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ABSTRACT

U-Pb geochronology by isotope dilution—
thermal ionization mass spectrometry
(ID-TIMS) has the potential to be the

Blair Schoene @ https://orcid.org/0000-0001

-7092-8590
"bschoene @princeton.edu

most precise and accurate of the deep time
chronometers, especially when applied to
high-U minerals such as zircon. Continued
analytical improvements have made this
technique capable of regularly achieving
better than 0.1% precision and accuracy
of dates from commonly occurring high-U
minerals across a wide range of geological
ages and settings. To help maximize the
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long-term utility of published results, we
present and discuss some recommendations
for reporting ID-TIMS U-Pb geochrono-
logical data and associated metadata in ac-
cordance with accepted principles of data
management. Further, given that the accu-
racy of reported ages typically depends on
the interpretation applied to a set of indi-
vidual dates, we discuss strategies for data
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interpretation. We anticipate that this pa-
per will serve as an instructive guide for ge-
ologists who are publishing ID-TIMS U-Pb
data, for laboratories generating the data,
the wider geoscience community who use
such data, and also editors of journals who
wish to be informed about community stan-
dards. Combined, our recommendations
should increase the utility, veracity, versa-
tility, and ‘‘half-life”” of ID-TIMS U-Pb geo-
chronological data.

1. INTRODUCTION

U-Pb geochronology is used to date commonly
occurring U-bearing minerals for inferring the
ages of geological materials and processes in a
wide range of environments across Earth his-
tory (e.g., the Geologic Time Scale 2020; Davis
et al., 2003; Mattinson, 2013; Schoene, 2014).
The decay of 28U and U (t,, 28U, ca. 4.47 Ga;
235U, ca. 0.704 Ga) to their stable daughter prod-
ucts, 2Pb and 27Pb, respectively, can be deter-
mined in minerals with ages ranging from ca.
100 ka to the age of the Solar System. Among
the techniques presently used to measure the
parent and daughter ratios, the most precise and
accurate approach is by isotope dilution—isotope
ratio mass spectrometry (ID-IRMS), usually via
thermal ionization mass spectrometry (TIMS;
Parrish and Noble, 2003; Tilton et al., 1955a).
Note that we use the term ID-TIMS throughout
this manuscript, but that some labs (see main
text) measure U by multicollector—inductively
coupled plasma—mass spectrometry (MC-ICP-
MS). This may become increasingly popular in
the future, but currently the methods and appli-
cations described in this paper are equated with
what geologists and geochemists recognize as
“(CA)-ID-TIMS U-Pb” geochronology, so we
use this term, which may be more aptly referred
to as (CA)-ID-IRMS (where IR is isotope ratio)
geochronology.

Innovations in ID-TIMS U-Pb geochronology
over the past few decades include more precise
and accurate mass spectrometry, increasingly
rigorous and cleaner sample preparation, more
transparent data treatment and assessment of
uncertainties, calibration to the International
System of Units (SI), interlaboratory standard-
ization, and more informed interpretations of
how dates calculated correspond to the age of
a geological event. Additionally, more thorough
sample characterization through complementary
analytical techniques has provided more geo-
logically reasonable interpretations of dates in
a petrologic context (Kohn et al., 2017). To best
capitalize on these advances, however, several
issues need to be addressed. Firstly, to meaning-
fully compare different high-precision data sets,
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assessment of interlaboratory reproducibility and
bias must be addressed (Schaltegger et al., 2021).
In addition to carefully planned interlaboratory
experiments on reference materials, addressing
interlaboratory analytical bias requires reporting
U-Pb data from mineral and/or solution refer-
ence materials along with sample data in each
study. Secondly, it must be acknowledged that
the accuracy of an age depends on the robustness
of the interpretations of how a date corresponds
to a geologic process or event. For example, an
eruption age for an ash bed based on U-Pb zircon
dates may require interpretation of a potentially
complex data set that includes zircon dates that
predate eruption (Galeotti et al., 2019; Griffis
etal., 2019; Keller et al., 2018; Ovtcharova et al.,
2015; Sahy et al., 2017). Indeed, increased preci-
sion of ID-TIMS U-Pb data has led to a situa-
tion in which different approaches to inferring
a geologic process (such as eruption) from a
complicated data set can result in different high-
precision age interpretations from the same data
set. To tackle both concerns, complete data sets
must be presented along with available metadata
to provide adequate information for a broader
community that wants to incorporate those data
into their work, and to give researchers the abil-
ity to produce and assess alternative age interpre-
tations based upon those data.

Toward these ends, this paper outlines data
reporting requirements for U-Pb geochronol-
ogy by ID-TIMS, followed by a discussion of
salient issues related to data interpretation and
age assignments. We cover three main areas:
(1) data reporting, to provide a guide for users,
authors, reviewers, and editors that outlines the
information required for the publication of ID-
TIMS U-Pb data, as well as some suggestions
about useful data and metadata that should be
reported for quality control and the ability to
assess interlaboratory bias; (2) data interpreta-
tion, to provide guidance for the interpretation of
data sets to derive geologically significant ages,
and for users to understand how data interpre-
tation results in reported dates; and (3) current
state-of-the-art approaches in ID-TIMS U-Pb
geochronology, including its combination with
a range of microanalytical techniques that lead
to richer and more accurate age interpretations.
We have attempted to minimize the bias toward
the discussion of issues related to U-Pb zircon
dating, although this accounts for the majority
of U-Pb data being published. Regardless, we
define criteria for data reporting in a way that
is applicable to all minerals used for U-Pb dat-
ing. Also, although this contribution is focused
on ID-TIMS U-Pb geochronology, many of the
points for discussion are generic and can be
applied to a wide range of radioisotopic dating
and tracing.
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2. BACKGROUND ON ISOTOPE
DILUTION U-Pb GEOCHRONOLOGY

U-Pb geochronology is applied to U-bearing
minerals that form in a range of magmatic, met-
amorphic, and (to a lesser extent) sedimentary
and hydrothermal environments. The method
benefits from the key attributes of the U-Pb
decay scheme, namely the dual decay of U (33U
decays to 2Pb, and 2°U decays to 2’Pb), which
provides an internal check on open/closed sys-
tem behavior via concordance of the two decay
schemes. Zircon (ZrSiO,), in particular, is
extremely well suited to U-Pb geochronology as
it preferentially incorporates U** into its crystal
lattice during crystallization but excludes Pb**.
This is also true for baddeleyite (ZrO,), which
has become a cornerstone for interpreting the
age of mafic magmatism. This means that the
correction for initial daughter isotopes in the age
equation is minimized, improving a date’s preci-
sion and accuracy. Other moderate- to high-U
minerals include monazite, titanite, and rutile.
Perovskite and apatite can contain appreciable
amounts of initial Pb upon crystallization, but
because this can be tracked using the nonradio-
genic 2%Pb content in ID-TIMS analyses, accu-
rate corrections can be made for initial Pb using
a variety of approaches, but always at the cost
of precision (Chamberlain and Bowring, 2001;
Ludwig, 1998; Schmitz and Bowring, 2001).

U-Pb geochronology by ID-TIMS requires dis-
solving minerals in acids, chemically separating
U and Pb from the other elements in the mineral
using anion exchange chemistry, and measuring
the ratios of U and Pb isotopes by mass spectrom-
etry. To account for potential loss of either U or Pb
during the chemical separation process and dif-
ferences in ionization during mass spectrometric
analyses, it is necessary to add an isotopic tracer
to the sample to determine an accurate inter-ele-
ment (U/Pb) ratio. This process, called isotope
dilution (ID; Inghram, 1954; Stracke et al., 2014;
Webster, 1959), involves mixing a sample with
a solution containing a known amount/ratio of
purified parent and daughter isotopes prior to dis-
solving the mineral. In the case of modern U-Pb
ID-TIMS analyses, the tracer contains enriched
abundances of naturally occurring and/or syn-
thetically produced isotopes of both U and Pb
(e.g., 202Pb, 205Pb, 233U, and >6U) whose ratios
are carefully calibrated (Condon et al., 2015;
McLean et al., 2015). If the isotope tracer contains
at least one unnaturally occurring isotope of both
U and Pb and its isotopic composition is known,
the U and Pb isotope ratio measurements of the
homogenized tracer-sample mixture are the only
requirements for determining the mass of iso-
topes of interest in the sample. The abundances
of the tracer isotopes are determined by calibra-
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tion against gravimetrically determined solutions
(i.e., solutions of determined isotopic composi-
tions whose elemental concentrations are known
via weighing), so isotope dilution measurements
of samples can be directly traced to the SI unit
of the kilogram (Condon et al., 2015; Wasserburg
et al., 1981). This makes it a so-called “primary”
measurement technique whereby U/Pb ratios can
be traced back to SI units. When combined with
the determination of the 238U and 2*>U decay con-
stants (Jaffey et al., 1971), U-Pb dates are more
confidently thought to accurately quantify geo-
logic time.

U-Pb determinations by ID-TIMS are also
increasingly important for the accuracy of
standard-bracketed U-Pb methods and other
radioisotope systems used for geochronology.
For example, microbeam U-Pb methods such as
laser ablation—inductively coupled plasma—mass
spectrometry (LA-ICP-MS) and secondary ion
mass spectrometry (SIMS) determine U/Pb
ratios relative to a reference material whose U/
Pb is known via ID methods (Schaltegger et al.,
2015; Stracke et al., 2014; Williams, 1998). Fur-
thermore, decay constants used in other radio-
isotopic dating methods (e.g., Rb-Sr, “Ar/*Ar,
and Re-Os) have been intercalibrated with U-Pb
dates from the same geological materials (Nebel
et al., 2010; Renne et al., 2010; Selby et al.,
2007). As intercalibration experiments continue
to improve, the accuracy of ID-TIMS U-Pb geo-
chronology will be incorporated into other geo-
chronological methods.

