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a b s t r a c t
One of the major components of the organic solvent extractable fraction of Cretaceous ambers is 1,6dimethyl-5-isopentyltetralin, a compound that has been incorrectly or not identified in previous reports
on the molecular composition of Cretaceous ambers. Here, the purification and structural identification of
1,6-dimethyl-5-isopentyltetralin is reported from amber samples of the Cretaceous Peñacerrada II
deposit at Peñacerrada, Álava (Basque-Cantabrian Basin, Spain). The structural identification of 1,6dimethyl-5-isopentyltetralin allowed the complete identification of related compounds, comprising the
family of 1,6-dimethyl-5-alkyltetralins. This suggests that those compounds, with concentrations up to
27% of the total organic extract of amber from Peñacerrada, are characteristic for labdane-type biomarkers in Cretaceous fossil resins and their distributions indicate different compositional families, related to
their botanical and topographic origin. Also, the name amberene is proposed for the main molecule of this
group. The relative proportion of the amberene-type compounds suggests three compositional families
for the Cretaceous Spanish ambers.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Amber is fossilized resin produced from the exudates of conifers
and certain angiosperms (Anderson and Crelling, 1995). Analysis of
the chemical composition of the organic solvent extractable fraction of fossil resins reveals a complex mixture, where the original
biochemical structures of the resin compounds were modified
during burial diagenesis, with the bioterpenoids (unaltered biosynthetic natural products) transformed into geoterpenoids (diagenetic products of degraded bioterpenoids that are found in amber
and fossil plant tissues; Otto et al., 2002a, 2007). Despite these
diagenetic alterations, geoterpenoids retain the basic skeletal
structures of their biological precursors and can be used as molecular markers (biomarkers; Simoneit et al., 1986; Peters et al., 2003;
Marynowski et al., 2007). Conifers synthesize mainly diterpenoids,
which are, along with sesquiterpenoids, the compounds that provide diagnostic biomarkers of conifers and their resins (Otto and
Wilde, 2001). The natural product diterpenoids are the main
⇑ Corresponding authors. Tel.: +1 404 385 4478 (C. Menor-Salván).
E-mail addresses: cesar.menor@chemistry.gatech.edu (C. Menor-Salván), simonebe@
onid.orst.edu (B.R.T. Simoneit).
http://dx.doi.org/10.1016/j.orggeochem.2015.12.010
0146-6380/Ó 2015 Elsevier Ltd. All rights reserved.

biological contributors to the extractable organic matter in amber,
as a mixture of mono-, sesqui- and diterpenes, dominated by bicyclic and tricyclic hydrocarbons with a minor proportion of resin
acids and alcohols preserved as such or slightly altered.
The analysis of the molecular composition of extracts from Cretaceous amber in the deposits of the Basque-Cantabrian Basin (Spain)
and from the Brazilian Amazonas, Araripe and Recôncavo basins
(Pereira et al., 2009; Menor-Salván et al., 2010), showed that one
of the components present at high concentrations was 2,5,8trimethyl-1-butyltetralin, a hypothetical diagenetic product from
labdenoic acids. Although not identified, this hydrocarbon was also
present in an extract from Peñacerrada amber (Álava, Spain; Alonso
et al., 2000) and is probably a common and characteristic component
in Cretaceous ambers. Despite its importance as one of the major
compounds of such ambers, the identification as 2,5,8-trimethyl1-butyltetralin was based only on interpretation of its mass spectrum and lacked a confirmed structure. We undertook the structural
study of this hydrocarbon and found that the previous identification
reported was erroneous. The correct structure is 1,6-dimethyl-5isopentyltetralin (or 15,19,20-trisnorlabda-5,7,9(10)-triene, structure I, see Appendix), for which we suggest the name amberene
due to its prevalence in ambers and because it is one of the principal
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components of the extractable fraction. The identification of amberene allowed us to determine two additional unidentified molecules
present in amber samples, that belong to the same structural family:
1,5,6-trimethyltetralin (II) and 1,6-dimethyl-5-(30 -methylpentyl)
tetralin (homoamberene, III). Here, we report the purification and
structural study of amberene with other related neutral and polar
terpenoids in one Cretaceous amber sample. A survey of its occurrence in other Cretaceous ambers is also provided. Amberene, as
the lead molecule of a novel family of 1,6-dimethyl-5-alkyltetralin
biomarkers, and its related diagenetic pathways and products in
ambers are also discussed.
2. Experimental
2.1. Amber collection
The materials analyzed correspond to the collection of the
Museo de Ciencias Naturales de Álava (MCNA) from excavations
performed between 2000 and 2010, except in the case of the
Cantabria (Spain) ambers from El Soplao, Fonfría, Cuchía, Oreña
and Reocin deposits and the Soto del Real (Madrid) amber, collected in the field by the authors in the Albian outcrops of El
Soplao-Rabago (Cantabria, Spain; Najarro et al., 2010), Cuchía
quarry (Fernández-Mendiola et al., 2015) and Fonfría, the Cenomanian outcrop of Oreña and the Reocín open pit, and the Turonian
outcrop of Soto del Real (Madrid, Spain; Guidi et al., 2005).
2.2. Geological background
The samples used for purification and analysis of amberene
belong to the Peñacerrada II amber deposit (Álava, Spain), due to
the relative high proportions of amberene in the total extracts.
The deposit is located in a Cretaceous succession at the Sierra Cantabria range, in the southernmost margin of the Basque-Cantabrian
Basin, at the western end of the Pyrenees in northern Spain
(Martínez-Torres et al., 2010). The amber was found in an Upper
Aptian–Lower Albian (Lower Cretaceous) stratigraphic unit, located
in the northern side of the Sierra Cantabria range (Fig. 1). The Sierra
Cantabria lies over the Tertiary sediments of the Ebro Basin, as a
20 km long south-verging back thrust of Cenozoic age. The amber
deposit is located in the limit between the northern limb of the
thrust front and the southern limit of the Peñacerrada diapir. The
deposit is hosted by a detrital unit composed of siliciclastic deposits
generated in a lower deltaic plain environment and included within
the Escucha formation (formerly Nograro formation), a transitional
marine-continental siliciclastic sequence that reflects the transition
to the continental facies of the Utrillas formation (Alonso et al.,
2000; Martínez-Torres et al., 2003, 2010). The highest concentration
of amber was found in the middle zone of the unit, the uppermost
part of a bay-fill sequence. The paleomagnetic study of this unit suggests an Aptian (Lower Cretaceous) age (Larrasoaña et al., 2003). The
subsidence modeling and the thermal history of the Escucha formation suggest a maximum temperature of 51.8 °C at the footwall of
the formation, reached during the Maastrichtian (65 My), prior to
maximum burial at 53 Ma (Sangüesa and Arostegui, 2003). The clay
mineralogy of the host rock showed that the amber bearing sediments are composed mainly of allochthonous illite and kaolinite,
transported from Hesperian source rocks in warm and wet climatological conditions. The mild diagenesis of the amber level did not
alter the original clay mineralogy of the sediments (Arostegui and
Sangüesa, 2003). The amber is accompanied by abundant organic
matter of terrestrial/continental origin and humotelinitic mesoand macrofossil plant remains, with excellent preservation of the
botanical structures (Suarez Ruiz, 2003).
Although amberene (I) is present in almost all the Cretaceous
ambers analyzed (except for the Turonian Soto del Real amber),

