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Abstract
The application of whole rock compositions to trace magma evolution or crystal-melt
equilibrium may be called into question when foreign crystals are incorporated into host
magmas. To address this challenge, establishing the origins (orthocrysts, antecrysts,
xenocrysts, etc.) of minerals with variable textures in magmatic plumbing systems is
necessary. In this paper, we describe complex oscillatory zoning patterns of
clinopyroxenes (Cpx) from the Miocene Majuangou (MJG) alkali basalts from West
Qinling. Our detailed petrographic, mineralogical, and geochemical analyses unravel
the origins of various Cpx crystals with distinct textural patterns, thereby providing
information about magma storage, recharging and/or mixing, and transportation, as well
as the reactions between crystals and melt/fluid. Based on textural patterns, Cpx may
be divided into four types with normal (Type—1 Cpx), simple oscillatory (Type—2 Cpx),
complex oscillatory (Type—3 Cpx), and grains that lack zoning (Type—4 Cpx, suggested
to be orthocrysts). Through the textural characterization of Cpx, the comparison
between different types of Cpx, and the relationships between Cpx major compositions
from different lithologies, we concluded that Type 1, 2 and 3 Cpx cores are antecrysts
or xenocrysts with diverse origins: primitive magma (Type—1 Cpx cores), magma mush
(Type—2 Cpx cores), and crustal granulite (Type—3 Cpx cores). The zoning patterns and
the compositions of these Cpx crystals indicate at least three batches of magmatic

activity, i.e., the Batch-1 low-Mg# magma (Mg#: 47.4-53.3), the Batch-2 primitive
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magma (Mg#: 57.2—64.5), and the Batch-3 low-Mg# host alkali magma (Mg#: 47.2—
54.6). Cpx-melt thermobarometry demonstrates that at least two crustal magma
reservoirs existed in the magma plumbing system at depths of 30.1 km and 40.9 km.
The antecrystic/xenocrystic Cpx cores were captured by, continued to grow in, and
subsequently reacted with ascending K-rich melt/fluid. The spongy textures in Cpx
cores/mantles are attributed to this reaction, which may be expressed as: Melt 1
(primitive or evolved) + K-rich melts/fluids + Cpx (CaMgSi»O¢) = K-feldspar
(KAISi303) + Ilmenite (FeTiOs3) + Melt 2 (derivative). The products of this reaction (K-
feldspar and ilmenite) filled the sieves in the spongy zones of Type 1-3 Cpx. This
detailed investigation of compositional and textural features of Cpx
antecrysts/xenocrysts suggests that the interactions between various interconnected
magma reservoirs are widespread beneath the magmatic plumbing system. Our study
emphasizes the importance of the Cpx-melt/fluid reaction in magmatic plumbing
system, which can significantly modify the whole-rock compositions and lead to the
formation of spongy textures without the need for fractures and cracks in minerals.

Keywords: alkali basalts; zoning texture; spongy texture; crystal-melt/fluid reaction;

Cpx antecrysts/xenocrysts

Introduction
Details of pre-eruptive magma storage, transport, and evolution are essential to
reconstruct transcrustal magma plumbing systems, to reveal the histories of eruptions,

and to monitor potential volcanic activities (Ganne et al. 2018; Ubide et al. 2019a;
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Magee et al. 2021; Pontesilli et al. 2021; Ubide et al., 2021). Previous studies have
demonstrated that a basaltic magmatic system usually consists of multiple,
interconnected, vertically distributed magma storage layers and reservoirs within the
upper mantle and the crust, which feed small (ephemeral) magma reservoirs at shallow-
crustal levels. The eruptive rocks are final products recording the interaction between
different magma chambers or magma mushes (Cashman et al. 2017; Magee et al. 2018;
van Gerve et al. 2020; Lucci et al. 2020).

As one of the main components in basaltic rocks, crystals (olivine, pyroxene or
plagioclase) with various origins typically record crucial information for multistep
magma transport, recharge and storage within the Earth’s mantle and crust (Zhang et al.
2007; Ubide et al. 2019a, 2019b, 2021; Masotta et al. 2020). The crystals carried by the
volcanic eruptions hold clues of melt compositions and magmatic conditions, thereby
providing windows into processes that are physically inaccessible yet control volcanic
behavior and the evolution of magmatic systems (Ubide et al. 2021; Edmonds et al.
2019). Specifically, these crystal populations may be classified as orthocrysts,
antecrysts, xenocrysts, or peritectic phases (Miller et al. 2007; Jerram and Martin 2008;
Bach et al. 2012). Xenocrysts are crystals that originated from disaggregated
crustal/mantle xenoliths; orthocrysts crystallized directly from their host magmas;
antecrysts did not directly crystallize from the host magmas but are spatially and
temporally related to the magmatic plumbing system (Miller et al. 2007). The term
phenocryst describes larger crystals that are either orthocrysts or antecrysts in the host.

Recently updated conceptual models of transcrustal magmatic systems (Cashman
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88 et al. 2017; Magee et al. 2018; van Gerve et al. 2020) have raised questions of how
89 magmas from various reservoirs are assembled prior to eruption and how antecrysts or
90 xenocrysts interact with host magmas or fluids in the magmatic system at multiple
91 crustal levels. Textural characteristics, chemistry, and style of compositional zoning of
92  crystals are sensitive to magma compositions and conditions during crystallization. In
93 particular, zoning textures within minerals testify complex dynamic processes that
94 result from the interaction between different magmas, such as magma differentiation,
95 mixing/recharging, and the assimilation of pre-existing crust or mantle materials
96 (Streck 2008; Cashman and Blundy 2013; Xing and Wang 2020; Palummo et al. 2021;
97 Cao et al. 2022). Furthermore, spongy textures that are common in minerals from
98 mantle xenoliths and volcanic rocks, may provide crucial information on pre-eruptive
99 processes as well as the nature and evolution of the deep mantle, e.g., magma transport
100  or residence and mantle metasomatism (Shaw et al. 2006; Su et al. 2011; Ma et al. 2015).
101  Hence, determining the origins of textures and compositions of these crystals can
102 provide critical insight to the interaction between distinct magma reservoirs in the
103 magmatic plumbing system, the reaction between crystals and the host melts/fluids, and
104 the magmatic evolution of discrete magma reservoirs at depth (Su et al. 2011; Shaw et
105 al. 2006; Liu et al. 2012).
106 As an important and ubiquitous liquidus phase in mantle-derived magmas,
107  clinopyroxene may crystallize across a broad range of pressures and water contents
108  (Putirka 2008; Armienti et al. 2013; Cristina et al. 2019; Ubide et al. 2019a). Its

109 chemical compositions are sensitive to pressure, temperature, water content, and
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110 magma composition (e.g., Putirka 2008; Ubide et al. 2019a). Combined with the
111 relatively slow elemental diffusion in clinopyroxene (Cpx) in comparison with olivine
112 in alkali basalts (Miiller et al. 2013), the favorable physicochemical properties ensure
113 that Cpx crystals can serve as reliable recorders of transcrustal magmatic processes and
114 evidence of crystal recycling with both cognate and non-cognate origins. The
115 incorporation of foreign crystal populations will modify the whole-rock compositions,
116  therefore the textural characteristics and compositional data of Cpx crystals may
117  provide more robust evidence than the whole-rock compositions alone (Luo et al. 2018).
118  Clinopyroxenes are therefore widely used to reconstruct the evolution of magmatic
119 plumbing systems and provide crucial information about the details of crystal-
120  fluid/melt interactions in magmatic plumbing systems (Coote and Shane 2018; Feng
121 and Zhu 2018, 2019; Li et al. 2020).

