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There is broad consensus that many bones of extinct vertebrates contain Rare Earth
Elements (REE) and other trace minerals that have been incorporated and enriched
into the fossil during diagenesis. During fossilization, apatite minerals in vertebrate
bones recrystallize from metastable biogenic forms to thermodynamically more stable
inorganic apatite minerals while incorporating REEs from their environment. More than
∼95% of the REE in fossil bones are diagenetically incorporated post-mortem, and
bones in different environments have different and distinct REE signatures, generally
viewed to be controlled by sedimentological and taphonomic processes. The REE
pattern in fossils is generally stable, and the normalized concentration patterns provide
unique “fingerprints” or signatures that have been used for various geological and
paleontological investigations. The discovery of embryos and their adults at the same
site, a previously unrecorded occurrence in the fossil record, allowed us to compare for
the first time the relationship between REE concentrations in the same taxon at widely
differing ontogenetic stages. Here we compare REE patterns in bones from two distinct
sites in Yunnan, China, both preserving embryonic and adult bones of Early Jurassic
Sauropodomorpha dinosaurs. These dinosaurs are closely related to each other and
close in geological age, and their bones show very similar REE patterns. However, the
embryonic bones have significantly lower levels of total REEs when compared to their
adult counterparts. We attribute the 10-fold La_REE difference and U concentration 5/1
ratio to the level of ossification of the bones and the dramatically lower concentration of
apatites in the embryonic than in the adult bones. We conclude that the ontogenetic
stage of fossil materials can have a significant impact on REE concentrations, and
discuss the impact of these results on future work.

Keywords: ICP-OES, ICP-MS, dinosaur bone structure and composition, rare earth elements in dinosaur bones,
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INTRODUCTION

Rare Earth Element (REE) concentration in fossilized bone is
generally considered to be a post-mortem phenomenon (e.g.,
Bertram et al., 1992; Trueman and Benton, 1997; Williams, 1998;
Trueman, 1999, 2013; Patrick et al., 2002; Trueman et al., 2003;
Herwartz et al., 2013; McCormack et al., 2015). The total REE
concentrations (6REE, in ppm) in extant bones are usually very
low, while in fossilized bones, the REE can range from less than
1,000 ppm up to more than 20,000 ppm (Reynard et al., 1999;
Lećuyer et al., 2003), often much higher than in sediments in
mining operations, as indicated by the People’s Republic of China
National Geology and Mining Standard, DZ/T 0204–2002. This
high concentration of REE in fossil bone has been used in various
geochemical studies for resolving problems in paleontology,
including determinations of depositional environments, and
testing whether fossil assemblages or parts of assemblages are
autochthonous or allochthonous (Reynard and Balter, 2014;
Hassler et al., 2018). Adsorption and substitution are dominant
processes in the REE concentration in biogenic apatites (Reynard
et al., 1999). The partitioning associated with adsorption has
been studied experimentally between phosphates (PO43−) and
water and iron-manganese hydroxides and water. Adsorption
is easily accomplished to reach equilibrium but is also easily
reversible. Thus, the weakly physical molecular van der Waals
forces of these REE3+ are easily desorbed. In contrast, the
mechanism of chemical substitution is controlled by bulk crystal-
chemical properties, in which certain chemical components were
replaced. During substitution, cations Ca2+, Ba2+ in the apatites
are replaced by REE3+ and apatite is recrystallized by strong
chemical bonds in a stable pattern, while the anions PO3−4,
CO2−3, F−, OH−, and Cl− were replaced by other anions
in stoichiometric and or non-stoichiometric fashion. Thus, the
substitution mechanism plays a dominant role in the process
that results in REEs being captured from groundwater and
concentrated in fossil bones. The same mechanism also explains
the concentration of Uranium in adult and embryonic bones.

