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ABSTRACT 

 

 Pachyrhinosaurus perotorum, a paleo-Arctic centrosaurine ceratopsid from the 

Kikak-Tegoseak Quarry (North Slope, Alaska) represents a unique opportunity to add to 

the understanding of ceratopsian bone histology, which is poorly understood due to the 

minimal preservation of growth markers (e.g. lines of arrested growth) and limited 

histological sampling across the ceratopsian lineage. Histological analyses of eight rib 

fragments from P. perotorum were conducted to add to the understanding of ceratopsian 

growth dynamics. Cyclical growth is preserved within ribs from P. perotorum allowing 

for the assignment of relative ontogenetic ages. One juvenile (DMNH 23891), 4 sub-

adults (DMNH 21574, DMNH 24384, DMNH 24228, and DMNH 23888), and one adult 

(DMNH 24237) were identified. Radial and reticular fibrolamellar bone is prevalent in 

juvenile and sub-adult individuals indicating P. perotorum grew rapidly during ontogeny. 

Dense secondary bone is widespread in adult and three sub-adult individuals, which 

obscures most primary bone tissue and lines of arrested growth (LAGs). The degree of 

remodeling is higher than that previously reported in dinosaur rib histology, and may be 

attributable to differences in element-specific growth rate, environmental or 

biomechanical stresses. However, more histological studies of P. perotorum comparing 

growth between different postcranial long bones are needed to constrain the controls of 

secondary bone within this paleo-Arctic species. 

Although previous studies have interpreted taphonomy of the Kikak-Tegoseak 

Quarry (KTQ) using sedimentological and paleontological data, less is known about the 

geochemical taphonomy of this assemblage. P. perotorum bone has been altered from 
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carbonate-hydroxyapatite to carbonate fluorapatite. XRD full width half maximum 

(FWHM) values display narrower peak widths (0.29-0.35°) than modern bone indicating 

a more crystalline apatite lattice structure. ATR-FTIR infrared splitting factor (IR-SF) 

values in P. perotorum specimens are greater (3.3-3.6) than in modern bone indicating 

that apatite crystallite sizes are larger than what is typically found in non-fossil bone. 

Higher crystallinity is a common result in fossil bone due the growth of authigenic 

apatite. ATR-FTIR spectra reveal elevated carbonate due to the addition of B-type 

carbonate into the apatite lattice. Relative amounts of carbonate correlates with ontogeny 

which could reflect a biological signal, although the effect of diagenetic alteration cannot 

be ruled out. Based on the elevated carbonate within bones of P. perotorum, there is 

potentially significant diagenetic alteration of the δ18Ocarbonate signal, therefore future 

stable isotope studies from the KTQ P. perotorum specimens should be cautious. 

Determining the potential chemical alteration of the δ18Ophosphate is more difficult since 

crystallinity data cannot differentiate between biogenic and secondary phosphate in bone. 

However, depleted carbonate: phosphate ratios can indicate the addition of more 

phosphate and thus, potential diagenetic alteration of the δ18Ophosphate. REE spider patterns 

yield different patterns between P. perotorum bones, which indicates taphonomic 

reworking (spatial and/or temporal) due to the preservation of different redox conditions 

and diffusion periods between bones. This observation is surprising due to the lack of 

significant/variable bone weathering or abrasion. 
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CHAPTER 1 

INTRODUCTION 

Dinosaur specimens from high paleo-latitude (i.e., polar) regions represent a 

unique opportunity to investigate the physiological characteristics that allowed them to 

survive such harsh climatic conditions (Rich et al., 2002). Polar dinosaurs would have 

experienced extended periods of darkness, a cooler temperate climate (in comparison to 

warmer, lower latitude temperatures), and limited nutrient intake related to strongly 

seasonal food resources (Erickson and Druckenmiller, 2011; Chinsamy et al., 2012), 

factors which would be expected to influence numerous biological processes including 

growth dynamics, physiology, thermobiology, etc.   

The Prince Creek Formation contains the largest number of Late Cretaceous polar 

dinosaur fossils in the world and the only bonebeds on the Alaskan North Slope (Fiorillo 

et al., 2010a). These highly dense bonebeds are located along 45km of the Colville River 

(Fig. 1) and are hypothesized to have been formed due to a mass death event that killed, 

minimally transported, and then rapidly buried these paleo-Arctic dinosaurs (Gangloff 

and Fiorillo, 2010; Fiorillo et al., 2010a; Chinsamy et al, 2012). The two most studied 

bonebeds are 1) the Liscomb Bonebed (LBB), dominated by a hadrosaur, Edmontosaurus 

sp. (Gangloff and Fiorillo, 2010; Xing et al., 2014, 2017); and 2) the Kikak-Tegoseak 

Quarry (KTQ), dominated by the ceratopsian Pachyrhinosaurus perotorum (Fiorillo et 

al., 2010a, b; Fiorillo and Tykoski, 2012). Although previous studies have interpreted 

taphonomy of these sites using sedimentological and paleontological data,  
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Fig. 1. Location of the Kikak-Tegoseak Quarry of the Prince Creek Formation in northern 

Alaska (from Fiorillo et al., 2016). Star=location of KTQ. 
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less is known about the diagenetic characteristics and geochemical taphonomy of these 

assemblages (Fiorillo et al., 2010a, b; Fiorillo et al., 2016).  

Ceratopsians are a major dinosaurian group for which paleontologists still have 

limited knowledge pertaining to their growth and development. Histological analyses 

have been especially difficult in the large-bodied ceratopsid ceratopsians, which typically 

do not display well preserved growth marks in their bones (Erickson and Druckenmiller, 

2011). Most ceratopsid taxa examined in previous histological studies were from lower 

paleo-latitudes (Chinsamy, 1994; Reizner and Horner, 2006; Chinnery and Horner, 2007; 

Lee, 2007; Tumarkin-Deratzian, 2010; Levitt, 2013). However, a report on a single femur 

of the polar Pachyrhinosaurus perotorum by Erickson and Druckenmiller (2011) 

revealed growth lines not typically seen in the lower latitude ceratopsids, suggesting a 

more distinct cyclical growth signal in polar taxa. Similarly, histological studies on 

hadrosaurs from Alaska revealed evidence of cyclic growth on teeth (Erickson, 1996) and 

in post-cranial limb material (Chinsamy et al., 2012), which is less common and/or 

defined in more temperate hadrosaurs (Erickson and Druckenmiller, 2011; Chinsamy et. 

al., 2012). Cyclical growth preservation in the bone histology of high paleo-latitude 

dinosaurs is not limited to the northern polar taxa. Southern polar dinosaurs from 

Australia have also been found to record cyclical growth marks (e.g. lines of arrested 

growth or LAGs and annuli) in their bones (Chinsamy et al., 1998; Woodward et al., 

2011, 2018). 

Hypothesized drivers of growth pattern differences between temperate and polar 

vertebrates include seasonal variations in temperature and humidity (Chinsamy, 1990; 

Köhler et al., 2012), hormonal and/or physiological factors potentially related to the 
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reproductive cycle (Horner et al., 1999, 2000), hibernation (Chinsamy et al., 1998), and 

seasonally constrained nutritional factors such as food availability (Chinsamy et al., 

2012). Seasonal and climate signals have commonly been determined using various 

stable isotopic analyses such as δ18O, which have been used as a tool for paleoclimate 

and paleotemperature reconstructions (Straight et al., 2004; Tütken et al., 2004; Brady et 

al., 2008). By sampling increments of fossil bone in zones of more rapid growth 

contrasted with areas of slow growth, δ18O can be used as a proxy for seasonal temporal 

variation (Stanton Thomas and Carlson, 2004), body temperature (Barrick and Showers, 

1994; Barrick et al., 1998; Fricke and Rogers, 2000), or drinking water isotopic 

composition (Tütken et al., 2004).  

However, other studies have argued that, because original bone chemistry is 

altered during diagenesis, oxygen isotopic analyses may not reflect primary bone 

compositions (Trueman et al., 2003). For example, hadrosaur bone material from the 

Liscomb bonebed was found to be too diagenetically altered to be utilized for stable 

isotope analyses (Chinsamy et al., 2012). Chinsamy et al. (2012) attempted to correlate 

stable isotope compositions with textural changes in histology to discern paleogeographic 

feeding patterns; however, no such correlation was found indicating diagenetic alteration 

of the biological isotope signal. Therefore, it is imperative to determine whether or not a 

bone sample can preserve a biological signal before stable isotope analyses are 

conducted. Bone geochemistry and mineralogy has been utilized to characterize 

diagenetic alteration (Stathopoulou et al., 2008; Piga et al., 2011) as well as an 

understanding of  burial environment (Martin et al., 2005; Suarez et al., 2007; 2010), 

taphonomic reworking (Suarez et al., 2007), fossilization processes (Trueman et al., 
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2008a, b; Suarez et al., 2010; Drewicz, 2012), and other processes (Grandstaff and Terry, 

2009) using techniques such as X-ray diffraction (XRD) (Trueman, 1999; Piga et al., 

2011), Raman spectroscopy (Thomas et al., 2007; 2011), Attenuated Total Reflectance-

Fourier-Transform Infrared spectroscopy (ATR-FTIR) (Piga et al., 2011), and laser 

ablation- inductively coupled plasma mass spectrometry (LA-ICP-MS) (Martin et al., 

2005; Trueman et al., 2008a, b; Suarez et al., 2007; 2010;  Grandstaff and Terry, 2009; 

Chinsamy et al., 2012 ; Drewicz, 2012).  

1.1 Objectives 

The purpose of this research is to add to the understanding of bone histology and 

growth dynamics of Pachyrhinosaurus perotorum. The only previous post-cranial 

histological analysis of P. perotorum bone was conducted on a single femur by Erickson 

and Druckenmiller (2011); therefore, this study aims to contribute histological analyses 

from multiple post-cranial bones from P. perotorum to assess the cyclicity of growth 

within paleo-Arctic centrosaurine ceratopsids. In addition, bone geochemical data (e.g. 

LA-ICP-MS, XRD, and ATR-FTIR) has been used to further characterize the diagenetic 

history of the KTQ to determine whether P. perotorum bones have not been 

diagenetically compromised and could potentially preserve an unaltered biological signal 

for future stable isotope analyses.  

The following questions will be addressed: (1) Does the bone microstructure in 

multiple bones of P. perotorum consistently record cyclical growth as previously 

observed in the single bone examined by Erickson and Druckenmiller (2011), and is the 

nature of these cycles consistent through ontogeny? (2) What diagenetic characteristics 
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are introduced in P. perotorum bone geochemistry? (3) Are the bones too diagenetically 

altered to preserve a biological signal for stable isotope analyses?  

1.2 Hypotheses 

 Bones from P. perotorum will record cyclical growth that is consistent 

throughout ontogeny. 

 Bone geochemistry from P. perotorum bones will reflect similar signatures 

between specimens providing geochemical support to the prevailing 

hypothesis on the formation of the KTQ.   

 P. perotorum bones will display higher crystallinity and REE concentrations 

than modern bone. However, these KTQ specimens will be less diagenetically 

altered than the Liscomb bonebed hadrosaur bones indicating viability for the 

preservation of a true biological signal from stable isotope analyses.  
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CHAPTER 2 

BACKGROUND 

2.1 Geologic Setting 

Palynology (Frederiksen, 1990; Frederiksen and McIntyre, 2000; Flores et al., 

2007), paleobotanical evidence (Parrish and Spicer, 1988; Brouwers and de Deckker 

1993), as well as geochronological studies (Conrad et al., 1990; Flaig, 2010), all indicate 

a Campanian to Paleocene age range (approximately 80-60 Ma) for the entire Prince 

Creek Formation (Flaig et al., 2013) (Fig. 2C). Paleomagnetic and tectonic studies of the 

bonebeds of northern Alaska estimate the late Cretaceous paleolatitudes at the time of 

deposition of the Prince Creek Formation to be 67° to 85°N, which was above the paleo-

Arctic Circle (Fig. 2A, B) (Fiorillo et al., 2016). Paleobotanical (Fiorillo et al., 2016) and 

δ18Osiderite (Suarez et al., 2013) data reveal a cool temperate and wet climate during 

deposition of the Prince Creek Formation. Mean annual temperature during the late 

Cretaceous on the North Slope was roughly 5-6°C with a cold monthly mean temperature 

of 2-4°C and a warm monthly mean temperature of 10-12°C (Brouwers et al., 1987; 

Parrish et al., 1987; Spicer and Parrish, 1990; Spicer and Herman, 2010; Tomsich et al., 

2010; Suarez et al., 2013; Fiorillo et al., 2016). Mean annual precipitation was 

approximately 500-1500mm/year (Brouwers et al., 1987; Parrish et al., 1987; Spicer and 

Parrish, 1990; Spicer and Herman, 2010; Tomsich et al., 2010; Suarez et al., 2013; 

Fiorillo et al., 2016). 
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Fig. 2. Paleogeographic, geographic and stratigraphic position of the KTQ. (A) 

Paleogeographic position of Alaska during the late Cretaceous (from Fiorillo et al., 

2016). Red dashed line is approximate position of the paleo-Arctic Circle; (B) 

Geographic position of the KTQ relative to the Colville River in Alaska and the paleo-

Arctic Circle (from Fiorillo and Tykoski, 2012); (C) General stratigraphic column of the 

Prince Creek Formation depicting age (from Fiorillo et al., 2016). 
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Sedimentological data indicate an alluvial depositional environment on a low 

gradient and muddy coastal plain (Fiorillo et al., 2010a, b, 2016). Alluvial facies were 

identified based on the stratigraphic findings of sinuous channels characterized by basal 

conglomerates and fining upwards sandstones with rhythmically repeating sand and 

mud/silt couplets (inclined heterolithic stratification) interpreted as point bar 

sedimentation on a distal coastal plain influenced by tidal action (Flaig et al., 2011; 

Fiorillo et al., 2016).  

The KTQ is a monodominant bonebed dominated by juveniles to sub-adults of the 

centrosaurine (short-frilled) ceratopsid Pachyrhinosaurus perotorum (Fiorillo and 

Tykoski, 2012). The Prince Creek Formation is early Maastrichtian in age with a best age 

estimate of 69.1 Ma based on biostratigraphic analyses of palynological studies 

(Frederiksen, 1990; Frederiksen and McIntyre, 2000; Flores et al., 2007; Fiorillo et al., 

2010b). The lithology at this locality is largely non-marine sandstones, conglomerates, 

interbedded coal-containing mudstones, and weakly developed paleosols indicating a 

floodplain facies that was subject to seasonal flooding periods (e.g. snow melt) (Fiorillo 

et al., 2010a, b) (Fig. 3).  

The most accepted hypothesis for the formation of the KTQ is that a herd of P. 

perotorum was killed and then transported by a mass death flood event which resulted 

from seasonal run-off from the paleo-Brooks Range (Fiorillo et al., 2010a). The dense 

accumulation of bones in the KTQ and the representation of multiple individuals 

indicates that there is a potential for skeletal association; however, no specimens are 

articulated nor associated at this time (Fiorillo et al., 2010a). There is little to no evidence 

of skeletal transport associated with this bonebed based on the discrepancy between the  
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Fig. 3. Stratigraphic column from approximately 0.5 km north of the Kikak-Tegoseak 

Quarry (from Fiorillo et al., 2010b).   
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sediment size of the rock matrix (silt-mud sized grains) and bone sizes (>5 cm). Thus, the 

bones are not hydraulically equivalent to sediment grains, indicating autochthony 

(Fiorillo et al., 2016). Most likely, P. perotorum bones were transported to the KTQ 

encased in either whole or partial carcasses and once deposited, became disarticulated 

(Fiorillo et al., 2010a). Abrasion and bone weathering is minimal in P. perotorum bones 

from the KTQ indicating minimal sub-aerial exposure before rapid burial (Fiorillo et al., 

2010a). 

2.2 Pachyrhinosaurus perotorum 

The genus Pachyrhinosaurus is a centrosaurine ceratopsian dinosaur represented 

by three species, P. canadensis (71-72 Ma) (Eberth et al., 2013; 2014), P. lakustai (71-74 

Ma) (Currie et al., 2008; Fanti et al., 2015), and P. perotorum (69-70 Ma). 

Pachyrhinosaurus perotorum are herbivorous quadrupeds approximately 5 meters long 

and weighing 1.81x103 kg (Paul, 2016). Based on sedimentological (Fiorillo et al., 2016), 

taphonomic (Fiorillo et al., 2010; Gangloff and Fiorillo, 2010) and stable oxygen isotope 

data (Suarez et al., 2013), P. perotorum preferred to inhabit drier, stable floodplains 

farther away from major fluvial channels where they could forage in local conifer forests 

(Fig. 4). Adult individuals are characterized by a lack of facial horns and the presence of 

enlarged nasal and supraorbital bosses (Fig 5). Pachyrhinosaurus perotorum is 

differentiated from P. canadensis and P. lakustai and other centrosaurine ceratopsians by 

two dorsoventrally flattened horns projecting anteromedially and dorsally from the 

fenestral margin of the parietal transverse bar (Fiorillo and Tykoski, 2012) (Fig. 5, 6). 

Phylogenetic analyses could not determine the relationship between P. perotorum and 

other Pachyrhinosaurus species (Fig. 7A) leading to its characterization as a new 
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pachyrhinosaurian species and the stratigraphically youngest centrosaurine ceratopsid 

known (Fiorillo and Tykoski, 2012) (Fig. 7B).   

 

 

 

 

 

Fig. 4. Cartoon depicting the reconstructed paleoenvironment from the Prince Creek 

Formation and the habitat preference of P. perotorum (from Fiorillo et al., 2016). P. 

perotorum is outlined with the red box.  
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Fig. 5. Comparison between skull reconstructions of genus Pachyrhinosaurus. (A) P. 

perotorum. (B) P. canadensis. (C) P. lakustai. Left lateral (left) and dorsal (right) views 

depicting enlarged nasal and supraorbital bosses in all three species. Reconstructions not 

to scale. (from Fiorillo and Tykoski, 2012) 
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Fig. 6. Photographs of P. perotorum (DMNH 21200) parietal. (A) Dorsal, (B) ventral, 

and (C) right lateral orientations. (D) Reconstructed posterior parietal frill based on 

DMNH 21200 depicting horn ornamentation different than what is observed in other 

Pachyrhinosaurus species. (from Fiorillo and Tykoski, 2012) 
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Fig. 7. Results of phylogenetic analyses from Fiorillo and Tykoski (2012). (A) Consensus 

tree from most parsimonious trees (MPT). (B) One of the MPTs from phylogenetic 

analyses indicating differentiation of P. perotorum from P. canadensis and P. lakustai.  
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2.3 Bone Histology and Growth 

Paleo-osteohistology (paleohistology) is the study of the bone microstructure of 

extinct vertebrate organisms. The paleohistology of most studied dinosaurian taxa is 

characterized by zones of fast growing highly vascularized fibro-lamellar bone (FLB) 

separated by lines of arrested growth (LAGs) and annuli of slower growing, lower-

vascularity lamellar bone (Fig. 8 ) (Cerda and Chinsamy, 2012; Köhler et al., 2012; 

Huttenlocker et al., 2013). The resulting pattern resembles the cross section of a tree 

trunk characterized by cyclical concentric rings. Earlier-deposited zones of FLB are 

wider in interior regions of the bone and consistently decrease in width towards the bone 

periphery throughout ontogeny as the individual reaches maximum size (Erickson and 

Druckenmiller, 2011).   

