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ABSTRACT 26 

The mineral assemblages, chemistry and textures of igneous rocks can record 27 

crucial information on magmatic processes in transcrustal magmatic systems. To 28 

effectively identify such processes, we present systematic petrological, mineralogical, 29 

and geochronological data for a suite of lamprophyre dykes that intruded early flood 30 

basalts in the Tuoyun basin of Western Tianshan. The lamprophyre dykes show ocean 31 

island basalt-like trace element patterns and depleted Sr–Nd isotope compositions, 32 

suggesting that they were derived from a depleted mantle source. Apatite U-Pb dating 33 

reveals that the lamprophyre dykes were emplaced at 66 Ma. These lamprophyre 34 

dykes consist of three groups of mineral assemblages: (Ⅰ) Type-Ⅰ Clinopyroxene (Cpx); 35 

(Ⅱ) Amphibole (Amp) core and Apatite (Ap); and (Ⅲ) Amp rim, Type-Ⅱ Cpx, K-36 

feldspar (Kfs) and Plagioclase (Pl). These mineral assemblages are in chemical 37 

disequilibrium and correspond to three magma reservoirs within the transcrustal 38 

magmatic system. Textural and geochemical features demonstrate that Type-Ⅰ Cpx 39 

represents antecrysts captured from lower crustal crystal mushes. The Amp cores have 40 

the same rare earth element patterns as their enclosed Type-Ⅰ Cpx inclusions, 41 

demonstrating that the Amp cores were produced through peritectic reactions 42 

consuming Cpx. The third assemblages occur as microlites that formed by the shallow 43 

crystallization of evolved melts. Thermobarometric calculations suggest a lower crust 44 

magma reservoir at 20–30 km depth, a middle crust magma reservoir at ~15 km depth, 45 

and a shallow upper crust magma reservoir at <5 km depth, making up a magma 46 

plumbing system of the lamprophyre dykes. The transcrustal magmatic system 47 



involves multiple stages of open-system processes, including the recycling of early-48 

formed crystals, multiple magma replenishment, peritectic reactions, and crystal 49 

fractionation, resulting in the formation of lamprophyre dykes.  50 
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 54 

INTRODUCTION  55 

Magmatic systems form in various tectonic settings by magma fluxing into and 56 

through the crust, giving rise to the formation of intrusive rocks and volcanic 57 

activities. Geophysical, geochemical, and petrological studies demonstrate that the 58 

magma reservoirs dominantly consist of crustal mush that may be stored at near-59 

solidus temperature conditions (e.g., Cashman and Blundy, 2013; Cooper and Kent, 60 

2014; Costa et al., 2009; White and McCausland, 2016). A novel conceptual model, 61 

known as the transcrustal magmatic systems, has been proposed recently (Cashman et 62 

al., 2017; Edmonds et al., 2019; Sparks et al., 2019). This model emphasizes the 63 

presence of multiple magma reservoirs that develop throughout the crust within a 64 

volumetrically dominant crystal mush system. In the transcrustal magmatic system, 65 

the high ambient temperature and low-viscosity melts in the lower crust promote 66 

pronounced compaction-driven melt segregation and reactive flow. Consequently, 67 

destabilization of melt lenses is anticipated in the middle crust, leading to episodic 68 

and rapid magma recharge to upper crustal magma reservoirs (Cashman et al., 2017). 69 



Mafic and intermediate to silicic magmatic systems exhibit distinct differences in 70 

terms of their chemical compositions, physical properties, and eruptive behavior (e.g., 71 

Cashman and Giordano, 2014). Previous studies suggest that intermediate to silicic 72 

magma systems often involve multiple magma reservoirs, while mafic magmas may 73 

either erupt directly from source to surface or involve fewer magma reservoirs, due to 74 

the faster ascent of mafic magmas compared to felsic magmas, as well as their lower 75 

viscosity, greater fluidity, and ability to exploit existing fractures in the crust (e.g., 76 

Bachmann and Huber, 2016; Bryan et al., 2010). However, recent studies suggest that 77 

mafic magmas can indeed form multiple magma reservoirs (e.g., Ubide et al., 2014a, 78 

2014b, 2019; Xing and Wang, 2020). The development of these reservoirs is 79 

influenced by factors such as the local stress regime, the presence of pre-existing 80 

structures, and the rate of magma supply (e.g., Anderson et al., 2019).  81 

Understanding the processes of magma generation, transportation, storage, 82 

crystallization, and reactivity within the transcrustal magmatic system is crucial for 83 

comprehending the sources and evolution of magmas, which govern their 84 

geochemical and lithological variability (e.g., Xing and Wang, 2020). However, 85 

identifying the dominant magmatic processes controlling the evolution of mafic 86 

magmas is relatively intricate, as the geochemical characteristics of the magma 87 

sources and deep magma reservoirs are commonly overprinted by late-stage magma 88 

differentiation and mixing processes. Fortunately, the crystal cargo, including 89 

cumulate nodules, glomerocrysts, and antecrysts, provides invaluable insights into 90 

magma accumulation, crystal mush rejuvenation and magma differentiation, offering 91 



new perspectives on the evolution of magma plumbing systems (e.g., Xing and Wang, 92 

2020, Wang et al., 2019).  93 

The lamprophyres are present in minor volumes but widely distributed in 94 

orogenic belts and within-plate settings (e.g., Ubide et al., 2012). They carry crucial 95 

information about the nature of the mantle and mantle processes, with their primitive 96 

compositions potentially representing parental magmas from the mantle source (e.g., 97 

Dai et al., 2021; Owen, 2007). However, recent studies highlight the need for caution 98 

when making such assumptions, as whole-rock analysis provides mean compositions 99 

of multiple geochemically distinct components, obscuring the complexity and 100 

variation of the magma system (e.g., Reubi and Blundy, 2009; Ubide et al., 2012; 101 

Ubide et al., 2014a). Lamprophyre dykes commonly host multiple crystal populations, 102 

which gather and mix with host melts in a transcrustal magmatic system. The 103 

abundant phenocrysts and antecrysts in these dykes generally record the physical and 104 

chemical characteristics of magma reservoirs, providing a window to study magmatic 105 

processes within the magma plumbing systems.  106 

In this paper, we present a detailed petrological, mineralogical, and 107 

geochronological study of lamprophyre dykes that crop out in the Tuoyun basin, 108 

southwestern Tianshan. These data illustrate a comprehensive picture of the spatial-109 

temporal evolution of a transcrustal magmatic system extending through the crust for 110 

the lamprophyre dyke.  111 

 112 

GEOLOGICAL BACKGROUND AND PETROGRAPHY 113 



       The Western Tianshan orogenic belt (WTOB) is located in northwestern China, 114 

Kyrgyzstan, Uzbekistan, Tajikistan and the southern part of Kazakhstan. It records 115 

long-term multi-stage tectonic evolution, such as the accretion and collision in the 116 

