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Abstract. Since the start of the 21st century, the widespread application of ion probes has promoted the mass output of high-
precision and high-accuracy U-Th-Pb geochronological data. Zircon, as a commonly used mineral for U-Th—Pb dating,
widely exists in the continental crust and records a variety of geological activities. Due to the universality and stability of
zircons and the long half-lives of U and Th isotopes, zircon U-Th—Pb geochronology can provide nearly continuous records
for almost the entirety of Earth’s history and is thus essential to studying the growth and evolution of the continental crust and
Earth system evolution. Here, we present a database of zircon U-Th—Pb geochronology that samples the global continental
crust and spans nearly all of Earth's history. This database collects ~2,000,000 geochronology records from ~12,000 papers
and dissertations. This paper describes the compiled raw data, presents the relationship between dating error and zircon age,
compares the error levels of different dating instruments, and discusses the impact of sampling bias on data analysis as well as
how to evaluate and minimize this impact. In addition, we provide an overview of the temporal and spatial distribution of
global zircon ages and provide key insights into the potential research value of zircon ages for Earth system science, such as
crustal evolution, plate tectonics, and paleoclimate changes, as well as commercial use in mining and energy exploration.
Overall, this data collection provides us with a comprehensive platform with which to study zircon chronological data in deep

time and space.

1. Introduction

Zircon U-Th—Pb geochronology has been made much more practical since Krogh (1973) invented isotope dilution-thermal
ionization mass spectrometry (ID-TIMS) (Song, 2015; Davis et al., 2003). With the widespread use of ion probe mass
spectrometers, in situ microanalysis can be performed efficiently and precisely, promoting the rapid development of zircon U—
Th—Pb dating (Gehrels, 2014; Carrapa, 2010). The main dating instruments at present include laser ablation inductively coupled
plasma—mass spectrometry (LA-ICP-MS), secondary ion mass spectrometry (SIMS), sensitive high resolution ion microprobe
(SHRIMP), and thermal ionization mass spectrometry (TIMS) instruments (Becker, 2007).

The U-Th-Pb decay system plays a key role in geochronology. The half-lives of 228U, 2*°U, and #*?Th isotopes are long
enough to date Earth's entire history but short enough to allow for the accurate measurement of both parent and daughter
isotopes. Based on the decay of 2*U—2%Pb (half-life: 4.47 billion years (Gyr)), >**U—2"Pb (0.70-Gyr half-life), and
22Th—2%8Pb (14.01-Gyr half-life) (Jaffey et al., 1971), we can obtain three ages, i.e., 2°°Pb/?33U, 297Pb/?3U, and 2°Pb/?32Th.
Using the abundance ratio of natural U isotopes, 23U/?3°U=137.8, another 2°’Pb/?%°Pb age can be derived (Spencer et al., 2016;
Hiess et al., 2012). If these ages are consistent with one another, the decay system is closed, verifying the reliability of the
measured ages. This also represents an advantage of U-Th—Pb dating over other isotope dating methods.

Zircon is a common accessory mineral that can stably exist in various kinds of rocks and is distributed throughout the
global continental crust of all ages (Hanchar and Hoskin, 2018; Hawkesworth et al., 2010). It is not unusual for zircons to
survive through multiphase complex magmatism and metamorphism as a result of their physical and chemical stability
(Hawkesworth et al., 2010). Due to its low original Pb content, rich Th and U contents, and high closure temperature for trace
element diffusion, zircon is one of the most widely used minerals for U-Th—-Pb isotopic dating (Williams, 2015). In addition,
the zircon age distribution can span nearly all of geological history. The oldest zircon discovered thus far is 4.4 Gyr old (Wilde
et al., 2001). Thus, zircon U-Th—Pb geochronology provides an excellent means to explore the deep-time evolution of the
continental crust (Voice et al., 2011).

With the widespread application of ion probe mass spectrometers, many zircon U-Th-Pb ages have been measured by
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various chronology laboratories worldwide in the past two decades (Puetz and Condie, 2019; Wu et al., 2022). These zircons
are sampled in the global continental crust, with ages nearly continuously spanning from 4.4 billion years ago (Ga) to the
present (Puetz et al., 2017). Here, we collected zircon U-Th—Pb dating records for the past decades and built a global zircon
database, which could provide a means for enhanced academic and commercial geological analyses.