Even if bones do not display “true” low vascularity lamellar-bone annuli, cyclical 

growth can be seen in differentiation of FLB tissue types (Chinsamy et al., 2012). 

Chinsamy et al. (2012) reported on growth in the Alaskan hadrosaur Edmontosaurus sp., 

which is characterized by alternating deposition between reticular and circumferential 

FLB (Fig. 9). Reticular bone refers to the random organization of vascularity, whereas 

circumferential bone describes highly organized vascular channels arranged 

circumferentially (Huttenlocker et. al., 2013). Reticular bone indicates a more rapid rate 

of bone deposition (5-90 μm per day) (Huttenlocker et al., 2013). Circumferential bone is 

deposited significantly more slowly (3-16 μm per day) (Lee et al., 2013). Chinsamy et al. 

(2012) hypothesize that the histological variation observed in Edmontosaurus sp. bones 

resulted from seasonal shifts in nutrient intake and demand as a result of over-wintering 

behavior that required individuals to live throughout both  
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Fig. 8. Examples of growth marks in a theropod and ornithopod dinosaur. (A) Growth 

marks in a Jurassic theropod (Allosaurus) humerus. White arrows point to lines of 

arrested growth (LAGs). In between the arrows are zones of more rapidly growing FLB. 

Courtesy of J. Horner and the Museum of the Rockies (from Huttenlocker et al., 2013). 

(B) Bone histology of a Cretaceous ornithopod Gasparinisaura cincosaltensis femur 

showing zones of fibro-lamellar bone and annuli under plane polarized light. (Cerda and 

Chinsamy, 2012) (C) B in cross polarized light (from Cerda and Chinsamy, 2012) 

Arrows denote annuli; zo=zone of FLB. 
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Fig. 9. Alternating cycles of reticular fibro-lamellar bone (R) and circumferential FLB 

(C) in a polar hadrosaur, Edmontosaurus sp. (A) femur from DMNH 22557 in plane 

polarized light; (B) femur from AK-83-V-014 in cross polarized light; (C) tibia from 

DMNH 22557 in cross polarized light with sensitive tint plate (from Chinsamy et al., 

2012). 
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favorable and non-favorable paleo-Arctic seasons.  Therefore, these polar hadrosaurs 

were present in the paleo-Arctic immediately after winter and vulnerable to snow melt 

floods (Chinsamy et al., 2012). Histological data reveals that an Edmontosaurus sp. 

individual died while depositing circumferential (more slowly deposited) bone 

(Chinsamy et al., 2012). 

During growth, bone undergoes a metabolic process (bone remodeling) in which 

mature bone is removed (via resorption) and new bone forms in its place. This bone 

remodeling process removes primary bone tissue (primary osteons) during resorption and 

replaces it with secondary bone (secondary osteons) (Fig. 10). This process may occur to 

modify and change a bone’s shape, repair micro-fractures, or to remove calcium and 

phosphate into the blood to be transported and utilized elsewhere in the body 

(Huttenlocker et al., 2012). Bone remodeling targets more mature bone; therefore, 

secondary bone formation is more common in ontogenetically older individuals that have 

already reached skeletal maturity. Often in these older individuals the primary growth 

signal is obstructed by secondary bone growth and is no longer visible for histological 

analyses.  

In extant animals, cyclical bone growth has been traditionally linked with 

ectothermic physiology (maintenance of body temperature using the surrounding 

environment); however, it has also recently been recognized in homoeothermic 

endotherms (organisms that internally regulate and maintain constant body temperature 

regardless of ambient temperature) due to seasonality (Köhler et al., 2012). Slowed or 

arrested growth and the formation of LAGs and/or annuli occurs during unfavorable 

seasons (e.g. cold winter months, dry seasons, etc.) as a result of lower temperatures, 
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dehydration, starvation and/or nutrient deficiency. More rapid growth occurs during more 

favorable seasons when nutrients and other seasonal resources are readily available 

(Köhler et al., 2012; Woodward et al., 2013). 

Histological analyses for the assessment of growth dynamics have been 

classically performed on limb elements (e.g. femora, tibiae, etc.). These long bones do 

not significantly change shape throughout ontogeny, which allows for less bone 

remodeling and thus better preservation of growth markers. However, ribs have recently 

been utilized as well (Waskow and Sander, 2014; Waskow and Mateus, 2017). Ribs grow 

more slowly than limb elements but can still be excellent for recording a complete growth 

record (Waskow and Sander, 2014; Waskow and Mateus, 2017). Fossil ribs are also more 

abundant in the fossil record and museum collections, and thus can be better utilized for 

destructive analyses (Waskow and Mateus, 2017). While rib histology has been 

conducted on a wide variety of dinosaurian taxa (Waskow and Sander, 2014; Waskow 

and Mateus, 2017), few studies have examined ceratopsian rib histology.  
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Fig. 10. Schematic depicting secondary bone growth with deposition of secondary 

osteons. Secondary osteons grow from the inner cortex towards the bone periphery, 

obstructing the primary growth signal. (de boef Miara and Larsson, 2007).  
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2.4 Bone Mineralogy, Diagenesis, and Geochemical Taphonomy   

Modern bone is composed of both a mineralogical and organic component. Like 

that of all vertebrates, dinosaur skeletal bone is composed of bioapatite (Keenan, 2016), a 

non-stoichiometric form of carbonated hydroxylapatite with an approximate formula:  

Ca5(PO4,CO3)3(OH) (Trueman and Tuross, 2002) 

However, original bone material does not preserve in its original state and must undergo 

diagenesis in order to be preserved as a fossil. Bone mineral is thermodynamically 

metastable and susceptible to lattice substitutions, dissolution, and increases in mean 

crystallite size (recrystallization) due to interactions with pore-waters during the early 

fossilization process (Fig. 11) (Trueman and Tuross, 2002; Trueman et. al., 2008a, b; 

Keenan, 2016). This results in a transformation to a more stable and stoichiometric 

apatite phase (e.g. fluorapatite or carbonated-fluorapatite) (Trueman and Tuross, 2002; 

Trueman et. al., 2008a, b; Keenan, 2016).  

During fossilization, bone generally loses the organic constituent (e.g. collagen) 

via hydrolysis (decomposition), mineralogically displays a larger crystallite size, and has 

elevated fluorine, trace and rare earth element (REE) concentrations due to substitutions 

in the bone crystal structure (Trueman, 1999; Trueman et al., 2004; 2008a; b). In vivo 

bone typically has low concentrations (0.001-1 ppm) of trace elements such as Fe, Mn, 

Sr, and Mg as well as REEs (Lanthanide series: La, Ce, Pr, Pm, Sm, Eu, Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu, U, Th) (Trueman and Tuross, 2002; Suarez et al., 2007; 2010). Fossil 

bone has higher trace and REE concentrations (1-10,000 ppm) which are incorporated 
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into the Ca2+ lattice sites (Keenan, 2016) depending on the pore-water chemistry 

surrounding the bone during fossilization (Trueman and Tuross, 2002).  

After the incorporation of REEs into the bone mineral structure, these 

concentrations are retained over time and can provide valuable information about the 

paleoenvironment and early diagenetic environment of fossil material (Trueman et al., 

1999; Armstrong et al., 2001; Martin et al., 2005; Trueman et al., 2008). REE 

concentrations, signatures, and fractionation is generally influenced by environmental 

conditions such as pore-water pH and paleo-redox conditions which yield spider 

diagrams that are light REE (LREE), middle REE (MREE), or heavy REE (HREE) 

enriched (Trueman and Tuross, 2002; Martin et al., 2005; Suarez et al., 2007). REE 

spider diagrams from acidic environments have been found to yield MREE to LREE 

enriched patterns (Fig 12A); whereas those from more alkaline and saline environments 

yield HREE enriched patterns (Fig 12B) (Mӧller and Bau, 1993; Johannesson and Zhou, 

1997; Martin et al., 2005). Neutral environments do not show any specific enrichments 

and may yield LREE, MREE, or HREE enriched spider diagrams, or flat patterns (Fig 

12A) (indicating no relative REE enrichments) (Johannesson and Zhou, 1997; Martin et 

al., 2005).   
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Fig 11. Cartoon depicting bone fossilization. (A) Loss of collagen and subsequent 

recrystallization of apatite. (B) The addition of trace and rare earth elements. (C) 

Resulting fully fossilized bone that can preserve original orientation of bone crystallites 

and microstructure. (from Trueman and Tuross, 2002) 
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Fig. 12. REE spider diagrams from bones deposited in different diagenetic environments 

showing variable enrichments and Ce anomalies. (A) REE signatures depicting MREE to 

LREE enriched patterns for acidic environments and LREE, MREE, HREE and flat 

profiles for neutral environments. (B) REE signature depicting HREE enriched alkaline 

environments. (from Martin et al., 2005) 
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 Relative enrichments/depletions of Ce are also visible in spider diagrams and can 

yield additional information about paleo-redox conditions (Martin et al., 2005; Suarez et 

al., 2007; 2010). These Ce anomalies can either be negative (where the Ce concentration 

falls below the surrounding La and Pr or Nd concentration) or positive (where the Ce 

concentration is higher than the neighboring La and Pr or Nd concentrations) (Martin et 

al., 2005) (Fig 12A, B). Negative Ce anomalies correspond to oxidizing environmental 

conditions where Ce3+ is oxidized to Ce4+ (Martin et al., 2005; references therein). 

Positive Ce anomalies generally correspond to reducing conditions where Ce4+ is reduced 

and released into solution; however, it is possible that oxidizing conditions produce 

positive Ce anomalies when Ce4+ is stabilized in penta-carbonate complexes in highly 

alkaline waters (Mӧller and Bau, 1993; Johannesson et al., 1996; Martin et al., 2005).  

The spatial distribution of REEs in the bone can add further insights into 

diagenetic characteristic such as recrystallization and diffusion periods (Millard and 

Hedges, 1996; Kohn, 2008; Trueman et al., 2008a; Drewicz, 2012). REE uptake typically 

occurs in a simple diffusion-adsorption (D-A) process resulting in a smooth concentration 

gradient with higher concentrations at the bone periosteal layer and lower concentrations 

toward the bone interior (Fig. 13A). The slope of the gradient is controlled by the 

adsorption coefficient (the affinity of the element to sorb to bioapatite) and the amount of 

pore-water and bone mineral interaction which ultimately provides insight into 

fossilization times (Trueman et al., 2008a; Drewicz, 2012).  However, since this diffusion 

process is extremely complex, there can be a variety of REE concentration gradients 

resulting from leaching (Fig. 13B) or diffusion from multiple pathways into the bone 

(Fig. 13D) (Trueman et al., 2008a). Over-steepened diffusion gradients indicate either 
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rapid fossilization times or limited interaction with pore-waters (Fig. 13C) (Trueman et 

al., 2008a). Continued REE uptake due to constant contact with pore-waters will yield a 

flat diffusion profile indicating equilibrium between the groundwater and the bone 

(Trueman et al., 2008a).   

 

 

 

Fig. 13.  Possible REE concentration gradients from fossil bone (modified from Pike et 

al., 2002). (A) Standard concentration gradient resulting from simple diffusion-adsorption 

(D-A) processes. The flat profile represents REE concentrations reaching equilibrium 

between pore-waters and bone. (B) Concentration gradient resulting from leaching of 

elements from the outer most portion of the bone creating a lower concentration than 

usual at the bone periphery. (C) An over-steepened profile created from limited 

interaction between bone and pore-water as a result of rapid recrystallization or continued 

REE uptake after recrystallization has occurred. (D) An irregular concentration gradient 

indicating REE uptake from multiple different sources within a bone. (from Trueman et 

al., 2008) 
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2.5 Oxygen Isotopes in Fossil Bone 

 Through the use of stable isotopes of oxygen and carbon from bioapatite’s 

structural phosphate and carbonate, paleontologists have reconstructed past diet, climate 

and environmental conditions (Luz and Kolodny, 1989; Straight et al., 2004; Tütken et 

al., 2004; Brady et al., 2008; Keenan,. 2016). The oxygen isotope composition (δ18O) 

within biogenic apatite and structural carbonate generally reflects the body water oxygen 

isotope composition (δ18Obw) and thus, the temperature of bone mineral formation 

(Longinelli and Nuti, 1973; Luz and Kolodny, 1989; Tütken et al., 2004). For 

homeothermic endotherms (organisms that maintain a constant body temperature), the 

δ18Obw reflects an oxygen isotope composition formed under equilibrium (Longinelli, 

1984; Tütken et al., 2004); therefore, the δ18Obw is dependent on  the meteoric drinking 

water, diet, as well as the individual’s physiology and metabolic rate (Kohn, 1996; 

Tütken et al., 2004). The δ18O from meteoric water is dependent on ambient air 

temperature and humidity (i.e. climate) which allows for the bone mineral to record 

paleoclimate and paleoenvironmental conditions.  

Even though oxygen isotopes have been found to preserve a true biological signal 

in some previous studies of dinosaur bones (Tütken et al., 2004; Eagle et. al., 2010; 

2011), chemical substitutions in the bone mineral structure can overprint the original 

chemistry (Hubert et. al., 1996) and late stage diagenesis can result in full-scale 

replacement of original bioapatite (Keenan, 2016). Other possible lattice substitutions 

include F- and CO3
2- that can often replace the hydroxyl ion (OH-; A-type substitution) 

(Keenan, 2016) as well as the PO4
3- ion (B-type substitution) both post-mortem (Berna et 

al., 2004) and in-vivo (Green and Kleeman, 1991; Rollin-Martinet et al., 2013; Keenan, 
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2016). Significant post-mortem CO3
2- and PO4

3- substitutions can alter original oxygen 

isotope compositions; therefore, in order to assess the diagenetic alteration of bone, 

various analytical methodologies must be utilized to assess the mineralogical structure 

and geochemistry to determine the degree of diagenetic alteration and whether isotope 

analyses will yield unaltered information (Thomas et al., 2007; 2011).  

2.6 Geochemical Analytical Tools  

2.6.1 X-ray Diffraction (XRD) 

XRD uses x-rays that when directed at a sample are diffracted at various angles 

and intensities to result in a pattern that can be used to identify mineralogical 

characteristics (e.g. crystal structure and crystallinity). Previous studies have used XRD 

to identify bone mineralogy and crystallinity, as well as the diagenetic precipitation of 

authigenic minerals in order to characterize diagenetic alteration of various bone samples 

in different depositional environments (Elorza et. al., 1999; Hubert et. al., 1996; Anné et 

al., 2010; Piga et. al., 2011). Sharp peaks (narrow peak widths) indicate a higher degree 

of crystallinity whereas more broad peaks (wide peak widths) indicate lower degrees of 

crystallinity (Wopenka and Pasteris, 2005).   

2.6.2 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-

FTIR) 

Vibrational spectroscopy is utilized to determine molecular structure of materials 

and is a common tool in assessing diagenetic alteration of bone in archaeological and 

paleontological studies (Thomas et al., 2007; 2011; Piga et al., 2011; Beasley et al., 

2014). When a sample is subjected to either a monochromatic or polychromatic light 
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source, the molecules behave in characteristic ways. In ATR-FTIR, polychromatic light 

(e.g. infrared light) is passed through a crystal and total internally reflects at the interface 

with the sample producing an evanescent wave. The sample will absorb energy at various 

wavelengths which produces peaks on a spectra. These peaks are diagnostic for various 

molecular vibrational modes and can correspond to crystallinity, concentration and 

molecular structure.  

2.6.3 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) 

A common methodology for the analysis of trace and REEs in bone material for 

the assessment of geochemical taphonomy is LA-ICP-MS. This processes allows for 

either small spot sizes or transects to be analyzed for REE concentrations when a laser 

ablates a sample at desired locations. The sample then gets transferred into an ICP-MS to 

detect elemental and isotopic concentrations. Bulk ICP-MS analyses have been 

conducted; however, that cannot be utilized to determine diffusion profiles or account for 

intra-bone REE variability (Suarez et al., 2010).  
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials 

 Nine Pachyrhinosaurus perotorum proximal rib specimens were obtained from 

the Perot Museum of Nature and Science (DMNH) (Table 1). Individuals of P. 

perotorum are represented by disarticulated and unassociated bonebed material, thus in 

order to increase the chances of sampling from multiple individuals, specimens from 

different quarry block locations were selected. Other post-cranial long bones (e.g. limb 

elements) were not available for sampling.  

 

 

Table 1. List of Pachyrhinosaurus perotorum specimens with catalogue ID numbers.  

 

 

 

Specimen ID Description In situ /Float

DMNH 21574 Dorsal rib, proximal end with both heads In situ

DMNH 23888 Dorsal rib shaft, near proximal end In situ 

DMNH 23891 Dorsal rib, proximal end missing rib heads In situ 

DMNH 24197 Dorsal rib piece, near proximal end In situ 

DMNH 24228 Proximal dorsal rib In situ 

DMNH 24237 Dorsal rib, proximal end In situ

DMNH 24293 Dorsal rib shaft piece Float

DMNH 24302 Dorsal rib, proximal end Float

DMNH 24384 Proximal dorsal rib In situ
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3.2 Methods 

3.2.1 Histological Sectioning and Analysis 

Transverse thin sections were made in order to assess bone internal 

microstructure. Thin sections were also used to determine locations of transects for REE 

analyses. Prior to sectioning all specimens were photographed and sketched (Appendix 

A).  

