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Abstract: Megacrystic zircons have recently been found in alluvial deposits in the Huadian area of
northeastern China. However, studies have rarely been conducted on these zircons. In this article,
we present systematic in situ trace element, U-Pb age and Hf isotope data regarding these Huadian
zircons, with the aim of investigating their source characteristics and provenance. The studied zircons,
with a diameter of 0.7–1.2 cm, are dominantly irregular in shape and have a rounded termination,
with a color ranging from near-colorless to reddish brown to maroon. The zircons show oscillatory
zoning in CL images, with a Th/U value of 0.18–1.27, which is consistent with the typical features
of magmatic zircons. The positive εHf(t) value of Huadian zircons (4.8–9.2) further indicates the
presence of precipitation from the mantle-derived melt, with limited contamination of the crustal
components. The obtained weighted mean 206Pb/238U age for these zircons is 17.9 ± 0.12 Ma, which
is slightly older than the eruptional ages of the associated alkali basalts (from 17.6 ± 1.09 Ma to
17.8 ± 0.69 Ma), implying a short residence time in the mantle before entrainment. Huadian zircons
incorporate a wide range of trace elements, including ΣREE (117–2790 ppm), Hf (4902–11856 ppm)
and Y (145–3645 ppm) contents, generating mixed-source protolith assignments. As is suggested by
the moderate variations seen in the Hf isotopes, we propose that the source melts of Huadian zircons
are complex in nature, which is likely the result of the chemical heterogeneity of the upper mantle.
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1. Introduction

Zircon (ZrSiO4) is a ubiquitous accessory mineral that can be found in many types of
terrestrial and extraterrestrial rocks [1,2]. It acts as a carrier for a wide range of elements,
including REEs, Th, U, Hf, Pb and Ti. More importantly, zircon is chemically resistant and
presents high closure temperatures and low diffusion rates for these elements as well as
their isotopes, ensuring its widespread use for dating rock formations and constraining
source protolith and crystallization conditions [3–5].

Megacrystic zircons (which are typically centimeter-sized) are found within intraplate
alkali basalt deposits around the world; their derivatives are formed as a result of secondary
processes, especially those seen in the countries along the western Pacific continental
margins [6–9]. These basalts commonly contain abundant mantle xenoliths, along with a
variety of high-pressure megacrysts such as corundum, pyroxene, garnet and spinel [10–13],
offering scientists an opportunity to elucidate the composition and evolutionary history
of the deep lithosphere. Some species of megacrysts (e.g., corundum and zircon) have
also been commercially exploited for several centuries to supply the global market with
gemstones [14]. Based on the Hf and O isotopic data, most previous studies argue that the
zircon megacrysts associated with alkali basalts have a mantle affinity [15–20]. However,
the nature of the source melt in the context of these large-sized zircons and their relationship
with their host volcanic rocks are still a matter of fierce debate.
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Eastern China is characterized by the widespread occurrence of Cenozoic basalts, with
a spatial coverage of over 2500 km [21]. The basalts are mainly composed of alkali basalts,
with a minor contribution made by tholeiites. Zircon megacrysts have been reported
in several locations in eastern China, including Muling, Changle, Mingxi and Penglai,
moving from north to south (Figure 1a). Zircon megacrysts from these locations are
variable in terms of U-Pb ages (1–20 Ma) but have a predominantly positive εHf(t) value
falling between the depleted mantle and chondrite values, implying precipitation from
mantle-derived melts with limited involvement of older components [22,23]. Recently, an
assemblage of megacrysts (corundum, zircon, pyroxene and garnet) were found in the
alluvial deposits seen along the Huifa River in the Huadian area, Jilin province, northeastern
China (Figure 1a). Corundum can also be termed sapphire, due to its blue coloration.
Some corundum megacrysts are of gemstone quality and have thus been selected for
further cutting into faceted stones. In contrast, little attention has been paid to other
types of megacrysts, hampering our understanding of their source characteristics. In
turn, tracing the source characteristics of these megacrysts is undoubtedly helpful for
further explorations of these gemstone resources. Therefore, this study presents systematic
in situ trace element, U-Pb age and Hf isotope data regarding the zircon megacrysts
found in the Huadian area, with the aim of investigating their age, crystallization period
and provenance.
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2. Geological Background and Sample Description
Geological Background

