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The Late Jurassic Allosaurus is one of the better-studied dinosaurs. A histological
and geochemical study of a tibia and a femur of A. fragilis recovered in the Upper
Jurassic Cleveland-Lloyd Dinosaur Quarry, Utah, United States has been done in
order to address growth characteristics of this species. The two bones, probably
belonging to separate individuals, are among the largest known for this species, which
make them suitable to address such issues. The inclusion of our data on femur
growth markings in the previously published data reflects a range of growth variability
rather than two distinct growth strategies. The tibia has a well-developed external
fundamental system indicating somatic maturity achievement. Using a quantitative
method of superimposition to retrocalculate missing lines of arrested growth, the tibia
appears to correspond to an individual that reached its skeletal maturity at 22 years
and died at approximately 26 years. In the tibia, the concentration of zinc, a potential
biomarker associated with bone formation, displays a higher concentration in zones of
rapid growth compared to annuli. There is no direct relationship between the values of
δ18Op and the lines of arrested growth distribution. The absence of relations between
the histological organization and an enrichment in REE of the bone, indicates that the
variations of δ18Op likely represent a diagenetic process rather than a primordial, biologic
composition. However, the geochemical composition of the bones is not homogeneous
along the sections, indicating that the signal variations have not been completely erased
by diagenesis.

Keywords: skeletal maturity, growth, tibia, femur, Morrison Formation

INTRODUCTION

Bone paleohistology, in particular skeletochronology, is a predominant method for reconstructing
the life history of extinct vertebrates (e.g., Prondvai, 2017). Due to their phylogenetic proximity
to birds and their still uncertain physiology, non-avian dinosaurs are the subject of numerous
histological studies aiming at determining life traits, such as growth rate or sexual maturity.
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Combined with this approach, geochemical analyses make
it possible to explore the behavioral and environmental
characteristics of non-avian dinosaurs, in particular via the stable
oxygen isotope composition (e.g., Tütken et al., 2004).

Allosaurus is one of the best-known theropod taxa (Chure and
Loewen, 2020; Evers et al., 2020), and remains of this genus are
particularly abundant in the Cleveland-Lloyd Dinosaur Quarry
(CLDQ, Utah, United States) with up to 46 individuals identified
based on the occurrence of 46 left femora (Madsen, 1976; Gates,
2005). The abundance of fossil material has stimulated much
work on the osteology, growth strategy, ontogeny and histology
of this dinosaur (e.g., Madsen, 1976; Reid, 1996; Smith, 1998;
Bybee et al., 2006; Lee and Werning, 2008). To assess the growth
strategy of Allosaurus, Bybee et al. (2006) estimated, on the basis
of histological analyses of the largest individuals of the CLDQ,
that skeletal maturity is reached between 13 and 19 years with
a maximum growth rate at 15 ± 2 years. However, they did
not find evidence of an External Fundamental System (EFS),
indicating stabilization of growth, although an incipient EFS has
been reported from an isolated and fragmentary Allosaurus fibula
(UUVP 6346). They also estimate that the upper age limit is
between 22 and 28 years. By counting lines of arrested growth
(LAGs) and performing growth curve reconstructions, Lee and
Werning (2008) estimated that Allosaurus was reproductively
mature at 10 years. Bybee et al. (2006) and Prondvai (2017)
showed a wide range of intraspecific variation in growth strategies
in Allosaurus fragilis.

The Natural History Museum of Geneva, Switzerland houses
a composite and partial skeleton of Allosaurus fragilis from
CLDQ (Madsen, 1976). The tibia of this compound specimen
is one of the longest tibiae recovered from this locality,
making it a valuable specimen for tackling the question of
growth strategy and age of skeletal maturity. We analyzed the
isotopic composition of oxygen in order to investigate possible
relationships between the δ18Op values and the histological
pattern that would reflect biological or environmental signals
(e.g., Tütken et al., 2004; Eagle et al., 2011), and also the rare
earth elements to assess the impact of the diagenetic process on
this bone. Similar analyses were made for comparison on a femur,
which also belongs to a large individual but without evidence that
it belong to the same individual with the tibia. The study of these
bones corresponding to large individuals makes it possible to test
for the presence of an EFS and of a determined growth, and to
expand the data set to address the growth strategy of this species.