Many scholars have previously collected zircon data to explore the evolution of the solid Earth and Earth’s geodynamic
history. Voice et al. (2011) compiled ~5100 individually dated detrital zircon samples with ~200,000 dating records and
suggested that the temporal distribution of zircon ages could indicate episodic crustal recycling. This evidence provided by
zircons is consistent with plate tectonics. By analyzing the temporal distribution of zircon U-Pb ages, combined with craton
collisions and crustal cycles, Condie (2013) explored the evolution of the Proterozoic crust from the Nuna supercontinent to
the Rodinia supercontinent. Mckenzie et al. (2016) used ~120,000 detrital zircon U-Pb age data from areas worldwide to
explore the spatial distribution of continental magmatic arc systems in the Cryogenian period. Puetz and Condie (2019)
collected U-Pb age data for ~610,000 detrital zircons and ~212,000 igneous zircons sampled from worldwide, as well as 5
other isotope databases, showing the geochemical cycles of mantle evolution. Wu et al. (2022) analyzed the zircon production
series of the global continental crust, compared it to astronomical driving factors, and proposed that the evolution of the
continental crust and even the Earth system may be affected by the astronomical environment. Martin et al. (2022)
collected >150,000 zircon analyses from >260 publications using an automated tool and got a consistent trend in zircon age
frequency with previous studies (Martin, 2022). This automated approach will bring great convenience to data collection and
promote big data analysis. In addition, curated compilations, such as EarthChem and GEOROC, are developed and will be
continuously updated, providing powerful and sustainable data sources for future research.

However, insufficient data with limited global coverage can affect results, which in turn can contribute to misleading
interpretations (Wu et al., 2020; Puetz et al., 2017). Here, we present a database of ~2,000,000 zircon U-Th—Pb dating records
sampled from the global continental crust (Wu et al., 2023). The dating techniques used include LA-ICP-MS, SHRIMP, SIMS,
and TIMS instruments; zircon host rocks include igneous, metamorphic, and sedimentary rocks. This database provides a
comprehensive source of geochronological data, both temporally and spatially, for future earth system science research. From
this database, scholars can not only obtain an overview of global zircon production throughout Earth’s entire history but also
study the evolution of zircon production in each period and region. If these data are combined with other geological and
astronomical events, it is also possible to deeply explore the energy source of Earth's dynamics and the mechanisms behind it.
In the future, this database may even provide constraints for astronomical parameters and their evolution, expanding the deep-
time dimension of astronomical parameters. In addition, from the perspective of data science, the large data volume and global

sampling range of this database give us a good experimental platform for analyzing and solving biased sampling issues.

2. Database

Here, we collected ~2,000,000 zircon U-Th-Pb age data points sampled from the global continental crust from ~12,000
references, with zircon ages spanning all of Earth’s history. This database is based on the original Chinese zircon U-Th-Pb
dating database (Fang et al., 2018; Wu et al., 2019), with data sampled only in the Chinese continental crust and published in
2017 and earlier. Specifically, for the zircon records used in the study of Fang et al. (2018), the number of data points is 154,768,
and the corresponding original references were published by the academic publisher of China National Knowledge
Infrastructure (CNKI). The zircon data in the study of Wu et al. (2019) contained ~410,000 dating records, which were
collected from Elsevier. The new database in this paper, however, expanded the sampling sites to the global continental crust
and updated data published from 2018 to 2020. The new original references were collected from the academic publishers of
Elsevier (ScienceDirect full-text database), Cambridge, Geological Society of London, Oxford, Springer, Taylor & Francis,
Wiley, and CNKI. This new global database was used for time series analysis in the work of Wu et al. (2022), and we
subsequently carried out more data cleaning work.

The compilation of zircon data is divided into two categories: 1) the “Database” files, which include ~2,000,000 records
of zircon U-Th-Pb isotope ratios, ages, sample information, dating instruments, parent rock lithology, sampling locations, and

reference numbers, and 2) the “References” file, which provides information on ~12,000 original references corresponding to
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the zircon geochronological data, including author, year of publication, and detailed publication data. For each record in the
“Database” files, its reference can be found in the “References” file from its reference number. This database is available at
https://doi.org/10.5281/zenodo.7387566.

