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ABSTRACT

Stable isotope systematics are powerful tools for understanding the evolution history
of the Earth and Solar system. In this thesis, I present applications of uranium (U)
and magnesium (Mg) isotopes in both geochemistry and cosmochemistry.

Uranium is sensitive to the dissolved oxygen level in aqueous environment, and
these redox reactions are associated with resolvable isotopic fractionation. Thus,
U isotopes (238U/235U, expressed as δ238U) are widely used in paleo-environment
reconstruction as a proxy of marine anoxia. Chapter 4 includes two pieces of
work for this application. Firstly, I explored the potential of bioapatite as a novel
paleoredox proxy. The results demonstrate that U was incorporated into shark teeth
postmortem during burial. Fluctuations of Cenozoic shark teeth δ238U values are
comparable to the variability observed in marine carbonate sediments, indicating
U isotope composition of fossil shark teeth is influenced by local redox conditions
and depositional environments, which complicate their application as a paleo-redox
archive. The second part re-calibrated the U isotope composition of seawater. Subtle
isotopic heterogeneity is observed in the ocean, which results from local and/or global
impacts of processes that fractionate U isotopes.

Long-lived and short-lived systematics provide constraints on the time sequence
and composition of the early Solar System. Of all absolute chronometers, dual decay
Pb-Pb system (238U→206Pb, 235U→207Pb) provided the highest resolution on the
events in the early Solar System (∼4.57 Gyr). On the other hand, the short-lived 26Al-
26Mg decay system is the most widely used relative chronometer of calcium-aluminum
rich inclusions (CAIs): internal isochrons date the crystallization age while bulk
isochrons provide unique information about their precursors. Chapter 5 investigated
26Al-26Mg systematics of bulk CAIs. I found CAIs cover a wide range of initial (pre-
26Al decay) Mg isotope composition, indicating the infalling materials that formed the
early protoplanetary disk were heterogeneous and experienced continuous evolution
during the CAI-forming epoch. Chapter 4 includes combined Pb-Pb and 26Al-26Mg
systematics on CAIs to resolve the discrepancies between these two chronometers
and I found these two mostly widely chronometers can be decoupled reset.

This thesis also presents the analytical techniques developed for the studies above
(Chapter 2 ), which includes U and Mg isotope analyses, in-situ 26Al-26Mg SIMS
analyses, and distribution coefficients determination. Furthermore, I introduce a
comprehensive uranium isotope database in Chapter 3, which significantly improved
the data retrieval efficiency for the U isotope community.
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C h a p t e r 1

INTRODUCTION

The appearance of the Multi-Collector Inductively Coupled Plasma Mass Spectrometer
(MC-ICPMS) in the early 1990s (Walder and Freedman 1992) has significantly
improved the analytical precision of metal isotope analyses. The technical advances of
MC-ICP-MS instruments to resolve isotopic variations at the sub-permil level marks
the start of the field of non-traditional isotopes. After two decades of efforts, numerous
applications have been developed for non-traditional isotope systematics, letting them
already become traditional (remaining powerful) approaches in geochemistry and
cosmochemistry. This chapter aimed to introduce the principle and applications of
the two isotope systematics (i.e., uranium and magnesium), as well as the scientific
questions addressed in this thesis. Section 1.1 introduces the application of U
isotopes in geochemistry, which covers Chapter III and IV. Then, Section 1.2 moves
the gear to the cosmochemistry, which covers Chapter V and VI.

1.1 Redox-sensitive trace metals as paleo-environmental indicators

The redox history (especially molecular oxygen, O2) of the atmosphere and ocean
is of interest in paleoenvironmental studies because of its cause-effect relationships
with the evolution of life on Earth. During the Phanerozoic, many mass extinction
events are related to the expanded marine anoxia. However, the timing and magnitude
of oceanic oxygenation are less well-constrained than the atmosphere. Many trace
metals (e.g., Mn, Cr, V, Re, Fe, U, Mo, and Se) are redox-sensitive elements whose
authigenic enrichment in marine sediments is controlled by redox conditions (e.g.,
Anbar et al. 2007; Arnold et al. 2004; Frei et al. 2009; Pogge von Strandmann et al.
2015; Rouxel et al. 2005; Scott et al. 2008). Redox-sensitive trace metals remain
soluble in oxic settings but can be immobilized through reduction reactions in anoxic
conditions, so the enrichments of these metals in marine sediments can indicate
low-O2 bottom waters (Tribovillard et al. 2006). As a redox-sensitive metal, U has
long residence time (τ ∼400 kyr in the well-oxygenated modern ocean, Dunk et al.
2002; Ku et al. 1977), much longer than global ocean mixing time (∼1 kyr, Broecker
and Peng 1982). The conservative behavior of U makes it considered a global proxy
for marine anoxia, which is a major advantage over many other redox-sensitive metals
that act as local redox indicators. Uranium has two oxidation states in the terrestrial
surface environment: insoluble U(IV) and soluble U(VI) (Langmuir 1978). Decreases
in dissolved oxygen in the aqueous environment can reduce U(VI) to U(IV) and lead
to U removal from the water column and enrichment in the sediments. However,
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organic carbon flux can influence the enrichment of authigenic U (e.g., Chase et al.
2001; McManus et al. 2005), making it complicated to disentangle redox controls
from productivity controls on U accumulation in sediments. Given the limitations, U
enrichment (indicated by elemental abundances) is limited as a qualitative proxy of
local paleo-redox conditions.

Oceanic Reservoir
[U]sw = 3.2 ppb

δ238U = -0.379 ± 0.023 ‰
τ = 400 kyr

~ 26% ~ 30%

Carbonates
Δ < +0.25 ‰

Suboxic
Δ ~ +0.10 ‰

~ 23%

Anoxic
Δ ~ +0.60 ‰

~ 21%

Others

δ238URiver
-0.24 ‰

80%

δ238UGW
?

< 10%

Figure 1.1: Box model of modern U isotope budget. The U source to the ocean is dominated
by riverine inputs. The U sinks are primarily composed of carbonates, suboxic, and anoxic
sediments, while other minor outputs includes ferromanganese crusts/nodules, hydrothermal
circulation, and oceanic crust alteration.

The discovery of U isotope variations in natural terrestrial materials (Stirling
et al. 2007; Weyer et al. 2008) provides an opportunity to use uranium to reconstruct
the paleo-redox conditions in a quantitative approach. Fig. 1.1 shows the U cycling
in the modern ocean. Uranium inputs to the ocean are dominated riverine flux
from continental weathering, with a 238U/235U composition identical to that of the
continental crust (Andersen et al. 2016; Tissot and Dauphas 2015), suggesting a
lack of significant fractionation during oxic weathering and transport of U to the
ocean. In the modern ocean, U output is composed of three main sinks: carbonates,
suboxic/hypoxic sediments, and anoxic/euxinic sediments (Dunk et al. 2002). The
process of U reduction is associated with an average isotopic fractionation (∆anoxic)

of ∼+0.6 h (Andersen et al. 2014), meaning that 238U is preferentially scavenged
into anoxic/euxinic sediments. This depletes the ocean of 238U; as a result, modern
seawater has an average δ238U value of -0.379 ± 0.023 h (Kipp et al. 2022), which is
isotopically lighter than the bulk crust. Measurements of other U sinks and mass-
balance calculations suggest that U isotopic fractionation during incorporation into
oxic-suboxic sediments is typically small (<0.25 h), with a net effect <0.05 h on a
global scale (Lau et al. 2016; Tissot and Dauphas 2015). With this being the case, the
U isotopic composition of seawater is dominantly controlled by the size of the anoxic
sink. When anoxic sediments are more widespread, more 238U is scavenged from
the ocean, causing δ238USW to become more negative. The usefulness of uranium as
a global redox proxy requires the assumption that seawater has a homogeneous U
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isotope composition, which has not been well characterized by high-precision analyses.
This fundamental assumption is further justified in Chapter IV by revisiting the U
isotope composition of modern seawater from several locations of the Pacific and
Atlantic Oceans.
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+0.23 ‰
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δ238U (‰)

U
(p
pm
)

Figure 1.2: U isotope composition of modern carbonate sediments from Bahamas. Vertical
blue band denotes δ238USW = -0.379 ± 0.023 h (Kipp et al. 2022); horizontal grey band
represents [U] of carbonates precipitated from seawater (2–4 ppm). Modern carbonates have
variable U concentration and isotope composition and typically enriched in 238U relative
to seawater by +0.23 h offset, which is most likely as a result of U addition during early
diagensis.

One key aspect when reconstructing past oceanic redox states with U isotopes
is to work on a reliable seawater δ238U archive. Carbonate sediments are the most
popular and straightforward archive to date since they tend to directly record the
primary seawater δ238U signal. U(VI) mainly exists as uranyl carbonate complexes
UO2(CO3)4−3 in seawater, which is incorporated into marine carbonates with no
significant isotopic fractionation (Chen et al. 2018a). Equipped with this potential,
many studies have measured δ238U in carbonates deposited during known intervals of
marine redox fluctuations, and have used those data to quantify the extent of seafloor
anoxia. Even if carbonate precipitates perfectly record δ238USW, post-depositional
modification of carbonate δ238U values can confound paleo-redox interpretations.
Bahamian carbonate sediments have δ238U values that are higher than seawater (Chen
et al. 2018b; Romaniello et al. 2013; Tissot et al. 2018). Notably, these sediments
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also have higher U concentrations than primary carbonate precipitates, suggesting
addition of isotopically-heavy U is either occurring during diagenesis or via detrital
contamination.

This diagenetic overprinting on primary seawater signature complicates using U
isotopes to quantitatively reconstruct the paleo-redox conditions (Kipp and Tissot
2022), thus undermining the utility of carbonates as a U isotope archive. The
shortcoming of carbonates raises the need to seek alternative archives that are more
resistant to secondary alterations, and such efforts have been extended to biogenic
carbonates, such as deep-sea corals and stromatolites (Martin et al. 2023). To address
this issue, Chapter IV explores the potential to use bio-apatite as a U isotope archive,
since the enameloid tissues are considered more robust than carbonates during the
secondary processing.

1.2 Long-lived and short-lived radionuclides

Nuclides heavier than lithium were produced during the nucleosynthesis processes
in previous generations of stars. A small proportion of nuclides are unstable and can
decay to daughter nuclei, with the overall decay rate expressed as decay constant
or half-life (t1/2), which is defined as the time required for a quantity radionuclide
to reduce to half of its initial value. Half-lives can be used to categorize long-lived
and short-lived radionuclides (a.k.a. radioactive isotopes): long-lived radioactive
isotopes have half-lives over a few million years and still exist today; short-lived
radioactive isotopes have much shorter half-lives thus they only existed in the earth
Solar System (ESS) but extinct now. The radioactivity of these radionuclides provides
the foundation of geochronology and comsochronology.

1.2.1 Radioactive decay

The decay of both long-lived and short-lived radioactive (parent) isotopes to the
final stable (daughter) isotope can be described by the decay law:

Pt = P0 × e−λt (1.1)

where Pt and P0 are current and initial abundance of parent isotopes; t is the time
since the decay system closed; λ is the decay constant defined as ln(2)/t1/2. The
decay law suggests the number of parent radioactive nuclei at present is proportional
to the initial number of atoms. The number of radiogenic daughter isotopes equals
the amount of parent isotopes that decayed during this period:

D∗
t = P0 − Pt = P × (eλt − 1) (1.2)

where D∗ is the abundance of radiogenic daughter isotopes. Since the daughter
isotopes could have a non-radiogenic origin, the total amount of daughter isotopes is
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the sum of initial and radiogenic fractions:

Dt = D0 + P × (eλt − 1) (1.3)

where D and D0 are the current and initial abundance of daughter isotopes. Given
that the isotopes are measured more precisely as ratios than absolute abundance, Eq.
1.3 needs to normalize to a stable isotope of the daughter element (Ds):

Dt

Ds
=

D0

Ds
+

Pt

Ds
× (eλt − 1) (1.4)

An isochron plots D/Ds versus P/Ds, and the slope (eλt–1) can be used to calculate
the age.

1.2.2 U-Pb systematics

Of all long-lived chronometers, the Pb-Pb chronometer based on dual U-Pb decay
(238U→206Pb, t1/2 = 4.469 Gyr, 235U→207Pb, t1/2 = 0.703 Gyr, Jaffey et al. 1971)
provide the highest precision absolute ages of CAIs and ESS materials. For Pb-Pb
system, Eq. 1.4 can be written as:

207Pb∗

206Pb∗ =
235U
238U

× eλ235t − 1

eλ238t − 1
(1.5)

where * denotes radiogenic lead, λ235 and λ238 are decay constants for 235U and
238U, and t is the age of the sample. The dual U-Pb decay chronometer uses the
same parent and daughter elements and can determine the age simply by measuring
lead isotope composition, eliminating the necessity for the parent-to-daughter ratio.
Due to the limited analytical accuracy of mass spectrometry, U isotope variations in
natural samples were not observed for a long time, therefore a 238U/235U consensus
value of 137.88 was adopted in the late 1970s for Pb–Pb dating (Steiger and Jäger
1977). This important assumption was, however, overthrown by the discovery of
resolvable U isotopic variations in natural samples (e.g., Amelin et al. 2010; Bopp
et al. 2009; Brennecka et al. 2010a; Hiess et al. 2012; Stirling et al. 2007; Tissot and
Dauphas 2015; Weyer et al. 2008). The impact of these variations on the accuracy of
U-Pb and Pb–Pb ages has been extensively discussed (Hiess et al. 2012; Tissot and
Dauphas 2015; Tissot et al. 2017, 2019a), and it is now accepted that both U and Pb
isotopes need to be measured to obtain both precise and accurate dates. The age
corrections caused by U variability is given by the following equation (Tissot and
Dauphas 2015; Tissot et al. 2017):

∆t =
∆U

(
eλ238t − 1

) (
eλ235t − 1

)
1000

[
λ238eλ238t − λ235eλ235t + (λ235 − λ238)e(λ238+λ235)t

] (1.6)

where ∆U is the difference between the actual and assumed U isotope composition of
the sample. Among all extraterrestrial materials, calcium-aluminum-rich inclusions
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(CAIs) are featured by the most notable U isotope variations. CAIs are the oldest
dated solids in the solar nebular (Amelin et al. 2010; Connelly et al. 2012; Gray
et al. 1973) and are therefore used to define the starting point of the ESS (t0).
Hence, precise determination of U isotope is particularly important for high-precision
chronology of CAIs, since the U isotope variability in CAIs can lead to age correction
up to ∼10 Myr (Fig. 1.3).
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Figure 1.3: The impact of U isotope variations in CAIs on Pb-Pb age determination. For
CAIs, the age corrections due to U isotope variations are linearly correlated with the U
isotope offsets.

Over the last decade, high-precision chronological data has revealed discrepancies
in the construction of a fine-scale chronology of CAIs. Of particular interest is the fact
that the two most precise ages of the oldest CAIs do not agree with-in uncertainty:
4567.30 ± 0.16 Myr (Amelin et al. 2010) vs 4567.94 ± 0.31 Myr (Bouvier et al.
2011a), which is conflict with the short formation window of CAIs. The cause of
this discrepancy is unknown, but poses the question of the reliability, within stated
uncertainties, of CAI Pb-Pb ages. Chapter VI aims to resolve this discrepancy and
evaluate if the true starting point of the Solar System can be defined.

1.2.3 Al-Mg systematics

The short half-lives of short-lived radionuclides allow them to resolve extra high
temporal resolution than long-lived chronometers. Short-lived radioactive isotope
were found in 1960s, because of the observation of 129Xe excesses correlated with the
abundance of 129I (Jeffery and Reynolds 1961). In mid 1970s, 26Al was discovered by
26Mg excesses correlated with 27Al/24Mg ratios in Allende CAIs (Lee et al. 1976).
Driven by technique advancement in secondary ion mass spectrometry, 26Al-26Mg
system (t1/2=0.70 Myr) turns out to be the most widely used relative chronometer,



7

and Eq. 1.4 can be written as:(
26Mg
24Mg

)
t

=

(
26Mg
24Mg

)
0

+

(
26Al
24Mg

)
0

× e−λt (1.7)

Since 26Al is already extinct and not detectable at present, the stable 27Al isotope is
added to Eq. 1.7 as a surrogate for 26Al with the same geochemical behavior:(

26Mg
24Mg

)
t

=

(
26Mg
24Mg

)
0

+

(
26Al
27Al

)
0

(
27Al
24Mg

)
t

× e−λt (1.8)

where (26Al/27Al)0 represents the initial 26Al abundance before decay, (27Al/24Mg)t
is the present ratio, which should remains as a constant in closed system. The
correlation between 26Mg excesses and 27Al/24Mg ratio can represent an isochron.
There are two different types of 26Al-26Mg isochron, which record distinct events and
information: the internal isochron is obtained by measuring Mg isotope composition
and Al/Mg ratios of various mineral phases from a single CAI, and records the last
melting/crystallization events; the bulk isochron is based on multiple CAIs, and
records the condensation of CAI precursor materials from the solar nebula.

px
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Figure 1.4: Internal and bulk 26Al-26Mg isochrons: (a) internal isochron determined by
different mineral phases of a single CAI; (b) bulk isochron determined by multiple CAIs. For
these two types of isochron, the internal isochron is more sensitive to subsequent secondary
processes (e.g., thermal processing and secondary alterations).

The slope of the 26Al-26Mg isochron carries the age information by characterizing
the initial abundance of the short-lived radioactive parent isotope relative to its
stable counterpart. Quantitative interpretations on relative ages requires an essential
assumption that 26Al is homogeneously distributed in the ESS, and thus difference
in initial 26Al/27Al abundance only reflects the time difference. There is a long-
time debate on this fundamental assumption for 26Al-26Mg chronometer that a
homogeneous distribution of 26Al in protoplanetary disk is challenged by significantly
lower initial 26Al abundance in some special types of refractory inclusions, such as
FUN CAIs (Fractionated with Unknown Nuclear effects), spinel-hibonite spherules
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(SHIBs), and platy-hibonite crystals (PLACs). The 26Al abundance observed in
these objects is interpreted as they formed before 26Al was injected/homogenized
in the ESS. Heterogeneous distribution of 26Al in the solar nebula is also commonly
considered to account for the discrepant estimates on the ages of CAIs, chondrule
and achondrites between absolute Pb-Pb and Al-Mg chronometers. Chapter VI aims
to resolve the CAI age discrepancy by evaluating the two chronometers in the same
set of CAIs to test if the discordance is due to 26Al/27Al heterogeneity or robustness
of these chronometers.

The initial 26Al/27Al abundance in large CAIs from CV3 chondrites are well-
characterized by bulk 26Al-26Mg isochron (Jacobsen et al. 2008), which suggests 26Al
was homogeneously distributed in the CAI-forming region with a 26Al/27Al ratio of
(5.23 ± 0.13)×10−5. Besides the slope, the intercept of the bulk 26Al-26Mg isochrons
can be used to characterized the pre-26Al decay Mg isotope composition. Magnesium
isotope heterogeneity has been resolved by high-precision Mg isotope analyses on
bulk CAIs. Chapter V revisited this question by investigating a larger set of CAIs
that covered all known CAI types from various hosting chondrites.

1.3 Scientific questions

This thesis covers diverse topics in isotope geochemistry and cosmochemistry. For
geochemistry, we aim to answer the following scientific questions:

1. How to overcome the limitation of carbonate sediments archive for using U
isotopes to reconstruct paleoredox conditions?

a) Searching for new approach: Are there any alternative archives that can
more faithfully preserve the primary δ238USW? The first part of Chapter
IV explores the potential of bioapatite as a novel archive, given that it is
considered more resistant to diagenetic alterations.

b) Refining the current approach: How to correct non-primary U isotope
signature in carbonates? The second part of Chapter IV includes a
preliminary test for this question in that we tested the key assumption
of using U isotopes as a global proxy that U isotopes are homogeneously
distributed in seawater.

2. Motivated by dealing with big data in U isotope studies (especially in paleoredox
reconstruction), Chapter III addressed this issue by developing the Uranium
Isotope Database.

For cosmochemistry, we aim to answer the following scientific questions:

1. Whether CAIs carry a single snapshot or a series of evolving records of the
ESS? Chapter V addressed this issue from the prespective of Mg isotopes.
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2. How to reconcile the discrepancies in ESS chronology between Pb-Pb and Al-Mg
chronometers? Chapter VI focuses on the discrepancies in CAI ages, and tested
the relative robustness of Pb-Pb and Al-Mg systems.

1.4 Outline of the thesis

Chapter I focuses on introducing the principle of long-lived and short-lived
chronometers in the early solar system chronology, as well as U isotopes (238U/235U)
to reconstruct the paleo-redox conditions in the ocean. This chapter also presents an
outline for the thesis.

Chapter II focuses on the analytical techniques used and/or developed for the
work in the thesis. These methods are summarized in this chapter, given that several
techniques are used across different chapters. Analytical techniques presented in this
chapter included (1) U isotope analyses for terrestrial and extraterrestrial samples (2)
high-precision Mg isotope analyses and 27Al/24Mg ratio measurements for Ca-rich
samples (3) in-situ 26Al-26Mg analyses by secondary ion mass spectrometry and (4)
determination of distribution coefficients of the REEs, Sr, Y, Ba, Th, and U between
α-HIBA and AG50W-X8 resin.

Chapter III introduces the uranium isotope database (UID) As the parent element
in the U-Pb and Pb-Pb radiochronometers, U was one of the first heavy elements
whose isotopic composition was carefully determined. Thought to be constant until
the end of the 20th century, the ratio of the long-lived isotopes of U (238U/235U)
has since been shown to be variable at the permil to sub-permil levels in natural
materials. Today, the study of U isotopes has found applications in a variety of
fields including geo/cosmochronology, oceanic paleoredox reconstruction, magmatic
differentiation, environmental remediation, and forensic studies. With thousands of
newly reported U isotopic data each year, a real need exists for a comprehensive U
isotope database. This chapter introduces a global, updatable, U isotope database
(UID), which not only contains the most expansive, internally consistent U isotopic
dataset to date (15,188 entries from 345 papers), but also includes all other sample
data from the original publications, as well as the relevant metadata and sample
information to facilitate further analysis. The UID is freely accessible and will be
updated regularly. All data are normalized to the widely-used CRM-145 standard,
and all assumptions used to convert the published data are explicitly detailed in the
paper and the database itself. New data can be easily formatted and submitted for
incorporation into the database. Using the UID we provide new recommended δ238U
values for certified U standards and geostandards and discuss important applications
and future directions for U isotope studies.

Chapter IV focuses on the application of U isotopes as a paleo-redox proxy. The
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uranium isotope composition (δ238U) of seawater is a powerful proxy for the extent
of marine anoxia. For paleo-redox reconstructions, carbonates are the most popular
U isotope archive, but they have recently come under increased scrutiny as their
δ238U values are subject to diagenetic alteration after deposition. Therefore, there
is a need to investigate other archives that may record and preserve the original
seawater δ238U signal. In this study, we explore whether shark teeth provide such an
archive. Shark teeth enameloid consisting of crystalline fluorapatite is more resistant
to post-depositional alteration and less sensitive to isotopic exchange than marine
carbonates due to the lower solubility of the crystalline fluorapatite. Since U is
readily incorporated into phosphate, shark teeth could incorporate and preserve the
original δ238U signature of seawater. To assess whether U isotopes in shark teeth can
record seawater signatures, we measured the U isotopes (both δ238U and δ234Usec) in
fossil shark teeth from various locations, including Banks Island, the Gulf of Mexico,
and Pisco Basin, and ranging in age from modern to Cretaceous. Our results show
that (1) U is incorporated into shark teeth postmortem during burial; (2) diagenetic
overprinting of seawater U isotope ratios is common among shark teeth, and (3) δ238U
data are influenced by local depositional environments. Nonetheless, the U isotope
variations observed in shark teeth are comparable to those seen in marine carbonates,
indicating that the samples with less diagenetic alterations might offer useful insight
into the past extent of ocean anoxia. The second part of this chapter revisits the
foundational assumption of homogeneity of the marine U reservoir, and the capacity
of deep-sea corals to record the U isotope composition of ambient seawater.

Chapter V focuses on 26Al-26Mg systematics of bulk CAIs to understand the
composition of their precursors. CAIs are the oldest solids that formed in the solar
nebula and thus can capture the snapshots of the infalling materials onto the nascent
Sun, whose properties remain poorly understood. Short-lived 26Al–26Mg systematics
provides unique age and composition information about CAI precursors. This work
reported high-precision magnesium isotope data for 19 CAIs that cover a broad
representation of the known CAI population and show that CAIs cover a wide range
of initial (pre-26Al decay) magnesium isotope composition. The results suggest the
infalling materials that formed the early protoplanetary disk were heterogeneous and
experienced continuous evolution during the CAI-forming epoch.

Chapter VI focuses on the chronology of the early solar system. Long-lived
(Pb-Pb) and short-lived (26Al-26Mg) dating methods can constrain the time sequence
of the evolution processes in the early Solar System (ESS). However, the increasing
number of high-precision data has revealed the inconsistencies between Pb-Pb and
26Al-26Mg chronometers: (1) existence of a 0.71 Myr difference for the Pb-Pb ages
proposed for the oldest CAIs, which do not match their 26Al-26Mg records and conflict
with the short formation interval of primary CAIs; (2) age differences between CAIs
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and chondrules/achondrites obtained from Pb-Pb chronometer are typically shorter
than those resolved from 26Al-26Mg chronometer. These discrepancies between the
two chronometers are all related to CAIs, which play a pivotal role in defining the
starting point of the ESS and anchoring absolute and relative chronometers. The
cause of these discrepancies remains an open question, whose investigation is impeded
by the limited number of CAIs that have been comprehensively analyzed by both
Pb-Pb and 26Al-26Mg chronometers. This work determined the U-corrected Pb-Pb
ages and 26Al-26Mg ages for a new set of CAIs and compared them with literature
data to reevaluate the chronology of CAIs. The results demonstrate the Pb-Pb
system can be reset for ∼1 Myr without significantly disturbing the Al-Mg system,
indicating the resetting of these two systems can be decoupled. I also performed
U isotope analyses of both mineral separates and bulk material to test the impact
of intermineral U isotope fractionation on Pb-Pb ages of CAIs. Uranium isotope
variations are observed between the melilite fraction and the bulk CAI, while the
δ238U difference for pyroxene is not resolved at the current level of analytical precision.
The magnitude of this age offset is unlikely to reconcile the discrepancy of the age
difference between the two oldest known CAIs.
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C h a p t e r 2

ANALYTICAL TECHNIQUES

Part of this chapter has been published in:

Li, H., Tissot, F.L.H., Lee, S.-G., Hyung, E., and Dauphas, N. (2020). Distribu-
tion coefficients of the REEs, Sr, Y, Ba, Th, and U between α-HIBA and AG50W-X8
resin. ACS Earth and Space Chemistry 5.1, 55–65.

Kipp, M.A., Li, H., Ellwood, M.J., John, S.G., Middag, R., Adkins, J.F., and
Tissot, F.L.H. (2022). 238U, 235U and 234U in seawater and deep-sea corals: A
high-precision reappraisal. Geochimica et Cosmochimica Acta 336, 231–248

Li, H., Kipp, M.A., Kim, S.L., Kast, E.R., Eberle, J.J., and Tissot, F.L.H.
(2024). Exploring uranium isotopes in shark teeth as a paleo-redox proxy. Geochimica
et Cosmochimica Acta 365, 158–173

2.1 Determination of distribution coefficients

Rare-earth elements (REEs) are known for their similar behaviors, which make
their purification through chromatographic techniques particularly challenging. The
use of α-hydroxyisobutyric acid (α-HIBA) in combination with a cation-exchange resin
is perhaps the most widely used chromatographic technique to separate individual
REEs from each other. However, only limited REE partition data between α-HIBA
and cation resins exist, which makes it challenging to develop and optimize purification
techniques using this platform. Here, we report distribution coefficients (Kd) of REEs,
as well as Sr, Y, Ba, Th, and U, between α-HIBA at pH = 4.50 and AG50W-X8 cation-
exchange resin, obtained by batch equilibration experiments. For all 19 elements, the
distribution coefficients decrease with increasing acid concentration. For the REEs,
a linear relationship is observed in log-log space between Kd values and α-HIBA
molarity. While the Kd values have been calibrated at pH = 4.50, formulas are
provided allowing recasting of the Kd values at any pH. To test the accuracy of the
data, we compare elution curves simulated using the newly determined distribution
coefficients to actual elution curves. The close agreement between simulated and
experimental elution curves demonstrates that the distribution coefficients obtained
in this study are effective to devise multielement extraction and purification scheme
for high-precision elemental and isotopic analyses of REEs for various applications.
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2.1.1 Motivation

The characterization of isotopic variations for the rare-earth elements (REEs)
has found diverse applications in the fields of geo- and cosmochemistry (Albalat et al.
2012; Andreasen and Sharma 2006, 2007; Bennett et al. 2007; Bouvier and Boyet
2016; Boyet and Carlson 2005; Burkhardt et al. 2016; Carlson et al. 2007; Caro
et al. 2003; Gannoun et al. 2011; O’Neil et al. 2008; Saji et al. 2020; Shollenberger
and Brennecka 2020; Thrane et al. 2010). For instance, the Sm-Nd decay system,
which is arguably the best-known and most-studied of the REE systematics, contains
two radiogenic isotopes (147Sm → 143Nd, t1/2 = 106 Byr (Faure and Mensing 2005);
146Sm → 142Nd, t1/2 = 103 Myr (Friedman et al. 1966), which are widely used in (i)
geochronology (Li et al. 2000; Marks et al. 2014); (ii) the tracing of mantle sources,
(Blichert-Toft and Puchtel 2010; White and Hofmann 1982) and (iii) the study of
the differentiation history of planetary silicate reservoirs. (Blichert-Toft et al. 2002;
Bouvier et al. 2008; Boyet and Carlson 2005; Caro et al. 2006) In cosmochemistry, Nd
nucleosynthetic anomalies have recently proven to be critical to our understanding
of planetary formation and early solar-system dynamics, (Bouvier and Boyet 2016;
Burkhardt et al. 2016; Render et al. 2017). In recent years, high-precision isotopic
investigations of other REE systematics have also been pioneered (e.g., Ce, Eu, Dy, Er,
and Yb isotopes, Lee and Tanaka 2019; Pourkhorsandi et al. 2021; Segal et al. 2003;
Shollenberger and Brennecka 2020; Willig and Stracke 2018) as new possible tools to
solve geo- and cosmochemical questions (Hu et al. 2021; Shollenberger and Brennecka
2020; Willig and Stracke 2019), revealing a growing need for robust purification
protocols for all REEs.

Geochemically, REEs are well known for their near identical behavior, which
stems from (i) their very similar ionic radii, and (ii) the fact that most of these metal
ions exist primarily in the trivalent oxidation state in geological samples (Eu and
Ce can also exist as Eu2+ and Ce4+, respectively). These characteristics make the
separation of REEs especially difficult (Nash and Jensen 2001). As the most well-
studied REE isotope system, methods for separating Sm and Nd (Boyet and Carlson
2005; Caro et al. 2006, 2008; Debaille et al. 2007; DePaolo and Wasserburg 1976;
Jacobsen and Wasserburg 1980, 1984; Lugmair et al. 1975; Rehkämper et al. 1996;
Wasserburg et al. 1981) are well established. To a lesser extent, routine protocols
also exist for Lu (part of the Lu–Hf system, Blichert-Toft et al. 1997; Münker et al.
2001; Patchett and Tatsumoto 1981; Pin and Gannoun 2017; Yang et al. 2010), Ce
(part of the La–Ce system, Hayashi et al. 2004; Makishima and Nakamura 1991;
Pourkhorsandi et al. 2021; Shimizu et al. 1990; Tanaka and Masuda 1982; Tanaka
et al. 1987), and Sm/Gd (for characterization of cosmogenic effects, Hidaka et al.
1995, 1999, 2009; Leya et al. 2003; Sands et al. 2001). For high-precision isotopic
investigations of other REE systems, optimized methods are not yet readily available.
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To streamline the development and optimization of REE purification protocols,
knowledge of the partition behavior of the elements of interest between the eluent
and the resin is necessary (Fig. 2.1). The affinity of a resin for a particular element
is given by a distribution coefficient, Kd, which quantifies the partitioning of the
element between the eluent (mobile phase) and the extractant (stationary phase) and
is defined as

Kd =
Cs

Cl
(2.1)

where Cs is the concentration of the element exchanged with the resin, in µg per gram
of dry resin, and Cl is the concentration of the element remaining in the solution after
the equilibrium has been achieved between the mobile and the stationary phases, in
µg per mL of solution. For REEs, one of the most widely used separation techniques is
the α-hydroxyisobutyric acid (α-HIBA) ion-exchange chemistry (Amakawa et al. 1991;
Borg et al. 1997; Campbell 1973, 1976; Carlson et al. 2007; Choppin and Chopoorian
1961; Choppin 1956; Deelstra and Verbeek 1965; Eugster et al. 1970; Garçon et al.
2018; Harvey and Baxter 2009; Hyung and Jacobsen 2020; Jacobsen and Wasserburg
1980; Lugmair et al. 1975; Marks et al. 2014; Massart and Bossaert 1968; Meisel
et al. 2002; Qaim et al. 1979; Rizo et al. 2011; Sisson et al. 1972; Smith and Hoffman
1956; Story and Fritz 1974), in which the eluent is the α-HIBA, (CH3)2-COH-COOH,
and the stationary phase is the AG50W-X8 strong cation-exchange resin. α-HIBA
is a weak acid with a pKa (pKa = -log10(Ka), where Ka is the acid dissociation
constant)of 3.79. Despite its popularity, a dearth of distribution coefficient data exists
for this particular eluent/resin combination, making calibrations of REE separation
an unnecessarily lengthy process of trial and errors.

AG50W-X8
resin

α-HIBA

Rare Earth
Elements Elution profile

Volume (mL)

Yi
el
d
(%

)

Lu Sm

Figure 2.1: Illustration of REEs separation using α-HIBA and AG50W-X8

Here, we report the determination of distribution coefficients of the REEs, as well
as Sr, Y, Ba, Th, and U between α-HIBA at pH = 4.50 (±0.01) and the AG50W-X8
resin over a range of molarities from 0.010 to 2.123 M α-HIBA. Although the REEs
are the focus of this paper, Sr, Ba, Y, Th, and U were also investigated to better
assess how similar their partition behavior is compared to REEs during the α-HIBA
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chemistry (Fuping et al. 1993; Strelow 1980) and should separation of these elements
be necessary to avoid matrix effects. While these Kd values have been calibrated at
pH = 4.50, formulas are provided allowing recasting of the REEs Kd values at any
pH. To test the accuracy of the REE distribution coefficients, we compare simulated
elution profiles to both coarse (used for concentration determinations) and fine (used
for high-precision isotopic analyses) experimentally determined elution curves.

2.1.2 Experimental setup

2.1.2.1 Reagents and Analytical Materials

AG50W-X8 resin (200-400 mesh, hydrogen form) was purchased from Bio-Rad, and
α-HIBA from Alfa Aesar, as 2-hydroxyisobutyric acid (99 % dry wt, molar mass
104.11 g/mol). Other acids used in this work (HCl, HNO3) were procured at the
analytical grade and double distilled in quartz and/or PTFE Teflon distillation units
(PicoTrace at University of Chicago; Savillex at Caltech). Milli-Q water (Millipore,
resistivity ∼18.2 MΩ/cm) was used for cleaning, acid dilutions, and chromatography.
All Teflon labware were precleaned with successive leaching in boiling nitric acid
and aqua regia. All chemical treatments in this study were performed inside a clean
laboratory environment, at room temperature.

2.1.2.2 Preparation of α-HIBA Solutions

For Kd batch experiments, the α-HIBA stock solution was prepared in glassware
precleaned by rinsing in 10 % vol HCl, followed by overnight immersion in 6 M HCl
on a hot plate. α-HIBA powder weighing 208.30 g was dissolved in 650 mL of Milli-Q
(hereafter, MQ) water and left to react for 2 h, after which the solution was filtered
to remove any nondissolved acid particles. For reference, the solubility of α-HIBA
in water is 484 g/L. Filtration took 6 h and was done with a PTFE-faced funnel,
base glass filter holder, and 0.45 µm Fluoropore hydrophobic PTFE membranes
(Millipore), prewetted with alcohol. The pH of the filtered solution was adjusted to
4.50 by the addition of 95 mL NH4OH (ammonium hydroxide; pKb = 4.77, pKb =
-log10(Kb), where Kb is the base dissociation constant) solution. The pH-adjusted
solution (718.48 g) was transferred into a triple-cleaned Teflon bottle and diluted with
MQ-water to a final weight of 1000.04 g, corresponding to an α-HIBA concentration
in the final solution of ∼2.123 M.

For the elution conducted at Caltech, a 0.2 M α-HIBA stock solution was prepared
by adding MQ-water to 41.64 g of α-HIBA powder in a graduated cylinder until
the solution volume added up to 2.00 L. The pH of the 0.2 M α-HIBA solution was
subsequently adjusted to 4.62 by adding ∼36 mL of Optima-grade NH4OH.
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2.1.2.3 Batch Equilibration Experiment

Distribution coefficients were determined through batch equilibration of the elements
of interest in various molarities of the α-HIBA solution. From the α-HIBA stock
solution (2.123 M), twenty-four dilutions were prepared covering the molarities
between 0.010 and 1.064 M. A multielement mixture containing the 14 REEs, as well
as Sr, Y, Ba, Th, and U, was prepared by adding ∼3.6 g of single-element inductively
coupled plasma mass spectrometry (ICP-MS) standard solutions (each 1000 ± 5
ppm, SPEX CertiPrep). These solutions are available in a combination of dilute HF,
H2O2, HCl, and/or HNO3. If present in solution during the batch equilibration, even
trace amounts of these reagents could potentially modify the partitioning of elements
between the resin and solution. To avoid such complications, aliquots of standard
solutions were transferred to a precleaned Teflon beaker and evaporated to dryness.
Right before complete evaporation, the residual droplet was taken back into 5 mL of
3 M HNO3, transferred to a clean centrifuge tube, and diluted with MQ-water to 50
mL (0.3 M HNO3). Remaining insoluble particles were removed by centrifugation,
after which an aliquot of the multielement standard solution was sampled, diluted,
and analyzed by MC-ICPMS. All elements added to the standard were detected
at levels of at least three orders of magnitude above blank 0.3 M HNO3 solutions,
and the concentrations of each element in the multielement solution were ∼72 ppm.
The AG50W-X8 resin was precleaned and converted to ammonium form in a 1 L
Teflon column with MQ-water (3 column volume; cv), followed by a 6 M HCl rinse
(3 cv) and another MQ water rinse (3 cv). The resin was then transferred to a triple
cleaned Teflon bottle, soaked in 1 M NH4OH for 1 h, rinsed with MQ-water (2 cv),
and finally soaked in MQ-water (i.e., neutral pH, ammonium form).

The protocols for the equilibration experiments were modified from those de-
scribed in ref (75). Batch experiments were conducted in α-HIBA solution ranging
from 0.010 to 2.123 M. For each molarity, 4.7 mL of cleaned resin (equivalent to 2 g
of dry mass) was pipetted into a precleaned Teflon beaker and dried on a hot plate at
∼60 °C to remove the water remaining in the resin. Then, 10 mL of α-HIBA solution
at the adequate molarity for the equilibration was added to the beakers and left to
equilibrate overnight to convert the resin to the α-HIBA form. The solution was then
pipetted out, and the beakers were placed in a blowing hood to dry the resin. In
another clean Teflon beaker, the molarity specific standard solution was prepared by
adding 0.2 mL of the ∼72 ppm multielement standard solution (0.3 M HNO3) into 7
mL α-HIBA solution at the chosen molarity (0.010-2.123 M α-HIBA). A 1 mL aliquot
of the solution was saved and used as a standard for concentration normalization.
The remainder of the molarity-specific standard solution (6 mL, containing ∼12.4 µg
of each element of interest) was added to the resin, resulting in an element to resin
ratio of ∼6.2 µg/g. The resin and the acid-standard solutions were stirred by placing
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the beakers on a Thermolyne Vortex shaker (1000 rpm) for 5-10 min every 2 h. After
8 h of equilibration, the mixture was filtered using precleaned Bio-Rad Poly-Prep
chromatography columns, to separate the resin from the mobile phase. The acid
solutions were collected in centrifuge tubes and transferred back into cleaned Teflon
beakers. The equilibrated solutions (hereafter “sample”) and the nonequilibrated
aliquots (hereafter “standard”) were dried on a hot plate and taken back into 5 mL
of 0.3 M HNO3. For each sample and standard, an aliquot was taken and diluted
20-fold to achieve concentrations of at most ∼100 ppb for an element that would
have remained entirely in the liquid phase during the equilibration experiment.

2.1.2.4 Mass Spectrometry

Concentration measurements on the diluted “sample" and “standard" solutions were
performed on a Thermo Finnigan Neptune MC-ICPMS at the Origins Lab, following a
protocol modified from Pourmand et al. (2012). In brief, the 14 REEs were measured
using 3 cup subconfigurations with 159Tb, 141Pr, and 169Tm on the axial Faraday
cup, respectively. Then, 88Sr, 89Y, 138Ba, 232Th, and 238U were measured in the
center cup, in five successive subconfigurations (i.e., peak jumping) (Table 2.1).
Measured isotopes were selected with preference given to higher relative abundances
and absence of isobaric/polyatomic interferences. The 0.3 M HNO3 solutions were
introduced into the MC-ICPMS using a 100 µL/min PFA Teflon self-aspirating
nebulizer. Measurements were performed in wet plasma mode, using a combined
quartz cyclonic and Scott-type spray chamber (Stable Introduction System from ESI).
Instrumental drift was corrected for by bracketing every batch of three unknowns
with a multielement standard solution (std-smp-smp-smp-std). The procedural blank
and acid contributions (generally < 1 %) were subtracted from each analysis.

Table 2.1: Faraday Cup Configuration Used for REE Concentration Measurements on the
MC–ICPMSa

configuration L4 L3 L2 L1 axial H1 H2 H3 H4
main 149Sm 151Eu 157Gd 159Tb 163Dy 165Ho 167Er
sub sequence 1 139La 140Ce 141Pr 146Nd
sub sequence 2 167Er 169Tm 173Yb 175Lu
sub sequence 3 88Sr
sub sequence 4 89Y
sub sequence 5 138Ba
sub sequence 6 232Th
sub sequence 7 238U
a 167Er was measured twice: in the main sequence and in subsequence 2. The results from these

two measurements agreed with each other within error, so distribution coefficients of Er were
calculated as the mean of the two measurements.
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For the elution conducted at Caltech (Elution 2), concentration in each elution
cut was measured using an iCAP RQ (Thermo Fisher) ICP-MS and an SC-2 DX
autosampler (Elemental Scientific). Instrumental tuning parameters (e.g., nebulizer
gas flow, torch alignment, sample uptake rate, and quadrupole ion deflector) were
optimized to pass the standard performance check using an iCAP Q/RQ solution
(Thermo Fisher Scientific) containing 1.0 ppb Ba, Bi, Ce, Co, In, Li, and U in 2 %
HNO3 and 0.5 % HCl. After tuning, REE standard solutions covering a range of
concentrations were measured to generate calibration curves that establish the signal
to concentration correspondence (i.e., counts per second per ppm) for the analytical
session. Analyses were conducted in the STD mode. The typical signal variability
from instrumental drift in these conditions is around ±1 % within any given session.

2.1.2.5 Elution Tests

We conducted two elution tests to assess the accuracy of the distribution coefficients
obtained from the batch equilibration experiments. Matrix elements were omitted in
the artificial solution used in these tests as REE separation are typically performed
on a preconcentrated REE fraction after removal of matrix elements in the sample.

Elution 1 was conducted at the Origins Lab (University of Chicago) at room
temperature by using a gravity driven custom-made quartz column (1.9 mm ID
× 21 cm length) to achieve a bulk separation for concentration measurements. A
multielement standard solution containing 10 ppm of each REE was loaded on the
column filled with AG50W-X8 resin (200-400 mesh) in 1 mL 0.06 M α-HIBA. Lu,
Yb, and Tm were eluted with 36 mL of 0.06 M α-HIBA, followed by Er, Eu, Sm, and
Nd in 16 mL of 0.2 M α-HIBA and finally Pr and Ce in 10 mL of 0.3 M α-HIBA.
The concentration measurements were performed with the same experimental setup
as the distribution coefficient measurements, and the yield for each REE was above
90 %.

Elution 2 was conducted at the Isotoparium (Caltech) with a borosilicate column
(2.0 mm ID × 30 cm length) at ambient temperature and pressurized to 1.0 psi
(frit porosity: 35 µm) using compressed air, which produces a fine separation of
Ce-Nd-Sm for high-precision isotopic analysis of Nd. The flow rate was 1 drop/min,
and each elution fraction consisted of four drops (∼47 µL/drop). A standard mixture
with 60 ppm of each REE was loaded on the column filled with AG50W-X4 resin
(200-400 mesh) in 150 µL of 0.75 M HCl, and an isocratic elution was done with 8.3
mL of 0.2 M α-HIBA at a pH of 4.62. Elution fractions were collected in four drop
increments in 5 mL Teflon vials, dried down at 90 ◦C, and redissolved into 0.48 M
HNO3. Concentrations were measured on the iCAP RQ ICP-MS, and yields for all
REEs were above 90 %.
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2.1.2.6 Elution Simulations

To simulate the elutions, we used an optimized (∼18× faster) version of the Math-
ematica code from Ireland et al. (2013), which is based on the plate theory of
chromatography developed by Martin and Synge (1941). The plate theory states that
a chromatographic column can be divided into a finite number of theoretical plates
of defined height (noted HETP, for height equivalent to a theoretical plate). Within
each plate, and at any point in time, equilibrium is achieved between the liquid
(mobile) phase and the solid (stationary) phase. Using this framework, it is possible
to model the behavior of elements onto a resin and test various elution schemes to
optimize the separation of the elements of interest. The architecture of the simulation
code is summarized in Table 2.2. This simulation code allows users to model the
behavior of elements onto a specific resin and rapidly test complex elution schemes
to optimize the separation of the elements of interest prior to implementation in the
laboratory. Sensitivity tests were performed to evaluate the influence of uncertainties
on parameters such as column dimensions (i.e., length and radius, Fig. 2.2) and
resin properties (i.e., porosity and density, Fig. 2.3). Within the accuracy of typical
determination of these parameters, they do not influence the results of the simulations
presented here.

