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ABSTRACT

Ultrapotassic rocks are volumetrically minor, but widely distributed in different geological settings.
Extensive studies have concerned mantle melting processes that generated these rocks. However, crustal
processes that they may have involved are poorly known. In this paper, we describe complex oscillatory
zoning patterns of clinopyroxene (Cpx) macrocrysts from an ultrapotassic lamprophyre dyke in the
Kyrgyz North Tianshan orogen. These macrocrysts commonly have a corroded or patchy-zoned core sur-
rounded by a mantle with distinct oscillatory zoning, which is, in turn, surrounded by a euhedral rim. The
oscillatory zoning of the mantle is composed of alternating coarse and fine layers with a clear resorption
surface, or closely packed layers with a straight or wavy boundary in back-scattered electron images.
High-amplitude oscillation of Mg#, Ti, Al, Cr and Sr across the layers of the mantle is attributed to magma
mixing. Low-amplitude, high-frequency oscillation of Mg# across the closely packed layers was probably
developed as a result of kinetic effects or crystal movement under thermal and chemical gradients. In
addition, cryptic sector zoning of some macrocrysts clearly shows a Si- and Mg-rich hourglass sector
and an Al- and Ti-rich prism sector. The sector zoning indicates crystallization of these macrocrysts under
low degrees of undercooling, and the presence of concentric Cr-rich and Cr-poor layers within the same
grain indicates that the growth process was disrupted by multiple magma recharging events. The cores
of the macrocrysts have Mg# with three distinctive ranges: <84-90 (Core 1), 74-84 (Core Il) and 60-70
(Core ). The mantles have Mg# ranging from 64 to 90 without a distinct gap. The rims have a narrow
range of Mg# from 76 to 80. The cores and mantles with high Mg# (>85) have variable La/Yb from 1.8 to
5.0 and Dy/Yb from 2-3 to 4-6. The macrocrysts overall have variable Sr/®Sr from 0-7072 to 0-7084.
Highly variable trace elements and &Sr/%8Sr within a single grain indicate that both primary and evolved
magmas with different compositions were periodically recharged into the crustal magma reservoirs.
Modelling results reveal that the melts in equilibrium with the Cpx macrocrysts may have been derived
from the magma reservoirs at three different depths equivalent to crystallization pressures of ~5-4, ~3-3
and ~1-6kbar, respectively, making up a transcrustal magmatic system. The Cpx-laden melts in deep
magma reservoirs may have been frequently transported to shallower reservoirs. Magma mixing in the
shallower reservoirs led to heterogeneous magmas with different cooling rates and chemical composi-
tions. Early crystallized Cpx crystals were overprinted with diverse zoning patterns during overgrowth
and accumulation. Thus, the complex zoning patterns and compositions of the Cpx macrocrysts have im-
portant implications for a transcrustal magmatic system in the formation of ultrapotassic rocks.
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INTRODUCTION

Lamprophyre is a field term for alkali-rich, porphyritic
dykes with essentially primary amphibole and/or mica
phenocrysts, and is typified by the absence of felsic
phenocrysts and groundmass olivine (Rock, 1977).
Lamprophyres are actually a wide variety of hypabyssal
rocks with diverse mineral assemblages (Rock, 1977,
1984, 1986, 1987, 1991). Ultrapotassic lamprophyres are
unique and have chemical compositions different from
mafic dykes in the same region (Venturelli et al., 1984;
Owen, 2008). Ultrapotassic rocks are defined to have
>3wt% K0, >3wt% MgO and K,O/Na,O >2 (Foley
et al., 1987). They are volumetrically minor relative to
terrestrial basaltic rocks despite their wide distribution
in orogenic belts and within-plate settings. However,
they carry important messages about the nature of the
mantle, mantle processes such as partial melting and
metasomatism, and post-collisional geodynamic proc-
esses associated with magma upwelling (Conticelli &
Peccerillo, 1992; Foley, 1992a, 1992b; Prelevi¢ et al.,
2005, 2008, 2012; Huang et al., 2010; Muravyeva et al.,
2014; Ammannati et al., 2016; Gllmez et al., 2016;
Soder & Romer, 2018).

Ultrapotassic rocks are rich in incompatible elements
and volatiles and have highly variable compositions of
radiogenic isotopes (Foley, 1987, 1992a). Phenocrysts of
mica, amphibole and clinopyroxene in these rocks are
commonly zoned with highly variable compositions
(Venturelli et al., 1984; Prelevi¢ et al., 2004, 2005; Huang
et al., 2010; Muravyeva et al., 2014; Glilmez et al., 2016).
The complexity of mineralogy and whole-rock composi-
tions makes it impossible to explain the origin of ultra-
potassic rocks with a simple model (Miller et al., 1999).
The formation of ultrapotassic rocks may be controlled
by multiple factors: the evolution and mineral assemb-
lages of the mantle, degrees of partial melting of the
mantle, fractionation and crustal contamination of mag-
mas, and particularly mixing or mingling processes of
magmas from different mantle sources under different
physicochemical conditions (Foley, 1992a, 1992b; Miller
et al.,, 1999; Prelevi¢ et al., 2004, 2005, 2008, 2012;
Huang et al., 2010; Muravyeva et al., 2014; Ammannati
et al., 2016; Gulmez et al., 2016; Soder & Romer, 2018).
However, the dynamics and architecture of plumbing
and storage systems and the magma mixing processes
in the crustal magma reservoirs were rarely reported in
earlier studies, despite intense studies on the magma
sources of ultrapotassic rocks.

Geophysical, geochemical and petrological observa-
tions in many large volcanic fields have revealed that a
shallower magma reservoir may be a volumetrically
minor part of a large, vertically extended magmatic sys-
tem that comprises many deeper magma reservoirs in
a transcrustal magmatic system (Cashman et al., 2017;
Sparks & Cashman, 2017). Complete mixing of melts
from different mantle sources in the lower crust or deep
mixing of channelized melt flows in the mantle could
lead to the homogeneity of magmas before they are

transported and pooled in the shallower magma reser-
voirs (Maclennan, 2008; Rudge et al., 2013; Jennings
et al., 2017). On the other hand, mixing of composition-
ally different magmas in the shallower magma reser-
voirs is commonly incomplete, resulting in highly
variable compositions of magmas and extremely com-
plex zoning patterns of minerals (Humphreys, 2006;
Ginibre & Worner, 2007). However, our understanding
of ultrapotassic magmatic systems in the crust is still
limited; few studies so far have referred to the crystal-
lization pressure of phenocrysts in ultrapotassic rocks
(Prelevi¢ et al., 2012). It remains enigmatic how the
magmatic system influences the evolution of ultrapo-
tassic magmas and how ultrapotassic melts mix and
fractionate in the crustal magma reservoirs.

Phenocrysts in volcanic rocks record the physico-
chemical conditions of crystallization and the dynamics
of magma upwelling and mixing prior to eruption
(Ginibre et al., 2007; Streck, 2008; Cooper, 2017; Ubide
et al., 2019a). Multiple crystal populations can be gath-
ered and mingled with their host melts in an open mag-
matic system, leading to textural and compositional
diversity of crystals (Humphreys et al., 2006; Ginibre &
Worner, 2007; Martin et al., 2010; Cooper, 2017).
Lamprophyre dykes can host abundant phenocrysts,
antecrysts and xenocrysts with distinct zoning patterns,
which can record a complex history during magma as-
cent (O'Brien et al., 1988; Ubide et al., 2014). Such com-
plex zoning patterns may provide a window to study
magmatic processes in the plumbing and storage
system.

In this paper, we describe zoning patterns of clino-
pyroxene (Cpx) macrocrysts from an ultrapotassic
lamprophyre dyke in the Kyrgyz North Tianshan oro-
gen. These macrocrysts display complex oscillatory
zoning, patchy zoning, sieve texture and cryptic sector
zoning. We document the within-grain compositional
variation, Mg# profiles based on grey-values extracted
from back-scattered electron (BSE) images and in situ
trace element and Sr isotopic compositions of the mac-
rocrysts. A multi-sourced magma mixing model is pro-
posed to explain the origin of the Cpx macrocrysts. This
study highlights that ultrapotassic magmas could be a
mixture of magmas from different mantle sources and
contain multiple crystal populations that are probably
spatially or temporally isolated in a transcrustal mag-
matic system before they are transported to a shallower
magma reservoir.

