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Abstract

Several well-preserved polychrome lacquered coffins were found in Zhang Dong family’s tombs in Shaanxi, China,
rare in the history of archaeological excavation. In the lacquered coffins, a large amount of dark solid of suspected
natural resin was unearthed with mysterious compositions and uses, exerting a tremendous fascination on archae-
ologists. In this work, a new method was explored for the identification of the suspected natural resin, mainly based
on thermogravimetry (TG), elemental analysis (EA), scanning electron microscopy-energy dispersive spectrometry
(SEM-EDS), matrix-assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF-MS) and Fourier
transform infrared spectrometry (FT-IR). The results suggested that the sample was mainly composed of organics with
a content of 81.66% and little inorganics with a content of 2.21% by water excluded. Rosin with the main component
of abietic acid (molecular formula C,,H5,0,) was identified as the principal component of the sample. Dehydrogen-
ated abietic acid (DHA) and other oxides were also tested out. FT-IR confirmed the identification results. SEM revealed
the rough surfaces evenly covered with holes of similar sizes. The use of this method directly obtained integral quasi-
molecular ion fragments and molecular components of the sample. As a result, intricate multi-stage mass spectrom-

etry is avoidable, which dramatically simplifies the analysis procedure. This approach is simple and effective for the
identification of precious relic samples, requires no references, and has potential for the analysis of these kinds of
unknown samples. Especially, for the first time, EA is used to identify natural resins from archaeological sites.
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Introduction

In September 2011, Shaanxi Academy of Archaeology
conducted an archaeological excavation at Jinghe Indus-
trial Park in Gaoling County, Xi'an City, with 26 tombs
excavated [1]. Among them, the graves of Zhang Dong
(1535-1585 A.D., an official in charge of seals in the
Ming Dynasty) family are of paramount importance.
They are regarded as the best-preserved Ming Dynasty
family tombs discovered so far in Shaanxi Province.
Polychrome lacquered coffins painted with peony, lotus,
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phoenix, peacock and some other exquisite patterns were
discovered, well-preserved, which is rare in the history
of archaeological excavation. In the lacquered coffins, a
large amount of unknown solid of suspected natural resin
was unearthed, with a dark grey surface, yellow opaque
cross-sections, and a thickness of about 1.0 cm. We ana-
lysed the lacquered coffin’s craftsmanship and materials
in 2015 [2], but the unknown solid has never been iden-
tified. For research, preservation and restoration, it is
indispensable to investigate the compositions and func-
tions of the suspected natural resin.

After a long period of burial in the geological environ-
ment, the natural resin may be oxidised and degraded,
which may bring challenges to its identification at a
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molecular level. A commonly used method for iden-
tifying natural resins is gas chromatography-mass
spectrometry (GC-MS) [3-6], by which the mixed com-
ponents are separated and then qualitatively analysed
[7]. However, complex pre-treatments limit its wide
application. Nuclear magnetic resonance (NMR) facili-
tates inferring the precise molecular structures [8, 9],
but for archaeological samples with complex and mixed
compositions, the data may be challenging to interpret.
As complementary methods, Raman spectroscopy and
Fourier transform infrared spectroscopy (FT-IR) pro-
vide information on the vibrational spectra of natural
resins [10-12], but databases or standard samples are
usually required as references. Consequently, for the
identification of the suspected natural resin with an
unknown chemical background in this case, the meth-
ods mentioned, with intricate analysis procedures and
requirements of references, may not be appropriate.

In this work, an approach based on TG, EA, SEM-
EDS and MALDI-TOF-MS was explored to exam-
ine the compositions of the suspected natural resin in
the lacquered coffin unearthed from the Ming tomb.
FT-IR was also adopted as a verification method. This
approach is efficient and requires no references, which
furnishes convenience to identify unknown resins
found in archaeological sites. In particular, EA is used
to identify natural resins in cultural objects for the first
time.
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Experimental

Samples

Samples were collected from the left side of the lacquered
coffin of tomb M9-1, 0.6 m from the skull and 0.3 m deep
in the coffin (Fig. 1a). The outer layer is black or dark grey,
dried up, while the inner layer is yellow and opaque. Take
a slice from the inner layer and name it Samp (Fig. 1b).

