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Abstract: Detrital zircon geochronology plays a crucial role in provenance analysis, serving as one
of the fundamental strategies. The age spectrum of detrital zircons collected from the sedimentary
unit of interest is often compared or correlated with that of potential source terranes. However,
biases in the age data can arise due to factors related to detrital sampling, analysis techniques,
and nonlinear geological mechanisms. The current study reviewed two sets of detrital zircon
datasets established in 2011 and 2021 to discuss the origins of the Tibetan Plateau. These datasets
collected from different media effectively demonstrate a progressive understanding of provenance
affinity among the main terranes on the Tibetan Plateau. This highlights issues regarding weak
and unclear temporal connections identified through analyzing the age spectrum for provenance
analysis. Within this context, a local singularity analysis approach is currently employed to address
issues associated with unclear and weak provenance information by characterizing local variations
in nonlinear behaviors and enhancing detection sensitivity towards subtle anomalies. This new
graphical approach effectively quantifies temporal variations in detrital zircon age populations
and enhances identification of weak provenance information that may not be readily apparent on
conventional age spectra.

Keywords: U-Pb age; nonlinearity; geochronology; weak anomaly; singularity

1. Introduction

Sedimentary rocks occupy 66% (±3.5%) of the exposed rocks on the Earth’s surface,
preserving significant geo-information descriptive of the geological evolution [1]. De-
trital zircons as typical components in sedimentary rocks inheriting stable physical and
chemical properties of igneous zircon are ubiquitous and observable in clastic sediments
after multiple sedimentary cycles and/or tectonothermal events [2,3]. Due to the high
closure temperature of the U-Th-Pb isotopic system, the age spectrum of detrital zircons
can still reflect the age composition of rocks in the source areas of sediments even after
weathering, migration, and deposition [4]. Provenance analysis is one of the most common
applications of detrital zircon geochronology, which can reconstruct parent rock assem-
blages of zircon-bearing sediments and their forming environment [5]. The fundamental
strategy of the conventional detrital zircon U-Pb geochronology approach in provenance
analysis is to compare or correlate the age spectra of detrital zircons collected from the
sedimentary unit of interest (e.g., a river, soil, and/or sedimentary rocks) with that of
ancient sediments and/or crystalline (i.e., igneous and metamorphic) rocks developed
in adjacent orogenic belts or other possible source terranes [6]. Similar or comparable
age peaks observed in samples from different locations can provide initial indications of
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potential provenance affinity among these samples. The establishment of stationary prove-
nance connections in support of paleogeography reconstruction, tectonic evolution, and
other provenance-related issues is further supported by comparable Hf isotopic data and
concurrent magmatic and/or metamorphic activities [7–10]. The analysis of age spectrum
correlation is crucial in examining the similarities and differences among spectra of various
samples. That enables to determine whether these samples originate from or are influenced
by different provenance systems.

Accompanied by fast development in in situ microanalytical dating techniques in
recent decades, detrital zircon U-Pb geochronology has been broadly promoted, and U-Pb
age data accumulated fast and significantly increased either in quantity or quality. Many
detrital zircon U-Pb age databases were established worldwide [11]. According to more del-
icate sampling and spectrum correlation among samples from various media and locations,
detrital zircon age spectrum-based approaches can be further utilized in quantifying sedi-
ment budgets of rivers [12], modeling terrane displacement [8], characterizing subduction
erosion, underplating [13] and ultrahigh-pressure metamorphism [14], and reconstructing
paleogeography [15]. Peaks and troughs on these age spectra at both local and global
scopes were identified to discuss correlations between a supercontinent and a superplume
that further support the proposition of the episodic evolution model of the continental
crust [16,17]. The limitation in comprehensive provenance information mining has now
been conspicuously improved and mitigated.

The effective management and manipulation of these “big data” pose a novel chal-
lenge in advancing provenance analysis. It has been revealed that numerous geological and
sampling issues may influence the application and discussion of zircon age data. First of
all, zircon-bearing igneous rocks can be influenced by plate movement and may experience
different weathering and preservation processes. Precise analysis of continental evolution
through intensity changes on zircon age spectra might be inappropriate due to influences
of sampling heterogeneity and representativeness of samples [18]. Secondly, differences in
zircon fertility and preservation among various tectonic settings, and spatial distribution of
detrital zircons after sedimentary cycles and/or tectonothermal events might be heteroge-
netic. Detrital zircon-bearing samples are often dispersed, which may further enhance the
heterogeneity to some extent. Thirdly, the number of analyses for individual samples is of-
ten lower than the quality required for statistical significance [19]. Some progressive studies
found that the increase in detrital zircon age data does not always improve the solution of
geological issues, and in some cases, they may become more complicated and difficult [16].
Age spectrum correlation is facing issues of weak anomaly or weak information.

New progress brings new demand on data visualization and interpretation method-
ology for better utilization of both reported and future geochronology datasets. At this
point, possible inherent bias intrinsic to data acquisition and analysis methods of detrital
zircon data should be reviewed to verify if more delicate manipulations to reveal latent
rules are necessary. Within the context of weak anomalies and/or weak information dis-
cussed above, the current study applies local singularity analysis to two published detrital
zircon age datasets regarding the affinity of the Lhasa and Australian terranes. Reviews
of previous studies focusing on detrital zircon-based provenance analysis encompassed
procedures such as sampling, laboratory analysis, data visualization, and information
mining. Subsequently, discussions are centered on the singularity age spectra derived
from two specific datasets in order to evaluate the advantages of the singularity theory in
characterizing subtle anomalies. The present study investigates and introduces a novel
graphical approach into the existing framework of detrital zircon age spectrum comparison,
which is objective in enhancing the capability of traditional provenance analysis to identify
and discover potential provenance relationships. These two datasets are referenced because
their conclusions have undergone rigorous deliberation and wide acceptance within the
geological community. By utilizing these data, the effectiveness and practicality of the new
method can be more accurately validated.
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2. Potential Biases in Detrital Zircon Geochronological Data Analysis

The field of detrital zircon U-Pb geochronology has made significant advancements in
recent decades, particularly in relation to provenance analysis [5,20]. Extensive discussions
have taken place regarding influencing factors on age data quality, aiming to improve
accessibility and facilitate comprehensive analysis of provenance information [19–21]. The
present study provides a comprehensive review of potential biases arising from factors
related to the geological mechanisms (e.g., formation and preservation) of zircons, as well
as the analysis of age data (e.g., sampling, dating, visualization, and interpretation). Based
on this review, unavoidable issues for improving the manipulation of existing and future
age data are discussed.

