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Abstract

Zircon megacrysts from Wenchang, Hainan Island, South China, were investigated to char-
acterize their mineralogical and geochemical properties, U-Pb age, radiation-damage state,
and heat-induced spectral and color responses. We integrated electron probe microanalysis
(EPMA), laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) U-Pb
and trace-element analyses, Fourier transform infrared (FTIR), Raman and ultraviolet—
visible (UV-Vis) spectroscopy, powder X-ray diffraction (XRD), and controlled heating.
This approach extends previous occurrence-based descriptions of the Wenchang deposits
through an integrated mineralogical, chronological, structural, and thermal-response as-
sessment. The zircons show HREE-enriched patterns, positive Ce anomalies, Eu/Eu*
values close to unity, and Th/U ratios of 0.42-1.26, supporting a magmatic affinity without
identifying a specific parental melt. A weighted mean 2°°Pb /28U age of 3.78 + 0.10 Ma (10)
was obtained. FTIR spectra retain relatively sharp SiO4 bending features, and five represen-
tative spectra show no resolvable broad OH-related feature at the displayed scale. Raman
spectra show a narrow v3(5iO4) band near 1008 cm~! with an average corrected full width
at half maximum of 5.5 cm 1. XRD patterns of two unheated grains contain sharp zircon
reflections without a conspicuous diffuse-scattering halo. Together, these observations sup-
port retained crystalline order and weak radiation damage in the analyzed samples. Within
the measured low-dose dataset, v3(SiOy) full width at half maximum (FWHM) increases
with accumulated alpha dose (D), whereas Raman band position shows no statistically
significant dose-related trend. Heating weakens the broad 450-550 nm absorption as the
brown samples become lighter, while treatment at 1100 °C under nitrogen produces a
bluish-gray hue accompanied by broad red-region absorption. The data constrain the age,
radiation-damage state, and heat-induced responses of the analyzed Wenchang zircons;
their primary host, source region, and transport history remain unresolved.

Keywords: Wenchang; Hainan Island; zircon megacrysts; Raman spectroscopy; zircon
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1. Introduction

In northern Hainan, Cenozoic alkaline basaltic volcanic rocks form part of the Leigiong
volcanic province [1,2]. This regional setting provides geological context for the Wenchang
deposits but does not establish the source of the studied zircon grains.

Zircon (ZrSiOy) is one of the most widespread accessory minerals in igneous, meta-
morphic and sedimentary rocks. Its crystal structure can accommodate U, Th, REE and
other trace elements [3]. Pb diffusion in zircon is extremely slow, giving the U-Pb system
a high effective closure temperature under geological conditions [4]. Zircon is therefore
widely used for precise dating of magmatic events, source tracing and reconstruction of
magmatic evolution [4,5]. In addition, trace-element signatures in zircon, particularly Th/U
ratios, REE distribution patterns and Ce-Eu anomalies, can be used to distinguish genetic
types and to constrain magmatic redox conditions [5-7].

Zircon megacrysts from alluvial deposits in the Huadian area of northeastern China
have been characterized using trace-element, U-Pb, and Hf-isotope data [8]. Comparable
zircon megacrysts from placer deposits in the Central Highlands of Vietnam have also
been studied using mineralogical, geochemical, and geochronological methods [9]. Broader
Indo-Pacific compilations show that zircon megacryst suites are geochemically and isotopi-
cally diverse [10]. In the Wenchang area, previous work mainly documented the mineral
assemblages of quartz-sand deposits [11]. An integrated assessment combining mineral
chemistry, U-Pb age, radiation-damage indicators, and controlled heat-treatment responses
has remained unavailable for the Wenchang zircons.

The metamictization of zircon is another key issue. Zircon commonly contains U
and Th, whose radioactive decay progressively damages the crystal lattice. This process
changes physical properties such as density, hardness and color [12-18]. Recrystallization
and associated trace-element mobility may further disturb the U-Pb isotopic system [19].
Laser Raman spectroscopy is highly sensitive to this damage. With increasing radiation
damage, the v3 antisymmetric stretching band of the SiOy tetrahedron near 1008 cm ™!
shifts toward lower wavenumber and broadens progressively [12,13,20,21]. Recent work
has further quantified the relationships between Raman full width at half maximum
(FWHM), Raman shift and alpha dose in natural and synthetic zircons, supporting the
use of Raman parameters as proxies for radiation damage [22]. Raman band position
and FWHM can therefore be used as non-destructive proxies for zircon crystallinity. Heat
treatment can partly anneal lattice damage [23-26] and modify color-related defects [27,28],
providing an experimental approach to evaluate the link between color, structural defects
and spectroscopic response. For Wenchang zircon, however, the degree of metamictization
and the possible relationship between Raman parameters and accumulated radiation dose
have not yet been established.

Powder X-ray diffraction (XRD) complements vibrational spectroscopy by probing
long-range crystalline order. Studies of damaged and annealed zircon have evaluated
changes in Bragg reflections, diffuse scattering, reflection-dependent line profiles and lattice
parameters, rather than treating the width of a single reflection as a universal measure of
crystallinity [23-25]. Applying these complementary observations to unheated Wenchang
zircon provides a direct structural check on the interpretation of weak metamictization
based on Raman and Fourier transform infrared (FTIR) spectra.

This study integrates electron probe microanalysis (EPMA), laser ablation-inductively
coupled plasma mass spectrometry (LA-ICP-MS) trace-element and U-Pb analyses, FTIR,
Raman and ultraviolet-visible (UV-Vis) spectroscopy, XRD, and heat-treatment experiments
under different atmospheres. The objectives are to: (1) characterize the mineralogical and
geochemical features of the Wenchang zircons, determine their U-Pb age, and assess their
magmatic affinity without assigning them to a specific parental melt; (2) evaluate radiation-
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related structural disorder using accumulated alpha dose (D«), Raman parameters, FTIR
spectra, and XRD observations; and (3) document heat-induced spectral and color changes
under controlled temperatures and atmospheres. The principal contribution is a sample-
specific integration of age, radiation-dose estimates, short- and long-range structural
observations, and thermal-response data for the Wenchang zircons.

