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This contribution presents new U-Pb geochronological data and attempts to elucidate the complex evo-
lution history of various garnet types identified from two kimberlite pipes in the Wafangdian diamond
mining district, southern Liaoning Province. These calcic garnets are dominated by andradite with rela-
tively low proportions of schorlomite, grossular and pyrope. Abundant euhedral to subhedral, highly
brecciated andradite phenocrysts hosted by LN30 ‘‘carbonatite-like” kimberlite samples yield a lower-
intercept age of 459.3 ± 3.4 Ma, which is in excellent agreement with the previously reported phlogopite
Ar-Ar (463.9 ± 0.9 Ma) and Rb-Sr ages (461.7 ± 4.8 Ma). Based on their trace element and C-O isotopic
compositions of associated groundmass carbonate, we infer that these primary magmatic andradites
probably originated from kimberlitic magmas. By comparison, three compositionally and texturally dis-
tinct groups of Ti-bearing andradites from LN42 hypabyssal kimberlites separately define three well-
fitted regression lines with lower intercept ages at 581 ± 12 Ma, 414.9 ± 9.3 Ma and 292.0 ± 5.7 Ma,
respectively. Relict andradite xenocrysts implies that ancient lower crust of the North China Craton
(NCC) might have been affected by a significant but less-known tectonothermal event to varying degrees
at� 0.6 Ga. By contrast, fresh grains of magmatic Ti-andradites with chemical zoning produce a relatively
young age of � 415 Ma, which can still provide minimum age estimates for the most recent pulses of
Paleozoic kimberlite magmatism in this study area. Noteworthily, a yet unrecognized local-scale
hydrothermal alteration event at � 292 Ma has been recorded in the texturally distinct population of sec-
ondary hydroandradites, whose age reported here for the first time is geologically meaningful. To sum up,
this study further highlights andradite U-Pb dating as a potential robust geochronometer for constraining
the late-stage evolution of kimberlite magmas as well as post emplacement hydrothermal alteration.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana

Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

Garnet, a commonly used mineral in geochronology, has the
unparalleled ability to record both the conditions and the timing
of its growth (Mezger et al., 1989; Baxter and Scherer, 2013;
Smit et al., 2013; Seman et al., 2017). It can be dated using multiple
approaches, such as the Sm-Nd and Lu-Hf isochrons (Duchêne
et al., 1997; Lazarov et al., 2009; Tappe et al., 2011; Koornneef
et al., 2017). Compared to the Sm-Nd isotopic system, U-Pb
geochronology has a number of distinct advantages. It can be per-
formed using in-situ analytical methods, which does not require
complementary co-genetic phases or bulk sample measurements
to calculate an age. Although ID-TIMS and SIMS U-Pb dating meth-
ods may act as powerful tools to obtain garnet ages, these
geochronological techniques are often very costly and time-
consuming. Until recently, U-Pb dating of garnets (either enriched
or depleted in U) with LA-ICP-MS has become available to date the
formation ages of skarn deposits (e.g., Deng et al., 2017; Seman
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et al., 2017; Fu et al., 2018; Gevedon et al., 2018; Wafforn et al.,
2018; Li et al., 2019; Zhang et al., 2019; Yan et al., 2020; Hong
et al., 2021; Tang et al., 2021; Reinhardt et al., 2022) and to con-
strain regional metamorphic history (Millonig et al., 2020;
Schannor et al., 2021). Owing to its high spatial resolution and
rapid data acquisition, this method has greatly facilitated garnet
U-Pb geochronology.

Besides the metamorphic and skarn-related hydrothermal gar-
nets just mentioned, calcic garnets are also ubiquitously present
in many silica-undersaturated alkaline plutonic and volcanic rocks
(e.g., Huggins et al., 1977; Vuorinen et al., 2005; Scheibner et al.,
2007), which may crystallize from residual silicate melts or fluids
during the final crystallization stages of ultramafic magma
(Vuorinen et al., 2005; Dongre et al., 2016). These magmatic gar-
nets, which represent a complex series of solid solutions (Grew
et al., 2013) commonly dominated by andradite (Ca3Fe2Si3O12),
grossular (Ca3Al2Si3O12), schorlomite (Ca3Ti2SiFe2O12), morimotoite
(Ca3TiFeSi3O12) and kimzeyite (Ca3Zr2SiAl2O12), seem to have been
largely neglected as a potential U-Pb geochronometer by isotope
geochemists until recent years. Previously, in his pioneering work
on Archean ultramafic lamprophyres, Barrie (1990) demonstrated
that Ti-bearing andradite retains its initial U-Pb isotopic systemat-
ics in old igneous rocks subjected to deformation. So far, it has been
confirmed that calcic garnets have some distinct advantages over
aluminous garnets (Mezger et al., 1989, 1991; Seman et al., 2017;
Salnikova et al., 2019), and thus represent ideal multi-system
geochronological tools as well as petrogenetic indicators because
they (1) can host elevated levels of U, Th, Hf and rare earth elements
(REEs), (2) contain low levels of common Pb, and (3) occur in a wide
variety of rocks (Deng et al., 2017; Salnikova et al., 2019; Millonig
et al., 2020). For example, primary calcic garnets enriched in
andradite-schorlomite-morimotoite-kimzeyite components have
been found in ultramafic lamprophyres (Barrie, 1990; Tappe et al.,
2004, 2005, 2006), intrusive carbonatite complexes as well as
pyroxenite-ijolite-nepheline syenite-series (Vuorinen et al., 2005;
Tappe et al., 2009; Rukhlov and Bell, 2010; Salnikova et al., 2018a,
2018b, 2019; Yang et al., 2018; Stifeeva et al., 2020; Reguir et al.,
2021). Interestingly, they were once considered comparatively rare
but nowadays appear to be rather common in the groundmass of
kimberlites and related orangeites or lamproites with many more
cases reported in the literature (e.g., Cheng et al., 2014; Dongre
et al., 2016; Shaikh et al., 2017; Dongre and Tappe, 2019;
Choudhary et al., 2020; Tappe et al., 2022).

Kimberlites, the dominant source of diamonds worldwide, are a
variety of rare, small-volume, potassic and volatile-rich ultramafic
rocks that originate from either the deep lithosphere or sub-
lithospheric mantle (Mitchell, 1986, 1995; Woolley et al., 1996;
Giuliani and Pearson, 2019). It is widely accepted that the most
likely settings for the emplacement of diamond-bearing kimberlite
pipes are Archaean cratons. In addition to being the carriers of dia-
monds and mantle xenoliths, kimberlite magmas can also provide
insights into deep Earth processes, including the links between cra-
tonic metasomatism and low-degree partial melting (Donnelly
et al., 2012; Pearson et al., 2019). However, more comprehensive
or detailed studies of kimberlites are often hampered by their
hybrid nature and post-intrusion alteration (Mitchell et al.,
2019). High volatile contents make kimberlites particularly sus-
ceptible to weathering. Moreover, the presence of xenoliths and
xenocrysts entrained from the mantle or crust may result in dis-
turbed, mixed and inherited ages, which can complicate the deter-
mination of initial isotopic compositions (Donnelly et al., 2012).
According to an updated kimberlite geochronology database com-
piled by Tappe et al. (2018a), only about 20% of the known kimber-
lite occurrences worldwide have high-quality published age
information, as revealed by the temporal distribution of global
kimberlite magmatism with available age constraints (see Fig. 1).
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Thus, the problems of dating kimberlites and understanding their
sources continue to be an important research focus at present.

Up to now, the technique of U-Pb geochronology by LA-ICP-MS
has been applied on a number of accessory minerals isolated from
kimberlites and mantle xenoliths (e.g., apatite, baddeleyite, per-
ovskite, rutile, titanite, and mantle zircon), with varying degrees
of success (Heaman et al., 2019). As a ubiquitous groundmass
phase in many kimberlites, garnet is generally considered to be
highly resistant to post-crystallization interactions with fluids
and weathering (Mezger et al., 1989). This makes garnets particu-
larly useful for understanding multi-stage evolution of kimberlitic
melts. Therefore, age information deduced from calcic garnets
makes it possible to decipher the number of crystal growth and
metamorphic/metasomatic episodes within the host kimberlites.
However, the application of LA-ICP-MS garnet U-Pb geochronology
to constrain the emplacement ages of kimberlites has been rela-
tively limited, especially when compared to the well-developed
perovskite (Batumike et al., 2008; Yang et al., 2009; Griffin et al.,
2014; Tappe et al., 2018b) and other accessory mineral U-Th-Pb
geochronometer (e.g., rutile: Schmitz and Bowring, 2003; Tappe
et al., 2014; Malkovets et al., 2016; Schmitt et al., 2019; titanite:
Lehmann et al., 2007; Agashev et al., 2016; zircon/baddeleyite:
Zheng et al., 2004; Li et al., 2011).

The timing of diamondiferous kimberlites and related magma-
tism in the North China Craton (NCC) has been extensively investi-
gated by determining perovskite U-Pb and phlogopite Rb-Sr
isochronages for a suite of kimberlite samples collected fromcentral
Shandong and southern Liaoning regions (Dobbs et al., 1991; Lu
et al., 1995, 1998; Zhang and Yang, 2007; Yang et al., 2009; Li
et al., 2011). A summary of these published results indicate that
the duration of Paleozoic kimberlitic magmatism mainly occurred
during the middle to late Ordovician period within a time span of
more than 40 Ma (e.g., Dong, 1991; Lu et al., 1995, 1998). However,
there are still some debates on the emplacement ages of Mengyin
andWafangdian kimberlites (erupted on opposite sides of the trans-
lithospheric Tan-Lu fault), which have not been well constrained by
high-precision dating methods until recently. Up to now, available
geochronological data have yielded a wide range from � 480 to
460 Ma even based on in-situ LA-ICP-MS and SIMS analyses. For
example, the Mengyin kimberlites are generally considered to have
intruded thewall rocks at 465Maaccording to phlogopiteAr-Ar dat-
ing (Zhang and Yang, 2007), whereas some authors thought that the
emplacement age of Wafangdian kimberlites should be 480 Ma
based on baddeleyite Pb-Pb dating (Li et al., 2011).

Our study is the first attempt to apply the U-Pb garnet
geochronometer on diamondiferous kimberlites in southern Liaon-
ing Province, China. We present new geochronogical data of U-
bearing andradite from the No. 30 and No. 42 pipes to further con-
strain the emplacement history of kimberlites in the Wafangdian
(diamond) mining district. We have also collated other available
published age data and relevant information on these kimberlitic
intrusions to provide an evaluation of the reliability of andradite-
rich garnet U-Pb ages. In cases of the Wafangdian kimberlites
where perovskite and other relatively U-rich accessory minerals
(suitable for dating) are unavailable, we demonstrated that even
for variably altered kimberlites, high-precision garnet U-Pb ages
can be obtained using a laser ablation system coupled to an ICP-
MS instrument. Hence, this work is expected to shed some light
on broadening the application of U-Pb garnet geochronometer to
earth sciences.
2. Geological background

The North China Craton is one of the oldest tectonic units in
China with crustal components up to 3.8 Ga and provides the most



Fig. 1. World map showing the global distribution of kimberlites (grey dots; n = 5652). About one-fifth of their occurrences have available and reliable age information in the
public domain (red dots, n = 1133), which are based on a recently updated global database cited from Tappe et al. (2018a). Note that this diagram also highlights the locations
(as indicated by white dash lines) of regional kimberlite fields in relation to primary diamond deposits on the eastern North China Craton (NCC). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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favorable environment for diamond occurrence, which is bounded
by the Late Paleozoic Central Asian Orogenic Belt to the north, the
Early Paleozoic Qilian Orogen to the west and the Qinling-Dabie-
Sulu ultrahigh-pressure metamorphic belt to the south (Liu et al.,
1992; Song et al., 1996; Zhao and Zhai, 2013; Zhu et al., 2017).
The nature and evolution of the NCC were described in detail by
previous investigators (Gao et al., 2002; Wu et al., 2003; Zhao
et al., 2002, 2005; Zheng et al., 2004). There are two diamondifer-
ous kimberlite fields, Mengyin and Wafangdian (originally called
Fuxian County), located at the southeastern and northeastern mar-
gin of the NCC, respectively (Fig. 2A). More than 50% of the discov-
ered diamond reserves are locally concentrated in southern
Liaoning Province (Liu et al., 2020).