Paleozoic, intracontinental modification in the Mesozoic, and crustal deformation and 117 

rapid uplift in the Cenozoic (e.g., Windley et al., 2007; Xiao et al., 2015). It can be 118 

tectonically divided into three subunits from north to south: the North Tianshan Belt, 119 

the Middle Tianshan Belt, and the South Tianshan Belt (Fig. 1a). The North Tianshan 120 

Belt includes Precambrian continental fragments and Early Paleozoic ophiolites 121 

extensively intruded by Paleozoic granitoids (Kröner et al., 2013). The Middle 122 

Tianshan Belt is characterized by Precambrian basement with Paleozoic intrusive 123 

rocks (Gao et al., 1998). The South Tianshan Belt is considered as a late Paleozoic 124 

accretionary complex (Han et al., 2015).  125 

Despite being relatively small in volume, the intraplate basalt province in the 126 

Western Tianshan covers an area exceeding 285,000 km2 and formed during the Late 127 

Cretaceous and Cenozoic periods (Simonov et al., 2008). The basaltic rocks 128 

commonly occur as dykes and stocks intruding Paleozoic-Mesozoic rocks, or as flows 129 

and sills within the Cretaceous-Paleocene sedimentary sequences (Simonov et al., 130 

2015; Sobel and Arnaud, 2000). The Tuoyun intermontane basin is tectonically 131 

located in the South Tianshan Belt, north of the North Tarim fault and east of Talas-132 

Ferghana Strike-slip fault (Fig. 1a). The Jurassic, Cretaceous and Tertiary strata are 133 

distributed in the basin, which are in angular unconformable contact with Late 134 

Silurian-Early Carboniferous strata. The Tuoyun basin is a compound volcanic basin 135 



that consist of the basaltic intrusive rocks, which are emplaced in Jurassic-Lower 136 

Cretaceous sedimentary rocks, and basaltic extrusive rocks (flood basalts) that 137 

unconformably overlain the Paleogene sedimentary rocks (Fig. 1b) (Liang et al., 138 

2004). These basaltic rocks belong to the alkali series and mainly include picrobasalt, 139 

basalt, basanite, tephrite, and phonolite (Ji et al., 2006). In the field, two separate 140 

series of basalt flows have been distinguished (Fig. 1b). Previous studies have 141 

suggested that the lower basalt series was formed at 120–110 Ma, while the upper 142 

basalt series was constrained to 67 – 46 Ma, based on whole-rock and mineral 143 

40Ar/39Ar and K-Ar dating (e.g., Sobel and Arnaud, 2000). 144 

In this study, newly identified lamprophyre dykes were found to intrude the 145 

lower basalt series. The basalts are dark gray and show a massive structure, with 146 

phenocrysts of olivine and clinopyroxene. The lamprophyre dykes vary in thicknesses 147 

from 0.5 to 1 m (Fig. 2a), and are characterized by fresh, porphyritic texture (Fig. 2b). 148 

The primary phenocryst within the lamprophyres is amphibole (Amp: 40–50 vol%), 149 

which is randomly distributed within an aphanitic or fine-grained aphanitic matrix. 150 

The phenocrystic Amp is euhedral and mostly elongated in thin sections, about 0.5–3 151 

mm in length and 0.2–0.5 mm in width (Fig. 2c and 2d). Significantly, the majority of 152 

the phenocrystic Amp grains show strong disequilibrium textures, such as normal 153 

zoning, and contain irregularly shaped Cpx inclusions (50 to 500 μm) with embayed 154 

edges and resorption channels. In contrast, some phenocrystic Amp grains appear 155 

homogeneous and lack visible zoning (see the back-scattered electron (BSE) images 156 

below).  157 



Microcrysts of K-feldspar (Kfs: ~30–40 vol%), plagioclase (Pl: ~30–40 vol%), 158 

clinopyroxene (Cpx: ~10–15 vol%), apatite (Ap: ~5 vol%) and minor Fe-Ti oxides 159 

make up 80–90 vol% of the matrix. The K-feldspar and plagioclase microcrysts are 160 

commonly 0.1–1 mm in length, and the Fe-Ti oxides microcrysts have grain sizes 161 

ranging from 10 to 100 μm. The Cpx microcrysts are typically anhedral, and occur as 162 

discrete grains in the matrix with sizes < 0.1 mm. The euhedral and acicular Ap grains 163 

are widely distributed as inclusions within phenocrystic Amp or as microlites within 164 

the matrix, and range in length from 0.1 to 2 mm (Fig. 2c and 2d). 165 

 166 

ANALYTICAL METHODS 167 

An integrated study was conducted on the lamprophyres from the Tuoyun basin, 168 

encompassing apatite U-Pb ages, whole-rock major and trace elements, Sr-Nd isotope 169 

compositions, and mineral major and trace elements.  170 

Apatite U-Pb analyses were performed at the Beijing Quick-Thermo Science & 171 

Technology Co., Ltd, using an ESI New Wave NWR 193UC (TwoVol2) laser ablation 172 

system connected to an Agilent 8900 ICP–QQQ following analytical procedures 173 

described in Ji et al. (2020). Individual apatite grains (mounted and polished in epoxy) 174 

were ablated in a constant stream of He that is mixed downstream with N2 and Ar 175 

before entering the torch region of the ICP–QQQ. After warmup of the ICP–QQQ and 176 

connection with the laser ablation system, the ICPMS is first tuned for robust plasma 177 

conditions by optimizing laser and ICP–QQQ setting, monitoring 232Th16O+/232Th+ 178 

ratios (always ≤0.2%) and 238U+/232Th+ ratios (always between 0.95 and 1.05) while 179 



ablating NIST SRM 612 in line scan mode.  180 

During U-Pb age determination, apatite Madagascar were used as primary 181 

reference materials, apatite McClure Mountain were used as secondary reference 182 

materials. NIST610 and NIST612 glasses were used to calibrate trace element with 183 

internal standard major element Ti, Si or Ca. The spot size and frequency of the laser 184 

were set to 45 µm and 5 Hz, respectively. The reference materials were analyzed two 185 

times before and after each analytical session including 6-8 spots on minerals. 186 

Background subtraction and correction for laser downhole elemental fractionation 187 

were performed using the Iolite data reduction package within the Wavemetrics Igor 188 

Pro data analysis software (Paton et al., 2010). Concordia diagrams (Wetherill and 189 

Tera-Wasserburg) were processed using ISOPLOT 4.15. The results are presented in 190 

Table S1. 191 

Major and trace elements were analyzed at the ALS Chemex Company in 192 

Guangzhou. Major elements were obtained by X-ray fluorescence spectrometry (XRF) 193 

using fused lithium tetraborate glass pellets. Loss on ignition (Loiselet et al., 2009) 194 

values was measured using 1 g of powder heated to 1100℃ for 1 h. The accuracy of 195 

the analyses is within 1% for most major elements, which is determined on the 196 

Chinese National standard GSR-3. Trace elements, including rare earth elements 197 

