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A B S T R A C T

The Sr and Ca isotope composition, along with trace element content in fossil teeth, provides valuable insights 
into biogenic and diagenetic processes. Identifying pristine biological signals is crucial for reconstructing the diet 
and trophic levels of extinct taxa. We present novel geochemical data from Tyrannosauridae and Ceratopsidae 
teeth of the Late Cretaceous, using radiogenic Sr (87Sr/86Sr), stable Sr (δ88/86Sr), and Ca (δ44/42Ca) isotopes, 
along with trace elements abundances to differentiate biogenic signals from diagenetic alteration.

Our results reveal potential taxon-specific diagenetic effects, likely influenced by enamel microstructure. 
Tyrannosaurid enamel contains lower concentrations of rare earth elements (REE) and uranium (U) than dentine, 
whereas ceratopsid teeth typically exhibit higher REE and U compared to both the enamel and dentine of 
tyrannosaurids. Enamel δ44/42Ca values differ significantly between herbivorous ceratopsids and carnivorous 
tyrannosaurids, reflecting trophic level effects seen in modern mammals and reptiles. A positive correlation 
between δ44/42Ca and δ88/86Sr suggests partial preservation of biological fractionation along the trophic chain. 
Yet, the lack of negative δ88/86Sr values in our dataset – typically expected in biologic tissues – suggests alteration 
by diagenetic processes of both stable and radiogenic Sr. While δ44/42Ca in enamel likely remains a reliable 
dietary proxy, Sr isotope composition of our samples appears then to be significantly altered. The presence of 
high δ88/86Sr in terrestrial fossil teeth could serve as a novel diagenetic proxy to assess habitat related 87Sr/86Sr 
values, aiding provenance and mobility studies in fossil ecosystems.

1. Introduction

Fossil biological hard tissues of vertebrates serve as exceptional ar
chives of extinct organisms and past ecosystems (e.g., Gannes et al., 
1998; Newsome et al., 2010; Clementz, 2012). Dinosaur teeth, in 
particular, are remarkable for deciphering feeding habits and ethology 
of these animals, providing dietary insights beyond what morphology 
alone can reveal. While tooth shape, microwear, and enamel-dentine 
microstructures provide clues to taxonomic and dietary identification 

(Currie et al., 1990; Erickson et al., 2012; Fiorillo and Currie, 1994; 
Hwang, 2010, 2011; Mallon and Anderson, 2014; LeBlanc et al., 2020; 
Ballell et al., 2022), teeth bioapatite preserves trace elements and 
isotope compositions linked to mobility, diet, trophic level, and feeding 
habits in both extant and extinct vertebrate taxa (see, among others, 
Skulan and DePaolo, 1999; Kohn and Cerling, 2002; Hedges et al., 2006; 
Koch, 2007; Reynard et al., 2010, 2011; Heuser et al., 2011; Tacail et al., 
2014, 2020; Martin et al., 2015, 2017, 2018, 2022; Jaouen and Pons, 
2017; Hassler et al., 2018; Balter et al., 2019). However, extensive 
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characterization is needed to distinguish geochemical biogenic signals 
from post-depositional alteration. This is because shortly after burial, 
vertebrate skeletal remains undergo taphonomic processes that alter 
their chemical composition, affecting the original elemental and isotopic 
signature. These changes occur as elements and isotopes of the in-vivo 
signal interact with pore fluids at different temperatures and chemical 
conditions (e.g., Kohn et al., 1999; Trueman and Tuross, 2002; Weber 
et al., 2021; Kral et al., 2022).

The mineral phase of teeth consists of small, non-stoichiometric 
carbonate-hydroxylapatite crystallites (Weiner and Price, 1986; Kohn 
et al., 1999; Trueman and Tuross, 2002; Trueman et al., 2003, 2008; 
Pasteris et al., 2008; Tütken and Vennemann, 2011). After death, the 
organic matrix is lost, and bioapatite recrystallizes from metastable nm- 
sized biogenic crystals into larger thermodynamically more stable 
inorganic apatite minerals such as carbonate-fluorapatite, incorporating 
trace elements from the environment (Hubert et al., 1996; Kolodny 
et al., 1996; Trueman and Tuross, 2002; Trueman et al., 2003, 2008; 
Pfretzschner, 2004; Tütken and Vennemann, 2011; Kral et al., 2022, 
2024). This process reduces porosity but does not eliminate all empty 
spaces (Trueman and Tuross, 2002; Gueriau et al., 2014). The high 
porosity and small apatite crystals of dentine tissue render it particularly 
susceptible to diagenetic alteration, whereas the low organic content 
and tightly packed larger crystals of enamel provide enhanced resistance 
(Thorp and Vandermerwe, 1987; Wang and Cerling, 1994; Kohn et al., 
1999; Sharp et al., 2000; Kohn and Cerling, 2002; Fricke et al., 2008; 
Heuser et al., 2011; Tütken and Vennemann, 2011; Montanari et al., 
2013). For paleoecological interpretations it is therefore crucial to 
obtain a robust set of complementary geochemical proxies to assess 
diagenetic alteration and ensure data reliability. High field strength 
element (HFSE) abundances in bioapatite have long been used to 
reconstruct paleoenvironmental and taphonomic conditions with high 
concentrations generally reflecting post mortem alteration and chemical 
exchange with pore fluids in sediments (Trueman et al., 2006; Herwartz 
et al., 2011; Kowal-Linka et al., 2014; Kocsis et al., 2016). Dietary habits 
of fossil species instead are derived from Sr/Ca ratios (Elias et al., 1982; 
Burton et al., 1999; Balter, 2004), and isotope ratios of elements that are 
systematically fractionated along the food chain, such as C and N 
(Minagawa and Wada, 1984; Leichliter et al., 2021, 2023), or other, non- 
traditional isotopes such as those of Sr, Zn and Ca (for comprehensive 
reviews see Gannes et al., 1998; Lee-Thorp and Sponheimer, 2006; Koch, 
2007; Newsome et al., 2010; Clementz, 2012; Jaouen and Pons, 2017; 
Martin et al., 2017; Tacail et al., 2020).

Several studies of living and fossil organisms suggest that Ca isotopes 
are a good indicator of diet and trophic level (Skulan et al., 1997; Skulan 
and DePaolo, 1999; Reynard et al., 2010, 2011; Tacail et al., 2014, 2020; 
Martin et al., 2015, 2017, 2018, 2022; Jaouen and Pons, 2017; Hassler 
et al., 2018; Balter et al., 2019; Cullen et al., 2022). Calcium plays a 
crucial role in the physiology of both vertebrates and invertebrates as it 
is a vital nutrient and the major element in their hard tissues. Ca 
phosphate, or bioapatite, is the major mineral phase present in bone, 
tooth enamel and dentine, with Ca concentrations up to 40 % wt (Heuser 
et al., 2011; Martin et al., 2017; Hassler et al., 2018). This makes Ca 
isotope composition relatively insensitive to diagenetic changes, 
allowing the reconstruction of diet-related Ca isotope compositions from 
bioapatite of million-year-old vertebrate fossils (Heuser et al., 2011; 
Dodat et al., 2023).

Metabolic and physiological processes regulate Ca distribution in 
living organisms, causing systematic isotope fractionation (i.e., decrease 
of δ44/42Ca values with each trophic level) between different tissues and 
taxa during trophic interaction, the so-called trophic level effect (Skulan 
et al., 1997; Skulan and DePaolo, 1999; Clementz et al., 2003; Martin 
et al., 2018). Teeth display systematically lower δ44/42Ca values than 
ingested dietary Ca because of considerable isotope fractionation during 
physiological processes such as renal function and biomineralization 
processes (Tacail et al., 2020). Herbivores display higher δ44/42Ca values 
than carnivores due to the nature of their diet. Notably, even a small 

intake (about 1–2 %) of mineralized tissue (i.e., bone rich in Ca depleted 
in 44Ca) from a prey produces an even lower Ca isotope composition in 
the predator (Heuser et al., 2011). Therefore, through the food chain the 
δ44/42Ca values become systematically more negative at each consumer 
level (from plants to herbivores, to carnivores). Several studies on 
dinosaur teeth have shown that δ44/42Ca differs between dinosaur 
taxonomic groups (Martin et al., 2017, 2022; Hassler et al., 2018) with 
clear evidence of niche partitioning of apex predators at the top of the 
food chain.

Among herbivores, animals with a plant-based diet can be grouped 
into browsers and grazers. Browsers feed on high-growing plants and 
leaves, while grazers prefer grass and herbaceous low-growing vegeta
tion. This distinction is reflected in their Ca isotope signatures due to 
complex fractionation processes in plants. In plant roots, cation- 
exchange processes favor lighter Ca isotopes, causing isotopic fraction
ation that results in leaves and stems being enriched in the heavier 44Ca 
isotope relative to the roots (Cobert et al., 2011; Schmitt et al., 2012; 
Moynier and Fujii, 2017; Martin et al., 2018). Consequently, high 
growing plants (eaten by browsers) have higher δ44/42Ca values 
compared to low growing plants (eaten by grazers). This isotopic pattern 
is observable up the food chain. For example, Martin et al. (2022) found 
that hadrosaurids from Alberta, which likely foraged on tall plants, had 
enamel enriched in 44Ca, whereas ceratopsids likely preferred low- 
growing plants.

Tyrannosaurids, renowned for their flesh-eating and bone-crushing 
behaviour, also consumed substantial amounts of hard tissues (Chin 
et al., 1998; Erickson et al., 1996; Gignac and Erickson, 2017). This is 
supported by studies of bone-bearing coprolites from Late Cretaceous 
North American tyrannosaurids (Chin et al., 1998, 2003). These cop
rolites contain a high percentage (30–50 %) of bone fragments (Chin 
et al., 1998) and other secondarily mineralized tissues. The latter 
represent initially non-mineralized soft tissues, such as muscle cells and 
connective tissue, that are phosphatized during diagenesis (Chin et al., 
2003). The intake of significant amounts of hard tissues could drive Ca 
isotope signatures of tyrannosaurids to even lower values.

