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Abstract  The discovery of Hamipterus tianshanensis had important scientific significance because three-dimensional pre-
served fossils can provide unique information about the reproduction, development, and evolution of pterosaurs. However, the
pterosaur fossils exhibited violent weathering, including noticeable cracking and spalling, since the preservation environment
changed dramatically after excavation, which severely influenced the preservation of these fossils and the scientific research
conducted on them. To determine the weathering mechanism of these fossil bones, the samples were analyzed using X-ray
fluorescence (XRF), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy
and energy dispersive spectrometry (SEM-EDS). The results indicate that calcite is the main mineral in the hollow bones, but it is
mixed with a small amount of other minerals, such as quartz, feldspar, and other debris particles. Moreover, the main component
of the pterosaur bones is hydroxyapatite, and carbonate has substituted for some of the phosphate (B-type carbonated apatite) in
the fossil bones. A small amount of calcite and manganese oxides has precipitated in the vascular canals. The phosphate
crystallinity index (PCI) is 4.17. These results indicate that the fossils have undergone severe diagenesis. Apart from these
alterations, the fossil bones have high contents of anions and cations such as Cl , NO; , SO427, Na', and Ca2+, and the total
content of soluble salts is 35584.41 ug gfl. Based on these results, it is inferred that the weathering mechanism of the fossil bones
is as follows. First, the fragile hollow bones cracked easily because of the enormous thermal stress caused by the dramatic
temperature changes in the Gobi Desert and the differences in the thermal expansion coefficients (TEC) of the surrounding rocks,
the fossil bones, and the different fillers. Second, a large amount of stress is generated by salt crystallization when the
temperature and humidity change, and the pterosaur fossils will be damaged when the crystallization pressure exceeds the tensile
strength of the fossils. These results suggest that the preservation of pterosaur fossils requires suitable desalination and con-
solidation conditions. Moreover, they should be preserved in a constant temperature and humidity environment.
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1. Introduction natural relics, are the key to understanding the lives of an-
cient organisms on Earth. Among the few pterosaur fossil
Paleontological fossils, which are precious nonrenewable localities around the world, the Turpan-Hami Basin, Xin-

jiang, China, is a unique site because it is not only the largest
and the richest source of pterosaur bones in the world but
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also the only site containing preserved three-dimensional
(3D) male and female skulls, eggs, and embryos together
(Wang et al., 2018). The pterosaur (Hamipterus tian-
shanensis) preserved in the Hami Basin shed light on the
reproductive strategy, ontogeny, behavior, and ecology of
pterosaurs (Martill, 2014; Wang et al., 2014, 2017; Deeming,
2017). However, these precious fossils experienced weath-
ering after their excavation and transportation from Xinjiang
to Beijing. The degradation, such as the powdering and
disintegration of the rocks surrounding the fossils and spal-
ling of the fossil bones, has severely affected the preserva-
tion, exhibition, and scientific research of these fossils.

Although the weathering resistance of most fossil bones is
improved after fossilization, some fossils still undergo
weathering phenomena such as cracking and spalling. Sev-
eral studies have been conducted on the preservation of
weathered fossils. For dinosaur fossils found in China, Deng
et al. (2010b) used Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and other chemical ana-
lysis methods to determine the compositions of the fossils
and their matrix, and then, they used nano SiO, hybrid
emulsion to consolidate the fossils (Deng et al., 2010a). For a
human mandible from Atapuerca (Spain), Lopez-Polin et al.
(2008) used computer tomography (CT) scans and other
techniques to complete the diagnostic examination before
physical intervention, and then, they used the reagents such
as demineralized water and alcohol solution (1:1) to clean the
fossils and used B72 to rejoin the fossil fragments. For ele-
phant and ivory fossils, researchers have found that the loss
of collagen and the deposition of pyrite and goethite are the
main factors causing fossil deterioration. After identifying
the weathering mechanism, they recommended the use of
nano-hydroxyapatite to consolidate fossils and to preserve
the fossils in an appropriate environment during storage and
exhibition (Turner-Walker, 1998; Wang et al., 2007; Liu,
2014). Whether these conservation methods will negatively
interfere with subsequent studies is of great concern.
Therefore, several researches have assessed the possible ef-
fects of cleaning and consolidation techniques on isotopic
and DNA studies of bone tissue (Howie, 1984; Lopez-Polin,
2012; Mallouchou et al., 2019).