(REE), were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS). 198 

About 50 mg of powdered sample was placed in a steel-bomb with mixed HF + 199 

HNO3 acid for 48 h in order to assure complete dissolution of the refractory minerals 200 

under high pressure. Analytical precision was generally better than 5 %. The major 201 



and trace element data are presented in Table S2. 202 

Whole-rock Sr-Nd isotope analyses were performed on a Neptune Plus MC-ICP-203 

MS (Thermo Fisher Scientific, Dreieich, Germany) at the Wuhan Sample Solution 204 

Analytical Technology Co., Ltd, Hubei, China. The exponential law, which initially 205 

was developed for TIMS measurement (Russell et al. 1978) and remains the most 206 

widely accepted and utilized with MC-ICP-MS, was used to assess the instrumental 207 

mass discrimination in this study. The international NIST 987 and GSB 04-3258-2015 208 

standards were measured every seven samples analyzed for Sr and Nd isotope, 209 

respectively. All data reduction for the MC-ICP-MS analysis of Sr-Nd isotope ratios 210 

was conducted using “Iso-Compass” software (Zhang et al. 2020). Analyses of the 211 

NIST 987 standard solution yielded 87Sr/86Sr ratio of 0.710242±14 (2SD, n=345), 212 

which is identical within error to their published values 0.710248±12 (Zhang and Hu, 213 

2020). Analyses of the GSB 04-3258-2015 standard yielded 143Nd /144Nd ratio of 214 

0.512440±6 (2SD, n=31), which is identical within error to their published values 215 

(0.512438±6 (2SD) Li et al., 2017). The results are presented in Table S3. 216 

Mineral compositions were conducted at the Department of Earth Sciences, the 217 

University of Hong Kong, using a JEOL JXA-8230 electron microprobe. An 218 

accelerating voltage of 15 kV, a specimen current of 3.0 × 10‒8 A and a beam size of 1 219 

μm were employed. The analytical errors are generally less than 2%. All data were 220 

corrected using standard ZAF correction procedures and the detailed analytical 221 

procedures are similar to those described by Li and Zhou (2018). The mineral 222 

compositions are presented in Tables S4, S6, S8 and S10. 223 



In situ mineral trace-element compositions were determined using an ELEMENT 224 

XR (Thermo Fisher Scientific) ICP–MS coupled with a 193-nm (ArF) Resonetics 225 

RESOlution M-50 laser ablation system at the Guangxi Key Laboratory of Hidden 226 

Metallic Ore Deposits Exploration, Guilin University of Technology. Laser condition 227 

was set as following: beam size, 45μm; repetition rate, 6 Hz; energy density, ~4 J cm-2. 228 

A smoothing device (The Squid, Laurin Technic) was used to smooth the sample 229 

signal. Each spot analysis consisted of 20 s gas blank collection with the laser off, and 230 

30 s sample signal detection with the laser on. More details on the experiment 231 

procedure and data reduction strategy are described in detail by Zhang et al. (2019). 232 

Trace element concentrations were calibrated using multiple reference materials 233 

(BCR-2G, BHVO-2G, and GSD-1G) as external standards, and Si as the internal 234 

standard element. Off-line selection and integration of background and analyte signals, 235 

time-drift corrections and quantitative calibrations were undertaken using 236 

ICPMSDataCal (Liu et al., 2010). The results are given in Tables S5, S7 and S9.  237 

Fractional crystallization process (includes equilibrium and disequilibrium 238 

fractionation in hydrous and anhydrous systems) was modeled by phase equilibrium 239 

simulator (GeoPS) (Xiang and Connolly, 2022) in the Na2O-CaO-K2O-FeO-MgO-240 

Al2O3-SiO2-H2O-TiO2-O2 (NCKFMASHTO) chemical system, using the 241 

thermodynamic database from Holland and Powell (2011) (hp622ver.dat). Activity-242 

composition solution models were as follows: melt [melt (HGP)], amphibole [cAmph 243 

(G)], clinopyroxene [Cpx (HGP)], garnet [Gt (HGP)], ilmenite [Ilm (W)], feldspar 244 

[Fsp (Cl)], epidote [Ep (HP11)]. We assume sample C19TY28, which has the most 245 



primitive, highest MgO compositions, as starting compositions, and assess whether its 246 

liquid line of descent passes through the more evolved compositions.  247 

 248 

RESULTS 249 

Apatite U-Pb ages 250 

Apatite grains from the lamprophyres are euhedral, gray in color, and occur as 251 

prismatic crystals with lengths ranging from 50 to 300 μm and widths between 30 and 252 

50 μm. The backscattered electron (BSE) images show all the apatite grains are 253 

homogenous and bright without oscillatory zoning and mineral inclusions. They have 254 

uniform U (5–12 ppm) and Th (12–23 ppm) contents with Th/U ratios of 1.8–2.7 255 

(Table S1). The apatite U-Pb dating results in linear arrays on the Tera-Wasserburg 256 

Concordia plots, yielding a lower intercept age of 66.2 ± 6.3 Ma (MSWD = 0.55) (Fig. 257 

3). This age is considered representative of the emplacement timing for the Tuoyun 258 

lamprophyres.  259 

 260 

Whole-rock major and trace elements 261 

The Tuoyun lamprophyres have uniform major-oxide compositions with low 262 

silica (SiO2 = 45.5–46.7 wt%) and high alkali (Na2O+K2O = 8.1–8.9 wt%) contents 263 

(Table S2). In the TAS diagram, they mainly plot within the tephrite field, classifying 264 

them as alkaline lamprophyres (Fig. 4). These rocks have high contents of TiO2 (1.8–265 

2.4 wt%), Fe2O3
T (10.0–11.9 wt%) and Na2O (4.7–5.1 wt%), but low MgO (3.4–4.1 266 

wt%). Their chondrite-normalized rare earth element (REE) patterns are characterized 267 



by pronounced enrichments of light REEs ((La/Yb)N = 13.8–16.0), with slightly 268 

positive Eu anomalies (Eu/Eu* = 2EuN/(SmN+GdN) = 1.0 – 1.1). They exhibit 269 

significant peaks at Nb and Ta, and troughs at Ti and Pb in the primitive mantle-270 

normalized spidergrams, resembling those of ocean island basalts (OIBs) (Fig. 5a and 271 

5b) (Sun and McDonough, 1989).  272 

 273 

Whole-rock Sr–Nd isotope compositions 274 

      The Tuoyun lamprophyres show low and uniform initial 87Sr/86Sr ratios (0.7043–275 

0.7044), and yield relatively uniform Nd isotopic compositions with high εNd(t) values 276 