Notably, we improved the codes for extracting GPS information, so the GPS data used here are slightly different from
the sampling map given in Wu et al. (2022) (see Figure 1). The details of the improvement are as follows: 1) in the original
references, the symbols of GPS "degrees, minutes and seconds" are varied, it is difficult for a computer to completely
distinguish them, and sometimes they are not even recognized or are recognized incorrectly; the new modification expands the
recognition range of the codes for "degrees, minutes and seconds" symbols and manually normalizes some abnormally
identified GPS data according to the original references. 2) The initial GPS extraction codes were aimed at the Chinese
continental crust, and the GPS range was restricted in the screening step. Later, when the code was updated to extract the global

GPS data, some details were omitted, resulting in the loss of some GPS data, especially for Europe.
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Figure 1. Map of the distribution of zircon sampling locations. Each red dot indicates a sampling location (adapted from Wu et al.

(2022)).
2.1 Geochronological database

For the “Database” files, the fields of each record are detailed in Table 1. The database contains indices, isotope ratios and
uncertainties of 2°°Pb/*¥U, 207Pb/?35U, 2°7Pb/?°°Pb, and 2%®Pb/>3?Th; ages and uncertainties derived from the above isotope ratios;
dating instruments; reference materials for deriving ages; lithology of the host rock; and GPS coordinates of the sampling
location. Data_number is the unique index for each chronological record. For each record in the “Database,” the source
references can be found in the “References” file by Ref number. The dating instruments include LA-ICP-MS, SIMS, SHRIMP,
and TIMS. We also provide reference materials that were used to derive ages for further exploration. Notably, there are some
null values in the database because the original papers did not publish them. Despite these deficiencies, the database still has
considerable potential for geological research. The percentages of the records that are not null are listed in Table 1. Most fields
have null values of less than 25%, except for reference materials (68.88%) and data on 2*’Th-2%Pb decay (11-14%), which is
used less than other decay systems. In addition, there are significant regional disparities in zircon sampling (Figure 1). For
zircon records with GPS information (~1.6 million records), data sampled from China and Europe account for ~42% and 8.9%,

respectively. This sampling bias should be considered based on research purposes before analysis.



Table 1. Data specifications of the zircon U-Th—Pb database.

Field name Field description Proportion Data details

Ref number Reference number 100.00% The number of the reference

corresponding to each chronological

record.

Data_number Record number 100.00% The unique index of each chronological
record.

Sample_number Sample number 99.9973% The number of each rock sample or

zircon sample corresponding to each

chronological record.

isotope206Pb/238U Isotope ratio of 26Pb/>8U 86.52% BBYU-29Ph decay.

isotope206Pb/238U ¢  Standard deviation of 2°Pb/2*8U ratio  86.04%

isotope207Pb/235U Isotope ratio of 27Pb/?5U 81.01% BSY-297Ph decay.

isotope207Pb/235U ¢  Standard deviation of 27Pb/*U ratio  80.58%

isotope207Pb/206Pb Isotope ratio of 27Pb/?°°Pb 77.07% BU-296Ph and 2*5U-2"7Pb decays.

isotope207Pb/206Pb ¢  Standard deviation of 2’Pb/2%Pb ratio  76.57%

isotope208Pb/232Th Isotope ratio of 28Pb/***Th 13.57% 22Th-28pb decay.

isotope208Pb/232Th_o  Standard deviation of 2Pb/**?Th ratio  13.47%

age206Pb/238U Age derived from 2°Pb/28U 96.37% Unit: Myr

age206Pb/238U o Standard deviation of 2°°Pb/**3U age 95.44% Unit: Myr

age207Pb/235U Age derived from 27Pb/*5U 77.70% Unit: Myr

age207Pb/235U o Standard deviation of 27Pb/**3U age 76.92% Unit: Myr

age207Pb/206Pb Age derived from 27Pb/2%Pb 84.68% Unit: Myr

age207Pb/206Pb o Standard deviation of 2’Pb/2%Pb age  83.72% Unit: Myr

age208Pb/232Th Age derived from 2%8Pb/**?Th 11.19% Unit: Myr

age208Pb/232Th o Standard deviation of 2®Pb/**?Th age ~ 11.17% Unit: Myr

Instrument Dating instrument 98.59% Including LA-ICP-MS, SHRIMP,
SIMS, and TIMS.

Reference _material Reference materials used to derive 68.88% Including 91500, GJ-1, Temora 1,

zircon U-Th—Pb ages. Temora 2, QGNG, Plesovice, SL13,

M257, AS3, CZ3, etc.

