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U-Pb calcite age dating of fossil eggshell
as an accurate deep time geochronometer
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Earth’s sedimentary rock record is the primary archive for biotic, environmental, and climatic trends in
deep time. Reconstructing these patterns requires a high-resolution geochronologic framework. This
remains a significant challenge for many terrestrial ecosystems and an acute problem for some of the
world’s mostimportant Mesozoic and Cenozoic fossil records. Overcoming this issue requires frontier
approaches, such as directly dating fossils, long considered untenable. Here, we test the reliability of
novel LA-ICP-MS U-Pb calcite dating and elemental mapping of non-avian dinosaur eggshells to
produce accurate “burial ages.” We directly dated fossilized dinosaur eggs recovered from the
Western Interior Basin of North America, producing ages within 5% of high-precision ages from
bracketing ash beds. We then directly dated dinosaur eggs from Upper Cretaceous strata within
Mongolia’s famous yet poorly age-constrained Gobi Basin, providing the first radioisotopic age for
these deposits. Geochemical data coupled with trace elemental mapping indicate early uptake of
uranium (U) in non-avian dinosaur eggshells via sediment contact, consistent with findings from
Quaternary avian eggs. Calcified eggs, having evolved over 250 million years ago, offers a promising
experimental methodology for determining the age of globally distributed fossil assemblages and
recovering temporal, environmental, and ecological data from a single fossil.

Studying evolutionary and ecological processes in deep time requires refined
geological age estimates for paleontological data. Unfortunately, confident
temporal frameworks are difficult to achieve for many of the world’s most
important fossil assemblages'”. Currently, the gold standard for dating
continental sedimentary deposits is U-Pb or Ar-Ar dating of interbedded
volcanic deposits (e.g., ash beds, lava flows)*"°. However, the presence of
datable volcanic units is typically restricted to sedimentary basins proximal
to volcanic arc systems in convergent margins, meaning that alternative
dating methods are required for many continental interior basins'*"". In
addition, many methods available for resolving the age of marine strata (e.g.,
biostratigraphy; Sr-isotope stratigraphy) are unavailable or less precise for
dating terrestrial deposits.

Recent investigations on alternative geochronometers in terrestrial
systems have focused on studies that date biological materials and various
carbonate minerals within sedimentary rocks. The direct dating of fossilized
bone and teeth has met with variable success'*"". These studies highlight

ongoing issues associated with dating biological materials, which may act as
open systems affected by fossilization, diagenetic alteration, and
overprinting' . On the other hand, carbonate U-Pb geochronology has
been increasingly applied to a broader range of geologic materials (e.g.,
calcite veins, lacustrine limestones, soil carbonates, and speleothems) with
continued improvements in methods, standards, and applications'>*"***;
however, application of the methods as a direct-dating method for fossil taxa
is in its infancy. The unique ultra- and microstructure of biocalcite found in
eggshells permits nuanced diagenetic screening before dating. This, coupled
with the fact that calcified-egg-laying vertebrates have been a diverse
component of Earth’s terrestrial ecosystems since the Paleozoic, under-
scores the potential of fossil eggshell as a novel geochronometer in deep
time”™™* (Fig. 1).

Although U-series dating has been tested and applied to dating Qua-
ternary eggshells” ™, in situ laser ablation U-Pb calcite age dating of fossil
eggshells has yet to be tested in deep time. If validated, this approach could
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Fig. 1| Global distribution map of fossilized egg discoveries (spanning the Mesozoic-Cenozoic), highlighting the abundance of fossilized eggs and eggshells across space and
time in continental sedimentary successions & renees 359%) Map and fossil egg localities complied using the PBDB (CCO International License; https:/paleobiodb.org/#/).

greatly expand the range of continental sedimentary successions amenable
to radioisotopic dating. Here, we present results from the first in-situ U-Pb
calcite dating and trace elemental mapping of non-avian dinosaur eggshells
via Thermo Neptune multi-collector inductively coupled plasma mass
spectrometer (LA-MC-ICP-MS) from two different Cretaceous fossil
localities. The first set of specimens originates from the Mussentuchit
Member of the Cedar Mountain Formation in the Western Interior Basin
(USA), which is bracketed by precisely dated ash beds’, serving as a control
group. The second set represents newly discovered egg clutches (2022) from
the Teel Ulaan Chaltsai locality, in the Eastern Gobi Basin of Mongolia.
Lacking datable volcanics, the age of the beds at Teel Ulaan Chaltsai remains
uncertain, with conflicting Early vs. Late Cretaceous age assignments by
different workers™’, making this an ideal test case for using eggshell dating
to resolve this stratigraphic issue (Fig. 2). Therefore, our study investigates
this approach and offers a unique, broadly applicable alternative for dating
continental, vertebrate-bearing deposits worldwide.