As can be seen from these previous studies, understanding
the weathering mechanisms is an important initial step in
conservation intervention. However, few studies have fo-
cused on investigating the weathering mechanisms of fossils,
and only a few such studies have been conducted on dinosaur
fossils and Pleistocene mammal fossils (Turner-Walker,
1998; Zhang et al., 2019). Until now, far too little attention
has been paid to the conservation of pterosaur fossils, the
bones of which are thin and hollow. While some researches
have discussed the weathering mechanism of pterosaur fossil
matrices (Li et al., 2019) and consolidating materials (Peng
et al., 2020), the weathering mechanism of pterosaur bones
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has not been discussed in detail. For the pterosaur (Ha-
mipterus Tianshanensis) fossils found in Xinjiang, the dry
and extremely alkaline and saline environment is the main
factor that has caused the deterioration of many relics (Liang,
2009). Determining whether or not the deterioration of the
fossil bones is related to this extreme environment requires a
systematic analysis. Understanding the weathering mechan-
ism of pterosaur fossils is of great significance to developing
detailed protection plans. Thus, in this study, X-ray fluor-
escence (XRF), FTIR, XRD, scanning electron microscopy
and energy dispersive spectrometry (SEM-EDS), and ion
chromatography (IC) were used to investigate the weathering
and degradation mechanism of fossil bones and to provide a
valuable reference for fossil conservation.

2. Material, methods, and results

2.1 Sample testing

The samples used in this study were collected from Hami,
Xinjiang, China, where many pterosaur fossils have been
excavated. Nearly all of the fossils were found in the tem-
pestite interlayers in the Lower Cretaceous Tugulu Group,
which were formed under fluviolacustrine conditions. The
fossil matrix is grayish white medium-to-fine grained sand-
stone mixed with brown mudstone breccias (Wang et al.,
2014). The pterosaur fossils are preserved in large quantities
individually and without orientation (Wang et al., 2014). The
features of the pterosaur fossils are their thin and hollow
bones, which are filled with light colored (Figure la) and
dark colored sandstone (Figure 1b) and transparent, colorless
crystals (Figure 1f). Weathering phenomena such as cracking
and spalling are severe (Figures lc and le).

2.2 Methods and results

2.2.1 XRF

The chemical compositions of the samples were determined
using a laboratory XRF system (XGT-7000, Horiba). A spot
size of 1.2 mm, an operating X-ray tube voltage of 30 kV, a
current of 0.15 mA, and a data acquisition time of 100 s were
chosen. The results are presented in Table 1.

The XRF results indicate that the fossil bones are char-
acterized by low SiO, and Al,O; contents, and high CaO and
P,Os contents. The main elements of the fossil bones are Ca
and P. The Ca/P ratio (1.16) is significantly lower than that of
hydroxyapatite (1.67), which suggests that minor elements
likely substitute for Ca in the hydroxyapatite structures
during diagenetic processes (Newesely, 1989). Remarkably,
the fossil bones contain Na,O and SO;, indicating that some
soluble salts have been deposited within the bones.

The sandstone-filled matrix is characterized by high SiO,,
Al,O5, and CaO contents, and low Na,O, MgO, and Fe,0,
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Figure 1 Sample testing of pterosaur fossils. (a) Matrix, fossil bones and light sandstone-filled matrix. (b) Matrix, fossil bones and dark sandstone-filled
matrix. (c) Cracked fossil bones. (d) Transparent, colorless crystals filling the hollow bones. (¢) Cracking and spalling of pterosaur bones. (f) Cross-section of
the filling matrix and colorless crystals partly filling a hollow bone. (g) The magnified image of the interesting part in (f) (black box) and the transparent,

colorless crystals.

