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Yttrium mapping on fossil teeth by micro-XRF
for apatite U-Pb dating

Kazumasa AOKI"", Kentaro CHIBA?, Tetsu KOGISO®, Kaisei MURAKAMI?
& Khishigjav TSOGTBAATAR*

Abstract: Selecting appropriate measurement points is crucial for apatite U-Pb dating of fossil teeth
due to the impact of post-fossilization alterations. Previous studies have suggested that variations
in yttrium (Y) concentrations within each sample can be qualitative indicators of such alterations
(Y-screening method). To verify the validity of this method, ideal measurement areas for U-Pb dating
were selected from Y mapping using a micro-focus X-ray fluorescence spectrometer (micro-XRF)
on Late Cretaceous Tarbosaurus teeth with published apatite U-Pb ages, and trace element analysis
and U-Pb dating of apatite was performed by laser ablation and inductively coupled plasma mass
spectrometry (LA-ICP-MS). Two ages of 64.3 = 3.4 Ma and 61.0 + 11.0 Ma were obtained from
two regions of relatively different Y concentrations in a sample that had been reported as 66.7 + 2.5
Ma. Similarly, the sample with the reported age of approximately 30 Ma yielded ages of 51.5 £ 2.7
Ma and 57.3 + 6.1 Ma in the areas with relatively low Y concentrations. These results show that Y
concentration and an apatite U-Pb age are correlated, at least within the same sample, and support
the usefulness of the Y-screening method. Although more measurements are needed to obtain con-
clusive proof, the Y micro-XRF mapping would be a helpful tool for non-destructive visualization of
post-fossilization alteration in tooth fossils and could lead to the selection of suitable measuring points
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for LA-ICP-MS apatite U-Pb dating.
I. Introduction

The lack of a rigorous temporal framework for
certain strata is often a barrier to elucidating the
evolutionary history of organisms in the fossil
record. Recently, the uranium—lead (U-Pb) dat-
ing of calcites in caliches and apatites from teeth
has attracted attention as a valuable technique
to constrain the temporal range of fossil-bearing
strata (e.g., Fassettetal. 2011, Greene et al. 2018,
Kurumada et al. 2020, Barreto et al. 2022, Tanabe
et al. 2023). However, one major concern of
this technique, especially when applied to tooth
fossils, is its susceptibility to post-fossilization.
Occasionally, the obtained apatite U-Pb ages of
teeth are affected by secondary redistribution
of U and common Pb contamination and may
not always directly represent the depositional
ages of fossil-bearing strata (e.g., Romer 2001,
Kocsis et al. 2010, Greene et al. 2018). Previ-
ous studies have reported that the differences
in yttrium (Y) concentration within a sample
can serve as a proxy for post-fossilization alter-
ations (Y-screening method) and the effect of
alteration manifesting as the rejuvenation of the

fossilization age (Greene et al. 2018, Tanabe et
al. 2023). In this study, therefore, we combined Y
mapping using a microfocus X-ray fluorescence
spectrometer (micro-XRF) with U-Pb dating and
trace element analysis of two Tarbosaurus bataar
teeth performed by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-
MS) to validate the efficacy of this screening
method. We would like to report it here as a short
communication and emphasize the usefulness of
Y micro-XRF mapping for non-destructive visu-
alization of post-fossilization alterations in fossil
teeth and for the selection of optimal measuring
points for LA-ICP-MS apatite U-Pb dating.

I1. Samples

The joint expedition of Okayama University
of Science and the Institute of Paleontology,
Mongolian Academy of Science was conducted
at Bugin Tsav in the Gobi Desert, Mongolia in
2018 (Ishigaki et al. 2018; Fig. 1). In this local-
ity, the middle Nemegt Formation is exposed
(Jerzykiewicz & Russell 1991, Eberth 2018).
The depositional age of this formation is poorly

