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ABSTRACT

Aillikites are carbonate-rich ultramafic lamprophyres and although they are
volumetrically minor components of large igneous province (LIP), these rocks provide
important clues to melting and metasomatism in the deep mantle domain during the
initial stages of LIPs. In this study, we investigate the Wajilitag ‘kimberlites’ in the
northwestern part of the Tarim LIP which we redefine as hypabyssal aillikites based on
the following features: (i) micro-phenocrystic clinopyroxene and Ti-rich andradite
garnet occurring in abundance in the carbonate-rich matrix; (ii) Cr-spinel exhibiting
typical Fe-Ti enrichment trend also known as titanomagnetite trend; and (iii) olivine
showing dominantly low-Mg values (Fo < 90). In order to constrain the magma source
and evolution, the major, minor and trace element abundance in olivine grains from
these rocks were analyzed using electron microprobe and laser ablation-inductively
coupled plasma-mass spectrometry. Olivine in the aillikites occurs as two textural types:
(1) groundmass olivines, as sub-rounded grains in matrix; and (i) macrocrysts, as
euhedral-anhedral crystals in nodules. The groundmass olivines show varying Fogo_go
with high Ni (1606-3418 ppm) and Mn (1424-2860 ppm) and low Ca (571-896 ppm)
contents. In contrast, the macrocrysts exhibit restricted Fo range but a wide range in Ni
and Mn. The former occur as phenocrysts, whereas the latter are cognate cumulates that
formed from earlier, evolved aillikite melt. The two olivine populations can be further
divided into sub-groups, indicating a multi-stage crystallization history of the aillikite
melt. The crystallization temperatures of groundmass olivines and macrocrysts in

dunite nodules as computed from the spinel-olivine thermometers are 1005-1136°C and
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906-1041°C, respectively. The coupled enrichment of Ca and Ti and lack of correlation
between Ni and Sc and Co in the olivine grains suggest a carbonate-silicate
metasomatized mantle source. Moreover, the high 100*Mn/Fe (average 1.67) at high
Ni (up to 3418 ppm), overlapping with OIB olivine, and the 100*Ni/Mg (~1) of
primitive Mg-Ni-rich groundmass olivines suggest a mixed source that involved
phlogopite- and carbonate-rich metasomatic veins within mantle peridotite.

Keywords: Trace elements; LA-ICP-MS; Olivine; Aillikites; Carbonate-phlogopite

metasomatism; Tarim Large Igneous Province
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INTRODUCTION

Ultramafic lamprophyres (UMLs) generally mark the earliest magmatic activity in
some large igneous provinces (LIPs) (Queen et al. 1996; Riley et al. 2003; Tappe et al.
2006). Aillikites (or carbonate-rich UMLs) are high-Ca (12-20 wt% CaO) and low-Si
(22-37 wt% Si0.) hypabyssal rocks, rich in Mg, Ni, Cr, Ba, Sr, REE and volatiles (Rock
1991; Tappe et al. 2006, 2007, 2008). Although aillikites are volumetrically
insignificant in LIPs, their deep-mantle derivation, unique geochemistry and close
relationship with diamonds make them potential targets for scientific investigations and
economic significance (Tappe et al. 2006; Francis and Patterson 2009; Mitchell and
Tappe 2010; Hutchison et al. 2018). The genesis of these ultramafic rocks has remained
controversial, primarily because of the uncertainty in the source rock lithology.
Petrological and geochemical studies suggest that their formation involved CO»- and
H>O-rich melting, with the presence of phlogopite and carbonate in the source
(Andronikov and Foley 2001; Upton et al. 2006; Foley et al. 2009; Tappe et al. 2017).
However, isotope and trace element data seem to indicate a mixed source involving
distinct carbonate- and phlogopite-rich veins within depleted peridotite, instead of a
homogeneously metasomatized lithospheric mantle (Tappe et al. 2006, 2008; Nasir et
al. 2011).

Olivine, the earliest crystalline phase in mantle-derived magmas, acts as a good
proxy to evaluate the primitive composition of magmas and their mantle source
lithology (Sobolev et al. 2005, 2007; Arndt et al. 2010; De Hoog et al. 2010; Herzberg

2011; Foley et al. 2013; Cordier et al. 2015; Seager et al. 2015; Giuliani and Foley

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7521. http://www.minsocam.org/

2016). Forsterite-rich [Fo = 100*Mg/(Fe+Mg) molar] olivine in volcanic rocks, for
instance, carries information on the mantle source. The distribution of some elements
(N1, Mn, Co) in olivine, which depends upon the bulk partition coefficient during
mantle melting, can be employed to infer the modal abundance of olivine in the residual
mantle (Sobolev et al. 2005, 2007; Straub et al. 2008; Foley et al. 2011, 2013). In
addition, the content of other trace elements (Ca, Ti, Li, Zn) in olivine, governed
dominantly by their primitive content in the source, can be used to decipher the nature
of metasomatic agents (Prelevi¢ and Foley 2007; Foley et al. 2011, 2013; Prelevi¢ et al.
2013; Rooney et al. 2020).

