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Abstract29

The timescales and duration of ore-forming processes in skarn systems are not well constrained. 30

To better understand this, we present high-precision chemical abrasion-isotope dilution-thermal 31

ionization mass spectrometry (CA-ID-TIMS) U-Pb zircon and isotope dilution-negative-thermal 32

ionization mass spectrometry (ID-N-TIMS) Re-Os molybdenite geochronology of the 33

Xiaojiayingzi Mo skarn deposit (0.13 Mt Mo @ 0.22 wt. %), northeastern China. The 34

Xiaojiayingzi deposit is related to an intrusive complex composed of gabbroic diorite, 35

monzodiorite, and granite porphyry. Molybdenite mineralization occurred in two ore blocks,36

Xiaojiayingzi (0.11 Mt Mo) and Kangzhangzi (0.02 Mt Mo). In the Kangzhangzi ore block, Mo 37

mineralization is concentrated in skarn adjacent to a deep-seated granite porphyry, with minor 38

disseminated and quartz veinlet mineralization within the granite porphyry. In contrast, economic39

Mo mineralization in the Xiaojiayingzi ore block is concentrated to skarns located between the 40

contact of steeply dipping monzodiorite and the Mesoproterozoic Wumishan Formation, with 41

minor Mo mineralization found in quartz and endoskarn veins hosted in the monzodiorite. Skarn42

mineralization in both ore blocks converges downward into the mineralized granite porphyry. In 43

the Kangzhangzi ore block, skarn is zoned from deep proximal dark red-brown garnet to shallow 44

distal dark green pyroxene. In the Xiaojiayingzi ore block, proximal skarn is garnet-rich whereas45

pyroxene increases away from the monzodiorite - Wumishan Formation contact. In addition, 46

pyroxene becomes more Fe- and Mn-rich with distance from the intrusions; Pb, Zn, and Ag47

increase toward the top of the system, and Mo and Fe increase with depth.48

High-precision CA-ID-TIMS U-Pb zircon geochronology indicates the gabbroic diorite49

crystallized at Ma (uncertainties presented as analytical /+ tracer /+ 50

decay constant uncertainties), with subsequent crystallization of the monzodiorite and granite 51

porphyry at Ma and  Ma, respectively. 52

High-precision ID-N-TIMS Re-Os molybdenite geochronology indicates molybdenite 53

mineralization at Xiaojiayingzi occurred in at least three discrete magmatic-hydrothermal pulses54

(nominally between 165.48 0.09 - 165.03 0.13 Ma , 163.73  0.09 Ma, and 163.11 0.11 Ma). 55

The first episode of molybdenite mineralization formed in exoskarns, endoskarns, and quartz veins,56

and had a minimum duration of 450 40 kyr, between 165.48 0.09/0.68/0.85 Ma and 165.0357



0.13/0.67/0.85 Ma. It is likely that skarn ore represents a composite series of mineralization events, 58

more than the three events capable of identification within analytical uncertainty of these 59

high-precision data. Finally, Re-Os dating of quartz-Mo veins cutting the monzodiorite and granite 60

porphyry indicates that some mineralization postdated the observed intrusions, between 163.7361

0.09/0.70/0.86 Ma and 163.11 0.11/0.70/0.86 Ma, interpreted to be the result of deeper, 62

unobserved intrusions. Collectively, these ages indicate that protracted, pulsed Mo mineralization 63

at the Xiaojiayingzi deposit occurred over a time period of at least 2.4 Myrs. These data suggest64

that individual magmatic and/or skarn garnet ages may significantly underestimate the full 65

duration of mineralization. In addition, this study highlights systematically identify skarn deposits 66

associated with multiphase intrusive systems may be a target for future exploration as it may point 67

to previously undiscovered mineral resources.68
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Introduction88

Skarn deposits are one of the most common ore types in the Earth s crust and are mined for a 89

variety of metals, including Cu, Au, Fe, W, Sn, Mo, Pb, and Zn (Meinert et al., 2005; Chang et al., 90

2019; Mao et al., 2019). Existing models commonly invoke magma bodies as the source(s) of the 91

fluid, metals, and heat needed to generate skarn deposits, however the lack of close proximity 92

between many skarn deposits and their causative intrusion(s) complicates the relationship between 93

the two, which is crucial to better understand the formation of skarn systems and better target them 94

for economic extraction.95

Recent technical advancements in chemical abrasion isotope dilution thermal ionization mass 96

spectrometry (CA-ID-TIMS) have led to improved analytical precision for individual zircons 97

analyses (e.g., 0.01% on a single zircon 206Pb/238U age; Widmann et al., 2019; Schaltegger et al., 98

2021). As a result, this method has been employed in recent studies of the lifespan of upper crustal 99

magma systems and indicates that individual shallow intrusions or intrusive systems, particularly 100

those associated with porphyry mineralization, commonly have very short assembly periods of 101

 (e.g., Leuthold et al., 2012; Barboni and Schoene, 2014; Eddy et al., 2016; 102

Buret et al., 2017; Gaynor et al., 2019a; Large et al., 2020, 2021; Rosera et al., 2021). These 103

observations only speak to the magmatic processes potentially associated with ore deposits; after 104

fluid exsolution, hydrothermal processes control the spatiotemporal development of ore deposits.105

Thus, it is crucial to better integrate these observations into understanding the lifespan of 106

individual pulses of mineralization and broader mineral systems. Directly comparing the timing of 107

mineralizing magmas and mineralization events has the potential to reveal the true relationships 108

between magmatism and mineralization. Recent work has begun to investigate the full evolution 109

of magmatic-hydrothermal systems related to porphyry ore deposition by comparing 110

high-precision geochronology of U-Pb zircon and Re-Os molybdenite, which has the possibility of 111

yielding detailed records of the full lifespan of a deposit, from magma emplacement to 112

hydrothermal ore precipitation (e.g., Rosera et al., 2013; Li et al., 2017; Gaynor et al., 2019b; 113

Feely et al., 2020). In these porphyry environments, researchers have increasingly recognized the 114

short-lived nature of individual magmatic-hydrothermal systems, such that many individual 115

magmatic-hydrothermal systems are juxtaposed one to another resulting in metal enrichment (e.g., 116



Li et al., 2017; Gaynor et al., 2019b; Zhao et al., 2021). Due to the common lack of proximity 117

between causative intrusions and dateable ore mineral phases in skarn deposits, there is a scarcity 118

of work examining similar relationships in skarn deposits. Therefore, there is a suite of 119

outstanding questions regarding skarn ore formation, such as: (1) How do large to giant skarn 120

deposits form? (2) How long does it take a major skarn deposit to form? (3) Is the endowment of a 121

skarn deposit formed by a single pulse of magmatic-hydrothermal activity or through episodic 122

enrichment from multiple pulses?123

The Xiaojiayingzi Mo skarn deposit is located in the northern part of the North China Craton 124

