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1. Supplemental Methods
1.1. Laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS)

We employed the same mass spectrometry methods as Ullmann et al (2020). Briefly, D.
schrani fragment was embedded under vacuum in Silmar resin. A Hillquist SF-8 trim saw was
used to cut a thick section (~3 mm), which was rinsed with distilled water and allowed to
thoroughly dry. Specimen was subjected to LA-ICPMS using a New Wave UP-213 (213 nm
wavelength) Nd:YAG laser coupled to a Finnigan Element2 ICPMS at the University of
Maryland. All elemental concentrations are reported in parts per million (ppm) except for iron,
which is reported in weight percent (wt. %). The laser was operated at 2-3 J/cm2 and a pulse rate
of 7 Hz, and NIST 610 glass was used as an external standard. After background collection for
20 s, transect data were acquired using a laser diameter of 30 um moving at 50 pm/s. Elemental
concentrations were calculated based on normalization to 55.8% CaO in bone apatite.
Reproducibility (taken as the percent relative standard deviation of all REE in NIST 610 glass)
averaged 1.5% and was below 3% for every element except iron (6.2%).

1.2. Demineralization and Evaluation of Morphological Structures in Fossil Bone

Fragments of D. schrani humerus were incubated in 0.5 M disodium
ethylenediaminetetraacetic acid (EDTA) (pH 8.0) for two weeks. Once bone tissue became
pliable, portions of the tissue and supernatant were transferred onto a glass slides using sterilized
pipettes. Although effort was made to obtain a humeral fragment that had not been exposed to
either polyvinyl acetate (Vinac) or cyanoacrylate (Paleo Bond), acetone was applied directly to
demineralization products immediately prior to imaging to completely rule out glue
pseudomorphs as a source for the observed structures. Direct application of acetone to recovered
structures (instead of incubating the bone fragment in acetone prior to demineralization) was
used to ensure maximum exposure of these structures to the reagent. Demineralization products
were imaged in transmitted light and cross-polarized light using a Zeiss Axiocam MRC5 camera
mounted to a Zeiss Axioskop 2 Plus biological microscope and a Zeiss Axioskop petrographic
polarizing microscope, respectively. Low magnification images were acquired on a Zeiss Stemi
2000-C dissecting microscope.

Table S1. Fossil demineralization protocol. Fossil bone was demineralized to (1) release
potential soft-tissue structures (e.g., cells, vessels) from bone matrix for examination, and (2) to
release demineralized bone matrix for evaluation by immunofluorescence (IF).

Sample Incubation
P Location Step Reagent Volume Time @ Notes
Type
Temp
Fossil Bone
Only *Pieces of fossil bone were added to the wells of a 6-well plate (Corning Inc.).
. EDTA
Fossil Bone | . - 0.5M EDTA (pH ~10 14 days @
only 6-well plate | Demineralization 8.0; 0.22um filtered) mL/well RT cﬁggﬁ;a/d




1.3. Defleshing and degreasing of extant bone

Table S2. Extant bone defleshing and degreasing protocols. Extant bone (chicken, alligator)
were defleshed and degreased in preparation for molecular analyses. These steps were not
necessary for fossil specimens.

Sample . Incubation
Type Step Location Reagent Volume Time @ Temp Reps Notes
10% Shout OR 10 % .
BO?;%];I Degreasing Bseﬁlr(%;\r’w Zout (in 18.2 MQ 500 mL | 2-3 days @ RT - st\:\:lrtrrl
y UltraPure H,0) g
Extant
Bone Only | *Bone is removed from degreasing solution and sectioned into pieces.
Extant I Beaker w/ 18.2 MQ . with
Bone Only Rinsing stir bar UltraPure H,O S500mL | 30 min @ RT 3 stirring

1.4. Immunofluorescence

1.4.1. Fixation & Demineralization of Extant Bone

Table S3. Extant bone fixation and demineralization protocols. Extant bone (chicken,
alligator) was fixed prior to demineralization for immunofluorescence. This step was omitted for
fossil samples because the cross-links induced by formalin fixation, while preserving tissue
integrity, also cause loss of immunoreactivity that is only partially recoverable (Werner et al.,
2002). Because signal loss was not a concern for extant tissues that have abundant protein
content, fixation was performed only on these specimens.

sample Incubation
T Location Step Reagent Volume | Time @ | Reps Notes
ype
Temp

Extant
Bone Only | *A sectioned piece of degreased, extant bone was fixed prior to demineralization.

