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ABSTRACT: Salamanders (Urodela) are members of a clade of extant amphibians whose fossil records extend far into the 

Mesozoic Era and have a classic body model of generalized tetrapods. The 

characteristic features of larval ontogenetic stages of early fossil salamanders can 

be used to better understand this group’s origins and evolutionary history. This 

study used non-destructive micro-X-ray fluorescence (micro-XRF) imaging 

technology to explore the taxonomy and patterns of elemental concentrations of 

a Middle-Late Jurassic larval salamander fossil collected from northeastern 

China. P distribution mapping of the skeletal structure indicated that the fossil 

belongs to Jeholotriton paradoxus. Further analysis revealed that the skeleton is 

enriched with P, while the soft-tissue remains are enriched with Fe, Mn, Ga, and 

Cr. Ni and Zn in the trunk area come from the external environment. The Yanliao 

biota, to which the fossil belongs, contains many salamander fossils. Further 

XRF research will reveal more information about the ontogenesis and 

taphonomy of early salamanders. 
 

INTRODUCTION 

The three major groups of living amphibians, Urodela, Anura, and 

Gymnophiona, belong to the lissamphibians. The late Mesozoic is 

the crucial period for their origin and radiation.1-2 Compared with 

other groups of lissamphibians, salamanders (urodela) appear to 

have maintained a more conservative morphology. Consequently, 

the study of the early evolution of salamanders could shed light on 

the origin and evolution of lissamphibians. Generally, salamanders 

possess delicate bones and features that enable them to live in 

humid environments. These attributes make the preservation of 

their skeleton as fossils challenging. Thirty years ago, salamander 

fossils were rare, scattered, and fragmented.3 However, by the end 

of the 20th century, thousands of well-preserved and exquisite 

salamander fossils at different stages of development were 

excavated and collected from the Mesozoic strata in the Yanliao 

region of northern China (including most areas of southeast Inner 

Mongolia, northern Hebei, and western Liaoning). These include 

taxa such as Sinerpeton fengshanense,4 Liaoxitriton zhongjiani,5 

Chunerpeton tianyiense,6 Regalerpeton weichangense,7 and 

Neimengtriton daohugouensis.8-9 

Most of these fossils retain articulated skeletons and soft-tissue 

impressions, which provide essential research data for 

understanding the early evolution of salamanders. The continuous 

discovery of related fossils in China and new fossils in North 

America and Europe,7,10-11 revealed that there was only one kind 

of stem urodela Triassurus in the Middle-Late Triassic,12 and other 

early salamanders mainly occurred in the Juro-Cretaceous strata. 

There are still many issues related to early salamanders’ origins 

and phylogenetic relationships, partly because only a few fossil 

species and different characteristics have been selected for further 
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analyses. If poorly characterized taxa are excluded from 

evolutionary investigations or new fossils with more anatomical 

features are added, the results of phylogenetic analyses would 

change drastically,13-15 emphasizing the need for more detailed 

studies. 

To understand the details of the morphology and characteristics 

of salamanders, it is of great significance to study not only the adult 

forms of extinct taxa but also the juvenile and larval fossils. The 

juvenile and larval fossils possess unique features that will 

enhance our understanding of their ontogeny and evolution and 

provide information about habitats and paleoenvironmental 

conditions during fossil development.2,16-17 For example, when 

comparing early salamander fossils to those of adults, the early 

salamander fossils were characterized by more diminutive size, 

partially ossified skeleton, and partially ossified skull elements.6 

Moreover, the preserved gill filaments, caudal fins, and other 

characteristics of larval fossils can reflect the living environment 

of larval salamanders (such as ponds or stream environments).2,17 

Furthermore, the immature skeleton and body size of larvae can 

provide details about the ontogeny of individual taxa and allow 

further studies of evolutionary branching models if different 

ontogenies are recovered in closely related taxa. For now, the early 

salamanders excavated from the Yanliao area in China have the 

largest number of preserved fossils in the world. More importantly, 

they are in an excellent state of preservation. However, these 

excellent research materials have mainly focused on the anatomy 

of the skeleton and the phylogeny of known taxa. Previous 

taphonomic studies of larval salamander fossils focused primarily 

on how to migrate to the burial site after death.17 The burial process 

and mechanism of fossilization were not considered in any detail, 

and these can be generally related to the residues and later addition 

of some chemical elements in the fossils and the surrounding 

matrix. 