the Peñacerrada II deposit sample was selected due to its unusually
high concentration of I (mean 23.0% of total organic extract, see
Section 3.2). The samples composited were from transparent
reddish yellow amber pieces. The crust and debris were removed
and pieces inspected to avoid major inclusions.

2.3. Isolation of amberene
For the purification of amberene (I), 5 g of amber was crushed and
extracted for 4 hours with dichloromethane:methanol (DCM:
MeOH; 2:1, v/v) using a Büchi model B-811 automatic extractor.
One aliquot of the extract was injected directly into the injection
port of the gas chromatograph to obtain the molecular composition
of the bulk extract. The extract was concentrated to 20 ml and fractionated using flash chromatography on silica gel. Successive elution
was performed using n-hexane, n-hexane:DCM (3:1, v/v), n-hexane:
DCM (1:1, v/v), DCM, and DCM:MeOH (1:1, v/v), and 50 fractions of
1.5 ml were collected using an automatic fraction collector. Each
fraction was concentrated by evaporation of the solvent under N2
and analyzed by gas chromatography–mass spectrometry (GC–
MS). The fractions containing polar compounds were evaporated
to dryness under N2 and alcohols and acids converted to trimethylsilyl derivatives by reaction with N,O-bis-(trimethylsilyl)trifluoroace
tamide (BSTFA) containing 1% trimethylchlorosilane (TMCS) at
65 °C for 3 h. The derivatized fractions were dried, dissolved with
n-hexane and analyzed by GC–MS. This method provides a complete
and representative sample of the extractable fraction of amber,
allowing the study of the distribution of biomarkers in amber
samples from different deposits.
The fractions enriched in amberene, and free of polar compounds, were recombined. Semi-preparative reversed phase HPLC
was used to separate the concentrate and purify the amberene. A
Kromasil 100 C18 column, 5 lm, 250  10 mm was used with
acetonitrile:water (80:20, v/v) at 3.55 ml/min. After injection of
50 ll of concentrate, separation was performed at a linear gradient
from acetonitrile:water (80:20, 0 min) to 100% acetonitrile
(20 min), and the chromatogram recorded by absorbance at
266 nm. Amberene was obtained (86% purity; GC–MS full scan)
by collection of the peak at retention time 24.8 min. Further purification was performed by preparative thin layer chromatography
using silica gel coated plates. The amberene was recovered at
Rf = 0.7 upon eluting with n-hexane:DCM (8:1, v/v). Pure amberene
is a pale yellow oil with a characteristic Diesel fuel odor.

2.4. GC–MS
GC–MS analyses were performed with an Agilent 6850 GC coupled to an Agilent 5975C quadrupole mass spectrometer. Separation
was achieved on a HP-5MS column coated with (5%-phenyl)methylpolysiloxane (30 m  0.25 mm, 0.25 lm film thickness)
and on a DB-17 column coated with (50%-phenyl)-methylpolysilox
ane. The operating conditions were as follows: 8 psi He carrier gas
pressure, initial temperature hold at 40 °C for 1.5 min, increased
from 40 to 150 °C at a rate of 15 °C/min, held for 2 min, increased
from 150 to 255 °C at a rate of 5 °C/min, held isothermal for
20 min, and finally increased to 300 °C at a rate of 5 °C/min. The
sample was injected in the splitless mode with the injector temperature at 290 °C. The mass spectrometer was operated in the
electron impact mode at 70 eV ionization energy and scanned from
40 to 700 Da. The temperature of the ion source was 230 °C and the
quadrupole temperature was 150 °C. Data were acquired and processed using the Agilent Chemstation software, and percentages
calculated by normalization of peak areas of the corresponding
compounds in the total extracts.
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Fig. 1. Geological map and location of the Peñacerrada II amber deposit.