! Center for Fundamental Education, Okayama University of Science, 1-1 Ridai-cho, Kita-ku, Okayama-shi, Okayama 700-0005, Japan. [ii] [LIFER} K
FHB AR AR B E >~ —, T700-0005 [l LR LT b R RHT 11,
" Department of Biosphere-Geosphere Science, Faculty of Biosphere-Geosphere Science, Okayama University of Science, 1-1 Ridai-cho, Kita-ku,
Okayama-shi, Okayama 700-0005, Japan. [ [LIFEAL A 7 A= Wi ER 750 AR My L ER A RE, T700-0005 B (LR e L vy L K BRORHT 1-1.
% Graduate School of Human and Environmental Studies, Kyoto University, Yoshidanihommatsu-cho, Sakyo-ku, Kyoto-shi, Kyoto 606-8501, Japan. %<
R AR A BTN - BREL2EFZE R, T606-8501 FUERT LR T /2 5 X F5 FH — ASHAHT .
* Institute of Paleontology, Mongolian Academy of Sciences, Ulaanbaatar 14200, Mongolia. &> T IVEET 15— EY)#H5t2> —, T14200

EDVETZZN—=F).
*Correspondence: Kazumasa AOKI, E-mail: kazumasa@ous.ac.jp



AOKI, CHIBA, KOGISO, MURAKAMI & TSOGTBAATAR

Russia

/

12

d

i v ey
Eastern Gobi.

B Nemegt Formation
N Barun Goyot F.+ Nemegt F.
.-, @ Djadokhta Formation

Bayn Shire Formation
V Lower Cretaceous strata

Fig. 1. Geological map of Mongolia. (a) Simplified map of Mongolia with the surrounding countries. (b) Location of Cretaceous formational outcrops
in the Gobi Desert. Locations of the Bugin Tsav in the Nemegt Basin are also shown (Tanabe et al. 2023).

constrained due to the lack of igneous rocks
available for absolute dating (Shuvalov 2000) and
the endemicity of the fossil assemblage (Jerzy-
kiewicz & Russell 1991), but generally thought
to be late Campanian to Maastrichtian based on
faunal comparisons (e.g., Jerzykiewicz & Russell
1991, Khand et al. 2000). Recently, Tanabe et al.
(2023) reported apatite U-Pb ages using the teeth
ofa large theropod dinosaur 7arbosaurus, collect-
ed at Bugin Tsav during the expedition, which
supports the previously suggested relative age of
the formation. We used two of the specimens in
Tanabe et al. (2023) for further analyses in this
study: MPC-D 100s/002 (Fig. 2a) and MPC-D
100s/003 (Fig. 2b). Further details of the samples
are given in Tanabe et al. (2023).

II1. Analytical Method

The Y-mapping analyses were conducted using
an energy-dispersive X-ray spectrometer (EDS)
attached to a micro-XRF (XGT7000V; Horiba,
Kyoto, Japan) at Kyoto University. A tube voltage
of 50 kV, a tube current of 1.0 mA, and an X-ray
beam of 100 pm in vacuo was used for the anal-
ysis. The samples were scanned in approximately
34 and 50 um intervals (pixel size) depending on
the range of the sample size. The intensity of Y
was determined from the cumulative intensity of
the repeated analyses (up to four times). The anal-

ysis of the elemental maps was conducted using
the Image J program (https://imagej.net/ij/index.
html). Further details of the micro-XRF analysis
method are given in Machida et al. (2021).

In-situ trace element analyses of the fossil
teeth were performed with an iCAP-RQ sin-
gle-collector quadrupole ICP-MS (Thermo Sci-
entific, USA) coupled to an ArF Excimer Laser
Analyte G2 (Teledyne-Photon Machines, USA)
at Okayama University of Science (OUS). The
laser was operated with a repetition rate of 5 Hz
and a laser spot diameter of 35 um, which pro-
vided an estimated power density of the sample
of 1.72 J/cm?2. The pulse count was 150 shots.
After shooting with the shutter closed for 30 s
while the laser warmed up, the analytical areas
were ablated for 30 s. Prior to conducting the
analysis, the analyzed spots were ablated using
a pulse of the laser with a diameter of 50 pm to
remove potential contaminants on their surfaces.
The ICP-MS was optimized using continuous
ablation of a NIST SRM 612 glass standard to
provide maximum sensitivity while maintaining
low oxide formation (232Th'60/232Th < 1%). 43Ca
was used as an internal standard element. In this
study, the Y of interest is only mentioned. More
detailed analytical procedures are given in Tanabe
et al. (2023).