Strontium, although a non-essential trace element, follows biological 
pathways similar to Ca due to their comparable chemical properties. 
Along the food chain, the biopurification of Sr results in decreasing Sr/ 
Ca ratios at higher trophic levels (Elias et al., 1982; Burton et al., 1999; 
Balter, 2004). Initially released from rocks and soils by erosion and 
weathering, Sr is absorbed by plants and subsequently incorporated into 
consumers, where it substitutes Ca during the formation of bioapatite 
(Bentley, 2006; Martin et al., 2017). Radiogenic Sr isotopes (87Sr/86Sr) 
thus serve as geochemical provenance tracers linking organism to the 
geological characteristics of the environment and enabling mobility 
assessment over an individual lifetime (e.g., Hoppe et al., 1999; Bentley, 
2006; Knudson et al., 2010; Martin et al., 2017; Lugli et al., 2018, 2019; 
Wooller et al., 2021; Rowe et al., 2024). By comparing 87Sr/86Sr ratios in 
tooth enamel, which commonly mineralizes during early life (e.g. in 
mammals), with those in mature skeletal tissues, it is possible to trace 
migration across isotopically distinct geological substrates (Ericson, 
1985; Bentley, 2006; Kocsis et al., 2009; Fischer et al., 2012; Martin 
et al., 2016; Terrill et al., 2020; Cullen et al., 2022).

Stable Sr isotopes (88Sr/86Sr), similarly to Ca isotopes, are increas
ingly used in paleodietary studies as trophic level proxies due to their 
mass-dependent fractionation along the food chain (Knudson et al., 
2010; Tütken et al., 2015). Carnivores exhibit lower δ88/86Sr values than 
herbivores due to the preferential assimilation of 86Sr in biological 
systems. Bedrock and soil samples generally display higher δ88/86Sr 
values than the dietary δ88/86Sr values, which may be altered through 
weathering (e.g., De Souza et al., 2010; Chao et al., 2015). These geo
genic values decrease progressively as Sr moves from soils to plants (De 
Souza et al., 2010), and through the food chain reaching their lowest 
values in carnivores (Tütken et al., 2015).

In this study, we apply a multi-proxy geochemical approach, 
combining δ44/42Ca, 87Sr/86Sr, δ88/86Sr and trace element analysis, to 
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teeth from two distinct dinosaur clades: herbivorous Ceratopsidae and 
carnivorous Tyrannosauridae. Our goal is to assess whether dietary Ca 
and Sr isotope signatures are preserved or have been diagenetically 
modified, allowing us to disentangle dietary from post mortem 
geochemical signals. By analyzing samples from nearby microsites 
within the same stratigraphic levels of the Judith River Formation 
(Montana, USA), we minimize geological, stratigraphic and taphonomic 
differences.

2. Geological setting

This study focuses on a collection of tooth fragments collected from 
multiple sites of the Judith River Formation, which is part of the Judith 
River-Belly River clastic wedge complex (Rogers et al., 2023; Eberth, 
2024). This wedge consists of eastward thinning non-marine, paralic 
and marine facies, recording the cycling regression and transgression of 
the western shoreline of the Western Interior Seaway, an inland sea 
spanning from the modern Arctic to the proto-Gulf of Mexico, during the 
Late Cretaceous (Campanian) (Kauffman, 1984; Rogers et al., 2016, 
2023; Eberth, 2024). The wedge complex (Fig. 1) extends from southern 
Alberta to eastern Saskatchewan in Canada (Belly River Group) and 
through northcentral Montana in the United States (Judith River For
mation and Two Medicine Formation). It is constrained above and below 
by marine shales of the Bearpaw and Claggett formations, respectively 
(Rogers, 1998; Rogers et al., 2016, 2023).

The Judith River Formation is a vast sedimentary and fossiliferous 
Upper Cretaceous unit bounded at the base by shallow-marine facies 
(Parkman Sandstone Member), overlain by terrestrial deposits 
(McClelland Ferry Member) (Fowler, 2017). In western Montana, the 
Judith River Formation and the Two Medicine Formation are broadly 
coeval, with the latter spanning a longer time period. The Two Medicine 
Formation represents the landward portion of the depositional wedge, 
while the Judith River corresponds to the seaward, more marine 

influenced sector (Rogers et al., 2016).
The Judith River Formation is a widely distributed yet strati

graphically complex unit due to geographic variability, patchy outcrops, 
and tectonic disruption. It is correlated with the Belly River Group in 
Canada and subdivided into the Foremost, Oldman and Dinosaur Park 
Formations (Eberth and Hamblin, 1993; Jerzykiewicz and Norris, 1994; 
Hamblin and Abrahamson, 1996; Eberth, 2005, 2024; Rogers et al., 
2016, 2023). The Foremost Formation is the oldest unit and includes 
paralic to non-marine facies with upward coarsening parasequences 
characteristic of a regression phase (Eberth, 2005). The overlying Old
man Formation records the Campanian maximum regression of the 
Western Interior Seaway, with alluvial and fluvial deposits (Eberth, 
2005) under a warm, seasonally dry climate with high-energy rivers and 
low accumulation rates hindering fossil preservation (Rogers et al., 
2016). Its upper contact, the Judith River-Belly River discontinuity, 
marks a rapid transgression (Eberth, 2005, 2024). The Dinosaur Park 
Formation, which overlies this discontinuity, records the last major 
transgression (Eberth, 2005) with estuarine and coastal deposits indic
ative of a warm, waterlogged environment, that enhanced high burial 
rates and increased fossil preservation (Rogers et al., 2016). Different 
vertebrate fossils have been reported from the Judith River Formation, 
including fishes, amphibians, turtles, crocodilians, birds, mammals, and 
dinosaurs. Among others, this formation has yielded theropods, anky
losaurs, ornithopods, pachycephalosaurs and ceratopsids (Sahni, 1972).

3. Materials

This study focuses on a collection of tooth fragments from Ceratop
sidae and Tyrannosauridae from multiple sites of the Judith River For
mation (Fig. 1). Tyrannosaurids, meat-eating theropod dinosaurs, were 
at the top of the food chain in North American and Asian ecosystems 
during the Late Cretaceous. This apex predator was characterized by a 
large robust skull, and extremely large and powerful neck muscles, 

Fig. 1. (a) Geographic extension of the Judith River Formation (parallel lines pattern) and the Two Medicine Formation (dotted pattern) in Montana (USA), and the 
stratigraphically equivalent Belly River Group (cross line pattern), in Alberta and Saskatchewan (Canada). Samples’ microsites are located near Havre (decimal 
degrees: lat. 48.69, long. − 110.01). (b) Stratigraphic model of the Judith River Fm. and Belly River Group; yellow area represents the time-interval of the studied 
dinosaur teeth; red line is the Judit River-Belly River discontinuity (modified after Ramezani et al., 2022; Rogers et al., 2023; Eberth, 2024).
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which together with the morphology of their serrated teeth, indicate 
that their hunting method was nearly completely based on the strength 
of their bite (Gignac and Erickson, 2017). As suggested by the presence 
of bite marks (Erickson et al., 1996; Jacobsen, 1998; Hone et al., 2018; 
Martin et al., 2022), and by ornithischian bone fragments in well- 
preserved coprolites (Chin et al., 1998), these theropods used to prey, 
among others, on medium-sized ornithischian herbivorous dinosaurs 
such as hadrosaurids and ceratopsids. This is also supported by spatial 
niche partitioning analysis of North American dinosaur fossil 

assemblages from the latest Cretaceous (Maastrichtian, Lyson and 
Longrich, 2011), that supports the co-occurrence of tyrannosaurids and 
both hadrosaurids and ceratopsids in the same habitats. The presence of 
bite marks on a small percentage of tyrannosaurid and other theropod 
bones might even indicate some cannibalistic behaviors (i.e., con
sumption of conspecifics) or occasional theropod feeding (Jacobsen, 
1998; Martin et al., 2022).

Ceratopsids were medium-sized quadrupedal, horned plant-eating 
ornithischian dinosaurs, that thrived alongside tyrannosaurids in 

Table 1 
List of samples and Ca isotope composition of tyrannosaurid and ceratopsid teeth analyzed in this study. Teeth are grouped by sampling site and arranged by 
stratigraphic position (UMO: Uppermost Oldman; UO: Upper Oldman; LDP: Lower Dinosaur Park; ODPB: Oldman/Dinosaur Park boundary). The calcium isotope 
values are relative to NIST 915a. When n = 1, σ is the in-run error calculated as standard deviation; when n > 1, σ is the propagated uncertainty of the replicas’ standard 
deviation and the average in-run error.

Stratigraphic Position Site Taxon Tissue Sample δ44/42Ca (‰) δ44/42Ca σ (‰) δ43/42Ca (‰) δ43/42Ca σ (‰) n