In this study, a larval salamander fossil from the Daohugou Bed 

was scanned for chemical element distribution using emerging and 

non-destructive X-ray fluorescence (XRF) imaging to obtain 

valuable taphonomic information from the distribution pattern of 

related elements.18-19 In the XRF imaging technology, the 

characteristic X-ray of various elements in the target sample is 

excited by using X-rays; qualitative and quantitative analyses are 

conducted after the identification of the elements. Recently, new 

XRF technologies, such as synchrotron rapid scanning X-ray 

fluorescence (SRS-XRF) and micro-X-ray fluorescence (micro-

XRF), make it possible to conduct non-destructive analysis of 

large-scale (decimeter-scale) samples through area scanning under 

air or vacuum condition.18,20 Non-destructive large-scale XRF 

imaging was first conducted to study the rare Late Jurassic 

Solnhofen Archaeopteryx fossil in Germany in 2010;18 the results 

revealed the chemical composition of the fossil skeleton and 

feathers. Fossil feathers are not simple impressions as previously 

thought but are “chemical fossils,” representing the residual 

elements of possible soft (and hard) tissues.18 Since then, the XRF 

research of fossils has been expanded to Osteichthyes, reptiles, 

theropods, mammals, invertebrates, and plants.21-24 This work 

represents the first use of non-destructive XRF imaging to study 

early salamander fossil; the results can elucidate the pattern of 

elemental distribution and allow the reconstruction of the 

taphonomy of Jurassic larval salamander fossil in the Yanliao area. 

Moreover, the data disclosed herein can guide the research of the 

fossilization process of other well-preserved fossils (such as adult 

salamanders and other tetrapods) in this area. 

MATERIALS AND METHODS 

Early larval salamander fossil. The fossil specimen studied in 

this paper was collected from the Middle-Upper Jurassic 

Daohugou bed (the Haifanggou Formation) in the Daohugou 

locality, Ningcheng County, Inner Mongolia, China.25-26 The 

lithology of the matrix around the fossil is grayish shale. The fossil 

was stored at the Dinosaur Evolution Research Center of Jilin 

University (Jilin, China), and the specimen number is DERC-

Z0018. The Daohugou biota is part of the early assemblage of the 

Yanliao biota in China. It has preserved fossils of various plants, 

invertebrates, and vertebrates, which are highly important to 

studying insects, birds, and early mammals.26-27 Three species of 

early salamanders have been found and reported in the Daohugou 

area of the Yanliao biota: metamorphosed Neimengtriton 

daohugouensis, neotenic Jeholotriton paradoxus,3,28-29 and 

Chunerpeton tianyiense. The characteristics of some juvenile and 

adult skeletons of these three salamanders have been reported in 

detail and will be used for a comparative discussion in this study. 

We also selected the juvenile specimen (RCPS VL2002) of 

Jeholotriton paradoxus (the tail is missing, with a total length of 

more than 80 mm) and the adult specimen (JLUM-H-Al170701a) 

of Chunerpeton tianyiense (complete articulated skeleton, with a 

total length of approximately 180 mm) as comparative materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1
 