Reagents

Rosin (AR, Fig. 1c) was purchased from Macklin Bio-
chemical Co., Ltd., (Shanghai, China). Generally, rosin is
a light yellow and semi-transparent product of pine resin
after distillation of volatile oil. It is mainly composed
of resin acid, fatty acid, and neutral substances. Resin
acid, a diterpene compound with a molecular formula
of C,,H,;COOH, is the principal component, account-
ing for more than 90% of rosin. There are four isomers in
resin acid: abietic acid, neoabietic acid, levopimaric acid
and palustric acid, whose chemical structures are shown
in Fig. 2 [13]. After distillation, abietic acid is the main
isomer.

Apparatus and conditions

Thermogravimetric analysis (TG)

The quantitative analysis of inorganic and organic
components in Samp was carried out by a TG/DSC 3
+ thermal analyser (Mettler Toledo, Switzerland). The
thermal performance of rosin reagent was also studied

Fig. 1 a Polychrome lacquered coffin of M9-1. b Samp. ¢ Rosin reagent
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Fig. 2 Chemical structures of resin acids

for comparison. Take 2—5 mg sample and spread it flat on
the bottom of an alumina crucible. The temperature was
programmed to increase from 50 to 1000 ‘C with a speed
of 15 °C/min in a nitrogen atmosphere. Origin Pro 2021b
was used for data processing.

Elemental analysis (EA)

The content of carbon, hydrogen and nitrogen was
obtained by a vario EL cube CHNS elemental analyser
(Elementar, Germany). Before measurement, the sam-
ple was vacuum dried at 30 °C for 24 h to eliminate the
interference of moisture. The sampling mass was 1-3 mg.
High-purity oxygen was used as the carrier gas. The tem-
peratures of the oxidation and reduction tubes were 1150
and 850 C, respectively.

Scanning electron microscope analysis-energy dispersive
spectrometry (SEM—-EDS)

The micromorphology of the sample surfaces was
observed by a VEGA 3XMU scanning electron micro-
scope (Tescan, Czech Republic) with a working voltage of
15 kV, a sample chamber pressure of 90 Pa and a working
distance of 3 mm.

An INCA X-Act energy-dispersive X-ray micro-ana-
lyser (Oxford Instruments plc, UK) was used for the
analyses of carbon, oxygen and other elements. The
working voltage was 20 kV, and the beam intensity was
13. The sample was vacuum dried at 30 “C for 24 h before
measurement.

100 |-
Rosin reagent
Samp
80 |-
60 |-
Q
S
E3
40 |-
20 |
0
L L L L L L
0 200 400 600 800 1000
T (°C)
Fig. 3 TG results of rosin reagent and Samp

Matrix-assisted laser desorption ionisation time-of-flight
mass spectrometry (MALDI-TOF-MS)

An AXIMA-CFR™ plus matrix-assisted laser desorption
ionisation time-of-flight mass spectrometer (Kratos, UK)
was applied to identify the compositions of the sample.
Dissolve 0.4 mg sample in 4 mL acetone for 15 min with
ultrasonic assistance. Draw about 20 pL supernatant and
directly inject it for analysis. Negative electrospray ioni-
sation was selected as the dissociation source. Scan from
m/z 50 to 1500.

Fourier transform infrared spectrometry (FT-IR)

A LUMOS TENSOR 27 Fourier transform infrared spec-
trometer (Bruker, Germany) was used to characterise
the infrared spectra of the sample and rosin reagent. The
range of 4000—-600 cm ™! was measured with a resolution
of 4 cm™! and 24 times scans. Use OPUS 7.5 and Origin
Pro 2021b for data processing. Select the asymmetric
bending of methyl group at 1460 cm™! as the standard for
normalisation.

