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Abstract The early Cambrian Kuanchuanpu Formation in south Shaanxi Province yields not only abundant phos-
phatized small shelly fossils, but also various soft-bodied animals at embryonic and adult stages with three-dimensional
preservation, providing a crucial taphonomic window to explore the diversity of biomineralization of early metazoans,
the early evolution of development of metazoans, as well as the early evolutionary radiation process of metazoan body
plans. However, the majority of previous investigations on the Kuanchuanpu Biota have been focusing on phylogenetic
affinities of animal fossils, detailed taphonomic analyses of post-mortem and diagenetic processes are relatively rare.
In this study, we targeted the host rocks of the Kuanchuanpu biota, phosphatic limestones from the Kuanchuanpu For-
mation in Dahe Town, Xixiang County, Shaanxi Province, and conducted comprehensive microscopic and spectro-
scopic analyses on the microtubular fossils Conotheca and the rock matrix. The results including information of spatial
distribution of elements and minerals within microtubular fossils and rock matrix, spatial distribution of microtubular
fossils within the rock, as well as microstructures of the microtubular fossils, provide new insights not only into the bi-
ology of these microtubular fossils, but also the preservation mechanism of the Kuanchuanpu Biota.

Key words Kuanchuanpu Biota, Cambrian, phosphatization, taphonomy, microtubular fossils, Conotheca
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Fig. 1 X-ray fluorescence spectroscopic analysis on the polished surface of a piece of phosphatic limestone from the Cambrian Kuanchuanpu Formation,
Xixiang, Shaanxi
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P. Ca JLE ML Civ Co /2B CIXIKIK Py Ca JTLEN M. LI R: AL BN 2cm, C 4 0.5cm.
A. Polished slab; B, C. Close-up views of the framed areas in A, displaying grey and white xx and dark grey matrix; Bs, B,. The element mapping showing
the distribution of P and Ca of B area; C;, C,. Element mapping showing the distribution of P, Ca of C area. Scale bars: A, B=2 cm; C=0.5 cm.
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Fig. 2 Microscopic and Raman spectroscopic analyses of tubular fossils on a polished slab from Cambrian Kuanchuanpu Formation, Xixiang, Shaanxi
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#4046 (155,282, 713 and 1086 cm™); E. F. IR K A1 R AT 16 (~965 om ™) 145 ML 4R AT 18 (D-band , G-band), ELfi)X % 200 um.
A, B. Steromicroscopic images; A;, B;. Confocal laser scanning microscopic images; C-F. Raman microspectroscopic point analysis results; C. Indicates

disordered carbonaceous material (DCM); D Indicates calcite (155, 282, 713 and 1086 cm™); E, F. apatite (~965 cm™) and DCM (D-band and G-band).
Scale bars=200 pm.
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Fig. 3 Raman microspectroscopic mapping of tubular fossils on a polished slab from Cambrian Kuanchuanpu Formation, Xixiang, Shaanxi

A. B. 6T EEIRA A AR B G, C. R P EIRIAE S 6 BB S . A-As. RALAE A LRSS IR B, SRR KA
(Apa), Jrfi#Ai(Cal)FiJi & B4 A HLEK (DCM); Bi-Bs. HhAT B HIhL @15 S ampBE oA l&l, 23 AR BEA AT (Apa), Ji fif 41 (Cal)Fl g 2 247 HLAK (DCM);
Ci-Cs. A C PS5 A8, 73 AR B A (Apa), J7fiRAT (Cal) Rl T i BLUA ML (DCM); Ag—Ca. Sl H A-C T L RLA B KA
(Apa, ZLfR). JiffA(Cal, Gh). A HLIE(DCM, W5 fR)H A5 S AR s B 4 A . E il )R g 200 pm.

