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Fossil soft tissues contain important and irreplaceable information on life
evolution, and on the comprehensive understanding of the nature of
Mesozoic ecosystems. Compared to other fossil soft tissues, Jehol Biota
feathers are more commonly reported. However, taphonomic analysis of
these feathers is lacking. Here, five Jehol Biota specimens of early bird
Sapeornis chaoyangensis with differently preserved feathers were selected.
One specimen, STM 15-36, has a complete set of extraordinarily preserved
feathers. Aninteresting consequence was revealed by their host sediment Zr/Rb
analysis that specimen STM 15-36 possesses the coarsest sediment grain size
but the best-preserved feathers. More geochemical analyses of host sediments,
including organic carbon isotopes and major elements, were conducted to
restore the paleoenvironment during those Sapeornis’ burial. The result mainly
shows that the paleoclimate when Sapeornis STM 15-36 was buried is warmer
and wetter than those of the other four; STM 15-36 host sediment has a pure
terrestrial-derived organic input, while the others are aquatic algae. In addition,
redox-sensitive trace elements analysis indicates the lake bottom-water
preserved Sapeornis STM 15-36 is anoxic and restricted, being more
oxygen-depleted than those of the other four. Therefore, the transportation
and burial of Sapeornis STM 15-36 were preliminarily inferred as: the carcass of
Sapeornis STM 15-36 was transported rapidly into the lake by a short and strong
rain flush, and then was buried quickly by the accompanying terrestrial debris;
the subsequent anoxic and restricted burial environment inhibited bioturbation
and hydrodynamic disturbance on Sapeornis STM 15-36 and its host sediments,
allowing its whole set of feathers to be delicately preserved. This finding
provides a valuable case study on understanding the taphonomy of fossil
soft tissues’ exceptional preservation in Jehol Biota.
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Introduction

The Jehol Biota, one of the most important Mesozoic
fossil Lagerstitten, comprises extraordinary taxonomic
diversity of micro- and megaplants, invertebrates, and
vertebrates; moreover, it provides the most informative
source for understanding Mesozoic ecology (Chang et al,,
2003; Wang and Zhou, 2003; Zhou et al., 2003; Jiang et al.,
2011; Pan etal., 2012; Carvalho et al., 2015a; Carvalho et al.,
2015b). An exceptionally set of well-preserved soft tissues
are reported for myriad taxa, especially internal organs and
dermal appendices (including feathers and furs) of early
birds,

feathered dinosaurs, and primitive mammals,

which contain  most important and irreplaceable
information for understanding the early evolution of
biological and ecological characteristics (Zhang and

Zhou, 2004; Zhang et al., 2010; Pan et al., 2016; Wang
et al.,, 2017a; Wang et al., 2018; McNamara et al., 2018;
Pan et al.,, 2019; Serrano et al., 2020; Ullmann et al., 2020;
Cincotta et al., 2022). For example, the reported specimens
of basal birds with feathers, including the Jeholornis,
confuciusornithidormes, and Enantiornithes present the
morphology, arrangement, and even three-dimensional
structure of early feathers (Chuong et al., 2003; Zhang
and Zhou, 2004; Zhang et al., 2006; Foth, 2012; O’Connor
et al., 2012; Wang et al., 2014; Carvalho et al., 2015a). This
information currently constitutes the most knowledge of the
early evolution of bird feathers and flight. Different
preservations of fossil soft tissues are present in the biota
(Zhou, 2014). However, taphonomic-related studies mainly
demonstrated that soft tissue preservation is linked to the
(shales
mudstones), which are interbedded with ash layers
(Zhou, 2014; Xu et al, 2019), and volcanic eruptions
(Wang et al, 1999; Guo and Wang, 2002; Guo et al,
2003; Jiang and Sha, 2007; Jiang et al., 2011; Jiang et al,,
2012; Pan et al,, 2012; Pan et al., 2013a; Jiang et al., 2014; Xu
et al., 2019). More details concerning the taphonomy of

deposition of finely laminated sediments or

different preserved fossil soft tissues are lacking, but this
information is essential for comprehensively understanding
the taphonomy of the Jehol Biota and for the overall
recovery of Mesozoic ecology.