MATERIALS AND METHODS

Geological and Paleoenvironmental
Settings
CLDQ is located in the Brushy Basin Member of the Morrison
Formation (Hunt et al., 2006). The site is Late Jurassic in age (late
Kimmeridgian-Tithonian). Two samples of an ash bed at 0.5–1
meters above the fossil bed gave K-Ar age estimates of 146.8 and
147.2 Ma (Kowallis et al., 1998; Bilbey, 1999). It should be noted
that recalibration of former 40Ar/39Ar datings from the Morrison
Formation (but not of the two samples mentioned above) gave

ages of about two Ma older than the original datings (Trujillo and
Kowallis, 2015). Bones occur in a calcareous mudstone, which is
the main bone-bearing deposit, and in the overlying limestone
(Gates, 2005). The mudstones and limestones of the CLDQ have
been deposited in a lacustrine environment (Hunt et al., 2006).
However, several environmental and taphonomic interpretations
have been proposed such as an oxbow (Dodson et al., 1980),
a floodplain pond in an anastomosing system (Richmond and
Morris, 1996), a spring-fed pond or seep (Bilbey, 1999) and
ephemeral pond (Gates, 2005; Peterson et al., 2017). Paleoclimatic
reconstructions of the Morrison Formation indicate that the
climate was warm and strongly seasonal (e.g., Dodson et al., 1980;
Turner and Peterson, 2004; Tanner et al., 2014), i.e., a more or
less dry season followed by a humid season characterized by
monsoonal conditions.

Bone Specimens
The analyzed bones are part of a composite skeleton of Allosaurus
fragilis (MHNG GEPI V2567) housed in the Natural History
Museum of Geneva (Madsen, 1976). This material was collected
in the CLDQ during the excavation campaign of 1962 directed by
James Madsen and then offered by the Women’s club of Utah in
the seventies to the Geneva Museum.

Previous work pointed out that the midshaft of long bones
best preserves the ontogenic record compared to other parts of
the bones (Chinsamy-Turan, 2005; Padian and Lamm, 2013).
Because histological and geochemical analyses are destructive
methods, we selected two broken limb bones, a right femur and
a right tibia (Figure 1). The selection of bones from CLDQ
for the more than 50 composite skeletons containing a varying
number of original bones sent to various institutions, including
the composite skeleton with the femur and tibia studied here,
was based on the selection of corresponding isolated bones to
individuals of similar size (Madsen, 1976). Therefore, the fact
that the femur and tibia correspond to animals of similar size
is a weak indication that they belong to a single individual. In
addition, the different histological patterns observed in the two
bones (see below) do not allow attributing the two ossifications to
a single individual on the basis of ontogenetic histological stages,
annual cyclicity, growth marks, remodeling rate and the number
of generations of secondary osteons as proposed by Wiersma-
Weyand et al. (2021). Therefore, we have no evidence that both
bones belong to the same individual. The femur (MHNG GEPI
V2567a) consists of the half-distal part, which is broken into three
fragments. The preserved length of the bone is 390 mm long and
its circumference at the level of the sample measures 309 mm.
Reconstruction of the complete bone by comparison with a
complete femur illustrated by Madson (1976: plate 50) indicated
that it measured approximately 792 mm in total length, making
it a large femur for this species although not the largest known
one. A 28 × 37 mm sample for histological and geochemical
analyses was sawn out of the midshaft, approximately at 7/10 of
the total length of the bone from the proximal end (Figure 1A).
The tibia (MHNG GEPI V2567b), better preserved than the
femur, is complete and measures 747 mm in length with a
circumference of 275 mm at its midshaft (Figure 1B), making
it the largest one among the set measured by Madsen (1976).
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A 30 × 18 mm sample for histological and geochemical analyses
was sawn out of the midshaft, approximately at half of the length
of the bone (Figure 1B).

Geochemical Analyses
Preparations and analyses of the major and trace element as
well as the isotopic compositions were done in the laboratories
of the University of Lausanne (Switzerland). Samples were
taken from broken surfaces of the bones that were refreshed
by polishing in order to avoid surface contamination. Powder
samples were scraped off perpendicular to the radial direction
of growth using a hand-operated Proxxon Mini-drill equipped
with a 1 mm diameter diamond drill bit. Samples were then
prepared for isotopic analysis following a modified small-amount
silver phosphate precipitation procedure (after Kohn, personal
communication and Dettman et al., 2001) (see Supplementary
Data). Oxygen (δ18Op) isotope compositions of phosphate and
carbonate within phosphate (δ13C, 18OC) were measured using
a Thermal Conversion Elemental Analyzer (TCEA) at 1,450◦C
linked to a ThermoFinnigan Delta Plus XL gas source mass
spectrometer. The composition of major (Ca, P) and trace
elements (F, Cl) were analyzed using an electron microprobe,
JEOL 8200 Superprobe. REE (La to Lu) and some other major
(Na, Mg, Al, Ti, Mn, Fe) and trace (V, Cu, Zn, Rb, Sr, Y, Zr, Nb,
Cs, Ba, Pb, Th, U, Sc) elements were analyzed using laser ablation
with inductively coupled plasma ion source mass-spectrometry
(LA-ICP-MS). These two last analyses were made on polished
and carbon coated (Superprobe) or decoated (LA-ICP-MS) thin
sections of bones.