Table 1 The XRF results for the fossil bones and sandstone-filled matrix (wt%)a)

Sample  Na,0  MgO  ALO,  Si0,  P,0; SO, cl K0 Ca0 TiO,  MnO  Fe,0;  StO

YL-B 3.24 6.26 11.71 40 0.13 0.44 - 063 2244 - 1283 2.06 0.07
YL-W 2.67 2.81 786 36.44 0 233 - 172 4164 0.4 0.08 4.01 0.03
YL-G 2.71 1.14 1.18 461 39.92 1.6 0.03 002  46.16 - - - -

a) Throughout this article, YL-B, YL-W, and YL-G refer to the dark sandstone-filled matrix, the light sandstone-filled matrix, and the fossil bones,

respectively.

contents. There is no significant difference between the
compositions of the dark and light sandstone-filled matrices,
except that the dark sandstone-filled matrix has a lower CaO
content and a higher MnO content, revealing that the high
Mn content mainly contributes to the color of the dark
sandstone-filled matrix.

2.2.2 XRD

The X-ray powder diffraction testing of the YL-W, YL-B,
and YL-G samples was conducted in the Testing and Ana-
lytical Lab at the Xi’an Center of the Chinese Geological
Survey. These data were collected using a Rigaku D/max

2500 diffractometer (graphite monochromated, Cu Ka ra-
diation, 40 kV, and 200 mA). Before being tested, the sam-
ples were crushed using a mortar and pestle and the particles
were spread within calibrated recesses on glass slides. The
results are shown in Figure 2 and Table 2.

The crystals in the hollow pterosaur bones were scraped
out using a scalpel and were ground using a mortar and
pestle. The powdered sample was analyzed on XRD (Mini-
Flex IT; Rigaku, Japan) using Cu Ko radiation at 30 kV and
15 mA with a 1.25° divergence slit, a 1.25° anti-scatter slit,
and a 0.3 mm receiving slit. The 26 scanning range was 15°—
70°, with a scanning rate of 3° min_'. The results show that
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Figure 2 XRD patterns of the samples. (a) The light sandstone-filled matrix; (b) the dark sandstone-filled matrix; and (c) the pterosaur bones.

Table 2 The XRD data (wt%)"

Samples YL-W YL-B YL-G
Quartz 26. 8 15.4 -
Plagioclase 12.7 11.1 -
Orthoclase 4.1 3.8 -
Calcite 45.1 69.7 2
Dolomite 2.3 - -
Chlorite 2.0 - -
Illite 3.0 - -
Montmorillonite 4.0 - -
Hydroxyapatite - - 98

a) The XRD results indicate that the main mineralogical composition of
the fossil bones is hydroxyapatite, and they have low calcite content. The
sandstone-filled matrix is mainly composed of calcite, with some feldspar
and quartz. In addition to these minerals, the light sandstone-filled matrix
also contains small amounts of dolomite and clay minerals.

the crystals within the hollow bone are calcite (Figure 3).

In summary, these results show that the main composition
of the fossil bones is hydroxyapatite, and they have low
calcite content. The sandstone-filled matrix is mainly com-
posed of calcite, with some feldspar, quartz, and clay mi-
nerals. The mineral crystals within the hollow bone are
calcite.