A, B. Steromicroscopic images of two tubular fossils on the polished slab; C. Transmitted microscopic image of a tubular fossil within thin section. Aj—As.
Raman spectroscopic mapping of A, showing apatite, calcite and DCM distribution, respectively; B;—B3, Raman spectroscopic mapping of B, showing
apatite, calcite and DCM distribution, respectively; C;—Cs;. Raman spectroscopic mapping of C, showing apatite, calcite and DCM distribution, respec-
tively; A,—C,. Relatively Raman signal density of apatite (Apa, in red), calcite (Cal, in green) and DCM (in blue) on the surface of A to C, respectively.
Scale bars=200 pm.
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Fig. 4 Statistics of long-axis directions of tubular fossils in a polished slab of phosphatic limestone from Cambrian Kuanchuanpu Formation, Xixiang,
Shaanxi
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A. Polished slab of phosphatic limestone from Cambrian Kuanchuanpu Formation; B—E. Sketch graphs of tubular fossils on the surface, the grey shaded
area showing the less bioclastic surrounding rock, black thin line showing the vein-like black DMC enrichment area; C-E. Sketch graphs displaying the
tubular fossils with long-axis paralleling to (blue), oblique crossing (green) and perpendicular to (red) the polished surface, respectively; F. Rose chart
showing long-axis directions of tubular fossils paralleling (C) and oblique crossing (D) to the polished surface.
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FE AR 0% (s 7 AR B i IR i 2 AR, 1iu IR Ja 0 e 45
I A AT D5, TR DA 1A Aot B 1B 6 ) U5 2 T
UURE CAT IS MR b, B8 2% PN At 45 K 4 7 A%
W /e, REOHIGLOR(E 2-Br), As”
PE Jr R B R AR B ISR (] 5-A-5-C). RE £

A -

JRE R RE N AW A R, BT AR,
WA 2 2 58 BER 70 B IR 2 I 7 BERF AR 04 2
PR RE P Ok I SR T R HENAT PR AT e
() as i B e th 2 AR B WS Ak — 5
EEE, e TSRO AR P AN SR 2 ) R A e A

TR S IR N =2 IN A al R T e )]
Fig.5 Microstructures of tubular fossils from Cambrian Kuanchuanpu Formation, Xixiang, Shaanxi
A. B. EIRMA AN BB IR, A Bl AL B IBOGICR B BB, Az Bo AL B IRITRIICR, B2 2B EERE. C. SLAKRA R
T BB AR, Ci-Cs. B EEAR X IRRFEOR, B B R A al s, Horh Coot Cy I REPT 7R DX R R B UR, Ca 2 Co U5 HE T 7 DX Ik e J) 8
JHK, Cs it Co 7 HE BT /R XK R TSR o B 7 Sk 4 /R85 BEMIPEAR JE o B9 X2 Arv By C 24 500 pm, Cqv Ap—~Cp 2 50 um, Ca. Co 2k 5 um, Cs 2 2 pme
A, B. Steromicroscopic images; A;, B;. CLSM images of A and B, respectively; A, B,. Close-up views of A and B, respectively, showing multilayered
tube walls. C. SEM image; C1—Cs, close-up views of C, showing microstructures of the tube wall. C5—Cs. Close-up views of the framed areas in Cy, C, and
C,, respectively. Arrows in B indicate soft deformation of tube wall. Scar bars: A;, By, C=500 um; C;, A;—C,=50 um; Cs, C4=5 um; Cs=2 pm.
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K6 56 ) 1M 2L PR E IR AT A
Fig. 6 Examples of nested structure of tubular fossils in Kuanchuanpu biota and their sketch

A=, R ERACHT R A R Ar-dr. EPIRICAT A= ORISR S0 Vel o BN oM [ (0 2 2 SRR [F) — A B, (0 SH R ARR O IR A
) PG T S A0 B, Rk BRI . R LR AR TR R A BE S 4y, KRR R I R BORL . 3 Jy P Sk IR R R A IR I — R
Protohertzina bi4<, L/ A-G Jy 200 um, H-J Jy 500 um.