2. Geological Setting
2.1. Regional Geological Setting

Hainan Island is situated on the northern margin of the South China Sea and, to-
gether with the Leizhou Peninsula, constitutes the Leiqiong volcanic fields. These fields
represent the southernmost continental Cenozoic volcanic province in China [1]. Although
northern Hainan and the Leizhou Peninsula are separated by the Qiongzhou Strait, their
geochronological, geochemical and geophysical features indicate that they belong to a
single volcanic-tectonic system [1]. Cenozoic volcanic rocks and volcanic cones are spatially
associated with major nearly E-W, NE-SW and NW-SE fault systems (Figure 1), includ-
ing the Wangwu-Wenjiao, Maniao-Haikou, Jiepao-Huangpo, Ganchong-Mutang-Lingao,
Pugian-Qinglan, Changliu-Xiangou, Haikang-Qiantang and Wushi-Xuwen faults. These
structures likely provided pathways for magma ascent and exerted an important control
on the distribution of volcanic rocks in the Leigiong volcanic fields [1]. Regional geophys-
ical and geodetic studies indicate that the principal E-W and NW-SE fault systems were
reactivated during Cenozoic extension associated with opening of the South China Sea and
remained active into the Quaternary and present day [29,30].
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Figure 1. Distribution of Cenozoic volcanic rocks, volcanic cones and major faults in the Leigiong
volcanic fields, South China. The Wenchang zircon sampling locality is marked by the red star. The
upper-left inset shows the regional tectonic setting of eastern China and adjacent areas and indicates
the location of Hainan Island and Wenchang. Modified after Wei et al. [1]. The red square in the inset
outlines the area shown in the main map.
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Wenchang City is located in northeastern Hainan Island, within the northern Hainan
sector of the Leigiong volcanic fields. The study area lies south of the eastern segment of the
Wangwu-Wenjiao Fault and close to the Pugian-Qinglan Fault (Figure 1). Regional studies
document late Cenozoic basaltic volcanism and Cenozoic-to-Quaternary reactivation of
major fault systems in northern Hainan [1,2,29,30]. This geological context does not identify
the primary host, source region, or incorporation mechanism of the zircon grains recovered
from secondary deposits.

In northern Hainan, Cenozoic volcanic rocks and associated volcaniclastic-sedimentary
units are widely exposed [1,2]. Volcanic rocks, volcaniclastic deposits, and interbedded
sedimentary materials provide the regional geological setting of the secondary zircon-
bearing deposits [1,2,31].

2.2. Occurrence of Zircon Megacrysts

The studied Wenchang zircon megacrysts were collected from secondary deposits.
Field observations at the sampling locality show loose slope deposits and alluvial-proluvial
sediments developed from weathered volcanic materials. The sampling locality lies in
northeastern Hainan Island, close to the Wangwu-Wenjiao and Puqgian-Qinglan fault sys-
tems (Figure 1). The mining area is located at approximately 110° E and 19° N, at an
elevation of about 149 m, and covers approximately 35 km?.

Field observations indicate that the ore-bearing horizons are mainly Quaternary uncon-

solidated sediments. They occur as layered bodies composed of ore-bearing clayey gravel
and ore-bearing gravelly clay, broadly parallel to local depositional layering (Figure 2).
Because the analyzed zircon grains were collected from secondary deposits and weath-
ered material, field occurrence alone does not establish their primary host, crystallization
environment, or transport mechanism. Field observations suggest that weathering, ero-
sion, transport, and gravitational sorting may have concentrated the grains in slope and
alluvial-proluvial environments.

Figure 2. Field occurrence of the Wenchang zircon-bearing secondary deposit: (a) overview of the
mining area; (b) loose surface material containing zircon grains, indicated by the labels.
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3. Materials and Methods
3.1. Samples

A total of 105 zircon grains were collected from slope deposits and weathered volcanic
breccias in the Wenchang mining area. On the basis of color variation, grain morphology
and preliminary spectroscopic screening, 28 representative grains (HN-01 to HN-28) were
selected for detailed mineralogical, geochemical and spectroscopic analyses. Individual
grains weigh 0.08-0.35 g (Figure 3).
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Figure 3. Representative zircon megacrysts from Wenchang, Hainan. The grains are mainly dark
brown to reddish brown and show rounded to irregular morphologies after weathering and transport.

The zircons are mainly brown, ranging from dark brown to reddish brown. Most rough
crystals are transparent to translucent, and some darker grains become more transparent
after cutting and polishing (Figure 3). Crystal forms are generally incomplete: crystal
edges are commonly rounded, and rounded to irregular grains are more abundant than
well-developed tetragonal prisms or dipyramids. Grain sizes range mainly from 2 to 9 mm.
Polished samples show vitreous luster, whereas broken surfaces are uneven to conchoidal
and locally display greasy luster. The average density measured by hydrostatic weighing is
4.6 g/cm?>. Larger grains commonly contain fractures and inclusions, whereas smaller and
more euhedral grains tend to be cleaner and more transparent.

3.2. Major- and Trace-Element Analyses

Major-element compositions were determined at the Electron Probe Laboratory of
Hebei GEO University using a JEOL JXA-8230 electron probe microanalyzer (JEOL Ltd.,
Akishima, Tokyo, Japan). Analytical conditions were 15 kV accelerating voltage, 20 nA
beam current, and 1 pm beam diameter. Peak and background counting times were
10 s and 5 s, respectively, and matrix effects were corrected using the ZAF procedure.
Thirty-one spot analyses from five representative samples are reported in Supplementary
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Table S1. Instrument-reported detection limits were 218-242 ppm for U, 182-238 ppm for Th,
614-664 ppm for Hf, and 105-306 ppm for P. Zr was calibrated against K5 zircon, whereas
Si was calibrated against K5 zircon or SPI-27 jadeite. The records indicate that U, Th, and Hf
were calibrated against SPI-U, SPI-Th, and SPI-Hf, respectively. The instrument-reported
S.D. (%) values are 1o relative standard deviations derived from peak and background
X-ray counting statistics. Values associated with signals reported below the detection limit
are retained for traceability but are not interpreted as quantitative precision estimates.
Individual 10 S.D. (%) and detection-limit information are provided in Supplementary
Table S1.