Histological Analyses
Thin sections of both tibia and femur were made from small
blocks, extracted where the samples for geochemical analyses
were also taken, using a hand-operated drill (Dremel), equipped
with a rotary diamond wheel of 0.5 mm thick for a maximum
bit of 15 mm. We sampled the bone blocks at the level of the
natural breaks in the bones, i.e., roughly in the middle of the

tibial shaft and in the distal third quarter of the femur because the
bone is poorly preserved in its middle part (Figure 1). Polished
thin sections were ground to a thickness of 80 µm. Thin sections
were examined using transmitted normal- and polarized-light
microscopy to identify histological structures.

Our equipment did not allow us to prepare a single thin
section covering the entire section of the bone, making it not
possible measuring the actual length of the LAGs. Therefore,
we estimated the length of each LAG by assuming that they
are equivalent to a circle with a radius corresponding to the
LAG visible on the section. Comparison of the true length of
the perimeter of the section of each bone (Figure 1, red circles)
to the circle calculated with the radius on the corresponding
outer rim (Figure 1, blue circles) indicated that the rim length
is underestimated by 1% for the femur and 4.5% for the tibia.
We considered that the margin of error is roughly similar
for LAG length estimates, although the variation of the bone
thickness around the medullary cavity makes a more detailed
estimate difficult.

The age of the individuals was determined by counting
the LAGs. The normal remodeling processes of growth and
expansion of the medullary cavity have obliterated early growth
records, so the missing LAGs were retrocalculated by aligning our
length measurements in the graph of estimated age versus length
circumference of LAGs provided by Bybee et al. for the bones of
the limbs (2006: figure 2). In order to select the best fit of our data
among several suboptimal visual alignments, we chose the one
with the highest correlation coefficient when Bybee et al.’s data
and our data are merged.

RESULTS

Histological Analyses
The femur and tibia differ substantially in their bone histology
and also in their degree of remodeling (see Supplementary
Figures 1, 2 for higher resolution images of the histological

FIGURE 1 | (A) Right femur of Allosaurus fragilis (MHNG GEPI V2567a) in posterior view (missing part based on Madsen, 1976), location of the sample (red
rectangle) and transverse section with the studied sample marked with red frame; (B) right tibia (MHNG GEPI V2567b) in lateral view, location of the sample (red
rectangle) and transverse section with the studied sample marked with red frame. The blue circles correspond to the estimate of the length of the outer rim
approximated as a circle compared to the actual length of the outer rim in red (see text for details). Scale bars equal 50 mm.
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FIGURE 2 | Bone histology of the Allosaurus fragilis femur (MHNG GEPI V2567a) (A) and tibia (MHNG GEPI V2567b) (B) investigated for oxygen isotopic and
geochemical composition. Gray boxes on the bone sections correspond to δ18Op sampling and white dots correspond to samples for LA-ICP-MS analyses; Dark
lines on the graphs to the right correspond to visible LAG and grey lines correspond to the annuli. The green boxes in (B) frame the outer rim of the tibia with the EFS.

thin sections). The primary tissue of both bones are formed by
fibrolamellar bone and were deposited as zonal bone tissue with
cyclical growth marks (CGMs). Zonal bone tissue is composed
of a zone and an annulus mostly accompanied by a LAG. Zones
are thick, well vascularized and represent periods of fast bone
deposition. In contrast, annuli are thin and denser than zones,
less vascularized and deposited at a slower rate. LAGs represent
a pause in osteogenesis (Chinsamy-Turan, 2005; Padian and
Lamm, 2013).

The bone tissue of the femur (Figure 2A) is remodeled over
its innermost two-thirds, displaying secondary osteons and well-
developed and dense Haversian canals, possibly because the
sample was taken relatively close to the bone distal end. The
outermost cortex is made up of reticular fibrolamellar bone with
cavities for blood vessels oriented linearly. About four marked
cycles, with the alternation of zone, annulus and LAG are well

preserved. One supplementary cycle is visible in the remodeled
portion of the bone. No EFS is observed in the femur.