Table 2.2: Architecture of the chromatography simulation code

1. Set collection volume of the elution scheme
2. Import resin characteristics: HETP (cm),

Column height (cm),
Column radius (cm),
Resin porosity,
Density of extractant-loaded beads (g/mL).

3. Import elution details: Number of elution steps,
Volume of each elution step (mL),
Element concentration in each elution step (mol/mL),
Kd of elements in each elution step.

4. Elution simulation loop
For each elution step:

◦ The characteristics of the liquid volume to inject are updated,
◦ The liquid in the last plate is eluted,
◦ The liquid in each plate above the last one is moved down one plate,
◦ The liquid to inject is added to the first plate,
◦ Liquid-solid equilibrium is calculated in each plate.

End of the loop
Plot the simulated elution curve (% recovery vs. volume).
Two graphs are plotted,

◦ in the first one, the volume step is the plate column,
◦ in the second one it is the collection volume specified by the user.

Export the results as xls or xlsx file.
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Figure 2.2: Panel (1) shows the original simulation (collected volume = 0.25 mL); while
panels (2)-(5) shows the labeled parameters changed by ±5 %, while keeping other parameters
constant. The grey dot dash lines represent the transitions of α-HIBA molarity, and the
dash lines represent the positions of peaks in the original simulated elution profile. The grey
band denotes the position of elution of Er, Ho, Dy and Tb, whose simulations do not change
with input parameters.
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Panel (1) shows the original simulation (collected volume = 0.25 mL); while panels (2)-(5)
shows the labeled parame-ters changed by ±5 %, while keeping other parameters constant.
The grey dot dash lines represent the transitions of α-HIBA molarity, and the dash lines
represent the positions of peaks in the original simulated elution profile. The grey band
denotes the position of elution of Er, Ho, Dy and Tb, whose simulations do not change with
input parameters.
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2.1.3 Results

2.1.3.1 Distribution Coefficients

To calculate the distribution coefficients for each element (i.e., µg of element per g of
resin divided by µg of element per mL of solution), an extended form of Eq 2.1 was
used as follows:

Kd =
(Cb/Ca − 1)× V

w
(2.2)

where Cb and Ca are the elemental concentrations in ppm in the solution before and
after equilibration, respectively, w is the weight of dry AG50W-X8 resin in grams,
and V is the volume of acid solution in mL. The distribution coefficients are given in
Table 2.3 and Fig. 2.4 (base-10 logarithmic scale). For a given concentration, a
high Kd value means that the element is preferentially retained on the resin, while a
low Kd indicates the release of the element to the mobile phase. Only values within
the range 10 < Kd < 104.5 are considered reliable in this study, because below 10,
insufficient change in the solution concentrations occur, while above 104.5, solution
concentrations approach the detection limits of the MC-ICPMS.
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Figure 2.4: Distribution coefficients of (a) REEs and (b) Ba, Sr, Y, Th, and U on AG50W-
X8 resin as a function of α-HIBA molarity. Only values within the 10 < Kd < 104.5 range are
considered reliable and reported in Table 2.3. For Kd < 10 (lower grey band), insufficient
change in the solution concentrations occurred, while above 104.5 (upper grey band), the
analyte concentrations approached the limits of detection of the instrument.

For all 19 elements investigated, the distribution coefficients decrease with
increasing α-HIBA molarity (Fig. 2.4). For the REEs, a negative linear relationship
is observed between distribution coefficients and α-HIBA molarity in a log-log space.
As α-HIBA forms stronger complexes with heavier REEs (Sivaraman et al. 2002),
at a given molarity, lighter REEs have higher Kd than heavier REEs, and elution
occurs in decreasing order of atomic numbers (Barkley et al. 1986; Fuping et al. 1993).
Table 2.4 gives the linear regression statistics for each element, and the best-fit
lines are shown in Fig. 2.5 and 2.6. Slopes, intercepts, and the goodness of fits
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are determined using the LINEST function in Microsoft Excel. R2 values on these
regressions range from 0.987 to 0.998. The equations include a pH term, to account
for Kd variations as a function of the α-HIBA solution pH (see below).

Table 2.4: Linear regression statistics for determination of REE Kd as a function of α-HIBA
molarity at pH=4.50a.

Element Equation r2

La log10(Kd) = –(4.83 ± 0.30) [log10([HIBA]) + pH–4.50] – (0.73 ± 0.21) 0.989
Ce log10(Kd) = –(4.77 ± 0.35) [log10([HIBA]) + pH–4.50] – (1.08 ± 0.25) 0.988
Pr log10(Kd) = –(4.81 ± 0.32) [log10([HIBA]) + pH–4.50] – (1.35 ± 0.26) 0.991
Nd log10(Kd) = –(4.84 ± 0.32) [log10([HIBA]) + pH–4.50] – (1.56 ± 0.27) 0.991
Sm log10(Kd) = –(5.07 ± 0.45) [log10([HIBA]) + pH–4.50] – (2.30 ± 0.43) 0.992
Eu log10(Kd) = –(5.11 ± 0.44) [log10([HIBA]) + pH–4.50] – (2.63 ± 0.42) 0.993
Gd log10(Kd) = –(5.05 ± 0.27) [log10([HIBA]) + pH–4.50] – (2.54 ± 0.27) 0.997

Gd*b log10(Kd) = –5.28 [log10([HIBA]) + pH–4.50] – 3.00
Tb log10(Kd) = –(5.44 ± 0.64) [log10([HIBA]) + pH–4.50] – (3.54 ± 0.71) 0.990
Dy log10(Kd) = –(5.45 ± 0.72) [log10([HIBA]) + pH–4.50] – (3.85 ± 0.80) 0.987
Ho log10(Kd) = –(5.88 ± 0.79) [log10([HIBA]) + pH–4.50] – (4.61 ± 0.93) 0.991
Er log10(Kd) = –(5.92 ± 0.56) [log10([HIBA]) + pH–4.50] – (4.98 ± 0.75) 0.996
Tm log10(Kd) = –(5.99 ± 0.54) [log10([HIBA]) + pH–4.50] – (5.30 ± 0.72) 0.996
Yb log10(Kd) = –(5.67 ± 0.55) [log10([HIBA]) + pH–4.50] – (5.05 ± 0.77) 0.998
Lu log10(Kd) = –(5.76 ± 0.54) [log10([HIBA]) + pH–4.50] – (5.33 ± 0.76) 0.998

aUncertainties of slope and y-intercept are reported as two standard errors.
bGd* represents the corrected regression statistics of Gd (recommended value, see text for details).
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Figure 2.5: Distribution coefficients of REEs on AG50W-X8 resin in logarithmic scale as a
function of α-HIBA molarity. Dotted lines show linear regressions using partition coefficients
between 10 and 104.5 (see equations in Table 2.4). The dotted-dashed line represents the
corrected distribution coefficients of Gd (see text for details).
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Figure 2.6: The 95% confidence intervals of best-fit linear regression lines for determination
of REE Kd as a function of α-HIBA molarity. Black points = measured Kd values at given
α-HIBA molarities; blue lines = best-fit linear regression lines; dark grey band = 95%
confidence intervals.

2.1.3.2 Accounting for pH Variations

The mobile phase pH can significantly influence the Kd values of REEs for the α-HIBA
chemistry (Deelstra and Verbeek 1965; Pourjavid et al. 2009). Indeed, as a weak
monobasic acid, the dissociation of α-HIBA is described by the chemical reaction:

[HIBA] ↔ [H+] + [L−] (2.3)

where L represents the ligand of α-HIBA. Through the dissociation constant of this
reaction, the ligand concentration can thus be expressed as:

[L−] =
Ka[HIBA]

[H+]
(2.4)

or in log form, as:

pL = −log10([L−]) = pKa − pH − log10([HIBA]). (2.5)

This relationship is well known, and for instance, Deelstra and Verbeek (1965) showed
that the log10(Kd) of the REEs was linearly related to pL. At constant pH, the ligand
concentration (which determines the value of the partition distribution, Kds) is only
a function of the α-HIBA molarity (see Fig. 2.5).

As shown by Eq. 2.5, changes in ligand concentration can be similarly produced
by variations in α-HIBA molarity or pH. Although the Kd values reported here were
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obtained at constant pH (=4.50), these values can be adjusted to account for changes
in pH by equating them to the change in molarity that would be needed to maintain a
constant ligand concentration. For instance, if the pH of α-HIBA solution is changed
by ∆pH, the following relationship can be written as follows:

pL = pKa − (pH +∆pH)− log10([HIBA])−∆pH. (2.6)

A pH change of magnitude +∆pH is therefore equivalent to a change in log α-HIBA
molarity of magnitude -∆pH. For any α-HIBA molarity, the appropriate Kd values
at different pH values can simply read on Fig. 2.5 by moving horizontally by -∆pH
(relative to the pH = 4.50). Mathematically, this means modifying the intercepts of
the linear regression equations in Table 3 by a value m × ∆pH (where m is the slope
of regression lines). In Table 2.4, we present general formulas accounting for pH
difference relative to the calibration pH of 4.50.

2.1.4 Discussion

2.1.4.1 Correction of the Gd Distribution Coefficients

Unlike other REEs, the distribution coefficients of Gd and Eu obtained from the
batch experiments overlap. If correct, this would indicate that both elements should
elute together during the α-HIBA chemistry, which conflicts with observations in
previous studies (Campbell 1973, 1976; Deelstra and Verbeek 1965; Garcia-Valls et al.
2001; Massart and Bossaert 1968; Matsui et al. 1981; Qaim et al. 1979; Raut et al.
2004; Sisson et al. 1972; Story and Fritz 1974). The apparently higher distribution
coefficients measured for Gd are very likely due to 141Pr16O interferences. At a given
α-HIBA molarity, the distribution coefficient of Pr is always larger than that of Gd.
Hence, the impact of the PrO interference on Gd in the nonequilibrated solution is
larger than in the equilibrated solution, leading to systematically higher Kd values for
Gd. Using a quartz spray chamber for sample introduction into the MC-ICPMS (as
was done here) typically produces several to several tens of percent of Pr oxide, which
significantly affects the determination of Gd Kd values. This effect was, unfortunately,
not precisely quantified during mass spectrometric analysis. However, a correction of
the Gd Kd values is possible when considering the Kd values across all REEs. Below,
we present derivations of the estimated influence of 141Pr16O interference on the Kd

determination of 157Gd. By definition, the distribution coefficient is the ratio of the
concentration of an element of interest in the immobile phases (here the resin) over
the concentration in the mobile phase (here the α-HIBA solution. Therefore, the Kds
for Pr and Gd can be expressed as (after simplifying for volume and weight of resin):

KPr
d =

[Pr]b − [Pr]a
[Pr]a

(2.7)

KGd
d =

[Gd]b − [Gd]a
[Gd]a

(2.8)



27

where the subscript a and b refer to before and after resin-liquid equilibration. In
the presence of a PrO interference, the measured (subscript m) Kd of Gd can be
expressed as:

KGdm
d =

([Gd]b + [PrO]b)− ([Gd]a + [PrO]a)

([Gd]a + [PrO]a)

=
([Gd]b + [Pr]bf)− ([Gd]a + Pr]af)

([Gd]a + [Pr]af)

(2.9)

where f is the fraction of oxidized Pr detected at mass 157. From the Eq. 2.8, the
Gd concentration before equilibration is:

[Gd]b = (KGd
d + 1)[Gd]a (2.10)

Substituting Eq. 2.10 into Eq. 2.9, one obtains that:

KGdm
d =

[(KGd
d + 1)[Gd]a + Pr]bf ]− ([Gd]a + Pr]af)

([Gd]a + Pr]af)
(2.11)

To estimate f (the oxide production rate for Pr) in these equations, and based on the
measured Kd values (Table 2.3), we can assume that 10KGdm

d ≈ KPr
d , and therefore:

[Pr]b = (KPr
d + 1)[Pr]a ≈ (10KGdm

d + 1)[Pr]a (2.12)

Given that the concentration of Pr and Gd before the equilibration were the same
in the batch experiments solution, after equilibration, the concentration of Gd in
the liquid will be about 10 times higher than that of Pr (i.e., [Gd]=10[Pr], since
0KGdm

d ≈ KPr
d ). The measured and actual concentration of Gd in the liquid before

and after equilibration can thus be written as:

[Gd] = [Gd]m − [Pr]f ≈ (10− f)[Pr] (2.13)

Substituting Eq. 2.13 into Eq. 2.11 yield the KGd
d corrected for PrO interferences as:

KGd
d ≈ KGdm

d −
9KGdm

d × f

(10− f)
(2.14)

The fraction of Pr oxidized is thus equal to:

f =
10(KGdm

d −KGd
d )

(10KGdm
d −KGd

d )
(2.15)

Considering 141Pr and 157Gd were the measured isotopes during the mass spectrome-
try, the abundance of 157Gd (A157 = 15.65 %) and 141Pr (A141 = 100 %) should be
taken into account during the derivation, which yields:

f =
10(KGdm

d −KGd
d )

(10KGdm
d −KGd

d )
× A157

A141
(2.16)
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Figure 2.7: Slope (a) and intercept (b) of the linear regressions, as shown in Fig 2.5, as a
function of the reciprocal of ionic radii (Shannon 1976). The open symbol denotes Gd∗ (see
text for details).

If using the corrected slope and intercept of Gd (Fig 2.5 and Table 2.4)) to calculate
the actual Kd of Gd, the f in Eq. 2.16 is approximately 10 %, which is a typical
oxide production rate for MC-ICPMS with the spray chamber, supporting the need
for the correction of the Kd values for Gd.

To first-order, electrostatics controls REE partitioning on the cation-exchange
resin. Elements with smaller ionic radii and higher charge densities are expected
to be surrounded by larger hydration spheres, which in turn decreases the surface
charge density and the affinity for the resin (i.e., hydrated radius decreases with
increasing ionic radius and vice versa, Korkisch 2017). Accordingly, log10(Kd) should
thus depend linearly on the reciprocal of the ionic radius (Nash and Jensen 2001).
Fig 2.7 shows the slope (a) and intercept (b) of the log10(Kd) versus log10([HIBA])
best-fit lines for all REEs, plotted against the reciprocal of the ionic radius (radii
from Shannon (1976)). Both the slope and the intercept of the best-fit lines are
linearly correlated to the reciprocal of the ionic radius. Interestingly, Gd falls off
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the 95% CI of the intercept versus 1/r correlation defined by the other REEs (Fig
2.6b). It is also slightly offset from (although within uncertainty of) the correlation
defined by other REEs in the slope versus 1/r space (Fig 2.7a). By bringing Gd
on the regression lines defined by other REEs in Fig 2.7, we obtain a new value of
the slope and intercept of the log10(Kd) versus log10([HIBA]) best-fit line, referred to
in Table 2.3, 2.4 as Gd∗. We will show below that the corrected values for Gd∗

accurately predict the position of the Gd peak in our elution tests, and therefore, we
recommend use of the corrected Gd∗ values.

2.1.4.2 Comparison of Actual and Simulated Elution Curves

To avoid potentially unsuccessful and time-consuming elution tests when trying to
optimize a separation protocol, an efficient approach consists in using a computational
chromatography code to simulate the elution results. Knowledge of the distribution
coefficients of the elements of interest in each elution step is, however, a prerequisite
to perform such simulations. To test the reliability of the distribution coefficients
obtained in this study, we carried out simulations to try and reproduce two elutions
using different column sizes and experimental setups. The accuracy and applicability
of the Kd reported here are assessed by inspecting the consistency of the simulated
and actual elution curves.

Elution 1:

A gravity-driven separation of most REEs was conducted using a custom-made
quartz column (see Fig 2.8), and the simulated results are shown in Fig 2.8b. While
the Kd values calculated using the regression, as shown in Table 2.4, mainly impact
peak position, the HETP mainly controls peak width and was determined to be 0.50
± 0.20 mm (by adjusting the value of the HETP to fit the actual elution profile).
Overall, the simulation successfully reproduces the actual elution. To perfectly match
the heavy REE peak position, the α-HIBA molarity of the first elution step had to be
very slightly adjusted, from the 0.060 M value used in the actual elution to 0.058 M.
This slight (3.3 %) discrepancy likely stems for the imprecision associated with the
preparation of such a dilute α-HIBA solution (during the batch experiment and/or
the elution).

Elution 2:

As the α-HIBA chemistry is widely used for Nd purification for high-precision
isotope analysis (Amakawa et al. 1991; Borg et al. 1997; Carlson et al. 2007; Garçon
et al. 2018; Hyung and Jacobsen 2020; Jacobsen and Wasserburg 1980; Lugmair et al.
1975; Marks et al. 2014; Rizo et al. 2011), our second comparison aimed at testing
the usefulness of the reported Kd values when predicting fine-scale separations (i.e.,
drop-by-drop), even under slightly different experimental conditions than those used
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for the Kd determinations. We conducted an isocratic elution with 0.2 M α-HIBA on
AG50W-X4 (200–400 mesh) at pH = 4.62 (Fig 2.9a). The resin cross-linkage and
eluent pH were different from those used for Kd determination, providing an adequate
challenge to test the reliability of our data and methods for correcting pH effects,
since slight pH variations are ubiquitous for column chemistry set up at different labs.
Given that both pH and resin cross-linkage can influence the distribution coefficients
(Pourjavid et al. 2009; Sisson et al. 1972; Van der Walt et al. 1985), a perfect match
between the actual elution (X4 resin, pH = 4.62) and simulated elution (X8 resin,
pH = 4.50) was not expected and was not obtained, even when accounting for the
pH difference. Indeed, the light REEs eluted too late in the simulation, consistent
with the general tendency of Kd values to increase with higher cross-linkage (Barkley
et al. 1986). Adjusting the eluent molarity to 0.213 M (6.5% higher than the actual
α-HIBA molarity used) in Fig 2.9b produces an exact match for the position of
the Pr peak. The HETP was found to be 1.5 ± 0.2 mm. At this molarity, the peak
positions of Nd and Ce are also satisfactorily matched. While Sm and the heavier
REEs are predicted to elute too early, we note that the Kd values of these elements at
this molarity were below the detection limit of the batch equilibration experiments,
and we are thus working beyond the validity domain of the best-fit lines used to
predict the Kd values (Table 2.4). The small (6.5%) adjustment in molarity accounts
for the combined impact of all systematic biases (resin cross-linkage, eluent molarity
offsets, and other experimental conditions such as T), which are only resolvable owing
to the drop-by-drop (i.e., fine-scale) nature of the elution.
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Figure 2.8: Experimental and simulated elution profiles of Elution 1. (a) Experimental
elution profile of REEs using a gravity-driven quartz column: 1.9 mm ID × 21 cm length.
Condition: AG50W-X8 resin (200–400 mesh) with α-HIBA (pH = 4.50), at room temperature
(∼22 ◦C). (b) Simulated elution profile, assuming: resin porosity, 49%; (88) density of the
extractant-loaded beads, 0.70 g/mL; (HETP = 0.50 ± 0.20 mm).
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Figure 2.9: Experimental and simulated elution profiles of Elution 2. (a) Experimental
elution profile of REEs using a pressurized (1.0 psi) borosilicate column (2.0 mm ID ×
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temperature (∼22 ◦C). The resulting flow rate was 47 µL/min. (b) Simulated elution profile,
assuming: resin porosity, 57%; (88) density of the extractant-loaded beads, 0.70 g/mL;
(HETP = 1.5 ± 0.2 mm).
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2.2 Mg isotope analyses for CAIs

2.2.1 Magnesium chromatography

In this section, we optimized the Mg column chemistry for CAIs. The Mg chro-
matography was modified from the established method (Tang et al. 2021; Wombacher
et al. 2009; Young et al. 2009) to be more suitable for Ca-rich samples to obtain a
better separation of Mg and Ca, which is described in Table 2.5.

Table 2.5: Magnesium ion exchange chromatography

Step Volume Acid
Cleaning 10 mL MQ H2O

10 mL 0.5 M HCl
15 mL 6 M HCl
10 mL MQ H2O
15 mL 6 M HCl

Pre-condition 10 mL 0.5 M HCl
Load sample 0.5 mL 0.5 M HCl
Rinse Matrix 34.5 mL 0.5 M HCl
Elute Al and Ti 7 mL 0.15 M HF

2 mL MQ H2O
Elute Fe 9 mL 95% Acetone + 0.5 M HCl

3 mL MQ H2O
Elute Mg 26 mL 1 M HCl

Magnesium separation was conducted using 10 mL Bio-Rad Poly-Prep columns
filled with 2 mL AG50W-X8 resin (200-400 mesh, hydrogen form). Approximately
0.5–1 mL sample solution was loaded on the columns, which had been cleaned and
pre-conditioned with a sequence of Milli-Q (MQ) water and acids. Matrix elements
(alkali elements and Cr) were firstly removed from the column in 34.5 mL 0.5 M
HCl and then Al and Ti were eluted in 7 mL 0.15 M HF. The resin was rinsed
with 2 mL MQ to condition the column. Nine mL freshly made 95% acetone–0.5 M
HCl was added to remove Fe, followed by the addition of 3 mL MQ water to wash
the remaining acetone. The freshly-made acetone-HCl mixture and MQ rinse after
the Fe removal are critical for the chemistry because the acetone-HCl mixture can
self-catalyze to increase the viscosity of the solution and thus create matrix effects
for the following isotopic analyses. Magnesium was finally eluted in 26 mL 1 M HCl.

The Mg elution is the major optimization for CAIs, which used a more diluted
HCl than established scheme in Tang et al. (2021). The modification takes advantage
of a significant distribution coefficient difference between Mg and Ca in 1 M HCl than
2 M HCl. Elution test of this modified chemistry was conducted with DTS-2, whose
elution profile is shown in Fig. 2.10. For CAIs and quality control geostandards, this
purification procedure was repeated twice, and then an aliquot of each sample was
used for concentration determination to ensure the sufficient removal of interference
elements, including Cr, Ti, and Ca. With this modified procedure, the Ca/Mg ratios
in the Mg sample solutions were less than 10 % after two rounds of column chemistry.
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Figure 2.10: Elution profile of DTS-2 for Mg separation. The collect volume is 2–3 mL,
and the elution curves of interference elements Cr, Ti, and Fe are also shown. DTS-2 is
a standard with high Mg and low Ca contents, and the purpose of this elution test is to
calibrate the collecting volume for Mg cut. Calcium is partially eluted with Mg at the end
using 1 M HCl, but the remaining Ca in the Mg cut is less than 10 % and would not influence
the Mg isotope measurements. Using a more diluted HCl could achieve complete separation
between Mg and Ca, and the reason for choosing 1 M HCl is to balance a manageable
collecting volume and separation.

The yields of Mg after the entire purification procedure are >99 %, with procedural
blank ∼40 ng, negligible relative to the amount of Mg processed through column
chemistry (<0.4 % of Mg in sample). After purification, the Mg cut was evaporated
to dryness and 0.25 mL H2O2 and 0.20 mL concentrated HNO3 were added to
oxidize any residual acetone or organic matter released from the resin. After refluxing
overnight at 120 ◦C, the mixture was completely dried and then reconstituted into 3
vol% HNO3 for Mg isotope analyses.

2.2.2 Mass spectrometry for Mg isotope analyses

Magnesium isotope analyses were performed on a NeptunePlus (ThermoFisher)
MC-ICPMS, using Jet sample and X-skimmer cone combination, coupled with a
dual cyclonic quartz spray chamber. The measurements were conducted in middle-
resolution mode using a static cup configuration in Table 2.6.

Table 2.6: Cup configurations for Mg isotope measurements on MC-ICPMS

Faraday cup L2 C H2 H4
Amplifier (Ω) 1011 1011 1011 1011

Isotope 24Mg 25Mg 26Mg 27Al

Samples were diluted to 0.5 ppm in 3 vol% HNO3 and introduced to the mass
spectrometer at a ∼100 µL/min uptake flow rate for 40 s. Each analysis consisted of
50 cycles of 4.194 s integration time. The blank was measured before and after each
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session, with 24Mg signal in rinse of ∼25 mV without obvious elevation through the
session. The sample measurements were bracketed by an in-house standard, with
δ25Mg = -0.805 h, and δ26Mg = -1.556 h relative to the primary DSM-3 standard
(Galy et al. 2003) obtained from long-term measurements.

Stable Mg isotope compositions are reported in δ notation (permil unit, h)
relative to DSM-3 standard, which is defined as:

δiMg =

[
(iMg/24Mg)smp

(iMg/24Mg)DSM-3
− 1

]
× 1000 (2.17)

where i denotes 25 or 26. The 26Mg excesses deviating from the mass dependent
fractionation is represented as δ26Mg∗, calculating using the formula in Davis et al.
(2015) and Wasserburg et al. (2012):

δ26Mg∗ = δ26Mg −

[(
1 +

δ25Mg
1000

) 1
β

− 1

]
× 1000 (2.18)

where β is the mass dependent fractionation factor. The choice of exponent β remains
a long-lasting debate to correct the mass dependent fractionation of CAIs (e.g., Davis
et al. 2015). Here, we applied the widely-used kinetic fractionation factor (Jacobsen
et al. 2008), which is defined as:

β =
ln(m24/m25)

ln(m24/m26)
= 0.51101 (2.19)

where m24, m25, and m26 are the masses of three Mg isotopes: 24Mg, 25Mg, and
26Mg, with values of 23.985042, 24.985837, and 25.982593, respectively (Wang et al.
2012). Uncertainties are reported as 2 standard error (2SE, 95 % Confidence Interval,
CI) and calculated using 2 standard deviation (2SD) divided by the square root of
the number of replicate measurements for a given sample (i.e., 2SE = 2SD/

√
n).

For stable Mg isotope compositions, standard deviation used the daily external
reproducibility of the standard, while the δ26Mg∗ used the standard deviation of the
replicates measurements of the sample.

2.2.3 Determination of 27Al/24Mg ratio

To measure 27Al/24Mg ratios, aliquots of samples before Mg chemistry were
dried and redissolved into 3 vol% HNO3. A concentration standard (50 ppb Mg,
150 ppb Al) was prepared by diluting SPEX CertiPrep ICP-MS single-element
standards. The Al/Mg ratio of the prepared concentration standard was calibrated
as 3.042 by the gravimetric method. The 27Al/24Mg ratios were measured on MC-
ICPMS using the same setting up as Mg isotopes, given that 27Al and 24Mg can
be measured simultaneously with the current cup configuration. Sample standard
bracketing method was applied, and all data were collected in 10 cycles of 4.194 s
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integration time. The 27Al/24Mg ratios of samples were derivated by normalizing to
the gravimetrically calibrated standard using the equation:

(
27Al
24Mg

)corr

smp
=

(
27Al
24Mg

)meas

smp
×

(
Al
Mg

)grav

std

/ M(Al)
M(Mg) ×

Ab(27Al)
Ab(24Mg)(

27Al
24Mg

)meas

std

(2.20)

where
(

27Al
24Mg

)meas

smp
and

(
27Al
24Mg

)meas

std
are the measured intensity ratio of sample and

standard, respectively;
(

Al
Mg

)grav
std

is the Al/Mg ratio of the gravimetrically calibrated
standard; M(Al) and M(Mg) are the atomic mass of Al and Mg, which used 26.98154
and 24.3053; Ab(27Al) and Ab(24Mg) are the abundance of 27Al and 24Mg. The
abundance of 24Mg is calculated using the Mg isotope composition of the SPEX Mg
standard. The uncertainties on 27Al/24Mg ratios were calculated as:

σ 27Al
24Mg

=

(
27Al
24Mg

)meas

smp
×

√(σ27Al
27Al

)2
+

(
σ24Mg
24Mg

)2

(2.21)

where 27Al and 24Mg are intensities of signals, and σ27Al and σ24Mg are the corre-
sponding uncertainties. To monitor the accuracy of analyses, geostandards BCR-2
and BHVO-2 were processed along with CAIs, with differences between measured
and certified 27Al/24Mg ratios ∼ ±1 % (Fig. 2.11a).

The potential bias from the matrix effects was evaluated by the standard addition
– a method that minimizes the matrix effects by adding the gravimetric Al/Mg
standard to unknown CAIs (illustrated in Fig. 2.12). By increasing volumes of
standard solution in the mixture, the Al and Mg concentrations can be determined
by extrapolating the signals from a series of standard additions. The concentration
of the isotope of interest A is calculated as:

[A]smp = − bA
mA

× [A]std (2.22)

where A denotes 27Al or 24Mg; [A] is the molar concentration; b and m are the
intercept and slope of the linear regression of intensity of A vs. proportion of
standard Fig. 2.11. The 27Al/24Mg ratio of sample is:(

27Al
24Mg

)
smp

=
b27Al/m27Al
b24Mg/m24Mg

×
(

27Al
24Mg

)
std

(2.23)

Fig. 2.11b demonstrates that the direct measurements of sample solution reproduced
27Al/24Mg ratios as standard addition method within ±2 % (Fig. 2.11b). The
results suggest the matrix effects are negligible for the direct measurement methods
and thus can be used to preciously determine 27Al/24Mg ratios in CAIs.
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Figure 2.11: The 27Al/24Mg ratios of geostandards and CAIs. (a) Certified vs. measured
27Al/24Mg ratios of BCR-2 and BHVO-2. (b) The 27Al/24Mg ratios of geostandards and
CAIs obtained from direct measurements vs. standard addition method.
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Figure 2.12: Schematic illustration of standard addition method for concentration determi-
nation. The upper panel shows the experimental scheme of the standard addition used in
this work. To determine the Al and Mg concentration, four solutions were prepared for each
sample. Each solution had 1/4 of sample solution, with proportion of standard solution 0,
1/4, 1/2, and 3/4, respectively. The remaining proportion was filled up with run acid (i.e., 3
vol% HNO3). The bottom panel illustrates the intensity of 27Al or 24Mg for the series of 4
solutions. The x intercept is proportional to the concentration of isotope of interest in the
standard.
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2.3 In-situ 26Al-26Mg analyses

An initial search for targeted areas on the epoxy mounts of CAIs for in-situ
26Al-26Mg measurements was performed with a ZEISS 1550VP Field Emission SEM
at Caltech. Approximately 10 spots for each major mineral phase of interest were
selected, based on the following criteria: (1) the grain size exceeds 10 µm; (2) the
mineral is free of alteration and surface defects such as cracks and inclusions. Minor
phases such as hibonite, and perovskite were also selected when available. For
each area of interest, both BSE and secondary electron (SE) images were made for
secondary ion mass spectrometer (SIMS) navigation.

In-situ 26Al-26Mg isotope analyses were performed on CAMECA IMS 1270-E7
and IMS 1280-HR2 at CRPG following the method described in previous studies (Luu
et al. 2013; Piralla et al. 2023; Villeneuve et al. 2009). Measurements were conducted
in multicollection mode on 4 Faraday cups (FC): 24Mg on L1 equipped with a 1011 Ω

resistor, 25Mg and 26Mg on C and H1 equipped with 1012 Ω resistors and 27Al on
H’2 equipped with a 1011 Ω resistor. Mass resolution was set to 2500 (i.e., exit slit 1
on multicollection trolleys) to separate the doubly charged interference 48Ca2+ and
48Ti2+. Selected spots were bombarded with a <10 µm, 5 nA O−

2 primary ion beam
generated by a Hyperion-II oxygen plasma source accelerated at 13 keV. Magnesium
isotope compositions are reported in δ’ notation (in permil unit):

δiMg′ = ln

[(
iMg/24Mg

)
meas

(iMg/24Mg)ref

]
× 1000 (2.24)

where i denotes 25 or 26; (iMg/24Mg)ref assumed terrestrial Mg isotope compositions,
with values of 25Mg/24Mg = 0.12663, and 26Mg/24Mg = 0.13932 (Catanzaro et al.
1966). To derive 26Mg excesses, instrumental mass fractionation (IMF) of Mg isotopes
need to be introduced:

αi =

(
iMg/24Mg

)
meas

(iMg/24Mg)true
(2.25)

The relationship between α25 and α26 is described by an exponential mass fractiona-
tion law:

α25 = (α26)
β (2.26)

where β is the IMF exponential factor. The Eq. 2.26 can also be written as:

ln(α25) = ln(α26)× β (2.27)

The IMF was calibrated by a series of international and in-house standards, including
San Carlos olivine, Burma spineal, CLDR01 MORB glass, gold enstatite, and Allende
melilite (Mel-1) glass. Using the IMF to express the δ′iMg can obtain:

δiMg′ = ln(αi)× 1000 (2.28)
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substituting Eq. 2.28 into Eq. 2.27 leads to:

δ25Mg′ = δ26Mg′ × β (2.29)

For terrestrial standards, mass-independent fractionation of Mg isotopes are
assumed to be negiligible, and thus the β can be derived by the linear regression
through the standard data in δ25Mg’ vs. δ26Mg’, which can be expressed as:

δ25Mg′std = δ26Mg′std × a+ b (2.30)

where b represents the analytical parameters of SIMS analyses, such as FC inter-
calibration. The β values varied from 0.510 to 0.516 during different sessions (Fig.
2.13).
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Figure 2.13: IMF characterization using the linear regression of terrestrial standards in
δ25Mg’ vs. δ26Mg’ space: Burma – Burma spinel, SCOL – San Carlos Olivine, GoldEn – gold
enstatite, and CLDR – CLDR MORB glass. The a and b represent the slope and intercept
in Eq. 2.30.

The 26Mg excess was calculated with the formula:

δ26Mg∗ = δ26Mg′ − (δ25Mg′ − b)/a (2.31)

The uncertainty of δ26Mg* is calculated as:

σ26∗ =
√

σ2
26′ + (σ25′/a)2 × (σ25′ × σ26′ × r25,26/β) (2.32)

where σ26∗ , σ26′ , and σ25′ are uncertainties of δ26Mg*, δ26Mg’, and δ25Mg’, respec-
tively; r25,26 is the cross-correlation of 25Mg/24Mg and 26Mg/24Mg.
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To precisely determine the 27Al/24Mg ratios for isochron, the measured values
must be corrected using the relative sensitivity factor (RSF) for different mineral
phases, since Al and Mg have slightly different ion yields during SIMS analyses. The
RSF is defined as:

RSF =
(27Al/24Mg)meas

(27Al/24Mg)true
(2.33)

which were characterized by the corresponding standards with well-characterized
27Al/24Mg ratios. The true 27Al/24Mg ratios of CAI minerals, including melilite,
spinel, anorthite, and hibonite were calibrated by RSFs determined by Mel-1, 2 glass,
Burma spinel, An-2 glass, Al-rich pyroxene glass, and Hib-A-00, respectively. The
uncertainty on 27Al/24Mg was calculated as:

σ
27/24
true =

√
(σ

27/24
meas )2 + [(27Al/24Mg)meas × σr

RSF]
2 (2.34)

where σ
27/24
true and σ

27/24
meas are the uncertainty of the true and measured 27Al/24Mg

ratios; σr
RSF is the relative uncertainty (%) of RSFs.

The in-situ 26Al-26Mg analyses of CAIs CG-ft-4–8, 10, 11, and 13 were also
performed on a CAMECA ims-1290 ion microprobe at UCLA following the method
described in Liu et al. (2018). The data reduction is similar to the method described
before. In breif, Selected mineral phases were bombarded with a ∼5 µm, 1-3 nA
O−

2 primary ion beam generated by a Hyperion-II oxygen plasma source. With this
experimental setting, secondary ion signals of Mg and Al were intense enough to be
simultaneously measured with multiple Faraday cups without switching the magnetic
field setting. Each spot analysis had a 45 s sputtering and 30 cycles (10s/cycle) of
data acquisition, resulting in craters ∼5 µm wide and ∼1–2 µm depth. A suite of
terrestrial standards, including Burma spinel, San Carlos olivine, San Carlos pyroxene,
and synthetic glass of fassaite composition, were used to characterize instrumental
mass fractionation. Isoplot regressions for all measurements were calculated using
Model 1 (the maximum likelihood) in IsoplotR (Vermeesch 2018).

2.4 U isotope analyses

2.4.1 Chromatography

Uranium separation and purification are performed with U-TEVA resin (diamyl,
amylphosphonate, DAAP, 50–100 µm), using the property that U has strong retention
with UTEVA with concentrated acid, while can be stripped out with a small volume
of dilute acid (Horwitz et al. 1992). In this section, manual and automatic column
chemistry are described in Table 2.7.

2.4.1.1 Bench top chromatography by vacuum box

Uranium purification was performed on pre-packed 2 mL Eichrom UTEVA cartridges
(� = 1.14 cm, l = 2.56 cm) and a vacuum box for bench top column chemistry in
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Table 2.7: Uranium ion exchange chromatography

Step Acid Volume
Normal Low U prepFAST

Cleaning 0.05 M HCl 30 mL 40 mL mL
Pre-condition 3 M HNO3 10 mL 10 mL mL
Load sample 3 M HNO3 5-10 mL 5-10 mL 5-10 mL
Rinse Matrix 3 M HNO3 12 mL 30 mL mL
Conversion to HCl 10 M HCl 5 mL 5 mL mL
Elute Th 5 M HCl 8 mL 12 mL mL
Elute U 0.05 M HCl 20 mL 32 mL 4 mL

the hood. Barrels of 10 mL BD Luer-Lok syringe were used as the acid reservoir on
the top of the cartridge, and 1 mL pipette tips were connected to the bottom of the
cartridge to elute the liquid.

For typical terrestrial samples (with abundant U), the resin was cleaned with 30
mL 0.05 M HCl and then conditioned with 10 mL 3 M HNO3. Samples were loaded
onto the resin in 5 mL 3 M HNO3, and matrix elements were eluted in 12 mL 3 M
HNO3. The resin was then converted with 5 mL 10 M HCl, followed by Th removal
in 8 mL 5 M HCl. U was finally eluted in 20 mL 0.05 M HCl and collected in cleaned
30 mL beakers. The U cut was evaporated to dryness, and 0.25 mL H2O2 and 0.20
mL concentrated HNO3 were added to oxidize any organic matter released from the
resin. After refluxing overnight at 120 ◦C, the mixture was completely dried and
taken back into 3 M HNO3. The column chemistry was repeated a second time to
ensure precise and accurate measurements of 234U/238U (Tissot et al. 2018). The
final U cuts were evaporated to dryness before being redissolved in concentrated
HNO3. Samples were then evaporated to near dryness and ultimately diluted to 3
vol% HNO3 for isotopic measurements.

The protocol is modified for low U samples, including meteorites (and their
component), igneous rocks, and mass-limited samples (e.g., single zircon). The resin
is cleaned with a larger volume of (40 mL) 0.05 HCl to completely remove any U
retained on U-TEVA resin. After loading, 30 mL of 3 M HNO3, 5 mL of 10 M HCl,
and 12 mL of 5 M HCl were used in sequence to elute matrix elements and Th. The
U was finally eluted in 32 mL 0.05 M HCl at the end. An increased volume of acids
is used to achieve a more thorough removal of matrix elements and full recovery of U
in samples.

2.4.1.2 Automated chromatography by PrepFAST

Uranium isotope application on paleo-redox construction raises the need to process
large number of samples to obtain high-resolution profiles of the periods of interest.
However, the labor-intensive sample purification process is time-consuming and
remains a bottleneck for high throughput analyses. The appearance of the ESI
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prepFAST System can significantly improve the efficiency of the sample processing
process. The prepFAST is a syringe-driven system (dual FAST valves with 4 syringe
pumps) equipped with several reagent stock bottles. The U chemistry uses a 0.6 mL
packed U-TEVA cartridge (CF-MC-U-0600), which can be reused at least 60 times.
Reagent stock bottles are filled with 3 M HNO3, 0.05 M, 5 M, and 10 M HCl, and
column chemistry is similar to manual feed chromatography. Uranium is eluted in 4
mL 0.05 M HCl, and 1 mL concentrated HNO3 is added to the U cut for the second
round of chemistry.

Figure 2.14: Photo of preFAST System. The top part mainly consists of an auto-sampler
to place samples and collection tubes/beakers; the bottom part includes the resin cartridge,
syringe system, and acid storage bottles.
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2.4.2 Mass spectrometry

Uranium isotope analyses were performed on a NeptunePlus (ThermoFisher)
multiple collector inductively coupled plasma mass spectrometer (MC-ICPMS). The
Jet sample and X-skimmer cones were used in combination with an Aridus3 or Apex
Omega HF desolvating nebulizer. The measurements were conducted in low-resolution
mode using a static cup configuration (Table 2.8).

Table 2.8: Cup configurations for U isotope measurements on MC-ICPMS

Faraday cup L2 L1 C H1 H2 H3
Amplifier 1011 1011 SEM 1011 1011 1011

Isotope 232Th 233U 234U 235U 236U 238U

For most terrestrial samples, each analysis consisted of 50 cycles of 4.194 s
integration time. For extraterrestial materials, the take-up time was reduced to 36
s (minimal time to achieve stable signal) to avoid wasting samples. Each analysis
consisted of 40–60 cycles of 4.194 s integration time depending on the available sample
masses. The sample measurements were bracketed by the CRM-112a standard spiked
with IRMM-3636 at a similar Uspike/Usample ratio as the samples. Instrumental
mass fractionation was corrected by standard-sample-bracketing and double spike
deconvolution. Amplifier gain calibrations were performed daily. The 234U signal was
measured with a secondary electron multiplier (SEM) on the axial mass. The SEM-
Faraday cup gain was calibrated manually with replicate analyses of the CRM-112a
standard solution in both SEM and Faraday mode at the beginning and end of each
analytical sequence (Kipp et al. 2022).

A calibration was conducted at the beginning and end of each analytical session
to ensure that we accurately determined the yield between SEM and FC modes.
The calibration used the same bracketing CRM-112a standard solution that were
measured with two sub-sequences: the center cup (234U) signal was measured by the
SEM and a Faraday cup with a 1012 Ω amplifier in the two sub-sequence respectively.
In a typical run, 3 replicates of this “cps/V calibration” method were conducted to to
determine the yield by the average value of these replicates. When using this method,
the yield of the SEM diminished throughout a multi-week analytical session (Fig.
2.15), as is expected due to degradation of the SEM as a linear function of counts.
Since individual yield calibrations are not very precise, owing to the small 234U ion
beam (1–2 mV), a linear trend was fitted through the cps/V values as a function
of cumulative counts registered by the SEM and used the corresponding values to
correct our data through a multi-sequence analytical session (typically 5–15 days
long).
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Figure 2.15: SEM-Faraday cup yield calibration through 16 consecutive analytical sequences.
One sequence was run per day and the yield was measured at the beginning and end of
each sequence; the points and error bars represent the mean and 95 % CI of these yield
determinations. The total number of counts registered in the SEM per session were then
tallied and the yield determinations were fit against cumulative counts. Solid line denotes
linear trend through data with 95 % CI in shaded region as determined by Monte Carlo
simulation. We find that the yield diminishes by about 275 cps/V per million counts.

The maximum theoretically achievable precision for a single measurement (i.e.,
the internal precision). There are two contributions to analytical error that we must
consider in this calculation: 1) electronic noise, called Johnson noise or shot noise
(σJohnson) and 2) counting statistics (σcounting). Johnson noise is a function of detector
temperature (T), amplifier resistance (R), and measurement time (t), such that:

σJohnson =

√
4kT t

e2R
(2.35)

where k is the Boltzmann constant and e is the elementary charge. The error from
counting statistics is in contrast related only to the number of counts registered by a
detector. In this case, the counts are ions hitting a Faraday cup or being counted in
the SEM. John and Adkins (2010) define an operational variable, neff, calculated as:

neff =
nanb

na + nb
(2.36)

which can be used to describe the number of counts made by two detectors for a given
isotope ratio measurement. Here, na and nb refer to the number of atoms of the two
isotopes of interest that are counted. For the SEM, this is equal to the measurement
reported in units of counts-per-second (cps) multiplied by the integration time for
a single measurement. For Faraday cups, the voltage registered can be related to
counts assuming a cps/V value of 6.25 × 107 (small fluctuations in this value have a
negligible effect in this calculation, but will be considered in detail below). Using the
neff notation, the error from counting statistics can be calculated as

σcounting =
1

√
neff

(2.37)
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We also note that despite achieving sub-optimal precision, the use of a 1012 Ω amplifier
on the minor isotope still outperforms matched 1011 Ω amplifiers in the region of neff
space where Johnson noise is the dominant source of error (neff < 108). As this is
the region of neff space for all δ234Usec measurements undertaken here, we utilized a
1012 Ω amplifier in all tests where 234U was measured in a Faraday cup.