(a) Optical image of the larval salamander DERC-Z0018. (b) Line 

drawing of the specimen: a1 and a2 are insect fossils; b1 and b2 are residues 

similar to stems; c1 area is the remains of unknown black mass. The scale 

is 10 mm. cf, caudal fin; eg, external gills; le, lens; ta, tail; ve, vertebra.
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Fig. 2 (a) Black box shows the actual scanning area of DERC-Z0018. (b)–(i) Micro-XRF false color element distribution maps. Each map corresponds to the 

following elements: (b) P, (c) Ca, (d) S, (e) Ti, (f) Fe, (g) Ni, (h) K, and (i) Nb. The brighter the color, the more enriched the element. The yellow oval area 

(area 1) shows the specific enrichment of Fe (f), respectively. The scale is 10 mm. 
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There was no trace of limbs near the trunk of the salamander, 

and the caudal fin was expanded, indicating that the salamander 

was in the larval stage. The length from the snout to the tail was 

approximately 45.5 mm. This young salamander shows dark black 

soft-tissue residues on its head and rear tail, except that its trunk is 

gray and mixed with white crystalline minerals. The vertebrae at 

the trunk are also black, indicating that the skeleton is mainly 

preserved as black bone, including residual cranial bones. In 

addition to the main salamander fossil, insect fossils (Figs. 1a1and 

1a2) were preserved on the front side of the head and left side of 

the trunk. There were residues similar to plant stems (Figs. 1b1and 

1b2) on the external gills, and an unknown oval black mass 

remained on the side of the stems (Fig. 1c1). The elemental 

distributions of these other fossils on the slab provide comparisons 

and references for studying the salamander. To facilitate the 

identification of these fossils, an area code was used to indicate the 

fossils themselves. 

Institutional abbreviations: DERC, Dinosaur Evolution 

Research Center, Jilin University; RCPS, Research Center of 

Paleontology and Stratigraphy, Jilin University. 

Micro-XRF mapping. The specimen was analyzed using an M4 

TORNADOPLUS micro-XRF spectrometer (Bruker Nano GmbH, 

Berlin, Germany) at the Key Laboratory of Earth and Planetary 

Physics, Institute of Geology and Geophysics, Chinese Academy 

of Sciences (Beijing, China). The size of the motorized servo X-

Y-Z stage was 330 mm × 170 mm (W × D), and the movable range 

was 200 mm × 160 mm × 120 mm (W × D × H). It can operate 

under atmospheric/vacuum conditions and can conduct qualitative 

and semi-quantitative analysis of elements through area scanning. 

Compared with the M4 TORNADO spectrometer before 

upgrading, this instrument is equipped with two large-area silicon 

drift detectors (SDD) with super-light element windows, which 

can detect and analyze light element carbon, and an innovative 

aperture management system (AMS) is added, which can perform 

ultra-depth of field processing on samples with uneven surfaces. It 

is equipped with a high-throughput pulse processor to improve test 

efficiency and a sample stage that can be quickly replaced. These 

updates enable faster data acquisition to achieve higher accuracy. 

This experiment ran at the maximum energy setting (50 kV, 600 

μA), under vacuum (2.4 mbar), and did not use filters. The 

excitation light source was a high-intensity X-ray tube (Rh target) 

equipped with polycapillary focusing optics, and the spot size was 

20 μm. The resolution (pixel size) was set to 20 μm. The data 

acquisition speed was 8 ms/pixel, the selected scanning area was 

a rectangle (2165 × 2915 pixels), and the total scanning time was 

16 h 17 min. After data collection, the characterization software 

provided by Bruker Micro Analytics was used to analyze and 

generate the sample’s elemental content data, element distribution 

maps, and heat maps (Fig. 2, Figs. S1, and S2). The single-element 

distribution map is a monochromatic false-color image. Color has 

no practical significance and is used only to display the presence 

and concentration of elements. Different element distribution 

maps can be displayed by superimposition. The heat map uses a 

series of colors to show the enrichment and distribution of a single 

element more clearly, which cannot be superimposed. 