Transverse histologic sections from P. perotorum were taken from the proximal 

end of the rib shaft only a few centimeters distal to the tuberculum and capitulum 

(Appendix A). A targeted segment (no longer than 7 cm) was removed from specimens 

by exploiting pre-existing breaks that were glued together with Butvar® polyvinyl 

butyral resin. Butvar® was dissolved with acetone, separating the target area from the 

rest of the specimen. Specimens with no pre-existing breaks had segments 6-7 cm in 

length removed by cutting along epoxy collars (a layer of Hillquist A/B epoxy over a 

layer of viscous polyvinyl acetate), which stabilized the bone during cutting. Epoxy 

collars were placed proximal and distal to the planned transverse cut. DMNH 24197 was 

less than 7 cm in length and a removal of a segment was not necessary. The targeted 

segment was then vacuum impregnated with PaleoBond™ Penetrate Stabilizer (PB002) 

to stabilize the internal microstructure. Bones were subsequently embedded in Hillquist 

C/D epoxy to stabilize the bone prior to cutting (Appendix A). DMNH 24228, DMNH 

24302, and DMNH 21574 did not have targeted segments removed prior to embedding 

and were embedded vertically (Appendix A). Once fully stabilized, blocks shorter than 7 

cm were cut in half along the planned section plane on a Bushlet Ltd. Isomet 11-1180 

Low Speed Saw; blocks longer than 7 cm were cut on a Covington Trim Saw. One side 
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of the section (Block a) was used for histological analyses and the other half (Block b) 

was used for REE analyses.  

Blocks designated for histological analyses were stabilized again with 

PaleoBond™ before being polished using 360 and 600 grit paper on a grinding lap wheel 

and then mounted on frosted 50mm x 75mm or 25mm x 50mm glass slides (depending 

on bone circumference) using Devcon 2-ton epoxy or Hillquist C-D epoxy. The excess 

block was cut off and then the resulting section was ground until roughly transparent 

using a Hillquist Thin Section Machine. Histologic sections were further ground thinner 

by hand on a glass plate with 600- and 1000- grit powder and water mixture until features 

were visible with transmitted light. Transverse thin sections were analyzed in both plane 

and cross-polarized light using a Nikon ECLIPSE E600 POL microscope fitted with a 

digital camera and ACT-1 software.  

3.2.2 Powder X-ray Diffraction (XRD) 

Powders were collected by grinding bone pieces less than 0.5 cm in diameter with 

a mortar and pestle and then sieved to collect powder smaller than 75-micron. DMNH 

24197 was embedded before powder collection so XRD data was not obtained for this 

specimen.  

 XRD data was collected using a Bruker D8 Advance Powder X-Ray 

Diffractometer with a CuKα radiation source and a Lynxeye strip detector. Measurements 

were collected at a range of 3-55° 2θ with a step size of 0.02° and 1s/step. Based on peak 

positions, sample was identified as either bone mineral (e.g. carbonate-fluorapatite) or 

other diagenetic minerals (e.g. calcite or quartz). In order to assess fluorapatite 
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crystallinity, peaks at 25.5° [002] and 32.2° [211] 2θ were examined. Fluorapatite peak 

[002] was utilized to calculate the full width at half maximum value (FWHM) (Cullinity, 

1967; Miller, 2001; Alvarez-Lloret et al., 2006).  

3.2.3 Attenuated Total Reflectance –Fourier Transform Infrared Spectroscopy (ATR-

FTIR)  

 Powders collected for XRD analyses were also utilized for ATR-FTIR using a 

ThermoScientific Nicolet iS5 FTIR spectrometer. A small quantity of powder was placed 

on a diamond crystal and a spectrum was collected from 400-2000 cm-1. The ATR 

technique has been known to induce significant shifts in vibrational band positions and 

intensity, therefore, all spectra were ATR-corrected using ISys software. Phosphate 

asymmetric stretching modes (ν4PO4) were evaluated to determine crystallinity by 

calculating the infrared splitting factor (IRSF or CI). The IRSF of bone mineral 

corresponds to the degree of order within the apatite crystal which is a function of crystal 

size, structural deformation, and composition (Munro et al., 2007; references therein). 

The most common methodology to calculate the IRSF with FTIR data uses the following 

equation: 

 

 IRSF= [565height + 605height] ∕ [590height]                                        (1) 

 

where the 565height and 605height are the peak heights of the asymmetric stretching modes 

of phosphate (ν4PO4) and 590height is the height of the minimum trough (Fig. 14A) 

(Weiner and Bar-Yousef, 1990; Munro et al., 2007; Beasley et al., 2014). The IRSF 
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values were utilized to calculate the mean crystal length using the following equation 

(Trueman et al., 2004; 2008b): 

                       Mean crystal length (nm) = [IRSF-0.822] ∕ [0.048]                      (2) 

 

Various methodologies have been utilized to calculate the carbonate (CO3) to 

phosphate (PO4) ratio (C/P ratio). In this study, both the C/Pheight and C/Parea ratios were 

calculated. The C/Pheight ratio is calculated using the heights from the v3CO3 and ν3PO4 

peaks: 

 C/Pheight= [1415height] ∕ [1035height]                                                  (3) 

 

The 1035 cm-1-ν3PO4 is classically used to avoid the double peak feature of the ν4PO4 

(Beasley et al., 2014).  

In order to calculate the carbonate (CO3) to phosphate (PO4) area ratio (C/Parea) 

(Fig. 14A) the following equation was utilized:  

 

C/Parea= [870area] ∕ [1035area]                                                          (4)    

 

where 870area is the area under the ν2CO3 peak and 1035area is the area under the ν3PO4 

peak (Fig. 14A). Equation 4 is typically utilized in modern bone to avoid possible 

interference with amide (organic components of bone) peak that occurs at about 1640  
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cm-1 (Hollund et al., 2013). The areas under the carbonate (ν2CO3) and phosphate (ν3PO4) 

bands were determined using ISys software. 

The second derivative of the ATR-FTIR spectra was utilized to determine the 960 

cm-1 (ν1PO4) peak position with ISys software to isolate the 960 cm-1 peak partially 

overlapping ν1PO4 and ν3PO4 bands (Fig 14B).  

3.2.4 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) 

 LA-ICP-MS was conducted using a ThermoFinnigan Element 2 Single-collector 

Inductively Coupled Plasma- Mass Spectrometer equipped with a New Wave Research 

UP-213-nanometer wavelength laser ablation unit at the University of Maryland. Block b 

from four specimens (DMNH 21574, DMNH 24237, DMNH 24293, and DMNH 24197) 

were analyzed for REE and trace element data. Blocks smaller than 2 inches in diameter 

were chosen in order to fit in a 2-inch round sample holder. One specimen (DMNH 2391) 

was too tall for the sample holder and was subsequently mounted onto a 25mm x 50 mm 

glass slide, cut, polished and analyzed on the thin section.  

 In all scans, standards (NIST610 and BHVO2g) were analyzed before and after 

each analysis. Three ontogenetically variable specimens, DMNH 23891 (juvenile), 

DMNH 21574 (sub-adult), and DMNH 24237 (adult), had transects analyzed from the 

periosteal surface inward to the medullary cavity on the craniomedial side. Transects 

were repeatedly run at 15μm/sec for 2 minutes from the periosteal layer to the central 

cavity (Appendix E.2). The transect from DMNH 21574 was run completely through the 

bone to the caudomedial side (Appendix E.2). DMNH 24293 and DMNH 24197 had six 

point analyses conducted on the periosteal surface of the craniomedial side and ablation 
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took place for no more than 40 sec/scan. REE concentrations from point analyses 20-25 

μm away from the bone periosteal surface were utilized for spider diagrams. All data 

from LA-ICP-MS analyses were normalized relative to the North American Shale 

Composite (NASC; Gromet et al., 1984).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. FTIR spectra of modern bone and second derivative spectra from a single 

vibrational band. (A) FTIR spectra of modern bone showing phosphate and carbonate 

vibrational modes. Baselines and band peak heights are utlilized to calculate the IRSF 

and the C/Pheight ratios. C/Parea ratio is determined using the ν2CO3 and ν3PO4 areas under 

the peaks (from Beasley at al., 2014). (B) Normal absorbance band (top) and after second 

derivative (bottom) which can be utilized to help separate overlapping bands (from 

Owen, 1995). 
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Fossilization times were calculated using LA-ICP-MS transects from DMNH 

24237, DMNH 23891, and DMNH 21574 using the D-A model proposed by Millard and 

Hedges (1996). Even though U is commonly utilized for the D-A model, U 

concentrations can be influenced by redox conditions (Trueman et al., 2008a) and thus, 

was not used for calculating the fossilization period. Instead, La concentrations were 

utilized and fossilization times were compared to assess if fossilization times are 

consistent between bone specimens.   

3.2.5 Statistical Analyses 

 Significant differences in ATR-FTIR data between histologically identified 

juveniles, sub-adults, and adults were determined using the Kruskal-Wallis test in 

PAleontological Statistics (PAST) software. Specimens identified as float were 

categorized into a separate group. Results from C/Parea, C/Pheight, IRSF, and crystallite size 

calculations were assessed where statistical significance is when p< 0.05. Significant 

results from the Kruskal-Wallis test were subsequently assessed using Dunn’s Post Hoc 

test to compare significant differences between groups. 
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CHAPTER 4 

RESULTS 

4.1 Rib Histology 

Nine ribs were histologically sectioned, of which 6 preserve cellular structure 

useful to assess ontogenetic age and growth dynamics. Three specimens (DMNH 24197, 

DMNH 24302, and DMNH 24293) have an entirely recrystallized internal microstructure 

and are not useful for histologic analyses (Appendix B). Best preservation of histologic 

features is on the medial side. 

DMNH 23891 has the smallest diameter of all P. perotorum specimens in this 

study. Due to the unaltered shape and preservation of bone microstructure, this specimen 

has undergone minimal diagenetic alteration (Fig. 15). Cortical bone is thickest on the 

medial side, both cranially and caudally. Erosional cavities are present throughout the 

inner cortex but are concentrated on the lateral side. Between the inner and outer cortex is 

an approximately 250 μm thick band of FLB with longitudinal canals (Fig. 15A). The 

outer cortex is composed of FLB with radially oriented canals in the craniomedial and 

caudomedial regions (Fig. 15), and generally reticular oriented canals medially. No 

secondary osteons or LAGs are present.  

DMNH 21574 displays moderate taphonomic distortion evident by cranial-caudal 

flattening (Fig. 16). Cortical bone is thickest on the craniomedial portion of the bone and 

thinnest on the caudolateral side. Erosional cavities are most prevalent in the inner cortex 

and on the lateral side of the section, with fewer present on the medial portion. Secondary 

osteons dominate the inner cortex, becoming sparser in the outer cortex. Secondary
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osteons and erosional cavities extend further toward the periosteal surface on the 

craniolateral and caudolateral portions of the bone. The outer cortex is primary FLB with 

canals oriented radially, longitudinally, and reticularly. The craniomedial portion is 

dominated by zones of radial FLB separated by a total of 11 LAGs (Fig. 16A, B). Zones 

become gradually thinner towards the bone periphery, indicating a deceleration of 

growth. The outermost zone of growth is composed of reticularly oriented primary 

osteons indicating that prior to death, DMNH 21574 was still growing rapidly. The 

medial most region of the outer cortex is represented by longitudinal and reticular FLB. 

Longitudinal bone is more common toward inner cortex and reticular bone is present in 

the outermost zone of growth. There are only eight LAGs visible in the medial most 

region due to overprinting by secondary osteons (Fig. 16C).   

DMNH 24384 is broken in half longitudinally and was repaired (Fig. 17). 

However, the overall shape of the bone was minimally influenced by burial 

compaction/pressure. The majority of the primary tissue of the innermost and outer 

cortex has been overprinted by secondary osteons. Erosional cavities persist throughout 

the inner and outer cortex, mainly on the medial and lateral sides. Some primary bone 

tissue remains visible in the craniomedial and caudomedial portions. The primary tissue 

is composed of reticular FLB (Fig. 17A). At most, five LAGs are visible, although more 

may have been destroyed by remodeling (Fig. 17B).  

DMNH 23888 has experienced minimal taphonomic alteration based on the lack 

of distortion of the bone shape (Fig. 18). At least two generations of secondary osteons 

are prevalent in the inner cortex and secondary reconstruction radiates outward to the 

periosteal surface. Erosional cavities and secondary osteons have overprinted and 
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obliterated any primary bone tissue or LAGs in the inner cortex. LAGs and primary bone 

tissue are present in the outer cortex, but are only minimally visible on the caudomedial 

and craniomedial sides. Two narrow zones of reticular and longitudinal FLB are present 

on the caudomedial side along with five LAGs (Fig. 18B). On the craniomedial side, 

three LAGs are visible through the secondary remodeling and are followed by an external 

fundamental system (EFS) (Fig. 18A).  

DMNH 24237 lacks evidence for taphonomic distortion due to the well-preserved 

shape (Fig. 19). The inner cortex is entirely composed of multiple generations of 

secondary osteons indicating extensive bone remodeling. Secondary bone and erosional 

cavities persist throughout the inner cortex and extend through the outer cortex toward 

the periosteal surface (Fig. 19B). Most primary bone is no longer visible due to the dense 

secondary bone that prevents the assessment of the original vascular structure.  The 

craniomedial side does preserve portions of two LAGs in the outer cortex which is 

followed by an EFS (Fig. 19A). Caudomedially, eight LAGs are visible and partially 

obstructed due to secondary remodeling (Fig. 19B). 

DMNH 24228 has been extensively taphonomically modified based on the 

cranial-caudal flattening and diagenetic alteration (Fig. 20). The inner cortex is 

completely composed of multiple generations of secondary osteons indicating extensive 

bone remodeling. Secondary osteons and erosional cavities extend throughout the outer 

cortex and towards the bone periphery. Primary bone is poorly vascularized (Fig. 20A) 

and four LAGs are visible but severely obstructed due to the density of remodeled bone 

and significant diagenetic alteration.  
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Juvenile specimens (DMNH 23891) (Fig. 15) displayed primary FLB, no 

secondary osteons nor slowed growth indicated by thinner growth zones toward the 

periosteal surface. Sub-adult bones (DMNH 21574 (Fig. 16), DMNH 24384 (Fig. 17), 

DMNH 23888 (Fig. 18), and DMNH 24228(Fig. 19)) were identified based on the 

presence of primary FLB tissue, secondary osteons and narrowing growth zones toward 

the periosteal surface. Even though DMNH 23888 possesses an EFS, it was determined 

to be a sub-adult due to the primary reticular FLB present in the outermost zone of the rib 

caudomedial side. This indicates that at least part of the bone was still growing when the 

individual died and had not fully reached skeletal maturity. When an individual has 

reached maximum size, it deposits an EFS as the outermost zone which is characteristic 

of adult individuals (DMNH 24237 (Fig. 20)). Recrystallized specimens (DMNH 24197 

and DMNH 24293) were too altered to be ontogenetically identified.  

4.2 XRD 

Diffractograms are shown in Fig. 21. Significant peak positions and FWHM 

values are reported in Table 2. All patterns have been identified as a carbonate-

fluorapatite with trace amounts of calcite in all bones and quartz in DMNH 23891. The 

sharpest peaks are observed at 25.8°, 32°, and 33° 2θ which correspond to [002], [211], 

and [300] fluorapatite peaks. The quartz peak appears within the XRD pattern from 

DMNH 23891 at 26.64° 2θ. Calcite is also present as evident by peak positions at 29.4° 

2θ and in DMNH 23891, at 36° 2θ. Fluorapatite peak positions do not vary significantly 

between specimens. FWHM calculations from the [002] fluorapatite peak do not 

substantially vary between specimens; however, DMNH 24228 has the smallest FWHM 

value indicating a higher crystallinity than the other specimens.  
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Fig. 21. XRD patterns from bone powders with important peaks identified. [002] 

Fluorapatite peak was utilized to determine FWHM values.  
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Table 2. Summary of significant XRD peak positions and the FWHM of the [002] 

fluorapatite peak.  

 

 

 

4.3 ATR-FTIR 

ATR-FTIR spectra from all fossil bone resemble that of modern bone but are 

missing all amide peaks that correspond to the organic constituents (e.g. collagen). All 

spectra have bands at approximately 1020 cm-1 (ν3PO4), 964 cm-1 (ν1PO4), 867 cm-1 

(ν2CO3), 597 and 560 cm-1 (ν4PO4) between 400-1400 cm-1  (Fig. 22). Spectra from 

DMNH 23888, DMNH 23891, DMNH 24293, and DMNH 24302 have an additional 

band with a peak at approximately 712 cm-1 (ν4CO3) which is a diagnostic peak for 

calcite (Sasso et al., 2016). However, there were variations between specimens in peak 

positions and areas (Table 3). Raw ATR corrected spectra yield variable ν1PO4 peak 

positions that occur at greater wavenumbers (964-971 cm1) in comparison to modern 

bone (960 cm-1). ν1PO4 peak positions from second derivative spectra do not significantly 

Specimen ID DMNH 24384 DMNH 23891

Dominant mineralogy Carbonate-fluorapatite Carbonate-fluorapatite

Fluorapatite [002] 25.82 25.84

Fluorapatite [211] 31.95 31.82

Fluorapatite [300] 33.09 33.05

Calcite 29.12 29.54

Quartz 26.64

[002] FWHM 0.35 0.34

Specimen ID DMNH 24228 DMNH 24237

Dominant mineralogy Carbonate-fluorapatite Carbonate-fluorapatite

Fluorapatite [002] 25.84 25.82

Fluorapatite [211] 32.01 31.95

Fluorapatite [300] 33.05 33.09

Calcite 29.16 29.57

Quartz 

[002] FWHM 0.29 0.34

Peak Positions 2θ (°)

Peak Positions 2θ (°)
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vary between specimens in uncorrected spectra and do not vary at all in ATR-corrected 

spectra. Even though raw data spectra ν1PO4 peak positions occur at positions greater 

than 960 cm-1, second derivative spectra yield positions less than 960 cm-1 (Table 3).  

 

 

 

Fig. 22. ATR-FTIR spectra from bone powders. Gray dashed line represents the position 

of the ν1PO4 band in modern bone. Yellow dashed line represents position of the 

diagnostic ν4CO3 calcite peak. Modern bone is bovine courtesy of Temple University 

Bioengineering Department. Amide band is present only in modern bone.  
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Table 3. Peak positions, heights and areas of significance from ATR-FTIR spectra of 

powder specimens. S.D. =second derivative.  