Figure 2.16: Limits on internal precision of U isotope analyses. Internal precision on (a)
δ238U and (b) δ234Usec measurements is limited by Johnson noise (σJohnson; blue lines) and
counting statistics (σcounting; red lines). All sample data (white circles) plot at the theoretical
maximum internal precision (represented by the dashed black curve, which is the sum of the
red and blue lines). Standards analyzed with a 1012 Ω amplifier on 235U show poorer internal
precision (gold crosses, panel a). The subset of samples for which 234U was measured in a
Faraday cup (gold crosses, panel b; 1012 Ω amplifier) are limited by both Johnson noise and
counting statistics; all other samples for which 234U was measured in the SEM (white circles)
were only limited by counting statistics. Theoretical error from Johnson noise was calculated
for a 1011 Ω amplifier on 235U in panel (a) and 1012 Ω amplifier on 234U in panel (b); 1011 Ω
amplifier was used for 238U in all calculations. Top x-axes denote signal intensity on 238U
and 234U in panels (a) and (b), respectively. In panel (b), the secondary (red) top x-axis
denotes the signal in cps registered on the SEM for SEM-FAR measurements; the primary
(black) top x-axis denotes the signal in mV registered on the Faraday cup for FAR-FAR
measurements.
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C h a p t e r 3

INTRODUCTION THE UID: URANIUM ISOTOPE DATABASE

Work presented in this chapter has been published in:

Li, H., Tissot, F.L.H., (2023). UID: The uranium isotope database. Chemical
Geology 618, 121221.

3.1 Motivation

In 1939, Alfred O. Nier reported the first analysis of the isotopic composition
of uranium (U), the heaviest primordial element, establishing the 238U/235U ratio
as 139 (± 1 %) (Nier 1939). Since this pioneering work, the study of U isotopes
has found applications in a wide range of scientific fields, including geochemistry,
cosmochemistry, nuclear chemistry, and environmental engineering. Today, more
than 320 papers reporting 238U/235U measurements have been published – most of
them in the last two decades – and the U isotope field keeps on rapidly expanding,
with on average over 20 new studies and 1270 new data generated each year since
2015 (Fig. 3.1).

With such numerous data, a real need for a global U isotope database has
arisen. In fact, some efforts have been made to collect different subsets of U isotopic
data, particularly in the context of paleoredox reconstruction (Andersen et al. 2020;
Cao et al. 2020; Chen et al. 2021a; Lu et al. 2020; Tissot and Dauphas 2015; Wei
et al. 2021; Zhang et al. 2018a, 2020b). While these compilations are useful, they
usually only focus on specific rock types (organic-rich mudrocks: Lu et al. 2020;
carbonates, shales, and iron-rich rocks: Chen et al. 2021a), geological time periods
(Permian-Triassic: Zhang et al. 2018a, 2020b; late Neoproterozoic-early Paleozoic:
Wei et al. 2021) or event (Shuram excursion: Cao et al. 2020). Even when more
global compilations are undertaken (e.g., Tissot and Dauphas 2015), they rapidly
become obsolete as new data gets published, but the compilations are not updated.
Beyond the U isotope data, these datasets generally include only a limited amount of
relevant information/data for each sample. As a result, when attempting to use these
existing compilations, users often lack sufficient related information to contextualize
the data.

To address the need for a global U database and the shortcomings of avail-
able compilations, we introduce the UID: a comprehensive, updatable, uranium
isotope database, in which all 238U/235U data published over an 80-year period
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Figure 3.1: The number of publications per year reporting 238U/235U and 238U/235U
analyses published per year. (a) The number of publications per year reporting 238U/235U
data through time. The dashed lines represent the number of papers that would be published
if one paper on U isotopes was published every month (12 papers) and every two weeks
(26 papers). (b) The number of 238U/235U analyses published per year. The advent of
MC-ICP-MS in the early 2000s made possible to resolve small 238U/235U variations and led
to the exponential growth of U isotopic studies. (Updated Dec. 2022)

have been compiled and consistently (and transparently) renormalized relative to
the CRM-145 standard. At this writing, the UID, which is freely accessible at:
https://isotoparium.org/uid, contains already over 15000 data point. To preserve the
potential for data analysis, all other available metadata from the original publications
were also included in the database, such as sample type, concentrations (e.g., major
and trace elements), other isotopic data (e.g., δ98/95Mo), or measurement technique.

Below, we first briefly review the evolution of U isotope measurements over
time before describing the structure and content of the database, as well as the
normalization procedures for U isotopic compositions. We then use the UID to
provide a compilation of recommended δ238U values for certified U standards and
geostandards (i.e., reference materials). Finally, we conduct a brief review of U

https://isotoparium.org/uid
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isotopic studies according to their various applications and discuss important future
directions of research for the field.

3.2 A brief history of U isotope measurements

Initially motivated by the discovery of the naturally occurring radioactive decay
chains of 238U and 235U (at the time known as UI and AcU , respectively), uranium
was amongst the first elements to see its isotopic composition carefully characterized.
Using spark-source mass-spectrography, Aston (1931) determined that 235U accounted
for at most 2-3 % of U atoms, and Dempster (1935) moved this limit down to only 1 %.
The first quantitative determination of the isotopic composition of U, however, was
made by Nier (1939) who, using a unique mass spectrometer he had just developed
(Nier 1938), reported in U ore samples a 238U/235U ratio of 139 (1 % relative error),
and a 238U/234U of 17,000 (10 % relative error). Following this seminal work, early
studies of U isotopes mainly focused on ore deposits (Cowan and Adler 1976; Hamer
and Robbins 1960; Lancelot et al. 1975; Lounsbury 1956; Rosholt et al. 1965; Rosholt
et al. 1963; Senftle et al. 1957; Smith 1961), whose unusually high U concentrations
enabled high-precision analyses despite the large quantity of U required, which led to
the discovery of the first, and so far only, known natural reactor of Oklo (Gabon)
(Baudin et al. 1972; Bodu et al. 1972; Lancelot et al. 1975; Neuilly et al. 1972).
Although some attempts were made to investigate the U isotopic composition of
lunar samples and meteorites, the precision was generally insufficient to resolve any
variation (Rosholt and Tatsumoto 1970; Rosholt and Tatsumoto 1971; Shimamura
and Lugmair 1981; Tatsumoto and Rosholt 1970).

As for other heavy elements, the introduction of digital Thermal Ionization Mass
Spectrometer (TIMS) instruments was a transformative technological advance in U
isotopic analysis (e.g., Wasserburg et al. 1969). The improved precision and sensitivity
of digital instruments and ionization techniques enabled permil level precision to be
achieved for nanogram quantities of sample U. This development allowed U isotope
analysis to grow beyond the study of U-rich materials and to be applied in a wider
range of fields. This was particularly important in cosmochemistry, where earlier
claims of extremely high 235U excess in meteorites and their inclusions (e.g., Arden
1977; Tatsumoto and Shimamura 1980) were then systematically reassessed and found
to be the results of analytical artefacts rather than evidence of a high abundance
of live 247Cm in the early solar system (Chen 1988; Chen and Wasserburg 1980,
1981a,b,c). Using the same instrument, Chen et al. (1986) later determined in a
seminal study the U isotope composition of seawater.

The revolution, however, that precipitated U isotope analysis into the age of high-
precision (better than ∼0.1 h, see Tissot and Ibañez-Mejia 2021), was the appearance
in the early 2000s of Multi-Collector Inductively Coupled Plasma Mass Spectrometer
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(MC-ICP-MS). The ability of MC-ICP-MS instruments to resolve isotopic variations
at the sub-permil level marks the start of the field of so-called “stable” U isotopes
(238U/235U, expressed as δ238U in δ notation), which is investigating non-radiogenic
and non-fissiogenic U isotopic fractionation that occurred during geo(bio)chemical
cycles/processes. Initial studies reported resolvable natural U isotopic variations in
a range of terrestrial environments (Stirling et al. 2007; Weyer et al. 2008). This
discovery challenged the conventional assumption in the field of geochronology of a
homogenous and constant 238U/235U ratio (assumed to be equal to 137.88, Steiger
and Jäger 1977), and thus highlighted the importance of measuring 238U/235U ratios
when attempting to obtain high-precision ages via Pb–Pb dating (Amelin et al. 2010,
2011; Bollard et al. 2017; Bouvier et al. 2011a,b; Brennecka et al. 2010a; Brennecka
and Wadhwa 2012; Brennecka et al. 2015, 2018; Connelly et al. 2012; Goldmann et al.
2015; Iizuka et al. 2014; Larsen et al. 2011; Merle et al. 2020; Spivak-Birndorf et al.
2015; Tissot et al. 2017). The prevalence of U isotopic variations in low-temperature
surface environments, and in particular the ∼1 h heavier U isotope composition of
reduced sediments relative to seawater, suggested that U isotopes could be used as a
paleoredox proxy to reconstruct the extent of oceanic anoxia. Indeed, the magnitude
and direction of these fractionations matched those expected for Nuclear Field Shift
effects during exchange reactions between oxidized and reduced U (Abe et al. 2008;
Bigeleisen 1996; Schauble 2007) and an extensive body of work in both natural
and lab-controlled environments soon confirmed that redox reactions could lead to
significant U isotopic fractionation in natural materials (Basu et al. 2014, 2015, 2020;
Brown et al. 2016, 2018; Jemison et al. 2018; Murphy et al. 2014; Stirling et al.
2007, 2015; Stylo et al. 2015b; Wang et al. 2015a). Today, U is arguably the most
widely used paleoredox proxy (see review in Zhang et al. 2020c), and methods are
being developed to ensure the most consistent and robust quantitative assessment of
marine anoxia using U isotopes (Kipp and Tissot 2022; Pimentel-Galvan et al. 2022).
Because the magnitude of mass-dependent fractionation decreases with increasing
temperature, U isotope effects have traditionally been assumed to be negligible at
magmatic temperatures. Yet, modern instrumentation enables the resolution of minor
δ238U variations in igneous rocks, and studies have started to investigate the potential
of U isotopes as tracers of magmatic processes in bulk rocks (Andersen et al. 2015;
Avanzinelli et al. 2018; Casalini 2018; Freymuth et al. 2019; Gaschnig et al. 2021;
Telus et al. 2012; Tissot et al. 2017), and even single-crystals of accessory minerals
(Tissot et al. 2019a; Yamamoto et al. 2021). Besides geochemical applications, U
isotopes are also used as tracer of U contamination/remediation in environmental
engineering (Basu et al. 2014, 2015; Bopp et al. 2010; Brown et al. 2016; Dang et al.
2016; Jemison et al. 2018; Lefebvre et al. 2019, 2021, 2022; Murphy et al. 2014;
Placzek et al. 2016; Rademacher et al. 2006; Shiel et al. 2013, 2016; Stylo et al. 2015a;
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Wang et al. 2015a,b) and have long-standing importance in nuclear chemistry and
forensic studies (Al.-Zamel et al. 2005; Awudu and Darko 2011; Barescut et al. 2009;
Boulyga et al. 2000; Bros et al. 1996; Christensen et al. 2004; Curtis et al. 1989;
Danesi et al. 2003a,b; De Laeter et al. 1980; Ejnik et al. 2000; Fernández-Dıaz et al.
2000; Fujikawa et al. 2003; Hamilton and Stevens 1985; Hidaka and Holliger 1998;
Hidaka et al. 1999; Hidaka and Gauthier-Lafaye 2000; Holliger and Devillers 1981;
Horan et al. 2002; Horie et al. 2004; Howe et al. 2002; Joshi et al. 1983; Kikawada
et al. 2015; Kikuchi and Hidaka 2009; Krachler et al. 2018; Lancelot et al. 1975; Lloyd
et al. 2009; Loss et al. 1989; Marin et al. 2013a; Meyers et al. 2014; Minteer et al.
2007; Mishra et al. 2019; Parrish et al. 2006; Pazukhin and Rudya 2002; Pöml et al.
2013; Schramel 2002; Sobotovich and Bondarenko 2001; Stebelkov et al. 2018; Sus
et al. 1979; Tamborini 2004; Tripathi et al. 2013; Veerasamy et al. 2020; Warneke
et al. 2002; Yamamoto et al. 2002).

3.3 Guide to the UID database

3.3.1 Data source and general considerations

The UID aims to gather all published 238U/235U data, as well as any supporting
sample metadata to facilitate data contextualization and interpretation. The UID
focuses on 238U/235U ratios, so publications only containing 234U data are not
included. To the best of our knowledge, all available data was incorporated in the
UID. For the sake of completeness, no attempt to screen the resolution or quality
of the data was done. If the data were transcribed from tables in the main text or
supplements, the table number is given in the UID. For U isotopic data, the UID
includes both the original data from publications and the normalized data following
the method described in Section 3.4.2. The supporting metadata combines both
sample information and geochemical data, which can be quite extensive for some
samples.

3.3.1.1 UID ID

To avoid confusion caused by inconsistent nomenclatures, each sample in the UID is
assigned a unique ID along with its original sample name in the publication. The
UID ID is composed of three sections separated by hyphens (e.g., 2021-CRM-T001).
The first section is the publication year. The second part combines the first initial
of the first three authors’ surnames (e.g., CRM represents Chen, Romaniello, and
McCormick). For papers with fewer than three authors, this section contains the
first initial of all authors. In some rare cases where three letters were insufficient
to distinguish between articles published in the same year by the same research
group, the first initial of the fourth author’s surname was added to the second
section to ensure the uniqueness of the UID ID. The last section is separated into
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Table 3.1: Acronyms for terminologies in technique column

Acronyms Terminology
MC Multi-Collector
SC Single Collector
HR High Resolution
DF Double Focusing
Q Quadrupole
SF Sector Field
LA Laser Ablation
FT Fission Track
SN Solution Nebulization
DRC Dynamic Reaction Cell
HEX Hexapole Collision Cell
ICP Inductively Coupled Plasma
MS Mass Spectrometer
SIMS Secondary-Ion Mass Spectrometer
TIMS Thermal Ionization Mass Spectrometer
OES Optical Emission Spectrometer
GRS Gamma Ray Spectrometer
NAA Neutron Activation Analysis
SHRIMP Sensitive High Mass-Resolution Ion Microprobe

two components to represent each data point. The letter specifies the subdatabase
category (S = Standard, T = Terrestrial, M = Meteorite, E = Experimental, F =
Forensic, and P = Precision), and the three-digit number denotes the sample number
within that category. Using the nomenclature given above, each sample in the UID
has a unique identification, with no duplicates.

3.3.1.2 Methodology

This section gathers information on the standard, spike (if applicable), and mass
spectrometric technique used, since the methodology employed influences the achieved
precision and data reduction. Detailed information about standards and spikes are
described in Sections 3.3.2.2 Standard, 3.3.2.9 Spikes. For mass spectrometry, we
included the instrument’s type (e.g., TIMS, MC-ICP-MS) and model (e.g., NuPlasma,
ThermoFisher Neptune), and for ICPMS analyses, details on the desolvating nebulizer
(if applicable), and cones combination. The most extensively used instruments for high-
precision U isotope measurements in geochemistry are the Neptune and Neptune Plus
(ThermoFisher) and the Nu Plasma MC-ICP-MS. The range of applications of other
types of mass spectrometers are discussed in Section 3.5.2.1, and the abbreviations
used in these techniques are listed in Table 3.1. The sensitivity of measurements
can be greatly influenced by sample introduction systems. The highest precision
U isotope determinations use liquid sample introduction. Membrane desolvating
nebulizer systems can both enhance the sensitivity up to tenfold and significantly
reduce solvent-based interferences. Meanwhile, sensitivity is also affected by the
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cones combination, with the highest sensitivities achieved with a combination of a
Jet sample cone and an X-skimmer cone.

3.3.1.3 Reference

The source publication details are provided for each sample, using a short citation
style composed of the author(s) name(s), the year of publication, and the abbreviated
journal name. A full version of the bibliography is included in the Reference tab of
the UID (Section 3.3.2.1).

3.3.1.4 Assumptions

Because not all studies report U isotope data against the same standard, or in the
same way (δ238U values vs absolute ratios), a clear and transparent normalization
algorithm stating what assumptions have been made is critical. In the Assumptions
columns, we included any original assumptions made by the authors in the original
publication, as well as those we made during data normalization. These pertain to
the absolute or relative compositions of U reference materials, in house standards or
important solar system reservoirs. These assumptions are numbered and summarized
in the Assumptions tab of the UID (see Section 3.3.2.8). The normalization algorithms
are described in Section 3.4.2. Users can easily renormalize the UID data by simply
adjusting the input numbers in the Assumptions tab of the UID.

3.3.2 Structure of the database

The UID consists of 10 spreadsheets. The first six, named Standard, Terrestrial,
Meteorites, Experimental, Forensic, and Precision, are subdatabases containing the U
isotopic data. These categories were chosen to be as independent and unambiguous as
possible, and they are non-overlapping, meaning that no data is duplicated between
sub-databases (Fig. 3.2). The remaining four tabs, named References, Assumptions,
Spike, and Constants, provide supplementary information for the database.

All samples were distributed into the various subdatabases, using a set of stan-
dardized criteria based on the sample type and the scope of the study (Fig. 3.2).
This not only minimizes ambiguity, but also allows users to rapidly isolate all publi-
cations/data within a major theme (e.g., chronology, paleoredox, forensic etc.), and
build custom-compilations for future studies. For each subdatabase, definitions and
descriptions of selected data components are included in the supplementary tables in
Li and Tissot (2023).



52

method
calibration

Standard

chronology

extraterrestrial
variability

247Cm

chromatography
complexation
coprecipitation
culturing

well injection

redox exp.
leaching exp.
adsorption

nuclear
contamination
nuclear
safeguard

health
natural reactor

paleoredox
igneous
ore deposit
natural
variability

Terrestrial

Meteorite

Experiment

Forensic

Precision

Sub-database Scope of studies

U
Is
ot
op
e
D
at
ab
as
e

Figure 3.2: The UID structure, illustrating the relationships between subdatabases and
the scope of U isotopic studies. The solid arrows indicate that the majority of data from
papers in a given field of study are distributed to the linked subdatabase, whereas the dash
arrows indicate only a minor contribution.

3.3.2.1 References

The References table contains the full bibliographic information for publications
in the database, including the publication’s UID ID, short reference, full reference,
DOI link, area of study, the number of U data it reported, the name and email
of the corresponding author, and whether the authors of the original publication
have reviewed the UID entry. The UID ID is composed of the first two parts of
the UID ID of each data point (e.g., 2021-CRM-). The short reference is given
as Author-Year-Journal, whereas the full reference includes author(s) name(s), the
publication year, the publication’s title, the journal/book title, volume number/book
chapter, and the article number or pagination where applicable. The DOI links for
articles are placed in a separate column for rapid redirection to the publisher’s page.



53

The main area of study relevant for the publication is then listed, allowing users
to filter the papers based on specific applications. Finally, a summary of the total
number of data points in each article is given, and their distribution throughout
subdatabases, which will assist users in locating data in subdatabases.

Some studies only display their U isotopic data graphically. These publications
are listed at the end of the publication table since they do not have a data table to
transcribe and incorporate into the database. In this scenario, only a brief reference,
a complete reference, a DOI link, and the area of study are provided. We encourage
all researchers to submit such data to the UID to make it more complete and useful
to the community.

3.3.2.2 Standard

The Standard table contains three types of samples: (i) isotopically certified U
standards, (ii) concentration standards, and (iii) other U materials such as metal,
compound, reagent, and U-bearing glass. Standard measurements mainly have three
purposes: quality control, standard calibration, and method development. In the
first scenario, secondary standards are measured alongside unknown samples during
an analytical session, and the data is reported to demonstrate the accuracy of the
measurements. For standard calibration, on the other hand, the most accurate
and precise isotopic compositions of standards are obtained by performing repeated
measurements with well-established techniques. We provide recommended δ238U on
these widely used standards by integrating data from these two purposes (Section
3.5.1). Another use of standard analysis is to evaluate the performance of newly
developed methods. These data are typically less precise because the tested method
is designed for specific applications that may not demand high precision. For method
development studies, we incorporated the investigated methodologies and technical
innovations in the Standard table as well.

3.3.2.3 Terrestrial

The Terrestrial table contains U isotope data for virtually all natural solid and liquid
terrestrial samples, including common geostandard materials. The only exception
is data from the Oklo reactors, which have been included in the Forensic table,
along with other data on depleted uranium samples. Solid samples include igneous,
sedimentary, metamorphic rocks, and minerals, while liquid samples mainly contain
seawaters, lake waters, river waters, and pore waters. This subdatabase includes
metadata about the location, age, lithology, concentration, concentration ratio, the
isotopic composition of other systems, and other relevant information.
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3.3.2.4 Meteorite

The Meteorite table contains U isotope data for all extraterrestrial materials includ-
ing meteorites, their components, and lunar samples. This subdatabase is named
meteorite rather than extraterrestrial to avoid confusion during UID assignment for
sample in this subdatabase and the Experimental subdatabase (as both start with
the same letter).

3.3.2.5 Experimental

The Experimental table contains all data from lab and field-controlled experiments.
For lab-controlled experiments, the table provides the experimental setup information.
The field-controlled metadata also includes the locations of the sites.

3.3.2.6 Forensic

The Forensic table contains the U isotope data of samples affected by anthropogenic
activities, as well as the data from the natural fission reactor of Oklo (Gabon). This
table thus gathers all data relevant to nuclear contamination, nuclear safeguard, and
health physics studies.

3.3.2.7 Precision

In MC-ICP-MS studies, it is common practice to report the average value and
standard deviation of self-bracketed standard measurements. By definition, such
an exercise should return a δ238U value of 0 (the standard is identical to itself, and
no deviation should be found), and the uncertainty can be used to quantify the
external reproducibility of the measurements. Indeed, the standard being measured
tens of times per analytical sessions, the dispersion in its data is more representative
compared to that of the samples, which are only measured a handful of times. We
have gathered these data in the Precision table, which can be used to assess some
aspects of the data quality.

3.3.2.8 Assumptions

The Assumptions spreadsheet contains the assumptions used in the original publica-
tions reporting the data, as well as those used for normalization in the database. We
divided the assumptions into two categories: assumptions for 238U and assumptions
for 234U. For 238U, assumptions pertain to historical name changes (e.g., NBS SRM960
was recertified and renamed NBL CRM-112a in 1987), 238U/235U absolute ratios,
δ238 values of standards relative to one another, and alpha activity ratio (233U/238U).
For 234U, assumptions pertain to the half-lives of 234U and 238U as they determine
the 234U/238U ratio at secular equilibrium, 234U/238U of standards (certified values
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and 234U/238U compositions applied in the publication). How these assumptions play
into the data normalization is discussed in Section 3.4.

3.3.2.9 Spikes

For elements with 4 isotopes or more, the double spike technique (Dodson 1963) is the
gold-standard to achieve high-precision isotopic measurements, as it allows to correct
for mass fractionation arising from sample purification and mass spectrometry. While
U only has 3 naturally occurring isotopes, the introduction of a man-made 233U-236U
double spike in the early 1980s highly improved the precision of U isotopic analysis
(Chen and Wasserburg 1980, 1981b,c). Nowadays, the most widely used double spike
is the commercially available IRMM-3636 (233U/236U = 1.01906(16), Verbruggen
et al. 2008). Nevertheless, a range of in-house double spikes, with variable U isotopic
compositions, have been and/or still are being used (Amelin et al. 2010; Bopp et al.
2009, 2010; Bouvier et al. 2011b; Brennecka et al. 2010a, 2011a,b; Bros et al. 1993;
Chen and Wasserburg 1980, 1981b,c; Cheng et al. 2000, 2013; Chernyshev et al. 2014;
Holmden et al. 2015; Noordmann et al. 2016; Parrish et al. 2006; Rademacher et al.
2006; Richter et al. 2010; Shiel et al. 2013; Shimamura and Lugmair 1981; Stirling
et al. 2005, 2007; Tatsumoto and Shimamura 1980; Wang et al. 2015a, 2016; Wei et al.
2018, 2020, 2021; Weyer et al. 2008). Because the composition of a double-spike is
an essential factor controlling the achievable precision of the measurement (Marquez
and Tissot 2022; Rudge et al. 2009), the isotopic composition of the IRMM-3636 and
all in-house spikes can be found in the Spikes table. A specific abbreviation was given
to each spike (e.g., 36CW80): the first two digits represent the enriched isotopes
in this spike (i.e., 233U and 236U in this case); the letters in the middle stand for
the initials of the authors’ last name using the same logic as the UID ID; the last
part denotes the year of publication. The U isotopic compositions were converted to
iU/236U, where i is isotope 233, 234, 235, or 238.

3.3.2.10 Constants

The Constants tab provides a summary of all constants used to homogenize con-
centration data. In the UID, we report elemental concentrations. This required
converting originally published oxide concentrations, which was done by calculating
an oxide to element conversion factor (Table C1 in the Constants spreadsheet) using
the atomic masses from the 2013 IUPAC technical report (Meija et al. 2016). For
concentration ratios, Table C2 provides the atomic masses to convert molar ratios to
weight ratios. Table C3 shows the abundance of specific isotopes to transform the
concentration ratios of the isotopes of two different elements to the elemental ratio.
Table C4 shows the atomic masses of uranium isotopes to convert mass fractions of
two U isotopes to atomic U isotopic compositions (Section 3.4.3).
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3.3.3 Data retrieval

One of the primary applications of the UID is as a quick-reference library for U
isotope research. To help users extract data, a quick search panel is provided right
after the sample name (Column F-M in each subdatabase) in which the samples δ238U,
238U/235U, δ234U, and (234U/238U) values are gathered, along with their associated
uncertainties. Users can search for specific data in the database using either the
scope of studies or sample types. Drop-down menus are available in the subdatabases
and reference spreadsheets to implement this functionality. This filtering system uses
criteria to subdivide the subdatabases, which are defined based on the properties of
each subdatabase (Table 3.2).

3.4 Data representation

3.4.1 Notations for uranium isotopes

The 238U/235U data are reported both as absolute ratio and in δ-notation (permil
unit, h), which is defined as:

δ238U =

(238U/235Usmp
238U/235Ustd

− 1

)
× 1000 (3.1)

To ensure the internal consistency of the UID, all δ238U data have been renormalized
relative to the CRM-145 standard (a solution made from an aliquot of the CRM-112a
metal), and 238U/235U ratios are calculated assuming that CRM-145 has the same
isotopic compositions as CRM-112a with a 238U/235U ratio of 137.837 as reported by
the inter-laboratory calibration of Richter et al. (2010).

The 234U/238U data are reported as absolute ratios, (234U/238U) (the brackets
denote activity ratios) and δ234U, the latter two being defined as:

(
234U/238U

)
=

234U/238Usmp
234U/238Usec. eq

(3.2)

δ234Usec =
[(

234U/238U
)
− 1
]
× 1000 (3.3)

In Eq. 3.2, 234U/238Usec. eq denotes the secular equilibrium 234U/238U ratio, which
is the ratio of the decay constants of 238U and 234U, and was calculated here using
the recently determined decay constants from Cheng et al. (2013): λ238/λ234 =

(1.55125×10−10)/(2.8220×10−6) = 5.4970×10−5. For both 238U/235U and 234U/238U
data, errors were adjusted to 2SD, or 2SE when applicable.
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3.4.2 Normalization of 238U/235U data

The path to data normalization depends on whether the original publication
reported δ238U values or absolute 238U/235U ratios. These two scenarios are presented
in detail below and summarized in a flowchart in Fig. 3.3.

No

Fully normalized
data in the UID

convert to δ238UCRM-145

using Eq.3.4

Yes

δ238U is reported
in the literature

calculate 238U/235U using Eq.3.5
σ238U/235U using Eq.3.6

relative to
CRM-145?

238U/235Ustd is
assumed?

substitute
238U/235Ustd_asmwith
238U/235Ustd_meas

No

Yes

Yes

No

238U/235U is reported
in the literature

calculate δ238U using Eq.3.7
σδ238U using Eq.3.8

238U/235Ustd is
measured?

assume 238U/235Ustd=
137.837 for calculation*

Scenario 1 Scenario 2

Figure 3.3: Flowchart of the protocol for the normalization of 238U/235U data in the UID.
*The 238U/235Ustd comes from Richter et al. (2010). For publications before 2010, the data
quality is generally insufficient to resolve the difference between the assumed value and the
normalization using the ‘consensus’ value of 137.88.

3.4.2.1 When δ238U is reported in the literature

For studies reporting δ238U values against standards other than CRM-145, a correction
was applied to the originally published data to account for the offset between the
U isotopic composition of the standard used in the study and that of the CRM-145.
This correction is simply implemented as:

δ238UUID = δ238UCRM145 = δ238Upublished +∆238USTD-CRM145 (3.4)

where δ238UUID is the δ238U value of the sample relative to CRM-145, δ238Upublished

is the originally reported δ238U relative to the standard used in the paper, and
∆238USTD-CRM145 is the δ238U offset between the standard and CRM-145. To en-
sure the self-consistency of the UID data, we compiled all published high-precision
U isotopic measurements of widely (and less-widely) used standards and provide
recommended ∆238USTD-CRM145 values for these materials (Table 3.3 and Section
3.5.1.1).

In some studies, the authors already corrected the offsets between the standard(s)
they used and CRM-145, but sometimes using different ∆238USTD-CRM145 values
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Table 3.3: Summary of recommended δ238U and 238U/235U of standards, relative to CRM-
145.

Standard δ238U (h) 238U/235U n MSWD Comments
NU standards
CRM-129 -1.709 ± 0.009 137.601 ± 0.001 39 0.60 Batch 1

-1.48 ± 0.16 137.634 ± 0.021 2 n.a. Batch 2
IRMM-3184 -1.14 ± 0.15 137.680 ± 0.021 2 n.a.
IRMM-184 -1.160 ± 0.013 137.677 ± 0.002 15 0.85
Ricca -0.220 ± 0.014 137.807 ± 0.002 17 0.79
Reimep-18a -0.130 ± 0.005 137.819 ± 0.001 23 9.49a Batch 1

-0.26 ± 0.01 137.802 ± 0.002 2 n.a. Batch 2
0.12 ± 0.07 137.854 ± 0.010 1 n.a. Batch 3

CRM-112a -0.001 ± 0.006 137.837 ± 0.001 12 3.04
CRM-145 0.01 ± 0.04 137.838 ± 0.005 4 n.a.
SRM-950a 0.046 ± 0.008 137.843 ± 0.001 6 1.77

EU standards
U970 -999.9608 ± 0.0003 0.00540 ± 0.00004 1
CRM-149 -999.5856 ± 0.0001 0.05712 ± 0.00001 1
U900 -999.30086 ± 0.00004 0.09637 ± 0.00001 8
U750 -999.7094 ± 0.0003 0.31573 ± 0.00004 4
U630 -995.985 ± 0.001 0.5534 ± 0.0002 4
IRMM-074-1 -992.747 ± 0.001 0.9998 ± 0.0003 1
IRMM-199 -992.746 ± 0.001 0.9999 ± 0.0002 3
U500 -992.74 ± 0.01 1.001 ± 0.002 46
U200 -971.28 ± 0.25 3.96 ± 0.03 9
U100 -934.7 ± 2.8 9.00 ± 0.38 9
IRMM-2024 -863.77 ± 0.04 18.778 ± 0.005 1
U050 -862.01 ± 0.94 19.02 ± 0.13 2
IRMM-187 -846.70 ± 0.05b 21.130 ± 0.006 3
U045 -846.70 ± 0.02 21.130 ± 0.003 9
IRMM-2029 -835.31 ± 0.05 22.700 ± 0.007 1
CRM-125 -828.49 ± 0.02 23.640 ± 0.002 9
IRMM-2027 -826.09 ± 0.05 23.971 ± 0.007 1
IRMM-2028 -806.93 ± 0.06 26.613 ± 0.008 1
Reimep-18b -794.48 ± 0.58 28.329 ± 0.080 1
IRMM-2023 -785.87 ± 0.03 29.515 ± 0.005 1
U030 -768.74 ± 0.26 31.876 ± 0.036 19
IRMM-186 -764.23 ± 0.07 32.498 ± 0.010 1
IRMM-2026 -717.48 ± 0.08 38.942 ± 0.011 1
Reimep-18d -699.1 ± 1.0 41.48 ± 0.14 1
U020 -651.20 ± 0.62 48.078 ± 0.085 8
IRMM-2025 -644.99 ± 0.10 48.934 ± 0.013 1
IRMM-185 -638.251 ± 0.002 49.8624 ± 0.0002 4
U015 -532.4 ± 8.0 64.5 ± 1.1 3
U010 -284.81 ± 0.55 98.579 ± 0.076 21

DU standards
SPEX U Lot #14-163U 85.09 ± 0.30 149.566 ± 0.041 1
SPEX CLU2-2Y 93.25 ± 0.56 150.691 ± 0.071 1
U005 424.96 ± 0.93 196.41 ± 0.13 7
IRMM-2021 646.90 ± 0.27 227.004 ± 0.037 1
Reimep-18c 654.5 ± 2.3 228.05 ± 0.31 1
Inorganic Ventures
MSU-100 ppm 927.86 ± 0.92 265.73 ± 0.13 1

Alfa ICP/DCP 1084.2 ± 3.6 287.28 ± 0.50 1
Alfa ICP 1084.2 ± 5.3 287.27 ± 0.73 1
Alfa AA 1085.6 ± 2.9 287.47 ± 0.40 1
IRMM-183 1256.8 ± 1.2 311.06 ± 0.17 5
Merck 170360 1643.2 ± 1.9 364.33 ± 0.27 1
Aldrich AA 1673.1 ± 7.4 368.5 ± 1.0 1
Assurance U (5% HNO3) 1861.7 ± 6.3 394.45 ± 0.87 1
Assurance U (2% HNO3) 1957.0 ± 4.9 407.58 ± 0.68 1
SRM-610 2039.8 ± 1.3 419.00 ± 0.19 40
IRMM-2020 2461.8 ± 1.0 477.17 ± 0.14 1
Inorganic Ventures
CGU1-125mL 2449.8 ± 2.5 475.51 ± 0.34 1

Perkin-Elmer N9303844 2633.1 ± 2.7 500.78 ± 0.29 1
SPEX XSTC-3213 2694.9 ± 5.6 509.29 ± 0.78 1
IRMM-2019 3324.9 ± 1.2 596.13 ± 0.17 1
U0002 39390 ± 952 5567 ± 131 1
a The MSDW of Reimep-18a represents the potential heterogeneity.
b The uncertainty on IRMM-187 represents the analytical error because the three measurements have

the same δ238U value.
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(e.g., Bopp et al. 2009, 2010; Dang et al. 2018). Since the δ238U of a specific
standard relative to CRM-145 is invariant (provided the standard is homogenous),
and to ensure the self-consistency of the UID data, the offset applied in the original
publications were undone, and the recommended ∆238USTD-CRM145 (Section 3.5.1.1)
were applied instead. Because all data is corrected using a unique set of recommended
∆238USTD-CRM145 values, we did not propagate the uncertainties of these offsets onto
the final data. The error on δ238U in the UID is thus the same as that reported
in the literature because any conversion discussed above would not influence the
measurement uncertainties.

From the δ238U values and their associated errors, the absolute 238U/235U ratios
in the UID are calculated as:

238U/235UUID =
(
δ238U/1000 + 1

)
×238 U/235UCRM145 (3.5)

σ238U/235U = (σδ238U/1000)×234 U/238UCRM145 (3.6)

where 238U/235UCRM145 is the absolute 238U/235U ratio of CRM-145. In the UID,
this value is taken as 137.837 (Richter et al. 2010).

3.4.2.2 When 238U/235U is reported in the literature

For studies reporting absolute 238U/235 ratios, the data is first converted to δ238U
values. If an assumption on the standard 238U/235U is provided in the original
publication, δ238U and the uncertainty on the sample data are calculated as:

δ238U =

( 238U/235Usmp
238U/235Ustd.asm

− 1

)
× 1000 (3.7)

σδ238U =

( 238U/235Usmp
238U/235Ustd.asm

)
× 1000 (3.8)

where 238U/235Usmp and σδ238U are, respectively, the absolute ratio and associated
error of the sample presented in the original publication; and 238U/235Ustd.asm is the
absolute ratio of the standard assumed in the original publication. In some cases,
the paper reported the 238U/235U without any assumption for the absolute ratio of
the standard. If a standard with known isotopic composition was measured along
with the samples, we used this measurement (i.e., 238U/235Ustd.meas) to substitute
238U/235Ustd.asm in Eq. (3.7), (3.8). In the absence of a stated 238U/235U ratio for
the standard, we assumed 238U/235Ustd.asm = 137.837 (Richter et al. 2010). This
assumption naturally holds for papers published after 2010. For papers before 2010,
the quality of data is generally not good enough to resolve the difference between
our calculation and the normalization using 137.88, the consensus ratio from Steiger
and Jäger (1977). This additional assumption is clearly stated in the “Assumption
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for calculation” column for clarification. For each sample, the δ238U value obtained
was then renormalized to CRM-145, and used to recalculate the sample 238U/235U
ratio and their uncertainty against the 238U/235U absolute ratio of CRM-145 using
Eq. (3.5), (3.6).

3.4.2.3 When both δ238U and 238U/235U are reported in the literature

In this case, we used the same normalization strategy as presented in Section 3.4.2.1
the rationale is that the δ238U value of a sample relative to a specific standard is
invariant regardless of the assumed 238U/235U ratio of the standard.

3.4.2.4 Other circumstances

In addition to δ238U and 238U/235U, other notations have been used in the literature
to report U isotopic compositions: namely, activity ratios, and epsilon notations.
Table 3.4 lists the frequently used notations and their relationship to δ238U values.
For these notations, we converted them into δ238U or 238U/235U at first, and then
used the same approaches mentioned in Section 3.4.2.1 and 3.4.2.2 to conduct the
normalization.

Table 3.4: How published U isotope data are consistently renormalized into the UID

Reported Expression Conversion Approach
235U/238U Absolute atomic ratio 238U/235U =

1
235U/238U

3.4.2.2

(238U/235U) Alpha activity ratio 238U/235U = (238U/235U)/(λ238/λ235) 3.4.2.2

ε238U ε238U =
(238U/235Usmp

238U/235Ustd
− 1

)
× 10000 δ238U = ε238U/10 3.4.2.1

δ235U δ235U =
(235U/238Usmp

235U/238Ustd
− 1

)
× 1000 δ238U = [1000/(δ235U + 1000)] × 1000 3.4.2.1

ε235U ε235U =
(235U/238Usmp

235U/238Ustd
− 1

)
× 10000 δ238U = [1000/(ε235U/10 + 1000)] × 1000 3.4.2.1

3.4.3 Normalization of 234U/238U data

While δ234U and (234U/238U) are defined relative to secular equilibrium (i.e., a
theoretical value), in practice the majority of high-precision 234U/238U measurements
are done using the sample-standard bracketing (SSB) method and calculated relative
to a U isotopic standard. If the 234U/238U composition of the standard used in the
paper is clearly stated, we can correct the offset between this value and the certified
234U/238U absolute ratio of the standard to ensure the consistency of the UID data.
The formulas for this correction are slightly different depending on the information
provided in the literature. The flowchart for the normalization protocol is illustrated
in Fig. 3.4.
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δ234Ustd used
in the literature

is stated?

Yes

Yes

No

No

234U/238Usec.eq

used in the literature
are stated?

δ234U is reported in
the literature

correct the offset between
δ234Ustdand certified value

using Eq.3.9

apply 234U/238Usec.eq.=
5.4970×10−5 for calculation*

calculate 234U/238U using Eq.3.12
σ234U/238U using Eq.3.13

(234U/238U)std used
in the literature

is stated?

(234U/238U) is reported
in the literature

Yes

Yes

No

No

234U/238Usec.eq

used in the literature
are stated?

correct the offset between
(234U/238U)stdand certified
value using Eq.3.18

apply 234U/238Usec.eq.=
5.4970×10−5 for calculation*

calculate 234U/238U using Eq.3.19
σ234U/238U using Eq.3.20

calculate δ234U using Eq.3.16
σδ234U using Eq.3.17

234U/238U is reported
in the literature

calculate (234U/238U) using Eq.3.14
σ(234U/238U) using Eq.3.15

Fully normalized
data in the UID

Scenario 1 Scenario 2

Scenario 3

Figure 3.4: Flowchart of the protocol for the normalization of 234U/238U data in the UID.
*We apply 5.4970 × 10−5 (Cheng et al. 2013) for publications after 2013, 5.4891 × 10−5

(Cheng et al. 2000) for publications between 2000 and 2013, and 5.472 × 10−5 (Chen et al.
1986) for publications before 2000.

3.4.3.1 When δ234U is reported in the literature

If the 234U/238U composition of the standard is stated in the literature, the corrected
δ234U of the samples in the database are calculated using the following formulas:

δ234UUID = δ234Upublished + δ234Ustd.cert − δ234Ustd.lit (3.9)

where δ234Upublished is the originally reported δ234U value; δ234Ustd.lit is δ value of
the standard used in the literature; δ234Ustd.cert is δ value of the standard derived
from the standard’s certificate. For CRM-145 (234U/238U = 0.000052841, Laboratory
2010), (234U/238U)std.cert and δ234Ustd.cert are defined as:

(
234U/238U

)
std.cert =

234U/238Ustd.cert
234U/238Usec. eq

= 0.9613 (3.10)

δ234Ustd.cert =
[(

234U/238U
)
std.cert − 1

]
× 1000 = −38.7h (3.11)

From the corrected sample δ234U value, the 234U/238U absolute ratio and its associated
uncertainty are calculated as:

234U/238U =
(
δ234U/1000 + 1

)
×234 U/238Usec.eq.lit (3.12)

σ234U/238U = (σδ234U/1000)×234 U/238Usec.eq.lit (3.13)
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where 234U/238Usec.eq.lit is the absolute 234U/238U ratio at secular equilibrium used
in the original publication to calculate the δ234U value. If the original paper did
not state the 234U/238U at secular equilibrium value used for calculation of δ234U
values, we assumed a value of 5.4970 × 10−5 (Cheng et al. 2013) for publications
after 2013, 5.4891 × 10−5 (Cheng et al. 2000) for papers published between 2000 and
2013, and 5.472 × 10−5 (Chen et al. 1986) for papers published before 2000. Once
again, we encourage all researchers to submit such missing data to the UID so we
can address any erroneous assumptions and make the UID more complete and useful
to the community.

To calculate δ234UUID and (234U/238U)UID in the database, we use the absolute
234U/238U ratio and its associated error obtained above Eqs. (3.9)–(3.13):

(
234U/238U

)
UID =

234U/238U
234U/238Usec.eq

(3.14)

σ(234U/238U) =
σ234U/238U

234U/238Usec.eq
(3.15)

δ234UUID =
[(

234U/238U
)
− 1
]
× 1000 (3.16)

σδ234UUID = σ(234U/238U) × 1000 (3.17)

where 234U/238Usec.eq is the absolute 234U/238U ratio at secular equilibrium. In the
UID, this value is taken as 5.4970 × 10−5 (Cheng et al. 2013).

3.4.3.2 When (234U/238U) is reported in the literature

The first task is to correct the reported (234U/238U) activity ratio for any difference
between the standard composition used in the literature compared to its certified
value:(

234U/238U
)
=
(
234U/238U

)
published +

(
234U/238U

)
std.cert −

(
234U/238U

)
std.lit (3.18)

Then, we can calculate the absolute ratio as:

234U/238U =
(
234U/238U

)
×234 U/238Usec.eq.lit (3.19)

σ234U/238U = σ(234U/238U) ×234 U/238Usec.eq.lit (3.20)

The definition and the usage of 234U/238Usec.eq.lit is the same as Section 3.4.3.1. The
subsequent calculations of δ234UUID and (234U/238U)UID, as well as their uncertainties
in the database follow Eqs. (3.14)–(3.17).
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3.4.3.3 When 234U/238U is reported in the literature

Although geochemical studies routinely report 234U/238U data as (234U/238U) and
δ234U, the 234U/238U absolute ratio is a more commonly used notation in nuclear
chemistry, method development, and forensic studies. In the latter situation, Eqs.
(3.14)–(3.17) are directly applied to calculate δ234U and (234U/238U) and their uncer-
tainties.

3.4.3.4 When mass fraction is reported in the literature

In some forensic studies, the U isotopic composition is reported as the mass fraction of
each U isotope. In this case, we calculate the atomic ratio from the U mass fractions
and molar masses, following:

iU
238U

=
fmi/Mi

fm238/M238
(3.21)

σiU/238U =
iU

238U
×

√(
σfmi

fmi

)2

+

(
σfm238

fm238

)2

(3.22)

where i denotes 234 or 235; fmi is the mass fraction of isotope i ; M is the atomic
mass and σfm is the uncertainty on mass fraction. When mass ratios are reported,
similarly:

iU
238U

=
mi/238

Mi/M238
(3.23)

σiU/238U =
σmi/238

Mi/M238
(3.24)

where mi/238 denotes the mass ratio of iU over 238U (mi/238= mi/m238).