Methods

In situ U-Pb calcite age dating results of eggshells from Utah and the Gobi
locality (Fig. 2) were acquired using an LA-MC-ICP-MS coupled to a
Photon Machines 193 nm laser ablation (LA) system at the Universidade
Federal de Ouro Preto, following an adapted method®. Samples were
ablated in a helium atmosphere and mixed with argon and nitrogen, with
the MC-ICP-MS optimized for sensitivity while minimizing oxide forma-
tion and fractionation. Laser parameters included 110 pm spot sizes, 5 Hz
repetition, and 6 ] cm™ fluence, yielding a penetration depth of <10 pm for
NIST SRM-614. U-Pb and Pb-Pb ratios were normalized”>**’, calibrated
using WC-1 and NIST SRM-614, applying mass bias and interelement
fractionation corrections. Data reduction was conducted via SATURN
software, and results were reported at a 20 confidence interval. Tera-
Wasserburg plots were used for regression, and uranium concentrations
were estimated against WC-1. Age uncertainties included both analytical
and external standard errors. See Supplementary Data 1 and 2 for detailed
results.

Trace element data were acquired at the Department of Earth Sciences,
Stellenbosch University, using a Thermo Scientific Element 2 sector field
ICP-MS coupled to a Resolution 193 nm excimer laser ablation system.
Analyses were conducted in low mass resolution mode, and the following

isotopes were measured: Mg**, Si**, Ca*, Ti*, Mn”*, Fe*®, Cu®, Zn®, Sr*,
Y89) Zr90) Ba137) La139) Cel40) Pr14l) Nd146) Sm147, Eu153, Gd157, Tb159) DYIGS)
Ho'®, Er'®, Tm'®, Yb'7?, Lu'’?, Pb**, Th**?, and U***. Data processing and
quantitative imaging were performed using Saturn TE Map, a custom
Python-based software developed for high-resolution LA-ICP-MS ele-
mental mapping. The software reconstructs the 2D spatial layout of line scan
data using laser stage logs and applies pixel-wise quantification based on
certified reference materials. Raw intensity data were background-corrected
using a global average derived from background segments of standard files
only and normalized using External Calibration with Internal Standardi-
zation (ECIS). NIST SRM-612 was used as the primary calibration standard,
and NIST SRM-614 and BHVO-2 were employed as secondary quality
control materials to monitor accuracy and precision. Resulting elemental
concentrations (in ppm) were visualized as individual heatmaps and RGB
composites. Region-of-interest (ROI) tools were used to extract per-element
statistics (mean, standard error, min, max), supporting interpretation of
trace element zoning and U/Pb distributions within eggshell ultra- and
microtextures.

Results

Geochronology

Three eggshell pieces were selected from a partial clutch of theropod
dinosaur eggs (NCSM 33576-324 A)"*'~*, excavated from the “Deep Eddy”
locality (Fig. 2a), referable to eggshell ootype Macroelongatoolithus carlylei*
and laid by oviraptorosaurian dinosaurs (Theropoda). Selected samples
were approximately 1.8 mm in thickness, lacking any internal or external
diagenetic or recrystallization features; however, minor taphonomic
weathering of the ultra- and microstructure in the form of fractures and
fissures was identified. Initial screening for uranium (U) concentration
identified the most promising regions of the eggshells for dating, with ele-
vated U concentrations, specifically the mammillae lining the internal
surface and the high-relief ornamental nodes along the external surface of
the eggshell, characteristic of elongatoolithid eggs (Fig. 3A). The surfaces
between the external ornamental knobs contained either high concentra-
tions of common Pb (Pbc) or too little U for analysis. Two independent
rounds of U-Pb LA-MC-ICP-MS analysis were performed on seven egg-
shells (Round 1: 96 spot analyses on four eggshell pieces; and Round 2:
176 spot analyses). For both runs, most spots exhibited U concentrations
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Fig. 2 | Location of sample sites. a Mussentuchit Member, Cedar Mountain For-
mation, Central Utah (USA) with high-precision CA-ID-TIMS U-Pb zircon geo-
chronology and age model for formation shown relative to the location of eggs
sampled in this study at the “Deep Eddy” site'; and b The Teel Ulaan Chaltsai nest
horizon eggshell sample sites, Sainshand Sub-basin of the Eastern Gobi Basin
(Images modified from”***>®). Note that the age of this extensive nest horizon and