Lithology The lithology of the host rock 90.30% Including igneous, sedimentary, and
metamorphic rocks.

Longitude The longitude of the sampling 76.95% Unit: degrees; range: -180 to 180.

location
Latitude The latitude of the sampling location 76.95% Unit: degrees; range -90 to 90.

Note: “Myr” indicates “million years.” The “Proportion” column lists the proportion of nonnull values.

120 2.2 Data references

The chronological data used in this study were collected from ~12,000 references of the following academic publishers:
Elsevier (ScienceDirect full-text database), Cambridge, Geological Society of London, Oxford, Springer, Taylor & Francis,
Wiley, and China National Knowledge Infrastructure (CNKI). Original reference information for the chronological data is
included in the “References” file (see the data repository on Zenodo). The fields of each reference record are detailed in Table
125 2. The field “Ref number,” namely, the reference number, cites the unique index in the “References” file, corresponding to
multiple chronological records in the “Database” files. The field “DOI” provides the unique Digital Object Identifier to access
the original reference. However, not all references have a DOI, especially Chinese dissertations and old papers. Instead, we

supplement a “URL” field, which contains web addresses to the references without a DOI. There is 82.93% of the literature
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with a DOI and 4.12% of the literature with a URL. For the remaining 13.09% of the literature, the unique identification of the
data source can still be guaranteed by other information we provided: the first author, title, journal, volume, issue, first page,

and last page.

Table 2. Data specifications of the References file.

Field name Field description

Ref number Reference number

Author_surname The surname of the first author
Author_given name The given name of the first author

Year publication Year of paper publication

Title The title of the paper

Journal The journal in which the paper was published
Volume The volume of the paper

Issue The issue of the paper

First page The first page of the paper.

Last page The last page of the paper.

DOI The unique Digital Object Identifier (DOI).
URL A web address to the literature.

Access The access type or license of the paper.

Note: For references in Chinese, the “Author_surname” field is the full name of the first author owing to the Chinese citation format.

3. Data cleaning
3.1 Uncertainty normalization

We unified the uncertainty form of isotope ratios and ages into standard deviation for the convenience of conducting research.
There were various uncertainty forms published in the original literature. The specific processing procedures for each form
were as follows.

1) The most ideal form of uncertainty was standard deviation (e.g., 1 sd, 1 o, and 1 sigma), which we collected directly
from the literature.

2) If the uncertainty form was two standard deviations (e.g., 2 sd, 2 o, and 2 sigma), we divided the original uncertainty
by 2 and then compiled the new uncertainty into our database.

3) The uncertainty, which appeared as a percentage, represented a relative error. First, we multiplied this percentage by
its corresponding isotope ratio or age to obtain an absolute error. Then, we repeated procedures 1) or 2) to normalize this

absolute error into standard deviation.
3.2 Lithology classification

We categorized the lithology of the host rocks into three groups, namely, sedimentary, igneous, and metamorphic rocks. During
the initial collection, we directly input the lithologies that were published along with the geochronological data in the original
literature. However, there were more than 4000 phrases used in the literature to describe lithology, which brought great
difficulties to the statistical analysis of data grouped by the host rock lithology. In this case, we extracted the original detailed
lithologies and classified them into three major types, referring to the national standards of the Classification and Nomenclature
Schemes of Igneous Rocks (GB/T 17412.1-1998) (Qin et al., 1998), Sedimentary Rocks (GB-T17412.2-1998) (Yang et al.,
1998), and Metamorphic Rocks (GB/T 17412.3-1998) (Chong et al., 1998). We left the Lithology field empty if the original

literature did not provide any lithology information. The null-value percentage was 9.70%.



155 3.3 Grouping instruments

We cleaned the /nstrument field and grouped them into four major groups: LA-ICP-MS, SHRIMP, SIMS, and TIMS. There
were more than 300 instruments provided in the original literature. For research convenience, we categorized similar
instruments into 4 major categories. The LA-ICP—MS instrument category includes, for example, LA-ICP-MS, LA-Q-ICP-
MS, LA-SF-ICP-MS, LA-MC-ICP-MS, and LAM—-ICP-MS. The SHRIMP instrument category includes, for example,

160 SHRIMP, SHRIMP II, and SHRIMP RG. The SIMS instrument category contains SIMS, Cameca IMS 1270, Cameca IMS
1280, NORDSIM, etc. The TIMS instrument category includes TIMS, VG354 mass spectrometer, MAT 262 mass spectrometer,
TRITON spectrometer, etc.