2.1. Sampling and Data Analysis

The collection of zircon-bearing sedimentary samples strictly follows scientifically
sound and logical criteria to establish a strong theoretical and physical basis for subsequent
data analysis. Consideration is given to various literature sources that discuss the selection
criteria related to sample medium, grain size, and minimum quantity of grains. When
it comes to choosing the sample medium, detrital zircon-bearing sediments are typically
obtained from representative stratigraphic sections as well as exposed sedimentary rock
formations [22,23]. For instance, samples obtained from stratigraphic sections within
a vertical range are employed to quantitatively evaluate the correlation and variation
in provenances during geological periods, thereby investigating the evolution of basins
and denudation history in orogenic belts [22], while samples collected from different
positions within the same sedimentary layer at a lateral scale serve to objectively discern
spatial variations in provenance relationships across space, supporting the reconstruction
of paleogeographic environments and/or paleocurrent directions [23]. The collection of
detrital zircon samples is often characterized by sparsity and discreteness, necessitating a
high level of representativeness in sampling to partially mitigate biases arising from limited
sample quantity. This is particularly crucial when analyzing the provenance of a regional
area and/or an entire stratigraphic period [22,23].

The subsequent concern lies in the selection of grains (e.g., grain size and quantity)
to ensure the absence of biases after sample preparation. It has been reported that zircon
grains crystallized in igneous and metamorphic rocks exhibit variations in terms of their
size and shape [24]. During the process of deposition and transportation, hydrodynamic
forces can induce differential separation of zircon grains, leading to variations in the
size distribution of deposited zircons at a local scale. Consequently, neglecting grain
size and quantity during grain selection would compromise the representativeness of
grains and the reliability of obtained provenance information. In most cases, random
grain selection is preferred to avoid bias caused by size factors (e.g., magnetic separation).
However, if manual separation becomes necessary due to restrictions, the selection process
should consider parameters such as size, color, shape, roundness, etc. Specifically, grains
smaller than the beam diameter of dating instruments and those with fractures should be
excluded since their ages are unreliable and even unmeasurable. Moreover, determining
the minimum number of zircon grains to be selected from a sample containing zircons
is another crucial consideration, as variations in provenance information can arise from
different quantities of grains. The practice of selecting 60 grains from individual sediment
samples was widely employed [25]; however, statistical experiments have shown that
only 5% of the grains in such a sample can be confidently identified with a 95% chance
of accuracy [26]. It has been suggested that using 100 grains per sample is sufficient
to identify the main age components preserved by the sample, and using 117 grains
ensures the identification of every 5% age component [19]. Furthermore, not all obtained
ages and age clustering based on zircon dating can be considered reliable evidence for
provenance connections. Verifying an age component requires at least four to six grain ages
as supporting evidence; otherwise, it may lack persuasiveness [27]. The selection of U-Pb
isotopic dating techniques also plays a crucial role in the overall analytical process. The
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three primary isotopic dating techniques include thermal ionization mass spectrometry
(TIMS), secondary ionization mass spectrometry (SIMS), and laser ablation with inductively
coupled plasma mass spectrometry (LA–ICPMS). Considering technological superiority
and cost factors, TIMS, with a higher precision and accuracy, is suitable for time scale-
focused studies, such as determining the intrusion age of ancient magmatic events. SIMS,
with a higher spatial resolution and minimal sample loss, is appropriate for minerals
exhibiting fine growth and/or oscillatory zoning. LA–ICPMS, offering the highest testing
speed and an error range of 1–2%, fulfills the requirements for analyzing large amounts of
data in provenance analyses and fundamental geological surveys [8,28].

Following the process of sampling and laboratory analysis, the obtained U-Pb geochronol-
ogy data can be further examined using graphical approaches to characterize age distribu-
tions for interpreting provenance information. By analyzing peaks and troughs on the age
spectrum (Figure 1), it becomes possible to identify the main preserved age components,
which can then be utilized for correlating ages with crystalline or sedimentary rocks in
potential provenance areas. In detrital zircon age-based provenance analysis, fundamental
graphical approaches for age spectra include histograms, probability density plots (PDPs),
kernel density estimates (KDEs), and cumulative age distribution (CAD). The plotting of
histograms, which represent the distribution of measured zircon ages (y) within different
age intervals (x), is a straightforward and effective graphical method. However, it is impor-
tant to note that the appearance of the age spectrum in histograms can be influenced by the
chosen bin widths. In other words, the depiction of the age spectrum through histograms
relies on scales of measurement, specifically the bin width. Additionally, alternative rep-
resentations such as probability density plots (PDPs) or kernel density estimates (KDEs)
can further illustrate the age frequency distribution curves. The mathematical similarity
between the basic models of PDPs and KDEs has been established [29]. The probability den-
sity f (t) can be achieved through kernel smoothing or kernel density estimation, assuming
that each analysis of zircon grains adheres to a Gaussian kernel.

fE(t) =
1
n ∑n

i=1
1

σi
√

2π
e
−(t−ti)

2

2σi
2 (1)

where fE(t) is an empirical estimate of the probability density function f (t) for the age spec-
trum. ti denotes the observed age of the ith zircon grain and n represents the population
of analyzed zircons. The parameter σi is a predefined bandwidth assigned to all zircon
grains, which governs the smoothness of the age spectrum. In a PDP, σi corresponds to
observed analytical errors of each zircon grain, enabling simultaneous demonstration of
both age distribution and analytical uncertainty. The practical application of a PDP to large
sample data may lead to an increased interpretation bias due to the overlapping effect of
age components [21,30]. The definition of σi in KDEs can be a constant or can correspond to
other smoothing factors applied to zircons within a local or global range of age. However,
the bandwidth contributes to a smoothing effect on the spectrum, potentially eliminating
small peaks and irregularities that could provide valuable clues about provenance infor-
mation [29]. A proposal suggests that both PDPs and KDEs should only be used in simple
and qualitative visualization [29]. For more complex scenarios, additional mathematical
treatments are required [21,30]. As an alternative to PDPs and KDEs, the cumulative age
distribution (CAD) represents the cumulative distribution function of zircon ages for t ≥ 0
in the probability domain [0, 1]:

F(t) =
∫ t

0
f (t)dt (2)
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Figure 1. Schematic diagrams of detrital zircon age spectrum data delineated by probability density
plots demonstrating peaks and troughs (a) and anomalies (b) separated from background by the
red curve.