eggshell horizon (~3.5 km long) has alternatively been interpreted as either
belonging to the Lower Cretaceous syn-rift stratigraphy vs. the Upper Cretaceous
post-rift stratigraphy (ieurereferences?414261-67) _Global Maps modified from “Wikimedia
Commons” CC BY-SA 4.0 (https://commons.wikimedia.org/wiki/File:BlankMap-
World-with-Circles_17_April 2024.svg).

ranging from 0.012 to 3.5 ppm, with an average of 0.3 ppm (Supplementary
Data 1). Of the total 272 spot analyses, 34 contained no detectable U and did
not yield meaningful U-Pb ratios. The remaining spots align remarkably
well along a regression line with an upper intercept of 0.829 (*’Pb/**Pb) and
alower intercept age 0of 94.7 + 1.3/2.3 Ma (20, MSWD = 1.5, n = 238). Based
on the 238 single spot analyses on eggshells from sample NCSM 33576, an
age of 94.7 £ 1.3/2.3 Ma is interpreted (Fig. 3A).

Fossil eggshells (Dinosauria indet.) were collected in 2022 from four
lithostratigraphically similar locations along a single, extensive horizon
(3.5 km laterally, 2.5 m vertically) of dinosaur nests and isolated eggshells
(interpreted as a nesting area) by a joint NCSM/SU/IP-MAS expedition
(MADEXx) to the Eastern Gobi Basin at Teel Ulaan Chaltsai (Mogoin
Daatsyn Khuduk)**” (Figs. 2b, 3B). Selected samples were approximately
2.7 mm in thickness, lacking any internal or external diagenetic alteration or
recrystallization, and no visible taphonomic weathering or structural
deformation. Two independent rounds of U-Pb LA-MC-ICP-MS were
performed on the external surface and along an internal transect through
the eggshell profiles across eight individual fossil eggshells collected in situ
from four different stratigraphically similar localities, MPC-D 100/1067,
100/1068, 100/1069, and 100/1070 at Teel Ulaan Chaltsai (Supplementary
Data 2). The first round of dating included 120 spot analyses on eggshells
from MPC-D 100/1070, 95 spot analyses on eggshells from MPC-D 100/
1068, 72 spot analyses on eggshells from MPC-D 100/1069, and 94 spot

analyses on eggshells from MPC-D 100/1067. The second round of dating
involved 48 repeat spot analyses on eggshells from MPC-D 100/1070 only.
Remarkably, only four total spot analyses from both laser sessions were
discarded due to very low U concentrations. Individual runs yielded con-
sistent ages of ca. 75-77 Ma on the Tera-Wasserburg plots, including: MPC-
D 100/1070 at 758 £2.0Ma (20, MSWD = 1.8); MPC-D 100/1068 at
75.6 +2.7 Ma (20, MSWD = 0.7); MPC-D 100/1069 at 77.1 + 4.0 Ma (20,
MSWD = 1.4) and MPC-D 100/1067 at 76.6 + 1.4 Ma (26, MSWD = 0.31).
There is a remarkable consistency of ages (2% of the age and overlap of
uncertainties) from this extensive, lithostratigraphically correlated nest
horizon, providing strong support for the accuracy of the age. Combining all
the ablation spot results from all four sampling sites at the Teel Ulaan
Chaltsai nest horizon onto a single Tera-Wasserburg plot produces an age of
75.35+0.74/1.5Ma (206, MSWD = 14, Pbi=0.840) (Fig. 3B), which we
interpret as the best age of this site.

Trace element mapping

Trace element mapping of the dated eggshells from both sampled localities
reveals a consistent pattern of well-preserved horizontal layering in Sr, U,
and Y, reflecting original biomineralisation structures and indicating
excellent preservation of original eggshell ultrastructure. Sr concentrations
(up to 120ppm) exhibit sharp, laterally continuous bands that align precisely
with optical growth lines, indicating minimal elemental redistribution and
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Fig. 3 | Physical, visual, and isotopic assessment of fossil eggshell from the