In-situ apatite U-Pb dating was also carried
out with LA-ICP-MS at OUS. The measurement
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Fig. 2. Fossil teeth samples from Tarbosaurus bataar and the Y-images obtained by micro-XRF mapping. (a) Photographic image of MPC-D
100s/002. (b) Photographic image of MPC-D 100s/003. (¢) Y-image of MPC-D 100s/002. (d) Y-image of MPC-D 100s/003. Scale bars equal 5 mm.

conditions were the same as those for the trace
element analysis. The analyzed masses included
six nuclides of 202Hg, 204Pb, 206Pb, 207Pb, 232Th
and 238U. The background intensities were sub-
tracted from the subsequent intensities at the
ablation. OD306 apatite (Huang et al. 2015) and
the 401 apatite (Thompson et al. 2016) were
used as an external standard for the correction
of the U/PDb ratios and as a secondary standard,
respectively. Also, NIST SRM612 glass (Jochum
etal. 2005) was analyzed as the external standard
for the correction of the 207Pb/206Pb ratios. All
uncertainties are quoted at a 2-sigma level. 235U
was calculated from 238U using a 238U/235U ratio
of 137.818 (Hiess et al. 2012). The apatite U-Pb
age was calculated using Isoplot/Ex 4.15 (Ludwig
2012, and its update) based on the determination
of a lower intercept age from the intersection of
the Tera-Wasserburg (TW) concordia curve and
a regression line from the data and anchored
initial common Pb (Chew et al. 2011, Aoki et
al. 2021). The initial common Pb isotopic ratio
was assumed to be the terrestrial isotopic ratio
provided by Stacey & Kramers (1975). The
U-Pb analyses for the 401 (ca. 530 Ma) were
conducted five times, and each analysis yielded
the anchored-regression arrays (initial common
Pb=0.872) in a TW diagram with a lower inter-
cept age of 523 + 24 Ma. Further details of our
apatite U-Pb analysis method are given in Tanabe

et al. (2023).
IV. Results

1. MPC-D 100s/002

Figure 2c shows the areas with Y intensities,
higher in red and lower in black, as obtained by
the micro-XRF mapping. The mapping image
suggests a heterogeneous distribution of regions
with high and low Y concentrations, and a radial
pattern of regions with high Y concentrations
can be also observed. The trace element anal-
ysis demonstrates that the Y concentrations are
639-662 pg/g (N = 5) in the black regions and
886-951 pg/g (N = 5) in the red regions (Fig. 2¢
and Table 1). The U-Pb dating derived near the
measurement points of the trace element analysis
showed that the obtained ages from the black and
red regions were 64.3 + 3.4 Ma (N = 14, MSWD
=1.3)and 61.0+11.0 Ma (N=7, MSWD =5.5),
respectively (Fig. 3a, b). The fit of discordia
model line was anchored at the common Pb ratio
of the Late Cretaceous (0.842—0.840; Stacey &
Kramers 1975).

2. MPC-D 100s/003

The red and black colors in Figure 2d ob-
tained by the micro-XRF mapping measurement
represent regions of relatively high and low Y
intensities, indicating that the heterogeneous
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Table 1. LA-ICP-MS apatite U-Pb and Y concentration data.