Tectonically speaking, northeastern China belongs to the eastern segment of the Cen-
tral Asian Orogenic Belt, which lies between the North China Craton to the south and
the Siberia Craton to the north [25,26]. In some reference works, most parts of northeast-
ern China are also called Manchuria [27]. During the Phanerozoic era, this fold belt was
controlled by the Paleo-Asian Ocean tectonic regime and was characterized by the amalga-
mation of different tectonic components, such as ophiolites, island arcs, oceanic islands,
accretion complexes and Precambrian microcontinents [28–32]. Although a theory that is
still controversial, it is widely accepted that the Paleo-Asian Ocean finally closed in the
late Permian or middle Triassic period [28,33,34]. Since early Mesozoic times, northeastern
China has been strongly influenced by circum-Pacific tectonic events and the closure of the
Mongol-Okhotsk Ocean, accompanied by the occurrence of voluminous granitoids and
minor intermediate-felsic volcanic rocks [34,35]. Subsequently, this large area entered a
period of magmatic cessation until the eruption of the Cenozoic basalts [36,37].
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The city of Huadian is located near the Dunhua–Mishan fault zone (Figure 1a), which
is considered to be the northern branch of the well-known Tanlu translithospheric fault
zone [38,39]. The studied area is dominated by Triassic granitoids and Permian volcanic
and sedimentary rocks. Cenozoic basalts are mainly found in the area between two local
watercourses, the Huifa and Songhua rivers (Figure 1b). These basalts are predominantly
alkali olivine basalts, with K-Ar ages ranging from 17.6 ± 1.09 Ma to 17.8 ± 0.69 Ma [40].
All the zircon samples in this study were collected from the alluvial deposits on the concave
bank of the Huifa River.

3. Methods

A backscatter image photography experiment was conducted by the Nanjing Hongchuang
Geological Exploration Technology Service Co., Ltd. (Nanjing, China). The emission scan-
ning electron microscope used for the experiment was the TESCAN Mira3 LMH, while
the BSE probe was supplied by the company TESCAN. The samples were coated with
conductive film before imaging. The operating voltage was set at 20 kV for the backscatter
test. The backscatter probe was moved at a low multiple while in field mode to identify the
sample. Focus (WD) and astigmatism (STG) were adjusted repeatedly until the image was
clear and showed appropriate brightness and contrast levels.

Cathodoluminescence (CL) imaging was also performed on resin targets to observe
the internal structure of the zircons at the Nanjing Hongchuang Geological Exploration
Technology Service Co., Ltd. The resin target was cleaned using an ultrasonic wave and
was then coated with carbon before analysis. The CL images were obtained using a Tescan
MIRA3 LM instrument equipped with a CL detector. The applied acceleration voltage
and current were set at consistent values of 7 kV. Each CL image was collected in an 80 s
accumulation and shared an overlapping area of about 15% with the surrounding images
to ensure the seamless stitching of the panorama.