A-J. Steromicroscopic images of tubular fossils. A;—J;. Sketch graphs for the tubular fossils of A-J. In each sketch, the same color indicates the same
layer tube wall. The colorful shadows indicate tube wall underneath the polished surface while the dark ones indicate diagenetic infilling materials. The
arrows in J and J; indicate a specimen of Protohertzina inside a tubular fossil. Scale bars: A~G=200 um, H-J=500 um

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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K7 BRVETE 2 SRR 5 RS IR A 2 RIRE LS
Fig. 7 Scanning electron microscopic images of tubular fossils from Cambrian Kuanchuanpu Formation in Xixiang, Shaanxi
A. B. [IREMERA; C-F, MR ERE IR, G H. [, ¥ RREIS IR . BB R 500 pm.
A, B. multiple tubular fossils with the same long-axis direction in each specimen; C—F. multiple tubular fossils with the opposite long-axis direction in
each specimen; G, H, multiple tubular fossils with the same and opposite long-axis directions in each specimen. Scale bars=500 um.

ML ERRKEH S Wi ikE S b ket
A7~ R I IR G VR 55 ) 08 AR AN I 25 5 Ak 3%
WYk 5 4 b 5 PR B S O, i e A AT R
R i AR DT R A KR e B2 0 7 A 1 B
Lk IS

Bust  IUH 48R AVE AR SR ) BT ML
ACRFERVE WAL TRACBE, A RS2 e e ot 3 o oty
RIS BT S B AR A0 5 R T RE I 3 B4
BT Ao IR B NAR, R T R S5t
I, AR IS !



122 W4

12|

2R 60 ¥

Sk (References)

MR¥sg, 2004. Zhyth SR, Bt YL R RRE BOR AL
1-134.

TS, Ky, A5, EHEAL, 1992, B F A LS E Bt
FERC T RO AW BEE . A6 BEARORSCER L AL 64-75.

fT3E ST, 1987, 1 i & X L ZE R4 M) AL L. s
5 e 4R, 14: 7-20.

BRI, 1977. A i g X St AR S I £ R MR AN e Al Ak
ALl AR, 16: 225-227.

FB, Xz, H8A, okoR, TKIEAE, IR, ZIFE, ISt
PEWE P, ZR3EER, 2017, Bemg a0 08 2 AR Wb i
ERWOITL. Bk s LY AE i, 34: 49-60.

Rk, #eut, 2, #2010 Blrg € 08 )1 AR AR AU
BT RIS, &R YA, 49: 125-132.

KNG, M, Witucki M K, 2009. Orsten %445 5 (5 A7 1k 47 0F 5T it
. YR, 48: 428-436.

Kk, Bk, #E, FES, 1996, Dreb i fRAE, seRERSY
MU OGRS 2B 274, 13: 241-254,

Bengtson S, Conway M S, Cooper B J, Jell P A, Runnegar B N, 1990.
Early Cambrian Fossils from South Australia. Brishane: Asso-
ciation of Australaisian Palaeontologists, 9: 1-364.

Bengtson S, Yue Zhao, 1997. Fossilized Metazoan Embryos from the
Earliest Cambrian. Science, 277: 1645-1648.

Butterfield N J, 2003. Exceptional Fossil Preservation and the Cam-
brian Explosion. Integrative and Comparative Biology, 43:
166-177.

Cai Yao-ping, Xiao Shu-hai, Hua Hong, Yuan Xun-lai, 2015. New
material of the biomineralizing tubular fossil Sinotubulites from
the late Ediacaran Dengying Formation, South China. Precam-
brian Research, 261: 12-24.

Chen Jun-yuan, 2004. The dawn of animal world. Nanjing: Phoenix
Science Press. 1-134 (in Chinese).

Cunningham J A, Thomas C-W, Bengtson S, Kearns S L, Xiao S,
Marone F, Stampanoni M, Donoghue P C J, 2012. Distinguish-
ing Geology from biology in the Ediacaran Doushantuo biota
relaxes constraints on the timing of the origin of bilaterians.
Proceedings of the Royal Society B: Biological Sciences, 279:
2369-2376.