RESULTS 

Identification of the spectrogram. The spectrogram of the 

scanning area obtained by XRF showed that the scanning area of 

the specimen was mainly composed of O, Si, Al, K, Fe, Na, Ca, 

Mg, Ti, Mn, S, and other elements (Fig. 3). These elements are 

shown by the peaks at the corresponding energy of their 

characteristic X-ray. In the spectrogram, in order to display the 

existence of all Kα related energy peaks of the elements in the 

study specimen, the main scale of the y-axis increases 

exponentially at a rate of 10. Because the value span is too large, 

the signal of some elements (such as Ni, Zn, and Ga) appears 

relatively weak. Actually, the peaks of these elements are obvious, 

so it is meaningful to identify these elements and study the relevant 

distribution maps. It is worth noting that the characteristic peaks of 

different elements may overlap, such as V-Kα and Ti-Kβ, or Co-

Kα and Fe-Kβ. It is necessary to determine the element indicated 

by the peak, because the nonexistent element and its distribution 

map have no research significance. Through determination, 

interference elements such as Cl, V, and Co are excluded, laying a 

 

 

 

 

Fig. 3 Spectrogram of the micro-XRF scanning area of DERC-Z0018. 
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good foundation for in-depth analysis of two-dimensional element 

distribution map. 

Element distribution patterns revealed by element 

distribution maps and heat maps. The information obtained 

from the spectrogram and data is limited, and only overall details 

on the scanning area (including the matrix and fossils) are 

available. In addition, the element distribution map shows the state 

and distribution of element enrichment, which is of great 

significance in distinguishing and comparing matrix and fossils. 

Through observation and combined with a single-element heat 

map, the element distribution map mainly shows three modes 

(excluding the analysis of secondary minerals scattered in the body 

of the salamander): 

The first is the elements that significantly correlate with the 

fossils, such as Ca, Cr, Fe, Ga, Mn, Ni, P, S, Ti, and Zn (Fig. 2, 

Figs. S1 and S2). P only showed a significant correlation with the 

salamander skeleton in relation to the matrix. Ca and S are related 

to the skeleton and show different degrees of correlation with other 

biological tissues (soft/hard tissues), including other nearby fossils. 

Ca showed the highest concentration in the salamander skeleton 

and c1, followed by b1 and b2, and was also concentrated in the 

salamander head, external gills, body contour, and some areas of 

a1. S is most concentrated at b1, b2, and c1, followed by a1 and 

the salamander lens. The concentration of S in the head remains, 

the skeleton of the salamander, and a2 is higher than that in the 

trunk and tail of the salamander. Ti is significantly related to the 

lens, and external gills of the salamander, b1, b2, and c1, and are 

also associated with a1. The salamander’s dark remains were 

mainly enriched in Fe, Mn, Ga, and Cr. Fe and Mn showed a 

stronger contrast than Ga and Cr in relation to the matrix. These 

four elements may be related to the late mineralization of fossil 

remains to a large extent. Interestingly, these elements showed 

lower concentrations at b1, b2, and c1 than in the matrix. The Ni 

and Zn enrichment areas in the salamander were opposite to 

elements such as Fe and Mn. Ni and Zn showed higher 

concentrations in b1 and b2 than in the matrix and were most 

enriched in c1. 

The second is the elements that are mainly enriched in the 

matrix and rarely contained in the salamander, including Al, K, 

and Si (Fig. 2, Figs. S1 and S2). K showed higher concentrations 

in a1, a2, and salamander torso mineralization areas than in the 

matrix. a1 and a2 showed clear morphological outlines in the K-

distribution map. 

The third is the uniform distribution of elements in the study 

specimen, including Ba, Cd, Nb, Sr, and other elements (Fig. 2, 

Fig. S1 and S2). Except for the heaviest Ba distribution map, the 

depth of field cannot be seen. In contrast, the other element 

distribution maps show the undulation of the surface because the 

specimen is uneven. 