(Fig. 1). Exploration of the Xiaojiayingzi deposit began in the 1950 s, with mining of Pb, Zn, and 125

Ag from carbonate-replacement orebodies. The first systematic exploration campaign occurred 126

between 1975-1979, and led to the discovery of concealed Mo and Fe skarn orebodies at the 127

contacts between the dioritic intrusion and carbonate rock in the Xiaojiayingzi ore block (Figs, 2, 128

3a), and yielded a resource of 0.11 Mt Mo at an average grade of 0.23 wt. % and 8.87 Mt Fe at an 129

average grade of 33.4 wt. % (Gao et al., 1979). More recently, exploration has led to the discovery130

of porphyry and skarn mineralization in the Kangzhangzi ore block, spatially related to a deep, 131

unexposed granite porphyry (Figs. 3b, 4), which yields an additional resource of 0.02 Mt Mo at132

0.118% and 1.14 Mt Fe at 26.5% (Guan et al., 2010). Exploration is still ongoing. Therefore, given 133

how new exploration campaigns have led to significant ore discoveries over half a century since 134

initial mining, detailed study of the Xiaojiayingzi Mo deposit may help improve existing models 135

of skarn deposit formation. Although the geology of the Xiaojiayingzi deposit remains poorly 136

constrained, particularly at depth, recent drilling has revealed critical magmatic, hydrothermal, and 137

structural relationships.138

We examined field relationships between the various intrusions of the Xiaojiayingzi deposit, 139

documenting alteration and mineralization relationships, and integrated new high-precision U-Pb140

zircon and Re-Os molybdenite geochronology to better understand the formation of the141

Xiaojiayingzi deposit. Our purposes are to (1) characterize magmatism, alteration, and 142

mineralization, (2) document the spatial distribution of alteration and mineralization, (3) constrain 143

the time of magmatism and mineralization, and (4) discuss the relationship of the magmatic and 144

hydrothermal processes. Using these data, we reevaluate the formation of the Xiaojiayingzi 145

deposit and the controls on the spatial distribution of skarn mineralization from local magmatism.146



Furthermore, these data also provide insight into the metasomatism stages through time in skarn 147

systems and highlight the key role of successive magmatic fluid injection in the formation of large 148

skarn deposits.149

Geological Background150

Regional geology151

The Xiaojiayingzi deposit is located in western Liaoning, North China Craton (Fig. 1a), and is part 152

of an EW-trending belt of Jurassic to Cretaceous deposits known as the Yanshan-Liaoning153

Mo-Au metallogenic belt (Li et al., 2012; Zeng et al., 2013). The basement of western Liaoning 154

is composed of Archean to Paleoproterozoic greenschist- to granulite-facies metamorphic rocks,155

largely tonalite - trondhjemite - granodiorite (TTG) gneiss, amphibolite, migmatite, and ultramafic 156

rocks, which were metamorphosed during the collision between the western and eastern North 157

China cratons at ca. 1.85 Ga (Zhao et al., 2001). From the late Paleoproterozoic to the early 158

Paleozoic, western Liaoning received frequent deposition of shallow-marine carbonate platform 159

sediments (Yang et al., 1986). Since the late Paleozoic, western Liaoning was affected by multiple 160

orogenic events, especially during the Late Permian to late Mesozoic. The first event was thrusting161

and crustal thickening around the north margins of North China Craton during the closure of the 162

Paleo-Asian Ocean at the Late Permian to Early Jurassic time (Xiao et al., 2003). The second 163

event was the destruction of the North China Craton during the Late Jurassic to Early Cretaceous164

(Menzies and Xu, 1998; Zhu et al., 2011), which coincided with a major change in subduction 165

direction of the Paleo-Pacific plate (Sun et al., 2007) and with the formation of intracontinental rift 166

basins, metamorphic core complexes, and bimodal volcanic rocks in the North China Craton (Ren 167

et al., 2002; Liu et al., 2005; Zhu et al., 2011).168

Western Liaoning hosted episodic voluminous, felsic magmatism, with lesser amounts of 169

mafic to intermediate magmatism, contemporaneous with these orogenic events (Fig. 1b). Four 170

pulses of magmatism have been identified in western Liaoning: (1) rare Late Triassic (ca. 221 Ma) 171

intermediate intrusions and trachyandesitic to rhyolitic volcanic rocks, (2) voluminous Early 172

Jurassic (190 - 180 Ma) granitic plutons and high-Mg andesites and dacites, (3) less voluminous 173

Middle to Late Jurassic (170 - 150 Ma) basalt to rhyolite complexes, and (4) minor Early 174



Cretaceous mafic to felsic intrusions and basaltic to andesitic (high-Mg) volcanic rocks (Wu et al., 175

2006; Yang and Li, 2008; Ma et al., 2012; Zhang et al., 2014). Early Jurassic intrusions, which 176

usually occur as batholiths (Fig. 1b, Wu et al., 2006), were formed by mixing of crustal- and 177

enriched mantle-derived magmas (Zhang et al., 2014) and are spatially related to important Mo 178

deposits (Ouyang et al., 2013, 2020; Shu et al., 2016).179

Regional deformation in western Liaoning was characterized by NS-trending compressional 180

structures during the Early to Middle Triassic but transformed to NS extension during the Late 181

Triassic to Early Jurassic (Zhang et al., 2014). The Middle Jurassic to Early Cretaceous 182

deformation does not have a consistent orientation, indicating that various tectonic regimes may 183

have occurred during that period (Zhang et al., 2014). The fourth deformation event was during 184

the Early Cretaceous and involved NW-SE extension, likely related to the far-field effect of 185

Paleo-Pacific plate subduction or post-subduction (Yang and Li, 2008; Li et al., 2012; Zhang et al., 186

2014; Mao et al., 2021).187

Several medium- (0.01 to 0.10 Mt) to large- (  0.10 Mt; Chinese national Standard GB/T 188

17766-1999) porphyry-skarn Mo deposits occur in western Liaoning, including Yangjiazhangzi, 189

Lanjiagou, Songbei, Xintaimen, and Xiaojiayingzi (Fig. 1b). Molybdenum mineralization at many 190

of these deposits is either hosted in or is associated with Early Jurassic felsic intrusions (Ouyang et 191

al., 2020 and references therein), and mineralization occurred over a relatively narrow time 192

interval (187 - 183 Ma; Ouyang et al., 2013 and references therein). This is not always the case, as 193

previous work has suggested that Mo mineralization at Xiaojiayingzi occurred at approximately194

165 Ma (Dai et al., 2009), and therefore represents a separate mineralization event in western 195

Liaoning. Moreover, in terms of surface expression, the Xiaojiayingzi deposit has been interpreted 196

to be the result of a mafic to intermediate intrusive complex (Gao et al., 1979; Dai et al., 2009), in 197

contrast to the other porphyry to skarn Mo deposits in the district and elsewhere in the world.198