2.2.3 FTIR

A Pterosaur fossil bone was ground with KBr in an agate
mortar at a weight ratio of 1:100 to prepare a tablet. The
FTIR spectra were collected using a NICOLET 6700
(Thermo Scientific, USA) spectrometer, within the range of
4000-400 cm ', at a resolution of 4 cm ', using 32 scans per
spectrum. The data were analyzed using the OMNIC 8.0
software.
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Figure 3 XRD patterns of the crystals within the hollow bone.
The results are shown in Figure 4. The broad bands at 3420 i 104
and 1637 cm’' represent the stretching and bending vibra- - Y
tions of the hydroxyl groups, respectively, which shows that 0.7
the bones contain hydroxyls or adsorbed water. The peaks at 06 ]
1456 and 1425 cm ' are due to v; CO;", and the band at -
873 cm ' is due to v, CO,” . The strong peak at 1041 cm ' is o=
due to vy PO,”". The bands at 965 and 469 cm " are due to v, % i)
PO437 and v, PO437, respectively. The bands at 605 and £ .
570 cm ' are due to v, PO, (Weng and Xu, 2016). g 0'3__ 20 1456 1425 | | 605 570
The carbonate ions in the hydroxyapatite can either sub- 0.2 31 7/ 305 \
stitute for the OH or PO, , creating A-type and B-type b 163? 73 [|[469
carbonated hydroxyapatite, respectively. The A-type carbo- =
nate exhibits bands at about 1545, 1450, and 880 cmfl, while 0.0
the B-type exhibits bands at about 1455, 1410, and 875 cm’' T -1 1 -1 1T 1 1
4000 3500 3000 2500 2000 1500 1000 500

(Fleet and Liu, 2003). The spectrum of the pterosaur bone
exhibits bands at 1456, 1425, and 873 cmfl, indicating that
the CO; substitutes for the PO, groups (B-type). This B-
type substitution reveals that the CO327 in the environment
replaced some of the PO437 in the hydroxyapatite during the
fossilization process.

In addition, the phosphate crystallinity index (PCI), which
provides an estimation of the crystallinity of the pterosaur
bones, can also be used to investigate the effects of diagen-
esis and fossilization on the lattice structure and composition
of the bioapatite. The higher the PCI, the higher the degree of
crystallinity (Lai, 2006). Generally speaking, the crystals in
fresh bones have PCI values of 2.8-3.0, while diagenetic
bones have much higher values (Berna et al., 2004). Ac-
cording to the calculation formula obtained from the litera-
ture (Shemesh, 1990; Weiner and Bar-Yosef, 1990), the PCI
value of the fossils is 4.17, indicating that a high degree of
diagenetic alteration occurred during burial, and the fossil
pterosaur bones have undergone severe diagenesis.

2.2.4 Bone histology

The sample was embedded in EXAKT Technovit 7200 one-
component resin for the longitudinal section preparation, and
then, it was cut with an EXAKT 300CP automatic micro-

Wavenumber (cm')

Figure 4 FTIR spectrum of a fossil bone.

matic microtome. The section was prepared by grinding and
polished it to about 30 pm using an EXAKT 400CP variable
speed grinder-polisher and P500 and P4000 abrasive paper.
The thin section was photographed in both plane-polarized
light (PPL) and crossed polarized light (XPL) under a ZEISS
Axio imager A2m polarized light microscope. The results are
shown in Figure 5.

The thin section reveals that the pterosaur bone has nu-
merous vascular canals in a reticular pattern (Figure 5a).
Furthermore, the black region may be caused by the invasion
of bacteria. The line of arrested growth (LAG) and cracks
can be observed at the cortical bone (Figure 5e¢). Under
crossed-polarized light, many crystals, which are probably
composed of calcite, can be observed in the canals (Figures
5b and 5d).

2.2.5 SEM-EDS
A rubber suction bulb was used to generate air to clean the
samples. Then, the samples were secured in an instrument
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Figure 5 Microphotographs of the histological section. (a) Plane-polarized light, vascular canals in a reticular pattern and black spots on the surface. (b)
Cross-polarized light, crystals can be observed in the canals. (c) Enlarged view of the red box in b, plane-polarized light. (d) Enlarged view of the red box in
b, crystals can be observed in the canals under cross-polarized light. (e) Enlarged view of the red box in a, plane-polarized light. The LAG and cracks can be

observed.

holder using conductive glue. The gold sputtered substrates
were analyzed using a Carl Zeiss EVO25 (Zeiss, Germany)
at 8-16 kV. The results are shown in Figure 6.

Cracks can be seen between the fossil bone and its filled
matrix (Figure 6a), revealing that the broken bones easily
spall under external forces. Although the bone surface shown
in Figure 6b is relatively smooth and does not contain sig-
nificant cracks, several cracks can be seen under high mag-
nification (Figure 6¢ and 6d). These cracks will grow bigger
under external forces. In addition, many crystals can also be
observed in the thin section under high magnification (Figure
6e and 6f).