4, Data characteristics
4.1 Dating uncertainty

165 The zircon U-Th—Pb dating error is related to the zircon age and dating instruments. In this study, the age error within a certain
time interval is obtained using the moving average method (Wu et al., 2022) (see Figure 2 and supplementary materials). When
the sample is too old, the dating uncertainty of all age types increases significantly, which may be attributed to sample
preservation. The error points for various ages were fitted to obtain error curves (see the equations in Table S1). For dating
instruments, although TIMS is more precise, instruments such as LA-ICP-MS are more cost-effective and thus are more

170 widely used (Gehrels, 2014). This paper gives the relationship between the error and age of the four dating instruments of LA—
ICP-MS, SHRIMP, SIMS, and TIMS. The numbers of chronological records for the instruments above are 1.6x10°, 2.6x10°,
8.1x10* and 3.3x10%, respectively. The relationships between the various age errors of these four dating instruments are similar,

but the specific intersection points of the curves are different (see Figure 3, Figures S1-4 and Table S2).
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175 Figure 2. Age errors of four age dating types and their fitting curves. See Table S1 for more fitting information.
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Figure 3. Comparison of age errors of different dating instruments. (a) 2°°Pb/238U age; (b) 227Pb/?35U age; (c) 2Y"Pb/*%Pb age; (d)
208pp/232Th age.

4.2 Temporal and spatial characteristics

Zircon production increases with magmatic and metamorphic activities. Therefore, the amount of zircon production can be
used to understand the past intensity of geological activity (Arndt and Davaille, 2013). A simple and direct proxy is the number
of zircon age records for different geological times, which can indicate the intensity of magmatic and metamorphic activities
(Wu et al., 2022). First, we used the noniterative probability model to derive a recommended age for each dating record (Puetz
et al., 2021; Puetz and Spencer, 2023). Then, we conducted bootstrap resampling and Monte Carlo simulation with weights
based on the spatiotemporal density to minimize the impact of biased sampling (Mehra et al., 2021; Keller and Schoene, 2012)
(see the supplementary materials for detailed procedures). Figure 4 shows that the zircon age series of all lithologies is more
similar to that of sedimentary rocks, which may be explained by zircons in sedimentary rocks being composed of a natural
mixture of igneous and metamorphic zircons. Nevertheless, the zircon production peak periods reflected in the age series of
sedimentary, igneous, and metamorphic rocks are basically consistent, i.e., ca. 800, 1000, 1850, 2500, 2700, 3200, and 3400
Ma in the Precambrian. Figure 5 is presented to more clearly show zircon production in the Phanerozoic, during which
prominent zircon age peaks occurred ca. 50, 130, 250, 300, and 440 Ma, reflected in the zircons of all three lithologies.
However, sedimentary rocks at 100 and 160 Ma; igneous rocks at 220 Ma; and metamorphic rocks at 220, 240, and 500 Ma
have different zircon peaks. Specific geological meanings can be analyzed in depth with the help of this database as well as
other geological evidence. Furthermore, Figure 4 and Figure 5 clearly show that the time series of zircon production is
multiscale and periodic. Wu et al. (2022) systematically analyzed the periodicity of the zircon age series and finally gave the
following cycles: ca. 800, 360, 220, 160, 69, 57, 44, 30, 20, and 17 Myr.

The database here supports the globally heterogeneous distribution of magmatic U-Pb ages (Hawkesworth et al., 2010;
Puetz et al., 2017). The spatial evolution of zircon production can be obtained by extracting the GPS coordinates of zircon
sampling sites in certain age intervals. Although the present geographical locations differ from those of the past, this spatial
distribution still has indicative significance. According to the zircon production peak periods given above, the spatial
distribution of zircons for these periods can be plotted. Because age error varies with age, we use a 50-Myr age interval for
zircon peaks in the Phanerozoic and a 100-Myr interval for the Precambrian data. Because of the similarity in the spatial
distribution of zircons with similar ages, this paper presents only the spatial pattern of the main peak periods, i.e., 50 =25, 130
+ 25, 250 £+ 25, 440 + 25, 1000 £ 50, 1850 £+ 50, 2500 £+ 50, and 3400 = 50 Ma (Figure 6). Inevitably, some areas were
oversampled, such as China and Europe, and overly old ages are sparse due to preservation. In this case, we should pay more
attention to relative rather than absolute zircon densities when comparing regions. The “zircon density” here refers to age