Cunningham J A, Vargas K, Yin Zong-jun, Bengtson S, Donoghue P
C J, 2017. The Weng’an biota (Doushantuo Formation): an
Ediacaran window on soft-bodied and multicellular microorgan-
isms. Journal of the Geological Society, 174: 793-802.

Ding Lian-fang, Zhang Lu-yi, Li Yong, Dong Jun-she, 1992. The
study of Late Sinian-Early Cambrian biota from the Northern
Margin of Yangtze Platform. Beijing: Scientific and Technical
Documents Publishing House. 6475 (in Chinese).

Dong Xi-ping, Cunningham J A, Bengtson S, Thomas C W, Liu
Jian-bo, Stampanoni M, Donoghue P C J, 2013. Embryos, pol-
yps and medusae of the Early Cambrian scyphozoan Olivooides.
Proceedings of the Royal Society B: Biological Sciences, 280:
20130071.

Dong Xi-ping, Donoghue P C J, Cheng Hong, Liu Jian-bo, 2004.

Fossil embryos from the Middle and Late Cambrian period of
Hunan, south China. Nature, 427: 237-240.

Dong Xi-ping, Vargas K, Cunningham J A, Zhang Hua-giao, Liu
Teng, Chen Fang, Liu Jian-bo, Bengtson S, Donoghue P C J,
2016. Developmental biology of the early Cambrian cnidarian
Olivooides. Palaeontology, 59: 387-407.

Donoghue P C J, Bengtson S, Dong Xi-ping, Gostling N J, Huldtgren
T, Cunningham J A, Yin Chong-yu, Yue Zhao, Peng Fan,
Stampanoni M, 2006. Synchrotron X-ray tomographic micros-
copy of fossil embryos. Nature, 442: 680-683.

Duan Bai-chuan, Dong Xi-ping, Porras L, Vargas K, Cunningham J
A, Donoghue P C J, 2017. The early Cambrian fossil embryo
Pseudooides is a direct-developing cnidarian, not an early ec-
dysozoan. Proceedings of the Royal Society B: Biological Sci-
ences, 284: 20172188.

Germs J G B, 1972. New shelly fossils from the Nama Group, South
West Africa. American Journal of Science, 272: 752-761.

Giribet G, Edgecombe G D, 2017. Current understanding of Ecdyso-

zoa and its internal phylogenetic relationships. Integrative &

Comparative Biology, 57: 455-466.

Jian, Cai Yao-ping, Schiffbauer J D, Hua Hong, Wang Xing,

Yang Xiao-guang, Uesugi K, Komiya T, Sun Jie, 2017. A

Cloudina-like fossil with evidence of asexual reproduction from

the lowest Cambrian, South China. Geological Magazine, 154:

1294-1305.

Jian, Kubota S, Li Guo-xiang, Ou Qiang, Wang Xing, Yao

Xiao-yong, Shu Degan, Li Yong, Uesugi K, Hoshino M, Sasaki

O, Kano H, Komiya T, 2016. Divergent evolution of meduso-

zoan symmetric patterns: evidence from the microanatomy of

Cambrian tetramerous cubozoans from South China, Gondwana

Research, 31: 150-163.

Jian, Morris S C, Ou Qiang, Shu De-gan, Huang Hai, 2017.

Meiofaunal deuterostomes from the basal Cambrian of Shaanxi

(China). Nature, 542: 228-231.

He Ting-gui, 1987. Early Cambrian Conuladiids from Yangze Plat-
form and their early evolution. Journal of Chengdu College of
Geology, 14: 7-20 (in Chinese with English abstract).

Hua Hong, Chen Zhe, Yuan Xun-lai, Zhang Lu-yi, Xiao Shu-hai,
2005. Skeletogenesis and asexual reproduction in the earliest
biomineralizing animal Cloudina. Geology, 33: 277-80.