In this paper, we investigate the mineralogy and mineral chemistry of the Wajilitag
aillikites in the northwestern part of the Tarim LIP (Fig. 1a). In an earlier study, Wang
etal. (1987) classified these ultramafic rocks as ‘kimberlites’, whereas Bao et al. (2009)
proposed that they are not bona fide kimberlites due to the lack of typical features of
kimberlite such as the absence of mantle xenocrysts and the presence of abundant
clinopyroxene and amphibole macrocrysts. In this study, we redefine these rocks as
hypabyssal aillikites on the basis of detailed mineralogical and mineral chemical studies.
Based on major, minor and trace element compositions of olivine, we evaluate the
magma source characteristics and crystallization processes in deep-level magma
reservoirs with a view to constrain the petrogenesis of this rare rock type.

GEOLOGICAL SETTING
The Tarim Craton (TC), located in the northwestern part of China (Fig. la),

consists predominantly of metamorphosed Precambrian crystalline basement and
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Phanerozoic sedimentary cover (Long et al. 2010; Zhang et al. 2013a; Xu et al. 2014).
The Precambrian basements, mainly exposed in Kuluktage and Aksu, Altyn Tagh and
Tieklik and Kunlun (Zhang et al. 2013a), are considered as part of the Columbia and
Rodinia supercontinents (Ma et al. 2013a, 2013b; Zhang et al. 2013a). The Phanerozoic
strata, which are distributed along the northern margin of the TC, are composed of
Ordovician to Neogene sandstones, limestones and volcanosedimentary sequences
(Guo et al. 2005; Zhou et al. 2009; Tian et al. 2010). The Cenozoic deformation which
extensively modified the tectonic framework of the TC produced three uplifts and four
depressions. From north to south, they are the Kuche depression (KD), the Northern
Tarim uplift (NTU), the Northern depression (ND), the Central uplift (CU), the
Southwestern depression (SD), the Southern Tarim uplift (STU), and the Southeast
depression (SD; Jia 1997; Fig. 1a).

Previous studies identified a major Permian thermal event that generated
voluminous igneous rocks estimated to be about 300,000 km? in the TC, which were
assigned as the Tarim large igneous province (TLIP) (Xu et al. 2014; Fig. 1a). The
Wajilitag region, located in the northwestern part of the TLIP, is characterized by
diverse rock types including carbonate-rich UMLs, carbonatites, mafic-ultramafic
intrusions, nephelinites, tephrite dykes, alkaline lamprophyre dykes and syenites (Jiang
et al. 2004; Yang et al. 2007; Zhang et al. 2008; Li et al. 2012; Fig. 1b). These rocks
intruded the Devonian Keziletag and Yimugangawu strata, which dominantly comprise
clastic sequences. Field and geochronological studies have identified the formation

sequence of the igneous rocks as follows: carbonate-rich UMLs (300 Ma) — mafic-
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ultramafic intrusions (284-281 Ma) — carbonatites and syenites (273 Ma) — tephrite
and alkaline lamprophyre dykes — nephelinites (268 Ma) (Zhang et al. 2008; Li et al.
2011; Zhang et al. 2013b; Xu et al. 2014; Cheng et al. 2015).

In the Wajilitag district, 6 pipes and 32 dykes of aillikite have been recognized,
which are distributed in the northern portion of this area and generally trend NWW-
SEE (Fig. 1b). These carbonate-rich ultramafic bodies attracted considerable interest in
the past as the first diamond-bearing rocks in Xinjiang (Du 1983; Guo et al. 2005;
Zhang et al. 2008; Cheng et al. 2014). The pipes have elliptical to round shape with
dimensions up to 180 m x 100 m (Du 1983; Su 1991). The pipes are cut across by
tephrite dykes (Fig. 2a). The dykes are generally 0.5-2 m in width and 5-7 m in length,
but the actual length remains uncertain due to desert cover.

PETROGRAPHY

The Wajilitag aillikites exhibit inequigranular porphyritic texture and are
distinctively composed of ‘nodules’ (polygranular aggregates, 10-20%), phenocrysts
(30%) and matrix (50-60%) (Fig. 2b-2f). The nodules are dominated by mafic-
ultramafic rocks such as dunite (5%), olivine-bearing clinopyroxenite (10%) and
clinopyroxenite (85%). These medium- to coarse-grained, holocrystalline textured
nodules are composed of olivine and clinopyroxene with subordinate amounts of Cr-
spinel (Fig. 2e-2f). The Cr-spinel occurs as euhedral to subhedral grains and is found
only in the dunite nodules. The phenocrysts are dominated by olivine (25-30%),
clinopyroxene (20-30%), amphibole (15-20%), phlogopite (10-15%), magnetite (5%)

and apatite (5%) (Fig. 2c-2d). However, it is difficult to distinguish true phenocrysts as
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some of these minerals are probably disaggregation products of the mafic-ultramafic
nodules, particularly in the case of olivine and clinopyroxene (Cheng et al. 2014).
Furthermore, olivine grains in matrix are usually rounded and abraded in shape, so that
it is debated whether they are phenocrysts or xenocrysts (Veter et al. 2017). We classify
olivine derived from groundmass and nodules as ‘groundmass olivine’ and
‘macrocrystic olivine’, respectively. The matrix has cryptocrystalline texture and
consists of calcite (30%), phlogopite (30%), Ti-Fe oxides (5%), perovskite (3%), apatite
(4%) and Ti-rich andradite garnet (3%) (Figs. 2g-21 and 3). We observed, for the first
time, abundant euhedral clinopyroxene (10-15%), amphibole (10%) and dolomite (5%)
micro-phenocryst set in the aillikite matrix (Fig. 3). The presence of primary magmatic
clinopyroxene and Ti-rich andradite garnet is considered hallmark mineralogical
characteristic of aillikites (Tappe et al. 2005).
ANALYTICAL METHODS