Y-mapping U-Pb Y*
sample area spot 26pp Y WIpp Yy cor':[;’{ion 2Ty, 0py, Spot  uglg
1 013922t 000407 1500105 * 046336  Qga7a7 078182 * 000774 1 647
2 014416 + 000422 1558460 + 048138 (g47p5 078443 + 0.00776 2 639
3 015709 + 000460  17.15602 + 052992  (g47p5 079242 + 0.00784 3 652
4 015205 + 000445 1676428 + 051784  (oa7p7 079999 + 000792 4 662
5 016642 + 000487 1810019 + 055909 gg47p7 078919 + 0.00781 5 650
6 015925 + 000466  17.45084 + 053905 (ga7og 079509 + 0.00787
7 013406 + 000392 1448197 + 044734 o470 078380 + 0.00776
black 8 014795 + 000433  16.04208 + 049551 (ga7pg 078674 + 0.00779
9 017282 + 000506 1879964 + 058069 (o479 078930 + 0.00781
10 015893 + 000465 1721452 + 053171  oga73p 078592 + 0.00778
MPC-D 1005002 11 014497 + 000424 1568358 + 048441  (0ga73q 078497 & 000777
12 045414 + 000451 1667860 + 051517  (g47p9 078513 + 0.00777
13 016482 + 000482 1797960 + 055538  oga7os 079150 + 0.00783
14 015848 + 000464 1737728 + 053676  (g47ps 079561 + 0.00787
1 014750 + 000195 1578579 + 023605 (gsstg 077657 + 0.00538 1 888
2 015209 + 000202 1667009 + 024934  (gspos 079530 +  0.00551 2 950
3 017816 + 000236 1964616 + 029390 (gso3 080013 + 0.00555 3 951
red 4 015970 & 000212 1758242 + 026296 g1z 079886 + 0.00554 4 886
5 015612 + 000207 1703023 + 025466 (ggepo 079150 + 0.00548 5 932
6 019314 + 000256 2143334 + 032064 0ggeos 080521 + 0.00558
7 016355 + 000217 1799844 + 026920 (ggeio 079849 + 0.00554
1 006007 + 000151 608589 + 016218  (gao7g 073514 + 0.00664 1 558
2 006345 + 000159 646418  + 017219  0oaq03 073921 + 0.00666 2 529
3 006034 + 0.00151 608561 + 016216  (osps3 073185 + 0.00661 3 548
4 006271 + 0.00157 654318  + 017429  goa1o7 075710 * 0.00682 4 558
5 007665 + 000192 709702 + 021288  (gata7 075698 + 0.00679 5 516
ek 6 007092 + 000178 731245 & 019472  goa1p5 074816 + 0.00673
7 006310 + 000158 646458 + 017223  (0o4095 074334 + 000670
8 005863 & 000147 592526 + 045791  (gag74 073328 + 0.00663
9 006170 + 000155 621434 + 016564 094062 073081 + 0.00661
MPG-D 100s/003 10 006471 + 000162 660038 + 017591  0o4o70 074016 + 0.00669
11 006575 + 000165 676138  + 018014  (o4pos 074621 t 0.00673
12 006852 + 000172 702200 + 0418707  0o4pos 074358 + 0.00671
1 010112 + 000135 1085230 + 016425 g7o79 077874 + 0.00560 1 1752
2 010260 + 000137 1083941 + 016390 (ggoz5 076660 + 0.00550 2 1783
3 010263 + 000137 1095622 + 0.16560 (ggoa7 077460 + 0.00555 3 1833
red 4 010737 + 000143 1157125 + 017482 oggo7e 078195 + 0.00559 4 1819
5 009889 + 000132 1048777 + 015862 (ggo13 076950 + 0.00552 5 1775
6 010257 + 000136 1086839 + 016425 (ggos2 076887 + 0.00551
7 010065 + 000134 1057520 + 016017  (g793s 076234 + 0.00550

*Measured at a point close to the U-Pb measurement point

and radial Y distributions are similar to MPC-D
100s/002 (Fig. 2c). The Y concentration of
516-558 pg/g (N=5) and 1752—-1833 pg/g (N =
5) were obtained from the black and red regions
in Figure 2d, respectively (Table 1). The U-Pb
ages obtained from the model line anchored at the
terrestrial isotopic ratio of the Late Cretaceous
(Stacey & Kramers 1975) were 51.5+2.7 Ma (N
=12, MSWD = 3.0) from the black region (Fig.
3c)and 57.3£6.1 Ma(N=7, MSWD =4.7) from
the red regions (Fig. 3d).

V. Discussion and Conclusion

In MPC-D 100s/002, the U-Pb age (64.3 £3.4
Ma) from the region with low Y concentration is
congruent with the age of this sample reported

in the previous study (66.7 £ 2.5 Ma; Tanabe
et al. 2023). The Y concentrations between the
regions where the two ages were derived do not
differ significantly (639—662 pg/g and 338-589
ng/g). The age of 61.0 = 11.0 Ma obtained from
the region with relatively high Y concentration
(Y = 886-951 pg/g) is younger than the above
ages, but older than 34.7 £ 3.3 Ma, which is
obtained from a higher Y concentration region
(819-1226 ng/g; Tanabe et al. 2023). These
comparisons indicate that the Y concentration
correlates with the obtained U-Pb ages and that
the ages in areas with lower Y concentrations
tend to show older ages, which is consistent with
the results of Greene et al. (2018) and Tanabe et
al. (2023). In MPC-D 100s/003, the U-Pb age
of 51.0 £ 2.7 Ma was obtained from the low Y
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Fig. 3. Tera—Wasserberg diagram of apatite analyses with an error bar (2 sigma). (a) Black region of MPC-D 100s/002. (b) Red region of MPC-D
100s/002. (c) Black region of MPC-D 100s/003. (d) Red region of MPC-D 100s/003.