In particular, taphonomic analysis of the preservation of
the same fossil soft tissues is still lacking. Compared to other
fossil soft tissues, e.g., lungs (Wang et al., 2018) and ovarian
follicles (Wang et al., 2016; Zheng et al., 2017), fossil feathers
are more commonly reported among early birds and
feathered dinosaurs of the Jehol Biota; these feathers
usually present various manners of preservation from
fuzzy imprints to delicate morphology and structures.
Therefore, specimens containing differently preserved
feathers could provide ideal materials to probe the
taphonomic effects on fossil soft tissues’ exceptional
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preservation. S. chaoyangensis is one of the basal birds,
being distinctive in its elongated wings, large body size,
and absence of ossified sternum (Zhou and Zhang, 2002;
Zhou and Zhang, 2003; Zheng et al., 2014). In this study, five
specimens with various states of feather preservation were
selected from two excavation regions in Western Liaoning.
One (STM  15-36), in has
extraordinarily preserved feathers of the complete set

specimen particular,
(Zheng, 2009). Then, the paleoenvironment when each
specimen was buried, and subsequent burial conditions
were reconstructed by the geochemical analysis of the host
The burial of the
exceptionally well-preserved specimen and others were

sediments. environment features
compared to further probe how environmental settings

influence the extraordinary preservation of feathers.

Geological setting

The western Liaoning area, where most of the typical Jehol
Biota occurs, was located in the northeast part of the North China
Craton in a terrestrial environment at a paleolatitude of
approximately 40-45°N during the late Mesozoic (Figures
1A,B; Zhou et al, 2003). In the Early Cretaceous, a series of
basins were formed in western Liaoning due to increased tectonic
The
sedimentary strata (Jehol Group; Gu, 1962) consist of the

and magmatic activity. corresponding lacustrine
Yixian Formation, Jiufotang Formation, and Fuxin Formation
from bottom to top (Sha, 2007). The Yixian Formation rests
unconformably on the Tuchengzi Formation and is mainly
composed of multiple eruptive volcanic rocks with sedimentary
intercalations; the Jiufotang Formation conformably overlies the
Yixian Formation and is composed mainly of tuffaceous shale,
mudstone, and sandstone; and the Fuxin Formation rests
conformably on the Jiufotang Formation and consists primarily
of sandstones and conglomerates alternating with mudstones,
sandy shales and coalbeds (Gu, 1982; Sha, 2007; Zhou et al.,
2021). Radiometric and paleomagnetic dating of volcanic
material shows that the Yixian Formation occupied an age of
mainly the Barremian around the Barremian-Aptian transition
(Zhu et al.,, 2001; Zhu and He, 2003; Sha, 2007; Yang et al., 2007;
Zhu and He,, 2007), and the Jiufotang Formation was the early
Aptian (He et al., 2004); the age of the Fuxin Formation was also
assigned to the Aptian according to their composition of the
bivalves (Sha, 2007).

The Dapingfang (DPF) and Toudaoyingzi (TDYZ) towns are
under the jurisdiction of Chaoyang and Jianchang city in western
Liaoning, respectively (Figure 1C), and are approximately 65 km
apart. The two towns are both famous for the delicate preserved
and diverse fossils contained in the Jiufotang Formation (Zhou
et al,, 2021). Various preserved fossils of the same species were
discovered in both regions. For example, the feathers of the basal
bird S. chaoyangensis (Zhou and Zhang, 2003; Provini et al., 2009;
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FIGURE 1

(A) Paleogeographic position (www.odsn.de) and (B) geographic position of the study area (red square); and (C) geological map of western

Liaoning, China, and fossil sites in this study (red triangles).

Zheng, 2009; Wang et al., 2017b) from both DPF and TDYZ
present different preservation, providing excellent material to
investigate the paleoenvironmental effects on fossil (especially
soft tissues) preservation.

Materials and methods

of S. with  different
preservation states on feathers (Figure 2; Table 1) were

Five specimens chaoyangensis
selected from the Shandong Tianyu Museum of Natural
History (STM). All these specimens preserve a complete and
articulated skeleton, indicating that decay was terminated at a
stage before the skeleton became disarticulated (Pan et al,
2013a). The STM 15-36 feathers are best preserved among the
five specimens and are even exquisite and rare in the reported
Sapeornis. In addition, three host sediments from various
sections of each specimen were also collected, and the three
sediments are all from the same layer bearing the fossil.