3.5 Discussion

3.5.1 δ238U in uranium standards and geostandards

Measurements of standards and reference materials are key to ensuring data
accuracy and comparisons of results from different laboratories. Herein, we use the
term ‘standard’ (or ‘isotope standard’) only to denote reference materials with certified
U isotopic compositions (e.g., CRM-145 and CRM-112a), whereas we use the term
‘reference materials’ for those other materials that are frequently measured alongside
unknown samples but do not have certified U isotopic compositions. ‘Reference
materials’ thus include artificial concentration standards (e.g., ICP single elemental
solutions) and natural geostandards. A large number of standards and reference
materials are regularly used in U isotope studies, and we used the UID to provide
the most up-to-date and reliable recommended δ238U values for these materials (Fig.
3.5–3.8). In these figures, only high-precision measurements are shown (e.g., with
uncertainties below 0.10 h for natural uranium (NU) standards
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Ricca = -0.220 ± 0.014
(n = 17)

CRM-112a = -0.001 ± 0.006
(n = 12)

CRM-145 = 0.01 ± 0.04
(n = 4)

SRM-950 = 0.046 ± 0.008
(n = 6)

Reimep-18a = -0.130 ± 0.005
(n = 23)

IRMM-184 = -1.160 ± 0.013
(n = 15)

CRM-129 = -1.709 ± 0.009
(n = 39)

U050 = -862.01 ± 0.94 (n = 2)

U970 = -999.9608 ± 0.0003 (n = 1)
CRM-149 = -999.5856 ± 0.0001 (n = 1)

U900 = -999.30086 ± 0.00004 (n = 8)

U750 = -997.7094 ± 0.0003 (n = 4)

U630 = -995.985 ± 0.001 (n = 4)

U500 = -992.74 ± 0.01 (n = 46)

IRMM-199 = -992.746 ± 0.001 (n = 3)
IRMM-074-1 = -992.747 ± 0.002 (n = 1)

U200 = -971.28 ± 0.25 (n = 9)

U100 = -934.7 ± 2.8 (n = 9)

IRMM-2024 = -863.77 ± 0.04 (n = 1)

IRMM-187 = -846.70 ± 0.05 (n = 3)

U045 = -846.70 ± 0.02 (n = 9)

IRMM-2029 = -835.31 ± 0.05 (n = 1)

IRMM-2027 = -826.09 ± 0.05 (n = 1)
IRMM-2028 = -806.93 ± 0.06 (n = 1)

IRMM-2023 = -785.87 ± 0.03 (n = 1)

IRMM-186 = -764.23 ± 0.07 (n = 1)
IRMM-2026 = -717.48 ± 0.08 (n = 1)
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Figure 3.5: Summary of U isotope compositions of certified U isotope and concentration
standards. δ238U values are renormalized against CRM-145, and absolute ratios (238U/235U,
lower x-axis) assume a 238U/235U = 137.837 for CRM-145 (Richter et al. 2010). The symbols
denote the data collection technique: circle (MC-ICP-MS), diamond (TIMS), triangle (ICP-
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the U isotopic composition of modern seawater (δ238USW= -0.379 ± 0.023 h, Kipp et al.
2022; Tissot and Dauphas 2015)
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and geostandards), and the data is rank ordered, from lower to higher precision.
For standards or reference materials with only a single analysis in the literature,
the recommended δ238U and its error represent the result of said analysis. For well
characterized NU standards and geostandards as well as enriched uranium (EU) and
depleted uranium (DU) standards (at least 5 analyses), the recommended δ238U and
uncertainties are calculated as weighted average of independent measurements using
the following equations:

δ238Urec =

∑
i(δ

238Ui/σ
2
i )∑

i(1/σ
2
i )

(3.25)

2σδ238U(95%c.i.) = 2×

√
1∑

i(1/σ
2
i )

(3.26)

where δ238Urec is the recommended δ238U in the UID; δ238Ui and σi are the δ238U
value and 1 sigma uncertainty of an independent analysis i, and 2σδ238U is the 2
standard error (i.e., 95 % confidence interval) of the recommended δ238U. To assess
the adequacy of using an error-weighted average U isotopic composition, reduced-χ2

statistics (a.k.a., MSWD) were calculated as:

χ2
red =

1

n− 1

∑
i

(δ238Ui − δ238Urec)
2

σ2
i

(3.27)

3.5.1.1 Pure U standards

Fig. 3.5 summarizes the δ238U of pure U isotope and concentration standards in
the order of increasing δ238U values. These materials fall in three broad categories:
NU, DU, and EU standards. Today, the most widely used U isotope standard is the
CRM-145, against which all UID data is normalized. Produced by the New Brunswick
Laboratory (NBL), CRM-145 is the solution made from a piece of the CRM-112a
U metal. The CRM-112a was initially produced and distributed by the National
Bureau of Standard (NBS) as SRM-960 but was recertified and renamed NBL CRM-
112a when the Special Nuclear Standard Reference Material (SRM) program was
transferred to the NBL CRM (Certified Reference Material) program in 1987. Early
papers also frequently used the SRM-950(a), a uranium oxide with indistinguishable
238U/235U from SRM-960, but with a distinct 234U/238U ratio (Condon et al. 2010;
Richter et al. 2010). As a result, the δ238U values of CRM-112a, CRM-145, SRM-950a,
and SRM-960 are considered identical in the UID (an assumption that will be easily
relaxed should differences be resolved by future measurements).

In addition to NBL CRM and NBS SRM programs, the Institute for Reference
Materials and Measurements (IRMM) has produced two series of U isotopic standards
that are currently used for geochemical measurements: IRMM183–187, and REIMEP
18A-D (the latter as part of the Regular European Interlaboratory Measurement
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Figure 3.6: Summary of δ238U values
of rock geostandards. The symbol shapes
denote the sample type: circle (igneous),
diamond (sedimentary). The blue band
shows the U isotopic composition of mod-
ern seawater (δ238USW= -0.379 ± 0.023
h, Kipp et al. 2022; Tissot and Dauphas
2015). Geostandards with at least 2
measurements are colored, and the er-
ror bands are shown only for those with
more than 5 analyses. When n > 1, the
uncertainties of the recommended δ238U
values are 2 standard deviations. When
n=1, the uncertainty represents the an-
alytical error of the single measurement.
Grey symbols for BHVO-2 and BCR-2
denote analyses not use in the calculation
of the recommended δ238U values.
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Figure 3.7: Summary of δ238U values of ore and mineral geostandards. The blue band
shows the U isotopic composition of modern seawater (δ238USW= -0.379 ± 0.023 h, Kipp
et al. 2022; Tissot and Dauphas 2015). Geostandards with at least 2 measurements are
colored, and the error bands are shown only for those with more than 5 analyses. When
n>1, the uncertainties of the recommended δ238U values are 2 standard deviations. When
n=1, the uncertainty represents the analytical error of the single measurement.

Evaluation Programme). Both series contain isotope standards ranging from depleted
to low enriched uranium (Richter et al. 2005, 2006).

The homogeneity of these materials is key to their usefulness as standards or
reference materials. Among NU standards, IRMM-184, CRM-112a, CRM-145, SRM-
950a, SRM-960, and Ricca (concentration standard) exhibit good agreement during
interlaboratory comparisons. As already pointed out by Andersen et al. (2017), CRM-
129a appears to be heterogeneous, with published δ238U values clustering around two
values: one at ∼-1.5 h (n = 91) (Jost et al. 2017; Lau et al. 2016, 2017; Lu et al.
2023) and the other one at ∼-1.7 h (n = 1068). Furthermore, while Reimep-18a was
until recently considered homogeneous (Andersen et al. 2017), heterogeneity is likely
to exist in this standard as well, as δ238U values in different batches range from -0.26
h (Brüske et al. 2020b) to +0.12 h (Basu et al. 2014). As a result, these isotopically
heterogeneous standards are not ideal for interlaboratory comparison. If utilized as
secondary standards in future U isotopic investigations, special care must be taken
to cross-calibrate the U isotopic composition of the specific batch used.

3.5.1.2 Geostandards

At this writing, the U isotopic composition of 73 geostandards has been characterized,
covering igneous rocks, sedimentary rocks, and U-bearing minerals (Fig. 3.6–
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3.8). Except for two granodiorites data points, δ238U variations in igneous rocks
are generally smaller than in sedimentary rocks, reflecting the importance of low-
temperature isotope fractionations in the latter. Although numerous geostandards
have been analyzed, only a few of them are well characterized, by multiple laboratories,
namely: basalts BCR-2 and BHVO-2, Fe-Mn nodule NOD-A-1, biogenic carbonates
PB-0010, shales SBC-1, SGR-1, and SDO-1, limestone SRM-1-d, and uraninites CZ-1.
For these, robust recommended δ238U values, based on these inter-laboratory data,
are provided (Fig. 3.8). Most geostandards have been less studied (measured 5
times, or less), and their δ238U, even when highly precise, will benefit from seeing
their accuracy confirmed by future works, which the UID will allow to easily assess
as new data becomes available.
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Figure 3.8: The error bands represent the 95 % confidence intervals of the data points.
As in Fig. 3.6 and 3.7, symbol shapes denote sample types: circle (igneous), diamond
(sedimentary), and triangle (ore/mineral). The grey symbol indicates that the data point
meets the selection criterion but is not included in the calculation of recommended δ238U,
because of the significant offset relative to other measurements. Within each geostandard,
the data are ordered by measurement uncertainty, reflecting the improvement in analytical
precision (mostly as a function of time). The blue band shows the U isotopic composition of
modern seawater (δ238USW= -0.379 ± 0.023 h, Kipp et al. 2022; Tissot and Dauphas 2015).

3.5.2 Scope of uranium isotopic studies and future direction

To facilitate searching and finding of data, the data within the UID is distributed
between 6 sub-databases (Fig. 3.2). These categories were chosen to be as indepen-
dent and unambiguous as possible, and they are non-overlapping, meaning that no
data is duplicated between sub-databases. Within each sub-database, publications
(and the data they report) are categorized according to their dominant scope/theme
of study. This allows one to rapidly isolate all publications/data within a major
theme (e.g., chronology, paleoredox, etc.), and build custom-compilations for future
studies. Below, we provide a brief review of the state-of-the-art for most of the
themes used in the UID, in the order shown on Fig. 3.2.
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3.5.2.1 Calibrations and method developments

Many methodologies for U isotopic determination have been established, with remark-
able differences in their sensitivity, precision, analysis time, required material mass,
and sample preparation processes, among others. The analytical toolbox contains
various types of modern spectrometry to fulfill the requirements of a variety of ap-
plications, such as inductively-coupled-plasma mass-spectrometry (ICP-MS), TIMS,
secondary ion mass spectrometry (SIMS), alpha spectrometry, gamma spectrometry,
optical emission spectrometry (OES), optogalvanic spectroscopy (OGS), and neutron
activation. As a first-order benchmark to evaluate the precision obtained from specific
methods, we used the UID to plot in Fig. 3.9 the full range (to-date) of analytical
precision on δ238U values achieved by each technique.
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Figure 3.9: Compilation of δ238U uncertainties obtained using different analytical techniques.
Uncertainties are those reported in the original studies (2SD, 2SE or 95% CI depending on
the study). Dark symbols represent NU samples and light symbols represent EU and DU
samples. Symbol shapes denote the types of techniques: circle (ICPMS), diamond (TIMS),
and triangle (in-situ techniques), square (other techniques).

ICPMS is the most widely used technique for analyzing U isotopic compositions
of small amounts of material in geological, environmental, and forensic studies, taking
advantage of the extraordinarily efficient ionization of argon plasma. The instruments
used for U isotopic determination are further classified in the ICPMS scheme as
MC-ICP-MS, quadrupole ICPMS, and sector-field (SF) ICPMS.

MC-ICP-MS is a well-established technology for high-precision 238U/235U de-
termination, as the simultaneous detection of all ion beams alleviates most of the
uncertainty stemming from plasma instabilities (relative to single collector instru-
ments). In the geochemistry community, solution-based MC-ICP-MS is currently the
most routine approach for analyzing U isotopes (see Tissot and Ibañez-Mejia 2021,
Fig. 2). The performance of this technique can be further improved by employing a
double spike (Richter et al. 2008; Stirling et al. 2007; Weyer et al. 2008), introducing
samples with membrane desolvating nebulizer systems (e.g., Aridus, DSN-100, and
Apex), as well as coupling with multiple ion counting devices for ultra-trace level
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works (Snow and Friedrich 2005). Apart from its extensive usage in the field of geo-
chemistry, MC-ICP-MS is also employed in the bulk analysis of environmental samples
(e.g., samples collected by safeguards inspectors in the surrounding environment of
nuclear facilities) (Boulyga et al. 2016; Buchholz et al. 2007).

Since extensive sample preparation and purification are required beforehand,
MC-ICP-MS is rarely suitable for environmental screening and health physics studies,
where there is a high demand for the rapid processing of large numbers of samples. In
these fields, SF-ICPMS is preferred because isotopic analysis can be performed despite
significant and complex matrices. Health physicists have put efforts in developing
methods to measure U isotopic ratios in biological samples such as blood (Todorov
et al. 2009; Tolmachyov et al. 2004) and urine (Gray et al. 2012; Gwiazda et al.
2004; Pappas et al. 2003; Xiao et al. 2014). Because of the low sample preparation
requirements, SF-ICPMS is also applied to environmental samples, such as soil and
U-bearing particles (Boulyga and Becker 2001; Boulyga et al. 2001; Boulyga and
Becker 2002; Shinonaga et al. 2008).

Other types of ICPMS are less commonly used for U isotopic analysis. Only a
few studies evaluated the ability of quadrupole ICPMS (Ejnik et al. 2005; Lindahl
et al. 2021; Oliveira and Sarkis 2002) and high-resolution (HR) ICPMS (Krystek
and Ritsema 2002; Zhang et al. 2007) to provide fast U isotope data and test their
relevance to the study of biological and particle samples.

In addition to liquid sample introduction, ICPMS can be combined with laser
ablation (LA) systems, allowing for in-situ isotopic analysis of solid materials, which
is especially beneficial for small size samples that lack adequate materials for solution-
based measurement. Besides providing spatially resolved data, LA-ICPMS signif-
icantly reduces analysis time and does not generate radioactive waste, which are
important in forensic studies. LA-ICPMS has thus proven a useful tool to characterize
U isotopic compositions in single particles (Boulyga and Prohaska 2008; Claverie
et al. 2016; Donard et al. 2017; Kappel et al. 2012, 2013; Pointurier et al. 2011, 2013;
Ronzani et al. 2019; Varga et al. 2018; Varga 2008), highly radioactive materials
(Guillong et al. 2007; Günther-Leopold et al. 2008; Stefánka et al. 2008) and biological
samples (e.g., flower leaves, Zoriy et al. 2005). In most natural materials, where U
contents are low and isotopic variability is typically limited to sub-permil effects,
LA-ICPMS provides insufficient precision to resolve U isotope variations. As a result,
the use of laser ablation in geochemistry is still in its infancy, and, to our knowledge,
only one recent study has successfully used LA-MC-ICP-MS, in combination with
1013 Ω amplifiers, to determine 238U/235U ratios in single zircon and titanite grains
(Yamamoto et al. 2021).

SIMS is another type of in-situ technique for U isotopic determination (Kips et al.
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2007; Lewis et al. 2015; Yomogida et al. 2017). SIMS analysis suffers from higher
polyatomic interferences (Ranebo et al. 2009) than LA-ICPMS, but offers a better
spatial resolution down to 1 µm (Boulyga et al. 2015). The higher spatial resolution
allows for mapping U isotopic compositions in target samples. These maps can be
used for preliminary screening in forensic particle analysis to locate and distinguish
different types of particles (Betti et al. 1999; Peres et al. 2013; Ranebo et al. 2007;
Tamborini et al. 1998). For larger samples like fuel pellets and big particles, SIMS
maps are also valuable to detect spatial heterogeneity of U isotope ratios (Kips et al.
2019; Tamborini et al. 1998).

TIMS was the paramount technique for high-precision U isotope measurements
before the advent of MC-ICP-MS. Although MC-ICP-MS plays a dominant role
in geological and environmental investigations nowadays, TIMS still occupies an
important place in studies requiring the determination of absolute U isotope ratios,
such as geochronology (e.g., Hiess et al. 2012), nuclear contamination (Sahoo et al.
2002, 2004; Taylor et al. 1998), solution-based single particle analysis (Kraiem et al.
2012; Shinonaga et al. 2008), as well as calibration of certified reference materials,
commercially available compounds and reagents (Condon et al. 2010; Kraiem et al.
2013; Mathew et al. 2012; Peńkin et al. 2018; Richter et al. 1999b, 2005, 2006, 2010,
2018; Shibahara et al. 2016). A range of techniques for improving the performance
of TIMS were developed, such as employing a cavity source to enhance ionization
efficiency (Maden et al. 2018; Trinquier et al. 2019), optimizing evaporation protocols
(Callis and Abernathey 1991; Fiedler 1995; Mathew et al. 2013; Richter and Goldberg
2003; Richter et al. 2011; Suzuki et al. 2010), enhancing ionization by porous ion
emitter (Watrous and Delmore 2011), and leveraging higher resistance amplifiers or
ion counter to improve electronic efficiency (Quemet et al. 2014, 2016), .

Other types of spectrometry for U isotope analysis are either preferred in early
studies or confined within limited applications. Alpha spectrometry is a conventional
technique to determine the activity ratio of U isotopes (Alamelu and Jagadish 2016;
Boulyga et al. 2001; Duarte and Szeles 1994; Iturbe 1992; Kunzendorf 1968). Other
techniques including ICP-OES (Zeiri et al., 2021), extractive electrospray ionization
mass spectrometry (EESI-MS), passive gamma-ray spectrometry (Nir-El 2000), glow
discharged OGS (Barshick et al. 1995), and neutron activation analysis (Ganapathy
1978) will not be described in detail here, because they are not commonly employed.

As predicted from counting statistics and Johnson Noise, the precision of U
isotope analysis achievable with modern instrumentation is correlated with the total
mass of U used for measurements (Fig. 3.10). For a given instrument (i.e., analytical
setup), precision can thus be improved by analyzing more U. The relationship shown
in Fig. 3.10 can be used a reference point to design analytical plans based on the
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available materials and desired precision in future studies.

102

0.5 %

0.1 %

10 %

2.5 %

Forbidden region

101

1

10-1

10-2

0.01 0.1 1 10 100 1000
10-3

δ2
38
U
un
ce
rt
ai
nt
y
(‰
)

U (ng)

Figure 3.10: Relationship between δ238U uncertainties and mass of U analyzed in nanograms.
White circles and grey diamonds are uncertainties of NU samples obtained from MC-ICPMS
and TIMS, respectively. Uncertainties are those reported in the original studies (2SD, 2SE
or 95% CI depending on the study). When the exact mass of U for each sample is not
reported, average masses reported in the study are used. Red solid curve and black dash
curves represent reference theoretical 2SE (counting statistics and Johnson noise, see Eq. (2)
in Tissot et al. (2019a), assuming 30 V signal on 238U and use of 1011Ω amplifiers) with ion
transmission of 2.5% (typical value for Neptune MC-ICPMS), 0.1%, 0.5%, 10%, respectively.
Black curve shows precision limit, assuming 100% transmission.

Besides mass spectrometry, method developments also comprise chemical separa-
tion and purification. Chromatography based on the UTEVA resin is well-established
nowadays, modified after Horwitz et al., 1992, Horwitz et al., 1993, with minor
differences between labs (e.g., Stirling et al. 2007; Tissot and Dauphas 2015; Weyer
et al. 2008). Recent studies on U chemistry mainly focus on processing special
samples, such as high-purity graphite (Metzger et al. 2021) and environmental swipe
samples (Metzger et al. 2019), as well as measuring minor isotopes without spike
addition (Rovan and Štrok 2019).

3.5.2.2 Oceanic paleoredox reconstruction

Reconstructing the oceanic redox history is important to understand the evolution
of the Earth’s surface conditions, and its interconnection with the appearance and
evolution of life. In the past decade, U isotopes have received considerable attention
as a paleoredox proxy of marine/seafloor anoxia (see review by Zhang et al. 2020c).
Uranium is redox-sensitive and can hold two oxidation states in the terrestrial surface
environment: insoluble U(IV) and soluble U(VI) (Langmuir 1978). In the modern
(oxic) ocean, the long residence time of U (τ ∼400 kyr, Dunk et al. 2002; Ku et al.
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1977) results in both homogeneous salinity-normalized concentration (∼3.2 ng/g for
a salinity of 35 g/L, Chen et al. 1986) and isotopic composition (δ238U = -0.379 ±
0.023 h, Kipp et al. 2022; Tissot and Dauphas 2015). As U inputs to the ocean are
dominated by continental weathering, with an isotopic composition identical to that
of the continental crust (-0.30 ± 0.04 h, Andersen et al. 2016; Tissot and Dauphas
2015), the δ238U of seawater is thus primarily controlled by the isotopic fractionation
associated with U removal into different oceanic sinks. The main process fractionating
U isotopes during removal is reductive immobilization in anoxic/euxinic settings,
which leads to 238U enrichments in reduced sediments. As a result, in periods of
expanded marine anoxia, the increased sequestration of U in reduced sediments,
would result in lower U concentration and δ238U value in seawater.

One key aspect when reconstructing past oceanic redox states with U isotopes is
to work on a reliable seawater δ238U archive. Carbonates are the most popular and
straightforward archive to date since they tend to directly record the primary seawater
δ238U signal. U(VI) mainly exists as uranyl carbonate complexes UO2(CO3)4−3 in
seawater, which is incorporated into marine carbonates with no significant isotopic
fractionation. This conclusion is supported by both lab-controlled coprecipitation
experiments (Chen et al. 2016) and comparison of primary carbonates and modern
seawater (Kipp et al. 2022; Romaniello et al. 2013; Stirling et al. 2007; Tissot et al.
2018; Weyer et al. 2008). In just over a decade, more than 60 studies have placed
constraints on oceanic anoxia using U isotopes in a variety of carbonates, including
limestone, dolomite, biogenic carbonates, and carbonate-rich sediments (Andersen
et al. 2014, 2018, 2020; Asael et al. 2013; Azmy et al. 2015; Bartlett et al. 2018;
Brennecka et al. 2011a; Bruggmann et al. 2022; Brüske et al. 2020b; Bura-Nakić et al.
2020; Cao et al. 2020; Chen et al. 2022a; Chen et al. 2021a; Chen et al. 2018a,b,
2021b, 2022b; Cheng et al. 2020a; Cheng et al. 2020b; Cherry et al. 2022; Clarkson
et al. 2018, 2020, 2021a,b; Dahl et al. 2014, 2017, 2019; Dang et al. 2022; Del Rey
et al. 2022; Elrick et al. 2017, 2022; Gilleaudeau et al. 2019; Gothmann et al. 2019;
Herrmann et al. 2018; Hood et al. 2016, 2018; Jost et al. 2017; Lau et al. 2016,
2017, 2022; Li et al. 2020; Liu et al. 2022; Livermore et al. 2020; Lu et al. 2020,
2023; Mänd et al. 2020; McDonald et al. 2022; Noordmann et al. 2016; Phan et al.
2018; Rey et al. 2020; Romaniello et al. 2013; Song et al. 2017; Tissot and Dauphas
2015; Tissot et al. 2018; Tostevin et al. 2019; Wang et al. 2022; Wei et al. 2018,
2021; White et al. 2018; Zhang et al. 2018a,b,c, 2019a,b, 2020a,b, 2022; Zhao et al.
2020). As recently discussed in Kipp and Tissot (2022), perhaps the main uncertainty
affecting these reconstructions stems from the way diagenetic transformations alter
the primary seawater signal. Studies of modern primary carbonates have shown that
early diagenesis leads to non-negligible δ238U offset between carbonates and seawater
(from ∼0 to +0.6 h; Romaniello et al. 2013; Tissot et al. 2018). Things become even
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more complicated when using ancient carbonates since the extent of diagenesis varies
in different geological settings. In the absence, so far, of a proxy for δ238U diagenetic
offsets, the resulting uncertainty on anoxia reconstructions can have a substantial
impact on data interpretations (Kipp and Tissot 2022).

Shales and organic-rich sediments are another set of widely used sedimentary
archives for δ238U seawater reconstructions (Abshire et al. 2020; Asael et al. 2013;
Brüske et al. 2020a,b; Cheng et al. 2020b; Chiu et al. 2022; Cole et al. 2020; Dang
et al. 2022; Dickson et al. 2021, 2022; Holmden et al. 2015; Kendall et al. 2013,
2015, 2020; Lau et al. 2022; Li et al. 2022; Lu et al. 2017, 2020; Montoya-Pino
et al. 2010; Noordmann et al. 2015; Ostrander et al. 2022; Pan et al. 2021; Phan
et al. 2018; Stockey et al. 2020; Wang et al. 2018, 2020; Weyer et al. 2008; Yang
et al. 2017). In contrast to marine carbonates, which directly represent seawater, the
shale signatures are highly fractionated away from the seawater composition, and
the magnitude of the fractionation factor relative to seawater has been shown to
depend on environmental controls such as the depositional environments (Andersen
et al. 2014), organic carbon and sulfide burial rates (Cole et al. 2020) or the extent of
oceanic anoxia (Chen et al. 2021a). Furthermore, shales and organic-rich sediments
often consist of both authigenic and detrital components, and the two have to be
teased apart, either physically/chemically prior to analysis or through corrections
leveraging authigenic U enrichment proxies such as U/Al and U/Th ratios (Abshire
et al. 2020; Asael et al. 2013; Brüske et al. 2020a,b; Cole et al. 2020; Kendall et al.
2020; Noordmann et al. 2015; Stockey et al. 2020; Yang et al. 2017). While these
added uncertainties certainly complicate δ238U seawater reconstructions, the record
from shales and organic-rich sediments is nonetheless highly valuable, and study of
the (co)variations with the carbonate record can provide complementary insights into
the U oceanic cycle through time.

Fig. 3.11 presents the U isotopic data for carbonates and shales from 3500 Ma
to the present (panels a and c), with emphasis on the Neoproterozoic and Phanerozoic
(panels b and d). Even though there are thousands of data points available for various
geological periods, this figure shows that almost all current paleo-redox studies
are event-driven, with a particularly strong focus on catastrophic extinction events.
Future U isotope studies targeting the current gaps in the record (i.e., between
geological events studied so far) will be extremely useful to develop a comprehensive
understanding of the redox history through out Earth’s history.

Two studies have investigated Fe-Mn crusts, where U is mostly adsorbed on the
surface of the samples, as a potential record of seawater δ238U value (Goto et al.
2014; Wang et al. 2016). In line with adsorption experiments (Brennecka et al.
2011b), these studies found Fe-Mn crusts, from modern back to 80 Myr ago, to be
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Figure 3.11: Compilation of δ238U values in carbonates (a) from 3500 Ma to present (n =
3132), (b) from 800 Ma to present (n = 2704), and in shales (c) from 3500 Ma to present
(n = 1553), (d) from 800 Ma to present (n = 1063). The brown and blue band show δ238U
of continental crust (-0.29 ± 0.03h) and modern seawater (-0.379 ± 0.023h), respectively
(Kipp et al. 2022; Tissot and Dauphas 2015). The six geological intervals are pre GOE
(3500–2430 Ma), GOE (2430–2060 Ma), post-GOE-pre-NOE (2060–800 Ma), ramp up (ru)
NOE (800–680 Ma), NOE (680–540 Ma) and post-NOE (540 Ma–present). In panels (b) and
(d), darker symbols denote numerical ages are reported in the original publications, while
symbols greyed out denote ages are estimated by the geological periods.

offset from the modern seawater value by ∼0.24h, which the authors interpreted
as evidence of constant oxygen levels in the ocean during this time interval. The
fact that the 234U/238U ratios in all samples are widely out of secular equilibrium,
and, in many cases, offset towards the modern seawater value, suggests however
constant U exchange and equilibration between the Fe-Mn crusts and seawater. This
raises serious doubts about the reliability of Fe-Mn crusts as faithful recorders of
past seawater δ238U value and their usefulness in the study of oceanic paleoredox
conditions.

It is essential to understand the terrestrial U cycling in paleoredox studies since
this proxy is based on the rationale that δ238U of seawater predominantly reflects
the mass balance between riverine input and various sedimentary outputs such as
anoxic sediments, euxinic sediments, and biogenic carbonates. While the U isotopic
compositions of these sinks have been extensively characterized, those of seawater
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and rivers are less well constrained (Fig. 3.12, Andersen et al. 2016; Noordmann
et al. 2016; Stirling et al. 2007). Recently, Kipp et al. (2022) partially addressed this
issue by reevaluating the fundamental assumption of homogeneity of the marine U
reservoir. They found that subtle δ238U and δ238U heterogeneity that correlate with
U concentrations exist in modern seawater, and as a result proposed a new-salinity
normalized global mean seawater for δ238U of -0.379 ± 0.023h and δ234Usec of 145.55
± 0.28h.Previous research has shown that substantial variations exist between rivers
from different regions, ranging from -0.72 to +0.06h, and seasonality may affect
the riverine δ238U values (Andersen et al. 2016). In order to establish a tighter
constraint on the U budget, an expanded riverine database, both in time and space, is
required. Besides the uncertainty on the riverine value, Fig. 3.12 also reveals other
limitations in the data currently available. For instance, the U isotopic composition
of groundwater (as an input to the ocean) has not been investigated since previous
studies only measured groundwater contaminated by U mines. Furthermore, the



78

δ238U record of lake water, pore water, and hydrothermal water are extremely limited
(<5 sites for each category). Future characterization of the U isotopic compositions
of these reservoirs will provide constraint on the U budget at a finer scale.

Another important issue in the context of the U budget is that U cycling can
be dramatically different during expanded marine anoxia. Sparing dissolved U(VI)
will significantly shorten the U residence time (e.g., Li et al. 2013), invalidating the
assumption of conservative behavior of uranium. This has the potential to shift U
isotopic composition from a global to a regional redox indicator (Andersen et al.
2017), and can influence U isotopic fractionation (Chen et al. 2021a).

Finally, detailed studies establishing the reliability of current and future potential
archives are needed. Carbonates, for example, frequently experience varying extents of
diagenesis, which can significantly alter the primary isotopic composition. More efforts
are needed to disentangle the diagenetic signal from the authigenic U composition.
Possible directions include developing fine correction protocols for different diagenetic
processes and identifying alternative archives that are less affected by and/or more
resistant to these alterations. According to recent studies, brachiopod shells can be
a promising proxy since they are less impacted by porewater diagenesis (Livermore
et al. 2020; Rey et al. 2020). Finding more applicable archives can help us expand
our toolbox when some samples are unavailable.

3.5.2.3 Igneous processes

High-precision U isotope investigations in igneous systems is a young but growing field.
The discovery of δ238U variations in felsic rocks (Telus et al. 2012), crustal materials
(Andersen et al. 2015) and accessory minerals (Hiess et al. 2012), triggered interest
in using U isotopes to shed light on high-temperature processes. Since then, several
studies have started to explore in more details the potential of U isotopes as tracers
of magmatic and other related processes such as crystallization, metasomatism, Soret
diffusion, subduction, and sedimentary recycling (Andersen et al. 2015; Avanzinelli
et al. 2018; Casalini 2018; Freymuth et al. 2019; Gaschnig et al. 2021; Livermore et al.
2018; Telus et al. 2012; Tissot et al. 2019a; Yamamoto et al. 2021).

Using the classical igneous (I-type) and sedimentary (S-type) granites from the
Lachlan Fold Belt, Telus et al. (2012) found a spread in δ238U from -0.50 h to -0.21
h, but without any clear relationship to the nature of the protolith, or tracers of
magmatic differentiation (e.g., SiO2). The lack of positive correlation between U,
Fe and Mg isotope data in these samples showed nonetheless that thermal (Soret)
diffusion was not the driver of isotope variations for these elements in these rocks.

After Andersen et al. (2015) found that samples from the Mariana arc had lighter
U isotope composition than OIBs (by ∼0.05 h), which were themselves lighter than
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MORBs (also by ∼0.05 h), studies started investigating arc systems in more details.
These revealed a general trend between δ238U and Th/U ratios in arc lavas, consistent
with the idea (Avanzinelli et al. 2012; Elliott et al. 1997) that the composition of
the arc lavas is the result of mixing between low Th/U (and low δ238U) slab-derived
fluids and high Th/U (and δ238U) recycled sediments melts into the source of the arc
magmas (Andersen et al. 2015; Casalini 2018; Freymuth et al. 2019). A distinct trend
observed in Mount Vesuvius lavas was interpreted to reflect an increase in carbonate
sediment recycling, and thus increased CO2 fluxes to the mantle source of these lavas
during the more proactive phases of the volcano (Avanzinelli et al. 2018).

In a recent study of a differentiation sequence in the Kilauea Iki lava lake,
Gaschnig et al. (2021) observed only a limited range of U isotope compositions (from
-0.38 to -0.20 h), and no systematical variations with the extent of differentiation,
ruling out this process as a major driver of isotopic variability in such tholeiitic
systems. In contrast, correlations of δ238U with REE patterns and mineral modes
in angrites meteorites suggests that a change in the coordination environment of U
during incorporation into pyroxene results in cpx-melt U isotope fractionation factor
of ∼-0.25 h (Tissot et al. 2017).

Some studies have also started exploring the U isotope systematics of pooled
mineral fractions (Hiess et al. 2012; Livermore et al. 2018) and single-crystals (Tissot et
al. 2019a; Yamamoto et al. 2021). We direct the reader to Section 3.5.2.5 (chronology)
and Tissot and Ibañez-Mejia (2021) for more details on this topic.

While clear δ238U variations have now been documented in igneous materials,
the mechanisms underlying these fractionations at magmatic temperatures are still
mostly unknown. The property of minerals incorporating U, temperature, the redox
state of the melt, and the extent of crystallization are all potential drivers of isotopic
fractionation. More work is needed to systematically assess the contribution as well
as the direction and magnitude of U isotopic fractionation resulting from each of these
mechanisms. As discussed in more details in Tissot and Ibañez-Mejia (2021), inter-
crystal, inter-mineral and inter-rock 238U/235U variations could become powerful tools
for studying magmatic evolution, provenance, redox, and/or composition. Exploiting
the potential of this system will, however, require coordinated efforts to constrain
the relationship between the characteristics of the host rock, host mineral, U crystal
chemistry/bonding environments, and δ238U of individual mineral grains, to build a
robust interpretative framework for U isotope effects in natural accessory phases and
bulk samples.
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3.5.2.4 Ore deposits

Due to their high U concentration, U ore deposits were the preferred target material
for early U isotope studies (Hamer and Robbins 1960; Lounsbury 1956; Nier 1939;
Rosholt et al. 1965; Rosholt et al. 1963; Senftle et al. 1957). The discovery in the early
70s of natural ‘fossil’ fission nuclear reactors with extremely high 238U/235U (due to
235U burn-up) in Oklo (Gabon), led to a renewed interest for U isotope studies in ore
deposits as a way to search for such reactors (Cowan and Adler 1976; Kirchenbaur
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et al. 2016; Richter et al. 1999a). A thorough review of observations and mechanisms
of U isotope fractionation in ore deposits can be found in Andersen et al. (2017) and
we only provide a brief overview below.

Extensive characterizations of U ore from various deposit types and locations
revealed that ore deposits from different geological settings have distinct U isotopic
compositions (Fig. 3.13), opening the possibility to utilize U isotopic composition
as a “fingerprint” to distinguish and trace the origins of ore samples (Bopp et al.
2009; Brennecka et al. 2010b; Keatley et al. 2021; Keegan et al. 2008; Kirchenbaur
et al. 2016; Placzek et al. 2016; Richter et al. 1999a; Spano et al. 2017; Uvarova et al.
2014). While the majority of U ore deposits studies focus on isotopic heterogeneity
between mines, a few studies evaluate U isotopic variations at the smaller scales,
such as samples collected from the same mine (Chernyshev et al. 2014; Kirchenbaur
et al. 2016) or vein (Keatley et al. 2021), and even coexisting U minerals within
single pitchblende (Chernyshev et al. 2014). Besides source fingerprinting, another
important aim of U isotope investigations on ore deposits is to understand the
mechanisms responsible for U isotopic fractionation in those environments, which are
thought to be dominated by low-temperature reduction (Bopp et al. 2009; Brennecka
et al. 2010b; Keatley et al. 2021; Murphy et al. 2014; Uvarova et al. 2014), and post-
deposition aqueous alteration (Brennecka et al. 2010b; Keatley et al. 2021; Murphy
et al. 2014). To confirm the validity of using U isotope to fingerprint the source of
U in uranium ore concentrates (uranium oxide U3O8, an intermediate product of
U ore after mining and chemical processing), a few studies have also investigated
the impact of (i) small scale U isotope heterogeneity in the ore material and (ii) the
manufacturing processes (Golubev et al. 2013; Keatley et al. 2021; Spano et al. 2017).

3.5.2.5 High precision chronology

Based on the decay of 235U and 238U to 207Pb and 206Pb with half-lives of 0.703 Gyr
and 4.468 Gyr, respectively (Jaffey et al. 1971) the U-Pb/Pb–Pb system is the most
widely used high-precision chronometer for dating terrestrial and extraterrestrial
samples. Provided knowledge of the 238U/235U ratio at present, the dual decay system
allows determination of a Pb–Pb age as:

207Pb∗

206Pb∗ =
235U
238U

× eλ235t − 1

eλ238t − 1
(3.28)

where * denotes radiogenic lead, λ235 and λ238 are decay constants for 235U and 238U,
and t is the age of the sample.

For the sake of interlaboratory calibration, and in the absence of resolvable U
isotope variations (beside Oklo) in natural materials, a 238U/235U consensus value
of 137.88 was adopted in the late 70s for Pb–Pb dating (Steiger and Jäger 1977).
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This important assumption was, however, overthrown by the discovery of resolvable
U isotopic variations in natural samples (e.g., Amelin et al. 2010; Bopp et al. 2009;
Hiess et al. 2012; Stirling et al. 2007; Tissot and Dauphas 2015; Weyer et al. 2008).
The impact of these variations on the accuracy of U-Pb and Pb–Pb ages has been
extensively discussed (Hiess et al. 2012; Tissot and Dauphas 2015; Tissot et al. 2017,
2019a), and it is now accepted that both U and Pb isotopes need to be measured to
obtain both precise and accurate dates.
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Figure 3.14: Compilation of δ238U values iof extraterrestrial samples, including bulk
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shows δ238U value of continental crust (-0.29 ± 0.03 h, Tissot and Dauphas 2015).

The impact of U isotope variations is particularly important in early solar system
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(ESS) chronology, because (i) it took less than 10 Myr from the condensation of
the Calcium, Aluminum-rich inclusions (CAIs: the first solids in the solar nebula)
to the differentiation of asteroids (Connelly et al. 2017), (ii) the Pb–Pb system is
the only high-precision absolute chronometer for such ancient ages, and (iii) small
variations in 238U/235U results in relatively significant age offsets (∼0.15 Myr offset
per 0.1h variation, Tissot and Dauphas 2015) compared to the achievable precision of
Pb–Pb ages (∼0.2–0.5 Myr). Together with the long-lasting search for the short-lived
radionuclide 247Cm (Section 3.5.2.6), this has led to a wide characterization of U
isotopes in extraterrestrial materials (Fig. 3.14), from bulk meteorites, including
carbonaceous chondrite, ordinary chondrite, enstatite chondrite, achondrites (e.g.,
angrite, acapulcoite, aubrite, eucrite, and howardite), and ungrouped meteorites
(Amelin et al. 2010, 2011; Andersen et al. 2015; Bouvier et al. 2011a; Brennecka
and Wadhwa 2012; Connelly et al. 2012; Goldmann et al. 2015; Iizuka et al. 2014;
Larsen et al. 2011; Spivak-Birndorf et al. 2015; Stirling et al. 2005; Tissot et al.
2017), to meteorite components, such as CAIs, chondrules, mineral separates, and
meteorite leachates (Amelin et al. 2010; Bollard et al. 2017; Bouvier et al. 2011a;
Brennecka et al. 2010a; Brennecka and Wadhwa 2012; Brennecka et al. 2015; Connelly
et al. 2012; Goldmann et al. 2015; Merle et al. 2020; Shollenberger et al. 2019;
Stirling et al. 2006; Tissot et al. 2016). While variability can be resolved in most
of these samples at the 0.1 to 0.5 h, the largest variations are observed in CAIs,
with 235U excesses reaching several h (up to +59h in the Curious Marie CAI).
The U-corrected Pb–Pb ages produced in some of these studies continue to refine
the chronology and evolution history of the ESS, for instance establishing the age
of the Solar System at ∼ 4.567–4.568 Gyr old (Amelin et al. 2010; Bouvier and
Wadhwa 2010; Bouvier et al. 2011a; Connelly et al. 2012), and demonstrating that
chondrule formation and reprocessing started contemporaneously with CAI formation
and extended for ∼ 4 Myr after that (Bollard et al. 2017). In details, however, slight
discrepancies between U-corrected Pb–Pb ages and chronometric constraints derived
from short-lived chronometers, in particular the Al–Mg system, are the subject of
much debate. Indeed, when combined U-Pb and Al–Mg isotopic investigations are
conducted on the same CAI and chondrule samples, lower ESS 26Al initials are
recorded in chondrules than CAIs, and variable 26Al initials are derived from different
chondrules (Bollard et al. 2019). Understanding whether these variations (i) represent
a true heterogeneous distribution of 26Al in the ESS, (ii) have chronometric meaning,
(iii) are the results of small systematic analytical biases (e.g., isotopic fractionation
during sample step leaching), or (iv) are a combination of the above, is a topic of
intense research. Another issue in extraterrestrial samples is that the U isotope
composition of some meteorite groups are not well-constrained, such as enstatite
chondrites, howardites, acapulcoites, or aubrites (Fig. 3.14), and investigations on
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meteorite components are also limited to a few meteorites, primarily from the CV
group.

Relevant to both extraterrestrial and terrestrial studies, 238U/235U variations
also exist in the U-bearing minerals commonly used in U–Pb/Pb–Pb chronology, such
as zircon, uraninite, apatite, monazite, xenotime, and baddeleyite (Hiess et al. 2012;
Livermore et al. 2018). For zircon, the most widely used dating phase, variations
have been observed in pooled fractions (100s to 1000s) of comagmatic grains (Hiess
et al. 2012; Livermore et al. 2018) as well as in single crystals (Tissot et al. 2019a).
Recently, variations from -3.5 ± 2.2 h to 13.1 ± 3.4 h have also been reported in
single grains of titanite using LA-MC-ICP-MS and 1013 ohm amplifiers (Yamamoto
et al. 2021). As discussed in Tissot and Ibañez-Mejia (2021), while these data clearly
indicate the existence of significant mineral specific U isotope fractionations and, more
likely for the largest effects, of kinetic isotope fractionations occurring at magmatic
temperatures, the exact mecanisms driving U isotope fractionation in magmatic
settings remain almost entirely unconstrained.

3.5.2.6 Search for 247Cm

Curium-247 is short-lived radionuclide which decays into 235U, with a half-life of 15.6
Myr (Tuli et al. 1995). Both U and Cm belong to the actinides, a group of heavy
metal elements produced by the rapid neutron capture process (r-process), most likely
during neutron-star merger events (Côté et al. 2021; Ji et al. 2016). If 247Cm was
present in the early solar system, the 247Cm–235U system would have the potential
to serve as a short-lived r-process chronometer (Blake and Schramm 1973). Since
247Cm is now extinct, the only evidence for the presence of live 247Cm in the ESS
would be 235U excesses correlated with Cm/U ratios in ESS materials. An additional
complication is that Cm has no stable isotope, and a proxy has to be used, most
appropriately Nd (see Tissot et al. 2016 for details).

The findings of early investigations on 247Cm are controversial due to analytical
limitations: 235U excesses or depletion up to several tens of percent were reported
in meteorites, refractory inclusions and leachates (Arden 1977; Tatsumoto and
Shimamura 1980). Follow up studies leveraging the “Lunatic I" digital TIMS and
the double spike technique showed that lunar and meteoritic materials (and their
inclusions) had no excess 235U, within uncertainties, relative to the Earth (Chen
1988; Chen and Wasserburg 1981a,b,c). The search for the existence of 247Cm ceased
for approximately two decades, and only restarted after the advent of MC-ICP-
MS, which achieved 1–2 orders of magnitude higher precision. Stirling et al. (2005,
2006) revisited the U isotopic compositions of bulk meteorites, mineral separates,
and meteorite leachates. These initial searches did not find any well-resolved 235U
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anomalies, but brought down the upper limit on the ESS 247Cm/235U ratio from
∼4x10-3 (Chen and Wasserburg 1981a) to ∼8×10−5. In an investigation of CAIs,
Brennecka et al. (2010a) found 235U anomalies (up to ∼3.5 permil) that correlated
broadly with Nd/U and Th/U ratios. This study brought the first evidence of live
247Cm in the ESS, suggesting an ESS 247Cm/235U ratio of (1.2 to 2.4)×10−4. But
the origin of these isotopic signatures was rapidly questioned as subsequent studies
of CAIs found departure from the apparent correlation between 235U excess and
Nd/U ratios (Amelin et al. 2010; Connelly et al. 2012), and instead argued that
the observed variations reflected mass-dependent fractionation during condensation
of solid CAIs from nebular gas. By targeting fine-grained CAIs, which, due to
their volatility-controlled origin, have large Nd/U (and thus Cm/U) ratios, Tissot
et al. (2016) was able to find an extremely U-depleted CAI, Curious Marie, which
also contained a 235U excess (of +59h) outside the range plausibly explained by
evaporation/condensation processes. While more samples would be desirable to
populate what is currently essentially a two-points isochron, the discovery of Curious
Marie confirmed the presence of live 247Cm in the ESS, with an initial 247Cm/235U
of (5.6 ± 0.3)×10−5 (Tang et al. 2017; Tissot et al. 2016), a value that has become a
key constraint to determine the astrophysical site of the r-process, and the timing of
last injection of r-nuclides in the solar system’s parental molecular cloud (Côté et al.
2021; Ji et al. 2016).

3.5.2.7 Experimental studies

NFS, as a mass-independent but volume-dependent effect, prompted a rethinking
of equilibrium fractionation theory (Bigeleisen 1996; Knyazev and Myasoedov 2001;
Schauble 2007; Yang and Liu 2016). As mass-dependent fractionation decreases with
increasing mass, and NFS effects increase with electron density at the nucleus, NFS
effects are most pronounced in heavy elements (i.e., with large nuclei). Today, it is
well accepted that NFS effects are the dominant driver of U isotope fractionations in
natural materials. Indeed, NFS effect during U redox reactions at room temperature
are 3× larger than mass-dependent effects (Abe et al. 2008; Bigeleisen 1996; Schauble
2007). Furthermore, while mass-dependent fractionation scales proportionally to
1/T2, NFS effects scale as 1/T, which implies that their relative contribution to
the total isotope fractionation increases in high-T (e.g., igneous) environments, an
observation supporting the potential of U isotopes as redox tracers in magmatic
environments (Tissot and Ibañez-Mejia 2021). It is important to point out that NFS
effects are equilibrium effects, and that it is not the reduction of U itself that promotes
the isotopic fractionation, but the equilibration between oxidized and reduced U that
allows the expression of these effects (see next section).
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Redox experiments
Laboratory-based experiments are important approaches for quantifying the U frac-
tionation associated with specific reaction pathways or environmental conditions.
For U, redox reactions have been heavily studied, because of their potential for (i)
understanding the role of redox transformation in U cycling near the Earth’s surface
and (ii) developing remediation methods to control contamination in aquifer systems.