LDP Bullet micro Ceratopsidae enamel 1_2 − 0.09 0.05 − 0.10 0.07 1
LDP Bullet micro Ceratopsidae enamel 1_3 − 0.19 0.04 − 0.07 0.09 1
LDP Bullet micro Tyrannosauridae enamel 1_1 − 0.32 0.05 − 0.22 0.08 1
LDP Bullet micro Tyrannosauridae enamel 1_4 − 0.47 0.03 − 0.24 0.08 1
LDP Bullet micro Tyrannosauridae enamel 1_5 − 0.38 0.05 − 0.15 0.10 1
LDP Denver side micro Ceratopsidae enamel 2_3 − 0.63 0.05 − 0.38 0.12 1
LDP Denver side micro Ceratopsidae enamel 2_4 − 0.02 0.07 − 0.01 0.16 2
LDP Denver side micro Tyrannosauridae enamel 2_1 − 0.60 0.03 − 0.29 0.09 1
LDP Denver side micro Tyrannosauridae enamel 2_2 − 0.40 0.03 − 0.22 0.07 1
LDP Jack’s bonebed Ceratopsidae enamel 13_2 − 0.35 0.05 − 0.14 0.09 1
LDP Jack’s bonebed Tyrannosauridae enamel 13_1 − 0.35 0.06 − 0.07 0.08 1
LDP Jack’s bonebed Tyrannosauridae dentine 13_1 − 0.10 0.05 − 0.01 0.14 2
LDP Jack’s bonebed Tyrannosauridae enamel 13_3 − 0.68 0.14 − 0.34 0.10 3
LDP Jack’s side micro Ceratopsidae enamel 4_1 − 0.36 0.13 − 0.17 0.09 2
LDP Jack’s side micro Ceratopsidae enamel 4_2 − 0.33 0.05 − 0.20 0.12 2
LDP Jack’s side micro Ceratopsidae enamel 4_3 − 0.17 0.14 − 0.11 0.14 2
LDP Jack’s side micro Ceratopsidae dentine 4_3 − 0.07 0.06 − 0.06 0.10 2
LDP Last side micro Ceratopsidae enamel 8_1 − 0.51 0.22 − 0.30 0.15 3
LDP Last side micro Tyrannosauridae enamel 8_2 − 0.59 0.04 − 0.29 0.10 1
LDP Nanoraptor micro Ceratopsidae enamel 5_1 0.25 0.11 0.13 0.23 2
LDP Nanoraptor micro Ceratopsidae enamel 5_2 − 0.56 0.05 − 0.48 0.08 1
LDP Nanoraptor micro Ceratopsidae dentine 5_2 − 0.15 0.07 − 0.05 0.13 2
LDP Nanoraptor micro Ceratopsidae enamel 5_3 − 0.55 0.17 − 0.28 0.14 3
ODPB All crew micro Ceratopsidae enamel 14_1 − 0.22 0.10 − 0.13 0.13 2
ODPB All crew micro Tyrannosauridae enamel 14_3 − 0.26 0.05 − 0.15 0.08 1
ODPB All crew micro Tyrannosauridae dentine 14_3 − 0.12 0.08 − 0.06 0.11 2
ODPB High side micro Ceratopsidae enamel 12_1 − 0.15 0.06 − 0.11 0.13 1
ODPB High side micro Ceratopsidae enamel 12_4 − 0.13 0.06 0.00 0.14 1
ODPB High side micro Tyrannosauridae enamel 12_2 − 0.45 0.07 − 0.28 0.10 2
ODPB High side micro Tyrannosauridae enamel 12_3 − 0.56 0.09 − 0.32 0.09 2
ODPB High side micro Tyrannosauridae enamel 12_5 − 0.43 0.05 − 0.20 0.09 3
ODPB High side micro Tyrannosauridae enamel 12_6 − 0.55 0.10 − 0.29 0.07 2
ODPB Tiny horn Tyrannosauridae enamel 9_1 − 0.49 0.08 − 0.25 0.11 2
UMO Osteolicious Ceratopsidae enamel 11_3 − 0.86 0.20 − 0.51 0.15 3
UMO Osteolicious Tyrannosauridae enamel 11_1 − 0.65 0.05 − 0.31 0.08 1
UMO Osteolicious Tyrannosauridae enamel 11_2 − 0.42 0.07 − 0.22 0.10 2
UO Awesome micro Ceratopsidae enamel 10_1 0.05 0.21 0.17 0.21 2
UO Awesome micro Ceratopsidae enamel 10_3 − 0.58 0.10 − 0.31 0.06 2
UO Awesome micro Ceratopsidae enamel 10_7 − 0.39 0.05 − 0.25 0.08 2
UO Awesome micro Ceratopsidae enamel 10_8 − 0.46 0.10 − 0.28 0.14 2
UO Awesome micro Ceratopsidae enamel 10_9 − 0.05 0.09 − 0.05 0.09 2
UO Awesome micro Tyrannosauridae enamel 10_2 − 0.86 0.08 − 0.44 0.08 2
UO Awesome micro Tyrannosauridae enamel 10_4 − 0.72 0.04 − 0.46 0.08 1
UO Awesome micro Tyrannosauridae enamel 10_5 − 0.35 0.04 − 0.20 0.09 1
UO Awesome micro Tyrannosauridae enamel 10_6 − 0.64 0.06 − 0.36 0.09 2
UO Awesome micro Tyrannosauridae enamel 10_10 − 0.35 0.03 − 0.13 0.11 1
UO Duff micro Tyrannosauridae enamel 7_2 − 0.77 0.12 − 0.44 0.14 2
UO Jack ceratopsid Tyrannosauridae enamel 3_2 − 0.56 0.08 − 0.38 0.15 2
UO Last call micro Ceratopsidae enamel 15_5 0.05 0.06 − 0.03 0.08 2
UO Last call micro Ceratopsidae enamel 15_6 − 0.14 0.04 − 0.14 0.11 1
UO Last call micro Ceratopsidae dentine 15_6 − 0.04 0.05 0.03 0.10 2
UO Last call micro Tyrannosauridae enamel 15_1 − 0.63 0.10 − 0.30 0.10 3
UO Last call micro Tyrannosauridae dentine 15_1 − 0.21 0.05 − 0.09 0.12 2
UO Last call micro Tyrannosauridae enamel 15_2 − 0.81 0.09 − 0.42 0.11 3
UO Last call micro Tyrannosauridae enamel 15_3 − 0.67 0.03 − 0.30 0.08 1
UO Last call micro Tyrannosauridae enamel 15_4 − 0.66 0.05 − 0.38 0.09 1
UO Last call micro Tyrannosauridae enamel 15_7 − 0.98 0.12 − 0.52 0.09 2
UO Long lag Ceratopsidae enamel 6_1 0.38 0.25 0.17 0.28 2
UO Long lag Tyrannosauridae enamel 6_2 − 0.81 0.08 − 0.48 0.12 2
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terrestrial ecosystems of North America and Asia during the Late 
Cretaceous (Dodson et al., 2004; Sampson et al., 2010; Xu et al., 2010; 
Lyson and Longrich, 2011; Makovicky, 2012; Maiorino et al., 2015). The 
elongated mandible of ceratopsids is characterized by an extremely 
specialized sturdy, toothless and keen-edged beak, that was most likely 
used to securely grasp and vigorously uproot plants from the soil 
(Ostrom, 1966; Dodson et al., 2004; Maiorino et al., 2015). These 
megaherbivores used to consume copious amounts of tough plant ma
terial, as suggested by their dentition composed of “Y” shaped teeth, 
forming complex dental batteries that worked together producing strong 
shearing forces (Mallon and Anderson, 2014, 2015; Maiorino et al., 
2015).

The sample analyzed in this study consists of dinosaur tooth frag
ments (n = 53) belonging to indeterminate species of tyrannosaurids (n 
= 29) and ceratopsids (n = 24). They derive from n = 15 different 
microsites located in Cottonwood Coulee, Fresno Reservoir, near Havre 
(Montana, USA; Fig. 1, decimal degrees: lat. 48.69, long. − 110.01), a 
small area of US public lands administered by the US Bureau of Land 
Management. The sample size per taxon for each microsite for tyran
nosaurids (T) and ceratopsids (C), are respectively: Bullet micro T = 3, C 
= 2, Denver side micro T = 2, C = 2, Jack’s bonebed T = 3, C = 1, Jack’s 
side micro C = 4, Last side micro T = 1, C = 1, Nanoraptor micro C = 4, 
All crew micro T = 2, C = 1, High side micro T = 4, C = 2, Tiny horn T =
1, Osteolicious T = 2, C = 1, Awesome micro T = 5, C = 5, Duff micro T 
= 1, Jack ceratopsid T = 1, Last call micro T = 6, C = 3, Long lag T = 1, C 
= 1. For individual records regarding tissue per taxon for each microsite 
please refer to Table 1. All the microsites are located within 2 km of each 
other and document a restricted time frame from the uppermost ~10 m 
of the Oldman Formation equivalent through the lower ~10 m of the 
immediately overlying Dinosaur Park Formation. Not all of the samples 
were analyzed for each geochemical tracer. This is mainly due to the 
limited sample size and the nature of the performed destructive ana
lyses. Priority was given to Ca isotope analyses (performed on all the 
samples). Sr and trace elements were performed opportunistically on 
subsets of samples (see below).

4. Methods

4.1. Trace elements

Trace element concentrations were analyzed in situ on a subsample 
set of n = 15 previously cut and polished teeth (containing 5 dentine and 
5 enamel samples for ceratopsids and 2 dentine and 3 enamel samples 
for tyrannosaurids) with the Thermo Fisher Scientific ICP-MS X series II 
equipped with the 213 nm laser ablation device UP-213 from New Wave 
Research housed at the Centro Interdipartimentale Grandi Strumenti 
(CIGS-UNIMORE; Nardelli et al., 2016; Giovanardi et al., 2018; Medici 
et al., 2021). The reduced subsample set prioritized well preserved 
tyrannosaurid and ceratopsian teeth, focusing on macroscopically more 
intact specimens and paired dentine-enamel samples from the same 
microsite. As a result, caution is warranted when generalizing the results 
and the predicted diagenetic trends to the entire fossil collection.

Before optimizing laser ablation for the bioapatite matrix, the in
strument was tuned using the NIST 610 and NIST 612 glasses measuring, 
under optimized working conditions, the intensity of U and Th signals 
(238U/232Th vs 238U). Oxide production was kept below 1 %. To clean up 
the samples’ surface, a pre-ablation protocol was employed, which 
consisted of a mild ablation carried out with a fluence that is about 1/10 
of the operating conditions. The pre-ablation parameters are: 65 μm of 
spot-size; 3 J/cm2; 10 Hz frequency; 5 s of dwell time; 600 ml/min of He 
flux. Both enamel and dentine were sampled with 55 μm size spots. The 
laser beam with a fluency varying between 8.5 J/cm2 and 9.5 J/cm2 and 
a frequency of 10 Hz, was used for 45 s on each spot (+15 s of gas blank). 
Each dental tissue was analyzed (after sampling for isotope analyses) 
with at least n = 3 spots, performed close to the isotope sampling area. 
The following isotopes were collected: 7Li, 11B, 24Mg, 43Ca, 55Mn, 57Fe, 

65Cu, 66Zn, 85Rb, 88Sr, 89Y, 138Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 
153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 208Pb, 
232Th, 238U. Data reduction was performed following Longerich et al. 
(1996), using NIST 612 as external reference material and Ca (37 % m/ 
m) as internal standard. The repeatability (% RSD) of the LA-ICP-MS 
measurements is about 5 % as determined from the analyses of NIST 
SRM 612 glass. The analytical precision in samples is generally between 
5 and 20 % depending on sample inhomogeneities and the elemental 
concentration of the analyte. NIST-SRM 1400 and NFHS-2-NP (Boer 
et al., 2022) were measured within the session as quality control refer
ence materials.