The Wafangdian kimberlites predominantly intrude into Upper
Proterozoic sedimentary rocks in eastern Liaoning Peninsula of the
Ji-Lu-Liao continental nucleus, about 80-km east of the Tan-Lu
fault zone. Currently, the studied No. 30 and No. 42 kimberlite
pipes are being commercially mined for diamonds, which belong
to theWafangdian diamondiferous field (including nearly 110 kim-
berlitic bodies). As shown in Fig. 2B, there are three parallel dia-
mondiferous kimberlite belts oriented northeast-southwest in
this area, which consist of many kimberlite pipes occurring as
carrot-shaped vertical intrusions and tabular dykes known as fis-
sure kimberlites (Zhu et al., 2017, 2019a, 2019b; Fu, 2020; Ni
and Zhu, 2020). The strata intruded by kimberlites in our study
area comprise an Archean-Paleoproterozoic basement named the
Liaohe Group (which includes amphibolite and gneiss), and Neo-
proterozoic cover rocks named the Qingbaikou Formation (which
consists of limestone, shale and sandstone). A few Ordovician lime-
stone rocks also occur as country rocks (Fig. 2B).

The North China Craton was stable until early Paleozoic kimber-
litic magmatism took place. The Mengyin and Wafangdian kimber-
lites are generally considered to have intruded the local wall rocks
simultaneously at about 465 Ma, according to phlogopite Rb-Sb
and Ar-Ar dating (Li et al., 2005; Zhang and Yang, 2007). However,
Li et al. (2011) suggested that the emplacement of these kimber-
lites should be occurred at an even earlier age (�480 Ma) based
on baddeleyite Pb-Pb dating. Although the Wafangdian kimberlites
contain abundant mantle-derived xenoliths, almost all olivines
found in the No. 30 and No. 42 pipes are intensively altered. Only
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a few selected minerals, such as garnet phenocrysts, survived kim-
berlitic magmatism. Hence, the unusual presence of calcic garnets
(either as cratonic xenocrysts or as a late-crystallizing phase
replacing the groundmass atoll spinels/magnetite in some cases)
within partially altered rock samples collected from this kimberlite
field may provide an opportunity to study the evolutionary history
(e.g., deep crustal metamorphism/mantle metasomatism) of
ancient continental lithosphere beneath the eastern North China
Craton.

In this study, most of the selected hand specimens are variably
altered, with a subset of samples exhibiting partial to complete
replacement of the primary mineral assemblage by serpentine
and/or carbonates. In contrast to the Wafangdian No. 30 kimberlite
pipe (strongly altered by low-temperature serpentinization and
carbonatization), the No. 42 pipe mainly consists of macrocrystal
kimberlites and brecciated facies with a few fine-grained varieties,
which contain relatively high percentages of phlogopite mega-
crysts and phenocrysts. In other words, these macrocrystal phlogo-
pite kimberlites are regarded as transitional between those of
Group I and Group II in terms of phlogopite contents as well as
Sr-Nd isotopic compositions (Zhang and Yang, 2007). Detailed
descriptions of local kimberlite pipes (rock types and
petrographical-mineralogical characteristics) are available in
Dong (1991), Tompkins et al. (1998), Zhang et al. (2010), Zhao
et al. (2015), Zhu et al. (2017, 2019a, 2019b, 2022), Liu et al.
(2020), Ni and Zhu (2020), and Wang et al. (2020).
3. Samples and analytical methods

3.1. Sample preparation and EPMA measurements

Garnet crystals collected from the No. 30 and No. 42 kimberlite
pipes were separated using magnetic and heavy-liquid separation
methods, followed by hand-picking under a binocular microscope.
More than 100 grains were encased in epoxy resin mounts, care-
fully polished, and then photographed under both transmitted
and reflected light of optical microscopy. Thin sections were also
prepared for the kimberlite samples, which were examined with
optical microscopy and back-scattered electron (BSE) imaging.



Fig. 2. (A) Simplified tectonic subdivisions of China and the localities of Wafangdian and Mengyin (red open square symbol) diamondiferous kimberlite fields on the eastern
North China Craton; (B) Geological map modified after Zhu et al. (2019b) showing the locations of No. 30 and No. 42 kimberlite pipes in the Wafangdian mining district. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

D. Li, Z. Wu, X. Sun et al. Gondwana Research 109 (2022) 493–517
BSE imaging was carried out using a Zeiss RIGMA field-emission
scanning electron microscope (FE-SEM) at the School of Earth
Sciences and Engineering, Sun Yat-sen University (China). Prior to
the LA-ICP-MS analysis, major element abundances of these garnet
crystals were determined using a Shimadzu 1720H electron probe
micro-analyzer (EPMA) at the Key Laboratory of Geoscience Big
Data and Deep Resource of Zhejiang Province, School of Earth
Science, Zhejiang University. Operating conditions were performed
at an accelerating voltage of 15 kV with a beam current of 20nA. A
beam diameter of 5 lm was used for quantitative elemental deter-
mination in carbon-coated specimens. The counting time was 30 s
for on-peak and 10 s for off-peak background measurements. Nat-
ural and synthetic oxides/silicate minerals were used as reference
materials for calibration. Matrix correction was done using the ZAF
routines.
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3.2. SEM-based TIMA and l-XRF mapping

Rapid semi-quantitative mapping of mineralogical composition
was obtained on selected areas in carbon-coated thin sections
using a MIRA3 scanning electron microscope equipped with a TES-
CAN Intergrated Mineral Analyzer (TIMA) at Guangzhou Tuoyan
Analytical Technology Co., Ltd. (China). We use an acceleration
voltage of 25 kV and a probe current of 20nA. Working distance
was set to 15 mm. Pixel resolution and dot spacing was set to
3 lm and 9 lm, respectively. The current and BSE signal intensity
were calibrated on a platinum Faraday cup using automated proce-
dures. The performance of energy-dispersive X-ray spectrometer
(EDS) was checked using manganese standard. Typical garnet-
bearing kimberlite samples LN30 and LN42 were scanned using
SEM-based mineral liberation analysis (MLA) module.
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Furthermore, to gain detailed knowledge of chemical composition
at the hand-specimen scale (containing the mineral assemblage of
interest), elemental distribution maps were collected from two
representative polished thin sections by in-situ quantitative analy-
sis using a Bruker M4 Tornado micro-beam X-ray fluorescence
(l-XRF) spectrometer equipped with polycapillary X-ray optics
(operated at 50 kV and 300 lA).

3.3. Carbon and oxygen isotope analyses

In addition to petrographic and mineralogical analyses, stable
isotopic signatures of twelve garnet-bearing kimberlite subsam-
ples were investigated at the Key Laboratory of Marine Resources
and Coastal Engineering, Sun Yat-sen University. Whole-rock pow-
ders and micro-drilled samples (�200 lg) obtained from thick pol-
ished slabs of carbonate-rich kimberlites were converted to CO2 by
reacting with 100% phosphoric acid at room temperature (25 �C)
for 24 h. Subsequently, their carbon and oxygen isotopic composi-
tions were determined by a Thermo Scientific MAT 253 Plus iso-
tope ratio mass spectrometer (IRMS) coupled with a GasBench II
system, then calibrated with international reference materials
NBS-18 (with a precision better than ± 0.2‰) and are reported in
conventional d notation relative to the reference standard V-PDB
and V-SMOW, respectively. The corresponding major and trace ele-
ment abundances in selected bulk specimens were measured by
ALS Chemex (Guangzhou) Co., Ltd. using test method Code Nos.
‘‘P61-XRF15c” and ‘‘REE-TCE02”.

3.4. Garnet LA-ICP-MS U-Pb dating and trace element analysis

In-situ U-Pb dating and trace element analysis of the Wafang-
dian garnet samples were performed by LA-ICP-MS using an Ana-
lytik Jena Aurora M90 quadrupole ICP-MS coupled to a NWR193
(ESI) 193-nm ArF excimer laser at Beijing Yanduzhongshi Geologi-
cal Analysis Laboratories Ltd. (China). Laser-induced downhole
fractionation, instrumental drift and mass bias correction factors
for Pb/U ratios on andradite-grossular garnets were determined
using Mali grandite and Willsboro andradite as primary and sec-
ondary U-Pb standards, respectively. Such garnets are both charac-
terized by low common lead and relatively low contents of U and
Th, which showed consistent elemental fractionation behavior,
thus allowing for an accurate downhole-fractionation correction
(Seman et al., 2017). For data quality control, an in-house standard
(ZSLS Ti-rich garnet) was also analyzed along with these two certi-
fied reference materials to independently monitor the external
precision and accuracy of LA-ICP-MS measurements (Supplemen-
tary Table S5). The reference garnet crystals were analyzed at the
beginning of each session and every 10 unknown andradite-
grossular garnets, adopting the same laser-beam spot size
(45 lm for hand-picked individual grains and 35 lm for polished
thin sections) and operation conditions as those used on the test
specimens (laser pulses at 9 Hz with an energy density of approx-
imately 3 J/cm2).

Each analysis began with a 20-second laser-off background (gas
blank) measurement followed by a further 40-second of data
acquisition time when the laser was switched on. High-purity
helium was used as the carrier gas at a flow rate of 0.6 L/minute,
which transported laser-ablated materials out of the chamber.
Then the sample aerosol particles were introduced into the plasma
torch by a continuous flow of helium mixed with argon gas. Iso-
topes measured included 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th
and 238U. Each element was measured sequentially every 0.18 s
with a longer counting time on the Pb isotopes compared to the
other elements. Data reduction was based on the method outlined
in detail in Meffre et al. (2008), with an additional modification to
help correct for the small amount of common Pb present in the
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primary standard using the 207Pb correction approach as recom-
mended by Chew et al. (2011, 2014), which either adopted an ini-
tial Pb isotopic composition by analyzing a low-U cogenetic
mineral phase with negligible ingrowth of radiogenic Pb or typi-
cally used appropriate terrestrial Pb evolution models in the liter-
ature (e.g., Stacey and Kramers, 1975).

For comparison, in-situ elemental analyses were also conducted
at the Key Laboratory of Marine Resources and Coastal Engineering,
SYSU using an ArF excimer laser ablation system (GeoLasPro) cou-
pled with an Agilent 7900 ICP-MS. A 44-lm spot size was used
with an energy density of 5 J/cm2 and a repetition rate of 5 Hz.
The trace element concentrations of LN30 and LN42 garnet sam-
ples were calibrated against the external standard NIST SRM-610
glass and quantified using 29Si (determined by EPMA or assumed
in stoichiometric proportions) as an internal standard element.
The calculated LA-ICP-MS results were then compared with EPMA
data to check the precision and accuracy. Data reduction was per-
formed using Iolite software (Paton et al., 2011). IsoplotR software
was used to construct the Tera-Wasserburg concordia diagram, see
Vermeesch (2018) and references therein.
4. Results

4.1. Garnet petrography

The garnet specimens recovered from the No. 30 and No. 42
kimberlite pipes are dominated by medium- to coarse-grained
titaniferous andradite crystals, either monocrystalline or polycrys-
talline, and range in size from < 0.1 mm to � 1 mm in maximum
dimension. These garnet samples appear to be reddish brown in
color under plane-polarized light, typically displaying deformation
features. They are often found to coexist with a substantial propor-
tion of carbonates mainly consisting of anhedral calcite, and olivine
pseudomorphs replaced by serpentine, as well as minor amounts
of phlogopite, apatite, chlorite, magnetite and/or Fe-Cr spinel clus-
ters (Fig. 3A and B).

In LN30 carbonatized kimberlite samples, andradites are essen-
tially isotropic and occur as euhedral to subhedral phenocrysts
(200–500 lm), or occasionally as larger megacryst fragments up
to 1 mm in size. They are commonly enclosed in a carbonate-rich
matrix with micro-cracks and veinlet networks infilled by late-
stage calcite, and closely associated with remnants of partially ser-
pentinized olivine, altered phlogopite or accompanied by a variety
of irregularly shaped, earlier-formed Mg-Al-rich silicate phases
(similar to pyrope in chemical composition) along fractures
(Fig. 4A and B). Some individual crystals contain euhedral-shaped
olivine, prograde polygonal serpentine and fine-grained phlogopite
inclusions (Fig. 4C – 4F). Under SEM, no discernible patchy zoning,
dissolution–recrystallization or overgrowth textures were
observed within these heavily brecciated andradites in the BSE
mode (Fig. 4).

By comparison, at least three generations of andradite-rich gar-
nets (see Figs. 5 and 6) have been identified in LN42 kimberlite ser-
pentinized samples according to their occurrence modes, textures,
mineral paragenesis, and compositional differences among these
garnet types (as an important distinguishing feature, this issue is
further discussed in the next section). The oldest generation of gar-
net (referred to as LN42 Grt-I) mostly occurs as discrete anhedral
grains and relict fragments of andradite xenocrysts (200–
500 lm), or occasionally as distinct first-nucleated cores (with
ragged edges/sharp or diffuse replacement fronts at core-mantle
boundary) but only rarely preserved in some coarse-grained euhe-
dral grandite garnets with chemical zoning (Fig. 5A–D). The second
generation (LN42 Grt-II) is represented by euhedral to subhedral,
slightly zoned phenocrysts of Ti-rich andradite (Fig. 5E and F).



