2006). To date, Group A amber has been associated only
with resins of Araucariaceae (e.g., the copious resin-producer Agathis
australis, New Zealand; Lambert et al., 1993). The close association of
Group A with the polygenetic Class Ib (Lambert et al., 2008) suggests
that 13C solid-state NMR studies of modern and fossil cupressaceous
resins of known affinity should verify a much broader range of botan-
ical sources associated with Group A. The similarity in resin chemical
signatures of Araucariaceae and Cupressaceae is reflected by their
close phylogenetic relationship within the Order Pinales (Mao et al.,
2012). When applied to the chemotaxonomy of resins, the phyloge-
netic hypothesis implies these basal members of Cupressaceae should
share a greater degree of similarity in chemical composition with
Araucariaceae than the more derived Cupressoideae clade (sensu
Farjon, 2005). Protodammara has been inferred as a member of the
taxodioid Cupressaceae (sensu Rothwell et al., 2011), an early diver-
gent stem group within Cupressaceae (Mays and Cantrill, 2018). The
closely allied chemotaxonomic signatures of this taxon and
Araucariaceae may be explained, at least in part, by the phylogenetic
placement of Protodammara amongst the basal Cupressaceae.

The principal component analysis employed herein was inconclu-
sive, as it failed to support a specific botanical affinity for Protodammara
amongst the three analysed extant conifer families (Appendix 3).
Coward et al. (2018) demonstrated similar 13C NMR spectra between
‘fresh’ unaltered Class Ib ambers and those which have undergone
heavy visible alteration (e.g., colour alteration, fragmentation, powder-
ing, increase in opacity) as a result of geological processes. As such,
taphonomic alteration via geological processes (e.g., age, temperature,
pressure, groundwater interaction) can be tentatively excluded as a
cause of statistical variance in this sample of Class Ib amber. At present,
the small sample size precludes any solid conclusions about the botan-
ical source based on statistical analyses of the 13C NMR data.

4.2. Chatham amber classification: ATR-FTIR

Tappert et al. (2011) successfully employed micro-FTIR spectros-
copy to subdivide 82 modern resins into two distinct populations:
(1) ‘pinaceous resins’, produced exclusively by members of Pinaceae;
and (2) ‘cupressaceous resins’, produced primarily by Araucariaceae
and Cupressaceae, in addition to members of Sciadopityaceae and
Podocarpaceae. These two populations were distinguished through
the comparison of four diagnostic band ratios of key absorption features.
The Chatham amber ATR-FTIR spectra are typical of ‘cupressaceous
resin’, reflected by the comparable spectral characters within three of
the four signature band ratios identified by Tappert et al. (2011,
p. 125), lacking only the characteristic alkyl peak at 2548 cm−1 (Fig. 5).

In this study, we identified a fifth band ratio, applicable to the dis-
tinction between Araucariaceae and Cupressaceae resins:

r ¼ 1151 cm−1

1161 cm−1

Image of Fig. 4


Fig. 5. Absorption band ratio plots to distinguish modern ‘pinaceous’ and ‘cupressaceous’ resins from their FTIR spectra. All band ratios, except the 2858/2848 cm−1 band ratio, indicate
that Chatham amber (white squares), belong to the cupressaceous resin group, which also includes resins from Araucariaceae.Modern resin data set and specific band ratios from Tappert
et al. (2011).
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This band ratio provides a quantitative measurement of the relative
intensity of an absorption feature at 1151 cm−1, attributed to the
stretching of ester C\\O bonds (Guiliano et al., 2007). This feature pro-
duces a prominent peak in the FTIR spectra of most Araucariaceae fossil
and modern resins (e.g., Lyons et al., 2009; Tappert et al., 2011;
Seyfullah et al., 2015). By contrast, in most Cupressaceae resins, the
1151 cm−1 absorption feature is expressed either as a minor peak or
shoulder (Fig. 6).