Laboratory-controlled redox experiments have primarily focused on U reduction
processes, which are further subdivided into biotic and abiotic reduction. There are
two major pathways for U biotic reduction: those involving metal-reducing bacteria
(Basu et al. 2014; Stylo et al. 2015b) and those involving sulfate-reducing bacteria
(Basu et al. 2020; Dang et al. 2016; Rademacher et al. 2006; Stirling et al. 2015;
Stylo et al. 2015a). Abiotically, U(VI) can be reduced by various natural reductants
such as zerovalent metal, Fe(II)-based reductant, sulfide reductant, and reduced
organic matter (Brown et al. 2018; Rademacher et al. 2006; Stirling et al. 2007;
Stylo et al. 2015b). During biotic reduction, microbes preferentially incorporate 238U
and transfer it into the reduced phase, leading to a lower δ238U (by ∼-1h) in the
remaining U(VI) pool (Basu et al. 2014, 2020; Dang et al. 2016; Stirling et al. 2015;
Stylo et al. 2015a,b). One early study reported slightly higher δ238U (by ∼+0.2 h)
in the oxidized U phase during biotic reduction (Rademacher et al. 2006), but this
result has since been revisited and attributed (by the same research group, Basu et al.
2014) to U(VI) adsorption onto the surface of bacteria cells overcompensating the
U effect of reduction process during the U removal from the solution. In contrast,
abiotic reduction experiments using zerovalent metals (Fe0: Rademacher et al. 2006;
Zn0: Stirling et al. 2007) and organic species (peat: Stylo et al. 2015b) yielded no
resolvable U isotopic fractionation. Adding to the initial confusion, most abiotic
reduction reactions driven by Fe(II) and/or sulfide reductants, produced detectable U
isotopic variations, but in the opposite direction of biotic reduction: 238U is enriched
in the remaining U(VI) pool (Stylo et al. 2015b). For a time, these results were
interpreted as evidence that only biotic reduction results in significant NFS effects
(i.e., 238U enrichments in the reduced phase), and the exciting possibility that U
isotopes might be a specific tracer of bioreduction. This hypothesis was disproven by
Brown et al. (2018), who showed that preferential sequestration of 238U in the reduced
U phases could occur even during abiotic reduction. This study was instrumental as it
further showed that the seemingly conflicting literature results discussed above could
be easily reconciled in a framework where 238U/235U fractionations reflects a balance
between equilibrium (NFS) isotope effects and kinetic isotope fractionation. Indeed,
during fast U removal, isotope fractionations are driven by kinetic (mass-dependent)
effect, favoring precipitation in the reduced phase of the lighter 235U isotope. In
contrast, the expression of full blown NFS effects, with 238U being enriched in the
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reduced phase, are only possible when U removal from the solution is slow enough
that U(VI)-U(IV) isotope equilibration has time to take place. Because the pace of
U removal (i.e., reaction rate) is tied to the speciation of aqueous U, which itself
depends on the water chemistry, this study also further supported the conclusion of
Chen et al. (2017) that the fractionation factor associated with reductive U removal
from the ocean (∆reduced-seawater) would likely change over geological times, as a
function of the Ca/Mg, pCO2, and pH of seawater.

In comparison to U reduction, there has been very little research done on U
isotopic fractionation during U oxidation. Wang et al. (2015a) used dissolved oxygen
to oxidize U(IV) and found a very limited enrichment of 238U in the remaining
reduced phase, likely due to a rind effect limiting the development of large isotope
fractionations.

Well injection
Uranium contamination of groundwater and sediments during the mining and pro-
cessing of U ores is a major public health concern and developing in-situ remediation
techniques is the target of many environmental studies (Wall and Krumholz 2006).
The main approach to mitigate U pollution and decrease [U] in the groundwater is to
immobilize aqueous U as a solid phase in the aquifer by changing its mobility (e.g.,
Ginder-Vogel et al. 2006; Hyun et al. 2009). Since the mobility of U is controlled by
its oxidation state and aqueous speciation, the two main methods of U immobilization
revolve around the injection of amended groundwater in contaminated sites that
promotes either (i) reduction of soluble U(VI) to insoluble U(IV), or (ii) adsorption
to the walls of the aquifer through changes in U(VI) speciation.

While the determination of U concentrations is the most common and straightfor-
ward approach for monitoring the efficiency of U-contamination remediation methods,
it often cannot be used to identify the geochemical processes at play in the aquifer
(Jemison et al. 2018). Being able to confirm that the low groundwater U concentra-
tions are the results of the implemented remediation method (reduction vs adsorption)
and not some other, non-controlled, parameter is crucial. Uranium isotope variations
have emerged as a promising new tool to fingerprint these processes, inspired by the
potential revealed by laboratory studies on U isotopic fractionation (Basu et al. 2014;
Dang et al. 2016; Rademacher et al. 2006; Stylo et al. 2015a; Wang et al. 2015a,b). In
line with the early findings of Brennecka et al. (2011b), recent field studies show that
only limited 238U/235U fractionation is observed during the adsorption-desorption
treatment, with 235U being preferentially removed from solution (∆adsorbed–aqueous ∼0
to -0.22 h, Dang et al. 2016; Jemison et al. 2016; Shiel et al. 2013). On the contrary,
bioremediations that take advantage of metal-reducing bacteria lead to large and
clearly resolvable fractionations of opposite direction (∆reduced-aqueous ∼+0.5 to +1.0
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h; Bopp et al. 2010; Shiel et al. 2016), consistent with the permil effects observed in
postmining natural reduction settings (Basu et al. 2015; Brown et al. 2016; Placzek
et al. 2016). In a recent oxidation experiment designed to simulate the natural
remobilization through U oxidation after remediation, Jemison et al. (2018) showed
that a significant δ238U change was observed, supporting the adequacy of using U
isotopes as a monitor of natural redox reactions at mining sites. This conclusion is
strengthened by recent reactive transport modeling efforts, which demonstrated that
incorporating δ238U data in the model allows for better interpretation of chemical
reactions and groundwater transport processes influencing U cycling (Jemison et al.
2020).

Other experimental studies
In addition to redox reactions, lab-controlled experiments have investigated U isotopic
fractionation during adsorption, coprecipitation, complexation, weathering, and
biotic uptake. U(VI) adsorption onto Mn-oxyhydroxides (birnessite, Brennecka et
al. 2011b) and Fe-hydroxides (goethite, Dang et al. 2016) under oxic conditions
preferentially incorporate 235U into adsorbed phases (∆adsorbed–aqueous ∼-0.20 h).
Similarly, nonreductive U uptake by freshwater plankton also enriches lighter U
isotopes in the biomass (∆plankton–aqueous ∼-0.23 h, Chen et al. 2020). As partly
discussed above, the aqueous speciation of U, and thus the water chemistry and pH,
as well as the nature of the mineral phase (e.g., calcite vs aragonite) were also shown
experimentally to influence the degree of isotope fractionation observed in carbonates
(Brown et al. 2018; Chen et al. 2016, 2017).

A study investigating U(IV)-U(VI) exchange under near natural aqueous condi-
tions also observed 235U enrichment in U(VI) (∆U(VI)–U(IV) ∼-1.64 h, Wang et al.
2015b), slightly larger than, but still broadly consistent with, the ∼1.2–1.3 h effects
expected from NFS. Under anoxic conditions, a recent study showed that U(IV)
can be remobilized by ligands in the near-surface environment, resulting in 238U
concentrating in mobilized materials, potentially complicating remediation monitoring
or paleo-redox reconstructions (Roebbert et al. 2021).

A few leaching experiments have also been conducted to try to evaluate the
influence of weathering and alteration on U isotopic fractionation, as well as to ensure
that the minerals used for age determination behave as closed system with regards
to U isotopes. The impact of leaching on U isotope fractionation remains, however,
unclear. While a systematic enrichment of 235U was observed in the leachates from
euxenite (Stirling et al. 2007) and zircon (Hiess et al. 2012), other studies on zircon
(Livermore et al. 2018; Stirling et al. 2007) and uraninite (Stirling et al. 2007) found no
systematic offset between the leachates and bulk analyses. While the 235U enrichment
in successive leaching steps of euxenite and zircon have been interpreted as evidence of
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the preferential release of weakly bound 235U from the crystal lattice during leaching,
these effects could also simply reflect equilibrium U isotope fractionation between the
oxidized (soluble) U in the leachates and reduced (insoluble) U in the minerals. More
controlled experiments are needed to understand the isotopic impact of leaching on
minerals.

Assuming U removal during U reaction experiments can be described as a Rayleigh
distillation process, the U isotopic fractionation can be described as:

δ238U =
(
δ238U0 + 1000

) [c(t)
c0

](α−1)

− 1000 (3.29)

where δ238U0 and c0 are the initial isotopic composition and concentration of aqueous
U; δ238U and c(t) are the isotopic composition and concentration at the sampling
time t; and α is the U isotopic fractionation factor. Eq. 3.29 can be rewritten in the
following format:

ln
(
δ238U0 + 1000

)
= (α− 1)ln

[
c(t)

c0

]
+ ln

(
δ238U0 + 1000

)
(3.30)

The α value can be determined by the slope of the linear regression between ln(δ238U
+ 1000) and ln[c(t)/c0]. Furthermore, in the case of a first-order reaction, the
concentration and reaction time are related by the following equation:

ln

[
c(t)

c0

]
= −kt (3.31)

where k is the first-order rate constant, which can be obtained by linear fit between
ln[c(t)/c0] and time. The half-life (t1/2) is expressed as:

t1/2 =
ln(2)

k
(3.32)

Brown et al. (2018) investigated the relationship between the fractionation factor,
α, and the aqueous U(VI) half-life in a series of abiotic reduction. This relationship
revealed how the degree of U isotopic fractionation relates to the U removal rate.
Using the UID, we expanded this framework to more U removal reactions (Fig. 3.15),
including biotic and abiotic reduction, oxidation, complexation with ligand, biotic
U uptake, and U coprecipitation with other mineral phases (Basu et al. 2014, 2020;
Brown et al. 2018; Chen et al. 2016; Roebbert et al. 2021; Stylo et al. 2015a,b; Wang
et al. 2015a). Only the experiments with first-order reactions rates are included in
Fig. 15. We find that most abiotic reduction experiments and some of the biotic
reduction and oxidation experiments follow the α–t1/2 relationship defined in Brown
et al. (2018), with no experiments plotting significantly to the left of this relationship.
This observation further supports the proposal by Brown et al. (2018) that when the
aqueuous U(VI) half-life is short, the extent of isotopic fractionation represents a
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balance between equilibrium isotope fractionation (in this case, the mass-independent
NFS) and kinetic isotope fractionation. Brown et al. (2018) further hypothesized
the necessary half-life to achieve the predicted NFS fractionation of ∼1.2 h is ∼65
hr. The plateau in isotope fractionation factors observed at ∼1h in biotic reduction
experiments with long aqueous U(VI) half-lives supports this proposal. It also reveals
that the theoretical maximum NFS effects (∼1.2 h, Bigeleisen 1996) is not expressed
in any of the currently available experiments, indicating (i) that complete equilibrium
between U(VI) and U(IV) is never attained, and/or (ii) in all experiments, another
process imparts a small (∼0.2h) negative isotope fractionation. The same mechanism
is likely to explain the similar offest to lower fractionation factors that is observed in
many of the biotic reduction experiments with aqueous U(VI) half-life lower than 65
hr. More work is needed to further undertsand these effects.

α = 0.0003044·ln(t1/2)+1.0003
Brown et al. (2018)
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Figure 3.15: Relationship between the isotope fractionation factor (α) and half-life of
aqueous U(VI) (t1/2, in hours) for various U removal reactions. When available, fractionation
factors and half-lives are plotted as reported in the original publication. Otherwise, α and
t1/2 are calculated based on Eqs. 3.29–3.32. The orange line represents the best fit between
α and t1/2 from a series of abiotic uranium reductions defined in Brown et al. (2018). The
grey dash lines show the limit of kinetic fractionation (0.9998) and equilibrium fractionation
(1.0012), respectively.

In clear contrast to the redox experiments, other U removal reactions are charac-
terized by small, negigible or negative isotopic fractionations. This indicates that
for these reactions, NFS effects are not the dominant driver of isotope fractionation.
Instead, and as previous work have proposed, the fractionation factors retrieved
from complexation, coprecipitation, and biotic uptake must reflect a stong control of
vibrational mass-dependent effects (e.g., during U adsorption) and/or kinetic effects,
which both tend to enrich the product of the reaction in the lighter isotopes.
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3.5.2.8 Forensic studies

Natural nuclear fission reactor
Under the right conditions, U-rich deposits formed before ∼1.8 Ga, when natural 235U
abundance was >∼3%, could have reached criticality. The only location where such
sustained spontaneous fission chain reactions are known to have naturally occurred
is in the mine of Oklo, in the Republic of Gabon. These reactors are a series of
sandstone-hosted U ore deposits discovered in the 1970’s near Oklo and Bangombè,
where natural fission events occurred at ∼ 1.78 Ga (Bodu et al. 1972; Neuilly et al.
1972; Roth 1977). Compared with other types of U deposits (see Section 3.5.2.4),
natural nuclear reactors display unusually high 238U/235U ratios due to 235U burn-up
during self-sustained fission. As a result, U isotopic compositions in Oklo’s bulk
ore samples or their mineral components are widely used to examine nuclear fission
activities (Bros et al. 1993, 1996; Bros et al. 2003; Curtis et al. 1989; De Laeter
et al. 1980; Fernández-Dıaz et al. 2000; Gauthier-Lafaye et al. 1996; Hidaka and
Holliger 1998; Hidaka et al. 1999; Hidaka and Gauthier-Lafaye 2000; Holliger and
Devillers 1981; Horie et al. 2004; Kikuchi and Hidaka 2009; Lancelot et al. 1975;
Loss et al. 1989). Natural fission reactors are important for assessing the long-term
effects of nuclear waste disposal in geological settings because they are considered
as analogues of disposal sites to understand the behavior of radionuclides in natural
environment over geological timescales. Hence, numerous isotopic investigations have
studied the presence and migration of fissiogenic radionuclides in Oklo’s natural
nuclear reactors (e.g., Mo, Ru, Pd, Ag, Cd, Sn, Te, Cs, Ba, Tc, Rh and rare earth
elements, Gauthier-Lafaye et al. 1996).

Health physics
Depleted uranium, which is predominantly a by-product of nuclear enrichment
efforts, has numerous civilian and military applications, including in aeronautics, the
shipbuilding industry, radiological protection, chemical manufacturing and armor-
piercing ammunitions, due to its high density, hardness, and melting point (Bleise
et al. 2003). Internal exposure to DU is a major health concern in humans, especially
soldiers, who can be exposed to DU via inhalation of airborne particles from weapon
combustion, ingestion of contaminated food and water, penetration by embedded
shrapnel, and/or contact on wounds (Bleise et al. 2003). Given that DU has a U
isotopic composition significantly different from that of NU (i.e., it is depleted in
234U and 235U), isotopic compositions of urine or blood can be effective diagnostic
tools for tracing the source of U exposure. U in urine is the primary focus of isotopic
studies on DU exposure since it has historically been used in biomonitoring (Duarte
and Szeles 1994; Ejnik et al. 2005; Ejnik et al. 2000; Gray et al. 2012; Gwiazda et al.
2004; Horan et al. 2002; Krystek and Ritsema 2002; Pappas et al. 2003; Parrish
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et al. 2006; Xiao et al. 2014), while only a few pioneering studies have investigated
U isotopes in blood specimen (Todorov et al. 2009; Tolmachyov et al. 2004). These
studies successfully identified DU exposure in patients by detecting lower 235U/238U
ratios urine or blood samples than NU.

Nuclear contamination
U isotopes are a useful tool for tracking environmental contaminations produced by
anthropogenic nuclear activities such as weapon explosions, power plant accidents,
and other contaminations associated with mining or nuclear fuel processing.

Military contamination can cause 238U/235U ratios in environmental samples to
fluctuate in opposing directions depending on the source of contamination. Con-
tamination from DU munitions causes higher 238U/235U ratios in war-zone soils or
sediments (Al.-Zamel et al. 2005; Boulyga et al. 2001; Danesi et al. 2003a,b; Lloyd
et al. 2009). Nuclear weapons and related tests, on the other hand, employed enriched
uranium, resulting in lower 238U/235U ratios in atmospheric deposits or fallouts
(Fujikawa et al. 2003; Kikawada et al. 2015; Lewis et al. 2015; Taylor et al. 1998).
Establishing full records of 238U/235U in environmental samples over time is thus
an efficient method for investigating the existence, sources, or transit of radioactive
contamination (Warneke et al. 2002).

Forensic investigations into power plant accidents have focused on the two most
catastrophic nuclear energy disasters: the 1986 Chernobyl nuclear power plant accident
(Barescut et al. 2009; Boulyga et al. 2000; Boulyga and Becker 2001, 2002; Boulyga
and Prohaska 2008; Pazukhin and Rudya 2002; Pöml et al. 2013; Sahoo et al. 2002,
2004; Sobotovich and Bondarenko 2001) and the 2011 Fukushima Daiichi nuclear
power plant accident (Mishra et al. 2019; Shibahara et al. 2016; Veerasamy et al. 2020).
Direct measurement of the nuclear fuel from power plant accident reveals enrichment
in 235U versus NU (Pöml et al. 2013). When fallout radionuclides from power plants
migrated and deposited in neighboring regions, soil samples from polluted areas
inherited lower 238U/235U ratios than NU (Barescut et al. 2009; Boulyga et al. 2000;
Boulyga and Becker 2001, 2002; Boulyga and Prohaska 2008; Pazukhin and Rudya
2002; Sahoo et al. 2002, 2004; Sobotovich and Bondarenko 2001), while those that
avoided contamination from the accidents preserved indistinguishable 238U/235U
compositions relative to NU (Mishra et al. 2019; Shibahara et al. 2016; Veerasamy
et al. 2020).

Other nuclear contamination studies are based on the same principle of detecting
anomalous 238U/235U in sedimentary or water samples near nuclear facilities that
produce and process EU (Christensen et al. 2004; Hamilton and Stevens 1985; Howe
et al. 2002; Meyers et al. 2014; Rodríguez-Alvarez and Sanchez 1995; Sahoo et al. 2002;
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Yamamoto et al. 2002). And similar investigations have been conducted near mines
(Awudu and Darko 2011) or river systems (Joshi et al. 1983) that were potentially
contaminated by radionuclides.

Nuclear safeguard
The rapid and precise isotopic characterization of particulate uranium materials
is critical for nuclear safeguard applications, such as identifying illicit radioactive
material trafficking and detecting the usage of unapproved nuclear materials in nuclear
facilities. In-situ characterization of solid nuclear samples is a useful approach for
determining the presence and provenance of nuclear materials because U particles
have distinct U isotopic fingerprints that are influenced by source materials and
manufacturing procedures (Betti et al. 1999; Claverie et al. 2016; Hubert et al. 2014;
Kips et al. 2019; Krachler et al. 2018; Marin et al. 2013b; Ronzani et al. 2019;
Stebelkov et al. 2018; Tamborini 2004; Varga et al. 2018; Varga 2008; Yomogida
et al. 2017). Aside from direct measurement of U particles (Betti et al. 1999; Hubert
et al. 2014; Ronzani et al. 2019; Varga 2008; Yomogida et al. 2017), fuel pellets (Kips
et al. 2019; Krachler et al. 2018) and confiscated illicit U samples (Krachler et al.
2018), some of the nuclear safeguard studies have developed techniques to discover U
particles in the mixture of other materials in swipe samples from the environment
(Tamborini 2004) or the surface of nuclear packaging materials (Stebelkov et al.
2018), as a means to identify and prevent undeclared nuclear activities without
time-consuming procedures.

3.6 Conclusions

This work introduces the UID, a comprehensive, freely accessible, updatable, and
internally consistent uranium isotope database. At this writing, the UID contains
more than 14,000 data points from approximately 320 publications. We provided
a detailed description of our data collection procedure, all additional information
entered in the UID, and their coverage as well as the normalization procedure carried
out on the data. We took the highest care to make all data coherent, comparable,
and back trackable, as well as all adjustments transparent. Adequate metadata are
also provided to allow users to select data that are suitable for a particular type of
study. The UID will be regularly updated to incorporate newly published uranium
isotopes data. With constructive feedback from the community, we expect that the
UID can become a reliable resource for the U isotope community, as well as the
broader geochemical community.

In the long-term, we hope to see the UID grow from the simple database presented
here into a more extensive tool. This includes the development of an online and
interactive searchable database with built-in visualization capabilities, as well as a
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streamlined protocol for data submission, review, and incorporation into the UID.
With constructive feedback and involvement from the community, we expect that the
UID can become a more community-involved resource, maintained for and by the
community, and whose impact will reach far into the broader geochemical community.
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C h a p t e r 4

URANIUM ISOTOPES AS A PALEO-REDOX PROXY: EXPLORE NEW
ARCHIVE AND CALIBRATE SEAWATER COMPOSITION

Part of this chapter has been published in:

Li, H., Kipp, M.A., Kim, S.L., Kast, E.R., Eberle, J.J., and Tissot, F.L.H.
(2024). Exploring uranium isotopes in shark teeth as a paleo-redox proxy. Geochimica
et Cosmochimica Acta 365, 158–173

Kipp, M.A., Li, H., Ellwood, M.J., John, S.G., Middag, R., Adkins, J.F., and
Tissot, F.L.H. (2022). 238U, 235U and 234U in seawater and deep-sea corals: A
high-precision reappraisal. Geochimica et Cosmochimica Acta 336, 231–248

Reconstructing the oceanic redox history is fundamental to understanding the
evolution of the Earth’s surface conditions and its interconnection with the appearance
and evolution of life. In the past decade, U isotopes have received considerable
attention as a paleoredox proxy of marine/seafloor anoxia. Carbonate sediments are
the most popular archive used in such reconstructions as they are abundant in the
geologic record, contain ample U, and tend to record the seawater δ238U signature
upon precipitation. The utility of the U isotope proxy in carbonate archives relies
on this faithful archiving of ambient seawater signatures. However, carbonates are
subject to syndepositional and post-depositional diagenetic alterations, which can
overprint the original δ238U signatures, posing a significant challenge for this archive
(Chen et al. 2018b; Livermore et al. 2020; Romaniello et al. 2013; Tissot et al. 2018.
This diagenetic overprinting complicates quantitative paleoredox reconstructions
(Kipp and Tissot 2022), undermining the utility of carbonates as a U isotope archive.
The shortcoming of carbonates raises the need to seek alternative archives, which
are more resistant to secondary alterations. While such diagenetic modifications also
commonly exist in bioapatite, shark teeth enameloid is nevertheless thought to be
more resistant to post-depositional alteration than carbonate. To address this issue,
the first part of this chapter explores the potential of shark teeth as a novel archive
of seawater δ238U, leveraging the diagenetic stability of apatite over carbonate. The
usefulness of the U isotopes as a global redox indicator also requires the assumption
of the homogeneity of the seawater U isotope composition, which enables samples to
be leveraged as the entire ocean. To further justify this important assumption, the
second part of this chapter re-calibrated the U isotope composition of the seawater
based on the measurements of multiple sites from the Pacific and Atlantic.
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4.1 Exploring uranium isotopes in shark teeth as a paleo-redox proxy

4.1.1 Motivation

Biogenic phosphates are regarded as a valuable geochemical archive offering
insight into a wide range of paleoceanographic conditions and processes, such as
temperature, salinity, and water mass circulation (e.g., Fischer et al. 2013; Huck
et al. 2016; Kohn and Cerling 2002; Kolodny et al. 1983; Longinelli 1966; Martin and
Scher 2004; Ounis et al. 2008; Reynard et al. 1999). Shark teeth are among the most
extensively studied marine biogenic phosphates due to their ability to record and
retain geochemical signatures on geological timescales. Sharks have existed on Earth
for over 400 Myr, and the oldest shark fossils date from the early Devonian (Miller et
al. 2003), with continuous records to the present and wide spatial distribution (Ginter
et al. 2010). Because sharks are Chondrichthyes (cartilaginous fish), shark skeletons
largely decompose before fossilization, making shark teeth their most abundant fossil
record. With lifelong continuous tooth replacement, sharks can produce thousands
of teeth throughout their lifetime (Botella et al. 2009). Once shark teeth are lost
from their bodies, they interact with ambient water and incorporate elements from
the surrounding environment. Due to the rapid mineralization process on daily to
weekly timescales, shark teeth can even capture local geochemical snapshots of the
sites where they formed (Dera et al. 2009; Fischer et al. 2012; Kim et al. 2014, 2020;
Kocsis et al. 2009; Kolodny et al. 1991; Lécuyer et al. 2003; Martin and Scher 2004;
Picard et al. 1998; Pucéat et al. 2003; Vennemann et al. 2001).

Crown Enameloid

5 mm

Dentine

Root

Figure 4.1: Histology of shark tooth. Photo (left) and transmitted light microscope image
of polished cross section (right) of a Striatolamia macrota shark tooth from the Banks Island
in the Arctic. Enameloid forms a thin translucent layer covering the crown, while dentine
forms the crown base and the root of the tooth. The junction between enameloid and dentine
is clear, and the dentine is more porous than enameloid.

Shark teeth enameloid tissues are primarily composed of fluorapatite (Enax
et al. 2012), a calcium phosphate with extremely low solubility (Moreno et al. 1974),
making them more resistant to post-depositional alterations than other popular pale-
oceanographic archives such as carbonates (Iacumin et al. 1996; Kolodny et al. 1983;
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Kolodny and Raab 1988; Lécuyer et al. 2013; Shemesh et al. 1983; Zazzo et al. 2004b).
Shark teeth are composed of two types of tissue (Fig. 4.1): enameloid (enamel-like
outer layer) and dentine (mineralized but organic-rich inner core). Enameloid is
considered to be a more robust archive for geochemical proxies because of its higher
apatite content, fluorapatite mineralogy, lower water and organic matter content, and
more compact structure with larger phosphate crystallites (Enax et al. 2012; Kohn
et al. 1999; Kohn and Cerling 2002; Sharp et al. 2000; Zazzo et al. 2004a). These
characteristics have led to the successful application of geochemical tracers in shark
teeth to understand paleo-environmental conditions and the behavior of sharks.

Several isotopic tracers have been well-studied in the enameloid of shark teeth.
Oxygen isotopes are the most widely-studied system, being frequently used to track
paleotemperature and paleosalinity (Dera et al. 2009; Fischer et al. 2012, 2013; Hättig
et al. 2019; Kim et al. 2014, 2020; Kocsis et al. 2009, 2014; Kolodny and Raab 1988;
Kolodny et al. 1991; Lécuyer et al. 1993, 2003; Ounis et al. 2008; Picard et al. 1998;
Pucéat et al. 2003; Sharp et al. 2000; Vennemann and Hegner 1998; Vennemann et al.
2001). Strontium isotopes are used for chemostratigraphic dating of shark teeth, as
well as for understanding freshwater or brackish habitat preference and migration
history (Barrat et al. 2000; Becker et al. 2008; Bosio et al. 2020; Fischer et al. 2012,
2013; Kocsis et al. 2007, 2009, 2013; Martin and Haley 2000; Schmitz et al. 1991,
1997; Tütken et al. 2020; Vennemann and Hegner 1998; Vennemann et al. 2001).
Additionally, the neodymium isotope composition of shark teeth is extensively used
as a paleocirculation tracer (Huck et al. 2016; Kim et al. 2020; Kocsis et al. 2007,
2009; Martin and Haley 2000; Shaw and Wasserburg 1985; Vennemann and Hegner
1998; Vennemann et al. 2001). These broad applications of shark teeth motivated
our exploration of this archive to track the extent of marine anoxia in deep time.

The redox history of surface environments is of interest in paleoenvironmental
studies because of its cause-effect relationships with the evolution of life on Earth.
In recent years, uranium (U) isotopes (238U/235U, expressed in delta notation as
(δ238U) have become one of the most powerful quantitative tools for reconstructing
marine redox variations (e.g., Zhang et al. 2020c, and references therein). U has
two oxidation states in the terrestrial surface environment: insoluble U(IV) and
soluble U(VI) (Langmuir 1978). The U input to the ocean is dominated by riverine
U(VI) input from weathering, which is isotopically indistinguishable from continental
crust (δ238U = -0.29 ± 0.03 h, Andersen et al. 2016; Tissot and Dauphas 2015).
In anoxic/euxinic settings, U(VI) is efficiently removed from the water column via
reductive precipitation as U(IV) in uraninite by abiotic and/or biotic reductions
(Langmuir 1978). During the U(VI) removal processes, 238U (relative to 235U) is
preferentially incorporated into the sediments (Andersen et al. 2017). As a result, in
periods of expanded marine anoxia the rate of U burial increases, causing seawater
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to shift toward lower U concentration and δ238U value.

Importantly, U isotopes are considered a proxy for the global extent of marine
anoxia. In the well-oxygenated modern ocean, the long residence time of U (τ ∼400
kyr, Dunk et al. 2002; Ku et al. 1977), much longer than global ocean mixing time
(∼1 kyr, Broecker and Peng 1982) results in both homogeneous salinity-normalized
concentration (∼3.2 ng/g for a salinity of 35 g/L, Chen et al. 1986; Owens et al.
2011) and isotopic composition (δ238U = -0.379 ± 0.023 h, Kipp et al. 2022; Tissot
and Dauphas 2015). Thus, any geological archive that faithfully records the ambient
seawater δ238U value can be used to infer the global extent of marine anoxia in deep
time.

Carbonate sediments are the most popular archive used in such reconstructions
to-date as they are abundant in the geologic record, contain ample U, and tend to
record the seawater δ238U signature upon precipitation (Chen et al. 2016, 2018b;
Kipp et al. 2022; Romaniello et al. 2013; Stirling et al. 2007; Tissot and Dauphas
2015; Tissot et al. 2018; Weyer et al. 2008). However, carbonates are subject to
syndepositional and post-depositional diagenetic alterations, which can overprint
the original δ238U signatures, posing a significant challenge for this archive (Chen
et al. 2018b; Livermore et al. 2020; Romaniello et al. 2013; Tissot et al. 2018. This
diagenetic overprinting complicates quantitative paleoredox reconstructions (Kipp
and Tissot 2022), undermining the utility of carbonates as a U isotope archive.
While such diagenetic modifications also commonly exist in bioapatite (Toyoda and
Tokonami 1990; Tütken et al. 2011, shark teeth enameloid is nevertheless thought to
be more resistant to post-depositional alteration than carbonate (Zazzo et al. 2004a).

The objective of this study is to explore shark teeth as a novel archive of seawater
δ238U, leveraging the diagenetic stability of apatite over carbonate. We first report
U isotope compositions of a variety of modern and fossil shark teeth (from both
enameloid and dentine tissues) and the sediments in which they are embedded. Bulk
U and Th concentrations, in-situ U concentration transition profiles, and phosphate
δ18O values are then used to understand the diagenetic history of these shark teeth
and assess the corresponding implications for their promise as a seawater U isotope
archive.

4.1.2 Methods

4.1.2.1 Geological settings and materials

In this work, 39 fossil shark teeth, 6 modern teeth, and 7 sediment samples were
analyzed (Table 4.1). Fossil shark teeth were mainly selected from three locations:
Banks Island, the Gulf of Mexico, and the Pisco Basin (called the Arctic, GOM,
and Peru hereafter, respectively, Fig. 4.2). The Arctic shark teeth housed at the
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Canadian Museum of Nature belong to Striatolamia macrota, and were recovered as
float on unconsolidated sands in the Cyclic Member of the Eureka Sound Formation
(Aulavik National Park, northern Banks Island, Northwest Territories, Canada, ca.
74◦ N, Padilla et al. 2014).

0 2000 km

0

15°N

30°

45°

60°

75°
Banks Island
(n = 11)

Pisco Basin
(n = 12)

(n = 6)
(n = 1)

(n = 1)
(n = 3)

Atlantic
Ocean

Pacific Ocean

Gulf of Mexico

15°S
120°W 90°W

Figure 4.2: Map showing the localities of the fossil shark teeth and sediments used in this
study. The samples are primarily from 3 locations: Banks Island (Arctic), the Gulf of Mexico
(GOM), and Pisco Basin (Peru), with a few others scattered on the east coast of the US.

Shark teeth from this locality were deposited in a shallow coastal marine delta
front environment (Miall 1979), with a stratigraphic age of early Eocene (ca. 51–53
Ma) based on palynology (Sweet 2012). The GOM shark teeth are Carcharias hopei,
which were collected from the Eocene Jackson Group in Polk County, Texas, USA, and
the late Eocene Clinchfield Formation in Gordon, Wilkinson County, Georgia, USA
(specimens are from the Texas Vertebrate Paleontology Collection at the University
of Texas, Austin). Peruvian shark teeth are from Cosmopolitodus hastalis, which
were recovered as float on unconsolidated sandstone from the Pisco Formation in
the Province of Caravelí, Peru, whose depositional environment is shallow marine
spanning protected coastal to offshore shelf habitats (Ehret et al. 2012; Ochoa et al.
2021) with a stratigraphic age of Late Miocene. Prior work (Gothmann et al. 2019;
Wang et al. 2016) has suggested that there was little change in the seawater δ238U
value over the Cenozoic, meaning well-preserved primary signatures should resemble
the modern value. For modern shark teeth, the sources include collections from
Gordon Hubbel and Lisa Natanson, purchase from eBay.
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The shark teeth investigated here show the same histology as described in previous
literature, which consists of two tissues : enameloid and dentine (Fig. 4.1). The
highly crystalline enameloid forms a thin compact outer layer covering the crown of
the tooth, whereas the less crystalline and more porous dentine comprises the pulp
cavity and the root structure of the shark tooth.

4.1.2.2 Sample preparation

For the fossil shark teeth from the Arctic, GOM, and Peru, enameloid was carefully
abraded from each fossil shark tooth with a clean razor blade to avoid contamination
from other tissues. Small chunks of dentine and sediments were also extracted and
individually ground with pestle and agate mortar for isotopic analysis. All tools used
in the extraction were cleaned with ethanol before and after sampling each tooth and
sediments sample. For other fossil teeth from New Jersey and North Carolina, either
enameloid chips were taken from the teeth with any dentine on the inside surface
removed with a Dremel tool, or the enameloid powder was directly drilled from the
surface of the teeth.

Wet chemistry and isotopic measurements were performed at the Isotoparium.
All digestions and dilutions used trace-metal-clean acids (purified via two rounds
of sub-boiling distillation) and acid-cleaned PFA beakers. Enameloid (10–40 mg),
dentine (5–70 mg), and sediments (160–200 mg) were weighed in clean 7 mL PFA
beakers, and then dissolved by consecutive acid attack: 5 mL concentrated 3:1(v/v)
HF:HNO3 at 130 ◦C for 24 h followed by 5 mL concentrated aqua regia at 140 ◦C
for 24 h. Between the two acid attacks, 100 µL concentrated HClO4 were added to
dried samples to dissolve residual fluorides, and then the HClO4 was removed by
heating at 165 ◦C for several hours. These steps were repeated to ensure complete
dissolution. After digestion, samples were dried and redissolved into concentrated
HNO3, then brought up in 5 mL of 3 M HNO3. A 2–3 % aliquot was taken from the
digest for concentration analysis on an iCAP RQ ICPMS (ThermoFisher). Based on
[U] data, samples were spiked with IRMM-3636 to obtain Uspike/Usample ratios of
3–5 % (Tissot et al. 2019a). The spiked solutions were dried completely and taken
back into 1 mL concentrated HNO3. The samples were refluxed on a hotplate at
130 ◦C to ensure the sample and spike were well equilibrated and then diluted to 5
mL 3 M HNO3 for column chemistry. To monitor long-term external reproducibility,
several powder aliquots of geostandard BCR-2 were digested in parallel to the shark
teeth and sediment samples.

Uranium purification was performed on pre-packed 2 mL U-TEVA cartridges
(Eichrom) following established methods (Tissot and Dauphas 2015; Tissot et al.
2016, 2017). In brief, the resin was cleaned with 40 mL 0.05 M HCl, and then
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conditioned with 10 mL 3 M HNO3. Samples were loaded onto the resin in 5 mL 3
M HNO3, and matrix elements were eluted in 12 mL 3 M HNO3. The resin was then
converted with 5 mL 10 M HCl, followed by Th removal in 8 mL 5 M HCl. U was
finally eluted in 20 mL 0.05 M HCl and collected in cleaned 30 mL beakers. The U
cut was evaporated to dryness, and 0.25 mL H2O2 and 0.20 mL concentrated HNO3

were added to oxidize any organic matter released from the resin. After refluxing
overnight at 120 ◦C, the mixture was completely dried and taken back into 3 M
HNO3. The column chemistry was repeated a second time to ensure precise and
accurate measurements of 234U/238U (Tissot et al. 2018). Uranium procedural blank
∼13 pg (<0.04 % of U in sample) and are therefore negligible. The final U cuts were
evaporated to dryness before being redissolved in concentrated HNO3. Samples were
then evaporated to near dryness, and ultimately diluted to 3 vol% HNO3 for isotopic
measurements.

4.1.2.3 Mass spectrometry

All U isotope analyses were performed on a NeptunePlus (ThermoFisher) multiple
collector inductively coupled plasma mass spectrometer (MC-ICPMS) at Caltech,
following established methods (Kipp et al. 2022; Tissot and Dauphas 2015). The Jet
sample and X-skimmer cones were used in combination with an Aridus3 or Apex
Omega HF desolvating nebulizer. The measurements were conducted in low-resolution
mode using a static cup configuration. Each analysis consisted of 50 cycles of 4.194
s integration time. The sample measurements were bracketed by the CRM-112a
standard spiked with IRMM-3636 at a similar Uspike/Usample ratio as the samples.
Instrumental mass fractionation was corrected by standard-sample-bracketing and
double spike deconvolution. Amplifier gain calibrations were performed daily. The
234U signal was measured with a secondary electron multiplier (SEM) on the axial
mass. The SEM-Faraday cup gain was calibrated manually with replicate analyses of
the CRM-112a standard solution in both SEM and Faraday mode at the beginning
and end of each analytical sequence (Kipp et al. 2022).

The 238U/235U ratios are reported in δ-notation relative to the standard CRM-
112a (CRM-145 for the solution form, 238U/235U = 137.837, Richter et al. 2010),
which is defined as:

δ238U =

( 238U/235Usmp
238U/235UCRM-112a

− 1

)
× 1000 (4.1)

The 234U/238U ratios are reported as δ234Usec, relative to secular equilibrium as:

δ234Usec =

( 234U/238Usmp
234U/238USec. Eq

− 1

)
× 1000 (4.2)

where 234U/238USec.Eq denotes the atomic ratio at secular equilibrium, which is the
ratio of the decay constants of 238U and 234U, λ238/λ234 = (1.55125×10−10)/(2.8220×
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10−6) = 5.4970× 10−5 (Cheng et al. 2013).Uncertainties are reported as 2SE (95%
CI) and calculated using the daily external reproducibility of the CRM-112a standard
(2SD) divided by the square root of the number of replicate measure-ments for a
given sample (i.e., 2SE = 2SDExternal/

√
n). Depending on the available material,

each sample was analyzed 3 to 17 times. Replicate measurements of the BCR-2 basalt
geostandard gave an average δ238U of -0.236 ± 0.026 h and δ234Usec of 0.32 ± 0.25
h (ndigests = 5, nanalyses = 34), within the uncertainty of the recommend δ238U
value of -0.262 ± 0.004 h, calculated using all previously published high-precision
data (data from the uranium isotope database, Li and Tissot 2023).

4.1.2.4 LA-ICPMS

Elemental concentration profiles across shark teeth sections were measured in-situ
by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) at
the Isotoparium. Selected shark teeth samples were mounted in 1 inch of epoxy
and polished prior to analysis. Concentrations were measured using an iCAP RQ
ICPMS coupled with a NWRfemto laser ablation system (Elemental Scientific). Laser
sampling was conducted at λ = 257 nm, with 30 % energy output. The spot size
and repetition rate were set to 40 µm and 20 Hz, respectively. The measurements
were conducted in linear scan mode, with a scan speed of 10 µm/s. Data reduction
followed the method in Longerich et al. (1996), and the uranium concentrations were
calculated as:

[U]smp =
n(U)smp

n(U)NIST616
[U]NIST616

× (
n(Ca)smp

n(Ca)NIST616
× [Ca]NIST616

[Ca]smp
)

(4.3)

where n is the background corrected count rate, with units of counts per second (cps).
The international glass reference material NIST616 was used for external calibration,
assuming a CaO content of 12 wt% (Kane 1998) and U concentration of 0.0721 ppm.
Calcium was used as the internal standard to correct the variations in mass ablation
yield, assuming shark teeth with an average apatite CaO value of 53 wt% (Trotter
and Eggins 2006).

4.1.2.5 O isotopes

The enameloid powder was gently abraded from each tooth using a razor blade.
The sampling tools were cleaned with ethanol before each sample collection. To
analyze the phosphate oxygen isotope composition, we followed the rapid, small
volume preparation methodology of Mine et al. (2017). Briefly, ∼1 mg of enameloid
powder was weighed and dissolved in 50 µL 2 M HNO3 overnight. Then, 30 µL of
2.9 M HF and 50 µL of 2 M NaOH were added to precipitate CaF2 and supernatant
removed to a separate vial. The CaF2 pellet was rinsed with 50 µL 0.1 M NaF
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and this second aliquot of supernatant was added to the separate vial. Before
precipitating the Ag3PO4, the pH was adjusted to 4.5 with 2 M HNO3 (∼30 µL),
then 180 µL of Ag ammine solution (1.09 M NH4OH and 0.37 M AgNO3; pH of
5.5–6.5 after addition of Ag-ammine solution) was added; crystals precipitated and
settled for 5–7 min. Finally, we centrifuged samples to pellet the silver phosphate
crystals and rinsed the samples five times with deionized water. Samples were
dried overnight at 60 ◦C and weighed in triplicate to 300 ± 100 µg into silver
capsules for isotopic analysis. The measurements were performed at the Stable
Isotope Ecosystem Laboratory of University of California, Merced (SIELO) using a
Temperature Conversion Elemental Analyzer (TC/EA) coupled with a Conflo IV to
a Thermo Scientific Delta V continuous flow isotope ratio mass spectrometer (CF-
IRMS). The O isotope compositions (δ18OPO4) are reported relative to the standard
V-SMOW using silver phosphate standards USGS 80 (n = 15; 1σ = 0.4) and USGS 81
(n = 14; 1σ = 0.5) for normalization, drift, and linearity corrections. A preparation
check standard (IAEA 601) resulted in δ18O values = +23.0 ± 0.2 h and analytical
corrections were checked with an in house Ag3PO4 reference material (Alfa Aesar; n
= 2, ∆ = 0.2). Each sample was measured three times, with uncertainty reported as
the standard deviation of the triplicate analyses.

4.1.3 Results

4.1.3.1 U concentration

Modern

Fossil
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Figure 4.3: Histogram of U concentrations in enameloid of modern and fossil shark teeth.

Considering first the U concentrations of enameloid tissues only, the data show
that modern and fossil shark teeth define two populations (Fig. 4.3). Modern teeth
are characterized by low U concentrations (in the ppb range), whereas the 43 fossil
shark teeth display values at or above the ppm level, at least four orders of magnitude
higher than modern teeth. The U concentrations in enameloid tissues of fossil teeth
are highly variable (1.2–320 ppm), and no clear trend in U concentrations is observed
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with sample age or locality.

In fossil teeth, U concentrations of enameloid and dentine tissues were determined
by both bulk solution (n = 5; Fig. 4.3a) and in-situ methods (n = 2; Fig. 4.3b).
Bulk measurements conducted on 5 shark teeth show that [U] of enameloid range from
1.2 to 67 ppm, and dentine from 48 to 150 ppm. In the same tooth, U concentrations
are always lower in the enameloid compared to dentine, in agreement with previous
literature (Kohn et al. 1999; Tütken et al. 2020). The U concentration variations
also exist between different segments of the same tissue, as shown by the lower
concentration seen in the crown dentine than in the root dentine.

Figure 4.4: U concentration trends across tissues. (a) Bulk U concentrations of enameloid
and dentine from 5 fossil shark teeth. The dentine is shown in grey (triangle: crown, diamond:
root) and enameloid samples are shown in pink circles. The vertical grey dash line connects
the tissues from the same tooth. (b) Representative LA-ICPMS U concentration profile
through the middle of a fossil tooth crown (2004–31-05). (c) Reflected light microscope
image of the ablated cross section.

In-situ measurements corroborate the results of the bulk analyses. The U
concentration profile based on LA-ICPMS through the cross-section of fossil shark
teeth crown varies and delineates differences between the enameloid and dentine (Fig.
4.4b, S2b). Dentine is enriched in U compared to the enameloid, and compositional
variations within the same tissue are also observed. The [U] profile in the dentine is
noisy, with concentrations ranging from ∼40 to 120 ppm, while values in enameloid
decrease from the inner side (contact with dentine) to the outer side.