The Phenom-World Phenom XL at 15 kV was used to map
the element distributions of the thin section. The composition
of the darker areas in the vascular canals in the backscattered
electron image were compared with those of the brighter
regions using area-scanning analysis. The region shown in
Figure 5d was also tested to determine its composition.

Under the backscatter electron detector (BSD) model, the
region will be brighter as the atomic number increases.
Figure 7a shows that some areas are much brighter, while
others are not significantly different from the surrounding
area, which indicates that there are different materials filling
in the vascular spaces. The SEM-BSD image containing
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Figure 6 SEM images of the fossil bone and its thin section. (a) The fracture surface of the pterosaur bone. (b) Low magnification image of the bone’s
surface. (c) High magnification image of the bone’s surface, containing small cracks. (d) Enlarged view of the white box in (c), cracks can be seen (white
arrow). (e) Bone tissue slice (vertical axis). (f) Enlarged view of the white box in (e), crystals can be observed in the canals.

bright regions (Figure 7d) is rich in Mn, O, and F, but it
contains almost no Ca and P, indicating that this area is
composed of manganese cement. The SEM-BSD image
containing dark regions within the vascular canals (Figure
7e) is rich in Ca and O, but contains almost no P and F,
indicating that this area composed of calcite cement. The
element detection results for the same region shown in Fig-
ure 5d indicate that the crystal is calcite, and this area has a
very high Ca and O contents, but contains almost no P and F.

The calcite and manganese cements in the vascular canals
should be the result of the mineral composition of the
groundwater deposited in the bone cavity after the decay and
disappearance of the organic matter during the long-term
burial (Du and Tong, 2009). In the early stages of the burial
process, CaCO; does not deposit easily because of acidic
gases such as H,S and CO,, which are generated during the
organic decay, which can dissolve in water and reduced the
pH value (Ronald, 1999). The deposition of CaCO; begins

only when the fleshy organic matter has rotted away and the
pH of the microenvironment increases.

2.2.6 lon chromatography

A Shimadzu (Kyoto, Japan) HIC-10A super IC system was
used to analyze the contents of the soluble salts in the pter-
osaur fossils. The detailed experimental methods were the
same as that reported by Li et al. (2019). The analytical
conditions are reported in Table 3.

Table 4 shows that the contents of Na', CI', and NO; are
very high in the rocks surrounding the fossil bones, while the
filler in the fossil bones has lower soluble salt contents. The
high soluble salt contents within the fossil bones may be due
to the fact that soluble salts, such as NaCl, begin to dissolve
and migrate from the surrounding rocks into the fossil bones
when the humidity changes. However, the ions may have
difficulty migrating from the bones into fillers because hy-
droxyapatite has a good adsorption capacity (Shen et al.,



LiY, et al.

Sci China Earth Sci

March (2021) Vol.64 No.3 465

100 um

Figure 7 The surface scans and the elemental compositions of the bone thin section obtained from the SEM energy spectrum. (a) Image of the bone thin
section under the BSD model. (b) Enlarged view of the white box in a, some crystals are light in color, while others are dark. (¢) Enlarged view of the white
box in a, the scanned area is the same part as in Figure 5c and 5d. (d) The elemental composition of the light area in (b), which is rich in Mn, O, and F and
poor in Ca and P. (e) The elemental composition of the dark area in (b), which is rich in Ca and O and poor in P and F. (f) The elemental composition of the

dark area in (c), which is rich in Ca and O and poor in P and F.

Table 3 The analytical conditions of the IC

Items Cations Anions

Mobile phase 0.70 mmol L™ sulfuric 0.35 mmol L' sodium

acid carbonate
Column temperature 40°C 45°C
Flow rate 1.0 mL min™' 0.8 mL min”'
Pressure 3.7 MPa 11 MPa
Injection volume 60 uL 60 uL
LC start time-stop time 0-30 min 0-20 min

1996). The adsorption capacity of the fossil bones explains
why the salt contents of the bones are much higher than those

of the hollow bone fillers. Furthermore, the sulfate was
formed in an aerobic environment during the decay and de-
composition of the organic matter after the pterosaur was
buried, which resulted in the fossil bones having a higher
sulfate content than the matrix (Weiner, 2010). The specific
reasons for the high sulfate contents of the fossil bones needs
to be investigated further.