2.5. Nuclear Magnetic Resonance (NMR) spectroscopy

3. Results and discussion

NMR spectra were recorded using a Varian Mercury 400 NMR
spectrometer operating at 400 MHz for 1H and 100 MHz for 13C.
One mg of pure amberene was dissolved in 0.5 ml CDCl3 and chemical shifts recorded. Spectra processing and prediction of chemical
shifts were performed using the MestReNova software package,
version 8.1.4 (Mestrec Research S.L., Spain).

3.1. NMR identification of amberene
The amberene isolated and purified from amber was characterized by NMR spectroscopy and the 1H and 13C chemical shifts
(Fig. 2) were fully assigned (Table 1). The 13C chemical shifts confirmed a 1,2,3,4-tetrahydronaphthalene (tetralin) ring system with
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alkyl substitution in the aromatic ring at the ortho- or parapositions. The classic 1H chemical shifts of the isopropyl CH3
protons, and the vicinal coupling of ca. 7 Hz that indicated one
CH2–CH2 bond, confirmed the isopentyl group attached to the
aromatic ring. The methyl at C-1 was deduced from the 1H chemical shifts of C-2 to C-4 ring methylenes and the 13C shifts of the
ring junction across C-9/C-10.
Although the prediction of chemical shifts suggests that the
correct structure of amberene is the 1,6-dimethyl isomer, the
chemical shifts of vicinal unsubstituted carbons on an aromatic ring
are close for alkyls in the ortho- or para-positions. In order to
confirm the structure of amberene, we used 1,8-dimethyl-5isopentyltetralin authentic standard (IV, synthesized by Chiron AS,
Trondheim, Norway), and its mass spectrum and retention time
compared with the natural product. We selected the synthesis of
this structure because the synthetic pathway for the 1,6-dimethyl
isomer was not affordable.

Table 1
Observed 1H and 13C NMR data for the natural product amberene (1,6-dimethyl-5isopentyltetralin) (400/100 MHz, CDCl3).
Carbon No.

d13C (ppm)

d1H (ppm)

m

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

38.2
29.2
19.8
26.8
133.3
139.7
127.8
126
140.3
137.8
31.1
33.1
27.6
23.6
23.6
20.8
22.7

2.89
1.88
1.88
2.70
–
–
6.96
6.97
–
–
2.55
1.34
1.67
0.97
0.97
2.27
1.27

m
m
m
m

J (Hz)

s
s

m
m
m
d
d
s
d

6.25
6.25
7.02

3.2. GC–MS

Fig. 2. 1H NMR (a) and 13C NMR (b) spectra of amberene (I) in CDCl3 (solvent signal
77 ppm).

GC–MS analysis of the bulk extracts of the Peñacerrada II amber
(Fig. 3a) showed that the major component in the solvent soluble
fraction was the tetralin derivative I (amberene), constituting
23% of the total extract. The related tetralin derivatives II and III
are also important components of this fraction, amounting
to 1.9% and 2.1%, respectively. Overall, the 1,6-dimethyl-5alkyltetralin family can be observed by the m/z 159 mass fragmentogram (Fig. 3b), and comprises 27% of the total organic extract. A
separation with a DB-17 column was performed due to the greater
retention of aromatic molecules and showed that amberene splits
into two unresolved peaks, suggesting that both 1a-methyl and
1b-methyl isomers are present in natural samples.
The mass spectra of the 1,6-dimethyl-5-alkyltetralins and related
compounds are shown in Figs. 4 and 5. The fragmentation of amberene (Fig. 6) leads to a common m/z 159 fragment ion with the
dimethyltetralin structure, which loses methyl to the m/z 143 fragment. The loss of the alkyl chain at C-5 leads to the 4,7-dimethyl2,3,4,4a-tetrahydrobenzo[7]annulene cation (m/z 173). This
common fragmentation observed in the mass spectra of molecules
I–III (Fig. 4a–c) indicates that they have the same tetralin structural
moiety, differing only in the alkyl chain at C-5. Hence, the purification and identification of amberene allowed the unambiguous identification of the remaining members of this structural family. This
identification was not possible before the purification of amberene
based only on mass spectrometric data, because the fragmentation
scheme (Fig. 6) leads to ions with the same mass (i.e., m/z 173 and
159) for various isomers (e.g., Fig. 4a cf. 4d). Thus, the identification
of amberene implies the identification of trimethyltetralin II, the
only permethylated tetralin isomer present in the amber extracts
apart from a-ionene, and not distinguishable from other trimethyltetralins based only on mass spectral data. The methyl substitution
clearly governs the relative intensities of the fragments 6 m/z 143,
indicating the same base peak at m/z 159 for tetralins I and II.
This is also the case for homoamberene (III), which has a nearly
identical mass spectrum (Fig. 4b) as amberene, except for the
presence of an additional methylene group in the alkyl chain at
C-5 for M+ at m/z 244, confirming that the structure is 1,6dimethyl-5(30 -methylpentyl)tetralin (homoamberene, III) or 1,8dimethyl-5(30 -methylpentyl)tetralin. The additional CH2 in the side
chain does not affect the fragmentation of the molecule further as is
indicated by the same scheme shown in Fig. 6. Homoamberene was
reported by Lu et al. (2013) as a product formed by confined pyrolysis
of Araucariaceae plant material, but misidentified as 2,5-dimethyl-1
(30 -methylpentyl)tetralin.
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Fig. 3. GC–MS data for the underivatized total solvent extract from Peñacerrada II amber: (a) total ion current (TIC) trace showing the relevant labdane diterpenoids
identified, and (b) mass fragmentogram for m/z 159 showing the alkyltetralins.