(+5.0 to +5.3) (Table S3; Fig. S1). The Sr–Nd isotope compositions of the Tuoyun 277 

lamprophyres are similar to those of the Tuoyun basalts (Fig. S1).  278 

 279 

Mineral compositions  280 

Clinopyroxene  281 

Two types of clinopyroxene (Cpx) have been identified for the lamprophyres 282 

(Fig. 6). Type-Ⅰ Cpx is texturally present as inclusions within large Amphibole (Amp) 283 

phenocrysts or large crystals with Amp reaction rim, while Type-Ⅱ Cpx occurs as 284 

microlites and small crystals (<100 μm) within the matrix of the lamprophyres (Fig. 285 

6). Type-Ⅰ Cpx has a diopsidic composition (Fig. 7a) with relatively high Mg# 286 

(Mg/[Mg+Fe2+]) values (68–75), TiO2 (1.1–5.5 wt%) and Al2O3 (3.4–9.6 wt%) 287 

contents, but low FeO (7.9–10.1 wt%) contents (Table S4). Type-Ⅰ Cpx has bell-288 

shaped chondrite-normalized REE patterns that are LREE and HREE-depleted 289 



relative to MREE with slightly positive to negative Eu anomalies (Eu/Eu* = 0.8–1.1) 290 

(Table S5; Fig. 5c). Type-Ⅰ Cpx is characterized by positive Zr, Hf, and Ti anomalies, 291 

and negative Sr anomalies in the primitive mantle-normalized patterns (Fig. 5d).  292 

Type-Ⅱ Cpx plots into hedenbergite-augite field (Fig. 7a) with lower Mg# (19–34) 293 

values, TiO2 (0.1–0.4 wt%) and Al2O3 (0.5–1.4 wt%) contents, and higher FeO (19.7–294 

23.4 wt%) contents than Type-Ⅰ Cpx (Table S4). Its chondrite-normalized REE 295 

patterns are characterized by convex-upward LREE pattern with (La/Sm)N ratios 296 

ranging from 5.59 to 8.95 and marked negative Eu anomalies (Eu/Eu* = 0.5–0.8). The 297 

primitive mantle-normalized trace-element patterns show that they are enriched in Zr, 298 

Hf, Th and U and depleted in Nb, Ta, Sr and Ti elements (Fig. 5c and 5d).  299 

         The Cpx grains in flood basalt plot into clinoenstatite field (Fig. 7a). They are 300 

characterized by variable and higher Mg# (73–91), CaO (18.7–22.9 wt%), and lower 301 

FeO (2.8–8.0 wt%) contents than Type-Ⅰ Cpx.  302 

 303 

Amphibole  304 

Amp occurs as a reaction rim with Cpx and phenocrysts in the lamprophyres (Fig. 305 

6). Two distinct types of Amp can be distinguished based on their internal structures, 306 

i.e. Type-Ⅰ exhibits a core-rim structure and Type-Ⅱ lacks a zoning structure. They are 307 

all calcic with CaB > 1.5; (Na+K)A > 0.5; Ti = 0.27 to 0.78 atoms per formula unit 308 

(apfu) calculated by Ridolfi et al. (2018), and can be classified as kaersutite-309 

feeropargasite (Table S6; Fig. 7b) according to the nomenclature of Leake et al. 310 

(1997). The core of type-Ⅰ Amp exhibit higher Mg# (54.1–66.7), MgO (10.0–12.4 311 



wt.%), Al2O3 (11.8–12.5 wt.%) and TiO2 (4.4–6.8 wt.%), but lower FeOT (10.9–15.5 312 

wt.%) contents than the rim of type-Ⅰ Amp (Fig. 8). The core of type-Ⅰ Amp has bell-313 

shaped chondrite-normalized REE patterns that are slightly LREE- and HREE- 314 

depleted relative to MREE (Fig. 5e) with slightly positive to negative Eu anomalies 315 

(Eu/Eu* = 0.9–1.2). The primitive-mantle-normalized trace-element patterns show 316 

that they are enriched in Ba, Sr, Nb, Ta, and Ti elements, and depleted in Th and U 317 

elements (Table S7; Fig. 5f). The rim of type-Ⅰ Amp shows lower Mg# (19.8–55.3), 318 

MgO (3.7–10.0 wt.%), and TiO2 (2.3–5.2 wt.%), but higher FeOT (14.2–26.1 wt.%) 319 

contents (Fig. 8). Their chondrite-normalized REE patterns exhibit enrichment in 320 

LREEs ((La/Yb)N=4.9–19.7) with negative Eu anomalies (mostly Eu/Eu* = 0.8–1.0) 321 

(Fig. 5e). The primitive-mantle-normalized trace-element patterns demonstrate 322 

depletion of Sr, and enrichment of Nb, Ta and Ti (Fig. 5f).  323 

 324 

Apatite 325 

The euhedral and acicular Apatite (Ap) grains are shown as inclusions in 326 

phenocrystic Amp and as microlites in the matrix (Fig. 6g). They have uniform CaO 327 

(54.9–55.6 wt.%) and P2O5 (42.4–43.5 wt.%), along with high F (0.7–1.2 wt.%) and 328 

low Cl (0.2–0.3 wt.%) contents (Table S8), and can be classified as fluorapatite. The 329 

apatite grains have LREE-enriched and HREE-depleted patterns with slightly positive 330 

to negative Eu anomalies (Eu/Eu* = 0.8–1.1) (Table S9; Fig. S2).  331 

 332 

K-feldspar and Plagioclase 333 



Patchy zoning and sieve texture are observed in the core of the Kfs microlite. In 334 

backscattered electron (BSE) images, the patchy zoning displays irregular dark and 335 

bright domains (Fig. 6h and 6i). The patchy zoned cores of the Kfs have abundant 336 

spongy spaces that are filled with Ap and matrix materials (Fig. 6i). The Kfs 337 

microlites have core-rim structure with orthoclase (Or = K/(Ca+Na+K) = 95 – 99) in 338 

the core, and sanidine (Or = 47 – 58) in the rim (Table S10; Figs. 6i and 7c). In 339 

contrast, the Pl is almost albite (Ab) in composition, with Ab content (Ab = 340 

Na/(Ca+Na+K)) ranging from 94 to 99 (Table S10; Fig. 7c).  341 

 342 

DISCUSSION  343 

Timing and origin of the intraplate lamprophyre dykes in the Western Tianshan  344 

      The Western Tianshan orogenic belt (WTOB) is predominantly composed of arc 345 

magmatic rocks formed by the subduction of Paleo-Tianshan oceanic crust during the 346 

Paleozoic. These rocks are characterized by significant enrichment in large ion 347 

lithophile elements (e.g. Rb, Sr and Ba) and depletion in high field strength elements 348 

(e.g. Nb, Ta and Ti) (e.g., Han and Zhao, 2018; Wang et al., 2020). However, some 349 

volumetrically minor mafic rocks with positive Nb and Ta anomalies occur in the 350 

WTOB, contrasting with those of the arc magmatic rocks and can be attributed to 351 

intraplate genesis. Previous geochronological studies, such as bulk rock K-Ar, bulk 352 

rock and biotite 40Ar/39Ar, and zircon U-Pb dating, yielded ages of 120–110 Ma and 353 