4.1.3.2 U isotopes

Shark teeth enameloid and sediments
The U isotope compositions of fossil shark teeth tissues and sediments are shown
in Table 4.1 and Fig. 4.5. Owing to the extremely low U content of modern
teeth, isotopic analyses were not possible on these samples. To test the if U isotope
heterogeneity exists in enameloid tissues, four aliquots were taken from a large Otodus
megalodon tooth (EK) and digested separately for isotopic analyses. The δ238U values
of the replicated digests are indistinguishable within the uncertainty (Table 4.1
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and Fig A.3). Small variabilities (<1 h) are observed in δ234Usec values, but this
intra-tooth variability is much smaller than those among different shark teeth.
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Figure 4.5: δ238U vs. δ234Usec in (a) the shark teeth enameloid from different localities,
and (b) different tissues (i.e., enameloid and dentine). The color of enameloid symbols
indicate localities, same as panel (a). Samples from the GOM are categorized into two groups
based on their evolution history. Yellow ⊗ represents the first group with elevated δ234Usec
values and δ238U near modern seawater. Dashed lines connect different tissues from the same
tooth. The brown and blue horizontal band show δ238U of continental crust (-0.29 ± 0.03
h) and modern seawater (-0.379 ± 0.023 h), respectively (Andersen et al. 2016; Kipp et al.
2022; Tissot and Dauphas 2015). The vertical grey dash line denotes the secular equilibrium
δ234Usec.

The δ238U values of enameloid from fossil shark teeth vary from -0.72 to +0.57 h,
a range comparable to that observed in Cenozoic carbonates (Bura-Nakić et al. 2018;
Chen et al. 2018a,b, 2021b; Gothmann et al. 2019; Livermore et al. 2020; Romaniello
et al. 2013; Tissot and Dauphas 2015; Tissot et al. 2018). The δ234Usec values cover
a very wide range, from -162.1 to +969.7 h, showing departures both below and
(far) above secular equilibrium, which testify to recent open-system behavior and
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exchange of 234U.

In the Arctic, δ238U values range from -0.68 to -0.32 h, showing limited variation
near the modern seawater value. The δ234Usec values of these samples range from
+143.1 to +969.7 h, displaying the largest range among the three studied localities.
For two of these teeth (BKS04-19 and BKS2004-31), the embedding sediments
were analyzed. The shark teeth enameloid and embedding sediments show similar
δ238U values within analytical uncertainties (∆enamel-sed < 0.15 h). In contrast, the
sediments have δ234Usec values of -2.9 to +101.1 h, much lower than that of the
shark teeth they surround.

Shark teeth from Peru have δ238U and δ234Usec values ranging from -0.72 to -0.03
h and -31.7 to +517.4 h, respectively. Most sediments from Peru cover similar
ranges of both δ238U and δ234Usec, with one exception, sediment JBL002-sed, which
is characterized by the highest δ238U value measured in this study of +1.38 h.

Samples from GOM have a larger range of δ238U values, from -0.53 to +0.57 h

and have δ234Usec between -162.1 and +448.6 h. For this locality, no sediments were
available for comparative analysis. The remaining fossil shark teeth, which originated
from North Carolina and New Jersey, USA (orange symbols in Fig. 4.5a), show
more limited variations in δ238U and δ234Usec.

Enameloid and dentine
Similar to U concentration, U isotopes also show heterogeneity between different
tissues from the same tooth. The δ238U and δ234Usec data of enameloid and dentine
from 5 fossil shark teeth from two localities indicate the differences between tissue
substrates (Fig. 4.5b). Generally, dentine samples have similar or lower δ238U values
than enameloid and δ234Usec values that deviate more from secular equilibrium. The
magnitude of U isotope offsets between the enameloid and dentine varies among these
samples (∆enamel–dentine = -0.04–0.21 h).

4.1.3.3 O isotopes

The O isotope compositions of fossil shark teeth are presented in Table 4.1 and their
relationships between the U isotope compositions are shown in Fig. 4.6. Compared
to modern shark teeth, which show typical δ18OPO4 values between 22 and 26 h

(mainly reflects the temperature and the O isotope composition of ambient water,
Vennemann et al. 2001), enameloid δ18OPO4 values in the fossil teeth studied here
vary between 9.1 and 24.0 h and define two main clusters. The Arctic shark teeth
have lower δ18OPO4 values (<19 h) and range of compositions (9.1–18.5 h). A
correlation between δ238U and δ18OPO4 is not observed, while δ234Usec is positively
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correlated with δ18OPO4. In contrast, samples from Peru and GOM have higher
δ18OPO4 (>19 h) and have a smaller range of compositions (19.2–24.0 h).
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Figure 4.6: Uranium and oxygen isotopes in the enameloid of fossil shark teeth (a) δ238U
vs. δ18OPO4 and (b) δ234Usec vs. δ18OPO4 in enameloid tissues of fossil shark teeth. Symbols
as in Fig. 4.5. The vertical light grey band denotes the expected δ18OPO4 range (Fischer
et al. 2013; Klug et al. 2010) for marine sharks.

4.1.4 Discussion

4.1.4.1 Timing of U incorporation in shark teeth

Uranium concentrations are high in fossil shark teeth but negligible in modern teeth,
indicating that U in fossil teeth derives from postmortem incorporation. Uranium
isotope records in fossil shark teeth are therefore not impacted by in-vivo factors (i.e.,
lack vital effects), which could be an advantage for using shark teeth as a geochemical
archive, in comparison to biological carbonates that can have variable vital effects
(0–0.09 h, Chen et al. 2018a).
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While the absence of vital effects is a strength of fossil shark teeth as a U isotope
archive, postmortem acquisition of U means that burial conditions can considerably
impact the degree to which tooth-hosted U isotope signatures resemble those of
primary seawater. Thus, for robust application of the U isotope redox proxy in fossil
shark teeth, we need to first understand the timescale and mechanism of U uptake.
Here, it is helpful to consider the uptake of not just U, but also other elements with
similar behavior in biogenic apatite.

A disparity in concentration between modern and fossil teeth is in fact observed for
a variety of trace elements (e.g., U, Th and rare earth elements, REEs) in conodonts
and fish teeth (Kohn et al. 1999; Martin and Haley 2000; Shaw and Wasserburg 1985;
Staudigel et al. 1985; Trotter and Eggins 2006; Trueman and Tuross 2002; Vennemann
et al. 2001), which may imply similar uptake timescale(s) and mechanism(s) for these
elements. For example, Nd – one of the most extensively-studied systems – is thought
to be rapidly incorporated into shark teeth with other REEs during the fossilization
from apatite to hydroxyfluorapatite, early in the burial process in surface sediments
(Huck et al. 2016; Kim et al. 2020; Martin and Haley 2000; Martin and Scher 2004;
Shaw and Wasserburg 1985; Staudigel et al. 1985). This process is similar to U
uptake models for mammal teeth, which predict that U incorporation would reach
equilibrium on as short as ∼ kyr timescales (Pike and Hedges 2001). The similarity
in U and REE uptake in bioapatite is supported by their strong co-variance in fossil
teeth (Li et al. 2023). If true, early uptake of U into teeth could mean that U isotope
signatures record early porewater conditions, with the signatures then preserved on
geologic (Myr) timescales.

The timescales of U uptake in fossil teeth are also reflected by intra-sample
spatial concentration patterns. For instance, we can consider diffusion-adsorption
(DA) models, which are widely used to describe U uptake in teeth. These models state
that U diffuses into the teeth as uranyl ion and then adsorbs onto the mineral surface
(Millard and Hedges 1996; Pike and Hedges 2001). In these models, the spatial
distribution of U in teeth is controlled by the diffusion and the partition coefficient
of uranyl between aqueous fluids and apatite. The differing concentrations of U in
enameloid and dentine (Kohn et al. 1999; Trotter and Eggins 2006; Tütken et al.
2020; this study Fig. 4.4) can therefore be explained by their porosity difference.
The higher porosity of dentine gives higher diffusion coefficient, resulting in higher U
concentrations and a shorter time to reach equilibrium (Pike and Hedges 2001).

Looking at the LA-ICPMS concentration profile across a representative shark
tooth (2004–31-05, Fig. 4.4b), the relative history of U uptake can be reconstructed.
First, higher [U] in dentine than enameloid reflects faster U diffusion into dentine and
quicker accumulation of U from porewaters (e.g., entering via the exposed root tissue).
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The U-rich dentine would then become a U source to the enameloid. Diffusion of
U from dentine to enameloid is observed in the strong [U] gradient in enameloid,
with concentrations steeply declining away from the junction with dentine. In other
words, this process implies that formerly dentine-hosted U likely represents more of
the enameloid U pool than the U that entered enameloid directly from porewater.
In principle, the U concentration profiles in the teeth could provide a constraint on
absolute timescales of U uptake, insofar as [U] is not homogenous in either enameloid
or dentine, meaning that equilibrium was not achieved (or was recently disturbed).
If equilibrium was not reached, it would imply a recrystallization timescale less than
that required for [U] equilibration across tissues; in the models presented above, this
timing could range from kyr to perhaps Myr timescales (Li et al. 2023; Millard and
Hedges 1996; Pike and Hedges 2001; Trueman and Tuross 2002). The U distribution
may also be influenced by mineralogy, such as the presence of amorphous silica has a
high U affinity and leads to high U concentration. In practice, without knowledge of
the sedimentary conditions (e.g., [U] in sediments and porewater), it is difficult to
precisely constrain the timescale of U incorporation with concentration data alone.

Beyond the early U uptake, our data also provide insights into whether recent U
addition or loss occurred. Here, we use δ234Usec as a tracer of recent U mobility. An
intermediate product of the 238U decay chain, 234U has a half-life (t1/2) of ∼245 kyr
(Cheng et al. 2013) and in a sample behaving as a closed-system the 234U/238U ratio
will reach secular equilibrium after ∼2 Myr (i.e., ∼8 half-lives). Given that the age
of the fossil shark teeth investigated here are much older (all >5 Myr), if they had
behaved as closed systems following early diagenesis, their δ234Usec values should all
be 0. However, most samples have δ234Usec values that deviate significantly from
secular equilibrium (Fig. 4.5a), indicating that they experienced recent U open-
system episodes. For the four out of five samples on which δ234Usec was measured in
both enameloid and dentine, dentine tended to deviate more from secular equilibrium
(Fig. 4.5b), implying that recent U mobilization is more pronounced in dentine than
enameloid. This interpretation is consistent with the slow diffusion of U from dentine
to enameloid tissues, and the idea that enameloid tissues are a more robust phase to
target for paleo-environmental reconstructions (Becker et al. 2008; Kohn et al. 1999;
McCormack et al. 2022; Sharp et al. 2000; Thomas et al. 2011).

In summary, U uptake in fossil shark teeth appears to have proceeded via rapid
(kyr to Myr timescale) accumulation of U in the dentine followed by slow diffusion
of U into enameloid tissues. Concentration gradients suggest that [U] did not reach
equilibrium in the fossil teeth systems. Furthermore, δ234Usec variations suggest that
recent U mobilization has occurred in the last 2 Myr. Collectively, these observations
depict a complicated history of U uptake in fossil shark teeth.
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4.1.4.2 Shark teeth do not uniquely record the seawater δ238U

We now consider the ability of shark teeth to record ancient seawater U isotope
ratios. The δ238U values of shark teeth display considerable variability around the
plausible seawater composition (Fig. 4.5), assuming that Cenozoic seawater was
isotopically indistinguishable from modern seawater (Wang et al. 2016). Even allowing
for moderate variation in seawater δ238U, many shark teeth display values exceeding
those of the riverine input (>-0.3 h) (Andersen et al. 2016; Noordmann et al. 2016),
which likely reflect diagenetic 238U enrichment (e.g., Bura-Nakić et al. 2018; Chen
et al. 2018b; Clarkson et al. 2021a; Hood et al. 2018; Rey et al. 2020; Romaniello
et al. 2013; Tissot et al. 2018; White et al. 2018; Zhang et al. 2019a). To first order,
this means that for U isotopes, shark teeth do not directly preserve a snapshot of
coeval seawater during the fossilization process.
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Figure 4.7: Schematic impact of various processes on U isotope composition. The red
circle represents the present archive values assuming preservation of primary seawater
compositions and closed-system behavior since sample formation (i.e., 234U/238U ratio at
secular equilibrium). The light purple band indicates the plausible primary seawater δ238U
values (from -0.90 to -0.30 h) in the geological past, based on the model in (Kipp and
Tissot 2022). The brown and blue horizontal bands show δ238U of continental crust (-0.29
± 0.03 h) and modern seawater (-0.379 ± 0.023 h), respectively (Andersen et al. 2016;
Kipp et al. 2022; Tissot and Dauphas 2015), and the vertical grey dash line shows δ234Usec
value at secular equilibrium. For δ238U, detrital contamination can only generate elevated
δ238U values up to the value of continental crust, while the authigenic input of reduced U
can lead to larger magnitude of δ238U. For δ234Usec, the incorporation of modern seawater
can only lead to 234Usec excess up to the modern seawater level (+145.55 h, Kipp et al.
2022), while recent (<2 Myr) 234U gain (loss) relative to 238U can result in larger δ234Usec
variability. The U isotope compositions of shark teeth typically reflected a combination of
these processes.

If U isotopes in fossil shark teeth are not uniquely representative of the seawater
composition, what are the processes that contribute to the observed isotopic vari-
ability? Diagenesis is known to significantly impact many geochemical proxies in
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sedimentary archives, including the δ238U proxy in the most popular archives, carbon-
ates and shales (Asael et al. 2013; Chen et al. 2018b; Phan et al. 2018; Romaniello
et al. 2013; Tissot et al. 2018). The same is true for δ18O values in conodonts and
fish teeth (Chen et al. 2015; Iacumin et al. 1996; Kohn et al. 1999; Sharp et al.
2000; Zazzo et al. 2004a). Hence, it is likely that the U isotope compositions of
the shark teeth studied here have strayed from the seawater value during diagenetic
transformations. Below, we consider several syn- and post-depositional processes
that may shape the U isotope composition of shark teeth (Fig. 4.7). These can be
broken into four main categories:

(i) detrital contamination,
(ii) isotope fractionation during U incorporation into the teeth,
(iii) assimilation of porewater U with isotope ratio deviating from that of seawater,
(iv) recent U gain/loss.

Detrital contamination
Some of the U isotope variability observed in the fossil shark teeth could be due to
incorporation of detrital components. For instance, cavities can serve as reservoirs
for detritus after the loss of basal body postmortem (Schmitz et al. 1991; Trotter and
Eggins 2006). Here we tracked detrital contributions to the tooth signatures with
U/Th ratios (Fig. 4.8, 4.9). Detrital inputs are characterized by high Th contents
(i.e., low U/Th ratios) and a crustal δ238U value of -0.30 ± 0.04 h (Andersen et al.
2016; Tissot and Dauphas 2015). Previous work has shown that detrital inputs can
modify both [U] and δ238U in sedimentary archives (Asael et al. 2013; Kendall et al.
2020; Lau et al. 2016; Noordmann et al. 2015; Tarhan et al. 2018). The impact of
detrital inputs on shark teeth has also been observed for other geochemical tracers
(Chen et al. 2015; Ehret et al. 2012; Elderfield and Pagett 1986; Kocsis et al. 2009;
Lécuyer et al. 2004), suggesting it could be important for U as well. If detrital U
is present in shark teeth, correlations between U isotope compositions and U/Th
ratios would be expected, which would represent the mixing of authigenic and detrital
components. The relationship between U isotope composition and U/Th does not
define a unique relationship for all fossil shark teeth (Fig. 4.8). However, when
considering each location independently, some correlations are observed, specifically
in the δ238U vs. U/Th diagram of GOM and the δ234Usec vs. U/Th diagram of
the Arctic (Fig. 4.9c, d). While these trends could suggest a control of detrital
contamination, in neither case is detrital mixing able to explain trends in both δ238U
and δ234Usec. Furthermore, most of these teeth have far higher [U] (several to several
hundred ppm) than detrital material (2.7 ppm, Rudnick and Gao 2014), meaning
nuggets of detritus should only have a small impact on the bulk sample composition.
Thus, we conclude that detrital contamination has a negligible impact on U isotopes
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in the fossil shark teeth studied here.
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Figure 4.8: Uranium isotopes and U/Th ratios in the enameloid fossil shark teeth. (a)
δ238U vs. U/Th and (b) δ234Usec vs. U/Th in enameloid tissues of fossil shark teeth. The red
star represents the composition of continental crust, with δ238U value of -0.29 h (Andersen
et al. 2016; Tissot and Dauphas 2015), and U/Th ratio of 0.257 (Rudnick and Gao 2014).
The blue dash line represents the δ234Usec value of modern seawater (+145.55 h, Kipp et al.
2022). Other symbols as in Fig. 4.5.

Isotopic fractionation during U incorporation into teeth
In theory, the uptake process itself could lead to isotope fractionation. Incorporation
of U in teeth is thought to occur via diffusion of uranyl ions from surrounding water
followed by adsorption on bioapatite (Millard and Hedges 1996; Pike and Hedges
2001). Since these processes do not involve a change in valence state, which is the
mechanism generating the largest low-temperature U isotope fractionation in surface
environments (Bigeleisen 1996; Brown et al. 2018), the diffusion and adsorption are
unlikely to be the cause of the large U isotopes variations observed in this study.
Nevertheless, U adsorption on iron-manganese oxides is well-known to result in
preferential incorporation of light U isotopes in the adsorbed phases, by ∼0.20 h
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Figure 4.9: U isotope trends vs. U/Th concentration ratios in enameloid tissues of fossil
shark teeth. Symbols as in Fig. 4.8. The light yellow ellipses highlight the first group of
fossil shark teeth from GOM.

(Brennecka et al. 2011b; Wang et al. 2016). Assuming a similar isotopic fractionation
during adsorption on apatite in the teeth could explain the lower δ238U observed in
some teeth (but not the higher δ238U values).

Alternatively, uptake processes involving U reduction could result in significant
U isotope fractionation. For instance, interaction between the organic matter in the
teeth and the pore fluid could result in locally reducing conditions and U incorporation
occurring via U reduction. In this case, the addition of authigenic U would manifest
as a coincident increase in [U] and δ238U. Here, such a [U] versus δ238U correlation is
observed at one site (GOM, Fig. 4.10c). These are among the most 238U-enriched
samples in the entire dataset, consistent with a role of U reduction in supplying extra
U to the system. In summary, incorporation of authigenic reduced U is capable of
generating the magnitude of observed isotopic fractionation.

Porewater U isotope ratios deviating from seawater
In another end-member scenario, the variations in δ238U in shark teeth would not
result from fractionation during U incorporation into the teeth, but simply record
the composition of the surrounding porewaters. In this scenario, porewaters that
start with a seawater δ238U value could drift toward different compositions if U is
added or removed with associated isotopic effects, and this altered composition could
then become recorded in teeth upon U uptake.

The dominant process generating δ238U variability in marine sediments is U(VI)
reduction to U(IV) (e.g., Stirling et al. 2007; Weyer et al. 2008). If this process were
to occur in sediments hosting shark teeth, it would progressively decrease [U] and
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δ238U in porewaters. There is perhaps evidence of this in the lower δ238U values in
the Arctic data (Fig. 4.10a). Conversely, if U reduction occurred and sequestered
isotopically heavy U(IV) in sediments, and the sediments were then flushed with
oxidizing porewaters, a large release of 238U-enriched U would occur, which could
potentially become sequestered in shark teeth. The elevated δ238U values in GOM
data can support this possibility (Fig. 4.10c). These scenarios are not mutually
exclusive, and it is quite possible that a given depositional environment oscillated
between both conditions for multiple times before lithification.

To disambiguate between these possibilities, we can consider the δ238U values of
sediments hosting the fossil shark teeth. The first scenario, with isotopic distillation
of porewaters due to U reduction, would predict low δ238U in teeth and high δ238U
in sediments. The second scenario, with release of isotopically-modified authigenic U,
would predict similar δ238U in teeth and sediments (because sediments supplied U to
the teeth). In both the Arctic and Peru datasets, a similarity in sediments and teeth
δ238U values favors the latter scenario. The isotopically-fractionated sediments may
have become enriched in U via reductive immobilization and subsequent interaction
with oxidizing porewaters may have liberated some U, a fraction of which ultimately
became sequestered in the shark teeth. Importantly, δ238U signatures in these two
localities have both higher and lower values than the continental crust, meaning that
the U isotope signatures in shark teeth is not dominated by detrital U contamination.
Besides the incorporation of porewater with low δ238U values due to local reduction,
U adsorption on ferromanganese oxides is another process that could explain lower
than seawater δ238U values. Absorbed U on Fe-Mn oxides is isotopically lighter
than aqueous U by ∼0.22 h (Brennecka et al. 2011b), which is comparable to the
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magnitude of δ238U offsets observed in these samples. This hypothesis is further
supported by the elevated Fe and Mn concentrations in the enameloid of fossil teeth
compared to modern teeth (Table A.1 and Kohn et al. 1999).

Another way to alter pore fluid composition is to introduce meteoric fluids with
isotopically-fractionated U (Polyak et al. 2023). Meteoric fluid can be identified using
δ18O values, since Rayleigh distillation depletes 18O in rainfall, giving meteoritic fluid
a lower δ18O values than seawater (Dansgaard 1964; LeGrande and Schmidt 2006).
In this view, the input of freshwater will lower δ18OPO4 values in shark teeth (Fischer
et al. 2013; Klug et al. 2010; Kocsis et al. 2007). If all fossil shark teeth are considered
as a single group, no systematic correlations between U isotope compositions and
δ18OPO4 are observed (Fig. 4.6). However, at least in the Arctic, low δ18O values
point to freshwater input (Kim et al. 2014). Thus, while meteoric fluids may have
played a role in shaping δ18O patterns, it is an unlikely explanation for the large U
isotope fractionations observed in these samples.

In summary, while meteoric diagenesis likely does not account for the observed
trends, a contribution of sediment-hosted authigenic U to the tooth-hosted U pool
could have generated much or all of the observed δ238U variability.

U isotope fractionation during U gain/loss
The large range of δ234Usec values in shark teeth (Fig. 4.5) testifies to recent U
mobilization (<2 Myr ago). If these shark teeth incorporated only modern seawater,
they would record a δ234Usec value of +145.55 h (Fig. 4.7, Andersen et al. 2010;
Chen et al. 1986; Kipp et al. 2022). In contrast, the samples present 234U excesses of
up to ∼ +1000 h, reminiscent of the highly variable and elevated δ234Usec values
observed in rivers and groundwaters, which can reach over +1000 h (Andersen et al.
2007, 2016; Chabaux et al. 2001, 2003; Robinson et al. 2004). The same phenomenon
responsible for the elevated δ234Usec of rivers waters, alpha recoil, can readily explain
the 234U systematics of shark teeth. During alpha decay of 238U, a fraction of
the daughter nuclide 234Th can be expelled as a result of the recoil effect into the
surrounding porewater and rapidly decay into 234U, leading to a 234U excess at a few
thousand permil scale (Henderson et al. 1999). The direct incorporation of porewater
with 234U excess can result in high δ234Usec values that are comparable to those
measured in this study. On the other hand, alpha-recoil of the apatite-hosted U can
explain the lower δ234Usec values observed in the samples. Indeed, the recoil-produced
234U, even if not directly expelled from the mineral, can be preferentially mobilized
out of damaged lattice site during aqueous leaching, compared to the lattice-bond
238U (Kigoshi 1971). Both U loss by leaching and/or alpha recoil would be consistent
with the [U] profile in Fig. 4.4. To assess the impact of alpha recoil on 234U excesses,
the δ234Usec of porewater is plotted against the grain radius (Fig. 4.11) using the
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established model in Henderson et al. (1999).

During the alpha recoil process, the 234Th is expelled from the mineral grain
into the porewater and rapidly decays into 234U. The excesses of 234U can further
decay and decrease 234U in the porewater. Porewaters can eventually reach a steady
state, in which the rate of 234U gain from 234Th ejection equals the rate of 234U loss
from decay. The 234U activity ratio (234U/238U) at the steady state is given by:(

234U
238U

)
SS

=
r3 − (r − α)3

4r3
× [U]sed

[U]pw
× ρsed

ρpw
× 1− ϕ

ϕ
+ 1 (4.4)

where the 234U activity ratio is defined as:(
234U
238U

)
=

234U/238Usmp
234U/238USec.Eq.

(4.5)

When porewater evolves towards the steady state, the (234U/238U) at time t is given
by: (

234U
238U
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The δ234Usec at time t is:

δ234Usec(t) =

[(
234U
238U

)
t

− 1

]
× 1000 (4.7)

The parameters and their values used in this model are defined in Table 4.2 below.

Table 4.2: Parameters in alpha recoil model in porewater system

Parameter Definition Value Comments
r Grain radius 1–1000 µm
α Alpha recoil distance 550 Åa

[U]sed U concentration in sediments 6 ppmb

[U]pw U concentration in porewater 8 ppba

ρsed Density of sediments 2.42 g/cm3 Density of sandstone
ρpw Density of porewater 1 g/cm3 Density of water
ϕ Porosity of sediments 0.25 Porosity of sandstone(

234U
238U

)
0

Initial activity ratio of porewater 1.1455c Modern seawater value

λ234 Decay constants of 234U 0.0028d

t Time of porewater evolution 0–1000 kyr
a Henderson et al. (1999)
b This study, average U concentration of sediments
c Kipp et al. (2022)
d Cheng et al. (2013)

Fig. 4.11 shows the maximum 234U excesses that can be generated by alpha
recoil process are larger than the observed δ234Usec values in shark teeth, which
strengthen the interpretation that alpha-recoil in porewater can lead to the 234U
excesses in shark teeth.

We note that while alpha recoil can readily account for the variations of δ234Usec

in shark teeth, both the riverine and modern seawater inputs may also contribute to
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the 234U budget in the samples. Given that these mechanisms are not necessarily
correlated to other proxies (i.e., [U] and δ238U), we are not able to disentangle their
relative impacts on the compositions of the samples.
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Figure 4.11: Predicted δ234Usec vs. grain radius in porewater-sediments system from the
model in Henderson et al. (1999). The curve of steady state indicates the upper limit of
δ234Usec can be generated in porewater system.

4.1.4.3 Evaluation of U uptake and isotopic alteration history at each
site

Shark teeth from the 3 localities in this study have distinct characteristics in the
variability of δ238U and δ234Usec as well as their relationships with diagenetic tracers,
indicating that U uptake and isotopic fractionation is controlled by local environmental
conditions. Here, we look at the history of U incorporation and isotopic alteration
at each site, considering the implications for the use of shark teeth as an archive of
ancient seawater U isotope ratios.

Banks Island (Arctic)
In the Arctic shark teeth, the range of δ238U is relatively limited around the modern
seawater value (-0.48 ± 0.12 h, ±1 SD). On the other hand, δ234Usec values are
highly variable, and all exhibit 234U excess, most likely caused by the alpha-recoil
in the porewater system. Correlations of δ234Usec vs. δ18O, U/Th, and 1/U are
observed (Fig. 4.6b, 4.9d, 4.10d), and provide clues to understand the geological
processes that controlled the U isotope fractionation in this location. Shark teeth from
the Eocene Arctic are significantly depleted in 18O relative to the other locations,
reflecting freshwater inputs into the Arctic during the early Eocene (Kim et al.
2014), such as meteoric water and rivers. In this framework, the low [U] and high
δ234Usec values of river water (Andersen et al. 2007, 2016; Chabaux et al. 2001, 2003;
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Robinson et al. 2004), are consistent with initial uptake of riverine U in the teeth.
The estimated salinity of northern Banks Island during the Eocene is 12.7 PSU (Kim
et al. 2014), which is substantially lower than the central Arctic Ocean during the
Eocene (21–25 PSU, Waddell and Moore 2008), and the modern Arctic Ocean (32–35
PSU, Boyer et al. 2009), implying the U mass balance in the Banks Island region
was not dominated by open ocean. Subsequent uptake of seawater U in the teeth
would then readily explain the positive correlation between δ234Usec and 1/U (R2 =
0.671, Fig. 4.10d), and the convergence towards a seawater like δ234Usec value in
the samples with the highest [U].

The limited δ238U variability around a seawater-like value in the Arctic teeth
samples could reflect either (i) preservation of the original δ238U of seawater during
the early Eocene with a similar composition as modern seawater or (ii) incorporation
of U from modern seawater during recent reworking. For the most U-rich samples, the
evidence points to a predominant control of the U budget by recent U addition (i.e.,
seawater-like δ238U and δ234Usec, and a clear correlation between δ234Usec and 1/U).
In the most U-depleted samples, the elevated δ234Usec values preclude addition of
seawater U in the last 2 Myr, but the available information is insufficient to determine
if the δ238U values in these samples preserve the seawater composition at the time of
burial (Eocene), or a more recent U addition (prior to 2 Myr ago).

Gulf of Mexico (GOM)
Based on their U isotope compositions, Eocene shark teeth from GOM can be
grouped into subsets that are likely to have had different evolution histories. The
first group (yellow ⊗), similar to the Arctic samples, display elevated δ234Usec values
(>+200 h), δ238U around the modern seawater value and higher Fe and Mn contents,
which are most readily explained by exchange with pore fluids and incorporation of
contemporary seawater. The second group shows δ234Usec near secular equilibrium
and elevated δ238U values. Limited deviations of δ234Usec from secular equilibrium
imply that these teeth did not experience recent resetting, Examination of a δ238U
vs. U/Th plot (Fig. 4.9c) shows that the spread in δ238U of the samples is not
primarily controlled by incorporation of a detrital component. Since large δ238U
variations reflecting globally expanded marine anoxia/oxygenation were not observed
during the Cenozoic (Gothmann et al. 2019; Goto et al. 2014; Wang et al. 2016),
the higher δ238U values of the second group from GOM are best explained by the
locally reducing conditions driving U isotope fractionation during early U uptake in
the samples.

Pisco Basin (Peru)
Most Miocene shark teeth from Peru show moderate enrichment in 238U relative
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to the modern seawater (<+0.4 h). This range of δ238U values is similar to the
one observed in the surrounding sediments, suggesting that the addition of reduced
isotopically heavy U may contribute to the δ238U observed in shark teeth. The lack of
correlation between δ238U and 1/[U] reveals however a more complicated U evolution
history than for the samples from GOM, whereby the addition of heavy U only
influenced but did not dominate the U isotope signals in shark teeth. It is notable
that one sediment sample has an extremely high δ238U value (+1.38 h), which is
much higher than the δ238U signatures of the sediments from the representative
anoxic setting – the Black Sea (Andersen et al. 2014; Brüske et al. 2020a; Montoya-
Pino et al. 2010; Rolison et al. 2017). This observation reflects that 238U can be
preferentially scavenged into sediments under local reducing conditions, which also
results in a decrease in the seawater δ238U value. The incorporation of such seawater
can explain why some shark teeth from Peru have δ238U values much lower than
modern seawater. Sediments from the Pisco Basin show large variations in δ238U
values (-0.45–+1.38 h), indicating potential spatial–temporal changes in the redox
state of the local burial environment. In most of the samples, the secular equilibrium
δ234Usec values indicate that the incorporation of U happened more than ∼2 Myr
ago. In a small subset of the samples, modern seawater δ234Usec values, indicating
the recent exchange with the seawater.

4.1.4.4 Outlook for U isotopes in fossil fish teeth as a paleoredox proxy

Our results demonstrate that shark teeth were affected by post-depositional processes,
which modified their primary U isotope signatures to varying degrees. Given that
such sample alteration is common in paleoenvironmental reconstructions, and keeping
in mind the relatively small data set for fossil shark teeth, we conduct a preliminary
evaluation of the robustness of the teeth paleoredox proxy against other widely used
archives, including corals (Chen et al. 2018a,b; Gothmann et al. 2019; Kipp et al.
2022; Romaniello et al. 2013), marine carbonate sediments (Bura-Nakić et al. 2018;
Chen et al. 2018b, 2021b, 2022b; Clarkson et al. 2021b; Lau et al. 2022; Martin et al.
2023; Noordmann et al. 2016; Romaniello et al. 2013; Tissot et al. 2018; Zhang et al.
2023), and ferromanganese crusts (Goto et al. 2014; Wang et al. 2016).

The spread of U isotopes in Cenozoic samples from these 4 types of archives are
shown in Fig. 4.12 and Table 4.3. Previous studies suggested indistinguishable
seawater δ238U throughout the Cenozoic (Gothmann et al. 2019; Wang et al. 2016). If
correct, this means that a faithful U isotope archive preserving the primary seawater
signature should have δ238U resembling modern seawater and δ234Usec near secular
equilibrium. As is well-known (e.g., Kipp et al. 2022), corals can preserve superbly the
original seawater signals, showing very limited variations in both δ238U and δ234Usec,
as well as δ238U values concentrated around the modern seawater composition. Iron-
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manganese crusts also show limited variations in δ238U centered around the seawater
value, but serious doubts have been raised regarding the primary nature of these
signatures (Li and Tissot 2023). Indeed, Fe-Mn crusts have 234U/238U ratios widely
out of secular equilibrium, and, in many cases, offset towards the modern seawater
value, suggesting recent U exchange and equilibration between the Fe-Mn crusts and
seawater. Compared to corals, fossil shark teeth and carbonates display much larger
U isotope variations, indicating a more complicated U incorporation history, and
thus redox inferences that are bound to be more uncertain.

The limited data on fossil shark teeth samples prevents a proper statistical
analysis. Taken at face value, fossil shark teeth have an average δ238U value (-0.22
h) closer to modern seawater (-0.379 h) than carbonate sediments, which are biased
towards higher values (-0.16 h, as noted in Chen et al. 2018b; Tissot et al. 2018).
On the other hand, the fossil shark teeth data display slightly larger δ238U variations
(±0.31 h, 1SD) compared to carbonates (±0.22 h, 1SD). While the performance of
fossil shark teeth as recorder of seawater U isotope composition can appear to roughly
match that of carbonates, we emphasize that this conclusion is only a first-order
assessment and is likely to be biased by (i) the different sample sizes (nsharkteeth =
39, ncarbsed = 458), and (ii) the clear evidence for recent addition of seawater U in
the Arctic samples. Furthermore, diagenetic alterations are common in fossil shark
teeth (e.g., Toyoda and Tokonami 1990; Tütken et al. 2011), and the local scale
diagenesis can be unique for each investigated location, complicating inferences of
global anoxia with this archive. A full assessment of the potential of U isotopes in
fossil shark teeth as a paleoredox proxy will benefit from future work that:

(i) explore geological settings less prone to diagenetic overprinting (e.g., pelagic
open ocean).

(ii) use prescreening of well-preserved samples (e.g., appearance and in-situ [U]
profiles).

(iii) Implement diagenetic and/or detrital corrections (e.g., δ18O, Mn/Sr/Fe contents,

Table 4.3: Summary of U isotopes in paleoredox archives in Cenozoic (up to 66 Ma): shark
teeth (this study), marine carbonate sediments (Bura-Nakić et al. 2018; Chen et al. 2018b,
2021b, 2022b; Clarkson et al. 2021b; Lau et al. 2022; Martin et al. 2023; Noordmann et al.
2016; Romaniello et al. 2013; Tissot et al. 2018; Zhang et al. 2023), coral (Chen et al. 2018a,b;
Gothmann et al. 2019; Kipp et al. 2022; Romaniello et al. 2013), Fe-Mn crust (Goto et al.
2014; Wang et al. 2016).

Sample Type δ238U (h) δ234Usec (h)
min max mean ±SD n min max mean ±SD n

Shark Teeth -0.72 0.57 -0.22 0.31 39 -162.1 969.7 181.5 304.5 39
Carbonates -0.98 0.71 -0.16 0.22 458 -234.0 2669.0 150.9 357.8 310
Fe-Mn Crust -0.49 -0.30 -0.40 0.04 85 -95.6 117.0 -13.4 41.6 85
Coral -0.45 -0.07 -0.34 0.07 58 -41.0 580.0 112.4 95.4 46



123

U/Th, Mn/Sr, Mg/Ca, Sr/Ca, and TOC) to understand if such methods can
reliably avoid the pitfalls associated with diagenetic overprints.

Based on the current dataset, we provisionally conclude that shark teeth might
have the potential to become a complementary archive for the U proxy, but do not
have advantages over carbonate sediments and other more established archives.

Secular
Equilibrium Shark teeth

Carbonates
Corals
Fe-Mn Crusts

Shark teeth
n = 39

Carbonates
n = 458

Corals
n = 58

Fe-Mn Crusts
n = 104
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Figure 4.12: U isotopes variations in Cenozoic (up to 66 Ma) shark teeth and various
archives used for paleoredox reconstructions. (a) δ238U vs. δ234Usec (b)–(e) Histogram of
δ238U in fossil shark teeth (this study), sedimentary carbonates (Bura-Nakić et al. 2018;
Chen et al. 2018b, 2021b, 2022b; Clarkson et al. 2021b; Lau et al. 2022; Martin et al. 2023;
Noordmann et al. 2016; Romaniello et al. 2013; Tissot et al. 2018; Zhang et al. 2023), coral
(Chen et al. 2018a,b; Gothmann et al. 2019; Kipp et al. 2022; Romaniello et al. 2013), Fe-Mn
crust (Goto et al. 2014; Wang et al. 2016). Shark teeth show larger deviations in both δ238U
(away from modern seawater) and δ234Usec (away from secular equilibrium) than Fe-Mn
crusts and fossil corals, as well as slightly smaller deviations than carbonates, suggesting
that diagenesis, recent U loss/uptake and/or intra-sample U diffusion leads to large offsets
between tooth-hosted U isotope ratios and those of coeval seawater. In panel (a), only data
for which both δ238U and δ234Usec are available are shown, while the full dataset is included
in panel (b)–(e).

4.1.5 Conclusion

The potential of bioapatite as a novel archive of past seawater δ238U values was
tested using fossil shark teeth from three localities (Arctic, GOM, and Peru) and
ranging in age from early Eocene to the Miocene. Uranium concentrations in modern
and fossil shark teeth differ significantly. Uranium contents are negligible in modern
shark teeth (<ppb) but substantially higher and more variable in fossil samples
(a few to a few hundred ppm), demonstrating that U was incorporated into shark
teeth postmortem during burial. Fossil shark teeth δ238U values range from -0.72
to +0.57 h, which is comparable to the variability observed in marine carbonate
sediments. The U isotope composition of fossil shark teeth is influenced by local
redox conditions and depositional environments. The impacts of these parameters
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notably complicate the interpretation of U isotope data in shark teeth. For future
applications of δ238U in shark teeth as a paleoredox proxy, screening and correction
methods are recommended to overcome the effects of such secondary processes.

4.2 High-precision reappraisal of U isotope composition in modern sea-
water and deep-sea corals

4.2.1 Motivation

Reconstructing paleo-redox conditions with U isotopes requires archives that
record the primary seawater composition, previous work has demonstrated that
stony corals provide faithful records (Chen et al. 2018a; Tissot et al. 2018). An
essential advantage of the U isotopes over other redox indicators is that it is a global
proxy for marine anoxia, so the utility of the U isotope proxy in biogenic carbonate
archives relies on the homogeneity of the seawater U isotope composition, which
enables samples to be leveraged as a proxy for the entire ocean. While the U isotope
composition has been calibrated in modern seawater and biological archives (Chen
et al. 1986; Chen et al. 2018a; Cheng et al. 2000; Tissot and Dauphas 2015; Tissot
et al. 2018), no study has thoroughly revisited these calibrations with high-precision
methods for U isotope analysis. Thus, while the U proxy has been successfully used
to track episodes of widespread marine anoxia in the distant past, it has to date
not been utilized with sufficient precision to resolve subtle redox changes in more
recent geologic history. Such applications could be particularly useful in studying
climate evolution in the Quaternary. This work targeted deep-sea scleractinian corals
of the taxon Desmophyllum dianthus (D. disnthus in short), which has been used as
an archive of geochemical properties in paleoceanographic studies (e.g., Hines et al.
2015; Robinson et al. 2005; Wang et al. 2017). Individual D. dianthus corals have a
lifespan of decades, while populations of D. dianthus corals can persist in habitat for
millennia (Thiagarajan et al. 2013) and thus have considerable utility as an archive
of Quaternary seawater chemistry.

4.2.2 Sample

Here, 45 seawater and 26 modern deep-sea corals are used for high-precision
U isotope measurements. Coral samples were collected from Tasmanian seamounts
during cruise TN-228, which are identified as modern samples due to the presence
of organic matter. Seawater was sampled from GEOTRACES stations, including
cruises GA03, GA02, and GP13 in the North Atlantic, South Atlantic, and South
Pacific at depths close to the coral specimens. The locations of seawater and samples
are illustrated in Fig. 4.13.



125

4.2.3 Results

Seawater samples analyzed show subtle heterogeneity in δ238U, and to a lesser
extent in δ234Usec along depth profiles. Individual seawater samples from the North
Atlantic (GA02 and GA03) display a ∼0.1 h range in measured δ238U values. The
salinity-normalized global mean seawater values for δ238U (-0.379 ± 0.023 h) and
δ234Usec (+145.55 ± 0.28 h). The results demonstrate that these corals record
seawater U isotope ratios extremely well within analytical uncertainty. Furthermore,
there appear to be subtle differences in both 238U/235U and 234U/238U across ocean
basins. These findings collectively support the utility of deep-sea corals as archives
of ambient seawater U isotope ratios in the past, but highlight the importance of
utilizing multiple sample sites, as even in the modern ocean there is observable
heterogeneity that could influence paleo-proxy interpretations.

Figure 4.13: Locations of seawater and coral samples. GEOTRACES stations marked with
blue circles; coral sites marked with red squares.
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Table 4.4: Uranium isotope data of modern seawater and deep-sea corals

Sample Lat Long depth (m) δ238U 2SE δ234Usec 2SE salinity U (ppb) n
North Atlantic
GEOTRACES
GA03 35.418 293.474 235.7 -0.387 0.036 145.73 0.35 36.60 3.02 8
GA03 39.686 290.187 420 -0.400 0.054 145.56 0.33 35.10 3.04 9
GA03 35.418 293.474 422.5 -0.414 0.036 145.75 0.35 36.51 3.04 8
GA03 39.686 290.187 475 -0.358 0.045 146.22 0.43 35.07 3.05 5
GA03 39.686 290.187 526 -0.380 0.044 144.98 0.23 35.05 2.98 13
GA03 35.418 293.474 552.3 -0.355 0.046 145.27 0.27 36.21 3.14 13
GA03 39.686 290.197 600 -0.392 0.038 145.65 0.32 35.02 2.99 8
GA03 39.686 290.197 665 -0.373 0.038 145.63 0.32 34.99 2.93 8
GA03 35.418 293.474 803.6 -0.358 0.046 145.33 0.27 35.34 2.99 13
GA03 39.686 290.197 825 -0.355 0.040 146.15 0.28 34.96 2.89 11
GA02 49.722 317.552 1012 -0.337 0.045 145.71 0.25 34.94 2.83 7
GA02 51.820 314.268 1014 -0.347 0.046 145.57 0.27 34.89 2.93 13
GA02 51.820 314.268 1258 -0.405 0.047 145.57 0.28 34.90 3.05 12
GA02 49.722 317.552 1262 -0.357 0.048 145.65 0.27 34.91 3.05 6
GA03 39.686 290.197 1501 -0.361 0.048 145.74 0.30 34.96 2.91 11
GA02 49.722 317.552 1517 -0.407 0.040 145.91 0.26 34.92 2.91 7
GA02 51.820 314.268 1521 -0.431 0.042 145.40 0.21 34.91 3.04 14
GA02 54.063 314.165 1521 -0.400 0.051 145.95 0.31 34.91 3.04 10
GA03 39.686 290.197 1671 -0.386 0.037 145.58 0.23 34.95 3.01 7
GA02 54.063 314.165 1758 -0.390 0.052 145.76 0.31 34.91 3.06 10
GA02 49.722 317.552 1771 -0.392 0.040 145.90 0.26 34.92 3.02 7
GA02 51.820 314.268 1773 -0.407 0.047 145.22 0.17 34.91 2.91 14
GA03 39.686 290.197 1800 -0.402 0.071 145.74 0.52 34.96 3.00 8
GA03 39.686 290.197 2000 -0.382 0.067 145.06 0.52 34.95 3.00 8
GA02 51.820 314.268 2003 -0.413 0.047 145.49 0.17 34.91 2.89 14
GA02 49.722 317.552 2024 -0.386 0.035 146.12 0.23 34.92 3.01 9
GA03 39.686 290.197 2050 -0.413 0.083 145.49 0.38 34.95 2.97 3
D. dianthus
7923 39.725 290.617 1953–2220 -0.395 0.042 141.33 0.29 3.51 9
78461 38.488 286.973 1990–2175 -0.366 0.041 145.19 0.21 3.91 21
62306 39.775 290.262 1675 -0.386 0.064 141.56 0.26 4.22 6
62309 40.379 292.344 430–613 -0.404 0.030 145.78 0.31 3.39 15
South Atlantic
GEOTRACES
GA02 -48.968 311.121 301 -0.407 0.043 145.37 0.30 34.05 3.03 9
GA02 -48.968 311.121 404 -0.374 0.024 145.08 0.37 34.11 2.87 9
GA02 -48.968 311.121 502 -0.356 0.044 144.90 0.39 34.21 2.97 9
GA02 -48.968 311.121 750 -0.396 0.046 145.66 0.16 34.37 3.64 10
GA02 -48.968 311.121 1014 -0.358 0.045 145.52 0.40 34.51 2.99 8
GA03 -48.968 311.121 1267 -0.379 0.042 145.54 0.26 34.63 3.00 7
D. dianthus
47409 -54.483 320.633 659–686 -0.366 0.034 145.10 0.23 4.71 21
South Pacific
GEOTRACES
GP13 -29.999 173.000 15 -0.376 0.036 145.37 0.30 35.64 2.92 21
GP13 -29.999 173.000 30 -0.361 0.038 145.29 0.23 35.64 3.01 25
GP13 -29.999 173.000 50 -0.387 0.029 145.27 0.21 35.64 3.01 21
GP13 -29.999 173.000 75 -0.354 0.027 145.43 0.23 35.64 3.05 25
GP13 -29.999 173.000 100 -0.357 0.030 145.48 0.25 35.64 3.03 21
GP13 -29.999 173.000 150 -0.360 0.028 145.43 0.35 35.60 3.07 21
GP13 -29.999 173.000 200 -0.369 0.026 145.15 0.40 35.56 2.99 23
GP13 -29.999 173.000 300 -0.338 0.030 145.21 0.20 35.43 3.08 21
GP13 -29.999 173.000 500 -0.372 0.027 145.51 0.31 35.00 2.97 20
GP13 -29.999 173.000 750 -0.374 0.033 145.63 0.30 34.64 2.94 19
GP13 -29.999 173.000 1000 -0.375 0.024 145.34 0.31 34.43 2.90 20
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Table 4.4: Uranium isotope data of modern seawater and deep-sea corals

Sample Lat Long depth (m) δ238U 2SE δ234Usec 2SE salinity U (ppb) n
GP13 -29.999 173.000 1450 -0.379 0.026 145.76 0.32 34.55 2.86 19
D. dianthus
94071 -30.717 173.28 590–640 -0.370 0.031 145.44 0.34 3.71 9
TN228 -44.8 150.3 2395 -0.331 0.044 145.31 0.42 5.75 13
TN228 -44.8 150.3 2395 -0.361 0.073 145.21 0.41 5.67 11
TN228 -44.8 150.3 2395 -0.385 0.053 145.20 0.28 5.28 12
TN228 -44.8 150.3 2395 -0.380 0.074 145.11 0.34 5.34 9
TN228 -44.8 150.3 2395 -0.402 0.069 145.06 0.35 5.33 9
TN228 -44.8 150.3 2395 -0.324 0.034 145.20 0.40 5.23 8
TN228 -44.8 150.3 2395 -0.338 0.067 145.10 0.36 5.34 9
TN228 -44.8 150.3 2395 -0.366 0.050 145.34 0.31 5.08 12
TN228 -44.8 150.3 2395 -0.425 0.058 144.03 0.34 5.12 9
TN228 -44.8 150.3 2395 -0.361 0.061 145.26 0.23 4.92 9
TN228 -44.8 150.3 2395 -0.355 0.083 144.70 0.30 4.67 8
TN228 -44.8 150.3 2395 -0.373 0.045 145.37 0.35 4.68 8
TN228 -44.8 150.3 2395 -0.374 0.051 144.75 0.38 4.66 9
TN228 -44.8 150.3 2395 -0.344 0.045 144.89 0.40 4.69 8
TN228 -44.8 150.3 2395 -0.377 0.041 144.58 0.40 4.73 9
TN228 -44.8 150.3 2395 -0.365 0.051 145.70 0.35 4.47 8
TN228 -44.8 150.3 2395 -0.400 0.060 145.41 0.26 4.56 9
TN228 -44.8 150.3 2395 -0.371 0.038 145.50 0.20 4.64 8
TN228 -44.8 150.3 2395 -0.375 0.075 145.25 0.22 4.58 10
TN228 -44.8 150.3 2395 -0.373 0.079 144.94 0.33 4.63 9
Geostandard
BCR-2 -0.291 0.047 0.41 0.31 1.63 9
BCR-2 -0.226 0.036 0.66 0.55 1.61 4
BCR-2 -0.229 0.032 0.53 0.67 1.71 4
BCR-2 -0.235 0.060 0.84 0.38 1.74 8
BCR-2 -0.277 0.034 0.71 0.15 1.59 19
BCR-2 -0.264 0.025 0.65 0.21 1.59 16
BCR-2 -0.243 0.025 0.52 0.16 1.59 21
BCR-2 -0.299 0.040 0.59 0.20 1.59 14
BCR-2 -0.269 0.022 0.65 0.16 1.59 25
BCR-2 -0.265 0.036 0.75 0.18 1.58 11
BCR-2 -0.263 0.036 0.70 0.29 1.58 11
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A p p e n d i x A

Figure A.1: Photos of shark teeth investigated in this study.