The fresh aillikite samples were collected from 2 pipes and 4 dykes in the
northwestern part of the Wajilitag region (Fig. 1b). Quantitative evaluation of minerals
using QEMSCAN 650F was used to analyze the minerals in these rocks at the China
University of Petroleum, Beijing, following the procedure developed by Benvie (2007)
and Hoal et al. (2009). The instrument is an automated quantitative mineralogy tool that
utilizes a Carl Zeiss EVO50 SEM platform equipped with four Bruker energy
dispersive detectors and a proprietary software to produce false-colored mineral maps
from backscatter electron signals and EDS (energy dispersive spectrometer) spectra.

The pixel resolution of the images is 1 um.
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Concentrations of major and minor elements of the olivine were obtained with an
EMPA1600 electron microprobe at China University of Geosciences, Beijing. Before
acquiring the element concentrations, the textures and zoning of olivine samples were
analyzed in detail using a Scanning Electron Microscopy (SEM, Zeiss SUPPA 55)
equipped with an Oxford energy-dispersive spectrometer (EDS) at China University of
Geosciences, Beijing. On the basis of a detailed SEM and EDS investigation of 21 thin
sections, 112 olivine crystals were selected for EMPA analysis. The operating conditions
were 20 kV acceleration voltage, 20 nA beam current, and 5 um beam diameter, with
counting time 10 s (peak) and background counting time 5 s. All elements were
measured using Kal lines. Natural minerals and synthetic oxides produced by SPI
Supplies of the United States are used as standards.

The minor and trace elements were analyzed on a subset of olivines at the National
Research Centre for Geoanalysis, Beijing, using an Element 2 Plasma Mass
Spectrometer (Thermoscientific, Germany) coupled to a UP 213 laser ablation system
(New Wave Research, USA). Details in relation to the LA-ICP-MS technique applied
here are described in Hu et al. (2008). 2°Si was used as the internal standard for olivine
and NIST SRM 610 and USGS GSE-1G as external standards. The laser ablation was
run under a helium atmosphere, and argon was applied as the carrier gas. Each analysis
was performed by spot diameters varied between 100 and 40 um at 10 Hz with a fluence
of 4.2-6.5 J/cm? for 40 s ablation time after measuring the background for 20 s. The
preferred values of the element concentrations for the USGS reference glasses are from

the GeoReM database (http://georem.mpch-mainz.gwdg.de/, Jochum et al. 2005).
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Standard reference materials were run after each 9-10 unknowns. Analytical uncertainty
(one sigma) for each spot analysis yielded results consistent within 10%. Instrument
precision and standard deviation are listed in Appendix Table S4.
RESULTS

Back-scattered electron (BSE) images and EMPA and LA-ICP-MS analyses show
that the majority of groundmass olivines (olivine I) and macrocrysts (olivine II) are
homogeneous in composition (Figs. 4a-4c and 5b), whereas macrocrysts in matrix
usually comprise homogeneous core and dark high-Mg rind which formed through
diffusional re-equilibration (Figs. 4e-4f and 5a). The results of olivine analyses are
presented in Appendix Tables S1 and S3.
Major and minor elements

Bivariate element plots help in distinguishing different olivine populations
(Shaikh et al. 2019). As shown in Fig. 6a, the Fo vs. Ni diagram illustrates that
groundmass olivines define a wide compositional field, extending from Fogo-si,
accompanied by a decrease in Ni contents from 3418 to 1606 ppm. The forsterite
contents of groundmass olivine extend to values of Fogo (Appendix Table S1). In the Fo
vs. Mn diagram (Fig. 6b), most of the data plot on a broad array in which Mn correlates
negatively with Fo contents. Additionally, in the plot of Fo vs. Ca (Fig. 6d inset), the
Ca concentrations in the high-Mg groundmass olivines (Fogs.g9) are 896-598 ppm, and
increase gradually from 571 ppm to 781 ppm at decreasing Fo values (Fossg1). As
shown in Fig. 6d, the aspect ratios are low for the high-Mg groundmass olivines (Foss.

89), and increase at decreasing Fo values (Foss-s1), the trend of which is similar to that
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of Ca vs. Fo in the groundmass olivine. Based on major and minor element
compositions, the groundmass olivines are further divided into high Mg (Fo>85) and
Ni (2300-3418 ppm) and low Mg (Fo<85) and Ni (1606-2300 ppm) subgroups,
designated as olivine Ia and Ib.

The macrocrystic olivines, in contrast, show restricted Fo values and variable Ni
and Mn concentrations even in a single nodule (Fig. 6a-6¢). Macrocrysts (Foss-g4) in
dunite nodules (olivine Ila) have higher Ni and Ca contents than macrocrysts (Fo7s-7s)
in olivine-bearing clinopyroxenite nodules (olivine IIb). Mn contents in olivine Ila and
IIb are similar. As high-Fo olivine can best reflect the composition of its parental
magma, the following discussion focuses on the groundmass olivines (olivine Ia and Ib)
and macrocrysts in dunite nodules (olivine Ila).