Trace-element and U-Pb isotopic analyses were carried out at the Key Laboratory of
Strategic Critical Mineral Resources of Hebei Province. Analyses used a Thermo Fisher
iCAP RQ inductively coupled plasma mass spectrometer (Thermo Fisher Scientific (Bre-
men) GmbH, Bremen, Germany) coupled to a Resolution SE 193 nm excimer laser ablation
system. The laser spot diameter was 29 pum, with an energy density of 3 J/cm? and a
repetition rate of 8 Hz. Each analysis included 20 s background acquisition and 40 s sample
ablation. Trace-element concentrations were normalized to the CI chondrite abundances
of McDonough and Sun [32]. Trace-element and REE interpretation was restricted to
24 analyses whose spot identifiers could be matched to the U-Pb dataset. Trace-element
data reduction followed the external-calibration strategy described by Liu et al. [33]. Time-
dependent signal drift, down-hole elemental fractionation, and common-Pb correction were
handled during U-Pb data reduction using ICPMSDataCal 11.8 [34]. Robust correction of
down-hole elemental fractionation is an established requirement in LA-ICP-MS U-Pb anal-
ysis [35]. Zircon 91500 served as the primary U-Pb reference material [36], with accepted
207Pb /206Pb and 2%°Pb /238U ages of 1065.4 4 0.6 Ma and 1062.4 + 0.8 Ma, respectively
(95% confidence/20). GJ-1 served as a secondary reference material [37], with accepted
206Pb /238U and 27Pb /2%°Pb ages of 601.7 + 1.3 Ma and 608.5 & 0.4 Ma, respectively (20).
NIST SRM 610 glass was used for external trace-element calibration, with Si as the internal
standard, and NIST SRM 612 was analyzed as an independent secondary quality-control
material. The analytical output reports 2SE values. For consistent onefold reporting, the
sample U-Pb isotopic-ratio and age uncertainties tabulated in Supplementary Table S2 were
converted to absolute 1o values by dividing the exported 2SE values by two [38]. Weighted
mean age uncertainties are likewise reported at 10. Reference-material measurements and
quality-control results are reported in Supplementary Table S4. Across all seven U-Pb ana-
lytical batches, 23 analyses of 91500 yielded a mean 2°°Pb /238U age of 1062.57 + 8.89 Ma
(mean =+ 1 SD). All archived GJ-1 measurements are reported without statistical rejection.
For the Y-REE-Hf-Th-U suite used in the interpretation, NIST SRM 612 recoveries were
95.80%-100.09%, with RSD values of 0.95%-3.84%. U-Pb ages, concordia diagrams, and
weighted mean ages were calculated using Isoplot/Ex 3.0 [39]. Supplementary Table S2 re-
ports 32 sample analyses with concordance greater than 90%. The reported sample isotopic
ratios and ages are provided in Supplementary Table S2. The equations used to calculate
Ce/Ce* and Eu/Eu*, together with the positive-value validity criterion, are provided in the
notes to Supplementary Table S3.

3.3. Spectroscopic Analyses

FTIR, Raman and UV-Vis spectra were obtained at the Gem Testing Center of Hebei
GEO University. FTIR spectra were collected from polished crystal surfaces in reflection
mode using a Thermo Nicolet iS5 Fourier transform infrared spectrometer (Thermo Electron
Scientific Instruments LLC, Madison, WI, USA) over 400-4000 cm ™! with a resolution of
4 cm~!. Raman spectra were collected using a Renishaw inVia confocal Raman microscope
(Renishaw plc, Wotton-under-Edge, Gloucestershire, UK) with 532 nm excitation, 50 mW
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laser power and a spectral resolution of about 1.5 cm~!. Spectra were collected over
100-4000 cm !, with 10 s acquisition time and three accumulations for each spectrum. A

silicon wafer at 520 cm ™!
1

was used for calibration before analysis. The v3(SiO4) band at
approximately 1008 cm ™" was fitted with a Gaussian-Lorentzian mixed function in Origin,
version 9.8.0.200 (OriginLab Corporation, Northampton, MA, USA), and the resulting full
width at half maximum (FWHM) was corrected for instrumental broadening following
Irmer [40]. The standard error of each fitted FWHM was calculated by propagating the
full covariance matrix of the width and shape parameters in the Gaussian-Lorentzian
mixed-function fit and is reported as 10. These uncertainties quantify peak-fitting precision
and do not include uncertainty associated with the subsequent FWHM correction. The
same fitting and correction procedure was applied to all analyzed grains. All 105 grains
were analyzed by Raman spectroscopy. UV-Vis spectra were collected in reflection mode
using a Biaogi GEM-3000 spectrophotometer (Guangzhou BiaoQi Optoelectronics Co., Ltd.,
Guangzhou, China) over 200-1000 nm.

3.4. Powder X-Ray Diffraction

XRD analyses were performed at Guangdong University of Technology using a Rigaku
MiniFlex 600 diffractometer (Rigaku Corporation, Akishima, Tokyo, Japan) operated at
40 kV and 15 mA with monochromatic Cu Ky radiation. Patterns were collected over
5-75° 20 with a step size of 0.01° and a scan speed of 6° /min, as recorded in the original
acquisition files. A silicon powder standard (SRM 640f [41]) was used for instrument
calibration. For display, the patterns were restricted to 15-75° 26.

Two unheated grains, HN-14 and HN-16, were each ground in their entirety for XRD
analysis. They were selected as contrasting representatives from the measured Raman-Da
range: HN-14 has low FWHM and low D«, whereas HN-16 has relatively higher FWHM
and Do. They are not the absolute extrema of the dataset. The corrected v3(SiO4) Raman
FWHM is 5.3 cm ™! at the three measured spots in HN-14 and 5.6-5.7 cm ! at the two valid
spots in HN-16. The powder measurements therefore sample the whole grains, whereas
the Raman measurements characterize selected microscopic locations.