Results and discussion

Thermal analysis

For quantitative determination of the organics and inor-
ganics in Samp, TG was carried out. The results (Fig. 3)
showed that, within 50-175 °C, Samp lost mass of 16.13%
and the maximum rate of mass loss occurred at 110 C,
which were corresponding to the process of evaporat-
ing liquid water and volatile ingredients. According to
the literature, the decomposition of organics occurs
within 175-500 ‘C [14], in which Samp had a mass loss
of 81.66%. The maximum rate of mass loss occurred at
330 C, which is consistent with the decomposition of
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abietic acid reported in the literature [15]. Consequently,
this process is the thermal decomposition of organics in
Samp, which possibly is rosin. Up to 500 C, Samp had a
mass loss of 97.79%, while 2.21% of mass remained, which
referred to inorganics. Thus, Samp comprises water and
volatile ingredients of 16.13%, organics (possibly is rosin)
of 81.66% and inorganic impurities of 2.21%.

The thermal properties of rosin reagent (Fig. 3) were
also studied. The rosin reagent is analytically pure. There-
fore, unlike Samp, there is no mass loss that indicates
the presence of water and volatile ingredients at around
110 °C. Within 175-470 C, the thermal decomposition
of rosin reagent was similar to that of Samp. From about
470 °C on, the two curves overlapped. These results may
imply the similarities of the two components.

Element analysis

X-ray fluorescence spectrometry (XRF) is the most
widely used element analysis method for cultural herit-
age. XRF is effective for analysing the elements from
sodium to uranium, but fails to achieve sufficient accu-
racy for the determination of carbon. As a result, it is
mainly used for the detection of inorganic elements. The
results of the thermogravimetry provided an indication
of organics as the main components of the analyte. How-
ever, the determination of organic elements is scarce in
the field of cultural heritage. In our previous research,
elemental analysis was used for the quantitative determi-
nation of protein in the coloured paintings in the Sum-
mer Palace for the first time [16]. The sample amount
was only 2-3 mg, but high accuracy with a recovery of
100.15% was attained [17], which has significant advan-
tages for the analysis of precious organic relic samples.
Likewise, in this work, elemental analysis was applied for
the accurate admeasurement of organic elements.

The results showed that the content of carbon and
hydrogen in Samp was 64.93% and 8.52%, respectively,
while nitrogen was not detected. When EA being per-
formed, dynamic combustion is adopted to make the
sample decompose and then further react at a high tem-
perature in a pure oxygen environment. Finally, carbon,
hydrogen and nitrogen are converted to CO,, H,O and
N,, respectively. The content of each element in the sam-
ple can be obtained by thermal conductivity detection
after separation by chromatography. Oxygen is not exam-
ined in EA.

EDS was used to detect oxygen for supplementary anal-
ysis. The results showed that the content of carbon and
oxygen was 86.76% and 13.24%, respectively. Since EDS
was only able to detect the elements from boron to ura-
nium, hydrogen was absent from the detection. The data
obtained was the result after normalisation, showing the
relative content of elements.
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From EA and EDS results, the atomic number ratio of
carbon, hydrogen and oxygen in Samp (CH, 543,00.1145)
was deduced, which was close to that of abietic acid
(CH;50,,). Abietic acid, with a chemical formula of
Cy0H300, and a molar mass of 302.46, is the main com-
ponent of rosin. Based on carbon, the relative errors of
hydrogen and oxygen of Samp are 4.23% and 14.50%,
respectively.

Water and inorganic impurities contained in Samp
could interfere with the element analysis results. There-
fore, the samples were vacuum dried to remove water.
Samp contained few inorganic impurities with a content
of 2.21%, and even no inorganic element was detected by
EDS. Only carbon and hydrogen were detected in EA,
while other elements (the main constituent elements of
inorganic impurities) were not detected. Therefore, the
interference of inorganic impurities was weak.

Composition analysis

The compositions of Samp were identified by MALDI-
TOEF-MS. Rosin reagent was used for comparative
validation. Using electrospray ionisation avoids the frag-
mentation and decomposition of samples, making it
easy to obtain the integral quasi-molecular ions which
indicate the molar mass. In the mass spectrum of Samp
(Fig. 4b), the base peak [m/z 301.2173, (M-H)™] assigns
to the molecular ion peak, providing an implication of
the molar mass of Samp. On the basis of the results of
element analysis and MALDI-TOF-MS, it is inferred that
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the molecular formula of the main component of Samp is
CyoH300,, which is abietic acid, the principal component
of rosin. Therefore, Samp was identified as rosin. Rosin
reagent has almost the same base peak [m/z 301.2162,
(M-H)™, in Fig. 4a] as Samp, confirming the inference
above.