Trace elements

Quantitative LA-ICP-MS analyses of minor and trace element composition were
performed on a subset of macrocrysts and groundmass olivines that were analyzed for
major elements. Co-variation of compatible element Ni with other trace elements can
be used to constrain the relative behavior of these elements during melt evolution
(Howarth 2018). As shown in Fig. 7, Ni is plotted against trace elements including Ca,
Ti, Al, Cr, Mn and V for this purpose. Olivine la contains relatively higher
concentrations of Ca, Al, Cr and V but lower Mn and Ti than olivine Ib (Fig. 7). Olivine
ITa has high Ni and low Ti contents overlapping with olivine la, whereas the Al, Ca, Cr
and V concentrations are significantly lower than olivine Ia. The contents of Mn in

olivine Ila are higher than those in olivine Ia. Among the other trace elements, Zn
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displays larger variation in olivine Ib (110-218 ppm) compared to olivine la (94-147
ppm) and olivine Ila (144-193 ppm) (Fig. 8a). The average Li contents in olivine Ia, Ib
and Ila are 3.8 ppm, 4.1 ppm and 5.6 ppm, respectively (Fig. 8a). The concentrations
of Sc in olivine Ia, Ib and Ila are 1.9-2.7 ppm, 1.4-3.2 ppm and 1.5-3.2 ppm,
respectively (Fig. 8b). Cobalt contents of olivine Ia, Ib and Ila are 135-190 ppm, 155-
206 ppm and 166-199 ppm, respectively (Fig. 8c).
DISCUSSION

Classification: aillikites or kimberlites?

Carbonate-rich UMLs are often erroneously classified as kimberlites as a result of
similar macroscopic appearance (Rock 1986; Tappe et al. 2005). Compositional
differences and the lack of spatial coexistence of contemporaneous aillikites and
kimberlites indicate that they are distinct magma types (Rock 1986; Mitchell 1995).
Aillikites are characterized by abundant primary groundmass carbonate and in some
cases, grade into carbonatites (Tappe et al. 2006). They contain abundant olivine
(Fo<90), amphibole and clinopyroxene phenocrysts/micro-phenocrysts, whereas
kimberlites are dominated by xenocrystic olivine (Fo>90) and devoid of clinopyroxene
phenocrysts (Tappe et al. 2005, 2006). Furthermore, these ultramafic rocks are
distinguished from kimberlites by lower MgO, Cr,03 and NiO but higher CaO, AL,O3,
K>0, NayO, P,Os and CO: contents (Rock 1986). Additionally, in contrast to
kimberlites, which usually occur within areas of ancient cratons, carbonate-rich UMLs
are confined to regions of lithospheric extension (Upton et al. 2006; Nielsen et al. 2009;

Tappe et al. 2009, 2018; Rooney et al. 2020). It is notable that both kimberlites and
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carbonate-rich UMLSs occur in LIPs (e.g. Siberian large igneous province; Nosova et al.
2018).

The Wajilitag carbonate-rich ultramafic rocks were previously referred to as
kimberlites (Wang et al. 1987) based on the inequigranular porphyritic texture and
occurrence of diamonds. However, Bao et al. (2009) refuted this idea, due to the lack
of typical features of kimberlite such as the absence of olivine xenocrysts from mantle
and the presence of abundant clinopyroxene and amphibole macrocrysts. In our study,
we identify based on detailed mineralogical studies that the rock type has aftinities with
carbonate-rich UMLs (aillikites). As shown in Figs. 2g and 3, abundant micro-
phenocrysts of Ti-rich andradite garnet and clinopyroxene are distributed in the
carbonate-rich matrix. Moreover, olivine crystals, occurring in abundance in the
aillikites, commonly have compositions of Fo <90 (Fig. 6). The compositional trend of
Cr-spinel (Appendix Table S2) is also consistent with titanomagnetite trend of aillikites
in contrast with the magnesian ulvdspinel trend of kimberlites (Mitchell 1986). Finally,
they have similar geochemical characteristics with type aillikites from Aillik Bay in
Labrador (Appendix Table S5). Therefore, we conclude that the Wajilitag ultramafic
rocks are not kimberlites, but aillikites, and we report this rock type for the first time
from China.

Temperatures

We estimate the crystallization temperatures of the different olivine populations

using the spinel-olivine thermometer calibrated by Coogan et al. (2014). Based on the

temperature dependent Al-partitioning between the coexisting high-Mg olivine and Cr-
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spinel, the thermometer is independent on the crystallization pressure, oxygen fugacity,
melt composition and source lithology (Ballhaus et al. 1991; Wan et al. 2008; Coogan
et al. 2014). In addition, the trivalent cation Al diffuses much slower than Mg and Fe in
olivine lattice (Spandler and O'Neill 2010). Its content can therefore preserve
information on incipient crystallization, even when Fe and Mg have been reset. As
olivine and Cr-spinel are the earliest minerals crystallized from the parental melts, the
spinel-olivine thermometer provides a precise estimate of the temperature of the most

primitive magmas (Coogan et al. 2014). The geothermometer is expressed as follows:

104
0.575+0.884Cr#—-0.897In(K 4)

T (°C) = — 273, where Cr* is the ratio of Cr/(Cr + Al) in
spinel in atomic proportions, and Ky is Al,0;°""¢ /Al,0;°°™" in wt%. The
calculated crystallization temperature for three groundmass olivine grains (olivine Ia
and Ib) and five macrocrysts (olivine Ila) are 1005-1136°C and 906-1041°C,
respectively.
Origins of the groundmass olivines and macrocrysts: multi-stage crystallization
Olivine in aillikite matrix usually shows rounded and abraded shape, so that it is
debated whether they are phenocrysts or xenocrysts from mantle (Veter et al. 2017).
Olivine in mantle peridotites is characterized by much lower Ca contents (Thompson
and Gibson 2000; Kamenetsky et al. 2008; Sobolev et al. 2008, De Hoog et al. 2010;
Bussweiler et al. 2017; Chayka et al. 2020). Along with the presence of melt inclusions
and lack of strain texture, we suggest that the sub-rounded groundmass olivines in the

Wajilitag aillikites are not accidental mantle xenocrysts. Compared with olivine in

mantle peridotites, the groundmass olivines have much lower Ni and higher Mn and Ca
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concentrations (average 2193 ppm, 2011 ppm and 696 ppm, respectively). Furthermore,
these olivines often contain Cr-spinel inclusions, which have similar compositions with
matrix Cr-spinel that crystallized from aillikite melt (Appendix Table S2). Hence, the
groundmass olivines may be interpreted as phenocrysts crystallized from aillikite melt
(Tappe et al. 2006; Veter et al. 2017; Nosova et al. 2018). In addition, the high Mg-Ni
groundmass olivines (olivine la) crystallize from more primitive aillikite magma
relative to low-Mg-Ni ones (olivine Ib). Olivine Ia interestingly shows rounded shape
compared with olivine Ib (Fig. 6d). This observation indicates that olivine Ia formed at
a greater depth and experienced significant abrasion and resorption during magma
ascent.

Compared with groundmass olivines, the origin of macrocrysts in nodules from
carbonate-rich ultramafic rocks is more complex. There are three possibilities for the
genesis of these olivine macrocrysts: (1) xenocrysts from Ol-bearing clinopyroxenite
intrusions in the Wajilitag area (Li et al. 2001; Bao et al. 2009); (2) mantle-derived
xenocrysts (Pilbeam et al. 2013); and (3) cognate crystals termed as ‘antecrysts’, which
describe recycled minerals from a previously solidified crystal mush closely related to
the progenitor magmas (Tappe at al. 2006; Veter et al. 2017; Nosova et al. 2018). The
first possibility can be ruled out, given that the aillikites predate the formation of the
ultramafic intrusions (300 Ma vs. 280 Ma, Zhang et al. 2010; Zhang et al. 2013b). In
addition, these olivine macrocrysts (olivine Ila) have lower forsterite (Foss-g4) and Ni
(2322-3083 ppm) but higher Mn (1963-2395 ppm) contents in comparison with mantle

olivines (Thompson and Gibson 2000; Kamenetsky et al. 2008; Sobolev et al. 2008; De
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Hoog et al. 2010; Bussweiler et al. 2017; Chayka et al. 2020). The absence of mantle
xenoliths in these aillikites also argues against the possibility that these olivines are
xenocrysts derived from the disaggregation of entrained mantle xenoliths. As shown in
Fig. 6, olivine Ila shows restricted forsterite values (Foss-s4) but variable Ni and Mn
contents. The decoupling of Fo and minor elements (Ni and Mn), usually occurring in
olivine rims of kimberlites, is attributable to olivine crystallization from Fe**-Mg
buffered magma, which is possible in the carbonate melt-olivine system (Kamenetsky
et al. 2008). In combination with the similar bulk chemical features between the dunite
nodules and the host aillikites (Jiang et al. 2004; Sun et al. 2010), we suggest that the
third possibility is most likely. The chemistry of olivine Ila is compared with that of the
olivine macrocrysts from aillikites of the Aillik Bay and Chadobets areas (Fig. 6). The
macrocrysts from these areas are interpreted as crystallization products from earlier,
more fractionated batches of aillikite magma (Tappe et al. 2006; Veter et al. 2017,
Nosova et al. 2018). Olivine Ila shares similar composition with macrocrysts from the
type aillikites of the Aillik Bay and Chadobets areas. We therefore propose that the Fe-
rich olivine Ila could be the crystallization product from an earlier, failed batch of
aillikite melt that stalled in deep-level magma chambers and experienced significant
magma differentiation before being remobilized by new batch of aillikite melt.
Mantle source lithologies of aillikite melts

