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ARTICLE INFO ABSTRACT

Keywords: (Ultra-)potassic lamprophyres are volumetrically rare, but are widely distributed in diverse geological settings
Lamprophyre and extensively applied to trace the mantle source and melting processes. However, it is still debatable whether
Clinopyroxene

the lamprophyre formation involved transcrustal magmatic processes. In this study, we describe the diverse
zoning patterns and textures of clinopyroxene (Cpx) from a Cenozoic potassic lamprophyre dyke in southeastern
Tibet Plateau. Three types of Cpx macrocrysts with normal- and reverse oscillatory zoning and sieved textures,
and Cpx microcrysts from Cpx-Phl nodules are recognized. The Cpx macrocrysts have highly variable Mg#
(62-89) and chemical compositions. Their oscillatory-zoned mantle has alternating coarse layers or closely-
packed layers, with distinct resorption surface shown in backscattered electron (BSE) images. High-amplitude
oscillation of Mg# (+5 to +12), Al, Cr and Sr at the boundary layers of mantle may reflect multiple magma
mixing/recharge events. In contrast, low-amplitude and high-frequency oscillation of Mg# (varying from < +3)
across the closely-packed layers could be attributed to local magma mixing or kinetic effect at the crystal-melt
interface. The sieved domains occur in the Cpx macrocrystic core with spongy space and linking the external
groundmass by cracks, and have major and minor compositions and 8”Sr/%°Sr ratios similar to those of the rims.
This indicates that the sieved domains are probably originated from dissolution of the Cpx macrocrysts by
groundmass melt and later reprecipitation. The estimated pressure and temperature for the Cpx macrocryst high-
Mg# cores and low Mg# rims are 580-1160 MPa (avg. 919 MPa) and 30-1270 MPa (avg. 681 MPa), and
1116-1266 °C (avg. 1216 °C) and 955-1215 °C (avg. 1110 °C), respectively, suggesting polybaric differentiation
or Cpx-saturated magmas. The estimated pressure and temperature for the reverse-zoned Cpx marcocryst cores
are 450-1310 MPa (avg. 953 MPa) and 1097-1209 °C (avg. 1166 °C), respectively, indicating that they are likely
formed in equilibrium with a more evolved magma batch, and then were entrapped by more primitive mantle-
derived potassic magmas during magma upwelling. The La/Yb and Dy/Yb modelling of equilibrium melts sug-
gest that magmas of the Cpx—Phl nodules and their lamprophyre host were derived from similar mantle sources.
Therefore, the complex zoning patterns and compositions of Cpx macrocrysts could indicate transcrustal
magmatic processes in the potassic lamprophyre dyke formation.

Oscillatory zoning
Transcrustal magmatic processes

1. Introduction settings (Imaoka et al., 2017; Karsli et al., 2014; Rock, 1991). They

usually contain magmatic enclaves, cumulate nodules, crustal and

Lamprophyre is a special group of hypabyssal porphyritic dykes with
mafic phenocrysts (e.g., mica, pyroxene and/or amphibole) and is
typified by the absence of felsic phenocrysts (Le Maitre et al., 2002;
Rock, 1977). Lamprophyres are volumetrically rare, but were reported
in various geological settings, such as orogenic belts and within-plate

mantle-derived xenoliths and xenocrysts, providing clues for their
petrogenesis and deep crustal geodynamic processes (Li et al., 2021; Liu
et al., 2013; Semiz et al., 2012; Soltanmohammadi et al., 2021; Zhang
et al., 2021). Published geochemical data show that lamprophyres are
commonly more enriched in volatiles, alkalis and other incompatible
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Fig. 1. (a) Simplified tectonic framework of the southeastern margin of Tibet Plateau, with the inset showing the regional tectonic context; (b) Geological map of
eastern Dali in Yunnan Province, China, showing the distribution of Cenozoic igneous rocks and lamprophyre sample locations (modified after Huang et al., 2010).
Suture zones: JSJ = Jinshajiang; GZ-LT = Ganzi-Litang; LCJ = Lancangjiang; BNJ = Bangong Nujiang; YLZB = Yarlung Zangbo.

elements (e.g., F, Cl, Rb, Ba, Sr and LREEs) than other silicate igneous
rocks, and are potassic to ultrapotassic (e.g., Foley et al., 1987; Ma et al.,
2014; Tappe et al., 2006). Consequently, their petrographic and
geochemical characteristics can constrain the magma source (mantle
nature, degree of partial melting and metasomatism), fractionation and
crustal assimilation, as well as the dynamics and mixing processes
(Casetta et al., 2019; Foley, 1992a, 1992b; Huang et al., 2010; Hum-
phreys et al., 2006; Lu et al., 2015; Muravyeva et al., 2014; Prelevic
et al., 2005; Xing and Wang, 2020; Yang and Jiang, 2018).

Previous studies have revealed that much of the shallow portions of
plumbing systems beneath common basaltic to rhyolitic volcanoes is
likely occupied by crystal-rich or crystal mush zone (Miller and Wark,
2007). The crystal mush zone may have maintained its semi-solidified
state by heating from the underlying intermediate-mafic melt, which
constitute a transcrustal magmatic plumbing system (Cashman et al.,
2017; Miller and Wark, 2007). Phenocrysts of plagioclase, hornblende
and/or clinopyroxene in volcanic rocks with textural and compositional
zoning can record the open-system magmatic processes, including
crystallization, magma recharge/mixing, decompression and convection
prior to the eruption (Ginibre et al., 2002a, 2007; Humphreys et al.,
2006; Ubide et al., 2014; Ubide and Kamber, 2018; Xing and Wang,
2020). Nevertheless, transcrustal magmatic processes recorded by
(ultra-)potassic lamprophyres are rarely reported (Prelevic et al., 2012;
Xing and Wang, 2020).