Besides, the appearance and physical properties of
Samp are similar to those of rosin reagent: colour of
amber, soluble in acetone, and insoluble in water. The
combined use of EA, EDS and MALDI-TOF-MS directly
obtained the resin’s molecular information to be tested,
getting the leading component identified efficiently. As
a consequence, complex multi-stage mass spectrometry
is avoidable, which dramatically simplifies the analysis
procedure.

In addition to abietic acid, various oxidation products
(Table 1; Fig. 4b) were tested out in Samp. Based on our
results of MALDI-TOF-MS and the literature [13], the pos-
sible isomerisation and oxidation pathways of resin acids
are inferred as shown in Scheme 1. Pine resin was col-
lected, then heated and purified. By these processes, vola-
tile oil was removed; meanwhile, the isomerisation of resin
acids occurred. The latter can be explained by the transfer
of protons. The isomerisation tends to form abietic acid,
and finally, an equilibrium state of the isomers is obtained.
Abietic acid is easily oxidised due to the existence of an
active conjugated double bond. Dehydroabietic acid (DHA)
could be formed by dehydrogenation between C-11 and
C-12. The introduction of oxygen leads to further oxida-

Table 1 MALDI-TOF-MS results of Samp

Peak  Possible compound Molecular Mono-isotopic
formula, mass, [M-H]~
[M-H]I™

b DHA CyoH,,0, 299.2018

a Abietic acid CyoH560, 3012173

C oxo-DHA CyoHy505 313.1786

d OH-DHA/oxo-abieticacid ~ CygH,,0; 315.1946

e OH-abietic acid CooH00;5 317.2039

f OH-oxo-DHA CyoHy50, 329.1741

g diOH-DHA CyoHy70, 331.1883

h Peroxy-abietic acid CyoHy0, 333.2007

i diOH-oxo-DHA CooHy50s 345.1679

j triOH-DHA CyoH,,054 347.1805

k triOH-abietic acid CyoH5905 349.1953

I tetraOH-abietic acid CyoHy006 365.1908

tion, which may be achieved by forming a peroxide group
by the double bond [13], or hydroxyl and carbonyl groups
on abietic acid and DHA. In this study, trihydroxy-abietic
acid (triOH-abietic acid) and tetrahydroxy-abietic acid
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(tetraOH-abietic acid) were detected by MALDI-TOF-MS,
which were rarely tested out in other methods. However,
the exact structures of triOH-abietic acid and tetraOH-
abietic acid are still uncertain, which may be a mixture of
various oxidation products. The mass-to-charge ratios
detected in our experiments correspond to the compounds
inferred in the literature [13], which provides assertive
evidence for the oxidation process mentioned above. The
dehydrogenation and oxidation of abietic acid will cause an
increase of oxygen, which is a crucial reason why oxygen
content in Samp is 14.50% higher than that in abietic acid.

Besides, the clusters detected in the range of m/z 550—
700 may refer to rosin dimers (Fig. 4), which is confirmed
by reference [18].

FT-IR was carried out to verify the above identification
results. According to the results of MALDI-TOF-MS and
element analysis, the purchased rosin reagent was chosen
for comparison. Figure 5a showed the normalised infrared
spectra of rosin reagent and Samp. The main absorption
peaks and their proposed assignments were summarised
in Table 2. The two spectra corresponded well with similar
shapes, indicating that the main component of rosin rea-
gent and Samp are the same, which is abietic acid. 1695 and
3438 cm ™! were attributed to C=0 and O-H stretching
vibration respectively, which together suggested the pres-
ence of COOH in rosin reagent and Samp. Strong peaks
such as 3000-2800, 1460 and 1385 cm ™ assigned to C—H
vibrations, of which positions and intensity were basically
the same in the two spectra. Although the unsaturated
bond signals were weak, they were also detected in both
rosin reagent and Samp spectra (1639 and 3080 cm™). It
was worth noting that the peak at 890 cm™ attributable
to out-of-plane bending vibration of =CH was medium-
strong in the spectrum of rosin reagent, but very weak in
the spectrum of Samp, indicating that C=C bonds were
partially destroyed and a relatively mature resin formed
[19-22]. The aromatic ring skeleton vibration at 1607, 1556,
1540, 1521, and 1497 cm™! (Fig. 5b) was only detected in
the Samp spectrum (but not in the rosin reagent spec-
trum), which was the evidence that Samp contains dehy-
droabietic acid and its derivatives. All in all, from the FT-IR
results, the main component of Samp was abietic acid, and
oxidation occurred, which were consistent with the results
of MALDI-TOF-MS and element analysis.