Mussentuchit Member of the Cedar Mountain Formation and from Teel Ulaan
Chaltsai in the Eastern Gobi Basin. Column A1-3, Deep Eddy site, Mussentuchit
Member, Cedar Mountain Formation; B1-3, Teel Ulaan Chaltsai nest site, Eastern
Gobi Basin, with A1 and B1 SEM and optical imagery, with samples exhibiting well-
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geochemical screening and elemental mapping. d Biocalcite is dated via in-situ U-Pb
LA-MC-ICP-MS methods. e Age is calculated to help interpret the site’s strati-
graphy. f Interpretation based on data collected indicated a near syndepositional age
of 75.35 Ma and lithostratigraphically coeval with the Baruungoyot Formation.
Artwork via M.B. Daughty and ]. Hedge.

strong preservation of primary shell chemistry in all samples. U
(0.045-0.75ppm) and Y (0-10ppm) also broadly follow this layered struc-
ture in all samples; however, key differences highlight varying degrees of
post-depositional alteration. MPC-D 100/1067 eggshell displays subtle
vertical diffusion in U and Y, likely caused by minor fluid infiltration during
early diagenesis. Whereas the NCSM 33576-324 A exhibits more prominent
vertical enrichment along microfractures and porous domains, suggesting
stronger and possibly prolonged exposure to sediment-derived fluids. These
vertical pathways likely exploited the original pore structure of the eggshell,
as well as diagenetic microfractures within the eggshell’s ultrastructure,
which are more pronounced in the Mussentuchit Member samples. Such
features appear to have served as conduits for the migration of trace ele-
ments, which had a more significant impact on the specimens from the
Mussentuchit Member. Pb remains low and spatially uniform in both
specimens, supporting the interpretation that it was either immobile or
introduced in negligible quantities during the diagenesis process.

Discussion

To investigate the potential for dating fossilized dinosaur eggshells via U-Pb
calcite geochronology as a meaningful new chronometer in terrestrial
depositional settings, we compared our Utah eggshell dating results with
published U-Pb tuff and detrital zircon ages from deposits entombing
NCSM 33576, a clutch of dinosaur eggs at “Deep Eddy” locality. LA-ICP-
MS U-Pb detrital zircon analysis of sediments entombing NCSM 33576
yielded a maximum depositional age (MDA) of 94.5+0.9 (N=3 at 15%
filter, MSWD = 0.82)"'; however, a more conservative MDA based on the
youngest six grains (instead of 3) yields an age 0of 97.1 + 0.83 Ma (N = 6 at 5%
filter, MSWD = 1.2), which is preferred here, based on the likelihood of Pb-
loss in some of the youngest zircons’ (Fig. 3A; See Supplementary Data 3).