4.2. Ca and Sr isotopes

Ca isotopes were measured at the Institute of Geosciences at the 
University of Mainz (Germany). Enamel and dentine were sampled using 
a handheld microdrill with a diamond-studded drill bit, carefully sepa
rating 0.1 to 1 mg of enamel from the dentine, which was also sampled 
in similar amounts. For Sr isotopes, the analyzed samples were selected 
based on the availability of sufficient enamel. In some cases, tooth 
fragments lacked adequate enamel to be sampled in the desired 
amounts. Sr isotopes were measured only in those samples where it was 
possible to sample more than ca. 0.5 mg of enamel. The selection criteria 
mirrored those used for trace elements (prioritizing macroscopically 
well preserved samples and, when possible, dentine-enamel pairs per 
microsite). Samples were then dissolved, digested, and purified in a 
clean laboratory. No weak acid pretreatment was performed on the 
samples. First, the sample powder was weighed into Teflon beakers and 
dissolved in 0.5 mL of concentrated distilled HNO3. The beakers were 
then sealed, heated, and evaporated to dryness at 120 ◦C on a hotplate 
for 3–5h, the material was then further dissolved in 2 mL 2 N HNO3. The 
solution was purified by using a prepFAST MC (ESI Elemental Scientific) 
equipped with a 1 mL Sr-Ca ion chromatographic column following the 
default Ca separation protocol (Weber et al., 2021). After purification, 
Ca fractions were evaporated to dryness and distilled conc. HNO3 and 
conc. H2O2 were added to eliminate potential resin remains. Samples 
were evaporated to dryness again and dissolved in 0.5 N HNO3 for 
analysis.

Samples were analyzed using a Neptune Plus Multicollector- 
Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS). Sample 
introduction was performed in 0.5 N HNO3 using an Apex Omega HF 
(ESI Elemental Scientific) desolvator system. A standard – sample 
bracketing approach was applied using an Alfa Aesar plasma standard 
solution as internal bracketing Ca isotope standard. All solutions were 
prepared for a 2 mg/L Ca concentration (Weber et al., 2021). Natural Ca 
isotope abundance ratios exhibit rather modest variations due to the 
minor fractionation effects in alkali earth elements, therefore the 
measured Ca isotope compositions must be expressed using the delta (δ) 
notation: 

ẟ44/42Ca = (((44Ca/42Ca)sample/(44Ca/42Ca)NIST915a) − 1) × 1000

where (44Ca/42Ca)sample and (44Ca/42Ca)915a are the Ca isotope 
abundance ratios measured in the sample and in the NIST SRM 915a 
standard reference material, respectively. The δ44/42Ca values measured 
against the in-house standard were converted to NIST SRM 915a 
following Weber et al. (2021). NIST-SRM 1400 (Bone Ash) was 
measured (n = 2) as quality control reference material and processed 
along with the samples, yielding δ44/42Ca values of − 0.51 ‰ (± 0.02 ‰, 
2SE) and − 0.46 ‰ (± 0.01 ‰, 2SE), in agreement with literature data (e. 
g. − 0.54 ‰ ± 0.05 ‰ 2SD, Romaniello et al., 2015; see also Weber et al., 
2025).

All Ca isotope literature values are expressed as δ44/42Ca relative to a 
NIST SRM 915a standard reference material. Data expressed as δ44/40Ca 
were converted dividing each value by a factor of 2.048 (Martin et al., 
2018). Those expressed relative to ICP Ca Lyon standard reference 
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material were converted to NIST SRM 915a by adding 0.52 ‰ (Martin 
et al., 2015; Balter et al., 2019). The mass-dependent fractionation 
relationship of the samples measured follows the expected relation for 
Ca isotopes (see Suppl. Fig. S1).

Sr isotopes were measured at CIGS-UNIMORE following published 
protocols (see Lugli et al., 2018; Argentino et al., 2021). Sr solutions 
from the prepFAST separation were diluted to 50 ppb with 4 % nitric 
acid and analyzed through a Neptune MC-ICPMS, housed at the CIGS. 
Selected samples were also measured for their δ88/86Sr value. Both 
δ88Sr/86Sr and 87Sr/86Sr were measured within the same analytical 
session, using the same Sr aliquot. To correct the δ88/86Sr values for mass 
bias fractionation, samples were spiked with Zr and normalized to the 
NIST SRM 987 by bracketing (see Argentino et al., 2021). All δ88/86Sr 
were then expressed relative to NIST SRM 987. Repeated analyses of 
NIST SRM 987 provided an average 87Sr/86Sr of 0.710262 ± 0.000018 
(2 SD, n = 9). Sample 87Sr/86Sr ratios were normalized to a NIST SRM 
987 value of 0.710248 (McArthur et al., 2001). The observed repro
ducibility (2 SD) of the NIST SRM 987 δ88/86Sr was 0.047 ‰ (n = 9). 
Quality control NIST-SRM 1400 (Bone Ash) yielded δ88/86Sr values of 
− 0.33 ‰ (± 0.03 ‰, 2 SE) and − 0.37 ‰ (± 0.04 ‰, 2 SE), in agreement 
with literature data (e.g. − 0.32 ‰ ± 0.03 ‰ 2SD, Romaniello et al., 
2015).

5. Results

5.1. Trace elements

The trace element content of tyrannosaurids and ceratopsids are 
reported in Suppl. Table S1 grouped by taxonomy and dental tissue. The 
majority of trace elements are more enriched in our samples than in 
reference values for modern mammal teeth (Kohn et al., 1999, 2013), 
with few exceptions: Mg is less enriched in both taxa, while Cu and Zn 
are less enriched in tyrannosaurids (Fig. 2). Yet, modern crocodile data 
show elemental content of Mg, Fe and Mn closer to our fossil data 
(Bocherens et al., 1994). Enamel is generally less enriched in diagenetic 
elements than dentine and this difference is larger in tyrannosaurids 
than in ceratopsids (Fig. 2).

Enamel total REE abundances (
∑

REE) are over 1–2 orders higher 

and more variable in ceratopsids (963 µg/g to 10003 µg/g) than in 
tyrannosaurids (5.50 µg/g to 56.9 µg/g). Dentine 

∑
REE values for 

ceratopsids (3551 µg/g to 19781 µg/g) also reach much higher values 
than in tyrannosaurids (759 to 1205 µg/g) and are always higher than 
the enamel 

∑
REE values for both taxa (Fig. 3; average relative dentine- 

enamel difference in ceratopsid = 160 % and in tyrannosaurids = 4000 
%). Most of the normalized REE profiles of both enamel and dentine 
have similar patterns with LREE convex downward and MREE to HREE 
convex upward (Fig. 3), however, enrichments are quite different when 
considering taxon and tissue. REE enrichment in dentine of ceratopsids 
is slightly higher than in dentine of tyrannosaurids. Dentine of cera
topsids is slightly more enriched in MREEs than in their enamel. On the 
contrary, the enamel of tyrannosaurids is much more depleted in all 
REEs compared to their dentine. One of the most depleted tyrannosaurid 
enamel patterns (sample 9_1) and one dentine pattern (sample 15_1) 
show a peculiar HREE enrichment (Fig. 3).

The U content in both dental tissues shows extreme variability with 
abundances ranging between 0.05 µg/g (min value across both taxa) and 
118.32 µg/g (max value across both taxa). Notably, the U content of 
tyrannosaurids ranges between 0.05 µg/g and 0.24 µg/g, with an 
average of 0.12 ± 0.10 µg/g (n = 3, SD) for enamel, and between 3.44 
µg/g and 14.09 µg/g, with an average of 8.77 ± 7.53 µg/g (n = 2, SD) for 
dentine. Ceratopsid enamel reaches values between 3.78 µg/g and 
35.66 µg/g, with an average of 14.5 ± 13.4 µg/g (n = 5, SD), while 
dentine ranges between 51.34 µg/g and 118.32 µg/g, with an average of 
55.4 ± 40.3 µg/g (n = 5, SD) (Fig. 2, average relative dentine-enamel 
difference in ceratopsid = 280 % and in tyrannosaurids = 7200 %).

Ce/Ce*, Eu/Eu* and Pr/Pr* values were calculated as Ce/ 
Ce*=2CeN/(LaN + PrN), Eu/Eu*=2EuN/(SmN + GdN) and Pr/Pr*=2PrN/ 
(CeN + NdN) (Herwartz et al., 2013; Kowal-Linka et al., 2014). Ce/Ce* 
ranges from 0.59 to 1.04 (mean 0.89 ± 0.12, n = 15, SD), Pr/Pr* from 
0.90 to 1.36 (mean 1.01 ± 0.11, n = 15, SD) and Eu/Eu* from 1.08 to 
2.26 (mean 1.39 ± 0.34, n = 15, SD). In the plot of Ce/Ce* vs Pr/Pr*, a 
few samples fall in or near the field I, representing samples with neither 
Ce nor La anomaly. Most samples form a positive trend from field IIa 
(positive La anomaly, no Ce anomaly) towards lower Ce/Ce* and Pr/Pr* 
values (Suppl. Fig. S2). Notably, Tyrannosauridae enamel samples plot 
within the IIIb field (Kowal-Linka et al., 2014), indicative of a true 

Fig. 2. Trace element data for Ceratopsidae (a.) and Tyrannosauridae (b.). Data are presented as log10 µg/g. Light gray ribbons are the overall SD intervals of data for 
modern mammalian tooth enamel from Kohn et al. (2013), while black lines and dark gray ribbons are mean ± SD of herbivores (in a) and carnivores (in b) from 
Kohn et al. (2013); empty symbols represent modern crocodile enamel and dentine data from Bocherens et al. (1994). Black silhouettes are from phylopic.org/.
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negative Ce anomaly. LaN/YbN and LaN/SmN ratios (Suppl. Fig. S3) show 
a subvertical trend and are comparable with values for freshwater 
(Elderfield et al., 1990; Giblin and Dickson, 1992; Johannesson and 
Lyons, 1995), and for Quaternary sea fish (Elderfield and Pagett, 1986). 
Notably, one tyrannosaurid dentine is shifted below the values of 
seawater and one tyrannosaurid enamel is shifted towards those found 
in Jurassic-Neogene marine fish (Grandjean et al., 1988; Grandjean, 
1989; Grandjean and Albarède, 1989). One ceratopsid enamel and one 
dentine plot between freshwater and seawater values.