Unlike the femur, CGMs are visible throughout the sample
of the tibia (Figure 2B), and are likely present over the entire
section of the bone. Indeed, secondary remodeling with the
formation of secondary osteons is only developed on small areas.
Normal remodeling processes of growth and the expansion of the
medullary cavity probably obliterated several of the internal most
CGMs. Thirteen cyclical growth marks, each marked with a zone
and an annulus, can be observed. The first six observable CGMs
(Figure 2B, 9–14 years), though very poorly recorded and lacking
a LAG, are still visible. The seven external CGMs (Figure 2B, 15–
21 years) are mostly well-marked and all have a LAG. Bone tissue
of the six first CGMs has small and linearly oriented canals for
blood vessels, whereas they are larger and radially connected in
the external better-marked CGMs. After the sixth cycle, which
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points out the first LAG, the thickness of zones, and consequently
the distance between the LAGs decreases, except for the last zone,
which is thicker. The last zone is followed by about five closely
spaced LAGs (Figure 2B), which is identified as an external
fundamental system (EFS).

Major, Trace, and Rare Earth Elements
In situ microprobe investigations of the chemical composition
indicate that the tibia and femur have mean F contents with
of 3.71 wt.% (SD = 0.07, n = 15) and 3.72 wt.% (SD = 0.13,
n = 14) (Supplementary Table 1), respectively, indicating that
biogenic apatite of both bones is recrystallized into a homogenous
carbonate-fluorapatite.

Along both bone profiles (Supplementary Tables 1, 3–5),
major and trace element contents analyzed by electron-
microprobe and LA-ICP-MS are either homogenous (CaO, P2O5,
F, Na2O, MnO, Cl, V, Zr, Nb, Ba, U), enriched at the outer rim
with a decreasing trend toward the center (MgO, FeO, Al2O3, Sc,
Cu, Sr, Y, Pb, Th) or present with a cyclical trend (Zn). Some trace
elements that are otherwise homogeneous in concentration, may
have strong punctual enrichments (Cu, Zr, Pb). The most external
parts in both bones were excluded because they show obvious
diagenetic enrichment.

LA-ICP-MS measurements (Supplementary Table 5) show
that the tibia (Figure 2B) and femur (Figure 2A) are enriched
in REE, in particular at the outer rim of the bone (Figure 3). The
total REE content decreases inwards for both bones. These high
values of REE are those typical for fossil bones older than the
Cenozoic (Tütken et al., 2004). The tibia shows a total light REE
enrichment of two orders of magnitude compared to the femur
(Figure 2). However, the general trend is the same in both bones.
Moreover, these results are similar to other analyses performed on
fossils from other sites of the Morrison Formation as the CLDQ,
the Howe Stephens Quarry and the Freeze out Hills (Suarez C. A.,
2004; Herwartz et al., 2013).

Zinc has different concentration profiles in the two bones. In
the tibia, it shows an irregular pattern (Figure 2B), in contrast to
the femur, where it is less variable (Figure 2A). The tibia has a
mean Zn content of 166 ppm with a maximum of 232 ppm and
a minimum of 83 ppm with an irregular pattern (Figure 2B and

Supplementary Table 4). In contrast, the femur has a mean Zn
content of 76 ppm with a maximum of 91 ppm and a minimum
of 49 ppm and presents a more regular pattern (Figure 2A and
Supplementary Table 4).

Stable Isotope Compositions
The oxygen isotope compositions of the tibia and the femur have
the same range in δ18Op values but the pattern of δ18Op values
differ in each bone. The tibia (Figure 2B and Supplementary
Table 2), which has multiple CGMs, has a mean δ18Op value
of 14.6h (SD = 0.5h, n = 15). The femur (Figure 2A and
Supplementary Table 2), which is largely remodeled, has a mean
δ18Op value of 14.6h (SD = 0.4, n = 14). The δ18Op values of
both bones vary. This cyclic pattern is less marked in the femur
compared to the tibia though. In the tibia, the length of the cycles
of δ18Op values decreases toward the outside that is along the
radial axis of growth. The amplitude of δ18Op cycles is similar
though, with a maximum of 1.9h. Zones have δ18Op values
lower than those of annuli. In contrast, the δ18Op values of the
femur have cycles of lower amplitude, with a maximum of 1.5h
and more regularly spaced cycles. Furthermore, the δ18Op values
are lower in the interior and higher in the exterior parts along the
radial axis of growth. For both bones, the relatively coarse sample
pattern hosen does not reveal a particular relationship between
the values and the LAGs.

