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a b s t r a c t

The Jehol and Yanliao Biota constitute two world-famous Mesozoic lacustrine Konservat Lagerst€atten. In
contrast to numerous comparative studies on their different fossil assemblages, their taphonomic fea-
tures have rarely been compared. Here we investigate the diagenetic pathways of spinicaudatans from
the Lower Cretaceous Yixian Formation and the Jurassic Daohugou Beds to figure out whether they are
similar. The specimens were categorized into eight types based on the colors of the carapaces and the
characteristics of the surrounding matrix and subsequently were studied under the scanning electron
microscope (SEM) and energy dispersive X-ray spectrometer (EDS). Spinicaudatan carapaces from the
Yixian Formation are phosphatized lacking any traces of organic remains, whereas those from the
Daohugou Beds contain a mineralized layer and a carbonaceous layer. Phosphatization apparently was a
common taphonomic pathway of spinicaudatan carapaces in the Yixian Formation, while in the Dao-
hugou Beds carbonaceous remains, probably the diagenetic products of chitin, are common. This sug-
gests that the taphonomic environment and water chemistry, to which the Jehol and Yanliao Biota were
subjected, differed.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The Middle-Late Jurassic Yanliao Biota and the Early Cretaceous
Jehol Biota from northeastern China represent two well-known
Mesozoic Konservat Lagerst€atten (Grabau, 1928; Chang et al.,
2003; Zhou et al., 2003; Zhou, 2006, 2014; Benton et al., 2008;
Pan et al., 2013; Sullivan et al., 2014, 2017; Xu et al., 2016; Zhou
and Wang, 2017). Both biota are preserved in lacustrine deposits
influenced by volcanic processes (Jiang et al., 2011, 2012, 2014; Pan
et al., 2012).

Studies of the diagenetic pathways of the two biota, responsible
for their exceptional preservation, are limited. Leng and Yang
(2003) first discussed the important role of early pyritization in
the preservation of plants and vertebrate feathers in the Jehol Biota.
Wang et al. (2012) recorded pyritized Jehol insects. Pan et al. (2014)
further indicated that pyrite and clay minerals are both important
in the preservation of Ephemeropsis trisetalis. Additionally,
microbial mats may contribute to the exceptional preservation of
the Jehol Biota (Fürsich et al., 2007; Pan et al., 2012; Hethke et al.,
2013), although no solid evidence has been documented so far. As
for the Yanliao Biota, most fossil insects from the Daohugou Beds
contain organic remains whereas only some are pyritized (Wang
et al., 2008). A taphonomic comparison of the two biota based on
bivalves showed that those from the Jurassic Daohugou Beds
contain remains of the organic periostracum, while the ones from
the Yixian Formation contain no organic material (Fürsich and Pan,
2015). Clearly, the diagenetic pathways of the two biota need to be
further explored to understand their differences in preservation
quality. We therefore use spinicaudatans (clam shrimps), one of the
dominant invertebrate groups of both biota, to test whether they
share the same diagenetic pathways, and to discuss the corre-
sponding taphonomic environments.

2. Geological background

The Yixian Formation consists of lacustrine deposits with
interbedded volcanic rocks, which unconformably rest on the
Tuchengzi Formation or directly on the Precambrian basement, and
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are overlain by the Jiufotang Formation (Gu, 1962). Based on the
lithofacies and fossil content, the Yixian Formation has been
divided into four units, in ascending order: Lujiatun Unit, Lower
lava Unit, Jianshangou Unit, and Upper lava Unit (Jiang and Sha,
2007; Jiang et al., 2012). Recently, Chang et al. (2017) provided
high-precision 40Ar/39Ar ages (125.8 ± 1.0 Ma and 126.0 ± 0.8 Ma)
for the Lujiatun Unit and recalibrated previous published ages via
new age interpretations, which indicated the Lujiatun Unit was
deposited more or less contemporaneously with the Jianshangou
unit (Chang et al., 2017). The Lujiatun Unit is mainly composed of
volcanic conglomerates, sandstones with/without conglomerates,
and tuffs with lapilli (Jiang and Sha, 2007), yielding articulated
vertebrate skeletons without soft tissues, and lacking invertebrates
and plants (Pan et al., 2013; Zhou, 2014). The Jianshangou Unit is
mainly composed of volcanic sandstones, siltstones, claystones,
shales and tuffs (Jiang and Sha, 2007), yielding abundant well-
preserved plants, invertebrates and vertebrates with exceptional
preservation of soft tissues, such as body outlines and skin casts
(Pan et al., 2013). All reported spinicaudatan fossils from the Yixian
Formation are in fact from the Jianshangou Unit, which is also true
of our material from the Yixian Formation (Fig. 1).