In situ U-Pb dating and trace element analysis of the zircon were simultaneously
conducted using LA-ICP-MS at the Wuhan SampleSolution Analytical Technology Co.,
Ltd., Wuhan, China. Detailed operating conditions for the laser ablation system and the
ICP-MS instrument and data reduction are the same as those described by the authors
of [41]. Laser sampling was performed using a GeolasPro laser ablation system, consisting
of a COMPexPro 102 ArF excimer laser (with a wavelength of 193 nm and a maximum
pulse energy of 200 mJ) and a MicroLas optical system. An Agilent 7900 ICP-MS instrument
was used to acquire the ion signal intensities. Helium was employed as a carrier gas, while
argon was used as the makeup gas and was mixed with the carrier gas via a T-connector
before entering the ICP. The spot size and frequency of the laser were set to 32 µm and
5 Hz, respectively. Zircon 91,500 and glass NIST610 were used as the external standards
for U-Pb dating and trace element calibration, respectively. Each analysis incorporated a
background acquisition of approximately 20–30 s, followed by 50 s of data acquisition from
the sample itself. ICPMSDataCal was used to perform the off-line selection and integration
of the background and analyzed signals, time-drift correction and quantitative calibration
for the purposes of trace element analysis and U-Pb dating [42,43]. Concordia diagrams
and weighted mean calculations were made using Isoplot/Ex_ver3 [44].

Analyses of the in situ Hf isotope ratio were conducted using a Neptune Plus MC-
ICP-MS (Thermo Fisher Scientific, Bremen, Germany) in combination with a Geolas HD
excimer ArF laser ablation system (Coherent, Göttingen, Germany) located at the Wuhan
Sample Solution Analytical Technology Co., Ltd. A “wire” signal smoothing device is
included in this laser ablation system, meaning that smooth signals are produced, even
at very low laser repetition rates of 1 Hz [45]. Helium was used as the carrier gas within
the ablation cell and was merged with argon (makeup gas) beyond the ablation cell. Small
amounts of nitrogen were added to the argon makeup gas flow to improve the sensitivity
of the Hf isotopes [46]. Compared to the standard arrangement, the addition of nitrogen, in
combination with the use of the newly designed X skimmer cone and Jet sample cone in
the Neptune Plus, improved the signal intensity of Hf, Yb and Lu by a factor of 5.3, 4.0 and
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2.4, respectively. All data were acquired on zircon using the single-spot ablation mode at a
spot size of 44 µm. The energy density of the laser ablation employed in this study was set
at ~7.0 J cm−2. Each measurement consisted of 20 s of acquisition of the background signal,
followed by 50 s of ablation signal acquisition. Detailed operating conditions for the laser
ablation system and the MC-ICP-MS instrument and the analytical method are the same as
those described by the authors of [46].

4. Results
4.1. Zircon Morphology and Internal Structure

Sixteen zircon grains, with a diameter of 0.7–1.2 cm, were selected for observation
of the internal structure and further geochemical experiments. Their color varied from
near-colorless to reddish brown to maroon (Figure 2). Zircon grains are mainly irregular in
shape, with a rounded termination. The primary crystal planes are difficult to identify. After
double-polishing (at a thickness of about 0.4 cm), some zircons showed internal colored
zones that were marked by an oscillatory change of near-colorless and reddish-brown
bands visible to the naked eye. The patterns of the internal colored zones were roughly
comparable to those seen in cathodoluminescence (CL) images.
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Figure 2. Appearance characteristics of representative zircons sourced from Huadian.

Twelve zircon megacrysts clearly showed magmatic oscillatory growth zoning without
the presence of a relict core (Figure 3a–c). The width of the oscillatory growth area varied
significantly, ranging from several microns to more than thirty microns. Although still
identifiable, oscillatory zoning was faint in four samples (for example, HD-9; Figure 3d).
Local sector zoning patches could occasionally be observed in several samples in which os-
cillatory zoning dominated (Figure 3a). Two samples (HD-1 and HD-4), although showing
oscillatory growth zoning, were composed of two parts that visibly differed in brightness
(Figure 3e,f). They presented indistinguishable 206Pb/238U ages and εHf(t) values but
showed different trace element compositions, such as those for Th and U (see Section 4.3).