Fig. 3. (A) & (B) SEM-BSE images, TIMA mineralogical analyses and corresponding
micro-XRF elemental distribution maps of representative kimberlite thin-section
specimens from the Wafangdian No. 30 and No. 42 pipes. Locally, some carbonate
segregations occur as masses of coalescent spherulites in the silicate-dominated
matrix and, more rarely, silicate-rich globules (or irregular patches) associated with
late-stage calcite veinlets.
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Most of them have been partially or completely replaced by later-
formed, irregular-shaped andradite (cogenetic with LN42 Grt-III, as
described below), usually coexisting with magnetite, chlorite and/
or serpentine group minerals within a calcite matrix (Fig. 5G). To a
lesser extent, some Grt-II grains contain resorbed inherited Grt-I
cores overgrown by infiltration-driven metasomatic reaction
domains (Fig. 5A).

The most common type of calcic garnet encountered in the No.
42 pipe is characterized by a group of corroded andradite micro-
crysts originated from the disaggregation of xenocrystic Grt-I
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precursors (LN42 Grt-III). They are apparently unzoned, mostly
free of inclusions and appear to be more rounded in shape, which
commonly showmorphological similarities to Grt-I xenocrysts and
display porous spongy textures (Fig. 5H and I). Their grain bound-
aries and surrounding matrix are often accompanied by clastic Mg-
Al silicate minerals (alteration products), occasionally coexisting
with groundmass Ti-magnetite/ilmenite, apatite, fine-grained
intergrowth of rutile and titanite, as well as sporadic pyrite or
other sulfides (Fig. 5H–L). Resorbed spinel crystals with well-
developed atoll textures have also been observed in the host kim-
berlite, which consist of euhedral titanian-chrome-magnetite core
isolated from the rim of magnetite-andradite by spongy lagoon
phases containing serpentine and/or calcite (as shown in Fig. 5K),
probably caused by partial resorption/dissolution and replacement
reactions. In addition, it should be noted that some millimeter- to
submillimeter-sized, silicate-rich globules contain corroded relicts
of Grt-I aggregates (similar in appearance to carbonate-serpentine
segregations or xenoliths with unique nodule-like structures),
which are rimmed by thin mantle of groundmass Grt-III clasts
and pre-existing rutile-titanite-magnetite assemblages as well as
secondary mineral phases including retrograde lizardite and/or
minor chlorite (Fig. 5L).

4.2. Major and trace element chemistry

Major element compositions of the Wafangdian garnets are
summarized in Supplementary Table S1 (N = 105). Overall, calcic
garnets from the No. 30 pipe have fairly constant SiO2

(34.64 – 35.87 wt%), CaO (32.33 – 33.48 wt%) and FeOTotal

(23.82 – 26.47 wt%), with average values of 35.37 wt% SiO2,
32.93 wt% CaO and 24.88 wt% FeO (N = 49), respectively. They
exhibit relatively low Al2O3 (0.40 – 1.86 wt%) and TiO2 (0.38 –
2.94 wt%), with average concentrations of 1.17 wt% Al2O3 and
1.05 wt% TiO2, respectively. The chemical structural formulae for
these kimberlite-hosted garnets were calculated from EPMA data
by normalizing to 8 cations on the basis of 12 oxygen atoms per
formula unit. The low analytical totals are a consequence of all
Fe being reported as FeO. As shown in Fig. 6, the LN30 garnet sam-
ples mostly belong to the andradite-grossular-schorlomite solid
solution series (Adr85.92-92.98Slm1.11-9.23Grs0.0-9.16Prp1.52-4.64) with
minor amounts of spessartine (average = �0.1%) and uvarovite (av-
erage = �0.1%) components. As revealed by EPMA spot analyses
across a number of individual grains (see Supplementary Fig. S1),
their main chemical constituents appear to be generally homoge-
neous. Despite that, the variabilities of Mg and Ti from the interior
parts towards the grain margins (Fig. 7A) seem to be more pro-
nounced than the phenomenon of Si-Ca-Fe zoning, even though
no discrete internal zones could be easily distinguished by BSE
imaging because of the subtle difference in average atomic
number.

Similarly, calcic garnets from the No. 42 pipe contain substan-
tial but not uniform SiO2 (31.56 – 37.17 wt%), CaO (33.20 –
35.50 wt%) and FeOTotal (20.25 – 25.94 wt%) as well as relatively
low Al2O3 (0.99 – 3.92 wt%) and TiO2 (0.11 – 3.40 wt%), with aver-
age values of 34.53 wt% SiO2, 33.95 wt% CaO, 23.26 wt% FeO,
2.38 wt% Al2O3 and 1.13 wt% TiO2 (N = 56), respectively. Although
Cr2O3 and MnO are both detectable, their contents do not exceed
0.2 wt%. By comparison, the LN42 garnet samples display a wider
compositional range dominated by andradite end-member compo-
nent with variable but still relatively low proportions of grossular,
schorlomite and pyrope (Adr76.50-91.01Grs3.25-20.60Slm0.30-9.80Prp1.21-

4.80). It is noteworthy that the three generations of LN42 garnets
mentioned above are more heterogeneous in major element chem-
istry than those LN30 andradites, as clearly shown in Figs. 6 and 8A
(LN42 Grt-I: Adr87.90-91.01Grs3.25-5.68Slm1.88-5.17Prp1.76-2.79; LN42
Grt-II: Adr76.74-83.68Grs8.11-15.31Slm3.27-9.80Prp2.10-4.80; LN42 Grt-III:



Fig. 4. (A) & (B) Occurrences and distribution of fragmented garnet grains in polished thin-section specimens from the No. 30 kimberlite pipe. Note that most of these
andradite-rich garnet crystals are commonly cracked and filled with or enclosed by carbonate veins cross-cutting the groundmass. (C) - (F) Euhedral- to subhedral-shaped,
individual andradite phenocrysts (200–500 lm) closely associated with relict olivine and typically polygonal serpentine (intermixed with Fe-lizardite/chrysotile) or
containing fine-grained phlogopite inclusions. Back-scattered electron (BSE) images show the absence of recrystallization or overgrowth textures and no discernible patchy
zoning within these heavily brecciated, compositionally homogeneous andradites, probably suggestive of a single episode growth. Circular features observed in some garnet
crystals are pits produced by laser ablation (Adr: andradite; Cc: calcite; Ol: olivine; Phl: phlogopite; Prp: pyrope; Srp: serpentine).
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Adr76.50-88.47Grs8.72-20.60Slm0.30-2.99Prp1.21-4.59). In addition, the re-
calculated totals of some irregular-shaped/rounded, partially to
highly altered LN42 Grt-III grains are comparatively lower
(�96.0 wt%) than those of fresh LN30 Grt phenocrysts with excel-
lent quality EPMA data, probably indicating the presence of vola-
tile/hydrous components (e.g., structural OH–) in these
hydrogarnet grains (presumably as so-called ‘‘hydroandradite”).

The trace element results of LA-ICP-MS measurements in gar-
nets are presented in Supplementary Table S2. For LN30 samples,
a total of 35 analytical spots were located on fresh garnet grains
displaying more euhedral outlines. Overall, most andradite grains
contain U at the ppm level (0.30–12.04 lg/g) with an average value
499
of 3.77 lg/g, while Th concentrations range from 0.59 to 25.60 lg/g
(on average 4.87 lg/g) with an average Th/U ratio of 2.17. Besides
that, their total REE (RREE) concentrations range from 170.94 to
660.69 lg/g, with an average content of 345.53 lg/g. Based on
the relative positions of laser ablation pits and/or EPMA spots, a
set of data points obtained from different garnet domains (roughly
defined as ‘‘inner cores”, ‘‘mantle regions/intermediate zones” and
‘‘outer rims”) can be further separated into three subgroups. It
appears that representative andradite phenocrysts are slightly
zoned with respect to the distribution of REEs and other trace ele-
ments. For example, the compositional evolution trends (shown by
the bold arrows in Fig. 7A�F) exhibit continuous decreases in
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Fig. 6. Ternary diagram showing the variation range of LN30 and LN42 garnet end-
member components.
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Mg-Ti-Ni-Nb, along with increasing concentrations of Zr-Hf-Yb-Lu
from the inner cores to the mantle regions and/or outermost rims.
Additionally, their chondrite-normalized REE patterns (Fig. 9A–C)
show that these andradites are enriched in light REE (LREE) relative
to heavy REE (HREE), and exhibit slightly positive Ce anomalies
(dCe: 1.09 – 1.29; on average 1.18) but weakly negative or no Eu
anomalies (dEu: 0.82 – 1.10; on average 0.97). Among them, a high
percentage of the studied andradites (i.e., LN30 Grt-core and Grt-
mantle) display convex-upward to weakly sinusoidal REE patterns
(see Fig. 9A and B). The abundances of REEs are characterized by a
relative depletion of La compared to the other LREEs, which typi-
cally peak at Ce and then gradually decrease from Pr (or Nd) to
Ho (or Er), sometimes followed by an increase from Er to Lu (espe-
cially in those LN30 Grt-mantle profiles).

Likewise, the LN42 garnet samples were also divided into three
groups based on geochemical signatures of major and trace ele-
ments. These diverse types of andradites are coincidently in accor-
dance with the three generations of LN42 garnets identified in this
study. Overall, a large number of andradite grains are found to
have consistently low levels of U varying in a narrow range from
0.49 to 3.85 lg/g (with an average value of 1.56 lg/g), whereas
Th concentrations range from 0.64 to 24.30 lg/g (on average
8.08 lg/g) with an average Th/U ratio of 5.28 (N = 43). Moreover,
their total REE (RREE) concentrations vary from 136.16 to
507.94 lg/g, with an average content of 254.74 lg/g.
3

Fig. 5. (A) SEM-BSE image illustrating chemical zoning in some euhedral to subhedral g
pipe. (B) - (D) EPMA-WDS elemental maps showing the distribution of Al, Ti and Fe in typi
hosted by a calcite matrix. Note that their first-nucleated Grt-I cores (only rarely preserve
the grossular-rich mantle regions, followed by a remarkable Ti increase towards their oute
of Ti during differentiation of kimberlite melts. As indicated by the color scale, the abund
been observed locally. (G) Some partially replaced remnants of slightly zoned Grt-II with
infiltration-driven metasomatic reaction domains. (H) - (J) Corroded andradite microcr
unzoned, mostly free of inclusions and surrounded by groundmass andradite clasts or oth
as well as sporadic pyrite. This type of garnet (classified as Grt-III) commonly displays por
originated from the disaggregation of xenocrystic Grt-I precursors caused by later al
Resorbed atoll-textured spinel, consisting of euhedral titanian-chrome-magnetite core
containing serpentine and/or calcite. (L) Note the presence of silicate-rich globules hosti
mineral phases (similar in appearance to carbonate segregations or xenoliths with uniq
kimberlitic rocks (Ap: apatite; Cc: calcite; Chl: chlorite; Grt: garnet; Mag: magnetite; Py
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Chondrite-normalized REE patterns (Fig. 9D–F) show that they
are typically enriched in LREEs relative to HREEs, and exhibit
weakly negative Ce anomalies (dCe: 0.84 – 0.98; on average 0.89)
but variable positive Eu anomalies (dEu: 1.07 – 1.67) with an aver-
age of about 1.30. Among them, the oldest generation of LN42 Grt-I
xenocrysts are characterized by low Al2O3 (<1.3 wt%) but relatively
high concentrations of Ti, Zr and LREEs, displaying moderately frac-
tionated REE patterns with gradually increasing Yb and Lu
(Fig. 9D). By contrast, the group of LN42 Grt-II titaniferous garnets
have elevated levels of Ti, Mg and Al but comparatively lower LREE
contents and Th/U ratios, with rather smooth, rightward-inclined
REE patterns (Fig. 9E). Notably, the group of corroded or ‘‘metaso-
matized” hydroandradite grains (LN42 Grt-III) are characterized by
relatively high Al2O3 (up to � 4 wt%), but depleted in Mg, Ti, Zr and
HREEs (see Fig. 8), with strongly fractionated, LREE-enriched pat-
terns exhibiting remarkable positive Eu anomalies (Fig. 9F).
4.3. U-Pb ages from Kimberlite-hosted garnets

The U-Pb isotopic results along with corresponding U-Th-Pb
concentrations of LN30 and LN42 andradites are presented in Sup-
plementary Table S3. Even though it has been proven that the
matrix effects and elemental fractionation during LA-ICP-MS anal-
ysis of garnet samples can be effectively minimized just by opti-
mizing the laser-ablation parameters or analytical modes (Deng
et al., 2017; Fu et al., 2018; Wafforn et al., 2018; Li et al., 2019;
Chen et al., 2021; Tang et al., 2021), it is still recommended to
use suitable matrix-matched certified reference materials (rather
than zircon) as external calibration standards for garnet U-Pb dat-
ing (Yang et al., 2018). In addition, garnet U-Pb isotope and trace
element analyses affected by U-rich mineral inclusions were
excluded during data processing. We also discarded a number of
dating results whose time-resolved signals of 206Pb/238U,
207Pb/235U and 207Pb/206Pb were disturbed (i.e., deviating from a
flat downhole profile), considering that abrupt changes in these
ratios highlight the presence of mixed isotopic domains unde-
tected by routine SEM-BSE imaging (especially for some partially
replaced or indistinctly zoned grains).

