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preserved morphologically in that they lack any signs of weathering or abrasion, but the
tibia (examined herein) is missing its distal end and a section of the posterior and medial
portions of the shaft near its proximal end. The tibia is also highly fractured, exhibiting
numerous transverse and longitudinal fractures arising from compaction after fossilization.
Though the medullary cavity of this bone is partly ‘filled’ due to compaction and the partial
crushing of cancellous trabeculae, there are no signs of permineralization or infilling by the
sedimentary matrix (pers. observations, and [74]).
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Figure 1. (A) Map showing the locality from which MOR 2598 was recovered in Phillips County,
Montana. (B) Left tibia of MOR 2598 examined in this study, shown in lateral view. Map redrawn
and modified from [75].

3. Materials and Methods
3.1. Materials

It was not possible to acquire a sample from the left femur of Brachylophosaurus
canadensis MOR 2598 for this study as prior histologic and paleomolecular studies of this
particular skeletal element of the specimen [30,45,74] and reconstructive efforts undertaken
during preparation to maintain permanent stability of the bone left no portion of the cortex
easily removable without compromising the integrity of the fossil. Therefore, we instead
extracted a fragment of the cortex from the midshaft of the left tibia of MOR 2598. This bone
was found in articulation with the left femur in the field and was accordingly buried at
the same stratigraphic position within the same stratum as the left femur, so it was almost
certainly exposed to the same environmental conditions postmortem and early-diagenetic
regime(s) after burial as the left femur. The cortex at the midshaft of tibiae also possesses a
similar thickness, density, and histologic microstructure to the midshaft cortex of femora
in hadrosaurids (e.g., [76,77]). For these reasons, we are confident that trace element
signatures within the left tibia should be very similar to those that would be identified in
the left femur examined by prior studies, and that this tibia therefore represents a suitable
choice for examining the geochemical history of the hind limb of MOR 2598 as a whole.

The excised cortical fragment encompasses the majority of the cortical thickness of
the bone, including the external margin, but fragile cancellous bone within the medullary
cavity disintegrated away during preparation. Because of this, we infer that the innermost
portion of the internal cortex was not included in our analyses.

3.2. Methods
3.2.1. Sample Preparation

The cortical sample was embedded in Silmar 41TM resin (US Composites, West
Palm Beach, FL, USA) under vacuum, then sectioned using a Hillquist SF-8 trim saw
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(Hillquist, Arvada, CO, USA). The resulting ~3 mm-thick section was briefly rinsed with
distilled water then briefly polished with 600 grit silicon carbide to acquire an evenly
smooth surface for ensuing laser ablation–inductively coupled plasma mass spectrometry
(LA-ICPMS) analyses.

3.2.2. LA-ICPMS Analyses

We employed the same LA-ICPMS methods as Ullmann et al. [63,64] in this study and
refer the reader to the Supplementary Materials and those publications for thorough details.
In brief, LA-ICPMS was chosen as a powerful means of examining the spatial distribution of
REEs and other minor and trace elements within the tibia of MOR 2598, which can provide
unique insights into the diagenetic history of a fossil bone and any geochemical shifts it
endured through its fossilization. Concentrations of elements are reported in parts per mil-
lion (ppm) except for iron, which is reported in weight percent (wt. %). REE concentrations
were normalized against the North American Shale Composite (NASC; [78,79]) to facilitate
comparisons to other fossil bones from other localities. The use of a subscript N denotes
NASC-normalized values and ratios. The reproducibility of our results was taken as the
percent relative standard deviation for all REEs in the NIST 610 glass standard; it averaged
1.5% and was below 3% for all analyzed elements. NASC-normalized REE ratios were used
to calculate (Ce/Ce*)N, (Ce/Ce**)N, (Pr/Pr*)N, and (La/La*)N anomalies following Her-
wartz et al. [60]: (Ce/Ce*)N = CeN/(0.5*LaN + 0.5*PrN), (Ce/Ce**)N = CeN/(2*PrN−NdN),
(Pr/Pr*)N = PrN/(0.5*CeN + 0.5*NdN), and (La/La*)N = LaN/(3*PrN − 2*NdN).

4. Results
4.1. Overall REE Composition

As a whole (i.e., by summing all transect data), the left tibia of MOR 2598 exhibits a
∑REE value of 256 ppm (Table 1). The three most abundant trace elements in the cortex
of the bone are iron (Fe), strontium (Sr), and barium (Ba), which exhibit concentrations
of 0.94 wt. %, 2499 ppm, and 1448 ppm, respectively (Table 1). All of these elements, as
well as manganese (Mn), are present in concentrations approximately one to two orders
of magnitude higher than REEs (Table 1). Whereas the average scandium (Sc) enrichment
(59 ppm) is around the same magnitude as those of most LREEs (~10–90 ppm), the av-
erage yttrium (Y) concentration (190 ppm) is more than double that of the highest REE
(89 ppm for cerium, Ce; Table 1). Among REEs, there is substantially greater enrichment in
light rare earth elements (LREEs, La–Nd) than middle (MREEs, Sm–Gd) and heavy rare
earths (HREEs, Tb–Lu), clearly indicative of fractionation during uptake (see Discussion).
The average whole-bone concentration of uranium (U), 51 ppm, is distinctly higher than
those of bones from the Hell Creek Formation known to also yield endogenous collagen I
(2–38 ppm [63,64]).