The 1151/1161 cm−1 band ratio was tested using the modern
resin micro-FTIR data base collected by Tappert et al. (2011), a
further six micro-FTIR spectra of modern resins from Agathis
lanceolata, Agathis ovata, Araucaria columnaris and Araucaria
humboldtensis, and the seven ATR-FTIR spectra from PL1228A
and B1471. The results are plotted in Fig. 7. Araucariaceae resins
typically showed a higher absorbance of the 1151 cm−1 absorp-
tion feature when compared to Cupressaceae resins. However,
three exceptions to this trend were observed: (1) Widdringtonia
dracomontana (Cupressaceae) which displayed a peak at
1151 cm−1, similar to some Araucariaceae samples; (2) one of
the three Araucaria cunninghamii resin samples, which did not
possess any peak within the 1150–1160 cm−1 region; and
(3) both samples of Agathis ovata, which likewise exhibited no
peak between 1150 and 1160 cm−1. Due to the prominent absorp-
tion at 1151 cm−1, all seven P. reimatamoriori amber samples
from the Chatham Islands, from both B1471 and PL1228A, plotted
well within the expected field for Araucariaceae resins. This con-
flicts with morphological and anatomical data associating
P. reimatamoriori with Cupressaceae (Mays and Cantrill, 2018).
Possible reasons for this discrepancy are discussed below.
As the FTIR data employed to identify this band ratio (Fig. 7) were
derived entirely from the spectra of modern resins, it is uncertain if
this classification scheme to distinguish Cupressaceae and
Araucariaceae resinsmay be safely extrapolated to fossil resins. Previous
FTIR studies have shownmodern resins to be chemically comparable to
their fossilised equivalents (Tappert et al., 2011). However, ester bonds,
to which the 1151 cm−1 absorption feature is attributed, remain sus-
ceptible to chemical alteration, specifically through the hydrolysis of es-
ters into carboxylic acids (Pastorelli et al., 2013). Furthermore, the
formation of ester bonds in Class Ib resins may occur during the matu-
ration process due to the self-crosslinking of communol and communic
acid units (Poulin and Helwig, 2015). The application of intense heat
may further accelerate this process, potentially by the evaporation of
water molecules from the amber structure. In a heat treatment experi-
ment performed byWang et al. (2017) on Baltic amber (Class Ia), ther-
mal treating at 200 °C for 3–6 h was found to cause significantly
increased absorption in FTIR spectra at multiple points, including
peaks at 1732 and 1160 cm−1, attributed by Guiliano et al., 2007) to
the stretching of carbonyl and C–O bonds in esters. Comparable absor-
bance increases can be observed in other heat treatment studies
(Martínez-Richa et al., 2000; Abduriyim et al., 2009), demonstrating
that such changes are not limited to Class Ia ambers. The increased ab-
sorbance around 1160 cm−1 is of particular importance, as such a
change would likely bias the results of the newly identified band ratio
towards an araucarian result. Applying this argument to Chatham
amber, it remains possible that wildfires, which have been inferred as
a trigger mechanism for seed dispersal of P. reimatamoriori
(Cupressaceae; Mays et al., 2017b), also facilitated ester formation
within the resin, resulting in this part of the FTIR spectrum
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Fig. 6. Mean micro-FTIR spectra of resins from Araucariaceae and Cupressaceae, based on the modern resin data set compiled by Tappert et al. (2011); (A) full spectra; (B) close-up
of the spectral range 1500 to 700 cm−1. Vertical lines mark the 1151 cm−1 and 1161 cm−1 spectral bands used to distinguish resins from Araucariaceae and Cupressaceae FTIR
spectra herein (Fig. 7).

Fig. 7. Absorption band ratio plot (1151/1161 vs. 1460/1448 cm−1) of FTIR spectra from a range of modern conifer resins, and the spectra of Chatham amber presented herein. Note: the
1460/1448 cm−1 band ratio, as derived by Tappert et al. (2011), was applied to the y-axis to further distinguish members of Pinaceae from the cupressaceous resins, as this band ratio
provides the clearest distinction between these resin groups (Fig. 5). Bold lines represent approximate band ratio boundaries between the three primary resin-producing conifer
families, Araucariaceae, Cupressaceae and Pinaceae. Modern resin data set from Tappert et al. (2011).
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approximating that of araucariaceous resins. Although the 1151 cm−1

absorption feature is generally useful to distinguish between resins of
Cupressaceae and Araucariaceae (particularly modern resins), this
study demonstrates the importance of taphonomic control for the clas-
sification of amber types (e.g., comparable pre- and post-burial
conditions).
4.3. Comparison to other Australasian ambers