District geology199

In the Xiaojiayingzi district, an Archean metamorphic complex composed mostly of gneiss and 200

amphibolite is exposed northwest of the Zhongsanjia and Chengde-Beipiao faults (Fig. 2a). Early 201

Jurassic granitic plutons intrude the metamorphic complex, but are only exposed northwest of 202



these faults (Yu et al., 2014). To the southeast of the Chengde-Beipiao fault, the Archean203

metamorphic complex is unconformably overlain by a thick calcareous sequence (up to 4000 m in 204

thickness) of the Mesoproterozoic Wumishan Formation, composed of carbonate rocks with lenses205

of calcareous shale, calcareous siltstone, and sandstone, and the succession represents a peritidal 206

carbonate deposit (Zhao et al., 2001). The carbonate rocks are well bedded and contain variable207

CaO (20 - 53 wt. %) and MgO (0.5 - 32 wt. %; Zhao et al., 1990). In some carbonate rock beds, 208

there are abundant chert bands and nodules. The Wumishan Formation is unconformably overlain 209

by late Mesozoic volcanic rocks, and is intruded by the Triassic and Middle Jurassic mafic to 210

intermediate intrusions associated with Mo and Cu mineralization (Fig. 2a; Dai et al., 2009; Yu et 211

al., 2014).212

Several Mo, Cu-Mo, and Au deposits and prospects exist in the Xiaojiayingzi district, 213

including the Xiaojiayingzi Mo deposit, the Didashui, Chabucha, Shuitanggou, and Sandaogou 214

Cu-Mo prospects, and the Zhongsanjia Au deposit (Fig. 2a). The Zhongsanjia Au deposit is 215

located northwest of the Zhongsanjia and Chengde-Beipiao faults. Lode gold veins in this deposit 216

are hosted in Archean TTG gneiss and amphibolite, and have no clear association with intrusive 217

rocks (Gao et al., 1979). In contrast, the Mo and Cu-Mo skarn deposits or prospects are confined 218

to the Wumishan Formation southeast of the Chengde-Beipiao fault (Fig. 2a). Furthermore, they 219

are largely associated with a Middle Jurassic mafic to intermediate igneous complex, which 220

intruded into the Wumishan Formation (Dai et al., 2009; Yu et al., 2014).221

There are three main sets of faults in the Xiaojiayingzi district. The first set, represented by 222

the near EW-trending Chengde-Beipiao deep fault, extends for tens of kilometers throughout the 223

district. It is a regional-scale thrust and is generally parallel to the Chifeng-Kaiyuan suture, which 224

connects the North China Craton and Central Asian Orogenic Belt (Fig. 1a; Xiao et al., 2003). The 225

second set of faults, which strikes NE, is part of a regional strike-slip system. They commonly226

significantly offset stratigraphy, earlier EW-trending faults and Triassic intrusions (Fig. 2a). The 227

third set of faults strikes NW. Middle Jurassic intrusions, and their associated alteration and 228

mineralization, typically occur at junctions between the NE- and NW-trending faults, or along the 229

NW-trending faults (Fig. 2a).230



Previous Studies231

The Xiaojiayingzi deposit consists of the Xiaojiayingzi and Kangzhangzi ore blocks (Figures 232

2b-3). Skarn mineralization in the Xiaojiayingzi deposit was first reported by Gao et al. (1979). 233

Dai et al. (2009) described the skarn alteration and mineralization in the Xiaojiayingzi ore block, 234

and recognized a skarn zoning as follows: diorite - diopside skarn235

diopside - forsterite skarn chondrodite - phlogopite skarn skarn dolomite dolomite. Liu et 236

al. (2012) recognized skarn- and vein-types mineralization in the Xiaojiayingzi ore block, and 237

interpreted Xiaojiayingzi as a porphyry-skarn Mo deposit related to a dioritic intrusion. Fluid 238

inclusion data showed that garnets in prograde endoskarn were associated with high-temperature 239

(520 -560 ), high-salinity (44-50 wt % NaCl equiv.) fluids; calcite and quartz associated with 240

retrograde alteration and Mo mineralization were associated with hydrothermal fluids of 241

moderate-salinity (4-18 wt % NaCl equiv.) and temperatures between 320 (Dai et al., 242

2008). Based on oxygen and hydrogen isotope compositions of garnet and calcite, and platinum 243

group elements concentration and sulfur isotope composition of sulfide minerals, Dai et al. (2008, 244

2013) concluded that the ore-forming fluids of the Xiaojiayingzi deposit were dominantly of 245

magmatic origin, most likely sourced from the dioritic intrusion. However, all these studies are 246

focused on the Xiaojiayingzi ore block, and the geology of the Kangzhangzi ore block has not 247

been described by previous research, particularly at depth, where recent drillings have intersected 248

a mineralized granite porphyry intrusion. Furthermore, the relationship between the Xiaojiayingzi 249

and Kangzhangzi ore blocks, and the genesis of the Xiaojiayingzi skarn mineral system have not 250

been previously described or discussed.251

The ages of intrusive rocks in the Xiaojiayingzi deposit have been poorly documented. Two252

whole-rock K-Ar ages of 177 Ma and 113 Ma from uncharacterized gabbro diorite and diorite 253

samples, respectively, were the primary constraints on the ages of magmatism in the Xiaojiayingzi 254

deposit (Gao et al., 1979). Dai et al. (2009) performed sensitive high-resolution ion 255

microprobe (SHRIMP) zircon U-Pb dating of the diorite intrusion, which yielded a weighted 256

206Pb/238U mean age of 171.2  5.0 Ma (2 , MSWD = 3.2). Previous dating of the Xiaojiayingzi 257

Mo skarn mineralization includes six molybdenite Re-Os model ages acquired by isotope dilution 258

inductively-coupled plasma mass spectrometry (ID-ICP-MS) method, which range from 165.9 ±259



2.8 to 159.1 ± 2.6 Ma (2 , Dai et al., 2009).260

Methods261

Field investigation and petrography262

In this study, field data of magmatism, mineralization, and alteration were collected largely based 263

on underground mapping, drill core observation, and petrographic observations. Fifty-one 264

representative samples that were collected from underground mine and drill cores (Appendix 265

Table S1) were examined using optical and scanning electron microscopy (Hitachi TM3030) to 266

document the intrusive phases, the vein and related hydrothermal alteration assemblages, and the 267

mineral paragenesis. The temporal evolution of magmatism, alteration, and mineralization in the 268

Xiaojiayingzi mineral system was determined by observing crosscutting relationships between 269

intrusions and veins, variations in alteration and mineralization styles in intrusions and their270

contiguous host rocks, together with the relative age of veins relative to each other and to 271

intrusions.272

Electron microprobe analyses273

To constrain the skarn mineral compositions and their spatial variations, skarn samples from the 274