Critical for further improving the precision
and accuracy of U-Pb dates is the availability of
suitable U and Pb isotopic tracers and the precise
and accurate knowledge of their isotopic com-
position. In the first decades of ID-TIMS U-Pb
geochronology, tracers were mainly composed of
enriched 2%8Pb, 25U, and 2*°Th (Krogh, 1973; Til-
ton et al., 1955b). The production of a 2%Pb tracer
(Krogh and Davis, 1975; Newman et al., 1976;
Parrish and Krogh, 1987) and to a lesser extent
202pp (Todt et al., 1996) allowed measurements
of Pb isotope compositions and abundances to
be made on the same aliquot. The later addition
of synthetic 23U and/or 2*¢U tracers in addition
to, or in lieu of 2°U, allowed for a more accurate
and precise correction for instrumental mass bias
(Richter et al., 2008). U-Pb geochronology via
ID-TIMS using a double-Pb, double-U tracer is
capable of producing U-Pb dates of minerals such
as zircon with uncertainties of <0.05% (Nasdala
et al., 2018; Szymanowski and Schoene, 2020).
For U-Pb dates to also be demonstrably accurate
at the 0.05% level, transparency in data gen-
eration, reduction, reporting, and interpretation
needs to be consistent across the literature. The
rest of this paper is focused on recommendations
that will help achieve this goal.
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Publishing U-Pb ID-TIMS geochronological data

3. DATA AND METADATA REPORTING

Recommendations for data reporting associ-
ated with ID-TIMS U-Pb geochronology are
aimed at aiding the interoperability and reusabil-
ity of U-Pb geochronological data. We differen-
tiate the term “‘date”—the number calculated
using the decay equation or through a statistical
interpretation such as a weighted mean or iso-
chron (Section 6)—from “age,” which applies
an interpretation to dates and therefore adds
geologic significance. Although it is uncommon
in the literature to report either dates or ages
without analytical data, the underlying analyti-
cal data, rather than simply age interpretations,
are required for the following reasons:

(1) To facilitate the reproduction of a set of
U-Pb dates. The dates from which an age is
derived are calculated based upon a number of
input parameters, some of which are measured
for a specific mineral (e.g., isotope ratios), some
of which are estimated for a sample or group of
samples (e.g., an analytical blank contribution),
and some of which are common to all samples
and often referred to as “constants” (e.g., a
decay constant). When calculations that convert
isotope ratios to radioisotopic dates require reas-
sessment (e.g., 2*°Th disequilibrium correction,
Section 3.3), the appropriate input parameters
are necessary; therefore, they should be pub-
lished with the data.

(2) To evaluate the quality of a set of U-Pb
dates. Enough data and metadata should be
reported for a reader to assess the quality of
U-Pb dates. These include attributes such as the
ratio of radiogenic to common Pb, which should
scale with uncertainty in the resulting dates in
most cases (Schoene and Baxter, 2017); noncor-
relation could imply issues with mass spectrom-
etry. These also include data for U-Pb reference
materials that allow assessment of intralabora-
tory and interlaboratory reproducibility.

(3) To enhance the longevity of a set of U-Pb
dates. Constant values and uncertainties that
apply to all data sets (e.g., decay constants and
sample 238U/?5U) are estimated based upon
experimental data such that new values can be
determined periodically. Capturing the appro-
priate levels of data and metadata allows legacy
data to be updated using different input values,
thus extending the useful life of the sample data.

(4) To allow (re)examination of the derived
age interpretations based upon sets of U-Pb
dates. Proper documentation of the data and
metadata underlying U-Pb dates will allow oth-
ers to derive alternative age (and/or uncertainty)
interpretation(s) for a given mineral or sample.

In the following paragraphs we propose a list
of data, metadata, parameters, and constants that
provide a sufficient description of the data set to
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meet the broad goals described above, which we
consider to be required for publication. The work-
flow is presented in Figure 1 with identical header
and subheader numbering in the text. We note that
some of these procedures are quite standard, and
in such cases, it may be sufficient to reference a
publication with the complete workflow or process
described. Figure 1 can also be used as a checklist
for those wishing to confirm that both necessary
and optional data reporting guidelines are met.

3.1. Sample Characterization

3.1.1. Sample Collection

Sample metadata such as location and geo-
logical context commonly reside in the narrative
of a publication, as well as within data tables
and figures. Samples should be provided with a
unique geographical identifier that is associated
with metadata about the nature of the sample
(see below). The location description must be
sufficient for sampling to be reproduced. This
is highly sample-specific and may include Uni-
versal Transverse Mercator (UTM) or latitude—
longitude coordinates (at a precision sufficient
to reproduce the sampling locality), site descrip-
tions, stratigraphic sections, borehole logs, and/
or (micro-)photographs. Authors should consider
linking sample metadata to a persistent, unique,
and actionable registered sample identification
number such as an International Generic Sample
Number (IGSN) that can be provided by the
SESAR System for Earth Sample Registration.

3.1.2. Mineral Location and Separation

Indicate whether minerals were obtained
through bulk or selective sampling, and whether
selection was preceded by petrographic contex-
tualization. If the materials analyzed are sepa-
rated from a rock sample, the separation process
should be described, and the host rock should
be described in sufficient detail to understand
the relationship of the separated mineral to the
host, to be able to interpret eventual chemical
data obtained from the dated material, and to
relate the host to the geologic phenomena under
consideration.

3.1.3. Selection of Material for Analysis

Describe the criteria that guided the selection
of the material analyzed (i.e., minerals chosen)
from the bulk mineral concentrate.

3.1.4. Characterization of the Material Dated
Samples analyzed should be described with
sufficient detail to understand the nature of the
material being measured. Information about the
size, shape, color, consistency, and quality (e.g.,
presence of mineral/fluid inclusions, alteration,
zoning, fractures, etc.) of the grains is important
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3.1. Sample
Characterization

3.2. Isotope Dilution
Analytical Data

3.3. Isotope Dilution
Data Reduction

U-Pb ID-TIMS work flow

labeled by section in text
1

3.1.1. Sample Collection

| 3.1.2. Mineral Location and Separation

3.1.3. Selection of Material for Analysis

‘ 3.1.4. Characterization of Material

3.2.1. Mineral Pre-Treatment

3.2.2. Aliquot Dissolution

3.2.3. lon Exchange Chemistry

3.2.4. Isotope Ratio Mass Spectrometry

3.3.1. Parameters Used for Data
Reduction

3.3.2. Material Compositional
Parameters from Isotope Dilution

3.3.3. Radiogenic and Sample Isotope
Ratios

Condon et al.

Data and metadata reporting
data in bold are considered required in data tables or methods
data in italic are recommended in text

Unique and persistent geographic identifier and geological context
Description at outcrop, hand sample and possibly microscopic scale
Sample characterization and aliquot selection

Mineral descriptions: shape and size, petrographic context, optical, CL or BSE
images

Mineral chemistry, e.g., trace elements, isotope data

Strategy of aliquot selection: crystal bias, representativity

Sample pre-treatment: conditions during physical or chemical abrasion.
Details of dissolution: acids used, temperature, type of vessel

Type of isotope tracer and how it was calibrated

Anion exchange chromatography methods, type and volume of resin

Mass spectrometry metadata: type and details of mass spectrometer; ana-
lytical protocol of measurements, description of detector calibration proce-
dures, mass fractionation correction, etc.

Data algorithm used

Data reduction metadata: blank isotope composition and amount of
common Pb in analysis, method to correct for mass bias, isobaric interfer-
ence corrections (BaPO,, Tl), oxygen isotope correction.

28/2%°U value used, assumed Th/U for initial 2°Th correction and descrip-
tion of the used approach and its uncertainty.

Report radiogenic isotope ratios for Pb -corrected data, uncorrected for
Th- and Pa-disequilibrium

Report Pb -uncorrected data for high Pb_data used for isochrons

5. Data Visualization
and Uncertainties

From Dates to Ages

6. Geological Age Interpretations:

4236

5.1. Data Visualization

5.2. Reporting Random and Systematic
U/Pb Uncertainties

6.1. Recognizing and Resolving Pb-loss

6.2. Analytical Tools for Understanding
Age Dispersion

6.3. Statistical Approaches to Age
Calculation

Decay constant values

Report 2°°Pb/38U, 27Pb /23U, and 2°’Pb/?°Pb dates, corrected and uncorrect-
ed for Th-disequilibrium (and Pa)

Report random and systematic sample uncertainties separately

Visualize data in appropriate diagram (Wetherill or Tera-Wasserburg

} concordia, rank-order plot, probability density plot, isochron dia-

gram).

Characterize most important sources of random and systematic uncertain-
ty: decay constant uncertainty, U isotope ratio, common Pb correction;
analysis of the most important sources of error

Report standard data that permits evaluation of accuracy and repeat-
ability

Description of interpretative framework (isochron, weighted-mean of
youngest grains or youngest cluster, Bayesian model age), give MSWD
value of weighted-mean and isochron dates.

Assess the analytical and geological uncertainties for linking a radioiso-
topic date to a geological process or event, and discuss other interpre-
tations.

Additional insights from trace element analysis (in-situ on representative grains
of the same sample, or TIMS-TEA on dated grains)

Reconstruction of crustal evolution or source liquids from initial Hf, Nd, etc. iso-
tope compositions of dated material.
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Publishing U-Pb ID-TIMS geochronological data

Figure 1. Schematic workflow diagram for U-Pb geochronology by chemical abrasion—isotope dilution-thermal ionization mass spectrom-
etry (CA-ID-TIMS). Left side of diagram outlines workflow with sections of text labeled. Refer to those sections for more detail. Right side
of diagram lists, in brief, data and metadata required and recommended for reporting in studies containing ID-TIMS U-Pb data. This list
can be used as a checklist for those evaluating data reporting in their own or other papers. Each item on the list is discussed in more detail
in related sections of the text. BSE—backscattered electron; CL—cathodoluminescence; TIMS-TEA—thermal ionization mass spectrom-

etry—trace element analysis.