The FTIR and 13C solid-state NMR spectra of Chatham amber were
found to be comparable, to varying degrees, with other Class Ib fossil
resins common across the Australasian region. This includes
araucarian-derived Eocene to Miocene ambers from New Zealand
(Lambert et al., 1993; Lyons et al., 2009; Seyfullah et al., 2015), Eocene
amber sourced from two Australian deposits at Strahan, Tasmania, and
Anglesea, Victoria (Coward et al., 2018, ‘Type A’ amber therein), and
Miocene amber originating from the Morwell and Yallourn coals
seams of Latrobe Valley, Victoria, Australia (Lambert et al., 1993;
Lyons et al., 2009). Each amber population, while possessing broad sim-
ilarities between their FTIR and 13C NMR spectra, can sometimes be dif-
ferentiated through differences in the positions and intensities of
certain peaks. Regardless of the mechanisms (whether botanic,
biostratinomic or diagenetic), the differences in spectral signature be-
tween Australasian ambers, particularly in 13C solid-state NMR, likely
provide reliable chemical ‘fingerprints’ for assessing the provenance of
isolated ambers. These are discussed in further detail below.

Some of the FTIR and 13C solid-state NMR spectral dissimilarities
between Chatham amber and those previously described from Aus-
tralasia can be attributed to alteration and maturation processes
rather than taxonomic differences. Specifically, the former is
characterised by reduced or absent exomethylene peaks in both FTIR
and 13C solid-state NMR, the lack of which has been identified as a
common reaction pathway upon the maturation or ageing of amber
(Lambert et al., 1993; Martínez-Richa et al., 2000; Shashoua et al.,
2005; Pastorelli et al., 2011). Other characteristic features of the Chat-
ham amber FTIR and 13C solid-state NMR spectra could not be attrib-
uted to alteration or maturation processes, and are likely caused by
differences in botanical sources. Chatham amber lacked several key
FTIR peaks common amongst other Class Ib Australasian amber and
cupressaceous resins, including the peak at 2847 cm−1, normally
characteristic of the cupressaceous group (Tappert et al., 2011), and
peaks at 1178 and 1265 cm−1. Amongst Australasian amber and
resins, the absences of both the 1178 and 1265 cm−1 peaks are spec-
tral features shared only by some New Zealand amber (Lyons et al.,
2009) and by modern resins of Agathis australis (Tappert et al.,
2011; Seyfullah et al., 2015). The 13C solid-state NMR spectrum of
Chatham amber also exhibited a very high 42 ppm alkyl peak, second
in height only to the principal alkyl peak at 36 ppm. This intensity is
shared only by Eocene Australian Class Ib-correlated amber from An-
glesea and Strahan (Coward et al., 2018, Type A therein). This con-
trasts with the 13C solid-state NMR spectra of other Class Ib ambers
where, if present, the 42 ppm peak was never seen to exceed the in-
tensity of neighbouring alkyl peaks at 19 and 27 ppm (Lambert et al.,
1993; Lambert and Poinar, 2002; Lyons et al., 2009). Two further spec-
tral features of Chatham amber, a peak at 1005 cm−1 in FTIR, and a
minor resonance at 32 ppm in 13C solid-state NMR, were both found
to be absent from the spectra of all other Australasian ambers
(Lambert et al., 1993; Lyons et al., 2009; Seyfullah et al., 2015;
Coward et al., 2018). Whilst the Australasian resins compared above,
including Chatham amber, all have spectra typical of Araucariaceae–
Cupressaceae, the mentioned differences suggest Chatham amber
does not share a common botanical source with other Australasian
amber deposits. As such, it is unlikely that members of the taxodioid
Cupressaceae were significant contributors to the known Cenozoic
amber localities of Australasia.
4.4. Comparisons to Late Cretaceous New Jersey ambers and their botanical
sources

Outcrops of the Raritan Formation of New Jersey, USA, are a copious
source of Late Cretaceous amber, and contain a large diversity of plant,
animal and fungal bioinclusions (Langenheim, 2003). These amber de-
posits are particularly relevant to those of the Chatham Islands because
both units have: (1) near-coeval, Late Cretaceous ages (Raritan and
Magothy formations: Cenomanian–Santonian [Brenner, 1967;
Christopher, 1979], although most ambers are from the Turonian strata
of the Raritan Formation [Grimaldi and Nascimbene, 2010]; Tupuangi
Formation: Cenomanian–Turonian [Mildenhall, 1994, Mays and
Stilwell, 2013]); (2) resiniferous Protodammara specimens (Hollick
and Jeffrey, 1906; Hollick and Jeffrey, 1909; Mays et al., 2017b); and
(3) an abundance of Cupressaceae fossils (New Jersey: Hollick and
Jeffrey, 1909; Escapa et al., 2016; Chatham Islands: Mays, 2015; Mays
et al., 2017c; Mays and Cantrill, 2018). Early studies employing Py-
GC–MSon Raritan Formation amber attributed anAraucariaceae affinity
(Langenheim, 1969; Grimaldi et al., 1989). An araucarian source was
supported by early 13C solid-state NMR studies of dispersed Cretaceous
ambers from theMagothy Formation, New Jersey (Lambert et al., 1990;
Lambert et al., 1996). Later, Grimaldi et al. (2000) questioned the botan-
ical source(s) of the Raritan Formation amber by applying Py-GC–MS to
both dispersed amber, and in situ resins foundwithin fossil wood; these
indicated a Pinaceae or Cupressaceae source. Anderson (2006)
established two distinct populations of Class Ib amber from the Raritan
Formation, both of which had signatures of callitrisate; amongst extant
resin-producing plants, this compound is only found in Cupressaceae.
The consensus appears to be converging on members of the
Cupressaceae as the primary sources of New Jersey amber, with possible
contributions from Pinaceae.