 

 

 

 

 

 

Peak Position (cm
-1

) Area (arb. units) Height (arb. units) S.D. Peak Positions (cm
-1

)

ν4PO4 564.89/601.69 0.031/0.027

ν1PO4 964.69 956.5

ν3PO4 1031.3 19.85 0.09181025

ν2CO3 869.21 0.46

ν3CO3 1413.1 0.01674

ν4CO4

Peak Position (cm
-1

) Area (arb. units) Height (arb. units) S.D. Peak Positions (cm
-1

)

ν4PO4 563.47/602.24 0.019/0.016

ν1PO4 963.03 956.5

ν3PO4 1028.4 14.46 0.04739

ν2CO3 867.75 0.23

ν3CO3 1414.1 0.0085096

ν4CO4

Peak Position (cm
-1

) Area (arb. units) Height (arb. units) S.D. Peak Positions (cm
-1

)

ν4PO4 565.86/602.1 0.026/0.023

ν1PO4 964.02 956.5

ν3PO4 1035 20.97 0.076865667

ν2CO3 869.17 0.34

ν3CO3 1417.6 0.025535

ν4CO4

Peak Position (cm
-1

) Area (arb. units) Height (arb. units) S.D. Peak Positions (cm
-1

)

ν4PO4 563.72/601.51 0.025/0.022

ν1PO4 961.76 956.5

ν3PO4 1030.1 20.28 0.085117667

ν2CO3 869.12 0.44

ν3CO3 1413.6 0.023541

ν4CO4

DMNH 23888

DMNH 24384

DMNH 21574

DMNH 24237
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Table 3. (cont.) 

 

 

 

 

 

 

Peak Position (cm
-1

) Area (arb. units) Height (arb. units) S.D. Peak Positions (cm
-1

)

ν4PO4 565.68/602.10 0.024/0.021

ν1PO4 964.53 956.5

ν3PO4 1033 19.85 0.076414333

ν2CO3 870.58 0.46

ν3CO3 1416.6 0.029769333

ν3CO4 1.029769333

Peak Position (cm
-1

) Area (arb. units) Height (arb. units) S.D. Peak Positions (cm
-1

)

ν4PO4 565.92/601.60 0.022/0.019

ν1PO4 964.02 956.5

ν3PO4 1034.1 20.28 0.079037667

ν2CO3 871.48 0.81

ν3CO3 1417.1 0.042512667

ν4CO4 713.47

Peak Position (cm
-1

) Area (arb. units) Height (arb. units) S.D. Peak Positions (cm
-1

)

ν4PO4 565.39/602.29 0.014/0.011

ν1PO4 964.14 956.5

ν3PO4 1031.5 13.10 0.050943667

ν2CO3 871.23 0.72

ν3CO3 1410.7 0.034695333

ν4CO4 713.03

Peak Position (cm
-1

) Area (arb. units) Height (arb. units) S.D. Peak Positions (cm
-1

)

ν4PO4 563.89/601.51 0.021/0.019

ν1PO4 963.42 956.5

ν3PO4 1029 18.62 0.04750175

ν2CO3 869.49 1.06

ν3CO3 1409.5

ν4CO4 712.71

DMNH 24302

DMNH 23891

DMNH 24228

DMNH 24293
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4.3.1 Carbonate: Phosphate (C/P) Ratio  

Carbonate (ν2CO3): phosphate (ν1PO4; ν3PO4) area (C/Parea) ratios range from 

0.022±0.001 - 0.057±0.001 (Table 4). DMNH 21574, DMNH 23888, DMNH 24237, 

DMNH 24228, and DMNH 24384 have C/Parea values that are comparable with modern 

bone (0.020), whereas DMNH 23891, DMNH 24293, and DMNH 24302 have elevated 

ratios. The C/Parea ratio is highest in the juvenile specimen (DMNH 23891) and lowest in 

the adult specimen (DMNH 24237); whereas float material (DMNH 24293 and DMNH 

24302) collected from the Colville River have elevated carbonate relative to sub-adult 

and adult specimens evident by the higher C/Parea ratio (n=8, p=0.003; Table 5). In 

general, C/Parea ratios display a correlation to ontogenetic age, where the juvenile 

specimen has the highest value and an adult specimen yields the lowest value (Fig. 23). 

C/Parea ratios from float specimens (DMNH 24302 and DMNH 24293) are not 

significantly different from the juvenile specimen (DMNH 23891) (Table 5) indicating 

either similarity in ontogenetic age or diagenetic influences. Similarly, C/Parea ratios from 

sub-adults (DMNH 21575, DMNH 23888, DMNH 24384, and DMNH 24228) are not 

significantly different from the adult specimen (DMNH 24237) (Table 5) most likely due 

to the similarity in ontogenetic age.  

C/Pheight ratios are either elevated or depleted in comparison to modern bone 

(Table 4). C/Pheight ratio displays a similar trend to C/Parea ratio where the juvenile and 

float material represent the highest values and the adult (DMNH 24237) is depleted in 

comparison. C/Pheight generally correlates to ontogenetic age (Fig. 24). Even though the 

C/Pheight ratio is elevated in DMNH 23891, it is not the highest value (DMNH 24293).  



55 

 

Table 4. Summary of C/P ratios, IRSF, and fluorapatite crystallite sizes calculated from 

ATR-FTIR spectra. Crystallite sizes reported in nm. (*from Beasley et al., 2014) 

 

 

 

 

 

 

 

 

 

IRSF ±Error Crystallite size (nm)±Error

DMNH 24237 3.50 0.01 55.7 0.3

DMNH 23888 3.40 0.01 53.7 0.1

DMNH 24228 3.41 0.03 53.9 0.6

DMNH 24384 3.34 0.03 52.4 0.7

DMNH 21574 3.40 0.04 53.7 0.8

DMNH 24302 3.58 0.03 57.5 0.6

DMNH 24293 3.57 0.03 57.3 0.6

DMNH 23891 3.38 0.01 53.2 0.2

Modern Bone 2.5-3.25* 34.96-50.58

C/Parea ±Error C/Pheight ±Error

DMNH 24237 0.015 0.0011 0.18 0.047

DMNH 23888 0.022 0.0012 0.28 0.033

DMNH 24228 0.023 0.0019 0.39 0.009

DMNH 24384 0.016 0.0013 0.33 0.006

DMNH 21574 0.016 0.0004 0.18 0.001

DMNH 24302 0.040 0.0004 0.54 0.010

DMNH 24293 0.055 0.0028 0.68 0.015

DMNH 23891 0.057 0.0011 0.54 0.033

Modern Bone 0.02** 0.23-0.34*
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Table 5. Results from statistical analyses. Yellow boxes signify statistical significance.  

 

 

 

 

 

 

 

 

 

C/Parea C/Pheight IRSF Crystallite size (nm)

p-value 0.0006 0.0006 0.0003 0.0006

C/Parea Adult Sub-Adult Float Juvenile

Adult 0.1441 0.0011 0.0008

Sub-Adult 0.1441 0.0063 0.0055

Float 0.0011 0.0063 0.5845

Juvenile 0.0080 0.0055 0.5485

C/Pheight Adult Sub-Adult Float Juvenile

Adult 0.2733 0.0010 0.0094

Sub-Adult 0.2733 0.0011 0.0285

Float 0.0010 0.0011 0.5845

Juvenile 0.0094 0.0285 0.7642

IRSF Adult Sub-Adult Float Juvenile

Adult 0.0600 0.3681 0.0647

Sub-Adult 0.0600 0.0002 0.6481

Float 0.3680 0.0002 0.0024

Juvenile 0.0647 0.6481 0.0024

Crystallite size (nm) Adult Sub-Adult Float Juvenile

Adult 0.0600 0.3681 0.0647

Sub-Adult 0.0600 0.0002 0.6481

Float 0.3680 0.0002 0.0024

Juvenile 0.0647 0.6481 0.0024

Kruskal-Wallis

Dunn's Post Hoc Test
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Fig. 23. Median C/Parea ratios calculated from bone powder spectra. Specimen are 

organized by ontogenetic age from DMNH 24237 (adult) to DMNH 23891 (juvenile). 

Sub-adults are organized in increased ontogenetic age based on extent of secondary 

remodeling and presence of primary bone, unobstructed by secondary osteons. DMNH 

23888 is considered to be the oldest of the sub-adults due to the presence of an EFS.  
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Fig. 24. Median C/Pheight ratios calculated from ATR-FTIR spectra. Specimen are 

organized by ontogenetic age from DMNH 24237 (adult) to DMNH 23891 (juvenile). 

Sub-adults are organized in increased ontogenetic age based on extent of secondary 

remodeling and presence of primary bone, unobstructed by secondary osteons. DMNH 

23888 is considered to be the oldest of the sub-adults due to the presence of an EFS.  
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The specimen with the lowest C/Pheight ratio is DMNH 21574 due to either a lower 

concentration of carbonate or elevated phosphate content due to diagenetic release of 

carbonate and/or elevated phosphate substitution into the apatite lattice structure. Similar 

to that observed in C/Parea ratios, C/Pheight values from float specimens (DMNH 24302 and 

DMNH 24293) are not significantly different from the juvenile specimen (DMNH 23891) 

(Table 5) indicating either similarity in ontogenetic age or diagenetic influences. C/Pheight 

ratios from sub-adults (DMNH 21575, DMNH 23888, DMNH 24384, and DMNH 

24228) are not significantly different from the adult specimen (DMNH 24237) (Table 5) 

most likely due to the similarity in ontogenetic age.  

4.3.2 Bone Crystallinity and Crystallite Size  

 IRSF evaluates the crystallinity of the apatite lattice structure (Trueman et al., 

2008b; Hollund et al., 2013; Beasley et al., 2014). In modern bone, the IRSF values range 

from 2.5-3.25 (Berna et al., 2004; Thompson et al., 2009; Beasley et al., 2014). IRSF 

values from P. perotorum bones range from 3.34±0.03 to 3.58±0.03 and show no 

correlation to ontogenetic age (Fig. 25). Crystallite sizes were calculated from the IRSF 

values from ATR corrected spectra and are reported in Table 4. DMNH 24384 yielded 

the smallest crystallite size (52.4±0.7 nm) while DMNH 24302 and DMNH 24293 (float 

material) yielded the largest sizes, 57.5±0.6 nm and 57.3±0.6 nm, respectively (Fig. 26). 

Statistically, there is a significant difference between ontogenetic age and float specimens 

and IRSF values (n=8; p=0.0006; Table 5). However, these statistical differences only 

occur between the juvenile (DMNH 23891) IRSF values and the float (DMNH 24302 and 

DMNH 24293) specimens’ values, as well as between float and sub-adult (DMNH 

21574. DMNH 23888, DMNH 24384, and DMNH 24228) specimens IRSF values (Table 
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4). The IRSF value from the adult specimen (DMNH 24237) is not significantly different 

from any of the other groups (Table 5). This indicates that there is no correlation between 

ontogenetic age and IRSF (thus, crystallite size) values.  

 

 

 

Fig. 25. Median IRSF values calculated from ATR-FTIR spectra. Specimens are arranged 

ontogenetically from youngest (DMNH 23891) to oldest (DMNH 24237). Sub-adults are 

organized in increased ontogenetic age based on extent of secondary remodeling and 

presence of primary bone, unobstructed by secondary osteons. DMNH 23888 is 

considered to be the oldest of the sub-adults due to the presence of an EFS.  
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Fig. 26. Median apatite crystallite sizes calculated from IRSF data. Specimens are 

arranged ontogenetically from youngest (DMNH 23891) to oldest (DMNH 24237). Sub-

adults are organized in increased ontogenetic age based on extent of secondary 

remodeling and presence of primary bone, unobstructed by secondary osteons. DMNH 

23888 is considered to be the oldest of the sub-adults due to the presence of an EFS.  
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4.4 LA-ICP-MS 

4.4.1 Point Analyses 

 NASC-normalized (Gromet et al., 1984) REE data from point analyses yielded 

variable spider diagrams between bones from this study in both concentration (ppm) and 

signature (Fig. 27). Total REE concentrations range from 28 ppm to 2500 ppm. 

Concentrations recorded from DMNH 24293 were significantly elevated in comparison 

to the other four specimens utilized for this analysis. Most REE patterns are relatively 

flat, therefore displaying no enrichments in either LREE, MREE, or HREE.  DMNH 

23891 yields negative Ce and Eu anomalies and a positive Gd anomaly. DMNH 24197 

and DMNH 24237 display relatively flat profiles with little to no enrichment but yield 

contrasting negative and positive Eu anomalies, respectively. DMNH 21574 is relatively 

HREE enriched and yields a slightly negative Ce anomaly. DMNH 23891, similar to 

DMNH 21574, is slightly HREE enriched and also displays a relatively small negative Ce 

anomaly. DMNH 23891 also yields a positive Eu anomaly.  

4.4.2 Diffusion Profiles 

 La diffusion profiles from a juvenile (DMNH 23891), sub-adult (DMNH 21574), 

and adult (DMNH 24237) specimen are reported in Fig. 28. DMNH 23891 (Fig. 28A) 

and DMNH 21574 (Fig 28B) have La concentrations highest at the periosteal surface 

which decrease significantly within the first 100-500 μm. Concentrations within DMNH 

21574 decrease significantly faster than in DMNH 23891. The La diffusion profile from 

DMNH 23891 correlates well with the diffusion-adsorption model which yielded a 

diffusion period of approximately 5600 years. The La diffusion profile from DMNH 
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21574 was moderately correlated to the diffusion adsorption model and yielded a 

fossilization time of 4400 years. REE concentrations within DMNH 24237 (Fig. 28C) are 

lower within the first approximately 100 μm of the outer cortex which corresponds to an 

EFS. Neither DMNH 21574 nor DMNH 23891 possess an EFS. Two peaks in La 

concentration of DMNH 24237 are observed at approximately 127.69 μm and 380.82 μm 

indicating a more complex diffusion profile than what is observed in DMNH 23891 and 

DMNH 21574. Therefore, calculating a diffusion time for DMNH 24237 using a 

diffusion-adsorption model is not applicable. 

 

 

 

Fig. 27. NASC-normalized REE patterns from LA-ICP-MS analyses. Patterns represent 

variable geochemical conditions during fossilization. NASC = North American Shale 

Composition (Gromet et al., 1984); REE = rare earth elements. 
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Fig. 28. La diffusion profiles from three transects. (a) DMNH 23891 represents a profile 

consistent with single diffusion-adsorption mechanisms. (b) DMNH 21574 represents a profile 

that is over steepened indicating restricted interactions between bone pore spaces and pore-

waters. (c) DMNH 24237 represents a profile more consistent with either leaching or diffusion 

influence by an EFS.  

 

A 
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CHAPTER 5  

INTERPRETATIONS AND DISCUSSION 

5.1 Bone Histology  

Rib histology is relatively understudied and has only been recently reexamined in 

sauropods (Waskow and Sander, 2014) and in theropods, ornithischians (excluding 

ceratopsians), and crocodiles (Waskow and Mateus, 2017). Rib histology from P. 

perotorum yields valuable insight into the growth dynamics of paleo-Arctic species. 

Based on the presence of radial and reticular FLB in all juvenile and sub-adult 

individuals, during early ontogeny P. perotorum grew rapidly. This is consistent with the 

hypothesis that the larger ceratopsids grew faster than smaller non-ceratopsid 

ceratopsians (e.g. Psittacosaurus) (Lee, 2007; Levitt, 2013). DMNH 21574 has relatively 

wide growth bands which narrow toward the bone periphery which is consistent with 

growth rate decreasing as the individual nears skeletal maturity. Unfortunately, this 

specimen was the only one to preserve this specific pattern due to extensive remodeling 

in all other sub-adult and adult specimens. DMNH 23891 represents an individual too 

young to have preserved a cyclical growth pattern.  

The expression of LAGs and cyclical bone growth in P. perotorum could occur as 

a result of life within the paleo-Arctic Circle and may be attributable to seasonal stresses 

brought about by harsher winter conditions (Chinsamy et al., 2012; Köhler, 2012). Other 

large-bodied ceratopsians (including the other Pachyrhinosaurus species) lived below the 

paleo-Arctic Circle and would not have been subjected to the same seasonal stresses as P. 

perotorum. However, bone histology from lower latitude large bodied ceratopsids 
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remains poorly understood. Only two chasmosaurine (Levitt, 2013) and three 

centrosaurine (Lee, 2007; Reizner, 2010, and Erickson and Druckenmiller, 2011) taxa 

have had post-cranial material histologically analyzed prior to this study. More 

histological studies filling in the gaps in understanding ceratopsian growth dynamics are 

necessary to further constrain the effects of a high paleo-latitude on the growth of P. 

perotorum.  

The high density of secondary osteons observed in P. perotorum ribs is not seen 

in the single femur study conducted by Erickson and Druckenmiller (2011). This may 

result from to the fact that different bones within the same individual can experience 

different growth patterns and differential secondary bone formation due to element-

specific growth rates, as well as mechanical and environmental stresses (Padian et al., 

2016). The extent of secondary osteons observed within P. perotorum ribs is higher than 

what is reported in previous dinosaur rib histology studies (Waskow and Mateus, 2017), 

in which secondary remodeling in histologically determined sub-adults and adults is far 

less extensive, so that only 1-2 LAGs are missing and a complete growth record is 

typically recorded (Fig. 29). In sub-adult and adult specimens of P. perotorum (DMNH 

24237, DMNH 23888, DMNH 24228, and DMNH 24384) secondary osteons obliterate 

large portions of the growth record in ribs with the exception of DMNH 21574 which 

does preserve a near complete growth record in parts of the cross-section. More 

histological studies need to be completed to determine the reason for the dense secondary 

bone in P. perotorum; however, it is possibly attributable to environmental stresses 

resulting from polar over-wintering or biomechanical stresses (e.g. changes in bone 

morphology due to growth dynamics and ontogenetic age) (Padian et al., 2016). 
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Comparing histology from P. perotorum ribs to other associated long bones (e.g. limb 

elements) could further clarify the driver(s) for dense secondary bone formation.  

 

 

 

Fig. 29. Transverse thin section from an adult ornithopod dinosaur (ML 439) depicting a 

near complete growth record. Even though secondary osteons are present, they are 

minimal and are concentrated near the medullary cavity. (from Waskow and Mateus, 

2016) 
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5.2 Characterizing Diagenetic Alteration 

 XRD patterns confirm the post-mortem transformation of original bone mineral, 

carbonate-hydroxyapatite, to a carbonate-fluorapatite. Thermodynamically, 

hydroxyapatite is metastable and will diagenetically alter to fluorapatite during 

fossilization. Other authigenic minerals that precipitate within bone pore spaces can often 

yield information about pore-water chemistry (Piga et al., 2011). Quartz is present in 

DMNH 23891; however, it is not a common authigenic mineral in fossil bone (Piga et al., 

2011). The appearance of quartz is most likely due to the addition of sediment into the 

bone. XRD analysis of matrix from the KTQ (Appendix C) also contained quartz, but no 

authigenic quartz was visible within petrographic studies of bone thin sections. Calcite is 

also observed in DMNH 23891 and DMNH 24384 and is a common authigenic mineral 

in many fossil localities (Astibia et al., 2005; Hubert et al., 1996; Piga et al., 2011). In 

petrographic studies of P. perotorum, calcite is found infilling bone pore spaces in all 

specimens, which is consistent with XRD patterns of bones where calcite is also present.  