The composition of aillikites resembles those of experimental melts obtained by
melting of mantle peridotite in the presence of both H>O and CO, at 40-60 kbar (Foley

et al. 2009), although these cannot be melts of peridotite alone (Tappe et al. 2006).
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Mineralogy of mantle sources can be deduced from minor and trace element in olivine
over a range of igneous rocks, including basalts (Hagerty et al. 2006; Sobolev et al.
2007), lamproites (Ammannati et al. 2016; Shaikh et al. 2019; Chayka et al. 2020),
kimberlites (Bussweiler et al. 2015; Howarth 2018; Jaques and Foley 2018; Nosova et
al. 2018) and aillikites (Veter et al. 2017; Nosova et al. 2018; Rooney et al. 2020). In
this section, we will use minor elements (Ni, Mn, Ca), combined with trace elements
(L1, Zn, Sc, Ti, Co), in olivine to discriminate between pyroxenitic and peridotitic
mantle source lithologies and identify different metasomatic agents in the source.
Modal content of olivine in mantle source. As shown in Fig. 6a, olivine Ia, Ib
and Ila are Ni-enriched (average 2756, 1960 and 2649 ppm, respectively) and overlap
with the field for olivine from pyroxenite-derived ocean island basalts (OIB). However,
the high Mn concentrations of olivine Ia, Ib and Ila (average 1651, 2160 and 2202 ppm,
respectively) are more similar to peridotite-derived mid ocean ridge basalts (MORB)
than OIB (Fig. 6b). In the Fo vs. Ca plot (Fig. 6¢), the Ca contents of olivine Ia, Ib and
ITa (average 754, 673 and 653 ppm, respectively) are markedly lower than olivine from
MORB and OIB. Recent research showed that Ca olivine-melt partitioning is
significant affected by the content of H,O and CO: in the melt, whereby at higher H.O
and CO: contents, olivine-melt partition coefficient for Ca is significantly lowered
(Feig et al. 2006; Gavrilenko et al. 2016). For example, olivine Ca contents in some
subduction-related magmas (Fig. 6¢) are low (< 1000 ppm) relative to typical MORB
and OIB magmas (> 1100 ppm) (Kamenetsky et al. 2006; Seager et al. 2015;

Gavrilenko et al. 2016; Zamboni et al. 2017). Thus, the low-Ca contents of olivine Ia,
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Ib and Ila probably resulted from the high H>O and CO> contents of aillikite magmas.

High Mn concentrations in olivine have been explained by two mechanisms: (1)
low MgO contents in parent magmas (Matzen et al. 2017); and (2) parent magmas
derived from peridotite source (Sobolev et al. 2007). Considering the high MgO
contents of the Wajilitag aillikites (up to 21 wt%), we propose that the Mn-rich feature
of olivine Ia, Ib and Ila is probably related to the second mechanism. In addition, since
olivine is the only mantle silicate phase with D4 Fe > D4 Mn (1.09 vs. 0.89), partial
melting of peridotite source will release more Mn than olivine-poor one. Thus, olivine
crystallized from melts derived from a peridotite source generally have high
100*Mn/Fe (1.6-2.0; Sobolev et al. 2007; Foley et al. 2013). As shown in Fig. 9, the
100*Mn/Fe of olivine la (average 1.67) crystallized from primitive aillikite magma is
similar to that for olivine in equilibrium with peridotite derived melts. Additionally,
olivine derived from peridotite source also tends to have high Mn/Zn ratios (>14;
Howarth and Harris 2017). The average Mn/Zn ratio of olivine Ia is 14.2. Therefore,
the olivine chemistry of the Wajilitag aillikites is generally more consistent with a
peridotite-dominated source, despite the high Ni contents.

Constraints on mantle metasomatic agents. High Ni contents of olivine might
be because of three main processes: (1) olivine crystallized at low P-T conditions
(Matzen et al. 2017); (2) magma sourced from ‘dry’ pyroxenite or phlogopite
pyroxenite source (Sobolev et al. 2007, Ammannati et al. 2016); and (3) olivine
chemistry inherited from metasomatic materials in the source (Veter et al. 2017;

Howarth 2018; Rooney et al. 2020). The high Ni contents of olivine Ia, Ib and Ila cannot
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result from the first factor, considering their high P crystallizing condition (4.5 GPa, Su
1991).

As illustrated in Fig 8a-8c, the chemical data of olivine Ia, Ib and Ila are plotted
in comparison aillikites of the Aillik Bay area and fields for phlogopite pyroxenite and
‘dry’ pyroxenite (Sobolev et al. 2007; Ammannati et al. 2016). In addition, a field for
olivine in continental alkaline volcanics is outlined on the basis of the chemistry of
olivine in ugandites, kimberlites, melilitites and basanites (Foley et al. 2013; Veter et al.
2017; Nosova et al. 2018). Such alkaline magmas have been interpreted to originate
from melting of metasomatized mantle sources (Foley et al. 2013; Howarth 2018). The
chemistry of olivine Ia, Ib and Ila shows no evidence for ‘dry’ pyroxenite or phlogopite
pyroxenite source. Instead, they are closely grouped together with olivine from aillikites
and continental alkaline rocks, consistent with a significant contribution from
metasomatic components in source.

The Ca vs. Ti (log) element variation, as shown in Fig. 8d, can be used to
discriminate between different metasomatic agents in the mantle source (Foley et al.
2013; Veter et al. 2017). For instance, owing to carbonate-silicate melt metasomatism
in mantle, olivines from rift-related volcanics of East Africa show coupled elevation of
Ca and Ti (black arrow). In contrast, craton peridotites have olivines with high Ti but
little or no increase in Ca (South Africa and Canada, grey arrow), which is ascribed to
Ti-Fe-rich silicate melt metasomatism. The chemistry of olivine Ia, Ib and Ila shows a
greater tendency to higher Ca contents resembling type aillikites and rift-related

volcanics (Fig. 8d), indicating the presence of carbonate-silicate metasomatic materials
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in the source. Moreover, the carbonate-rich nature of the Wajilitag aillikites and a recent
study that reported Sr-Nd-C-O and Mg isotope data (Cheng et al. 2018) are also
consistent with this inference.