PETROGRAPHY OF THE LAMPROPHYRE DYKE

The Kyrgyz North Tianshan orogen is part of the south-
ern margin of the central Asia orogenic belt (CAOB)
(Fig. 1a). A series of late Paleozoic K-rich igneous rocks
formed in the Tianshan orogen as a result of the north-
ward subduction of the Tianshan oceanic plate beneath
the Kazakhstan-Yili plate (Biske et al., 2013; Yang et al.,
2014). The Tarim microcontinent approached the sub-
duction zone in the southern margin of the Kazakhstan
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Fig. 1. A simplified geological map showing the distribution of the central Asian orogenic belt (a) and the location of the ultrapotas-
sic lamprophyre dyke in the North Tianshan orogen, Kyrgyzstan (b). Field outcrop (c) and sliced section (d) of the lamprophyre
dyke showing the trachyandesitic wall-rock and major minerals clinopyroxene (Cpx) and mica (Mic), and minor secondary calcite
(Cal) replacing mica. (a) is modified from Han et al. (2011) and Cao et al. (2019); (b) is modified after Konopelko et al. (2013). NTO,
MTO and STO denote the North, Middle and South Tianshan orogenic belt, respectively.

microcontinent in the late Carboniferous, leading to
continent—continent collision in the early Permian
(Djenchuraeva, 2005). Permian K-rich igneous rocks
that were produced by partial melting of the metasom-
atized mantle wedge are widely distributed in the
Chinese West Tianshan orogen (Yang et al., 2014).

An ultrapotassic lamprophyre dyke intrudes the early
Permian basaltic trachyandesite in the Ortok Mountain
area, Kyrgyzstan (Fig. 1b). This lamprophyre dyke is
about 1-6m in width (Fig. 1c) and extends for hundreds
of meters along-strike. The rocks of the dyke are
reddish-brown in color and display porphyritic texture.
They can be defined as minette (Rock, 1977), and con-
tain up to c. 30 vol% macrocrysts of clinopyroxene and
mica and 65-70vol% groundmass, as well as minor
glassy matrix (<5%) and carbonate ocelli (<1%), and
negligible vesicles and amygdales (Fig. 1d).

The macrocrysts of clinopyroxene and mica some-
times assemble to form polymineralic glomerocrysts
(Fig. 2a). The mica macrocrysts are generally 0-2-2 mm

in length and have a euhedral grain boundary in contact
with the groundmass. They are commonly intensely
altered and partially replaced by chlorite, calcite and
minor epidote (Fig. 2a—c). The Cpx macrocrysts are eu-
hedral and mostly elongated in thin sections, and range
in length from 02 to 4mm (Fig. 2). Hexagonal or
needle-like apatite grains are sporadically enclosed
within the Cpx macrocrysts, and range in length from
20 to 150 um (Fig. 2b). The Cpx macrocrysts commonly
display complex zoning patterns composed of alternat-
ing green and white layers as seen in plane-polarizer
micrographs (Fig. 2b). They show clear oscillatory zon-
ing (Fig. 2a—c), sieve texture (Fig. 2d) and patchy zoning
(Fig. 2e). Some Cpx macrocryts with patchy zoning con-
tain abundant melt inclusions with different color
(Fig. 2f).

Microcrysts of K-feldspar, albite and magnetite make
up 88-95vol% of the groundmass. The K-feldspar and
albite microcrysts are generally 100-200 um in length,
and the magnetite microcrysts have grain sizes ranging
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Fig. 2. Photomicrographs of the Cpx macrocrysts from the lamprophyre dyke. (a) Micrograph (cross-polarized light) showing poly-
mineralic glomerocrysts of clinopyroxene (Cpx) and mica (Mic). It should be noted that the mica is altered to chlorite. (b)
Micrograph (plane-polarized light) showing distinct oscillatory zoning of the Cpx macrocryt that consists of concentric green and
white layers. A mica in the upper part is partially replaced by epidote (Ep) and calcite (Cal). (c) Micrograph (cross-polarized light)
showing multiple Cpx macrocrysts with clear oscillatory zoning. (d) Micrograph (cross-polarized light) showing distinct sieve tex-
ture in the cores of the Cpx macrocrysts. (e) Micrograph (cross-polarized light) showing patchy zoning in the core of a Cpx macro-
cryst and oscillatory zoning in the mantle. (f) Close-up of (e) showing abundant melt inclusions with different colors.
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from 10 to 30 um. The groundmass also contains minor
microcrysts of clinopyroxene (5-8vol%) and mica
(~3vol%). The Cpx microcrysts usually have grain sizes
<50 pum, and occur as discrete grains with simple zon-
ing. The mica microcrysts are needle-shaped and gen-
erally range from 50 to 100 um in length.

ZONING PATTERNS OF CPX MACROCRYSTS

Almost all the Cpx macrocrysts in the lamprophyre
dyke are oscillatory-zoned, and some of them have dis-
tinct patchy zoning or coarse-scale sieve texture in the
core (Figs 3 and 4). At thin-section scale, the macro-
crysts with sieve texture are usually less than 5vol%.
For simplicity, typical Cpx macrocrysts refer to those
without sieve texture in this study.

Oscillatory zoning

Oscillatory zoning in the Cpx macrocrysts is character-
ized by multiple, concentric growth layers in the man-
tles (Fig. 3). The cores are generally irregular in shape
and show either dark or bright color in BSE images
(Fig. 3a and b), and they sometimes show patchy zoning
(Fig. 3c), or multiple cores within a crystal (Fig. 3d). The
rims of these macrocrysts show euhedral outlines
(Fig. 3).

The mantles of the Cpx macrocrysts develop asym-
metrically different types of growth layers (Fig. 3). The
Cpx macrocrysts constituting a glomerocryst may share
similar zoning patterns (Fig. 3a), or show distinctly dif-
ferent patterns in the mantle (Fig. 3e). A single crystal
commonly has a mantle composed of 10-50 alternating
coarse and fine layers with highly variable thickness.
The layers that grow along the c-axis are generally
thicker than the others (Fig. 3a, c and d). It is noted that
both coarse and fine layers are commonly resorbed.
The resorption surface can crosscut either several
growth layers or just a single layer, and is denoted as a
major (R) and minor (r) resorption surface, respectively
(Ginibre et al., 2002a, 2002b). The R surface appears ei-
ther as rounded edges at crystal corners (R, in Fig. 3f
and g), or intruding fingers along the long crystal face
(R, in Fig. 3f), or as a sawtooth shape along the short
crystal face (R in Fig. 3f). The r surface commonly has a
wavy boundary on one side and a straight boundary on
the other side of a layer (r in Fig. 3f). In addition, some
macrocrysts are mainly composed of coarse layers
(Fig. 3a), whereas others are characterized by a suite of
closely packed layers with thickness less than 30 um
(Fig. 3f). These closely packed layers show either a
straight or wavy boundary in contiguous layers. Some
glomerocrysts are closely interlocked with different zon-
ing patterns in the core, but show continuous, concen-
tric layers in the mantle and rim (Fig. 3g and h).

Patchy zoning and sieve texture
Patchy zoning and sieve texture mainly occur in the
core of the Cpx macrocrysts (Fig. 4a—c). The patchy

zoning shows highly irregular bright and dark domains
in BSE images and melt inclusions are scattered mainly
in the dark domains (Fig. 4a). The sieve texture general-
ly shows patchy-zoned Cpx and spongy spaces filled
with mica and matrix materials, which are connected
with groundmass through cracks (Fig. 4b and c).
However, the sieve texture may also occur randomly in
some macrocrysts with abundant mica inclusions and
minor matrix (Fig. 4e and f). Several sieved macrocrysts
may assemble to form remarkable ‘snowflake’ glomer-
ocrysts, in which continuous, concentric layers can be
traced across individual grains (Fig. 4e and f).

ANALYTICAL METHODS

Whole-rock major and trace elements and

Sr-Nd isotope analyses

Whole-rock major elements and Sr-Nd isotopes were
analyzed at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry
(GIG), Chinese Academy of Sciences (CAS). The sam-
ples were crushed into small fragments before being
further cleaned with deionized water in an ultrasonic
bath and then powdered in a corundum mill. Whole-
rock major oxide analysis was carried out using a
Rigaku RIX 2000 X-ray fluorescence spectrometer.
Samples were prepared as glass discs and analyzed fol-
lowing the procedure described by Goto & Tatsumi
(1996). Analytical uncertainties for major elements are
lower than 5 %.