With increasing age, the cumulative probability curve effectively represents the like-
lihood of zircon being younger than a specific age. Generally, both a PDP and a CAD
provide similar information; however, a PDP is more intuitive for detecting the presence or
absence of a particular age component, while a CAD excels in illustrating similarities or
differences among a series of age distributions. Nevertheless, interpreting subtle distinc-
tions solely based on a simplified spectrum correlation can be challenging. This challenge
becomes even more pronounced when conducting provenance analyses over large spatial
scales and/or high-resolution sequence stratigraphic correlations due to the abundance
of samples involved. Therefore, it is necessary to employ advanced quantitative indices
to objectively describe similarities and/or differences among age distributions in various
samples for quantitative correlation purposes. Examples include quantitative similarity
and/or difference analyses based on nonparametric hypothesis testing, multi-dimensional
scaling (MDS), and principal component analysis [21,29,30].

2.2. Geological Mechanism

The geological mechanism of detrital zircons is a significant factor influencing the
identification of provenance information, in addition to the proper treatment of sampling,
laboratory dating, and quantitative analytical methods. It should be noted that only well-
preserved crystallization of zircon grains triggered by appropriate thermal events can be
sampled and analyzed. Due to variations in zircon fertility and preservation conditions
among igneous rocks, the quantity of crystallized zircons during diagenetic processes is not
always abundant, but rather limited. In some cases, the thermochemical conditions may not
fully support zircon crystallization. For instance, zircon crystallization is generally favored
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in igneous rocks with SiO2 contents greater than 60%, as opposed to those with lower silica
contents [31]. There is likely no evidence of zircon grains or age components throughout
an entire crustal cycle involving collision, accretion, heating and loading, melting, and
ultimately denudation [32].

The tectonic setting also exerts a significant influence on the fertility and preservation
of zircon through its impact on igneous rocks [18,32]. Within the convergent plate margin
background, igneous rocks exhibit high productivity; however, their conservation potential
is relatively low. Within the collisional setting, igneous rock formation is less productive and
primarily results from partial melting of the crust. Nevertheless, their preservation potential
is enhanced by supercontinent assembly. In extensional settings, there are significant
variations in production rates with dominance of mafic rocks that have limited zircon
fertility [32]. The ages of igneous rocks coinciding with supercontinental aggregation
events may not necessarily indicate the primary stage of crustal formation, but rather reflect
the favorable conditions for preserving these rocks in their environment [18]. In other
words, the formation and preservation mechanism of zircons can introduce bias to detrital
zircon age data, potentially leading to ambiguous or even untraceable recorded provenance
information descriptive of geological processes [18,32,33].

The processes of uplift and denudation significantly impact the recording of prove-
nance information by detrital zircons. As primary contributors to sedimentary rock forma-
tion, both protoliths and sedimentary rocks have the potential to undergo uplift and/or
denudation. For extreme examples, if the crystalline basement is extensively covered by
later sediments, the well-preserved basement may not provide clear provenance clues in
subsequent strata due to insufficient denudation [20]. In contrast, intense denudation can
remove parent rocks in provenance areas (e.g., unroofing), and some identified detrital
zircon age components may not find suitable provenance under current topographic condi-
tions or paleogeographic context [34]. Therefore, the geological evolution history should be
collectively considered in provenance analysis.

Last but not least, lag time, which refers to the interval between zircon crystallization
ages and sediment deposition ages, is another factor that may influence a provenance
analysis [20]. Generally speaking, volcanic rocks with low zircon fertility exhibit shorter lag
times [35], while intrusive rocks have relatively longer lag times depending on the depth
of the intrusion invasion and the denudation rate of overlying rocks [6]. Furthermore,
variations in lag time are closely associated with tectonic environments as well [31,36].
Within basins, at convergent margins, more than 50% of detrital zircons have crystallization
ages close to stratigraphic ages. In basins formed in a collisional background, there are
small amounts of detrital zircons with crystallization ages close to stratigraphic ages. In
an extensional background setting, the lag time is generally large [31]. During practical
analysis, age components that are not represented in the detrital zircon age spectrum cannot
be ignored and should be discussed together with the tectonic background.

According to studies specialized in the bias of detrital zircon age data, causative fac-
tors have been widely recognized. Proper treatments for these factors were discussed and
developed as new standards to facilitate provenance analysis [5]. In conjunction with ad-
vancements in quantitative methodologies, detrital zircon U-Pb geochronology has already
established a robust logical framework. As a result, provenance information is now more
reliable and indicative of source terrains [5]. These significant improvements will undoubt-
edly benefit current and future age data acquisition and interpretation. However, it should
be noted that long-term accumulated age datasets constructed at different developmental
stages of detrital zircon U-Pb geochronology remain an important source of provenance
information despite being inherently biased. The extraction and integration of both new
and existing age datasets to uncover novel insights are crucial topics for future provenance
analyses. Therefore, additional efforts are required in the development and promotion of
quantitative methods in detrital zircon geochronology.
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3. Local Singularity Analysis

Within the context of complexity science, the Earth system is often regarded as in-
herently nonlinear, with typical manifestations including one cause leading to multiple
effects or one effect being influenced by multiple causes [37,38]. Numerous quantitative
approaches have been developed and employed to explore the nonlinear properties of
the Earth system in order to better understand geological processes and their associated
sub-processes in both spatial and temporal scenarios [39]. As mentioned above, detrital
zircons preserved in sedimentary rocks are widely recognized as final products resulting
from various nonlinear geological processes such as magmatism, crystallization, uplift
and denudation, transport, and deposition. The processes from formation to deposition
are often interconnected, interactive, and intercoupled; even small variations can have
disproportionate impacts on the discovery of detrital zircons. U-Pb age data serve as funda-
mental observational information in detrital zircon geochronology [11] and can therefore be
analyzed using nonlinear methodologies. By characterizing U-Pb age distributions on an
age spectrum (Figure 1), we can gain insights not only into the nonlinearity of the forming–
preservation process but also into the nonlinear nature of Earth’s evolution recorded by
detrital zircons.