Modern bone XRD patterns typically display broad apatite peaks attributable to 

lower crystallinity. The FWHM of modern apatite [002] can range from 0.41-0.54° 2θ 

(Sillen, 1989). Calculated FWHM values from P. perotorum bones were less than 

modern bone, indicating a narrower peak and thus, higher crystallinity. This is consistent 

with what is typically observed in fossil bone (Trueman, 1999; Piga et al., 2011). While 

most P. perotorum bones display similar FWHM values (0.34-0.35°), one specimen 

(DMNH 24384) has a more crystalline apatite lattice (lower FWHM). IRSF values are 

higher than typically observed in modern bone indicating a more ordered crystal structure 

and higher crystallinity in fossil bones (Beasley et al 2014; Sasso et al., 2016). Evidence 
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for a more ordered lattice structure in fossil bone in comparison to modern bone is an 

expected result due to the fossilization process.  Variations in crystallinity can indicate 

differences in pre-fossilization exposure times and fossilization processes (Trueman et 

al., 2004). Variable pre-fossilization exposure time should coincide with variable 

taphonomic features (e.g. weathering). Minimal weathering is reported in all bones found 

within the KTQ indicating that all specimens were buried rapidly, thus could not have 

been subjected to different pre-fossilization exposure times. Therefore, variable 

crystallinity is more likely due to differences in fossilization processes between 

specimens.  

ν1PO4 peak positions have been found to be sensitive to changes in the apatite 

lattice structure and thus, can be useful in characterizing diagenetic alteration (Thomas et 

al., 2007; 2011). Second derivative spectroscopy from P. perotorum bones indicates a 

change in the ionic environment with respect to modern bone apatite around the 

phosphate ion where neighboring ions are lighter and/or bond lengths are shorter. This 

allows for the frequency of phosphate vibration to increase which corresponds to a shift 

in band position to lower wavenumbers. The same shift to lower wavenumbers is 

observed in all bones indicating that the apatite lattice structure in all specimens were 

subjected to similar ionic substitutions in the environment surrounding the phosphate ion. 

Raman spectroscopy on fossil bone found a similar result with specimens that had 

additional carbonate added to the apatite lattice which altered the ν1PO4 peak position 

toward lower wavenumbers (Thomas et al., 2011).  

 Carbonate phases within bones can either be A-type (carbonate replaces hydroxyl 

in the mineral structure) or B-type (carbonate replaces phosphate in the mineral 
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structure), depending on the crystallographic site it occupies. ATR-FTIR peaks at 

approximately 870 cm-1 and 1415 cm-1 correspond to B-type substitution which indicates 

carbonate substitution into the apatite lattice through replacement of the phosphate ion. 

Bones can be considered diagenetically altered if the C/Pheight ratio is either elevated 

(indicating higher carbonate and lower phosphate content) or depleted (indicating 

carbonate loss and growth of authigenic apatite) in comparison to modern bone (0.23-

0.34) (Beasley et al., 2014). Therefore, DMNH 24237 and DMNH 21574 represent 

specimens with significant carbonate loss while specimens DMNH 24228, DMNH 

24302, DMNH 23891, and DMNH 24293 have elevated carbonate content as a result of 

B-type carbonate substitution. Specimens DMNH 24384 and DMNH 23888 have C/Pheight 

ratios that are comparable with modern bone values. The trends evident in C/P ratios in 

this study can be interpreted as either resulting from ontogenetic or diagenetic influences.  

 Studies on modern bone have found that with increasing ontogenetic age, bone 

becomes more crystalline and stoichiometric, thus containing less carbonate. Therefore, 

negative trends in C/P ratios from P. perotorum bones could be attributable to bone 

maturation and ontogeny where with increasing age and bone mineral maturity, carbonate 

is lost. However, influences controlled by diagenetic alteration cannot be ruled out. 

Diagenetic characteristics are not uniform between ontogenetic groups which can be 

interpreted as exposure to variable diagenetic influences between P. perotorum bones; 

however, it is possible that the trend observed is a true ontogenetic signal.  

Secondary calcite FTIR peaks were also observed within spectra from DMNH 

24302, DMNH 23891, DMNH 23888, and DMNH 24293 with peak positions at 

approximately 712 cm-1, and calcite is also observed in XRD patterns. Calcite FTIR 
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spectra also have CO3
2- band positions at 870 cm-1 and 1415 cm-1 which overlap with 

structural carbonate peaks. DMNH 24302, DMNH 23891, and DMNH 24293 have the 

three highest C/P ratios; therefore, calcite content seems to be interfering with ATR-FTIR 

carbonate substitution interpretations.  

5.3 Geochemical Taphonomy  

REE concentrations and signatures varied between specimens indicating 

differences in diffusion/uptake in REEs, and thus differences in fossilization processes 

between specimens. DMNH 24293 contained elevated REE concentrations with respect 

to the other specimens, indicating longer interaction with pore-waters that allowed for 

more uptake of REE and fossilization within a different geochemical environment than 

the other specimens. The other four specimens (DMNH 24197, DMNH 24237, DMNH 

23891, and DMNH 21574) had similar REE concentrations but different signatures 

indicating deposition in variable geochemical environments that influenced REE patterns. 

While most specimens yielded relatively flat patterns signifying no specific enrichments 

in LREE, MREE or HREE, DMNH 23891 and DMNH 21574 appear to be more HREE 

enriched while DMNH 24197 seems to be MREE enriched. Neutral pH waters can be 

LREE, MREE, or HREE enriched or have no enrichment at all while high pH (alkaline) 

pore-waters tend to be HREE enriched (Johannesson and Zhou, 1997; Martin et al., 2005; 

Suarez et al., 2007).  

Ce anomalies are commonly utilized as proxies for determining redox conditions 

in fossil bone (Fadel et al., 2015; Suarez et al., 2007; Trueman et al., 2008). Specimens 

with a negative Ce anomaly (DMNH 23891, DMNH 21574, and DMNH 24293) are 

considered to have been fossilized within an oxidizing environment. Specimens without a 
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Ce anomaly or with a positive Ce anomaly have been associated with anoxic conditions 

or high salinity; however, this can also reflect mixing with different anoxic pore waters 

(Fadel et al., 2015). The presence of both positive and negative Ce anomalies in KTQ 

specimens indicates either differences in geochemical environments of fossilization as a 

result of physical reworking, a fluctuating water table, or mixing pore-waters. Minimal 

evidence for abrasion or time-averaging (e.g. variable weathering) could rule out a 

possible reworking signal (Fiorillo et al., 2010a).  

Sedimentological evidence for a fluctuating water table (e.g. ferruginous mottles 

and Fe- and Mn- nodules within drab-colored paleosols) has been linked to paleosols 

within the Prince Creek Formation (Fiorillo et al., 2016). Paleosols near the KTQ are 

considered to have better drainage than the more distal paleosols, therefore within a 

single bedding plane it is possible for some specimens to have been located above the 

water table and others below. Suarez et al. (2007) found variably enriched REE patterns 

within dinosaur bones from the Crystal Geyser Dinosaur Quarry in Utah which was 

attributed to the mixing pore-waters with differing pH and compositions (Johannesson et 

al., 1997; Ojiambo et al., 2003; Suarez et al., 2007). However, no detailed quarry maps 

were produced during the excavation of the DMNH specimens (due to the slumped 

nature of the KTQ bonebed) to be able to constrain the vertical orientation and 

arrangement of specimens. 

5.4 Fossilization  

 The slope of the La diffusion profile from the periosteal surface toward the bone 

interior can provide insight about the amount of interaction between pore-waters and the 

bone alluding to the timescale of fossilization (Trueman et al., 2008a; Drewicz, 2012). 
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The REE concentration in DMNH 23891 decreases rapidly within the first 500 μm and 

the diffusion profile from DMNH 21574 is over-steepened which can be attributed to 

limited pore water exchange (REE concentrations would be similar to in-vivo 

concentrations) or continued REE uptake after recrystallization (REE concentrations 

would be higher than in-vivo concentrations) (Trueman et al., 2008a). La concentrations 

from DMNH 21574 are higher than in-vivo concentrations, indicating that REE uptake 

occurred after recrystallization. DMNH 23891 showed the slowest fossilization time 

indicating longer periods of pore-water interaction allowing for REE uptake via 

diffusion-adsorption mechanisms (Trueman et al., 2008a). This is supported by the 

diffusion period calculations from the diffusion-adsorption model. The diffusion period 

from DMNH 23891 was 1300 years longer than the calculated diffusion period for 

DMNH 21574.  

DMNH 24237 displays a more irregular pattern in La concentration, with lower 

than expected concentrations at the bone periphery and a double peak feature towards the 

bone interior. DMNH 24237 has an EFS deposited within the outermost 100-250 μm 

which can account for lower than expected surface REE concentrations. Drewicz (2012) 

similarly found lower REE concentrations within a brontothere specimen with an EFS 

(referred to as an outer circumferential layer or OCL). However, this pattern has also 

been attributed to other processes such as leaching (Trueman et al., 2008a), which cannot 

be ruled out. The limited sample size of specimens with an EFS utilized in REE diffusion 

studies is low and further studies with larger sample sizes must be conducted to further 

validate the influence of bone histology on REE uptake. The double peak feature 
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indicates irregular diffusion pathways into DMNH 24237 in which REE uptake occurred 

through multiple sources within the bone.  

Given the fact that all three specimens were deposited within the same bedding 

plane and the lack of evidence for spatial and temporal reworking in the physical 

taphonomy data, the variations in diffusion profiles is unexpected. However, this 

interpretation is greatly influenced by the small sample size (n=5 for point analyses; n=3 

for diffusion profiles). More REE diffusion profiles from bones within the KTQ should 

be analyzed to further constrain the potential for taphonomic reworking signals. To 

complicate matters further, the influence of bone histology on REE uptake should also be 

considered. Previous studies have also found bone histology to factor into the REE 

diffusion profiles that are recorded in bone (Trueman et al., 2008b; Drewicz, 2012); 

therefore, variations in REE diffusion profiles between specimens within this study could 

also be attributable to histological characteristics (e.g. primary bone versus secondary 

bone tissue).  

5.5 Implications for Oxygen Isotope Analyses 

 Determining the extent of diagenetic alteration is crucial when stable isotope 

analyses are proposed. The most influential diagenetic factors that will influence the 

alteration of oxygen isotope signatures in bone material are the addition of carbonate, 

phosphate, and hydroxyl ions into the bone mineral structure. Diagenetic substitution can 

overprint the original biological or paleoenvironmental signal that was once preserved. 

The presence of calcite and significant B-type carbonate substitution within the apatite 

structure in P. perotorum bones indicates that potential δ18OCO3 values would most likely 

represent a diagenetic signal and not a true biological or paleoenvironmental signal. 
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However, these samples were not pre-treated in any way to removed loosely bound 

diagenetic calcite; therefore, further research with treated samples could constrain this 

more accurately.  

 The phosphate oxygen isotope can be altered due to either substitution of 

phosphate ions within the bone mineral structure or via authigenic apatite growth during 

fossilization (Trueman et al., 2008a). Based on the XRD data, IR-SF values, and 

calculated crystallite sizes from P. perotorum bones in this study, the apatite crystallite 

sizes were all larger than what is expected in modern bone. Therefore, the increase in the 

apatite crystallite size is most likely caused by the addition and substitution of larger ions 

(e.g. REEs and CO3
2-) into the apatite lattice structure as well as growth of authigenic 

phosphate. However, what is unclear is if the phosphate that is present within P. 

perotorum bones is primarily secondary phosphate (where all biogenic phosphate is lost) 

and if the growth of new apatite has reset the biological or climatic δ18Ophosphate signal. 

Even though correlating the growth of the apatite crystallite size (thus, higher IR-SF and 

narrower FWHM values) to the complete resetting of the stable isotope signal seems 

accurate, studies have found that with increases in mean crystallite sizes, there is no 

significant alteration of the oxygen isotope signal (Trueman, 1999; Trueman et al., 

2008b). Therefore, crystallinity indices, IR-SF values, and the crystallite size cannot be 

used to differentiate bone specimens that are mildly diagenetically altered from those that 

are too diagenetically altered for stable isotope analyses. However, more studies utilizing 

vibrational spectroscopy must be performed in order to add to the understanding of how 

fossilization processes affect the preservation of a biological oxygen isotope signal.  
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Based on REE data, bones from P. perotorum are less diagenetically altered than 

the Alaskan Liscomb bonebed hadrosaur material. Alaskan hadrosaur material yielded 

negative Eu concentrations that indicate Ba interference, thus, substantial diagenetic 

alteration of the REE concentrations for the preservation of a biological signal (Chinsamy 

et al., 2012). Ba is known to interfere with REEs (especially Eu) if in high 

concentrations, thus the preservation of anomalously high Eu or negative Eu 

concentrations are indicators for substantial diagenetic alteration (Trueman, 1999). No 

negative/erroneous Eu values were recorded in REE data from P. perotorum bones, 

therefore, compared to material from the Liscomb bonebed, bones from the KTQ are less 

chemically altered and have a greater probability of preserving an original stable isotope 

signal.  
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CHAPTER 6 

 CONCLUSION  

 Rib histology from P. perotorum yields valuable information about the growth 

dynamics of paleo-Arctic centrosaurine ceratopsids. Despite living in a cooler, 

temperature climate, P. perotorum grew rapidly based on the preservation of reticular and 

radial FLB within most specimens. This result is consistent with the prevailing 

hypothesis that larger ceratopsids grew more rapidly than smaller bodied taxa (Lee, 2007; 

Levitt, 2013). P. perotorum bones recorded cyclical growth evident in the deposition of 

LAGs and in one case (DMNH 21574) a near complete growth record. However, most 

specimens displayed dense secondary bone with secondary osteons overprinting 

previously deposited LAGs and primary bone tissue. The degree of secondary bone 

preserved within ribs from P. perotorum is higher than what has been previously reported 

in other dinosaurian taxa (Waskow and Sander, 2014; Waskow and Mateus, 2017), which 

can be due to differences in element-specific growth rates, environmental, or 

biomechanical stresses. Future histological studies on P. perotorum comparing the 

growth dynamics between different post-cranial skeletal elements can further constrain 

potential drivers for the development of dense secondary bone in this species.   

 XRD results indicate P. perotorum bones have been altered to a more stable 

apatite phase, carbonate-fluorapatite, which is a common diagenetic product of bone. 

Authigenic precipitation of calcite is also observed in XRD patterns from DMNH 23891 

and DMNH 24384, which correlates with results of ATR-FTIR and petrographic 

analyses. The FWHM values are smaller indicating a sharper diffraction peak, thus higher 
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crystallinity. Similarly, IR-SF values from ATR-FTIR data are greater than that 

calculated in modern bone, indicating a more crystalline apatite lattice structure. This 

interpretation is consistent with that typically observed in fossil bone. IR-SF values 

between specimens within this study do not differ significantly; however, FWHM values 

display minimal variation with one specimen (DMNH 24384) displaying a slightly more 

broad peak width. Within a single stratigraphic unit, variable crystallinity has been 

attributed to either variations in pre-fossilization exposure times or fossilization processes 

(Trueman et al., 2004).  

ν1PO4 peak positions in all specimens are shifted toward lower wavenumbers 

which can be associated with the incorporation of B-type carbonate substituting into the 

apatite lattice structure. B-type (as opposed to A-type) carbonate substitution is evident in 

the ATR-FTIR spectra with peak positions at 1415 cm-1. Carbonate substitution is also 

observed in the elevated C/Pheight ratios. C/P ratios (area and height) have a negative 

correlation with ontogenetic age which is consistent with what is observed in modern 

bone (Beasley et al., 2004). As an individual ages, carbonate within bone is depleted 

reflecting a more stoichiometric apatite, thus higher mineral maturity. The elevated 

carbonate can also be a diagenetic characteristic influenced by either post-mortem uptake 

of carbonate during the fossilization process or the addition of calcite in bone pore 

spaces. Future studies should pre-treat samples with a buffered acetic acid solution in 

order to remove secondary calcite.  

 REE signatures are different between P. perotorum bones within the KTQ. The 

spider diagram from DMNH 24293 (float material) (Fig. 27) stood out due to the higher 

concentrations of REEs (by one order of magnitude) in comparison to the other 
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specimens in this study. Variable Ce and Eu anomalies (both positive and negative) were 

observed indicating the preservation of both oxidizing and reducing conditions. This 

pattern of variable REE signatures in bones deposited within a single stratigraphic unit is 

consistent with either spatial or temporal taphonomic reworking (Suarez et al., 2007). 

However, this is surprising given the lack of physical reworking data observed on bones 

within the KTQ. Different diffusion profiles were also observed from the three sampled 

specimens indicating differences in fossilization processes. DMNH 21574 yielded an 

over-steepened profile while DMNH 23891 displayed a simpler profile consistent with a 

simple diffusion-adsorption model. DMNH 24237 yielded an irregular diffusion profile 

indicating diffusion from multiple pathways which was heavily influenced by the 

preservation of an EFS. Bone histology has lately been determined to influence the REE 

uptake within fossil bone and should always be considered when investigating diffusion 

profiles (Trueman et al., 2008b; Drewicz, 2012). The interpretations and conclusions 

from REE data are heavily influenced by a small sample size. More REE data from bones 

deposited within the KTQ should be studied to further constrain the geochemical 

taphonomy of this bonebed.  

 Significant B-type carbonate substitution indicates that in P. perotorum bones, 

δ18Ocarbonate analyses would be too diagenetically altered to preserve a biological signal. 

Crystallinity data remains inconclusive regarding the potential for the preservation of a 

biological δ18Ophosphate signal based on findings by Trueman et al. (2008b). IR-SF, 

FWHM values, and apatite crystallite sizes have been found to fail to predict diagenetic 

alteration within bone apatite and the relative amounts of biogenic to authigenic 

phosphate with respect to oxygen isotopes. Based on the C/P ratios from P. perotorum 
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bones, specimens with depleted ratios (DMNH 21574 and DMNH 24237) could have 

elevated phosphate concentrations which can be utilized to indicate the overprinting of a 

biological δ18Ophosphate signal. However, future ATR-FTIR studies should attempt to 

characterize diagenetic alteration in bone with respect to stable isotope analyses in order 

to differentiate between biogenic and diagenetic signals.  
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 APPENDICES 

APPENDIX A 

BONE THIN SECTION PREPARATIONS PRE-CUTTING AND 

EMBEDDING 

 

A.1 Photographs of Pachyrhinosaurus perotorum proximal dorsal rib fragments. 