Extant 10% Neutralized overnight
Bone Onl 1.5 mL tube Fixation Formalin 1mL @ 40% 1x -

y (in 1X PBS)

Extant . a 10 min @ i
Bone Only 1.5 mL tube Rinsing 1X PBS 1mL RT 3x

Extant
Bone Only | *Fixed bone is transferred to 50 mL tube for demineralization

EDTA

Extant . - 0.5 M EDTA (pH ~ ~10 days i
Bone Only 50 mL tube Demineralization 8.0; 0.22um filtered) 50 mL @RT cﬁggﬁid

Extant I 10 min @
Bone Only 50 mL tube Rinsing 1X PBS 50 mL RT 3x -

Extant *Soft, demineralized bone was sectioned into very small pieces with a razor.
Bone Only

a: Phosphate buffered saline solution




1.4.2. Tissue Embedding

Demineralized D. schrani tissue was transferred to 1.5 mL tubes, washed with 18.2 MQ water,
and dehydrated in 70% ethanol. Samples were then incubated in a solution of 70% ethanol and
LR White™ resin, followed by incubation in undiluted resin. Tissue was then transferred into
0.95 mL gelatin capsules, which were filled with LR White™ resin and polymerized at 60°C for
two days. Extant samples of alligator and chicken tibia were embedded in LR White™ in a
separate, identical procedure, with the exception that they were fixed in 10% formalin prior to
embedding (see 1.4.1. above). This step was omitted for fossil samples because the cross-links
induced by formalin fixation, while preserving tissue integrity, also cause loss of
immunoreactivity that is only partially recoverable (Werner et al., 2002). Because signal loss was
not a concern for extant tissues that have abundant protein content, fixation was performed only
on these specimens.

Table S4. Tissue embedding protocol. Fossil and extant bones were embedded in resin for
subsequent thin sectioning and analyses with immunofluorescence. Fossil and extant bones were
embedded and analyzed in separate labs.

sample Incubation
- pe Time @

yp Location | Step Reagent Volume Temp Reps Notes

All *Small pieces of demineralized tissue is transferred to 1.5 mL centrifugation tube
1.5mL . 18.2 MQ 10 min @

Al tube Washing UltraPure H,0 1 mL RT bx
1.5mL . 70% ethanol 30 min @ .

All tube Dehydration (in 18.2 MQ H20) 1mL RT 2X in fume hood
1.5mL . . LR White resin: 1 hour @ .

All tube Resin Infusion 70% ethanol (2:1) 1mL RT 1x in fume hood
1.5mL . . . . 1 hour @ .

All tube Resin Infusion | 100% LR White resin 1mL RT 2X in fume hood
*After final incubation in 100% resin, tissue is transferred to a 0.95 mL gelatin capsules (size “00”;

All .
8.81 mm diameter, EMS)

All 0.95 mL Polymerization | 100% LR White resin | ~1 mL 2 da)(s @ 1x in oven
capsule 60°C

1.4.3 Immunofluorescence Assay

Sections of embedded tissue 220 nm thick were taken using an ultramicrotome (Leica
EM UCS6) equipped with separate ultra diamond knives (DIATOME®) for ancient and extant
tissues. Sections were dried to a Teflon-printed slide, incubated in 0.5 M EDTA (for antigen
retrieval), then washed in phosphate buffered saline (PBS) designed for immunohistochemistry
(Zheng & Schweitzer, 2012) (hereafter, I’PBS). Autofluorescence was quenched with sodium
borohydride (NaBHa), then sections were washed with I’PBS. Tissues were “blocked” by
incubation in 4% normal goat serum (4% NGS) to inhibit non-specific binding. After blocking,
sections received one of three treatments: (1) incubation in “primary” antibody, polyclonal rabbit
anti-chicken collagen 1 (1:40); (2) incubation in “primary” antibody that had been inhibited with
chicken collagen (10 mg/mL) (this step performed in extant lab for all samples); or (3)
incubation in 4% NGS with no primary antibody (i.e. “secondary only”). After incubation,