Early Jurassic exposures (Figure 1) in Yunnan Province have
yielded the remains of both embryos and adults of the same
taxon (Reisz et al., 2013), Lufengosaurus (Figure 2), at the
same site. These are very rare occurrences in the fossil record
of terrestrial vertebrates, with a combination of similar taxa
of similar age, both represented by the adult and embryonic
bones. The discovery of these two Early Jurassic sites, with
both fossilized adult and embryonic bone pairs are the crucial
foundational source for this study and form the basis of the
important discoveries discussed below, and the discovery of
these two localities has given us the unprecedented opportunity,
likely the first such case, to study REE patterns in fossils under
these kinds of controlled conditions. Of course, it is possible
that both dinosaur adult and embryonic bones from the very
same site were found in the past somewhere else, but none
of them were subjected to the REE comparison as this study.
This excluded potential REE variability associated with fossils
coming from different taxa and reduced as much as possible
effects of preservation in different formations and different
depositional environments. The embryonic and adult bones from

Dawa, Lufeng, Yunnan belong to the early Sauropodomorpha
Lufengosaurus (Fang et al., 2000). Similarly, embryonic and adult
bones from Jiaojiadian, Yimen, Yunnan have been found and
assigned to the larger early Sauropodomorpha Yimenosaurus (Bai
et al., 1990). Phylogenetic analyses have placed both taxa within
the broader Sauropodomorpha clade but well outside Sauropoda.
These materials were collected from the middle (Dawa) and
lower (Jiaojiadian) parts of Dark Red Beds Zhangjia’ao Member
of the Early Jurassic (Sinemurian, 190–197 Ma), Lower Lufeng
Formation, roughly 3–5 m below the top of the formation.
Thus, we used two relatively closely related Sauropodomorpha
dinosaurs from two different localities within the early Jurassic
of China, extremes in ontogeny comparing embryonic bones
with those from adults to test the relationship between levels
of ossification and REE concentration. There is no perceived
difference between the lithologies of these two localities.

It is often taken for granted that both fossilized and
extant bone mineral is identified as calcium hydroxyapatite
(HA, HO-Apatite), Ca10(PO4)6(OH)2 (de Jong, 1926), a single
chemical compound. However, the hydroxyapatite crystal lattice
(hexagonal space group P63/m) can accommodate various
other ions, and carbonate ions CO32− can readily replace the
hydroxyl ions OH− or orthophosphate ions PO43−, leading to
carbonated apatite type A and type B, respectively, as confirmed
by SR-FTIR (Reisz et al., 2013; Lee et al., 2017) and neutron
scattering. In this respect, carbonatoapatite-B is closest to the
actual bone mineral (Loong et al., 2000). During fossilization,
these thermodynamically unstable, reactive, poorly crystalline
bioapatites recrystallize to form more stable, less reactive states,
in which trace elements in the pore-water were incorporated
into the crystal lattice of the apatites in the fossil, and REE are
trapped and concentrated (e.g., Trueman, 2013; Hassler et al.,
2018). Several previous studies suggest that the REE composition
of fossils reflects the environment of early diagenesis in both
terrestrial and marine settings (e.g., Henderson et al., 1983; Staron
et al., 2001; Metzger et al., 2004; Patrick et al., 2004; Martin et al.,
2005; Kaflak et al., 2006).

MATERIALS AND METHODS

Multiple adults and embryonic bones of the dinosaur
Lufengosaurus (Lower Jurassic strata near Dawa, Lufeng
County, Chuxiong Prefectural Museum, catalog no. C2019
2A233) and Yimenosaurus (Lower Jurassic strata near Jiaojiadian,
Yimen County, Jilin University Museum, catalog no. JLUM
TY-501 and JLUM TY-502) were collected and analyzed by
coupled plasma optical emission spectrometer (ICP-OES) and
inductively coupled plasma mass spectrometry (ICP-MS) (Rogers
et al., 2010; Fassett et al., 2012). We used the same type of bone in
all cases, focusing on the femur of embryos and femur fragments
in the adults. Adult and embryonic bone cortex were dissolved
and used in ICP-MS analyses in order to get a good average REE
as well as P concentration for each bone. Since fossil bone can
be very heterogeneous in nature, REE concentration could vary
significantly in various parts of the individual fossil bone. It is,
therefore, preferable to get an average measure of a particular
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FIGURE 1 | Location and stratigraphy of Dawa Lufengosaurus and Jiaojiadian Yimenosaurus fossil sites. (A) Geographic location of the study area. (B) Distribution
of the Jurassic strata in central Yunnan Province and the location of the two dinosaur sites (70 Km apart). (C) Sketched geologic map of Dawa area. (D) sketched
geologic map of Jiaojiadian area. (E) Stratigraphic columns of Dawa and Jiaojiadian fossil sites and their correlation.