counts per grid which is bounded by longitudes of 4° length and latitudes of 2° width during the peak periods (50 or 100 Myr).
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210 Figure 4. Zircon production series since 4.4 Ga. The host rocks of each zircon series are (a) of all lithologies, (b) sedimentary rocks,
(c) igneous rocks, and (d) metamorphic rocks. The insets of panels (a-d) focus on the data before 3 Ga. Inverse proximity weighting,
bootstrap resampling, and Monte Carlo simulation were applied to solve the biased sampling issue. The filled zones represent 10,000
Monte Carlo simulations of the zircon series with different transparencies, indicating different distribution probabilities, as shown
in the legend. The dashed line indicates the median of the simulations. In each simulation, simulated zircon ages are selected based

215  on a normal distribution. For more methodological details, see the supplementary materials.
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simulation were applied to solve the biased sampling issue. The filled zones represent 10,000 Monte Carlo simulations of the zircon
series with different transparencies, indicating different distribution probabilities, as shown in the legend. The dashed line indicates
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methodological details, see the supplementary materials.

All lithologies
Median
95%
90%
80%
I 68%
I 50%

Sedimentary rocks
Median

95%

90%

80%

68%

W 50%

Igneous rocks



225

230

235

b) 130 + 25 Ma
e 3 .

.‘”«

45'S &

90 - - 0
180" W 0 180 E 180" W 0 180" E
Figure 6. Spatial distribution of zircon production peak periods of all lithologies. Since some areas were oversampled and old ages
are sparse, we should pay more attention to relative rather than absolute zircon densities when comparing regions. The “zircon
density” here refers to age counts per grid which is bounded by longitudes of 4° length and latitudes of 2° width during the peak
periods (50 or 100 Myr). The color scale indicates the natural logarithm of age quantity.

5. Discussion
5.1 Temporal and spatial evolution

The time series of zircon production indicates the evolution not only of the crust but also of the Earth system. The amount of
zircon production can indicate the intensity of geological activity (Hawkesworth et al., 2010). However, using zircon
production as a proxy involves making certain assumptions, which can be minimized if the dataset used is large enough. Fang
etal. (2018) and Wu et al. (2019) used independent zircon datasets from the publishers CNKI and Elsevier to study the Chinese
continental crust. The conclusions they obtained are surprisingly similar, which not only supports the reliability of big data
statistics but also confirms that these geological events (periods of intense geological activity) are related to amplified zircon

production. Apart from internal dynamic events (such as orogeny and plate movement), zircon production time series can also
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indicate various associated surface processes, such as enhanced climate denudation during orogeny (Yu et al., 2011; Tu et al.,
2015), the melting of ice sheets (Kim and Zhang, 2022; Mitrovica et al., 2001), weathering processes and atmospheric
composition (Kidder and Worsley, 2004; Campbell and Allen, 2008). Possible extraterrestrial drivers of geodynamics might
also be explored by time series analysis of zircon production, providing information on plate tectonics, paleoclimate change,
biological extinctions, etc. (Wu et al., 2022; Isley and Abbott, 2002; Puetz and Condie, 2019; Prokoph et al., 2013).

The spatial distribution of zircon production peaks of all lithologies is presented in Figure 6. Obviously, at different
geological times, the regional intensity of geological activity varied as well as the amount of zircon production. For the spatial
evolution of detrital, igneous, and metamorphic zircons, please see the supplementary materials (Figure S8-10). Fang et al.
(2020) carried out a spatial classification of the Chinese continental crust by applying the grid clustering algorithm to a zircon
dataset. Intriguingly, these crustal units identified by zircons are basically consistent with those based on tectonics (Yang and
Yu, 2015), verifying the scientific nature of zircon big data research and providing a new means of studying the spatial
evolution of the crust. In the future, this database can also be used to study the spatial distribution of zircons on a global scale
or in various regions to obtain the spatial evolution of the continental crust. With the help of zircon spatial distribution, the
spatial evolution of global tectonic zones can also be further studied to explore the formation and storage of oil, gas, and
minerals, which will be of great help to commercial mining. Furthermore, the implications of zircon production for geodynamic

processes may elucidate new energy sources.