Xiaojiayingzi and Kangzhangzi ore blocks were collected systematically for electron microprobe 275

analyses. We sampled 45 skarn samples that range from endoskarn, proximal massive skarn, and 276

intermediate and distal skarns in both ore blocks. The sample locations and descriptions are 277

provided in Appendix Table S1. Compositions of skarn minerals were obtained on a278

JEOLJXA-8230 electron microprobe in wavelength-dispersive mode with 15-kV acceleration, 279

10-nA beam current, and 2- pot size at the Institute of Mineral Resources, Chinese Academy280

of Geological Sciences. Synthetic (i.e., silica for Si and spessartine for Mn) and natural (i.e., 281

sanidine for K, pyrope for Mg, andradite for Fe and Ca, albite for Na and Al, and rutile for Ti)282

minerals were selected for instrument calibration. The estimated precision for each element is 283

2.0 %.284



Zircon U-Pb CA-ID-TIMS dating285

Samples of the gabbroic diorite (CXJYC), monzodiorite (QXJYC), and granite porphyry (ZJ31-5) 286

from subsurface exposures and drill cores were selected for CA-ID-TIMS zircon U-Pb dating.287

Detailed sample locations are provided in Appendix Table S1.288

After washing, samples were jaw-crushed, disc milled, and sieved. Heavy minerals were 289

concentrated using a Rogers table, then a Frantz electromagnetic separator, and finally by standard 290

heavy liquid (diiodomethane) concentration. Zircon grains from the concentrated materials were 291

then handpicked under a binocular microscope. Once zircon grains had been extracted from the 292

 (Mundil et al. 2004). The 293

294

beakers placed in a Parr digestion vessel (Mattinson 2005; Widmann et al. 2019). The grain 295

296

3 in combination with 297

ultrasonication. Individual cleaned zir298

microcapsules, spiked with the EARTHTIME 202 205 233 235U tracer solution 299

(calibration version 3; McLean et al. 2011; Condon et al. 2015300

and trace HNO3 at least 301

the samples were dried down and converted to a chloride by placing them back in the oven 302

N HCl. The samples were then dried down again and re-dissolved in N HCl, and 303

purified to U and Pb through anion exchange column chromatography (Krogh 1973). Once 304

305

with trace H3PO4, prior to loading on outgassed zone-refined Re ribbon filaments with a Si-gel 306

emitter.307

Uranium and Pb isotope analyses were completed on an Isotopx Phoenix TIMS machine at 308

the University of Geneva (Switzerland). Lead measurements were made in dynamic mode using a 309

Daly photomultiplier, and U was measured as an oxide in static mode using Faraday cups coupled 310

to 1012 18O/16O oxygen isotope ratio in uranium oxide was assumed to be 0.00205 311

based on previous measurements of the U500 standard. Mass fractionation of Pb and U was 312

corrected using a 202Pb/205Pb ratio of 0.99506 and a 238U/235U ratio of 137.81 , Hiess 313



et al. 2012). All common Pb was considered laboratory blank and was corrected using the 314

long-term isotopic composition of the Pb blank at the University of Geneva (Schaltegger et al., 315

2021). All data were processed with the Tripoli and Redux U Pb software packages (Bowring et al. 316

2011; McLean et al. 2011). All ages were corrected for initial 230Th disequilibrium in the melt 317

using a U/Th ratio of the magma of 3.5. Earthtime ET100 standard solution analyzed during the 318

period of these analyses yielded a value of  within 319

uncertainty of the recently reported inter-320

this solution (Schaltegger et al., 2021).321

Molybdenite Re-Os isotope dilution negative thermal ionization mass spectrometry (ID-N-TIMS)322

dating323

Three molybdenite-bearing exoskarn samples (XJYZ-1/XJYZ-3/X-1), one molybdenite-bearing 324

endoskarn sample (X-4), one molybdenite-bearing iron ore sample (X-3), two325

quartz-molybdenite-pyrite chalcopyrite vein samples hosted in monzodiorite (X-8/X-9), and one 326

quartz-molybdenite-pyrite veinlet sample hosted in granite porphyry (X-6-2) from both 327

underground mine and drill cores, covering all the molybdenum mineralization types in the 328

Xiaojiayingzi mineral system, were sampled for ID-N-TIMS molybdenite Re-Os geochronology. 329

None of the samples show evidence of temperature reversal in their alteration assemblage, in order 330

to avoid the potential of mixing subsequent molybdenite crystallization in with the molybdenite of 331

interest (Appendix Table S2). Detailed sample locations and descriptions are provided in 332

Appendix Table S1-S2.333

To avoid any potential disturbance of Re-Os by overprinting and mixing different generations334

of molybdenite mineralization, samples selected for dating did not exhibit any crosscutting335

relationships and exhibited the least evidence of alteration or overprint (e.g., Seedorff and Euinadi, 336

2004). The molybdenite separation method was adopted from previous studies (Lawley and Selby, 337

2012).338

Molybdenite Re-Os isotope analysis was carried out at the Laboratory for Sulfide and Source 339

Rock Geochronology and Geochemistry and the Arthur Holmes Laboratory at Durham University, 340

United Kingdom, members of the Durham Geochemistry Centre. The Re-Os analytical protocol 341



followed Selby and Creaser (2001) and Li et al. (2017). A weighed aliquot of molybdenite and 342

spike solution (185Re plus isotopically normal Os) was loaded into a Carius tube with 11N HCl (3 343

ml) and 15.5N HNO3 (6 ml), sealed and placed in a Cariu oven 344

for ~24 h. Osmium was purified from the acid medium using solvent extraction (CHCl3) at room 345

temperature and microdistillation methods. The rhenium fraction was isolated by sodium 346

hydroxide-acetone solvent extraction and HCl-HNO3 anion chromatography. The purified rhenium 347

and osmium were loaded onto Ni and Pt filaments, respectively, and their isotopic compositions 348

were measured using ID-N-TIMS (Creaser et al., 1991).349

The isotopic analysis was conducted on a Thermo Scientific TRITON mass spectrometer in 350

the Arthur Homes Laboratory at Durham University, with Re and Os isotope compositions 351

measured using the static Faraday collection mode. The uncertainties in the Re and Os 352

concentrations and Re-Os isotope ratios were determined by propagating the spike calibration, the 353

sample and spike weight uncertainty, the reproducibility of Re and Os isotope standard values, and354

the blank abundances and isotopic compositions that were run alongside the molybdenite analysis. 355

A full analytical protocol blank measured alongside the molybdenite analyses was 3.4 pg for Re 356

and 0.1 pg for Os, with a 187Os/188Os composition of 0.20 nite Re-Os model ages 357

were calculated using the equation t = ln (187Os/187 11358

14 a 1 (Smoliar et al., 1996). To evaluate the accuracy and reproducibility of the 359

molybdenite Re-Os data, the NIST molybdenite reference material (RM 8599) is routinely 360

analyzed, which yielded an running average age as of September 2021 (date of analysis) of 27.66361