4.2. U-Pb Geochronology and Hf Isotopic Compositions

The results of the U-Pb dating and Hf isotope analysis of the zircon megacrysts from
Huadian are listed in Tables S1 and S2, respectively, in the Supplementary Materials. Five
to eight analytical spots of U-Pb dating were conducted per grain of zircon (from one rim
to the other, via the core). Most of the U-Pb dating results are concordant, assuming a
concordance of >90% (100(1 − abs(206Pb/238U age − 207Pb/235U age)/((206Pb/238U age
+ 207Pb/235U age)/2))). However, the ages of 207Pb/235U are relatively imprecise because
of the low abundance of radiogenic 207Pb and the relatively small size of the selected
laser spot. In contrast, the 206Pb/238U ages are more robust; therefore, they can be used
for analysis. The studied zircons lacked significant differences in the ages of 206Pb/238U
between the core and the rim of each zircon (Figure 3). The absence of detected inherited
cores is consistent with the lack of an obvious core structure in the CL images. These
zircons also demonstrated weighted mean 206Pb/238U ages indistinguishable from each
other (17.1 ± 1.0~18.6 ± 1.1 Ma; see Table S1 in the Supplementary Materials), implying
that they were formed during a single-stage growth event. All analyses of the zircons
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from Huadian yielded a weighted mean 206Pb/238U age of 17.9 ± 0.12 Ma (MSWD = 1.3;
Figure 4).
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Figure 4. The weighted average 206Pb/238U age of the Huadian zircons.

Five Hf isotope analyses were carried out on each zircon grain. Although there were
slight variations in 176Hf/177Hf within each grain, no systematic differences in 176Hf/177Hf
between the core and rim were observed. Generally, all analyses showed a moderate
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range of 176Hf/177Hf, from 0.282898 ± 22 to 0.283020 ± 22 (1SE). Correspondingly, the
εHf(t) values of the studied zircons ranged from 4.8 to 9.2 (Figure 5) when the obtained
weighted mean 206Pb/238U age of 17.9 ± 0.12 Ma was adopted. The TDM and Tcrustal model
ages of the zircon megacrysts from Huadian varied from 324 Ma to 560 Ma and from
513 Ma to 791 Ma, respectively. Yu et al. (2010) [23] suggested that the εHf(t) values of the
zircon megacrysts found in eastern China decrease southward (from Changle via Mingxi to
Penglai; see Figure 1a). However, such a trend disappears with the inclusion of the zircon
megacrysts from Muling and Huadian (Figure 5).
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4.3. Trace Element Compositions

The trace element composition of zircon megacrysts from Huadian is shown in Table S3
in the Supplementary Materials. All zircons were depleted of LREE and enriched in HREE,
with clearly positive Ce anomalies in the chondrite-normalized REE patterns (Figure 6). No
negative Eu anomalies can be observed, except in the case of sample HD-1, which shows a
slightly negative Eu anomaly. Most zircon megacrysts (except for samples HD-1 and HD-4)
have a Th/U value of 0.30–0.79, with low ΣREE contents of below 500 ppm. Relative to the
bright part of the sample, the dark part of sample HD-1 is clearly higher in Th (2155 ppm
vs. 362 ppm), U (1692 ppm vs. 741 ppm), Nb (31 ppm vs. 6.70 ppm) and Th/U (1.27 vs.
0.49). This characteristic also applies to sample HD-4. The dark part of HD-4 is higher in
Th (813 ppm vs. 23.58 ppm), U (811 ppm vs. 134 ppm), Nb (24.65 ppm vs. 3.72 ppm) and
Th/U (1.00 vs. 0.18) than the bright part of the sample. The dark part of HD-4 also contains
higher Ta (14.73 ppm vs. 7.053 ppm) and ΣREE (1016 ppm vs. 295 ppm) contents than the
bright part of the sample. The Ti content in the zircons is low (less than 3 ppm, except in
the case of HD-2, which has a Ti content of 7.91 ppm).
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5. Discussion
5.1. Source Affinities of Zircon Megacrysts

