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Abstract: Isotopic geochronology, a specialized field within isotopic geochemistry, has evolved through the interdisciplinary
integration of geology, nuclear physics, and radiochemistry. By applying the principles of radioactive isotope decay, isotopic
geochronology provides precise geological dating, forming scientific timelines for Earth's major evolutionary stages. This study
offers a concise summary and discussion of isotopic dating principles, age representation methods, and the theories, applications,
and formulas of widely used high-precision isotopic dating techniques. The primary isotopic dating techniques include: (1) The
U-Pb dating method provides four simultaneous age values for a sample. Evaluating their consistency ensures higher reliability
in the age determination. (2) The Rb-Sr method, employing isochron techniques, is mainly used for dating mafic, intermediate,
and intermediate-acidic igneous rocks, with limited applications in metamorphic and sedimentary rocks. (3) The Sm-Nd method
effectively dates mafic and ultramafic rocks and is widely applied in the study of ancient metamorphic rocks' age and genesis.
Isochron techniques determine the formation time and initial Nd isotopic values of the source. (4) The Ar-Ar method offers high
precision without requiring chemical treatment, thereby minimizing contamination and ensuring complete data integrity. Ages
are determined through 40Ar/39Ar ratio analysis. (5) The Re-Os method is directly applicable to ore minerals and extensively
used in dating and studying the genesis of metallic ore deposits.

Keywords: Ar-Ar method; Isotope geochronology; Rb-Sr method; Re-Os method; U-Pb method.

. al. [5] introduced a microgrinding technique for single
1. Introduction crystals to produce microgram-scale samples for isotopic

Isotopic geochronology, commonly referred to as absolute gnalysis, providing valuable petrogenetic insights from
geochronology. When magma solidifies and minerals or rocks igneous rock crystals.
crystallize or recrystallize, radioactive elements are .
incorporated into them in specific forms. In a closed system, 2. Mechanism of Isotope
the decay and accumulation of radioactive parent or daughter GEOChI‘OHOlogy
isotopes occur continuously. Accurate measurement of

radioactive parent and daughter isotopes in minerals and 2.1. Isotope timing principle

rocks allows age determination using the law of radioactive Isotopic geochronology focuses on determining the ages of
decay. Isotopic geochronology holds significant potential for geological formations and events through radioactive isotope
applications in Earth sciences. Runsheng Yin et al. [1] decay laws, providing insights into the formation history and
demonstrated that mercury isotopes undergo systematic evolution of Earth and planetary materials. In Earth sciences,
fractionation in specific environmental processes. These naturally occurring long-lived radioactive elements are
fractionations provide insights into isotopic variations in among the most extensively applied isotopic systems.
geochemical reservoirs, positioning mercury isotopes as Radioactive decay leads to the continuous addition of newly
valuable geochemical tracers for identifying mercury sources formed daughter isotopes to the original pool, gradually
and intricate biogeochemical pathways. Jen-How Huang et al. changing their isotopic composition over time. The rate and
[2] identified vanadium as an effective redox tracer, capable extent of these changes are influenced by the retention time
of revealing Earth's early accretion history, clarifying mantle- of the natural system and the parent-to-daughter element ratio.
crust interactions via subduction and melting, and interpreting Consequently, the present isotopic composition of daughter
ancient surface environments. The Re-Os isotopic dating elements reflects the historical processes that have influenced
method has emerged as one of the most critical techniques in the parent-to-daughter element ratio. Such correlations allow
ore deposit studies and geology. It determines geological ages researchers to reconstruct the historical development of rocks,
by utilizing the B-decay of Re to 1870s [3]. Researchers have minerals, or geological systems by analyzing parent-daughter
also incorporated advanced technologies into isotopic isotope variations, trace the origins of diagenetic and
geochronology research. Jon D. Woodhead et al. [4]employed metallogenic materials, and address geodynamic questions
double-spike techniques in lead isotopic geochronology, concerning crust-mantle evolution.

analyzing the results through isochron diagrams for

comparison. Their findings revealed that double-spike 2.2. Isotope geological age expression

corrected data significantly outperformed conventionally The most widely adopted methods for geological age
corrected data in all scenarios. Isochron lines were more determination are isochron diagrams and model ages.
tightly constrained, leading to reduced uncertainties in Isochron diagrams are bivariate plots of parent-daughter
geological age estimates and improved mean weighted isotope ratios for a group of genetically related samples. If the
deviation values. Jon D. Woodhead et al. suggested that the sample data form a straight line, it is termed an isochron, with
double-spike technique enhances the accuracy and the line's slope corresponding to the age of the sample group,

application of lead isotopic geochronology. B.L.A. Charlier et as depicted in Figure 1. Model age indicates the time of
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mantle separation for a sample, which is assumed to have
originally formed in the mantle. Model ages derived from the
Sm-Nd isotopic system are widely used and carry substantial
geological significance, as they can be determined from a
single parent-daughter isotope ratio[6].
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Figure 1. Sm-Nd isochronal diagram.