129



130

(c) LMS001-05
E-D junction

0.5 mm

Dentine

E E

(a)

(b)

1

100

10

[U
](
pp
m
)

Figure A.2: U concentration trends across fossil shark tooth LMS001-05 from the Pisco
Basin. (a) Microscope image (transmitted) of a laser ablated cross section through the .
(b) LA-ICPMS U concentration profile. The significant drops and fluctuations of [U] in
the dentine are due to the dental pulps and cracks. (c) Microscope image of the epoxy
mount of the investigated fossil shark tooth. The red dash line rectangle high-lights the
enameloid-dentine junction, with a clear boundary between the two tissues, and the green
rectangle shows the location of the ablated area in panel (a).
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Figure A.3: Replicate measurements of (a) δ238U and (b) δ234Usec in enameloid of a Otodus
megalodon tooth (EK). Enameloid was chipped off the shark tooth and then ground with
a mortar and pestle. The 4 replicates were sub-sampled from the enameloid powder. The
orange dash lines and bands show the average values and uncertainties of these 4 replicates.
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C h a p t e r 5

CONTINUOUSLY HETEROGENEOUS INFALL OF THE EARLY SOLAR
SYSTEM FROM MAGNESIUM ISOTOPES IN REFRACTORY

INCLUSIONS

5.1 Motivation

Calcium-aluminum-rich inclusions (CAIs) are the oldest dated solids (4567.2 Ma,
Amelin et al. 2010; Connelly et al. 2012) in the Solar System (SS), with refractory
mineralogy closely resembling the first phases to condense from the solar nebula
predicted by thermodynamic calculations (Grossman 1972). CAIs are thought to
form from the early infalling materials from the SS’s parental molecular cloud in a
hot protoplanetary disk region most likely near the protosun (Burkhardt et al. 2019;
Jacquet et al. 2019; Jansen et al. 2024; Nanne et al. 2019). After the formation in
the inner SS, CAIs were transported outwards to the outer SS where carbonaceous
chondrites accreted (e.g., Yang and Ciesla 2012). As a result, CAIs can provide unique
insights into the properties of the materials infalling onto the nascent Sun, as well as
disk dynamics in the early SS. A powerful approach to explore the infalling materials
composition is isotopic variations of CAIs, especially nucleosynthetic anomalies,
which are not susceptible to subsequent processing (e.g., evaporation, condensation,
and secondary alterations) and transport of material in the solar nebula that can
modify the primary signatures. Previous studies have demonstrated that CAIs have
significantly distinct isotopic compositions compared with late-formed materials
in the SS (see Dauphas and Schauble 2016 for review). However, the extent and
distribution of isotopic variations among CAIs are still not well constrained, and
thus, whether CAIs only captured a transient snapshot or a series of evolving records
of the primordial SS remains an open question.

Short-lived 26Al–26Mg systematic is particularly interesting for investigating CAI
precursors that reflect the composition of infalling materials. The former presence of
radionuclide 26Al (t1/2 = 0.72 Myr) in the majority of CAIs results in 26Mg excesses
that are positively correlated with 27Al/24Mg ratio, indicating the ingrowth of 26Mg
by the decay of 26Al. While the internal 26Al–26Mg isochrons obtained from different
phases typically acts as a relative chronometer of the last melting event, the isochron
inferred from bulk analyses characterized the reservoir that CAIs condensed from:
the slope (initial 26Al abundance: 26Al/27Al) dates the formation of CAI precursors,
and the intercept (initial 26Mg/24Mg composition: δ26Mg∗0) constrains the Mg isotope
composition of CAI precursor materials before the decay of 26Al.

Early studies on high-precision Mg isotope of bulk CAIs from CV3 chondrite
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define a single isochron with slope of canonical 26Al/27Al value of (5.30 ± 0.06) ×
10−5, and intercept of -0.028 h (Jacobsen et al. 2008; Larsen et al. 2011). Numerous
in-situ 26Al–26Mg analyses have found some slightly variable δ26Mg∗0 in CAIs. While
the elevated δ26Mg∗0 can be explained as the later remelting and 26Al decay in the
solar nebula, the large negative values suggest resolvable Mg isotope heterogeneity
during the CAI formation epoch (e.g., MacPherson et al. 2017; Wasserburg et al.
2012) and lead to the question how representative the canonical bulk isochron reflects
the known CAI population. Recently, the observation of two parallel bulk isochrons
defined by CAIs from CV and CR chondrites, respectively, further confirmed the
presence of Mg isotope heterogeneity among CAIs and was interpreted as evidence for
episodic formation of CAIs in the early SS (Larsen et al. 2020). However, this finding
is contrary to the observation of other isotope systems that CAIs show a gradual
transition covering a wide range of isotopic composition. This discrepancy may be
due to a general scarcity of the bulk Mg isotope data and all CAIs of the CV group
are from Allende and Efremovka. Here, we addressed this question by determining
the Mg isotope composition for 19 various types of CAIs from multiple carbonaceous
chondrites (CV3 group: CVox: Allende, Axtell, and NWA 3118; CVred: Efremovka
and Leoville) that cover a broad representation of the known CAI population. We
combine these bulk Mg measurements with the in-situ 26Al–26Mg analyses of 11 CAIs
from the same batch of samples (see materials and method section in supplementary
for details).

5.2 Materials and method

5.2.1 Sample selection

In this work, 19 CAIs are selected to obtain a broad representation of the known
CAI population, which are from different types of host meteorites (CVox: Allende,
Axtell, and NWA 3118; CVred: Efremovka and Leoville). The CAIs used in this study
comprise fine-grained (fg), fluffy Type A (FTA), compact Type A (CTA), Type B,
and forsterite-bearing Type B (FoB). This sample set was previously investigated in
Budde et al. (2023) and Tissot et al. (2019b) for other isotopic systems. Given the
collection name can be long, a shorter name is assigned for each CAI in these two
studies. Samples with short name started with CGft and AVLIN (a.k.a TS-45) are
from Tissot et al. (2019b), and those started with CT are from Budde et al. (2023).

5.2.2 Sample preparation

These CAIs were cut out of their host meteorites using a diamond saw, and
carefully extracted from the matrix materials using dental tool to minimize the
contamination. Then, the surface of CAI fragments was cleaned using SiC sandpaper
and/or gently broke into small pieces in a precleaned agate mortar. For most of CAIs
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(CGft-4–8, 10–13, CT23, 24, 41), a small piece of each CAI was mounted in epoxy
and carbon coated for petrological characterization and in-situ 26Al-26Mg analyses.
The remaining CAI materials were cleaned by sonicating in dilute HNO3, MQ and
ethanol, and then ground with clean pestle and agate mortar for the solution work.

Sample digestions and dilutions used trace-metal-clean acids (purified via two
rounds of sub-boiling distillation) and acid-cleaned PFA beakers. CAI powders
were dissolved by consecutive acid attacks by slightly different method. For CAIs
from Tissot et al. (2019b), ∼200 mg was digested in concentrated HF-HNO3-HClO4

(2:1:0.05 by volume) at 150 ◦C for 9 days. The digests were used for non-spiked W
chemistry, and the matrix cuts were preserved for Mg isotope analyses. For CAIs from
Budde et al. (2023), samples were digested using HF-HNO3-HClO4 and HNO3-HCl
mixtures on hotplate. To monitor long-term external reproducibility, several powder
aliquots of geostandards BCR-2, BHVO-2 and DTS-2 were digested in parallel to
CAIs. The following Mg wet chemistry and isotope analyses are all performed at the
Isotoparium (Caltech).

5.2.3 Petrological characterization

Five CAIs of this study were described in previous studies: CT36(49E), 38(16N),
and 39(9bN) in Ivanova et al. (2015), ALVIN in Bullock et al. (2012) and CT37(4N)
in MacPherson et al. (2017). For the newly investigated CAIs, the mineralogy and
petrology were characterized using a JEOL JSM-5900LV scanning electron microscope
(SEM) at University of Hawaii at Manoa (CGft-4–8, 10–13) or a ZEISS 1550VP
Field Emission SEM at Caltech (CT23, 24, 41). Backscattered electron (BSE) and
combined X-ray elemental (Ca, Al, and Mg) maps of these CAIs are obtained by
using 15 keV accelerating voltage, 100 nA beam current, and beam sizes of 2–10 µm
depending on the size of the CAI.

5.2.4 Mg isotope analyses

After the digestion, small aliquots were taken for concentration measurements
on an iCAP RQ ICPMS (ThermoFisher). Based on Mg concentration data, aliquots
containing 5–10 µg were taken for Mg purification and isotopic analyses. Then, the
aliquots were completely dried down and redissolved in 0.5 M HCl for chemistry. The
Mg column chemistry and mass spectrometry followed the protocols described in
Section 2.3. Each CAI was measured at least 9 times, and geostandards ranged
from 6–26 times. Replicate measurements of geostandards were used to monitor the
accuracy of Mg isotope data: BCR-2 gave δ25Mg = -0.151 ± 0.013 h, δ26Mg =
-0.322 ± 0.024 h, and δ26Mg∗ = -0.044 ± 0.008 h (n = 12); BHVO-2 gave δ25Mg
= -0.136 ± 0.011 h, δ26Mg = -0.270 ± 0.021 h, and δ26Mg∗ = -0.019 ± 0.007 h

(n = 12); DTS-2 gave δ25Mg = -0.178 ± 0.010 h, δ26Mg = -0.354 ± 0.019 h, and
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δ26Mg∗ = -0.027 ± 0.05 h (n = 26), which are consistent with previously reported
values (Huang et al. 2009; Teng et al. 2007, 2015).

To determine 27Al/24Mg ratios, concentration standard (50 ppb Mg, 150 ppb Al)
was prepared by diluting SPEX CertiPrep ICP-MS single-element standards. The
Al/Mg ratio of the prepared concentration standard was calibrated as 3.042 by the
gravimetric method. The 27Al/24Mg ratios ratios were measured on MC-ICPMS
using the same setting up as Mg isotopes. Sample standard bracketing method was
applied, and all data were collected in 10 cycles of 4.194 s integration time.

5.2.5 In-situ Al-Mg analyses

In-situ 26Al-26Mg isotope analyses were performed on CAMECA IMS 1270-E7
and IMS 1280-HR2 at CRPG following the method described in previous studies (Luu
et al. 2013; Piralla et al. 2023; Villeneuve et al. 2009). Measurements were conducted
in multicollection mode on 4 Faraday cups (FC): 24Mg on L1 equipped with a 1011

Ω resistor, 25Mg and 26Mg on C and H1 equipped with 1012 Ω resistors and 27Al
on H’2 equipped with a 1011 Ω resistor. Mass resolution was set to 2500 (i.e., exit
slit 1 on multicollection trolleys) to separate the doubly charged interference 48Ca2+

and 48Ti2+. Selected spots were bombarded with a <10 µm, 5 nA O−
2 primary ion

beam generated by a Hyperion-II oxygen plasma source accelerated at 13 keV. The
instrumental mass fractionation (IMF) was calibrated by a series of international and
in-house standards, including San Carlos olivine, Burma spineal, CLDR01 MORB
glass, gold enstatite, and Allende melilite (Mel-1) glass. To precisely determine the
27Al/24Mg ratios for isochron, the measured values were corrected using the relative
sensitivity factor (RSF) for different mineral phases, given that Al and Mg have
slightly different ion yields during SIMS analyses. The 27Al/24Mg ratios of analyzed
CAI minerals, including melilite, spinel, anorthite, and hibonite were calibrated by
RSFs determined by Mel-1, 2 glass, Burma spinel, An-2 glass, Al-rich pyroxene glass,
and Hib-A-00, respectively.

5.3 Results

5.3.1 Description of CAIs

Petrology and mineralogy characterization of CAIs categorized the type of the
newly analyzed samples, including 2 FTA, 8 CTA, and 3 Type B CAIs. Combined
elemental and BSE maps of analyzed CAIs are shown in Figs. 5.1–5.9).

CGft-7 and 8 are FTA CAIs with highly irregular shapes and mineralogy that in-
cludes gehlenitic melilite and spinel. CGft-8 shows the aggregate structure comprised
of melilite nodules enclosed spinel. Some nodules are surrounded by Al-diopside rims,
and secondary veins fill the interstitial space between nodules. CGft-7 contains large
spinel grains (a few hundred µm) and minor perovskite compared with CGft-8.
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Figure 5.1: Petrography of CGft-4, which is a CTA CAI from Allende. (a) Combined
elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-4. The red rectangular
highlights a representative area of the CAI, whose SE and BSE images are shown in panels
(c) and (d). Mel = melilite; Sp = spinel; Alt = alteration.
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Figure 5.2: Petrography of CGft-5, which is a CTA CAI from Allende. (a) Combined
elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-5. The red rectangular
highlights a representative area of the CAI, whose SE and BSE images are shown in panels
(c) and (d). Mel = melilite; Sp = spinel; Pv = perovskite; Sec. vein = secondary vein; WRL
= Wark-Lovering rims.
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Figure 5.3: Petrography of CGft-6, which is a Type B CAI from Allende. (a) Combined
elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-6. The red rectangular
highlights a representative area of the CAI, whose SE and BSE images are shown in panels
(c) and (d). Mel = melilite; Sp = spinel; An = anorthite; Px = pyroxene; Pv = perovskite;
Sec. min = secondary mineral; Sec. vein = secondary vein; WRL =Wark-Lovering rims.
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Figure 5.4: Petrography of CGft-7, which is a FTA(or CTA?) CAI from Allende. (a)
Combined elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-7. The
red rectangular highlights a representative area of the CAI, whose SE and BSE images
are shown in panels (c) and (d). The pyroxene and anorthite are secondary phases. Mel
= melilite; Sp = spinel; An = anorthite; Px = pyroxene; Pv = perovskite; Sec. vein =
secondary vein; Al-di rim = Al-diopside rim.
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Figure 5.5: Petrography of CGft-8, which is a FTA CAI from Allende. (a) Combined
elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-8. The CAI consist
of a number of nodules with mineralogy of melilite and spinel. The blue shaded areas
with purple border represent the 5 nodules used for in-situ 26Al-26Mg analyses. The red
rectangular highlights a representative area of the CAI, whose SE and BSE images are shown
in panels (c) and (d). Mel = melilite; Sp = spinel; An = anorthite; Sec. vein = secondary
vein; Alt rim = Alteration rim.
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Figure 5.6: Petrography of CGft-10, which is a Type B CAI from Allende. (a) Combined
elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-10. The red
rectangular highlights a representative area of the CAI, whose SE and BSE images are shown
in panels (c) and (d). Mel = melilite; Sp = spinel; An = anorthite; Px = pyroxene; Sec.
min = secondary mineral; Sec. vein = secondary vein; WRL =Wark-Lovering rims; FGR =
fine-grained matrix-like rim; CaFe-sil = Ca, Fe-rich silicate layer.
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Figure 5.7: Petrography of CGft-11, which is a Type B CAI from Allende. (a) Combined
elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-11. The red
rectangular highlights a representative area of the CAI, whose SE and BSE images are shown
in panels (c) and (d). Mel = melilite; Sp = spinel; An = anorthite; Px = pyroxene; Pv =
perovskite; Sec. min = secondary mineral; WRL =Wark-Lovering rims.
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Figure 5.8: Petrography of CGft-12, which is a CTA CAI from Allende. (a) Combined
elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-12. The red
rectangular highlights a representative area of the CAI, whose SE and BSE images are shown
in panels (c) and (d). Mel = melilite; Sp = spinel; An = anorthite; Pv = perovskite; Hbn =
hibonite; Sec. min = secondary mineral; Al-di rim = Al-diopside rim; Alt vein = Alteration
vein.
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Figure 5.9: Petrography of CGft-13, which is a CTA CAI from Allende. (a) Combined
elemental map (Mg–red, Ca–green, Al–blue), and (b) BSE map of CGft-13. The red
rectangular highlights a representative area of the CAI, whose SE and BSE images are shown
in panels (c) and (d). Mel = melilite; Sp = spinel; An = anorthite; Pv = perovskite; Hbn =
hibonite; Sec. min = secondary mineral; Sec. vein = secondary vein; WRL =Wark-Lovering
rims; FGR = fine-grained matrix-like rim; CaFe-sil = Ca, Fe-rich silicate layer.
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CGft-4, 5, 12, 13, CT23(ME2628-12), 24(W285-429), 41(ME2628-13) are CTA
CAIs, which are mostly composed of melilite (more Mg-rich than FTA), spinel, and
varying amount of perovskite and hibonite phases. CGft-5, CT23, and 41 have less
abundant spinel (a few percent) and frequently occurred perovskite. These 3 CAIs
show limited secondary alterations, indicating they are relatively pristine. CGft12,
13, CT24 are surrounded by discontinuous coarse-grained Al-diopside accretionary
rims. They experienced more common alterations, given that melilite was crosscut by
veins and replaced by secondary minerals. CGft-4 is characterized by more abundant
spinel and presence of Al,Ti-rich pyroxene at wt% level, indicating the transition
from Type A to Type B CAI.

CGft-6, 10, and 11 are Type B CAIs composed of melilite, Al,Ti-rich pyroxene,
anorthite; all poikilitically enclose spinel grains. Melilite (Åk10–75) and pyroxene
(∼2–10 wt% TiO2, 12–21 wt% Al2O3) show normal igneous zoning, with åkermanite
content in melilite increasing towards the CAI core. These CAIs are surrounded by
Wark-Lovering rims that consist of spinel and Al,Ti-diopside.

5.3.2 Mg isotopes of bulk CAIs

The bulk Mg isotope data of CAIs are reported in Table 5.1. A positive
correlation between 26Mg excesses and 27Al/24Mg ratios is observed in all 19 CAIs,
corresponding to a slope that is generally consistent with the canonical value, which
is in agreement with a homogeneous distribution of 26Al in the forming region(s)
of the majority of CAIs (Jacobsen et al. 2008; Kita et al. 2013; Larsen et al. 2011;

Table 5.1: Mg isotope and 27Al/24Mg data for bulk CAIs

Sample ID Collection Meteorite Type δ25Mg 2SE δ26Mg 2SE δ26Mg∗ 2SE n 27Al/24Mg 2SE
CGft-5 ME Allende CTA 7.640 0.013 16.413 0.023 1.376 0.013 9 3.805 0.027
CGft-6 ME2629-4.73 Allende B 4.395 0.012 9.703 0.022 1.058 0.011 9 3.240 0.102
CGft-7 ME Allende CTA 0.345 0.012 2.397 0.023 1.702 0.007 9 5.123 0.028
CGft-8 ME Allende FTA -0.437 0.012 0.106 0.023 0.941 0.013 9 2.827 0.014
CGft-10 ME2639-3.1 Allende B 4.403 0.014 9.638 0.026 0.976 0.013 9 2.790 0.006
CGft-11 ME2639-13.1 Allende B 5.226 0.021 11.153 0.040 0.872 0.013 9 2.486 0.003
CGft-12 ME Allende CTA 5.886 0.021 14.394 0.040 2.813 0.013 9 7.540 0.015
CGft-13 ME2639-49.6 Allende CTA 5.966 0.023 12.872 0.042 1.135 0.010 9 3.184 0.006
TS45 ME2629-4.109 Allende FoB -0.855 0.023 -1.491 0.042 0.162 0.011 9 0.872 0.002
CT23 ME2628-12 Leoville CTA 6.256 0.012 15.266 0.022 2.958 0.009 9 7.838 0.031
CT24 W(285)429 Allende CTA -0.719 0.013 2.691 0.023 4.080 0.009 9 11.362 0.057
CT34 3203-14 Axtell fg -2.281 0.012 -3.238 0.022 1.204 0.012 9 3.195 0.017
CT35 45E Efremovka B 4.247 0.014 9.327 0.026 0.972 0.010 9 3.499 0.016
CT36 49E Efremovka B 4.436 0.014 9.696 0.026 0.970 0.011 9 3.433 0.012
CT37 4N NWA 3118 FoB 0.249 0.011 1.017 0.020 0.510 0.008 18 1.490 0.006
CT38 16N NWA 3118 CTA 5.940 0.012 13.428 0.023 1.743 0.010 9 4.958 0.019
CT39 9bN NWA 3118 CTA 6.082 0.021 13.302 0.040 1.335 0.009 9 3.849 0.022
CT40 CGft-4 Allende CTA 7.968 0.021 17.392 0.040 1.707 0.014 9 4.711 0.017
CT41 ME2628-13 Leoville CTA 0.599 0.023 3.284 0.042 2.090 0.012 9 5.662 0.019
Geostandards
BCR-2 -0.151 0.013 -0.322 0.024 -0.044 0.008 12 3.739 0.007
BHVO-2 -0.136 0.011 -0.270 0.021 -0.019 0.007 12 1.875 0.003
DTS-02 -0.178 0.010 -0.354 0.019 -0.027 0.005 26
Concentration standard
SPEX Mg -0.705 0.017 -1.366 0.031 -0.003 0.003 13



146

MacPherson et al. 2012; Mishra and Chaussidon 2014). A number of the CAIs plot
resolvable below the canonical CV CAI isochron and show variable extent 26Mg deficits.
To quantify this Mg heterogeneity in the CAI forming region before the 26Al decay, the
notation ∆26

0 is introduced and defined as: ∆26
0 = δ26Mg∗–(0.380×27Al/24Mg–0.028),

which describes the derivation from the canonical isochron of individual CAI. It is
typically to quantify the pre-26Al decay Mg heterogeneity is constraining the intercept
of linear regression on a set of CAIs formed in the same reservoir (i.e., the reservoir
has a homogeneous initial Mg isotope composition). Given the variable extent of Mg
heterogeneity observed in CAIs, the traditional method is not applicable because
the continuous transition of initial Mg isotope composition impedes to selection of a
subset of the CAIs used for regression. In this context, we introduce the notation ∆26

0

to describe the pre-26Al decay Mg heterogeneity in the CAI forming region, which is
defined as the vertical derivation of the measured δ26Mg∗ from the canonical CV CAI
isochron. The rationale of this approach is assuming the initial 26Al/27Al ratio of the
large CAI forming region is homogeneous and well characterized with the canonical
value, and thus it is possible to evaluate pre-26Al decay Mg isotope composition of
CAIs by subtracting the 26Mg excesses resulting from the decay. The canonical CV
CAI isochron in this work considers the high-precision Mg isotope measurements
of bulk CAIs from CV chondrites (Allende and Efremovka) from widely accepted
previous studies (Jacobsen et al. 2008; Larsen et al. 2011). The regressions for bulk
isochron from these two works are consistent with each other. It is noticeable that
Jacobsen et al. (2008) solely included the CAI data, while Larsen et al. (2011) also
combined Amoeboid olivine aggregates (AOAs) data. Provided the debate on whether
AOA should be considered together with CAIs to determine δ26Mg∗, we only used
the 11 CAIs data (A33, A39, A43, A44A, AJEF, AM10-21 CAI-1, 31E, 22E, E104,
E48(1) and E48(2)) to determine the canonical CV CAI isochron, which yields a
slope of 0.380 ± 0.008 (corresponding to a intial 26Al/27Al ratio of (5.30 ± 0.12) ×
10−5), and a intercept of -0.028 ± 0.024. Then ∆26

0 is calculated as:

∆26
0 = δ26Mg∗ − (0.380×27 Al/24Mg − 0.028) (5.1)

where δ26Mg∗ and 27Al/24Mg are the measured 26Mg excesses and 27Al/24Mg ratio of
the CAI. It is noticeable that the importance of determining the canonical CV CAI
isochron is to obtain the 26Al/27Al ratio, while the intercept δ26Mg∗0 can be considered
as a reference point to quantify the offsets of initial Mg isotope composition between
samples.

The ∆26
0 values of newly analyzed CAIs range from 0.017 to -0.330 h, which

cover a similar range of CR CAIs and expand the previously observed heterogeneity
in CV CAIs by ∼70 % (Fig. 5.10). The probability density distribution of the ∆26

0
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Figure 5.10: 26Al-26Mg isochron diagram and probability density plot of ∆26
0 for bulk

CAIs. (a) 26Al-26Mg isochron diagram for bulk CAIs showing variable extent of pre-26Al
decay Mg heterogeneity during the CAI forming epoch. Symbols with black and grey borders
represent the CAIs measured in this work and complied from the literature (Jacobsen et al.
2008; Larsen et al. 2011, 2020; Wasserburg et al. 2012), while circle and triangular denote
the CAIs from CV and CR chondrites, respectively. The filled color of the symbols indicates
the ∆26

0 of the sample corresponding to the color bar on the right. The black line shows the
canonical bulk CV CAI isochron, and the grey shaded area is the 95 % confidence interval of
the isochron. The green dashed lines represent the bulk isochron with 0.1, 0.2, and 0.3 h
deficits compared with the canonical isochron. (b) Histogram and probability density plot
for bulk CAIs, including all the samples shown in panel (a). The probability density plot
(black line) uses kernel density estimation, which yields a peak at -0.040 h.
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revealed a major peak at -0.040 h, which explains initial Mg isotope composition of
-0.028 ± 0.012 h defined by the canonical isochron of bulk CV CAIs. Furthermore,
the ∆26

0 values do not appear to be related with the type of the CAIs or the hosting
chondrites (Fig. 5.11), which indicates these factors did not control the initial Mg
heterogeneity observed in CAIs. It is particularly noteworthy that bulk CAI isochron
is more robust to subsequent thermal processing and secondary alterations, and thus
can largely retain their original signatures. The lack of systematic difference of ∆26

0

between CAIs from CVox and CVred also justify the parent body processing did not
have noticeable impact on the these CAIs.

5.3.3 Internal Al-Mg isochrons

Internal 26Al-26Mg isochrons of all analyzed CAIs also show a positive correlation
similar to bulk isochron, indicating the in-situ decay of 26Al (Table 5.2, Fig. S15–
25). Inferred 26Al/27Al ratios, calculated from York regression (Model 1 fit in
IsoplotR), span a range from (4.48 ± 0.05) × 10−5 to (5.06 ± 0.13) × 10−5, which
either similar to or below the solar system initial defined by the bulk CAI isochron,
implying late formation or reprocessing of these CAIs. Most of the analyzed CAIs
show elevated δ26Mg∗i values ranging from -0.099 to 0.367 h, which generally tend
to increase with the decrease of 26Al/27Al, suggesting Mg isotope evolution in the
solar nebula due to 26Al decay.

Evidence of disturbance in CAIs

Reprocessing and secondary alterations are common in CAIs and could lead to
extra scattering in internal isochrons and lower initial 26Al/27Al ratios (i.e., younger
ages). The impacts of these subsequent processes are supported by two pieces of
evidence: Firstly, anorthite in CAIs L2628-13-AM and CGft-11 are observed to have
lost radiogenic 26Mg and plotted significantly below the isochron. Secondly, the
spinel enclosed in anorthite is plotted above the isochron (CGft-6). This observation
demonstrates the Mg isotope exchange between spinel and anorthite, reflecting the
fast Mg diffusion speed of spinel (MacPherson et al. 2012).

Consistency of multiple measurements on the same CAI

Most of the CAIs analyzed in this work are measured twice at CRPG and UCLA,
respectively. The isochrons obtained by these two sessions are consistent with each
other for the majority of CAIs (CGft-5, 6, 8, and 13). The sampling bias can lead
to the discrepant isochrons from two sessions for some CAIs: the first possibility
is that the two different measurements covered various ranges of 27Al/24Mg ratios
(CGft-4, 11(X)); the second possibility is the local resetting that the 26Mg excesses
redistributed among the mineral phases, and selective analyses of these reset phases
would result in the discrepancy of calculated regressions (CGft-7, 11(3)). For CAI
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CGft-11, two epoxy mounts were measured, and the two reasons discussed above
can also explain the discrepancy between these two mounts. Meanwhile, Mount
X consists of more pyroxene than Mount 3, indicating the uneven distribution of
minerals, and the local alterations can also be different.

Difference in MSWD between measurements conducted at CRPG and UCLA

The Mean Square of the Weighted Deviates (MSWD) is widely used in isochrons
to assess the goodness of fit of the linear regression and measured values. However, the
MSWD values for the isochrons measured at CRPG are generally larger than those of
UCLA. This situation is not due to extra scattering from CRPG measurements but
differences in uncertainties of these two sets of measurements. The large MSWD values
reflect the observed scatter less than that predicted by the analytical uncertainties
and can be explained by the smaller uncertainties from the CRPG measurements.

Multi-isochrons of the same CAI defined by different mineral combination

We notice that the analyzed minerals may define more than one isochron charac-
terized by distinct 26Al/27Al ratios. The most common situation is that the anorthite
defined an isochron with a shallower slope (e.g., L2628-13-AM and CGft-11(X)).
There are two possible explanations for this observation: (i) primary anorthite con-
densed later at a slightly lower temperature than other refractory phases in CAI, and
26Al/27Al reflected this later formation time. (ii) anorthite is more easily to be altered
and lost radiogenic 26Mg during the open system processing (diluted by normal Mg).
The second interpretation is more ubiquitous, and it can also overprint the later
formation signature from the primary condensation. Another example is CGft-10,
the analyzed minerals with low 27Al/24Mg ratios (< 3, spinel, pyroxene, high Åk
melilite) define a isochron with 26Al/27Al of (7.40 ± 0.32) × 10−5 and δ26Mg∗0 of
-0.352 ± 0.049 h, while the minerals with high 27Al/24Mg ratios (> 3, relatively low
Åk melilite) define a a isochron with 26Al/27Al of (5.06 ± 0.40) × 10−5 and δ26Mg∗0 of
0.046 ± 0.165 h. This discrepancy may be due to the different evolution histories of
these two mineral sets (e.g., thermal processing, alteration) leading to the difference
in closing time. However, the supercanonical slope for minerals with low 27Al/24Mg
ratios is not very likely to be real and may be due to the loss of radiogenic 26Mg for
some low 27Al/24Mg phases in this region. The isochron defined by minerals with
high 27Al/24Mg ratios probably reflect a more primary isochron of this CAI.

Isochrons of individual nodules in the FTA CAI CGft-8

CAI CGft-8 consists of multiple nodules with the mineralogy of melilite and
spinels. Several nodules were measured independently to understand if these nodules
condensed from the solar nebula at the same time. The isochrons have 26Al/27Al
range from (4.52 ± 0.12) × 10−5 to (5.00 ± 0.10) × 10−5 and δ26Mg∗0 range from 0.055
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± 0.028 h to 2.45 ± 0.031 h. The isochrons of nodules 2–4 have isochrons consistent
with each other, while nodules 1 and 5 were affected by secondary processing. The
results suggest the nodules condensed from the solar nebula simultaneously, which is
consistent with the primary condensation origin of this CAI indicated by the slight
negative δ25Mg.

Table 5.2: Internal 26Al-26Mg isochron of CAIs. Inferred 26Al/27Al ratios, δ26Mg∗0, goodness
of fit, and number of point analyses used for regression.

Sample 26Al/27Al (± 2SE) δ26Mg∗
0 (± 2SE) MSWD n

Data obtained at CRPG
W(285)429 (5.84 ± 0.05) × 10−5 0.040 ± 0.023 135.1 26
2628-12-AM (4.84 ± 0.09) × 10−5 0.367 ± 0.029 10.95 19
2628-13-AM (4.95 ± 0.09) × 10−5 0.131 ± 0.025 11.89 22
CGft-4 (4.77 ± 0.08) × 10−5 0.076 ± 0.020 9.877 31
CGft-5 (4.67 ± 0.12) × 10−5 0.152 ± 0.027 5.566 30
CGft-6 (4.84 ± 0.09) × 10−5 -0.048 ± 0.024 8.627 32
CGft-7 (4.60 ± 0.04) × 10−5 -0.003 ± 0.014 54.58 35
CGft-8 (4.80 ± 0.04) × 10−5 0.159 ± 0.015 18.66 49

Nodule 1 (4.52 ± 0.12) × 10−5 0.189 ± 0.043 32.37 10
Nodule 2 (4.99 ± 0.08) × 10−5 0.055 ± 0.028 9.905 10
Nodule 3 (5.00 ± 0.10) × 10−5 0.155 ± 0.036 38.06 8
Nodule 4 (4.72 ± 0.11) × 10−5 0.197 ± 0.034 7.033 9
Nodule 5 (4.63 ± 0.09) × 10−5 0.245 ± 0.031 11.22 12

CGft-10 (5.60 ± 0.13) × 10−5 -0.099 ± 0.026 11.33 36
CGft-11(3) (4.54 ± 0.11) × 10−5 0.121 ± 0.022 8.328 36
CGft-11(X) (4.91 ± 0.09) × 10−5 0.060 ± 0.021 11.44 50

with An (4.48 ± 0.05) × 10−5 0.125 ± 0.012 13.76 56
CGft-13 (4.61 ± 0.07) × 10−5 0.311 ± 0.021 10.56 35
Data obtained at UCLA
CGft-4 (4.25 ± 0.19) × 10−5 0.236 ± 0.051 1.523 20
CGft-5 (4.78 ± 0.26) × 10−5 0.249 ± 0.089 1.667 15
CGft-6 (4.82 ± 0.19) × 10−5 0.035 ± 0.052 2.959 31
CGft-7 (4.28 ± 0.12) × 10−5 0.209 ± 0.032 3.480 22
CGft-8 (4.68 ± 0.10) × 10−5 0.239 ± 0.030 3.956 34
CGft-10 (5.21 ± 0.54) × 10−5 0.046 ± 0.100 1.888 19
CGft-11(3) (3.84 ± 0.55) × 10−5 0.330 ± 0.127 1.922 12
CGft-11(X)a (3.76 ± 0.65) × 10−5 0.286 ± 0.124 3.092 14
CGft-13 (4.61 ± 0.35) × 10−5 0.254 ± 0.111 2.998 10
a CGft-11(3) and (X) are two pieces extracted from the same CAI. The

two epoxy mounts are both measured to compare the consistency of
internal-isochrons obtained from different parts of the same CAI.
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Figure 5.21: 26Al-26Mg isochron diagrams for CGft-11 Epoxy mount X measured at (a)
CRPG and (b) UCLA.
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5.4 Discussion

5.4.1 Initial Mg isotope composition of CAIs

The variable extent of 26Mg deficits resolved in the high-precision bulk CAI
isochron cannot be explained by a simple scenario that all CAIs evolved from a single
reservoir with homogeneous Al and Mg isotope composition and thus point to ubiqui-
tous heterogeneity in the initial (i.e., pre-26Al decay) Mg isotope composition of CAIs
precursors. Our results demonstrate a continuous gradient of δ26Mg∗0 heterogeneity
that covered a wide range (in the ∆26

0 range from 0 to -300 ppm) was present in
the CAI forming region(s) when 26Al/27Al was homogeneous at the canonical value,
which is in contrast to the proposal that CAI formed from a few reservoirs/episodes
with characteristic δ26Mg∗0 compositions (Larsen et al. 2020).

This heterogeneity can also be tested by modeling the Mg isotope evolution using
the internal 26Al-26Mg isochrons. For the CAIs analyzed in this work, the increase
in δ26Mg∗0 values is typically accompanied by the decrease in 26Al/27Al, reflecting
the growth of radiogenic 26Mg due to the decay of 26Al in the solar nebula. The
magnitude of 26Mg excesses is a linear function of the bulk CAI 27Al/24Mg ratio and
is associated with the initial Al and Mg isotope composition of the CAI precursors.
Hence, extrapolation of the slope and intercept of internal isochrons of multiple CAIs
can provide key constrain on the initial composition of the CAI precursors.

To derive the function between δ26Mg∗0 and 26Al/27Al, we consider the Mg
isotopes evolution in a closed system first. For a given CAI, the amount of 26Mg
when it formed (represented by t0, i.e., the time for the last melting event that Al-Mg
system closed) is composed by two components: the initial 26Mg of the CAI precursor
that CAI evolved from at ti and the 26Mg from the decay of 26Al from ti to t0:

26Mg0 =
26 Mgi + (26Ali −26 Al0) (5.2)

where 26Mg0 and 26Al0 is the amount of 26Mg and 26Al when CAI formed, respectively;
26Mgi and 26Ali is the initial 26Mg and 26Al of the CAI precursor; and thus (26Ali-
26Al0) represents the amount of 26Mg from the decay of 26Al. In order to connect
the 26Mg to measured Mg isotope, we divide 24Mg on the both side of the equation:(

26Mg
24Mg

)
0

=

(
26Mg
24Mg

)
i

+
1

24Mg
×
(
26Ali −26 Al0

)
(5.3)

For the decay component from 26Al, we add 27Al to both numerator and denominator,
and the equation can be rewritten as:(

26Mg
24Mg

)
0

=

(
26Mg
24Mg

)
i

+
27Al
24Mg

×
[(

26Al
27Al

)
i

−
(

26Al
27Al

)
0

]
(5.4)

where 27Al/24Mg is the bulk 27Al/24Mg ratio of the CAI that measured today;
(26Al/27Al)i and (26Al/27Al)0 are (26Al/27Al) ratio of the initial CAI precursor and
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when CAI formed. Since 27Al is a stable isotope, we assume the abundance of 27Al
remained as a constant through the time. If we move the Mg isotope to the left hand
side: (

26Mg
24Mg

)
0

−
(

26Mg
24Mg

)
i

=
27Al
24Mg

×
[(

26Al
27Al

)
i

−
(

26Al
27Al

)
0

]
(5.5)

It is noteworthy that the 26Mg/24Mg is not measured 26Mg/24Mg ratio because the
mass dependent fractionation of Mg isotopes can influence the 26Mg/24Mg. To make
the 26Mg/24Mg comparable between different samples, we use the unfractionated
26Mg/24Mg ratio (i.e., (26Mg/24Mg)uf)defined in Davis et al. (2015) by normalizing
25Mg/24Mg to the chondritic value of 0.126896 (Bizzarro et al. 2011) and correct
the mass dependent 26Mg/24Mg fraction using the mass dependent fractionation law
used in Eq. 2.18. To obtain the relationship between δ26Mg∗ and 26Al/27Al, we need
to derive the relationship between δ26Mg∗ and (26Mg/24Mg)uf:

δ26Mg∗ = δ26Mgm −

[(
1 +

δ25Mgm
1000

) 1
β

− 1

]
× 1000 (5.6)

where m represents the measured value Substituting Eq. 2.17 into Eq. 5.6 leads to:

δ26Mg∗ =

[(
26Mg/24Mgsmp-m
26Mg/24Mgstd-m

)
− 1

]
×1000−

(25Mg/24Mgsmp-m
25Mg/24Mgstd-m

) 1
β

− 1

×1000

(5.7)
which can be simplified to:

δ26Mg∗ =

26Mg/24Mgsmp-m
26Mg/24Mgstd-m

−

(
25Mg/24Mgsmp-m
25Mg/24Mgstd-m

) 1
β

× 1000 (5.8)

if we use δ26Mg∗ to express 26Mg/24Mg:

(
26Mg
24Mg

)
smp-m

=

δ26Mg∗

1000
+

(
25Mg/24Mgsmp-m
25Mg/24Mgstd-m

) 1
β

×
(

26Mg
24Mg

)
std-m

(5.9)

applying the normalization method for unfractionated 26Mg/24Mg ratio to 5.9:(
26Mg
24Mg

)
uf
=

[
δ26Mg∗

1000
+

(
25Mg/24Mgchond
25Mg/24Mgstd

) 1
β

]
×
(

26Mg
24Mg

)
std

(5.10)

where 26Mg/24Mgstd represents the true 26Mg/24Mg ratio of the standard. Then, we
can write the similar equations for both (26Mg/24Mg)uf(0) and (26Mg/24Mg)uf(i):(

26Mg
24Mg

)
uf(0)

=

[
δ26Mg∗0
1000

+

(
25Mg/24Mgchond
25Mg/24Mgstd

) 1
β

]
×
(

26Mg
24Mg

)
std

(5.11)
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26Mg
24Mg

)
uf(i)

=

[
δ26Mg∗i
1000

+

(
25Mg/24Mgchond
25Mg/24Mgstd

) 1
β

]
×
(

26Mg
24Mg

)
std

(5.12)

using Eq. 5.11 minus Eq. 5.12:(
26Mg
24Mg

)
uf(0)

−
(

26Mg
24Mg

)
uf(i)

=
1

1000
×
(
δ26Mg∗i − δ26Mg∗0

)
×
(

26Mg
24Mg

)
std

(5.13)

Then, the Eq. 5.5 can be expressed as:

δ26Mg∗0 − δ26Mg∗i = −
27Al
24Mg

/26Mg
24Mg std

×
[(

26Al
27Al

)
0

−
(

26Al
27Al

)
i

]
× 1000 (5.14)

For a given CAI (named sample A), the slope and intercept obtained from the internal
26Al-26Mg isochron is (27Al/26AlA, δ26Mg∗0(A)), the function is:

δ26Mg∗0 = −
27Al
24Mg

/26Mg
24Mg std

×
(

26Al
27Al0

−
26Al
27AlA

)
× 1000 + δ26Mg∗0(A) (5.15)
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Figure 5.23: δ26Mg∗0 vs. 26Al/27Al obtained from internal isochrons, representing the
Mg isotope evolution in CAIs. The purple hexagram denotes the canonical bulk CV CAI
isochron, with 26Al/27Al of 5.30 × 10−5 and δ26Mg∗0 of -0.028 h. Circles represent the
CAIs analyzed in this work, and the dashed lines show the projected Mg isotope evolution
trajectory from the canonical bulk isochron with corresponding certain bulk 27Al/24Mg
labeled beside the line. The color of the circles and dash lines indicates the present bulk
27Al/24Mg ratios of CAIs, corresponding to the color bar on the right. The grey-shaded
area represents the plausible range that could evolve from the canonical CAI reservoir. The
grey arrow is drawn for each CAI to show the Mg isotope evolution trajectory, and the
intersection to the purple vertical line with canonical 26Al/27Al value represent the pre-26Al
decay Mg isotope composition.
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In the Mg isotope evolution diagram, we only used 10 CAIs having the same or
lower 26Al/27Al ratios than the canonical value. CAIs W(285)429 and CGft-10 with
26Al/27Al ratios of (5.84 ± 0.05) × 10−5 and (5.60 ± 0.13) × 10−5, respectively, are
not included. These supercanonical 26Al/27Al ratios are not due to early formation
than the majority of CAIs and most likely reflect the scattering in the internal
isochron resulting from the disturbance created artifact for the slope regression. The
back-calculated pre-26Al decay Mg isotope composition in δ26Mg∗0–26Al/27Al space
(Fig. 5.23, intersection of the Mg evolution trajectory and canonical 26Al/27Al,
noted as δ26Mg∗0,i) span a range from -0.259 to 0.154 h, which is broadly consistent
with the ∆26

0 values obtained from bulk isochron (Fig. 5.24). The inferred δ26Mg∗0,i
values also support a variable extent of heterogeneous initial Mg isotope composition
in the CAI forming region(s).
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Figure 5.24: Comparison of initial Mg isotope composition of CAIs: ∆26
0 vs. δ26Mg0,i.