Whole-rock trace elements were determined by in-
ductively coupled plasma mass spectrometry (ICP-MS)
using a PEELAN 9000 system in the Institute of
Geochemistry, CAS, following the method of Qi &
Grégoire (2000) and Qi et al. (2000). The uncertainties of
ICP-MS analyses are estimated to be better than 5-10%
(relative) for most elements.

Whole-rock Sr-Nd isotopes were analyzed using a
Neptune Plus multicollector (MC)-ICP-MS system. For
Sr and Nd isolation and purification, 100 mg sample
powders were initially dissolved by HF + HNO; acid in
Teflon capsules. After sample decomposition, Sr and
rare earth element (REE) were separated using cation
exchange columns, and then the Nd fractions were fur-
ther separated using HDEHP-coated Kef columns. The
analytical methods for Sr-Nd isotopes follow the pro-
cedure of Wei et al. (2002) and Liang et al. (2003).
Normalizing factors used to correct the mass fraction-
ation of Sr and Nd during the measurements are
8Sr8Sr = 01194 and "**Nd/'**Nd = 0.7219. The
whole-rock major and trace elements and Sr—Nd isotop-
ic compositions are listed in Supplementary Data Table
S1 (supplementary data are available for downloading
at http://www.petrology.oxfordjournals.org).

Clinopyroxene major and trace element analyses
Major and trace element compositions of clinopyroxene
were analyzed at the Key Laboratory of Mineralogy and
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Fig. 3. Back-scattered electron images of the Cpx macrocrysts with oscillatory zoning from the lamprophyre dyke. (a) A dark core
and multiple coarse layers in the mantle. (b) A bright core and multiple fine layers in the mantle. (c) A patchy-zoned core and both
coarse and fine layers in the mantle. (d) Multiple cores within a grain. (e) Distinctively different patterns of zoning in each Cpx mac-
rocryst. (f) Close-up of (e) showing remarkable major resorption surface (R), such as rounded corner (R1), intruding fingers (R2) and
sawtooth boundaries (R3), and obscure minor resorption surface (r). The Cpx macrocrysts sometimes contain fine-grained apatite
(Ap) inclusions (f). (g, h) Cpx glomerocrysts showing different zoning patterns in the core and similar zoning patterns in the mantle
and rim. It should be noted that the concentric layers in the mantle and rim can be traced across different grains.

Metallogeny, GIGCAS. Major elements were determined
using a JEOL JXA-8230 electron probe micro-analyzer
(EPMA). Operating conditions of 15kV, 20nA and a 1 pum
beam were applied to the analyses for all elements.
Peak, upper and lower background counting times were
20, 10 and 10s for Si, Fe, Mg and Ca, 40, 20 and 20s for
Tiand Mn, 60, 30 and 30s for Cr, and 10, 5 and 5s for Na.
Analytical results were reduced using the ZAF (Z, atomic

number; A, absorption; F, fluorescence) correction rou-
tines. Standards used during quantitative calibration
were chrome-diopside for Si and Ca, olivine for Mg,
magnetite for Fe, almandine garnet for Al, rutile for Ti,
rhodonite for Mn, Cr,O3 for Cr and albite for Na. Chrome-
diopside from SPI supplies was used as a quality monitor
standard for the calculation of accuracy and precision.
Accuracy was <3% for major elements (>1wt%) and
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Fig. 4. Back-scattered electron images and photomicrograph of the Cpx macrocrysts with patchy zoning and sieve texture from the
lamprophyre dyke. (a) The patchy zoning shows highly irregular bright and dark domains in the core. The inset shows abundant
melt inclusions in the dark domains. (b, c) The sieve texture showing a patchy-zoned core with abundant spongy spaces, which are
filled with mica and matrix materials. It should be noted that the crack connects the groundmass and sieved core. (d) Close-up of
(c) showing irregular bright and dark domains in the patchy-zoned core. (e) Close-up of (f) showing the Cpx macrocryst with sieve
texture and concentric zoning. It should be noted that the concentric layers do not show evident resorption and can be traced be-

tween different grains.

<10% for minor elements (<1wt%), and 1c precision
was <3% and <15% for major and minor elements, re-
spectively. The full dataset of major and minor elements
of clinopyroxene and the standard are shown in
Supplementary Data Table S2.

Trace element compositions of clinopyroxene were
analyzed by laser ablation (LA)-ICP-MS. An Agilent
7900a ICP-MS instrument was coupled to a Resonetic
193 nm ArF excimer laser ablation system. Single spot
ablation mode was adopted with a laser beam of 43 um.
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Laser energy was 120 mJ and ablation frequency was
6 Hz. Helium gas was used as a carrier gas and nitrogen
gas as an additional gas to enhance sensitivity. Prior to
analysis, the LA-ICP-MS system was optimized using
NIST 610 glass to achieve the maximum signal intensity
and low oxide rates. Multiple glass reference materials
(BCR-2G, BHVO-2G, BIR-1G and GOR132-G) were used
as external calibration references and monitor stand-
ards and Ca content determined by EPMA was used as
the internal standard to quantify elemental concentra-
tions. Data reduction was performed using the
ICPMSDataCal software (version 10.2) (Liu et al., 2008;
Lin et al, 2016). The detection limit is lower than
0-1ppm for most trace elements and the relative uncer-
tainty is better than 10 %. Trace element compositions
of clinopyroxene are shown in Supplementary Data
Table S3. The measured trace element concentrations
of reference materials and their recommended values
are listed in Supplementary Data Table S4.

Clinopyroxene in situ Sr isotope analysis

In situ Sr isotopic analysis for clinopyroxene was per-
formed on a Neptune Plus MC-ICP-MS system (Thermo
Scientific), coupled with a RESOlution M-50 193 nm
laser ablation system (Resonetics) at the State Key
Laboratory of Isotope Geochemistry, GIGCAS. A small
N, flow (2 mlI™") and an X skimmer cone in the interface
were used to improve the instrumental sensitivity. All
isotopic signals were determined by Faraday cups
under the static mode. The diameter of the laser beam
was 155 um and ablation rate was 6 Hz with an energy
density of ~4J cm~2. Helium gas was used as the carrier
gas. Each analysis consisted of 250 cycles with an inte-
gration time of 0-262 s per cycle. The first 30 s was used
to detect the gas blank with the laser beam off, followed
by 30s laser ablation on the samples. During the analy-
ses, the gas blank of &Kr and #Sr was less than 2.5 mV
and 0-5mV, respectively. The interferences of 8Kr and
86Kr on #4Sr and ®®Sr were corrected by subtracting the
gas blank from the raw time-resolved signal intensities.
8Rb was used to correct the interference of 8Rb on
873r with a natural ®Rb/®’Rb ratio of 2.593 (Catanzaro
et al., 1969). The mass bias of &Sr/Sr was normalized
to %Sr/Sr = 0.1194 with an exponential law. The
detailed analysis and data reduction procedure have
been documented by Zhang et al. (2018). In this study,
nine analyses of NKT-1G (a basaltic glass) during the
course vyielded a weighted mean &Srf%Sr of
0-70351 = 0-00007 (25), which is consistent within error
with the results reported by Elburg et al. (2005). The Sr
isotopic composition of clinopyroxene is shown in
Supplementary Data Table S5.

Grey-value profiles of clinopyroxene extracted
from BSE images

High-resolution compositional profiles of minerals are
generally acquired by EPMA, which can yield profiles
with point intervals of several microns. However, this

technique may be time consuming for millimeter-scale
or even larger grains (Ginibre et al., 2002a). Recently, it
has been demonstrated that grey values extracted from
BSE images of clinopyroxene are highly correlated with
Mg# of clinopyroxene (Petrone et al, 2016, 2018).
Comparing with compositional profiles obtained by
EPMA, the grey-value profiles extracted from BSE
images could have higher spatial resolution (<1 pum).

To better confine the Mg# variations in both coarse
and fine layers of clinopyroxene in our samples, we
took high-contrast BSE images of clinopyroxene using
the JEOL JXA-8230 EPMA. The BSE images were fur-
ther edited by enhancing image contrast so that the
differences in grey values can be optimized. The grey-
value profiles of clinopyroxene were then extracted
from the enhanced BSE images using the image proc-
essing software of ImageJ (version 1.44p) (https://
imagej.nih.gov/ij/). Each grey-value profile was then
calibrated with the actual compositions of clinopyrox-
ene obtained by EPMA. Comparing with the Mg# calcu-
lated based on EPMA results, the uncertainty for the
converted Mg# from the grey values is generally lower
than 1-5%.