5.2. Ca and Sr isotopes

The Ca and Sr isotope compositions are reported in Tables 1–3, 
grouped by locality and taxon; all values are expressed relative to NIST 
SRM 915a. The δ44/42Ca was measured mostly in enamel (n = 53) and a 
few dentine samples (n = 6). Ceratopsid enamel values are significantly 
isotopically heavier than those of tyrannosaurids (Wilcoxon rank-sum 
test, W = 571, p = 3.2e− 05; Fig. 4). Ceratopsid δ44/42Ca enamel 
ranges from − 0.86 ‰ to +0.38 ‰ (mean = − 0.25 ‰ ± 0.58 ‰, 2SD, n 
= 24) while that of tyrannosaurids from − 0.98 ‰ to − 0.26 ‰ (mean =
− 0.57 ‰ ± 0.36 ‰, 2SD, n = 29). As for dentine, δ44/42Ca values vary 
between − 0.15 ‰ and − 0.04 ‰ (mean = − 0.09 ‰ ± 0.11 ‰, 2SD, n =
3) for ceratopsids, and between − 0.21 ‰ and − 0.10 ‰ (mean = − 0.14 
‰ ± 0.12 ‰, 2SD, n = 3) for tyrannosaurids.

The intra-site difference (Fig. 5) between carnivores and herbivores 
(Δ44/42Cacarnivore-herbivore) ranges from − 1.19 ‰ in the “Long Lag” 
microsite (Upper Oldman Formation) up to 0.33 ‰ in the “Osteolicious” 
(Uppermost Oldman Formation) microsite (the only positive value). 
Considering all sites, the average carnivore-herbivore δ44/42Ca offset 

(considering only enamel values) is − 0.29 ‰ ± 0.82 ‰ (2SD, n = 10 
microsites with both carnivores and herbivores) (Fig. 5).

Grouping microsites according to their stratigraphic position yields 
average δ44/42Ca enamel values for the Upper Oldman Formation of 

Fig. 3. Comparison of enamel and dentine rare earth elements (REEs) profiles in tyrannosaurid and ceratopsid teeth. The REEs concentration values, expressed in 
logarithmic scale, are normalized to the Post Archean Australian Shale (PAAS). Intermediate REEs enrichment is greater in ceratopsid enamel and dentine compared 
to tyrannosaurids. REE concentrations of both ceratopsid dental tissues are not significantly different. Note, modern teeth commonly show total REE contents below 
~0.1 µg/g (dashed black line).

Table 2 
Strontium isotope (87Sr/86Sr) ratios of tyrannosaurid and ceratopsid teeth.

Taxon Sample Tissue 87Sr/86Sr 2 SE

Ceratopsidae ​ ​ ​ ​
​ 1_2 enamel 0.70821 0.00002
​ 13_2 enamel 0.70832 0.00002
​ 5_2 enamel 0.70844 0.00003
​ 5_2 dentine 0.70828 0.00002
​ 14_1 enamel 0.70803 0.00002
​ 10_3 enamel 0.70819 0.00002
​ 10_7 enamel 0.70838 0.00002
​ 10_9 enamel 0.70876 0.00002
​ 15_6 enamel 0.70870 0.00002
​ 15_6 dentine 0.70863 0.00002
​ 4_3 dentine 0.70860 0.00002
Tyrannosauridae ​ ​ ​ ​
​ 1_1 enamel 0.70891 0.00002
​ 13_1 enamel 0.70842 0.00002
​ 13_1 dentine 0.70808 0.00002
​ 8_2 enamel 0.70785 0.00003
​ 14_3 enamel 0.70856 0.00002
​ 14_3 dentine 0.70793 0.00002
​ 11_1 enamel 0.70863 0.00003
​ 10_10 enamel 0.70890 0.00004
​ 10_4 enamel 0.70873 0.00002
​ 10_5 enamel 0.70887 0.00002
​ 15_4 enamel 0.70907 0.00003
​ 15_1 dentine 0.70812 0.00002
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− 0.14 ‰ ± 0.64 ‰ for ceratopsids (2SD, n = 8) and − 0.68 ‰ ± 0.37 ‰ 
for tyrannosaurids (2SD, n = 13). In the uppermost Oldman Formation 
values are − 0.86 ‰ for ceratopsids (n = 1) and − 0.54 ‰ ± 0.33 ‰ for 
tyrannosaurids (2SD, n = 2). In the Lower Dinosaur Park Formation 
values are − 0.29 ‰ ± 0.52 ‰ for ceratopsids (2SD, n = 12) and − 0.47 
‰ ± 0.27 ‰ for tyrannosaurids (2SD, n = 8). Samples with uncertain 
attribution along the Oldman/Dinosaur Park Formation boundary are 
on average − 0.17 ‰ ± 0.09 ‰ for ceratopsids (2SD, n = 3) and − 0.46 ‰ 
± 0.22 ‰ (2SD, n = 6) for tyrannosaurids. Enamel and dentine δ44/42Ca 
pairs from the same dinosaur tooth positively correlate (R2 = 0.88, p =
0.006) and show an average dentine-enamel offset of 0.24 ‰ ± 0.15 ‰ 
(Fig. 6).

Sr isotopes were measured on a smaller subset of samples, mainly 
due to insufficient material (i.e. small and fragmented samples). The 
87Sr/86Sr ratios vary from 0.70793 to 0.70863 in dentine and from 
0.70785 to 0.70907 in enamel (Fig. 7). Tyrannosaurid 87Sr/86Sr values 
for dentine (mean = 0.70803 ± 0.00023, 2SD, n = 3) are on average 
remarkably lower than those of enamel (mean = 0.70867 ± 0.00071, 
2SD, n = 9). Ceratopsid teeth have instead similar values for dentine 
(mean = 0.70850 ± 0.00035, 2SD, n = 3) and enamel (mean = 0.70838 
± 0.00053, 2SD, n = 8). Enamel values of tyrannosaurids and 

ceratopsids are statistically indistinguishable (Wilcoxon rank-sum test, 
W = 16.5, p = 0.066).

The δ88/86Sr values (all expressed relative to the NIST SRM 987) 
range between 0.02 ‰ and 0.38 ‰, with dentine values all being higher 
than 0.30 ‰. Ceratopsid δ88/86Sr values range from 0.34 ‰ to 0.38 ‰ for 
dentine (mean = 0.36 ‰ ± 0.06 ‰, 2SD, n = 2), and from 0.18 ‰ to 
0.26 ‰ for enamel (mean = 0.21 ‰ ± 0.09 ‰, 2SD, n = 3). Tyranno
saurid teeth display a value of 0.30 ‰ for dentine and range from 0.02 ‰ 
to 0.30 ‰ (mean = 0.14 ‰ ± 0.16 ‰, 2SD, n = 9) for enamel. The 
average (enamel) difference between carnivore and herbivore δ88/86Sr 
values is only − 0.07 ‰, and is not statistically significant (Wilcoxon 
rank-sum test, W = 23, p-value = 0.1).

Due to the limited number of specimens measured for Sr, the com
parison among micro-sites is not significant. For this reason, we decided 
to focus our evaluations of the Sr dataset as a whole rather than dividing 
it among micro-sites/stratigraphic units, as was done for Ca isotopes. 
However, Fig. 7 reports radiogenic Sr isotope values organized by micro- 
site for future reference.

6. Discussion

The assessment of post mortem, diagenetically induced chemical 
alteration is critical to define the degree of preservation of biogenic 
isotopic proxies. In the following section we first evaluate overall 
diagenetic alteration using trace element geochemistry. We then assess 
potential dietary information through Ca isotopes, followed by the 
characterization of biogenic signals using stable Sr isotopes. Finally, we 
model diagenetic processes by integrating stable Ca-Sr isotope data with 
radiogenic Sr isotope ratios to effectively disentangle biogenic from 
geogenic signals. We conclude by highlighting the geochemical signifi
cance and broader implications of our findings, and recommend ana
lysing the stable δ88/86Sr ratio alongside the traditional 87Sr/86Sr in 
fossil specimens, to better assess the pathways of Sr diagenetic 
alteration.

6.1. Diagenesis

The trace element contents in dentine and enamel of our (sub)sam
ples show typical enrichments compared to modern mammal teeth, 
likely related to diagenetic processes (see e.g., Fe, Mn, REEY and U in 
Fig. 2). Similarly, Mn and Sr are more enriched in our samples compared 

Table 3 
The δ88/86Sr values (relative to NIST 987) of tyrannosaurid and ceratopsid teeth. 
Samples were not replicated (i.e. n = 1).

Taxon Sample Tissue δ88/86Sr (‰) 2 SE (‰)

Ceratopsidae ​ ​ ​ ​
​ 1_2 enamel 0.26 0.03
​ 13_2 enamel 0.18 0.03
​ 5_2 enamel 0.19 0.03
​ 5_2 dentine 0.34 0.03
​ 4_3 dentine 0.38 0.03
Tyrannosauridae ​ ​ ​ ​
​ 1_1 enamel 0.14 0.03
​ 13_1 enamel 0.18 0.03
​ 8_2 enamel 0.13 0.03
​ 14_3 enamel 0.30 0.03
​ 14_3 dentine 0.30 0.03
​ 11_1 enamel 0.15 0.03
​ 10_4 enamel 0.03 0.03
​ 10_5 enamel 0.17 0.03
​ 10_10 enamel 0.17 0.03
​ 15_4 enamel 0.02 0.03