In the Early Cretaceous, the North China Craton was affected by
tectonic activities, leading to the formation of many fault basins and
lakes (Wu et al., 2008; Zhou, 2014). The sediments of the paleo-lake
in Sihetun area are composed of wave-influenced, suspension,
hyper-concentrated density-flow and turbidity-current deposits
(Jiang and Sha, 2007). Based on the analysis of the remains of the
eight different fossil communities on bedding planes from the
Zhangjiagou and Erdaogou excavations, Pan et al. (2012) assumed
that the sediments of the Yixian Formation represent a large,
eutrophic, shallow lake system (Pan et al., 2012).
Fig. 1. Brief stratigraphic profiles of the studied sections. A, the profile of Daohugou Beds, mo
modified from Fürsich et al. (2007).
The Daohugou Beds are not a formal lithostratigraphic unit.
Their stratigraphic position is still controversial. The beds were
once placed in the Yixian Formation (Wang et al., 2000), the Jiu-
longshan Formation (Ren et al., 2002) or the Haifanggou Formation
(Huang et al., 2015), etc. Here we follow the latest suggestion by
Huang (2015, 2016) and Huang et al. (2015) that the Daohugou Beds
belong to the Haifanggou Formation, and are overlain by the
Tiaojishan Formation. The age of the Daohugou lavas is about
165 Ma (Middle Jurassic; Chen et al., 2004; Liu et al., 2006; Yang and
Li, 2008; Meng et al., 2018). The base of the Daohugou Beds is a set
of conglomerates, yielding few fossils. The middle and upper parts
are composed of mudstones and siltstones interbedded with thin
layered tuffs, yielding abundant fossils (Huang, 2016). The fossils
studied were collected from the middle and upper parts of the beds,
preserved in tuffaceous mudstones or siltstones (Fig. 1). The Yanliao
paleoenvironment was poorly known except for some tentative
inferences (Xu et al., 2016). The Daohugou area might have been a
near-shore shallow lake based on the study of the fossil insects (Tan
and Ren, 2002; Ren et al., 2010). Recently, Yang et al. (2019)
recognized frequent alternations of thin lacustrine deposits and
thick volcaniclastic apron deposits in the Daohugou area, which
indicate that the Daohugou Beds were either located in the mar-
ginal regions of a lake or represent many short-lived lakes devel-
oped on the volcaniclastic apron.

3. Material and methods

3.1. Material

One hundred and sixty six spinicaudatan specimens were
collected from the Yixian Formation at Jianshangou (88 specimens,
dified from Liao et al. (2017); B, the profile of the Yixian Formation in western Liaoning,



Fig. 2. Fossil spinicaudatans localities. A, map of northeastern China. B, fossil spinicaudatans localities noticed in A with red rectangle. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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JSG0101-JSG0429; N41�36002.200, E121�50041.800), Zhangjiagou (7
specimens, ZJG0101-ZJG0502; N41�36013.300, E120�49028.700),
Erdaogou (58 specimens, EDG0101-EDG1403; N41�31056.500,
E120�47044.800) and Sihetun (13 specimens; SHT0101-SHT0403,
N41�3603800, E120�4905600) south of Beipiao, western Liaoning (Fig. 2).
Most of these specimens are preserved in finely bedded tuffaceous
siltstones, the rest in paper-thin laminated tuffaceous mudstones. All
specimens are referable to Eosestheria (Zhang et al., 1976).

One hundred and twenty two spinicaudatan specimens were
collected from the Daohugou Beds at Daohugou (98 specimens;
DHG0101-DHG0806, N41�190800，E119�1401300) and Jiangzhangzi
(24 specimens; JZZ0101-JZZ0704, N41�2401400，E119�1504000) near
Ningcheng, Inner Mongolia (Fig. 2). All specimens are preserved in
tuffaceous mudstones or siltstones, which exhibit poor lamination
(Shen et al., 2003). All specimens are referable to Triglypta (Liao
et al., 2017).