High-resolution 2-D elemental distribution maps

of clinopyroxene

High-resolution 2-D elemental X-ray mapping was
applied for two Cpx macrocrysts. The mapping was car-
ried out using the same EPMA at GIG, CAS. Operation
conditions of accelerating voltage of 20kV, probe cur-
rent of 50-150nA and beam size of 2-4um were
adopted for mapping. The dwell-time was set to be
100 ms for each point. Mg Ko, Al Ko, Si Ko and Na Ko
were analyzed using a TAP crystal. Fe Ko and Ti Ka
were analyzed using an LIF crystal. Ca Ko was analyzed
using a PETJ crystal and Cr Ko was analyzed using an
LIFH crystal.

RESULTS

Whole-rock major and trace element and Sr-Nd
isotope composition

The rocks from the lamprophyre dyke contain ~52 wt%
SiO,, 6:74-6-89 wt% MgO and 5-66-6-37 wt% K,O with
K;O/Na,O >2 (Supplementary Data Table S1). They
have up to 14 wt% Al,O3 and K,0/Al,O3 of ~0-4, similar
to Group Il (Roman province type) ultrapotassic rocks
in the orogenic belts (Foley et al., 1987).

The rocks show light rare earth element (LREE)-
enriched and heavy rare earth element (HREE)-depleted
patterns in the chondrite-normalized REE diagram, simi-
lar to those for the ocean island basalt (OIB; Sun &
McDonough, 1989) and global subducting sediment
(GLOSS; Plank & Langmuir, 1998) (Supplementary Data
Fig. S1). In the primitive mantle-normalized trace elem-
ent patterns, the rocks show positive anomalies of Rb,
Ba, Th and U, and negative anomalies of Nb, Ti, Zr, Hf
and Sr, similar to GLOSS (Supplementary Data Fig. S1).
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The rocks have ®Sr/®Sr ranging from 0.7109 to
07115 and nearly constant 3Nd/"**Nd of 0.5124-
0-5125 (Supplementary Data Table S1). As the ultrapo-
tassic lamprophyre dyke in the Ortok Mountain area
intrudes early Permian basaltic trachyandesite, we
adopt 290 Ma to calculate the initial 8Sr/2®Sr and engq),
which range from 0-7053 to 0-7089 and from -3-2 to —
1.7, respectively.

Overall compositional variation of Cpx
macrocrysts

The Cpx macrocrysts of the lamprophyre dyke have
compositions of Enzg_s7Fsg_20W04s5_50, falling into the di-
opside field according to the classification scheme of
Morimoto (1988) (Supplementary Data Fig. S2). They
have highly variable Mg# [Mg# = 100Mg/(Mg + Feiotal)]
and major and minor element contents, even at a single
crystal scale (Figs 5 and 6; Supplementary Data Table
S2). The cores of the Cpx macrocrysts have Mg# vary-
ing from 61 to 89 and clearly show three groups of Mg#
in the histogram, Core |, Il and Ill, with a remarkable gap
between Core Il and Il (Fig. 5a). Core | has Mg# varying
from 84 to 90 with a peak at 86-88, Core Il has Mg# vary-
ing from 74 to 84 with a peak at 76-80, and Core Il has
Mg# varying from 60 to 70 without an obvious peak
(Fig. ba). The oscillatory zoned mantles have a similar
range of Mg# (65-90) to that of the cores but without an
obvious gap (Fig. 5b). The rims have a restricted Mg#
range with a peak at 76-80, similar to that of Core Il
(Fig. 5¢). The sieved domains of the Cpx macrocrysts
have Mg# varying from 66 to 86, with a peak at 76-80
(Fig. 5d). The Cpx microcrysts in the groundmass have
Mg# varying from 66 to 78 with a peak at 70-74
(Fig. 5e).

The cores and mantles of the Cpx macrocrysts have
similarly variable Cr,03 contents (Fig. 6a) and display
negative correlation of Mg# with TiO,, Al,O3 and Na,O
(Fig. 6b—d). In contrast, the rims show restricted Cr,03,
TiO,, Al,O3 and Na,O contents (Fig. 6). The sieved
domains of the Cpx macrocrysts and the Cpx micro-
crysts have scattered major oxide contents, obviously
deviating from the trends of the core and mantle
(Fig. 6).

The trace element compositions of a single grain or
among different Cpx macrocrysts are highly variable
(Supplementary Data Table S3). The core and rim of a
single grain may show restricted ranges of trace ele-
ments, in contrast to a one order of magnitude variation
for the mantle (Fig. 7). Overall, they have chondrite-
normalized REE patterns with a weakly negative Eu
anomaly (Fig. 7a), and very negative Ti and Ni anoma-
lies, a positive Sc anomaly and variable degrees of
negative Sr, Zr and Hf anomalies in primitive mantle-
normalized trace element patterns (Fig. 7b). In binary
plots of Cpx Mg# versus V/Sc, La/Yb and Dy/YDb, all data
are scattered in a wide range (Fig. 8). In particular, the
cores and mantles of the Cpx macrocrysts have V/Sc
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Fig. 5. Histograms of Cpx Mg# [Mg# = 100Mg/(Mg + Fe)] for
the Cpx macrocrysts (a—d) and microcrysts in the groundmass
(e) of the lamprophyre dyke.

varying from 1-1 to 2.3, La/Yb from 1.8 to 5:0 and Dy/Yb
from 2.3 to 4-6 against Mg# from 90 to 85 (Fig. 8).

2-D elemental maps of Cpx macrocrysts

The Cpx macrocrysts show clear oscillation of Fe, Mg,
Al, Ti, Cr, Na, and Si in the coarse and fine layers and
distinct sector zoning in the high-resolution 2-D elemen-
tal maps (Figs 9 and 10). It is noted that sector zoning is
not observed in BSE images. The layers in the hour-
glass sector are relatively enriched in Si and Mg, where-
as the layers in the prism sector are intensely enriched
in Al and Ti and weakly enriched in Na (Figs 9 and 10).
All the layers do not show clear sector zoning of Cr and
Fe (Fig. 10e and f). In addition, the maps reveal that the
closely packed layers with wavy boundaries show
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concentric Cr-rich layers alternating with Cr-poor layers,
whereas the closely packed layers with straight bounda-
ries in the hourglass sector do not show clear Cr zoning
(Fig. 10f).

Major and trace element profiles of Cpx
macrocrysts

As the growth layers in a single Cpx macrocryst are
usually asymmetric, the core-to-rim compositional pro-
files were deliberately acquired along the long axis so

that we can obtain the compositions of as many layers
as possible in each of the profiles (Figs 11 and 12). The
profile of Mg# for a single crystal is remarkably different
from one crystal to another. Most crystals have Mg#
varying from 70 to 90 along the profiles
(Supplementary Data Table S2).

A typical profile of the Cpx macrocrysts is composed
of alternating coarse and fine layers, with the core hav-
ing constantly high Mg# relative to the rim (Figs 11b
and 12b). The mantle has high-amplitude oscillation of
Mg#, Al,O3 and TiO, on the major resorption surfaces
(R) and low-amplitude oscillation of Mg#, Al,O; and
TiO, between the closely packed layers. The Mg# of
Cpx on R surfaces varies by c. =6 to *=14 relative to
neighboring layers (Figs 11b and 12b). In the closely
packed layers with straight boundaries, the Mg# of Cpx
varies by <*2 in the Si-Mg-rich sector and by c. +2 to
+6 between the sector-zoned and concentric Cr-rich
and Cr-poor layers (Fig. 13a and b). In the closely
packed layers with wavy boundaries, the Mg# of Cpx
varies by ¢. =2 to =4 at the boundaries (Fig. 13c and d).
The Al,O3 and TiO, contents of the grain generally
show opposite trends to Mg#; however, Al,O3 is overall
less variable than TiO, within a single layer (Figs 11c
and 12c). Overall, the profiles across different growth
layers in the sector zoning of a macrocryst show clearly
different compositional trends; the growth layers in the
prism sector have similar compositions, whereas the
growth layers in the hourglass sector have lower Al,O3
and TiO, and higher SiO, than those in the prism sector
(Fig. 14a—c). Na,O and MnO are only slightly enriched in
the prism sector, and Cr,03 and CaO are not obviously
different between these sectors (Fig. 14d-f).