In previous decades, Gaussian and power law distributions have been commonly used
as distribution models to characterize peak-and-trough patterns on the age spectrum [16].
The former is suitable for samples or data that follow normal or log-normal distributions,
while the latter can effectively describe geological phenomena in the form of extreme events,
which are often considered outliers in the former [16]. Due to their stable physical–chemical
properties, detrital zircons contain traceable information related to their source and are
often mixed and influenced by multiple factors and processes [16,18,33]. As a result of the
complex formation–preservation processes’ nonlinearity inheritance, age data frequently
exhibit heterogeneous distribution in both spatial and temporal scenarios. Provenance
information recorded by detrital zircons is primarily associated with extreme events that
should be handled with caution. To better characterize provenance information, local
singularity analysis is currently employed to characterize power law distributions on the
age spectrum.

As originally proposed, the local singularity analysis is a nonlinear method to investi-
gate extreme geological events that occurred within short spatial–temporal intervals and
were accompanied by associated irregular energy release or material accumulation. Ac-
cording to estimate power law relations between observational data, measurable physical
quantities (ρ) caused by extreme events (e.g., phase transition, self-organized criticality, and
multiplicative cascade processes) and observation scales (ε), spatial variations in physical–
chemical signatures can be characterized by a singularity index (k), quantitatively and
qualitatively. A general model of the local singularity analysis [16] can be expressed as:

ρ(εi) ∝ cε−k
i (3)

where c is a constant determining the magnitude of the functions. In order to estimate the
singularity index, a log transformation can be taken on both sides of the power law model
(Equation (3)):

logρ(εi) ∝ −klogεi (4)

Plotting ρ(εi) and their corresponding scales (εi), the singularity index k can consequently be
estimated using the slope. The local singularity analysis has been extensively discussed in
the field of mineral exploration, particularly when considering 2-dimensional geochemical
data as an example. In this estimation process, applied to all locations within a study
area, the spatial variation of physical quantities is represented by positive (k > 0) and
negative singularities (k < 0), which, respectively, characterize accumulation and depletion
phenomena [16].
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When applying the local singularity analysis to detrital zircon U-Pb age data, a power
law relationship between the two variables in the age spectrum (Figure 1) can be expressed:

ρ(∆ti) ∝
1

∆ti
N(∆ti) ∝ c∆ti

−k (5)

where ρ(∆ti) is the average number of ages within different time intervals ∆ti (unit in Ma).
Similarly, the singularity index k is estimated using the slope on the logarithmic–logarithmic
plot. By implementing this estimation at all chronological ages, a series of singularity indices
k can be derived, which establishes a novel age spectrum based on nonlinearity, known
as the singularity spectrum (Figure 2). A value of k < 1 indicates depletion of detrital
grains and implies an inactive and calm period. Conversely, a value of k > 1 represents
accumulation of detrital grains and suggests productive crystallization along with effective
preservation of zircons due to intensive magmatic activities. Provenance information, which
was previously weak and mixed as indicated by the age spectrum, is now separated and/or
enhanced (Figure 1b) to rectify biases arising from nonlinearity of detrital zircon-related
geo-processes (e.g., diversities in zircon fertility and preservation). This singularity-based
graphic method allows for interpretation of variations in age population and subsequent
correlation with their potential provenance more accurately.

Fractal Fract. 2024, 8, x FOR PEER REVIEW 8 of 22 
 

 

When applying the local singularity analysis to detrital zircon U-Pb age data, a power 

law relationship between the two variables in the age spectrum (Figure 1) can be ex-

pressed: 

𝜌(∆𝑡𝑖) ∝
1

∆𝑡𝑖
𝑁(∆𝑡𝑖) ∝ 𝑐∆𝑡𝑖

−𝑘 (5) 

where ρ(Δti) is the average number of ages within different time intervals Δti (unit in Ma). 

Similarly, the singularity index k is estimated using the slope on the logarithmic–logarith-

mic plot. By implementing this estimation at all chronological ages, a series of singularity 

indices k can be derived, which establishes a novel age spectrum based on nonlinearity, 

known as the singularity spectrum (Figure 2). A value of k < 1 indicates depletion of detri-

tal grains and implies an inactive and calm period. Conversely, a value of k > 1 represents 

accumulation of detrital grains and suggests productive crystallization along with effec-

tive preservation of zircons due to intensive magmatic activities. Provenance information, 

which was previously weak and mixed as indicated by the age spectrum, is now separated 

and/or enhanced (Figure 1b) to rectify biases arising from nonlinearity of detrital zircon-

related geo-processes (e.g., diversities in zircon fertility and preservation). This singular-

ity-based graphic method allows for interpretation of variations in age population and 

subsequent correlation with their potential provenance more accurately. 

 

Figure 2. Schematic diagrams illustrating the application of the local singularity to an age spectrum 

(a) and the estimation process of singularity index k (b). 

The local singularity theory was employed to quantitatively analyze five globally 

published zircon age datasets and presented a singularity age spectrum that effectively 

addressed concerns related to sampling and preservation [16]. By examining its correla-

tion with significant geological events throughout the Earth’s evolution, a descending 

trend observed in the singularity age spectrum was discussed. Furthermore, by compar-

ing it with other time series data pertaining to mantle temperature, ocean sediment flux, 

and lithosphere thickening, a cooling model for mantle evolution was established, which 

predicted the cessation of plate tectonics at 1.45 Ga. Following this research, the local sin-

gularity analysis has been further utilized to investigate various significant issues related 

to geological evolution, crustal thickness, atmospheric oxygenation history, etc. [40–47]. 

The present study focuses on provenance analysis based on detrital zircon geochronolog-

ical data and introduces a novel graphical method known as the local singularity spec-

trum. This method is practically applied in a case study exploring the connections be-

tween the Tibetan Plateau and Australia. 

4. Case Study 

4.1. Study Area 

The Tibetan Plateau, being the largest plateau in the world, serves as a natural labor-

atory for investigating the geodynamic mechanisms of continent–continent collision 

zones [48–50]. Additionally, it provides an ideal location to validate theories of continental 

Figure 2. Schematic diagrams illustrating the application of the local singularity to an age spectrum (a)
and the estimation process of singularity index k (b).