The modern spinicaudatans Eocyzicus nanchangensis and Lep-
testheria sp. (referable to the same suborder Spinicaudata as the
fossils) were donated by Dr. Sun Xiaoyan (from Nanjing Institute of
Geology and Palaeontology, CAS), which were collected from
Jiangxi Province. The specimens of Eocyzicus nanchangensis were
stored in 100% ethanol until we took them out for this study. The
specimens of Leptestheria sp. were stored in 65% ethanol in the
field, and then dried in the stove and stored at room temperature in
a clean Eppendorf tube.

The material has been deposited in the Nanjing Institute of
Geology and Palaeontology, Chinese Academy of Sciences (JSG0101-
JSG0429, ZJG0101-ZJG0502, EDG0101-EDG1403, SHT0101-
SHT0403, DHG0101-DHG0806, JZZ0101-JZZ0704).
Table 1
Eight spinicaudatan types based on colors of the carapaces and characteristics of host ro

Type Colors of the fossils Characteristics of host rocks

1 light brown Yellowish grey tuffaceous siltstone
2 light brown Grey-whitish paper-thin laminated tuffaceous sh
3 yellow Yellow tuffaceous siltstone
4 black Yellow tuffaceous siltstone
5 white Yellow tuffaceous siltstone
6 dark brown Grey tuffaceous mudstone
7 brown Grey tuffaceous mudstone
8 no carapace Grey-white tuffaceous mudstone
3.2. Methods

Based on colors of the carapaces and characteristics of the host
rocks, the studied material has been categorized into eight types:
five types from the Yixian Formation and three types from the
Daohugou Beds (Table 1, Fig. 3).

Further analysis was based on this categorization. The
selected specimens on bedding planes (at least one specimen of
each type), uncoated, were mapped by energy-dispersive X-ray
spectrometer (EDS, INCA 200, equipped in SEM Leo 1530VP) for
elemental distribution. Afterwards, they (three specimens of
type 1; one specimen of type 2; three specimens of type 3; two
specimens of type 4; two specimens of type 5; two specimens of
type 6; one specimen of type 7; two specimens of type 8) were
coated with gold for observations under the SEM, because the
charging effects of the fossil specimens were so serious. Under
the SEM, EDS point analyses were performed for elemental
compositions. For a closer view of the carapace microstructures,
spinicaudatan specimens, still covered by sediment (three
specimens of type 1; two specimens of type 6), were selected to
make cross-sections after embedding them in resin; subse-
quently, SEM and EDS analyses were performed on the cross-
sections.

All SEM and combined EDS analyses were carried out with LEO
1530VP in the Nanjing Institute of Geology and Palaeontology,
Chinese Academy of Sciences. The EDS results were acquired under
an acceleration voltage of 20 KeV, and at a working distance of
10 mm. The exposure time was 30 s and 30 min for spot spectrum
and mapping, respectively.
cks.

localities Taxon stratigraphy

Erdaogou, Sihetun, Zhangjigou Eosestheria Yixian Formation
ale Sihetun

Jianshangou, Zhangjiagou
Jianshangou, Zhangjiagou
Jianshangou
Daohugou Triglypta Daohugou Beds
Jiangzhangzi
Daohugou, Jiangzhangzi
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Fig. 3. The eight types of fossil spinicaudatans based on colors of the carapaces and characteristics of host rocks. AeE, Representatives of types 1e5 from the Yixian Formation; FeH,
Representatives of types 6e8 from the Daohugou Beds. Scale bar ¼ 5 mm in A, 2 mm in B, 1 mm in C-D, FeH, 10 mm in E.

Fig. 4. Microstructure and chemical characteristics of carapaces of extant spinicaudatans. A, C, GeH, carapaces of Eocyzicus nanchangensis. B, DeF, I, carapaces of Leptestheria sp.
AeB, binocular microscope images. CeE, micro-features seen in cross-sections, E is the enlarged detail from D; F, H, inner surface of the carapaces; G, I, outer surface of the
carapaces. JeM, spectra of EDS spots 1e4 in G-I; C, coated with gold, under secondary electron (SE) mode; DeI, uncoated, under backscattered electron (BSE) mode. O: outer layer; I:
inner layer. Scale bar ¼ 1 mm in A-B, 50 mm in D, G, I, 20 mm in F, H, 15 mm in E, 2 mm in C.
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Fig. 5. Sketch of the retained outer spinicaudatan carapace after each molt in cross-
section.