In a profile that is mainly composed of coarse layers
(Fig. 15a), the core has relatively constant Mg# of ~85,
the mantle has four layers with Mg# of ~85-90 alternat-
ing with five layers with Mg# of 71-76, and the rim has
nearly constant Mg# of ~79 (Fig. 15b). Al,O3 and TiO,
have the opposite trend to Mg# in the profile (Fig. 15b).
Chromium variation along the profile is consistent with
Mg#, showing the highest Mg# with highest Cr concen-
tration and vice versa (Fig. 15c). Strontium shows a
trend opposite to that of Mg# and Cr along the profile
(Fig. 15c). Both La/Yb and Dy/Yb along the profile do not
vary systematically with Mg# (Fig. 15d and e). La/Yb
along the profile varies from 1-8 to 4-8, whereas Dy/Yb
varies from 2-3 to 3.7 (Supplementary Data Table S3).

Sr isotopic compositions of Cpx macrocrysts

Five Cpx macrocrysts have ®Sr/®Sr ranging from
0-7072 to 0-7084 (Supplementary Data Table S5), much
lower than the whole-rock values (Fig. 16). It is also
noted that either single grains or different grains within
a single thin section have variable 8Sr/®®Sr. For in-
stance, the domain with Mg# of 67-74 in Crystal 2 has
873r/%8Sr of ~0-7075, whereas the domain with similar
Mg# in Crystal 3 has ®Sr/%Sr of ~0.7094 (Fig. 16).
Given that the laser beam adopted in this study is
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Fig. 9. Backscattered electron images (a, b) and EPMA elemental X-ray maps (c—f) of a Cpx macrocryst from the lamprophyre dyke.
Noteworthy features are the remarkable oscillation of Fe, Mg, Al and Ti, and clear sector zoning in Al and Ti (marked by arrow).

155 um, the results could be a mixture of coarse layers
and many fine layers. However, the profile across the
coarse layers of a macrocryst shows that the 8’Sr/%6Sr is
constantly at 0-7078 in layers 1 and 3 despite Mg# vary-
ing from 85 to 74, and it decreases to 0-7073 in layer 4
with Mg# 86, and then keeps nearly constant at 0-7075—
0-7076 from layer 6 to 11 despite Mg# varying from 76
to 89 (Fig. 15a).

DISCUSSION

Thermodynamic and kinetic effects on the
growth of Cpx macrocrysts

The Cpx macrocrysts in this study are typically elon-
gated with distinct oscillatory zoning, patchy zoning
and sieve texture (Figs 3 and 4) and sector zoning
(Figs 9 and 10), indicating that they may have experi-
enced complex growth processes. Experimental studies
demonstrate that the texture and composition of Cpx
respond not only to thermodynamic conditions, but
also to kinetic effects during crystal growth; for ex-
ample, high degrees of undercooling or rapid decom-
pression (Lofgren et al., 2006; Mollo et al., 2010, 2013;

Neave et al., 2019; Pontesilli et al., 2019; Masotta et al.,
2020). The complex textures and chemical composi-
tions of the Cpx macrocrysts in this study may thus
shed light on the thermodynamic conditions and kinetic
effects of crustal magma reservoirs where the Cpx mac-
rocrysts crystallized.

Oscillatory and sector zoning

Oscillatory zoning is common in plagioclase and clino-
pyroxene from terrestrial and lunar rocks, and has been
substantially documented to decipher the role of crys-
tallization kinetics as well as magma recharge events
and convection processes (Downes, 1974; Eriksson,
1985; Clark et al., 1986; O'Brien et al., 1988; Shimizu,
1990; Pearce 1994; Shore & Fowler 1996; Ginibre et al.,
2002a, 2002b; Humphreys et al., 2006; Ginibre &
Woérner, 2007; Streck, 2008; Elardo & Shearer, 2014).
The oscillatory zoning of the Cpx macrocrysts in this
study shows clear major and minor resorption surfaces
between different layers, and high- or low-amplitude
oscillation of Mg# and major and trace elements
crosses layer boundaries (Figs 11, 12 and 15).
Generally, overgrowth of a single layer with a clear
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Fig. 10. Backscattered electron image (a) and EPMA elemental X-ray maps (b-i) of a Cpx macrocryst from the lamprophyre dyke.
The element maps show distinct sector zoning that is not observed in the BSE image. The layers in the hourglass sector are
enriched in Si and Mg, whereas the layers in the prism sector are enriched in Al and Ti. Na is weakly enriched in the prism sector.
In contrast, Cr and Fe maps show concentric zoning. Ca map shows slight differences in the crystal. It is noteworthy that the closely
packed layers with straight boundaries are distributed in the Si-Mg-rich sector, whereas the closely packed layers with wavy boun-
daries show concentric Cr-rich layers alternating with Cr-poor layers.

resorption surface is attributed to a change of melt com-
position during crystallization of a crystal (Ginibre et al.,
2002a, 2002b); a major resorption surface with high-
amplitude oscillation of major elements may indicate a
major magma recharge event of compositionally differ-
ent magma, whereas a minor resorption surface with
low-amplitude oscillation of major elements may be
produced by the mixing of magmas with less contrast-
ing compositions locally (Ginibre & Worner, 2007;
Elardo & Shearer, 2014). Therefore, the resorption

surfaces in the Cpx macrocrysts are assumed to re-
spond to variable degrees of magma mixing. The major
and minor resorption surfaces in the profile of Fig. 15
are associated with either high Mg# and high Cr or low
Mg# and low Cr oscillations (Fig. 15a—c), indicating mul-
tiple recharging events involving primary or evolved
magmas during the growth of a crystal.

Clear Si- and Mg-rich hourglass sectors and Al- and
Ti-rich prism sectors in the macrocryst (Fig. 14) are simi-
lar to the sector zoning of augite in the lavas of Mt Etna
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Fig. 11. Backscattered electron image (a) and compositional profiles (b, c) across a Cpx macrocryst from the lamprophyre dyke. (a)
The grain contains multiple zoning patterns, including alternating coarse and fine layers and closely packed layers with straight
boundaries. It should be noted that the major (R) and minor (r) resorption surfaces are well developed. (b) Mg# profile obtained by
EPMA and conversion by grey-value regression along the white line marked in (a). (c) Profiles of Al,03 and TiO, contents obtained

by EPMA.

in ltaly (Ubide et al., 2019a) and Holuhraun in Iceland
(Neave et al., 2019), and are also similar to those of ex-
perimental Cpx resulting from alkaline melts (Masotta
et al., 2020). The compositional difference between the
hourglass and prism sectors can be attributed to cation
exchange of [Si*" + Mg® lhourglass <= [Ti*" +
AI3+]prism or [Si4Jr + Fez+ + Mgz+]hourglass — [Ti4Jr +
AP 1+ Fe®" 4 Ca®" + Na'l,ism at low degrees of under-
cooling or under near-equilibrium conditions, and could
be an effective indicator of sluggish kinetic effect
(Neave et al., 2019; Ubide et al., 2019a; Masotta et al.,
2020). Therefore, the sector zoning of Cpx with compo-
sitions similar to those formed at low degrees of under-
cooling can be used to reconstruct the magma
plumbing and storage system (Neave et al., 2019; Ubide
etal., 20194, 2019b).

The closely packed layers in the Cpx macrocrysts
show high-frequency, low-amplitude oscillation of Mg#
(Fig. 13), similar to those in the plagioclase phenocrysts
from dacite of the Parinacota volcano in Chile (Ginibre
et al., 2002a). The closely packed layers with straight
boundaries actually consist of concentric Cr-rich and Cr-
poor layers and multiple fine layers in the Si-Mg-rich
sector (Fig. 13a), indicating that the crystallization kinet-
ics was disrupted frequently by magma recharging
events. On the other hand, the wavy boundaries of
closely packed layers (Fig. 13c) indicate frequent, small-
scale resorption, which could be developed by rapid
movement of crystals under large thermal and chemical
gradients by magma convection (Ginibre et al., 2002a,
2002b; Ginibre & Worner, 2007). The rapid movement
of crystals through thermal and chemical gradients can
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Fig. 12. Backscattered electron image (a) and compositional profiles (b, ¢) across a Cpx microcryst from the lamprophyre dyke. (a)
The grain shows alternating coarse and fine layers, closely packed layers with wavy boundaries and straight boundaries. It should
be noted that major (R) and minor (r) resorption surfaces are developed. (b) Mg# profile obtained by EPMA results and conversion
by grey-value regression along the white line marked in (a). (c) Profiles of Al,O3 and TiO, contents obtained by EPMA.

frequently change the composition and temperature of
the ambient melts surrounding the crystals. Only fine
layers may be developed because the retention of crys-
tals was time-limited in this situation (Singer et al.,
1995; Ginibre et al., 2002a).