The non-isothermal Kováts retention indices (RI) were
calculated for the 1,6-dimethyl-5-alkyltetralins in accord with
the equation defined by Van den Dool and Kratz (1963):

RI ¼ 100  n

100ðt x  t n Þ
t nþ1  tn

where tx is the retention time of the analyte, tn and tn+1 are the
retention times of the reference n-alkanes eluting immediately

before and after the analyte and n is the number of carbon atoms
in the smaller n-alkane hydrocarbon. The retention indices found, calculated as a mean of 10 runs on two (5%-phenyl)-methylpolysiloxane
columns, are RI = 1772 for amberene (I), RI = 1500 for trimethyltetralin (II) and RI = 1885 for homoamberene (III).
Synthetic1,8-dimethyl-5-isopentyltetralin (IV) has a very
similar mass spectrum (Fig. 4d) and retention time as amberene,
consistent with the fragmentation scheme proposed. However,
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Fig. 4. Mass spectra of compounds of the amberene family of labdane biomarkers identified in Cretaceous ambers: (a) amberene (I), (b) homoamberene (III), (c) 1,5,6trimethyltetralin (II), (d) synthetic analog IV, (e) 15,19-bisnorlabda-6,8-diene (V), (f) 1-methyl-2(30 ,70 -dimethylnonyl)benzene (VI), (g) 15,19-bisnorlabda-8(17),11-diene
(VII), and (h) 15,19-bisnorlabd-8(17)-ene (VIII).

13

C. Menor-Salván et al. / Organic Geochemistry 93 (2016) 7–21

a

d

177

169
169

177

IX
95

XII
262
226

81

123
109

153
128

50

100

150

200

250

50

100

150

m/z

200

245
-2H

229

187

b

145

229

e

XV

X
187

244
73

245

173
115

250

m/z

347

173
159

362

201
231

50

100

150

200

250

100

200

m/z

300

m/z

272

245

-H
157
131

c

XI

f

176

73

XVII
272

213
107

176
347

157
245

228

294

171

50

100

150

200

250

m/z

100

200

362

300

m/z

Fig. 5. Mass spectra of labdane biomarkers identified in Cretaceous ambers: (a) 19-norlabd-8(17)-ene (IX), (b) 1-methylamberene (X), (c) 1,6-dimethyl-5-isopentyl-3,4dihydronaphthalene (XI), (d) 1,6-dimethyl-5-isopentylnaphthalene (XII), (e) trimethylsilyl 19-norlabda-8(17),12E-dien-15-oate (XV) identified in the polar fraction, and (f)
trimethylsilyl 19-noragathate (XVII) identified in the polar fraction.

the mass spectrum exhibits a lower intensity for the M-CH3 peak
and distinctly higher intensities of the m/z 119, 173 and 174 ions.
The Kováts retention index is RI = 1780 and 1781 for the two
stereoisomers, higher than that for amberene. These data further

support the identity of amberene as 1,6-dimethyl-5-isopentyltetralin, as suggested by the NMR data.
Three other significant hydrocarbons belonging to the same
structural family are 15,19-bisnorlabda-6,8-diene (V), 1-methyl-2
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Fig. 6. Mass fragmentation scheme for amberene, showing the structures suggested
for the main ions observed in the mass spectrum.

(30 ,70 -dimethylnonyl)benzene (VI) and 1,6-dimethyl-5-isopentyl3,4-dihydronaphthalene (XI) (Fig. 3a). Compounds V and XII (two
isomers) were separated together with amberene by semipreparative HPLC (Fig. 7), making their identification possible.
The mass spectrum of 15,19-bisnorlabda-6,8-diene (V, Fig. 4e)
has M+ at m/z 246, with loss of C3H7 to the base peak at m/z
203, a minor loss of the C4H9 side chain to m/z 189 and subsequent
loss of C-1 to C-3 to m/z 147. This fragmentation pattern correlates
with those of other labdanes. Further aromatization of this
hydrocarbon would yield amberene and we suggest it could be a
precursor. The mass spectrum of 1-methyl-2(30 ,70 -dimethylnonyl)
benzene has M+ also at m/z 246, base peak at m/z 119
(C9H11) and an intense ion at m/z 120, which indicate a
methylethylbenzene fragment. Thus, the structure was identified
as a 9,10-seco-labdanoid derivative (VI) with an aromatic A-ring,
unlike homoamberene with its aromatic B-ring. It is interesting
to note that we did not find the seco-labdanoid derivative corresponding to amberene. Other minor hydrocarbons tentatively
interpreted as labdanoids related to amberene are: 15,19bisnorlabda-8(17),11-diene (VII), 15,19-bisnorlabd-8(17)-ene
(VIII), 19-norlabd-8(17)-ene (IX), and 1,6-dimethyl-5-isopentyl
naphthalene (XII) (Figs. 4 and 5). Amberene (I) and compounds
V, VIII, XI and XII constitute a complete saturation series from
the decalin ring system derivative 15,19-bisnorlabd-8(17)-ene
(VIII) to the substituted naphthalene XII, which could be the final
aromatization product of the bisnorlabdene precursors VII and VIII
(Fig. 8). The 1-methylamberene (1,1,6-trimethyl-5-isopentyltetralin, X, Fig. 5b) could be the analog of amberene after the diagenesis
of biformene and other 18,19-dimethyl labdanoids. The lower proportion of 1-methylamberene with respect to amberene is coherent with the formation and concentration of bicyclic derivatives
from biformene in pyrolysis of the macromolecular structure of
amber (Poulin and Helwig, 2014, 2015).