<

<

for a proper interpretation of the U-Pb results
and dates. Were the samples analyzed comprised
of multiple grains, single crystals, or crystal
fragments? Optical, cathodoluminescence (CL),
backscattered electron (BSE) images, and/or
X-ray maps are desirable for understanding min-
eral textures, petrographic settings, morpholo-
gies, and petrogenesis. Screening zircon grains
using micro-Raman spectrometry can inform
about the degree of decay damage and quantify
the success of the chemical abrasion treatment
(McKanna et al., 2023; McKanna et al., 2024;
Widmann et al., 2019). In situ U-Pb methods
can be used to characterize age populations for
given minerals, or U/Pb variation in initial Pb-
bearing phases, to aid in the selection of material
for ID-TIMS analyses. Dated grains that were
imaged prior to analysis should be identified, so
the reader can connect a date to the image of the
mineral, and it can be beneficial to include com-
plementary trace element or isotopic data (e.g.,
Hf, O, Li, etc.) from minerals analyzed for geo-
chronology. These analyses can be conducted
in situ prior to ID-TIMS using electron probe
microanalysis (EPMA), LA-ICP-MS, or SIMS
techniques (Chelle-Michou et al., 2014; Rivera
et al., 2014; Samperton et al., 2015; Wall et al.,
2021), or on the material left over from chemi-
cal purification after mineral dissolution through
solution ICP-MS (Amelin et al., 1999; Schoene
et al., 2010b). While we do not make specific
recommendations here for these other analyti-
cal methods, these data and analytical protocols
should also be published with adequate detail,
as dictated by those methods, to meet the same
goals targeted by the recommendations for U-Pb
data in this paper.

3.2. Isotope Dilution Analytical Data

The analytical data should be reported in the
methods section and/or a data table (Tables S1
and S2 in the Supplemental Material') and

ISupplemental Material. Table 1: Example data
table for U-Pb CA-ID-TIMS isotopic data for a
mineral low in common Pb. Table 2: U-Pb ID-
TIMS isotopic data for a single mineral grain high
in common Pb. Please visit https://doi.org/10.1130
/GSAB.S.25308946 to access the supplemental
material, and contact editing@geosociety.org with
any questions.

Geological Society of America Bulletin, v. 136, no. 9/10

also stored using a unique sample identi-
fier in a publicly accessible data archive (see
Section 4). In the following text, an asterisk,
such as Pb*, refers to the radiogenic daughter
product, a subscript “c,” such as Pb,, refers to
“common” or nonradiogenic Pb present when
the mineral crystallized (referred to below as
initial Pb) plus that introduced as blank dur-
ing laboratory work (referred to as blank Pb).
Given relatively consistent blank Pb values, the
term “high Pb, minerals” used below refers to
those with high initial Pb. Data tables should
be provided in a form that is easily machine-
readable. Annotated examples of data tables
are included (Table S1 provides an example for
a mineral with high Pb*/Pb_, such as zircon;
see Table S2 for a mineral with low Pb*/Pb,,
such as apatite).

3.2.1. Mineral Pre-Treatment

Has the sample undergone any pre-treatment
to minimize the impact of Pb-loss (mechanical
or chemical abrasion) or surface contamination?
If the chemical abrasion method (Mattinson,
2005) was applied (and it generally should be
for zircon), report duration and temperature of
both annealing and partial dissolution steps,
as well as the concentration of the acids (e.g.,
Huyskens et al., 2016; Mattinson, 2005; McKa-
nna et al., 2023; McKanna et al., 2024; Widmann
et al., 2019).

3.2.2. Aliquot Dissolution

Report conditions of dissolution such as type
of dissolution vessel, temperature, duration, acid
strength, and whether and how complete dissolu-
tion was verified. This step typically begins with
the addition of the isotope tracer to the sample;
verifying sample dissolution facilitates assess-
ment of sample/tracer homogenization. Report
which U-Pb tracer was used and how it was
calibrated (e.g., reference a paper that outlines
the calibration; Condon et al., 2015; McLean
etal., 2015).

3.2.3. Ion Exchange Chemistry

If ion exchange chemistry was employed
to purify U and Pb, describe the size and vol-
ume of columns and the type of resin. Briefly
describing the entire separation protocol, includ-
ing acid molarities and volumes, is desirable but
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not required. When standard approaches are
employed, a publication that describes these can
be referenced.

3.2.4. Isotope Ratio Mass Spectrometry

Indicate which mass spectrometer was used
for isotope ratio analysis, and how the isotope
ratios for each element were measured. While
most labs use TIMS to measure uranium as the
oxide, some labs measure uranium as the metal
either by TIMS or MC-ICP-MS (Liao et al.,
2020; Tissot and Dauphas, 2015; Zhou et al.,
2019); in either case, it is important to indicate
the type and maker of the mass spectrometer,
in addition to various calibration protocols. For
example, a study should indicate whether ion
counting, faraday only, or combined faraday-
ion counting mode was employed. Static or
dynamic multicollector modes versus dynamic
single-collector modes should also be indicated.
How were the ion counting parameters such as
deadtime and detector linearity calibrated and
verified? How were faraday cup efficiencies
and gains determined, what signal amplifica-
tion technology was used, and what integration
times were used and how were tau corrections
applied? Indicate the type of loading solution
that was used on filaments (e.g., Si-gel or silicic
acid; Gerstenberger and Haase, 1997). Due to
corrections described below that are applied to
raw ion counts or currents, these are not recom-
mended for reporting.

3.3. Isotope Dilution Data Reduction

Following mass spectrometry, the measured
isotope ratios are corrected for a number of fac-
tors related to the measurement itself (e.g., mass-
dependent fractionation), and also for subtrac-
tion of nonradiogenic isotopes (e.g., initial and
blank Pb, and tracer isotopes). The end result of
this permits calculation of the isotope ratios and
compositional parameters reported in example
Tables S1 and S2.

3.3.1. Parameters Used for Data Reduction

In the methods section, it is important to
report which software was used for isotope
ratio data visualization and discrimination (e.g.,
Bowring et al., 2011) and which algorithm and/
or software was used for data reduction (e.g.,
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McLean et al.,, 2011; Schmitz and Schoene,
2007). Typical practice is to report the amounts
and isotopic composition of laboratory Pb and
U blank (typically a mass), their uncertainties,
and how these were estimated (Tables S1 and
S2). In addition, the isotopic composition (and
uncertainties) used to subtract both blank and
initial common Pb from the total Pb budget
must be reported, with a statement about how
these values were determined. Was the ratio of
28U/?5U in the sample measured directly on
the aliquot dated (Tissot et al., 2019) or was an
assumed value based upon 2*¥U/?5U studies on
other U-bearing minerals (Hiess et al., 2012)?
The approach to correction for mass bias dur-
ing mass spectrometry needs to be outlined (e.g.,
“power-law,” etc.). For example, were the mass
bias corrections based on external measurements
of standard materials (e.g., SRM 981), or on
internal double spike (e.g., 292Pb-205Pb) measure-
ments? Were molecular or isobaric interferences
monitored and/or corrected for (e.g., masses
201 and 204 for BaPO, and 203 and 205 for
Tl interferences), and if a correction was done,
what isotopic composition (e.g., 2T1/2T1) was
used for the interfering species? Measurement
of U as UO, is a common practice with TIMS,
and reporting of the '*0/!O forming the oxide
as well as the uncertainty used are required. If an
180/190 value was used based upon an assumed
“natural” value, report the value and a refer-
ence; if measured directly during the ID-TIMS
analyses (Szymanowski and Schoene, 2020) or
inferred based on other measurements using the
same analytical setup (Condon et al., 2015),
describe the analytical approach.

3.3.2. Material Compositional Parameters
Jrom Isotope Dilution

ID-TIMS permits the determination of the
absolute amount of U and Pb in a given aliquot
given the known tracer isotope concentration
and amount of tracer added. Typical practice is
to report the mass of radiogenic Pb (Pb*), the
mass of common Pb (Pb,), and their ratio. The
206Pb/204Ph ratio (corrected for mass fraction-
ation and tracer Pb contributions, but not blank
and initial Pb contents; reported in isotope ratios
in Table S1) has been reported historically as a
measure of the ratio of radiogenic to common Pb
in the analysis, and serves as a proxy of radio-
genic to common Pb for a 26Pb/?38U date. In
many ways it is redundant to the required Pb*/Pb,
parameter, which seems to be what many ana-
lysts prefer to see. Notably, the Pb*/Pb, is usually
calculated including 2°8Pb*, which means that for
U-Pb geochronology of high Th/U minerals (e.g.,
monazite, perovskite, and titanite), the Pb*/Pb,
may not correlate well with the uncertainty on the
206Ph/238U date, but the 2°°Pb/2%Pb does.
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Molar quantities of Pb and U, combined with
a mass or volume estimate, permit the calcula-
tion of the U and Pb concentrations in the ali-
quot. At present, the sample sizes of single min-
eral grains (<10 pg) are too small for weighing
to be practical, but volumes may be estimated
from photographs. More recently, removal of
material during chemical abrasion (Mattinson,
2005) has added further uncertainty to the post-
leached volume or mass (however, see McKa-
nna et al., 2023). For these reasons, we place
U and Pb concentrations in the recommended
rather than required category, and they are not
shown in Tables S1 and S2. However, reporting
the sample U mass (in pg or ng) will allow pos-
sible inaccuracies due to insufficient U available
for measurement to be evaluated, and we recom-
mend that it be reported.

The Th/U ratio of an analyzed mineral is cal-
culated based upon the 298Pb*/2%Pb* ratio in
the aliquot, a nominal age (from the U-Pb sys-
tem), and the Th and U decay constants; this is
required for estimation and correction of initial
20Th disequilibrium (Parrish, 1990; Schirer,
1984). Figures 2D and 3D illustrate the mag-
nitude and direction of this bias on 2°°Pb/?3%U
dates. Reporting of the 2%8Pb*/2%Pb* is required
(reported as an isotopic ratio in the table), since
it is the starting point of the sample Th/U cal-
culation. The study should describe how the
initial daughter disequilibrium correction was
performed, namely whether a value for Th/
Ujiquia Was assumed (with its uncertainty), or
whether a constant D, /Dy partition coeffi-
cient ratio (and uncertainty) was used (Rioux
et al., 2015; Samperton et al., 2015; Wotzlaw
et al., 2014). While secular equilibrium in the
melt is usually assumed, this assumption has
been demonstrated to be false in some circum-
stances (Neymark et al., 2000). The magnitude
and thus importance of this correction varies
according to the sample age and question
being asked, so while this information must
be reported, it may be appropriate to do so in
the methods section, or it may be important to
report this directly in the data table (as shown
in Tables S1 and S2).