Patchy zoning and sieve texture

The patchy zoning indicates intense dissolution of early
crystallized Cpx by recharged, relatively primary
magma, as evidenced by the presence of abundant
melt inclusions in the high-Mg#, dark domains of the
patchy zoning (Fig. 4a). The sieve texture is commonly
associated with patchy zoning in the cores of the Cpx
macrocrysts, and abundant mica and matrix fill the
spongy space of the sieve texture (Fig. 4b and c). Sieve

texture is common in the plagioclase and pyroxene of
volcanic rocks and mantle xenoliths, and can be devel-
oped as a result of changes in temperature, pressure or
melt compositions (O'Brien et al., 1988; Nelson &
Montana, 1992; Stewart & Pearce, 2004; Tomiya &
Takahashi, 2005; Humphreys et al., 2006; Pan et al.,
2018). High degrees of undercooling could lead to rapid
skeletal growth of Cpx with spongy space filled with
matrix, leaving distinct skeletal or dendritic zoning with
regular fine layers in the crystal (Masotta et al., 2020).
This, however, is not observed in the sieve texture of
the Cpx macrocrysts in this study. Rapid decompres-
sion during fast ascent of magmas could result in
coarse-scale sieve texture and higher Mg# and lower
Al;O5 of clinopyroxene than those of the primary crys-
tals in mantle xenoliths (Pan et al, 2018). The
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Fig. 13. Backscattered electron images (a, c) and profiles of
Cpx Mg# converted by grey-value regression across the close-
ly packed layers (b, d). Both the closely packed layers with
straight boundaries (a) and with wavy boundaries (c) show
high-frequency oscillation of Mg#. It should be noted that the
closely packed layers in the Si-Mg-rich sector show low-ampli-
tude oscillation of Mg# (<=*2) at the layer boundaries (b). The
boundaries between the closely packed layers and the concen-
tric Cr-rich/Cr-poor layers have Mg# varying by =2 to +6 (b).
The closely packed layers with wavy boundaries show *=2 to
*4 variation of Mg# at the layer boundaries (d).

decompression-driven dissolution and reprecipitation
of Cpx in volcanic rocks also lowers Al,O3 in the rim
(Neave & Maclennan, 2020). However, the sieved cores
of the Cpx macrocrysts in this study have similar Mg#
range and high Al,O3 relative to the mantles and rims
(Figs 4c, d and 6c¢); they are thus unlikely to have formed
owing to rapid decompression. Instead, the sieved
cores may be attributed to the dissolution of Cpx by
groundmass melt. The cracks functioned as channels
that allowed the groundmass melt to penetrate and par-
tially resorb the cores, leading locally to chemical

disequilibrium of the ambient melt. The re-precipitation
of the ambient melt may cause the compositions of the
sieved cores to significantly deviate from the trends of
the cores and mantles of the Cpx macrocrysts (Fig. 6).

It is also noted that the concentric layers developed
in some Cpx glomerocrysts with sieve texture can be
traced among the grains without obvious resorption
(Fig. 4e), indicating that these grains grew simultan-
eously and the sieve texture formed during crystal
growth rather than late-stage dissolution. The radiating
growth of multiple crystals is probably attributed to het-
erogeneous nucleation of crystals at high degrees of
undercooling (see Shea & Hammer, 2013). Therefore,
the sieve texture of the Cpx macrocrysts in this study
formed either by late-stage dissolution and re-
precipitation of the groundmass melt or by high
degrees of undercooling, such Cpx macrocrystsare not
applicable to reconstruct the magma plumbing and
storage system.

Multi-mantle sources for the lamprophyre dyke
The complex oscillatory zoning patterns and highly vari-
able compositions of the cores and mantles of the Cpx
macrocrysts in this study (Figs 5 and 6) indicate that the
host lamprophyre dyke may contain diverse crystal
populations, which may be either from multiple batches
of magmas that share the same mantle source or from
magmas derived from different mantle sources
(Humphreys et al., 2006; Winpenny & Maclennan, 2011;
Neave et al., 2013, 2014; Ubide et al., 2014).

Experimental results reveal that the ratios of partition
coefficients of REE between Cpx and melt would not
change dramatically on cooling, even at high cooling
rates (Lofgren et al., 2006; Mollo et al., 2013). For ex-
ample, the partition coefficient ratios of La/Yb and Dy/
Yb between Cpx and trachybasaltic melt increase by
only ~0-08 when the cooling rate increases from 2°Ch~
"to 50°Ch~" (Mollo et al., 2013). Therefore, the REE par-
tition coefficient ratios of Cpx are considered to be near-
ly constant despite high degrees of undercooling
(Winpenny & Maclennan, 2011) or fractionation of bas-
altic magma (Lissenberg & MaclLeod, 2016). The La/Yb
and Dy/Yb ratios of ultrapotassic rocks and the melt in
equilibrium with clinopyroxene have been widely
applied to distinguish their mantle sources and melting
process (Miller et al., 1999; Duggen et al., 2005; Prelevic¢
et al., 2012). We thus use La/Yb and Dy/Yb of the Cpx
macrocrysts to constrain the mantle melting processes
of the lamprophyre dyke in this study.

The Cpx macrocrysts have &Sr/®Sr much lower
than those of the host lamprophyre dyke (Fig. 16), indi-
cating significant crustal contamination during magma
ascent or late-stage fluid alteration. As the Cpx macro-
crysts are relatively fresh and show distinct major and
trace element zoning (Figs 11, 12 and 15), fluid alter-
ation should have only a trivial effect on these macro-
crysts. To avoid the possible effects of crustal
contamination and REE fractionation caused by
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Fig. 14. A sketch of the Cpx macrocryst observed in the 2-D elemental maps in Fig. 10 and binary plots of Mg# vs major and minor

elements contents obtained by EPMA (b-h).

fractional crystallization in the crustal magma reser-
voirs, only the domains with high Mg# (>85) were
chosen to calculate the compositions of equilibrium
melts using the equation CMelt — cCPx/pP/Melt \yhere
CMet and C P refer to the concentration of element i in
melt and clinopyroxene, respectively, and D,.Cp"/'vIelt refers
to the partition coefficient of i between clinopyroxene
and melt. The DZ/Me", pSPX/Melt and pPM! values
used in this study are 0-029, 0-33 and 0-22, respectively
(after Prelevi¢ et al., 2012). The equilibrium melts were
calculated to have La/Yb varying from 13-6 to 37-9 and
Dy/Yb from 1-56 to 3-02 (Fig. 17a), and have scattered La/
Yb against variable Yb concentration (Fig. 17b), indicat-
ing that they were probably derived from multiple man-
tle sources.

It is generally acknowledged that melting of a four-
phase peridotite mantle cannot produce ultrapotassic

melts and thus a K-rich phase (phlogopite) is required
in the mantle source (Foley, 1992a). A vein plus wall-
rock melting model was proposed to explain the gener-
ation of potassic—ultapotassic melt (Foley, 1992b); how-
ever, the melting process is difficult to model
quantitatively because of the variability in the mineral-
ogy, mineral modes and chemical compositions of the
mantle (Miller et al., 1999). Nonetheless, Group Il ultra-
potassic rocks in orogeny are considered to have origi-
nated from relatively fertile spinel-peridotite mantle
with abundant clinopyroxene and mica (Foley, 1992a).
They may also have been derived from a deeper garnet-
peridotite source as the rocks and the Cpx commonly
have more depleted HREE than LREE (Miller et al., 1999;
Prelevi¢ et al., 2012; Giilmez et al., 2016). To simulate
the contribution of garnet- or spinel-field mantle sour-
ces to the lamprophyre dyke in this study, we carried
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Fig. 15. Backscattered electron image (a) and compositional profiles of major and trace elements (b—e) for a Cpx macrocryst mainly
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Profiles of Cr, Sr, La/Yb and Dy/Yb obtained by LA-ICP-MS. Sr isotope compositions obtained by LA-MC-ICP-MS are marked in (a).

out a modelling study based on a non-modal, fractional
partial melting model (see Shaw, 1970).

Phlogopite harzburgite was generally considered to
be the mantle source of lamproite (Foley, 1992a;
Prelevi¢ et al, 2012). However, modelling for the
phlogopite harzburgite using the partial melting curves

of Prelevic et al. (2012) would obtain high Dy/Yb, and it
may require nearly 40% partial melting to explain the
variations of La/Yb of the equilibrium melts in this study
(Fig. 17a).