67–46 Ma (Liang et al., 2007; Simonov et al., 2015; Sobel and Arnaud, 2000). The 354 

lamprophyres are classified as Si-unsaturated alkaline rocks with low SiO2 and Zr 355 



concentrations, and are commonly zircon-free in the samples. However, the alkaline 356 

rocks are generally saturated with apatite (e.g., Ladenburger et al., 2016), making 357 

apatites suitable for U-Pb dating. The Ap U-Pb dating yielded an age of 66 ± 6 Ma in 358 

this study (Fig. 3), representing the emplacement age of the lamprophyre dykes. The 359 

field contact relationship shows that lamprophyre dykes intruded the early flood 360 

basalts, suggesting at least two episodic magmatic events occurred in the studied area, 361 

which is consistent with the geochronological results.  362 

       The Tuoyun lamprophyres have depleted Sr–Nd isotope compositions (εNd(t) = 363 

+5.0 to +5.3) resembling those of basalts (Fig. S1), implying that they were derived 364 

from a comparable depleted mantle source. However, the presence of abundant Amp 365 

phenocrysts in the lamprophyres likely indicates that they originated from a hydrous 366 

and depleted mantle source in an intraplate setting.  367 

 368 

Sequence of mineral formation in the magmatic reservoir  369 

   The Type-Ⅰ Cpx appears to be in textural disequilibrium with their host rocks, as 370 

demonstrated by the presence of resorbed Cpx with embayed edges and overgrowth 371 

Type-Ⅰ Amp rims (Fig. 6), indicating reaction with the host magma. The Type-Ⅰ Cpx 372 

exhibits lower Mg# and CaO contents, and higher TiO2 and FeO contents than those 373 

Cpx of flood basalts, suggesting that Type-Ⅰ Cpx is not xenocryst from the country 374 

rocks. In addition, the Type-Ⅰ Cpx is characterized by depletion of LREEs and positive 375 

Ti anomaly, which is distinct from those of host rocks with enrichment of LREEs and 376 

negative Ti anomaly (Fig. 5). The above characteristics indicate that the Type-Ⅰ Cpx 377 



can be described as antecrysts, which did not crystallize from the magma they are 378 

now hosted in but were likely recycled from earlier stages of the magmatic system at 379 

depth (Davidson et al., 2007b; Ubide et al., 2014b; Zhang et al., 2015). The Type-Ⅰ 380 

Cpx shows gradually increased TiO2 and Al2O3 contents with decreased Mg# values, 381 

which are consistent with genesis of cumulates (Fig. 9) (Klaver et al., 2017). Our 382 

modeling trends also suggest that the Type-Ⅰ Cpx grains were unlikely to have formed 383 

through magmas equilibrium or disequilibrium fractionation (Fig. 9). In contrast, 384 

Type-Ⅱ Cpx occurs as microcrysts within the matrix and define an opposite 385 

evolutionary trend to Type-Ⅰ Cpx antecrysts, e.g., Type-Ⅱ Cpx has lower Mg#, TiO2 386 

and Al2O3 values, but higher FeO and REE contents than those of Type-Ⅰ Cpx (Fig. 9), 387 

suggesting they crystallized in the magmas distinctive from those Type-Ⅰ Cpx 388 

crystallized, i.e. Type-Ⅰ Cpx crystallized in a more primitive magma while Type-Ⅱ 389 

Cpx formed in a more evolved magma. Previous studies have suggested that high-390 

Mg# Cpx occurs as a near-liquidus mineral first within primitive magmas, whereas 391 

Cpx with lower Mg# crystallizes in mildly evolved, low-Mg# mafic or intermediate 392 

magmas (that underwent prior differentiation) (Blatter et al., 2013; Sisson et al., 2005). 393 

     The mineral compositions can help constrain whether the compositional 394 

variations within these two types of Cpx were the results of mineral fractionation. The 395 

feldspar crystallization preferentially removes Eu and Sr from melts (Aigner-Torres et 396 

al., 2007; Icenhower and London, 1996), whereas amphibole crystallization 397 

preferentially incorporates middle rare earth elements (MREEs) and Ti element 398 

(Bottazzi et al., 1999; Tiepolo et al., 2007). Type-Ⅰ Cpx shows increased TiO2 and 399 



Eu/Eu* with decreased Mg# values, as well as relatively uniform Dy and Dy/Yb 400 

ratios (Fig. 9), implying that feldspar and amphibole crystallizations were suppressed 401 

before and during the formation of Type-Ⅰ Cpx. These were further supported by a 402 

remarkable increase in Type-Ⅰ Cpx Al2O3 content from ~3 wt.% at Mg# 75 to 10 wt.% 403 

with Mg# 68 (Fig. 9b), as feldspar crystallization would significantly decrease Al2O3 404 

contents in the residual melts. In addition, plagioclase is present as an intercumulus 405 

phase in the matrix of lamprophyres, and it has significantly low An content (0 – 4), 406 

further suggesting that plagioclase saturation was delayed and it crystallized as a later 407 

phase. In contrast, Type-Ⅱ Cpx has variable Dy concentrations and low Eu/Eu* values, 408 

but relatively uniform Dy/Yb ratios (Fig. 9e and 9f), indicating that the compositional 409 

variations within Type-Ⅱ Cpx resulted from feldspar crystallization.  410 

       Type-Ⅰ Cpx is texturally enclosed by Type-Ⅰ Amp, which indicates Type-Ⅰ Cpx 411 

crystallized earlier than Type-Ⅰ Amp. However, the REE profiles of Type-Ⅰ Amp core 412 

closely resembled those of Type-Ⅰ Cpx inclusions (Fig. 5), and the anhedral Type-Ⅰ 413 

Cpx has sub-rounded edges and enclosed by Amp (Fig. 6). These compositional and 414 

textural characteristics manifest that the formation of Type-Ⅰ Amp core as a 415 

consequence of the peritectic reaction between Type-Ⅰ Cpx and the melt (i.e. Cpx + 416 

melt = Amp). This is also supported by the comparable Eu/Eu* ratios observed in 417 

Type-Ⅰ Amp core and Type-Ⅰ Cpx (Figs. 5, 9 and 10). Our modeling of fractionation 418 

trends does not align well with the compositions of Type-Ⅰ Amp core, further 419 

suggesting the peritectic reaction genesis of Type-Ⅰ Amp core (Fig. 10).  420 

In addition, Type-Ⅰ Amp cores have high Mg# values (54–67) and Al2O3 421 



contents (11.8–12.5 wt.%) (Fig. 10b), as well as significant positive Sr anomalies 422 