Several previous studies have suggested that the chemistry of olivine in aillikites
is controlled by phlogopite (£ carbonate) in the mantle source (Tappe et al. 2006; Veter
et al. 2017; Nosova et al. 2018). The high Ni contents, overlapping OIB basalt olivine
sourced from pyroxenite-derived melts, and 100*Ni/Mg of ~1 for olivine phenocrysts
in aillikites are thought to inherit from phlogopite in the source. In Fig. 9, the chemistry
of olivine Ia crystallized from primitive melt of the Wajilitag aillikite is compared with
that of olivine phenocrysts reported by Veter et al. (2017) and Nosova et al. (2018). In
addition, we also compare the olivine la chemistry reported in this study with the olivine
chemistry of orangeites (also known as Group II kimberlites) from southern Africa,
which are known to have been derived from melting of a phlogopite metasomatized
mantle sources (Becker and Le Roex 2006). Olivine Ia has 100*Ni/Mg values (~1)
similar to olivine in type aillikites and early crystallized olivine in orangeites, whereas
its high 100*Mn/Fe ratios (1.5-1.8) are more similar to olivine from peridotite-derived
magmas. Therefore, the chemical composition of primitive olivine la is indicative of a
mixed source involving phlogopite-rich veins within a depleted mantle peridotite.

In summary, the chemistry of Ia, Ib and Ila, coupled with the carbonate-rich nature
of the Wajilitag aillikites and previous bulk-rock isotope data (Cheng et al. 2018),
suggests that these ultramafic rocks were derived from a peridotite source

metasomatized by carbonate and phlogopite. The elevated Ni contents, overlapping
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with OIB olivine, and 100*Ni/Mg of ~1 may be inherited from phlogopite in the source,
whereas the high 100*Mn/Fe and Mn/Zn indicate that the source is dominated by
peridotite.

Implications for the petrogenesis of the Wajilitag aillikites

Based on the discussion above, it can be concluded that carbonate- and phlogopite-
rich metasomatic components may have played an important role in the formation of
the primary melt of Wajilitag aillikite. Moreover, the presence of four generations of
olivine in the aillikites suggests that these magmas have experienced multi-stage
crystallization processes in deep-level magma reservoirs. Olivine Ila and IIb
crystallized from earlier, evolved aillikitic melt, whereas olivine Ia and Ib sourced from
late stage aillikitic melt. The Mg-Ni-rich olivine la originated from greater depth and
was related to more primitive aillikite magma relative to Mg-Ni-poor olivine Ib.

A three-stage model, as shown in Fig. 10, is proposed to interpret the petrogenesis
of the Wajilitag aillikites which involves the following processes. (1) Asthenospheric
H>O- and CO>-rich components froze at the base of the cratonic lithosphere to form
carbonate-phlogopite metasomatic veins (Tappe et al. 2006, 2007). Re-melting of these
veins, during the initial impingement of the TLIP at ~300 Ma (Zhang et al. 2013b),
contributed to the volatile-fluxed melting of ambient peridotite and produced proto-
aillikite melts; (2) The early batches of melts, however, failed to erupt and were
stagnated in deep-level magma chambers. The presence of abundant nodules (Figs. 2e-
2f and 4d-4e) in the samples indicates that these magma reservoirs are partly

crystallized crystal-melt mushes. (3) Subsequently, large volumes of ascending aillikite
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magmas crystallized olivine la and Ib, as well as entrained and remobilized the early
formed olivine Ila and IIb.
IMPLICATIONS

The Wajilitag ‘kimberlites’ in the northwestern part of the Tarim LIP were
redefined as hypabyssal aillikites in this study based on the following features: (1)
micro-phenocrystic clinopyroxene and Ti-rich andradite garnet occurring in abundance
in the carbonate-rich matrix; (2) Cr-spinel exhibiting typical Fe-Ti enrichment trend
also known as titanomagnetite trend; and (3) olivine showing dominantly low-Mg
values (Fo <90). Hence, this is the first time for the rock type to be reported from China.

Olivines are common in the aillikites. Based on detailed textural and mineralogical
studies, these olivines are divided in two groups: 1) macrocrysts, as euhedral-anhedral
crystals in nodules; and 2) groundmass olivines, as sub-rounded grains in matrix.
Moreover, the two olivine populations can be further divided into sub-groups,
indicating a multi-stage crystallization history of the aillikite melt. The macrocrysts
were produced in deep-level magma chamber by one or more batch of aillikite melt
before being recycled and transported to Earth’s surface by new batch of aillikite
magma. Similar olivine macrocrysts were also reported in the aillikites of the Aillik
Bay and Chadobets areas, suggesting that failed aillikite intrusions are probably a
common phenomenon. The groundmass olivines are phenocrysts crystallized from the
host aillikite magma. The Mg-Ni-rich groundmass olivines originated from greater
depth and were related to more primitive aillikite magma relative to Mg-Ni-poor ones.