3.3.3. Radiogenic and Sample Isotope Ratios
Whether or not the material has substantial
amounts of initial Pb will determine which iso-
tope ratios are reported (Tables S1 and S2), as
will the method of common Pb correction, i.e.,
whether it is subtracted based on an estimate
of its composition or whether it is calculated
using an isochron approach (see Section 5). For
samples with negligible initial Pb,, such as zir-
con and baddeleyite, or for those for which the
initial Pb, composition can be reasonably esti-
mated, radiogenic isotope ratios (corrected for
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mass fractionation, tracer, and analytical blank
Pb and U contributions, and any residual initial
Pb content) should be reported. In this case,
the three radiogenic isotope ratios, 2°Pb*/238U,
207ph#/235U, and 207Pb*/20Pb* and their asso-
ciated relative (percentage) uncertainties are
required to compute the covariance structure in
ID-TIMS U-Pb measurements; thus, they should
always be reported. Reporting the correlation
coefficient between 29Pb/?3¥U and 207Pb/?*U
is required for calculation and visualization of
radioisotope dates and derived geological ages in
a concordia plot (see Figs. 2A and 3A). We also
recommend that these ratios be reported both
with and without correction for initial 23Th dis-
equilibrium, given that this correction requires
significant interpretation. While it is acceptable
to report either corrected or uncorrected ratios,
and the appropriate approach may depend on the
particulars of a study, it is important to note that
a reader cannot reproduce concordia plots with-
out having corrected ratios. Similarly, in rare
cases where 23!Pa disequilibrium is considered
significant, both corrected and uncorrected ratios
should be reported. Usually, it is acceptable to
ignore the 23'Pa altogether, because other than
in some extreme examples (Anczkiewicz et al.,
2001), its magnitude is tiny (Schmitt, 2007) and
largely speculative.

For samples where the initial Pb correction
has a large uncertainty, and/or if the data are to
be used for isochron calculations, the sample
isotope ratios should be reported (corrected for
mass fractionation, + disequilibrium, and tracer
and analytical blank Pb and U contributions,
but not initial Pb contents), as shown in Table
S2. In this case, reporting the ratios 238U/2%Pb,
207pp/206Ph, and 204Pb/29Pb and their associated
relative (percentage) uncertainties and uncer-
tainty correlations allows the use of two- and
three-dimensional Tera-Wasserburg construc-
tions to simultaneously solve for the concordia
intercept (2%°Pb/?*¥U) date and initial Pb compo-
sition for a set of analyses representing variable
mixtures of radiogenic and initial Pb (Ludwig,
1998). We recommend reporting these total
sample ratios whenever significant quantities of
initial Pb are present in samples. We also rec-
ommend that these ratios be reported both with
and without correction for initial 2°Th disequi-
librium. Similarly, in rare cases where 23'Pa dis-
equilibrium is thought to be significant, both cor-
rected and uncorrected ratios should be reported.
As with high Pb*/Pb, minerals, it is acceptable
to report either corrected or uncorrected ratios,
and the appropriate approach may depend on the
particulars of a study, but again it is important to
note that a reader cannot reproduce concordia
plots, or perform isochron calculations, without
having corrected ratios.
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Figure 2. Impact of different types of system complexity on precise U-Pb dates in Wetherill concordia plots and age ranked plots for analy-
ses of a 500 Ma high Pb*/Pb, sample. (A) Concordia plot of high Pb*/Pb, analyses situated within concordia curve uncertainty. Excellent
reproducibility (mean square of weighted deviates [MSWD] = 0.83) allows for calculation of a weighted mean age. (B) Representation of
the 206Ph/238U dates in a rank order plot; individual dates are statistically equivalent and do not resolve a hypothetical 100 Kk.y. duration of
mineral growth. (C) High Pb*/Pb_ analyses delineating a lead-loss trend that becomes visible at >0.5% Pb-loss at the chosen uncertainty
of individual dates. Graph also shows different mixing trajectories toward xenocrystic/inherited components diverging from the concordia,
leading to discordance as a function of the age of the xenocrystic component as well as of the analytical precision. (D) Effect of 2*’Th dis-
equilibrium on a 500 Ma zircon with a high Pb*/Pb, level as well as on suspected A,;5; inaccuracy (see text for discussion). Expected shifts
in the concordia space stay within the analytical uncertainty ellipse and the decay constant uncertainty band of the concordia, respectively.
Amount of 2'Th disequilibrium and its uncertainty will be different for different minerals; e.g., see Parrish (1990).

3.4. Date Calculation

For samples where an initial Pb subtraction
is conducted (in addition to a blank Pb subtrac-
tion), one should report the dates calculated from
the radiogenic isotope ratios in the data table,
along with their 2-sigma uncertainties (Table
S1). These can then be readily used by others for
inspection and to produce plots. Three dates can
be computed from the 206Pb*/238U, 207Pb*/235U,
and 207Pb*/2%Pb* isotope ratios and the decay
constants of 233U and *U. The values and propa-
gated uncertainties of the dates calculated from
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the isotope ratios are required to assess concor-
dance and compute more complex geological age
models. We recommend these dates be reported
corrected for initial 2*°Th and ?3'Pa daughter iso-
tope disequilibrium, though in some cases this
correction is significant enough that it is useful
to report dates without the disequilibrium correc-
tion, or even to report the dates with multiple cor-
rections (perhaps in a separate table and/or with
separate discussion) using different interpreta-
tions for the Th/Uj;q,q (e.g., Rioux et al., 2012).
The decay constants used in the date calculation
need to be reported (see Section 5.2.2.). For sam-
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ples greater than a few hundred million years old,
it is also useful to provide a measure of discor-
dance for the reader; this is usually reported as
a percent difference between the 27Pb/?%Pb and
206pp/238U dates. Conventionally, discordance is
positive when the 2%°Pb/?38U date is younger than
the 297Pb/2%Pb date. If individual dates are inter-
preted as ages and discussed in the text as such,
they should be reported in the &+ X/Y/Z format
(see Section 5.2).

For analyses of minerals that contain high ini-
tial Pb and low Pb*/Pb, (such as, e.g., apatite,
perovskite, or carbonate), and the initial Pb
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Figure 3. Impact of different types of system complexity on precise U-Pb dates in Wetherill concordia plots and age ranked plots for
analyses of a 10 Ma high Pb*/Pb_ sample. (A) Concordia plot of low Pb*/Pb_ analyses from a 10 Ma population showing U decay constant
uncertainty band. All individual analyses are intersecting the uncertainty band and are therefore concordant. No weighted mean age can
be calculated because the data population is not equivalent; the reason for data scatter is unknown and needs to be explained (see Gaynor
et al., 2022a). (B) Rank order plot of the 2°Ph/238U dates demonstrates that the 100 k.y. age scatter is readily resolved at an age of 10 Ma. (C)
Plot shows 100 k.y. scatter of low Pb*/Pb, dates that may be interpreted by variable degrees of Pb-loss in individual crystals but cannot be
analytically resolved. Example shows that at low Pb*/Pb_ levels, small proportions of xenocrystic/inherited Pb will yield concordant dates
and remain undetected (see Gaynor et al., 2022a). (D) Effect of 22Th disequilibrium in a 10 Ma zircon amounts to ~90 k.y. and will lower
the 206Pb/238U date outside the analytical uncertainty, while a hypothetical 23'Pa excess remains undetected. Amount of 22°Th disequilibrium
and its uncertainty will be different for different minerals; e.g., see Parrish (1990).

composition is considered a large uncertainty
contribution for which numerous interpretations
may be valid (e.g., 2-D or 3-D isochron pro-
jections are required to arrive at a date; Fig. 4;
Table S2; see Sections 5.1.2 and 5.1.5), the data
reporting format of Table S2 would apply. In
this case, dates may or may not be reported in
the data table depending on the Pb*/Pb, and the
authors’ interpretation of the data set. If Pb*/Pb,
is somewhat elevated, and the initial Pb isotope
composition can be assessed through measure-
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ment of a cogenetic U-free mineral phase that has
the same initial Pb composition, or there is some
other preferred interpretation for the initial Pb
isotope composition (such as using an estimate
of Pb composition from a whole-earth Pb isoto-
pic evolution model; Stacey and Kramers, 1975),
then radiogenic isotope ratios and dates could be
reported in the data table (see Table S2). In such
a case, the same criteria for 2*°Th disequilibrium-
corrected dates applies here. Alternatively, where
an isochron approach is required such that a date
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is based on a set of individual analyses, the dates
or ages may be presented and discussed in the
text and relevant figures (or potentially a different
table with multiple interpretations of dates). Note
that all isochron calculations must be performed
on ratios corrected for 2°Th disequilibrium.

4. DATA ARCHIVING

Recently, geochronology, like other sciences,
is making efforts to improve the infrastructure

Geological Society of America Bulletin, v. 136, no. 9/10
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for what has become known as FAIR principles
(Findability, Accessibility, Interoperability, and
Reusability; Wilkinson et al., 2016) in data man-
agement. Recent concerted cyber-infrastructure
efforts (e.g., Bowring et al., 2011; McLean et al.,
2011; Quinn et al., 2021) have created a way for
authors to archive all measured data, data reduc-
tion parameters, and results with complete trace-
ability, in a well-described, computer-readable
database that allows users to download and
reinterpret full data sets. This provides the ulti-
mate data reporting solution and guarantees the
utility and longevity of U-Pb data in a way that
is publicly available and computer searchable
(for instance, by geography, geologic context,
or date). Geochron (geochron.org) is a database
that will accept and curate data from anyone,
and we recommend its use for those publishing
geochronological data of all types. Other com-
munity accessible databases exist (e.g., Pangea)
and will accept generic data types for long-term
archiving. A number of geochronology-specific
databases exist (e.g., U.S. Geological Survey
and AusChem), and while easily accessible and
searchable, they may only accept data from cer-
tain users.