09 Ma (n = 30), which is in agreement within uncertainty with the recommended age of 362

 (Zimmerman et al., 2014).363

Results364

Xiaojiayingzi deposit geology365

Our observations combined with exploration data permit a new detailed reconstruction of the 366

Xiaojiayingzi deposit geology, indicating that the deposit geology is more complex than 367

previously discussed. The details are summarized in the following sections.368



Magmatism369

Based on crosscutting relationships and mineral modal abundance (IUGS recommendation), three 370

intrusions are identified in the Xiaojiayingzi deposit, which include, in time sequence, gabbroic 371

diorite, monzodiorite, and granite porphyry (Fig. 5a-b). The first two intrusions are by far the most 372

voluminous with an outcrop area of about 0.75 km2 (Fig. 2b), whereas the granite porphyry has 373

been intersected only by drillings down to approximately 900 m depth below the current ground 374

surface or by underground mining. At deeper levels, all these intrusions merge downward into an375

intrusive complex (Fig. 4), which is referred to as the Xiaojiayingzi intrusive complex in this study. 376

Surrounding the Xiaojiayingzi intrusive complex is the carbonate wall rocks of the Wumishan 377

Formation. The characteristics of the Xiaojiayingzi intrusive complex are summarized in Table 1.378

The gabbroic diorite (Fig. 5c) is one of the major intrusions of the Xiaojiayingzi intrusive 379

complex with an outcrop area of 0.3 km2. It occurs as a stock intruding into the Wumishan 380

Formation and was in turn truncated by the monzodiorite along its south and east flanks (Fig. 2b). 381

The western extent of the gabbroic diorite is obscured by cover rocks and its overall dimension is 382

unknown. The gabbroic diorite is distinguished from other intrusions by its dark color and coarse 383

texture (Fig. 5c). Major minerals include variable proportions of plagioclase (55 - 65 vol. %), 384

biotite (10 - 15 vol. %), and hornblende (5 - 10 vol. %), which constitute 90 vol. percent of the 385

rock, accompanied by 5 to 10 vol. percent of augite (Fig. 5d). Accessory phases comprise apatite, 386

ilmenite, magnetite, titanite, and zircon (Fig. 6c-d; Appendix Figure 1a). Locally, barren quartz 387

veinlets with K-feldspar and epidote envelopes, and quartz - pyrite galena sphalerite388

chalcopyrite and molybdenite veinlets with sericite  epidote envelopes crosscut the gabbroic 389

diorite (Fig. 6). Nonetheless, the gabbroic diorite is poorly mineralized.390

In plan view, the monzodiorite (Fig. 5e) is exposed as stocks or dikes intruding into the 391

gabbroic diorite and the Wumishan Formation (Fig. 2b; Appendix Figure 2a), with an outcrop area 392

of about 0.45 km2. It has many irregular contacts and apophyses into the Wumishan Formation 393

(Figs. 3-4), and hosts some (dolomitic) limestone xenoliths, especially near its border. The 394

monzodiorite is medium-grained and two textural varieties were identified, one dark-gray and 395

equigranular, and the other gray and equigranular to porphyritic (Fig. 5b). Contacts between the 396

two phases are commonly gradational and no crosscutting relationships were observed in this 397



study. The monzodiorite is composed of 55 to 60 vol. % plagioclase, 10 to 15 vol. % alkaline398

feldspar, 10 to 15 vol. % biotite, and 5 to 10 vol. % hornblende with minor amounts of quartz (< 5399

vol. %) and augite (< 1 vol. %) (Fig. 5f); accessory minerals include apatite, ilmenite, magnetite, 400

zircon, and titanite (Appendix Figure 1b). Where the intrusion is porphyritic, plagioclase 401

phenocrysts in the monzodiorite range in size from 3 to 10 mm (Fig. 3e). At Xiaojiayingzi, the 402

monzodiorite is the most significant intrusion in terms of the volume of quartz - molybdenite -403

pyrite galena sphalerite chalcopyrite veining it hosts (5 - 10 vol. %; Table 1; Fig. 7b-f) and is 404

one of several important hosts for molybdenite mineralization. The monzodiorite also has 405

mineralized garnet-pyroxene endoskarn on a scale of meters near some contacts with the exoskarn 406

(Fig. 7a).407

The granite porphyry (Fig. 5g), which displays weak to intense potassic and sericitic408

alteration (Fig. 8), is found in drill core from the Kangzhangzi ore block or by underground 409

mining in the Xiaojiayingzi ore block, and was not reported in previous studies. It occurs as stocks410

or dikes, truncates the gabbroic diorite and monzodiorite (Fig. 5a-b), and intrudes the Wumishan 411

Formation (Appendix Figure 2b; Fig. 4). These observations indicate the granite porphyry is likely412

the latest intrusion of the Xiaojiayingzi intrusive complex. The granite porphyry contains variable 413

proportions of alkaline feldspar (30  40 vol. %) and quartz (10  15 vol. %) phenocrysts,414

accompanied by minor plagioclase (< 5 vol. %) and biotite (< 1 vol. %) phenocrysts set in a 415

microcrystalline matrix of quartz (30 - 35 vol. %), alkaline feldspar (~5 vol. %), plagioclase (< 2 416

vol. %), and biotite (< 2 vol. %); accessory minerals include zircon, apatite, and magnetite (Table 417

1). The alkaline feldspar and quartz phenocrysts in the granite porphyry unit are usually very large 418

(up to 30 mm), whereas the plagioclase and biotite phenocrysts are always smaller (< 3 mm; Fig. 419

5g-h). The groundmass tends to become coarse with depth, with the texture eventually becoming 420

seriate, then porphyritic with a hypidiomorphic-granular matrix, and finally granitic at deeper 421

levels. Correspondingly, the granite porphyry grading from light pink to gray-white with depth, 422

possibly related to a decrease in the content of pinkish orthoclase and/or in the hydrothermal 423

alteration intensity. The granite porphyry was affected by quartz  biotite  molybdenite  pyrite424

veining (Fig. 8), but the abundance is generally low (2 - 5 vol. %; Table 1).425



Alteration and distribution426

Four main types of hydrothermal alteration assemblages are identified within the Xiaojiayingzi 427

mineral system in this study: sodic, potassic, sericitic, and skarn alteration. Sodic alteration is only 428

observed in the monzodiorite, and is characterized by primary plagioclase altered to white albite, 429

and hornblende and biotite to chlorite, which were then overprinted/crosscut by later endoskarn430

(Fig. 7a). No molybdenite mineralization is observed in this alteration stage.431

Potassic alteration is represented by the replacement of primary plagioclase by K-feldspar. 432