Kensuke N, Yoshiki C, 2001. Control of Crystal Nucleation and
Growth of Calcium Carbonate by Synthetic Substrates. Chemis-
try of Materials, 13: 3245-3259.

Kobayashi I, 2008. Scanning electron microscopic structure of the

prismatic layer in the Bivalvia. Frontiers of Materials Science in

China, 2: 246-252.

Yun-huan, Xiao Shu-hai, Shao Tie-quan, Broce J, Zhang

Hua-giao, 2014. The oldest known priapulid-like scalidophoran

animal and its implications for the early evolution of cycloneu-

ralians and ecdysozoans. Evolution & Development, 16:

155-165.

Qian Yi, 1977. Hyolitha and some Problematica from the Lower
Cambrian Meishucun Stage in Central and S.W. China. Acta
Palaeontological Sinica, 16: 225-227 (in Chinese with English

Han

Han

Han

Liu



100 TR geaRad o A A M ae b i [ % 24k 47 Miao et al.: Conotheca from the Cambrian Kuanchuanpu Biota 123

=3

abstract).

Qian Yi, Bengt son S, 1989. Palaeontology and biostratigraphy of the
Early Cambrian Meishucunian Stage in Yunnan Province, South
China. Fossils and Strata, 24: 1-156.

Sawaki Y, Nishizawa M, Suo T, Komiya T, Hirata T, Takahata N,
Sano Y, Han jian, Kon Y, Maruyama S, 2008. Internal structures
and U-Pb ages of zircons from a tuff layer in the Meishucunian

Formation, Yunnan Province, South China. Gondwana Research.

14: 148-158.

Schiffbauer J D, Huntley J W, O’Neil G R, Darroch S A F, Lafla
mme M, Cai Yao-ping, 2016. The latest Ediacaran Wormworld
fauna: setting the ecological stage for the Cambrian Explosion.
GSA Today, 26: 4-11.

Shackley M S, 2011. X-Ray Fluorescence Spectrometry (XRF) in
Geoarchaeology. New York: Springer, 7-16.

Shao Tie-quan, Tang Han-hua, Liu Yun-huan, Waloszek D, Maas A,
Zhang Hua-giao, 2018. Diversity of cnidarians and cycloneu-
ralians in the Fortunian (early Cambrian) Kuanchuanpu Forma-
tion at Zhangjiagou, South China. Journal of Palenotology, 92:
115-129.

Steiner M, Li Guo-xiang, Hu Shi-xue, 2010. Soft tissue preservation
in small shelly faunas. Geological Society of America Abstracts
with Programs, 42: 359.

Steiner M, Li Guo-xiang, Qian Yi, Zhu Mao-yan, 2004a. Lower
Cambrian Small Shelly Fossils of northern Sichuan and southern
Shaanxi (China), and their biostratigraphic importance. Geobios,
37: 259-275.

Steiner M, Li Guo-xiang, Qian Yi, Zhu Mao-yan, Erdtmann B D,
2007. Neoproterozoic to Early Cambrian small shelly fossil as-
semblages and a revised biostratigraphic correlation of the
Yangtze Platform (China). Palaecogeography, Palaeoclimatology,
Palaeoecology, 254: 67-99.

Steiner M, Qian Yi, Li Guo-xiang, Hagadorn J W, Zhu Mao-yan,
2014. The developmental cycles of early Cambrian Olivooidae fam.
nov. (?Cycloneuralia) from the Yangtze Platform (China). Palaeo-
geography, Palaeoclimatology, Palacoecology, 398: 97-124.

Steiner M, Zhu Mao-yan, Li Guo-xiang, Qian Yi, Erdtmann B D,
2004b. New Early Cambrian bilaterian embryos and larvae from
China. Geology, 32: 833.

Sun Wei-chen, Yin Zong-jun, Cunningham J A, Liu Peng-ju, Zhu
Mao-yan, Donoghue P C J, 2020. Nucleus preservation in early
Ediacaran Weng’an embryo-like fossils, experimental taphon-
omy of nuclei and implications for reading the eukaryote fossil
record. Interface Focus, 10: 20200015.