122 In this paper, we focus on the Miocene alkali basalts in the Majuangou (MJG) area
123 of West Qinling, Central China. Previous studies have established that the West Qinling
124 orogen has a thickened crust (~52 km, Zhang et al. 2020) and a widespread occurrence
125  of alkali lavas in the Cenozoic (Yu et al. 2009). The large crustal thickness and the
126  extensive alkali magmatic activity allow the potential storage regions spanning a wide
127 range of depths. Thus, these alkali basalts and the crystals they hold may serve as
128  suitable candidates for gaining insight into the pre-eruptive evolution of the transcrustal
129 magmatic system. This study combines the textural characteristics and mineral
130  chemistry of Cpx crystals to identify the sources of various Cpx crystals, to determine

131 the genesis of zoning and spongy textures, and to calculate the crystallization pressures.
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132 We aim to reconstruct a complex magmatic plumbing system, to reveal pre-eruptive
133 processes (magma transport, recharge, and storge), and to decipher the details of the

134 interaction between Cpx antecrysts/xenocrysts and the host melt/fluid.

135
136 Geological Setting and Sample Descriptions
137 West Qinling is located between the Songpan-Garzé terrane and the Qilian orogen

138 and tectonically bounded by the Qinghai Lake-Wushan-Tianshui fault to the north, the
139  Mianlue-A’nyemaqgen suture zone to the south, and the Wahongshan-Wenquan and
140  Fengxian-Taibai strike-slip faults/Huicheng Basin to the west and east, respectively
141 (Dong et al. 2011; Li et al. 2015; Fig. 1a&b). Cenozoic volcanoes in West Qinling are
142 sparsely distributed in the Tianshui-Lixian fault basin, and ca. 50 outcrops scattered
143 across an area of ca. 4000 km? (Yu et al. 2011; Guo et al. 2014; Su et al. 2010). The
144  Cenozoic volcanoes are predominantly cinder cones, pipes, diatreme-tuff rings, and
145  subvolcanic intrusions with a single outcrop area of generally less than 1 km?, and
146  several lava flows cover areas of a few square kilometers (Su et al. 2010; Guo et al.
147 2014). These lavas mainly consist of potassic alkali basalts, kamafugites, and associated
148  carbonatites dated at 23.2-7.1 Ma (Yu et al. 2011). Mantle xenoliths are entrained in
149  these alkali basalt lavas, and they have been extensively studied to ascertain the nature
150  of the sub-continental lithosphere and deep processes occurring within the lithospheric
151 mantle beneath West Qinling (e.g., Su et al. 2012).

152 The Majuangou alkali basalts investigated in this study were sampled from a

153 cinder cone in the Tanchang county, West Qinling. They contain both lherzolite
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154  xenoliths and pyroxenite xenoliths (Fig. 2a&b). Thirteen of the twenty samples are
155 classified as trachybasalt, but the remaining seven samples are basalt based on the Total
156  Alkali Silica (TAS) diagram (Le Bas et al. 1986; Fig. S1&Table S1). Both lithologies
157 have identical mineral assemblages. The analyzed Majuangou basalts exhibit a typical
158  porphyritic texture, given 15-20 vol.% of larger crystals among which euhedral-
159  subhedral Cpx dominates over subordinate anhedral olivine (Fig. 2b). The groundmass
160  with intergranular texture consists of euhedral plagioclase and interstitial Cpx, as well
161 as minor olivine and biotite (Fig. 2c). Porphyritic Cpx are subhedral to euhedral with
162 embayed boundary and are found in both lithologies, which generally exhibit spongy
163  textures. The sieves in the spongy zones are filled with K-feldspar and ilmenite as
164 mineral inclusions (Fig. 2g—i). As a minor phase, biotite mainly occurs as biotite

165 glomerocryst or surrounding Cpx glomerocrysts (Fig. 2j-1).

166
167 Analytical Methods
168 Whole-rock major element analysis was carried out at the Guangzhou Institute of

169  Geochemistry, Chinese Academy of Sciences, using an X-ray fluorescence (XRF)
170  spectrometer. Results are reported relative to the USGS rock standards with an
171 analytical accuracy and precision are better than 5%. More details are shown in the
172 supplementary materials.

173 Electron-probe micro-analysis and X-ray mapping

174 The major element spot analyses of Cpx, the identification of mineral inclusions,

175 and major element X-ray mapping were conducted with a JEOL JXA—8230 electron
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176  microprobe equipped with an Oxford X-Max 80 mm? Energy Dispersive Spectrometer
177 (EDS) detector running Oxford INCA X-ray microanalysis software at the Shandong
178 Key Laboratory of Mineralization Geological Processes and Resource Utilization in
179  Metallic Minerals of the Shandong Geological Science Institute. Point analyses were
180 obtained on carbon-coated polished thin-sections under high-vacuum conditions using
181 an accelerating voltage of 15 kV, an electron beam current of 20 nA, a beam diameter
182  of 5-10 um, and peak and background counting times of 10 s and 5 s, respectively. The
183  standard materials used for calibration were pure oxides and silicates of the Astimex
184  series [sanidine (K), jadeite (Na, Si), diopside (Mg, Ca), rutile (Ti), rhodonite (Mn),
185 olivine (Fe), almandine garnet (Al), and chromium oxide (Cr)], and the results were
186  corrected using the ZAF method (Z, atomic number; A, absorption; F, fluorescence).
187  Astimex chrome diopside was used as quality monitor standard and for the calculation
188 of accuracy and precision. The data of samples and standard material are provided in
189 Table S2. The accuracy was < 2% for major elements (=2 wt. %) and < 10% for
190 minor elements (<2 wt. %). The analytical precision was better than 2% for major
191 elements and 15% for minor elements.

192 Mineral inclusions in the sieves within the spongy textures of Type 1-3 Cpx were
193  identified with the EDS detector at 15 kV accelerating voltage and 4 nA electron beam
194  current; the X-rays acquisition was stopped at >300,000 counts per spot.

195 X-ray maps of the Cpx antecrysts/xenocrysts were made with an accelerating
196  voltage of 15 kV, a beam current of 200 nA, a dwell time of 10 ms, and a pixel size of

197 1 um. Each scan analyzed up to 4 elements, and we included the major elements Si, Mg,
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198 Al Fe, Ca, Ti, K, and Na.