The fifteen samples of sediment from Sapeornis specimens
were ground in an agate mortar to a particle size of less than
150 um. Approximately 2g of the prepared samples were
digested for 24h in 2moleL™' HCI at room temperature to
remove carbonate and then washed with deionized water to
pH >6 and dried at 60°C. The contents of total organic
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carbon (TOC) and nitrogen (TN) and the stable isotopic
composition of organic carbon (8'°Cqy) of the prepared
samples were analyzed by an Isoprime 100-EA isotope mass
spectrometer with precisions of < +0.2%o. The §"°C values of the
samples are reported to the international standards of the
Vienna Pee Dee Belemnite (VPDB). Besides, sediment C/N
ratios are obtained by the atomic ratio of TOC and TN. The
TOC, TN, and 8"°C analyses of samples were performed at the
Institute of Environment and Sustainable Development in
Agriculture, Chinese Academy of Agricultural Sciences,
Beijing, China.

Furthermore, the ground samples were flattened to analyze
the elemental characteristics of whole rocks by a handheld X-ray
fluorescence Analyzer (Niton XL3t). The elemental contents
above the detection limit are reported in parts per million
(ug/g). Measured elements include Mn, Zr, Sr, Rb, Zn, Co, Fe,
As, Nb, Mo, Cu, Ni, Pb, Th, U, and Ti. Sediment U/Th, Sr/Ca, Rb/
Sr, and Zr/RbD ratios were also calculated by the ratio of related
elements. This work was conducted at the Institute of Geology
and Palaeontology, Linyi University.

Finally, statistical comparisons of the aforementioned
indicators were conducted using Kruskal-Wallis analysis from
the three groups, including STM 15-36 vs. STM 15-31 from
TDYZ, STM 15-36 vs. three specimens from DPF, and two
specimens from TDYZ vs. the three from DPF.
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Locality

Dapingfang, Chaoyang

Liaoning, China

Toudaoyingzi, Jianchang

FIGURE 2

The forelimb feathers of S. chaoyangensis specimens present different preservations [STM 15-36(A) is the specific detail of forelimb feathers

STM 15-31

marked with a red rectangle (A) in STM 15-36].

STM 15-4 STM 15-5

TABLE 1 Feather preservations of the five Sapeornis specimens in this study.

Locality

Dapingfang
Dapingfang
Dapingfang
Toudaoyingzi

Toudaoyingzi

Frontiers in Earth Science

Specimen

STM 15-7
STM 15-4
STM 15-5
STM 15-31
STM 15-36

Feather preservation

Has no feathers
Only preserves weak imprints of wings

Only has clear wing imprints in which each feather fan can be distinguished

Shows no evidence of feathers

Preserves delicate and complete feathers, including information about ramus, vanes, and shafts
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FIGURE 3

TOC, TN, C/N ratio, and §"*Cq,4 values of the host sediments of Sapeornis specimens.

Results

TOC, TN, C/N ratio, and §*C,q4 values of
the host sediments

The TOC content of the host sediments from Sapeornis
specimens distribute between 0.33% and 3.88%, with an
average of 1.36% + 1.26%. The sediment TN content range
from 0.07% to 0.09%, and the mean value is 0.16% + 0.09%
(Figure 3). In addition, sediment C/N ratios were obtained by the
molar ratio of TOC and TN, and they distribute between 3.99 and
25.15, with a mean value of 9.82 + 7.66. The host sediment §'*C,,,
values of those specimens range from —29.30%o to —24.40%o, with
the mean value being —27.03%o + 1.46%o.

Trace element characteristics of the host
sediments

Generally, the element contents of the host sediment of
15-36 than the
corresponding indicators of the other four specimens. Trace
elements such as Mo, Th, Ni, U, Ti, Co, Pb, and Cu in the
sediments of specimens STM 15-31, STM 15-5, STM 15-4, and

specimen STM are obviously higher
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STM 15-7 are lower than the detected limit of the handheld X-ray
fluorescence analyzer (Figure 4). Sediment Zr/Rb ratios are
distributed between 1.54 and 2.41, with a mean value of
1.79 £ 0.27; sediment Rb/Sr ratios range from 0.28 to 0.54,
with a mean value of 0.41 + 0.08 (Table 2). In addition, the
host sediment element indices of the other four specimens are
standardized by the corresponding content of STM 15-36
(Figure 5). Except for the Sr and Mn contents of the STM 15-
5 sediments, the other elemental contents and ratios are relatively
deficient in the four specimens with relatively poor feather
preservation.

Comparisons

Indicators that are suitable for effective Kruskal-Wallis
analysis include TOC, TN, C/N, 8"Cq,, Zr, Rb, Sr, Fe, As,
Nb, Zn, Zr/Rb, and Rb/Sr (Table 3). For specimens from
TDYZ, sediment TOC, TN, C/N ratios, and §'°C,,, values of
STM 15-36 are significantly different from those of STM 15-31.
For specimen STM 15-36 and the three specimens from DPF,
only their sediment TN is comparable, whereas the others are
significantly different. For the regional comparison, those
indicators between TDYZ and DPF

sediment show no
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Relative abundanc

FIGURE 4

Element distribution of the host sediments from Sapeornis specimens.