Two types were observed: disseminated and veining. The disseminated potassic alteration is 433

characterized by primary plagioclase being pervasively altered to K-feldspar (Fig. 8b, 8h), and is 434

only observed in the granite porphyry. The veining type potassic alteration is characterized by the 435

formation of secondary K-feldspar in or around quartz veinlets (Fig. 6a), 436

quartz-molybdenite-pyrite vein (Fig. 7b) or quartz - biotite veinlets (Fig. 8b-c). It is relatively well437

developed in the monzodiorite and granite porphyry, but is rare in the gabbroic diorite. In the 438

monzodiorite, potassic alteration is more intense in areas proximal to the contacts with the 439

Wumishan Formation and is associated with molybdenite mineralization (Fig. 7a-b). It represents 440

one of several important molybdenite mineralization-related alteration types in the Xiaojiayingzi 441

system. In the granite porphyry, potassic alteration is more intense in the apical part of the 442

intrusion, especially in areas proximal to the contacts with the Wumishan Formation, but becomes 443

less intense with depth due to the decrease in the abundance of veining. No molybdenite 444

mineralization was introduced during this alteration stage in the granite porphyry.445

Sericitic alteration is characterized by the replacement of plagioclase by fine-grained446

muscovite, accompanied by a small percentage of disseminated pyrite along quartz - molybdenite447

pyrite  galena  sphalerite veins (Figs. 7c-f, 8b, 8d-e, 8h) or quartz-pyrite veins448

and veinlets (Figs. 6a-b, 8d, 8h). It affects all the intrusions of the Xiaojiayingzi intrusive complex. 449

In the granite porphyry, sericitic alteration commonly overprints the earlier potassic alteration (Fig. 450

8b, 8h), and represents the main molybdenite mineralization-related alteration type in this 451

intrusion.452

Skarn alteration in the Xiaojiayingzi deposit is extensive but varies with rock type, and 453

represents the most important molybdenite mineralization-related alteration type. Generally, this 454



type of alteration is pervasive in the Wumishan Formation, especially in areas peripheral to the 455

monzodiorite and granite porphyry, in the form of exoskarn (Figs. 3-4). Skarn alteration is also 456

observed in the monzodiorite as endoskarn (Fig. 7a), but is less common. The exoskarn hosts the 457

bulk of the Xiaojiayingzi orebodies, but the ratios of garnet and pyroxene, and of economic 458

minerals (e.g., molybdenite and magnetite) in the exoskarn assemblages are varied with the 459

protoliths of the Wumishan Formation. Two exoskarn assemblages are recognized, including Mg 460

and Ca exoskarns.461

The Mg exoskarns are characterized by prograde pyroxene and minor garnet, and retrograde 462

phlogopite, magnetite, actinolite, and calcite, with minor amount of molybdenite, chalcopyrite, 463

and pyrite (Fig. 9). The Mg exoskarns are associated with iron mineralization. In the Xiaojiayingzi 464

ore block, Mg exoskarns tend to be massive and occur proximal to the contact between the steeply465

dipping monzodiorite and the Wumishan Formation (Fig. 3a). In the Kangzhangzi ore block, Mg 466

exoskarns are well developed in areas near the contact between the granite porphyry and the 467

overlying Wumishan Formation as massive and stratiform skarns (Figs. 3b, 4). Pyroxene crystals 468

in the Mg exoskarns are dark green in color with an average composition of 469

Di(diopside)51Hd(hedenbergite)45Jo(johannsenite)5 (Appendix Table S3). Retrograde alteration, 470

consisting dominantly of magnetite, phlogopite, and actinolite, overprinted the Mg exoskarns (Fig. 471

9a-b), and in extreme circumstance, almost completely obliterates the prograde pyroxene (Fig. 472

9c-e). Locally, calcite, chalcopyrite, pyrite, molybdenite, and galena are present as well, but are 473

less common opaque phases, and generally postdating magnetite mineralization (Fig. 9c-f).474

The Ca exoskarns consist of prograde garnet and pyroxene, and retrograde molybdenite, 475

calcite, and actinolite, with minor amount of chalcopyrite (Fig. 10). The Ca exoskarns host the 476

bulk of the Mo orebodies. In the Xiaojiayingzi ore block, the Ca exoskarns are most widely 477

developed proximal to the contact between the monzodiorite and the Wumishan Formation in the 478

form of massive skarns, and extend for variable distances into the Wumishan Formation laterally479

as skarn veins (Fig. 3a). In contrast, the Ca exoskarns in the Kangzhangzi ore block are well 480

developed next to the contact between the granite porphyry and the Wumishan Formation, and 481

extend vertically to distal locations along bedding planes or faults in the Wumishan Formation482

(Figs. 3b-4). The Ca exoskarns also occur inside the monzodiorite as replacement of limestone 483

xenoliths by garnet and pyroxene with grayish halos consisting of epidote and chlorite, but are less 484



common. In the Ca exoskarns, garnet is commonly rimmed by molybdenite and calcite (Fig. 10); 485

pyroxene is altered to dark green actinolite (Fig. 10a, 10c), and then is crosscut by quartz veinlets 486

(Fig. 10e-f).487

As with many skarn systems (Meinert, 1997) the garnet/pyroxene ratios and color of the Ca 488

exoskarns in the Xiaojiayingzi deposit are zoned in space relative to their distance to intrusions of 489

the Xiaojiayingzi intrusive complex. In the Xiaojiayingzi ore block, the Ca exoskarns in zones 490

proximal to the monzodiorite are generally massive, coarse-grained, and garnet-rich (consisting of 491

over 85 vol % garnet). The garnet is commonly coarse-grained (up to 11 cm in size), optically 492

zoned, and has a dark red-brown color, whereas pyroxene in this zone is pale in color (Fig. 10).493

Retrograde alteration (mostly actinolite) and sulfide minerals (mostly molybdenite) are abundant 494

in those proximal Ca exoskarns. From the monzodiorite - Wumishan Formation contact to the east, 495

the garnet content in the Ca exoskarns decreases, whereas pyroxene generally increases (Fig. 3a; 496

Appendix Figure 3). In the Kangzhangzi ore block, the garnet/pyroxene ratios and color of the Ca 497

exoskarns is zoned vertically relative to the granite porphyry - Wumishan Formation contact.498

From the granite porphyry - Wumishan Formation contact upward to the distal zones, there is a 499

trend of increasing pyroxene in the Ca exoskarns (Fig. 4). Accompanying this change, the color of 500

garnet changes from proximal dark red-brown, through brown in intermediate zones, to yellow501

and pale green in distal zones, whereas the color of pyroxene changes from proximal pale green to 502

dark green in distal locations.503

Compositionally, there is little or no correlation between the relative distance to the 504

Xiaojiayingzi intrusive complex and the major element composition of garnets in both of the 505

Xiaojiayingzi and Kangzhangzi ore blocks. As shown in Figure 11a, proximal garnets from both of 506

the Xiaojiayingzi and Kangzhangzi ore blocks exhibit a wide range of composition (ranging from 507