3.3. Other relevant terpenoids
An interesting feature of the molecular composition of the
extract from Peñacerrada II amber is the lack of any significant
amount of the abietane class hydrocarbons, in particular dehydroabietane (XIII) and 18- and 19-norabieta-8,11,13-triene (XIV),
which are present in other amber samples (Menor-Salván et al.,

2010). Taken together with the dominance of amberene, this
observation suggests a possibly different botanical origin for the
other Cretaceous ambers from the Basque-Cantabrian Basin
(Menor-Salván et al., 2010). Other terpenoids that differentiate
the Peñacerrada II amber from the other Cretaceous ambers analyzed are exclusively labdane type diterpenoid derivatives as
15,19-bisnorlabdadienes (e.g., V, VII), 15,19-bisnorlabd-8(17)-ene
(VIII) and 19-norlabda-8(17),12E-dien-15-oic acid (XV) (Fig. 3a).
The structures of these molecules were tentatively elucidated
based on the interpretation of their mass spectra (Figs. 4 and 5)
and comparison with the mass spectra of the C-19 carboxylated
or hydroxylated standards. The occurrence of solely labdanoid
derivatives correlates with the major presence of amberene,
strongly suggesting a common origin, possibly related to their
botanical source and to the aging of the labdane copolymer constituting the macromolecular structure of the fossil resin. Hence, we
suggest including these labdane type terpenoids in the same family
of biomarkers. The terpenoid acid 19-norlabda-8(17),12E-dien-15oic acid (XV) is the dominant compound in the polar fraction (Fig. 9) and could be interpreted as a diagenetic derivative
formed by decarboxylation of agathic acid (XVI). This fraction
contains other polar labdanoids, such as 19-noragathic acid (XVII),
19-norlabda-8,(17),12Z-dien-15-oic acid (XVIII, the isomer
of XV), 19-norlabda-8(17),12E-dien-15-ol (XIX), 19-norlabda8(17),12Z-dien-15-ol (XX), and the 11Z and E isomers of 19norlabda-8,(17),11-dien-15-oic acid (XXI, XXII) as significant
components (Fig. 9). These polar 19-norlabdanoids also correlate
with the dominant amberene, supporting a common source
directly from agathic acid (XVI) and related resin acids.
Thus, the labdane diterpenoids are an important group of resin
components in most conifer families and are especially enriched in
resins of the Araucariaceae and Cupressaceae (Simoneit et al.,
1986; Otto and Simoneit, 2002; Otto et al., 2002a,b). A difference
between Araucariaceae and Cupressaceae is the significant presence in some of the former of very uncommon clerodane
terpenoids (Otto and Wilde, 2001; Cox et al., 2007). The resin of
Araucaria bidwillii contains clerodanes as significant components,
together with labdane type resin acids (Caputo and Mangoni,
1974; Cox et al., 2007). We cannot exclude that the two types of
terpenoids could be possible precursors of amberene and the
related labdanoid derivatives, implying that the amberene family
does not constitute individual specific chemosystematic markers
for the differentiation of Araucariaceae and Cupressaceae or
Cheirolepidiaceae.
3.4. Distribution of 1,6-dimethyl-5-alkyltetralins among Cretaceous
ambers
We performed a survey of the 1,6-dimethyl-5-alkyltetralin
distribution in Cretaceous ambers from significant deposits in the
Iberian Peninsula and compositionally related ambers from Brazil
(see Supporting information for GC–MS data). The survey showed
that amberene (I) is a major component in the total extracts of
almost all samples studied (except Soto del Real) which contain
this family of biomarkers (Table 2). The relative proportion of
amberene seems to depend on the molecular composition of the
original resin and higher concentrations are correlated with the
significant presence of labdanes with related structures and low
amounts of abietanes (Table 2). In contrast, higher levels of abietanes correlated with lower amberene related labdanes and, in
those cases, with trimethyltetralin (II) as the most abundant component of the alkyltetralins (Table 2). The higher levels of amberene and lower levels of its related compounds II and III correlate
with the lack of significant proportions of abietanes. These compositions suggest four main chemosystematic classifications for the
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Fig. 7. HPLC chromatogram corresponding to the separation of amberene from the total extract fraction with its related compounds V and XII.