The local singularity theory was employed to quantitatively analyze five globally
published zircon age datasets and presented a singularity age spectrum that effectively
addressed concerns related to sampling and preservation [16]. By examining its correlation
with significant geological events throughout the Earth’s evolution, a descending trend
observed in the singularity age spectrum was discussed. Furthermore, by comparing
it with other time series data pertaining to mantle temperature, ocean sediment flux,
and lithosphere thickening, a cooling model for mantle evolution was established, which
predicted the cessation of plate tectonics at 1.45 Ga. Following this research, the local
singularity analysis has been further utilized to investigate various significant issues related
to geological evolution, crustal thickness, atmospheric oxygenation history, etc. [40–47].
The present study focuses on provenance analysis based on detrital zircon geochronological
data and introduces a novel graphical method known as the local singularity spectrum.
This method is practically applied in a case study exploring the connections between the
Tibetan Plateau and Australia.

4. Case Study
4.1. Study Area

The Tibetan Plateau, being the largest plateau in the world, serves as a natural lab-
oratory for investigating the geodynamic mechanisms of continent–continent collision
zones [48–50]. Additionally, it provides an ideal location to validate theories of continental
drift and plate tectonics. Its main components originated from the northern margin of
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Gondwana, documenting the evolutionary history from microcontinental breakup and
rift-drift to their eventual fit with the southern margin of the Asian continent [49,51–57].
According to long-term studies, the Tibetan Plateau, consisting of the Qiangtang (Northern
and Southern), Lhasa, and Himalaya (Tethyan, High and Lesser) terranes (Figure 3), has
been extensively investigated. A substantial amount of observational data has progressively
accumulated, significantly enhancing our understanding of the tectonic evolution of the
Tibetan Plateau during various geological periods.
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Figure 3. A simplified geological map of the Tibetan Plateau and sampling locations of detrital
zircon samples (modified from [58,59]). JSSZ: Jinsha Suture Zone; LSSZ: Longmu Tso-Shuanghu
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ary Thrust.

The origin of the Lhasa terrane has been extensively discussed in numerous studies
focusing on two main viewpoints. The first viewpoint suggests an Indian Gondwana
origin: prior to the Permo-Carboniferous period, the Lhasa terrane was positioned along
the southern margin of Gondwana as a passive continental margin within the southern
Paleo-Tethyan realm, alongside the Qiangtang, Indian, and Himalaya terranes. During
the Mesozoic era, both the Qiangtang and Lhasa terranes separated from India Gondwana
and gave rise to Meso-Tethys (e.g., Bangongco–Nujiang ophiolitic mélange belts) and
Neo-Tethys (e.g., Yarlung Tsangpo ophiolitic mélange belts), respectively [48,49,56,57,60].
The second perspective supports the Australian origin of Gondwana: prior to the Permo-
Carboniferous period, the Lhasa, Burma, Thailand, and Malaya terranes were located on
the southern margin of Gondwana and constituted its passive continental margin in the
southern Paleo-Tethyan region with Australia. During the Mesozoic era, these terranes
separated from Australia Gondwana and formed Neo-Tethys (e.g., the Yarlung Tsangpo
ophiolitic mélange belt) [51–53]. Among these studies, geological evidence is typically
derived from the analysis of sedimentary facies, magmatic rocks, paleomagnetic data,
Permo-Carboniferous glaciogenic diamictites (PCGDs), terrestrial plants, and tropical–
subtropical marine fauna. Detrital zircon U-Pb ages are commonly used data in provenance
analysis that play a fundamental role in understanding paleogeography and reconstructing
the evolution of these main terranes and microcontinental fragments [8].
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4.2. Datasets and Graphical Visualization

In order to investigate the origin of the Lhasa terrane, two sets of detrital zircon age
data have been compiled [58,59], incorporating newly dated age data along with other
published information from the regions of Southern Qiangtang, Lhasa, Tethyan Himalaya,
and Western and Northern Australia terranes [36,61–69]. The origin and affinity of these
terranes were discussed in these two studies through age spectrum correlation, leading
to exciting results. In the current study, we further analyze these two datasets using a
singularity spectrum within the context of provenance affinity.