We adopted phlogopite Iherzolite in the modelling of
this study, which was also used in the partial melting
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modelling for potassic and ultrapotassic rocks in the
westernmost Mediterranean (Duggen et al., 2005). The
Cl chondrite values of Sun & McDonough (1989) were
adopted as the initial compositions of the garnet/spinel
Iherzolite mantle. The median values of the metasomat-
ized subcontinental lithospheric mantle of McDonough
(1990) were adopted as the initial compositions of gar-
net/spinel phlogopite Iherzolite mantle. The results indi-
cate that the melts in equilibrium with Cpx of Mg# >85
have La/Yb and Dy/Yb deviating from any of the mod-
elled melting curves of mantle sources (Fig. 17), arguing
that magmas of the lamprophyre dyke may have been
derived from different mantle sources.

The modelling results of magma mixing show that
the La/Yb and Dy/Yb of the equilibrium melts could be
simulated by the melts produced by 1-5% melting of
the garnet phlogopite lherzolite mixed with the melts
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Fig. 17. Binary plots of calculated La/Yb vs Dy/Yb (a) and Yb vs
Dy/Yb (b) of melts in equilibrium with high-Mg# (>85) Cpx
domains. The melt compositions in equilibrium with Cpx were
calculated using partition coefficients of DE;’S;T‘\?E =0-029, 0-33
and 0-22 (Prelevi¢ et al., 2012). Non-modal, fractional partial
melting was modelled for garnet lherzolite (Olg.5080pXg.211
CpXo.07eGl'to.115), spinel lherzolite (O|0.57gopX0.270CpX0.119
Spo.o3z) and metasomatized garnet phlogopite Iherzolite
(Olo.5640pX0.188CPX0.141Grrto.047Phlo.0s) and metasomatized spi-
nel phlogopite Iherzolite (Oly.5640pX0.188CPX0.1241SP0.024Phlo.083)-
Source compositions of La, Dy and Yb are assumed to be
0-237, 0-254 and 0-17 ppm (CI chondritic REE composition; Sun
& McDonough, 1989) for garnet/spinel Iherzolite and 0-77, 0-47
and 0-27 ppm (median values of metasomatized lithosphere
mantle; McDonough, 1990) for metasomatized garnet/spinel
phlogopite lherzolite. Phase proportions entering the
partial melt are taken as Olg.o50px0.2CpXo.3Grto.45 for garnet
lherzolite, Olg.10pXg.27Cpx0.5Spo.13 for spinel lherzolite,
Olg.10pxo.15Cpxo.3Grtg.1Phlo.35 for garnet phlogopite lherzolite,
and Olg.10px¢.15CpXo.3Spo.osPhlo.4 for spinel phlogopite lherzo-
lite, respectively. Partition coefficients used in modelling are
DOpet, = 0, 0:007, 00011, DPS™er = 0-002, 0-022, 0-049,
DSmel = 001, 1:06, 401, DEP%y, = 0002, 0-01, 0.01,
Dff'gmet = 0-0001, 0-017, 001, which are adopted from
McKenzie & O’Nions (1991), Duggen et al. (2005) and Prelevic¢
et al. (2012). Melting curves of metasomatized garnet/spinel
phlogopite harzburgite with source compositions of metasom-
atized continental lithospheric (L) mantle and Finero (F)
phlogopite harzburgite were adopted from Prelevi¢ et al.
(2012).
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produced by 0-5-1% melting of the spinel phlogopite
Iherzolite, or the melts by 1-2% melting of the garnet
phlogopite lherzolite mixed with the melts by 0-1-1%
melting of the spinel Iherzolite (Fig. 17). It is thus likely
that magmas of the lamprophyre dyke may have been
derived from different mantle sources with either
enriched or depleted nature; the high-Mg# (~85)
domains with high La/Yb in the Cpx macrocrysts may
represent the crystallization products of the enriched
melts, whereas those high-Mg# (~90) domains with low
La/Yb may represent the crystallization products of the
depleted melts (Fig. 8b).

Estimation for the depths of crustal magma
reservoirs

Thermobarometers based on Cpx-melt compositions
can be used to estimate the crystallization pressure of
Cpx in volcanic rocks (Putirka et al., 1996, 2003; Putirka,
2008), inferring the depth of crustal magma reservoirs.
We chose the Cpx-melt thermometer [equation T1 of
Putirka et al. (1996)] and the Cpx—melt barometer [equa-
tion A of Putirka et al. (2003)] to estimate the crystalliza-
tion temperature and pressure of the Cpx macrocrysts
in this study. The Cpx-melt thermobarometer could
give comparable results for the crystallization pressures
of hourglass and prism sectors so that the kinetic effect
on the compositions of Cpx could be eliminated (Neave
et al., 2019; Ubide et al., 2019a). The thermobarometer
we used in this study yields one standard error of esti-
mate (1SEE) of *27°C and =*1-3kbar, respectively
(Putirka et al., 1996, 2003).

Because the rocks from the lamprophyre dyke have
restricted major element contents and higher Sr/25Sr
than that of the Cpx macrocrysts, the whole-rock compo-
sitions cannot represent the equilibrium melts. The equi-
librium melts of the Cpx macrocrysts in this study were
selected by matching compositions from a large dataset
(n=2951) of potassic-ultrapotassic rocks in the litera-
ture and lamprophyre and lamproite in the GEOROC
database (http://georoc.mpch-mainz.gwdg.de/georoc/),
following the procedures of Neave et al. (2013, 2019)
and Ubide et al. (2019b). To effectively identify the Cpx-
melt equilibrium, we compared the components of diop-
side + hedenbergite (DiHd) and enstatite + ferrosilite
(EnFs) between those analyzed in Cpx and those pre-
dicted for Cpx-melt pairs (Mollo et al., 2013). We also
compared the measured and predicted partition coeffi-
cients of Na [Dy,; equation 7 of Blundy et al. (1995)] and
Ti [Dy;; equation 44 of Wood & Blundy (2003)], and Fe-
Mg exchange coefficient between Cpx and melt
[Kd,fg’_",\",,"ge“; equation 35 of Putirka (2008)] as additional
tests for the Cpx—melt pairs. Therefore, we carried out
five tests to check the equilibration of each Cpx-melt
pair, including DiHd, EnFs, Dya, Dri and Kdre_mg. The
thresholds used for ADiHd, AEnFs, ADy, and AKdre-vg
were *0-06, =0-05, *0-02, and =0-08, respectively,
which are the same as the 1SEE of predicted values
(Blundy et al., 1995; Putirka, 2008; Mollo et al., 2013).

The threshold used for ADy; was set to be +0-2. As the
Cpx-melt thermobarometer is sensitive to the jadeite
(Jd) component of Cpx and Na,O content of the equilib-
rium melt (Putirka et al., 1996, 2003), the EPMA results
for the core and rim of the Cpx macrocrysts were care-
fully checked to preclude the points with variation of Jd
(AJd) larger than 0-003. In addition, the variation of pre-
dicted Dy, for each core and rim was restrained to be
<0-02, which can effectively remove abnormal pressure
values. With these filters, a number of equilibrium melts
were matched with Cpx from the dataset.

A total of 123 Cpx—-melt pairs were finally matched
within the thresholds of predicted values (Fig. 18 and
Supplementary Data Table S6). The Cpx in these pairs
has Mg# varying from 76 to 87 and one standard devi-
ation of estimated temperature and pressure are
smaller than the model errors (Fig. 19a). The obtained
pressure values for the cores vary from 1.5 to 5-8 kbar,
and can be clearly distinguished into three populations
(i.e. ~5-4, ~3-3 and ~1-5kbar, respectively; Fig. 19b),
indicating that they may come from magma reservoirs
at different depths. In contrast, the obtained pressure
values for the rims are restricted from 1 to 2 kbar with
an average of ~1.6kbar (Fig. 19b). We therefore con-
sider that there were probably magma reservoirs of
ultrapotassic magmas at three different depths equiva-
lent to the crystallization pressures of ~5.4, ~3-3 and
~1-6kbar, respectively, making up a transcrustal mag-
matic system.