sections were washed with ’PBS+Tween20, then pure I’PBS, followed by incubation in
“secondary” antibody, biotinylated goat anti-rabbit 1gG H+L (1:500, Vector). After washing,
sections were incubated in a fluorescent label, fluorescein isothiocyanate (FITC; Fluorescein
Avidin D; Vector; 1:1000), then washed a final time prior to mounting with anti-fade mounting
medium and a coverslip. Sections were imaged using a Zeiss Axiocam MRC5 camera mounted
to a Zeiss Axioskop 2 Plus microscope. All sections were imaged at an exposure of 150 ms. To
ensure all pixels of all images were identically adjusted, fluorescent (FITC) images for all tissues
were compiled into a single image, then simultaneously converted to grey scale and adjusted for
brightness, contrast, and gamma using PhotoShop CS5.

Table S5. Immunofluorescence protocol. Fossil and extant bone sections were subjected to
immunofluorescence assays and simultaneous specificity controls (inhibition and secondary only
controls, which test for nonspecific paratopes in a polyclonal antibody and nonspecific binding
of the secondary antibody, respectively).

Incubation
Sample Time @
Type Step Reagent Volume Temp Reps Notes
*Tissue sections (220 nm thick) were cut from embedded resin bullets with an ultramicrotome (Leica
All EM UCS6) equipped with an Ultra Diamond Knife (DIATOME®)
*Multiple tissue sections (7-10 per well) were transferred to the wells of a 6-well Teflon printed glass
All slide.
. (this step adheres sections to i overnight covered, on a hot
All Drying slide) @ 45°C 1x plate
. . 0.5M EDTA (pH 8.0; 75 uL 20 min @ in a sealed
All Antigen retrieval 0.22um filtered) /well RT ax container
. . 5min @ in a Coplin jar;
a ~
All Washing 1X I'PBS 100 mL RT 3x with rocking
All Quench NaBH; (1 mg/mL in 18.2 75 uL 10 min @ 3x in a sealed
Autofluorescence | MQ UltraPure H20 /well RT container
. . 5min @ in a Coplin jar;
a ~
All Washing 1X I'PBS 100 mL RT 3x with rocking
. 4% Normal Goat Serum in 75 uL 2-4hr @ in a humid
Al Blocking | 1% 1pBS? (4% NGS) fwell RT I chamber
. (1) polyclonal rabbit anti-
Sglfegg;:ls chicken collagen 1* (1:40 in
sample 4% NGS) [OR]
type Primary (2). polyclonal rabki't afm'. 75 uL overnight in a humid
received | Antibod chicken collagen 1* (1:40 in Iwell @4°C 1x chamber
ot of Y 4% NGS) inhbited with
the 3 *US Biological, p()luglrrl]e(jrgrlll)cl[(gchollagen
treatments | C7510-13B ) 1o NG 0—1n|y
; 1X I'PBS* + N 10 min @ in a Coplin jar,
Al Washing 5% Tween20 100 mL RT 3 with rocking
. . 10 min @ in a Coplin jar;
a ~
All Washing 1X I'PBS 100 mL RT 3x with rocking
Secondary blotlnylated.goat_antl—rabblt 75 uL 2-4hr @ in a humid
Al Antibod gG H+L (1:500 in 1X Iwell RT 1x chamber
y I'PBS; Vector BA-1000)
. 1X I'PBS? + N 10 min @ in a Coplin jar;
Al Washing 5% Tween20 100 mL RT 3 with rocking




All | Washing 1X I'PBS? ~100mL | 10PINE g wifh(;ggl'('i%éa“
fluorescein isothiocyanate . .
All | Labeling (FITC)® (1:1000 in 1x UL @RT | 1x | Inthedark;ina
I'PBS?) Iwell humid chamber
; 1X I'PBS? + N 10 min @ in a Coplin jar;
Al Washing 5 % Tween20 100 mL RT 3x with rocking
. . 10 min @ in a Coplin jar;
a ~
All Washing 1X I'PBS 100 mL RT 3X with rocking
VectaShield H-1000 Anti- 10 ul cover slip anplied
All Mounting Fade Mounting Medium for /wgll - - after Papp
Fluorescence
*Sections were imaged using a Zeiss Axiocam MRC5 camera mounted to a Zeiss Axioskop 2 Plus
All microscope

a: Phosphate buffered saline formulated for immunohistochemistry, (Zheng & Schweitzer, 2012)
b: Fluorescein Avidin D; Vector A-2001

1.4.4 Extended Digestion & Immunofluorescence Assay

Digestion assays were performed as described in 1.4.3 above with the following additions:
before antigen retrieval with EDTA, select sections were digested with collagenase A (Roche;
Img/mL in Delbucco’s PBS) over three distinct time ranges: 24 hours, overnight, or 1 hour.
Additional sections that were not subjected to digestion with collagenase were simultaneously
taken through all other steps of the digestion procedure, to establish a baseline of non-enzymatic
degradation. After final digestion, slides were washed in I’PBS, and protocol proceeded as
detailed above, starting with antigen retrieval in EDTA.