199  In-situ trace element analysis and LA-ICP-MS mapping of minerals

200 In-situ trace element analysis and LA-ICP-MS mapping of minerals were
201 conducted at the Ore Deposit and Exploration Centre (ODEC), School of Resources
202 and Environmental Engineering, Hefei University of Technology, using an LA-ICP—
203  MS instrument (Agilent 7900) equipped with a Photon Machines Analyte HE 193 nm
204  ArF excimer laser. Helium was used as the carrier gas to enhance the transport
205 efficiency of the ablated material. Spot analyses used a beam size of 40 um at 10 Hz,
206 and gas blank measurements of 20 s, preceded by data acquisitions of 60 s. Scan
207 analyses of Cpx antecrysts/xenocrysts were conducted at a scanning speed of 15 um/s
208 at 2040 Hz with an energy density of 2 J/cm?. SRM610 were external standards for
209 data calibration without applying an internal standard. SRM612 and BCR-2g glass
210 reference materials were used as secondary standards to monitor accuracy and precision.
211  Offline data processing was performed with the ICPMSDataCal program (Liu et al.
212 2008). The compositions of standard materials and samples are reported in
213 Supplementary Table 3. The precision is typically better than 10%. The analytical
214 uncertainties are better than +5% (20).

215 Several zoned Cpx grains were selected for mapping analysis. Different from
216  single-point analysis, the laser beam moved continuously across the mineral surface
217  and the ablated lines are adjacent to each other in order to obtain the full map. A beam
218  diameter of 20 pum, a repetition rate of 10 Hz, an fluence of 3 J/cm?, and a translation

219  speed of 20 um/s were used for all experiments. The trace element maps of Cpx were
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220 calibrated against SRM 610 reference material without internal standard materials. All
221 these maps are semi-quantitative. The horizontal resolution for LA-ICP-MS mapping
222 of our samples is about 6 pm (where the translation speed of the laser is multiplied by
223 the total integral time of all the elements, Wang et al. 2017), and the vertical resolution
224 is equivalent to the diameter of the laser beam (20 um). The analytical precision for all
225 elements was better than 10%. The accuracy was better than 30%. Trace element
226 mapping images of Cpx were compiled and processed using LIMS (an in-house
227  designed mapping reduction software based on Matlab). The average background in the
228 image of an element was subtracted from the element’s values, and the raster images
229  were compiled into a 2-D image displaying the combined background/drift corrected

230 intensity (Wang et al. 2017).

231
232 Results
233 We analyzed whole-rock major elements for 20 alkali basalt samples from the

234  Majuangou area (Table S1). The supporting information provides the detailed sample
235  descriptions.

236 Major elements of Cpx crystals

237 The alkali basalts from West Qinling universally contain Cpx crystals, which
238 either exhibit zoning and spongy texture, or a clean, unzoned appearance. The whole
239  Cpx crystals show a wide compositional range (Table S2), from augite to diposide (Fig.
240 3), according to the classification of Morimoto (1988). Some Cpx crystals display

241 various zoning patterns (core-rim zoning or core-mantle-rim zoning), indicative of
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242 textural and compositional complexities. The augitic pyroxenes are found in the
243  core/mantle zones with high Mg# values (81.1-86.8, Mg# = 100xMg/(Mg+Fe?")). In
244  contrast, diposide mostly occurs in the rim parts and has a wider range but lower Mg#
245  values (65.4-81.0). Except for the zoned Cpx crystals, unzoned Cpx crystals are mainly
246  in the groundmass and exhibit subhedral to euhedral shapes.

247 The Cpx crystals in the Majuangou samples may be divided into four types
248  based on their textural features and compositional variations (Fig. 4):

249 Type—1 Cpx cores have higher Mg# (82.5-86.8) and lower Al,O3 (3.03—4.30
250  wt. %), TiO2 (0.65-1.41 wt. %), and CaO (20.36-21.85 wt. %) contents than their rims
251  (Mg#: 76.5-81.0, Al>O3: 3.59-4.78 wt. %, TiO,: 2.20-2.97 wt. %, CaO: 21.43-22.33
252 wt. %; Fig. 5), showing normal zoning (Fig. 6). There is an abrupt change in
253 compositions from cores to rims (Fig. 6). Moreover, the cores of Type—1 Cpx show
254  spongy textures and contain abundant mineral inclusions that are composed of K-
255 feldspar and ilmenite in the sieves determined by the EDS detector and X-ray maps
256 (Fig. 7a-d), while the rims are intact without mineral inclusions. The cores have
257 rounded boundaries, and are obviously in contact with the intact rims.

258 Type-2 Cpx exhibit pronounced simple oscillatory zonation with resorbed low-
259  Mgf# cores, subsequently enclosed by high-Mg# mantles and low-Mg# clean rims (Fig.
260 4b). The cores and rims of Type—2 Cpx share similar compositions (Fig. 5), displaying
261 lower Mg# (76.1-80.1) but higher ALO; (2.95-5.71 wt. %), TiO2 (1.49-3.55 wt. %)
262 and CaO (21.51-22.24 wt. %) contents than their mantles (Fig. 6). The high-Mg#

263 mantles of Type—2 Cpx also show a spongy texture that is similar to the cores of Type—
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264 1 Cpx (Fig. 2h&4), with widths of 60-300 um in most cases. The sieves in the spongy
265 mantles are also filled by the mineral assemblage of K-feldspar and ilmenite as
266 evidenced by X-ray maps (Fig. 7e-h) and the EDS analysis.

267 Type—3 Cpx are composed of low-Mg# (65.4—66.3) inner cores, intermediately
268 low-Mg# outer cores (69.7—74.7), high-Mg# mantles (82.0-84.4) and low-Mg# intact
269 (clean) rims (76.4-78.5, Fig. 4). For the core parts, the inner cores have lower Al,O3
270 (1.60-1.69 wt. %), TiO2 (0.04-0.10 wt. %), and Cr203 (0-0.06 wt. %) contents but
271  higher CaO (23.08-23.84 wt. %) abundances than the outer cores with AL,O3 (1.64—
272 1.78 wt. %), TiO2 (0.11-0.30 wt. %), Cr203 (0.01-0.05 wt. %) and CaO (22.85-23.12
273 wt. %) contents (Fig. 6). Besides, the inner cores show different compositions from
274  those of Type 1-2 Cpx, which are characterized by very low Mg#, Al,O3 and TiO»
275 contents (Fig. 5). The outer cores have intermediate compositions between the low-
276 ~ Mg# inner cores and high-Mg# mantles (Fig. 6). The mantles are characterized by a
277  spongy texture (Fig. 7i-k), and have comparable compositions with Type—1 Cpx cores
278 and Type—2 Cpx mantles, with high Mg# values, and Al,O3 (3.49-3.78 wt. %), CaO
279 (20.45-20.71 wt. %) and TiO2 (0.95-0.97 wt. %) contents (Fig. 6). The mineral
280 inclusions in the sieves were identified by the EDS detector rather than the X-ray map
281  due to the small sizes, and consist of K-feldspar and ilmenite, identical to the spongy
282 zones in Type 1-2 Cpx.

