
Citation: Yang, W.; Zhao, B.; Yu, H.;

Xu, J.; Wei, F.; Cui, X. Mineralogical

Constraints on Magma Recharge and

Mixing of the Post-Collisional

Potassic Volcanic Rocks in

Dahongliutan, NW Tibetan Plateau.

Minerals 2023, 13, 1463. https://

doi.org/10.3390/min13121463

Academic Editor: Manuel Francisco

Pereira

Received: 8 October 2023

Revised: 2 November 2023

Accepted: 19 November 2023

Published: 22 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Mineralogical Constraints on Magma Recharge and Mixing of
the Post-Collisional Potassic Volcanic Rocks in Dahongliutan,
NW Tibetan Plateau
Wenjian Yang 1,2 , Bo Zhao 1,2,*, Hongmei Yu 1,2, Jiandong Xu 1,2, Feixiang Wei 1,2 and Xiaoge Cui 3

1 Jilin Changbaishan Volcano National Observation and Research Station, Institute of Geology, China Earthquake
Administration, Beijing 100029, China; yangwenjian@ies.ac.cn (W.Y.); yuhongmei@ies.ac.cn (H.Y.);
xujiandong@ies.ac.cn (J.X.); weifeixiang@ies.ac.cn (F.W.)

2 Key Laboratory of Seismic and Volcanic Hazards, China Earthquake Administration, Beijing 100029, China
3 Chongqing Vocational Institute of Engineering, Chongqing 402260, China; 18600213874@163.com
* Correspondence: zhaobo@ies.ac.cn; Tel.: +86-136-9134-3483

Abstract: Post-collisional potassic magmatic rocks are widely distributed in the northwestern Tibetan
Plateau, yet their magmatic processes remain poorly understood. Here, we present a comprehensive
analysis of the whole-rock major and trace elements, as well as the mineral textures and chemistry of
the Dahongliutan volcanic rocks in the NW Tibetan Plateau, aiming to reveal the magmatic processes
prior to eruption and speculate on the triggering mechanism. The results show that the Dahongli-
utan volcanic rocks are potassic trachyandesites, which undergo polybaric crystallization during
magma ascension. The phenocrysts in these potassic rocks exhibit various textural and composi-
tional zoning styles. The green cores of green-core clinopyroxenes show textural (e.g., resorption
texture) and chemical (Fe-rich) disequilibrium with the host rock compositions, suggesting that
they may be antecrysts and crystallized from early batches of more evolved magmas. Additionally,
alkali feldspar phenocrysts also display disequilibrium characteristics (e.g., overgrowth rim and
sieve texture), indicating hot mafic magma recharge and mixing in the magma plumbing system.
Therefore, we conclude that the disequilibrium textural and compositional features of green-core
clinopyroxene and alkali feldspar phenocrysts provide evidence of magma recharge and mixing prior
to eruption. Furthermore, it is likely that the eruption of the Dahongliutan volcano was triggered by
magma recharge.

Keywords: zoning texture; magma recharge and mixing; Tibetan Plateau; Dahongliutan

1. Introduction

The injection of hot mafic magma into an evolved magma reservoir and subsequent
magma mixing is not only considered as an important process causing the diversity of
magma composition, but also a dominant eruption trigger for volcanoes [1–7]. Due to
the fact that whole-rock compositions may represent the average of mineral phases and
groundmass, they are unreliable for identifying open system processes of magmatic mix-
ing. By contrast, minerals respond texturally and compositionally to changing magmatic
environments, so they record a wealth of information concerning magmatic processes and
composition in their crystal growth stratigraphy [8–12]. Therefore, detailed mineral-scale
textural and chemical study can provide important clues to reconstruct magma plumbing
processes (magma recharge and mixing) prior to eruption and offer petrological evidence
for inferring the triggering mechanism of eruption [1,2,4,7,13,14].

With the closure of the Neo-Tethys ocean and collision of the India-Eurasia plate
(55–65 Ma) [15,16], as well as the continuous northward subduction of the Indian plate, volcanic
activity occurred across the whole process of uplift of the Tibetan Plateau, forming a series of
large-scale volcanic rock belts (Figure 1a) [17,18]. Post-collisional potassic volcanic rocks, in
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particular, have been thought to be an important window to explore the uplift process of the
Tibetan Plateau and crust–mantle interaction [18–23]. It is noteworthy that the youngest post-
collisional potassic rocks are mainly exposed in Western Kunlun in the northwestern Tibetan
Plateau (Figure 1b). Numerous geochemical studies have demonstrated that these potassic rocks
generally exhibit negative Nb, Ta and Ti anomalies, enrichment in incompatible elements and
Sr-Nd-Pb isotopes, indicating the origin of an enriched lithospheric mantle [19,22–28]. Although
previous studies have revealed their petrogenesis based on whole-rock compositions [29,30],
in fact, many disequilibrium textures (e.g., the complex zoning of minerals) can be frequently
observed and indicate a complex magmatic evolution history. For instance, when discussing
magma mixing, if the hybrid members have similar isotopic compositions or insignificant
differences in trace element concentrations, whole-rock data are less reliable than in situ data
for minerals [31–34]. Hence, the in situ composition of minerals has a profound effect
on identifying the magmatic processes (magma recharge and mixing) prior to eruption.
Moreover, due to the extremely thick crust in the Tibetan Plateau, it makes the crustal
magma evolution processes more complex. Here, we investigate the potassic volcanic rocks
in Dahongliutan, NW Tibetan Plateau (Figure 1b), through a combined analysis involving
whole-rock major and trace elements and petrography and mineralogy, to reveal the magma
plumbing process and try to provide important information for the triggering mechanism
of eruptions in the NW Tibetan Plateau.
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Figure 1. (a) Simplified map of the Tibetan Plateau showing the distribution of post-collisional vol-
canic rocks and major terranes (modified after [35]). The light red-filled rectangle shows the position 