Used as a primary reference material for LA-ICP-MS garnet U-Pb
dating, the Mali grandite was sourced from alluvial deposits in
southern Mali. It has an average composition of Adr52Grs37, with
a well-constrained U-Pb age of 202.0 ± 1.2 Ma determined by ID-
TIMS (Seman et al., 2017). As listed in Supplementary Table S5,
28 spot analyses of Willsboro andradite yielded a weighted mean
206Pb/238U date of 1029.3 ± 9.5 Ma (MSWD = 0.40), which is in
excellent agreement with the recommended value
(1022 ± 16Ma) within experimental uncertainties. For LN30 andra-
dite samples (mostly with detectable U, low Th concentrations and
Th/U < 5), a total of 29 analytical spots plotted in the
randite garnet phenocrysts with distinct resorbed inherited cores from the No. 42
cal Grt-II samples associated with magnetite and chlorite/serpentine group minerals
d) and later-formed thin growth bands are richer in Fe but depleted in Al relative to
rmost rims. (E) & (F) Individual Grt-II grain exhibiting an outward diffusional profile
ance of Ti is gradually elevated towards the rim. Intracrystalline Ti diffusion has also
higher proportions of schorlomite-rich component at grain margins, overgrown by
ysts in LN42 kimberlite samples (with high degrees of alteration) are apparently
er accessory mineral phases including fine-grained magnetite, apatite, rutile, titanite
ous spongy textures with irregular-shaped or more rounded morphologies, probably
teration involving partial resorption (dissolution) and replacement reactions. (K)
which is isolated from the rim of magnetite-andradite by spongy lagoon phases
ng Grt-I remnants rimmed by thin mantle of groundmass Grt-III clasts or secondary
ue nodule-like structures), which is usually considered to be cognate with the host
: pyrite; Rt: rutile; Spl: spinel; Srp: serpentine; Ttn: titanite).



Fig. 7. Geochemical characteristics and compositional evolution of LN30 garnet grains from core to mantle/rim. (A) Ti versus Mg; (B) Ti versus Nb; (C) Mg versus Ni; (D)–(F) Zr
is plotted against Hf, Yb and Lu, respectively.
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Fig. 8. (A)–(F) Scatter plots showing geochemical variations of selected major and trace element concentrations (Ti-Mg-Zr-Yb-Lu) in different types of LN42 andradite-rich
garnet samples based on EPMA/LA-ICP-MS analyses.
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Fig. 9. Chondrite-normalized REE patterns of (A) - (C) LN30 and (D) - (F) LN42 andradite-rich garnet samples from the No. 30 and No. 42 kimberlite pipes. Normalizing values
for chondrite are from McDonough and Sun (1995).
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Fig. 10. LA-ICP-MS U-Pb dating results plotted in Tera-Wasserburg concordia diagrams for different types of andradite-rich garnet crystals from the Wafangdian (A) No. 30
and (B)–(D) No. 42 kimberlite pipes. Their lower intercept ages from the T-W plots were calculated using IsoplotR software (Vermeesch, 2018 and references therein).
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Tera-Wasserburg concordia diagram were very close to the lower
intercept. These uncorrected U-Pb isotope data yielded a nearly
concordant age with a large variation of 207Pb/235U values owing
to their extremely low 207Pb contents and almost negligible com-
mon Pb (see Supplementary Table S3). Calibrated by Mali grandite
and Willsboro andradite standards, these euhedral to subhedral
andradite phenocrysts obtained a lower-intercept 206Pb/238U age
of 459.3 ± 3.4 Ma (MSWD = 1.02) in the T-W 207Pb/206Pb versus
238U/206Pb plots (Fig. 10A). The 207Pb correction methods employed
in this study have been proposed by Chew et al. (2011), which
involves an estimate of the initial Pb isotopic composition (an-
chored at 0.867) based on the Stacey and Kramers (1975) model
for the approximation of terrestrial Pb isotope evolution.

Additionally, the three texturally and compositionally distinct
population of LN42 garnet samples (Figs. 6 and 11) define distinct
regression lines in the Tera-Wasserburg diagram (Fig. 10B–D) with
lower intercept ages of 581 ± 12 Ma (MSWD = 1.4), 414.9 ± 9.3 Ma
(MSWD = 0.98) and 292.0 ± 5.7 Ma (MSWD = 1.06), respectively.
Strikingly, these significant differences are also reflected in some
euhedral- to subhedral-shaped, apparently zoned garnet grains
comprising of ancient inherited Grt-I cores and later-formed
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Ti-rich Grt-II rims with various ages (Fig. 5A), which recorded at
least two completely different growth episodes separated by as
much as � 160 Ma.

4.4. Carbon and oxygen isotopic compositions

Twelve whole-rock/micro-drilled subsamples of calcite-bearing
kimberlites from two pipes were analyzed (as presented in Supple-
mentary Table S4), in order to constrain the origin of groundmass
carbonate (closely associated with andradite) in terms of stable
isotopic signatures. The d13C values for bulk carbonate fractions
of LN30 and LN42 samples vary from �4.86‰ to �3.68‰ and
�7.71‰ to �5.68‰, respectively. Obviously, the majority of them
have carbon isotopic compositions comparable to those d13C ratios
accepted for magmatic calcite in kimberlites, carbonatites and
other related rocks, which are well within the distribution range
of d13C values measured for mantle carbonate phases (Fig. 12).
On the other hand, these two sets of kimberlite subsamples in
association with carbonate-serpentine segregations have high
d18O values ranging from 19.19‰ to 20.55‰ and 12.05‰ to
16.00‰, respectively. Such results are much different from each



Fig. 11. Compositional diversity among three groups of LN42 garnet data points (in relation to different lower intercept ages shown in the T-W concordia diagram) plotted as
color-scale filled error-ellipses using Isoplot 4.15 software (Ludwig, 2012), based on LA-ICP-MS U-Pb isotope data and element concentration results (see Supplementary
Table S3).
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Fig. 12. Schematic d13C versus d18O (‰ relative to V-PDB and V-SMOW, respec-
tively) diagram for whole-rock carbonate fractions of calcite-bearing kimberlite
samples from the Wafangdian No. 30 and No. 42 diamondiferous pipes. Available
data for global bulk carbonatites and hypabyssal kimberlites are also shown for
comparison, as compiled from published literature sources. See Tappe et al. (2017)
and references therein. The ‘‘mantle carbonate” box reveals the distribution range
of expected d13C and d18O values for mantle carbonates, modified after Giuliani
et al. (2014) and Howarth et al. (2019). As illustrated qualitatively by the arrows,
syn-/post-magmatic processes including open-system CO2-degassing and concomi-
tant Rayleigh fractionation as well as low-temperature alteration related to deuteric
fluids could potentially change the stable CAO isotopic compositions of carbonates
crystallized from mantle-derived magmas (Deines, 2002, 2004; Wilson et al., 2007).
The temperature scales at the bottom refer to two closed-system isotopic
fractionation models between primary kimberlitic carbonates and magmatic fluids
with variable molar CO2/H2O ratios. See Wilson et al. (2007) and Tappe et al. (2008)
for more details.
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other (with no overlap) and significantly higher than most pub-
lished analyses of primary carbonates or mantle-derived carbon-
atitic xenoliths in hypabyssal kimberlites worldwide (Fig. 12).
5. Discussion

5.1. Origin of Carbonates: Primary vs. Secondary

In Wafangdian field, andradite has been encountered as a rela-
tively rare accessory mineral in contrast to subcalcic garnets dom-
inated by pyrope (Zhu et al., 2019b; Ni and Zhu, 2020). However, in
LN30 and LN42 samples, the carbonate matrix and silicate-rich
globules are both characterized by abundant titaniferous andra-
dites. Calcite, a common mineral phase in these two kimberlite
pipes, is often found in a close spatial association with late-stage
alteration assemblages, occupying intermediate paragenetic posi-
tions between fragmented andradite phenocrysts, serpentinized
olivine pseudomorphs, altered phlogopite, chlorite or magnetite
grains. In kimberlitic rocks, carbonate minerals are generally con-
sidered to be principally of primary magmatic origin or formed
from deuteric (i.e., late-stage magmatic) fluids, but some carbon-
ates also crystallized from post-magmatic fluids of external deriva-
tion (Mitchell, 1986, 1995; Armstrong et al., 2004; Wilson et al.,
2007). Moreover, in cases where kimberlite magmas are emplaced
into limestone-rich strata, extensive carbonatization could have
resulted from wall-rock assimilation (Armstrong et al., 2004;
Wilson et al., 2007; Giuliani et al., 2014). As a result of frequent
intense alteration and/or potential contamination by crustal coun-
try rocks, it is indeed quite difficult to demonstrate whether the
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carbonates and related matrix minerals are primary or secondary
(Armstrong et al., 2004; Wilson et al., 2007; Hayman et al., 2009;
Cheng et al., 2014). Hence, before discussing the origin and timing
of andradite-rich garnets in these kimberlite pipes, the effects of
carbonatization or low-temperature alteration must be evaluated
on the basis of petrographic textures and whole-rock stable iso-
topic evidence, in order to gain a better understanding of the gen-
esis of calcite-serpentine segregations and silicate-rich globules, as
well as their relation to the formation of andradite.

As summarized in Fig. 12, it is evident that primary/unaltered
carbonates crystallized from pristine, uncontaminated mantle-
derived melts should plot in a restricted d18O-d13C field (Giuliani
et al., 2014). Nevertheless, detailed investigations of carbonate
phases in kimberlites and carbonatites have revealed a much
broader range of d18O and d13C values. In magmatic systems, the
effects of crystal fractionation, degassing of volatiles and the key
role of deuteric fluids have been shown to produce certain varia-
tions of d13C in carbonates from hypabyssal kimberlites (Wilson
et al., 2007). Deuteric fluid is a specific type of late-stage, trapped
magmatic-hydrothermal fluid derived from the same cooling
magma (Mitchell, 1986; Hayman et al., 2009). As mentioned above,
these calcite-bearing assemblages are typical of mantle-like d13C
values measured for kimberlitic carbonates, but have d18O values
extending towards heavier isotopic compositions (significantly
higher than the expected mantle range), which is a common fea-
ture of bulk analyses of calcite-rich kimberlites and can be
explained by more extensive interaction (crystallization or alter-
ation) of carbonates with late-stage low-temperature fluids rich
in exsolved volatile phases (Giuliani et al., 2014, 2017; Howarth
et al., 2019). Additionally, there is an apparent co-variation of car-
bon and oxygen isotopic compositions among a suite of LN42 sub-
samples (i.e., increasing d18O with decreasing d13C values, which
could have resulted from carbonate crystallization after extensive
CO2 degassing/exsolution), whereas no such correlation has been
observed in calcite-rich kimberlites from the No. 30 pipe. But inter-
estingly, higher d18O values of LN30 subsamples seem to be gener-
ally correlated with increased intensity of whole-rock alteration,
and consistent with textural overprint of primary groundmass
minerals by late-stage calcite and serpentine with increased modal
abundances. Such a shift towards heavier O-isotope composition
may also be interpreted as reflecting possible contamination by
secondary carbonates from the near-surface sedimentary strata,
but their corresponding C-isotope signatures cannot be produced
by assimilation of the country rocks (Wilson et al., 2007;
Hayman et al., 2009; Giuliani et al., 2014, 2017).