Table S6. Digestion protocol Digestion Sections of fossil bone sections were subjected to
varying lengths of digestion with collagenase A, to test whether observed antibody binding
patterns were affected by the targeted destruction of collagen I. Digestions included: (1) 24 hours
with 5 changes and then 1 hour with 3 changes (24 hr), (2) overnight with 1 change and then for 1 hour
with 3 changes (O/N), (3) 1 hour with 3 changes only (1 hr), or (4) no collagenase (control).

S | Reagent R | SI;)de_
_?_mp € Step Reagent Volume Application el neu 07 Reps | Notes
ype Length Changes Time @
Temp
All *Tissue sections (220 nm thick) were cut from embedded resin bullets with an ultramicrotome (Leica
EM UCS6) equipped with an Ultra Diamond Knife (DiIATOME®)
All *multiple tissue sections (7-10 per well) were transferred to the wells of a 6-well Teflon printed glass
slide.
(this step . covered
All Drying adheres - - - overnight Ix | ona hot,
sections to @ 45°C plate
slide)
collagenase [24 hr]: 24 hr [24 hr]: 5x ina
Selection | Extended | A (Roche) 75 uL | [O/N]: overnight | [O/N]: 1x 24hr @ 1x humid
of Each | Digestion | (Img/mLin | /well | [1hr]: - [1hr]: - 37°C chamber
1X D’PBS?) [control]: - [control]: -




collagenase [24 hr]: 1 hr [24 hr]: 3x ina
Selection Digestion A (Roche) 75uL | [O/N]: 1 hr [O/N]: 3x lhr @ 1x humid
of Each (Img/mL in fwell | [1 hr]: 1hr [1 hr]: 3x 37°C chamber
1IX D’PBS? [control]: - [control]: -
ina
. , b ~100 5min @ Coplin
All Washing 1IX I'PBS mL N/A RT 2X jar: with
rocking
All *After washing, protocol proceeded as detailed in "Immunofluorescence” table (Table S6) above.
*Note: The different treatments above represent different wells on the same slide. Reagent application
All varied between wells in terms of length of time and number of applications, but the entire slide was
incubated as shown in the "slide incubation™ column.
a: Delbucco’s phosphate buffered saline with calcium and magnesium
b: Phosphate buffered saline formulated for immunohistochemistry, (Zheng & Schweitzer, 2012)

1.5 Enzyme Linked Immunosorbent Assay (ELISA)
1.5.1 Chemical Extraction of Proteins

Bone (2g) and sediment (2g) fragments were ground with sterilized mortar and pestles
(extant bone was frozen for 20 sec in liquid nitrogen prior to grinding). Bone and sediment
powders were added to 10 mL Zeba spin columns (Thermo Scientific); an additional spin column
was left empty to serve as a buffer ‘blank’ control. Spin columns were placed in 50 mL tubes
(Fisherbrand) and 10 mL of 0.6 M hydrochloric acid (HCI) was added to each column before
incubation at RT overnight. Columns were transferred to collection tubes and centrifuged. The
resulting supernatant, hereafter ‘HCI extraction,” was removed stored at 4°C. Samples then
received 10 mL of 4M guanidine hydrochloride (GuHCI) followed by incubation at 65°C
overnight. After centrifugation, the resulting supernatant (hereafter ‘GuHCI extraction”) was
stored at 4°C. Following storage, extracted HCI and GuHCI supernatants were centrifuged to
pellet any residual bone debris, then transferred to clean 50 mL tubes. Proteins were precipitated
from HCI extracts by incubation with 100% trichloroacetic acid (TCA) for 1 hour at 4°C.
GuHCL extracts were precipitated by incubation with 100% ethanol overnight at -20°C. After
precipitation, HCI and GuHCI extractions were centrifuged, and supernatant was decanted and
discarded. Extraction pellets were gently washed with 100% acetone (HCI extracts) or 90%
ethanol (GuHCI extracts). Centrifugation and wash steps were repeated for both pellets, then
supernatants were decanted by tube inversion, and pellets were allowed to dry overnight inverted
in a laminar flow hood. Once dry, tubes were stored at -80°C until analysis.