The first dataset [58] primarily consists of detrital zircon U-Pb age data obtained
using LA–ICPMS. It includes six Permo-Carboniferous metasedimentary rock samples
from the Lhasa terrane, with a total of 547 analyses [58,61]. Additionally, it comprises nine
Neoproterozoic quartzite and Cambrian–Permian sandstone samples from the Tethyan
Himalaya terrane, with a total of 475 analyses [58,62,63]. Furthermore, it encompasses
six Central Qiangtang metamorphic rock samples from the Southern Qiangtang terrane,
with a total of 547 analyses [58,64,65]. Lastly, it incorporates eight Permian sandstone
samples from the Southern Australia terrane, with a total of 475 analyses [36,68]. The age
spectra of Lhasa and Western Australia exhibit prominent peaks at approximately 1170 Ma,
as visualized in histograms with a bin width of 50 Ma and probability density plots
(Figure 4a,d). In contrast, the age spectra of Southern Qiangtang and the Tethyan Himalaya
demonstrate distinct peaks around 950 Ma (Figure 4b,c). These inconsistent age peaks
between Lhasa (ca. 1170 Ma) and Southern Qiangtang–Tethyan Himalaya (ca. 950 Ma), as
discussed previously [58] suggest that these Proterozoic detrital zircons originated from
different provenances. Furthermore, the similarities observed among the age populations of
Permo-Carboniferous metasedimentary rocks extensively distributed in Lhasa and Permian
sandstones in Western Australia imply their common source regions due to the presence
of widespread coeval magmatic rocks [58]. The former group exhibits a dominant peak at
approximately 950 Ma but lacks one at around 1170 Ma, whereas the latter group displays a
dominant peak at about 1170 Ma but lacks one at approximately 950 Ma. Based on these age
spectra, the main terranes of the Tibetan Plateau can be classified into two groups: Southern
Qiangtang–Tethyan Himalaya and Lhasa–Western Australia. These groups exhibit distinct
spectrum characteristics that indicate different source regions. Based on the identical range
of εHf(t) and corresponding peaks observed around 530 and 950 Ma (Figures 2a and 3a in
Zhu et al., 2011 [58]), it was suggested that detrital zircons from the former group originated
from similar source areas [66,67]. Regarding the second group, age spectra of Lhasa and
Western Australia exhibit peaks at approximately ca. 1170 Ma with εHf(t) values ranging
from −13.7 to +8.5 and −16.3 to +8.9, respectively [58]. In comparison to the geological
history of Western Australia, extensively exposed coeval magmatic rocks were discovered
in the Albany-Fraser belt [70], which have been reported as the primary source of the
Collie and Perth Basins [19,36,71]. Along with the similarity observed in age spectra, these
detrital zircons may originate from common resource regions within the Albany-Fraser belt
in Western Australia [36,68], thereby supporting a geographical association between the
Lhasa terrane and Australia during the late Precambrian–early Paleozoic.
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The second dataset used in this follow-up study comprises detrital zircon U-Pb age
data obtained using LA–ICPMS from the Tibetan Plateau and Australia. Samples collected
from the Southern Qiangtang, Lhasa, and Tethyan Himalaya terranes (Figure 3) primarily
consist of widespread Permo-Carboniferous glaciogenic diamictites (PCGDs), which are
considered crucial carriers of provenance information for paleogeographic reconstruction
of Gondwana-derived terranes [58,59]. The detrital zircons were primarily selected from
matrices of pebbly slates and sandstones, as well as clasts of sandstones (Figure 5). The
detrital zircon data from the Southern Qiangtang PCGDs consist of six matrix samples
with a total of 560 analyses, along with one clast sample comprising 96 analyses. Sim-
ilarly, the Lhasa PCGDs include eight matrix samples with a total of 689 analyses and
four clast samples consisting of 329 analyses. Additionally, the Tethyan Himalaya PCGDs
comprise two matrix samples with a total of 202 analyses and two clast samples containing
a combined number of 189 analyses. Lastly, the Australian samples encompassed seven
sandstone specimens from the Canning Basin in Northern Australia, which underwent
analyses totaling 331 [69]. The age spectra of detrital zircons from PCGDs exhibit similar
patterns, providing strong support for the conclusions drawn in the first dataset [58]. The
spectra clearly demonstrate both similarities and differences, allowing for the classification
of these four terranes into two distinct groups: Southern Qiangtang–Tethyan Himalaya and
Lhasa–Northern Australia. However, the identification of several newly discovered peaks
provides additional detailed provenance clues. In the case of the first group, the presence
of similar peaks at approximately 820, 950, and 2480 Ma, along with corresponding εHf(t)
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values, supports a joint interpretation. Furthermore, comparison with orthogneisses from
northern India dated to 820 Ma, Eastern Ghats–Rayner Provinces in southeastern India,
and Dongargarh igneous rocks aged between 2432–2506 Ma in central India suggests that
Southern Qiangtang and the Tethyan Himalaya likely originated from India Gondwana [59].
For the second group, the age spectra of Lhasa and Northern Australia exhibit similar age
distributions with distinct peaks at approximately 1170 and 1760 Ma. This correlation is
further supported by corresponding εHf(t) values, establishing a clear provenance connec-
tion between Lhasa and Australia [58,59]. By jointly comparing the εHf(t) values of detrital
zircons from Lhasa with those of coeval detrital and magmatic zircons from Australia,
it can be determined that the detrital zircons around 1170 Ma originated from basins in
Western Australia [68,72], specifically the Albany-Fraser Orogen in Southwestern Australia
and the Musgrave Orogen in Central Australia [73,74]. On the other hand, those around
1760 Ma are sourced from the Canning Basin as well as Albany-Fraser igneous rocks in
Australia [59].
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4.3. Singularity Analysis of U-Pb Age Data

The application of detrital zircon U-Pb geochronology in provenance analysis in-
volves three main sequential steps or criteria, namely spectrum correlation, comparison
of Hf isotopic data, and association with coeval magmatism/metamorphism. Firstly, the
presence of similar age peaks among detrital zircons in sediments from different regions
provides crucial evidence to narrow down the spatial–temporal ranges of potential re-
source areas. Secondly, a comparison and contrast of Hf isotopic data is conducted to
ascertain whether the source magmas of these zircons exhibit comparable heterogeneity.
Subsequently, an initial provenance link can be established between sediments displaying
similar age peaks and exhibiting comparable Hf isotopic ranges. Lastly, coeval magmatism
and/or metamorphism in potential resource areas serve as necessary evidence to validate
the occurrence of zircon crystallization in these source regions. According to previous
studies on provenance analysis, the paleogeographic constraints of the main terranes have
provided supplementary evidence and/or clues for understanding the tectonic evolution of
the Tibetan Plateau [58,59]. During the process of cognition, the affinity between the Lhasa
and Australian terranes has been identified and supported by geochronological data. As
depicted in spectral figures (Figures 4 and 5), a distinct age peak between 1600 and 1800 Ma
is observed in the spectrum of the second dataset (Figure 5), whereas it appears weak and
inconspicuous in the spectrum of the first dataset (Figure 4). Provenance links identified
from these two datasets have progressively improved as previously weak information
was enhanced and subsequently recognized in the second dataset. Consequently, utilizing
provenance clues from this second dataset can facilitate steps such as Hf isotopic data
comparison and establishing associations with coeval magmatism/metamorphism, ulti-
mately leading to a clear and improved provenance link between the Lhasa and Australian
terranes during 1600–1800 Ma.

The biases in detrital zircon age data, which lead to limited information or peaks on
detrital zircon age spectra, are influenced by various factors associated with sampling,
data analysis, and geological mechanisms. As widely acknowledged, the fertility and
preservation potential of zircons vary across different tectonic settings [18]. Two currently
discussed datasets obtained from diverse sedimentary media at multiple locations provide
mutually complementary and corroborative evidence for provenance links that effectively
demonstrate the heterogeneous distribution of preserved zircons in the Earth’s crust. This
also emphasizes why existing detrital zircon age data are crucial and should be integrated
and jointly interpreted with new data to obtain a more comprehensive understanding of
provenance. Detrital zircons and other minerals derived from diverse sedimentary sources
have emerged as prominent focal points in geochronology-based provenance analysis. The
primary objective of these endeavors is to capture the recorded provenance information that
has been preserved within the Earth’s crust. It is evident that when detrital zircon-bearing
sediment samples are collected from appropriate sources with statistically stable quantities,
the identified provenance information will become more informative and reliable. However,
it remains foreseeable that zircons containing crucial information may potentially be lost or
not preserved due to geological activities.