3. Discussion

Based on the above analysis results, we obtained important
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Sample Na' K* Ca™" Mg™ cr NO, ok Total

F-Black 315.60 95.03 2688.89 0.00 197.12 378.45 2391.71 6066.80
F-White 152.46 129.01 1589.02 0.00 54.66 67.42 362.56 2355.13
F-Bone 3679.23 69.47 7837.83 0.00 10866.17 4185.44 8946.27 35584.41
F-Rocks 5478.11 150.60 4159.94 255.46 14958.99 4173.35 199.48 29375.93
F-Clay 7971.75 354.61 10621.40 1151.23 29263.74 14178.72 174.15 63715.59

details about pterosaur fossil bones and the matrix that fills
them. The fossil bones are mainly composed of hydro-
xyapatite, but CO;> was substituted for some of the PO, in
the B site (i.e., carbonate hydroxyapatite). The PCI of the
fossil bones was 4.17, which is much higher than that of
unfossilized bones (2.8-3.0). This high PCI value reveals
that fossils have experienced severe diagenesis (Berna et al.,
2004). The vascular canals are filled with calcite and man-
ganese cement, which also indicates that the bones have been
fossilized. The main mineral components of the sandstone-
filled matrix within the hollow bones are calcite, quartz, and
feldspar. Moreover, the light-colored filling contains a small
amount of dolomite and clay minerals compared with the
dark-colored filling, and the dark-colored filling has a higher
manganese content than the light-colored filling. Secondary
precipitation products filling in the canals and cavities have
been observed in many of the fossils (Monge et al., 2014).
The reason for this phenomenon is that calcium carbonate-
rich water evaporates and the calcite is deposited within the
small cavities left by the organic decomposition. The phe-
nomenon of secondary calcite filling indicates that the fossil
has experienced alternating dry and wet environmental
conditions (Monge et al., 2014). The manganese cement also
fills in the small cavities. This is because when the pterosaurs
were buried in sediments containing Mn-rich groundwater,
the dissolved manganese was transported into the vascular
spaces in the bones. The manganese was deposited in the
bones when the solution evaporated (Pfretzschner and Tiit-
ken, 2011). It is generally believed that the presence of Mn
oxides indicates that the fossils were deposited in an oxi-
dizing environment (Monge et al., 2014). However, de-
termining the exact manganese mineral phase required the
use of other complementary techniques because the detection
limits of XRD are about 5% in a multi-component system
(Ressler et al., 2001). Therefore, the specific reasons for the
presence of manganese in these fossils needs to be in-
vestigated further. Furthermore, whether or not micro-
organisms were involved in the diagenesis of the pterosaur
fossils also requires further investigation. Based on the above
analysis of the fossils, the main reasons for the cracking and
spalling of the fossil bones are as follows.

The first reason is physical weathering. Specifically, the
fossil cracking was caused by the large amount of thermal
stress caused by the dramatic temperature changes in the