TABLE 2 Indices derived from the elemental contents.

Samples U/Th Sr/Cu Rb/Sr Zr/Rb
STM 15-36 Sample 1 1.34 323 0.51 2.20
Sample 2 1.40 3.05 0.51 2.41
Sample 3 1.01 4.01 0.54 2.26
STM 15-31 Sample 1 - - 0.37 1.84
Sample 2 - - 0.53 1.73
Sample 3 - - 0.44 1.70
STM 15-5 Sample 1 - - 0.31 1.59
Sample 2 - - 0.35 1.55
Sample 3 - - 0.33 1.54
STM 15-4 Sample 1 - - 0.38 1.69
Sample 2 - - 0.45 1.65
Sample 3 - - 0.28 1.79
STM 15-7 Sample 1 - - 0.41 1.61
Sample 2 - - 0.42 1.68
Sample 3 - - 0.39 1.62

“-” indicates no data.

significant difference. Meanwhile, elemental-related Kruskal-
Wallis analysis shows that only sediment Zn and Zr/Rb ratios
are similar between STM 15-36 and STM 15-31, and other
indices between the two specimen sediments are significantly
different. For specimen STM 15-36 and the three specimens from
DPF, the indices, except the Sr and As contents, are significantly
different among this group. In addition, sediment Zr/Rb, Rb/Sr,
Nb, and Zn contents are significantly different between DPF
and TDYZ.

Frontiers in Earth Science

B STM 15-31
STM 15-5
220 ] s STM 154
e BN STM 15-7
£ 200 -
£ 7
> 180 -
S 160 -|
140
120 l
100
80 [ l
60
] I
40 I
. il (| il |
0 - = I | I I ==l 1 == 1 =] | | | = | i_I; L0
Mn zr Sr Rb Zn c b Mo Cu Ni Pb Th u

o Fe(10) As
Elements

10.3389/feart.2022.1020594

r 50
[ STM 15-36

T

w B

=} o
Relative abundance (ppm)

T
N
o

T
N
o

N Ti(10°%

Discussion

Source of organic matter for the specimen
host sediments

Fossils of the Jehol Biota were buried in lacustrine and rarely
fluvial sediments (Pan et al, 2013b; Zhou, 2014). These
subaqueous sediments, especially lacustrine sediments, receive
organic material from both autochthonous (such as lake algae)
and allochthonous sources (including grasses, shrubs, and trees
that exist on land around lakes and in the shallow parts of lakes as
(Meyers,  1994).
Determining the organic matter origins in the host sediment

bottom-rooted, emergent vegetation)
is crucial for the interpretation of the paleoenvironment when
the fossil specimen is initially buried.

The sediment C/N ratio has been widely used to distinguish
the organic matter source in subaqueous environments (Filippi
and Talbot, 2005; Lorente et al., 2014). Fresh organic matter from
aquatic algae, which are protein-rich and cellulose-poor,
commonly have molar C/N values between 4 and 10, whereas
vascular land plants, which are protein-poor and cellulose-rich,
usually create organic matter with C/N ratios of 20 and greater
(Meyers, 1994). The proportions of sediment organic matter that
originate from these two general sources can consequently be
distinguished by their characteristic C/N ratios. However, in
sediments with low organic matter concentrations (TOC < 0.3%),
C/N ratios would be artificially depressed by the unignorable
total inorganic nitrogen concentrations, which in turn can lead to
misleading interpretations (Meyers, 1997; Meyers, 2003). In this
study, the C/N ratios of all the specimen matrices provide
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FIGURE 5

Elemental indices standardized according to those of Sapeornis STM 15-36's host sediments.

TABLE 3 Kruskal-Wallis analyses of the host sediment indicators between various specimens.

Indices STM 15-36 vs. 15-31 from TDYZ

TOC 1 1
TN 1 0
C/N 1 1
8"Corg 1 1
Zr 1 1
Rb 1 1
Sr 1 0
Fe 1 1
As 1 0
Nb 1 1
Zn 0 1
Zr/Rb 1 1
Rb/Sr 0 1

STM 15-36 vs. 3 sp.s from DPF

sp.s from DPF vs. from TDYZ

o © © ©o o o o o o

—

1
1
1

“sp.” here is the abbreviation of “specimen”; “1” means that the Kruskal-Wallis test rejects the null hypothesis, namely the indicator between those specimens are significantly different, with

p < 0.05; “0” means the null hypothesis is retained, namely the indicator between those specimens are not significantly different, with p > 0.05.

convincing indications of organic sources because all of their
TOC significantly exceed 0.3% (Figure 3).