For the cores of the Cpx macrocrysts with low Mg#
(<70), the equilibrium melts were selected by matching
compositions from trachyandesite (n=4470) and bas-
altic andesite and andesite (n=1995) in the GEOROC
and PetDB database (www.earthchem.org/petdb). A
total of 45 Cpx—-melt pairs were obtained within the
same thresholds of predicted and measured values
(Supplementary Data Table S6). The Cpx in these pairs
has Mg# varying from 61 to 64 and the crystallization
pressure is estimated to be ~2.9-3-5kbar (Fig. 19a).
Therefore, the low-Mg# (<70) cores of the Cpx macro-
crysts could be xenocrysts that were probably
entrapped by the ultrapotassic magmas during magma
upwelling. This can explain the distinct gap of Mg# be-
tween Core Il and Core lll (Fig. 5a).

The high-Mg# (>88) domains have the highest Cr
and lowest La/Yb among the Cpx macrocrysts (Fig. 8b),
and no equilibrium melts can be matched for them
from the dataset used in this study. These high-Mg#
(>88) domains may have crystallized early from pri-
mary, depleted magmas, which may be stored in the
magma reservoir somewhere deeper in the crust or
replenished directly into the shallower reservoirs, form-
ing high-Mg# core and mantle of the Cpx macrocrysts.

A petrological model for the formation of the
ultrapotassic dyke

The complex zoning patterns and compositions of the
Cpx macrocrysts in the lamprophyre dyke could be
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developed in a magmatic system in the middle to upper
crust. Distinct populations of the Cpx macrocrysts may
have crystallized from multiple batches of magmas,
which were supplied from different magma reservoirs
in the system (Fig. 20a). The domains that have similar
Mg# and different 8Sr/%®Sr in different Cpx macrocrysts
(Fig. 16) may have crystallized from different magma
reservoirs. The similar Mg# range of the cores and man-
tles of the Cpx macrocrysts (Fig. 5a and b) is attributed
to progressive replenishment of Cpx-laden magmas
from different deep-seated magma reservoirs into shal-
low magma reservoirs where ultrapotassic magmas
eventually developed.

The major magma reservoirs in the system may
occur at three different depths in the middle to upper
crust (i.e. ~5-4, ~3-3 and ~1-6 kbar, respectively), on the
basis of estimated crystallization pressures of the Cpx
macrocrysts (Fig. 20a). The primary, enriched magmas
were probably produced by partial melting of the meta-
somatized garnet/spinel phlogopite Iherzolite mantle,
and they may replenish both the deep and shallow
magma reservoirs, forming high-Mg# (85-87) Cpx
domains with high La/Yb. Fractional crystallization of
the primary, enriched magmas in the deeper reservoirs
resulted in the evolved magmas, which may have

further frequently replenished the shallower reservoirs
and crystallized low-Mg# (84-70) Cpx domains with
high La/Yb. The primary, depleted magmas were prob-
ably produced by partial melting of the spinel-facies
Iherzolite mantle, and they may have crystallized high-
Mg# (88-90) Cpx domains with low La/Yb in either
deeper or shallower magma reservoirs. Mixing of the
depleted and enriched magmas may have occurred in
the shallower reservoir, resulting in the domain with
variable Mg# and La/Yb. In addition, the clinopyroxene
population with low Mg# (~64) and high La/Yb may
have crystallized from an andesitic magma reservoir
and become entrapped by the enriched magmas during
ascent (Fig. 20a).

Concurrent mixing and crystallization in the magma
reservoirs produced crystal-rich mush. The shallower
magma reservoir was probably progressively
recharged with the crystal-rich mush from deeper
magma reservoirs. The Cpx grains that crystallized
from the same or different magma batches may have
accumulated together, forming Cpx glomerocrysts that
show either similar (Fig. 3a) or distinctly different zon-
ing patterns (Fig. 3e). Subsequent magma mixing may
disaggregate the crystal-rich mush, forming multi-cored
Cpx macrocrysts (Fig. 3d and g). All early formed
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Fig. 19. Crystallization pressure for the cores and rims of the
Cpx macrocrysts in the lamprophyre dyke. Temperature was
calculated using the Cpx-melt thermometer of Putirka et al.
(1996) and pressure was calculated using the Cpx-melt barom-
eter of Putirka et al. (2003). The calculation results show that
the cores crystallized from ~1-5 to 5-8 kbar and the rims crystal-
lized from ~1 to 2 kbar (a). For the cores, the Cpx can be distin-
guished into three populations, i.e. ~5-4, ~3-3 and ~1-5kbar
(b). The rims are averaged to be ~1-6kbar (b). One standard
error of estimation values for the temperature and pressure
are =27°C and *1-3kbar, respectively (Putirka et al., 1996,
2003).

crystals that were transported into the shallower reser-
voir were finally equilibrated with the groundmass melt
before eruption, resulting in a euhedral outline of the
Cpx macrocrysts with similar Mg# in the rims (Fig. 5c).
The Cpx macrocrysts may have crystallized under
different degrees of undercooling in the shallower res-
ervoir, developing diverse zoning patterns that can be
observed even at thin-section scale. The shallower res-
ervoir may have high thermal gradients between the
hot interior and cold margin (Fig. 20b). The cold margin
may facilitate crystallization kinetics under variable
degrees of undercooling (Welsch et al., 2009; Shea &
Hammer, 2013). The Cpx macrocrysts with coarse

layers (Fig. 3a) may have crystallized in the hot interior
with very low degrees of undercooling, whereas those
with Si-Mg-rich hourglass sector zoning (Fig. 10) may
have crystallized from the margin with relatively low
degrees of undercooling. The concentric Cr-rich and Cr-
poor layers in the sector-zoned crystals were developed
as a result of magma mixing. The closely packed layers
with straight boundaries are distributed in the Si-Mg-
rich sectors (Fig. 13a) and thus they also formed as a re-
sult of crystallization kinetics. The closely packed layers
with wavy boundaries show concentric Cr-rich and Cr-
poor layers (Fig. 13c), and they formed by rapid crystal
movement through thermal and chemical gradients.
Frequent crystal movement between the hot interior
and cold margin caused by magma convection may
lead to the formation of either concentric layers or
closely packed fine layers in these Cpx macrocrysts.
The sieve texture and patchy zoning (Fig. 4c) of the Cpx
macrocrysts are attributed to the partial dissolution of
early formed core by the groundmass melt at late stage.
The magma plumbing and storage system revealed
for the ultrapotassic lamprophyre dyke in this study
indicates that volumetrically minor ultrapotassic mag-
mas may experience complex magma history in the
crust before eruption. The ultrapotassic magmatic sys-
tem in our model involves multiple magma reservoirs,
which is consistent with the common observation for
volatile-rich alkaline magmas (e.g. Mt. Etna and
Stromboli in Italy), where many magma reservoirs are
present at variable depths of crust (Francalanci et al.,
2005; Ubide et al., 2019a, 2019b). This study highlights
that ultrapotassic magmas could be a mixture of com-
positionally variable magmas derived from different
mantle sources and thus the evolution of the magmas
in a transcrustal magmatic system should play a signifi-
cant role in the compositions of minerals and rocks.

CONCLUSIONS

The Cpx macrocrysts of the lamprophyre dyke in the
Kyrgyz North Tianshan orogen display complex oscilla-
tory zoning patterns, which record periodic mixing of
magmas derived from different mantle sources in a
transcrustal magmatic system. Multiple Cpx popula-
tions that crystallized from different deeper magma res-
ervoirs were transported into a shallower magma
reservoir and mixed along with their host magmas.
Progressive recharging of magmas from different
magma reservoirs resulted in the periodic change of
magma compositions. Diverse textural and chemical
zoning patterns of the Cpx macrocrysts imply variable
degrees of undercooling within the magma reservoirs.
Concurrent mixing and crystallization of Cpx from the
hot interior of the magma reservoir may develop coarse
layers with obvious resorption surfaces in the zoning
patterns, whereas crystallization from the cold margin
may result in the cryptic sector zoning and the closely
packed fine layers with straight boundaries. Rapid crys-
tal movement through thermal and chemical gradients
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Fig. 20. Schematic diagrams showing a possible transcrustal magmatic system for the ultrapotassic lamprophyre dyke (a), crystal-
lization of Cpx in the shallow magma reservoir with variable degrees of undercooling (b) and typical zoning patterns of the Cpx
macrocrysts (c) in the lamprophyre dyke. (b) is modified after Welsch et al. (2009). (See details in the text.) Diagrams are not to

scale.

resulted in the closely packed fine layers with wavy
boundaries. This study demonstrates that the ultrapo-
tassic magmas may be produced by mixing of magmas
from different mantle sources and may have experi-
enced complex thermodynamic processes in a trans-
crustal magmatic system during ascent.
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