Morphology analysis

The SEM images of rosin reagent and Samp were shown
in Fig. 6. At the micro-level, their morphologies were
different. Rosin reagent surface was highly flat and
smooth, while the Samp surface was extremely rough. In
the high magnification image, it was observed that the
Samp surface was evenly covered with holes of similar
sizes (Fig. 6d). The existence of a large number of holes
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Table 2 The main absorption peaks in FT-IR spectra of rosin reagent and Samp and their proposed assignments [19, 20]

1

Rosin reagent/cm™ Samp/cm~! Band assignment
3438 (b) 3438 (b) VoH

3080 (w) 3076 (w) VE ey

2958, 2867 (vs) 2955, 2868 (vs) VsV s

2929, 2851 (vs) 2929, 2850 (vs)

S S
VE o Vi i

1695 (vs) 1695 (vs) Voo

1639 (w) 1633 (W) Velc

(nb) 1607, 1556, 1540, 1521, 1497 (w) y , (vibration of aromatic ring skeleton)
1465 (m) 1465 (m) P cr

1460 (m) 1460 (m) 0% o3

1385, 1365 (M-w) 1385, 1365 (M-w) & s

1278,1252,1233 (m-w)
1188,1179, 1152 (m)
1047,1038 (w)

950 (m)

890 (m)

1276,1252,1233 (m-w)
1189, 1179, 1152 (m)
1047,1038 (w)

950 (m)

886 (vw)

V c_on In carboxylic acids

V c_on in carboxylic acids and 2° alcohols
V c_on in 1°and 3° alcohols

Y o-n in carboxylic acids

Y —c_n in RR'C = CHR”

reduced the strength of the coating. Simultaneously,
holes increased the specific surface area of Samp, which
made it easier to deteriorate. At the macro-level, Samp
showed a deep colour in appearance and low solubil-
ity, while, with light colour in appearance, rosin reagent
dissolved in acetone completely, forming colourless and
transparent solution (Fig. 7). All the physical distinctions
mentioned between rosin reagent and Samp were due
to the formation of dark oxidation products in Samp, as
confirmed by chemical changes.

Functions
Rosin comes from pine trees. With strong vitality, pine
tree is widely distributed in the northern hemisphere. It
is one of the most widely distributed tree species in the
world. China, with all the existing genera of Pinaceae
and three endemic genera, has the richest distribution
of Pinaceae. There are about 95 species of Pinaceae in
China, accounting for 40% of the world’s total species
[23]. The wide distribution of Pinaceae provided objec-
tive conditions for the ancient Chinese to collect, process
and use rosin.

As one of the most widely used natural resins, rosin
was often used as adhesives [24, 25], varnish coatings
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Fig. 6 SEM images: a Rosin reagent (500 x magnification). b Rosin
reagent (2000 x magnification). ¢ Samp (500 x magnification). d

Samp (2000 x magnification)

Fig. 7 Acetone solution of rosin reagent and Samp

[26, 27], medicines [28, 29] and other daily necessities,
playing an essential role in ancient times. According to
historical records [30], artificial collection of pine resin
can be traced back to the Han Dynasty in China. With
the invention of direct fire heating method, Chinese peo-
ple mastered the technology of extracting rosin from
pine resin. In the Tang Dynasty, rosin was widely used in
gunpowder, movable type printing, shipbuilding, paper-
making and other processes. During the Song Dynasty,
Chinese rosin production flourished and exported to
Arabia, Persia, India, and Southeast Asian countries.
Although rosin production declined gradually after Yuan
and Ming Dynasties, it was still used in daily necessities.
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Thus, China has a tradition of processing and utilizing
rosin.