(Figs. 5f and 10e), which suggest that feldspar crystallization did not take place before 423 

the formation of both Type-Ⅰ Amp core and Type-Ⅰ Cpx. In contrast, both Type-Ⅰ Amp 424 

rim and Type-Ⅱ Cpx have lower Mg# and Al2O3, Eu/Eu*, and Sr/Sr* values relative to 425 

their respective Type-Ⅰ Amp core and Type-Ⅰ Cpx (Figs. 9 and 10), suggesting that 426 

they have crystallized from already differentiated melts associated with the fractional 427 

crystallization of feldspar and amphibole.  428 

      Ap grains are present as small inclusions within Amp and Kfs phenocrysts or as 429 

microlites within the matrix of the lamprophyres (Fig. 6g). The Ap grains show a 430 

positive correlation between Eu/Eu* and Sr/Sr* ratios (Fig. S2). These textural 431 

relationships and compositional features indicate that Ap crystallization was 432 

accompanied by fractional crystallization of amphibole and feldspar.  433 

      Based on the aforementioned textual and compositional features of minerals, 434 

three distinct mineral assemblages have been identified within the lamprophyres. The 435 

first assemblage consists of Type-Ⅰ Cpx antecrysts, which formed from a more 436 

primitive magma and were subsequently captured by the host magmas within the 437 

same magmatic system. The second assemblage consists of Type-Ⅰ Amp core and Ap. 438 

The third assemblage includes Type-Ⅰ Amp rim, Type-Ⅱ Cpx, Kfs and Ab, which 439 

formed from an evolved magma reservoir. Consequently, the established 440 

crystallization sequence of the magmatic mineral phases within the lamprophyres is as 441 

follows: Type-Ⅰ Cpx > Type-Ⅰ Amp core + Ap > Type-Ⅰ Amp rim + Type-Ⅱ Cpx + Kfs 442 

+ Ab.   443 



 444 

Crystallization conditions of the lamprophyres 445 

       Determining the storage conditions of magmas is crucial for understanding the 446 

magmatic plumbing system and the evolutionary process for the lamprophyres. As 447 

mentioned above, the formation of lamprophyres involved complicated magmatic 448 

processes, including capture of Cpx antecrysts in the deep magma reservoir, early 449 

crystallization of Amp, and delayed saturation of plagioclase. These magmatic 450 

processes are consistent with the results of previous experimental studies. For 451 

example, experimental studies on the differentiation of hydrous basaltic magmas 452 

indicate high-aluminous Cpx crystallizes before Amp at higher pressures (0.4–0.7 453 

GPa), while low-aluminous Cpx crystallizes at upper crustal pressures (~0.2 GPa) 454 

(Melekhova et al., 2015; Müntener and Ulmer, 2006; Pichavant and Macdonald, 2007; 455 

Sisson and Grove, 1993). In this study, Type-Ⅰ Cpx has higher Al2O3 contents than 456 

those of Type-Ⅱ Cpx, implying the elevated crystallization pressures of Type-Ⅰ Cpx. 457 

On the other hand, the stabilities of Amp and Pl in magmas are mainly controlled by 458 

H2O content and pressure. Recent experiments on hydrous mafic-intermediate 459 

magmas at high temperatures (Blatter et al., 2017; Ulmer et al., 2018) have revealed 460 

that the maximum thermal stability of Amp is around 1100 ℃, and early-crystallized 461 

Amp can form through a peritectic reaction process. This peritectic reaction can be 462 

achieved through consuming the earlier-formed Cpx under high water (≥ 3 wt.%) and 463 

pressure (≥ 0.7 GPa) conditions, supporting the idea that the reaction-replacement of 464 

Amp observed in this study may have taken place at high pressure and water-rich 465 



conditions. Conversely, the stability of plagioclase is suppressed with high pressure 466 

and water content (Melekhova et al., 2015; Nandedkar et al., 2014), and its saturation 467 

tends to appear at shallow levels (Arculus and Wills, 1980; Sisson and Grove, 1993). 468 

         The compositions of Cpx are sensitive to the temperature and pressure 469 

conditions during magma crystallization, providing valuable constraints on the 470 

crystallization conditions (Neave et al., 2019; Neave and Putirka, 2017; Putirka, 2008). 471 

To assess mineral-melt equilibrium among various Cpx compositions and their 472 

hosting melt, equilibrium diagrams have been utilized (Fig. 11a). To eliminate the 473 

effect of the antecrysts, we choose the major element composition of the groundmass 474 

that is best exemplified by the whole rock composition of the dike’s chilled margin, 475 

comprising a minimal volume fraction of antecrysts (C19TY28 and C19TY29). 476 

Considering that the lamprophyre dykes were formed by multiple magma 477 

replenishments, even though the high-Mg Cpx (Type-Ⅰ Cpx) show Fe-Mg exchange 478 

equilibrium with their host rocks (Fig. 11a) (KD[Fe-Mg]=0.28 ± 0.08; Putirka, 2008), 479 

the Type-Ⅰ Cpx belongs to antecrysts and the clinopyroxene-melt thermobarometer 480 

cannot be used to estimate the crystallization temperature and pressure of the Type-Ⅰ 481 

Cpx (Neave and Putirka, 2017; Putirka, 2008). Similarly, the Type-Ⅱ Cpx is also not 482 

in equilibrium with the corresponding whole-rock compositions (Fig. 11a). In this 483 

study, we applied a recently proposed clinopyroxene-only thermobarometer by 484 

Jorgenson et al. (2022), which employs a machine learning algorithm to generate 485 

predictive models that applicable to our samples. The crystallization temperature and 486 

pressure conditions of the Type-Ⅰ Cpx were constrained at ~1050–1150 ℃ and ~6–10 487 



kbar, respectively, while the Type-Ⅱ Cpx crystallized at temperatures of ~850–925 ℃ 488 

and pressures of ~1–1.2 kbar. These results are consistent with the observation of 489 

mineral assemblages that Type-Ⅱ Cpx crystallized together with feldspar. In addition, 490 

the Type-Ⅱ Cpx possesses significantly lower Mg# and Eu/Eu* values, demonstrating 491 

that the Type-Ⅱ Cpx formed in a shallow level magma reservoir. Besides, the 492 

fractional crystallization experimental studies on andesitic melts also reveal that the 493 

low-Al Cpx (compositions equivalent to the Type-Ⅱ Cpx) can be produced at upper 494 

crustal pressures (~2 kbar) (Grove et al., 2003), consistent with the case in this study. 495 

Therefore, the mineral assemblages of the Type-Ⅱ Cpx and feldspar crystallized in a 496 

shallow reservoir (Fig. 12).  497 

Amp is a critical mineral phase in hydrous magmas and is stable across wide 498 

P-T conditions of 0.1–22 kbar and 700–1100 ℃, respectively (Nandedkar et al., 2014; 499 

Ridolfi and Renzulli, 2011; Krawczynski et al., 2011). Type-Ⅰ Amp core and rim are 500 

also in disequilibrium with the corresponding whole rocks in this study, as they have 501 

lower Mg# values compared to those of the whole rocks (Fig. 11b). The amphibole-502 

melt thermobarometer is thus not suitable for crystallization P-T calculations (Putirka, 503 