5.2 Biased sampling

When using the number of zircon ages to indicate the intensity of geological activity, two conditions must be met: random
exposure of the crust and random sampling of zircons. However, sampling bias, which occurs when zircons are oversampled
or undersampled from a certain area or time interval, is inevitable (Wu et al., 2020; Puetz et al., 2017; Puetz et al., 2018). In
addition, considering the convenience and feasibility of fieldwork, sampling sites must be places that humans can reach. As
shown in Figure 1, the sampling sites are dense in Europe and China but sparse in the Sahara and Siberia. Specifically, for
zircon records with GPS information (~1.6 million records), data sampled from China, Europe, the Sahara, and Siberia account
for ~42%, 8.9%, 1.6%, and 1.4%, respectively. Since zircon production is inherently unevenly distributed in the crust in both
the spatial and temporal domains, the identification of biased sampled data is more complicated. Nevertheless, it is difficult to
determine whether a large amount of zircon data is caused by artificial oversampling or crustal conditions that are suitable for
zircon growth.

Puetz et al. (2017) proposed the methods of grid-area and modern-sediment sampling using the surface area to weigh
zircon data. Since the distributions of zircon ages were remarkably similar regardless of depth or height, this approach provides
a simple and standard way to solve spatial sampling bias by weighing the records inversely proportional to sampling densities.

Alternatively, Wu et al. (2020) proposed the W and Y indices to measure the impact of biased sampling in the time domain.
The W index should be used when artificial oversampling leads to a pseudo-peak without geological meaning in the zircon
production series. Conversely, a zircon peak that should be prominent might be smoothed out due to undersampling around
peaks or oversampling around troughs. This “homogeneous” effect can be evaluated by the Y index. In addition, Wu et al.
(2022) proposed eliminating the influence of biased sampled data from the result based on coherence. The frequency signals
caused by the biased sampled data should exist only in the time series derived from the biased sampled region, suggesting little
frequency similarity (low coherence) between the age series obtained from the normal sampled region and the biased sampled
region. However, this method cannot quantitatively identify regions that tend to contain biased sampled data and needs to be
further improved.

Keller and Schoene (2012) proposed an inverse spatiotemporal distance weighting method and applied it in conjunction
with bootstrap resampling and Monte Carlo simulation. This weighting approach calculated the spatiotemporal proximity for
each sampling record, allowing us to balance the optimal sampling in space and through time at the same time (Mehra et al.,
2021). Combined with bootstrap resampling and Monte Carlo simulation, the dating uncertainty could also be minimized. For
comparison, we also obtained zircon production series data using only Monte Carlo simulation but without weighting, as in
Wu et al. (2022) (see Figures S6 and S7 in the supplementary materials). After weighting using spatiotemporal density (Figure

S5, Figure 4 and Figure 5), however, the trends of the zircon age series did not present much change, which affirmed the
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statistical reliability of big data to some degree. New approaches can be explored to address biased sampling issues, and this

zircon database provides great experimental materials.

6. Data availability

The database described in this manuscript can be accessed at the Zenodo repository at https://doi.org/10.5281/zenodo.7387566
(Wu et al., 2023).

7. Conclusions

Here, we introduce a zircon U-Th-Pb geochronological database of the global continental crust. This database provides
comprehensive research materials for Earth system science due to its large amount of data (~2 million records), wide sampling
range (global continental crust), comprehensive samples (detrital, igneous, and metamorphic zircons), and various dating
instruments (LA-ICP-MS, SHRIMP, SIMS, and TIMS).

Based on this database, we described the characteristics of zircon dating errors, compared different dating instruments,
and discussed biased sampling issues and possible solutions. Since the age errors vary over time and with dating instruments,
the recommended ages should be selected with caution. Sampling bias would affect the objectivity of statistics to some degree.
To solve this issue, we can weigh the data based on spatiotemporal sampling density in conjunction with bootstrapping
resampling and Monte Carlo simulation. However, we can always seek better solutions. The rich spatiotemporal information
of this database provides a good experimental platform for exploring more potential methods.

This zircon database provides excellent materials for multiple fields of research, including but not limited to crustal
growth and evolution, plate tectonics, and paleoclimate changes. The amount of zircon production can indicate the intensity
of geological activities and be used to study the evolution of the continental crust and Earth system, whether from the global
or regional scale and whether for Earth’s entire history or a specific period. In addition, this database has potential applications
in the commercial mining of oil, gas, and minerals if associating structural geology with the temporal and spatial distribution

of zircon production.
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