Photographs depicting cranial view of P. perotorum dorsal rib fragments were 

taken to document each specimen. Transverse cuts were planned to be cut at the proximal 

end of the rib shaft, just distal to the tuberculum and capitulum. All bones are oriented 

such that the rib shaft points toward the bottom of the page.   
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A.1-1. Photographs of P. perotorum rib fragments from DMNH depicting cranial view. 

(A) DMNH 24228; (B) DMNH 24302; (C) DMNH 24197; (D) DMNH 24237; (E) 

DMNH 23888; (F) DMNH 23891; (G) DMNH 24384; (H) DMNH 21574; (I) DMNH 

24293. Scale bar = 5mm. Red lines= location of planned transverse cut.  
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A.2 Sketches of Pachyrhinosaurus perotorum proximal dorsal rib fragments. 

 Rib fragments were sketched to assist with planning for transverse cuts, epoxy 

collars, and segment removals, when appropriate, for each bone specimen. Some 

measurements were recorded but, due to the highly fragmented nature of these 

specimens, were not utilized. Even though all sketches include a cranial view of each rib 

specimen, in some cases, a caudal view was included as well. Below is a legend 

describing colors and symbols used in sketches. A= segment to be embedded; B= 

unembedded segment; a= Block a for histological analyses; b= Block b for geochemical 

analyses.  
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A.2-1. Legend of figures used in specimen sketches.  

 

First transverse 

cut location 

Second 

transverse cut 

location 

Location of pre-

existing breaks 

for segment 

separation 

a 
Corresponds 

to thin 

section 

figures.  

Epoxy collar 

Bone surface 

weathering  

Exposed 

cortical bone  

Embedding method: 

Remove segment with acetone 

Epoxy collar proximal and 

distal to transverse cut 

Vertical embedding 
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A.2-2. Sketch of DMNH 23891.  
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A.2-3. Sketch of DMNH 21574. 
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A.2-4. Sketch of DMNH 24302. 

 

 

 

 

 

 

 



105 

 

 

A.2-5. Sketch of DMNH 24197.  
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A.2-6. Sketch of DMNH 23888.  
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A.2-7. Sketch of DMNH 24228. 
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A.2-8. Sketch of DMNH 24237. 
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A.2-9. Sketch of DMNH 24384. 
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A.2-10. Sketch of DMNH 24293. 
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A.3 Images of bone specimens during embedding process.  

Bones were either embedded horizontally or vertically depending on shape of rib 

fragment. Hillquist C-D epoxy was poured in no more than 2 mm increments to prevent 

boiling during curing until either the entire bone was embedded (for horizontal embeds) 

or until the epoxy collar was embedded (for vertical embeds). Upon completion of the 

embedding process, embedded specimens were removed from silicon molds and 

subsequently cut where the planned transverse cut was marked (black line).  

 

 

 

A.3-1. Example of horizontal embedding process. DMNH 24293 (top) and DMNH 24197 

(bottom) are pictured.  
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A.3-2. Example of vertical embedding technique. DMNH 21574 is pictured above.  
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APPENDIX B 

IMAGES OF RECRYSTALLIZED SPECIMENS 

 Petrographic studies were conducted on bone thin sections to assess bone 

microstructure. Three of the nine P. perotorum bone thin sections had an internal 

microstructure that was entirely recrystallized such that ontogenetic classification was not 

possible. Recrystallization is evident in petrographic studies when the bone thin section 

appears indistinct and most cellular structure is not preserved.  
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B-1. Histological thin section from DMNH 24197 under cross polarized light. Black 

arrows point to cranial (Cr) and medial (M) orientations. Scale bar= 2 mm.  
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B-2. Histological thin section from DMNH 24293 under cross polarized light. Black 

arrows point to cranial (Cr) and medial (M) orientations. Scale bar= 2 mm. 
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B-3. Histological thin section from DMNH 24302 under cross polarized light. Black 

arrows point to cranial (Cr) and medial (M) orientations. Scale bar= 2 mm. 
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APPENDIX C 

XRD PATTERNS FROM THE KTQ ROCK MATRIX 

 

 KTQ matrix has been identified as a siltstone indicating higher quantities of clay 

particles and/or minerals. Bulk rock matrix powder was utilized to identify bulk 

mineralogy within the KTQ. Pea-sized rock fragments were powdered in a shatterbox and 

sieved through a 75 μm mesh. Powder with a particle size less than 75 μm was analyzed 

using a Bruker D8 Advance Powder X-Ray Diffractometer with a CuKα radiation source 

and a Lynxeye strip detector from 3-55° 2θ with a step size of 0.02° and 1s/step. Oriented 

clay XRD was utilized to identify [001] peak positions. Pea-sized rock fragments of KTQ 

matrix were powdered in a shatterbox and placed in a 1000-mL graduated cylinder filled 

with DI water for 8 hours. The top 100-mL of DI water was separated out to collect clay 

sized particles in suspension. Clay particles were filtered and placed on a two glass slides. 

One slide was placed in a glycolation chamber to induce clay mineral swelling. Both 

slides were analyzed using a Bruker D8 Advance Powder X-Ray Diffractometer with a 

CuKα radiation source and a Lynxeye strip detector from 3-35° 2θ with a step size of 

0.02° and 1s/step. 
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C-1. Oriented clay XRD pattern from KTQ rock matrix with significant peaks identified. 

 

 

 
C-2. Oriented clay XRD pattern from KTQ rock matrix with significant peaks identified. 
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APPENDIX D 

ATR-FTIR DATA TABLES 

 Area beneath peaks and peak heights from ATR-FTIR spectra were determined 

using ISys software to calculate C/Parea, C/Pheight, and IRSF values. The calculated C/Parea, 

C/Pheight, and IRSF values are also present for each sample analyses.  
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D-1. Absorbance areas under phosphate and carbonate peaks used to calculate C/Parea 

ratios. The start (LL=lower limit) and end (UL=upper limit) of each peak is also 

specified. ** refers to ATR-corrected spectra.  

(ν3PO4) area (ν3PO4) UL  (ν3PO4) LL  (ν2CO3) area  (ν2CO3) UL  (ν2CO3) LL

900-1200 cm
-1

(cm
-1

) (cm
-1

) 850-900 cm
-1

(cm
-1

) (cm
-1

)

**DMNH 24228-1 17.493 1133.9 898.67 0.43482 894.81 848.53 0.0249

**DMNH 24228-2 20.998 1145.5 894.81 0.44484 894.81 852.38 0.0212

**DMNH 24228-3 21.061 1149.4 894.81 0.50237 887.09 848.53 0.0239

**DMNH 24293-1 9.3793 1149.4 894.81 0.5494 887.09 840.81 0.0586

**DMNH 24293-2 15.037 1149.4 898.67 0.80507 894.81 848.53 0.0535

**DMNH 24293-3 14.878 1149.4 894.81 0.80137 887.09 848.53 0.0539

**DMNH 24302-1 20.26 1149.4 894.81 0.80236 894.81 848.53 0.0396

**DMNH 24302-2 15.854 1149.4 898.67 0.62654 894.81 848.53 0.0395

**DMNH 24302-3 24.724 1149.4 894.41 0.9938 894.81 848.53 0.0402

**DMNH 24384-1 21.898 1149.4 887.09 0.36335 883.24 848.53 0.0166

**DMNH 24384-2 19.124 1149.4 887.09 0.32866 887.09 848.53 0.0172

**DMNH 24384-3 21.875 1145.5 894.81 0.32018 849.81 852.38 0.0146

**DMNH 24237-1 25.712 1160.9 898.67 0.34698 887.09 856.24 0.0135

**DMNH 24237-2 25.604 1160.9 898.67 0.39942 887.09 852.38 0.0156

**DMNH 24237-3 25.589 1160.9 898.67 0.38748 887.09 852.38 0.0151

**DMNH 23891-1 17.506 1160.9 898.67 0.98647 887.09 840.81 0.0564

**DMNH 23891-2 17.491 1157.1 898.67 1.021 894.81 840.81 0.0584

**DMNH 23891-3 20.867 1160.9 898.67 1.1818 894.81 848.53 0.0566

**DMNH 23888-1 19.875 1149.4 894.81 0.45574 887.09 848.53 0.0229

**DMNH 23888-2 23.186 1149.4 898.67 0.47873 887.09 852.38 0.0206

**DMNH 23888-3 17.765 1149.4 887.09 0.39172 894.81 848.53 0.0221

**DMNH 21574-1 13.071 1160.9 887.09 0.20438 887.09 852.38 0.0156

**DMNH 21574-2 12.79 1149.4 887.09 0.20054 887.09 852.38 0.0157

**DMNH 21574-3 17.512 1149.4 887.09 0.28634 887.09 852.38 0.0164

Sample number C/P Ratio
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D-2. Peak heights used to calculate C/Pheight ratios. ** refers to spectra that were ATR-

corrected.  

 

 

 

 

Sample number ν3PO4 v2CO3 C/P ratio

**DMNH21574-2  (baseline corrected) 0.042587 0.0076267 0.179085167

**DMNH21574-3  (baseline corrected) 0.052193 0.0093925 0.179957082

**DMNH23888-1 (baseline corrected) 0.086888 0.02092 0.240769727

**DMNH23888-2 (baseline corrected) 0.084262 0.02409 0.285893997

**DMNH23888-3 (baseline corrected) 0.084203 0.025613 0.304181561

**DMNH23891-1 (baseline corrected) 0.056915 0.03133 0.550469999

**DMNH23891-2 (baseline corrected) 0.028668 0.015478 0.539905121

**DMNH23891-3 (baseline corrected) 0.059336 0.034012 0.573210193

**DMNH23891-4 (baseline corrected) 0.045088 0.022874 0.507319021

**DMNH24228-2 (baseline corrected) 0.080002 0.030473 0.380902977

**DMNH24228-3 (baseline corrected) 0.079472 0.031078 0.391055969

**DMNH24228-1 (baseline corrected) 0.069769 0.027757 0.397841448

**DMNH24237-1 (baseline corrected) 0.08248 0.017939 0.21749515

**DMNH24237-2 (baseline corrected) 0.10597 0.021981 0.20742663

**DMNH24237-2 (baseline corrected) 0.080016 0.01004 0.125474905

**DMNH24237-3 (baseline corrected) 0.098775 0.017 0.172108327

**DMNH24293-1 (baseline corrected) 0.038648 0.026165 0.677007866

**DMNH24293-2 (baseline corrected) 0.058024 0.03876 0.667999449

**DMNH24293-3 (baseline corrected) 0.056159 0.039161 0.69732367

**DMNH24302-1 (baseline corrected) 0.078982 0.043014 0.5446051

**DMNH24302-2 (baseline corrected) 0.063085 0.033171 0.525814377

**DMNH24302-3 (baseline corrected) 0.095046 0.051353 0.540296278

**DMNH24384-1 (baseline corrected) 0.079297 0.026838 0.338449122

**DMNH24384-2 (baseline corrected) 0.069921 0.022814 0.326282519

**DMNH24384-3 (baseline corrected) 0.081379 0.026953 0.331203382

Peak height (Arb. Units)
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D-3. Peak and trough heights of ν4PO4 vibrational band used to calculate IRSF. @@ 

refers to spectra that were ATR-corrected.  

 

 

 

 

 

Sample number 565peak height 605peak height 590trough heightIRSF

@@DMNH21574-1 0.01714554 0.01459251 0.009244487 3.43318672

@@DMNH21574-2 0.01680204 0.01438725 0.009151003 3.408291965

@@DMNH21574-3 0.02281228 0.01965653 0.012645 3.35854567

@@DMNH23888-1 0.02500327 0.0219121 0.01377 3.407071169

@@DMNH23888-2 0.02761505 0.02450826 0.01535508 3.394531972

@@DMNH23888-3 0.02161095 0.01906482 0.01196702 3.398989055

@@DMNH23891-1 0.02127996 0.01864646 0.01185817 3.366996763

@@DMNH23891-2 0.01879865 0.01645351 0.01043333 3.378802357

@@DMNH23891-3 0.02355566 0.02095464 0.0131648 3.381008447

@@DMNH24237-1 0.03160346 0.02698739 0.01679036 3.489552934

@@DMNH24237-2 0.03086309 0.02664688 0.01637099 3.5129195

@@DMNH24237-3 0.03037971 0.02610102 0.01619205 3.488176605

@@DMNH24220-1 0.02222353 0.01884338 0.01194273 3.438653474

@@DMNH24220-2 0.0254441 0.0216853 0.01380243 3.414572651

@@DMNH24220-3 0.02575195 0.02196804 0.01412025 3.379542855

@@DMNH24293-1 0.01034277 0.008373963 0.005183874 3.61056866

@@DMNH24293-2 0.01603032 0.01316611 0.00815382 3.580705731

@@DMNH24293-3 0.01518381 0.01243333 0.00777697 3.551143955

@@DMNH24302-1 0.02233394 0.01865142 0.01144156 3.582147889

@@DMNH24302-2 0.01847238 0.0153947 0.009429001 3.591799386

@@DMNH24302-3 0.02625382 0.02238927 0.01373345 3.541942483

@@DMNH24384-1 0.02646169 0.02375793 0.01520665 3.302477534

@@DMNH24384-2 0.02423369 0.02190209 0.01370286 3.366872317

@@DMNH24384-3 0.02693843 0.0244489 0.01538762 3.339524241
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APPENDIX E 

LOCATIONS OF TRANSECTS/POINT ANALYSES FROM LA-ICP-

MS  

 

 Laser ablation points and transects were taken from the medial portion of the bone 

cross section to focus on REE composition in FLB. FLB is more prevalent on the 

craniomedial portion of rib cross sections in this study. Care was also taken to avoid open 

pore spaces or post-mortem cracks which have been infilled with either PaleoBondTM or 

authigenic minerals.  

E.1. Locations of point analyses from P. perotorum rib bones embedded in epoxy. Scale 

bar= 2 mm. Red dot represents general area from which point analyses were taken. Five 

spots were taken per bone, only spots approximately 20-25 μm from bone edge were 

utilized for spider diagrams.  
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E.1-1. Block B from DMNH 24237 depicting general location of point analyses on 

craniomedial portion of rib cross section.  

 

 

 

E.1-2. Block B from DMNH 24197 depicting general location of point analyses on 

craniomedial portion of rib cross section.  
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E.2 Transect paths from P. perotorum rib bones embedded in epoxy.  

 Transects for three ontogenetically variable specimens were taken to assess 

diffusion profiles into the bone center. DMNH 23891 Block B was too tall to be placed in 

the ablation chamber therefore it was mounted on a glass slide, cut, and then polished. 

Scale bar= 2 mm.  

 

 

 

E.2-1. Block B from DMNH 24237 depicting transect path on the craniomedial portion of 

the rib cross section.  
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E.2-2. Block B from DMNH 21574 depicting transect path from the caudomedial 

(bottom) to the craniomedial portion of the rib cross section.  

 

 

 

E.2-3. Thin section of Block B from DMNH 23891 depicting transect path on the 

craniomedial portion of the rib cross section.  
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APPENDIX F 

CONCENTRATIONS (PPM) FOR REE ANALYSES. 

 

 REE concentrations (ppm) were obtained using LA-ICP-MS to determine 

geochemical taphonomic signals preserved within rib bones from P. perotorum. U and Th 

yielded negligible concentrations and were excluded.  La was plotted against depth into 

bone center to compare fossilization times between bones.  

 

 

  La Ce Pr Nd Sm Eu Gd 

DMNH 24237 8.12 14.31 1.65 7.40 1.91 1.32 2.77 

DMNH 23891 15.43 16.88 2.36 10.75 1.84 0.61 4.37 

DMNH 21574 21.74 31.08 3.65 15.23 3.61 1.65 5.75 

DMNH 24197 21.30 50.47 6.50 25.37 5.83 1.05 5.92 

DMNH 24293 528.74 860.03 107.96 442.34 100.54 18.38 123.16 

  

  Tb Dy Ho Er Tm Yb   

DMNH 24237 0.32 2.46 0.61 2.00 0.30 2.30   

DMNH 23891 0.46 3.13 0.79 2.51 0.32 2.12   

DMNH 21574 0.78 5.76 1.45 4.71 0.71 4.16   

DMNH 24197 0.71 4.55 0.94 2.66 0.32 2.02   

DMNH 24293 15.58 89.62 18.40 46.98 5.31 27.22   

 

F-1. Raw concentrations (ppm) from P. perotorum rib specimens.  