DISCUSSION

Paleoecological Implications of the
Histological Data
Recently Prondvai (2017), suggested, on the basis of a dataset
published by Lee and Werning (2008), that the growth
trajectories of A. fragilis have a high range of intraspecific
variations. However, she did not specify the bones that were
sampled to reconstruct growth trajectories, and neither did Lee
and Werning (2008). The raw data used in both studies was
actually published by Bybee et al. (2006), an article not cited
by Prondvai (2017). Bybee et al. provided regressions between
estimates of age versus circumference of LAGs for several types of

FIGURE 3 | REE patterns of the femur (MHNG GEPI V2567a) (A) and tibia (MHNG GEPI V2567b) (B) of Allosaurus fragilis. The black line represents LA-ICP-MS spot
analyses at the outer bone rim, gray line those at the marrow cavity and shades of green lines represent analyses from the bone interior.
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bone (femur, tibia, humerus, ulna), but they did not aggregate the
points by individuals. Bybee et al. (2006) noticed a distinct double
growth trajectory for the femora only, a variation also reported
by Prondvai (2017) for the growth trajectories of A. fragilis in
general. The values obtained here correspond to the strategy of
“rapid growth” with a single individual (UUVP 3694) reaching
a wider LAG circumference at a younger age (Figure 4A). Our
Figure 4, however, illustrates that the strategy of “slow growth”
is in fact represented by a single individual (UUVP 30-737),
a situation not directly visible in Bybee et al.’s paper because
individuals have not been identified in their figure (Bybee et al.,
2006; Figure 2). In addition, the strategy of “rapid growth” is
notably defined by a point abnormally high measured on the
individual UUVP 3694 mentioned above. Other measurements
of the circumference of the LAGs in this particular femur
correspond well to the measurements obtained on the femur
studied in the present work.

Therefore, because (1) the “slow growth strategy” is
represented by a single individual in Babee et al. dataset
and because (2) the “rapid growth strategy” is primarily based on
a single, possibly outlier point that does not match the rest of the
growth path relative to the femur path studied here, we consider
the whole dataset to reflect a range of the growth variation rather
than two distinct growth strategies. This pattern resembles what
is observed in the femurs of the sauropodomorph Plateosaurus
(Sander and Klein, 2005), indicating that the growth of A. fragilis
was affected by environmental factors such as climate and
availability of food. However, we recognize that even with the
new data obtained here, the sample size remains small to draw
solid conclusions and the interpretation of our graphical result
with few dots can be misleading, as Gee et al. (2020) showed on
the basis of a skeletochronology study of large sample of long
bone from a Permian lissamphibian.

Seven LAGs are observed in the studied tibia (Figure 2B).
By computing them after the circumference-to-age regression
of Bybee et al. (2006), it appears that the expansion of the
medullary cavity and normal remodeling had removed at least
the fourteen first LAGs (Figure 4B). The EFS started to be
deposited when the individuals reached about 22 years of
age. The EFS contains about five LAGs indicating that this
specimen lived at least 5 years after reaching its skeletal maturity.
Consequently, by summing observable (7 LAGs), retrocalculated
(14 LAGs) and LAGs composing the EFS (5 LAGs), the individual
represented by the tibia possibly reached an age of 26 years
(Figures 2B, 4B). These results correspond approximately to
the age limit calculated by Bybee et al. (2006), who estimated
that skeletal maturity is reached between 13 and 19 years
and that the upper age limit is between 22 and 28 years.
The presence of an EFS supports the fact that Allosaurus has
a determinate growth strategy as previously supposed (Bybee
et al., 2006). The only report of an incipient EFS was from
an isolated fragment of an Allosaurus fibula EFS (UUVP6346,
Bybee et al., 2006). In other theropods, skeletal maturity probably
began at about 18.5 years in Tyrannosaurus and between 14
and 16 years in Albertosaurus and Daspletosaurus (Erickson
et al., 2004). The occurrence of an EFS in Allosaurus is not
surprising. Such structure is reported for various archosaurs such

as Pseudosuchia, Crocodylomorpha, Pterosauria and Dinosauria
(Andrade et al., 2015). Among theropod dinosaurs, EFS
were identified in Tyrannosaurus, Albertosaurus, Daspletosaurus
(Erickson et al., 2004), Masiakasaurus (Lee and O’Connor, 2013),
Acrocanthosaurus (D’Emic et al., 2012), Troodon, Citipati, and
Oviraptor (Erickson et al., 2007).