The Kruskal-Wallis analysis shows that the host sediment
C/N ratios of STM 15-36 are significantly different from those of
the other four specimens (Table 2), implying that the host
sediment of STM 15-36 received organic matter from a
completely distinct source from the other four. The C/N ratio
of the host sediments of STM 15-36 is 24.24 + 0.79, implying that
terrestrial plants provide essentially all of the organic content in
the sediment. During the deposition of the host sediment bearing
the STM 15-36 fossil, organic materials derived from the
terrestrial plants around the lake were brought into the lake
by rainfall or rivers, while the lake algae were almost nonexistent.
Nonetheless, the C/N ratios of STM 15-31, STM 15-5, STM 15-4,
and STM 15-7 are generally lower than 10, falling within the

Frontiers in Earth Science

07

range of aquatic algae. Therefore, in situ algae are the dominant
organic source for these sediments, and few terrestrial plant
materials are transported into the lakes.

Furthermore, the §"°C of organic matter is always used to
support interpretations derived from C/N ratios (Figure 6).
Different plants possess various 8"C values depending on
their specific photosynthesis pathways or inorganic carbon
sources (Farquhar et al., 1989; Meyers and Ishiwatari, 1993;
Cerling et al., 1997; Senut et al, 2009). Terrestrial plants
produce organic matter from atmospheric CO, (8"°Cx~7%o);
therefore, the 8“C values of C3 plants generally range
—35%o —22%o0  with of
approximately —27%o, those of C4 plants are between —10%o

from to a mean value

and —15%o with an average of approximately —14%o, and those of
CAM plants range from -10%o0 to —22%o (O’Leary, 1988;
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8§%Corg and C/N value identifiers for major sources of plant
organic matter to subaqueous sediments (Meyers, 1994). Data
from Toudaoyingzi are shown as rhombi, and data from
Dapingfang are shown as circles.

Farquhar et al., 1989; Cerling et al., 1997; Senut et al.,, 2009). In
addition, the inorganic carbon source for plants in freshwater
lakes is dissolved CO, (8" C~—7%o), and those plant §"°C values
are distributed between -22%o and -35%0 (Meyers and
1993; 1997).
(8"C=~0%o) in marine or salt lakes is the major carbon source

Ishiwatari, Meyers, Dissolved  bicarbonate
for submerged plants there, resulting in plant §"”C values
of —20%o0 to —22%o (Meyers and Ishiwatari, 1993; Meyers,
1997). The 8"C characteristics of different plants can be
preserved in sediment when the plant residue has been
converted into sedimentary organic matter after long-term
decomposition (Connin et al., 2001; Liu et al., 2002a; Bostrom
et al., 2007). However, terrestrial C4 plants have occurred
considerably since the Middle Miocene (Safe, 2004; Edwards
et al,, 2010), and CAM plants are usually succulents and mainly
distributed in arid regions such as deserts (Senut et al., 2009).
Therefore, the influence of terrestrial C4 and CAM plants can be
excluded from this study.