2.3. Main methods of isotope dating

The primary isotopic dating techniques include U-Pb, Rb-Sr,
Sm-Nd, Ar-Ar, and Re-Os methods.

2.3.1. U-Pb method

This traditional isotopic dating method relies on the decay of
238U to 2%Pb and 2U to 2’Pb, involving intermediate decay
chains with the emission of 8 and 7 a-particles and 6 and 4 -
particles, respectively. The accepted half-lives are 4.468
billion years for 238U and 0.7038 billion years for 2**U.Early
analytical limitations confined testing to U-Th-rich minerals
like crystalline uranium ore, pitchblende, and monazite.
However, advancements in LA-ICP-MS technology have
revolutionized U-Pb dating, offering rapid and cost-effective
data acquisition compared to ID-TIMS or ion microprobe
techniques. Improvements in mass spectrometry isotopic
analysis and U-Pb chemical separation methods now enable
age determination for minerals like zircon, zirconolite,
monazite, titanite, and apatite. These innovations have driven
a transformative evolution in U-Pb mineral dating methods
[7]. In the U-Pb system, an open system or Pb loss events can
lead to discrepancies in age calculations. To address this,
concordia diagrams, two-stage models, and isochron methods
are employed for data interpretation. A plot of radiogenic Pb
to parent U isotope ratios over time shows that closed-system
samples will have their 2°6Pb/?38U and 27Pb/?33U ratios align
with this curve. This curve is known as the concordia curve.
Points on the concordia curve correspond to tags = tao7 =
Samples experiencing Pb loss or U gain have data points
positioned below the concordia curve, while U loss results in
data points above the curve.

2.3.2. Rb-Sr method

The Rb-Sr dating method relies on the B-decay of ¥Rb to
87Sr, with a half-life of 48.8x10"9 years. The corresponding
decay constant for this half-life is 142 x 10_11/),[8]. The
Rb-Sr age calculation is represented by Equation (1):

), = 6o, + Ga) -1

207/206.
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In this context, (ZST

ST
sample's formation or isotopic homogenization, while

) denotes the isotopic ratio at the
I

(%) refers to the present-day measured ratio. A, the decay
Sr/ p

constant for ¥’Rb, is defined as1.42 x 10~ a¢~1. The ratio
87Rb/36Sr is derived from the Rb/Sr mass ratio [9].

2.3.3. Sm-Nd method

The Sm-Nd dating technique is used to determine the age
of geological formations or events by analyzing the a-decay
of '¥7Sm into the stable daughter isotope '“*Nd. By the law of
radioactive decay, Nd = Sm-(e—1) . The Sm-Nd age
calculation is expressed in Equation (2):

1
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(143Nd
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By applying the principle of isochrons and incorporating

Nd into the decay formula, the resulting equation is shown in
Equation (3):

(143Nd) _ (143Nd) (1475m) ( i )
144pg 144pg/ o 14454

In this equation, (**Nd/***Nd)o denotes the initial isotopic
ratio. Generally, the initial isotopic ratio cannot be directly
determined. To determine the initial ratio, the isochron
method is applied, plotting Sm/Nd on the x-axis and Nd/Nd
on the y-axis. The resulting straight line, called the isochron,
has a y-intercept that represents (!**Nd/'**Nd)o. The age is
derived from the slope of the isochron. The Sm-Nd method is
particularly effective for dating igneous rocks and
magmatically associated formations, including ophiolites,
gabbros, granites, rhyolites, and andesites, as well as minerals
such as scheelite and magnetite [10].While the classical ID-
TIMS method remains the gold standard for high-precision
Sm-Nd measurements, it is hindered by its time-intensive
process, high cost, large sample requirements, and inability to
resolve geochemical data at the microscopic scale. Emerging
micro-area in-situ analytical techniques overcome these
limitations by offering simplicity, rapid analysis, and high
spatial resolution, enabling the tracing of magmatic and
hydrothermal origins and evolutionary processes at the
micron scale [11].

2.3.4. Ar-Ar method

The Ar-Ar dating technique is based on the potassium (K)
decay system. The process entails irradiating potassium-
bearing samples with fast neutrons in a nuclear reactor,
causing 3¥K to capture a neutron, emit a proton, and convert
into 3°Ar, which has a half-life of 269 years. A mass
spectrometer measures the “°Ar/3°Ar ratio in the irradiated
sample, which serves as a substitute for the “°Ar/>?Ar ratio
used in traditional K-Ar dating. The sample's geological age
is determined using Equation (4):
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In the equation, J denotes the irradiation parameter specific
to each irradiated sample, *°Ar* represents the radiogenic “°Ar,
3Ar is generated by fast neutron irradiation, and A refers to
the total decay constant [12]. Researchers have recently



integrated microscopic techniques, such as XRD, with the Ar-
Ar dating method to ascertain the absolute ages of geological
formations. The high resolution of XRD further aids in
determining the crystallinity index of rocks in these
formations [13].