In this study, we investigate the diverse zoning patterns and textures
of Cpx macrocrysts and microcrysts from the Cpx—Phl nodules and their

lamprophyre dyke host at Dali in the southeastern Tibet Plateau, SW
China. Integrating in situ apatite U—Pb dating, and whole-rock
geochemical and Sr—Nd-Pb isotope analyses, we present the composi-
tional variations, Mg# profile and in situ Sr isotope compositions of Cpx
macrocrysts from this lamprophyre dyke. With these new data, we
propose a magma mixing model for the formation of these Cenozoic
potassic lamprophyre dykes in the southeastern Tibet Plateau.

2. Geological background

Dali is located in the southeastern margin of Tibetan Plateau (Fig. 1a;
Huang et al., 2010; Lu et al., 2015). Due to the early Cenozoic (ca. 65-60
Ma) India-Asia collision, the regional compression is accommodated by
crustal shortening and thickening, and the development of SE-trending
fault systems, notably the Ailaoshan-Red River fault zone (Fig. la;
Chung et al., 2005; Wang et al., 2021). The fault zone is a large sinistral
strike-slip shear (500-700 km long), representing the South China-
Indochina suture and linking with the Jinshajiang suture zone to the
north (Fig. 1a; Chung et al., 2005; Lu et al., 2015; Xu et al., 2021).

(Ultra-)potassic magmatic rocks, including lamprophyres, trachy-
basalt- trachyandesite, shoshonite, leucite, latite, trachyte and potassic
granitoids, are widely exposed in the southeastern Tibet Plateau, espe-
cially in the northern end of the Ailaoshan-Red River fault zone (Fig. 1a;
Guo et al., 2005; Huang et al., 2010; Lu et al., 2015; Shen et al., 2021;
Wang et al., 2021). The (ultra-)potassic mafic rocks occur primarily as
fault-controlled volcanic dykes or pipes (Fig. 1a). The potassic granitoids
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Fig. 2. Photographs and photomicrographs showing field outcrops and petrographic features of the Cpx-Phl nodules and their lamprophyre host at Dali: (a) Outcrops
of lamprophyre dyke intruding the Devonian dolomite-dolomitic limestone; (b) Ellipsoidal Cpx—Phl nodules in lamprophyre dyke; (c) Cpx macrocrysts with oscil-
latory zoning texture in lamprophyre dyke; (d) Phl macrocrysts with oscillatory zoning texture in lamprophyre dyke; (e) Contact between Cpx-Phl nodule and

lamprophyre host. Abbreviations: Cpx = clinopyroxene; Phl = phlogopite.

include (mainly porphyritic) syenite, monzonite and granite, associated
with skarn—/porphyry-type Au-Cu-Mo mineralization, such as the
Beiya, Yao'an and Machangqing ore deposits (Wang et al., 2021; Xu
et al., 2021). Many of these (ultra-)potassic magmatic units were dated
at 40-30 Ma by using zircon/titanite U—Pb and phlogopite Ar—Ar
geochronology (Huang et al., 2010; Lu et al., 2015; Wang et al., 2021; Xu
et al., 2021).

The study area lies in the eastern Erhai district at Dali, SW Yunnan
Province, China (Fig. 1a, b). The exposed strata are mainly Ordovician
quartz sandstone to arenaceous shale, and Devonian-Lower Permian
carbonate and siliceous rocks, whereas Mesozoic strata are absent
(Fig. 1b; Huang et al., 2010). The Neoproterozoic granite in central Dali
is in nonconformity contact with the Devonian dolomite and dolomitic
limestone. Late Permian Emeishan large igneous province (LIP)-related

flood basalts are mainly distributed in eastern Dali (Huang et al., 2010;
Lu et al., 2015). Cenozoic alkaline mafic rocks (incl. Gabbro-diabase,
potassic- and ultrapotassic mafic rocks) are widely distributed in the
study area (Fig. 1b).

In this study, thirteen lamprophyre samples were collected from
northeastern Dali, Yunnan Province, China (Fig. 1b). The NW- to EW-
trending lamprophyre dyke intruded the Devonian dolomitic lime-
stone and dolomite, and is over 10 m wide and several km long (Figs. 1b
and 2a). The samples are light grey to greyish-green and porphyritic
(Fig. 2b). The lamprophyre contains ~40 vol% macrocrysts of clino-
pyroxene (ca. 25-30 vol%) and phlogopite (ca. 10-15 vol%) and ~ 60
vol% groundmass of K-feldspar, clinopyroxene, phlogopite, apatite and
magnetite, and minor (<5 vol%) ilmenite, carbonate ocelli and vesicles
(Fig. 2b-e). Therefore, the rocks can be classified as minette based on the



S. Zhang et al.

0.8
06
Ko}
o
3
o
5 04
0 3500 Lower intercept at
37.0+2.9Ma
(20, MSWD = 1.8, n = 55)
02 (*'Pb/**Pb), = 0.84
1400° 0700 350 140 70
o o
0 20 60 80

40
23ﬁu/206Pb

Fig. 3. LA-ICP-MS apatite U—Pb Tera-Wasserburg concordia diagram for the
Dali lamprophyre.

lamprophyre classification (Le Maitre et al., 2002; Rock, 1991). Some
Cpx-Phl nodules have also been identified in the lamprophyre dykes
(Fig. 2b). These microgranular nodules (diameter: 2-3 cm) are dark
green to black, and contain microcrysts of clinopyroxene and phlogopite
with minor apatite, magnetite and vesicles (Fig. 2b, e).