Figure 1. (a) Simplified map of the Tibetan Plateau showing the distribution of post-collisional
volcanic rocks and major terranes (modified after [35]). The light red-filled rectangle shows the
position of the Western Kunlun. (b) Geological sketch map showing the distribution of post-collisional
volcanic rocks in Western Kunlun, NW Tibetan Plateau (modified after [22]).

2. Geological Setting and Samples

The Tibetan Plateau, situated in the eastern section of the Tethys-Himalayan tectonic
domain, is formed by the combination of several continental terranes [36]. From south
to north, these terranes are the Lhasa, Qiangtang, Songpan-Ganzi and Kunlun-Qaidam
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terranes. They are separated by the Indus-Tsangpo, Bangong-Nujiang, Jinsha and Kunlun
suture zones, respectively [37,38] (Figure 1a). These suture zones represent the relicts of
the Neo-, Paleo- and Proto-Tethys oceans, respectively [39]. The heterogeneity of crustal
thickness is one of the most notable characteristics of the Tibetan Plateau [40]. The crustal
thickness under the Lhasa terrane can extend 70–80 km [41], while the crust beneath the
Qiangtang and Songpan-Ganzi terrane is approximately 60 km thick [41,42]. Additionally,
the plateau is widely distributed with a series of strike-slip faults, south-north normal
faults and Cenozoic sedimentary basins [38,43]. Volcanic activity accompanied the entire
evolution of the Tibetan Plateau from the Paleogene to the Quaternary [18,35,37], mainly
consisting of post-collision potassium-rich volcanic rocks [18]. Among these rocks, the
youngest post-collisional volcanic rocks are found in West Kunlun, NW Tibetan Plateau,
with volcanic rock areas covering over 800 km2. Currently, eight post-collisional potassic
volcanic rock fields have been identified, including the Kangxiwa, Dahongliutan, Qitaida-
ban, Quanshuaigou, Pulu, Ashikule, Keliya and Heishibeihu fields, with ages ranging from
9.2 Ma to A.D. 1951 [22].

The Dahongliutan volcanic rock field is located 17 km east of the Dhongliutan service
area (Hotan County, Xinjiang) along the G219 highway. It is on the NW-trending Dahongliutan
fault zone along with the Kangxiwa, Qitaidaban and Qingshuigou volcanic rock fields. The
Dahongliutan volcanic rock is exposed as a cliff on the south bank of the Karakashi River
(Figure 2a), covering an area of 1 km2. It stretches northwestward for approximately 0.5 km
and has a thickness ranging from 5 to 30 m. The rock type is a series of potassic trachyan-
desites [22,27,28]. Previous studies have indicated two episodes of volcanic activity [44], but
the volcanic stratigraphic profile does not show any noticeable discontinuity [17,45]. Fur-
thermore, the latest SIMS zircon U-Pb ages from Dahongliutan trachyandesites range from
3.67 to 3.87 Ma [28], which is consistent with the age (3.7 Ma) determined by the high-precision
40Ar/39Ar stage heating method for feldspars [46], indicating that the volcanic activity age
should be the Pliocene. In this study, ten lava samples were collected from the Dahongliutan
volcanic field. These samples exhibit no significant signs of hydrothermal alteration or weath-
ering and show a dark gray color with massive structures (Figure 2b). All volcanic samples
display porphyritic textures, with phenocrysts of alkali feldspar, plagioclase, clinopyroxene,
olivine, apatite and biotite. The groundmass contains plagioclase, alkali feldspar, clinopyrox-
ene and Fe-Ti oxides (Figure 2c,d). More detailed petrographic characteristics and mineral
compositions are provided in the following sections.

3. Analytical Methods
3.1. Whole-Rock Major and Trace Element Analyses

We selected well-cleaned fresh samples, crushed them into chips of 5 mm and removed
altered grains, then ultrasonically cleaned with Milli-Q water and dried before they were
powdered (200 mesh) using an agate mortar for whole-rock major and trace element
analysis. Whole-rock major and trace elements were analyzed at Wuhan Sample Solution
Analytical Technology Co., Ltd., Wuhan, China. Major elements were determined using a
ZSX Primus II wavelength dispersive X-ray fluorescence spectrometer (XRF). The national
standards GSR-2 and GSR-8 were used to monitor the analytical quality, and the analytical
precision was better than 2% (Table S1). The trace elements were determined using an
Agilent 7700e ICP-MS. The international reference standards AVG-2, BCR-2, BGM-2 and a
blank sample were analyzed for quality, and the analytical precision for most trace elements
was better than 5% (Table S1). Detailed analytical procedures have been described by [47].