Gro(grossular)77And(andradite)21 to Gro18And75). In individual crystals, the proximal garnet508

displays Fe enrichment from core to rim (Appendix Figure 4). Intermediate and distal garnets 509

show compositions ranging from Gro72And21 to Gro5And89, comparable to those from the 510

proximal zones (Fig. 11a). Unlike garnet, the composition of pyroxene is zoned within the 511

Xiaojiayingzi mineral system. As shown in Figure 4 and Figure 11b, proximal pyroxenes from 512

both of the Xiaojiayingzi and Kangzhangzi ore blocks are Fe-poor, with compositions ranging 513

from pure diopside to Di52Hd47Jo1. Intermediate and distal pyroxenes are Fe-rich, with mole 514



percentage of hedenbergite between 41 to 94% (71 % on average). In addition, proximal 515

pyroxenes are Mn-poor (4 mole percent johannsenite on average), whereas the intermediate and 516

distal pyroxenes are Mn-rich (7 mole percent johannsenite on average), possibly suggesting that 517

the metasomatic fluid was Mn-poor by the time of initial skarn formation and then was 518

progressively enriched in Mn as the skarn evolved.519

The endoskarn in the monzodiorite occurs commonly as veins 1 to 5 cm in width (Fig. 7a). 520

Locally, the veins can be wider (up to 30 cm) where more veins intersect. The endoskarn veins are 521

dominated by red-brown garnet with variable of pyroxene, molybdenite, pyrite, and chalcopyrite. 522

Generally, there is more pyroxene where the veins are wider (Fig. 7a), but even in the most 523

pyroxene-rich veins, pyroxene is less abundant than garnet. The garnet in the endoskarn is 524

uniformly andraditic in composition (Gro8-36And58-85; Fig. 11a). Pyroxene belongs to the 525

diopside-hedenbergite series (Di18-90Hd8-80Jo1-6; Fig. 11b). Moreover, the garnet is relatively more 526

Al-rich in narrow veins without Mo mineralization (Gro20-36And58-76) and more Fe-rich in wide,527

Mo-mineralized veins (Gro8-29And66-85; Appendix Table S3). The endoskarn is intensively 528

mineralized; however, only approximately 5 % of the total Mo resource was deposited during this 529

sub-type of skarn alteration (Guan et al., 2010).530

Mineralization and distribution531

In the Xiaojiayingzi deposit, molybdenite and magnetite are the two minerals present in economic 532

proportions, although minor amounts of chalcopyrite, galena, sphalerite, Ag-bearing minerals, and 533

bismuthinite are also present. In plan view, mineralization in the Xiaojiayingzi deposit occurs as 534

skarns at the southern and eastern margins of the monzodiorite (Fig. 2b). Geological cross-sections535

from the Xiaojiayingzi ore block show that the bulk of mineralization in this ore block developed 536

at the contact between the monzodiorite and the Wumishan Formation, where more than 80 skarn 537

orebodies are located, down to depths of approximately ca. 800 m below the current surface (Fig. 538

4a). In contrast, drill core data from the Kangzhangzi ore block show that economic mineralization539

in this ore block is well developed around the granite porphyry in the form of skarn down to 540

depths of more than 1,200 m below the current surface (Figs. 4b, 5). Beyond the limit of skarn, Pb, 541

Zn, and Ag show enrichment toward the distal locations relative to the monzodiorite and granite 542



porphyry (up to 0.54 % Pb and 1.5 % Zn; Guan et al., 2010). In this study, three main styles of 543

mineralization were observed, including porphyry Mo, skarn Mo and Fe, and 544

carbonate-replacement Pb-Zn-Ag mineralization. The details are described below.545

Porphyry-style Mo mineralization consists of veinlet-hosted, disseminated, and vein-hosted546

mineralization. The former two occur as quartz - molybdenite  pyrite veinlets with sericitic halos 547

(typically less than 2 mm in width; Fig. 8b, 8d-e, 8h), and disseminated molybdenite and548

chalcopyrite along the grain boundaries of the alkaline feldspar phenocrysts (Fig. 8f-g), 549

respectively, in the granite porphyry. In general, the veinlet-hosted mineralization is well 550

developed in the shallow levels of the granite porphyry. At depth, mineralization is dominated by 551

disseminated molybdenite and chalcopyrite. However, the average Mo and Cu grades in the 552

granite porphyry are generally less than 0.04 wt. % and 0.5 wt. %, respectively (Guan et al., 2010). 553

Vein-hosted mineralization is characterized by quartz - molybdenite - pyrite veins 0.5 to 4 cm in 554

width with K-feldspar halos (Fig. 7b) or by quartz - molybdenite - pyrite - chalcopyrite - galena -555

sphalerite veins up to 7cm in width with sericitic envelopes (Fig. 7c-e), which were overprinted by 556

later coarse-grained pyrite and fluorite (Fig. 7f). This type of porphyry-style mineralization is only557

observed in the monzodiorite near the Wumishan Formation and generally has a high Mo grade 558

(locally contains up to 0.2 wt. % Mo). However, only about 5 - 10 % of the total Mo resource in 559

the Xiaojiayingzi deposit was deposited in this type of porphyry-style mineralization (Guan et al., 560

2010).561

Skarn-style Mo and Fe mineralization in the Xiaojiayingzi deposit is dominantly developed562

in the Wumishan Formation in the form of exoskarn (approximately 85 - 90 % of the total Mo 563

resource and 100 % of the total Fe; Guan et al., 2010). Endoskarn veins 0.5 to 5 cm in width 564

hosted in the monzodiorite form a less significant expression of mineralization (Fig. 7a). The 565

exoskarn mineralization can be further subdivided into three sub-types: (1) massive exoskarn 566

mineralization, (2) stratiform exoskarn mineralization, and (3) vein-type exoskarn mineralization. 567

Massive exsoskarn is most commonly present adjacent to the monzodiorite and granite porphyry; 568

minor amounts are hosted in the monzodiorite as pockets of massive endoskarn. Mineralization of 569

these features is characterized by molybdenite mineralization overprinting massive Ca and Mg 570

exoskarns (Mo grade up to 0.30 wt. %), or magnetite overprinting massive Mg exoskarns (Fe571

grade up to 55 wt. %) with low Mo grade (typically 0.04 - 0.07 wt. % Mo). Chalcopyrite occurs in 572



massive Mg and Ca exoskarns with molybdenite, however, nowhere in the Xiaojiayingzi mineral 573

system does chalcopyrite reach economic concentration. Stratiform exoskarn mineralization574

occurs proximal to the granite porphyry, and is characterized by its extensive morphology (up to 575

1400 m in length; Fig. 5), and probably formed as a result of ore-forming fluids that travelled576

along highly permeable beds of the Wumishan Formation (e.g., Meinert et al., 2005). These 577

features have variable magnetite and sulfides contents, with some rich in magnetite, whereas578

others have high molybdenite content. Finally, vein-type exoskarn mineralization commonly 579

occurs in the intermediate and distal Ca exoskarns, where only part of the limestone is replaced by 580

skarn minerals (Appendix Figure 3c-d). The vein-type exoskarn mineralization consists of garnet, 581

pyroxene, and molybdenite with traces of chalcopyrite and pyrite, and is commonly narrow and 582

elongated. Comparatively, this sub-type of exoskarn mineralization is of less economic importance 583

than the massive and stratiform exoskarn mineralization in the Xiaojiayingzi mineral system.584