Fig. 4. Calcium isotope data of the analyzed tyrannosaurid (n = 29) and ceratopsid (n = 24) tooth enamel (filled boxes; *** significant difference through Wilcoxon 
rank-sum test, W = 571, p = 3.2e− 05), compared with Martin et al. (2022) (subscript M) and literature data (empty boxes) of fossil (solid line) and modern (dashed 
line) enamel δ44/42Ca values for mammal and reptile carnivores and herbivores. All the values are expressed as δ44/42Ca ‰, relative to NIST SRM 915a. Compiled 
literature data from: Chu et al., 2006; Reynard et al., 2010, 2011; Heuser et al., 2011; Martin et al., 2015, 2017, 2018; Hassler et al., 2018; Guiserix et al., 2024; 
Weber et al., 2025. The whole dataset, including literature data, is available at: https://zenodo.org/records/15041285.
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Fig. 5. Calcium enamel isotope variability by stratigraphic position (a.; LDP: Lower Dinosaur Park; ODPB: Oldman/Dinosaur Park boundary; UMO: Uppermost 
Oldman; UO: Upper Oldman) and microsites of tyrannosaurid (orange) and ceratopsid (green); dentine samples are reported as triangles. All the values are expressed 
as δ44/42 Ca (‰), relative to the NIST SRM 915a. The differences (delta Δ) between carnivores’ and herbivores’ average enamel values are represented as gray bars 
and they are plotted on the right in the Δ44/42Cacarnivore-herbivore diagram (b., ascending order; see text for details); the red bar is a modern enamel dataset of African 
terrestrial mammals from Martin et al. (2018) as comparison. Sample size per microsite for tyrannosaurids: Bullet micro n = 3 (enamel); Denver side micro n = 2 
(enamel); Jack’s bonebed enamel n = 1, dentine n = 1; Last side micro n = 1 (enamel); All crew micro enamel n = 1, dentine n = 1; High side micro n = 4 (enamel); 
Tiny horn T = 1 (enamel); Osteolicious n = 2 (enamel); Awesome micro n = 5 (enamel); Duff micro n = 1 (enamel), Jack ceratopsid n = 1 (enamel), Last call micro 
enamel n = 5, dentine n = 1; Long lag n = 1 (enamel). Sample size per microsite for ceratopsids: Bullet micro n = 2 (enamel); Denver side micro n = 2 (enamel); 
Jack’s bonebed n = 1 (enamel); Jack’s side micro enamel n = 4, dentine n = 1; Last side micro C = 1 (enamel); Nanoraptor micro enamel n = 3, dentine n = 1; All 
crew micro enamel n = 1, dentine n = 1; High side micro n = 2 (enamel); Osteolicious n = 1 (enamel); Awesome micro n = 5 (enamel); Last call micro enamel n = 2, 
dentine n = 1; Long lag C = 1 (enamel).

Fig. 6. δ44/42Ca (‰) violin plots (a.) for enamel of the analyzed tyrannosaurid (orange, n = 29) and ceratopsid (green, n = 24) teeth. Although statistically different 
(see Fig. 4), there is a partial overlap between tyrannosaurid and ceratopsid enamel datasets. Dentine values (reported as triangles) are similar for both taxa (b.) and 
are always heavier and heavier than their relative enamel value. Black silhouettes are from phylopic.org/.
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to modern crocodiles, both these elements are commonly uptaken dur
ing diagenetic alteration (Kohn et al., 1999; Nava et al., 2020). Instead, 
Mg and Zn are depleted (Fig. 2) compared to modern crocodiles and 
mammals. This could be attributed to the comparatively low Mg and Zn 
content of soil versus bioapatite (i.e. lack of uptake) and/or to a 
diagenetic pathway causing potential leaching of those elements from 
teeth (e.g., Kohn et al., 1999; Nava et al., 2020; Rey et al., 2022). This 
behavior might support the exploration of Zn and Mg isotope analyses of 
dinosaur’s enamel to further develop the reconstruction of their trophic 
niches, as already successfully applied for Zn isotopes to Cenozoic fossil 
teeth (Bourgon et al., 2021; McCormack et al., 2022). Fe – typically 
enriched in diagenetically altered bioapatite (Kohn et al., 1999) – is 
higher in ceratopsid teeth (both dentine and enamel) and tyrannosaurid 
dentine than modern crocodile dental tissues; but it is slightly lower in 
tyrannosaurid enamel than modern crocodile enamel.

Modern bones and teeth typically contain less than 1 µg/g of total 
REE (see e.g., Kohn et al., 2013), so the enrichment observed in most of 
our specimens (Fig. 3) is likely caused by post mortem diagenetic uptake. 
All the analyzed specimens, except tyrannosaurid enamel, show either 
no or positive Ce anomalies and positive Eu anomalies, suggesting 

oxidizing conditions during diagenesis. The lower REE contents in 
tyrannosaurids suggest reduced post-depositional alteration. Most 
samples show MREE enrichment and a subvertical trend in the LaN/YbN 
versus LaN/SmN, suggesting prolonged inorganic REE absorption 
(Reynard and Balter, 2014; Trueman and Tuross, 2002 and references 
therein) (Suppl. Fig. S3). Most data for ceratopsids and tyrannosaurids 
are similar to bioapatite from freshwater settings (Elderfield et al., 1990; 
Giblin and Dickson, 1992; Johannesson and Lyons, 1995) and suggest 
that REE fractionation reflects absorption processes or changes in 
freshwater-seawater mixing over time (Reynard et al., 1999; Reynard 
and Balter, 2014). In contrast, Cretaceous dinosaur teeth from Alberta 
(Martin et al., 2022) show lower LaN/YbN and LaN/SmN values likely due 
to differences in diagenetic processes or depositional settings (Reynard 
et al., 1999; Reynard and Balter, 2014).

Variations in U content between enamel and dentine indicate dif
ferential diagenetic uptake from ambient pore water, with Tyr
annousaurids showing the lowest U content, similar to modern 
bioapatite (see Results). Uranium, as a water-soluble uranyl ion 
((UO2)2+) is highly mobile and rapidly incorporated into bioapatite 
during (early) diagenesis (Kohn et al., 1999; Gatti et al., 2022; Smedley 

Fig. 7. a. Strontium isotope variability by stratigraphic position (a.; LDP: Lower Dinosaur Park; ODPB: Oldman/Dinosaur Park boundary; UMO: Uppermost Oldman; 
UO: Upper Oldman) and microsites of tyrannosaurid (orange) and ceratopsid (green); dentine samples are reported as triangles, enamel as circles. Bullet micro, n = 2 
(enamel only); Jack’s bonebed, enamel n = 2, dentine n = 1; Jack’s side micro, n = 1 (dentine only); Last side micro, n = 1 (enamel only); Nanoraptor micro, enamel 
n = 1, dentine n = 1; All crew micro, enamel n = 2, dentine n = 1; Osteoliscious, n = 1 (enamel only); Awesome micro, n = 5 (enamel only); Last call micro, enamel n 
= 2, dentine n = 2. b. Enamel 87Sr/86Sr isotope data of tyrannosaurids (orange, n = 8) and ceratopsids (green, n = 8) from this study (filled boxes) are compared with 
enamel data from Cullen et al. (2022) (empty boxes, subscript C); dentine values (tyrannosaurids n = 2, ceratopsids n = 2; this study) are reported as triangles. Marine 
seawater at 75 Ma is equal to 0.7076 (McArthur et al., 2001).
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and Kinniburgh, 2023). Fresh bioapatite typically contains < 1 µg/g U 
(Kohn et al., 1999), whereas fossil bioapatite often has 10–100 µg/g, 
making U a sensitive marker to determine post-burial elemental uptake 
(e.g., Millard and Hedges, 1996; Trueman et al., 2008; Gatti et al., 
2022). Variations in U content across sites likely reflect differences in 
local water U concentrations or flow paths, potentially affecting some 
sites more than others. Notably, teeth from different taxa show distinct 
REE and U uptake, despite similar depositional and taphonomic settings.

We propose that differences in enamel microstructure (Sander, 1999; 
Hwang, 2005, 2011) possibly explain the varying diagenetic alterations 
observed between tyrannosaurid and ceratopsid teeth. Tyrannosaurid 
teeth feature a continuous enamel cover (80–200 μm) with thicker 
enamel on denticle tips and well-developed inner columnar structures 
with non-exposed tubules (Suppl. Fig. S4-A, B) (Sander, 1999; Hwang, 
2005, 2011). In contrast, ceratopsid teeth fragments are covered in 
enamel on one side only, with a split exterior showing variable thickness 
(60 to 400 μm) and pervasive tubules throughout (Suppl. Fig. S4-C, D) 
(Sander, 1999; Hwang, 2005, 2011). We speculate that these differences 
in tooth morphology and histology (i.e., enamel microstructure and 
porosity) between the two taxa, might have controlled REE and U up
take, with tyrannosaurid enamel remaining more pristine. This is sup
ported by lower REE and U contents in tyrannosaurids and minimal 
87Sr/86Sr differences between ceratopsid enamel (0.7084) and dentine 
(0.7085), which will be further discussed in the following sections, 
possibly reflecting more diagenetic alteration in ceratopsid enamel.

6.2. Ca isotopes as proxy for diet reconstruction

Although there is a partial overlap in the δ44/42Ca data, the vast 
majority of ceratopsid enamel values are higher (0.32 ‰ on average) 
than those of tyrannosaurid enamel values (Fig. 4). The trophic level 
difference between the two taxa is comparable to previous studies on 
Jurassic and Cretaceous dinosaurs (among others, tyrannosaurids, 
ceratopsids, hadrosaurids) species (Heuser et al., 2011; Hassler et al., 
2018; Martin et al., 2022). There is no apparent relationship between Ca 
isotopes and diagenetic markers, supporting the idea of a preservation of 
the biogenic signal (Fig. 8).

Carnivorous non-spinosaurid theropods from the Gadofauna 
(Albian/Aptian, Niger) (Hassler et al., 2018, 2021) show enamel δ44/ 

42Ca values comparable to our tyrannosaurids, even if slightly more 
enriched (− 0.75 ‰ to − 0.23 ‰, mean = − 0.43 ‰ ± 0.32 ‰, 2SD, n =
9). In contrast, herbivorous Iguanodontid (Ouranosaurus nigeriensis, an 
ornithischian dinosaur from the Gadofauna of Niger) (Hassler et al., 
2018; mean = − 0.04 ‰ ± 0.10 ‰, 2SD, n = 9) display values between 
− 0.14 ‰ and +0.02 ‰, aligning with the upper range of ceratopsid 
enamel. Additionally, our Tyrannosaurid average (− 0.57 ‰ ± 0.36 ‰, 
n = 29) closely matches the value reported by Martin et al. (2022)
(− 0.58 ‰ ± 0.36 ‰, 2SD, n = 34), while our ceratopsid data (mean =
− 0.25 ‰ ± 0.58 ‰, n = 24) lies in between their ceratopsid (− 0.8 ‰ to 
0.00 ‰, mean = − 0.43 ‰ ± 0.36 ‰, 2SD, n = 20) and hadrosaurid 
(− 0.42 ‰ to + 0.42 ‰, mean = − 0.14 ‰ ± 0.41 ‰, 2SD, n = 17) values. 
The Δ44/42Cacarnivore-herbivore offset between the two dinosaur taxa in our 
dataset is − 0.32 ‰, a value consistent with trophic level differences 
observed in modern and fossil ecosystems (e.g., − 0.30 ‰ in African 
mammals and − 0.44 ‰ to − 0.79 ‰ in extant reptiles. Fig. 5, data from: 
Chu et al., 2006; Reynard et al., 2010, 2011; Heuser et al., 2011; Martin 
et al., 2015, 2017, 2018, 2022; Hassler et al., 2018; Weber et al., 2025). 
In comparing our dinosaur data with modern mammals and reptiles, 
both dinosaur taxa exhibit δ44/42Ca that more closely resemble those of 
reptiles (Fig. 4). In addition, our ceratopsid data overlap with both 
ceratopsids and hadrosaurids from Martin et al. (2022), thus suggesting 
that differences in plant consumption were not exclusive to either taxon, 
with species or genera specific feeding behaviors possibly contributing 
to the broad observed range of δ44/42Ca values.