3.2. In-Situ Major and Trace Element Analyses

Major element compositions of minerals were analyzed with a JEOL JXA-8230 electron
probe microanalyzer (EPMA) at Wuhan Microbeam Analysis Technology Co., Ltd., Wuhan,
China. The details of the EPMA methods are the same as those described by [48]. The
beam diameter was set to 1 µm, and an acceleration voltage of 15 kV and a current of 20 nA
were used for all analyses. Data were corrected online using the ZAF (Z, atomic number; A,
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absorption; F, fluorescence) correction procedure. The peak counting time was 10 s for Na,
Mg, Al, Si, K, Ca and Fe and 20 s for Ti and Mn. The upper and lower background counting
time was half of the peak counting time. The following standards were used: sanidine (K),
almandine (Fe and Al), diopside (Ca and Mg), jadeite (Na), rhodonite (Mn), olivine (Si) and
rutile (Ti).
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Figure 2. Representative field photographs and photomicrographs of the Dahongliutan vol-
canic rocks. (a) Field outcrop photograph; (b) Sample photograph; (c,d) Mineral assemblage
(Afs + Ol + Cpx + Pl + Ap + Bt). Afs: alkali feldspar; Ol: olivine; Cpx; clinopyroxene; Pl: pla-
gioclase; Ap: apatite; Bt: biotite. “+” and “−” indicate crossed and plane polarized light, respectively.

The trace element compositions of clinopyroxenes were analyzed by an Agilent 7700e
LA-ICP-MS at Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The
detailed operating conditions for the laser ablation system and the ICP-MS instrument and
data reduction are the same as those described by [49]. Helium was applied as a carrier gas,
and argon was used as an additional gas and mixed with the carrier gas via a T-connector
prior to entering the ICP. The spot size, energy and frequency for this analysis were 44 µm,
80 mJ and 5 Hz, respectively. Each analysis included approximately 20–30 s of background
acquisition followed by 50 s of data acquisition from the sample. Trace element compositions
were calibrated against multiple reference materials (NIST610, BHVO-2G, BCR-2G and BIR-
1G) without applying an internal standard. Off-line selection and integration of background
and analyzed signals, time-drift correction and quantitative calibration were performed using
ICPMSDataCal [47].

4. Results
4.1. Whole-Rock Major and Trace Elements

The results of major and trace elements are listed in Table S2. All samples display a
low loss on ignition (LOI = −0.07–1.58 wt%), suggesting that they are almost unaffected
by post-magmatic alteration. In the total alkali versus silica (TAS) diagram (Figure 3a), the
Dahongliutan post-collisional volcanic rocks mainly consist of trachyandesites. These volcanic
rocks show a relatively homogeneous composition, and their SiO2 contents range from 55.35 to
58.67 wt%, MgO from 3.95 to 4.47 wt% and Mg# [= molar Mg2+/(Mg2+ + Fe2+) × 100, calculated
assuming Fe3+/(Fe2+ + Fe3+) = 0.10 [50]] from 55.0 to 57.6. Furthermore, they show higher
K2O contents (4.80–5.11 wt%) relative to Na2O (3.57–3.87 wt%), with K2O/Na2O ratios of
1.26–1.37. All the analyzed samples plot in the shoshonitic series (Figure 3b). In the Harker
diagrams (Figure 4), the contents of MgO, CaO, MnO, TiO2, Fe2O3

T and P2O5 decrease
with increasing SiO2 content, and Al2O3, Na2O and K2O show a positive correlation with
SiO2, implying the fractional crystallization of olivine, clinopyroxene, feldspar and apatite.
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Figure 4. Harker diagram of Dahongliutan post-collisional volcanic rocks. Symbols are as in Figure 3.

On the primitive mantle-normalized trace element spider diagram (Figure 5a), the
Dahongliutan post-collisional volcanic rocks are characterized by notable enrichment in
large-ion lithophile elements (LILEs; e.g., Rb, Th, U and Pb) and by depletion in high-
field-strength elements (HFSEs; e.g., Nb, Ta, Ti and P), typical of subduction-related mag-
matic rocks. On the chondrite-normalized rare earth element (REE) diagram (Figure 5b),
they show a strong fractionation between LREEs and HREEs, with (La/Yb)N ratios of
68.0–98.2. In addition, all rocks are characterized by slightly negative Eu anomalies
(Eu/Eu* = 0.81–0.87).