283 The rims of Type 1-3 Cpx have the same major compositions, with the Mg# (76.1—
284 81.0), AlO3 (3.58-5.71 wt. %), CaO (21.60-23.02 wt. %) and TiO> (1.61-3.55 wt. %).

285 Type—4 Cpx are unzoned and subhedral to euhedral. Most of them have small sizes
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286  of 100300 um, while few of them measure 400—800 um. Type—4 Cpx exhibit a narrow
287 range of Mg# values (78.2—80.8), show homogeneous compositions (Fig. 5).

288 Trace elements of Cpx crystals

289 Except for the Type—3 Cpx cores, Type—1 Cpx, Type—2 Cpx and the other zones
290 (mantles and rims) of Type—3 Cpx are collectively characterized by the same convex-
291 wupward rare earth element (REE) pattern similar to Type—4 Cpx, but their
292  concentrations are different (Fig. 8, Table S3).

293 The high-Mg# cores of Type—1 Cpx exhibit the same convex-upward rare earth
294  element (REE) pattern in the rims but with higher REE contents (Fig. 8a&b). The cores
295 and rims of Type—2 Cpx have identical trace element compositions, exhibiting higher
296  REE contents than their high-Mg# mantles (Fig. 8c&d). The cores of Type—3 Cpx (inner
297  cores and outer cores) have discontinuous and flat REE patterns, unlike other types of
298  Cpx antecrysts/xenocrysts and Cpx orthocrysts (Fig. 8e&f). The high-Mg# mantles of
299  Type—3 Cpx have the same trace element compositions as the other high-Mg# parts in
300 Type 1-2 Cpx (Fig. 8). The Type—4 Cpx (Cpx orthocrysts) exhibit a uniform middle
301 rare earth elements (MREEs) convex-upward distribution pattern with REE contents
302 similar to the rims of Type 1-3 Cpx (Fig. 8).

303 The rims of Type 1-3 Cpx have a uniform REE pattern, with higher REE contents
304 than the high-Mg# parts (Fig. 8). According to the trace element maps (Fig. S2), the
305 sieves (spongy space) in the spongy zones of Type—1 and Type—3 Cpx are characterized
306 by enrichments in K, Ti, Al, Na, and P, as well as Rb, Sr, and Ba. Rims of Type—1 and

307 Type—3 Cpx do not show such enrichments (Fig. S2). The LA-ICP-MS mapping was
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308 not performed for Type—2 Cpx, because fractures frequently occur in Type-2 Cpx,
309 which may cause abnormal element values.

310 Overall, the compositional trends of Cpx in the Majuangou alkali basalts are the
311 accordance of higher Mg# with lower > REE and the opposite.

312

313 Discussion

314 Decoding the origin of the Cpx crystals and the genesis of the zoning texture

315 In Type 1-3 Cpx, there is a sharp geochemical composition change between the
316 xenomorphic cores and the subhedral-euhedral rims/mantles (Fig. 6). They show
317 various zoning patterns (e.g., normal zoning, simple oscillatory zoning, and complex
318 oscillatory zoning), suggesting significant physicochemical changes of the growth
319 conditions that likely resulted from open-system processes, such as magma recharge or
320 mixing (Streck 2008; Ginibre et al. 2007). In contrast, Type—4 Cpx are unzoned and
321  with small sizes (Fig. 2¢), mainly fill the groundmass. Type—4 Cpx are considered to be
322 orthocrysts due to their homogeneous and comparable compositions to the rims of Type
323 1-3 Cpx (Fig. 5).

324 In Type—1 Cpx, the mineral composition changes significantly from the core to the
325 rim, indicating contrasting magmatic environments during crystallization (Fig. 6). The
326 compositions of Type—1 Cpx cores are quite different from those of Type—4 Cpx (Fig.
327 5), and may represent foreign crystals from outside the host magma system, e.g., mantle
328 peridotite, lower crust, or crystallized from previous batch of magma. Compared with

329 Cpx from other sources in West Qinling, the Type—1 Cpx cores have a lower Mg# than
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330 Cpx from mantle peridotite xenoliths in Cenozoic kamafugites (Fig. 9), and they also
331 differ from Cpx from high-pressure granulite (Yang et al. 2018). Thus, Type—1 Cpx
332 cores are neither xenocrysts with mantle or crust origins nor orthocrysts that crystallized
333  from host magmas. Furthermore, Type—1 Cpx cores have lower Y REE contents but the
334 same REE distribution patterns as the Type—4 Cpx in our samples (Fig. 8), indicating
335 that the Type—1 Cpx cores likely crystallized from an early batch of primitive alkali
336 magma, which is cognate with the host magma of the Type—4 Cpx. Type—1 Cpx show
337 normal zoning, indicating that the high-Mg# cores, as antecrysts, entered more evolved
338 magma, where the low-Mg# rims grew.

339 The cores of Type—2 Cpx are resorbed and have similar compositions as the rims
340 and Type—4 Cpx, but lower Mg# values than their mantles (Fig. 5&10). This suggests
341 that the Type—2 Cpx cores probably crystallized from an early evolved magma batch
342  that has a similar composition, and is cognate with the host magma where the rims
343 crystallized. Studies on Stromboli volcano have suggested that large Cpx crystals with
344  sizes comparable to Type—2 Cpx (2—4 mm) and resorbed characteristics were derived
345 from the crystal mush zone and recycled by later mafic magmas (Francalanci et al. 2014;
346  Petrone et al. 2018; Ubide et al. 2019b). Such a crystal mush zone may be recharged by
347 multiple batches of magmas, permitting the formation of large crystals (Ubide et al.,
348 2019b). Likewise, the homogeneous compositions and large sizes of Type—2 Cpx cores
349 also imply a stable growth environment and a reservoir supplied continuous recharging,
350  both of which can be provided by magma mush, making it an ideal source for Type-2

351 Cpx cores. The resorbed characteristics of Type—2 Cpx cores may be formed by the
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352 dissolution of antecedent crystals caused by the subsequent magmas (e.g., Ubide et al.
353  2019b). It is therefore likely that the low-Mg# Type—-2 Cpx cores were antecrysts
354 crystallized from an early evolved alkali magma batch, and they could be the fragments
355 of previous magma mush.