Because the zircon megacrysts studied in this paper were collected from placer deposits
along the local river, where they have been separated from the host rocks, it is necessary to
investigate their source affinities before further discussion can take place. All the zircons
from Huadian showed oscillatory zoning in the CL images, which is generally considered
to be a typical feature of magmatic zircons [49,50]. They have relatively high Th/U values,
varying from 0.18 to 1.27, which is generally consistent with the range of Th/U recorded
for igneous zircons (0.2–1.0) [4]. The studied zircons have Lu values of > 10 ppm (except
for HD-12, which had a Lu value of 8.70 ppm) and (Lu/Dy)N > 3.93, implying that they
are not in equilibrium with a substantial garnet (Zhu et al., 2022) [51]. Huadian zircons do
not exhibit a pronounced negative Eu anomaly (Figure 6), which is commonly observed
in zircons taken from crustal-derived rocks; Eu2+ would be concentrated into plagioclase,
which crystallizes before or during zircon precipitation from the parental melt [4,52]. This
is consistent with the absence of feldspar megacrysts in the studied area. More importantly,
the studied zircons have positive εHf(t) values ranging from 4.8 to 9.2, seen for those from
the juvenile depleted mantle and those from the chondrite reservoir (Figure 5), indicating
that they crystallized from a mantle-derived melt without significant crustal contamination.
The zircon megacrysts from Huadian have ΣREE contents that range from 117 ppm to
2790 ppm (mostly below 500 ppm), which is generally comparable with those of zircons
associated with alkali basalts worldwide [3]. In addition, the assemblage of megacrysts
from Huadian (corundum, zircon, garnet and pyroxene) is quite similar to those eroded
from host basalts during the formation of paleo/present placers from various locations in
eastern China, as well as those found in other countries along the western Pacific continental
margins, such as Cambodia, Thailand, Australia and Vietnam [7,8,22,23]. The widespread
occurrence of the Cenozoic alkali basalts in the studied area and nearby regions (Figure 1)
also increases the likelihood of such a possibility.
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5.2. Age Relationship between Zircon Megacrysts and Host Basalts

Attention must be paid when interpreting the U-Pb age of megacrystic zircons that
are associated with mantle-derived volcanic rocks, because the high temperature of the
host magma may reset the U-Pb isotope systems found in zircons. If this is true, the
U-Pb isotopic results for zircons likely record the eruptional ages of their host rocks in-
stead of the formational ages of the zircons. However, many studies have revealed that
the crystallization ages of mantle-derived zircons are clearly older than the eruptions of
transporting kimberlitic or basaltic magmas [18,53–56], implying that zircons could retain
their formational ages under high-temperature conditions (for example, those in the upper
mantle and lower crust). Most of the U-Pb dating results for the zircon megacrysts from
Huadian are concordant, without significant Pb-loss. Therefore, the complete resetting of
the U-Pb isotope systems in the studied zircons appears to be impossible. We interpreted
this to mean that the U-Pb age of the zircons, as obtained in this study, represents their
crystallization ages.

Recent geochronological studies suggest that the Cenozoic alkali basalts in the Huadian
area have K-Ar ages ranging from 17.6 ± 1.09 Ma to 17.8 ± 0.69 Ma [40]. Although the K-Ar
method presents some uncertainties in terms of dating volcanic rocks, such as the gaining of
K as a result of alteration, from the available data, it seems that the studied zircons (with a
weighted mean 206Pb/238U age of 17.9 ± 0.12 Ma) formed slightly earlier than the eruption
of their host basalts. This finding is in agreement with the well-developed oscillatory
zoning of zircons from Huadian as a long period of residence under high-temperature
conditions could blur the growth zoning of zircons [1]. Such a near-coeval relationship
between the zircon megacrysts and their host basalts has also been identified in samples
from other locations (Penglai, Changle and Mingxi) throughout eastern China, reflecting
the rapid ascent of these zircons shortly after formation, as suggested by the authors of [23].
It appears unrealistic that zircons can directly crystallize from basaltic magmas because a
very high Zr content is required for mafic melts (more than 5000 ppm [57]). Therefore, the
occurrence of zircon megacrysts from Huadian (and other locations from eastern China)
reveals the presence of unerupted Zr-saturated parental melts in the deep lithosphere
beneath the Huadian area (and even in eastern China). However, recent experimental
studies argue that zircon could form and survive dissolution in the deep lithosphere
or asthenosphere under specific conditions involving fluids and intercumulus melts or
fluids [58]. Therefore, whether the studied zircons are cognate with their host alkali basalts
needs further investigation. Considering the widespread occurrence of zircon megacrysts
in eastern China and the western Pacific continental margins, we consider that these basalts
likely served only as the host rocks that carried the zircon megacrysts to the surface.