Table S7. Protein extraction protocol. Fossil, sediment, “buffer” blank, and extant bone
samples were subjected to chemical extraction to solubilize bone proteins for subsequent
molecular assays.

Incubation
Sample Time @ Centri-
Type Location | Step Reagent Volume Temp fugation | Reps Notes
All *2g cortical bone fragments or sediment were coarsely ground (grain sizes ~1-2 mm diameter) in a
mortar and pestle that sterilized by washing in nitric acid and baking at 520°C overnight.
Extant
Only | *Extant bone fragments were frozen for 20 sec in liquid nitrogen prior to grinding.
All *Bone/sediment powders were added to empty 10 mL Zeba spin columns (Thermo Scientific). An
additional spin column was left empty to serve as a buffer ‘blank’ control.
All *Columns were added to 50 mL polypropylene centrifuge tubes (Fisherbrand).
Spin Demineral- 0.6 M . overnight . W'.th
All column i7ation hydrochloric acid 10 mL @ RT - 1x agitation @
(HCI) 45° angle
spin column
. HCI moved to
All Spin Supernatant - - 1 min 1000 1x clean
column - rcf :
Collection collection
tube
4M guanidine
All Spin Protein hydrochloride 10 mL overnight i 1x with rocking
column | Solubilization | (GuHCI) in 0.05 @ 65°C @ 45° angle
M Tris (~pH 7.4)
spin column
. GuHCI moved to
All Spin Supernatant - - 1 min 1000 1x clean
column - rcf :
Collection collection
tube
All *Collected HCI extracts ([HCI]) and GuHCI extracts ([GuHCI]) were stored in 50 mL centrifugation
tubes @ 4°C until protein precipitation.
supernatant
Pelleting transferred
All 5t0utr:e L Supernatant - - 10 min 8?30 1x to new
Debris tubes, debris
discarded
[HCI]: 100% 2.5mL lhr@
Trichloroacetic 4°C
All 50 mL Protein acid (1.428 ¢ i 1x
tube Precipitation | TCA/ 1 mL H20)
[GUHCI]: 100% 25 mL | overnight
ethanol @ -20°C
Pelleting . . supernatant
All S0 mL Precipitated [HCI]: . - 20 min 8500 1x decanted &
tube . [GuHCI]: 10 min rcf .
Protein discarded
[HCI]: 100% each wash =
All 50 mL Pellet acetone 5mL 20 min 8500 ox add reagent,
tube Washing [GUHCI]: 90% 10 min rcf centrifuge,
ethanol decant
All *After final wash, tubes were inverted in a laminar flow hood and allowed to dry overnight. Dried

pellets were stored @ -80°C until analyses.




1.5.2. ELISA

GuHCI extraction pellets from sediment and fossil bone were resuspended in PBS.
Because no pellet was visible in negative control (“blank) samples, PBS was pipette directly
into extraction tube and recollected to obtain any trace extraction products. Chicken and alligator
GuHCI extracts were diluted in PBS to the concentration of 5-10 pg/mL.

For each ELISA assay, a selection of wells on a 96-well U-bottom microtiter plate
(Thermo Scientific) received 100 pL of resuspended samples, 100 pL of PBS (group blank), or
no sample (plate blank) and were allowed to incubate for 2.5—4 hrs. Next, nonspecific binding of
the wells was inhibited with 5% bovine serum albumin (5% BSA) incubated for 4 hrs at RT. A
selection of wells from each of the sample types was then incubated overnight at 4°C with one of
the following treatments: (1) incubation in “primary” antibody, polyclonal chicken specific anti-
collagen 1 (1:400), or (2) 5% BSA only. Plate was washed in ELISA wash buffer, then all wells
were incubated for 2.5-4 hrs at RT with 100 pL of “secondary” antibody (1:2000; alkaline
phosphatase conjugated goat anti-rabbit IgG (H+L)). The plate was again washed with ELISA
wash buffer, and 100 pL of colorimetric substrate was added to each well. Absorbance was
measured at 405 nm with a Molecular Devices Spectra Max Plus microplate reader (ancient
samples) or a Molecular Devices THERMOmax microplate reader (extant samples). Data were
acquired in Softmax Pro 4.8.