356 Type—2 Cpx show typical oscillatory zoning patterns (Fig 2h&6), indicating
357 variations of the physicochemical conditions in the open magmatic plumbing system.
358 The widths of oscillatory bands in Type-2 Cpx lie typically above 60 pm and can
359 exceed 300 um in some cases (Fig. 2h). Such broad oscillatory bands and significant
360 compositional differences observed between the core and mantle zones (Fig. 6b) cannot
361 Dbe explained by the chemical diffusion at crystal-melt interface or undercooling of
362 magma (Shore and Fowler 1996; Milman-Barris et al. 2008). They may therefore most
363 likely be attributed to the physicochemical variations of external magma due to the
364 recharge of more primitive alkali magmas (Shore and Fowler 1996; Giacomoni et al.
365 2016). Additionally, the jagged, rounded boundaries of the Type—2 Cpx cores more
366 likely resulted from the dissolution caused by the replenishment of more primitive
367 alkali magmas (Ginibre et al. 2002). Therefore, it is more reasonable to explain the
368 origin of the oscillatory zoning with primitive magma recharge events. The Cr-Mg
369 enrichment of Type—2 Cpx mantles formed by a hot, mafic magma replenishment
370  (Ubide and Kamber 2018). The similarity of the REE patterns in high-Mg# mantles and
371  low-Mg# rims suggests that the replenished hot, primitive magmas are likely cognate
372  with the host magmas.

373 The Type—3 Cpx inner cores feature the lowest Mg# and TiO», Al,O3, Cr203, and
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374 NaxO contents. The outer cores show intermediate compositions between the inner
375 extremely low-Mg# cores and the high-Mg# mantles (Fig. 6). However, both inner
376 cores and outer cores show the same REE patterns, implying the same origin. The
377 intermediate compositions of outer cores may be the results of compositional diffusion
378 Dbetween the inner cores and high-Mg# mantles (e.g., Dimanov and Wiedenbeck 2006;
379 Mollo et al. 2010). Meanwhile, the cores are compositionally similar to the Cpx from
380 high-pressure granulite in West Qinling (Fig. 9, Yang et al. 2018). Previous studies have
381 demonstrated that the lower crust of West Qinling experienced granulite-facies
382 metamorphism during the early Paleozoic (Mao et al. 2017; Oh and Lee 2019).
383 Therefore, the Type—3 Cpx cores may be xenocrysts originating from high-pressure
384  granulite. The mantles have identical major and trace compositions as the Type—1 Cpx
385 cores and Type—2 Cpx mantles, indicating that the mantles also crystallized from a later
386 primitive alkali magma that is cognate with the host magma.

387 The compositions of Type 1-3 Cpx rims differ significantly from those in adjacent
388 cores or mantles (Fig. 5), which suggest that the rims overgrew the spongy cores or
389 mantles after a new batch entered the magma reservoir (Grant et al. 2013). Besides, all
390 the rims have identical compositions, similar to the Cpx orthocrysts, indicating they
391 crystallized from the latest batch of host magma.

392 Combining all the evidence discussed above, we conclude that the Type—1 Cpx
393 cores are antecrysts that crystallized from an early batch of primitive magma; they then
394 entered the host magma to form the low-Mg# rims, which led to the normal zoning

395 texture. The Type—2 Cpx core-mantle parts are antecrysts. We speculate that the low-
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396  Mg# Type—2 Cpx cores grew in a chemically stable magma mush, where continuous
397 supplement of uniformly evolved magma caused the growth of large cores.
398  Subsequently, the recharge of more primitive alkali magma formed the high-Mg#
399 mantles. Finally, the core-mantle parts were incorporated into the host magma where
400 the rims crystallized, resulting in the formation of the simple oscillatory zoning. The
401 Type-3 Cpx cores are xenocrysts from high-pressure granulites; these cores were
402  captured by a primitive alkali magma where their high-Mg# mantles crystallized, and
403  the Type—3 Cpx core-mantle parts entered the host magma to grow the rims, resulting
404 in a complex oscillatory zoning. The Type—4 Cpx are orthocrysts, which crystallized
405 from the host magma.

406 The origin of the spongy textures in the Cpx antecrysts/xenocrysts

407 In Type—1 and Type-2 Cpx, the sieves are mainly concentrated in the core and
408 mantle parts, respectively. The diameters of the sieves in these Cpx are generally larger
409 than 15 um, and the spongy spaces are filled with the mineral assemblage K-feldspar
410 and ilmenite (Fig. 7). In Type-3 Cpx, the sieves are mainly distributed in the high-Mg#
411 mantles and generally have small diameters, only mineral assemblages in the sieves
412 with slightly larger sizes (also K-feldspar and ilmenite) can be identified (Fig. 7i-k).
413 Mineral textures and associated compositional variations can provide crucial
414 information on the crystal-melt/fluid interactions in a magma reservoir (e.g., Fowler
415 1995; Streck 2008; Zheng et al. 2005; Zhang 2005; Zhang et al. 2007; Jankovics et al.
416  2019). The proposed formation mechanisms for the spongy texture include (1) the

417  interaction of the xenolith with the host magma during ascension (Shaw et al. 2006; Liu
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418 et al. 2012), (2) mantle metasomatism, i.e., the rock-melt/fluid interaction at depth
419 (Coltorti et al. 1999), (3) incongruent partial melting induced by fluid penetration
420 (Carpenter et al. 2002; Guzmics et al. 2008), and (4) decompression-induced partial
421 melting (Su et al. 2011; Pan et al. 2018).

422 Mantle metasomatism processes always occur as peridotite—melt/fluid interaction
423 and are frequently used to account for the formation of spongy texture in mantle
424  minerals, such as clinopyroxene and spinel (Su et al. 2011). However, there is a lack of
425 evidence to confirm the crystallization of Cpx in Majuangou alkali basalts at the mantle
426 depths. Additionally, we did not observed any residual melt pockets or metasomatic
427 melts near the spongy zones in Cpx, which are considered as good indicators of the
428 mantle metasomatism (Carpenter et al. 2002; Su et al. 2011). Therefore, the formation
429  of the spongy textures in Type 1-3 Cpx cannot be ascribed to metasomatic processes.
430 Previous studies revealed a significant Na,O, Al20O3, and FeO depletion in “spongy”
431 Cpx formed by partial melting relative to “intact” Cpx (Carpenter et al. 2002; Guzmics
432 et al. 2008). Furthermore, incongruent partial melting could produce low-Na, high-Ca
433  Cpx (e.g., Hibbard and Sjoberg 1994). The spongy zones of the Cpx in our Majuangou
434 samples do not exhibit such characteristics. Rather, they have higher or comparable
435  NayO but lower CaO contents than “intact” Cpx rims (Fig. 5). The literature regards
436 plagioclase, olivine, titaniferous magnetite, ilmenite, and amorphous glass within
437  clinopyroxene sieves as products of partial melting (Hibbard and Sjoberg 1994; Su et
438 al. 2011; Pan et al. 2018). However, EDS analysis confirmed that K-feldspar and

439  ilmenite fill the sieves in our Cpx, which are unlikely products of partial melting,
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440 because the K>O contents of Cpx are too low to form K-feldspar (Table S2). Moreover,
441 the interfaces of the high-Mg# spongy zones that are immediately adjacent to the low-
442  Mg# intact parts in Cpx are embayed, indicating that the spongy zones have reacted
443  with melt or fluid. Consequently, the spongy textures are probably attributed to the
444  interaction of Cpx with melt or fluid due to a local compositional disequilibrium. The
445  spongy texture in the Cpx antecrysts/xenocrysts implies a possible reaction between the
446  crystals and host magmas. The sieves in Cpx are filled with a mineral assemblage of K-
447 feldspar and ilmenite, in contrast to the groundmass consisting of plagioclase, biotite,
448 and ilmenite (Fig. 2c). These mineralogical characteristics indicate that the reaction
449  between the host magmas and Cpx crystals may have produced K-feldspar and ilmenite
450 at the expense of Cpx. However, if the reactants were only the host magmas and Cpx
451 crystals and K-rich phases were lacking the reaction should not have produced K-
452  feldspar. Therefore, the participation of K-rich substances was essential for the
453  formation of K-feldspar. The biotite glomerocrysts in the groundmass (Fig. 2j-1) further
454  prove the presence of K-rich components (in terms of melts or fluids) in the magmas.