Table 1. Average whole-bone trace element composition of the left tibia of Brachylophosaurus canadensis
MOR 2598. Numbers presented are averages of all transect data acquired across the cortex. Iron (Fe)
is presented in weight percent (wt. %); all other elements are in parts per million (ppm). Absence of
(Ce/Ce*)N, (Pr/Pr*)N, (Ce/Ce**)N, and (La/La*)N anomalies occurs at 1.0, and these anomalies were
calculated as in the Materials and Methods. The Y/Ho value reflects this mass ratio.

Element Concentration

Sc 59.23
Mn 834
Fe 0.94
Sr 2499
Y 190
Ba 1448
La 40.65
Ce 88.61
Pr 9.86
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Table 1. Cont.

Element Concentration

Nd 35.26
Sm 7.41
Eu 2.61
Gd 12.41
Tb 2.09
Dy 17.33
Ho 4.44
Er 15.26
Tm 2.21
Yb 15.42
Lu 2.62
Th 0.18
U 51.13

∑REE 256
(Ce/Ce*)N 1.04
(Pr/Pr*)N 0.95

(Ce/Ce**)N 1.10
(La/La*)N 1.12

Y/Ho 42.85

4.2. Intra-Bone Concentration Depth Profiles

Each REE exhibits a steeply-declining concentration profile from the cortical margin.
As an example, lanthanum (La) concentrations decrease from ~1000 ppm at the outer
edge of the cortex to ~10 ppm at 5 mm, thus constituting an order of magnitude decrease
across this distance (Figure 2A). Concentrations of HREEs and the latter half of the MREE
series, as well as U, Sc, Y, and lutetium (Lu), all increase toward the internal end of the
transect (Figure 2A–C). For example, Yb concentrations increase from ~1–2 ppm at a depth
of 25 mm to ~15–20 ppm at the internal end of the transect (Figure 2A, Data S1). Such
increases signify secondary diffusion from within the medullary cavity (see the Discussion
and Supplementary Materials). Among REEs, Ce exhibits the highest concentration at the
cortical margin (~3000 ppm), whereas Lu exhibits the lowest (~10 ppm). LREEs generally
exhibit the steepest concentration profiles, reflective of spatially-heterogeneous uptake,
whereas HREEs generally exhibit flatter profiles, reflective of comparatively more spatially
homogenous uptake. MREE profiles are generally intermediate in steepness, and MREE
concentrations commonly fall below the lower detection limit in the middle and internal
cortices (Data S1).

Brief spikes in concentrations typically encountered in osteonal tissue around Haver-
sian canals are rare and generally of miniscule magnitude. Although this would seem to
imply a lack of major uptake through vascular systems, most REE (e.g., La in Figure 2A)
profiles exhibit a subtle deflection near 2.5 mm reflective of uptake via double medium
diffusion (sensu [80]). Near 1 mm, numerous elements, especially Y, HREE, Sc, and U,
alternatively exhibit a roughly 80% increase in concentrations over values at the cortical
margin (e.g., Figure 2A–C), perhaps reflective of late diagenetic near-surface leaching
(see Discussion).

Fe, Ba, Sr, and Mn each exhibit much flatter profiles at higher concentrations than all
other elements (Figure 2C,D), with Fe exhibiting both the highest values and greatest range
in variation of concentrations across the transect among these four elements. Unlike all
other elements we investigated, Sc and U each exhibit “W-shaped” profiles with increasing
cortical depth: after slowly decreasing from the cortical margin, each profile includes a
broad, moderate peak in concentrations in the central portion of the middle cortex followed
by steadily-increasing concentrations across the internal cortex (Figure 2B). Y exhibits the
same profile shape as HREEs in the tibia of MOR 2598 (Figure 2C), indicating similar uptake
behavior for these elements in this fossil.
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Figure 2. Intra-bone concentration gradients of various elements in the tibia of MOR 2598. (A) Lanthanum
(La) and ytterbium (Yb). (B) Scandium (Sc) and uranium (U). (C) Iron (Fe) and yttrium (Y). (D) Barium
(Ba), manganese (Mn), and strontium (Sr). Note the different concentration scales for each panel. The laser
track is denoted by the yellow line in each bone cross section. Gray text labels in (A) span the approximate
regions considered as the ‘external’, ‘middle’, and ‘internal’ cortices. Scale bars, in white over bone images,
each equal 5 mm.