3. Analytical methods
3.1. Apatite U—Pb dating

Apatite U—Pb isotope dating was determined at the Guangzhou
Tuoyan Analytical Technology Co. Ltd., Guangzhou, China, by using a
NWR 193 nm ArF Excimer laser-ablation system coupled to an iCAP RQ
ICPMS. The ICPMS was tuned using NIST 610 standard glass to yield low
oxide production rates. During the analysis, 0.7 1/min He carrier gas was
fed into the cup, and the aerosol was subsequently mixed with 0.84 1/
min Ar make-up gas. The laser fluence was 5 J/cm?, with repetition rate
of 6 Hz, 50 pm spot size and analysis time of 40 s, followed by a 40 s
background measurement. Detailed descriptions of the geochemical
methods and apatite standards are presented in Appendix A.

3.2. Whole-rocks major and trace element analyses

In this study, whole-rock major and trace element compositions and
Sr-Nd-Pb isotope data for the Dali lamprophyre rock samples (avoiding
Cpx-Phl nodule contamination) are listed in Appendix B. The Cpx-Phl
nodules are too small to be analyzed. The analyses were carried out at
the Nanjing FocuMS Technology Co. Ltd., Nanjing, China. The in-
struments of Agilent Technologies 5110 ICP-OES (Penang, Malaysia)
and Agilent Technologies 7700x quadrupole ICP-MS (Tokyo, Japan)
were used to determine the major- and minor-, and trace elements,
respectively. The instrument of Nu Instruments Nu Plasma II MC-ICP-MS
(Wrexham, Wales, UK) through Teledyne Cetac Technologies Aridus II
desolvating nebulizer system (Nebraska, USA) was used to determine
the radioactive Sr-Nd-Pb isotopes. Detailed descriptions of the
geochemical methods are presented in Appendix A.

3.3. Clinopyroxene chemistry and Sr isotope analyses

The electron probe microanalysis (EPMA) of Cpx was conducted at
the Key Laboratory for the Study of Focused Magmatism and Giant Ore
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Deposits, Xi'an Center of Geological Survey, China Geological Survey, by
using a JEOL JXA-8230 EPMA. The LA-ICP-MS clinopyroxene trace
element analysis was conducted at the Nanjing FocuMS Technology Co.
Ltd., on an Agilent 7900a ICP-MS instrument coupled to a Resonetic
193 nm ArF excimer laser ablation system. Single spot ablation mode
was adopted with 50 pm laser beam size, 120 mJ laser energy and 6 Hz
ablation frequency. Then, the in situ clinopyroxene Sr isotope compo-
sitions analysis was performed on a Thermo Scientific Neptune Plus
MC-ICP-MS system, coupled with a Resonetics RESOlution M-50193 nm
laser ablation system at the State Key Laboratory of Isotope Geochem-
istry, Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ences. The laser parameters include 82-112 pm beam diameter, 8 Hz
repetition rate, and ~ 4 J/cm? energy density. Detailed descriptions of
the geochemical methods are presented in Appendix A.

4. Results
4.1. Apatite U—Pb geochronology

Apatite U—Pb isotope data are listed in Appendix B. Table S1 and
illustrated in Fig. 3. Sample 21DL0O3 has considerable U content
(1.42-49.2 ppm, avg. 11.7 ppm). A total of 55 analytical spots yielded a
Tera-Wasserburg diagram with lower intercept 2°°Pb/?*8U age of 37.0
+ 2.9 Ma (20, MSWD = 1.8) (Fig. 3). This age is well consistent with the
whole-rock/phlogopite Ar—Ar and zircon U—Pb isotope ages for many
reported Paleogene (ultra-)potassic mafic rocks (ca. 37-33 Ma) in the
southeastern Tibet Plateau (e.g., Huang et al., 2010; Lu et al., 2015; Shen
et al., 2021). Therefore, we suggest that this apatite U—Pb age can
represent the timing of the Dali lamprophyre dyke emplacement,
although apatite in the Cpx-Phl nodules are rare and too small to be
U—PD dated.

4.2. Whole-rock geochemistry

4.2.1. Major and trace element compositions

Overall, the samples have low loss on ignition (LOI = 0.96-1.63 wt
%), high SiO, (54.81-56.21 wt%) and total alkali (KoO + NayO =
8.76-9.56 wt%) contents. In the total alkali-silica classification diagram,
all the samples fall into the trachyandesite field (Fig. 4a). The samples
are KpO-rich (K20/NagO = 1.70-1.77), and fall mainly into the shosh-
onitic series (Fig. 4b). The samples have high Al;03 (13.83-14.59 wt%),
CaO (4.77-6.03 wt%), FeO™ (6.38-6.87 wt%) and MgO (4.96-5.68 wt%)
contents, with Mg number (Mg#) ranging from 63 to 67. In addition,
they have low TiO5 (0.78-0.85 wt%), P20s (0.36-0.61 wt%) and MnO
(0.09-0.15 wt%) contents (Appendix B. Table S2).