The enhancement of knowledge and experience in sampling and analysis is also a
crucial criterion for maintaining the precision and accuracy of detrital zircon age data. The
prominent peak observed between 1600 and 1800 Ma, which has been newly identified in
the second dataset, suggests potential clues and/or weak information in the first dataset.
The spectra (Figures 4 and 5) indicate that the average number of analyses conducted on
each sedimentary sample (<100) in these two datasets is lower than the minimum quantity
obtained from statistical studies on bias [19]. It should be noted that these average numbers
(Figures 4 and 5) are not deemed inappropriate, as having 60 analyses per sample still
adheres to a common criterion in geochronology [25,26]. However, based on statistical
studies on bias, an amount less than 100 or 117 may introduce biases that could potentially
result in compromised information [19]. Therefore, the integration of additional existing
datasets should be emphasized to mitigate weak information to some extent. Furthermore,
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it is crucial to consider that while strong information (or peaks) is enhanced, the weaker
information may be further overshadowed. It becomes necessary to identify and thoroughly
extract weak provenance information from these data in order to ensure the quality of new
data. Numerous significant and informative provenance links recorded in existing detrital
zircon data can consequently be fully utilized and integrated.

In order to enhance the weak information preserved in the original detrital zircon U-Pb
age data, local singularity analysis is applied to these two datasets in the form of a histogram
with a bin size of 50 Ma. Following the estimation process of a one-dimensional window-
based method [16], the singularity index spectrum is currently established according to
three steps. First and foremost, a series of 1D windows centered on the initial bin ∆ti are de-
fined as Ln(∑n

1 ∆ti) (n = 6). Taking the example of the bin range from 300 to 350 Ma, this se-
ries includes L1(∆ti), L2(∑i+1

i−1 ∆ti), L3(∑i+2
i−2 ∆ti), L4(∑i+3

i−3 ∆ti), L5(∑i+1
i−4 ∆ti), and L6(∑i+5

i−5 ∆ti)
(Figure 2) covering respective ranges of bins: 300–350 Ma, 250–400 Ma, 200–450 Ma,
150–500 Ma, 100–550 Ma, and 50–600 Ma. Secondly, by plotting the window sizes n and
corresponding ρ(∆ti) on a log–log graph, the slope of the linear relationship between win-
dow sizes n and the average number of ages within different windows ρ(∆ti) can be used
to directly estimate the singularity index k at the initial bin ∆ti (i.e., 300–350 Ma) (Figure 2).
Thirdly, implementing these two steps for all bins in both datasets will yield all singularity
indices that subsequently create the corresponding singularity index spectra. The accom-
panying R2 values for estimation at all bins can be depicted to evaluate whether these
estimated singularity indices accurately characterize power law relations (Figures 6 and 7).
In this study, the singularity index k infers accumulation or depletion of zircon grains when
k > 0 or k < 0, respectively.
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Figure 6. Singularity index spectra of detrital zircon U-Pb age data of the main terranes of the
Tibetan Plateau reported in [58]. The blue transparent bands prominently highlight the characteristic
age intervals that serve as the main focus in the original data, while the yellow transparent bands
conspicuously indicate the supplementary age ranges identified in singularity spectra.
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The singularity spectrum of the first dataset (Figure 6) reveals that singularity peaks
at approximately 530, 950, and 1170 Ma divide the four terranes into two distinct groups:
Southern Qiangtang–Tethyan Himalaya and Lhasa–Western Australia. This observation
is consistent with the findings from the age spectrum analysis (Figure 4), without any
conflicting results. Furthermore, certain subtle peaks on the age spectrum (Figure 4)
become more prominent in the singularity spectrum (Figure 6) due to the enhanced effect of
local singularity analysis on weak provenance information. The singularity spectra of the
Southern Qiangtang and Tethyan Himalaya exhibit clear similarities, as evidenced by the
presence of newly identified dominant peaks at approximately 2500 Ma and subordinate
peaks at around 1500 Ma. By evaluating their R2 values, we selected the dominant peaks
at ca. 2500 Ma, which show high R2 values in both singularity spectra, as enhanced
provenance information or clues revealed through local singularity analysis. Following the
three criteria or steps of provenance analysis, we compare and contrast εHf(t) at ca. 2500 Ma
from samples collected in these two terranes. Unfortunately, based on Hf isotopic data in
the first dataset (Figure 8a), it is evident that the source magma for these detrital zircons
does not match and lacks similar heterogeneity between them. The detrital zircons from
Southern Qiangtang with an εHf(t) ranging from −13.7 to 5.9 indicate a mixed crustal and
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mantle source magma, while those from the Tethyan Himalaya with an εHf(t) less than 0
suggest a crustal source magma (Figure 8a). Without supporting evidence from Hf isotopic
data, the new dominant peak observed on the singularity index spectrum of the first dataset
can only provide probable or potential provenance clues, although previous studies [59]
have reported coeval magmatic and metamorphic activities in these two terranes as well as
India to elucidate their provenance connection and affinity around 2500 Ma. One possible
reason is the limited number of εHf(t) analyses available for the Tethyan Himalaya, as only
four analyses are insufficient to adequately represent the heterogeneity of source magma.
This may also explain why the peaks around 2500 Ma on the age spectrum (Figure 4) are
not distinct and appear weak. In order to evaluate singularity peaks in Lhasa’s and Western
Australia’s singularity index spectra, R2 is used as a preliminary measure. The subordinate
peaks at 1550–1800 Ma and 2550–2750 Ma on the age spectra (Figure 4) have now been
enhanced and identified as distinctive dominant peaks, establishing their preliminary
provenance connections during these periods. These clues provide additional information
that cannot be obtained from the age spectra alone. For Hf isotopic data at 1550–1800 Ma,
Lhasa exhibits an εHf(t) ranging from −6.97 to 9.63, while Western Australia ranges from
−7.66 to 8.74; for Hf isotopic data at 2550–2750 Ma, Lhasa ranges from −10.78 to 2.88 and
Western Australia ranges from −7.72 to 5.36. These similar heterogeneities in source magma
between these two terranes (Figure 8b), along with reported coeval magmatism of Lhasa
and Western Australia [59,75,76] consequently establish provenance connections. However,
it should be noted that there is an imbalance in the numbers of εHf(t) for these two terranes,
and more data may provide more stable evidence regarding their provenance connections.
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The application of local singularity analysis to the first dataset enhances weak prove-
nance information on the age spectrum by quantitatively characterizing temporal vari-
ations in detrital zircon age populations. These preliminary provenance clues, which
may be overlooked due to their inconspicuous expression, deserve attention. Further-
more, supported by the age spectra of the second dataset, the provenance affinity between
Qiangtang–Tethyan Himalaya (ca. 2500 Ma) and Lhasa–Western Australia (ca. 1600 Ma)
can be clarified, echoing established provenance connections identified in the singularity
spectrum (Figures 6 and 7). To further explore practical applications of local singularity
analysis in more detail, we analyze the second dataset to determine if any potential prove-
nance clues have been overlooked in the age spectrum. From the singularity spectra of the
second dataset (Figure 7), a similar grouping scheme can be established based on dominant
singularity peaks, as mentioned above. For the Southern Qiangtang–Tethyan Himalaya
group, peaks at approximately 820, 950, and 2480 Ma are retained with high R2 values,
without any new discoveries at other ages. The Lhasa–Australia group exhibits distinctive
peaks at around 1170 and 1760 Ma. In the Lhasa spectrum, there is an enhancement of
peaks in the range of 2650–2760 Ma; however, no corresponding peaks are observed in
the Australia spectrum. These findings further demonstrate that local singularity analysis
is an effective method for enhancing weak provenance information. By ensuring consis-
tent provenance clues with those obtained from age spectra analysis, this method can
provide additional clues to establish provenance connections even with a limited number
of analyses, and offer preliminary guidance for future research endeavors. Moreover, it
also emphasizes that both quantity of analyses and sampling coverage are crucial factors
since well-preserved provenance information and a sufficient number of analyses serve as
essential foundations for enhancing and recognizing weak provenance information.