Patterns were processed in MDI Jade 6 (release 6.5.26) and compared with the zircon
reference pattern PDF 06-0266. Peak positions and apparent FWHM values were taken from
the exported peak-search reports. Unit-cell parameters were refined from indexed peak
positions using the tetragonal zircon model (space group 14 /amd, No. 141), with sample
displacement refined and zero offset fixed at zero. This procedure is a peak-position-based
cell refinement.

3.5. Heat-Treatment Experiments

Heat-treatment experiments were carried out in an OTF-1200X-S tube furnace (Hefei
Kejing Materials Technology Co., Ltd., Hefei, China) under two atmospheres: air (oxidizing)
and nitrogen (inert to weakly reducing; 99.99% Ny, flow rate 0.5 L/min). Six representative
samples (HN-02, HN-04, HN-05, HN-09, HN-26 and HN-27) were heated from room
temperature to target temperatures of 600, 800 and 1100 °C at a rate of 10 °C/min. Samples
were held at the target temperature for 3 h and then cooled in the furnace. During cooling,
additional 2 h holds were conducted at 800, 600 and 400 °C. FTIR, Raman and UV-Vis
spectra were collected before and after heating.
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4. Results

4.1. Geochemical Characteristics
4.1.1. Major Elements

The retained analyzed points contain 32.219-35.860 wt.% SiO, and 62.144—67.513 wt.%
ZrO,, with S5iO, + ZrO, totals of 97.62-101.05 wt.% (average 99.63 wt.%; Supplementary
Table S1). The slight excess above 100 wt.% in a small number of analyses is attributed to
cumulative analytical uncertainty and residual standardization and ZAF matrix-correction
effects in the EPMA dataset.

Minor components include UO,, ThO,, and HfO,. HfO, contents are relatively stable
(0.44-1.16 wt.%), whereas UO, and ThO, vary more widely and are below detection limit
in some analytical spots. The total abundance of impurity oxides is generally less than
2 wt.%, indicating high mineral purity.

4.1.2. Trace Elements and REE

Trace-element and REE results are reported for 24 analyses. Th contents range from
13 to 342 ppm (mean 92 ppm), U contents range from 30 to 395 ppm (mean 122 ppm), and
Th/U ratios range from 0.42 to 1.26 (mean 0.66). Th/U ratios greater than 0.4 are commonly
associated with magmatic zircon, whereas many metamorphic zircons have Th/U ratios
below 0.1 [5,42]; the Wenchang values therefore support a magmatic affinity.

Across the 24 matched analyses, total REE contents (ZREE) range from 188 to 1113 ppm,
with a mean of 472 ppm. Cl-chondrite-normalized REE patterns are depleted in LREE and
enriched in HREE, with pronounced fractionation between LREE and HREE. This pattern
is consistent with the crystal-chemical preference of zircon for incorporating smaller HREE
ions (Figure 4) [3,32,43,44].

10,000

1000

100 -~

10 -

Zircon/Chondrite

0.01 -

0001 Lt vt 11 1)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 4. CI-chondrite-normalized REE patterns of zircon from Wenchang, Hainan. Each colored

curve represents an individual analytical spot.

Using the conventional neighboring-element formulas, valid Ce/Ce* values range
from 17.41 to 144.87 (n = 10), and Eu/Eu* values range from 0.863 to 1.229 (n = 24; Figure 4).
All ten valid Ce/Ce* results indicate positive Ce anomalies, whereas Eu/Eu* values are
distributed close to unity. Preferential incorporation of Ce** relative to trivalent LREE can
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contribute to a positive zircon Ce anomaly [45]. These values are reported as compositional
observations and are not used for quantitative oxygen-fugacity estimates.

4.2. U-Pb Age

Supplementary Table S2 contains 32 zircon analyses with concordance greater than
90%. All 32 analyses are retained in Table S2, and the concordia and weighted mean age
plots are presented in Figure 5.
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Figure 5. (a) U-Pb concordia diagram and (b) weighted mean 2°°Pb /233U age plot of zircon from
Wenchang, Hainan. MSWD = mean square of weighted deviates. The quoted weighted mean age
uncertainty is 1o.

In the concordia diagram (Figure 5a), most analytical spots plot on or close to the
concordia curve, indicating that the U-Pb isotopic system remained closed and experienced
no significant radiogenic Pb loss or gain. Because the zircons are very young and radiogenic
207Pp is extremely limited, 2/ Pb-based ages have large uncertainties and are not used for
geological interpretation. The calculated ages show that the 2°Pb /233U ages of the samples
range from 2.5 to 5.0 Ma. The weighted mean age was calculated using the Isoplot/Ex
program, yielding a 2°°Pb /23U weighted mean age of 3.78 + 0.10 Ma (10), with a mean
square of weighted deviates (MSWD) of 0.95 (n = 29) (Figure 5b).

The weighted mean age falls within the broad interval of late Cenozoic volcanic activity
in northern Hainan [1,2]. The relatively small dispersion of the 2°°Pb /238U age data and the
MSWD value close to 1 indicate good age consistency among the analyzed samples. The
age relationship supports a temporal association with late Cenozoic magmatism, although
it does not demonstrate crystallization from or transport by basaltic magma.

4.3. Spectroscopic Characteristics
4.3.1. FTIR Spectra

The 400-1200 cm~1 FTIR spectra show features near 437, 615-635, 928 and 1005 cm~1
and within 1072-1097 cm~! (Figure 6, 400-1200 cm~! segment). The lower-frequency
features are consistent with SiO4 bending, whereas the feature near 928 cm~! is tentatively
assigned to Si-O stretching. The feature near 1005 cm~! cannot be assigned uniquely
from the present reflection spectra and permits only a tentative interpretation involving
overlapping crystalline zircon vibrations and damage-related Si-O environments [46,47].
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Figure 6. Representative reflection-mode FTIR spectra of zircon samples in the 400-1200 and
3000-4000 cm ! regions. The broken abscissa separates the lattice-vibration region, with the marked
absorption features, from the high-wavenumber region examined for OH-related absorption. The
spectra are vertically offset for clarity. No resolvable broad OH-related absorption band is observed
at approximately 3300-3600 cm .