In the chondrite-normalized rare earth element (REE) diagram, all
the samples are enriched in light rare earth elements (LREEs) compared
with heavy rare earth elements (HREEs), with (La/Yb)y ratios ranging
from 9.80 to 12.9 (Fig. 5a). The samples have Eu/Eu* almost equal to 1
with an indistinct Eu negative anomaly (Fig. 5a). This is consistent with
the absence of plagioclase fractionation. In the primitive mantle-
normalized multi-element spider diagram, all the samples are charac-
terized by enrichment of large ion lithophile elements (LILEs, e.g., Rb,
Ba, K, Pb and Sr), but depletion in high field strength elements (HFSEs)
(Fig. 5b).

4.2.2. Sr-Nd-Pb isotope compositions

The initial Rb—Sr, Sm—Nd and Pb isotope compositions of the Dali
lamprophyre dyke were calculated based on the apatite U—Pb age (ca.
37.0 Ma) in this study. The results show that the samples are enriched in
Sr—Nd isotopes, with uniform initial %Sr/%%Sr (Is) = 0.70579 to
0.70589, eng(t) = —2.2 to —0.9, and Tapy = 925 to 1034 Ma (Appendix
B. Table S3). In the Ig; vs. eng(t) diagram, the samples fall into the field of
many reported (ultra-)potassic mafic units in western Yunnan (Appendix
C. Fig. S1a). All the samples have low unradiogenic Pb isotope, with the
calculated initial 2°°Pb/2%*Pb, 2°7Pb/2%*Pb and 2°%Pb/2°*Pb ratios of
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southeastern Tibet Plateau are from Lu et al. (2015); Yu et al. (2020) and Shen et al. (2021).

18.557-18.577, 15.615-15.621, and 38.636-38.665, respectively (Ap-
pendix C. Fig. S1b, c¢). They mainly fall in the western Yunnan (ultra-)
potassic mafic rocks field, close to the EM2 endmember (Appendix C.
Fig. S1b, c).

4.3. Clinopyroxene chemistry

4.3.1. Classification and petrographic characteristics

With BSE imaging, three types of Cpx macrocrysts (>500 pm;
Zellmer, 2021) were distinguished in the Dali lamprophyre, i.e., (i) Cpx
macrocryst with normal oscillatory zoning, showing a dark core, coarse/

fine oscillatory zoning mantle and light-color rim (Fig. 6a-e), (ii) Cpx
macrocryst with reverse oscillatory zoning, displaying a relatively light-
color core, oscillatory-zoned mantle and light-color rim (Fig. 6f), and
(iii) Cpx macrocryst with sieved-texture core, oscillatory-zoned mantle
and light-color rim (Fig. 6g, h). The fine-grained Cpx microcrysts (<100
pm; Zellmer, 2021) are subhedral to anhedral, coexisting with phlogo-
pite in the Cpx—Phl nodule and their lamprophyre host (Figs. 2e and 6).

4.3.2. Overall compositional variations for the different types of Cpx
A total of 420 EPMA data for clinopyroxene were obtained from ten
samples of thin-sections, with detailed results shown in Appendix B.
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Table S4. Overall, Cpx macrocrysts and microcrysts in the lamprophyre
and Cpx-Phl nodules have compositions of Eng4 s3Fs1_19Wo42_s3, with
the data fallen mainly into the diopside field, and minor into the augite
field (Appendix C. Fig. S2a, b).

Cores of the Cpx macrocrysts have Mg# = 65 to 89 with two clusters
(i.e., core I and II) (Fig. 7a): core I has Mg# = 80-89 (peak at 86-88),
while core II has lower and less continuous Mg# value (65-80, peak at
76-78) (Fig. 7a). These two types of cores belong to the macrocrysts
with normal- and reverse-zoned texture, respectively (Figs. 6a-f and 7a).
The oscillatory-zoned mantle has similar Mg# range (62-89, peak at
80-88) (Fig. 7b). The Cpx macrocryst rims have lower Mg# (63-83,
peak at 68-80) than their cores and mantles (Fig. 7c). The sieved do-
mains of Cpx macrocrysts have Mg# = 69-87 (two clusters with peaks at
70-74 and 86-88) (Fig. 7d). Moreover, the microcrysts from the lamp-
rophyre host have low Mg# (59-84, peak at 72-78) (Fig. 7e). In
contrast, the microcrysts from the Cpx-Phl nodules have high Mg#
(78-87), similar to Cpx core I (Fig. 7a, e).

Major and minor element (SiO3, AlyOs3, NasO, TiOs and CryOs)

contents for all the Cpx macrocrysts and microcrysts show large varia-
tions (Appendix C. Fig. S3). Overall, the samples have Mg# correlates
positively with SiO,, and negatively with Al;03 and Na2O (Appendix C.
Fig. S3a-f). Correlations between Mg# and TiO2 and CroO3 contents are
weak (Appendix C. Fig. S3g-j). Microcrysts of Cpx from the Cpx—Phl
nodules have similar SiO5, AlyOs3, NayO and TiO, contents to the
macrocryst-cores, while their Cr,O3 content is relatively higher than the
latter (Appendix C. Fig. S3). In contrast, Cpx microcrysts from the
lamprophyre host have lower SiO, and CryOs contents, but higher
Al;03, NayO and TiO2 contents than those of microcrysts from the
Cpx-Phl nodules (Appendix C. Fig. S3).