The conservative detrital zircon MDA 0f97.1 + 0.83 Ma is within ~3% of the
calcite U-Pb eggshell age and overlaps within the propagated uncertainty.
However, acomparison of the eggshell ages with two high-precision CA-ID-
TIMS U-Pb zircon ages of volcanic tuff beds overlying and underlying
NCSM 33576 demonstrates that the depositional age of the nest site is
slightly older than the U-Pb calcite age from the eggshell. Specifically, the
underlying ash bed (MAZI; 50 cm below) age is 99.490 4 0.057/—0.050,
and the overlying ash bed (MAZ2; 70 cm above) age is 99.401 + 0.085/-
0.066 (Fig. 3A)’ (See Supplementary Data 4). Hence, the LA-MC-ICP-MS
U-Pb calcite age of 94.7 +1.3/2.3 Ma on eggshells from the Mussentuchit
nest site (NCSM 33576) is roughly 4.9% younger [((99.5-94.7)/(99.5 + 99.7/
2))*100)] than the entombing ashfall U-Pb zircon CA-ID-TIMS ages. Our
data demonstrate that U-Pb LA-MC-ICP-MS dating of eggshells is
remarkably similar in accuracy and precision to LA-ICP-MS U-Pb of det-
rital zircon from the surrounding sediment and produces MDA ages on par
with zircon data. However, via elemental mapping, we have demonstrated
that the younger calcite-based age estimate reflects post-depositional
mobilization of U and Pb via meteoric waters that permeated the pores,
fractures, and fissures of the fossilized eggshell (Fig. 3). Our observations
suggest that ootaxa with more porous original ultra- or microstructure, or
fossilized eggshell with more diagenetic fracturing (poorer preservation) due
to either depositional or post-depositional conditions and/or weaker ori-
ginal ultra- or microstructure, may yield less accurate MDAs; however,
broad studies will be needed to study the relationship of these factors to
MDA accuracy. In the meantime, our assessment of diagenetic alteration
and primary pore structure, and its preliminary relationship with MDA
accuracy, highlights the need for more robust diagenetic screening and
inter-method cross-validation to assess the reliability of U-Pb ages derived
from biogenic carbonates.
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Based on the successful application of U-Pb dating to dinosaur egg-
shells, we tested competing age interpretations for sedimentary strata at the
Teel Ulaan Chaltsai locality, yielding excellent results. Of the 381 spots used,
only four were discarded, with the resulting spots plotting near-perfectly on
the Concordia line of the Tera Wasserburg diagram, indicating closed
system behavior of the U-Pb systematics. Our confidence in these age
estimates is bolstered by (1) alack of alteration to the well-preserved eggshell
calcite growth textures (biocalcite); (2) an upper intercept Pb-Pb ratio
consistent with natural evolution Pb (ca. 0.84) for this period (~75 Ma),
indicating no disturbance in the Pb system; and (3) age coherence (within
2%) of each of the four localities across a similar stratigraphic nesting
horizon (+3.5 km laterally). Therefore, the combined age of 75.35 +0.74/
1.5 Ma for all spot analyses from the Teel Ulaan Chaltsai nesting sites is
considered a close approximation of the depositional age. In addition to the
above results, elemental mapping of the eggshell from Teel Ulaan Chaltsai
markedly contrasts with those scanned from the Mussentuchit Member.
Rather than a clear post-depositional signature of alteration, elemental
mapping demonstrated that absorption of U most likely occurred via
meteoric transference at or near the time of initial burial. Minor fluid
infiltration during early diagenesis, via meteoric waters and surficial pro-
cesses, most likely occurred before fossilization. This is supported by our
sedimentological work in the area, in agreement with historical
observations™”, which indicates that fossil assemblages of Teel Ulaan
Chaltsai were entombed within pedogenetically altered floodplain fines
emplaced by localized crevasse splays and expansive sheet floods. Therefore,
we interpret the resulting age as roughly synchronous with the depositional
age, but highlight that it should be treated as a maximum depositional age. In
such environments, uranium occurs mainly as U(VI), present as soluble
uranyl-carbonate complexes (e.g, UO(COs),"”, UO,(CO3)5*), which
readily substitute for Ca’" in the calcite lattice during crystallization, par-
ticularly in dense, micritic, low-Mg domains. This process is analogous to U
incorporation observed in speleothems and calcretes, where U-Pb dating
has proven reliable”. Synchrotron-based EXAFS studies show that uranyl
ions are accommodated into the calcite structure with varying degrees of
distortion depending on time and mineral diagenesis . The homo-
geneous U distribution observed in LA-ICP-MS elemental mapping (Fig. 3),
along with the absence of zoning, redox-sensitive element enrichment (e.g.,
Mn, Fe), and cathodoluminescence alteration, collectively support early
U(VI) uptake during early sediment interation, followed by long-term
closed-system behavior. This indicates that the dated calcite preserves its
original geochemical signature, validating the reliability of the U-Pb geo-
chronology approach. Alternatively, it is possible, based on the uniform
distribution of U and Pb throughout the interior portion of the eggshell, that
the U signature reflects the endogenous chemistry of the eggshell during
in vivo mineralization as opposed to early meteoric transfer. However, stark
differences in U concentration within the eggshell ultrstructure itself (Fig. 3)
suggest that this is a highly unlikely scenario. Other than the Bayanshiree
Formation (lower post-rift), this is the first time the uppermost post-rift
sequences in the Eastern Gobi Basin have been radiometrically calibrated.
Our results support the recent hypothesis that these beds are coeval with the
Upper Cretaceous Baruungoyot Formation (Fig. 2b)™*.

The success of U-Pb dating on dinosaur eggshells is accompanied by
critical methodological caveats, as observed in studies of modern ostrich
eggshells” . Firstly, a rigorous pre-screening session via thin-section pet-
rology and eggshell histology to document any potential evidence of diag-
enesis (e.g., recrystallization). Secondly, this study highlights the prerequisite
for meticulous geochemical screening and elemental mapping to identify:
(1) reliable U concentrations; (2) evidence of diagenetic alteration; and (3) to
avoid areas with common Pb. Additional trace element signatures (REE
patterns, Ce anomalies, and Sr-Mn ratios) should be assessed to identify
potential diagenetic overprinting'’. Cross-validation with lithostratigraphic
and Dbiostratigraphic constraints and independent dating methods is
recommended to ensure that the ages reflect the actual time of eggshell
deposition rather than subsequent episodes of Pb-loss or resetting due to
diagenesis. Lastly, we suggest that future studies collect a suite of samples