455 Therefore, the mineral inclusion assemblage in the sieves confirms a chemical
456 reaction. This reaction could have happened with the form of: melt 1 (primitive or
457  evolved) + K-rich melt/fluid + Cpx (CaMgSi»Os) = K-feldspar (KAISi303) + Ilmenite
458 (FeTiO3) + melt 2 (derivative), as manifested by the reaction between Cpx and alkali
459  silicate melts (Sack and Carmichael 1984). Thus, we argue that the spongy texture and
460 the mineral inclusions in the sieves were preserved as the products of the reaction

461 between Cpx antecrysts or xenocrysts with the host melt/fluid.
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462  Cpx-melt equilibrium and P-T constraints

463 Using Cpx-melt thermobarometers (equation T2 and P1 of Putirka et al., 1996),
464  we estimate the crystallization temperatures and pressures for Type 1-4 Cpx and thus
465 the depths of different magma reservoirs. However, the high-Mg# parts in Type 1-3
466 Cpx antecrysts or xenocrysts are in equilibrium with the host rocks while the Cpx
467 orthocrysts are not (Fig. S3). Coote and Shane (2018) demonstrated that the whole-rock
468 compositions can be modified by adding foreign materials. Petrographic observations
469 reveal that our samples contain significant amounts of foreign Cpx, including 3-5% of
470  Type—1 Cpx, approximately 2% of Type—2 Cpx, less than 1% of Type-3 Cpx, and 5%
471  of pyroxenite xenoliths. Therefore, Fig. S3 sometimes shows a compositional pseudo-
472  equilibrium between the whole-rock compositions and foreign crystals due to the high
473  abundances of Cpx antecrysts/xenocrysts or pyroxenite xenoliths in the bulk rocks.
474  Thus, the whole-rock compositions are unlikely to represent the initial equilibrium
475  melts where either the orthocrysts, antecrysts, or xenocrysts crystallized.

476 The key to calculate the crystallization temperatures and pressures is to obtain the
477  equilibrium melt compositions of Cpx, which may be inferred from the whole rock
478  compositions (Neave and Putirka 2017). As mentioned above, the Cpx antecrysts or
479  xenocrysts crystallized from melts (more primitive or evolved) cognate with the host
430 melts, wherefore the addition or removal of mafic crystals (Cpx + Ol + PI) from the
481 host-rock compositions can yield the equilibrium melts of foreign Cpx.
482 Methodologically, we followed Armienti et al. (2013) and recalculated the

483  compositions of the equilibrium melts of Cpx orthocrysts, antecrysts, or xenocrysts
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484  (except for the Type—3 Cpx cores with possible granulite origin) by moving backward
485  (or forward) the whole-rock compositions along the cotectic path Cpx + Ol + Plg (Table
486  S4). The host melts are assumed to have a Fe**/Fe ratio of 0.9, corresponding to the
487  FMQ buffer which is typical for basaltic magmas in non-arc settings (Neave and Putirka
488 2017).

489 The Fe-Mg exchange coefficient (Kp e ™Mg; estimated at 0.28+0.08 by Putirka 2008)
490 is a common test for the equilibrium between Cpx and the host melt (Putirka et al. 1996,
491  1999). The comparison of the Cpx components (DiHd, EnFs, CaTs and Jd) obtained in
492  clinopyroxene-melt equilibrium experiments with those observed in our Cpx is an
493 additional test (Putirka 1999). To verify the Cpx-recalculated melt equilibrium, we
494  compared Kp'*™M¢ DiHd, and EnFs, and if the values analyzed in Cpx and predicted
495 for Cpx-recalculated melt pairs overlapped within 26 uncertainty of the model,
496  equilibrium was considered to have been met. The 1 standard error of estimate (SEE)
497  used for the Kpf*™e DiHd, and EnFs predicted values were + 0.03, + 0.06, and + 0.05,
498 respectively (Putirka 2008; Mollo et al. 2013), and the recalculated melts are in
499  equilibrium with Cpx antecrysts, xenocrysts, and orthocrysts (Fig. S4).

500 The Cpx-recalculated melt pairs were used for the thermobarometer and yielded
501 wide ranges of temperatures (1154—1308 °C) and pressures (3.14-15.70 kbar). The
502 thermobarometer results may be separated into two distinct populations (Fig. 10a), (1)
503  1225-1308 °C, 9.49-15.70 kbar for the high-Mg# parts in Type 1-3 Cpx, (2) 1154—
504 1220°C, 3.14-9.79 kbar for the low-Mg# parts in Type 1-3 Cpx and Type—4 Cpx. Using

505 the Gaussian model, the expected pressure values and standard deviations of the two
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506 populations are 8.14 kbar and 11.68 kbar (Fig. 10b&c). Consequently, two magma
507 reservoirs existed in the Majuangou magmatic plumbing system at different depths of
508 30.1 km and 40.9 km, respectively (using the equation D [km]=5.35+3.04%P [kbar];
509 Sun etal., 2018). The high-Mg# cores and low-Mg# rims of Type—1 Cpx correspond to
510  10.00-15.70 kbar (most values are 10.00—13.66 kbar) and 8.31-9.48 kbar, respectively,
511 indicting the cores formed in a deep magma chamber prior to entrainment into a new
512  batch of evolved magma. Type—2 Cpx are characterized by the low-Mg# cores with
513  crystallization pressures of 6.56-9.79 kbar (25.3-35.1 km). However, the high-Mg#
514 mantles have higher crystallization pressures of 9.49—14.07 kbar than the cores. The
515 thermobarometer of Putirka et al. (2003) also confirmed that the mantles experienced
516  greater crystallization pressures of 9.55—-14.94 kbar than the cores with 6.89—11.36 kbar.
517 This suggests that the results of the thermobarometer calculations may be primarily
518 influenced by the mineral composition, as a more primitive composition could lead to
519  a higher crystallization pressure value. It is therefore untenable to rely exclusively on
520 the results of thermobarometer to determin the crystallization depths of minerals. As
521 mentioned above, the high-Mg# mantles of Type—2 Cpx formed due to recharge of
522 mafic magma into a crystal mush. It seems to be not reasonable that the mantles have
523  greater crystallization depths than the cores, and we propose that the mantles formed in
524 a magma reservoir at a similar depth as the low-Mg# cores. Previous studies have
525 reported similar crystal zoning patterns and explanations, with the high-Mg#
526 mantles/rims of reversely zoned Cpx yielding higher crystallization pressures compared