Fig. 6. Plan-view of Eosestheria sp. (Type 1, EDG0201) from the Yixian Formation. A, binocula
enlarged from B, C is the outer surface of the carapace; D is the inner layer of the carapace. Ee

mode. Scale bar ¼ 50 mm in A, 20 mm in B, 2 mm in C-D.
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4. Results

4.1. Microstructure and chemical characteristics of carapaces of
living spinicaudatans

Astrop (2014) showed that modern spinicaudatan carapaces in
stained sections consist of epicuticle, procuticle, epidermis (con-
tains haemocoel), inner epidermis, inner epicuticle and inner pro-
cuticle. As in most branchiopods, spinicaudatans are subject to
ecdysis. Interestingly, different from most branchiopods,
r microscope image. BeD, SEM images of the carapace, from the outside to inside; CeD,
F, EDS spectrum of spot 1e2 in B. B-D, coated with gold, under secondary electron (SE)
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spinicaudatans partially retain the cuticle during ecdysis. The
retained cuticle consists of the epicuticle and procuticle, and a new,
larger carapace nests underneath including a new epicuticle and
procuticle [which is comparable to the inner epicuticle and inner
procuticle (Astrop, 2014)]. The procuticle, similar to that of other
branchiopods, is partly mineralized (Olempska, 2004; Astrop,
2014). As the epicuticle is very thin and easily decays even in the
modern specimens, we only document the outer surface of the
procuticle (Fig. 4G); thus, only the mineralized part and the
chitinous part of modern carapaces are recognized under the SEM.
Therefore, we designate the mineralized part of the carapace as
“outer layer” and the chitinous part, which is internal to the
mineralized part, as “inner layer” (Fig. 5). This designation is used
only in this work to describe both the fossil carapaces and those of
the living forms in the same way.

The carapaces of the modern relatives Eocyzicus nanchangensi
(Fig. 4A) and Leptestheria sp. (Fig. 4B) are composed of an outer
layer and an inner layer (Fig. 4C-E). Based on the backscattered z-
contrast (atomic number contrast), the outer layer generally con-
tains a higher number of atoms, which is assumed to be the
mineralized layer, whereas the inner layer contains fewer atoms,
which is assumed to be the chitinous layer (Fig. 4D-E, G). At higher
magnification, the inner layer consists of a couple of chitinous
laminae parallel to the surface (Fig. 4C, E). Additionally, the inner
layer of the dehydrated carapace is full of cracks (Fig. 4F).

EDS spot analysis on the outer layer suggests that the elemental
composition of this layer was mainly phosphorus (P), and calcium
(Ca), with a small amount of zinc (Zn) and sulphur (S) (Fig. 4G, I, J, L;
EDS spot 1, 3), and the EDS spot analysis of the inner layer shows a
clear signal and higher concentration of carbon (C), but much
weaker signals and lower concentration of P and Ca (Fig. 4H, I, K, M;
EDS spot 2, 4). The calcium phosphate composition of our modern
samples are consistent with the results found in other living forms
(Stigall et al., 2008; Astrop et al., 2015).

4.2. Microstructure and chemical characteristics of Eosestheria
carapaces from the Yixian Formation

In specimens preserved on bedding planes, there are usually
two layers differing in the size and patterns of the crystals. We
assume that the layer with small and densely packed crystals
Fig. 7. Elemental mapping of Eosestheria sp. from the Yixian Formation (Type 5, ZJG0602). A
(P), Calcium (Ca), Silicon (Si), Aluminum (Al), and Manganese (Mn). The area of elemental m
abundance. Scale bar ¼ 1 cm. (For interpretation of the references to colour in this figure l
corresponds to the outer layer (Fig. 6C), and the layer with crystal
aggregates and loosely distributed crystals corresponds to the inner
layer (Fig. 6D). However, the EDS spot analysis and elemental
mapping reveal an identical elemental composition of both layers
of the Eosestheria carapaces, mainly P and Ca (Fig. 6E, EDS spot 1),
differing from the rock matrix (Fig. 6F, EDS spot 2).

Here, a specimen of Type 1 (EDG0201) is shown as an example,
but carapaces of other types from the Yixian Formation display a
similar two-layered structure and elemental composition, except
for Type 5 (see Appendix files, A.1, B.1). Specimens of Type 5
(ZJG0602) differ from the other four types from the Yixian For-
mation by showing local manganese (Mn) concentrations on the
carapace (Fig. 7H).