Trace element compositions for the different Cpx types are highly
variable (Appendix B. Table S5). In the chondrite-normalized REE dia-
grams, the majority of Cpx macrocrysts and microcrysts show convex
upward, with (La/Yb)y = 0.58 to 7.17 and (Dy/Yb)y = 1.15 to 3.17
(Fig. 8a, c, e). From the Cpx macrocryst cores to mantle and rims, the
ratios of Eu/Eu* varying from 0.71 to 1.16 (avg. 0.92), 0.69 to 1.10 (avg.
0.86) and 0.74 to 0.97 (avg. 0.88), respectively (Appendix B. Table S5;



S. Zhang et al.

Fig. 8a, ¢, e). The high Mg# Cpx macrocryst cores have lower REE
contents than their mantle and rims and sieved domain (Fig. 8a, c, e).
The high Mg# Cpx microcrysts from Cpx-Phl nodules have similar REE
contents with the Cpx macrocryst cores from the hosting lamprophyre.
In contrast, the low Mg# Cpx microcrysts from hosting lamprophyre
have high REE contents (Fig. 8a, ¢, e). In the primitive mantle-
normalized multi-element spider diagrams, all the Cpx samples show
positive Sc but negative Zr, Hf and Ti anomalies (Fig. 8b, d, f). For

LITHOS 454-455 (2023) 107281

Fig. 6. Back-scattered electron (BSE)
images for the different types of Cpx
macrocrysts in lamprophyre at Dali: (a)
normal oscillatory zoning and coarse
layers; (b) normal oscillatory zoning and
closely-packed layers; (c) normal oscilla-
tory zoning on the Cpx-Phl nodule
margin; (d) normal oscillatory zoning
and resorption surface (R); (e) normal
oscillatory zoning; (f) reverse oscillatory
zoning; (g, h) sieved textures in the core
and oscillatory zoned mantle. Abbrevia-
tions: Cpx = clinopyroxene; Phl =
phlogopite; Ap = apatite; Mt. = magne-
tite; Ilm = ilmenite.

compatible elements, all the Cpx macrocrysts and microcrysts from the
lamprophyre host have commonly low Cr (avg. 225 ppm), but high Co
(avg. 32.4 ppm) and Ni (avg. 155 ppm) contents (Appendix B. Table S5).
In contrast, Cpx microcrysts from the Cpx-Phl nodules have higher Cr
(avg. 1163 ppm) but lower Co (avg. 29.7 ppm) and Ni (avg. 53.4 ppm)
contents than the other Cpx macrocryst and microcryst types in the
lamprophyre host (Fig. 8b, d, f; Appendix B. Table S5).
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4.3.3. Intragrain geochemical profile for Cpx macrocryst

Cpx macrocrysts with normal- and reverse-zoning and sieved texture
show distinct oscillations of Mg, Fe, Al, and Na in the high-resolution
elemental X-ray maps (Fig. 9). Cpx macrocrysts with coarse layers and
closely-packed layers have commonly Mg-rich cores, oscillatory-zoned
mantle, and Fe-Al-Na-rich rims (Fig. 9a, b). Moreover, they clearly
show sector zoning of Al and Na in the elemental X-ray maps (Fig. 9a, b).
The layers in the prism sectors are relatively Al-rich and slightly Na-rich
(Fig. 9a, b). In the BSE image and high-resolution 2-D elemental maps,
another Cpx crystal twins with reverse zoning show a resorbed and
Fe-Al-Na-rich core, which may represent an inherited core (Fig. 9c).
The sieve domain of Cpx macrocryst are enriched in Fe, Al and Na,
similar to those of the rim, whereas the oscillatory-zoned mantle dis-
plays distinct Mg enrichments (Fig. 9d).

The core-to-rim compositional profiles of Cpx macrocrysts along the
long axis also show similar variation major and minor element trends
(Fig. 10). Cpx macrocryst with coarse layers typically show high-
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amplitude oscillation of Mg# and Al;O3 on the major resorption sur-
face (Fig. 10a, b). The Mg# on surface with local wavy boundaries varies
by +5 to +12 relative to neighboring layers (Fig. 10a, b). Moreover,
SiO9 and Cry0O3 contents along the profile with coarse layers are also
consistent with Mg#, while Al;03, TiO, and NayO contents shows the
opposite trend (Fig. 10a-d). In contrast, the Cpx macrocryst with closely-
packed layers display constantly high Mg#, and SiO3 and Cr,O3 contents
in the core than the rims, while Al,O3, TiO, and NayO contents show the
opposite trend (Fig. 10e-h). The oscillatory-zoned mantle with closely-
packed layers and straight boundaries has low-amplitude oscillation of
Mg#, Aly,03, SiO,, TiOg and NapO on the minor resorption surface
(Fig. 10e-h). The Mg# of those boundaries varies <3 relative to the
neighboring layers (Fig. 10f).