527  to the low-Mg# antecrystic cores (Coote and Shane 2018; Cao et al. 2022). The Type—
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528 3 Cpx cores are thought to have a metamorphic origin and are not suitable for the
529 application of the Cpx-melt thermobarometer. The high-Mg# mantles possess similar
530 pressure values (11.93-15.11 kbar) as the high-Mg# parts of Type 1-2 Cpx. The
531 metamorphic cores were captured by the high-Mg# magma during magma ascent,
532 though we cannot directly estimate its crystallization pressures, their crystallization
533  depths should be equal to or higher than the crystallization pressures of the Cpx mantles.
534 Type-3 Cpx cores have identical compositions as the Cpx from high-pressure granulite
535 in the same region, which formed at 13—15 kbar (Yang et al. 2018), corresponding to
536 the depth (44.9-51.0 km) of the high-pressure granulite facies. Therefore, the Type—3
537  Cpx cores formed at high pressures and were captured by a batch of primitive magma
538  before being overgrown by the high-Mg# mantles. Except for a few outliers, all the rims
539 of Type 1-3 Cpx and Type—4 Cpx (Cpx orthocrysts) have uniform crystallization
540 pressures (5.51-9.64 kbar), indicating they formed in the shallow magma reservoir at a
541  depth of 30.1 km.

542

543  Details of the Cpx-host melt/fluid reaction and pre-eruptive process for

544 magmatic plumbing system

545 The presence of Cpx crystals with various origins in the host magma demonstrates
546 that the magmatic plumbing system has undergone complex dynamic processes,
547 including the incorporation of previous igneous cumulates, the uptake of disaggregated
548 fragments of crystal mushes, and the capture of lower crustal materials.

549 Given a crustal thickness of ~52 km beneath West Qinling (Zhang et al. 2020), the
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550 Cpx-melt thermobarometry demonstrates that at least two lower crustal magma
551 reservoirs were active in the magma plumbing system of the Majuangou area (Fig. 11).
552 The deeper magma reservoir is located at a depth of ~40.9 km, consists of primitive
553 magmas, and crystallized high-Mg# Cpx (Type—1 Cpx cores and Type—3 Cpx mantles).
554  The shallower magma reservoir at a depth of ~30.1 km consists of multiple batches of
555 low-Mg# magmas which formed and low-Mg# Cpx (Type—2 Cpx cores, Type 1-3 Cpx
556 rims and Type—4 Cpx). The compositional and textural features of these Cpx crystals
557 suggest at least three discrete batches of magmatic activity in the Majuangou alkali
558 magmatic plumbing system (Fig. 12).

559 (1) The Batch-1 magma was long-lived and consisted of multiple batches of low-
560 Mg# alkali magmas (Mg#: 47.4-53.3, Table S4). Continuous recharge of homogeneous
561 magmas formed the magma mush where the Type—2 Cpx cores crystallized (Fig. 12).
562  The resorbed characteristics of Type-2 Cpx cores may be the result of antecedent crystal
563  dissolution caused by subsequent magmas.

564 (2) The Batch-2 primitive magma (Mg#: 57.2—64.5) stayed at the deeper magma
565 reservoir, where the high-Mg# Type—1 Cpx cores (i.e., a type of antecryst) formed.
566 Meanwhile, the Batch-2 magma also replenished the Batch-1 magma mush, in which
567 Type—2 Cpx mantles crystallized. The Mg and Cr enrichments of Type—2 Cpx mantles
568 (Fig. S2) verify this hot and mafic magma recharge (Ubide and Kamber 2018), which
569 may trigger the reactivation of previous magma mush (Coote and Shane 2018). In
570  addition, the Type—3 Cpx cores derived from high-pressure granulites were captured by

571  the Batch-2 primitive magma, where the high-Mg# mantles subsequently overgrew (Fig.
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572 12). The compositional diffusion from Type-3 Cpx mantles results in the differentiation
573  of cores, forming the inner cores with unchanged compositions and outer cores with
574 intermediate compositions (Fig. 5).

575 (3) The ensuing magma batch (i.e., Batch-3 low-Mg# magma with Mg# of 47.2—
576  54.6 after remove an outlier of 42.0) passed through the magma reservoir where the
577 Batch—2 primitive magma was stored during ascent, and took away the previously
578  crystallized Cpx as antecrysts. The Batch-3 magma migrated upward and assembled all
579 the above-mentioned crystals (antecrysts or xenocrysts) in the shallow host magma
580 reservoir, further crystallized Type 1-3 Cpx rims (Fig. 12) and Type—4 Cpx. These Cpx
581 antecrysts/xenocrysts reacted with the Batch-3 magma due to compositional
582  disequilibrium, and formed the observed spongy textures. K-feldspar and ilmenite as
583  the products of reaction filled the sieves of spongy zones.

584 (4) The rims of Cpx antecrysts or xenocrysts (Type 1-3 Cpx) may have formed
585 during the final stage of host magma undercooling, which is supported by the
586  observation that these rims have more evolved compositions (i.e., low Mg#) than the
587 Type—4 Cpx (Fig. 5). All these Cpx antecrysts/xenocrysts were ultimately carried to the
588 surface by the eruption.

589 The similarity of the REE patterns between the high-Mg# parts and the low-Mg#
590 parts (except for the extremely low-Mg# cores of Type—3 Cpx) in all types of Cpx (Type
591 1-4 Cpx) demonstrates that these different batches of alkali magmas have a cognate
592  relationship (Fig. 8). When the host magma captured these foreign Cpx crystals, the

593  compositional disequilibrium between the crystals and the magmas might have caused
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594  resorption (dissolution) and reaction between the Cpx and host magmas.

595
596 Implications
597 A simple magmatic plumbing system, consisting of a single magma reservoir and

598 a magma conduit, cannot explain the diversity of mineral zoning patterns and the
599 complexity of Cpx origins in the Majuangou alkali basalts. In contrast, the Cpx crystals
600 with various origins and zoning textures in Cenozoic basalts from West Qinling have
601 demonstrated that the basaltic plumbing system was fed by complex, multiple batches
602 of magma pulses from magma reservoirs at various depths. These spatially related
603 magma reservoirs are interconnected by magma conduits, thus resulting in a
604 complicated, multistage trans-crustal magmatic plumbing system. The later batches of
605 magma rose along the conduits, carried crystals from different magma reservoirs into
606 the shallow magma reservoir, from where they ultimately erupted to the surface. This
607 magmatic plumbing system has a complex magmatic evolutionary history, manifested
608 by the various textural and compositional characteristics of clinopyroxenes.