Table S8. ELISA protocol. Extraction products from fossil, sediment, “buffer” blank, and extant
bone samples were subjected to ELISA. Specific details about how extraction products were
resuspended for analyses, and in what proportions, is listed below.

*To minimize loss and sample handling, entire extraction pellets derived from fossil bone and
Fossil & sediment were resuspended in PBS to created a stock solution that was aliquoted and diluted for
Sediment | 2SS Dilutions for the these sample are expressed in terms of the weight of the original bone
Samples powder represented by the portion of the resuspened material used. ELISA analyses plated extraction
Onlp stock representing the extraction products of 62.5 mg to 150 mg of fossil/sediment powder per well
y (6.25 - 15 mg/mL). (Note: all wells for fossils and sediment received the same portion of material in
each trial. Listed range is between separate replication trials).
Buffer *Because no extraction pellet resulted from buffer/blank specimens, the same amount of 1X PBS
(Blanks) used to resuspend the fossil and sediment samples was pippette into the buffer extraction tubes,
onl vortexted, centrifuged, and recollected to ensure that any minute portion of extraction products
y (including any contaminants) were collected and tested as part of the negative controls.
*Because extant bone produced an abundance of extraction production, precisely measured dilutions
Extant | could be created (in contrast to the fossil/sediment samples). Extant bone samples were resuspended
Bone in 1X PBS to concentrations that ranged between 5 pug/mL - 10 pug/mL over all trials (100 uL aliquots
Only contained 500 ng - 1 ug extraction products). Concentations were consistent between wells in each
trial, but varied across replication trials.
sample Incubation
T pe Step Reagent Volume | Time @ Reps Notes
yp Temp
*Solutions were plated on a 96-well Immulon 2HB U-bottom microtiter plate (Thermo Scientific).
All (Assays of fossil and extant bone were performed in separate labs on different days. Fossil and
negative controls were plated on same plate and tested simultaneously.
[Fossil/Sediment]: extract products
from 6.25 mg - 15 mg bone powder
All Antigen per 1 mL 1X PBS 100l | 25-4hr@ Ix plate covered
Plating [Buffer]: diluted identically to Iwell RT with titer top
fossil/sediment samples with 1X PBS
[Extant bone]: 5-10 pg/mL
5% bovine serum albumin diluted in 200 Ul late covered
All Blocking 1X PBS with 0.05% Thimersol and /weLIlI 4hr @ RT 1x \[/)vith titer to
0.005% Tween20 (5% BSA) P
(1) polyclonal rabbit anti-chicken
All Primary collagen I* (1:400 in 5% BSA) [OR] | 100 pL | overnight 1x plate covered
Antibody | (2) 5% BSA only Iwell @4°C with titer top
*US Biological, C7510-13B
All Plate Wash | ELISA Wash Buffer? - - §8x
alkaline phosphatase conjugated goat
All | Secondary | rabbit 1gG (H+L) (1:2000in 1X | 10OML | 25-4hr@ |, | plate covered
Antibody PBS) /well RT with titer top
All | Plate Wash | ELISA Wash Buffer® . : o
All Colormetric | 9.8% Diethanolamine, 0.5 mM 100 pL i 1x
Label MgCl, + p-Nitrophenylphosphate® /well
All *Absorbance was measured at 405 nm with a Molecular Devices Spectra Max Plus microplate reader
(ancient samples) or a Molecular Devices THERMOmax microplate reader (extant samples)
a: 1X PBS (in 18.2 MQ UltraPure H20) with 0.1% Tween20
a: 10 ml buffer (9.8% Diethanolamine, 0.5 mM MgCI2) +1 tablet p-Nitrophenylphosphate




2. Supplemental Results

2.1 X-ray Diffraction (XRD)
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Figure S1. XRD diffractogram. X-ray diffraction (XRD) pattern obtained from analysis of sample from
MPM-PV 1156-49. All peaks shown correspond with the diffraction traces of four minerals: dolomite
(calcite), hydroxyapatite, fluoroapatite, and chloroapatite (Table S10).