4.2. Mineral Textures and Chemistry
4.2.1. Feldspar

Plagioclases and alkali feldspars are the most abundant minerals in Dahongliutan
post-collisional potassic volcanic rocks. Alkali feldspars (10–15 vol.%) are not only the
major phenocrysts, but also the main constituent mineral of the matrix. These phenocrysts
show euhedral tabular shapes with sizes of 300–5000 µm, and some of them display
Carlsbad twins, resorption and zoning textures (Figure 6a–c). Their compositions vary
from sanidine (Or51–58Ab40–45An1–4) to anorthoclase (Or16–20Ab63–68An16–18) (Table S3,
Figure 7a). Plagioclase phenocrysts (5 vol.%) display euhedral elongated shapes with
sizes of 200–2000 µm. Their compositions vary from oligoclase (Or10–11Ab66–72An19–22) to
andesine (Or4–6Ab54–59An36–42) (Table S3, Figure 7a).
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Figure 6. (a) Representative mineral textures and zoning photographs. (a,b) Alkali feldspars with
overgrowth rim (reverse zoning); (c) sieve-textured alkali feldspar; (d,e) green-core clinopyroxene
and strongly resorbed clinopyroxene; (f) green-core clinopyroxene; (g) and (h) are backscattered
electron (BSE) images and composition profiles of reversely zoned alkali feldspar (a) and green-core
clinopyroxene (d), respectively.
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4.2.2. Clinopyroxene

Clinopyroxene is an important phenocryst and matrix mineral in Dahongliutan post-
collisional potassic volcanic rocks. Clinopyroxene phenocrysts (~3 vol.%) show euhedral or
subhedral columnar shapes with sizes of 300–3000 µm, and some phenocrysts display re-
sorbed and zoning textures (Figure 6). Based on zoning features, two types of clinopyroxene
phenocrysts have been identified: unzoned and reverse-zoned phenocrysts (Figure 7b). The
major element results for clinopyroxenes are listed in Table S4. The unzoned clinopyroxene
phenocrysts display narrow compositional ranges (Wo43–47En43–47Fs9–10) with higher Mg# val-
ues (81.6–84.5), consisting of augite, endiopside and diopside (Figure 7b). The reverse-zoning
clinopyroxene phenocrysts with green cores (Figure 6a–d) are also known as “green-core
clinopyroxene” [55,56]. The green cores are generally subcircular to subangular shapes, indi-
cating partial resorption by the host melts. The green cores have distinctly higher contents
of FeO (8.51–12.71 wt%), Na2O (0.59–1.11 wt%) and MnO (0.23–0.49 wt%) and lower con-
tents of MgO (11.23–13.75 wt%) and Mg# (61.3–73.3) than their surrounding colorless rims
(FeO: 5.29–7.81 wt%, Na2O: 0.35–0.88 wt%, MnO: 0.05–0.20 wt%, MgO: 14.21–16.56 wt%,
Mg#: 80.1–84.2) (Figure 8). The green cores are salite and augite in composition with
Wo43–47En33–40Fs15–22, whereas colorless rims consist of endiopside, diopside and augite
in composition with Wo43–47En43–47Fs9–11 (Figure 7a). Notably, these colorless rims show
compositions similar to those of unzoned clinopyroxene (Figure 8). The results of trace
elements for clinopyroxenes are presented in Table S5. The colorless rims of green-core
clinopyroxenes display a lower ∑REE (89.14–135.57 ppm) compared to the green cores
(234.90–437.68 ppm), but both exhibit LREEs enrichment relative to HREEs and slightly
negative Eu anomalies (Eu/Eu* = 0.76–1.03) (Figure 9a). Moreover, the green cores and
colorless rims show similar distribution patterns of trace elements (Figure 9b).
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granulite xenoliths and refs. [60–62] for green-core clinopyroxenes in post-collisional potassic volcanic
rocks from North Tibet.
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(b) Primitive mantle-normalized trace element spider diagram for clinopyroxenes in Dahongliutan
post-collisional volcanic rocks (normalizing values are from [52]). Partition coefficients between
clinopyroxene and melt of [63] are used to calculate the clinopyroxene compositions in equilibrium
with host melts.

4.2.3. Olivine

Olivine grains (~1 vol.%) are euhedral or subhedral granular shapes with sizes of
300–1000 µm, and some have black (biotite) rims. They show a relatively narrow range
of Fo content (79.8–85.3) (Table S6), consisting of chrysolites. Olivines from Dahongliutan
post-collisional potassic rocks show relatively higher CaO contents (0.15–0.23 wt%) than
mantle olivine xenocrysts (CaO < 0.1 wt%, [57,58,64], which is consistent with a magmatic
origin [65] rather than mantle xenocrysts.

4.2.4. Apatite

Apatite crystals are rare (~1 vol.%), but they have a clear surface and no inclusions,
appearing as euhedral-subhedral columnar shapes with sizes of 200–2000 µm. Two crystals
were selected for electron probe microanalysis (Table S7). The results show that the studied
apatites are fluorapatites with F contents of 3.23–3.46 wt% and Cl contents of 0.44–0.47 wt%.
The OH− contents in apatites are 0.01–0.07 wt%, according to the calculation after [66].

5. Discussion
5.1. Mineral-Melt Equilibrium

Phenocrysts can either be in equilibrium with their host magma or not. When in
equilibrium, these crystals are referred to as autocrysts and crystallize in situ from the host
magma [12]. However, when in disequilibrium, these crystals are known as antecrysts or
xenocrysts. Antecrysts are genetically related to the early batch of magmas and crystallize
from the same magmatic system as autocrysts [8]. On the other hand, xenocrysts are
accidentally captured wall rock or mantle xenoliths during magma ascent [12]. Furthermore,
due to the high microcryst content in the matrix and the absence of usable melt inclusion
compositions, we assume that the whole-rock composition is representative of the nominal
host melt in equilibrium with phenocrysts [67,68].