609 The zoning textures of Cpx antecrysts or xenocrysts faithfully record the evolution
610 of the parent magmas and thus provide crucial evidence on the cryptic magma
611 mixing/recharging, which neither the whole-rock Sr-Nd-Pb isotopic compositions nor
612 mineral in-situ Sr isotopes can reflect, if their discrete parent magma batches are
613 cognate. The reactions between antecrysts or xenocrysts and their host magmas are
614 driven by compositional disequilibrium, resulting in the spongy textures within the

615 minerals. Furthermore, the spongy textures can provide insight into the details of
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616  crystal-melt/fluid reactions and the nature of reacting melts/fluids (Shaw et al. 2005,
617 2006; Zhang et al. 2007). The new insights we have obtained differ from previous
618 studies holding the view that the crystal-melt/fluid reactions require cracks in the
619 minerals, which as channels, facilitate the injection of melt and increase the contact
620 surface (cf.,, Shaw et al. 2006; Xing and Wang 2020). Contrary to the previous
621 viewpoint, we conclude that the crystal-melt/fluid reaction can occur without the
622 presence of cracks, which is supported by the fact that the spongy textures of Cpx
623 antecrysts/xenocrysts are not coupled to the distribution of cracks. Different scales of
624 spongy zones may primarily depend on the reaction time between crystals and
625 melts/fluids.

626 The incorporation of considerable numbers of Cpx antecrysts/xenocrysts into host
627 magmas (e.g., the proportion of foreign Cpx exceeding 10% in our samples) can
628 significantly modify the whole-rock compositions, especially the Mg and Fe contents.
629 This modification can cause the host magmas to evolve towards equilibrium with
630 foreign Cpx crystals, even resulting in a compositional pseudo-equilibrium. Therefore,
631 to determine whether clinopyroxene and host melt are in equilibrium by first using the
632 Mg-Fe exchange coefficient to distinguish the origins of Cpx (foreign crystal or
633 orthocryst) and afterwards calculating the crystallization temperature, pressure, and
634 H>O content may lead to incorrect judgments and calculation results. Crystal-melt/fluid
635 reactions may also contribute to the magmatic evolution by consuming Mg and Fe
636 components in the host magmas. The potential influence of the incorporation of foreign

637 crystals must be considered, when the whole-rock compositions are used to determine
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638 a crystal-melt equilibrium or to calculate mineral crystallization temperatures and

639  pressures.
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914

915 Figure Captions

916 Figure 1. (a) Topographic map of northeastern Tibetan Plateau (after Liu et al. 2018);
917  (b) Location of the Majuangou volcanic cinder cone in West Qinling.

918 Figure 2. Hand specimens and photomicrographs of Majuangou alkali basalts. (a)
919 Mantle peridotite xenoliths in alkali basalts; (b) The alkali basalts exhibit a porphyritic
920 texture with large Ol and Cpx crystals and a plagioclase-dominated groundmass; (c)
921 The groundmass has an intergranular texture and consists of euhedral plagioclase,
922 interstitial Cpx, and minor olivine and ilmenite; (d) Type—1 Cpx crystals, with spongy

923  cores surrounded by clean rims; (e) Type—2 Cpx crystals, which consist of cores, spongy
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924 mantles, and clean rims, with frequently developed fractures; (f) Type—3 Cpx crystals
925 are smaller than Type—2 Cpx, and consist of intact cores, spongy mantles, and clean
926 rims; (g—1) BSE images of Type—1, Type—2, and Type—-3 Cpx; the sieves in the spongy
927 zones are filled by the mineral assemblage of K-feldspar and ilmenite. (j) Biotite
928  glomerocrysts in the groundmass, plane-polarized light; (k) Biotite is distributed around
929  Cpx glomerocrysts, plane-polarized light; (1) Same as (k), but in cross-polarized light.
930 Ol = olivine; Cpx = clinopyroxene; Pl = plagioclase; Ilm = ilmenite; Kfs = K-feldspar.
931 Figure 3. CaSiO3—MgSiO3—FeSiO3 diagram with the compositions of the Cpx crystals
932  in Majuangou alkali basalts.

933 Figure 4. Textures and zoning patterns of Type 1-3 Cpx in Majuangou samples: (a)
934 Type—1 Cpx shows normal zoning; (b) Type—2 Cpx exhibits simple oscillatory zoning;
935 (c) Type—3 Cpx shows complex oscillatory zoning; Type—4 Cpx, suggested to be
936 orthocrysts, are unzoned.

937 Figure 5. Binary plots of Mg# vs. SiO2 (a), CaO (b), Al2O3 (¢) and TiO> (d) contents of
938  Cpx orthocrysts and Cpx xenocrysts/antecrysts of Majuangou samples. The legends are
939 the same as in Figure 3.

940 Figure 6. (a) Compositional profiles of Type—1 Cpx, (b) Type—2 Cpx, (c¢) Type-3 Cpx;
941 the white dashed line represents the transects which are analyzed. IC = Inner Core; OC
942 = Outer Core.

943  Figure 7. BSE images and X-ray maps of Type 1-3 Cpx. (a-d) partial enlarged X-ray
944  maps of Type—1 Cpx, the spongy cores are enclosed by clean rims; (e-h) partial enlarged

945  X-ray maps of Type—2 Cpx, resorbed cores are enclosed by spongy mantles and further
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946 surrounded by clean rims; (i-k) BSE photos of Type—3 Cpx (i) and partial enlarged
947 drawing (j&k). The sieves in the spongy zones of Type 1-3 Cpx are filled with K-
948  Feldspar and ilmenite.

949  Figure 8. (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized
950 multiple elements distribution of Type 1-4 Cpx. The chondrite and primitive mantle
951 values are from Sun and McDonough (1989).

952  Figure 9. Plots of Mg# vs. Na (a), Ca (b) (cations per formula unit based on °O). The
953 number of cations were calculated by the method in Table 3 of Putirka (2008). Data
954  sources: Cpx from mantle peridotite (Su et al. 2010, 2011) and granulite xenolith (Yang
955 etal. 2018) in West Qinling. The legends are the same as in Figure 3.

956 Figure 10. (a) Temperatures and pressures calculated with the Cpx-melt
957 thermobarometer; (b-c) Histograms and Gaussian density estimations of
958 thermobarometry for high-Mg# (b) and low-Mg# Cpx (¢). The symbols are the same as
959 in Figure 3.

960 Figure 11. Conceptual model of the basaltic plumbing system beneath West Qinling.
961 The Batch-1 magma consisted of multiple batches of low-Mg# alkali magmas, formed
962 the magma mush containing the Type—2 Cpx cores; the Batch-2 magma was a hot and
963 primitive magma, crystallized the Type—1 Cpx cores and replenished the magma mush;
964 the Batch-3 low-Mg# magma passed through those magma reservoir during ascent,
965 took away the previous Cpx, crystallized the rims of Type 1-3 Cpx and Type—4 Cpx.
966 Figure 12. Sketches for different batches of magmatic activity and their genetic

967 relations with Type 1-3 Cpx.
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