Relatively sharp features near 437 and 615-635 cm ™! remain visible, and no prominent
broad feature centered at 500-530 cm ™! is resolved. Neither the ~928 nor ~1005 cm ™!
feature is used alone as a diagnostic of metamictization. The present reflection spectra
do not separate crystalline and damage-related contributions or establish a discrete amor-
phous SiO; microphase; their structural significance is assessed jointly with Raman and
XRD observations.

In the 30004000 cm ! region, spectra of five representative grains (HN-09, HN-10,
HN-13, HN-14 and HN-17) are nearly featureless, with no resolvable broad OH-related
feature at approximately 3300-3600 cm ! at the displayed scale (Figure 6, 3000-4000 cm !
segment). The slight high-wavenumber baseline variation is not treated as a discrete
band. Hydrous species in zircon may occur as structurally incorporated OH or in hydrous
inclusions [48,49]; therefore, the absence of a resolved broad feature is limited to the
measured grains and the displayed spectral scale.

4.3.2. Raman Spectra

Raman spectra of the Wenchang zircons show several bands between 100 and
1100 cm~! (Figure 7). The strongest band near 1008 cm~! is assigned to the v3 anti-
symmetric stretching vibration of the SiOy tetrahedron (B;g mode) and is the most sensitive

1

Raman feature for radiation damage. A shoulder near 975 cm™" corresponds to the v

symmetric stretching vibration of SiO4 (A;g mode). The band near 439 cm~!

is assigned
to the v, symmetric bending vibration of SiO4 (A1g mode), and the band near 357 cm~lis
related to Zr-O bending deformation (Eg mode). Low-frequency bands at 202-225 cm~!
are attributed to external lattice modes, including translational vibrations of Zr-SiO, units

and rotations of SiOy tetrahedra.
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Figure 7. Representative Raman spectra of zircon samples in the range of 100-1100 cm™".

Two Raman spectral types are observed. In spectra represented by sample HN-02, the
1008 cm~! band is stronger than the 357 cm~! band; in spectra represented by HN-04, the
357 cm~! band is stronger than the 1008 cm ™! band. Polarized Raman spectra of oriented
zircon likewise show marked variations in the relative intensities of bands near 1005 and
356 cm ! [50]. These intensity differences are therefore consistent with an orientation effect.

4.4. Spectroscopic Parameters Related to Metamictization
4.4.1. Raman Band Position and FWHM

In general, crystalline zircon exhibits relatively sharp Raman peaks, with high intensi-
ties for characteristic bands such as the v3(SiO4) antisymmetric stretching vibration mode
of the Si-O tetrahedra. As the degree of metamictization increases, the Raman peaks of
zircon shift toward lower wavenumbers, the spectra gradually become broader and flatter,
and the peak intensities progressively decrease. In addition, the full width at half maximum
(FWHM) of the peaks increases gradually.

Table 1 presents all 19 valid Raman-Do paired spot analyses from seven representative
zircon grains. Fit-derived 1o standard errors are available for all 19 paired analyses and
range from 0.09 to 0.31 cm~!. For the 16 analyses outside HN-14, the uncertainties range
from 0.09 to 0.19 cm !, with a mean of 0.12 cm~!. The three HN-14 analyses have larger
uncertainties of 0.19-0.31 cm~!, with a mean of 0.26 cm~!. At the reported precision,
v3(SiO4) band positions range from 1008.6 to 1009.8 cm ™!, with a mean of 1009.3 cm 1.
Corrected FWHM values range from 5.3 to 5.8 cm ™!, with a mean of 5.5 cm~!. These
summaries refer specifically to the paired dataset. Published Raman classifications place
corrected v3(SiO;) FWHM values at approximately 5-10 cm ™! for crystalline-to-slightly
metamict zircon, 10-20 cm ! for metamict zircon, and 20-30 cm ! for fully metamict zircon,
whereas highly metamict, X-ray-amorphous samples may exhibit values above 30 cm ! and
up to approximately 30-55 cm ! [12,20,51]. The corrected FWHM values of the Wenchang
zircons (5.3-5.8 cm 1) therefore lie at the lower end of the crystalline-to-slightly metamict
interval, consistent with weak metamictization.
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Table 1. Raman spectral parameters (v3(SiO4) band position and corrected FWHM) and accumulated
alpha dose (D«) for Wenchang zircon samples.

Sample ID RamanﬁShift FWI;IM FWHM Fitting U Th Age 15Dcx
(cm—1) (cm—1) SE (10, cm—1) (ppm) (ppm) (Ma) (10" o/mg)

HN-10-1 1008.7 5.6 0.11 55 32 3.4 0.00069
HN-10-2 1008.6 5.8 0.10 271 342 3.4 0.01194
HN-10-3 1008.6 5.4 0.11 150 128 34 0.00395
HN-12-2 1009.4 5.4 0.10 109 52 34 0.00242
HN-12-3 1009.4 5.7 0.10 189 129 34 0.00345
HN-13-1 1009.3 5.5 0.12 139 103 3.4 0.00491
HN-13-2 1009.4 5.6 0.10 155 129 3.4 0.00442
HN-13-3 1009.7 5.5 0.09 99 51 3.4 0.00242
HN-14-1 1009.1 5.3 0.29 30 13 34 0.00072
HN-14-2 1009.2 5.3 0.19 30 13 34 0.00065
HN-14-3 1009.4 5.3 0.31 32 15 3.4 0.00068
HN-16-1 1009.2 5.6 0.12 98 73 3.4 0.00348
HN-16-2 1009.2 5.7 0.11 142 321 3.4 0.00949
HN-17-1 1009.8 5.3 0.12 69 33 34 0.00242
HN-17-2 1009.8 5.5 0.14 64 43 34 0.00184
HN-17-3 1009.6 5.4 0.14 87 65 34 0.00189
HN-20-1 1009.3 5.4 0.14 33 18 3.4 0.00070
HN-20-2 1009.5 53 0.19 29 13 3.4 0.00079
HN-20-3 1009.2 5.5 0.14 76 55 3.4 0.00228

D, =38

Note: D« calculated from U and Th contents and U-Pb ages using Equation (1). FWHM uncertainties
are fit-derived 1o standard errors propagated from the covariance matrix of the Gaussian—-Lorentzian
mixed-function fit.