5.3. Provenance of Zircon Megacrysts

Several origins have been proposed for the formation of the zircon megacrysts associ-
ated with intraplate alkali basalts, including (1) crystallization from a melt derived from
the metasomatized mantle [7,15,59]; (2) formation during a late-stage fractional process of
OIB [53]; (3) crystallization from a primitive alkaline mafic magma, which subsequently
evolved into a less alkaline magma [16]. All arguments agree upon the mantle’s affinity
with the zircon megacrysts associated with alkali basalts. This is consistent with the positive
εHf(t) value of the zircons from Huadian. Huadian zircons are variable in terms of ΣREE
contents, ranging from 117 to 2790 ppm. However, they have U-Pb ages indistinguish-
able from each other, making it unlikely that they are products formed by the protracted
fractional crystallization process of an evolving melt. Additionally, although there are
moderate variations in some trace element concentrations, such as those of ΣREE, Th, U
and Y, no systematic variations in these elements from core to rim can be observed, which
is inconsistent with the continuous crystallization of zircon from a melt and evolution via
fractional crystallization [4,16]. In addition, the absence of a significant Eu anomaly does
not support the formation of zircons at a late stage in OIB magmatic differentiation. This is
consistent with the absence of feldspar megacrysts in the studied area. Thus, it appears
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more likely that the zircon megacrysts from Huadian were formed from a melt derived
from the metasomatic mantle.