Despite this progress in achieving FAIR prac-
tices, a concise U-Pb data table provided with a
publication (as, e.g., Tables S1 and S2) remains

Geological Society of America Bulletin, v. 136, no. 9/10

instrumental in supplying a reader with an
immediate understanding of data alongside the
authors’ detailed interpretation. Now, it is com-
mon to include data tables as supplemental infor-
mation stored online by the journal, as opposed
to printed in the main text of the publication,
and we recommend that this trend continue in
parallel with more sophisticated data archiving
initiatives under the FAIR guidelines. These data
should be open source, and reported in a format
that is easy for others to open, explore, replot,
etc., such as a .csv or Excel file, instead of or in
addition to a .pdf.

5. DATA VISUALIZATION AND
UNCERTAINTIES

The data and metadata that are recommended
above for reporting should be sufficient for
exploring and interrogating the data set from
many different angles. Part of interpreting these
data involves plotting the data for visual inspec-
tion, describing interpretations for readers, and
inspiring hypothesis testing. Here, we summa-
rize the most popular ways of visualizing ID-
TIMS U-Pb data, which can be instrumental in
age interpretations (Section 6), and also briefly
discuss ways of reporting both random and sys-
tematic uncertainties. We only partly reproduce
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these plots (Figs. 2—4), as this has been done
in many other publications (e.g., Corfu, 2013;
Reiners et al., 2017; Schaltegger et al., 2015;
Schoene, 2014); readers are referred to these
resources for more detail. Tools for data visual-
ization and calculations have been developed for
geochronology and can be used to make plots.
For decades, the community had Isoplot (Lud-
wig, 1991), which was developed to run in both
DOS and Excel, and more recently this general
capability has been developed to run in R and/
or through an online interface (IsoplotR; Ver-
meesch, 2018).

5.1. Data Visualization

5.1.1. Wetherill Concordia Plot

U-Pb data have traditionally been plotted
on the conventional (Wetherill) concordia plot
(207pb*/235U versus 200Pb*/238U; Wetherill,
1956) for its ability to visualize the concordance
of the three radioisotope dates (207Pb*/206Pb*,
207pp*#/235U, and 20°Pb*/238U). This conventional
form of the concordia plot remains one of the
most useful visualizations of concordance of
U-Pb data (Figs. 2A and 3A). Accurate plot-
ting of data in the conventional concordia plot
requires knowledge of the covariance structure of
the isotope ratio uncertainties due to the signifi-
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cant correlation of uncertainties of 207Pb*/>3U
and 20°Pb*/238U. Uncertainty correlations are
equally important for the calculation of “discor-
dia” lines that connect variably discordant data
with the concordia curve (see further discussion
of “upper intercept ages” below). Although dis-
cordance due to Pb-loss becomes less obvious in
Phanerozoic samples, discordance due to signifi-
cantly older xenocrystic inherited cores is read-
ily apparent in this construction (Figs. 2C and
3C). We suggest that the concordia curve always
be displayed with its uncertainty stemming from
the A\23¥U and N\P°U uncertainties (see Section
5.2.2), which are visible as an uncertainty band
in the concordia plots of Figures 2—4.

5.1.2. Tera-Wasserburg Concordia Plot

The alternative Tera-Wasserburg (T-W) con-
cordia of 297Pb/?Pb versus 23U/?%Pb can be
constructed to visualize discordance and calcu-
late discordia lines and intercept ages in ways
that are computationally equivalent to the tra-
ditional concordia plot (Fig. 4A). The tighter
curvature of concordia through the Proterozoic
in this construction makes it attractive for visual-
izing both very ancient and very young samples.
However, the primary use of the T-W concordia
plot has been for plotting total sample isotope
ratios (corrected for fractionation, tracer, and
blank contributions, but including the initial
common Pb; see Table S2), and it has gained
added value for its ability to constrain mixing
lines between radiogenic (lower concordia inter-
cept) and initial Pb (y-intercept) end members
in samples of variable and low initial U/Pb. This
construction is recommended as an alternative
visualization for such systems, although its util-
ity is compromised by Pb-loss. As with the con-
ventional concordia diagram, uncertainty corre-
lations must be provided in the data table to plot
and perform calculations on the T-W diagram.

5.1.3. Rank Order Plot

Plots of individual U-Pb dates in rank order
can provide a useful visualization of the disper-
sion for many aliquots of a sample or different
samples. Rank order plots are particularly use-
ful when only one isotope system is particularly
important for the age interpretation, for example,
the 207Pb*/205Pb* date of ancient samples or the
206ph*/2381 date of younger (Phanerozoic) sam-
ples (Figs. 2B and 3B). We recommend a com-
bination of concordia and ranked date plots for
comprehensive visualization of U-Pb data sets.

5.1.4. Probability Density Function

For data where the range of U-Pb dates is
much larger than uncertainties on individual
analyses, the probability density function can
provide a clear visualization of the distribution
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of variance across a data set. The probability
density function can be used to recover the domi-
nant modes from a set of dates, while the cumu-
lative probability function is the starting point
for several algorithms that compare nonpara-
metric distributions (e.g., Kolmogorov—Smirnov
test and Kullback-Leibler divergence measure).
Probability density functions have been used to
visualize the deconvolution of interpreted age
populations in mixture modeling (Sambridge
and Compston, 1994), and to illustrate compara-
tive age interpretations using different radioiso-
tope chronometers and techniques (Rivera et al.,
2014; Schmitz and Kuiper, 2013).

5.1.5. Isochrons

The most widely used isochrons in modern
U-Pb geochronology are those calculated in a
2-D or 3-D Tera-Wasserburg concordia diagram
(Ludwig, 1998; Wendt, 1984; Zheng, 1992),
because they permit both the calculation of the
common Pb composition of a sample set and the
age of those samples. As with all isochrons, the
data must meet the assumptions that all dated
materials are the same age, they all have the
same common Pb composition, and they all have
remained closed systems, which can be evalu-
ated with both geologic context and statistical
approaches. Numerous algorithms have been
published for both calculating and evaluating lin-
ear fits to data with correlated and uncorrelated
uncertainties (e.g., McLean et al., 2011; York,
1968; York et al., 2004), and these uncertain-
ties can be propagated in addition to systematic
uncertainties such as decay constants to calculate
robust concordia intercept dates (Ludwig, 1998).
Other types of isochron diagrams (e.g., a tradi-
tional 233U/2%4Pb versus 20°Pb/24Pb isochron, or
a 204Pb/2%Pb versus 207Pb/2%Pb isochron com-
monly used in meteoritic studies) can also be
plotted and dates calculated using the sample
ratios for the high common Pb minerals recom-
mended above.

5.2. Reporting Random and Systematic
U-Pb Uncertainties

As the workflow for the data reduction in
ID-TIMS U-Pb geochronology is more clearly
articulated, it has become clear that it is typically
not as simple as reporting a date with a single
uncertainty, both within the U-Pb system and
also when comparing dates with those of other
radioisotopic dating methods (Min et al., 2000;
Renne et al., 1998; Schoene et al., 2006). This
section details common nomenclature for types
of uncertainty in general and specifically for ID-
TIMS U-Pb geochronology, and we also review
some of the more common sources of systematic
uncertainties that were alluded to in Section 3.
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5.2.1. Reporting Random and Systematic
Uncertainties

During the past two decades there has been a
marked increase in analytical precision concur-
rent with increased intercomparison of ID-TIMS
U-Pb data among laboratories, at or close to the
quoted level of precision (Kennedy et al., 2014;
Nasdala et al., 2018; Schaltegger et al., 2021;
Sldma et al., 2008). Also important is being able
to compare U-Pb data with data sets from other
radioisotopic dating methods despite the sys-
tematic uncertainties and biases of the methods
(Gradstein et al., 2020; Min et al., 2000; Renne
etal., 1998; Sageman et al., 2014). A response to
this situation has been to report U-Pb age uncer-
tainties at several different levels of inclusion of
systematic uncertainties (Schoene et al., 20006).
The first level of age uncertainty (X) reflects the
analytical (sometimes called internal) uncer-
tainty associated with determining the U/Pb
ratio for a given sample, such that dates from
within the same data set can be compared at the
highest level of precision. The second level of
uncertainty (Y) is the X uncertainty combined
with the uncertainty of the tracer calibration.
The third level (Z) combines the Y uncertainty
with the decay constant uncertainty (see Section
5.2.2), to facilitate comparison of U-Pb dates
with other decay systems (this is sometimes
called full systematic uncertainties). As a result,
it is common and recommended to report ages
as Age = X/Y/Z (always with 2-sigma uncer-
tainties; Figs. 2A and 2B). We recognize that it
may be cumbersome to report dates in this way
everywhere in a manuscript, especially if only
X uncertainties are required for the interpreta-
tion, so we recommend that the full + X/Y/Z
be reported somewhere in the publication such
that others can compare other data sets at the
appropriate level of precision. This is typically
reported for an age with an interpreted geologic
significance, and not for every date (see Section
6). This facilitates comparison of U-Pb ages
determined at different labs with different proto-
cols and also comparison with ages determined
by other methods (astrochronology, “°Ar/*Ar,
Rb-Sr, etc.).

5.2.2. Half-Lives and Their Associated
Uncertainties

The decay constants X\>38U and N\?>»U have
both been determined by counting experiments
(Jaffey et al., 1971) to be +0.11% and 4-0.14%,
respectively, and the uncertainties can be plot-
ted with the concordia curve for visualization
purposes (Figs. 2 and 3). Following the primary
experimental data of Jaffey et al. (1971), Mat-
tinson (2000) demonstrated how U-Pb analyses
of closed system zircon using gravimetrically
calibrated tracers could allow for determina-
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tion of N\?3¥U/X\?*U with higher precision than
the existing counting data. Two studies (Mattin-
son, 2010; Schoene et al., 2006) have presented
demonstrably closed system U-Pb zircon data
sets to determine A\>¥U/N\?*U and infer a more
accurate value for \?»U relative to \238U. Those
studies show that use of the Jaffey et al. (1971)
decay constants may result in analytical points
shifted off concordia toward slightly too high
207pb/235U ratios, but within the decay constant
uncertainties of Jaffey et al. (1971; Figs. 2A and
2D). New determinations of \238U and \23%U
are underway (Parsons-Davis et al., 2018) and,
depending on the outcome of these experiments,
it is possible that the U-Pb community will shift
to using a new set of values/uncertainties for
AZ8U and N*5U. As such, it is important that
studies report what decay constant values are
used, because some studies (e.g., the Geologic
Time Scale 2020; Gradstein et al., 2020) have
adopted the empirically revised \?*°U relative to
X#8U, whereas most have not.