4.3.4. Clinopyroxene Sr isotope compositions

In situ Sr isotope compositions of Cpx macrocrysts and microcrysts
from the lamprophyre host and the Cpx-Phl nodules are listed in Ap-
pendix B. Table S6 and illustrated in Fig. 11. Microcrysts from the
lamprophyre host are too fine for the Sr isotope analysis. Overall, the 33
Cpx macrocryst and microcryst spot analyses yielded 8Sr/26Sr = 0.7050
to 0.7065, mostly below the measured whole-rock ratios slightly
(®7sr/8%sr = 0.7061 to 0.7063) (Appendix B. Table S6). In general,
875r/%%sr ratios have weak negative correlation with Mg# (within a
single grain) (Fig. 1la-i). The majority of Cpx samples show weak
878r/8%r variations (Fig. 11j). In contrast, the sieved domains of Cpx
macrocrysts have wider 875r/86gr range (0.7054-0.7065) than that of
other Cpx macrocryst and microcryst types (Fig. 11f-i).

5. Discussion
5.1. Geothermobarometry

Clinopyroxene—melt thermobarometry is a robust tool for recon-
structing pre-eruptive magmatic processes, especially in estimating the
Cpx crystallization pressure (Putirka, 2008, 2017). It is necessary to
evaluate whether chemical equilibrium existed before any thermo-
barometric interpretations. The Fe—Mg exchange coefficient based on
crystallization temperature (T) is an important test for clinopyroxene-
melt equilibrium (Putirka, 2008). However, whole-rock compositions
of our Dali lamprophyre sample (with high-Si) cannot represent the
equilibrium melts, because they have restricted major element compo-
sitions, contrasting with the chemical variability of Cpx that show
complex oscillatory zoning and highly variable Mg# (Figs. 4 and 6). We
tried to use the coeval (ultra-)potassic rocks (with similar geochemistry
to the Dali lamprophyre) in the southeastern Tibet Plateau (e.g., Huang
et al., 2010; Lu et al., 2015; Shen et al., 2021; Wang et al., 2021) to
match the equilibrium melts of Cpx phenocrysts. Unfortunately, the
limited geochemical data are hard to match with the Cpx compositions.

Therefore, we used clinopyroxene-only thermobarometers, i.e., in-
dependent from the composition of the melt (Putirka, 2008). Previous
studies have shown that Fe—Mg partitioning between Cpx and alkaline
mafic rocks can be checked with respect to the ideal range of
Kp(Fe—Mg)P¥1iauid — 0 26 + 0.05 (Akinin et al., 2005; Ubide et al.,
2014). In this study, the eq. 32c of Cpx—only barometer and eq. 32d of
Cpx—only thermometer was selected to estimate the magma crystalli-
zation pressure and temperature, respectively (Putirka, 2008). The
Kp(Fe—Mg)®P¥1iauid of the Cpx marcocryst cores (with normal zoning
and reversed zoning) and Cpx marcocryst rims (incl. Normal and reverse
oscillatory zoning and sieved texture) plot within the equilibrium range
with values ranging from 0.22 to 0.29 (Appendix B. Table S7; Appendix
C. Fig. S4).

Estimated pressure and temperature for the normal zoned Cpx
marcocryst high-Mg# cores (Mg# = 77-89) and the Cpx marcocryst low
Mg# rims (Mg# = 63-83) are of 580 to1160 MPa (avg. 919 MPa) and 30
to 1270 MPa (avg. 681 MPa), and 1116 to 1266 °C (avg. 1216 °C) and
955 to 1215 °C (avg. 1110 °C), respectively (Fig. 12a, b). These results
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respectively.

indicate polybaric differentiation or Cpx-saturated magmas. In contrast,
the estimated pressure and temperature for the reverse-zoned Cpx
marcocryst cores (Mg# = 65-80) vary from 450 to 1310 MPa (avg. 953
MPa) and 1097 to 1209 °C (avg. 1166 °C), respectively (Fig. 12a, b;
Appendix B. Table S7). Combined with the petrographic features
(Figs. 6f and 9c), these data confirm that the reverse-zoned Cpx mar-
cocrysts cores are likelyformed in equilibrium with a more evolved
magma batch, and then were entrapped by more primitive mantle-
derived potassic magmas during magma upwelling.

5.2. Mixing of mantle-sourced magmas

(Ultra-)potassic mafic rocks in the southeastern Tibet Plateau share
similar geochemical features, including the LREE and LILE enrichments,
HFSE depletions, and enriched Sr-Nd-Pb isotope compositions (Guo
et al., 2005; Huang et al., 2010; Lu et al., 2015; Yu et al., 2020), indi-
cating that they are derived from low-degree partial melting of the
metasomatized subcontinental lithospheric mantle (SCLM) (Wang et al.,
2021; Xu et al., 2021). The SCLM may be metasomatized by the Neo-
proterozoic subduction beneath the Yangtze Craton and/or Late Paleo-
zoic Emeishan flood basalt magmatism (Huang et al., 2010; Lu et al.,

2015). The coeval Dali lamprophyre dykes have similar geochemical
features with the above-mentioned (ultra-)potassic mafic rocks (Fig. 5;
Appendix C. Fig. S1), implying probably a similar mantle-derived origin.
The complex oscillatory zoning and highly variable Mg# for the Cpx
marcocrysts indicate that the Dali lamprophyre dykes may be derived
from the same mantle source or from different mantle sources (Hum-
phreys et al., 2006; Ubide et al., 2014; Xing and Wang, 2020). Moreover,
the Cpx Mg# vs. La/Yb diagram shows no correlation between them,
indicating that the AFC process does not affect the Cpx composition
(Appendix C. Fig. 5).