Although the LN30 and LN42 subsamples contain variable
amounts of calcite, their bulk d13C values are generally consistent
with primary mantle-derived carbon (Deines, 2002). However,
none of these calcite-bearing kimberlites exhibit mantle-like oxy-
gen isotope compositions (Wilson et al., 2007; Giuliani et al.,
2014). All whole-rock carbonate fractions have d18OSMOW

values > 12‰, i.e., obviously not in equilibrium with mantle peri-
dotite (+5.5‰, data from Mattey et al., 1994). In particular, LN30
calcite-rich samples tend to be even much heavier in oxygen iso-
topic compositions (typically d18OSMOW > 19‰) compared to
LN42 kimberlites (Fig. 12). Such a wide range of d18O values
accompanied by only small variations in d13C has been known from
primary carbonates in hypabyssal kimberlites, carbonatite dykes
and other volatile-rich ultramafic alkaline intrusions (e.g., Tappe
et al., 2017 and references therein). Moreover, the abundances of
fluid-mobile large-ion lithophile elements (LILEs) show only a
restricted range in LN30 kimberlite samples. This excludes the pos-
sibility of carbonate O-isotope overprinting by externally-derived
meteoric fluids. By contrast, the LILEs behave less coherently in
LN42 samples (see Supplementary Table S4). For example, the vari-
abilities of K, Cs, Rb, Sr and Pb (with significant change in bulk rock
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composition) suggest that their initial concentrations have been
disturbed by low-temperature alteration related to magmatic/deu-
teric fluids. Previously, Wilson et al. (2007) modeled the closed-
system O-isotope fractionation between (kimberlite-hosted) pri-
mary carbonates and coexisting magmatic CO2-H2O fluids as a
function of temperature and fluid CO2/H2O ratio, and demon-
strated the strong influence of fluid CO2/H2O ratios on the range
of oxygen isotopic fractionation at temperatures below 750 �C
(i.e., along a magmatic cooling path, see temperature scales in
Fig. 12). In this model, the calculated d18O value of primary mag-
matic carbonate increases from approximately 7‰ to 17‰ upon
cooling over the temperature range of 1100–100 �C, assuming an
equilibrium magmatic fluid with a CO2/H2O ratio of 0.25 (Wilson
et al., 2007; Tappe et al., 2008). The observed range of d18O values
for LN42 kimberlites are roughly comparable to those modeling
results and thus consistent with subsolidus (low-temperature) O-
isotope fractionation between mantle-derived carbonates and
H2O-rich magmatic or deuteric fluids with a relatively low molar
CO2/H2O ratio.

On the other hand, Tappe et al. (2006) suggested that the sepa-
ration of immiscible carbonatite liquids from rapidly ascending
hybrid carbonated silicate magmas at shallow cratonic lithosphere
conditions can lead to CO2 saturation, which can cause carbonate
melt segregation and associated CO2 escape (via near-surface
degassing). Likewise, both types of kimberlite rocks also show pet-
rographic evidence of the coexistence of immiscible silicate and
carbonatite liquids, such as sub-rounded to rounded carbonate
globules/segregations locally present in the silicate-dominated
matrix and, more rarely, silicate-rich globules (or irregular
patches) associated with late-stage calcite veins cross-cutting the
groundmass (see the spatial distribution of mineral phases identi-
fied by SEM-based TIMA mapping, as shown in Fig. 3A and 3B).
Thus, the distinctively heavier carbon isotopic compositions of
LN30 ‘‘carbonatite-like” kimberlites might be reproduced by an
open-system Rayleigh fractionation process between carbonate-
rich residual melts (evolved from kimberlitic parental magmas,
with �5‰ d13C as guided by the mantle average) and CO2-rich flu-
ids/volatiles at a range of temperatures from 1100 to 600 �C perti-
nent to carbonated silicate melt evolution (Tappe et al., 2017).
Therefore, we should acknowledge that there might be a possible
genetic link between the late-stage kimberlite magmas and coeval
carbonatite-like dykes from the Wafangdian field (especially at the
No. 30 pipe), probably via fractionation processes involving devel-
opment of residual carbonate-rich melts/fluids (Sparks et al., 2009;
Dongre and Tappe, 2019).

5.2. Origin of Andradite-rich garnets

Andradite-rich garnets are widespread in crustal metamorphic
rocks and skarns, which can also be generated (but comparatively
rare) in some mantle-related rocks including serpentinized peri-
dotites from ophiolites (Ghosh et al., 2017) and silica-
undersaturated alkaline ultramafic complexes (Barrie, 1990;
Müntener and Hermann, 1994; Vuorinen et al., 2005; Tappe
et al., 2006, 2009; Marks et al., 2008; Dongre et al., 2016;
Salnikova et al., 2019; Choudhary et al., 2020; Millonig et al.,
2020; Stifeeva et al., 2020). Here, the Wafangdian kimberlites con-
taining abundant andradites pose an interesting problem regarding
the nature of these calcic garnets. Despite mantle-derived peri-
dotitic garnet being a common megacryst phase found at the
Wafangdian and Mengyin diamond mines, all investigated Ti-
andradites are quite distinct from those Cr-pyrope xenocrysts
observed by Zhu et al. (2019b) in the same kimberlite pipe. Accord-
ing to a new graphical classification scheme for the discrimination
of crust- and mantle-derived low-Cr garnet megacrysts (as pro-
posed by Hardman et al., 2018), the compositions of these
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kimberlite-hosted, titaniferous andradite phenocrysts demonstrate
the proliferation of cratonic crustal garnets in thin sections and
hand-picked mineral separates (with most data points plotted in
the ‘‘crust” field based on a natural logarithmic-scaled Ti/Si versus
Mg/Fe bivariate diagram), which may often be misclassified as the
‘‘G3” (high-Ca, low-Cr) eclogite suite of mantle origin in terms of a
conventionally used Cr2O3/CaO discriminatory diagram (Schulze,
2003; Grütter et al., 2004).

In order to understand the primary/magmatic versus non-
kimberlitic/xenocrystic origin of Ti-bearing andradites in the
Wafangdian kimberlites, the nature of mineral inclusions trapped
within garnet phenocrysts and the pressure–temperature condi-
tions of garnet formation, as well as their major-trace element
compositions all need to be considered. However, the geochemical
characteristics (variation in major and trace elements) of andradite
sometimes do not adequately allow for distinguishing between
magmatic or metasomatic origin, because compositional con-
straints might be further complicated by the common alteration
of kimberlitic rocks related to post-emplacement fluids of various
origin (deuteric/hydrothermal/meteoric) or partially overprinted
by secondary processes during magmatic ascent and eruption,
owing to the interaction between parental melts and abundant
xenoliths entrained from the mantle or crustal rocks (Giuliani
et al., 2014). Consequently, the U-Pb ages of andradite garnets from
two localities in the Wafangdian field may not be entirely repre-
sentative of the main episode of Paleozoic kimberlitic magma
activity at a regional scale, unless we are able to ascertain their pri-
mary or secondary origins.

Here, we present petrographic and textural evidence suggesting
that a certain amount of the Wafangdian Ti-bearing andradites
may crystallize directly from silica-poor, carbonate-rich residual
melts during the final crystallization stages of kimberlitic magmas,
especially in some ‘‘carbonatite-like” hand specimens collected
from the No. 30 pipe. The majority of discrete andradite crystals
with smaller grain sizes (<0.5 mm) compared to those of xenocrys-
tic pyrope megacrysts (Zhu et al., 2019b) show euhedral to subhe-
dral morphologies, highly brecciated textures and angular sharp-
edged shapes (see Fig. 4), exhibiting signs of strain-induced brittle
fragmentation caused by the explosive eruption processes that
occurred during kimberlite magma emplacement and pipe forma-
tion. Furthermore, short prismatic crystals of unserpentinized oli-
vine and euhedral fine-grained flakes of primary looking fresh
phlogopite inclusions were occasionally found in some individual
phenocrysts of unaltered andradite (Fig. 4D and 4F). SEM-BSE
images show no discernible patchy zoning, recrystallization or
overgrowth textures within these andradites, suggesting a single
episode of crystal growth (which might not have undergone
multi-stage metasomatic reworking by post-magmatic hydrother-
mal fluids). Therefore, the LN30 andradite-rich garnets, mostly dis-
tributed in a calcite-dominated matrix with mantle-like carbon
isotope signatures, are believed to have a primary magmatic origin
(probably related to the late-stage evolution of kimberlitic melts).

Likewise, some euhedral to subhedral phenocrysts of zoned gar-
net observed in LN42 hypabyssal kimberlite thin sections are inti-
mately associated with calcite-rich spherical globules or patches.
Their unique structures are similar in appearance to carbonate seg-
regations or nodule-like xenoliths (broadly cognate with the host
rocks), which have often been reported in the literature
(Armstrong et al., 2004; Wilson et al., 2007; Mitchell, 2008;
Giuliani et al., 2014; Kamenetsky et al., 2014; Castillo-Oliver
et al., 2018) and usually regarded as unequivocal evidence for pri-
mary magmatic carbonate + andradite crystallized from kimberlite
magma. In other words, the genesis of LN42 Grt-II hosted by
carbonate-bearing coalescent spherulites/patches (mainly com-
posed of Sr-rich calcite) can be normally interpreted as a product
of carbonate–silicate liquid immiscibility, and thus may offer



D. Li, Z. Wu, X. Sun et al. Gondwana Research 109 (2022) 493–517
crucial clues to understanding kimberlitic melt evolution in the
later stage. By contrast, relict xenocrysts (LN42 Grt-I) are typically
sub-rounded to rounded or irregular-shaped. Such morphologies
suggest that they likely represent corroded fragments of larger dis-
crete grains which had undergone partial resorption (i.e., melting
erosion-dissolution processes) and physical abrasion during ascent
through the lithosphere. On the other hand, many of the LN42 Grt-
III microcrysts have similar anhedral morphologies, probably orig-
inated from the disaggregation of xenocrystic Grt-I precursors. As
pointed out by previous investigators (e.g., Cheng et al., 2014), only
in some special cases, such as carbonatite metasomatism and/or
fluid-rock interaction (similar to those in skarn systems) during
garnet growth, remnants of altered Grt-I enclosed in the host
silicate-rich globules as well as groundmass andradite clasts can
be produced by metasomatic processes, according to the following
reaction: 3SiO2 + Fe2O3 + 3CaCO3 = Ca3Fe2Si3O12 + 3CO2". The SiO2

and Fe2O3 (or magnetite) components are derived from the paren-
tal magma and spinel, respectively, whereas the CaCO3 compo-
nents are probably sourced from a suite of calcite-bearing
xenoliths or carbonate segregations.

Moreover, Huggins et al. (1977) suggested that natural Ti-
andradite might form under conditions of low oxygen fugacity
and SiO2 activity. Likewise, relatively low SiO2-activity during
andradite crystallization in LN42 kimberlite samples is supported
by the occurrences of earlier-formed rutile + spinel/titanian-chro
me-magnetite + perovskite (only rarely preserved) assemblages.
A subsequent increase of SiO2-activity is evidenced in the presence
of numerous accessory minerals characterized by well-developed
atoll or corona textures, including spinel + rutile + titanite + magne
tite + Ti-andradite adjacent to the andradite-hosting globules in
the groundmass (Fig. 5J – 5L). For example, fine-grained micro-
crysts (<50 lm) of atoll-textured spinel typically consist of euhe-
dral titanian-chrome-magnetite core which is isolated from the
rim of magnetite-andradite by spongy lagoon phases containing
serpentine and/or calcite. This phenomenon suggests that they
formed through the replacement of spinel possibly by interaction
with late-stage residual fluids/melts (Dongre et al., 2016;
Choudhary et al., 2020). Similarly, anhedral rutile was partially
resorbed and mantled by epitaxial growth of titanite or Ti-
magnetite/ilmenite corona, which in turn was surrounded by
andradite clasts. The crystallizing sequence can be described by
thefollowingreactionseries:(1)TiO2+SiO2+CaCO3?CaTiSiO5+CO2-
"; (2) CaTiSiO5 + Fe2O3 + SiO2 + 2CaCO3 ? Ca3Fe2TiSi2O12 + 2CO2"
(Vuorinen et al., 2005; Dongre et al., 2016). These textures also
indicate an increase in Ca- and Fe-activity during the final crystal-
lization stages of kimberlitic melts. Consequently, crystallization of
essentially pure rutile + perovskite + Ti-magnetite requires a rather
high initial enrichment in Ca, Fe and Ti coupled with a low activity
of silica in the parental magma. A continuous increase in SiO2-
activity with increased fractionation of the evolved magma is man-
ifested by the disappearance of perovskite and elevated Si contents
in later-formed titanite/Ti-andradite. After crystallization of Ti-rich
Grt-II grains, Ti-activity drops significantly as a consequence of
previous depletion through crystallization of the above-
mentioned assemblages, resulting in Ti-poor Grt-III andradites.
Noteworthily, degassing of CO2 from the kimberlite magmas
appears to play an important role in driving the andradite-
forming reactions, which may facilitate further decarbonation
reactions and subsequently dissolve more Fe-oxides to produced
andradites, accompanied by the development of spongy-like por-
ous textures in coexisting magnetites (see Fig. 5H). A plausible sce-
nario that could account for significant CO2 removal is that the
intrusive kimberlite was a physically open system, thus allowing
CO2 exsolution and removal from the magma. This is exemplified
by the d13C and d18O values of associated carbonate fractions which
plot outside the ‘‘mantle range” and are more consistent with the
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C-O isotopic compositions modified by hydrothermal fluids and
degassing.