Variations in the herbivore-carnivore isotopic offset across forma
tions are notable: the upper Oldman Formation shows an offset of − 0.54 
‰, while the Lower Dinosaur Park Formation of − 0.18 ‰. This variation 
may reflect shifts in prey preference/availability and environmental 
changes across the Judith River-Belly River discontinuity. The vast 
floodplains of the Oldman Formation with low sinuosity, fast flowing 
rivers near marine environments likely supported large numbers of 
ceratopsids, making them the main prey of tyrannosaurids (as evidenced 
by herbivore-carnivore δ44/42Ca offset of − 0.54 ‰). We speculate that 
the rapid transgression of the Western Interior Seaway restructured al
luvial systems, potentially reducing ceratopsid population in the more 
waterlogged Dinosaur Park Formation and forcing tyrannosaurids, 
which have no specific habitat preference (Lyson and Longrich, 2011), 
to diversify their prey. These might include not only ceratopsids and 

Fig. 8. Calcium isotope variability compared to the content of uranium (a.) and rare earth elements (
∑

REE, b.) in tyrannosaurid and ceratopsid tooth fragments. The 
data is shown for dentine (triangles) and enamel (circles). Ceratopsid dentine and enamel have the highest U and REE values. Tyrannosaurid tissues show lower 
values, with dentine only slightly more enriched than enamel. Note, there is no correlation of diagenesis indicating U and REE with δ44/42Ca, hence Ca isotopes still 
seem to reflect original diet related values.
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hadrosaurids, but also other ornithischian dinosaurs, such as ankylo
saurids and pachycephalosaurids, each with potentially distinct food 
preferences. This is further supported by findings on Gorgosaurus 
stomach contents and its opportunistic consumption of caenagnathids 
(Therrien et al., 2023). Hadrosaurids might have encountered an 
increased abundance of low growing vegetation in the vast floodplains 
of the Oldman Formation, instead of their preferred higher growing 
plants. This shift could result in hadrosaurids exhibiting δ44/42Ca values 
more similar to those of ceratopsids, which in turn would affect the 
isotopic signals in their predators. Additionally, tyrannosaurids are also 
known for being opportunistic feeders, with cannibalistic tendencies as 
shown by bite marks on other tyrannosaurid bones (Jacobsen, 1998; 
Longrich et al., 2010; Martin et al., 2022). Therefore, the systematic 
variation of tyrannosaurid mean δ44/42Ca values through time (− 0.68 ‰ 
± 0.37 ‰ in the Oldman Formation, − 0.54 ‰ ± 0.33 ‰ in the upper
most Oldman Formation, − 0.46 ‰ ± 0.22 ‰ at the Oldman/Dinosaur 
Park Formation boundary, − 0.47 ‰ ± 0.27 ‰ in lower Dinosaur Park 
Formation) might likely reflect a shift in their diet or in the diet of their 
prey.

Isotopic variability is further complicated by spatial differences, with 
enamel δ44/42Ca values varying across the fifteen analyzed microsites 
(Fig. 5). Tyrannosaurids values are systematically lower than ceratop
sids, except at one site (Osteolicious). The largest differences occur at 
Long lag, Last call micro and High side microsites, however, it remains 
unclear if these differences reflect spatial variations in ceratopsid diet, 
prey selection or post burial alteration. Intra-microsite variability in δ44/ 

42Ca values might also be the result of a limited sample size, as only a 
few of the 15 analyzed microsites (e.g., Bullet micro, High side micro, 
Awesome micro and Last call micro) contain sufficient samples for 
robust comparison. Consequently, inter-microsite trends should be 
interpreted with caution.

The similar average δ44/42Ca values in dentine between herbivores 
and carnivores (mean difference of − 0.06 ‰), and consistently higher 
dentine δ44/42Ca values compared to enamel, indicate no clear trophic 
effect is retained in dentine. However, six paired dentine and enamel 
samples are positively correlated, with dentine being 44Ca-enriched in 
both taxa. This trend is steeper (slope = 3.09 ± 0.58) than the expected 
1:1 line for unaltered tissue (Suppl. Fig. S5). Diagenesis of only dentine 
tissue would move the line towards more positive x-values maintaining a 
slope equal to one. This suggests that some diagenetic alteration, 
particularly in ceratopsid enamel, may affect the magnitude of the tro
phic signal. Overall, our findings support previous observations that 
enamel is more resistant to diagenetic alteration than dentine, with 
tyrannosaurid enamel likely retaining a more pristine elemental/iso
topic record signature than that of ceratopsids (Thorp and Vander
merwe, 1987; Ayliffe et al., 1994; Wang and Cerling, 1994; Kohn et al., 
1999). Although we cannot exclude that some diagenetic alteration 
might have occurred, our isotope dataset suggests that the Ca isotopic 
composition looks unaltered, potentially preserving important biologi
cally derived trophic partitioning between carnivores and herbivores, 
and possibly hinting at some degree of predator/prey relationship 
shifting through time. This is of particular importance because having a 
strong reliable proxy, resistant to chemical alteration, might be useful to 
infer past vertebrate diet and to assess the reliability of other isotope 
systematics. In addition, due to the abundance of fossil material of 
diverse species in the Judith River Formation, future Ca isotopes studies 
could refine our understanding of tyrannosaurid feeding preferences 
during the Campanian. A comprehensive study through time might 
reveal how environmental changes across the Judith River-Belly River 
discontinuity affected tyrannosaurids’ ecology.

6.3. Diet vs diagenesis – implications from Sr isotopes

Stable Sr isotopes are increasingly used in dietary studies, because 
δ88/86Sr values systematically decrease along the food chain (Knudson 
et al., 2010; Tütken et al., 2015; Guiserix et al., 2024; Weber et al., 

2025). In our dinosaur teeth dataset, the average carnivore-herbivore 
enamel δ88/86Sr offset is − 0.07 ‰, smaller than in modern African 
mammals (~ − 0.18 ‰; Tütken et al., 2015) and reptiles (− 0.19 ± 0.14 
‰ between herbivores and varanids, − 0.18 ± 0.15 ‰ between herbi
vores and Crocodylia, Weber et al., 2025), as well as in Late Pleistocene 
mammalian fossils (~ − 0.10 ‰, all data from Guiserix et al., 2024; 
− 0.14 ‰, enamel only from Guiserix et al., 2024). While Ca appears as a 
strong and reliable proxy resistant to post-depositional alterations, this 
does not appear to be the case for Sr. The smaller observed offset of δ88/ 

86Sr might suggest a possible diagenetic overprint that reduces the stable 
Sr isotope difference induced by in vivo trophic fractionation.

If the biogenic, diet-related Sr isotope composition were fully pre
served, we would expect a positive correlation between Ca and stable Sr 
isotope ratios, as seen in modern mammals and reptiles, which plot on 
linear regression lines (Tütken et al., 2015; y = 0.42x − 0.135; Weber 
et al., 2025; y = 0.35x − 0.153). A recent study by Guiserix et al. (2024)
also shows a positive correlation for Middle Paleolithic (ca. 50 ka) 
herbivores and carnivores from Europe (y = 0.29x + 0.08), but with less 
negative δ88/86Sr values compared to modern bones (Tütken et al., 
2015).

Our dinosaur dentine and enamel specimens show a significant 
positive correlation between δ44/42Ca and δ88/86Sr (y = 0.41x + 0.35; R2 

= 0.76; p = 2.4E-05), with the highest δ44/42Ca and δ88/86Sr values in 
dentine (Fig. 9). The data plot on a line with a slope similar to the 
modern mammal and reptile trophic relationship, but δ88/86Sr values are 
all positive (i.e., no trophic depletion of 88Sr) and trend towards a 
theoretical diagenetic δ88/86Sr geogenic end-member of ~0.40 ‰ (see 
values for e.g., sea-/freshwaters, soils and rocks in Knudson et al., 2010
and reference therein). Altogether, these correlations suggest a similar 
biological behavior of stable Sr and Ca isotopes, leading to a systematic 
trophic fractionation (i.e., decreasing δ88/86Sr and δ44/42Ca) along the 
food chain. In fossils, diagenetic processes may shift these values to
wards geogenic isotope compositions predominantly affecting Sr, 
whereas Ca remains largely unaffected due to its high abundance in 
bioapatite (Heuser et al., 2011; Dodat et al., 2023).

Similar δ88/86Sr in our samples and modern mammals/reptiles (i.e., 
different species and geographic origins) suggest that fractionation is 
mainly driven by diet. This, in turn, strongly indicates that such positive 
values are likely geogenic, thus diagenetically overprinted, or represent 
a mix of biogenic and geogenic end-members. Starting from the modern 
reptiles fractionation line (Weber et al., 2025), the addition of different 
amounts of diagenetic Sr (δ88/86Sr = 0.40 ‰, reflecting the average 
value of silicate/sedimentary rocks as potential diagenetic endmember 
of Sr dissolved in sedimentary pore fluids), through a simple mixing 
model, increases the intercept and lowers the slope of the original diet- 
related biogenic trend. This is consistent with observations from Middle 
Paleolithic samples from Guiserix et al. (2024), which plot close to the 
theoretical line of 40 % diagenetic Sr (f0.4), possibly suggesting a partial 
diagenetic overprint of the δ88/86Sr values; this is also evident when 
bones-only data are plotted (line a, Fig. 9), showing a smaller slope than 
enamel-only (line b). Yet, we must point out that these fossils (like ours) 
originate from environmental, geological and chronological contexts 
that differ from modern mammals and reptiles of Tütken et al. (2015)
and Weber et al. (2025).