The Cpx-melt REE partition coefficients are usually considered as
constant during basaltic magma fractionation or substantial under-
cooling (Lofgren et al., 2006; Mollo et al., 2013; Winpenny and
MacLennan, 2011). Accordingly, the La/Yb and Dy/Yb ratios of melt in
equilibrium with Cpx have been widely used to trace the mantle source
and partial melting processes for mantle-derived magmatic rocks
(Duggen et al., 2005; Prelevic et al., 2012; Xing and Wang, 2020). In this
research, the high-Mg# (>85) domains of Cpx macrocrysts/microcrysts
were used to evaluate the compositions of equilibrium melts, avoiding
possible effects of fractional crystallization and crustal contamination in
the crustal magma reservoirs. The calculate formulas and parameters



S. Zhang et al.

LITHOS 454-455 (2023) 107281

High

Fig. 9. BSE images and EPMA elemental maps (Mg, Si, Ca, Fe, Al, Na and Cr) for the normal-, reverse zoning and sieved texture of Cpx macrocrysts.

followed those of Prelevic et al. (2012) and Xing and Wang (2020), and
the results are illustrated in Fig. 13. The equilibrium melts of Cpx
macrocrysts/microcrysts from the Cpx-Phl nodules and their lamp-
rophyre host were calculated, with La/Yb = 16.1-21.5 and 14.3-37.3,
and Dy/Yb = 1.66-2.05 and 1.53-2.45 (Fig. 13a, b).

It is widely accepted that a K-rich and water-rich phase (e.g.,
phlogopite and hornblende) is required in the mantle source to form
(ultra-)potassic magmatic rocks (Foley, 1992a, 1992b). A modelling
study based on a non-modal, fractional partial melting model was
adopted here to evaluate the required garnet- or spinel-field mantle
sources. Firstly, modelling for the garnet- and spinel-facies phlogopite
harzburgite was carried out (Prelevic et al., 2012), and the partial
melting curves show ca. 10-40% partial melting (Fig. 13a, b). However,
it is difficult to explain the La/Yb and Dy/Yb variations of the equilib-
rium melt compositions. Alternatively, the garnet- and spinel-facies
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phlogopite lherzolite in the model were also adopted as described in
Duggen et al. (2005) and Xing and Wang (2020). The results show that
magmas of the Dali lamprophyre and their Cpx-Phl nodules were
probably derived from similar mantle sources (Fig. 13a, b). La/Yb and
Dy/Yb ratios for the magma of the Cpx-Phl nodules and heir lamp-
rophyre host indicate that the magma could be produced by a mixed of
1-2% melting of garnet-phlogopite-bearing lherzolite mantle with
0.5-5% melting of spinel-phlogopite-bearing lherzolite mantle source.

5.3. Transcrustal magmatic processes

Mantle-derived magmas would undergo various transcrustal pro-
cesses before reaching the shallow crust, such as fractional crystalliza-
tion, assimilation and crustal contamination, and varying degrees of
magma mixing/recharge (Handley et al., 2008; Li et al., 2021; Liu et al.,
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2014). Previous studies show that the Cenozoic (ultra-)potassic mafic
rocks in southeastern Tibet Plateau have undergone extensive fraction-
ation with limited crustal contamination (e.g., Huang et al., 2010; Lu
et al., 2015; Yu et al., 2020). The Dali lamprophyre shows distinctly
positive correlations between MgO and the Ni, Cr, and CaO contents,
indicating extensive clinopyroxene and olivine fractionation (Appendix
C. Fig. S6).

The studies of experimental and natural samples show that crystal-
lization conditions and kinetic effects (e.g., degrees of undercooling
and/or decompression) may influence the Cpx texture and chemical
compositions (Masotta et al., 2020; Mollo et al., 2013; Neave et al.,
2019; Xing and Wang, 2020; Zhou et al., 2021). Clinopyroxene mar-
cocrysts in the Dali lamprophyre dyke have well-developed normal and
reverse oscillatory zoning and sieved textures suggesting that they may
have undergone complex crystal growth process (Fig. 6). Oscillatory
zoning is widely reported in plagioclase and clinopyroxene from many
volcanic rocks and hypabyssal porphyries, and has been used to trace the
crystallization kinetics, magma recharge and convection processes in the
crustal-level magma reservoirs (Ginibre et al., 2002a, 2002b, 2007;
Humphreys et al., 2006; Li et al., 2021). Oscillatory zoning of our Cpx
marcocryst samples display distinct major (R) and minor (r) resorption
surface, and variable amplitude oscillations of Mg# and major and
minor elements at the layer boundaries (Fig. 10). Experimental studies
suggest that resorption surface is attributed to changes of melt compo-
sition, heating and/or decompression during crystallization (Ginibre
et al., 2002a; Hammouda and Pichavant, 2000; Nelson and Montana,
1992).