Trace element composition is helpful for defining the nature of the parental melt of
igneous zircons in secondary placers [3,60]. Huadian zircons are chemically aligned to
the values for continental crust rather than the oceanic crust values (Figure 7), which are
commonly observed in zircon megacrysts from mantle-derived volcanic rocks such as
kimberlites and carbonatites (Grimes et al., 2007) [61]. Most of the zircons from Huadian
have a ΣREE content below 500 ppm. They also contain low Hf and Y levels that can be
plotted in or adjacent to the carbonatite field (Figure 8). This finding also applies to zircon
megacrysts from other locations in eastern China. However, strict discrimination of the type
of source rock of igneous zircon, based on trace element composition, becomes less reliable
with the involvement of additional datasets [4]. For example, several studies have revealed
that the zircons found in carbonatites have a wide compositional variation and can fall into
other fields, such as alkaline and ultramafic–intermediate rock fields [62,63]. Moreover,
this does not mean that zircons with a carbonatitic signature are necessarily derived from
carbonatitic rocks. In fact, exposed carbonatite seems absent in the studied area, to the best
of the authors’ knowledge. According to the experimental studies performed by Foley et al.
(2009) [64], the upper mantle rocks metasomatized by volatile components (CO2 and H2O)
have a lower solidus temperature. The partial melting of metasomatized peridotites would
produce melts with carbonatitic compositions at a low degree, and carbonated silicate melts
with further melting. Some recent studies have invoked such a model (partial melting of
a carbonatitic-metasomatized mantle to a variable degree) to illustrate the generation of
‘carbonatitic signature’ zircon megacrysts, which are associated with alkali basalts found in
Vietnam and Cambodia [10,14].
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However, it appears difficult to simply reconcile the formation of zircon megacrysts from
Huadian with crystallization from melts produced by the partial melting of a carbonatitic-
influenced mantle to a variable degree. For example, the dark part of sample HD-1, with
a Hf value of 5820 ppm, has a high ΣREE content of up to 2790 ppm. It contains a high
Y of 3645 ppm, falling into the field of felsic rocks with high SiO2 (Figure 8). Turner
et al. (2020) [66] compiled a large dataset of whole-rock SiO2 contents from the GEOROC
database and suggested that the Th/Y of zircons show a robust positive correlation with
the SiO2 found in their source melt. According to the method followed by Turner et al. [66],
the dark part of sample HD-1, with a Th/Y value of 0.59, requires a parental melt with a
SiO2 value of up to 70.9 wt %. In the same way, the dark part of sample HD-4, with a Th/Y
value of 0.64, corresponds to a parental melt with a SiO2 value of 72.6 wt %. The sample
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has Hf and Y contents of 10,037 and 1275 ppm, respectively, placing it in the ultramafic–
basic–intermediate rocks group (Figure 8). Silica-rich (SiO2 > 60 wt %) melt inclusions were
also identified in the zircon megacrysts from Penglai [22]. The generation of felsic parental
melt does not necessarily require an evolving process, but it does likely reflect the local
occurrence of Si-rich melt, which is considered to be an important metasomatic agent of the
lithospheric mantle beneath eastern China [67,68]. On the other hand, if zircons gradually
precipitate from a melt, their plots should follow an evolving trend rather than evincing a
scatter distribution, as shown in Figure 8. Considering the indistinguishable ages of U-Pb
contents, we interpret the wide range of trace element compositions found in Huadian
zircons (as well as the moderate differences in Hf isotopes among the zircons) as reflecting
the complexity of their source melts. This is further supported by the compositionally
different domains (i.e., the dark part and bright part) of HD-1 and HD-4, which reflect
a growth environment for the zircons that changed spontaneously into an environment
with low Th and U contents (as well as other elements, such as Nb). Numerous studies
on mantle xenoliths from eastern China have offered evidence that the subcontinental
lithospheric mantle beneath eastern China is highly heterogeneous, even on a regional
scale [69–73]. For example, petrological and geochemical studies on peridotite xenoliths
from nearby Jiaohe (about 50 km away from Huadian) have revealed that the lithospheric
mantle beneath that area experienced pervasive metasomatic processes that were caused
by volatile-bearing silicate melts, showing a large range of 176Hf/177Hf from 0.282767
to 0.284588 [74,75]. Tectonic activities since the Mesozoic time, such as the upwelling of
asthenospheric material and the subduction of oceanic plates (e.g., the western Pacific
plate), may play a key role in the formation of a chemically heterogeneous upper mantle
beneath eastern China [76–79].
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are the same as those shown in Figure 5.

6. Conclusions

(1) The zircon megacrysts from Huadian display oscillatory growth zoning in CL
images. They have Th/U values of 0.18–1.27 and positive εHf(t) values from 4.8 to 9.2,
indicating precipitation from a mantle-derived melt, with limited crustal contamination.
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(2) The studied zircons have indistinguishable U-Pb ages (a weighted mean 206Pb/238U
age of 17.9 ± 0.12 Ma), implying that they formed during a single-stage growth event.
The coeval relationship between the zircons and the local alkali basalts suggests a very
short mantle residence time for the zircons before entrainment.

(3) The wide range of trace element compositions of the zircons from Huadian, com-
bined with their moderate variations in terms of Hf isotopes, reflects the complexity of their
source magmas, which may be ascribed to the chemical heterogeneity of the upper mantle.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13070882/s1, Table S1: LA-ICP-MS U-Pb isotopic analyses of
the studied zircon megacrysts; Table S2: Lu-Hf isotope composition of the studied zircon megacrysts;
Table S3: Trace element (ppm) composition of the studied zircon megacrysts.
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