Gobi Desert and the differences in the thermal expansion
coefficients (TEC) of the various components of the fossils.
Taking the Taklimakan Desert as a reference, the daily
maximum and minimum temperatures in summer are 55 and
20°C, respectively, and the daily maximum and minimum
temperatures in winter are 5 and 20°C, respectively (Zhang,
2016). Under the influence of a dramatic temperature dif-
ference, a large amount of thermal stress can be generated
due to the different TEC of the different materials of the
pterosaur fossils. The thermal stress consists of two com-
ponents. (1) The TECs of the fossil bones and the calcite
within the vascular canals are different. For calcite, the linear
thermal expansion coefficient o parallel to the c-axis is
26.5x10° K', while the a perpendicular to the c-axis is
5.6x10 ° K ' (Wu et al., 2016). These values reveal the an-
isotropic property of calcite, which means that calcite ex-
pands in one direction and contracts in the other. For
hydroxyapatite (HA), which is the main component of the
fossil bones, the linear thermal expansion coefficient o is
13.9x10 °K ' (Miyazaki et al., 2009). The different TECs of
the fossil bones and calcite result in different expansion
volumes, which cause thermal stress when the temperature
changes. This large amount of stress can lead to thermal
cracking. (2) The TECs of the surrounding rocks, the fossil
bones, and the filling matrix are also different. The sur-
rounding rocks are sandstone, and their linear thermal ex-
pansion coefficient (o) is 5 x10°-19x10 * K (Zhang et al.,
2014). The fossil bones are mainly composed of hydro-
xyapatite, and its & is 13.9x10 ° K" (Miyazaki et al., 2009).
The main component of the filling matrix is calcite, which
has an a,,,, 0f26.5x10 °K ' and an a,,;, of 5.6x10 * K" (Wu
et al., 2016). The different TECs of these three parts causes
large amounts of thermal stresses at the boundaries between
the surrounding rocks and the bones and at the boundary
between the bones and the filling matrix when the tem-
perature changes. Under this large amount of thermal stress,
the tensile strength of the fossil bones decreases sharply due
to the loss of organic material, and the fossil bones crack and
spall under long-term stress.

The second reason is chemical weathering, especially salt
damage. In recent years, substantial progress has been made
in improving our understanding of the mechanism by which
soluble salts damage porous materials (Jin et al., 2017). First,
the crystalline pressure produced by the soluble salts during
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crystallization can significantly damage porous materials.
For instance, the crystallization pressure of halite is
221.9 MPa (Winkler, 1975), and the crystallization pressure
of thenardite is greater than 7 MPa (Jin et al., 2015). Second,
the volumetric expansion of salts during hydration can also
exert pressure on porous materials. For example, the hy-
dration pressure exerted during the transition from thenardite
to mirabilite is 48 MPa (Goudie, 1998). Third, the TECs of
salt crystals are different from that of the porous material, so
thermal expansion can also exert pressure on the porous
material (Goudie, 1998). These studies indicate that the da-
mage soluble salts cause to porous materials is significant.
Table 4 shows that fossil bones contain various soluble salts
(e.g., NaCl, Na,SO,, and CaCl,). These soluble salts generate
significant pressure during the dissolution and re-
crystallization process when the environmental conditions
change, e.g., from the arid Hami Basin to humid Beijing.
This pressure will cause bone cracking and spalling if the
pressure is greater than the tensile strength of the fossil
bones. In fact, the strength of the bones will decrease dra-
matically because of the hydrolysis of the collagen. The
tensile strength of fresh bone is about 47-66 MPa, while the
tensile strengths of poorly preserved archaeological bones
and well preserved bones are 4 MPa and 38 MPa, respec-
tively (Turner-Walker and Parry, 1995). As can be seen from
these data, the pressure generated by the soluble salts is much
larger than the tensile strength of the fossil bones, so the
fossil bones crack and spall.

Owing to the damage to cultural relics caused by salts,
conservation scientists have set a limiting safety value for
soluble salts in cultural relics. There is no risk when the NO;
content of the cultural relics is less than 500 ug g_l, but de-
salination is required when the NO; content is greater than
1500 pg g . For CI, the safety value is less than 300 pg g ',
and desalination is required when the Cl  content is greater
than 1000 pug g ' (Ottosen et al., 2007). Thus, the soluble salt
contents in the pterosaur fossils are much higher than the
limiting safety contents, which means that desalination and
other conservation treatments are required. However, the
traditional poultice desalination may not be a good choice
because pterosaur fossils are sensitive to water (Li et al.,
2019). Using crystallization inhibitors is a promising method
of mitigating salt damage because crystallization inhibitors
can limit the crystallization of the salt by preventing nu-
cleation and by reducing the growth rates of specific faces,
which both slow down the fossil decay (Granneman et al.,
2019).