2.2 REE Analyses
Raw transect data are provided separately in Data S1 as an Excel XLSX file.

2.2.1 Sources for Environmental Data in Figure 7.

Literature data for environmental samples in Figure 7 of the main text are as follows: river
waters (green field; Hoyle et al., 1984; Goldstein and Jacobsen, 1988; Elderfield et al., 1990; Bau
and Dulski, 1996; Biddau et al., 2002; Astrém and Corin, 2003; Bwire Ojiambo et al., 2003;
Tang et al., 2003; Centeno et al., 2004; Johannesson et al., 2004; Gammons et al., 2005a, 2005b;
Barroux et al., 2006; Bau et al., 2006; Kulaksiz and Bau, 2007, 2011b; Pokrovsky et al., 2010;
Censi et al., 2015; Kalender and Aytimur, 2016; Smith and Liu, 2018); suspended river loads
(dull pink field; Goldstein and Jacobsen, 1988; Merschel et al., 2017); groundwaters (bright pink
field; Smedley, 1991; Johannesson et al., 1995, 1997, 1999; Leybourne et al., 2000; Bwire
Ojiambo et al., 2003; Tang and Johannesson, 2006; Vardanjani et al., 2012; Chevis et al., 2015;
Liu et al., 2016); lakes (purple field; Johannesson and Lyons, 1995; Johannesson et al., 1995,
2004; Leybourne et al., 2000; De Carlo and Green, 2002; Bwire Ojiambo et al., 2003; Gammons
et al., 2005a; Bau et al., 2006); estuaries (yellow field; Elderfield et al., 1990; Sholkovitz, 1993;
Nozaki et al., 2000; Chevis et al., 2015; Rousseau et al., 2015); coastal waters (light blue field;
Hoyle et al., 1984; Elderfield and Sholkovitz, 1987; Elderfield et al., 1990; Bau and Dulski,
1996; Kulaksiz and Bau, 2007; Bayon et al., 2011); seawater (dark blue field; Elderfield and
Greaves, 1982; De Baar et al., 1983; German et al., 1991; Piepgras and Jacobsen, 1992;
Sholkovitz et al., 1994; German et al., 1995; Zhang and Nozaki, 1996; Hongo et al., 2006; Wang



and Yamada, 2007; van de Flierdt et al., 2012; Grenier et al., 2013; Jeandel et al., 2013; Garcia-
Solsona et al., 2014; Abbott et al., 2015; Hathorne et al., 2015; Zheng et al., 2016; Johannesson
etal., 2017; Osborne et al., 2017; de Baar et al., 2018); sea floor particles (gray field; Sholkovitz
et al., 1994; Garcia-Solsona et al., 2014); marine pore fluids (orange field; Elderfield and
Sholkovitz, 1987; Haley et al., 2004; Kim et al., 2011; Johannesson et al., 2017).

2.2.2 Supplemental REE Results Figures
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Figure S2. Intra-bone REE concentration gradients of various elements in Dreadnoughtus.
Intra-bone REE concentration gradients of various elements in the left humerus of
Dreadnoughtus (MPM-PV 1156-49). (A) The light REE (LREE) lanthanum (La). (B) The
middle REE (MREE) samarium (Sm). (C) The heavy REE (HREE) ytterbium (Yb). Note that
each panel has different concentration scales. Yellow line at the top of each panel depicts the
track of the laser across the bone thick section during analyses. Scale bars (in white over bone
images) each equal 1 mm.

2.3 Soft Tissue Preservation
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Figure S3. ELISA results of chicken bone compared to Dreadnoughtus. Enzyme-linked
immunosorbent assay (ELISA) results of chemical extractions from extant chicken bone (500 ng
of extraction products per well), Dreadnoughtus schrani bone, sediment, and buffer (extraction
products from 150 mg of bone or sediment per well). Dark grey columns (left) represent
absorbance (405 nm, time = 90 min) obtained for extractions incubated with anti-collagen |
antibodies (1:400). Light grey columns (right) show secondary-only control for each sample.
When 500 ng of chicken extraction products were plated, absorbance reached saturation (3.0+)
within 90 minutes. At 90 minutes, D. schrani extracts incubated with anti-collagen | antibodies
showed substantially less absorbance (~0.060) than chicken, but still exceeded the threshold
value of twice the background control (~0.023). indicating a positive detection of collagen I.
Sediment and buffer extractions showed no absorbance, indicating that signal observed for D.
schrani is not the result of contamination from the burial environment or laboratory. Error bars
represent one standard deviation above and below mean absorbance values for each sample.