In cross-section, the microstructure of Eosestheria carapaces is
either almost homogeneous i.e., the outer and the inner layer
cannot be distinguished or the two layers can be identified.

In the case of the former (Fig. 8A-B), the crystals of the whole
carapace are small and densely packed, showing no layering. The
outward-directed humps representing the growth lines are well
preserved (Fig. 8B). The thickness of the valve reaches up to 60
microns (Fig. 8B).

In cases where the outer and inner layers can be recognized
(Fig. 8C-D), the crystals of the outer layer are small and densely
packed (indicated by “O” in Fig. 8D), but those of the inner layer are
loosely distributed (indicated by “I” in Fig. 8D). This is identical to
what is observed on the specimens on bedding planes. The un-
dulations on the outer layer, which represent the external shell
ornamentation of the growth bands, such as reticulations or punctae,
are well preserved (Fig. 8D). Besides, the inner layer shows laminae
parallel to the surface (“I” in Fig. 8D), which are similar to the original
chitinous laminae. The valve thickness is about 22 microns (Fig. 8D).

The EDS point analysis of the carapace shows peaks of P and Ca
(Fig. 8E-F, EDS spots 1e2), the same as the results obtained from the
specimens on bedding planes. Additionally, the resin may
contribute to the C peak, as seen in the C map of the cross-section
that shows C is more concentrated where space between host rock
and fossils is filled with resin (Fig. 8H, C map).

All examined Eosestheria carapaces from the Yixian Formation
display a uniform elemental composition, which is mainly P and Ca.
It seems that the complete carapaces have been phosphatized in
addition to the original biomineralized outer layer.
, Binocular microscope image. BeH, EDS maps of Carbon (C), Oxygen (O), Phosphorus
apping is within the yellow box in A. Color intensity corresponds to relative elemental
egend, the reader is referred to the Web version of this article.)
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4.3. Microstructure and chemical characteristics of Triglypta
carapaces from the Daohugou Beds

In specimens preserved on bedding planes, two layers can be
recognized. The outer layer is composed of small, compact crystals
(Fig. 9C) and exhibits punctae on the surface (Fig. 9B), while the
inner layer is full of cracks (Fig. 9B, F). The inner surface layer
(enlarged detail, Fig. 8D) is smoother than the surface of the outer
layer (Fig. 9C).
Fig. 8. SEM images of transverse cross-sections of Eosestheria sp. from the Yixian Formation
homogeneously permineralized carapace; C-D, Specimen from Sihetun (SHT05), D is enlarge
F, EDS spectra of spots 1e2 in D. G, Area of elemental mapping from A; HeP, maps of C, O, P
outer layer; I: inner layer. Scale bar ¼ 200 mm in A, 40 mm in B, 100 mm in C, G, 10 mm in D. (Fo
the Web version of this article.)
EDS spot 2 of the inner layer of a Type 6 carapace showed
weaker signals and lower concentration of P and Ca (Fig. 9D, H, EDS
spot2) but stronger signal and higher concentration of C than those
of the outer layer (Fig. 9B, G, EDS spot 1), which is comparable to the
outer and inner layers of the modern carapaces (Fig. 4). EDS map-
ping on the bedding plane (Type 6, DHG0501) suggests the C is
concentrated (Fig. 10B, C map), which confirmed the EDS spot
analysis. The EDS analysis of Type 7 of the outer layer also shows
clear peaks of P and Ca (Fig. 9F, I, EDS spot 3), similar to the outer
(Type 1). A-B, Specimen from Zhangjiagou (ZJG06), B is enlarged from A, showing the
d from C, showing identifiable outer layer (orange line) and inner layer (yellow line). E-
, Ca, Al, K, Mg, Fe, and F. A-D, G, uncoated, under backscattered electron (BSE) mode. O:
r interpretation of the references to colour in this figure legend, the reader is referred to



Fig. 9. Bedding plane view of Triglypta sp. from the Daohugou Beds (A-D, Type 6, DHG0401; E-F, Type 7, JZZ0301). A, E, binocular microscope image. B-D, SEM images of the
carapace, from outside to inside, C is the outer surface of the carapace enlarged from B, C is the inner layer of the carapace enlarged from B. F, outer surface of the carapace enlarged
from E. G-J, EDS spectra of spots 1e4 in B, D, and F, respectively. B-D, F, coated with gold, under secondary electron (SE) mode. Scale bar ¼ 1 mm in A, E, 100 mm in B, 1 mm in C-D,
20 mm in F.