Cretaceous ambers: (1) the presence of labdanes with low amounts
of tricyclic diterpenoids with the abietane skeleton, leads to an
amberene-rich case (Type 1), with low 16,17,18-trisnorabieta-8,1
1,13-triene (XXIII). Such a source could be related with the
Araucariaceae genera. This is the case for the Peñacerrada IM, Sant
Just, Fonfria, and Reocín ambers, whose extracts present very similar chromatographic profiles and constitute the most common
type. (2) A lower proportion of amberene and an enrichment in
tricyclic diterpenoids is Type 2, with 16,17,18-trisnorabieta-8,11,
13-triene (XXIII) at a relatively higher abundance than dehydroabietins (XIV), and variable amounts of ferruginol (XXIV). This
amber could be related to extinct Cheirolepidiaceae or extant
Cupressaceae (Menor-Salván et al., 2010) and is observed for the
El Soplao, Oreña and El Caleyu deposits, in the extreme northwest
zone of the Iberian Cretaceous arc, and for the Recôncavo amber in
Brazil. (3) Type 3 has a higher proportion of amberene with relatively lower homoamberene (III) and trimethyltetralin (II) in comparison with Type 1, and an absence of abietane type diterpenoids.
The Peñacerrada II amber, used for the purification of amberene,
belongs to this type, together with the ambers from La Hoya,
Cuchía and the Brazilian Albian–Aptian ambers from Amazonas
and Araripe (Table 2). (4) Cretaceous ambers with very low or
undetectable amberene contents are Type 4. This is the case for
samples from the Upper Cretaceous (Turonian) deposit of Soto
del Real, Madrid (Table 2). Its extract is composed of abietane type
terpenoids with abundant dehydroabietins (XIV), significant dehydroabietic acid (XXV), along with their diagenetic products, minor
callitrisic acid (XXVI), and an absence of amberene-related labdanes. Although the presence of dehydroabietic and callitrisic acids
has been related with a Cupressaceae origin in ambers (Anderson,
2006; Sonibare et al., 2014), the very low relative amount of callitrisic acid with respect to dehydroabietic acid (Bray and
Anderson, 2008), the dominance of dehydroabietic acid and the
lack of labdanes and other Cupressaceae biomarkers, i.e., phenolic

abietanes, suggest a Pinaceae-related origin (Anderson, 2006; Otto
et al., 2007; Bray and Anderson, 2008).
3.5. Botanical origins
These results are consistent with the paleoecological observations in the Iberian Peninsula (Dieguez et al., 2010) and the
different depositional conditions, corresponding to a low energy
fluvial environment (Guidi et al., 2005). The Lower Cretaceous
amber deposits studied from the Iberian Peninsula are distributed
in an arc from northwest to east, corresponding to the seashore
during Aptian to Cenomanian periods (Fig. 10). In this topographic
distribution, the ambers of Type 2 are concentrated in the westernmost part, while Types 1 and 3 are found along the Cretaceous
coastline (Fig. 10). The depositional conditions in these locations
correspond to deltaic environments and the amber deposits, associated with coal and significant higher plant fossil remains, coincide with maximum regression periods. Coastal Cheirolepidiaceae
dominated the Cretaceous delta plains, surrounded by wet and
warm coniferous forests of primarily Araucariaceae, Cupressaceae,
Cheirolepidiaceae, other gymnosperms (Cycads, Gingkoales), and
ancient angiosperms (Delclòs et al., 2007). The differences in the
amber compositions in different deposits could reflect the dominant botanical origin in the deposition zone. Thus, the Type 2
amber deposited in the westernmost part of the Cretaceous coastal
arc, could have a Cheirolepidiaceae conifer origin (Menor-Salván
et al., 2010), comprising low amberene, significant abietane terpenoids, and including ferruginol (XXIV), a classic Cupressaceae/
Taxodiaceae and possibly Cheirolepidiaceae biomarker (MenorSalván et al., 2010). Types 1 and 3 are distributed widely along
the Cretaceous coastal arc. They are enriched in amberene and
related norlabdanes with low abietanes, and thus compatible with
an Araucariaceae origin, in coherence with previous observations
(Delclòs et al., 2007). This is also the case for the Cretaceous
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Fig. 8. Proposed diagenetic pathway for the origin of amberene.

Brazilian ambers of Amazonas and Araripe (Pereira et al., 2009),
whose chromatographic profiles and compositions include
them as Types 1 and 3, and the Barremian amber of Recôncavo
can be classified as Type 2 based on 16,17,18-trisnorabieta-8,11,1
3-triene (XXIII) as the most abundant component in the total
extract.
Amberene has also been reported in the Albian–Cenomanian
amber from Charentes (France), misidentified as 2,5,8-trimethyl1-butyltetralin (Nohra et al., 2015), following our original
misidentification. The composition reported could classify the
Charentes amber as Type 2, also of a possible Cheirolepidiaceae
origin according to our data, consistent with the origin proposed by Nohra et al. (2015) and similar to the ambers from
the northwest of the Cretaceous coastal arc of the Iberian
Peninsula.