3. Supplemental Discussion

3.1 Potential Tetrad Effects in MPM-PV 1156-49

Lack of MREE enrichment causes transects across the cortex of MPM-PV 1156-49 to
lack distinct W-shape NASC-normalized profiles indicative of tetrad effects (unique elemental
behavior based on ionic charge, radius, and configuration of the outer electron shell; Hinz and
Kohn, 2010; Herwartz et al., 2013) or extensive secondary apatite precipitation (Herwartz et al.,
2013). However, a couple transects across the middle cortex display potential evidence of weak
tetrad effects in the form of very subtle W-shape NASC normalized patterns (Figure 5B),
positive Y/Ho anomalies (Figure S2; cf. Herwartz et al., 2013), and/or increasingly positive
(La/La*)n anomalies with cortical depth (Figure S2; cf., Herwartz et al., 2013). According to
Herwartz et al. (2013), these trends may reflect either: (1) tetrad effects during uptake; (2)
fractionation during uptake, in which LREE are preferentially adsorbed by the external-most
cortex (resulting in changing of the pore fluid composition as it percolates deeper into the bone),
and/or; (3) incorporation of elemental readings from secondarily precipitated (authigenic)
phosphate which has scavenged trace elements from the pore fluid (i.e., during recrystallization
of bone crystallites into larger, more diagenetically-stable fluorapatite crystals; cf. Hubert et al.,
1996). Although it is difficult to tease apart the relative importance of these potential causes, the
complete lack of any signs of double medium diffusion (sensu Kohn, 2008) through Haversian
canals in addition to advective diffusion in concentration-depth profiles (Table 2) implies that
fractionation during uptake was likely a major contributing factor. Abundant other data (normal
intra-bone fractional trends in the spider diagram [Figure 6B], the flatter profile for U than REE
despite their similar diffusivities [Figure 4A,B], low concentrations of MREE and elements with
low-moderate diffusivities in middle cortices [Figure 6A,B, Data S1]) also signify fractionation
during uptake and changes in the pore fluid composition over time. Therefore, the positive Y/Ho
and (La/La*)n anomalies observed in the middle cortex of MPM-PV 1156-49 may reflect this
typical “fossilization” process more so than tetrad effects.



3.2 Intra-Bone Fractionation in (La/Yb)n vs. (La/Sm)x

The pattern seen in the femur of MOR 1125 of decreasing (La/Yb)n yet increasing
(La/Sm)n with cortical depth (Figure 7 of main text) has been interpreted many ways in past
reports. For example, Reynard et al. (1999) assigned such patterns to represent “substitution-
recrystallization” REE incorporation mechanics, whereas Trueman et al. (2006) interpreted such
specimens (their ‘group 4°) to reflect long-term REE scavenging by adsorption. Most recently,
Herwartz et al. (2013) reconsidered (La/Yb)n—(La/Sm)n patterns in light of new laser-ablation
derived data and concluded that all previous interpretations based on solution ICPMS analyses
(e.g., Reynard et al., 1999; Trueman et al., 2006) were biased by bulk sample averaging effects.
Herwartz et al. (2013, p. 176) (and Trueman et al., 2011) offer a compelling argument that such
ratio trends reflect “'normal’ intra-bone fractionation” driven by decreasing partition coefficients
with increasing atomic radii for REE; because the order of closest fit of REE ionic radii to the
Ca?" lattice site in bone hydroxyapatite is Sm3* > La®" > Yb3*, fractionation based on ionic radius
will occur during uptake, causing preferential earlier uptake of Sm and La by the external cortex
because of their better fit. This “normal” fractionation would thus simultaneously depress
(La/YDb)n values and raise (La/Sm)n values in the internal cortex relative to the external cortex, as
seen in MPM-PV 1156-49 (Figure 7B). If the majority of uptake with fractionation occurred
during early diagenesis, as most evidence appears to support, then the bone composition likely
reflects uptake from circum-neutral pH groundwaters (cf., Martin et al., 2005).
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