In addition to the above distribution patterns, some elements 

were sporadically enriched in the distribution maps. For example, 

Y only showed apparent enrichment in the salamander head’s left 

bone and nasal area and only scattered and dotted enrichment in 

other parts of the skeleton (Fig. S1 and S2). Y shows uneven 

mineralization in skeleton, and the different enrichment states of 

these elements above show the heterogeneous and complex 

mineralization processes that the fossils have to undergo in the 

taphonomy process. 

COMPARISON AND DISCUSSION 

Various fossils of the specimen. A variety of fossils was 

distributed on the slab’s surface containing the urodela. Except for 

the salamander, Figs. 1a1 and 1a2 can be interpreted as the remains 

of arthropods. However, b1 and b2 have no complex biological 

structures, and there are apparent differences between them and 

other animal tissues on the block. At the same time, they have 

elemental distribution patterns similar to those the Eocene plant 

fossils Platanus wyomingensis (in relation to the matrix, they are 

more enriched in Zn and Ni and do not contain Mn).22 Therefore, 

it can be inferred that b1 and b2 are the stems of plants. The 

element distribution pattern of c1 was very similar to that of b1 

and b2. In most cases, the element concentration of c1 is higher 

than that in the b1, and b2 regions, so c1 may be the seeds or other 

parts of the plants with a larger volume. 

Under the same burial environment, salamander, arthropod (a1, 

a2), and plant fossils (b1, b2, c1) showed different element 

enrichment states compared with the matrix, and different 

taphonomy results were established because of the various 

structures and characteristics of the fossils. The black remains (soft 

tissues) of salamander are mainly enriched in Fe, Mn, Ga, and Cr, 

the skeleton is enriched in P, the whole body is enriched in Ca, and 

S. Ti is mainly enriched in the eye lens, external gills, and other 

areas. There are also elements such as Y in local areas. Arthropods 

are rich in K and S, as well as Ti and Ca in local areas. Plant fossils 

were rich in Ca, S, Zn, Ni, Ti, and other elements. The striking 

difference between the salamander and the other fossils is that the 

elements are mainly concentrated in the black areas; thus, the 

elements are only concentrated in the skeletal region of the 

salamander. Salamander and plant fossils have more abundant 

element enrichment than arthropods, which shows that more 

information related to individuals and mineralization has been left 

after burial. 

Information of larval salamander revealed by element 

distribution maps. Overall, the related elements of the 

salamander showed various enrichment states. Elements in 

different distribution states revealed additional information about  
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Comparison of skull skeleton of salamander fossils. (a) Distribution map of P in DERC-Z0018

 
enlarged view of skull region.

 
(b) optical image of the 

juvenile Jeholotriton paradoxus
 
(RCPS VL2002).

 
(c) optical image of adult Chunerpeton tianyiense

 
(JLUM-H-Al170701a). The scale is 5 mm.

 

the larval salamander, including ontogeny and mineralization. 

Compared with Ca and S, the elemental distribution map of P 

shows a clearer view of the skeletal structure of the salamander 

(Fig. 2 and Fig. S1). The P distribution map showed that the skull 

bones were not fully developed or sutured. One fenestra appeared 

between the anterior nasals, indicating that some nasals were 

undeveloped, and the pterygoid was long and extended medially. 

At the intersection of the external gills, there were small bones, 

which may be related to the supporting role of the gills. The 

vertebrae are mainly cervical vertebrae, trunk vertebrae, and sacral 

vertebrae, which are not entirely developed; most of the caudal 

vertebrae are probably still in the cartilaginous state have not yet 

been fully ossified. Limb bones were not observed in the three 

element distribution maps, and there were no specific residues of 

elements in the relative positions of the other element distribution 

maps, indicating that the larva is at an early stage of development 

and its forelimbs have not been ossified. In the past, three species 

of salamander fossils were excavated from Jurassic strata in this 

area (the Yanliao area). The juvenile specimen (IVPP V18085) of 

Chunerpeton tianyiense with a total length of approximately 35 

mm shows an apparent forelimb skeleton,16 while the fossil 

studied in this paper is about 45.5 mm long without a limb skeleton, 

so the growth and development stages appear to vary in these two 

taxa. The adult specimen (PKUP V0515) of Neimengtriton 

daohugouensis has a broad and round snout, and the palatal 

process of pterygoids expands bilaterally.9 However, the skeleton 

studied in this paper does not show this feature. The length of the 

IVPP V14195B, a juvenile specimen of Jeholotriton paradoxus, 

was 96 mm, and its snout was narrower than that of Neimengtriton. 