 

 

 

 



128 

 

  La Ce Pr Nd Sm Eu Gd 

NASC-normalizing 

values 31.10 66.70 7.90 27.40 5.59 1.18 5.20 

DMNH 23891 0.50 0.25 0.30 0.39 0.33 0.52 0.84 

DMNH 21574 0.70 0.47 0.46 0.56 0.65 1.40 1.11 

DMNH 24237 0.77 0.82 0.79 0.90 0.98 2.25 1.27 

DMNH 24197 0.68 0.76 0.82 0.93 1.04 0.89 1.14 

DMNH-24293 17.00 12.89 13.67 16.14 17.99 15.57 23.68 

  

  Tb Dy Ho Er Tm Yb   

NASC-normalizing 

values 0.85 5.50 1.04 3.40 0.50 3.06   

DMNH 23891 0.54 0.57 0.76 0.74 0.64 0.69   

DMNH 21574 0.92 1.05 1.40 1.39 1.43 1.36   

DMNH 24237 0.82 0.83 0.91 0.80 0.76 0.88   

DMNH 24197 0.83 0.83 0.91 0.78 0.65 0.66   

DMNH-24293 18.33 16.29 17.69 13.82 10.62 8.90   

 

F-2. NASC normalized concentrations (ppm) from P. perotorum rib specimens used to 

plot the spider diagram.  
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  La concentration (ppm) 

Distance from edge 

(microns) 

DMNH 

21574 

DMNH 

24237 

DMNH 

23891 

22.23 1219.81 83.67 536.80 

32.77 731.43 43.17 443.16 

43.32 1057.66 46.95 409.23 

53.87 375.34 12.63 502.57 

64.41 505.74 22.15 529.07 

74.97 375.51 42.30 514.73 

85.52 557.01 106.07 408.47 

96.06 754.19 83.61 337.23 

106.60 656.23 171.23 355.16 

117.15 476.62 128.68 348.93 

127.69 314.61 56.24 412.92 

138.24 659.66 226.08 399.94 

148.80 469.07 208.25 415.22 

159.35 494.09 138.04 346.77 

169.89 628.72 100.12 321.28 

180.44 325.55 115.89 335.11 

190.98 410.67 113.17 361.17 

201.53 153.09 66.79 343.58 

212.07 372.43 106.43 288.23 

222.61 713.21 75.05 271.91 

233.18 267.93 27.60 305.63 

243.72 385.17 17.88 324.89 

254.27 308.96 33.72 352.96 

264.81 461.72 38.08 360.38 

275.36 149.54 17.95 337.10 

285.90 427.54 42.26 323.89 

296.45 371.15 31.85 274.29 

307.00 251.04 25.30 310.83 

317.55 181.33 66.58 327.05 

328.09 211.92 44.88 332.79 

338.64 454.03 75.66 277.29 

349.18 200.61 44.23 244.16 

359.73   62.49 277.55 

370.27 320.49 74.85 324.36 

380.82 273.91 78.56 304.80 

391.38 208.52 104.11 288.51 

401.93 269.78 26.41 222.17 
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412.47 132.38 37.42 258.70 

423.02 188.00 22.10 236.59 

433.56 177.61 21.77 252.01 

444.11 172.01 14.63 214.63 

454.65 288.71 16.36 189.45 

465.20 276.56 28.90 201.08 

475.75 307.89 29.06 180.53 

486.30 229.59 20.22 184.79 

496.85 164.10 18.80 169.01 

507.39 206.01 12.27 170.57 

517.93 260.20 27.86 173.52 

528.48 194.06 28.21 167.98 

539.03 176.74 22.09 174.33 

549.58 219.87 40.53 167.22 

560.13 165.42 15.26 145.97 

570.67 162.58 22.76 139.40 

581.22 152.27 21.78 125.38 

591.77 152.31 29.99 129.14 

602.31 237.91 23.71 128.65 

612.85 253.45 24.63 137.38 

623.40 183.82 12.06 136.39 

633.96 243.97 20.88 104.77 

644.50 188.89 22.81 114.01 

655.05 213.68 24.51 125.70 

665.60 149.79 11.66 149.73 

676.14 193.69 14.07 121.10 

686.68 138.13 19.59 125.29 

697.23 205.14 44.64 96.53 

707.78 148.48 28.77 111.93 

718.33 150.50 13.68 95.42 

728.88 98.62 24.13 116.55 

739.42 148.19 29.74 113.18 

749.97 110.00 23.71 107.03 

760.52 189.11 24.13 113.58 

771.06 144.35 13.25 129.62 

781.60 190.09 36.44 122.48 

792.17 151.26 12.52 98.12 

802.71 134.44 16.21 69.91 

813.25 113.55 7.09 66.98 
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823.80 168.75 8.04 96.76 

834.35 273.31 22.56 113.03 

844.89 100.97 8.83 125.74 

855.43 154.05 18.11 101.38 

865.98 100.21 25.81 91.49 

876.54 96.17 11.93 81.47 

887.08 76.77 11.30 90.85 

897.63 105.55 18.07 87.31 

908.17 85.77 11.63 76.82 

918.72 111.90 18.45 69.12 

929.27 189.04 18.98 89.48 

939.81 141.22 15.62 96.87 

950.37 102.15 20.91 94.32 

960.91 133.90 11.59 58.91 

971.46 113.82 33.14 43.84 

982.01 171.41 31.26 47.75 

992.55 133.57 22.73 71.37 

1003.10 81.50 15.38 91.97 

1013.64 78.53 15.06 80.27 

1024.18 77.86 20.84 73.44 

1034.75 84.27 10.24 62.87 

1045.29 82.66 21.91 69.72 

1055.83 111.69 36.28 70.67 

1066.38 115.76 17.31 70.23 

1076.92 94.82 21.93 49.94 

1087.47   13.65 45.87 

1098.01 93.85 16.80 40.71 

1108.56 83.41 21.30 51.95 

1119.12 165.34 20.89 41.51 

1129.66 74.08 29.59 41.61 

1140.21 72.59 18.56 41.94 

1150.76 77.42 13.44 50.58 

1161.30 69.00 15.77 63.82 

1171.85 46.56 15.13 62.68 

1182.39 75.31 34.02 53.73 

1192.95 71.87 15.95 38.10 

1203.50 74.42 24.32 38.82 

1214.04 103.26 9.98 48.27 

1224.58 63.10 23.96 54.21 
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1235.13 72.37 24.49 52.77 

1245.67 63.45 16.51 40.95 

1256.22 57.99 15.33 32.25 

1266.76 48.89 17.06 27.84 

1277.32 64.18 12.89 36.84 

1287.87 42.88 7.98 36.49 

1298.41 40.81 17.35 30.54 

1308.96 99.49 14.56 28.43 

1319.51 75.57 19.06 38.31 

1330.05 70.65 21.52 58.17 

1340.60 76.70 11.50 58.13 

1351.14 53.86 16.05 55.00 

1361.70 97.80 18.84 38.59 

1372.25 48.44 20.56 51.36 

1382.79 54.45 15.78 54.89 

1393.33 62.19 20.30 61.25 

1403.88 69.61 22.82 47.88 

1414.42 33.45 9.18 28.97 

1424.97 38.64 22.52 31.96 

1435.53 82.83 13.49 37.08 

1446.07 79.78 14.04 55.03 

1456.62 67.60 33.02 45.32 

1467.16 44.55 17.06 54.01 

1477.71 64.61 20.66 53.84 

1488.26 43.57 14.55 48.98 

1498.80 48.94 15.65 28.94 

1509.35 60.86 17.32 28.74 

1519.91 57.42 14.47 44.17 

1530.45 45.19 2.98 45.69 

1541.00 87.42 3.01 30.87 

1551.54 99.27 20.35 13.38 

1562.08 47.81 11.49 22.73 

1572.63 47.65 18.50 40.01 

1583.17 42.09 16.58 46.11 

1593.72 44.91 16.89 31.43 

1604.28 95.67 28.77 11.48 

1614.82 51.37 21.31 20.98 

1625.37 73.08 18.68 27.67 

1635.91 60.50 23.73 28.70 
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1646.46 43.73 18.89   

1657.01 68.82 11.22 7.85 

1667.55 33.20 9.78 24.35 

1678.11 43.11 10.19 42.06 

1688.66 33.59 17.77 37.63 

1699.20 49.65 13.73 17.63 

1709.75 34.94 15.01 6.99 

1720.29 49.92 13.53 13.70 

1730.83 37.02 15.67 28.48 

1741.38 16.80 14.34 25.77 

1751.92 45.19 14.79 11.83 

1762.49 45.98 10.51 5.01 

1773.03 26.55 9.75 16.28 

1783.57 48.94 12.43 28.61 

1794.12 53.63 15.34 24.99 

1804.66 69.46 9.97 13.81 

1815.21 41.09 13.11 9.29 

1825.76 48.24 5.52 21.30 

1836.31 31.94 14.22 33.46 

1846.86 26.04 7.58 31.29 

1857.41 23.07 18.02 17.68 

1867.95 31.34 11.54 9.90 

1878.50 17.41 16.60 27.06 

1889.04 49.03 17.95 38.24 

1899.58 56.05 20.17 31.85 

1910.13 35.26 10.48 5.60 

1932.36 36.24 7.12   

1942.91 34.30 11.69 18.73 

1953.45 33.39 2.38 28.81 

1964.00 47.57 5.72 28.67 

1974.54 37.62 9.36 9.83 

1985.10 40.15 14.13 15.06 

1995.65 51.91 15.78 24.93 

2006.19 34.59 9.23 33.76 

2016.74 36.26 9.21 23.43 

2027.28 78.70 9.26 8.63 

2037.83 56.06 8.35 16.29 

2048.37 38.75 4.54 26.04 

2058.93 29.03 8.89 34.55 
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2069.48 32.79 6.71 12.33 

2080.02 72.38 6.53   

2090.57 33.15 12.54   

2101.11 28.75 5.11 23.78 

2111.66 26.52 10.74 30.02 

2122.20 57.19 26.53 21.86 

2132.75 30.78 17.07   

2143.31 16.89 15.31 1.57 

2153.85 31.30 12.44 13.82 

2164.40 36.32 10.66 21.65 

2174.94 24.37 8.52 14.70 

2185.49 20.49 9.71 4.66 

2196.03 21.95 11.42 2.32 

2206.58 26.59 5.05 16.44 

2217.12 17.42 8.49 23.63 

2227.68 37.74 16.60 14.84 

2238.23 33.67 12.81 1.92 

2248.77 24.91 8.13 2.49 

2259.32 36.64 22.19 15.29 

2269.86 26.10 16.49 23.92 

2280.41 35.57 5.83 16.13 

2290.95 16.81 15.15 4.79 

2301.51 63.86 17.18 1.47 

2312.06 18.38 20.00 14.76 

2322.60 17.68 30.02 24.33 

2333.15 21.46 14.98 20.88 

2343.69 35.85 10.19 7.57 

2354.24 26.11 10.19 5.88 

2364.78 26.80 17.13 17.51 

2375.33 23.11 11.84 28.25 

2385.89 24.96 9.19 25.22 

2396.43 21.04 5.22 9.77 

2406.98 24.65 6.88 4.37 

2417.52 34.09 3.48 14.22 

2428.07 22.24 4.95 30.30 

2438.61 31.65 14.51 28.03 

2449.16 32.53 10.77 13.50 

2459.72 14.84 18.69 1.20 

2470.26 17.19 11.53 8.66 
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2480.81 20.96 12.51 22.52 

2491.35 30.67 18.88 25.50 

2501.90 34.51 17.13 1.70 

2512.44 18.67 11.84 3.42 

2522.99 16.01 9.19 16.37 

2533.53 19.36 5.22 19.68 

2544.09 19.55 6.88 15.06 

2554.64 24.13 3.48 2.78 

2565.18 42.24 4.95 2.42 

2575.73 14.29 14.51 11.35 

2586.27 24.09 10.77 18.17 

2596.82 24.40 18.69 13.34 

2607.36 15.50 11.53 0.84 

2617.91 23.83 12.51   

2628.47 18.94 18.88 6.99 

2639.01 15.35 9.26 20.28 

2649.56 13.66 11.09 24.27 

2660.10 17.44 13.96 11.24 

2670.65 13.79 11.44 1.43 

2681.19 10.31 16.86 4.71 

2691.74 14.31 14.41 17.16 

2702.30 19.73 10.65 24.24 

2712.84 22.33 11.31 15.19 

2723.39 17.66 8.30 3.76 

2733.93 21.42 13.88 3.34 

2744.48 9.84 7.69 13.55 

2755.02 24.67 6.11 24.49 

2765.57 19.26 8.23 19.26 

2776.11 18.27 16.39 8.29 

2786.67 24.00 13.34   

2797.22 23.64 10.97 6.60 

2807.76 13.61 13.79 16.17 

2818.31 17.47 7.37 16.09 

2828.85 12.39 14.97 4.78 

2839.40 20.09 9.04   

2849.94 11.41 8.46 6.00 

2860.49 23.86 18.31 15.78 

2871.04 12.28 17.25 20.17 

2881.59 12.54 17.48 12.69 
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2892.14 14.45 9.07 4.65 

2902.68 8.88 18.63 7.84 

2913.23 16.94 8.15 17.00 

2923.77 17.47 15.89 26.32 

2934.32 3.38 3.38 16.86 

2944.88 6.11 13.88 2.40 

2955.42 11.95 1.67   

2965.97 16.00 0.76 2.76 

2976.51 14.74 11.16 20.11 

2987.06 13.16 8.54 24.04 

2997.60 17.70 5.15 15.76 

3008.14 10.81 7.30 -1.73 

3018.69 15.95 7.50 -3.57 

3029.25 11.90 9.61 1.03 

3039.79 24.01 6.62 5.62 

3050.34 14.90 3.34 6.03 

3060.89 13.63 13.39 6.25 

3071.43 13.09 5.58 6.74 

3081.98 16.10 0.04 6.02 

3092.52 12.59 5.13 6.06 

3103.08 10.75 2.23 4.42 

3113.63 10.49 10.78 5.20 

3124.17 12.00 11.12 8.57 

3134.72 11.51 10.60 9.55 

3145.26 12.55 8.96 9.44 

3155.81 19.64 10.04 9.00 

3166.35 16.02 5.20 10.38 

3176.89 9.16 4.96 12.74 

3187.46 9.74 4.73 13.15 

3198.00 9.05 3.60 13.21 

3208.54 9.31 0.75 9.75 

3219.09 10.04 7.34 7.28 

3229.64 10.93 16.66 5.62 

3240.18 7.59 8.85 6.92 

3250.73 10.34 6.97 5.25 

3261.27 12.09 6.43 7.40 

3271.83 15.51 13.63 7.44 

3282.38 14.85 10.56 10.02 

3292.92 10.91 5.77 8.05 
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3303.47 10.42 7.46 6.90 

3314.01 14.43 6.48 7.90 

3324.56 8.44 11.20 7.68 

3335.10 12.47 2.95 7.39 

3345.66 13.46 3.32 3.57 

3356.21 10.32 8.05 2.93 

3366.75 10.36 9.46 1.27 

3377.29 15.87 7.53 2.33 

3387.84 17.98 7.58 3.30 

3398.39 9.29 9.61 4.43 

3408.93 6.86 8.81 6.22 

3419.48 7.33 7.22 7.97 

3430.04 9.35 0.70 8.91 

3440.58 1.46 0.02 6.35 

3451.13 8.29 1.97 4.65 

3461.67 9.02 6.56 4.40 

3472.22 7.29 1.30 4.52 

3482.76 8.85 3.65 3.63 

3493.31 15.82 1.21 2.85 

3503.85 14.09 5.48 3.91 

3514.41 10.76 3.29 4.95 

3524.96   1.59 6.34 

3535.50   7.99 5.62 

3546.04 16.23 9.06 5.71 

3556.59   8.03 5.11 

3567.14   8.57 5.50 

3577.68   1.19 6.36 

3588.24   2.76 5.72 

3598.79   13.44 5.90 

3609.33   4.81 4.89 

3619.88   1.25 5.51 

3630.42   2.98 6.43 

3640.97   1.59 6.78 

3651.51   6.27 7.55 

3662.06   0.38 6.29 

3672.62   9.79 6.71 

3683.16   8.24 5.84 

3693.71   7.64 5.77 

3704.25   12.42 7.54 
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3714.79   3.75 8.30 

3725.34   1.46 9.67 

3735.89   8.42 7.09 

3746.43 46.51 12.90 5.22 

3756.99 81.06 4.72 2.99 

3767.54 86.17 1.19 2.77 

3778.08 48.26 3.74 3.92 

3788.63 41.56 2.50 4.57 

3799.17 62.39 12.25 5.00 

3809.72 182.08 12.71 5.40 

3820.26 16.76 12.27 6.90 

3842.49 6.41 1.34 6.72 

3853.04 8.76 4.67 5.76 

3863.58 2.38 2.70 4.78 

3874.13 5.37 2.18 4.90 

3884.67 1.48 2.22 4.66 

3895.23 0.79 5.88 5.42 

3905.78 2.11 0.07 5.48 

3916.32 0.83 6.25 5.84 

3926.87 44.22 13.72 4.19 

3937.41 73.53 4.62 4.27 

3947.96 21.37 2.94 4.02 

3958.50 27.43 0.92 4.18 

3969.06 14.82 0.28 2.29 

3979.61 30.17 1.14 2.15 

3990.15 25.11 1.92 2.05 

4000.70 13.41 1.44 3.40 

4011.24 34.93 7.97 3.69 

4021.79 18.55 9.52 5.23 

4032.33 9.94 17.91 3.38 

4042.88 12.09 6.78 2.91 

4053.44 16.33 63.66 1.85 

4063.98 8.64 1.17 4.32 

4074.53 8.83 4.82 4.56 

4085.07 7.35 12.55 5.34 

4095.62 3.59 1.95 3.00 

4106.16 5.44 4.02 3.79 

4116.71 7.91 5.77 3.66 

4127.27 3.68 2.19 4.32 
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4137.81 5.49 3.19 2.04 

4148.36 5.55 4.13 0.33 

4158.90 2.62 3.18 0.46 

4169.45 3.10 0.91 2.34 

4179.99 8.00 5.39 1.87 

4190.54 15.44 1.23 4.07 

4201.08 7.25 2.37 2.40 

4211.64 11.20  NA 2.92 

4222.19 3.52 NA 0.49 

4232.73 3.15 NA 3.83 

4243.28 10.18 NA 5.42 

4253.82 14.10 NA 6.42 

4264.37 13.70 NA 4.18 

4274.91 8.22 NA 3.28 

4285.46 8.53 NA 4.28 

4296.02 8.97 NA 3.97 

4306.56 8.09 NA 4.77 

4317.11 0.84 NA 3.92 

4327.65 2.82 NA 4.35 

4338.20 0.19 NA 2.74 

4348.74 0.59 NA 1.32 

4359.29 2.40 NA   

4369.85   NA   

4380.39 2.15 NA   

4390.94 5.03 NA 0.06 

4401.48 9.02 NA 0.61 

4412.03 -0.92 NA 1.39 

4422.57 1.58 NA 3.08 

4433.12 0.04 NA 3.73 

4443.66 5.36 NA 4.28 

4454.22 5.71 NA 3.15 

4464.77 17.55 NA 2.48 

4475.31 0.66 NA 0.90 

4485.86 10.98 NA 1.39 

4496.40 9.14 NA 2.73 

4506.95   NA 3.26 

4517.49 2.60 NA 3.19 

4528.04 0.32 NA 3.73 

4538.60 -0.31 NA 3.15 
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4549.14 0.39 NA 2.22 

4559.69 1.13 NA 0.02 

4570.23 0.19 NA   

4580.78 9.77 NA   

4591.32 0.82 NA   

4601.87 2.69 NA   

4612.43   NA   

4622.97   NA   

4633.52   NA 0.47 

4644.06   NA 1.02 

4654.61   NA 0.38 

4665.15 13.48 NA 0.17 

4675.70   NA   

4686.24 0.07 NA 0.56 

4696.80 1.42 NA   

4707.35   NA   

4717.89 11.79 NA   

4728.44 5.43 NA   

4738.98   NA   

4749.53 2.31 NA   

4760.07   NA   

4770.62   NA   

4781.18 8.15 NA   

4791.72 2.38 NA   

4802.27 0.53 NA 0.03 

4812.81 1.62 NA 1.12 

4823.36 1.04 NA   

4833.90 3.88 NA   

4844.45 5.40 NA   

4855.01 2.74 NA 1.45 

4865.55 3.59 NA 1.52 

4876.10 3.77 NA 0.81 

4886.64 1.84 NA   

4897.19 5.55 NA   

4907.73 2.59 NA 0.26 

4918.28 3.41 NA 0.55 

4928.82 4.28 NA 0.94 

4939.38 8.29 NA 0.01 

4949.93 2.99 NA   
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4960.47 9.84 NA   