(eggshells or nested eggs) across the same stratigraphic horizon to diagnose
diagenetic alteration or analytical uncertainties. Beyond methodological
considerations, a more significant challenge will be to resolve when the
initial uptake of the detectable uranium in the eggshell is introduced: 1)
during initial soil contact of the egg(s) in the nest (including partial burial in
some taxa) (soil moderated U); or 2) after complete burial (entombment
into the sedimentological record) (Fig. 4)'*'**~**. Despite these challenges,
this study demonstrates that eggshell biocalcite from non-avian dinosaurs,
birds, and other egg-laying vertebrates has the potential to serve as a reliable
geochronometer in Mesozoic and Cenozoic terrestrial sedimentary basins.
Continuing investigations into U-uptake and diagenesis of eggshells,
methodological advancements will undoubtedly fill key knowledge gaps,
resulting in greater accuracy and precision in applying biocalcite as a
meaningful tool for age calibration. With further testing and cross-
validation fossilized eggshells represent a potentially significant geochron-
ometer for dating critical fossil deposits in globally dispersed basins lacking
datable volcanics (e.g, the Gobi Basin, Mongolia”"**** or Auca
Mahuevo in Patagonia®, or the Elliot Formation of South Africa™).

Methods
The data were acquired using a Thermo Neptune multi-collector induc-
tively coupled plasma mass spectrometer (MC-ICP-MS) coupled to a
Photon Machines 193 nm laser ablation system at the Universidade Federal
de Ouro Preto. A previous analytical method was adapted®**”’. Samples
were ablated in a helium atmosphere (0.15L min™") and mixed in the
ablation funnel with 0.87 L min™" of argon and 0.02 L min~" of nitrogen.
The ICP-MS was tuned for maximum sensitivity while maintaining oxide
formation below 0.2% and preventing fractionation of the Th/U ratio. The
laser ablation parameters included static spot sizes of 110 pm, a repetition
rate of 5 Hz, a fluence of 6] cm ™, a 15-second washout period between
analyses, and a 30-second ablation time. For the National Institute of
Standards and Technology Standard Reference Material 614 (NIST SRM-
614), these settings resulted in a penetration depth of <10 um and an average
sensitivity of 0.005 V for **U and 200,000 cps for **°Pb. The detection limits
for >*°Pb and ***U were <0.02 ppb and 0.03 ppb, respectively. U-Pb and Pb/
Pb ratios were normalized™***. U-Pb ratios were calibrated using the
254 Ma WC-1 calcite reference material”’ and NIST SRM-614. The mean
2%7Pb/**Pb ratio from each analysis was corrected for mass bias (0.15%),
while the *°Pb/***U ratio was corrected for interelement fractionation
(~5%), accounting for drift over the sequence duration. Due to the carbo-
nate matrix effects, an additional offset factor of 1.07, determined using WC-
1 carbonate reference material™, was applied as an external correction to all
carbonate analyses. Data acquisition was performed in fully automated
mode overnight. Each study consisted of 20 s of background measurement,
20 s of sample ablation, and a 25-s washout. During the 40-s data collection
window, the signals of ***Hg, ***Pb, **°Pb, and *’Pb were recorded using ion
counters, while **Th and ***U were measured with Faraday cups™.
Time-resolved data reduction was performed using the SATURN
software, 6 and all results are presented with a 20 confidence interval.
Multiple analyses were performed on different calcite and dolomite phases,
and the data were regressed on Tera-Wasserburg plots using Isoplot (see
Supplementary Data and Figshare). Uranium concentrations in samples
were estimated by normalizing the signal against WC-1, assuming a U
content of approximately 5 ppm. Reported age uncertainties incorporate all
analytical errors, as well as the uncertainty associated with the external
standard used for normalization. The number of analytical spots used for
age calculations relative to the total spots analyzed per phase is presented in
Supplementary Data 1 and 2.

Data availability

Data (in-full) from both U-Pb calcite age dating and U-Pb zircon age
dating can be found at Figshare: R.T., Venter, KE., Lana, C., Roberts,
EM.,, Tsogtbaatar, C., Khishigjav, T., Zanno, LE., U-Pb calcite age
dating of fossil eggshell as an accurate deep time geochronometer.
Nature Communications Earth and Environment (2025). Figshare. Dataset.
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