5.2.3. Uranium Isotope Composition

A value of 23%U/?5U = 137.88 was used for
over 40 years for U-Pb geochronological studies
(Steiger and Jager, 1977) based upon a compila-
tion of data from uranium ore bodies (Cowan
and Adler, 1976), and was considered invari-
able. More recently, studies have documented
natural variability in 233U/?U (Hiess et al.,
2012; Stirling et al., 2007; Weyer et al., 2008).
Based on a study of 233U/?U determinations on
U-bearing minerals, we suggest that the value of
137.818 4 0.045 (2-sigma; Hiess et al., 2012) is
representative for zircon U-Pb geochronology.
This data set has been augmented by a similar
28U/25U,j1e0n Study (Livermore et al., 2018) on
large zircon aliquots, and another on single grains
of zircon (Tissot et al., 2019), both of which
show that using the value of Hiess et al. (2012)
with its uncertainty is an adequate approach for
labs using a 233U-?*U tracer, but that it may be
possible and definitely preferable to measure the
28U/%U,4y00n for individual dated zircons rou-
tinely in the future using a 233U-236U-Pb tracer.
The initial data set from Hiess et al. (2012) also
shows some indication of variability in miner-
als other than zircon (e.g., monazite and titanite;
see also Ling et al., 2017), and this should be
explored further.

5.2.4. Repeatability and Reproducibility

The accuracy of U-Pb dates produced by ID-
TIMS should be assessed by reporting standard
data acquired under similar conditions and rigor
as those of the sample data sets. Examples of
standard data reported include natural zircon
standards described in the literature (Black et al.,
2003; Eddy et al., 2019; Kennedy et al., 2014;
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Santos et al., 2017; Wall et al., 2016; Wieden-
beck et al., 1995), and synthetic standards that
have been mixed and distributed to labs (Condon
et al., 2008; Schaltegger et al., 2021; Schoene
et al., 2015). To be used as natural reference
materials, they are ideally of identical compo-
sition (matrix-matched), have been analyzed in
multiple U-Pb ID-TIMS laboratories, and the
U-Pb community has reached consensus on their
isotopic composition and age. There has been
much effort to calibrate natural zircon reference
materials, and similar efforts are required for
other U-bearing minerals. These efforts are par-
tially motivated by the need of the in situ dating
community for natural standard material.

The advantage of synthetic reference solu-
tions is that they are inherently homogeneous,
whereas natural mineral standards are frequently
demonstrated not to be. The downside of syn-
thetic reference solutions is that they may not be
treated in the same way as unknowns; for exam-
ple, they may not be put through ion separation
chemistry as the unknowns are. However, it is
possible to put synthetic solutions through the
entire procedure (except for chemical abrasion)
just like mineral unknowns, and this is recom-
mended for testing comparability.

While it is ideal to report new standard data
with each study for standards analyzed during
the same time period as the unknowns, it can be
acceptable to refer to a report of the respective
laboratory that can be accessed via a DOI link
(though there is no currently accepted protocol
for doing this in geochronology), or perhaps
even a complementary publication with stan-
dard data included. If opting for the latter, then
the standard data should have been collected in
the same lab, using the same methods, and ana-
lyzed over the same period of time. Ultimately,
if the materials are themselves homogenous, a
study can assess excess scatter in sample dates
relative to standard data produced over the same
time period, to facilitate comparison of data sets
among laboratories if they each report standard
data from the same material.

5.2.5. Other Sources of Systematic and
Random Uncertainty

Understanding whether each source of uncer-
tainty is random/internal or systematic/external
is important. This impacts how data, dates, and
ages are interpreted and compared. For example,
if one were to propagate the systematic decay
constant uncertainty into each data point of a
set of 206Pb/238U dates, and then take a weighted
mean of those dates, the addition of the decay
constant uncertainty would reduce potentially
real dispersion in dates, and also the systematic
uncertainty would be incorrectly minimized in
the weighted mean. Hence, systematic uncer-

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/136/9-10/4233/6898541/b37321.1.pdf
bv Princeton Universitv user

tainties must be incorporated into statistically
derived dates (e.g., weighted mean or isochron
dates) by propagating them onto weighted mean
uncertainties. This can be done by calculating
a weighted mean date of a set of isotopic ratios
such as the 206Pb*/238U and then using standard
uncertainty propagation for the decay constant
during the age calculation. Some software
packages will do this automatically (McLean
etal., 2011).

Some sources of uncertainty do not fit so easily
into the categories of random and systematic so
that their propagation is not as straightforward.
For example, these include (1) the assumed Th/U
value of a melt or liquid from which a mineral
crystallized, which is used to make the 2°Th
disequilibrium correction; (2) the correction for
instrumental mass fractionation of samples that
are not double spiked; and (3) the subtraction of
spike and Pb, isotopes from the sample. As an
example, the Th/U of each zircon may be slightly
different such that the disequilibrium correction
and its uncertainty are not entirely systematic
(Figs. 2D and 3D). However, the amount and
uncertainty of this correction end up being very
similar for each analysis, so that the uncertainty
on a weighted mean date of many analyses
would act to inaccurately minimize the uncer-
tainty in the disequilibrium correction (Crowley
et al., 2007; Ickert et al., 2015). Understanding
the nature of the sources of uncertainty and how
they affect the age uncertainty is critical, and
algorithms developed to accurately propagate
uncertainties that fit into this category (McLean
et al., 2011) should be used when applying sta-
tistical models to data sets.

Lastly, while it is common to propagate uncer-
tainties associated with standard reproducibility
into unknowns in some fields, especially those
based on sample-standard bracketing to cor-
rect isotopic and elemental ratios for unknowns
(e.g., Horstwood et al., 2016), this potentially
systematic source of uncertainty is not typically
reported in ID-TIMS U-Pb geochronology.
Going forward, we recommend that relevant
standard data be published with unknowns to
assess reproducibility, and when appropriate,
this uncertainty be considered when interpreting
dispersion in unknowns (dates).

6. GEOLOGICAL AGE
INTERPRETATIONS: FROM DATES TO
AGES

One of the greatest challenges in geochro-
nology is deriving a geologically meaningful
“age” from a collection of isotope ratio data and
derived dates. Recall that parent/daughter iso-
tope ratios are converted into “dates” using the
decay equation and appropriate decay constants.
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Dates or isotope ratios (in the case of isochrons)
are then subjected to qualitative and quantitative
analysis and interpreted in terms of a geologic
age. This process has changed over time as ana-
Iytical precision, sampling technique, and asso-
ciated analytical tools have improved.

As ID-TIMS U-Pb geochronology has
become more precise, dates of zircon, bad-
deleyite, or monazite, for example, commonly
show dispersion beyond analytical uncertainty.
Initially, with uncertainties at the several permil
level and multi-grain fractions being analyzed,
and limited tools for dealing with Pb-loss, dis-
persion was thought to result from both Pb-loss
and the incorporation of older inherited material
(see reviews in Corfu, 2013; Schaltegger et al.,
2015; Schoene, 2014). Precision has increased
by nearly an order of magnitude to modern lev-
els, along with a similar reduction in sample
size. Modern approaches use chemical abra-
sion on single minerals and fragments, such that
dispersion in data sets can be more confidently
argued to be due to geologic processes (Figs. 2C
and 3C). Examples of an ~10 m.y. old mineral
population with such excess scatter in 2°Pb/>38U
dates are shown in Figures 3A and 5C. There-
fore, attaching significance to a date requires
an interpretation as well as an understanding of
mineral saturation, crystallization, dissolution,
and element mobility in igneous and metamor-
phic systems, in addition to the analytical con-
siderations outlined above.

Even a single phase of crystallization will
be finite and can be protracted over measurable
time scales (Rivera et al., 2013; Samperton et al.,
2017; Wotzlaw et al., 2013), and so ID-TIMS
U-Pb geochronology is not only faced with these
complications, but is also driving the science
behind understanding them. This acknowledg-
ment of protracted or multiphase crystallization
histories has become increasingly important
because (1) we have a better ability to quantify
(in the case of thermochronology) or minimize
(in the case of chemical abrasion of zircon)
Pb-loss; (2) a growing database of experimen-
tal and geological case studies from different
environments provides a theoretical framework
for explaining dispersion in U-Pb dates; and (3)
imaging and microanalytical tools are increas-
ingly available and useful for testing hypotheses
for the cause of date dispersion (Beckman et al.,
2014; Bowring et al., 1989; Compston et al.,
1984; DesOrmeau et al., 2018; Keller et al.,
2019; Kelly and Harley, 2005; Kohn, 2016).
Although the addition of textural, petrologic,
and geochemical information to chronological
data is not new, it continues to become more
sophisticated and necessary as part of an emerg-
ing field called “petrochronology” (e.g., Kohn
et al., 2017). Reviewing all of this material is
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beyond the scope of this paper, but it is important
to illustrate that data interpretation in context is a
critical part of determining and publishing ages,
and that authors should acknowledge this point.
Below, we review the variety of tools available,
from analytical to statistical, and encourage
workers to discuss the benefits and drawbacks
transparently in publications.