2016). The crystallization temperatures of Type-Ⅰ Amp were calculated using the 504 

pressure-independent thermometer (equation 5 of Putirka, 2016), and yield 505 

temperatures of 996–1076 ℃ in the core and 971–1013 ℃ in the rim. The single-Amp 506 

thermometer proposed by Ridolfi et al. (2021) was also used for comparison and show 507 

indistinguishable results. The single-amphibole barometer of Ridolfi et al. (2021) is 508 

appropriate for Amp with high MgO (generally Mg# > 50), thus the core of Type-Ⅰ 509 



Amp in this study are constrained to have crystallized at pressures of 4.0–5.0 kbar 510 

(Fig. 12). Those Type-Ⅰ Amp rims show low Mg# and Eu/Eu* values corresponding to 511 

the shallow level crystallization with plagioclase saturation. 512 

To investigate whether the lamprophyres were formed through a single magma 513 

differentiation in a closed system or magma mixing in an open system, we utilized 514 

GeoPS (Fig. 12a) (Xiang and Connolly, 2022) to model the process of magma 515 

evolution. The results of the modeling show that neither in a hydrous nor in an 516 

anhydrous magma system, and a single liquid line of descent cannot interpret the 517 

mineral compositions and P-T conditions of lamprophyres. Instead, the mineral 518 

assemblages in the lamprophyres likely formed by multiple magma replenishment 519 

(Fig. 12a). The Type-Ⅰ Cpx grains were cumulates that crystallized in an anhydrous 520 

mafic magma reservoir, while the Amp crystallized in a hydrous mafic magma 521 

reservoir. These distinct magma reservoirs were also supported by the trace elements 522 

of Cpx and Amp, i.e., Amp grains exhibit significantly Nb and Ta positive anomalies, 523 

but Type-Ⅰ Cpx show no Nb and Ta anomalies. On the other hand, the Type-Ⅱ Cpx and 524 

feldspar crystallized in an alkaline magma reservoir. This is further supported by the 525 

fact that Type-Ⅰ Amp rim has higher K2O contents than Type-Ⅰ Amp core (Fig. 10). 526 

Furthermore, the Kfs core show higher orthoclase contents than the Kfs rim also 527 

demonstrating the magmas with high alkaline contents recharged into the shallow 528 

magma reservoir. 529 

The P-T conditions recorded by coexisting minerals and modeling results reveal 530 

multiple stages of magma storage for the lamprophyres. These estimated 531 



crystallization temperatures and pressures are consistent with the crystallization 532 

sequence of magmatic mineral phases that inferred by mineral textual features and 533 

geochemical data. These diverse-origin minerals were assembled during transport and 534 

emplacement, suggesting that they did not form through closed systems. Rather, they 535 

represent a crystal mush that underwent open system processes, such as multiple 536 

magma replenishment episodes or percolating melts.  537 

 538 

Reconstruction of the transcrustal magmatic system for the lamprophyres 539 

         According to the disequilibrium mineral-melt textures and the pressure-540 

temperature calculations for mineral crystallization, we propose a petrogenetic model 541 

of a transcrustal magmatic system with multiple magma reservoirs at different crustal 542 

depths to interpret the formation of the lamprophyres. As illustrated in Fig. 13, an 543 

anhydrous mafic magma, derived from the mantle, ascended through regional faults 544 

and stalled at the lower crust with a depth of 30–40 km, leading to the formation of a 545 

crystal mush through the crystallization of Mg-rich Type-Ⅰ Cpx in the first-level 546 

magma reservoir. Subsequently, a hydrous mafic magma ascended through peripheral 547 

conduits, passing through the crystal-dominated mush zone of the first-level magma 548 

reservoir and potentially stalling at a depth of ~15 km. The ascending magmas carried 549 

early-formed Type-Ⅰ Cpx crystals to the second-level magma reservoir in the middle 550 

crust, where they were consumed in a peritectic reaction, resulting in the formation of 551 

a high Mg# Amp core. Plagioclase was not produced in this magma reservoir due to 552 

the high pressures and water contents. Meanwhile, apatite became saturated at this 553 



magma reservoir and formed as Ap inclusions within the Amp core. Subsequently, the 554 

second-level magma reservoir was subject to an alkaline magma replenishment from a 555 

deeper magma storage region, transporting the Cpx-bearing Amp and Ap to a 556 

shallower magma reservoir at a depth of < 10 km. As the slightly evolved melts 557 

ascended to shallower levels in the upper crust, they reached water saturation, 558 

promoting the crystallization of plagioclase and K-feldspar under low pressure and 559 

temperature conditions. In the shallower third-level magma reservoir, the evolved 560 

magmas produced a low Mg# Amp rim and Fe-rich Type-Ⅱ Cpx. The presence of 561 

acicular Ap and groundmass texture in the studied samples probably recorded a fast 562 

magma ascent rate in the upper crust level (Costa et al., 2013; Li et al., 2020). 563 

Therefore, the magma plumbing system of lamprophyres in this study includes at least 564 

three levels of magma reservoirs extending throughout the crust (Fig. 13). The 565 

ascending recharged magmas captured antecrysts and phenocrysts from multiple 566 

magma reservoirs at various crustal levels, resulting in the aggregation of minerals 567 

with contrasting crystallization histories within the host melts. 568 

 569 

IMPLICATIONS  570 

The whole-rock compositions of the lamprophyre dykes are significantly 571 

influenced by the proportion and type of antecrysts in the samples. It is important to 572 

note that high MgO contents in the whole-rock samples may not necessarily indicate 573 

the composition of the parental magmas, as they can result from low MgO magmas 574 

with a high proportion of MgO-rich antecrysts (Ubide et al., 2014b). In addition, the 575 



whole-rock geochemical data of lamprophyre dykes show absence of Eu/Eu* 576 

anomalies in this study (Fig. 5), implying that plagioclase differentiation did not occur 577 

during magma evolution. However, the trace elements of both Type-Ⅰ Amp rim and 578 

Type-Ⅱ Cpx have low Eu/Eu* and Sr/Sr* values, strongly indicating the occurrence of 579 

plagioclase differentiation in the magma system, which was concealed by whole-rock 580 

trace elements. Furthermore, the two types of Cpx have variable degrees of negative 581 

Nb and Ta anomalies, whereas the whole-rock compositions of lamprophyre show 582 

OIB-like trace element patterns with positive Nb and Ta anomalies, which could be 583 

inherited from the compositions of Amp phenocrysts.  584 

Amp commonly appears as a hydrous mineral phase during the differentiation of 585 

arc magmas and has been identified in arc root complexes (Bouilhol et al., 2015; 586 

Dessimoz et al., 2012) and cumulates captured by arc lavas (Cooper et al., 2016; 587 