Finally, by applying the geochemistry of olivine in identifying mantle source
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lithologies, we suggest that the commonly-accepted mechanism of origin of an aillikite
is also applicable to the Wajilitag aillikites. However, the factors that control olivine
chemistry in such magmas are still poorly-understood, and thus further studies are

required in future.
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Figure Captions

FIGURE 1. (a) Schematic map of the Tarim Large Igneous Province showing the
distribution of the magmatic units including flood basalts, rhyolites and related
intrusions (after Xu et al. 2014). (b) Detailed geological map of the Wajilitag area that
shows the location of carbonate-rich UMLs (after Cheng et al. 2015).

FIGURE 2. (a) Field photograph of the Wajilitag aillikite intruded by tephrite dyke.
(b) Olivine macrocrysts in the aillikite hand specimen. (¢) Inequigranular porphyritic
textured aillikites comprising abundant olivine, phlogopite, amphibole and
clinopyroxene, plane-polarized light. (d) Same as c, but in cross-polarized light. (e)
Dunite nodule mainly consisting of olivine and minor Cr-spinel, plane-polarized light.
(f) Olivine-bearing clinopyroxenite nodule. Euhedral olivine macrocrysts disseminate
in interstitial space between clinopyroxene, plane-polarized light. (g-h) Amphibole and
phlogopite distributed in the carbonate-rich matrix, BSE image. (i) Calcite segregation
coexists with phlogopite, Ti-magnetite and perovskite in the matrix, BSE image. Ol =
olivine; Phl = phlogopite; Cpx = clinopyroxene; Amp = amphibole; Cr-Spl = Cr-spinel;
Prv = perovskite; Ap = apatite; Cal = calcite; Ti-Mag = titanomagnetite; Grt = Ti-rich
andradite garnet; Srp = serpentine.

FIGURE 3. BSE (a) and QEMSCAN (b) images of groundmass minerals in a thin-
section from the Wajilitag aillikites. The modal abundance of each mineral phase given
in weight percent are converted from volume percent (from the QEMSCAN image)
using mineral densities.

FIGURE 4. BSE images and photomicrographs displaying groundmass olivines (a-c)
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and macrocrysts (d-f). (a-¢) Fine-grained, sub-rounded groundmass olivines with
homogeneous compositions distribute in the matrix, BSE image. (d) Coarse-grained,
anhedral macrocrysts in polygranular dunite nodule, plane-polarized light. (e) Areas
outlined in d display macrocrysts with homogeneous cores and dark Mg-rich rinds with
Fo>90, BSE image. (f) Monogranular olivine macrocryst distributes in the matrix, BSE
image. Ol = olivine, Cpx = clinopyroxene, Ti-Mag = Ti-magnetite.

FIGURE 5. Compositional profiles for representative macrocryst (a) and groundmass
olivine (b). BSE images show orientation and length of EMPA and LA-ICP-MS
traverses (red lines). Notice that Fo values of the olivines are measured with EMPA and
Ni, Mn, Ca, Ti, Cr and Al concentrations with LA-ICP-MS. Ol = olivine, Cr-Spl = Cr-
spinel.

FIGURE 6. Forsterite (Fo) vs. (a) Ni, (b) Mn, (¢) Ca, and (d) aspect ratio variation for
groundmass olivines and macrocrysts from the Wajilitage aillikites. Forsterite contents
for the olivines are measured with EMPA and Ni, Mn and Ca with LA-ICP-MS. Note
that the Ni, Mn and Ca contents of olivine IIb are from EMPA analyses. The olivine
aspect ratios are measured with microscopic analyses. Olivine data from aillikites of
the Aillik Bay and Chadobets areas are also included for comparison (Tappe et al. 2006;
Veter et al. 2017; Nosova et al. 2018). Kamchatka arc olivine data are from Gavrilenko
et al. (2016) and OIB and MORB data from Sobolev et al. (2007).

FIGURE 7. Bivariate plots of LA-ICP-MS for the olivine displaying the compositional
differences between groundmass olivines and megacrysts.

FIGURE 8 (a) Li vs. Zn, (b) Sc vs. Ni, (¢) Co vs. Ni, and (d) Ca vs. Ti (log) for
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groundmass olivines and macrocrysts relative to olivine phenocrysts and macrocrysts
from aillikites reported by Veter et al. (2017). The fields for ‘dry’ pyroxenite are from
Sobolev et al. (2007) whereas those of phlogopite pyroxenite are based on the chemistry
of olivine in lamproites (Ammannati et al. 2016). Fields for olivine chemistry from
continental alkaline rocks (basanites, ugandites, melilitites, and kimberlites) and craton
peridotite (Sobolev et al. 2007) are also plotted.

FIGURE 9. 100Mn/Fe vs. 100Ni/Mg for the primitive olivine-la relative to olivine
from aillikites (Veter et al. 2017; Nosova et al. 2018) and orangeites (Howarth 2018).
The compositional fields for ‘dry’ pyroxenite and peridotite are from Sobolev et al.
(2007). Geochemical compositions of phlogopite xenocrysts from mantle are after
Fritschle et al. (2013).

FIGURE 10 Schematic illustration (not to scale) illustrating the possible evolution of

the Wajilitag aillikite magmatic system. See text for detailed descriptions.
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