The regression line (y = 0.41x + 0.35) of our dinosaur data cuts the 
modeled diagenetic trends and can be approximated by applying a 
different diagenetic proportion of Sr, with more diagenetic contribution 
(~85 %) to the specimens with the highest δ44/42Ca (ceratopsid enamel, 
and dentine of both taxa) and less (~60 %) to those with the lowest δ44/ 

42Ca (tyrannosaurid enamel). This also suggests that diagenesis affects 
Sr in enamel differently between taxa (i.e., more alteration of the 
ceratopsid enamel with higher δ88/86Sr and δ44/42Ca), as also observed in 
trace elements data (see Fig. 2 and Suppl. Fig. S6, where samples with 
higher Sr content also show higher U and REE contents). Moreover, 
dentine is overall more affected by diagenesis than enamel.

The relationship observed in Fig. 9, however, may also reflect 
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diagenetic effects on Ca isotope composition. Given that the stable Sr 
isotope ratios appear to be altered by post-depositional diagenesis, we 
cannot completely rule out the possibility that the enamel specimens 
experienced similar, albeit lesser, alterations due to the inherited 
resistance of enamel Ca (Heuser et al., 2011; Dodat et al., 2023). 
Consequently, our interpretation should be treated with caution, 
acknowledging that limited diagenetic effects might partly account for 
the observed Ca isotope variability.

To further evaluate diagenetic alteration of Sr in dentine and enamel 
and to better determine the diagenetic end-member, we examined their 
87Sr/86Sr ratios, which commonly represents the (bio)available Sr in the 
environment. The 87Sr/86Sr of our dinosaur teeth are all more radiogenic 
than the contemporaneous seawater value (0.7076, from McArthur 
et al., 2001), representing a potential diagenetic end-member for marine 
influenced pore water in near-coastal depositional settings. This in
dicates incorporation of Sr from sedimentary sources, whether in vivo 
(bioavailable Sr from food sources) or post mortem (dissolved Sr from 
ground/pore water). However, our stable Sr vs Ca model suggests that 
only 15 to 40 % of the original biogenic Sr might be retained. This 
limited retention complicates (paleo)ecological interpretations based on 
radiogenic Sr isotopes and suggests that the differences observed be
tween tyrannosaurids and ceratopsids likely results from a mix of 
diagenetic overprint and residual biogenic signal.

A weak negative correlation between δ88/86Sr and 87Sr/86Sr (R2 =

0.19, p = 0.11; Fig. 10), indicates that samples with the highest 87Sr/86Sr 
and the lowest δ88/86Sr, particularly tyrannosaurid enamel, which also 
shows the lowest δ44/42Ca values, may retain a small portion of their 
original biogenic Sr signal (both stable and radiogenic). In contrast, 
ceratopsid enamel and dentine, along with tyrannosaurids dentine, tend 
towards a less radiogenic end-member (possibly seawater), suggesting 
poorer preservation in these tissues.

The enamel Sr isotope ratios of Late Cretaceous tyrannosaurids and 
ceratopsids of the upper Oldman Formation in Canada (Cullen et al., 
2022; note that their samples have been leached with acetic acid prior 
dissolution) overlap and are overall higher than those in our dataset 
(Fig. 7). Although both studies are stratigraphically correlated, differ
ences in proximity to the Western Interior Seaway led to varying 
terrigenous versus marine Sr influences. Cullen et al. (2022) observed 
significant dispersion in tyrannosaurid Sr isotope ratios (SD = 0.00027), 
which may indicate high mobility across regions with varying bedrock 
87Sr/86Sr signatures or a mix of biogenic and diagenetic Sr. In contrast, 
Cullen and Cousens (2024) report lower 87Sr/86Sr dispersion in tyran
nosaurids compared to other taxa. Our study finds an 87Sr/86Sr SD of 
0.00035 (or 0.00028 removing a low-radiogenic outlier) for tyranno
saurid enamel. Overall, our findings underscore the need for caution 
when interpreting radiogenic Sr isotopes in dinosaur teeth for migration 

Fig. 9. Correlation plots between δ44/42Ca and δ88/86Sr of dentine (triangles) and enamel (circles) of the analyzed tyrannosaurid (orange) and ceratopsid (green) 
teeth. The blue line is the linear fit of the data from this study; the purple line is the linear fit of modern African mammals from Tütken et al. (2015); the black line is 
the linear fit of modern reptiles from Weber et al. (2025); the dashed black line is the linear fit of a fossil European (~50 ka) trophic chain from Guiserix et al. (2024), 
including both bone and enamel samples; the two dashed gray lines are the linear fits from Guiserix et al. (2024) including bone samples only (a) and enamel samples 
only (b). Gray lines represent the linear fit of modern reptiles from Weber et al. (2025) with an increasing proportion of diagenetic Sr (δ88/86Sr = 0.40 ‰, see text for 
details) added to each sample (f0 = 0 % diagenetic contribution, f0.9 = 90 % diagenetic contribution). The yellow line is the diagenetic Sr end-member used in the 
model. On the right, δ88/86Sr modern data from Tütken et al. (2015; bone samples), modern data from Weber et al. (2025) and fossil data from Guiserix et al. (2024; 
bone + enamel samples) and our data are reported as comparison. Geogenic (up to ~0.50 ‰) and modern seawater (~0.39 ‰) ranges are also reported (see Hajj 
et al., 2017); the geogenic range includes also freshwater values (average ~0.32 ‰) which largely overlap with rock values (continental crust average ~0.30 ‰).
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or provenance, given the potential variability in diagenetic alteration 
across taxa.

6.4. Geochemical significance and implications

Integrating Ca and Sr (both stable and radiogenic) isotopes with 
trace elements sensitive to diagenesis, can significantly enhance our 
reconstruction of the taphonomic history of biological remains. In our 
study, the lack of typically negative δ88/86Sr values, indicative of bio
logical fractionation processes, and the convergence towards geogenic 
values suggests diagenetic alteration. This observation raises concerns 
on the reliability of 87Sr/86Sr from fossil teeth for mobility studies. When 
the stable Sr isotope composition (δ88/86Sr) is heavily shifted towards 
positive geogenic values, it is likely that the corresponding radiogenic Sr 
isotope ratios are similarly compromised, hampering paleo-mobility 
reconstructions.

Mass bias modeling of δ44/42Ca and δ88/86Sr offers a useful perspec
tive, revealing that diagenetically resistant Ca in tooth enamel appears 
less affected by post mortem alteration than Sr. Ca isotopic signals, 
supported by higher Ca content in enamel, retain a trophic shift com
parable to that seen in modern unaltered materials, even if some alter
ation cannot be entirely ruled out.

Overall, our study demonstrates the potential of combining Ca iso
topes with both stable and radiogenic Sr isotope studies to assess the 
preservation of biogenic signals in dinosaur teeth. Coupled with estab
lished trace element proxies, this integrated approach represents a 
promising diagenetic screening tool for fossil remains, potentially 
extending to other extinct taxa. Given the limited availability of well- 
preserved enamel and the destructive nature of these analyses, devel
oping additional geochemical proxies to better understand taphonomic 
conditions is a key priority for future research. Our dataset not only 
contributes to reconstructing trophic relationships in extinct food 
chains, but also provides a foundation for further refinement and vali
dation of this technique.

7. Conclusions

Our integrated geochemical approach yields several key insights. 
Tyrannosaurid enamel is less diagenetically altered than that of cera
topsids, likely due to its denser, less porous microstructure that limits 

the uptake of diagenetic elements (e.g., U, REE and others).
The Ca isotope composition in enamel shows evident diet-related 

differences, with tyrannosaurids being more 44Ca-depleted, a pattern 
consistent with modern trophic level effects. In contrast, dentine shows 
higher levels of diagenetic trace elements and 44Ca enrichment, which 
masks any trophic signal and makes it less useful for dietary re
constructions. Therefore enamel emerges as the more robust geochem
ical proxy archive for reconstructing dinosaur dietary and ecological 
niches.

Ca isotopes of tyrannosaurid teeth from the upper Oldman Formation 
suggest a potential prey preference for ceratopsids, although the vari
ability of δ44/42Ca among taxa (e.g., ceratopsids and hadrosaurids) im
plies that environmental shifts and changes in food availability may 
have broadened tyrannosaurids diets, ultimately buffering isotopic sig
nals. A positive correlation between δ44/42Ca and δ88/86Sr in both 
dentine and enamel possibly suggests similar biogeochemical fraction
ation along the food chain. However, Sr is more susceptible to diagenetic 
overprinting. While the original diet-related δ44/42Ca signal in enamel 
seems generally preserved, δ88/86Sr values trend towards more positive 
rock/soil-like compositions. Modeling based on modern fauna data, with 
a hypothetical δ88/86Sr diagenetic end-member of 0.40 ‰, suggests that 
diagenetic Sr may account for roughly 60–85 % of the total Sr in these 
teeth, urging caution in using Sr isotopes alone for mobility or dietary 
interpretations in deep time. Nevertheless, δ88/86Sr can serve as a sen
sitive indicator of diagenetic alteration, particularly reflecting the loss of 
biogenic, diet-derived negative δ88/86Sr signatures. Part of the original 
biogenic Sr isotope composition might still be retained within the best- 
preserved enamel samples.

To develop a more robust quantitative multi-proxy model of diage
netic alteration, future research should expand elemental and isotopic 
analyses across a broader range of taxa, creating comprehensive data
bases for 87Sr/86Sr, 88Sr/86Sr, 44Ca/42Ca and trace elements. In conclu
sion, our study underscores the need for a careful, multi-proxy approach, 
including a larger taxonomic dataset, to reliably disentangle biogenic 
signals from diagenetic overprinting in fossil remains.
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Kocsis, L., Ősi, A., Vennemann, T., Trueman, C.N., Palmer, M.R., 2009. Geochemical 
study of vertebrate fossils from the Upper Cretaceous (Santonian) Csehbánya 
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