6.1. Recognizing and Resolving Pb-loss

Recognizable open system behavior (i.e.,
discordance) is commonly attributed to loss of
Pb, which has been a limitation in U-Pb geo-
chronology since its invention (Corfu, 2013).
The chemical abrasion technique (or CA-TIMS;
Mattinson, 2005) is the most effective way of
reducing or eliminating the effects of Pb-loss in
zircon. This procedure removes zones of higher
uranium concentration, and therefore zones of
higher degrees of decay-induced crystal damage
that would have facilitated Pb-loss. The partial
dissolution step of chemical abrasion selectively
removes such zones at the micron scale (Bur-
gess etal., 2014; Davydov et al., 2010; Huyskens
et al., 2016; Mattinson, 2010; Mattinson, 2011;
McKanna et al., 2023; McKanna et al., 2024;
Mundil et al., 2004; Widmann et al., 2019) and
leaves behind a residue of zircon with lower U
content that has a greater probability of having
remained a closed chemical system through
time. This empirical procedure is preceded by a
thermal annealing step that should re-equilibrate
radiation-damaged domains. Chemical abrasion
should nearly always be used in ID-TIMS U-Pb
zircon geochronology, though it should be kept
in mind that this procedure is imperfect, and
there are plenty of examples where individual
zircon grains have been interpreted to carry
residual Pb-loss following chemical abrasion
(e.g., Davydov et al., 2010; Gaynor et al., 2022b;
Mackinder et al., 2019; Ovtcharova et al., 2015;
Ramezani et al., 2007; Schoene et al., 2010a;
Zhou et al., 2019). Whereas Pb-loss may be
readily recognizable in high Pb*/Pb, data sets
(Fig. 2C), especially in minerals older than ca.
1 Ga (Mungall et al., 2016; Scoates and Fried-
man, 2008), it may be undetectable at low Pb*/
Pb, levels due to large uncertainties resulting
from the Pb, correction, and in rocks less than
ca. 300 Ma, where Pb-loss trajectories parallel
the concordia curve (Fig. 3C). While metamict
zircon has been shown, in some cases, to be
geochemically distinct from pristine zircon
(Bell et al., 2019; Keller et al., 2019), thus far
this has not been a consistent indicator of Pb-
loss (McKanna et al., 2024). Clearly, even more
detailed studies are required to better understand
the mechanics of the CA-TIMS procedure, how
to best enhance and evaluate its efficacy on a
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case-by-case basis, and how to assess whether
it results in an age bias (e.g., if high-U rims
are dissolved). In the meantime, most workers
assume chemical abrasion has removed Pb-loss
unless there are obvious young outliers in zir-
con data sets, but it is never known for certain.
While chemical abrasion techniques have been
explored for other minerals (Peterman et al.,
2012; Rioux et al., 2010), there are currently no
similarly effective tools for remediating Pb-loss
in minerals other than zircon.

6.2. Analytical Tools for Understanding Age
Dispersion

Determining the cause of age dispersion in a
set of dates from a sample can be aided by using
geologic observations in addition to comple-
mentary analytical tools to better understand a
dated mineral’s geologic, textural, petrographic,
and geochemical characteristics. For example,
relative age constraints, such as stratigraphic
superposition or crosscutting relationships, can
aid in interpreting complicated geochronologi-
cal data sets. Imaging by optical microscopy or
qualitative evaluation of minerals by scanning
electron microscopy, cathodoluminescence, and
backscattered electron techniques either in thin
section or grain mount can reveal the presence
of cores and rims (Figs. 2C and 3C) and other
complex internal growth structures (e.g., Corfu
et al., 2003), as well as qualitatively assess the
extent of metamictization. In situ microbeam
analyses can help to identify and avoid inherited
components in zircon or other crystals prior to
ID U-Pb geochronology by revealing geochemi-
cal domains (e.g., Rivera et al., 2013). Further
information about crystal composition and
growth history can be inferred from Ti-in-zircon
or Zr-in-titanite thermometry (Hayden et al.,
2008; Watson et al., 2006) and/or trace element
contents as indices of magma differentiation
(Claiborne et al., 2010; Reid et al., 2011; Sam-
perton et al., 2015). In addition, for ID-TIMS
U-Pb geochronology, minerals are dissolved
and U and Pb are isolated from other elements
using ion exchange chemistry. Now it is becom-
ing more common to measure the chemical (e.g.,
rare earth element) or isotopic (e.g., Hf, Sr, and
Nd) composition of other elements in the sample
by ICP-MS to add another layer of information
to help with U-Pb date interpretation (Amelin
et al., 1999; O’Connor et al., 2022; Schaltegger
etal., 2002; Schoene et al., 2010b). Each of these
tools can be used to both formulate and evalu-
ate hypotheses regarding progressive growth of
dated minerals and can even be used to argue in
favor of protracted crystal growth or Pb-loss as
the viable mechanism for creating age dispersion
in a sample (Schoene and Baxter, 2017; Schoene
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Figure 5. Examples of the relation-
ship between a zircon population,
most applicable to igneous rocks,
with a subsample of 10 analyzed
zircon grains from this popula-
tion, and the distribution of mea-
sured U-Pb dates as commonly
plotted in U-Pb geochronology.
Magmatic zircon population crys-
tallized over 50-100 k.y., and the
zircon grains dated have the same
relative age distribution. Analyti-
cal uncertainties are 0.1%. Note
that each analyzed grain and its
corresponding date represents the
average age of the whole crystal.
In this cartoon, particular grains
capture the onset and termination
of zircon crystallization, though
in reality this may or may not be
accurate (see accompanying text).
(A) In the case of a 100 Ma igne-
ous rock that crystallized over
50 k.y., featuring magmatic zir-
con only, the larger absolute un-
certainties on the measurements
mean that all of the measurements
are equivalent (mean square of
weighted deviates [MSWD] is
~1). In this case, the weighted
mean of all analyses captures the
end (but not the beginning) of zir-
con crystallization. In a volcanic
rock, this would accurately date
the eruption. (B) Panel depicts
the case of a 100 Ma igneous rock
that crystallized over 100 k.y. In
this case, individual analytical
uncertainties largely overlap with
the onset and termination of crys-
tallization, but a weighted mean
records neither, despite having
a MSWD of ~1. Inaccuracy of
this weighted mean date may re-
main undetected. (C) In the case
of a 10 Ma igneous rock featur-
ing magmatic zircon only, the 50
k.y. age spread is clearly resolved
with uncertainties of £ 10 Kk.y.
Weighted mean of the entire data
set yields a high MSWD value and
would not likely be interpreted as
a geologic event. Weighted mean
of the youngest coherent group
(here, the youngest six measure-
ments, with a MSWD of ~1)
yields a nominally precise value

but does not correspond to any geological event, such as, e.g., the end of zircon crystallization or volcanic eruption. Alternative interpreta-
tions of this data set include a weighted mean of the youngest two, just using the youngest date, or applying a Bayesian model to the entire

range of analyses to determine a probabilistic estimate of the cessation of zircon crystallization.
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et al., 2015; Szymanowski et al., 2017; Wotzlaw
et al., 2013). While not all studies require this
level of detail, we recommend using these ana-
lytical tools when necessary to marshal the most
objective interpretation of U-Pb dates into geo-
logically meaningful ages.

As analytical blanks decrease and the sensi-
tivity of mass spectrometers increases, dating
of increasingly small domains of minerals has
become possible, whereby it is no longer uncom-
mon to fracture and analyze fragments of indi-
vidual grains to explore age heterogeneity within
single grains, which can be used to investigate
dispersion within a larger sample (Gordon et al.,
2010; Hawkins and Bowring, 1997; Samperton
et al., 2015; Steiger et al., 1993; Tapster et al.,
2016; White et al., 2020). Though there are prac-
tical limitations such as analytical imprecision
due to reduced Pb* and U in sub-grain samples,
we recommend the practice of dating individual
crystal fragments to understand intra-grain varia-
tion and minimize averaging domains of vary-
ing geological age. This will result in a better
characterization of the true spectrum of zircon
crystallization in a sample (Keller et al., 2018;
Klein and Eddy, 2023).

6.3. Statistical Approaches to Age
Calculation

As discussed above, it is ubiquitous in U-Pb
geochronology (ID-TIMS and otherwise) to use
statistical treatments to adequately propagate
analytical and systematic uncertainties into mod-
els for individual U-Pb dates. It is also common
to convolve multiple U-Pb dates into a statistical
model that is interpreted to reflect a geologic pro-
cess—in other words, to assign an age to a set of
dates. The most commonly used models are the
weighted mean date and isochron date. Isochrons
assume that the materials have the same initial
isotopic composition, became a closed system
at the same instant in time, and have remained
a closed system since that moment. The latter
two assumptions apply to weighted mean dates
as well. These assumptions can always be evalu-
ated but never completely validated. As an essen-
tial first pass, it is important to establish whether
these assumptions are met based on geologi-
cal, petrologic, and/or geochemical means. In
addition, associated with statistical models like
weighted means and isochrons are measures of
the goodness of fit, such as the mean square of
weighted deviates (MSWD, also known as the
reduced chi-squared statistic; Wendt and Carl,
1991; York, 1968) and the related probability
of fit. Notably, these measures are related to the
precision of the single data points relative to their
scatter. If the scatter in the single data points can
be predicted by their estimated uncertainty, then
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the MSWD will be near 1 (Figs. SA and 5B).
Conversely, if the uncertainties of the same data
are much smaller than the observed intra-sample
variation, then the MSWD or other measure will
highlight the lack of coherence (Figs. 3B and
5C). Several recent resources discuss the appli-
cation of the MSWD in geochronology, and the
reader is referred there for more detail (Glazner
and Sadler, 2016; Keller et al., 2018; Klein and
Eddy, 2023; Reiners et al., 2017). When statisti-
cal models are used to calculate dates or assess
closed system behavior, it is extremely important
that a goodness of fit be reported, because this
helps a reader (and an author) to evaluate the
accuracy of the age interpretation. However, it is
also important to realize that a MSWD near one
only indicates that there is no resolvable scatter
in the data set, not that the model assumption—
that the minerals are in fact the same age—is true
(Figs. 5A and 5B). Below, we briefly review the
commonly applied models for calculating ages
from data sets with variable scatter and magni-
tude of analytical uncertainty.