Klaver et al., 2017; Smith, 2014; Wang et al., 2019). It can be formed by a peritectic 588 

reaction that consumes precursor Cpx. Previous studies suggest that arc magma 589 

differentiation is significantly controlled by “cryptic amphibole fractionation”, as 590 

amphibole breakdown rapidly when magma rises near the surface, outside the 591 

amphibole stability field (Davidson et al., 2007a; Rutherford and Hill, 1993). Thus, 592 

amphibole is a rare phenocryst phase in volcanic arc rocks, although it may be 593 

abundant in the deep crust cumulates. Amphibole fractionation in the deep magma 594 

reservoirs significantly modifies the geochemical features of arc magmas. Our study 595 

manifests that the fractionation of reaction-replacement Amp can also occur within 596 

the alkaline magmas system in the intraplate setting, which has not been demonstrated 597 



in previous studies. The presence of amphibole within mid-upper crustal magma 598 

reservoirs suggests that mid-upper crystal mushes can act as a sponge for water 599 

dissolved from mantle-derived magmas (Davidson et al., 2007a).  600 
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 954 

Figure caption 955 

Fig. 1. (a) Simplified geological map of the western Tianshan orogenic belt and its 956 

adjacent areas (modified after 1:1000000 geological map of the Xinjiang Province and 957 

its neighboring areas in Central Asia, Xinjiang Research Center for Mineral 958 

Resources). The five-pointed star indicates the location of intraplate magmatism in the 959 

western Tianshan area; (b) Schematic geological map around Tuoyun basin modified 960 

after Huang et al. (2005) and Lithological stratigraphic section around Tuoyun basin. 961 

Q, K, J, C and S indicate Quaternary, Cretaceous, Jurassic, Carboniferous, and 962 

Silurian strata, respectively. 963 

Fig. 2. (a and b) Field photos and (c and d) photomicrographs under cross-polarized 964 

light of lamprophyre dykes. Amp: Amphibole; Cpx: clinopyroxene; Pl: Plagioclase. 965 

Fig. 3. (a) Tera-Wasserburg Concordia diagram, and (b) Backscattered electron image 966 

of the apatite grains in this study. Dashed red circles indicate the analytical spots for 967 

the U-Pb ages.   968 

Fig. 4. (a) (K2O + Na2O) versus SiO2 (Le Bas MJ et al., 1986), and (b) K2O versus 969 

SiO2 classification diagrams (Rock, 1987) for the lamprophyre dykes. The basalts 970 

intruded by the lamprophyres plot for comparison in (a) (Han et al., 2008; Ji et al., 971 



2006; Wang et al., 2000; Xu et al., 2003). 972 

Fig. 5. Chondrite-normalized REE and primitive mantle-normalized multi-element 973 

patterns for the lamprophyre dykes (a–b), Cpx (c–d), and Amp (e–f). Normalizing 974 

values are from Sun and McDonough, (1989).  975 

Fig. 6. Back-scattered electron images of the mineral assemblages within the 976 

lamprophyre dyke. (a–d) Type-Ⅰ Cpx enclosed by Amp; (e–f) Type-Ⅱ Cpx microlites; 977 

(g) The euhedral and acicular Ap grains; (h–i) Kfs with sieve texture showing a 978 

patchy-zoned core with abundant spongy spaces, which are filled with apatite; and 979 

compositional profiles of Kfs are shown in lower right side.  980 

Fig. 7. (a) Wo–En–Fs diagram for clinopyroxene (Morimoto et al., 1988); (b) Mg#–Si 981 

diagram for the amphibole (Leake et al., 1997); (c) An –Ab –Or diagram for 982 

plagioclase from the lamprophyre dykes (Smith and Brown, 1989). 983 

Fig. 8. Backscattered electron images (position of the microprobe analysis traverses is 984 

shown by yellow dotted line), and compositional profiles for representative Amp 985 

phenocrysts of the lamprophyre dykes.  986 

Fig. 9. Diagrams showing the major and trace element variations within Cpx from the 987 

lamprophyre dykes. (a) TiO2 versus Mg#; (b) Al2O3 versus Mg#; (c) FeO versus Mg#; 988 

(d) Eu/Eu* versus Sr/Sr* (2SrPM/[CePM+NdPM]); (e) Dy/Yb versus Ti/Ti* 989 

(2TiPM/[SmPM+TbPM]); (f) Dy/Yb versus Dy. The trends modeled by the GeoPS 990 

reactive fractional crystallization process. We assume sample C19TY28 as starting 991 

compositions. Numbers associated with the crystallization trends correspond to 992 

crystallization temperatures. Arrows indicate Cpx trace element compositional 993 



variations due to the fractionation of different minerals or mineral assemblages.  994 

Fig. 10. Diagrams showing the major and trace element variations within Amp from 995 

the lamprophyre dykes. (a) TiO2 versus Mg#; (b) Al2O3 versus Mg#; (c) K2O versus 996 

Mg#; (d) IVAl versus Mg#; (e) Eu/Eu* versus Sr/Sr*; (f) Dy/Yb versus Dy. The trends 997 

modeled by the GeoPS reactive hydrous fractional crystallization process. We assume 998 

sample C19TY28 as starting compositions. Numbers associated with the 999 

crystallization trends correspond to crystallization temperatures. 1000 

Fig. 11. Equilibrium tests between minerals and their host rocks of the lamprophyre 1001 

dykes in the Tuoyun basin. (a) Mg# in clinopyroxene versus Mg# in whole-rock; (b) 1002 

Mg# in amphibole versus Mg# in whole-rock. The dotted curves (Rhodes et al., 1979) 1003 

represent the range of equilibrium compositions between mineral and melt using an 1004 

Fe-Mg distribution coefficient of 0.28 ± 0.08 for clinopyroxene (Putirka, 2008) and 1005 

0.28 ± 0.11 for amphibole (Putirka, 2016).  1006 

Fig. 12. (a) Mg# versus Pressure diagram. The trends modeled by the GeoPS showing 1007 

hydrous and anhydrous fractional crystallization processes. We assume sample 1008 

C19TY28 as starting compositions. Numbers associated with the crystallization trends 1009 

correspond to crystallization temperatures. (b) Pressure-Temperature estimates of 1010 

clinopyroxene and amphibole crystallization for the lamprophyre dykes in the Tuoyun 1011 

basin. The clinopyroxene-only thermobarometer proposed by Jorgenson et al. (2022) 1012 

can be used to estimate the crystallization temperature and pressure of the Type-Ⅰ Cpx 1013 

and Type-Ⅱ Cpx. The crystallization temperatures and pressures of Amp core were 1014 

calculated using pressure-independent thermometer equation (5) of Putirka (2016) 1015 



(equivalent to the results from single-amp thermometer of Ridolfi et al. (2021)), and 1016 

single-amp barometer from Ridolfi et al. (2021), respectively. The depth 1017 

corresponding to pressure is labelled on the right. Note that crust density is assumed 1018 

to be 2.8 g/cm3 (Christensen and Mooney, 1995). 1019 

Fig. 13. Schematic diagrams showing a possible transcrustal magmatic system for the 1020 

lamprophyre dykes in the Tuoyun basin.  1021 
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