4.3. NASC-Normalized REE Patterns

Spider diagrams of NASC-normalized REE concentrations reveal overall HREE en-
richment in the bone as a whole (Figure 3B,C), but significant relative enrichment of LREEs
within the external 250 µm of the cortex (Figure 4A). A ternary plot of NdN-GdN-YbN
confirms this trend of relative HREE enrichment by revealing that a data point for the
specimen as a whole plots more closely to the Yb corner (Figure 3C). Whereas there is no
apparent Ce anomaly in the bone as a whole (Figure 3B), the external-most 250 µm of the
cortex exhibits a modest positive Ce anomaly (seen as an upward deflection of the pattern
at this element; Figure 4A). REE concentrations range from ~25 to 50 times NASC values in
the external 250 µm of the cortex.

Substantial spatial heterogeneity in REE composition is evident in both a ternary plot of
LaN-GdN-YbN (Figure 3D) and a spider diagram of individual laser runs compiled into the
full transect (Figure 4B). Both of these figures reveal significantly greater LREE content in the
external-most laser run compared to all other laser runs (i.e., variation exceeds two standard
deviations), signifying variations in composition are largely controlled by cortical depth. In
general, the bone becomes increasingly enriched in MREEs and HREEs relative to LREEs
with increasing cortical depth, with transects through the middle and internal cortices
exhibiting both similar magnitudes of REE enrichment and drastic relative enrichment in
HREEs (Figure 4B). Proportionally, transects through these internal regions of the bone
exhibit one to two orders of magnitude of enrichment in HREEs over LREEs, compared to
just half an order of magnitude of HREE enrichment in the external-most transect.

All laser runs through the middle and internal cortices exhibit isolated peaks at
gadolinium (Gd; Figure 4B), likely attributable to isobaric interference effects between
LREE oxides and other ions likely present within the fossil (e.g., spectral overlap between
Gd157 and BaF [81,82]). Most spider diagrams, especially those which separately plot data
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from the external cortex (e.g., Figure 4), also exhibit subtle peaks at europium (Eu) and
holmium (Ho). These peaks impart a weak ‘M’ shape to the shale-normalized patterns,
which most authors (e.g., [83] and references therein) attribute to influences of tetrad effects
during uptake (also see Supplementary Materials for further discussion on potential tetrad
effects in MOR 2598).
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Figure 3. REE composition of the tibia of MOR 2598. (A) Three-point moving average profile of La
concentrations in the outermost 5 mm of the bone. (B) Average NASC-normalized REE composition
of the fossil specimen as a whole. (C,D) Ternary diagrams of NASC-normalized REE. (C) Average
composition of the bone. (D) REE compositions divided into data from each individual laser transect
(~5 mm of data each). Compositional data from the transect that included the outer bone edge is
denoted by a dark diamond; all other internal transect data are indicated by gray circles. The 2σ circle
represents two standard deviations based on ± 5% relative standard deviation.
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Figure 4. Spider diagrams of intra-bone NASC-normalized REE distribution patterns within the
tibia of MOR 2598. (A) Average composition of the outermost 250 µm of the cortex, demonstrating
substantially greater LREE and MREE content in the outermost cortex compared to in the bone as
a whole (B). (B) Variation in compositional patterns by laser transects. The pattern which includes
the external margin of the bone is shown in black, those from deepest within the bone by dotted,
light-gray lines, and all other analyses in between by solid, dark-gray lines.
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4.4. (La/Yb)N vs. (La/Sm)N Ratio Patterns

The tibia of MOR 2598 exhibits a whole-bone average (La/Sm)N value of 0.99 and
a (La/Yb)N of 0.26. These values signify modest HREE enrichment relative to many
environmental water samples, dissolved loads, and sedimentary particulates. Specifically,
these values place the bone within the compositional range of river waters, brackish estuary
waters, and marine pore fluids (Figure 5A).

Biology 2022, 11, x FOR PEER REVIEW 9 of 25 
 

 

in the external-most laser run compared to all other laser runs (i.e., variation exceeds two 
standard deviations), signifying variations in composition are largely controlled by corti-
cal depth. In general, the bone becomes increasingly enriched in MREEs and HREEs rela-
tive to LREEs with increasing cortical depth, with transects through the middle and inter-
nal cortices exhibiting both similar magnitudes of REE enrichment and drastic relative 
enrichment in HREEs (Figure 4B). Proportionally, transects through these internal regions 
of the bone exhibit one to two orders of magnitude of enrichment in HREEs over LREEs, 
compared to just half an order of magnitude of HREE enrichment in the external-most 
transect. 