The olivine-melt equilibrium is often tested using the Fe-Mg exchange coefficient (KD
(Fe-Mg)ol-melt = 0.30 ± 0.03) [69,70]. In the Rhodes diagram for olivines (Figure 10a), only
a few olivines fall within the equilibrium field. However, most olivines fall above the
equilibrium field, indicating that they are early crystallizing phenocrysts. Furthermore,
some olivine phenocrysts exhibit black (biotite) rims (Figure 2c), indicating that they are not
in equilibrium. For clinopyroxene, the equilibria is tested similarly to olivine-melt equilibria
using KD (Fe-Mg)cpx-melt = 0.275 ± 0.067 [68]. In the Rhodes diagram of clinopyroxenes
(Figure 10b), the colorless rims of green-core clinopyroxenes and unzoned clinopyroxenes
fall within the equilibrium field, suggesting that they are in equilibrium with the host
potassic magmas. Therefore, these clinopyroxene rims are considered to be overgrowths
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that crystallized in situ from the host potassic magmas. This is also supported by the
similarities in REE and trace element distribution patterns between these colorless rims and
the calculated clinopyroxene compositions in equilibrium with the host potassic magmas
(Figure 9). However, the green cores have significantly lower Mg# and plot below the
equilibrium field, suggesting that they may be antecrysts and crystallized from earlier
batches of more evolved magmas. Furthermore, the disequilibrium between green core
and host magmas is also indicated by their subcircular to subangular shapes (Figure 6),
suggesting partial resorption by the host potassic magmas.

Minerals 2023, 13, x FOR PEER REVIEW 10 of 19 
 

 

within the equilibrium field, suggesting that they are in equilibrium with the host potassic 
magmas. Therefore, these clinopyroxene rims are considered to be overgrowths that crys-
tallized in situ from the host potassic magmas. This is also supported by the similarities 
in REE and trace element distribution patterns between these colorless rims and the cal-
culated clinopyroxene compositions in equilibrium with the host potassic magmas (Figure 
9). However, the green cores have significantly lower Mg# and plot below the equilibrium 
field, suggesting that they may be antecrysts and crystallized from earlier batches of more 
evolved magmas. Furthermore, the disequilibrium between green core and host magmas 
is also indicated by their subcircular to subangular shapes (Figure 6), suggesting partial 
resorption by the host potassic magmas. 

 
Figure 10. (a) Rhodes diagram of the olivine-melt equilibrium (KD (Fe-Mg)ol-liq = 0.30 ± 0.03 [70]. (b) 
Rhodes diagram of the clinopyroxene-melt equilibrium (KD (Fe-Mg)cpx-liq = 0.275 ± 0.067 [68]). (c) 
Testing diagram of the alkali feldspar-melt equilibrium (KD (An-Ab)afs-liq = 0.27 ± 0.18 [69]). (d) Cal-
culated temperatures and pressures of the crystallization of clinopyroxene phenocrysts. The solid 
circles represent the result of the calculation of the Wang model [71], the blank circles represent the 
results calculated by the Putirka model [69] for comparison. 

For alkali feldspar, the equilibrium is tested using KD (An-Ab)afs-melt = 0.27 ± 0.18 [69]. 
In Figure 10c, although almost all alkali feldspars plot above the equilibrium field, the 
lower An portions significantly exceed the equilibrium value. The decrease trend in the 
An value from core to rim in normal zoned feldspar phenocrysts is generally attributed to 
crystallization differentiation. Therefore, the An-poor rims are likely to be late crystalliza-
tion products of more evolved magma. Considering that the composition of the rims of 
normal zoned feldspars is similar to the cores of reverse zoned feldspars, it is speculated 
that the An-poor cores may be antecrysts that crystallized from earlier batches of more 
evolved melts. 

  

Figure 10. (a) Rhodes diagram of the olivine-melt equilibrium (KD (Fe-Mg)ol-liq = 0.30 ± 0.03 [70]).
(b) Rhodes diagram of the clinopyroxene-melt equilibrium (KD (Fe-Mg)cpx-liq = 0.275 ± 0.067 [68]).
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solid circles represent the result of the calculation of the Wang model [71], the blank circles represent the
results calculated by the Putirka model [69] for comparison.

For alkali feldspar, the equilibrium is tested using KD (An-Ab)afs-melt = 0.27 ± 0.18 [69].
In Figure 10c, although almost all alkali feldspars plot above the equilibrium field, the lower
An portions significantly exceed the equilibrium value. The decrease trend in the An value
from core to rim in normal zoned feldspar phenocrysts is generally attributed to crystallization
differentiation. Therefore, the An-poor rims are likely to be late crystallization products of
more evolved magma. Considering that the composition of the rims of normal zoned feldspars
is similar to the cores of reverse zoned feldspars, it is speculated that the An-poor cores may
be antecrysts that crystallized from earlier batches of more evolved melts.