region of the bone in both the adult and embryo, as done here,
rather than through spot measurements, as used in LA-ICP-MS
analysis, even if statistically sound numbers of spots were tested
(Herwartz et al., 2011, 2013).

Lufengosaurus embryonic and adult material were collected
from the same site near the village of Dawa, Lufeng County, in
2010. Yimenosaurus embryonic and adult bones were collected
in January of 2018, from near the Jianjiadian village, including a

big femur fragment together with fragmentary embryonic bones.
We are confident of the fetal status of the embryonic bones,
based on their level of ossification and ontogenetic stage, rather
than being perinatal or neonatal (Reisz et al., 2012, 2013). The
materials used for this study were within the mid-range of the
embryonic ontogenetic series. Secondly, the embryonic bone of
Yimenosaurus that we identified and used in this study was also
at roughly the same ontogenetic stage as the embryonic bones
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FIGURE 2 | Fossil materials that were available for this study. (A) Embryonic
femur and a caudal centrum (not used for chemical analyses), and adult femur
fragment of Lufengosaurus. (B) Embryonic limb bone inside a concretion and
a dorsal centrum (not used for chemical analyses), and adult femur fragment
of Yimenosaurus.

of Lufengosaurus that we used, all consistent with embryonic
stages of these Sauropodomorpha dinosaurs and those of the
in-ovo embryonic materials of a similar Sauropodomorpha the
South African Massospondylus (Reisz et al., 2012).

Both adult and embryonic bone pairs were collected from the
same site, respectively, avoiding stratigraphic and taphonomic
variations. In the case of the Lufengosaurus embryonic material,
the adult bone was located in the same site, a few feet from the
accumulation as the embronic bones. In the case of the Yimen
locality, the embryonic bones attributed to Yimenosaurus were
found in the discarded sediments at the excavation site of the
adult skeletal materials.

Coupled plasma optical emission spectrometer and ICP-MS
analyses of the Dawa Lufengosaurus bone cortex were done at
the National Kaohsiung University of Science and Technology,
Kaohsiung, Taiwan, per NIEA M104.01C(2003) on Perkin-
Elmer Optima 2100DV (Huang et al., 2009). Similar tests were
also carried out at Academia Sinica, Taipei, Taiwan (ICP-MS).
Additional ICP-MS (by using Agilent 7500ce) was carried out
at National Tsing Hua University, Taiwan, arranged through the
National Chung Hsing University. The Yimen bone material was
analyzed at the East China University of Technology, China.
The Yimen dinosaur embryonic and adult bones, the cortical

region, and without the medullary cavity material were ground to
powder separately. Yimen dinosaur bone powders were digested
following the procedure of the People’s Republic of China
National Standard GB/T 14506.19. Then the concentration of P,
Ca, and Ti was measured by ICP-OES (PerkinElmer Optima 5300
DV), and the concentration of REE was measured by ICP-MS
(Perkin Elmer ICP-MS element 2). The ICP-OES/MS provides
both REE and P concentrations. Adult and embryonic bones were
also analyzed by ICP-MS and solid-state NMR at the Hungarian
Academy of Sciences, Hungary. SR-FTIR images were acquired
(Lee et al., 2017) using SR-IMS at BL14A1 of NSRRC, Taiwan.
The SR-FTIR spectra were collected in the mid-infrared range
of 4000–650 cm−1. All the chemical analyses follow the strict
analytical lab procedures of repetitive runs for valid resulting
data. The Chinese Background Average (CBA) REE values were
used in this study for normalization (Wang and Wei, 2011) rather
than the NASC (Gromet et al., 1984) or PAAS (Nance and Taylor,
1976), since we are working on the Chinese fossils, and it is
preferable to use the available local soil REE background values.