Notably, a large number of pre-existing Grt-II grains have been
partially or completely replaced by later-formed Grt-III hydroan-
dradites, which are considered to be deuteric alteration products
of pre-existing minerals and result from the circulation of
volatile-rich residual fluids generated in the later crystallization
stages of post-emplacement cooling magmas (Kaur and Mitchell,
2013). Thus, many fine-grained Grt-III hydroandradites with lower
analytical totals (presumably higher amounts of H2O) represent a
low-temperature, low-pressure secondary phase, whereas Grt-I
and Grt-II samples are characterized by relatively low amounts of
H2O and probably formed at much higher temperatures (Amthauer
and Rossman, 1998). Distinct textures related to the later growth of
Grt-III further indicate that LN42 hypabyssal kimberlites have
undergone extensive subsolidus deuteric and/or hydrothermal
alteration. The actual reaction mechanism leading to the modifica-
tion of chemical compositions in zoned garnets likely involve both
diffusional and infiltration-driven metasomatism through the crys-
talline phases along external rims and intragranular cavities or
cracks assisted by pore fluids. Chemical zoning in euhedral Ti-
bearing Grt-II phenocrysts (Fig. 5A–F) probably represents textures
that developed at higher temperatures where diffusion-controlled
reactions is more effective (until cooling). Replacement of initial
assemblages (including Grt-I inherited cores) by hydroandradites
along fractures probably suggest that advective transport of mate-
rials (driven by fluid infiltration) was the dominant mechanism of
Grt-III growth at lower temperature conditions. One surprising
observation is that the complete replacement of Grt-II (with
grossular-rich mantle and Ti-rich rim) suggests that Al and Ti, nor-
mally considered to be immobile, was completely dissolved and
subsequently precipitated as relatively Al-rich hydrogarnets.

5.3. Garnet geochemistry as petrogenetic indicators

Garnet is one of the most important indicator minerals in global
kimberlites, among which the subcalcic garnet is considered as a
powerful and widely used tool for diamond exploration and
resource evaluation of kimberlites (Wang et al., 2000; Nowicki
et al., 2007; Klein-BenDavid and Pearson, 2009). The geochemical
composition of magmatic and xenocrystic garnet has been widely
used as an important tool to constrain its crystallization environ-
ment, and thus can serve as a potential petrogenetic indicator for
diamond exploration or source-rock characterization in prove-
nance studies (e.g., Shimizu and Richardson, 1987; Zhang et al.,
2000; Grégoire et al., 2003; Grütter et al., 2004; Shu and Brey,
2015; Salnikova et al., 2019; Zhu et al., 2019b; Shaikh et al.,
2020). So far, particular emphasis has been placed on garnet mega-
crysts from cratonic mantle xenoliths, primarily limited to peri-
dotitic assemblages predominated by a suite of high-Cr, low-Ca
pyrope garnets characterized by typical MREE-enriched, bow-
shaped patterns with variable degrees of REE fractionation, which
are usually interpreted as products of different episodes of litho-
spheric refertilization and metasomatic processes involving the
migration of different melts/fluids (e.g., Schulze, 2003; Grütter
et al., 2004; Malkovets et al., 2007; Stachel and Harris, 2008;
Lazarov et al., 2009; Pivin et al., 2009; Kargin et al., 2016;
Shchukina et al., 2017; Zhu et al., 2019b).

Overall, primary magmatic andradite-schorlomite garnets are
comparatively scarce in the groundmass of kimberlites from
worldwide occurrences (Mitchell, 1986), which have also been
rarely reported in the Wafangdian diamondiferous kimberlites
and associated rock suites. Contrary to what was previously
thought, such Ti-andradites appear to be rather common in the
No. 30 and No. 42 pipes, which are not restricted to hypabyssal-
type or massive, poorly sorted kimberlites and fragmental breccias
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in the diatremes erupted through Archean crystalline basement of
the NCC, but also occur in ‘‘carbonatite-like” kimberlite dykes pen-
etrating early to middle Proterozoic strata. Although a number of
studies have been carried out on different varieties of Ca–Fe–Ti-
rich garnets, the preferential site-specific substitution of Ti and
Fe (involving partial replacement of Si) is not yet resolved (Grew,
2013; Samal et al., 2021). In the present study, we have followed
the recommendations of Locock (2008) when making stoichiomet-
ric calculations (Supplementary Table S1). Unfortunately, the dis-
crimination between primary magmatic and metasomatic
andradite-rich garnet is always problematic (Scheibner et al.,
2007), due to their similar mineralogical components and major
element chemistry (see Fig. 6). Trace element characteristics, par-
ticularly with respect to the variations in high field strength ele-
ments (HFSEs) and REE-Y distribution patterns, may hold
important clues to the physico-chemical environments of garnet
growth, and therefore warrant further study to confirm the genesis
of these andradites.

Generally speaking, the LN30 andradite specimens are compar-
atively enriched in Ti, Sr, Y, Zr, Nb, Hf, U, Th and REEs compared to
pyrope garnet xenocrysts from the same kimberlite pipe (Zhu et al.,
2019b), whereas their major element distribution is fairly homoge-
neous. As illustrated in Figs. 7 and 9, most of them can be further
subdivided into three groups from core to rim, which are slightly
zoned with respect to the distribution of REEs and other trace ele-
ments. In particular, the variabilities of Mg, Ti and Cr from the inte-
rior parts towards the grain margins seem to be more pronounced
than the phenomenon of Si-Ca-Fe zoning, even though no discrete
cores or rims could be easily distinguished by BSE imaging because
of the subtle difference in average atomic number. This implies
that specific trace elements may potentially be more sensitive to
chemical and thermobarometric changes in the host rocks than
major elements. Their compositional evolution trends (shown by
the bold arrows in Fig. 7) exhibit continuous decreases in Ti-Ni-
Nb, along with increasing concentrations of Yb-Lu and coherent
behavior of Zr-Hf from the inner cores to the mantle regions or
outermost rims (Fig. 9A�C). LA-ICP-MS data obtained from a few
fresh, euhedral andradite phenocrysts show that Cr concentrations
in the cores are typically one order of magnitude lower than those
in the mantles or rims. This zonation is also featured by an inver-
sion of Yb/Er ratios (in a kind of downward-concave HREE pattern),
which vary from < 1 in the cores to > 1 in the mantles and to � 1 in
the rims throughout these crystals. The spatial distribution of these
HREEs in LN30 andradites can be explained in terms of equilibrium
closed-system partitioning models for diffusion-controlled crystal
growth, following a simple Rayleigh fractionation process (e.g.,
Otamendi et al., 2002; Scheibner et al., 2007).

To the best of our knowledge, there are surprisingly few well-
documented REE geochemical data of kimberlitic andradite avail-
able in the published literature up to date, despite of the sporadic
but increasingly common occurrences of Ti-andradites discovered
in worldwide kimberlite fields and related diamond deposits
(e.g., Cheng et al., 2014; Dongre et al., 2016; Shaikh et al., 2017;
Dongre and Tappe, 2019; Choudhary et al., 2020; Tappe et al.,
2022). Normally, subcalcic garnet megacrysts from the Wafang-
dian and Mengyin diamondiferous kimberlites are extremely
depleted in LREEs and have similar chondrite-normalized REE pat-
terns to those kimberlite-borne peridotitic garnets from other
Archean cratons in Siberia and South Africa, except for relatively
high enrichment in MREEs and HREEs (Zhang et al., 2000; Zhu
et al., 2019b). On the contrary, calcic garnets from the Wafangdian
kimberlites are remarkably different and strongly enriched in more
incompatible LREEs. Although some investigators have proposed
the preferential incorporation of HREEs in Al-rich garnets (such
as grossular and pyrope) and LREEs in skarn-related garnets with
more Ca–Fe-rich end-member compositions (e.g., Gaspar et al.,
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2008), little attention has been paid to the origin of such LREE-
enriched sinusoidal patterns in kimberlite-hosted, craton-derived
andradites. This could be related to an evolving CO2-rich melt with
carbonatitic affinity (probably operating in shallow cratonic litho-
sphere), which is proven to be effective in introducing CaO, Sr and
LREEs (Howarth et al., 2019; Zhu et al., 2019b). Such a notable
observation may shed some light on the mechanism responsible
for REE fractionation between melts and andradite, thus can help
us better understand the chemical behaviors of rare earth elements
in kimberlite samples. But this still needs to be investigated in the
future.

Another intriguing feature of their REE distribution profiles is
the slight depletion of La relative to Ce, Pr and Nd (typically reach
maximum at Ce), which display steps and rounded segments for
blocks of REEs and differ from smooth continuous curves (see
Fig. 9A–C). Such anomalies cannot simply be explained by the dif-
ferent ionic radii of rare earth elements and are generally referred
to as the ‘‘tetrad effects” of the lanthanides, which have been rec-
ognized in highly evolved felsic igneous rocks such as granites and
pegmatites (Bau, 1996; Irber, 1999; Jahn et al., 2001). These
convex-upward to weakly sinusoidal REE patterns, reported here
for the first time in kimberlitic andradites, are virtually identical
to those found in a number of silica-undersaturated alkaline vol-
canic complexes or carbonatite intrusions from China, Canada,
Italy, India and other different localities (e.g., Scheibner et al.,
2007; Yang et al., 2018; Samal et al., 2021) which have undergone
a high degree of fractional crystallization and/or hydrothermal
alteration. Additionally, the presence of M�type tetrad effect (La
– Nd group) in the studied LN30 garnets is usually attributed to
the result of liquid immiscibility in F–Cl-rich silicate melts
(Peretyazhko and Savina, 2010), probably suggestive of late-stage
crystallization from residual kimberlite magmas enriched in
alkali-carbonate and halogen components (Kamenetsky et al.,
2007; Abersteiner et al., 2020) prior to the explosive emplacement
beneath the Wafangdian region. Therefore, based on the textural
evidence and chondrite-normalized REE patterns, the possibility
of their primary magmatic nature is undoubtful.

On the other hand, the Ti-rich population of LN42 Grt-II sam-
ples, which may also be regarded as kimberlitic garnets, comprise
a minor but distinctive group in the Wafangdian No. 42 pipe. They
have elevated concentrations of TiO2 (up to � 3.4 wt%) and much
lower Th/U ratios (0.47 – 1.70) relative to the other two groups
of andradites from the No. 42 pipe (Fig. 11). Similarly, most of
the calcite-associated LN30 andradites are also characterized by
somewhat lower Th/U ratios (with an average value of 2.17), per-
haps because they originated from a carbonatite-like melt/fluid
in which carbonates would predominantly form complexes with
U but not with Th. Despite the similar geochemical behaviors
between U and REEs in garnet lattice, LA-ICP-MS data of U and total
REE concentrations exhibited modest heterogeneity, instead of
being homogeneously distributed. Noteworthily, the LN30 andra-
dite phenocrysts have higher LREE and lower HREE contents than
those in LN42 Grt-II samples associated with groundmass calcite-
magnetite assemblages. As discussed in the previous section, a
crystallization sequence has been defined by the paragenetic rela-
tionship of rutile + titanite + spinel + Ti-magnetite + Ti-andradite.
These observations attest to a change in the chemical composition
(i.e., Ca-, Fe-, Ti- and SiO2-activity) of coexisting silicate melts and
also confirm a primary magmatic origin for these Ti-andradites.
Thus, the LN30 andradites probably crystallized from a more
evolved kimberlitic melt with respect to the parental magma of
LN42 Ti-andradite.

By comparison, most of the LN42 Grt-I xenocrysts are character-
ized by sub-rounded to rounded morphologies and decomposition
textures (probably resulting from magmatic corrosion or rapid
preferential dissolution in melts). They have moderately
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fractionated REE patterns with higher LREE when compared to the
LN42 Grt-II Ti-andradites (with a somewhat lower degree of REE
differentiation), showing similarity to magmatic andradite phe-
nocrysts from the No. 30 kimberlite pipe. Likewise, their REE distri-
bution patterns can also be most simply and effectively explained
as arising from Rayleigh fractionation during garnet growth
(Otamendi et al., 2002; Scheibner et al., 2007). In some cases,
resorbed inherited cores preserved in a few grandite grains are
possibly xenocrystic in origin, because an entrainment of older
andradite into a juvenile (kimberlitic) magma should lead to
resorption or regrowth of the xenocryst. The later-formed over-
growths on relict Grt-I cores are compositionally variable in Al
and Fe (see Fig. 5B and D). It appears that these grandite garnets
prefer to incorporate Fe over Al at higher temperature and pres-
sure, while an increase of the oxygen fugacity in the melts should
favor the incorporation of Fe3+ more than Al3+ into the octahedral
sites (Scheibner et al., 2007). In addition, we have observed an
uneven spatial distribution of titanium in individual Grt-II grains
with higher proportions of schorlomite. The features of such pro-
gressive compositional variations possibly reflect intracrystalline
Ti diffusion (Fig. 5F). Interestingly, for those euhedral grandite
crystals with chemical zoning, more andradite-rich domains (in-
cluding Grt-I cores and Grt-II Ti-rich rims) contain detectable levels
of U and thus tend to be more favorable for LA-ICP-MS U-Pb dating,
whereas measurement attempts in the relatively Al-rich, Fe-poor
mantle regions have not been successful. Although it may be
attributed to a multi-element coupled substitution mechanism
promoting the incorporation of U into andradite lattices (Rák
et al., 2011; Guo et al., 2016; Huang et al., 2022), the precise mech-
anism of U incorporation into grandite garnet still remains insuffi-
ciently constrained.