5.2. Crystallization Temperatures and Pressures

Clinopyroxene commonly occurs in mafic to intermediate rocks and exhibits various
compositional variations. Therefore, the clinopyroxene-melt/clinopyroxene thermobarom-
eter is frequently utilized to estimate the pre-eruptive temperatures, pressures and storage
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depths of magma reservoirs [68,71–73]. However, it is crucial that the selected clinopy-
roxene is in equilibrium with the melt composition when using the clinopyroxene-melt
thermobarometer. As discussed earlier, rims of green-core clinopyroxenes and unzoned
clinopyroxenes are generally in equilibrium with host potassic magmas, while the green
cores are not in equilibrium with host magmas. Therefore, in order to obtain reason-
able temperature and pressure values and compare the relationship between the crys-
tallization temperature and pressure of clinopyroxene with different compositions, the
clinopyroxene-melt thermobarometer is not suitable for this study. Instead, we used the
updated clinopyroxene-only thermobarometer [71], which is independent of melt compo-
sitions and solely relies on the composition of clinopyroxene. Furthermore, it provides a
higher accuracy for pressure (±1.7 kbar) and temperature (±37 ◦C) estimation. For the
sake of comparison, we performed additional calculations for the same samples based on
Equations 32a and 32d [69].

The calculated crystallization temperatures and pressures of clinopyroxenes are presented
in Table S4. The results of the two thermobarometers are consistent, indicating the reliability of
the calculated values in this study. The crystallization temperatures and pressures for the green
cores are 1098–1175 ◦C (1134 ± 18 ◦C) and 1.8–8.5 kbar (5.1 ± 1.7 kbar), respectively, and their
surrounding rims are 1131–1218 ◦C (1169 ± 19 ◦C) and 0.0–4.1 kbar (2.5 ± 1.8 kbar), respectively.
The temperature and pressure of the unzoned clinopyroxene are 1148–1177 ◦C (1160 ± 8 ◦C)
and 0.1–4.9 kbar (1.9 ± 1.2 kbar), respectively. As shown in Figure 10d, there is a positive
correlation between pressure and temperature, suggesting polybaric crystallization during
magma ascension. Furthermore, we observe that the crystallization temperatures of the
green cores are lower than their surrounding rims, while the colorless rims are comparable
to the crystallization temperatures of the unzoned clinopyroxene. This is suggest that the
green cores may have originated from a cooler, evolved magma, while the colorless rims
and unzoned clinopyroxene may have originated from a hotter mafic magma.

5.3. Magma Recharge and Mixing Process
5.3.1. Constraints from Green-Core Clinopyroxenes

Green-core clinopyroxene is a reverse-zoned clinopyroxene phenocryst that consists
of a green core and a colorless rim [55,56], which is also regarded as an important signal
for an open system [12]. Green-core clinopyroxenes have been widely observed in alkaline
mafic to intermediate-acidic volcanic rocks in various tectonic settings, such as cratons,
continental rifts, orogenic belts and subduction zones [55,62,65,74–79]. However, the origin
of green-core clinopyroxenes remains controversial. Two main hypotheses have been
proposed: (1) the green cores could be xenocrysts [76,80,81], possibly derived from lower
crustal granulite [76] or metasomatized lithospheric mantle [78,80,82]; (2) magma mixing
between variably evolved magmas [6,56,65,79,83]. The green cores may represent antecrysts
that crystallized from earlier batches of more evolved magmas, which later mixed with
more primitive magmas.

Although green-core clinopyroxenes are commonly found in alkaline volcanic rocks,
the minerals scraped from lower crustal granulite wall rocks or upper lithospheric mantle
during the ascent of host magmas are accidental. In order to identify the origin of green-
core clinopyroxenes in the Dahongliutan potassic rocks, we compared their major element
contents with the compositions of clinopyroxene from mantle xenoliths [57,58], lower
crust granulite xenoliths [59] and potassic rocks of northern Tibet [60–62]. Firstly, the
compositions of the green core of green-core clinopyroxenes in the Dahongliutan potassic
rocks are obviously distinct from those of clinopyroxenes in mantle peridotite and lower
crustal granulite xenoliths (Figure 8), which rules out the possibility that the green cores
originate from xenocrysts. Additionally, the green cores have significantly higher contents
of FeO and Na2O, but lower contents of MgO and Mg#, compared to their surrounding
colorless rims (Figure 8). These characteristics eliminate the possibility of an origin through
fractional crystallization in a closed system or crustal contamination in an open system
during crystal growth, as these processes would result in normal zoning rather than
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reverse-zoning clinopyroxene [32,84,85]. Furthermore, the similarity in the REE and trace
element distribution patterns between the green cores and colorless rims of green-core
clinopyroxenes (Figure 9) implies that the green cores and their surrounding colorless
rims crystallized from co-genetic magmas. Moreover, the colorless rims of green-core
clinopyroxenes are in equilibrium with the host potassic magmas (Figure 10b), indicating
that these rims grew in situ from the current host magmas. These results are further
supported by the similarities in the REE and trace element distribution patterns between
colorless rims and the calculated clinopyroxene compositions in equilibrium with host
magmas, using clinopyroxene-melt partition coefficients provided by [63] (Figure 9). Based
on the KD (Fe-Mg)cpx-melt value of 0.275 ± 0.067 [68], the estimated Mg# values (24.8–48.4)
of melts in equilibrium with green cores are lower than the Mg# values (55.0–57.6) of
host magmas (Figure 10b). This suggests that the green cores did not crystallize from the
current host magma and may represent antecrysts that crystallized from earlier batches
of more evolved melts. While clinopyroxene antecrysts are frequently invoked to explain
the convection within the magmatic system or magma mixing, convection hardly causes
significant differences in the core-rim composition of phenocrysts [85,86]. Additionally, the
calculated crystallization temperatures of the green cores (1134 ± 18 ◦C) are lower than
those of the colorless rims (1169 ± 19 ◦C), indicating the occurrence of hot magma recharge
in the magma chamber. This finding is further supported by the presence of sieved and
resorption textures in clinopyroxenes (Figure 6). In other words, clinopyroxene antecrysts
are reheated due to the injection of hotter magma and resorption [34]. As the magmatic
system tends towards equilibrium, reverse zoning (overgrowth rim) will form if antecrysts
are not completely dissolved. Additionally, green-core clinopyroxenes with disequilibrium
features have been observed in post-collisional potassic rocks from Bamaoqiongzong
and Gemucuo, North Tibet [60–62], which have been interpreted as the result of mixing
between variably evolved co-genetic magmas. It is noteworthy that both the green-core
clinopyroxenes from Dahongliutan and North Tibet potassic rocks display similar major
element variations (Figure 8), implying a consistent genesis. Therefore, we conclude that
the green-core clinopyroxenes in the Dahongliutan potassic rocks are most likely formed
through recharge mixing between a more evolved magma and a mafic magma. In other
words, the green cores crystallized from a more evolved magma and subsequently mixed
with a mafic magma, resulting in the development of Mg-rich rims (Figure 11).