3.6. Geological maturation
Apart from the different botanical origins, the post-depositional
history of resins and differences during diagenetic processes could
explain the compositional differences observed for the amberene
compound family in Cretaceous ambers from the various deposits
in the Basque-Cantabrian Basin. In this sense, it is possible that
Type 2 amber of a Cupressaceae/Cheirolepidiaceae origin matured
by post-depositional processes (e.g., influence of post-Cenomanian
hydrothermal fluids, which is widespread in the BasqueCantabrian Basin) that generated higher amounts of II with
degradation of higher molecular weight molecules. Indeed, 1,5,
6-trimethyltetralin (II) appears as a common component in all
ambers studied, suggesting that several pathways from different
terpenoid classes could contribute to its formation (Fig. 8). On
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Fig. 9. GC–MS TIC trace of the silylated polar fraction of the extract from Peñacerrada II amber. This fraction contains norlabdenoic acids and the structures of relevant
compounds are shown as free acids.

the other hand, trimethylnaphthalenes are considered diagenetic
products formed during structural degradation of terpenoids and
maturity indicators (Strachan et al., 1988). The aromatization process, such as formation of trimethylnaphthalenes (TMNs), and
degradation of terpenoids are less favored in deltaic depositional
environments, but such environmental conditions favor the formation and preservation of amber. The main TMN found in these
ambers is 1,2,5-TMN and its ratio with other isomers is consistent
with low isomerization and low maturity organic matter (Strachan
et al., 1988). Moreover, the relative proportions of TMN in these
samples do not correlate with those of trimethyltetralin (II), suggesting that the high amounts of II are not a maturity indicator.
Instead, the changes in relative amberene concentrations suggest
differential compositions among original deposited resins that lead
to the ambers from different locations.
Related to amberene is the occurrence of 1,6-dimethyl-5-isopentylnaphthalene (XII), which could be the final aromatization
product from amberene. Its analog 1,6-dimethyl-5-isopentyl-3,
4-dihydronaphthalene (XI) is also found in these samples. We
observe a direct correlation between the relative proportions of
amberene and compounds XI and XII, suggesting a diagenetic
connection (Fig. 8). No correlation was observed between the ratio
XII/XI (mean 0.65, ranging from 0.61 to 0.69 in all samples studied)
and amounts of amberene, deposit of origin or other parameters.
This suggests that maturation or aging do not explain the differences between ambers of Types 1–3. Further experimental paleochemotaxonomy would be necessary to completely understand
the differences among Cretaceous ambers of Types 1–3.
To our knowledge, there are no reports of the presence of
amberene and related biomarkers in fossil resins from the
Turonian to the K–T boundary and from the Tertiary period. This
could be explained if amberene is associated with Cretaceous

Araucariaceae/Cheirolepidiaceae forests in coastal or deltaic environments, considering the general relationship among the amberene dominance in amber and labdane enriched resins, diagenesis
and age. Although the disappearance of Cheirolepidiaceae began
during the Turonian (Jacobs, 2004), coinciding with the end of
deposition of ambers in the Cretaceous coastal arc of the Iberian
Peninsula (from late Albian to Cenomanian) and no reports of
amberene occurrences (from Barremian to Cenomanian), these do
not necessarily suggest a causal relationship. However, it is worth
noting that amberene was reported in ambers from deposits before
the Cenomanian–Turonian biotic crisis. Also, we have no molecular
evidence to link all the amberene-rich ambers to this extinct taxon.
The occurrence of these amberene compounds in the amber
extracts could be explained by aging and degradation of free labdenoic acids and/or a labdane polymer structure based on communic
acid–agathic acid–biformene (Fig. 8). This could explain the lack of
amberene in the labdane-poor Turonian amber of a possible Pinaceae origin from Soto del Real (Table 2) and in Tertiary ambers.
3.7. Possible natural product precursors of amberene
The chemical structures and correlation between the presence
in amber of derivatives of labdenoic acids and amberene, suggest
that the amberene-type terpenoids could be end-products in the
diagenetic pathway of Cretaceous resins derived from labdenoic
acid-rich exudates of the Araucariaceae, Cheirolepidiaceae or
Cupressaceae conifer families. Those ambers are based on polymers or copolymers of a labdane monomer (Lambert et al., 2008;
Pereira et al., 2011; Poulin and Helwig, 2015) formed during resin
hardening and its transformation from copal to amber. The polymerization begins across the terminal double bond in communic
acid (XXVII) and related structures, with the resultant copolymer
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Table 2
Normalized relative abundances of 1,6-dimethyl-5-alkyltetralins (I–III) and trimethylnaphthalenes (TMN), and the presence of labdanes and abietanes in Cretaceous ambers.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
a
b
c

Location and age

I

Peñacerrada II (Álava, Spain), Albian
Peñacerrada IM (Burgos, Spain), Albian
El Soplao (Cantabria, Spain), Albianb
Soto del Real (Madrid, Spain), Turonian
Sant Just (Teruel, Spain), Albian
La Hoya (Castellón, Spain), Albian
Fonfría (Cantabria, Spain), Albian
Cuchía (Cantabria, Spain), Albian
El Caleyu (Asturias, Spain), Cenomanian
Oreña (Cantabria, Spain), Cenomanian
Reocin (Cantabria, Spain), Cenomanian
Amazonas (Brazil), Albianc
Araripe (Brazil), Aptianc
Recôncavo (Brazil), Barremianc