The characteristics of the matrix §"C,,, value further
identify that the organic matter origin of matrix STM 15-36 is
terrestrial C3 plants, while that of the other four is freshwater
algae (Figure 6). Therefore, at the initial burial of Sapeornis STM
15-36, substantial land plant residuals, accompanied by other
land sediments, were transported quickly by river currents or
rain washes to the lake, burying the fossil. The Kruskal-Wallis
analysis also shows that the matrix 613C0rg value of STM 15-36 is
significantly different from those of the other four specimens
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(Table 2), as they are obviously lower. Two aspects would be
attributed to this difference. First, their organic matter derived
from different sources possesses various §"°C values, namely, the
8"*C value of lacustrine algae is generally greater than that of land
C3 plants in theory. Second, the contemporaneous climatic
factors drove the land plant §"°C values to be more negative,
further influencing the matrix 613C0rg value of STM 15-36. The
average §8"°C values of terrestrial C3 plants during the early
Aptian were theoretically approximately —26.0%o (Schubert
and Jahren, 2012; Hare et al, 2018). The 8“C,, of the
STM15-36 host sediments was approximately —29.03%o, and
an approximately 3%o negative shift in sediment 8"C,,
occurred. In the early Aptian, the atmospheric CO, content
and temperature were considerably higher (Haworth et al,
2005; Sun et al, 2016; Davis, 2017), which are supposed to
result in relatively heavier plant §C values (Schleser et al.,
1999; Edwards et al, 2000; Wang et al., 2013). However, the
high temperature in the early Aptian likely led to greater
evaporation at the sea surface, thus creating a wetter global
climate, which would result in significantly increased runoff.
On the one hand, abundant rainfall affects terrestrial plants’
photosynthesis processes, leading to a negative shift in their §"°C
values (Wang and Han, 2001a; Wang and Han, 2001b; Kohn,
2010). On the other hand, strong river currents or rainwash
enabled plentiful terrestrial organic matter to be brought into
lacustrine sediments. Plentiful rainfall also results in a lake that is
too deep to enable aquatic algae to grow due to unsuitable
conditions, such as limited sunlight (Farquhar et al., 1982;
Gagen et al, 2011). The relatively negative 8"°C,,, values of
the STM  15-36 indicate  that
paleoprecipitation ~ was  abundant that  the
paleoenvironment was humid, allowing terrestrial plants to

specimen sediments

and

flourish and a large amount of plant debris to be quickly
transported to the lake by overland flows.

Paleoclimatic conditions when the
specimen was buried

The global climate in the Early Cretaceous was generally
warm and interrupted by cold intervals (Larson and Erba, 1999;
Grocke et al, 2005; Amiot et al, 2011). However, the
contemporaneous climate conditions in the Jehol region and
its local area have not been substantially studied (Zhou, 2014).
Compared to the global or regional climatic background,
paleoclimatic conditions recovered from the specimen host
of the
transportation and preservation of corresponding fossils from
the Jehol Biota.

The accumulation of Sr in sediment is usually low under a

sediments provide a more direct indication

warm and humid climate, while the deposition of Cu in sediment
is hygrophilous (Jin and Li, 2003). Therefore, the sediment Sr/Cu
ratio could reflect the paleoclimatic condition, which is a warm-
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humid condition when the Sr/Cu ratio ranges from 1 to 10 and a
hot-arid environment when it is greater than 10 (Lerman and
Baccini, 1978; Liu and Zhou, 2007). The Sr/Cu ratios of the host
sediment of STM 15-36 are distributed between 3.05 and 4.01,
suggesting that the paleoclimate during the deposition of STM
15-36 was warm and humid. In addition, the sediment Rb/Sr
ratio could also effectively reflect the dry-wet conditions due to
their distinct response to the weathering effect (Chen et al., 2001;
Jin et al., 2001). During weathering, Rb is more stable in the
sediment than Sr, as Sr is more likely to leach. As a result, a warm
and humid climate would result in an increase in the sediment
Rb/Sr ratio, because the abundant rainfall could bring an
enhanced weathering effect, which further leads to an increase
in Sr loss in the sediment. For sediment Rb/Sr ratios of specimens
in this study, those of STM 15-36 are obviously greater than
others, especially than those from DPY (Tables 2, 3), suggesting
that the paleoclimate for STM 15-36 deposition was warmer and
more humid than the other. The Kruskal-Wallis analyses show
that the Rb/Sr ratios of sediments from TDYZ are comparable,
whereas those from DPF are significantly different from those
from TDYZ, indicating that the regional climate of TDYZ
possesses better temperature-precipitation conditions than
the DPF.

Zr is usually enriched in coarser grains with quartz and
feldspar, while Rb usually exists in fine-grained clay minerals
(Meng et al., 2000; Dypvik and Harris, 2001); the sediment Zr/Rb
ratio thus presents good consistency with the grain size index
(Liu et al., 2002b; Chen et al., 2006). In this study, the higher Zr/
Rb ratios of the STM 15-36 host sediments (Figure 5) indicate
that it contains less clay content than the other four specimens.
However, it has been suggested that clay plays an important
positive role in soft-tissue preservation in the Jehol Biota (Pan
et al,, 2013a). There is a conflict in that STM 15-36 presents the
most extraordinary preservation of feathers while possessing the
coarsest sediment particle size among the five Sapeornis
specimens. The sediment grain size generally indicates the
amount of inflows into the lake and the strength of
hydrodynamics (Celina, 1998; Sun et al.,, 2001) because coarse
particles from terrestrial sources are easily deposited under the
conditions of plentiful precipitation and intense hydrodynamics.
Sediment Sr/Cu and Rb/Sr ratios of specimens have shown that
the paleoclimate when Sapeornis STM 15-36 was buried is warm
and humid. Therefore, a special transportation process such as a
rainstorm flush might be partially responsible for the conflict that
exists in the preservation of STM 15-36.