Minerals 2023, 13, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 11. Schematic model of magma recharge and mixing in the magma plumbing system beneath 
the Dahongliutan volcano. (a) Prior to eruption, a more evolved magma reservoir beneath the Da-
hongliutan volcano. (b) The compositional zoning of phenocrysts was produced by a hotter mafic 
magma recharge and mixing process, which triggered the Dahongliutan volcano eruption. 

5.3.2. Constraints from Reverse-Zoned Alkali Feldspars 
Disequilibrium features of phenocrysts, including reverse zoning, resorption texture, 

a wide range of mineral compositions and minerals that are in disequilibrium with the 
host melt, are commonly regarded as evidence for magma recharge and mixing [7,87–89]. 
In this study, similar disequilibrium characteristics are observed in some feldspar pheno-
crysts in the Dahongliutan potassic rocks, suggesting a possible magma-mixing process. 
These feldspars display a wide range of compositions from An1.3 to An41.8, including ande-
sine, oligoclase, anorthoclase and sanidine (Figure 7a). Some alkali feldspar phenocrysts 
exhibit obvious reverse zoning, indicating an open magmatic system [12]. While most re-
verse-zoned alkali feldspars plot above the equilibrium field (Figure 10c), the An-poor 
cores deviate further, implying that they may be antecrysts and crystallized from earlier 
batches of more evolved magmas. It is worth noting the presence of internal resorption 
textures in alkali feldspars, such as cellular textures and irregular cores of reverse-zoned 
alkali feldspars (Figure 6), which may record episodes of hot mafic magma recharge mix-
ing [87]. Reverse zoning in feldspars is commonly attributed to the crystallization of a 
more Ca-rich melt, often associated with the mixing of a more mafic magma [12,88,90]. 
However, experimental studies have demonstrated that Ca-rich (An-rich) overgrowth 
rims can also form by increasing the temperature or pressure under H2O-saturated condi-
tions [91] or by elevating water activity [92]. Comparatively, temperature has a greater 
influence on inducing changes in the An value than pressure [12,91]. To further discrimi-
nate between these mechanisms, it is necessary to consider the variations An values and 
other elements (e.g., Fe, Mg, Ti and Ca) [93,94]. An increase in the An value coupled with 
an increase in the Fe content indicates magma mixing with Ca-rich magma, while a change 
in the An value without an increase in Fe mostly suggests a thermal or self-mixing process 
[14,93,95]. As shown in Table S3, the cores of the reverse-zoned alkali feldspars exhibit 
significantly lower An values (1.8–3.1), FeO (0.13–0.22 wt%) and CaO (0.36–0.64 wt%) con-
tents compared to their surrounding rims (An: 16.3–22.5, FeO: 0.23–0.33 wt%, CaO: 3.41–
4.72 wt%). Notably, the increase in the An value toward the rims of the reverse-zoned 
alkali feldspars is indeed accompanied by an increase in the FeO content, which cannot 
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magma recharge and mixing process, which triggered the Dahongliutan volcano eruption.
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5.3.2. Constraints from Reverse-Zoned Alkali Feldspars