4.4.2. Accumulated Alpha Dose

The alpha dose, De, for each analytical spot was calculated from the U and Th contents
and U-Pb ages of the samples using Equation (1) [21,22]. D« is expressed in o«/mg. The
calculation formula is given as follows:

. w . (exp)‘mt _1) +7. w . (exp)‘mt _1) 16- CTh7NA . (exp’\th _1) (1)

Mpsg - 100

Myss - 100 My, - 100

where C, and Cry, represent the U and Th contents, respectively, in ppm; N4 is Avogadro’s
constant; Mp3g, Mp35, and Mp3p are the molar masses of the corresponding isotopes; Ajsg,
Az35, and Apgp are the decay constants; and t denotes the zircon age converted from Ma to
years in the exponential terms. The calculated results show that the Dx values of zircon
from Wenchang, Hainan range from 0.00065 x 10'°-0.01194 x 10'° «/mg, indicating an
overall low alpha dose (Table 1). This is consistent with the relatively young age of the
samples (~3.78 Ma) and their moderate U and Th contents.

4.4.3. Relationships Between Raman Parameters and D«

Figures 8 and 9 show the Raman-D« relationships for the complete paired dataset
of 19 spots from seven grains. The following statistics were calculated from the values in
Table 1.
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Figure 8. Relationship between corrected v3(S5iO4) FWHM and accumulated alpha dose, Dx
(1015 ot/ mg), for zircon from Wenchang.
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Figure 9. Relationship between v3(5iO;) Raman band position and accumulated alpha dose, Do
(1015 ot/ mg), for zircon from Wenchang.

FWHM is positively associated with D« (Figure 8): Pearson r = 0.751 (p = 0.00021)
and Spearman p = 0.654 (p = 0.0024). The positive association is also present when one
mean FWHM and one mean Do are used per grain (seven grain means; Pearson r = 0.947,
p = 0.0012). Thus, the observed FWHM-D« trend is retained in a grain-level sensitivity
analysis. Within the measured low-dose dataset, FWHM provides clearer evidence of an
association with Do than band position.
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4.5. Powder X-Ray Diffraction Results

Both unheated representative samples display a series of sharp Bragg reflections
consistent with tetragonal zircon, including the (101), (200), (112), (301), (312) and (400)
reflections (Figure 10). No conspicuous broad diffuse-scattering halo is evident in the dis-
played patterns. These observations, consistent with X-ray diffraction studies of crystalline
and radiation-damaged zircon [15-18,52], support retention of long-range crystalline order
in both grains.

—— HN-14
—— HN-16

Intensity (a.u.)

| T N T

aon (2000  (112)  (301) (312)

(400) PDF#06-0266
| | S T T I I T T Y A A
15 20 25 30 35 40 45 50 55 60 65 70 75
20 (°)

Figure 10. XRD patterns of unheated zircon samples HN-14 and HN-16. Red ticks show the zircon
reference pattern PDF 06-0266; selected reflections are indexed. The patterns are vertically offset for
clarity and are displayed over 15-75° 28; the acquisition range was 5-75° 26.

The refined parameters are a = b = 6.60810 = 0.00023 A, ¢ = 5.98442 + 0.00080 A and
V =261.32 A3 for HN-14, and a = b = 6.60801 + 0.00061 A, c = 5.98482 =+ 0.00107 A and
V =261.33 A3 for HN-16 (Table 2). The quoted uncertainties are the cell-fitting estimated
standard deviations. The small differences in a and ¢ are below their combined fitting
uncertainties, and the rounded cell volumes differ by only 0.01 A3, These cell results do not
establish a resolved structural difference between the samples.

Apparent peak widths vary with reflection. The (200) and (400) FWHM values are
smaller in HN-14 (0.062° and 0.063° 26) than in HN-16 (0.071° and 0.070° 20). The opposite
relation occurs for (101) and (301): 0.100° and 0.073° in HN-14 versus 0.091° and 0.064° in
HN-16. The (312) widths are identical at the reported precision (0.076°).

Table 2. Cell-refinement parameters and Raman FWHM for the two unheated zircon samples.

Sample a=b(A) c(A) V (A% Raman li‘llVHM
(em™1)

HN-14 6.60810 £ 0.00023 5.98442 + 0.00080 261.32 53

HN-16 6.60801 £ 0.00061 5.98482 4+ 0.00107 261.33 5.6-5.7

Note: a =b and & = § =y = 90° for the tetragonal cell. Uncertainties on a and c are fitting esti-
mated standard deviations; V is rounded as reported by Jade. Raman values are corrected v3(SiO4)
band widths.
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5. Discussion
5.1. Magmatic Affinity of the Wenchang Zircons

Zircon megacrysts from alluvial deposits in the Huadian area also show magmatic
trace-element characteristics, including HREE enrichment, positive Ce anomalies, and
Th/U ratios typical of magmatic zircon [8]. The Wenchang zircons share these broad
geochemical features, supporting their magmatic affinity. However, these similarities
do not establish a common source or demonstrate crystallization from, or transport by,
associated basaltic magma.

Trace-element compositions, especially Th/U ratios and REE patterns, can help distin-
guish broad zircon growth environments, but they do not uniquely identify provenance
or host rock [5,7,42—44]. The Wenchang zircons have Th/U ratios of 0.42-1.26, all greater
than 0.4. This range is consistent with a magmatic affinity and is distinct from many meta-
morphic zircons, which commonly have Th/U ratios below 0.1 [5,42]. These geochemical
features support a magmatic affinity but do not identify the parental melt, primary host,
source region, or transport mechanism.