A pyroclastic density current from phreatomagmatic
eruptions or land surface water was usually attributed to the
transportation, during which the entire carcasses of terrestrial
Jehol vertebrates survived intact until they reached the lake
interior (Jiang et al, 2014). However, fossils formed with
pyroclastic flows generally preserve no soft tissues (Xu and
Norell, 2004; Evans et al.,, 2007; Zhao et al., 2007; Xu et al.,
2019). The paleoenvironmental analysis of STM 15-36 host
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sediments shows the occurrence of abundant precipitation and
a substantial terrestrial debris input to the host sediments
accompanying the transportation of Sapeornis STM 15-36.
Therefore, the STM 15-36 bird was more likely to be carried
by strong land surface flows triggered by the rainstorm into the
lake, and was then buried quickly by the accompanying terrestrial
debris. This process is more intense and rapid than the
transportation of the other four specimens.

But another explanation also could not be excluded by the
above evidence, that is Sapeornis STM 15-36 was buried in the
lake edge while the other four were closer to the lake center, the
buried location of STM 15-36 thus received relatively coarser

sediments from land.

Deposition environment after the
specimen was buried

After the animal is buried, the subaqueous sedimentary
environment is critical for the preservation of fossils. Redox-
sensitive trace elements (RSEs), mainly including transitional
metal elements such as U, Th, Mo, Nj, V, Cr, and Cd, are usually
adopted to reflect the redox conditions of paleo-bottom water
(Hatch and Leventhal, 1992; Morford and Emerson, 1999;
Thomson et al., 2001; Poulichet et al., 2005; Guo et al., 2007;
Kentaro and Yasuhiro, 2007). Generally, RSEs share some similar
precipitation and enrichment mechanisms in modern marine or
lacustrine bottom water. RSE usually exists stably in the bottom
water in dissolved states when the water contains normal
dissolved oxygen levels. Once the bottom water was in anoxic
or anaerobic conditions, the dissolved RSE began to precipitate in
the sediments by reduction (Hatch and Leventhal, 1992; Guo
et al, 2007). In this study, the sediment contents of RSE,
including U, Th, Mo, Ni, and Cu, of STM 15-36 are
significantly greater than those of the other four specimens
(Figure 4). This result suggests a more oxygen-depleted
condition of STM 15-36 with more RSE deposited in the
sediment.

In addition, element ratios derived from sediment RSEs can
be used to quantify redox conditions (Hatch and Leventhal, 1992;
Jones and Manning, 1994; Yan et al, 1998; Kimura and
Watanabe, 2001). For example, the geochemical properties of
U and Th are similar under reducing conditions but very
different under oxidizing conditions (Rogers and Adams,
1976; and Twitchett, 1996). the
accumulation of U and Th, which can be reflected by their

Wignall Therefore,
ratios (U/Th), is different in various redox environments.
Generally, an oxygen-rich environment is indicated by a
sediment U/Th ratio lower than 0.75, an anoxic environment
with a U/Th ratio greater than 1.25, and an oxygen-poor
environment with a U/Th ratio of 0.75-1.25 (Hatch and
Leventhal, 1992; Wignall and Twitchett, 1996; Kimura and
Watanabe, 2001). In this study, only sediment U/Th ratios of
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FIGURE 7

Water mass restriction of the sedimentary conditions for specimen STM 15-36, indicated by solid red rhombi in (A) Mo versus TOC contents
(Algeo and Lyons, 2006) and (B) Mo versus U (Algeo and Tribovillard, 2009).

STM 15-36 are available (Table 3), and its high U/Th ratios
suggest that the deposition conditions for Sapeornis STM 15-
36 were almost anoxic.