Grimaldi et al. (2000) also employed direct temperature-resolved
mass spectrometry (DT-MS) on the resins recovered from ‘Dammara’
Lamarck of the Raritan Formation. ‘Dammara’, an informally named
group of dispersed fossil ovuliferous complexes, have been found in nu-
merous Upper Cretaceous strata of the Northern Hemisphere (see re-
view by Grimaldi et al., 2000). These analyses supported a Pinaceae or
Cupressaceae affinity (Grimaldi et al., 2000). Furthermore, they have
been found within the same stratigraphic unit as the Protodammara
type species P. speciosaHollick and Jeffrey, 1906. Because of similarities
in morphology (Mays and Cantrill, 2018), high resin canal volumes,
and concurrence with abundant fossil charcoal (Grimaldi et al., 2000;
Grimaldi and Nascimbene, 2010), these organs likely served a similar
function to the cupressaceous Protodammara: as a seed-dispersal mech-
anism in post-fire environments (Mays et al., 2017b). These similarities
inmorphology and inferred ecological niche to Protodammara suggest a
Cupressaceae affinity for ‘Dammara’. It is predicted that further chemical
analyses of Protodammara and ‘Dammara’, in particular pyrolysis-GC-
matrix isolation FTIR-MS (sensu Anderson, 2006), should identify
cupressaceous compounds (e.g., callitrisate), and provide strong sup-
port of this affinity.

5. Conclusions

Late Cretaceous amber is found as dispersed pieces throughout the
Cenomanian (99–94Ma) strata of the Chatham Islands, or in situ within
the conifer fossils P. reimatamoriori, a member of an extinct
Cupressaceae stem group. These fossil resin populations are chemically
indistinguishable; as such, the primary producers of Chatham amber are
likely members of Cupressaceae. By employing 13C solid-state NMR, we
have classified these specimens as Group A (sensu Lambert et al., 2008),
which correlates to Class Ib amber (sensu Anderson et al., 1992). These
categories have been generally associated with the conifer family
Araucariaceae, but a link to Cupressaceae has also been definitively
demonstrated in some cases. FTIR analyses support this broad
categorisation; furthermore, a novel FTIR band ratio may help to
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distinguish between these two resin-producing groups of conifers.
In order to maximise the reliability of comparisons with this additional
band ratio, taphonomy must be accounted for, and large samples
sizes are encouraged. The FTIR spectra of Chatham amber share some
key features with Araucariaceae, reflecting a relatively high abundance
of ester bonds. We propose two mutually compatible factors for these
similarities: (1) the newly proposed band ratio is susceptible to influ-
ence by thermal maturation – the morphology and anatomy of
P. reimatamoriori are indicative of a fire-adaptation, and thermal matu-
ration experiments have revealed comparable chemical responses, so
pre-burial heatingmay be responsible for the distinctive FTIR signature;
and (2) due to the phylogenetic placement of Protodammara amongst
the basal Cupressaceae, it likely shares more chemotaxonomic traits
with Araucariaceae than resins of more derived cupressaceous taxa.
Due to the age, and co-occurrence of abundant Cupressaceae fossils, in-
cluding Protodammara and other closely-related resiniferous
ovuliferous complexes, the amber deposits of the Chatham Islands are
analogous to the better-studied ambers of the Raritan Formation, New
Jersey, USA. Although generally small in size, amber is both common
and stratigraphically extensive in the Tupuangi Formation of the Chat-
ham Islands, supporting previous fossil evidence of a Cupressaceae-
dominated flora at southern polar latitudes throughout the globally
warm early Late Cretaceous.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.revpalbo.2018.08.004.
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