In a separate set of ICP-MS analyses, various growth
stage adult and embryonic bones of Lufengosaurus were also
tested for the relationship between total REE and phosphorus
concentration (Supplementary Table S3) inside the fossil bones.

RESULTS

The analyses that produced the average spidergrams of total
La-REE of the two pairs of adult/embryonic bones from Dawa
and Yimen were completed in several labs, as described in the
section “Materials and Methods.” Figure 3 shows the averaged
CBA-normalized La_REE concentrations (logarithmic Y-axis),
La_REE (X-axis ordered relative to atomic number) (Raw and
normalized data in Supplementary Tables S1a,b, S2).

The La_REEs are classified by atomic numbers; low atomic
numbers are light rare-earth elements (LREE), high atomic
numbers are the heavy rare-earth elements (HREE), and those
in-between are as the middle rare-earth elements (MREE). These
bell-shaped curves show more enrichment of MREE than LREE
and HREE (Figure 3), which can be assumed to represent the
result of extensive recrystallization of the apatites in the presence
of REE-bearing fluids.

It is important to note that both adult and embryonic bones
are from the exact same sites of Lower Lufeng Formation with no
stratigraphic difference. The two sites are apart only 70 km from
each other (Bai et al., 1990; Fang et al., 2000). It is therefore not
surprising that the spidergrams (Figure 3) show strong similarity
to each other, with both adult spidergram curves (top pair) having
similar shapes that are closely matched; similarly, the spidergrams
of the embryonic bones (bottom pair) are also similar to each
other. This finding is consistent with current knowledge of the
two localities, their similar depositional environment, and their
stratigraphic proximity. The similarity in the shape of the curves,
their almost identical “bell shape” suggests that the diagenetic
processes that produced these fossils were similar, and it can also
be inferred to have occurred at relatively low temperatures under
crystal-chemical control involving a substitution mechanism.
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FIGURE 3 | Lanthanide Rare Earth Element (La_REE) Spidergrams of Dawa (Lufengosaurus) and Jiaojiadian (Yimenosaurus) adult and embryo femur bones. Dawa
average data are shown in blue while the Jiaojiadian average data are shown in red. The La_REE concentration data is presented at ppm normalized to CBA (y-axis)
relative to the atomic number labeled as elemental symbol (x-axis). Both dinosaur adult and embryo pairs show that the total La_REE of the adult bone is an order of
magnitude higher than that of the embryo. Complete individual spidergram can be found in Supplementary Figure S3.

This process caused extensive recrystallization of the apatites in
the presence of REE-bearing fluids. The most striking feature
of the spidergrams is the vast separation between the adult and
embryonic bones at each locality; they are slightly more than
one order of magnitude apart. This separation indicates that
the total La_REE concentration of the adult bones is about ten
times greater than, and U about five times than those in the
embryonic bones. We were careful to avoid the central medullary
cavity of the femur, where apatites are usually absent. Diagenetic
processes normally result in the deposition of various chemicals
other than REEs in the medullary cavity, affecting the overall
REEs results, apatites are normally present in the circumferential
bone-building portion of the bone, in the cortex. Therefore, the
10-fold difference in REE total concentration and five times of U
is a reflection of the amount of apatites that is present in these
comparable regions of the embryonic and adult bone (Herwartz
et al., 2011, 2013).

Embryonic bones are known to have much lower levels of
ossification than the adult bones of the same species (Reisz
et al., 2005). This difference is particularly striking in the case
of Sauropodomorpha dinosaurs, in which the embryonic bones
are characterized by very rapid growth (Reisz et al., 2013),
and by the presence of Primary Vascular Cavities (PVC) that
occupy more than 50% of the cortex of the femur. In contrast,

the adult bones of these two Sauropodomorphas have a very
small percentage of Vascular Canals (VC), usually located at
the center of each osteon. Overall, the level of ossification
corresponds to the amount of apatites that the developing
organism produces, with the rapidly developing embryos of
Sauropodomorphas having much less apatites in the femur. It is,
therefore, possible to correlate the amount of apatites present in
the bone with the level of REE concentration that has occurred
during diagenesis, with the embryonic bone having a significantly
smaller concentration of apatites and hence REE than their
adult counterparts.