2.3.5. Re-Os method

The Re-Os dating method determines geological ages by
analyzing osmium isotopic anomalies resulting from the [3-
decay of radioactive '®’Re to ¥7Os. This technique directly
estimates the mineralization age of metallic ore deposits. The
age calculation is expressed in Equation (5):

(18705) _ (18705)
18605 18605

In this equation, '#7Os/!%Os represents the current isotopic
ratio of the sample, ('¥70s/'*¢0s)o denotes its initial isotopic
ratio, '3’Re/!#Os is the present-day ratio of the sample, A is
the decay constant for '%'Re, and t signifies the time since the
closure of the Re-Os system. As the Re-Os method is the sole
relatively reliable approach for directly dating the
mineralization age of metal ore deposits, the Re-Os isotopic
system continues to be a prominent research focus [14].
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3. New Progress in Isotope
Geochronology

3.1. Multi-collector plasma mass spectrometry

The MC-ICP-MS comprises several key components: a
sample introduction system, an ICP ion source, an ICP
interface, ion lenses, a double-focusing mass analyzer, a
multi-collector detection system, a high-vacuum system, a
data acquisition and processing system, a water cooling
system, and a safety system. The target element solution (or
laser-ablated particles) is delivered as an aerosol into the
argon plasma, where it is evaporated, atomized, and ionized.
The plasma is extracted via the sample cone and skimmer
cone, transferring a portion from atmospheric to vacuum
conditions. The ion lenses shape the beam, and an
electrostatic field accelerates the positive ions of the target
element into a magnetic field, separating them by mass-to-
charge ratio before detection. Historically, thermal ionization
mass spectrometry (TIMS) has been recognized for its
superior accuracy and precision, but it demands substantial
sample preparation, lengthy measurements, and cannot
measure certain elements. Recently, MC-ICP-MS has

emerged as a rapidly advancing technique for isotope analysis.

This technique offers several advantages: (1) the ICP source
can ionize nearly all elements; (2) the sample introduction
process is simple and reliable; (3) high sample throughput; (4)
excellent mass resolution; and (5) flat-top peaks enable
accurate isotope ratio determination with precision
comparable to TIMS, achieving 0.001% [15]. Moreover, MC-
ICP-MS has been successfully applied to isotopic analyses of
Nd, Mg, and Pb [16].

3.2. Laser Ablation Plasma Mass Spectrometry

Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) employs high-energy laser
beams guided by an optical system of lenses and mirrors to
ablate the sample surface. The ablated material, in the form of
aerosol, is carried by a gas flow into the ICP system for
ionization. Subsequently, the mass spectrometer filters ions
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by mass-to-charge ratio, and the detector records them. LA-
ICP-MS is an in-situ, high-resolution analytical technique
ideal for major, trace, and ultra-trace element analysis. It finds
extensive use in Earth sciences, particularly for rare earth
elements (REEs), platinum group elements (PGEs), and
isotope studies. Its strengths include in-situ, real-time, and
rapid analysis, combined with high sensitivity, low detection
limits, exceptional spatial resolution, simplified spectra,
simultaneous multi-element detection, and isotopic ratio
capability. LA-ICP-MS has broad applications, including
whole-rock analysis of geological samples [17], micro-area
analysis of individual minerals [18], trace element
determination in single fluid inclusions [19], and zircon U-Pb
and Pb-Pb isotopic dating [20].

4. Prospects of Isotope Geological
Dating

Remarkable advancements have been achieved in isotopic
geochronology, with emerging technologies continually
driving the pursuit of higher precision, enhanced spatial
resolution, and improved efficiency. Researchers are
exploring integrated approaches for improved geological age
determination. A notable example is the combination of
chemical abrasion and isotope dilution with thermal
ionization mass spectrometry (CA-ID-TIMS) for zircon U-Pb
dating, This method effectively minimizes procedural Pb
backgrounds in the laboratory and allows for precise
determination of procedural Pb isotopic composition for
accurate background subtraction, resulting in superior single-
grain zircon U-Pb age data compared to traditional TIMS [21].
The integration of laser ablation and multi-collector
inductively coupled plasma mass spectrometry (LA-MC-ICP-
MS) offers notable advantages over LA-ICP-MS, including
reduced sample consumption, shallower ablation depths, and
enhanced spatial resolution [22].
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