Moreover, there is detailed petrographic and textural evidence
to suggest a secondary origin for the Grt-III group samples (mostly
hydroandradite) from the No. 42 pipe. Overall, they display various
enrichment of LREE and relative HREE depletion with small posi-
tive Eu anomalies. By contrast, metamorphic/hydrothermal
andradite-grossular garnets found in many skarn-type ore deposits
typically have lower REE contents but also exhibit moderately
LREE-enriched and HREE-depleted patterns, with a strong positive
Eu anomaly (e.g., Gaspar et al., 2008). It has been pointed out that
incorporation of REE into garnets are in part controlled by crystal
chemistry and mineral growth kinetics (i.e., substitution vs. inter-
stitial solid solution, surface adsorption-occlusion processes, etc.),
but largely affected by external factors such as compositions/
physico-chemical properties of fluids/melts and host rocks, envi-
ronmental conditions or metasomatism dynamics (Gaspar et al.,
2008; Cheng et al., 2014; Fu et al., 2018; Xiao et al., 2018). Here,
we attribute these similarities and distinctions to the different Ca
sources, and variable oxygen fugacity of garnet-bearing assem-
blages. For examples, the REE contents of carbonatitic fluids are
much higher than those in limestone wall rocks. Moreover, the
presence of chlorite + magnetite in the kimberlite groundmass
indicates that these mineral assemblages were formed at relatively
high oxygen fugacities during the later stage of magmatic evolu-
tion, thus further suggesting that an oxidizing deuteric fluid may
account for the negligible Eu anomaly in some relict Grt-I xeno-
crysts. Under such redox conditions, Eu was most likely to be pre-
sent as Eu3+ and have a similar geochemical behavior to the other
REE3+. It is found that the pH values also play an important role in
controlling the fractionation of REEs. Eu2+ is preferentially parti-
tioned relative to trivalent REEs into an aqueous phase during
fluid-rock interactions. Corroded Grt-III hydroandradite clasts (coex-
isting with pyrite) may have formed under mildly acidic, reducing
conditions during late-stage hydrothermal alteration, which would
enhance the stability of soluble Eu2+. Since Eu2+ has a larger ionic
radius and is thought to be easier to be adsorbed by crystal surface
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or much more likely to substitute into andradite than Eu3+, resulting
in positive Eu anomalies (Cheng et al., 2014; Fu et al., 2018). Hence,
the trace element patterns of subsequent Grt-III precipitates reflect
the progressive chemical evolution of the residual/hydrothermal
fluids. Altogether, our findings are indicative of late-stage
low-temperature interaction with deuteric fluids and/or post-
emplacement hydrothermal alteration which might have been
attributed to the formation of secondary Grt-III andradites in the
groundmass.
5.4. Emplacement ages of the Wafangdian kimberlites

Kimberlites and related rocks generally contain abundant crus-
tal or mantle xenoliths, and are highly susceptible to weathering
(Mitchell, 1986, 1995). Hence, the combined effects of contamina-
tion and post-intrusion alteration make it difficult not only for
determining the compositions of parental kimberlite magmas,
but also the ages of their emplacement (Li et al., 2011). In this case,
we obtained a nearly coherent group of 29 data points with appar-
ent concordance and no inheritance from the LN30 andradite sam-
ples. Although all investigated grains are slightly zoned with
respect to the distribution of REEs from core to rim (which is a con-
sequence of Rayleigh fractionation during garnet growth), they
consistently give a lower-intercept 206Pb/238U age of 459.3 ± 3.4
Ma (MSWD = 1.02) in the Tera-Wasserburg concordia diagram,
with the regression line anchored through an initial 207Pb/206Pb
value of 0.867 derived from the Stacey and Kramers (1975) terres-
trial Pb evolution model. This dating result provides evidence that
at least one population of calcic garnets from the No. 30 pipe crys-
tallized shortly before the explosive eruption of kimberlites at ca.
460 Ma, which roughly matches the main episode (480 –
460 Ma) of early Paleozoic kimberlitic magmatism in the North
China Craton but is obviously distinguishable from the � 480 Ma
Pb-Pb age of xenocrystic baddeleyites (Li et al., 2011). Such a rela-
tively young age is expected inasmuch as these primary magmatic
andradite phenocrysts are considered to have formed during the
late stages of kimberlitic melt evolution, whereas the baddeleyites
are probably xenocrysts derived from older mantle materials (Li
et al., 2011).

On the other hand, three types of andradite grains from the No.
42 pipe separately define three well-fitted regression lines with
distinctly different lower-intercept ages at 581 ± 12 Ma
(MSWD = 1.4), 414.9 ± 9.3 Ma (MSWD = 0.98) and 292.0 ± 5.7 Ma
(MSWD = 1.06), respectively. As expected, some (relatively low-Al)
LN42 Grt-I crystals - here interpreted as relict xenocrysts or ‘‘in-
herited” cores (similar to zircon, but only rarely preserved in the
host kimberlites), appear to predate the actual emplacement event
and yielded a lower intercept age of � 580 Ma (Fig. 10B), consider-
ably older than the other groups of garnets. Unsurprisingly, pre-
existing crustal garnet xenocrysts can be entrained in the Wafang-
dian kimberlite magmas and these may yield ages significantly
older than the time of kimberlite emplacement. For those U-rich
accessory minerals from kimberlite-borne xenoliths, the amount
of episodic Pb loss (i.e., the degree of discordance) depends mostly
on the magnitude and duration of lithospheric heating (e.g., ther-
mal perturbation related to mantle upwelling), and effective diffu-
sive radius of individual grain (Schmitz and Bowring, 2003). Except
in rare circumstances, they may have re-equilibrated isotopically
with the kimberlitic magmas while being caught by the mantle-
derived melts. Apparently, this is not the case in our study. Since
most Grt-I grains used for dating are fairly large (several hundred
microns in size), Pb loss through volume diffusion should be neg-
ligible when considering the very slow diffusion rate for Pb in gar-
net (Mezger et al., 1989, 1991). The relatively short duration of
Paleozoic magmatic pulse in this region also demonstrated the
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inadequacy of kimberlite entrainment for disturbing xenocrystic
andradite U-Pb systematics.

Coincidently, as previously reported by Zheng et al. (2004), the
population of metamorphic zircons in mafic xenoliths (garnet
granulite formed at a depth of � 30 km) from the Wafangdian kim-
berlites also recorded an episode of growth occurring at ca. 600 Ma
(obtained by LA-ICP-MS U-Pb dating), which is generally consistent
with our new results. Unfortunately, the growth of Grt-I remains
poorly constrained and does not correspond to any well-
documented major crustal reworking/underplating event in the
eastern NCC (Lu, 2010). However, there is a widespread hiatus in
sedimentation, represented by a regional parallel disconformity
across large parts of the craton in Late Proterozoic to Early Cam-
brian time (Piper and Zhang, 1997). This regional anorogenic uplift
is believed to reflect a tectonothermal event that affected the lower
crust (Zheng et al., 2004), which might be recorded in these cra-
tonic lower crustal garnets. Therefore, the first generation of
xenocrystic andradites might be derived from the lower crust in
the North China Craton (estimated depth > 30 km) and presumably
related to an asthenospheric upwelling in late-Neoproterozoic
time (just prior to the onset of Caledonian magmatism/orogeny).

By comparison, LN42 Grt-II samples with higher proportions of
grossular and schorlomite are characterized by elevated levels of
Ti, Mg and Al but comparatively lower Th/U ratios (Fig. 11), which
probably originated from a more evolved magma (enriched in Ca,
Fe and Ti coupled with a low activity of SiO2) during the final crys-
tallization stages of kimberlitic melts. Most of them have been par-
tially replaced by later-formed hydroandradites resulting from
infiltration-driven metasomatic reactions. Despite that, selected
fresh grains of these titaniferous andradites gave an age
of � 415 Ma (Fig. 10C). Although somewhat later than the major
pulse of early Paleozoic kimberlite magmatic activity in the eastern
NCC, such an anomalously young age is roughly in accordance with
the punctuated, long-lived emplacement history of No. 42 kimber-
lite pipe dated by K-Ar and Rb-Sr methods (ca. 463–341 Ma; Dong,
1991), which can still provide minimum age estimates for the most
recent pulses of Paleozoic kimberlite magmatism in this study area
(perhaps close to but not always overlap the true emplacement
age). Strikingly, these LN42 Grt-II Ti-andradites and most of the
euhedral- to subhedral-shaped LN30 andradite phenocrysts both
have similar morphologies and basically the same (magmatic) ori-
gin, but they correspond to two different growth episodes sepa-
rated by as much as 30 – 50 Ma, highlighting the temporal
discrepancies between these two adjacent pipes. Therefore, multi-
ple, discrete episodes (at least two separate events) of kimberlite
magmatism that occur over a geologically short time interval or
a longer time span (>30 Ma) within a single field seem to be more
common than formerly recognized in the Wafangdian and Men-
gyin regions. Not surprisingly, it has been suggested that even an
individual kimberlite pipe can record millions of years of magma-
tism, much longer than previously thought from the classical view-
point of a rapid and short-duration emplacement history (Ranger
et al., 2018).

Furthermore, sub-rounded to rounded andradite grains from
the No. 42 pipe are usually regarded as subsolidus deuteric alter-
ation products of earlier-formed Grt-I and Grt-II crystals, probably
resulting from the circulation of residual fluids generated in the
later crystallization stages of cooling kimberlite magmas. However,
these non-kimberlitic Grt-III andradites define a regression line
with a well-constrained lower-intercept age of 292 Ma
(Fig. 10D). Such a distinct later occurrence of hydrothermal alter-
ation event should not be interpreted as a consequence of late-
magmatic deuteric processes. One would expect that a large frac-
tion of Grt-III samples might have suffered at least some minor
degree of post-crystallization Pb loss during later decomposition
and dissolution-replacement, which could produce misleading
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U-Pb dating results. Obviously, neither a strong discordance of
the data nor a large scatter of ages has been observed in this case,
since analyses affected by partial Pb loss might cause a shift of
these data points towards higher 238U/206Pb values (Millonig
et al., 2020). Although a few andradite separates have undergone
different levels of alteration, they only suffered minimal loss of
radiogenic Pb and did not exhibit any visible disturbance in their
U-Pb systems, thus indicating that garnet is as highly resistant to
isotopic modification as previously thought (Burton et al., 1995).
Even though some xenocrystic andradites may be derived from
deep levels of the lower crust (estimated depth > 30 km) and pre-
date the actual emplacement event, many of them can still retain
their original age information during residence in the host kimber-
litic magma, owing to high closure temperatures (over 850 �C) for
U and Pb gain or loss (Mezger et al., 1989). Because of these fea-
tures, andradites remain stable throughout a wide range of pres-
sure–temperature conditions. Diffusion of U or Pb associated
with post-emplacement tectonothermal events can also be consid-
ered negligible.

Hence, the relatively younger age obtained from secondary Grt-
III andradites is still geologically meaningful and basically repre-
sent the time of crystallization, which can help to constrain the
timing of post-magmatic regional hydrothermal alteration. This
considerably younger population of andradite appears to represent
another episode of new hydrogarnet growth, involving the break-
down of precursor andradites. Regardless of whether the
andradite-breakdown process involved pre-292 Ma deuteric alter-
ation or subsequent overprinting by intense hydrothermal activity,
these Grt-III samples must have been formed at a shallow crustal
level under low-temperature, low-pressure conditions. Surpris-
ingly, although the Wafangdian hypabyssal kimberlites have long
been strongly affected by metasomatism after emplacement
(Tompkins et al., 1998), this late-stage alteration event seems to
have little influence on those andradites from the No. 30 pipe (si-
tuated approximately 6 km apart from the No. 42 pipe), probably
due to various extents of spatial heterogeneity in regional metaso-
matism, metamorphism and deformation. As revealed by both
sampling sites at the local scale (Fig. 2), secondary splay faults
off a larger structure of the Tan-Lu fracture zone are considered
to exert tectonic controls on near-surface emplacement of these
kimberlite pipes in Wafangdian (Dong, 1991). Locally, reactions
of the intrusive kimberlites with the surrounding limestone host
rocks may have produced more pervasive (small-scale) post-
emplacement hydrothermal alteration in the vicinity of No. 42
pipe, resulting in remobilization of sulfides and secondary carbon-
ates from the country rocks into the kimberlite intrusions
(Tompkins et al., 1998) as well as extensive dissolution and
replacement of pre-existing microcrysts.