The REE patterns support this interpretation. The chondrite-normalized REE curves
are strongly depleted in LREE and enriched in HREE (Figure 4). This reflects the preference
of the zircon lattice for HREE ions such as Yb3* and Lu3*, whose ionic radii are closer
to that of Zr** than those of LREE [5,7]. Such HREE-enriched patterns are common in
magmatic zircon and are consistent with a magmatic affinity.

Positive zircon Ce anomalies reflect coupled crystal-chemical and redox controls, rather
than either control in isolation. Relative to trivalent LREE, Ce** is readily accommodated
at the Zr site [6,45]. Experiments by Burnham and Berry [53] confirm redox-dependent
Ce partitioning, while Trail et al. [54] showed that anomaly magnitude also increases with
decreasing temperature and varies with melt composition. Thus, a positive anomaly is
redox-sensitive, but its presence or magnitude alone does not uniquely determine melt
oxygen fugacity.

Smythe and Brenan [55] estimated oxygen fugacity using zircon-melt Ce partitioning
together with temperature, melt composition and water content. These constraints are
unavailable for the parental melt of the Wenchang megacrysts. Zhong et al. [56] further
showed that conventional Ce/Ce* estimates can be unstable when La and Pr are near
detection limits or affected by inclusions. Accordingly, the conventional Ce/Ce* values
reported here are restricted to analyses with valid positive La, Ce, and Pr concentrations and
are treated as descriptive observations rather than quantitative oxygen-fugacity estimates.
The HREE-enriched patterns and Th/U ratios support a magmatic affinity, but neither
the Ce anomaly nor the near-unity Eu/Eu* values independently establish an oxidized
parental melt or a unique degree of plagioclase fractionation [7].

The Wenchang zircon U-Pb age of 3.78 & 0.10 Ma broadly overlaps late Cenozoic volcanic
activity in northern Hainan [1,2]. This temporal association and the magmatic geochemical
signatures are consistent with Cenozoic magmatism, but they do not demonstrate that the zir-
cons crystallized from or were entrained and transported by the local basaltic magma. Because
the analyzed grains were collected from secondary deposits and cathodoluminescence images,
Ti-in-zircon thermometry, in situ Hf-O isotopic data, and zircon-in-rock field relationships are
unavailable, the primary host, exact source region, crystallization conditions, parental melt
composition, and transport history remain unresolved.

5.2. Raman and XRD Constraints on Metamictization
Geological Meaning of the Raman-Da Relationships

Zircon metamictization is a cumulative radiation-damage process caused by alpha
decay of U and Th in the crystal lattice [12,14-18]. With progressive damage, ordered
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zircon transforms toward a disordered state, producing systematic changes in physical and
spectroscopic properties. Raman spectroscopy is particularly sensitive to this process and
has been widely used to evaluate zircon crystallinity and metamictization [12-18,20-22].
A systematic review of shocked zircon further shows that the v3(SiO4) band position and
FWHM are widely used as indicators of structural disorder, although shock-related disorder
is not equivalent to accumulated alpha-decay damage [57].

In the measured Wenchang zircon subset, v3(S5iO4) FWHM is positively associated
with D« (Figure 8). In a well-ordered crystal, equivalent structural units vibrate at similar
frequencies, producing a narrow Raman band. Radiation-induced defects, atomic dis-
placement and local amorphization can broaden the distribution of vibrational frequencies
and increase FWHM [20]. Accordingly, the observed FWHM-Do association is physically
consistent with the accumulation of subtle radiation-related disorder. The fits for all three
HN-14 spectra converged successfully, but their relatively low signal-to-noise ratios and
weaker constraints on the coupled width and line-shape parameters resulted in larger
propagated FWHM uncertainties. These uncertainties therefore indicate reduced fitting
precision and do not, by themselves, demonstrate fit failure or greater structural hetero-
geneity. Because the reported 1o values quantify peak-fitting precision only, the narrow
D« range limits the relationship to a descriptive, sample-specific trend.

Radiation damage can lower vibrational frequencies through changes in bond lengths
and force constants [12]. However, the present band-position data do not show a statistically
significant relationship with D« (Figure 9). A dose-related downshift is therefore not
established for these samples, and band position is retained as a complementary observation
rather than used as evidence for a systematic radiation-damage trend.

The 19 paired analyses span Do values of 0.00065-0.01194 x 10'® «/mg and FWHM
values of 5.3-5.8 cm~—!. Their positive FWHM-Du association, which persists for the seven
grain means, is consistent with subtle radiation-related structural disorder within this
low-dose subset [22]. XRD patterns of unheated HN-14 and HN-16 provide independent
evidence for retained long-range crystalline order (Figure 10), complementing the Raman
and FTIR observations. Together, these results support well-preserved crystalline structure
in the Wenchang zircon samples.

The narrower Raman band in HN-14 than in HN-16 is consistent with lower local
structural disorder at the analyzed spots [12,22]. HN-14 also has narrower (200) and (400)
XRD peaks, which are compatible with this interpretation. Reflection-dependent annealing
behavior and differences between local and long-range order have been documented in
zircon [23,24,26]. Taken together, these observations indicate greater local structural order
in HN-14 than in HN-16, whereas the XRD data do not resolve a consistent difference in
bulk crystallinity between the two grains.

5.3. Mechanism of Heat-Induced Color Modification
5.3.1. Effects of Heat Treatment on Spectroscopic Features

The heat-treatment experiments indicate that zircon from Wenchang, Hainan, under-
went pronounced color changes during heating. When heated to 600 °C, the dark-brown
samples changed to colorless or reddish-brown varieties, whereas heating to 1100 °C under
nitrogen (Ny) produced a bluish-gray tone (Figure 11). These visible changes are accompa-
nied by changes in FTIR, Raman and UV-Vis spectra. Before heat treatment, the UV-Vis
spectra show a broad absorption band at 450-550 nm. This is the strongest broad feature
that consistently weakens as the samples become lighter, so the spectral and color changes
are interpreted as associated rather than as proof of a unique microscopic cause. After
heating to 600 °C, the band weakens markedly or disappears, while a broad absorption
band at 640-675 nm appears, accompanied by absorption peaks near 653, 690 and 802 nm.
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Figure 11. UV-visible absorption spectra of zircon before and after heat treatment at different
temperatures under air (left panels, (a—c)) and nitrogen (right panels, (d-f)) atmospheres: (a) untreated
vs. heat-treated at 600 °C in air; (b) untreated vs. heat-treated at 800 °C in air; (c) untreated vs.
heat-treated at 1100 °C in air; (d) untreated vs. heat-treated at 600 °C in nitrogen; (e) untreated vs.
heat-treated at 800 °C in nitrogen; (f) untreated vs. heat-treated at 1100 °C in nitrogen.