L. Hu et al. / Cretaceous Research 105 (2020) 104073 9
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layer of the modern carapaces (Fig. 4J, L, EDS spot 1, 3). The element
components of the rock matrix are mainly aluminosilicate (Fig. 9F, J,
EDS spot4).

In the specimens of Type 8 (DHG0801, an external mould), no
microstructure of carapaces are identified. It is hard to say whether
they are different or identical to other types. The results are shown
in Appendix files A.2 and B.2.2.

In cross-sections, the outer and inner layers can be distin-
guished based on the backscattered z-contrast (atomic number
contrast) (Fig. 11A). Associated with the EDS mapping analysis, the
outer layer is mainly composed of P and Ca (Fig. 11F-G), while the
inner layer shows local concentrations of C (Fig. 10E). The valve
thickness is less than 10 microns (Fig. 11A), which is much less than
in the specimens from the Yixian Formation.

The compact structure, relatively low contrast in the back-
scattered mode and cracks of the inner layer, combined with the
EDS point and mapping analysis suggest that the inner layer of the
spinicaudatan carapaces from the Daohugou Beds contains carbo-
naceous remains, which are absent in the carapaces from the Yixian
Formation.

5. Discussion

5.1. Comparison of the microstructure of fossil and modern
spinicaudatan carapaces

Spinicaudatans are commonly preserved as bivalved carapaces
in non-marine deposits. The ornamentation of the carapace surface
is a critical feature to distinguish fossil taxa (Zhang et al., 1976;
Chen, 1999; Li et al., 2017). However, the microstructure of fossil
spinicaudatan carapaces is poorly known. Olempska, (2004)
figured the multilayer structure of Triassic spinicaudatan cara-
paces from Poland, and suggested that the fossil carapaces consist
of an ornament-bearing outer layer and a chitinous inner layer.

The Eosestheria carapaces from the Yixian Formation of our
study are permineralized, with no signs of organic material left.
Usually two layers can be identified: an outer layer and an inner
layer. The laminae in the inner layer are similar to the laminae in
living spinicaudatan carapaces. Besides, the amorphous fibre-like
structures are also morphologically similar to the chitin fibrils in
the cuticles of living forms, which consist of long-chain poly-
saccharide chitin. These fibrils are assembled into bundles, making
up the laminae parallel to the surface (Feng, 2011). Thus, the inner
Fig. 10. Elemental mapping of Triglypta sp. from the Daohugou Beds (type 6, DHG05-1).
mapping; BeG, maps of C, O, P, Ca, Si, and Al. Scale bar ¼ 1 mm in A. (For interpretation of th
this article.)
layer of the fossil carapace is comparable to the chitinous layer,
while the outer layer corresponds to the mineralized part of the
procuticle.

Based on the high concentration of phosphate and calcium of
inner layers, phosphatization is most likely the principal diagenetic
process of the fossil carapaces, though the presence of low con-
centration of Al, K, Si, which probably indicating the partly silifi-
cation of some carapaces. The possible other diagenetic processes
are left to determine later after this work.

In specimens preserving the amorphous fibre-like structure,
phosphatization probably occurred before thorough decay,
replaced the chemical constituents and preserved the fibre-like
structure. In rare cases, the fossil carapace is uniformly composed
of small and densely packed crystals, showing no layering. There,
phophatization either occurred later or recrystallization took place.