Disequilibrium features of phenocrysts, including reverse zoning, resorption texture,
a wide range of mineral compositions and minerals that are in disequilibrium with the host
melt, are commonly regarded as evidence for magma recharge and mixing [7,87–89]. In
this study, similar disequilibrium characteristics are observed in some feldspar phenocrysts
in the Dahongliutan potassic rocks, suggesting a possible magma-mixing process. These
feldspars display a wide range of compositions from An1.3 to An41.8, including andesine,
oligoclase, anorthoclase and sanidine (Figure 7a). Some alkali feldspar phenocrysts exhibit
obvious reverse zoning, indicating an open magmatic system [12]. While most reverse-
zoned alkali feldspars plot above the equilibrium field (Figure 10c), the An-poor cores
deviate further, implying that they may be antecrysts and crystallized from earlier batches
of more evolved magmas. It is worth noting the presence of internal resorption textures
in alkali feldspars, such as cellular textures and irregular cores of reverse-zoned alkali
feldspars (Figure 6), which may record episodes of hot mafic magma recharge mixing [87].
Reverse zoning in feldspars is commonly attributed to the crystallization of a more Ca-
rich melt, often associated with the mixing of a more mafic magma [12,88,90]. However,
experimental studies have demonstrated that Ca-rich (An-rich) overgrowth rims can also
form by increasing the temperature or pressure under H2O-saturated conditions [91] or
by elevating water activity [92]. Comparatively, temperature has a greater influence on
inducing changes in the An value than pressure [12,91]. To further discriminate between
these mechanisms, it is necessary to consider the variations An values and other elements
(e.g., Fe, Mg, Ti and Ca) [93,94]. An increase in the An value coupled with an increase in the
Fe content indicates magma mixing with Ca-rich magma, while a change in the An value
without an increase in Fe mostly suggests a thermal or self-mixing process [14,93,95]. As
shown in Table S3, the cores of the reverse-zoned alkali feldspars exhibit significantly lower
An values (1.8–3.1), FeO (0.13–0.22 wt%) and CaO (0.36–0.64 wt%) contents compared to
their surrounding rims (An: 16.3–22.5, FeO: 0.23–0.33 wt%, CaO: 3.41–4.72 wt%). Notably,
the increase in the An value toward the rims of the reverse-zoned alkali feldspars is indeed
accompanied by an increase in the FeO content, which cannot be solely explained by a
single increase in temperature, pressure or H2O activity [95], suggesting a more plausible
scenario involving mixing with a hotter mafic magma (Figure 11).

5.4. Implications for Magmatic Eruptions

The recharge of mafic magma into an evolved magma reservoir is a widespread process
in various volcanoes, including the Aeolian Islands [96], Tutupaca [13], Tungurahua [14], St
Lucia [1], Changbaishan [97] and Tengchong volcanoes [98]. This recharge, along with the
introduction of heat and volatiles, leads to dramatic changes in the temperature, pressure,
viscosity and density of magma reservoirs. These changes result in rejuvenation and
convection within the reservoir, ultimately triggering eruptions [1,4,5,13,14,99,100]. In the
Dahongliutan post-collisional potassic volcanic rocks, the presence of reverse composition
zoning and resorption textures in green-core clinopyroxene and alkali feldspar phenocrysts
indicates mixing between a more evolved magma and a mafic magma. The cores of
these phenocrysts represent the more evolved magma, while their rims correspond to
a hotter mafic magma. Based on the above discussion, we propose a magma recharge
and mixing model that explains the distinct textures and compositions of phenocrysts in
the Dahongliutan post-collisional potassic volcanic rocks (Figure 11). Using the average
pressures from the green cores of green-core clinopyroxenes, we estimate the depth of the
pre-eruptive magma reservoir to be approximately 19 km (converted using a crustal density
of 2.7 g/cm3). Within this magma reservoir, extensive crystallization occurred, resulting in
a crystal-rich mush containing Fe-rich clinopyroxene (corresponding to the core of green-
core clinopyroxene) and An-poor alkali feldspar (sanidine) (Figure 11a). Subsequently,
the injection of hotter mafic magma at the base of the crystal-rich mush led to mixing
(Figure 11b). During this process, clinopyroxenes and alkali feldspars that crystallized
early from the more evolved magmas were partially resorbed and subsequently overgrown
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with Mg-rich and An-rich rims, respectively, due to dissolution residues. Additionally, the
replenishment of hot mafic magma not only caused remobilization and convection within
the reservoir but also increased the pressure, promoting magma ascent and ultimately
triggering the eruption of the Dahongliutan volcano (Figure 11b).

6. Conclusions

In this study, we present whole-rock major and trace elements, as well as mineral
textures and chemistry studies, for the Dahongliutan volcanic rocks in the NW Tibetan
Plateau. The main conclusions are as follows:

(1) The post-collisional volcanic rocks in Dahongliutan are potassic trachyandesites,
which underwent polybaric crystallization during magma ascension;

(2) The presence of Fe-rich green cores (antecrysts) and resorption textures in the green-
core clinopyroxenes, as well as the disequilibrium characteristics of alkali feldspar
(e.g., sieve texture and reverse zoning), indicating that the magma plumbing system
beneath Dahongliutan experienced magma recharge and mixing;

(3) The hot mafic magma recharge may have been an important trigger for the Dahongli-
utan eruption.
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feldspars in post-collisional potassic rocks from Dahongliutan volcanic field of NW Tibetan Plateau;
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