In the FTIR spectra (Figure 12), features near 437 and 950 cm ! intensify after heating,
while the feature near 1090 cm~! becomes narrower and shifts slightly toward higher
wavenumber. These are heat-induced spectral changes, but narrowing of the ~1090 cm ™!
feature alone is not a unique measure of crystalline recovery. The Raman changes provide

complementary evidence for reduced local disorder.
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Figure 12. Infrared spectra of zircon before and after heat treatment at different temperatures under
air (left panels, (a—c)) and nitrogen (right panels, (d—f)) atmospheres: (a) untreated vs. heat-treated at
600 °C in air; (b) untreated vs. heat-treated at 800 °C in air; (c) untreated vs. heat-treated at 1100 °C
in air; (d) untreated vs. heat-treated at 600 °C in nitrogen; (e) untreated vs. heat-treated at 800 °C in
nitrogen; (f) untreated vs. heat-treated at 1100 °C in nitrogen.

Raman spectra show a shift of the v3(SiO4) band toward higher wavenumber (from
1008.7 to 1009.1 cm 1) and a decrease in FWHM (from 5.5 to 5.2 cm 1) after heat treatment
(Figure 13). This trend is opposite to that associated with radiation damage and is consistent
with partial annealing of radiation-related lattice disorder [23-26]. The decrease in FWHM
is likewise consistent with reduced local structural disorder. Zircon inclusions in heated
sapphires have similarly been reported to exhibit lower v3(5iO4)-band FWHM values than
those in unheated samples, consistent with partial structural restoration and improved
crystalline order during heating [58].
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Figure 13. Raman spectra of zircon before and after heat treatment at 1100 °C under air (a) and
nitrogen (b) atmospheres. In each panel, the untreated spectrum is shown in black and the heat-
treated spectrum in red.

5.3.2. Coloration Mechanism

Color in zircon is controlled by several mechanisms, including transition-metal ions,
REE-related electronic transitions, radiation-induced color centers and heat-treatment-
related defect modification [13,27,28]. The 450-550 nm band is emphasized because it
is broad and prominent in the untreated brown samples, overlaps the blue-green part
of the visible spectrum, and consistently weakens as the samples become colorless or
lighter after heating (Figure 11). This covariation supports an association between the band
and brown coloration, but UV-Vis spectra alone do not uniquely identify the responsible
defect. Radiation-related electron-hole centers are one possible explanation consistent with
previous zircon studies [13,28]. Heating to approximately 600 °C may modify defect-related
absorption [27,28] while partly annealing local lattice disorder [23-26].

The broad absorptions near 625 and 660 nm are emphasized because they occur in
samples that develop a blue-gray hue after heating at 1100 °C under nitrogen and because
absorption in the red region can enhance the complementary blue-gray appearance. Thisis a
spectral association, not a direct identification of the absorbing species. A broad absorption
near 640 nm has been associated with blue heat-treated zircon, but its chromophore remains
disputed; uranium-related electronic transitions are one proposed contribution [59,60]. The
present bands cannot be assigned uniquely and no direct valence-state measurements (e.g.,
XANES, EPR, or XPS) were carried out here. Uranium-related centers or changes in U
valence therefore remain hypotheses rather than demonstrated causes.

The blue-gray color occurs under nitrogen but is absent in samples heated in air,
demonstrating an atmosphere-dependent response. Relative to air, the nitrogen treatment
provides a lower-oxygen environment, but oxygen fugacity and U valence were not mea-
sured. Some samples retain a reddish-brown hue after heating, and their UV-Vis spectra
show that the 450-550 nm absorption is reduced but not fully removed. Contributions from
REE-related transitions and incompletely modified defect absorptions remain possible.

Overall, the color changes are associated with multiple spectral responses. The weak-
ening of the 450-550 nm band coincides with bleaching of brown samples, whereas the
appearance of broad red-region absorption near 625 and 660 nm coincides with blue-gray
coloration after nitrogen treatment. The present data document these covariations but do
not uniquely determine the atomic-scale defects or uranium valence states responsible
for them.
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6. Conclusions

(1) The Wenchang zircons show magmatic trace-element characteristics, including en-
richment in HREE, positive Ce anomalies, Eu/Eu* values close to unity, and Th/U
ratios greater than 0.4. Their weighted mean 2°°Pb /238U age of 3.78 + 0.10 Ma (10)
broadly overlaps late Cenozoic basaltic activity in northern Hainan. Together, these
results establish a Pliocene U-Pb age and support a magmatic affinity for the studied
Wenchang zircons.

(2) Inthe analyzed subset, corrected v3(5i04) FWHM shows an overall increasing trend
with accumulated alpha dose, whereas Raman band position shows no statistically
significant dose-related trend. The mean corrected Raman FWHM of 5.5 cm~! and
sharp XRD reflections of unheated HN-14 and HN-16 support retained crystalline
order and weak metamictization in the representative samples. Within the measured
low-dose range, Raman FWHM therefore provides clearer evidence of subtle local
structural disorder than Raman band position.

(3) Heat treatment modifies both the color and structural state of the Wenchang zircons.
Heating at approximately 600 °C weakens the 450-550 nm absorption band as the
brown samples become lighter. In the 1100 °C experiments, Raman band narrowing
is consistent with reduced local structural disorder. Under nitrogen at 1100 °C,
some samples develop a blue-gray hue accompanied by broad red-region absorption
near 625 and 660 nm. Together, these results indicate that the spectral changes
associated with heat-induced zircon color modification vary with temperature and
atmospheric conditions.
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