In order to test the apatites/La_REEs relationship further,
we undertook a separate set of ICP-MS analyses, with bones
of Lufengosaurus being tested for phosphorus concentration
(Supplementary Table S3) vs. total La_REE. This P element is
a crucial component of apatites, and the amount of P is indicative
of the apatites concentration in the bone. The results (Figure 4)
show a strong correlation between the total La_REE and P inside
the dinosaur bones at different developmental (ontogenetic)
stages, (y = 0.0498x + 181.79, R2 = 0.9338). The higher the
P concentration, the more La_REE having been incorporated
inside the fossil bones. This linear correlation provides additional
evidence of the close relationship between Pconc and the total
amount of La_REE that has been incorporated into the bone.
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FIGURE 4 | Excellent Correlation between P (phosphorus) and 6La_REE in
Lufengosaurus skeletal elements. P and 6La_REE values inside the bones of
the Early Jurassic Lufengosaurus measured at different ontogenetic stages
show strong correlation (0.9338) regardless of the stage of growth. Complete
data can be found in Supplementary Table S3.

DISCUSSION

The results show that there are significant differences in the
6La_REE concentration (10/1 ratio) between the adults and
embryos as well as in the Ac_REE U concentration (5/1 ratio).
This difference is well correlated with the known differences
between embryonic and adult bones. For example, previous
studies have allowed for quantification of levels of PVC being
present in the embryonic femora of Lufengosaurus, showing
55% PVC in the embryonic bone cortex, in sharp contrast
to that presence of 5% or less VC in the adult bone (Reisz
et al., 2013). Overall, there is a significant difference between
the amount of ossification present in the form of apatites
between the embryo and the adult. During ontogeny, the level
of vascularity decreases, and the total amount of bone and apatite
increases, which is the main ingredient to catch REE, reaching its
maximum at the full adult condition. Embryonic and adult bones
attributed to Yimenosaurus reveal similar patterns, as would be
expected for two closely related taxa with similar developmental
trajectories. The slight differences between the patterns and levels
of La_REE concentration in the two adult bones, and between
the two embryonic bones can be attributed to the geographic
separation and slight age differences between the two very similar
sedimentary sites, i.e., local variation.

Our results also indicate that there is a strong correlation
between the 6La_REE and P concentrations in the bones, which
confirms the close relationship between the 6La_REE and the
amount of apatites present in the bone. Future studies may use
6REE concentration as a proxy for P inside fossilized dinosaur
bones and hence apatites concentration. Our results also point
out two critical aspects of REE preservation in fossil bones. (1)
The overall content of REE that has been incorporated into the
bone depended on the amount of apatites present in the bone.
Ontogenetically different stages of fossils will preserve different
6REE levels, making it important to know the ontogenetic stage
of the fossil being analyzed. (2) For stratigraphic confirmations,
it is best to have the analyzed specimens at about the same

ontogenetic stage, and the mixed-use of adult bones from one
depositional environment/formation and juvenile bones from
the others should be avoided. The fact that the 6REE ratio
between the adult and embryo from the same site has an order
of magnitude difference underscores the likelihood that fossil
materials of different ontogenetic stages may lead to results that
would be difficult to interpret correctly. Given the result of this
study, future work should include such as intermediate stages
of ontogeny, permitting quantification of the amount of apatites
being present in particular bones, and hence a more precise
calculation of the level of ossification relative to the size that a
particular animal achieved at the time of death. Finally, the REE
values may be used to quantify the material strength of bones in
extinct organisms, allowing for a dramatic increase in our ability
to predict locomotory capabilities and behavior in animals that
roamed the earth but have no living equivalents.
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