Wang Deng, Vannier J, Schumann I, Wang Xing, Yang Xiao-Guang,
Komiya T, Uesugi K, Han Jian, 2019. Origin of ecdysis: fossil
evidence from 535-million-year-old scalidophoran worms. Pro-
ceedings of the Royal Society B: Biological Sciences, 286:

20190791.

Wang Qi, Liu Yun-huan, Shao Tie-quan, Zhang Hu, Zhang Ya-nan,
Tang Han-hua, Jiang Kai-tuo, Wang Zhao-jing, Pang Guo-tao,
Qin Jia-chen, 2017. Research on the tubular fossils of the Early
Cambrian Xixiang Biota in Southern Shaanxi Province, NW
China. Acta Micropalaeontologica Sinica, 34: 49-60 (in Chinese
with English abstract).

Wang Xin, Hua Hong, Li Peng, Han Wei, 2010. Depositional enviro
nment and biostratinomic model of the Early Cambrian Kuan-
chuanpu Biota from Southern China. Acta Micropalaeontologica
Sinica, 49: 125-132 (in Chinese with English abstract).

Wood R, Zhuravlev A Y, 2012. Escalation and ecological selectively
of mineralogy in the Cambrian Radiation of skeletons.
Earth-Science Reviews, 115: 249-261.

Xiao Shu-hai, Knoll A H, 1999. Fossil preservation in the Neopro-
terozoic Doushantuo phosphorite Lagerstatte, South China. Le-
thaia, 32: 119-240.

Xiao S, Muscente A D, Chen Lei, Zhou Chuan-ming, Schiffbauer J D,
Wood A D, Polys N F, Yuan Xun-lai, 2014. The Weng’an biota
and the Ediacaran radiation of multicellular eukaryotes, National
Science Review, 1: 498-520.

Yang Xiao-guang, Han Jian, Wang Xing, Schiffbauer J D, Uesugi K,
Sasaki O, Komiya T, 2017. Euendoliths versus ambient inclusion
trails from Early Cambrian Kuanchuanpu Formation, South China.
Palaeogeography, Palaeoclimatology, Palaeoecology, 476: 147-157.

Yin Zong-jun, Zhao Duo-duo, Pan Bing, Zhao Fang-chen, Zeng Han,
Li Guo-xiang, Bottjer D J, Zhu Mao-yan, 2018. Early Cambrian
animal diapause embryos revealed by X-ray tomography. Geol-
ogy, 46(5): 387-390.

Yue Zhao, Bengtson S, 1999. Embryonic and post-embryonic devel-
opment of the Early Cambrian cnidarian Olivooides. Lethaia, 32:
181-195.

Zhang Hua-giao, Xiao Shu-hai, Liu Yun-huan, Yuan Xun-lai, Wan
Bin, Muscente A D, Shao Tie-quan, Gong Hao, Cao Guo-hua,
2015. Armored kinorhynch-like scalidophoran animals from the
early Cambrian. Scientific Reports, 5: 16521.

Zhang Xi-guang, Chen Lei, Witucki M K, 2009. Studies on Or-
sten-type fossil Lagerstatte. Acta Micropalaeontologica Sinica,
48: 428-436 (in Chinese with English abstract).

Zhu Mao-yan, Qian Yi, Jiang Zhi-wen, He Ting-gui, 1996. A pre-
liminary study on the preservation, shell composition and mi-
crostructures of Cambrian Small Shelly Fossils. Acta Micropa-
laeontologica Sinica, 13: 241-254 (in Chinese with English
summary).

Zhuravlev A Y, Lifidn E, Vintaned J A G, Debrenne F, Fedorov A B,
2012. New finds of skeletal fossils in the terminal Neoprotero-
zoic of the Siberian Platform and Spain. Acta Palaeontologica
Polonica, 57: 205-24.

DR g BT R)