In this case, rosin found in the Ming Dynasty tomb was
used to coat the inner wall of the lacquered coffin. We
hold the view that the functions are to seal the wooden
coffin and preserve the corpse. Similar examples had
been found in archaeological excavations [31]. During
the Song, Yuan and Ming Dynasties, it gradually became
popular to fill the gaps between the inner and outer cof-
fins with a large amount of rosin. In the Song Dynasty,
the ancient Chinese had recognised that rosin had the
pleasing effect as a moisture-proof sealing material. Yuan
Dynasty traveller Marco Polo also described in his travel
notes the scene that Dunhuang people sprinkled scented
gums and other drugs in coffins during burial ceremonies
[32]. The gums mentioned include borneol, frankincense,
myrrh, benzoin, styrax, ferulae resina, rosin and other
resins. According to the 34th volume, the Wood, in Com-
pendium of Materia Medica written by Li Shizhen, all
these scented gums possessed the ability of sterilization
[33]. The antimicrobial activity of rosin and its derivatives
has been proved by experiments now [34—36]. Ancient
Chinese believed that “death is a rebirth’} advocated
grand burials, and longed for immortality and eternity.
As a readily available raw material with suitable viscos-
ity, rosin has developed into a sealing material for coffins.
Furthermore, together with the use of fabrics (wrapping
corpses), fragrances, gold, jade, multi-layer coffins, deep
burial and other materials or methods, rosin has formed
a sophisticated burial system that played a positive role in
the preservation of corpses.

Preservation conditions

In cultural relics resin samples, abietic acid oxides were
often detected as principal components instead of abi-
etic acid [37, 38]. However, in this case, abietic acid was
tested out as the main component, while its oxides were
in the minority, indicating that the resin was relatively
well-preserved [39]. This was due to the thick rosin coat-
ing (about 1 cm), by which the inner resin (where we took
samples for test, Fig. 1b) was protected from the oxida-
tion environment. As a result, a large amount of non-oxi-
dised abietic acid was retained.

The use of rosin coating promoted the adhesive force
at the joint and the hermetic seal of the coffin, which
prevented the entry of external soil and air to a certain
extent. Together with the deep burial, the rosin coating
was conducive to the formation of a relatively anaero-
bic atmosphere inside the coffin, thereby preserving the
organic matter [39]. It is worth mentioning that, after
nearly 400 years of burial, the perishable wooden coffin
has still been well-preserved. Until today, the lacquered
coffin still maintains its original shape and painted
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patterns, like peony, lotus, etc., which is owing to the
dual protection of the rosin coating inside of the coffin
and the polychrome lacquer layer outside of the coffin.

Conclusions

In this work, a new approach was explored to identify
the molecular compositions of natural resins unearthed
in archaeological sites, mainly based on TG, EA, SEM-
EDS and MALDI-TOF-MS. FT-IR was also adopted
as a verification method. This method is simple and
does not require standard samples and databases as
references, which has significant advantages for the
identification of relic samples with unknown chemi-
cal backgrounds. It should be noted that EA is the
first time applied to identify natural resins in cultural
objects.

The analysis of the natural resin unearthed from the
Ming tomb in Shaanxi verifies the feasibility of this
method. The suspected resin was identified as rosin. It is
inferred that the resin was used to seal the coffin and pre-
serve the corpse. The efficient identification of MALDI-
TOE-MS indicated that abietic acid dominated as the
main component in Samp with a small amount of oxida-
tion products such as DHA and OH-DHA, as confirmed
by FT-IR. The morphology illustrated that the surface is
rough and evenly covered with holes. Non-oxidised abi-
etic acid as the main component means that the resin is
relatively well-preserved, which is rare after a long period
of burial. This is due to the thick rosin coating, by which
the inner resin was protected from the oxidation environ-
ment. Under the dual protection of the rosin coating and
the polychrome lacquer layer, the lacquered coffin was
also well-preserved. This article provides valuable infor-
mation for the research and preservation of this batch
of samples, and establishes a new method for analysing
natural resins.
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