The carapaces of Triglypta from the Daohugou Beds also contain
two layers. The outer layer contains relatively higher concentra-
tions of P and Ca, which is comparable to the elements composition
of the biomineralized outer layer of the modern carapaces. While
the inner layer showed a strong signal and high concentration of C
and much weaker signals and lower concentrations of P and Ca,
compared to the outer layer. Such an element composition is
comparable to that of the inner layer of the modern carapace. The
cracks occurred in the inner layer of Triglypta, such features are also
occurred in the chitinous inner layer of dehydrated modern cara-
paces. Thus, we assumed that the outer and inner layers of Triglypta
were comparable to the outer and the inner layers of living rela-
tives, and the inner layer of Triglypta can be correlated to the
chitinous layer of the modern carapaces. Chitin is one of the basic
material to form the exoskeletons of arthropods (Fabritius et al.,
2011). However, chitin easily changes into an aliphatic composi-
tion during long-term diagenesis (Briggs, 1999; Gupta et al., 2007).
Such stable aliphatic composition can be formed by in-situ trans-
formation without high temperatures or pressure (Briggs et al.,
2000). Most likely, the carbonaceous remains of carapaces from
the Daohugou Beds are no longer the original chitin fibrils, but
aliphatic biopolymers. This is also the reason why no fibre-like
structures are observed in the inner layer of carapaces from the
Daohugou Beds. However, the exact composition remains to be
determined. Despite the preservation of carbonaceous material
from the Daohugou Beds, the laminae of modern spinicaudatan
carapaces are no longer recognizable in these specimens, which
may be due to compaction during diagenesis.
A, binocular microscope image, the yellow rectangle indicates the area of elemental
e references to colour in this figure legend, the reader is referred to the Web version of



Fig. 11. Cross-sections of Triglypta sp. from the Daohugou Beds (type 6, DHG05). A, Single valve, showing the outer layer (orange line) and the inner layer (yellow line); BeC, cross-
section of an articulated specimen, C is the enlarged area from B for elemental mapping. D-J, maps of O, C, P, Ca, Si, Al, and K. A-C, uncoated, under backscattered electron (BSE)
mode. O: outer layer; I: inner layer. Scale bar ¼ 20 mm in B, 10 mm in A, 5 mm in C. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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5.2. Phosphatization of Eosestheria carapaces from the Yixian
Formation

Phosphatization is one of the most important taphonomic
pathways to exceptional preservation (Briggs et al., 1993; Dornbos,
2011). Phosphate is an important biomineralization component of
the spinicaudatan carapaces (Vannier et al., 2003; Stigall and
Hartman, 2008; Astrop, 2014). As no phosphorus signals were
detected in the rock matrix of our samples, the carapaces them-
selves might have been the source of phosphorous during miner-
alization in both cases. An alkaline microenvironment can promote
phosphate precipitation (Berner, 1968; Gulbrandsen, 1969; Allison,
1988). However, usually the decay of the carcass decreases the pH
of the microenvironment (Klug et al., 2005), and very acidic con-
ditions would inhibit the precipitation of phosphate (Gabbott,
1998; Briggs, 2003). In the case of the paleo-lakes of the Yixian
Formation and the Daohugou Beds, frequent volcanic ash input and
decomposition of the volcanic glass particles contributed to the
alkalinity of water, but the decay of organisms and the emission of
CO2 by volcanic processes may have increased the acidity, which
most likely led to fluctuations of the alkalinity and acidity of these
lake water (Fürsich and Pan, 2015). The lake of the Yixian Formation
presumably was more alkaline so that the decrease of the pH due to
decay processes was not sufficient to inhibit phosphatization. In
contrast, in the case of the Daohugou Beds the lake waters could not
neutralize the decrease in pH of the microenvironment in the vi-
cinity of the decaying carcasses, so that phosphatization has been
inhibited to some extent.

5.3. Carbonaceous remains in invertebrate cuticles from the Yanliao
Biota but not from the Jehol Biota

Our studies found carbonaceous remains preserved in Yanliao,
but not in Jehol spinicaudatan carapaces, which is consistent with
previous studies. Wang et al. (2008) suggested that most of the
fossil insects from the Daohugou Beds are preserved organic re-
mains as carbonaceous compressions, and only some of them are
pyritized. Fürsich and Pan (2015), by comparing the bivalves from
the Daohugou Beds and the Yixian Formation, suggested that the
Jurassic bivalves contain remains of the organic periostracum,
while the Lower Cretaceous bivalves preserve no carbonaceous
remains. Apparently, the paleo-lake of the Yanliao Biota had a
higher potential to preserve carbonaceous remains of the in-
vertebrates, such as diagenetic products of cuticles.

5.4. Comparison of the eight spinicaudatan types

The rock matrix of the fossils from the Yixian Formation and
Daohugou Beds differs. The former consists mainly of tuffaceous
siltstones, except for type 2, the latter of tuffaceous mudstones. Our



Fig. 12. Diagenetic pathways of spinicaudatans from the Yixian Formation (AeC) and the Daohugou Beds (A, DeE).
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analysis suggests that for all types from the Yixian Formation
preservational conditions were similar, but differed from those of
the types from the Daohugou Beds. Therefore the different rock
types may have influenced the preservation of the spinicaudatan
carapaces. The precise mineral compositions of rock matrices need
to be checked to confirm this deduction.