Furthermore, in ancient low-oxygen water systems, patterns
of sediment Mo-TOC and Mo-U covariation can provide
information about paleohydrographic conditions, especially
the degree of hydrographic restriction of the deepwater mass
and temporal changes related to deepwater renewal (Algeo and
Lyons, 2006; Algeo and Tribovillard, 2009). Sediment Mo is
generally strongly enriched in organic-rich subaqueous facies
deposited under oxygen-depleted conditions (Figure 7A). In
stagnant basins, the rate of removal of Mo to the sediment
generally exceeds the rate of resupply through deepwater
renewal, which results in less enrichment of authigenic Mo
to U and lower Mo/U than
(Figure 7B). Among the modern environments, the lowest
sediment Mo/TOC ratio is for the Black Sea, followed by
Framvaren Fjord, both of which are anoxic silled basins and

relative ratios seawater

develop strongly sulfidic environments (Brewer and Spencer,
1974; Skei, 1986; Murray et al,, 1989; Dyrssen et al., 1996;
Dyrssen, 1999; Algeo and Lyons, 2006). The sediment Mo/
TOC ratios of STM 15-36 fall between those of the two above
and are relatively closer to those of the Black Sea (Figure 7A),
indicating a great restriction of hydrographic conditions as
anoxic, stagnant, and strongly sulfidic. This is also supported
by the lower sediment Mo/U ratios of STM 15-36 than the
seawater ratio of ~7.5-7.9, which indicates a deficiency of
aqueous Mo due to the “basin reservoir effect” in a restricted
basin (Figure 7B). Therefore, the bottom waters of the paleolake
system where Sapeornis STM 15-36 is buried are anoxic and
restricted.

The Jehol Biota lived in a volcanism-prevalent geological
background (Guo and Wang, 2002; Jiang et al., 2011; Pan et al.,
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2013a; Pan et al, 2013b). Volcanic eruption is one of the
important sources of sediment As (Morales-Simfors et al,
2020). The matrix sediments of STM 15-36 contain obviously
higher contents of As than those of the other four specimens
(Figure 5), implying a greater influence of volcanic activity on
the fossilization of Sapeornis STM 15-36. Therefore, despite
freshwater usually having a low concentration or even
absence of sulfate (Pan et al., 2013a), the volcanic activity
contributed to a high abundance of sulfur compounds in the
freshwater lake (Allison et al., 2008; Zhou, 2014), allowing
the sulfidic lacustrine environments for the Sapeornis STM
15-36. Therefore, under a quiet, anoxic, and sulfidic
depositional ~ environment, microbial and
bioturbators were inhibited; thus, either the skeleton or
feathers of Sapeornis STM 15-36 were allowed to be

delicately fossilized.

activity

The anoxic, restricted and sulfidic bottom water for Sapeornis
STM 15-36 usually requires a lake depth that reaches at least the
hypolimnion, where is far deeper than the lake edge. So the
possibility of a deposition location at the lake edge of STM 15-
36 could be ruled out due to this bottom water condition. The
relatively coarser grain size of specimen STM 15-36 host
sediments mainly resulted from the rapid and strong rainfall
into the deep lake. More detailed and accurate understanding of
the exceptional preservation of Sapeornis STM 15-36 needs to be
strengthened by the integration of other technical methods into

the research.

Conclusion

Taphonomic analysis of the preservation of the same fossil
soft tissues is still lacking. In this study, five specimens of early
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bird S. chaoyangensis that contained differently preserved
feathers were selected. Specimen Sapeornis STM 15-36 had a
complete set of extraordinarily preserved feathers with a distinct
paleoenvironment and preservation conditions. The preliminary
conclusion are as follows:

1) The 613C0rg values and C/N ratios of the host sediment
indicate that the organic matter of specimen STM 15-
36 sediment matrix mainly originated from terrestrial
C3 plants, whereas that of specimens STM 15-31, STM 15-
5, STM 15-4, and STM 15-7 were mainly derived from
lacustrine algae. The obviously lower sediment 8"C,,
values of STM 15-36 showed a paleoenvironment with
plentiful rainfall.

2) The Sr/Cu and Rb/Sr ratios of the host sediments indicate that
the paleoclimate when Sapeornis STM 15-36 was buried is
warmer and more humid than that of the other four
Sapeornis. The sediment Zr/Rb ratios suggest that the
particle size of the specimen STM 15-36 matrix is the
coarsest among the five specimens, conflicting with the
most exquisite preservation of its feathers.

3) The redox-sensitive trace elements of host sediments
indicate that the bottom waters of the paleolake where
Sapeornis STM 15-36 was buried are anoxic, restricted, and
sulfidic. This deposition environment protected Sapeornis
STM 15-36 from bioturbation and hydrodynamic
disturbance to a large extent, allowing its whole set of
feathers to be delicately preserved.

4) We preliminarily propose that a strong and short rain flow
brought Sapeornis STM 15-36 to lake interior rapidly and
then buried it quickly by the accompanying terrestrial debris.
With the subsequent anoxic burial environment, a complete
set of feathers of Sapeornis STM 15-36 was delicately
preserved.
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