concentration region (516-558 pg/g) and 56.6
+ 6.1 Ma from the high Y concentration region
(17521833 ng/g). Tanabe et al. (2023) obtained
even younger ages (28.0 £4.6 Maand 33.7 £2.2
Ma) from the areas with higher Y concentrations
in this sample (962-2595 pg/g and 1107-2051
ng/g, respectively). This trend is consistent with
the correlation between the U-Pb age and the
Y concentration in the MPC-D 100s/002. The
results in this study and data from Tanabe et al.
(2023) indicate that Y concentrations can be a
qualitative indicator of post-fossilization alter-
ation for apatite U-Pb dating. The regions with
relatively high concentrations of Y have been
strongly affected by post-fossilization alteration
and show younger U-Pb ages compared to the
relatively low Y concentration regions within
the sample.

Although consideration of Y concentrations
can be beneficial for apatite U-Pb dating, we
should not overlook the fact that it is impossible
to set the universal quantitative threshold of Y
concentration to distinguish the ideal regions

for obtaining the fossilization age since our data
indicates the values and variation in the Y con-
centration varies depending on samples. When
the data are lumped together using the MPC-D
100s/002 and 100s/003 as the same sample, the
correlation between the Y concentration and the
U-Pb age mentioned above cannot be confirmed.
Therefore, it should be noted that the Y-screening
method requires comparing Y concentrations only
within the same sample.

This study reconfirms that it would be desirable
to selectively measure regions of samples with
the lowest Y concentration to obtain geologi-
cally meaningful fossilization ages by apatite
U-Pb dating. The range of Y was measured by
sequential spot analyses along linear transects in
each sample in Greene et al. (2018) to visualize
the trend of Y distribution from the inside to the
outside of the samples. Depending on the sample,
it would be difficult to capture the general spatial
trend of the Y distribution in a single linear trans-
action. Contrarily, the maps shown in this study
(Fig. 2c, d) can non-destructively visualize the

-11 -



AOKI, CHIBA, KOGISO, MURAKAMI & TSOGTBAATAR

Y distribution of the whole sampling area in 2D.
This study clearly demonstrates that Y mapping
using micro-XRF is a powerful technique for
quick visualization of relative differences in the
effects of post-fossilization alteration within a
fossil tooth sample.

We would like to note that the apatite U-Pb
dating of tooth samples is easily affected by
post-fossilization alteration, and therefore, the
age estimate can only be used as a lower limit
of the fossilization age (Tanabe et al. 2023).
The apatite U-Pb dating combined with the
Y-screening method alone cannot determine a
geologically meaningful age, but the apatite U—
Pb age combined with existing and reliable ages
from other lines of evidence (e.g., biostratigraphic
data and U-Pb ages from igneous rocks and ca-
liches) could provide important supporting data
to constrain the depositional ages of fossil-bear-
ing strata and the temporal range of the yielded
fossil remains. In conclusion, we have found
that the Y micro-XRF mapping is a useful tool
for non-destructive visualization of the effect of
post-fossilization alteration in fossil teeth and for
selecting preferable measuring points for LA-
ICP-MS apatite U-Pb dating.
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TAHNTHDZENRBINTNS. RKPFFETIEZTD
HHRMERALT 5720, BHCERENHRESNTND
VIR )L ZD AL A 2 FEHIR L, ~ 1 7ot
XER M B ZF 7oAy NI LD E > 7 JIE D
5HIE fEIEk A% E L, LA-ICP-MSY /%1 RU-Pb&EAR
MEZTTo/z. ZORER, 7L T 66.7 2.5 Ma D
ERMENH G SNBSS, 1y N AR
KN E T2 2 2 DDOEENSZENTIN643+£3.4Mad
61.0 = 11.0 Ma OFERMENSESNTZ. F/z, £I30 Ma D
EMRMEZERUZREIN 513 51.5+2.7Ma & 57.3 £ 6.1
Ma DERMENESNZ. TS0 BIZD7R<EBF
—iBN T, 1Y U AREEY /851 RU-PHAE
EICE IR BN D AT %R T . SH/RDREEI
WETIIH DD, YA 7OEEXRTEE T ES T
HENEGOEEDREELIEETHRENLT 2F
FEELTHITHD, 7851 FU-PHERBIEICBT
HHUESOEEICHHTESDEAD.

(Accepted 5 November 2023)
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