4971.02 1.78 NA   

4981.56 1.71 NA   

4992.11 2.82 NA   

5002.65 2.43 NA   

5013.21 2.84 NA   

5023.76 0.48 NA   

5034.30 3.01 NA   

5044.85 1.68 NA   

5055.39 7.90 NA   

5065.94   NA   

5076.48 5.56 NA   

5087.03 2.71 NA   

5097.59 1.40 NA   

5108.13   NA   

5118.68 4.55 NA   

5129.22   NA   

5139.77 2.75 NA   

5150.31 0.43 NA   

5160.86 3.96 NA 0.23 

5171.40 6.37 NA 0.91 

5181.96 1.55 NA NA 

5192.51 2.72 NA NA 

5203.05 1.92 NA NA 

5213.60 3.78 NA NA 

5224.14 2.12 NA NA 

5234.69 2.06 NA NA 

5245.23 2.63 NA NA 

5255.79 6.87 NA NA 

5266.34 6.96 NA NA 

5276.88 4.20 NA NA 

5287.43 1.92 NA NA 

5297.97 8.72 NA NA 

5308.52 3.91 NA NA 

5319.06 3.74 NA NA 

5329.61 5.69 NA NA 

5340.17 1.76 NA NA 

5350.71 3.31 NA NA 

5361.26 1.44 NA NA 
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5371.80 6.66 NA NA 

5382.35 1.69 NA NA 

5392.89 1.50 NA NA 

5403.44 0.03 NA NA 

5413.98   NA NA 

5424.54   NA NA 

5435.09 4.73 NA NA 

5445.63 1.96 NA NA 

5456.18 8.47 NA NA 

5466.72 4.60 NA NA 

5477.27 1.95 NA NA 

5487.81 1.63 NA NA 

5498.37 3.43 NA NA 

5508.92 4.87 NA NA 

5519.46 5.68 NA NA 

5530.01 1.30 NA NA 

5540.55 5.70 NA NA 

5551.10 4.95 NA NA 

5561.64 8.35 NA NA 

5572.19 1.73 NA NA 

5582.75 0.86 NA NA 

5593.29 5.85 NA NA 

5603.84 3.11 NA NA 

5614.38 1.68 NA NA 

5624.93 3.95 NA NA 

5635.47 1.31 NA NA 

5646.02 2.96 NA NA 

5656.56 6.59 NA NA 

5667.12 1.83 NA NA 

5677.67 3.12 NA NA 

5688.21 4.05 NA NA 

5698.76 4.13 NA NA 

5709.30 5.18 NA NA 

5719.85 0.60 NA NA 

5730.39 5.62 NA NA 

5752.62 2.80 NA NA 

5763.17 6.07 NA NA 

5773.71 1.55 NA NA 

5784.26 5.18 NA NA 
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5794.80 0.82 NA NA 

5805.36 2.70 NA NA 

5815.91 3.68 NA NA 

5826.45 6.41 NA NA 

5837.00 2.15 NA NA 

5847.54 7.08 NA NA 

5858.09 1.01 NA NA 

5868.63 6.45 NA NA 

5879.19 0.26 NA NA 

5889.74 3.55 NA NA 

5900.28 5.02 NA NA 

5910.83 4.88 NA NA 

5921.37 0.62 NA NA 

5931.92   NA NA 

5942.46 2.23 NA NA 

5953.01 1.98 NA NA 

5963.57 1.84 NA NA 

5974.11   NA NA 

5984.66 3.58 NA NA 

5995.20 3.59 NA NA 

6005.75 1.34 NA NA 

6016.29 3.16 NA NA 

6026.84 4.54 NA NA 

6037.40 3.72 NA NA 

6047.94 6.26 NA NA 

6058.49 6.71 NA NA 

6069.03 5.26 NA NA 

6079.58 6.47 NA NA 

6090.12 2.15 NA NA 

6100.67 8.54 NA NA 

6111.21 4.16 NA NA 

6121.77 9.67 NA NA 

6132.32 8.28 NA NA 

6142.86 2.01 NA NA 

6153.41 4.13 NA NA 

6163.95 9.07 NA NA 

6174.50 0.39 NA NA 

6185.04 1.49 NA NA 

6195.59   NA NA 
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6206.15 0.07 NA NA 

6216.69 4.21 NA NA 

6227.24 3.70 NA NA 

6237.78 6.28 NA NA 

6248.33 5.70 NA NA 

6258.87 6.54 NA NA 

6269.42 5.51 NA NA 

6279.98 5.86 NA NA 

6290.52 8.06 NA NA 

6301.07 6.87 NA NA 

6311.61 7.06 NA NA 

6322.16 6.40 NA NA 

6332.70 4.18 NA NA 

6343.25 8.02 NA NA 

6353.79 3.71 NA NA 

6364.35 5.27 NA NA 

6374.90 2.90 NA NA 

6385.44 11.47 NA NA 

6395.99 6.55 NA NA 

6406.53 5.59 NA NA 

6417.08 6.77 NA NA 

6427.62 4.49 NA NA 

6438.17 3.92 NA NA 

6448.73 9.03 NA NA 

6459.27 3.36 NA NA 

6469.82 3.49 NA NA 

6480.36 9.59 NA NA 

6490.91 5.20 NA NA 

6501.45 4.63 NA NA 

6512.00 3.21 NA NA 

6522.56 1.48 NA NA 

6533.10 4.54 NA NA 

6543.65 4.92 NA NA 

6554.19 6.36 NA NA 

6564.74 10.54 NA NA 

6575.28 5.85 NA NA 

6585.83 12.10 NA NA 

6596.37 20.38 NA NA 

6606.93 4.90 NA NA 



145 

 

6617.48 6.59 NA NA 

6628.02 10.72 NA NA 

6638.57 5.87 NA NA 

6649.11 7.38 NA NA 

6659.66 4.55 NA NA 

6670.20 14.52 NA NA 

6680.76 8.91 NA NA 

6691.31 3.81 NA NA 

6701.85 18.17 NA NA 

6712.40 15.21 NA NA 

6722.94 10.38 NA NA 

6733.49 15.38 NA NA 

6744.03 7.56 NA NA 

6754.58 5.46 NA NA 

6765.14 7.50 NA NA 

6775.68 10.65 NA NA 

6786.23 6.93 NA NA 

6796.77 5.56 NA NA 

6807.32 12.01 NA NA 

6817.86 10.10 NA NA 

6828.41 5.53 NA NA 

6838.95 8.51 NA NA 

6849.51 13.06 NA NA 

6860.06 4.45 NA NA 

6870.60 13.30 NA NA 

6881.15 16.03 NA NA 

6891.69 13.36 NA NA 

6902.24 14.37 NA NA 

6912.78 10.55 NA NA 

6923.34 4.61 NA NA 

6933.89 9.49 NA NA 

6944.43 7.25 NA NA 

6954.98 10.48 NA NA 

6965.52 14.42 NA NA 

6976.07 11.71 NA NA 

6986.61 4.41 NA NA 

6997.16 9.68 NA NA 

7007.72 10.15 NA NA 

7018.26 18.20 NA NA 
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7028.81 8.25 NA NA 

7039.35 10.09 NA NA 

7049.90 19.71 NA NA 

7060.44 10.18 NA NA 

7070.99 8.62 NA NA 

7081.53 22.00 NA NA 

7092.09 9.61 NA NA 

7102.64 16.13 NA NA 

7113.18 21.44 NA NA 

7123.73 14.17 NA NA 

7134.27 14.10 NA NA 

7144.82 19.91 NA NA 

7155.36 11.39 NA NA 

7165.92 20.70 NA NA 

7176.47 12.21 NA NA 

7187.01 10.59 NA NA 

7197.56 17.79 NA NA 

7208.10 8.77 NA NA 

7218.65 17.64 NA NA 

7229.19 13.15 NA NA 

7239.74 14.53 NA NA 

7250.30 13.59 NA NA 

7260.84 15.73 NA NA 

7271.39 18.48 NA NA 

7281.93 23.47 NA NA 

7292.48 20.58 NA NA 

7303.02 13.74 NA NA 

7313.57 17.05 NA NA 

7324.11 27.02 NA NA 

7334.67 13.50 NA NA 

7345.22 20.71 NA NA 

7355.76 15.73 NA NA 

7366.31 19.69 NA NA 

7376.85 12.23 NA NA 

7387.40 7.19 NA NA 

7397.94 17.99 NA NA 

7408.50 20.21 NA NA 

7419.05 20.20 NA NA 

7429.59 27.37 NA NA 
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7440.14 21.75 NA NA 

7450.68 19.05 NA NA 

7461.23 21.54 NA NA 

7471.77 19.89 NA NA 

7482.32 16.69 NA NA 

7492.88 19.15 NA NA 

7503.42 26.30 NA NA 

7513.97 24.40 NA NA 

7524.51 20.21 NA NA 

7535.06 12.56 NA NA 

7545.60 16.99 NA NA 

7556.15 32.68 NA NA 

7566.71 26.90 NA NA 

7577.25 29.59 NA NA 

7587.80 21.01 NA NA 

7598.34 34.59 NA NA 

7608.89 25.77 NA NA 

7619.43 37.06 NA NA 

7629.98 44.16 NA NA 

7640.52 22.32 NA NA 

7662.75 30.18 NA NA 

7673.30 17.74 NA NA 

7683.84 35.83 NA NA 

7694.39 42.56 NA NA 

7704.93 55.30 NA NA 

7715.49 32.18 NA NA 

7726.04 27.85 NA NA 

7736.58 22.54 NA NA 

7747.13 35.80 NA NA 

7757.67 33.20 NA NA 

7768.22 43.97 NA NA 

7778.76 35.06 NA NA 

7789.32 62.34 NA NA 

7799.87 27.53 NA NA 

7810.41 38.47 NA NA 

7820.96 24.61 NA NA 

7831.50 29.78 NA NA 

7842.05 36.15 NA NA 

7852.59 26.25 NA NA 
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7863.14 38.59 NA NA 

7873.70 25.39 NA NA 

7884.24 49.58 NA NA 

7894.79 34.46 NA NA 

7905.33 61.21 NA NA 

7915.88 33.89 NA NA 

7926.42 58.38 NA NA 

7936.97 19.72 NA NA 

7947.53 15.59 NA NA 

7958.07 13.11 NA NA 

7968.62 7.80 NA NA 

7979.16 0.23 NA NA 

7989.71   NA NA 

8000.25   NA NA 

8010.80   NA NA 

8021.34   NA NA 

8031.90   NA NA 

8042.45   NA NA 

8052.99   NA NA 

8063.54   NA NA 

8074.08   NA NA 

8084.63   NA NA 

8095.17   NA NA 

8105.72   NA NA 

8116.28   NA NA 

8126.82   NA NA 

8137.37   NA NA 

8147.91   NA NA 

8158.46   NA NA 

8169.00   NA NA 

8179.55   NA NA 

8190.11   NA NA 

8200.65   NA NA 

8211.20   NA NA 

8221.74   NA NA 

8232.29   NA NA 

8242.83   NA NA 

8253.38   NA NA 

8263.92   NA NA 
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8274.48   NA NA 

8285.03   NA NA 

8295.57   NA NA 

8306.12   NA NA 

8316.66   NA NA 

8327.21   NA NA 

8337.75   NA NA 

8348.30   NA NA 

8358.86   NA NA 

8369.40   NA NA 

8379.95   NA NA 

8390.49   NA NA 

8401.04   NA NA 

8411.58   NA NA 

8422.13   NA NA 

8432.69   NA NA 

8443.23   NA NA 

8453.78   NA NA 

8464.32   NA NA 

8474.87   NA NA 

8485.41   NA NA 

8495.96   NA NA 

8506.50   NA NA 

8517.06   NA NA 

8527.61   NA NA 

8538.15   NA NA 

8548.70   NA NA 

8559.24   NA NA 

8569.79   NA NA 

8580.33   NA NA 

8590.89   NA NA 

8601.44   NA NA 

8611.98   NA NA 

8622.53   NA NA 

8633.07   NA NA 

8643.62   NA NA 

8654.16   NA NA 

8664.71   NA NA 

8675.27   NA NA 
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8685.81   NA NA 

8696.36   NA NA 

8706.90   NA NA 

8717.45   NA NA 

8727.99   NA NA 

8738.54   NA NA 

8749.08   NA NA 

8759.64   NA NA 

8770.19   NA NA 

8780.73   NA NA 

8791.28   NA NA 

8801.82   NA NA 

8812.37   NA NA 

8822.91   NA NA 

8833.47   NA NA 

8844.02   NA NA 

8854.56   NA NA 

8865.11   NA NA 

8875.65   NA NA 

8886.20   NA NA 

8896.74   NA NA 

8907.29   NA NA 

8917.85   NA NA 

8928.39   NA NA 

8938.94   NA NA 

8949.48   NA NA 

8960.03   NA NA 

8970.57   NA NA 

8981.12   NA NA 

8991.66   NA NA 

9002.22   NA NA 

9012.77   NA NA 

9023.31   NA NA 

9033.86   NA NA 

9044.40   NA NA 

9054.95   NA NA 

9065.49   NA NA 

9076.05   NA NA 

9086.60   NA NA 
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9097.14   NA NA 

9107.69   NA NA 

9118.23   NA NA 

9128.78   NA NA 

9139.32   NA NA 

9149.87   NA NA 

9160.43   NA NA 

9170.97   NA NA 

9181.52   NA NA 

9192.06   NA NA 

9202.61   NA NA 

9213.15   NA NA 

9223.70   NA NA 

9234.24   NA NA 

9244.80   NA NA 

9255.35   NA NA 

9265.89   NA NA 

9276.44   NA NA 

9286.98   NA NA 

9297.53   NA NA 

9308.07   NA NA 

9318.63   NA NA 

9329.18   NA NA 

9339.72   NA NA 

9350.27   NA NA 

9360.81   NA NA 

9371.36   NA NA 

9381.90   NA NA 

9392.45   NA NA 

9403.01   NA NA 

9413.55 413.74 NA NA 

9424.10 315.71 NA NA 

9434.64 209.00 NA NA 

9445.19 336.23 NA NA 

9455.73 180.07 NA NA 

9466.28 355.55 NA NA 

9476.84 207.24 NA NA 

9487.38 334.26 NA NA 

9497.93 266.05 NA NA 
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9508.47 194.44 NA NA 

9519.02 175.14 NA NA 

9529.56 233.83 NA NA 

9540.11 74.39 NA NA 

9550.65 164.46 NA NA 

9572.88 128.99 NA NA 

9583.43 176.76 NA NA 

9593.97 83.55 NA NA 

9604.52 74.98 NA NA 

9615.06 68.95 NA NA 

9625.62 81.63 NA NA 

9636.17 91.74 NA NA 

9646.71 67.70 NA NA 

9657.26 37.55 NA NA 

9667.80 66.38 NA NA 

9678.35 38.31 NA NA 

9688.89 46.71 NA NA 

9699.45 35.75 NA NA 

9710.00 58.21 NA NA 

9720.54 53.78 NA NA 

9731.09 57.51 NA NA 

9741.63 35.16 NA NA 

9752.18 59.41 NA NA 

9762.72 49.07 NA NA 

9773.27 20.73 NA NA 

9783.83 36.02 NA NA 

9794.37 17.46 NA NA 

9804.92 23.67 NA NA 

9815.46 17.73 NA NA 

9826.01 22.49 NA NA 

9836.55 13.34 NA NA 

9847.10 10.98 NA NA 

9857.64 12.77 NA NA 

9868.20 9.10 NA NA 

9878.75 14.38 NA NA 

9889.29 8.88 NA NA 

9899.84 9.94 NA NA 

9910.38 13.00 NA NA 

9920.93 21.86 NA NA 
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9931.47 10.29 NA NA 

9942.03 22.14 NA NA 

9952.58 11.64 NA NA 

9963.12 9.43 NA NA 

9973.67 6.25 NA NA 

9984.21 16.86 NA NA 

9994.76 9.81 NA NA 

10005.30 9.65 NA NA 

10015.85 10.57 NA NA 

10026.41 13.13 NA NA 

10036.95 6.99 NA NA 

10047.50 26.60 NA NA 

10058.04 11.47 NA NA 

10068.59 13.27 NA NA 

10079.13 7.55 NA NA 

10089.68 9.50 NA NA 

10100.24 4.35 NA NA 

10110.78 4.10 NA NA 

10121.33 1.50 NA NA 

10131.87 2.63 NA NA 

10142.42 6.51 NA NA 

10152.96 10.52 NA NA 

10163.51 0.37 NA NA 

10174.05 3.40 NA NA 

10184.61 4.28 NA NA 

10195.16 7.49 NA NA 

10205.70 1.80 NA NA 

10216.25 14.32 NA NA 

10226.79 2.58 NA NA 

10237.34 8.16 NA NA 

10247.88 14.08 NA NA 

10258.43 5.76 NA NA 

10268.99 3.36 NA NA 

10279.53 3.29 NA NA 

10290.08 5.06 NA NA 

10300.62 3.75 NA NA 

10311.17 9.54 NA NA 

10321.71 9.52 NA NA 

10332.26 3.75 NA NA 



154 

 

10342.82 2.01 NA NA 

10353.36 5.53 NA NA 

10363.91 6.17 NA NA 

10374.45 5.95 NA NA 

10385.00 5.33 NA NA 

10395.54 9.74 NA NA 

10406.09 14.72 NA NA 

10416.63 10.47 NA NA 

10427.19 9.90 NA NA 

10437.74 11.79 NA NA 

10448.28 7.41 NA NA 

10458.83 9.68 NA NA 

10469.37 9.21 NA NA 

10479.92 12.35 NA NA 

10490.46 7.11 NA NA 

10501.01 12.30 NA NA 

10511.57 13.62 NA NA 

10522.11 10.29 NA NA 

10532.66 19.99 NA NA 

10543.20 16.64 NA NA 

10553.75 22.75 NA NA 

10564.29 29.80 NA NA 

10574.84 23.04 NA NA 

10585.40 35.82 NA NA 

10595.94 20.06 NA NA 

10606.49 53.50 NA NA 

10617.03 41.05 NA NA 

10627.58 35.11 NA NA 

10638.12 43.21 NA NA 

 

F-3. La Concentrations (ppm) from REE analyses used to calculate fossilization times 

from DMNH 21574, DMNH 24237, and DMNH 23891. Blank spaces represent 

erroneous values due to mass spectrometer detection errors or where epoxy was ablated 

instead of bone. Colors indicate extent of bone transect.  NA= no data collected at that 

depth.  
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