A major resorption surface (R) with high-amplitude oscillation of
Mg# and major elements probably correlates to a strong magma mixing/
recharge event (Davidson and Tepley, 1997; Ginibre et al., 2002a),
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while a minor resorption surface (r) with low-amplitude oscillation of
Mg# and major elements may indicate a local magma mixing or local
kinetic effect on the growth of Cpx marcocryst due to dynamic con-
vection (Elardo and Shearer, 2014; Ginibre et al., 2002a, 2002b; Xing
and Wang, 2020). The typical profiles of Cpx marcocryst with coarse
layers show distinct high-amplitude Mg# oscillation at the major
resorption surface (Fig. 10a-d), similar to those of Cpx marcocrysts from
an ultrapotassic lamprophyre dyke in the Ortok Mountain, Kyrgyzstan
(Xing and Wang, 2020). In these profiles, Cr concentration is positively
correlated with Mg#, due to its compatible behavior in the Cpx lattice
(Fig. 10b, d). Moreover, a crystal twin of Cpx marcocryst with coarse
layers shows that the major resorption surface crosscut several oscilla-
tory zones (Fig. 6a), indicating that a more primitive magma recharge
may have caused temperature increase and dissolution, followed by
compositional change and reprecipitation (Ginibre et al., 2002a; Xing
and Wang, 2020). In contrast, the closely-packed layers with straight
boundaries in the Cpx marcocryst display high-frequency and low-
amplitude Mg# oscillations (Fig. 10e-h), suggesting local magma mix-
ing with similar magma compositions or local kinetic effect in the
boundary layers at the crystal-melt interface (Ginibre et al., 2002a).
The sieve texture occurs in the Cpx marcocryst cores, with many
phlogopite and matrix filling into the spongy space and linking the
external groundmass by irregular or saw-toothed cracks (Figs. 6g, h and
9d). This textural feature is commonly attributed to melt composition
changes, cooling and/or decompression during crystallization (Hum-
phreys et al., 2006; Neave and MacLennan, 2020; Pan et al., 2018; Xing
and Wang, 2020). In general, Cpx crystallization under substantial
undercooling could produce skeletal or dendritic texture, such as sector
zoning (Ubide et al., 2019; Welsch et al., 2016; Zhou et al., 2021).
During this rapid skeletal growth, the pores in Cpx may be filled by the
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Fig. 11. In situ Sr isotope compositions of the various Cpx macrocrysts/microcrysts from the Cpx—Phl nodules and their lamprophyre host.

matrix and/or mica (Masotta et al., 2020; Zhou et al., 2021). However,
sector zoning is not found in the sieved domain of Cpx marcocryst
samples in this study. Rapid decompression may produce coarse sieve
texture on the rim of Cpx marcocrysts in mantle xenoliths (Pan et al.,
2018). This spongy rim has commonly higher Mg#, Ca and Cr contents,
but lower Al and Na contents than those of the primary Cpx (Pan et al.,
2018). Moreover, rapid decompression in volcanic rock formation could
lead to distinct low Al;O3 content in the Cpx marcocryst rim (Neave and
MacLennan, 2020). On the contrary, the sieve domain in the Cpx mar-
cocryst core has similar major and minor compositions and %7Sr/%0sr
ratios with those of the rim (Figs. 9d and 11f-h), excluding the effect of
rapid decompression during crystal growth. We note that the sieved
domain has heterogeneous composition and uneven margins connecting
with their oscillatory-zoned mantle (Figs. 6g, h and 11f-h), suggesting an
origin by Cpx dissolution as the effect of groundmass melt propagating
through cracks, which are similar to the case of the Ortok ultrapotassic
lamprophyre dykes, Kyrgyzstan (Xing and Wang, 2020). Therefore, the
sieved texture of our Cpx marcocryst samples may have been formed by
dissolution and reprecipitation during magma solidification.
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As the above La/Yb and Dy/Yb modelling result, the Cpx—Phl nod-
ules and lamprophyre host may probably derived from similar mantle
sources. Petrographic features shown that the nodules and their lamp-
rophyre host have similar mineral assemblages (Fig. 2b-e). Moreover,
Cpx microcrysts from the Cpx—Phl nodules have distinctly higher Cr but
lower Co and Ni contents than the other Cpx macrocrysts/microcrysts in
the Dali lamprophyre host, suggesting they probably formed by accu-
mulation of minerals fractionated from a minette more primitive than
the host. Similar case studies for Cpx-Phl nodules are also reported from
the diverse potassic lamprophyre and other lavas worldwide (Righter
and Rosas-elguera, 2001; Semiz et al., 2012; Soltanmohammadi et al.,
2021).

6. Conclusions

1. Three types of Cpx macrocrysts, i.e., those with normal- and reverse
oscillatory zoning and sieved textures, and Cpx microcrysts from
Cpx-Phl nodules, are identified in the Cenozoic Dali lamprophyre
dyke.
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Fig. 12. Crystallization pressure and temperature for the matched core and rim of Cpx macrocrysts. Temperature and pressure were calculated using the Cpx—only

thermometer and the Cpx—only barometer (Putirka et al., 2008).

2. The La/Yb and Dy/Yb modelling of equilibrium melts suggests that
magmas of the Cpx-Phl nodules and their lamprophyre host were
probably derived from similar mantle sources.

3. Oscillatory zoning of Cpx macrocrysts with coarse layers and major
resorption surface record multiple magma mixing/recharging
events, while Cpx macrocrysts with closely-packed layers and minor
resorption surface suggest local magma mixing or crystal-melt
interface reaction. The sieved domain of Cpx marcocryst was
formed by dissolution and reprecipitation during magma
solidification.
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4. The Cpx-Phl nodules were probably formed by accumulation of
minerals fractionated from a minette more primitive than the
lamprophyre host.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2023.107281.
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