5.5. Evaluation of kimberlite geochronometers

Obtaining robust emplacement ages for kimberlites is com-
monly complicated, not only because they are heterogeneous
hybrid rocks consisting of both magmatic and xenocrystic (crustal
or mantle-derived) components (Mitchell et al., 2019), but also
because kimberlites are readily altered by syn- and post-
emplacement interaction with hydrothermal fluids (Giuliani
et al., 2017). Conventional Rb-Sr and Ar-Ar (or K-Ar) isotopic meth-
ods have long been used to determine the emplacement ages of
kimberlite and other alkaline intrusive rocks (Heaman et al.,
2019). Generally speaking, the Rb-Sr isochron dates for whole
rocks plus selected minerals (consisting of phlogopite, serpen-
tinized olivine and garnet phenocrysts) are older than the ages
determined from the phlogopite and perovskite, further illustrat-
ing the inhomogeneous hybrid nature of representative bulk kim-
berlite samples from the North China Craton (Lu et al., 1998).
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Previous geochronological studies of the Wafangdian kimberlite
pipes have largely focused on phlogopite macrocrysts (e.g., Dobbs
et al., 1991; Li et al., 2005; Zhang and Yang, 2007). Both magmatic
and xenocrystic mica can be utilized to yield reproducible Rb-Sr
and Ar-Ar emplacement ages for many (but not all) kimberlites,
regardless of the compositional diversity and often enigmatic ori-
gins of kimberlitic micas. The utilization of macrocrystic mica to
obtain reliable emplacement ages rests on the relatively low clo-
sure temperature (�400 �C) of the Rb-Sr isotopic system in phlogo-
pite (Willigers et al., 2004). This implies that any mantle-derived
xenocrystic/antecrystic phlogopite grains are expected to be ‘‘re-
set” upon entrainment in the ascending kimberlite magma and
thus should then record the kimberlite eruption age. Except in rare
circumstances, it is possible that xenocrystic components from
crustal or mantle xenoliths may have their Rb-Sr system only par-
tially reset upon entrainment (e.g., Dalton et al., 2020).

Despite the presence of groundmass phlogopite in kimberlites
worldwide, macrocrystic phlogopite is not ubiquitous or abundant
in some of the Wafangdian pipes as demonstrated by its paucity in
LN30 and LN42 samples from this study. In fact, the majority of
kimberlitic phlogopite grains extracted from the No. 30 and No.
42 pipes are usually altered, either by deuteric processes or by
post-magmatic chemical weathering (or both). Furthermore, the
generally ubiquitous occurrence of carbonates in the Wafangdian
kimberlites may pose a serious analytical problem. Typically, kim-
berlitic carbonates or carbonatites have very high Sr contents and
low initial 87Sr/86Sr ratios (e.g., Castillo-Oliver et al., 2018; Dongre
and Tappe, 2019). Hence, the incorporation of small amounts of
‘‘exotic” carbonate in the phlogopite samples could effectively
lower the measured 87Sr/86Sr and 87Rb/86Sr ratios by adding rela-
tively large amounts of common Sr to the system (thus can cause
systematic errors in isochron calculations). One can expect that
such ‘‘isochrons” may be mixing lines between a pure phlogopite
end-member and Sr-bearing carbonate contaminant, which will
only have true age significance if the phlogopite and coexisting car-
bonate phases are both primary components of the host kimberlite
(Brown et al., 1989). Although some authors used only fresh, rela-
tively unaltered phlogopite megacrysts from the adjacent No. 50
pipe (Zhang and Yang, 2007), the initial 87Sr/86Sr values of 0.722
calculated from the phlogopite Rb-Sr isochron regression is much
higher than those of the mantle-derived magmas, implying poten-
tial complications from crustal contamination and/or later alter-
ation (Li et al., 2005, 2011). In some cases, mixture of different
mineral impurities or partial Ar loss was also noticed (Zhang and
Yang, 2007). Therefore, phlogopite might not be the most prefer-
able mineral for dating these two kimberlite pipes because of its
close relationship with complicated alteration and contamination
processes.

In regard to other suitable dating minerals, some authors suc-
cessfully obtained a 207Pb-206Pb age of 479.6 ± 4.9 Ma from the
Wafangdian kimberlite-hosted baddeleyite grains, indicating that
early Paleozoic kimberlites in the NCC were emplaced
at � 480 Ma (Li et al., 2011). Even though dating baddeleyite can
yield a precise crystallization age representing the time of regional
magmatism, it is rarely found in kimberlites and commonly inter-
preted as xenocrysts originally formed in deep-sourced melts dur-
ing metasomatism, which may be inherited from the
subcontinental lithospheric mantle (SCLM) or partially assimilated
with crustal rocks (but did not crystallize directly from the kimber-
litic magmas). Generally speaking, U-Pb dating results obtained
from mantle zircon and baddeleyite may be older than the
emplacement ages of kimberlitic intrusions because neither of
them is a groundmass mineral, but both occur as xenocrysts in
kimberlites (Batumike et al., 2008; Heaman et al., 2019).

By contrast, perovskite usually occurs in the kimberlite ground-
mass and is considered as the best candidate mineral for dating
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kimberlite, particularly using in-situ techniques (such as SIMS
and LA-ICP-MS) that can effectively avoid alteration zones or other
U-rich inclusions in some crystals, thus providing a robust con-
straint on the emplacement ages of kimberlites (e.g., Batumike
et al., 2008; Yang et al., 2009; Li et al., 2011; Donnelly et al.,
2012; Griffin et al., 2014; Tappe et al., 2018b). Unfortunately,
despite repeated attempts by means of heavy liquids and hand
picking, a clean separation of perovskite from the Wafangdian
‘‘carbonatite-like” kimberlite hand specimens was unsuccessful.
A possible explanation for its absence in LN30 samples is that per-
ovskite is known to be crystallized as an early liquidus (or near-
liquidus) phase from a carbonate-rich kimberlite magma prior to
carbonate–silicate liquid immiscibility. Alternatively, the inher-
ently fine grain size of groundmass perovskite also raises chal-
lenges for mineral separation.

In comparison with perovskite, andradite-rich garnet is fre-
quently found in the heavy-mineral concentrates of cratonic kim-
berlites and also more easily separated from crushed materials
owing to its relatively large grain size. Although direct dating of
calcic garnet varieties from kimberlite pipes has rarely been
attempted, such Ti-andradites have been proven to faithfully
record the emplacement ages of compositionally diverse magmas
(e.g., ultramafic-alkaline and/or carbonatitic intrusive rocks:
Salnikova et al., 2018a, 2018b, 2019; Yang et al., 2018; Stifeeva
et al., 2020) as its U-Pb isotopic clock would be triggered during
magmatic ascent. Moreover, the chemical composition and textu-
ral features of different garnet generations can provide some key
information about multiple stages of magmatic crystallization or
metasomatic alteration associated with kimberlite formation
(e.g., Dongre et al., 2016; Zhu et al., 2019b; Choudhary et al.,
2020). Therefore, most attention has been focused on kimberlite-
hosted andradite in this study.

At the same time, we must admit that Cr-pyrope garnet mega-
crysts (classified into the well-defined ‘‘G9” category) from the
more common peridotite suite would certainly be useful to con-
strain the evolution of mantle metasomatism beneath the North
China Craton (Zhu et al., 2019b). However, such extremely low-U
samples (mostly < 0.05 ppm or even below detection limits) are
found to be less preferable for in-situ U-Pb dating using traditional
LA-ICP-MS techniques. Therefore, we consider the Wafangdian
andradite xenocryst population, especially the LN42 Grt-I samples,
as an adequate proxy for lower crustal xenolith materials, which
can provide some key (geochronology and geochemistry) informa-
tion to constrain the tectonothermal evolution of ancient cratonic
lithosphere sampled by these kimberlitic rocks and to understand
the timing of deep crustal metamorphism or asthenospheric
upwelling beneath the North China Craton.

Furthermore, considering that this dating methodmight be sub-
jected to specific limitations (i.e., a certain texture type of
andradite-rich garnet preferred for U-Pb dating), it is necessary
to make an assessment of alteration for selected andradite grains
before conducting U-Pb analyses in order to obtain precise age
data. For example, it is important to examine multiple grains of
andradite from the Wafangdian kimberlite field to verify its com-
positional homogeneity, because it is not unusual for intrusive
kimberlite rocks to contain more than one generation of andradites
representing distinct and temporally disconnected evolutionary
processes. It should also be pointed out that the absence of a clear
petrogenetic framework may lead to unknowingly poor spot-
selection during in-situ analyses for garnet geochronology or trace
element geochemistry, and thus would result in erroneous inter-
pretations of our U-Pb data. Thus, careful petrogenetic assessments
using a combination of SEM-BSE observation and EPMA-WDS spot
analysis (or elemental mapping), perhaps aided by micro-XRF
mapping and TIMA scanning, should be considered a prerequisite
step to elucidate the complex evolution history of various garnet
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types and properly characterize these kimberlite-hosted grains for
LA-ICP-MS U-Pb dating.

Last be not least, it would be better to make a comparison of
garnet U-Pb dating results with other independent age constraints
to assess the validity and reliability of our new geochronological
data. For example, a slightly younger age (459.3 ± 3.4 Ma) given
in this study is still similar to the previously reported ages within
a range of acceptable errors (e.g., Dobbs et al., 1991: 461.7 ±
4.8 Ma; Li et al., 2005: 463 ± 7 Ma; Zhang and Yang, 2007: 463.9 ±
0.9 Ma). Overall, there is good agreement between andradite U-Pb
(No. 30 pipe), single-grain mica Rb-Sr isochron and macrocrystic
phlogopite 40Ar/39Ar dating (No. 50 pipe), which indicates that
the above three geochronometers can provide robust age con-
straints for the emplacement of diamondiferous kimberlites in
some cases.
6. Conclusions

Recent analytical developments and availability of matrix-
match standards have made garnet more accessible to in-situ U-
Pb dating by LA-ICP-MS. Advances in the present study led to the
awareness that andradite samples recovered from two adjacent
kimberlite pipes might belong to different generations issuing
from complex diverse evolutionary histories. In this study,
kimberlite-hosted calcic garnets identified from the Wafangdian
diamond deposit are dominated by andradite with variable but rel-
atively low proportions of schorlomite, grossular and pyrope, over-
whelmingly belong to craton-derived crustal garnets. These Cr-
poor andradite grains are enriched in Ti, Sr, Zr, Nb, Hf and LREEs
compared to previously reported Cr-pyrope xenocrysts from the
same study area.

Abundant highly fragmented andradite phenocrysts from the
No. 30 pipe yield a lower intercept U-Pb age of 459.3 ± 3.4 Ma, rep-
resenting a crystallization age coeval with an explosive eruption
event of the No. 30 pipe. This date is generally consistent with
the main episode (480–460 Ma) of early Paleozoic kimberlitic mag-
matism in the eastern North China Craton, and thus provides a reli-
able alternative for the timing of kimberlite emplacement. Their
trace element signatures, morphologies and included mineral
assemblages suggest a primary magmatic origin linked to
carbonate-rich residual melts, probably indicating the very final
stage of kimberlite ascent to the diatreme root zones (i.e., at a rel-
atively shallow depth beneath the Wafangdian region).

Calcic garnets from the No. 42 pipe can be subdivided into three
distinct types based on occurrence modes, chemical compositions
(including REE distribution and zoning patterns) and textural evi-
dence. U-Pb dates from selected titaniferous andradites unravel
their multi-stage growth episodes. Among them, resorbed Grt-I
crystals yielded a considerably older age of 581 ± 12 Ma, predating
the actual emplacement event. These relict andradite xenocrysts
might be derived from the lower crust in the NCC, presumably
related to an asthenospheric upwelling in late-Neoproterozoic
time. By contrast, Grt-II Ti-andradites with elevated Ti, Mg and Al
but comparatively lower Th/U ratios gave a relatively young age
of 414.9 ± 9.3 Ma, suggesting that at least two discrete episodes
of kimberlite magmatism might occur over a geologically short
time interval within a single field. Secondary Grt-III corroded
hydroandradites yielded an anomalously young age of 292.0 ± 5.
7 Ma, indicating that they probably formed during a post-
emplacement alteration event (originated from the disaggregation
of pre-existing andradites). Their LREE-enriched patterns with a
distinct positive Eu anomaly are similar to those of skarn-related
grandites, testifying to the active role of later regional metasomatic
processes involving low-temperature deuteric/hydrothermal
fluids.
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