The most significant advantage reflected in the current case study is to identify weak
provenance information assisting in understanding the affinity of Southern
Qiangtang–Tethyan Himalaya and Lhasa–Western Australia ca. 2500 and 1600 Ma, re-
spectively (Figure 6). The identification was not clarified based on the first dataset due to
weak information and limited quantity issues. Changing sampling media of detrital zircons
(matrix and clast of PCGDS), more delicate analyses can then establish the affinity between
these terranes ca. 1600 and 2500 Ma. Therefore, the current case study well demonstrates a
new graphical method for age correlation for provenance analysis which can reveal more
comprehensive and detailed provenance clues. Moreover, it facilitates making a strategy if
more sampling and analyses are necessary to further enhance understanding of provenance
in future work. Meanwhile, methods to quantify differences and similarities among age
spectra can be considered for the correlation of singularity index spectra in the future.
It should be expectable that singularity spectrum-based provenance analysis is not only
effective in quantifying temporal variation in detrital zircon age population but also in
improving missing and omission issues of weak but significant information.

5. Summary and Discussion

The utilization of detrital zircon U-Pb age as crucial geochronological data in prove-
nance analysis is widespread. In the current era, effectively managing and fully exploiting
long-term accumulated “big data” to gain a better understanding of geological evolution
has become increasingly important. Within this context, the current study firstly reviews
several causative factors that may introduce bias into the age population. A case study
focusing on the affinity of the main terranes in the Tibetan Plateau is presented, utilizing
two published datasets of detrital zircon ages. As described in the original literature, there
is a noticeable progressive improvement in the understanding of provenance connections
among these terranes through the analysis of detrital zircon age spectra obtained from
various sources. Consequently, this study addresses issues related to unclear and weak
provenance information preserved within the age data and practically applies local singu-
larity analysis to both datasets. The new graphical approach effectively quantifies temporal
variations in detrital zircon age populations and enhances the identification of weak prove-
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nance information that may not be apparent on conventional age spectra. In particular,
dominant singularity peaks reveal previously inconspicuous weak provenance signals,
especially in the first dataset published over 10 years ago. Comparing these results with
those from the second dataset reported within the last few years confirms established prove-
nance connections identified through singularity spectra analysis. This graphical approach
contributes a novel method for interpreting and comparing detrital zircon age spectra.

Enhanced weak information in singularity spectra provides new evidence for estab-
lishing preliminary provenance clues regarding the affinity between Lhasa and Australia or
Southern Qiangtang and the Tethyan Himalaya. While the singularity spectrum effectively
characterizes weak provenance information, supporting the establishment of provenance
connections among the main terranes of the Tibetan Plateau, manipulating and fully exploit-
ing both existing and future detrital zircon age data present ongoing challenges. Several
concerns regarding future research are currently being explored.

In subsequent research, it is imperative to conduct comprehensive case studies that
delve into the singularity spectrum through in-depth discussions and explorations. It is
anticipated that a more extensive utilization of both conventional age spectra and singular-
ity spectra will unveil additional provenance information. As observed in this study, the
initial evidence supporting preliminary provenance links between Southern Qiangtang
and the Tethyan Himalaya around 2500 Ma cannot be strongly substantiated due to the
limited quantity of Hf isotopic data in the first dataset. This raises a new question: how
many Hf isotopic values are required to adequately express the heterogeneity of source
magma? The integration of self-collected samples with existing age data is likely to become
a standard practice in numerous reported case studies. In future research, an extensive
collection from open sources will enable the selection and analysis of more zircon grains
within each self-collected sample, ensuring that recorded provenance information is ac-
curately reflected through detrital zircon age data. Meanwhile, it is also suggested that
the singularity spectrum can be utilized as a supplementary or reference to the conven-
tional age spectrum in order to prevent omission and loss of weak provenance information.
Therefore, future application of the singularity spectrum should incorporate both the
R2 value and singularity index for an optimized interpretation of singularity peaks and
provenance clues. Consequently, the comparison of Hf isotopic data and association with
coeval magmatism/metamorphism can be based on a stable and rational foundation.

Secondly, analytical methods for geochronological data primarily excel in identify-
ing preserved provenance information but cannot replace the importance of systematic
sampling and meticulous laboratory analyses (e.g., selection criteria for sampling media
and grains). Similarly, a collection of detrital zircon age data established based on carefully
chosen grains with an optimal number of analyses may still encounter issues related to
bias and/or weak provenance information that necessitate further discussion through
additional case studies. The present study acknowledges that weak provenance might be
inevitable even when the data are analyzed following an optimal manipulation. The cause
of weak information often lies in the formation and preservation mechanisms of detrital
zircons, while biases caused by analytical errors or sampling strategies can be effectively
rectified using advanced methods such as the singularity spectrum currently proposed.
Therefore, it is essential to accept that certain objective provenance connections may not
be preserved and recorded by detrital zircons alone. Greater attention may be paid to
other mineral carriers like apatite for obtaining more comprehensive insights. Naturally,
these discussions remain speculative prospects; definitive conclusions and knowledge will
require further extensive research efforts in future studies.
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