Oxygen Isotope Composition
It is important to estimate the degree of alteration of the
geochemical compositions in order to assess if the data reflect a
primary in vivo composition or a secondary alteration. Analysis
of REE concentration is a way to test if the analyzed samples had
experienced exchange with a diagenetic fluid, and consequently
their degree of alteration (Tütken et al., 2004; Eagle et al., 2011;
Supplementary Data).

REE contents of the biogenic apatite of the femur (Figures 2A,
3A) and the tibia (Figures 2B, 3B) are enriched in the outer parts,
indicating that both bones are affected to an unknown degree
by a secondary incorporation of REE during diagenesis. A study
by Eagle et al. (2011, Supplementary Data), based on clumped
isotope measurements of six teeth and three bone specimens of
Camarasaurus sp. from the CLDQ concluded that all material
from this site is altered as it has experienced heating during burial,
which is in accordance with the local tectonic and diagenetic
history of this region. However, the oxygen isotope compositions
of the femur (Figure 2A) and the tibia (Figure 3) measured along
the bone profile are not flat but show variations.

Therefore, the geochemical composition of the CLDQ fossil
bones was not totally homogenized but was gradually altered
toward the interior. All the oxygen isotope values may have been
lowered from their original values. Accordingly, the in vivo δ18Op
values may no longer be recorded and the small number of cycles,
defined by the variations in relative changes in δ18Op values
compared to the age estimated for the specimens, may indeed
simply represent the cycles of diagenetic alteration. In any case,
a larger number of analyses on a higher sampling density would
be required to confirm the cyclicity in δ 18Op values.

Zinc: Potential Biomarker or Evidence of
Non-biological Reworking?
Fossil material of the CLDQ is commonly found to be enriched
in heavy metals, such as Mo, As, U, Pb, Sr, Mg, Na, and Zn
(Peterson et al., 2017). This enrichment may either be through
a diagenetic process, or part of a bioaccumulation during the
decomposition of numerous dinosaur carcasses (Peterson et al.,
2017). The water of the depositional environment corresponds to
a neutral pH with possible fluvial influence (Suarez M. B., 2004),
and was a reducing environment, as suggested by the presence
of metal oxides, sulfides and barite (Peterson et al., 2017). In our
study, only Zn appears to show a signal with a pattern associated
to the microstructure of bone tissues. In the tibia (Figure 2B)
the zinc pattern reveals higher concentrations within zones and
lower in annuli. In the femur (Figure 2A), zinc concentration is
more homogenous, but the reworked bone tissue with Haversian
channels is enriched in zinc. Higher zinc concentrations in zones
and in Haversian bone can be associated to faster growing bone
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FIGURE 4 | (A) Variation of LAG circumferences and circumference-to-age regression in the femora (A) and Tibia (B) of Allosaurus. Squares refer to data from
Bybee et al. (2006) and circles refer to the present study. * indicates the calculated length estimated by comparison with a complete specimen.
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tissue and a faster reworking process. The measured zinc content
of the tibia (minimum of 83 ppm; mean of 158 ppm, maximum of
232 ppm) is in the range of values measured for bones of recent
archosaurs, i.e., between 100 and 250 ppm (Anné et al., 2014).
However, the values obtained in our femur are below this range
(minimum of 49 ppm; mean of 71 ppm, maximum of 91 ppm)
and likely indicate a more pronounced diagenetic alteration. This
difference between both samples could also be explained by the
fact that the femur is fractured into several pieces, unlike the tibia.

The histological study of a large femur and a large tibia
of probable two separate individuals of Allosaurus fragilis
complements previous studies on smaller bones of this species.
The tibia indicates for the first time that this species possesses
an EFS attained at the approximate age of 22 years. The growth
of the femur correspond to the “fast growth” strategy observed
by Bybee et al. (2006) on the basis of a samples of femora. The
new data, however, support a range of growth variation rather
than two distinct growth strategies in A. fragilis. The histological
observations combined with the oxygen isotope compositions
reveal that the observed cyclic variations represent more a
diagenetic process than a primordial biologic composition.
Indeed bones have been altered and heated during burial and
correspond to the history of the diagenetic processes of the
CLDQ. However, the values of zinc, a potential biomarker
associated to bone formation, is linked to the microstructure of
bones and indicates potentially a biologic process.
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