100
100
48.0
–
100
100
100
100
35.4
34.2
100
100
100
8

II

III

8.2
63.8
77.3
10.1
20.0
9.1
30.6
10.2
100
100
23.6
4
2
20

3.1
3.8
1.2
–
10.8
1.2
26.5
2.3
14.5
12.0
11.5
2
4
18

TMN

5.0
6.0
6.1
4.0
6.8
5.0
6.5
4.3
5.6
7.0
6.9

Other terpenoids
Labdanesa

Abietanesa

V–XII, XV, XVII
V–XII
V–VIII
–
V–XII, XVII
V–XII, XV, XVII
V–XII
V–XII, XV, XVII
V–VIII
V–XII
V–XII
VI, XV, XVII
VI, XV, XVII
VI

–
XXIII
XIII, XXIII, XIV, XXIV
XIII, XIV, XXIII, XXV
XXIII
–
XXIII
–
XIII, XIV, XXIII, XXIV
XIV, XXIII, XXIV
XIV, XXIII
XIV
–
XIV

Roman numerals refer to structures given in the Appendix.
Reassessment of data from Menor-Salván et al. (2010).
Reassessment of data from Pereira et al. (2009).

France

1

Iberian
Strait

Ebro Massif

Iberian Massif

Portugal

Spain

Tethys
Sea

Aptian-Cenomanian
Depositional environments
Coastal marine
Fluvial-Lacustrine

Fig. 10. Map showing the distribution of the amber deposits studied in the Iberian Peninsula, with their corresponding type based on the relative amberene content: Type 1
(blue squares), Type 2 (green dots), Type 3 (red squares), Type 4 (yellow dots) (sample numbers refer to Table 2). The approximate Cretaceous depositional environments
associated with amber occurrences and main paleogeographic structures during the Aptian–Cenomanian period are also indicated (based on Dercourt et al., 2000). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

incorporating labdane diterpenoids (Anderson, 2006), in this case
agathic acid (XVI) (Fig. 8). It is interesting to note that we did
not find succinic acid or succinate esters in these samples (Poulin
and Helwig, 2014), and further work is necessary to establish the
macromolecular structure of these ambers, which could be Class
Ib or Ic in the classification of Anderson et al. (1992), as the cleavage of the amber macromolecular structure during aging could be a
source of amberene and related molecules (Fig. 8). The presence of

amberene and 1-methylamberene, hence, could be the result of the
alteration of a macromolecular structure containing bound
communic and agathic acids and biformene (XXVIII) diterpenoids.
On the other hand, a pyrolysis study of the Charentes amber
(Nohra et al., 2015) shows a macromolecular structure based on
communol–communic acid–biformene (Class Ib; Anderson et al.,
1992) with a predominance of communol and minor agathic
acid, making it unlikely that the cleavage of the macromolecular
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structure is a source of amberene. Another possible pathway is the
direct decarboxylation and aromatization of agathic and/or other
labdenoic acids. The loss of carboxyl from agathic acid could lead
to 19-noragathic acid (XVII), whose 13Z isomer was not identified
in these samples. The 19-norlabda-8(17),12E-dien-15-oic acid (XV)
is the dominant molecule found in the polar fraction of Peñacerrada amber, and with its 12Z isomer (XVIII) and acids XXI and
XXII, suggest that these are diagenetic derivatives (oxidation and
isomerization products) from communic acid, whose terminal
alkene is susceptible of oxidation to alcohol or acid (e.g., agathic
acid). The subsequent decarboxylation of acids XV, XVII, XXI and
XXII could lead to the hydrocarbons V–VIII, followed by aromatization to amberene (I), XI and XII (Fig. 8). The final end products
could be trimethyltetralin (II), trimethylnaphthalenes and alkylbenzenes. Thus, trimethyltetralin, present in all ambers studied,
is the less specific marker of this family and could be an indicator
of a higher degree of diagenesis of the labdane and abietane
terpenoids, given that it is a common product of pyrolysis of polylabdanoid structures (Bray and Anderson, 2009). However, we did
not observe parallel relative increases of trimethyltetralin, alkylbenzenes and trimethylnaphthalenes in these samples. As an
alternate possibility, trimethyltetralin could be a diagenetic product of sesquiterpenoid precursors. The labdane kujigamberol
(XXIX), a similar molecule to amberene, has been characterized
from the Maastrichtian amber of Kuji (Japan) and was also correlated with a labdenoic acid-rich botanical origin (Kimura et al.,
2012). Kujigamberol could have a similar origin as amberene, by
decarboxylation and aromatization of ring-B of for example agatholic acid (XXX) as a natural product precursor. We did not detect
kujigamberol in these samples, suggesting the lack of agatholic
acid or other suitable precursors in the original resins.

Cantabrian Basin (Spain). Its purification and structural study indicate the 1,6-dimethyl-5-isopentyltetralin structure. The elucidation of this structure led to the determination of two related
compounds that constitute collectively a family of labdane
biomarkers with the general structure 1,6-dimethyl-5alkyltetralin. The presence and abundance of amberene, which to
date has only been found in Cretaceous ambers, could be correlated
with the presence of labdenoic acid precursors and other labdane
biomarkers. This suggests that the Cretaceous ambers from Spain
may be divided into four compositional types with possibly distinct botanical origins. Amberene could originate by cleavage from
the macromolecular matrix of the resins derived from Araucariaceae, Cheirolepidiaceae, or Cupressaceae, and/or by decarboxylation of free labdenoic acids.

4. Conclusions

Appendix A

Amberene is the most abundant compound found in the extractable fraction of the Cretaceous ambers from the Basque-

Structures of compounds cited in the text, tables, figures and
supporting information.
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