Therefore, the fossil weathering mechanism can be sum-
marized as shown in Figure 8. For one thing, given the large
daily temperature difference in the Gobi area, the large
thermal stresses caused by the differences in the TECs of the
various components can significantly damage pterosaur
fossils. Similar thermal cracking occurred in dinosaur fossils
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found in Zhucheng, Shandong, China. Researchers found
that when the dinosaur fossils were preserved in an open
container in direct sunlight, they were severely weathered;
whereas when the fossils were displayed indoors and were
coated with epoxy resin, they were only slightly weathered
(Liu et al., 2019). This difference may be because thermal
stress causes fossil cracking due to the heterogeneous re-
cycling of sunlight and heat (Du et al., 2015; Zhang et al.,
2018). These studies revealed that thermal stress is an es-
sential factor leading to fossil weathering. For another thing,
significant stress is generated by salt crystallization and
hydration when the temperature and humidity change. This
stress will cause the pterosaur fossils to crack when the
pressure exceeds the tensile strength of the fossil bones. In
addition to pterosaur fossil weathering, salt weathering is
also a significant reason for the deterioration of other cultural
relics, such as pottery (Zhao et al., 2015b), stone (Zhao et al.,
2015a; Jietal., 2020), and concrete (Teng, 2001; Wang et al.,
2013).

Based on our research results, we conclude that the pre-
servation conditions are vital for pterosaur fossils. Pterosaur
fossils should be preserved in a constant temperature and
humidity environment to avoid thermal cracking, and they
should be consolidated to improve their strength. Because
the fossils are water-sensitive, using a poultice may not be a
good method (Li et al., 2019), and using crystallization in-
hibitors such as potassium ferrocyanide may be more ef-
fective. Since saline soil is distributed widely in China
(Zhang and Kuang, 1990), fossils excavated from similar
conditions may also suffer salt weathering. Thus, we suggest
that fossils excavated from high saline sites should be placed
in a constant temperature environment to avoid the damage
caused by the salt dissolution and recrystallization. In addi-
tion to this, IC analysis is recommended because it can be
used to determine whether soluble salts are a deterioration
factor or not, and this information can help the conservator
develop an effective preservation plan.

Overall, this is the first study that has focused on the
weathering mechanism of vertebrate fossils in Xinjiang, and
the results provide insights into the preservation and con-
servation of fossil bones from extremely arid and highly
saline areas and for fossils from similar environments around
the world.

4. Conclusions

The study aimed to determine the weathering mechanism of
pterosaur fossils. The findings of this study are as follows.
(1) The main component of the fossil pterosaur bones was
hydroxyapatite, and carbonate substituted for some of the
phosphate. Calcite and manganese oxides were precipitated
in the vascular canals. The main mineral within the hollow
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Figure 8 (Color online) Schematic diagram of pterosaur fossil weathering. a is the coefficient of thermal expansion (1076 Kﬁl); HA is hydroxyapatite.
Because the composition of the sandstone-filled matrix is complex and calcite is the main component of the filler matrix (over 45%), the calcite TEC was
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bones was calcite, with some feldspar and quartz. The fossil
bones contained a large number of anions and cations such as
CI, NO;, SO,”, Na", and Ca’".

(2) One crucial reason for the cracking of pterosaur bones
is the enormous thermal stress caused by the dramatic tem-
perature changes in the Gobi Desert and the differences in
the TEC of different materials.

(3) Another reason for the pterosaur fossils weathering is
the large stress generated by salt crystallization when the
temperature and humidity change. Pterosaur fossils will be
damaged when the crystallization pressure exceeds the ten-
sile strength of the fossils.

(4) Crystallization inhibitors, such as potassium ferrocya-
nide, can be applied to avoid weathering damage caused by
the repeated dissolution and recrystallization of soluble salts.
In addition, organosilicone and other materials can be used to
consolidate the fossils and to improve their strength. The
weathering mechanisms discussed and the conservation
procedures suggested in this article are very important for the
preservation and conservation of fossil bones from extremely
arid and highly saline areas.
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