Color differences were the main characteristics for the type
classification. The spinicaudatan carapaces from the Yixian For-
mation are preserved as light brown, yellow, black, or white re-
mains, whereas those from the Daohugou Beds are preserved as
dark brown and brown remains, occasionally as external moulds
with small fragments of carapaces material (Type 8). Tasch (1982)
associated the color of carapaces with the temperature during
diagenesis. Heating experiments on modern spinicaudatan valves
show that glossy black colors appear at 300�e400�, a light-brown
crust appears at 450�e600�, white color appears at 600�e1100�,
white enameloid plus brown crust appears at 800�e1100�, and at
1200�, valves become transparent glassy. Such experimentally
determined color classes were found in fossil carapaces from Bliz-
zard Heights and Mauger Nunatak (Tasch, 1982). Monferran et al.
(2018) also ascribed the different colors of spinicaudatan cara-
paces from the Ca~nad�on Asfalto Formation to specific preservation
modes. Our analysis on the microstructure of the four different
colors of carapaces from the Yixian Formation show no obvious
differences, and the EDS results show that the black carapaces
contain abundant Manganese, while others show no evident dif-
ferences. Manganese coating commonly occurs in natural deposits
(Potter and Rossman, 1979), such as the manganese dendrite
pseudofossils. Thus the black samples may be attributed to man-
ganese impregnation. However, temperature could also be the
reason of various colors in the specimens preserved in deposits
affected by volcanic processes. Further analyses, including semi-
quantitative and quantitative analysis on the chemical composition
of carapaces and the mineral composition of the rock matrix, are
needed to evaluate the relationship between the carapace colors
and paleoenvironment factors.

5.5. Taphonomic pathways

Modern spinicaudatan carapaces are composed of a calcium-
phosphate-chitin composite (Stigall et al., 2008; Astrop et al.,
2015) and are resistant to numerous biological and taphonomic
processes such as transport, decay, etc. to be preserved in the
sediment as fossils (Astrop and Hegna, 2015). Most analyzed fossil
carapaces are preserved as recrystallized calcium phosphate or
silica replaced molds (Stigall and Hartman, 2008; Stigall et al., 2008,
2014; Hethke et al., 2013; Monferran et al., 2018). Carbonate pres-
ervation is relatively rare (Lucas and Milner, 2006; Stigall et al.,
2017). Combining the microstructure studies with EDS analyses,
our study suggests that the different layers of the carapaces may
undergo separate diagenetic processes. The outer layers of the
carapaces of all investigated specimens are preserved as calcium
phosphate, but the inner layers of the spinicaudatans from the
Yixian Formation have been phosphatized and those from the
Daohugou Beds are preserved as carbonaceous material.

The general taphonomic pathways of Eosestheria from the
Yixian Formation and of Triglypta from the Daohugou Beds can
be reconstructed as follows (Fig. 12): In the case of Eosestheria
(Fig. 12A-C), the carcasses began to decay to some extent under
dysoxic-anoxic conditions after arriving on the bottom of the
lake, phosphatization occurred and phosphate minerals replaced
the organic material of the carapace. In the case of Triglypta
(Fig. 12A, D-E), the decay and phosphatization of the carapaces
probably were inhibited to some extent, so that the organic
material of the carapace could be preserved. Although the EDS
detected the phosphorus signals from the specimens of the
Daohugou Beds, we cannot confirm at the present stage whether
the carapaces experienced recrystallization or not because the
minerals of the carapaces may stem from the biomineralization.
However, the carbonaceous remains of the carapaces suggest
that phosphatization has been inhibited to some degree. Further
mineral analyses are needed to corroborate the conclusions
reached here.

6. Conclusions

The carapaces of spinicaudatans from the Yixan Formation are
permineralized, and partially preserve the morphological infor-
mation of the original chitin fibrils. In contrast, the carapaces of
spinicaudatans from the Daohugou Beds preserve organic mate-
rials, which most likely are remains of chitin, but the exact
composition remains to be determined. Based on the investigation
of the carapace microstructure of spinicaudatans from the Jehol
and Yanliao biota, we speculate that the paleo-lake of the Yanliao
Biota had a higher potential to preserve organic remains such as
cuticles.
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