6.3.1. Determining an Age from Data Sets
with Crystallization Date Variability Smaller
than Analytical Uncertainty

In such a case, by no means can we assume
that the oldest and youngest dates of the statisti-
cally equivalent population represent a duration,
though a maximum duration of crystallization
can be calculated from such data sets (Glazner
and Sadler, 2016; Keller et al., 2018; Klein and
Eddy, 2023). It is more common in such cases to
use a statistical model such as a weighted mean
that treats mineral crystallization as an instant
event in time. The accuracy of this assump-
tion can partially be evaluated by whether the
MSWD value deviates acceptably from unity
(Wendt and Carl, 1991). However, minerals
undoubtedly do not crystallize instantly, and in
the case of zircon, minerals have been shown
to crystallize over many hundreds of thousands
of years in some cases (Samperton et al., 2015;
Schmitt et al., 2011), which may not be resolv-
able in some data sets where uncertainties on
individual zircons are on the order of hundreds
of thousands of years. If analytical uncertainty
is too large to recognize the true zircon growth
timespan in a sample, a weighted mean date may
yield a valid MSWD and a value that is simply
the average crystallization time of zircons in
that sample, and not necessarily the geologic
process targeted (Fig. 5B). On the other hand,
some zircon data sets from volcanic rocks have
age dispersion of tens of thousands of years or
less with comparable analytical uncertainties,
which implies that similarly short durations of
zircon crystallization may be present even when
unresolvable analytically, such that a weighted
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mean resulting in precision of tens of thousands
of years would be accurate. There is currently
no reliable way to tell the difference. Therefore,
while weighted mean dates increase the preci-
sion of an interpreted age as N increases (N being
the number of analyses), verifying the assump-
tions that validate their use remains difficult.
As such, weighted mean dates, or isochrons,
in which the derived uncertainty is much less
than the single data point uncertainty should be
treated with caution.

6.3.2. Determining Ages from Complex
Populations of Dates

The statistical models described above
assume that all data points are representative of
the same moment in time. Commonly, however,
the dispersion in the distribution of U-Pb zircon
dates is greater than the analytical uncertainties
(Figs. 3A, 3B, and 5C). Causes may be geo-
logical (growth, or a combination of different
age components in the same grain; see Gaynor
et al., 2022a; Samperton et al., 2015), systemic
(Pb-loss through decay damage, variable Th/U
of melt, and/or zircon through fractional crys-
tallization), or computational (variation of Pb*/
Pb, amongst analyses, introducing variation of
the 206Pb/?38U date). Below, we briefly mention
commonly used approaches for assigning ages
to data sets argued to be scattered as a result of
geological processes.

In the least constrained case of a continuous
distribution of ages with no obvious mode, one
can treat each analysis as individually represent-
ing the best estimate of the average time of crys-
tallization of that mineral or mineral fragment.
This may be useful if there is independent evi-
dence that a spectrum of dates represents con-
tinual crystallization and that this continuum
records a process of interest, e.g., the cooling
of a magma after zircon saturation or the dura-
tion of a metamorphic event. In such a case, the
oldest date may be used to inform the age of
the oldest mineral as the best estimate of the
onset of mineral crystallization. Conversely, the
youngest date can be used to infer the age of
the youngest mineral sampled and to estimate
the termination of growth, whether that be a
magma’s solidus or the “end” of metamorphic
growth (Samperton et al., 2017; Schaltegger and
Davies, 2017; Taylor et al., 2016). However, it
is important to recognize with ID-TIMS U-Pb
geochronology, and even to a lesser extent with
microbeam techniques, that the date obtained is
an average over the measured volume such that
it can be difficult to capture the youngest or old-
est ages. This can be quantified and modeled to
some extent, and such attempts show that the
duration of true mineral crystallization will be
longer than the measurement indicates, by an
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amount of time that depends on factors such as
mineral growth rate, nucleation rate, and grain
armoring (Curry et al., 2021; Klein and Eddy,
2023). Subtle xenocrystic cores within dated
minerals can also skew data sets toward older
dates such that the average has no geologic
significance (Gaynor et al., 2023). Similarly,
subtle Pb-loss may skew the interpretation of
the youngest dates. A number of studies pres-
ent modeling approaches for understanding
zircon growth in magmas and attaching signifi-
cance to a spectrum of dates (Curry et al., 2021;
Klein and Eddy, 2023; Ratschbacher et al.,
2018; Schaen et al., 2021), and the appropri-
ate approach will depend on the question being
asked and the particulars of a data set and study.

Considerations of mineral chemistry, mor-
phology/zoning patterns, or isotopic (e.g., O,
Hf) composition can aid in understanding min-
eral age dispersion and be used to model the
process of interest (Chelle-Michou et al., 2014;
Eddy et al., 2020; Pamukgu et al., 2022; Rivera
etal., 2014; Schoene et al., 2012; Wotzlaw et al.,
2013). For example, if a subset of analyses
whose dates overlap within uncertainties also
have an identical Hf isotopic composition that
is different from other analyses in the popula-
tion, it bolsters an interpretation that they are,
in fact, cogenetic, having crystallized rapidly.
Similar logic can be applied to either geochem-
istry or Ti-in-zircon temperatures for a subset
of analyses from a population. For example, if a
population of zircon dates shows a decrease in
age with temperature, this can be used to infer
crystallization during cooling (Rivera et al.,
2014; Samperton et al., 2017). A similar set of
criteria may be applied to other datable minerals
but has been less explored in ID-TIMS U-Pb
geochronology.

A common process that is interpreted from
complicated suites of zircon dates is that of an
eruption age for a tuff. In this case, unlike plu-
tonic or metamorphic rocks, it is reasonable to
assume that there is a cut-off point at which phe-
nocrysts cease to grow (eruption). While there
is consensus that when determining an eruption
age, one should focus on the youngest dates
from a spectrum, there are multiple approaches
to doing this. Selecting the youngest date alone
may be the best estimate of eruption of a tuff
(Griffis et al., 2018; Kasbohm and Schoene,
2018; Schoene et al., 2010a), as it will be less
biased by prolonged growth, but comes at the
expense of decreased precision. In addition, this
interpretation can also be biased given the pos-
sibility the youngest analysis lies at the margins
of expected analytical scatter, which increases
the possibility that it is too young and/or reflects
a minor amount of Pb-loss. Possibly, even
younger—but not yet sampled—zircons exist
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in the population, making the youngest mea-
sured date too old. Another popular approach
is to calculate a weighted mean age from the
youngest analyses that satisfy the acceptable
limits of MSWD value (Augland et al., 2019;
Eberth and Kamo, 2020; Ramezani et al., 2022;
Sahy et al., 2017; Fig. 3A); the same caveats
discussed in Section 6.3.1. apply in this case.
As an alternative, Keller et al. (2018) ran a
series of models that explore the best approach
to determining an eruption age from synthetic
data sets that vary in terms of the duration of
true crystallization versus the analytical uncer-
tainty of individual analyses. Except for cases
where the actual crystallization duration is very
small relative to the analytical uncertainties, the
general conclusion is that weighted means of
any number of analyses risk producing overly
precise dates that are inaccurate. Keller et al.
(2018) instead proposed a Bayesian approach
to estimating eruption ages that considers the
distribution of dates obtained against an antici-
pated distribution (prior) to obtain an estimate
of eruption and its uncertainty. This model, as
with any age interpretation, becomes better at
high N and also is better when the assumed,
prior distribution of dates matches closely with
the sample data set. This and other attempts to
ask what N is necessary to characterize a sample
population note a great increase in knowledge
gained between 10 and 20 data points, and a
tapering off at N > 20 (Keller et al., 2018; Klein
and Eddy, 2023). Therefore, we recommend that
when zircon supply is sufficient, 10-20 analyses
should be the minimum to yield a robust erup-
tion estimate, regardless of the interpretation
approach used.

From the above discussion, we can conclude
that: (1) while there has been much progress in
understanding how to interpret dispersed U-Pb
data sets, no single interpretative framework is
entirely correct, and any age interpretation is
dependent upon a set of assumptions of vary-
ing legitimacy, and evaluating the differences
between ages using different interpretative
frameworks can be insightful; (2) larger high-
precision data sets (N > 15-20) afford more
leverage for both analytical and statistical dis-
crimination; and (3) additional a priori informa-
tion (e.g., sample context and mineral chemistry)
can lead to more objective interpretations. As
such, assigning an age of a geological process
to a set of data points becomes an exercise in
exploring possibilities, and multiple interpreta-
tions are always possible (and indeed are ideally
explored and reported in a publication). Impor-
tantly, if the recommended data reporting criteria
are upheld, then data that appear in publications
can be reinterpreted as new approaches and
information emerge.
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7. CONCLUDING REMARKS

In this paper, we have attempted to provide a
summary of the key elements that are combined
to derive high-precision ID-TIMS U-Pb geo-
chronology. Some of these issues are specific to
isotope dilution U-Pb geochronology (e.g., data
reduction); however, many are generic (e.g.,
dates to ages), and the same principles are appli-
cable to other methods (e.g., LA-ICP-MS U-Pb)
and radioisotopic systems (e.g., “*Ar/*°Ar).

Major conclusions that arise from the
above are:

(1) All peer-reviewed publications containing
geochronological data should, at a minimum,
present enough information so that others can
reproduce the dates calculated for the samples
studied, thus allowing future deconvolution and
recalculation. This includes a range of metadata
such as basic sample information, sample com-
position, methods, and laboratory performance.
This manuscript attempts to outline what those
criteria are.

(2) The geochronologist as a “producer”
as well as a “consumer” of geochronological
data must be aware of the fact that an “age”
is always an interpretative model of radioiso-
topic results, or “dates.” These results and their
interpretation(s) should be rigorously separated,
and an outline of the hypotheses that were
used for age interpretation should be described
in detail.

(3) Multiple age interpretations are often pos-
sible, and exploring each of these provides an
additional way to consider the preferred/reported
age uncertainty. Where possible, other types of
information should be included to support pre-
ferred interpretations.

(4) As the precision of dates and ages contin-
ues to increase, the production and publication
of standard data comparable on many levels to
sample data is becoming increasingly impor-
tant as a means of assessing intralaboratory
and interlaboratory repeatability, and identify-
ing biases.

As with many other Earth science disciplines,
geochronology is on the cusp of a digital revo-
lution. Utilizing a rapidly developing cyber-
infrastructure that captures the aforementioned
data and metadata will increase the longevity of
radioisotopic ages and their usefulness (Deering
etal., 2016; Paul et al., 2021; Piccoli et al., 2023).
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