All laser runs through the middle and internal cortices exhibit isolated peaks at gad-
olinium (Gd; Figure 4B), likely attributable to isobaric interference effects between LREE 
oxides and other ions likely present within the fossil (e.g., spectral overlap between Gd157 
and BaF [81,82]). Most spider diagrams, especially those which separately plot data from 
the external cortex (e.g., Figure 4), also exhibit subtle peaks at europium (Eu) and holmium 
(Ho). These peaks impart a weak ‘M’ shape to the shale-normalized patterns, which most 
authors (e.g., [83] and references therein) attribute to influences of tetrad effects during 
uptake (also see Supplementary Materials for further discussion on potential tetrad effects 
in MOR 2598). 

4.4. (La/Yb)N vs. (La/Sm)N Ratio Patterns 
The tibia of MOR 2598 exhibits a whole-bone average (La/Sm)N value of 0.99 and a 

(La/Yb)N of 0.26. These values signify modest HREE enrichment relative to many environ-
mental water samples, dissolved loads, and sedimentary particulates. Specifically, these 
values place the bone within the compositional range of river waters, brackish estuary 
waters, and marine pore fluids (Figure 5A). 

 
Figure 5. (La/Yb)N and (La/Sm)N ratios of the tibia of MOR 2598. (A) Comparison of the whole-bone 
average (La/Yb)N and (La/Sm)N ratios of the fossil to ratios from various environmental waters and 
sedimentary particulates. Literature sources for environmental samples are provided in the Supple-
mentary Materials. (B) REE compositions of individual laser transects expressed as NASC-normal-
ized (La/Yb)N and (La/Sm)N ratios. The transect including the external bone margin is denoted by 
the black symbol, whereas all other (internal) transects are represented by gray symbols. 

When plotted by individual laser runs (Figure 5B), REE ratios from the middle and 
internal cortices plot with similar (La/Sm)N values to those seen in the external cortex but 
with consistently lower (La/Yb)N values. This difference encompasses roughly one order 
of magnitude, on average. The most internal laser run exhibits the lowest (La/Yb)N ratio 
(0.006), and all but two laser runs across the middle and internal cortices exhibit (La/Yb)N 
ratios < 0.1. (La/Sm)N ratios range between 0.8 and 1.5 and exhibit no apparent relationship 
with cortical depth. 

  

Figure 5. (La/Yb)N and (La/Sm)N ratios of the tibia of MOR 2598. (A) Comparison of the whole-bone
average (La/Yb)N and (La/Sm)N ratios of the fossil to ratios from various environmental waters
and sedimentary particulates. Literature sources for environmental samples are provided in the
Supplementary Materials. (B) REE compositions of individual laser transects expressed as NASC-
normalized (La/Yb)N and (La/Sm)N ratios. The transect including the external bone margin is
denoted by the black symbol, whereas all other (internal) transects are represented by gray symbols.

When plotted by individual laser runs (Figure 5B), REE ratios from the middle and
internal cortices plot with similar (La/Sm)N values to those seen in the external cortex
but with consistently lower (La/Yb)N values. This difference encompasses roughly one
order of magnitude, on average. The most internal laser run exhibits the lowest (La/Yb)N
ratio (0.006), and all but two laser runs across the middle and internal cortices exhibit
(La/Yb)N ratios < 0.1. (La/Sm)N ratios range between 0.8 and 1.5 and exhibit no apparent
relationship with cortical depth.

4.5. REE Anomalies

Due to the concentrations of many trace elements in the middle cortex being so low
that they fall below the lower detection limit (Data S1), every anomaly examined exhibits
major gaps in coverage through this region of the bone (Figure S1). Occasional instances
of significantly higher neodymium (Nd) than praseodymium (Pr) concentrations also
create gaps in the anomaly profiles. Whereas (Ce/Ce*)N and La-corrected (Ce/Ce**)N
anomalies are absent at the outer cortex edge, (La/La*)N anomalies are slightly negative
in the external-most ~280 µm (Figure S1). All three of these anomalies exhibit substantial
positive and negative fluctuations across the transect.

Although (Ce/Ce*)N anomalies fluctuate from ~0.2 to 20 across the transect, they
are largely positive throughout most of the internal half of the transect (Figure S1). This
trend is not reflected, however, in the whole-bone (Ce/Ce*)N average for the tibia, which
is essentially absent (1.04; Table 1). (Ce/Ce*)N values were also plotted against (Pr/Pr*)N
values (following [84]) to aid us in differentiating true, redox-related cerium anomalies
from apparent anomalies induced by variations in (La/La*)N anomalies. The majority
of (Ce/Ce*)N values from the external 1 mm of the bone plot near the lower margins of
fields 3a and 4a (Figure 6), reflective of slightly negative La anomalies in the external cortex
(in agreement with Figure S1). In contrast, anomaly values from inner regions of the cortex
plot over a broad range encompassing every field of the diagram (Figure 6), indicative of