The front end of the preserved left pterygoid is slender and extends 

inward.16 These two features are similar to our specimen (Fig. 4a), 

and related adult fossils (such as IVPP V11944B) also inherit and 

develop these features.3 At the same time, the reference specimen 

(RCPS VL2002) of Jeholotriton also shows cranial skeletal 

characteristics similar to our research specimen (Fig. 4b). The 

distinct medial process of the pterygoid in the reference specimen 

(JLUM-H-Al170701a) of Chunerpeton indicates that the fossil 

was quite different from research specimen in current paper (Fig. 

4c). Therefore, the research specimen can be identified with some 

confidence as the larval stage of Jeholotriton paradoxus. 

P appears to be enriched only in the skeleton, showing that the 

skeleton was preserved as carbon impressions and contains apatite 

components in the skeleton of general vertebrate fossils. The 

distribution areas of Fe, Mn, Ga, and Cr, mainly enriched in the 

black remains, show that the organic matter of the fossil has 

diffused to a certain extent in the process of decomposition and 

fossilization, resulting in the scattered retention of elements, which 

are generally distributed along the fossil area. The enrichment of 

Fe on the right side of the vertebrae along the trunk (Fig. 3f, area1) 

may indicate the location of the dorsal fin. Ni and Zn, opposite to 

Fe distribution, were mainly distributed in the trunk. The interior 

of the trunk is soft tissue, which is the first area to be decomposed 

and replaced compared with hard tissues such as skeleton. The 

enrichment of Ni and Zn indicates the introduction of these 

elements in the later taphonomy process. These elements are not 

related to biomineralization, but only to inorganic minerals related 

to burial. Ca and S throughout the salamander have different 

enrichment concentrations in various parts, of which S shows 

higher concentrations than the matrix in all fossils of this specimen, 

which strongly indicates that S is related to organic remains. 

CONCLUSION 

The elemental distribution maps of micro-XRF revealed valuable 

information about the ontogeny and taphonomy of the Jurassic 

laval specimen of Jeholotriton paradoxus in Ningcheng, Inner 

Mongolia. We conclude that because of the differences in the 

general composition of the skeleton, soft tissues, and lens, they are 
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replaced by different elements during burial. The distribution of P 

is mainly correlated with well-developed areas of the skeleton, 

which indicates that the salamander was at a larval stage where it 

did not have well-developed limbs and complete caudal vertebrae. 

The skeletal structure of the fossil was more clearly observable 

through the P distribution map, allowing its identification as 

Jeholotriton. The distribution of Ca and S observed in this study 

appears to be controlled by the overall morphology of the 

salamander. Still, the concentration was uneven, revealing the 

finer structures of this larval salamander (Ca) as well as indicating 

the preservation of organic remains (S). Ti is dominant in the 

ocular lens. Ni and Zn enriched in trunk are introduced during 

burial. 

This study is the first to apply non-destructive XRF-mapping 

technology to the study of an early salamander fossil and reveal 

the taphonomic characteristics and mineralization of a larval 

salamander. It is worth mentioning that many salamander fossils 

have been unearthed in the fossil locality. These fossils are larvae, 

juveniles, and adults. The specimens were preserved on flat plates. 

The skeleton was maintained very well, and soft tissues were 

mostly preserved, which is suitable for future XRF studies 

focusing on preservation patterns, ontogeny, and overall 

taphonomy of such fossils. 
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