∆26
0 and δ26Mg0,i are calculated from bulk isochron and extrapolated from internal isochron,

respectively. The grey dash line represents the 1:1 line. Most of CAIs fall around the 1:1
line within the uncertainty, with three outliers CGft-8, 13 and 2628-12-AM, which may due
to the scatter in internal isochron.

Subsequent reprocessing and alteration after the condensation could potentially
lead to disturbance in bulk and/or internal isochrons, and overprint the initial isotopic
compositions. Below, we examine these processes and argue none of them can account
for the observed Mg isotope variations (Fig. B.1–B.4):

(i) Closed system processing: CAI remains as closed system during most remelting
or reprocessing (MacPherson et al. 2012). Closed system processing did not shift the
Mg isotope composition and 27Al/24Mg ratio of the CAI in bulk 26Al-26Mg isochron.
For the internal isochron, Mg isotope evolution in closed-system follows the lever
rule with the bulk CAI as the fulcrum of the lever and the upward shift in δ26Mg∗0



163

accompanied by downward shift in 26Al/27Al ratio, whose effect can be corrected
when extrapolation in the δ26Mg∗0-26Al/27Al relationship to obtain the true initial
δ26Mg∗0,i values.

(ii) Open system processing: The potential effects of open system resetting are
more complex. We examined the two most typical open system processing scenarios:
the interaction with ambient nebula gas and partial evaporation. The exchange with
nebula gas can be further classified based on whether the CAI re-equilibrated with
the gas during the last melting event. If the equilibration was achieved, the reset CAI
would reflect mixing between the original CAI and solar nebula gas, and δ26Mg∗0,i
calculated back-extrapolation would not be affected (Mishra and Chaussidon 2014).
When the surrounding environment is abundant with non-radiogenic Mg, the reset
would result in 26Mg deficits. This situation can be tested by comparing the δ26Mg∗0
with chondritic values (Simon and Young 2011) since this type of resetting could only
lead to a decrease in δ26Mg∗0 approaching chondritic values (-0.030 ± 0.006 h, Luu
et al. 2019) but not those below chondritic values observed in CAIs analyzed in this
work. Partial evaporation can fractionation Al/Mg ratio in CAIs, and the loss of Mg
would increase the 27Al/24Mg ratio without shifting the δ26Mg∗0 values. The extent of
partial evaporation can be evaluated by the stable Mg isotope composition (δ25Mg).
CAIs analyzed in this work show only several permil of δ25Mg variation, representing
Mg losses less than 30 % (Richter et al. 2007). Meanwhile, the variable extent of
26Mg deficits observed in CAIs that experienced limited evaporation (characterized
by near zero or slightly negative δ25Mg values) demonstrates the existence of initial
Mg heterogeneity in CAIs.

Re-equilibration of CAI with nebula gas

In this situation, the CAI admixed with the nebula gas that followed the Solar
System initial evolution line (27Al/24Mg ratio of 0.101). On the bulk isochron, both
the δ26Mg∗ and 27Al/24Mg are shifted downwards along the canonical bulk isochron.
The reason is that the nebula gas evolves from the same composition of CAI precursor,
just with a lower 27Al/24Mg ratio. Given the 26Al/27Al ratios in the nebula gas and
CAI were the same, the slope of the internal isochron remains the same, and the
whole isochron shifts downwards, leading to a lower δ26Mg∗0. On the Mg evolution
diagram, the reset CAI reflects a mixing process between the original and solar
evolution functions, which falls on the evolution line from the same precursor with
the reset 27Al/24Mg ratio and thus would not change the back-extrapolated δ26Mg∗0,i.

Exchange with nebula gas but equilibrium not achieved

This scenario is proposed by Simon and Young (2011), which assumed the
surrounding gas had significant partial pressure of Mg (i.e., the ambient environment
was abundant with non-radiogenic Mg). In this situation, the normal Mg would keep
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diluting the radiogenic Mg in the CAI, so the bulk 27Al/24Mg isochron will not change,
but the δ26Mg∗0 would decrease. On the bulk isochron, the bulk composition moves
vertically downwards. On the internal isochron, the flattened slope represents the last
reset time that the system closed, and the δ26Mg∗0 would also move downwards due to
the dilution of normal Mg. The extreme situation of this scenario is that δ26Mg∗ in
all mineral phases and whole rock may never increase and match the chondritic value.
However, this type of open system resetting can only lead to δ26Mg∗0 approaching the
chondritic value, but not those below the chondritic value, and thus cannot explain
the 26Mg deficits observed in CAIs.

Partial evaporation

This scenario is discussed in MacPherson et al. (2012). The direct result of
the partial evaporation is Mg loss and thus elevated 27Al/24Mg. The time of the
evaporation can influence the extrapolation of the CAI on the Mg isotope evolu-
tion diagram: (a) evaporation happened when the CAI precursor formed (i.e., the
27Al/24Mg ratio was developed after condensation from the precursor). In this case,
the extrapolation would not be impacted and still can be used to precisely examine
the δ26Mg∗0,i. Previous studies (MacPherson et al. 2012; Mishra and Chaussidon 2014)
demonstrate this case applied to most of CAIs. (b) evaporation happened during the
last melting event. In this case, given the amount of 26Al was not modified, the 26Mg
excesses are the same as the original CAI, but the 27Al/24Mg is higher due to the Mg
loss, so the bulk isochron is moved to the right. On the internal isochron, the isochron
is parallel to the original isochron but moves downwards. For the Mg evolution
diagram, the CAI evolved through an evolution line with a lower 27Al/24Mg ratio.
However, when extrapolating the δ26Mg∗0 and 26Al/27Al, we used a higher 27Al/24Mg
value (i.e., through a steeper line), and would lead to artifact of lower δ26Mg∗0. (c)
evaporation happened between the precursor formed and the last melting event. This
case is similar to the second case, and the only difference is that it evolved from the
evolution line with an original 27Al/24Mg ratio at the beginning and then follows a
steeper line with a higher 27Al/24Mg ratio. In this case, the back-calculation would
also lead to a lower δ26Mg∗0. The best approach to evaluate the evaporation is stable
Mg isotopes (δ25Mg). CAIs solely with a condensation origin typically have near
zero or negative δ25Mg values, while that experienced evaporation would result in
heavier δ25Mg. In the analyzed samples, several CAIs with condensation origin also
show variable extent of 26Mg deficits, supporting that these heterogeneity are not
the artifacts from the extrapolation due to the partial evaporation.

(iii) Secondary alterations: Secondary alterations in the solar nebula and/or
parent body can cause scattering in bulk and internal isochrons. However, these
disturbances are challenging to quantitatively constrain. Previous analysis on one
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highly altered CAI (identified by almost absence of primary mineral phases) shows
∆26

0 ∼-0.27 h (Jacobsen et al. 2008). CAIs selected in this work are much more
pristine than the highly altered CAI, so the impact of secondary alterations should
be negligible compared with the initial Mg heterogeneity observed.

Although subsequent processes after the condensation may modify the Mg isotope
compositions in some CAIs, they cannot account for most of the ∆26

0 values observed in
this work. Consequently, the variable extent of 26Mg variations reflect the true initial
Mg isotope heterogeneity in the CAI forming region(s) rather than the interferences
from subsequent processes.

5.4.2 Heterogeneous infalling materials during the CAI formation epoch

The existence of the pre-26decay Mg isotope variations motivated the investigation
of the origin of such heterogeneity observed among CAIs. The origin of isotopic
variations in CAIs remains under debate, with two competing models proposed:
selective thermal processing of presolar phases with distinct isotopic compositions
in the protoplanetary disk (Paton et al. 2013; Schiller et al. 2015b, 2018; Trinquier
et al. 2009) or inheritance of the SS’s parental molecular cloud reflecting the earliest
infalling materials (Burkhardt et al. 2019; Jacquet et al. 2019; Jansen et al. 2024;
Nanne et al. 2019). The first model is used to interpret the Mg isotope variations in
CAIs, which result from the thermal processing of presolar carrier characterized by
enriched-26Al and solar non-radiogenic δ26Mg∗ (Larsen et al. 2011). The observation
of the distinct δ26Mg∗0 values of CV and CR CAIs in Larsen et al. (2020) was explained
by episodic transient heating events disproportionately admixed two presolar dust
components: a 26Al-rich with solar Mg isotope composition component and a 26Mg
deficit component. However, our finding of a gradual transition of variable Mg
isotope heterogeneity with homogeneous 26Al in CAIs does not support a few episodic
formations of CAIs and is also hard to reconcile with a thermal processing origin. It
would need the 26Al-enriched presolar component to be completely evaporated and
homogeneously distributed in the CAI forming region with the 26Mg deficit presolar
dust gradually evaporated and mixed with the first component. This scenario requires
specific thermal properties of these isotopically distinct presolar components, and
the high temperature in the CAI-forming region leaves little room for such selective
processing.

Alternatively, the variable extent of initial Mg isotope heterogeneity in the CAI
forming region can be easily explained by the infalling model. We interpret the
gradual transition of ∆26

0 values as a continuous formation of CAIs from infalling
materials with isotopically evolving compositions in the CAI forming region, after
26Al had been injected and homogenized in the solar nebula (Fig. 5.25a). The
scenario depicted here refers to the formation of majority CAIs, and we notice that
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Figure 5.25: Mechanism of CAI formation process inferred from Mg isotopes. (a) Schematic
diagram of CAI formation process. The heterogeneous initial Mg isotope compositions in
CAIs reflected the temporal isotopic composition change of the infalling materials (b) ∆26

0

vs. ln(26Al/27Al) reflecting the evolution of Mg isotope composition of infalling materials
through the time.

small refractory inclusions (e.g., hibonite, spinel grains, SHIBs, PLACs) and FUN
CAIs could have distinct evolution history (Kööp et al. 2016a,b, 2018; Liu et al. 2012).
This heterogeneous infall model inferred from Mg isotopes is consistent with the
evidence form Mo isotope anomalies in CAIs (Budde et al. 2023), and disentangle that
CAI reservoir captured a series of evolving records rather than a transient snapshot of
the nascent SS, which is proposed in Burkhardt et al. (2019). The range of initial Mg
isotope variations in CAIs could be explained by temporal or spatial differences of the
infalling materials during the CAI formation. We tested the hypothesis of temporal
evolution by evaluating the relationship between the initial Mg heterogeneity and the
CAI formation time constrained by the internal isochron. In the ∆26

0 –ln(26Al/27Al)
space (the natural logarithm scale is used because it is linearly correlated with time),
a weak negative correlation can be virtually identified, implying the increasing extent
of 26Mg deficits from the early to late infalling materials. The reasons for the poorly
constrained trend could be: (i) CAIs experienced remelting, and 26Al/27Al did not
record the time of infalling materials incorporation; (ii) heterogeneity in infalling
materials did not solely reflected the temporal differences; (iii) the lack of CAI data
that both bulk and internal isochrons are determined, and more work is needed.

The Mg isotope composition of bulk CAIs shows variable extent of 26Mg deficits
compared with normal CAIs that fall on the canonical CV CAI isochron, suggesting
the existence of initial Mg isotope heterogeneity in the CAI forming region before the
decay of 26Al. The new finding suggests that CAI forming is a continuous process
recording the evolution of the isotopic composition of the infalling materials, which
reflects a temporal shift from slightly to highly 26Mg deficits. The high-precision Mg
isotope data suggests that CAIs can not only reflect a snapshot of the nascent SS
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but also can be used to understand the fine-scale evolution history of the SS.
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Figure B.1: Schematic bulk isochron, internal isochron, and Mg evolution diagrams showing
the impact of closed system processing.
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C h a p t e r 6

DECOUPLED RESETTING OF Pb-Pb AND Al-Mg CHRONOMETERS IN
CAIS CHALLENGES THE STARTING POINT OF THE SOLAR SYSTEM

6.1 Motivation

Chronology of the Early Solar System (ESS) is fundamental to understanding its
evolution history, given that this epoch covered the SS’s evolution stages from the
collapse of the parental molecular cloud to accretion and differentiation of planetary
bodies (e.g., Connelly et al. 2017; Davis 2022). Calcium-aluminum-rich inclusions
(CAIs) play a critical role in the ESS chronology due to their nature of the oldest
solids condensed in the solar nebula (Amelin et al. 2010; Connelly et al. 2012; Gray
et al. 1973) and are therefore used to functionally define the starting point of the ESS
(t0). Deriving the value of t0 is best done by determining CAIs age using the absolute
Pb-Pb chronometer, while obtaining information on age differences between CAIs
and other Solar System materials can be done using either the Pb-Pb chronometer
or the relative 26Al-26Mg chronometer.

Over the last decade, high-precision chronological data has revealed a number
of discrepancies and issues in the construction of a fine-scale ESS chronology (Fig.
6.1). Firstly, the two Pb-Pb ages proposed for the oldest CAIs do not agree within
uncertainty: 4567.23 ± 0.15 Myr (average of 4 CAIs whose ages are consistent with
each other: SJ101, 22E, 31E, and 32E, Amelin et al. 2010; Connelly et al. 2012)
versus 4567.94 ± 0.31 Myr (B4, Bouvier et al. 2011a). However, the initial 26Al/27Al
ratios of SJ101 and C4 are determined as (5.20 ± 0.53) × 10−5 (MacPherson et al.
2017) and (4.90 ± 0.05) × 10−5 (Wadhwa et al. 2014), respectively, which apparently
do not match the age differences obtained from the absolute chronometer. On
the other hand, the resolvable Pb-Pb age difference also conflicts with the short
formation interval (∼20 kyr) of primary CAIs (characterized by 26Al/27Al ratio close
to canonical value) derived from 26Al-26Mg systematics (MacPherson et al. 2012).
Secondly, discrepancies between these two clocks also exist on subsequently formed
solids in the SS, with the debate focusing on the discrepant estimates of the chondrule
and achondrites ages. For chondrules, Pb-Pb ages suggested a protracted chondrule
formation that started contemporaneously with CAIs (Bollard et al. 2017; Connelly
et al. 2012) while the 26Al-26Mg systematics revealed an age gap of ∼1 Myr between
CAI and chondrule formation (Fukuda et al. 2022; Pape et al. 2019; Siron et al. 2021;
Villeneuve et al. 2009). For achondrites, Pb-Pb ages of quenched angrites, another
type of common anchor in the ESS chronology, are found to be older than 26Al-26Mg
ages when anchoring the determined 26Al/27Al ratios to CAIs.
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Figure 6.1: Discrepancies between Pb-Pb ages and 26Al-26Mg ages in the ESS chronology.
(a) CAIs anchoring the Pb-Pb and 26Al-26Mg chronometers. The CAIs average Pb-Pb age is
based on three Efremovka CAIs (Connelly et al. 2012), which is anchored to 26Al/27Al ratio
of (5.23 ± 0.13)×10−5 defined by the bulk CV CAIs isochron (Jacobsen et al. 2008).(b) Two
different Solar System ages have been proposed based on CAI U-corrected Pb-Pb ages. The
resolvable age difference conflicts with the short formation interval of CAIs (MacPherson et al.
2012). The CAI SJ101 from Allende (Amelin et al. 2010) is consistent with the anchoring
approach described in panel (a), while the CAI B4 from NWA6991 is featured by much older
Pb-Pb age and near canonical 26Al/27Al ratio. (c) Pb-Pb and 26Al-26Mg chronologies of
the ESS, which yield discrepant estimates on the ages of chondrules and achondrites. For
chondrules, Pb-Pb ages reflect a contemporaneous formation with CAIs, while 26Al-26Mg
ages suggest a gap between chondrules and CAIs.

The cause of these discrepancies remains unknown but poses the question of the
uniformity of different chronometers. For the first issue, the difference between the
two oldest CAIs could be due to the method used to correct the uranium isotope
composition while calculating Pb-Pb ages. The discovery of resolvable U isotope
variations in natural samples has led to a significant revolution in Pb-Pb chronology
(Stirling et al. 2007; Weyer et al. 2008), which overthrew the long-standing assumption
of a constant 238U/235U (Steiger and Jäger 1977), and thus U isotopes are supposed to
be determined to obtain accurate Pb-Pb ages. For CAIs in particular, ages are derived
using step leaching approaches that have the benefit of removing non-radiogenic Pb in
the early leachates. The final leachates and residues, typically comprised of pyroxene,
are the most radiogenic and control the age determination. Recent studies of igneous
samples suggest that U isotopes can fractionate during magmatic processes, and in
particular during incorporation into specific minerals (Hiess et al. 2012; Livermore
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et al. 2018; Tissot et al. 2017, 2019a). As such, intermineral U isotope variations
could be expected in CAIs and therefore, result in age offsets. Although U isotopes
in CAIs are typically measured in bulk fractions only (Amelin et al. 2010; Brennecka
et al. 2010a; Connelly et al. 2012; Tissot et al. 2016), only very limited data exits
for U isotope on mineral separates of CAIs (Cooke et al. 2013; Shollenberger et al.
2019). This hypothesis can be tested by comparing U isotope composition in mineral
separates and bulk samples, especially on large CAIs that have abundant U to perform
high-precision measurement.

For the second issue, several hypotheses are proposed to explain the discrep-
ancies between CAIs and chondrules/achondrites. A popular interpretation for the
disagreement is that 26Al/27Al ratios in CAI forming regions were significantly higher
than those of chondrules and achondrites by order of magnitude at most (Bollard
et al. 2017, 2019; Krestianinov et al. 2023; Schiller et al. 2015a). However, such a
significant degree of 26Al/27Al heterogeneous distribution did not accord with the
prediction of astrophysical models since isotopic variations that existed in the molec-
ular cloud would be mixed and homogenized during the collapse process (Kuffmeier
et al. 2017; Pan et al. 2012; Pignatale et al. 2018). As a result, alternative theories
are investigated to reconcile the inconsistencies under the framework of a homoge-
neous 26Al/27Al distribution in the protoplanetary disk. For example, CAIs and
chondrules may consist of precursors from various origins, and therefore Pb-Pb ages
could partially represent the mixing processes rather than the pure age information
of formation (Blichert-Toft et al. 2020). Subsequent processes in the solar nebula
or parent bodies (e.g., aqueous alterations, thermal metamorphism) could reset
26Al-26Mg and Pb-Pb ages to different extents, and thus result in the inconsistency
between the two chronometers (Lewis and Jones 2019; Siron et al. 2021; Van Orman
et al. 2014). Recent studies proposed that this discrepancy of CAIs and achondrites
can be resolved if the CAIs define a t0 of 4568.7 Myr (Desch et al. 2023; Piralla
et al. 2023), based on the assumption that Pb-Pb system of CAIs could be reset
without affecting 26Al-26Mg ages. However, this much older age of CAIs and the
assumption of decoupled resetting of these two chronometers have not been justified
by direct Pb-Pb dating yet. Furthermore, the current widely accepted age of CAIs is
obtained by averaging the ages of only 4 CAIs (Amelin et al. 2010; Connelly et al.
2012). The most direct approach to address these problems and limitations requires
the determination of both 26Al-26Mg and Pb-Pb ages on a same set of CAIs.

This work seeks to revisit the proposed origins of these two essential inconsistencies
in the ESS chronology. To test the impact of subsequent processes on these two
chronometers, we determined both 26Al-26Mg and U-corrected Pb-Pb ages of a set of
5 CAIs with various extent of alterations. We also measured U isotopes of mineral
fractions and bulk material for one large coarse-grained CAI to investigate whether
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the potential intermineral U isotope variations can reconcile the age discrepancy
between CAIs.

6.2 Sample and method

6.2.1 Sample preparation

In this work, seven CAIs from CV chondrites were selected, and analyses per-
formed on each sample are illustrated in Table 6.1. CAIs CGft-6, 10, 11, 13, 15, and
ALVIN were previously studied for combined Ti, W, and Mo isotopes (Tissot et al.
2019b). This set of 6 CAIs were used for comprehensive investigations, including
petrology characterization, bulk U isotopes, Pb-Pb dating, and in-situ 26Al-26Mg
analyses. These CAIs were cut out of their host meteorites using a diamond saw, and
then the sample surface was cleaned using SiC sandpaper and/or gently broke into
small pieces in a precleaned agate mortar.

Table 6.1: Sample information of CAIs investigated in this study, and analyses conducted
on each sample.

Collection ID Short Name CAI Type Meteorite Petrology
characterization

Bulk
U isotopes

Pb-Pb
dating

Al-Mg
analyses

Mineral
Separates

ME2629-4.73 CG-ft-6 Type B Allende     
ME2639-3.1 CG-ft-10 Type B Allende     
ME2639-13.1 CG-ft-11 Type B Allende     

ME2639-49.6a CG-ft-13 CTA Allende     
CG-ft-15 CTA Allende  

ME2629-4.109 ALVIN FoB Allende #b   #c

Check YD 3529-49 Type B Allende    
Check GBU AI01 Type B NWA6870 #d  #d  
* Notes:  represents analyses conducted in this work; # represents data from literature.
a CG-ft-13 and CG-ft-15 are two sub-domains (alteration-poor and alteration-rich) of the same CTA CAI.
b Bullock et al. (2012)
c MacPherson et al. (2017)
d Budde et al. (2019)

A small chip was picked and mounted in epoxy for mineralogy and petrology
characterization. The epoxy mount was polished and carbon coated for mapping
and secondary ion mass spectrometry (SIMS) analyses. A bulk fragment (∼50 mg)
was set aside and used for Pb-Pb work. The remainder of the CAI was digested in
concentrated HF-HNO3-HClO4 (2:1:0.05 by volume) at 150 ◦C for 9 days. Along with
CAI samples, several geostandards (BCR-2 and BHVO-2) as well as bulk Allende
chondrite were processed parallel as quality control. The digested solution was spilt
into three aliquots for multi-elemental and isotopic investigation. One of the aliquots
was used for non-spiked W chemistry, and the matrix cut is preserved for following
bulk U isotope analyses.

3529-49 is an additional CAI used for U-corrected Pb-Pb dating. The sample
is located in an Allende slab with dark matrix materials surrounding the light CAI
material. The CAI was extracted from the matrix using dental tools under a binocular
microscope and cleaned with acetone. Then, the sample was crushed using a boron
carbide mortar and separated into two fractions: a ∼50 mg fraction used for bulk
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digestion and U isotopes, while another ∼60 mg fraction for Pb-Pb analyses.

AI01 is an exceptionally large CAI, which is ideal for investigating the intermineral
U isotope variations. Extracted CAI fragments were gently crushed with a pestle
and agate mortar and sieved through nylon mesh from coarse to fine in sequence.
The CAI grains were separated into 5 fractions based on mineralogy and magnetic
susceptibility: melilite, fassaite (Ti-Al-rich calcic pyroxene), magnetic, non-magnetic,
and fines. Magnetic and non-magnetic fractions were separated by hand magnets.
Melilite and fassaite were distinguished according to appearance and separated by
hand-picking. Melilite is typically transparent or white, while fassaite can range from
dark grey to black, which reflects the spinel abundance in these minerals. Anorthite
and spinel are minor (rel. to mel and fas) phases in the CAI, which are difficult
to separate from other phases: anorthite is white and thus hard to recognize from
melilite; spinel grains are small and poikilitically embedded in other mineral phases.
Several representative grains of each fraction were selected to check mineralogy under
a scanning electron microscope (SEM) using Energy Dispersive Spectroscopy (EDS)
analyses. The bulk and mineral fractions AI01, as well as its host NWA6870, were
digested using similar consecutive acid attacks for following W chemistry (Budde
et al. 2019), and the matrix cut was used for U chemistry.

(a) (b) (c) (d)

Figure 6.2: Minerals separated from CAI. (a) transparent, (b) white, (c) grey, and (d)
black fractions. The diameter of the bottle is ∼ 2 cm.

6.2.2 Mineralogy and petrology characterization

The mineralogy and petrology of CAIs were characterized using a JEOL JSM-
5900LV scanning electron microscopy at University of Hawaii at Manoa. Backscattered
electron (BSE) and combined X-ray elemental maps (Ca, Al, Mg, Ti, Si, Cl, and Na)
are obtained with the SEM coupled with energy dispersive X-ray spectroscopy (EDS)
using 15 keV accelerating voltage, 100 nA beam current, and a beam size of 2 µm.
The major elemental compositions of primary and secondary mineral phases were
determined by electron microprobe.

6.2.3 U isotope analyses

Before U purification, a ∼1 % aliquot was taken from the digest for concentration
determination on a Thermo Fisher iCAP RQ ICP-MS. The sample solutions were
evaporated to dryness and taken back into 5 mL 3 M HNO3, that are ready for
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loading on the column.

Uranium chemistry was performed on pre-packed 2 mL U-TEVA cartridges
(Eichrom) following established methods (Tissot et al. 2016, 2017) modified for low
U samples using a vacuum box. In brief, samples were loaded in 2.5-10 mL 3 M
HNO3 onto the resin pre-cleaned by 40 mL 0.05 M HCl and conditioned by 10 mL 3
M HNO3. After loading, 30 mL of 3 M HNO3, 5 mL of 10 M HCl, and 12 mL of 5
M HCl were used in sequence to elute matrix elements and Th. The U was finally
eluted in 32 mL 0.05 M HCl at the end. After the first round of chemistry, each
sample was spiked with IRMM-3636 to obtain a Uspike/Usample ratio of ∼10 % based
on the U concentration obtained from iCAP measurements. The spiked U cut was
dried completely, and 0.25 mL H2O2 and 0.20 mL concentrated HNO3 were added to
oxidize any organic matter released from the resin. After refluxing overnight at 120
◦C, the mixture was completely dried and taken back into 3 M HNO3. The column
chemistry was repeated to ensure the complete removal of matrix elements. The final
U cuts were evaporated to dryness before being redissolved in concentrated HNO3.
Samples were then evaporated to near dryness and ultimately diluted to 1mL 3 vol%
HNO3 for isotopic measurements. For 3529-49, a three-step protocol was used for
U separation, as described in in Di (2023). The solution was passed through the
Bio-rad AG50W-X8 to separate U and high-field strength elements from matrix. The
pre-concentrated cut with U was spiked with IRMM-3636 and then loaded onto a
Teflon column (� = 3.5 mm, length = 30 mm) filled with 0.2 mL pre-cleaned Bio-rad
AG1-X8 resin (200-400 mesh) on top of 0.1 mL Eichrom Pre-filter resin, followed by
the final U purification step using 50 µL of UTEVA resin using 3 M HNO3.

Uranium isotope analyses were performed on a NeptunePlus (ThermoFisher)
multiple collector inductively coupled plasma mass spectrometer (MC-ICPMS) at
Caltech, using a cone combination of Jet sample and X-skimmer cones coupled with an
Aridus3 desolvating nebulizer. The measurements were conducted in low-resolution
mode using a static cup configuration. A small aliquot (10 µL, ∼1 % of the total
sample) was taken from the purified solution to determine recovered U after chemistry.
The amount of U in bulk CAIs ranged from 3.1 to 11.5 ng. The sample concentrations
were adjusted to 8–13 ppb, corresponding to volumes of 0.40–0.88 mL, which allowed
for one high-precision measurement. For CAI AI01, given the large size of this sample,
the quantity of U in mineral separates and bulk fraction was larger than other CAIs
(3.7–33.0 ng). The U concentrations were adjusted to 11–18 ppb, corresponding to
volumes of 0.53–1.8 mL, which allowed for 1–3 times of measurements. To avoid
wasting samples, the take-up time was reduced to 36 s (minimal time to achieve
stable signal), and each analysis consisted of 40–60 cycles of 4.194 s integration time
depending on the available sample masses. The sample measurements were bracketed
by the CRM-112a standard spiked with IRMM-3636 at a similar Uspike/Usample ratio
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as the samples. Geostandards BCR-2 or BHVO-2 were measured between CAIs to
monitor the accuracy and precision of the U isotope analyses.

6.2.4 U-Pb isotope analyses

The U-Pb systematics were analyzed at the Australian National University. The
CAI chips were ultrasonically cleaned with ethanol for 60 min and weighed for their
masses. After weighing, samples are washed down with ∼2 ml of MQ water. Cleaned
CAIs were crushed in a boron carbide mortar and fragments were separated into 4
mineral fractions by handpicking under a binocular microscope: melilite, pyroxene,
intergrown coarse, and bulk medium-fine. All picked fractions were ultrasonically
cleaned with ethanol for 30 min, followed by rinsing with distilled acetone for 3 times.
After drying in the air, the cleaned fragments were transferred into precleaned Savillex
vials for digestion. The step dissolution procedure produced 4 fractions: W1 (MQ
H2O, 0.3 M HBr, and 0.5 M HNO3), W2a (3 M HNO3 at 110 ◦C), W2b (6 M HCl at
110 ◦C), Residue (30 M HF at 110 ◦C). Residues and washes of CAIs were spiked
with 202Pb-205Pb-232Th-233U-236U tracer, then converted to bromide form, and finally
reconstituted into 1 M HBr for chemistry. Lead purification was performed using
0.05 mL AG1-X8 anion exchange resin, with Pb eluted in 0.5 M HNO3 after matrix
removal in 0.3 M HBr + 2.5 M HCl. The chemistry was repeated once to ensure
complete removal of matrix elements. Lead isotope measurements were preformed
on a MAT 261 thermal ionization mass spectrometer (TIMS). The Pb fraction were
loaded on refined rhenium filaments with silica gel, and then measured in static
multi-collector mode using Faraday cups or peak jumping mode using secondary
electron multiplier (SEM).

6.2.5 In-situ Al-Mg analyses

In-situ 26Al-26Mg isotope analyses were performed on CAMECA IMS 1270-E7
and IMS 1280-HR2 at CRPG following the method described in previous studies (Luu
et al. 2013; Piralla et al. 2023; Villeneuve et al. 2009). Measurements were conducted
in multicollection mode on 4 Faraday cups (FC): 24Mg on L1 equipped with a 1011

Ω resistor, 25Mg and 26Mg on C and H1 equipped with 1012 Ω resistors and 27Al
on H’2 equipped with a 1011 Ω resistor. Mass resolution was set to 2500 (i.e., exit
slit 1 on multicollection trolleys) to separate the doubly charged interference 48Ca2+

and 48Ti2+. Selected spots were bombarded with a <10 µm, 5 nA O−
2 primary ion

beam generated by a Hyperion-II oxygen plasma source accelerated at 13 keV. Each
spot analysis had a 45 s sputtering and 30 cycles (10 s/cycle) of acquisition. The
instrumental mass fractionation (IMF) was calibrated by a series of international and
in-house standards, including San Carlos olivine, Burma spineal, CLDR01 MORB
glass, gold enstatite, and Allende melilite (Mel-1) glass. To precisely determine the
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27Al/24Mg ratios for isochron, the measured values were corrected using the relative
sensitivity factor (RSF) for different mineral phases, given that Al and Mg have
slightly different ion yields during SIMS analyses. The 27Al/24Mg ratios of analyzed
CAI minerals, including melilite, spinel, anorthite, and hibonite were calibrated by
RSFs determined by Mel-1, 2 glass, Burma spinel, An-2 glass, Al-rich pyroxene glass,
and Hib-A-00, respectively.

6.3 Results

6.3.1 Brief description of CAIs

The combined Ca-Mg-Al elemental and BSE maps of the investigated CAIs are
shown in Section 5.3.1, and detailed characterization for each CAI is described here.
CG-ft-6 is a Type B CAI, composed of melilite (Åk13–75), fassaite (5–10 wt% TiO2,
19 wt% Al2O3), and anorthite, all poikilitically enclose spinel grains. Melilite and
fassaite show normal igneous zoning. Åkermanite content in melilite increase towards
the CAI core. Melilite is crosscut by veins and replaced by secondary minerals,
while fassaite, spinel, and perovskite show no evidence for alteration. The CAI is
surrounded by a Wark-Lovering rim.

CG-ft-10 is a Type B CAI, composed of melilite (Åk10–74), fassaite (3.6–8.1
wt% TiO2, 12.4–20.4 wt% Al2O3), anorthite; all poikilitically enclose spinel grains.
Melilite and fassaite show normal igneous zoning. Åkermanite content in melilite
increase towards the core. Melilite is crosscut by veins and replaced by secondary
minerals, while coarse-grained anorthite, fassaite, and spinel are largely unaltered.
The CAI is surrounded by a Wark-Lovering rim, a fine-grained matrix-like rim, and
a layer of Ca, Fe-rich silicates. Spinel and Al, Ti-diopside in the Wark-Lovering rims
show enrichment in FeO.

CG-ft-11 is a Type B CAI, composed of melilite, anorthite, and igneously-zoned
fassaite (∼2–10 wt% TiO2, ∼13–21 wt% Al2O3), all poikilitically enclosing abundant
spinel grains. Melilite in the central part is åkermanite-rich (Åk46–70). There are
several relatively fine-grained regions in this fragment composed of anorthite, highly-
åkermanitic melilite and low-Ti fassaite, whose textures and mineralogy suggest they
represent eutectic melts from which these three minerals co-crystallized. Melilite
in these regions is almost completely replaced by secondary secondary minerals.
Anorthite grains contain abundant submicron silicate inclusions and are only slightly
corroded by Na-melilite and grossular. Fassaite shows no evidence for alteration.

CG-ft-13 is a compact Type A (CTA) CAI, composed of gehlenitic melilite
(Åk3–32), spinel, and minor hibonite, perovskite, and fassaite (∼9–14 wt% TiO2,
∼20–21 wt% Al2O3), whic is surrounded by a Wark-Lovering rim, a discontinuous
coarse-grained accretionary rim, a fine-grained matrix-like rim, and a layer of Ca, Fe-
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rich silicates. The CAI experienced extensively open-system metasomatic alteration,
with Ca and some Al removed. Melilite in the CAI mantle and core is crosscut by
veins apparently of multiple generations.

ALVIN (a.k.a. TS-45) is a forsterite-bearing Type B (FoB) CAI, which is
previously characterized in Bullock et al. (2012). ALVIN is predominately composed
of Al,Ti-rich pyroxene that poikilitically enclosing abundant forsterite and spinel
grains. This CAI is featured with numerous vesicles, which are filed with needles of
wollastonite. 3529-49 from Allende is a Type B CAI composed of melilite (Åk55-65),
pyroxene, spinel, and minor anorthite. AI01 from NWA6870 is a Type B CAI
composed of melilite, pyroxene, spinel, and anorthite.

6.3.2 U isotopes

Uranium isotopes are reported in delta notation relative to CRM-112a standard
(238U/235U = 137.837, Richter et al. 2010), which is expressed as:

δ238U =

( 238U/235Usmp
238U/235UCRM-112a

− 1

)
× 1000 (6.1)

Uncertainties are reported as 2SE (95 % CI) and calculated using the daily external
reproducibility of the CRM-112a standard (2SD) divided by the square root of the
number of replicate measurements for a given sample (i.e., 2SE = 2SDExternal/

√
n).
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Figure 6.3: U isotope composition of (a) bulk CAIs; The symbols represents the type of
CAIs: green triangular–FTA, blue square–CTA, pink circle–Type B, red diamond–FoB; (b)
mineral separates and bulk CAI ’AI01’, as well as the host CV chondrite NWA6870. The
grey band indicates the δ238U of the bulk CAI ’AI01’. The δ238U values are normalized to
CRM-112a, assuming a 238U/235U value of 137.837 (Richter et al. 2010).

The U isotope data of bulk CAIs and mineral separates of AI01 are shown
in Table 6.2 and Fig. 6.3. The 11 newly investigated CAIs from Allende show
U isotope variations ranging from -2.88 h to +0.44 h, consistent with the wide
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presence of U isotope variations in CAIs from CV chondrites (Amelin et al. 2010;
Brennecka et al. 2010a; Connelly et al. 2012; Tissot et al. 2016). The FTA CGft-8
shows the largest U isotope fractionation, while the CTA and Type B CAIs cover a
similar range of U isotope variations. For CAI AI01, despite the low amounts of U
available for analysis, uranium isotopic variations are observed between the melilite
fraction and the bulk CAI, with the melilite being 0.47 ± 0.21 h. This difference
is larger than those observed in a previous study (Cooke et al. 2013; Shollenberger
et al. 2019). For pyroxene, the δ238U difference is not resolved at the current level of
analytical precision. However, if taking the composition at face value, the pyroxene
is lighter than the bulk CAI by ∼0.15 h. For a CAI (i.e., a sample formed about
4565 Myr ago), this difference would translate in an age corrections of 0.22 Myr in
the Pb-Pb absolute age. The magnitude of this age offset is unlikely to reconcile the
discrepancy of the age difference between the two oldest known CAIs.

Table 6.2: U isotope composition of bulk CAIs, CAI mineral separates, and bulk chondrite.

Short Name Type Meteorite Material Mass (mg) δ238U 2SE n U (ng)
CAI
CGft-5 CTA Allende bulk CAI ∼200 -0.09 0.12 1 10.3
CGft-6 Type B Allende bulk CAI ∼200 -0.31 0.12 1 10.8
CGft-7 CTA Allende bulk CAI ∼200 -0.79 0.21 1 3.0
CGft-8 FTA Allende bulk CAI ∼200 -2.18 0.12 1 7.1
CGft-10 Type B Allende bulk CAI ∼200 -0.20 0.12 1 12.0
CGft-11 Type B Allende bulk CAI ∼200 0.20 0.12 1 8.5
CGft-12 CTA Allende bulk CAI ∼200 0.18 0.12 1 9.9
CGft-13 CTA Allende bulk CAI ∼200 0.44 0.12 1 8.3
ALVIN FoB Allende bulk CAI ∼200 -0.60 0.12 1 9.5
3529-49 Type B Allende bulk CAI 55.8 -1.25 0.21 1 x
AI01 Type B NWA6870 bulk CAI 289 -0.11 0.06 3 46
Mineral separates
AI01 mel Type B NWA6870 melilite 90 -0.58 0.20 1 4
AI01 fas Type B NWA6870 fassaite 74 -0.26 0.15 1 10
AI01 mag Type B NWA6870 magnetic 59 -0.10 0.15 1 8
AI01 non-mag Type B NWA6870 non-magnetic 189 -0.07 0.12 3 28
AI01 fines Type B NWA6870 fines 170 -0.19 0.12 3 29
Bulk chondrite
NWA6870 CV3 NWA6870 bulk chond 536 -0.30 0.06 3 34
Allende dig1 CV3 Allende bulk chond ∼500 -0.41 0.12 1 6.4
Allende dig2 CV3 Allende bulk chond ∼501 -0.29 0.12 1 6.7
Geostandards
BCR-2 -0.26 0.07 34 546
BHVO-2 -0.31 0.10 14 122

6.3.3 Pb isotopes and Pb-Pb ages

The age corrections caused by U variability is given by the following equation
(Tissot and Dauphas 2015; Tissot et al. 2017):

∆t =
∆U

(
eλ238t − 1

) (
eλ235t − 1

)
1000

[
λ238eλ238t − λ235eλ235t + (λ235 − λ238)e(λ238+λ235)t

] (6.2)

where ∆U is the difference between the actual and assumed U isotope composition
of the sample; λ238 and λ235 are decay constants of 238U and 235U, respectively; t
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is the Pb-Pb age of the sample obtained using an assumed U isotope composition.
The U-corrected Pb-Pb ages of 6 CAIs range from 4565.86 ± 0.35 Myr to 4567.10 ±
0.30 Myr (Fig. 6.5). The observed U isotope variations result in age corrections
ranging from -0.66 Myr to +0.84 Myr. The correction reduced the range of CAI ages
from 2.35 Myr to 1.25 Myr. The addition of these high-precision absolute ages to
the existing CAI age dataset emphasizes the importance of measuring the U isotope
composition of each individual CAI for high-precision Pb-Pb dating.
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Figure 6.5: Pb-Pb age of 6 CAIs investigated in this study. The uncorrected Pb-Pb ages
assumed CAIs have an average terrestrial zircon-like 238U/235U value of 137.818 (Hiess et al.
2012) for Pb-Pb age calculation.

6.3.4 Al-Mg ages

The 26Al-26Mg isochrons are shown in Table 5.2. The inferred 26Al/27Al ratios
range from (4.61 ± 0.07)×10−5 to (5.60 ± 0.13)×10−5, corresponding to relative ages
of -0.065 ± 0.022 to 0.120 ± 0.014 Myr.

6.4 Discussion

6.4.1 Comparison of the Pb-Pb ages between CAIs from different host
chondrites

Except for CGft-13, the remaining 5 CAIs define a single population, with all
ages overlapping within uncertainty (MSWD = 1.9). This age is also consistent
with the age of the CAI SJ101, the only other Allende CAI for which a U-corrected
Pb-Pb age is available (Amelin et al. 2010). The outlier CGft-13 shows evidence of
more extensive secondary alterations compared with the other more pristine CAIs,
which can disturb the Pb-Pb system. Pooling the 5 newly determined CAIs and
SJ101 yields an average age of 4566.87 ± 0.15 Myr for CAIs from Allende (MSWD =
1.59). In contrast, averaging the three U-corrected ages available for Efremovka CAIs
defines a mean age of 4567.25 ± 0.17 Myr (MSWD = 0.29) (Connelly et al. 2012).
The two average ages are resolved and differ by 0.37 ± 0.23 Myr, with Efremovka
CAIs being older than their Allende counterparts (Fig. 6.6)

This observation raises the question of the origin of the age difference for CAIs
from different host meteorites. Several hypotheses can be considered. (i) This
age difference between CAIs may record primary signature: i.e., their true time
of condensation. This scenario, in which CAIs would condense of a 0.37 Myr time
interval, conflicts with the much shorter condensation time interval derived from
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Figure 6.6: U corrected Pb-Pb ages of CAIs from Allende (blue) and Efremovka (yellow).
The white box with blue border represents outlier CGft-13, which is not included in the
average age calculation. The Efremovka CAIs ages reported by Connelly et al. (2012) assumed
a 238U/235U value of 137.844 for CRM-145 and were here renormalized to a 238U/235U value of
137.837 to keep all ages consistent and comparable. This normalization leads to a systematic
-0.07 Myr age difference compared with data reported in Connelly et al. (2012).

26Al-26Mg )(Desch et al. 2023). (ii) The difference in Pb-Pb ages may be due to
resetting during transient heating events in the nebula. CAIs residing in different
regions could be exposed to different degree of transient heating events before they
were transported to their host chondrite forming region (Desch et al. 2018). Finally,
(iii) age difference could stem from disturbance of the Pb-Pb system by secondary
alteration processes. The oxidized CV3 chondrite Allende have undergone more
extensive aqueous alteration than the reduced CV chondrite Efremovka, as evidenced
by the abundant secondary phases in Allende CAIs(e.g., Krot et al. 1995). The
disturbance caused by parent body alteration can explain the younger ages and larger
variability of CAIs ages from Allende than Efremovka. This is consistent with the
fact that the age of CGft-13, the most altered of CAIs analyzed in this study, is ∼1
Myr younger than other Allende CAIs.

6.4.2 Decoupled resetting of Pb-Pb and Al-Mg chronometers

The age discrepancy between CAIs from different CV3 meteorites adds further
complexity to defining the t0 of the SS. So far, only CAIs from CV chondrites have
been dated with high-precision Pb-Pb method because of their large size. With the
presence of resetting and/or disturbance on the Pb-Pb system, it would be more
challenging to reconstruct a reliable t0. Another problem raised from the resetting
absolute ages is whether the Al-Mg system was reset at the same time, and to the
same extent, as the Pb-Pb system. The initial 26Al/27Al for CAIs in comparison
with their Pb-Pb ages are plotted in Fig. 6.7. It is noticeable that not all the CAIs
fall on the evolution line with canonical 26Al/27Al ratio. This observation can be
explained by either (i) heterogeneous distribution of 26Al/27Al ratios in the CAI
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forming region or (ii) decoupled resetting between Pb-Pb and Al-Mg chronometers.
However, if the heterogeneous 26Al/27Al ratios account for the discrepancies of two
chronometers, 26Al/27Al should be ∼2×10−4, which is hard to reconcile with the
astrophysics models. The mismatch between Pb-Pb and Al-Mg ages can be readily
explained by the Pb-Pb system can be more easily reset without significant impact
on the Al-Mg system.
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Figure 6.7: Comparison of 26Al-26Mg and Pb-Pb ages by the plot of 26Al/27Al (natural
log scale) versus Pb-Pb ages. The ln(26Al/27Al) is linearly correlated with the age of the
CAI. The red star denotes the average age of CAIs, with Pb-Pb age of 4567.25 ± 0.17 Myr
(Connelly et al. 2012) and 26Al/27Al ratio of 5.23×10−5 (Jacobsen et al. 2008. The red and
blue diamonds represent the CAI data from literature and this study, respectively. The dash
lines show the evolution of 26Al/27Al with the time with different 26Al/27Al ratios, with the
red dash line is the canonical value.
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