Outside of the skarns, there is also minor carbonate-replacement Pb-Zn-Ag mineralization, 585

which occurs as quartz - fluorite - galena - sphalerite - pyrite - bismuthinite chalcopyrite or586

quartz - fluorite galena sphalerite veins, developed in the Wumishan Formation. This type of 587

mineralization does not contain any molybdenite, and is not described here in detail.588

Zircon U-Pb geochronology589

The U-Pb dating results are shown in Figure 12. U590

uncertainty/+tracer calibration/+decay constant uncertainty). The complete data sets are provided 591

in Appendix Table S4. -corrected 592

206Pb/238U ages for all of our interpretations of the zircon geochronology because this chronometer 593

provides the most precise and accurate estimate for rocks of this age range.594

Nine zircon grains from the gabbroic diorite (CXJYZ) show a large spread of ages, ranging 595

from 166.816 0.064 to 164.701 0.070 Ma. There are two grains which are distinctively older 596

(166.816 0.064, 166.230 0.093 Ma), as well as one which is distinctly younger (164.701597

0.070 Ma). The remaining grains all overlap within uncertainty. This overlapping cluster of five 598

zircons yielded a weighted mean age of 165.359 0.028/0.052/0.18 Ma (MSWD=1.0). Nine 599

zircons from the monzodiorite (QXJYZ) yielded ages spanning from 165.612 0.273 to 165.306600



0.119 Ma, with two outliers with ages of 166.739 0.208 and 162.854 0.162 Ma, respectively. 601

The seven overlapping analyses from QXJYZ yielded a weighted mean 206Pb/238U age of 165.361602

0.040/0.059/0.19 Ma (MSWD=1.7). Ten zircons of the granite porphyry (ZK31-5) yielded a603

large spread in ages, from 166.293 0.065 to 164.560 0.065 Ma, with outliers at both older 604

( Ma) and younger ( Ma) ages. The five overlapping analyses605

yielded a weighted mean 206Pb/238U age of 165.099 0.026/0.051/0.180 Ma (MSWD=1.8).606

Molybdenite Re-Os geochronology607

The Re-Os dating results are shown in Figure 13. U608

uncertainty/+tracer calibration/+decay constant uncertainty). The complete data sets are provided 609

in Table 2.610

Molybdenite from the quartz-molybdenite-pyrite chalcopyrite vein sample (X-8), which611

cuts the monzodiorite, yielded a Re-Os model age of 165.48 0.09/0.69/0.85 Ma. Molybdenite in 612

two exoskarn samples (X-1, XJYZ-3) and one iron ore sample (X-3) yielded overlapping Re-Os 613

model ages of 165.43 0.11/0.67/0.85, 165.41 0.09/0.73/0.89, and 165.39 0.29/0.95/1.08 Ma, 614

respectively, which overlaps within uncertainty with the age obtained for the molybdenite from the 615

vein sample (X-8). Molybdenite from the endoskarn vein sample (X-4) yielded a Re-Os model age616

of 165.19 0.10/0.67/0.84. Molybdenite in one exoskarn sample (XJYZ-1) returned a Re-Os 617

model age of 165.03 0.13/0.67/0.85, which is younger than the exoskarn samples of X-1 and 618

XKYZ-3. The Re-Os model age of molybdenite from a quartz-molybdenite-pyrite veinlet hosted 619

in the granite porphyry with sericite selvage (X-6-2) is 163.73 0.09/0.70/0.86 Ma. Similarly, a 620

quartz-molybdenite-pyrite vein from the monzodiorite with sericite-chlorite selvage (X-9) yielded621

a molybdenite Re-Os model age of 163.11 0.11/0.70/0.86 Ma.622

Discussion623

Age of intrusions spatially associated with the Xiaojiayingzi deposit624

High-precision geochronology of intrusions associated with ore deposits increasingly yield 625

protracted, complex age spectra, complicated by the variable presence of Pb-loss, antecrysts and 626



xenocrysts (e.g., Tapster et al., 2016; Buret et al., 2017; Li et al., 2017; Gaynor et al., 2019a; Large 627

et al., 2020, 2021; Rosera et al., 2021). Zircon data from intrusions spatially associated with the 628

Xiaojiayingzi Mo deposit are another example of this phenomenon. All samples present a range in 629

ages beyond the uncertainty of individual analyses (Fig. 12), and therefore the full age spectra do 630

not necessarily relate to a single geological event such as the emplacement and solidification of 631

intrusions at Xiaojiayingzi. Therefore, determining emplacement ages for these intrusions requires632

further interpretation.633

Antecrysts and xenocrysts are commonly observed in high-precision data sets of intermediate 634

to felsic magmatic rocks, and this has led some studies to interpret the youngest zircon in a 635

complicated, high precision age spectra as reflecting crystallization of a magma or the age of a 636

volcanic eruption (e.g., Schaltegger et al., 2009). However, in many highly altered or mineralizing 637

systems, anomalously young ages are increasingly common in higher precision data sets, in many 638

cases contradicting relative age relationships, and have been interpreted to be the result of 639

incomplete mitigation of Pb-loss during chemical abrasion due to high temperature hydrothermal 640

alteration (e.g., Ovtcharova et al., 2015; Gaynor et al., 2019a; Rosera et al., 2021). In this 641

interpretation, the youngest plateau of ages is considered to reflect the final crystallization of a 642

magma, whereas older ages reflect inheritance of xenocrystic or antecrystic material, and younger 643

ages reflect Pb-loss. Due to the high temperature alteration observed throughout the Xiaojiayingzi 644

Mo deposit and the presence of anomalously young zircon in the three age spectra, we interpret 645

the youngest grains in each sample of the age spectra to reflect unmitigated Pb-loss. Therefore, we 646

interpret a crystallization age of 165.3 9/0.19 Ma for sample QCJYZ (n = 7, 647

MSWD = 1.648

051/0.18 Ma for sample ZK31-5 (n = 5, MSWD = 1.8). Based upon this649

interpretation, it is not possible to temporally distinguish between the gabbroic diorite from the 650

monzodiorite, although the monzodiorite is younger than gabbroic diorite based on field 651

observations. The granite porphyry was emplaced approximately 250 kyr after the two more mafic 652

intrusive units. Relative to existing whole-rock K-Ar and zircon U-Pb geochronology (Fig. 14;653

Gao et al., 1979; Dai et al., 2009), these new ages provide much more precise and accurate timing654

of intrusive magmatism at Xiaojiayingzi. Due to the relatively limited nature of exploration and 655

geochronology for the ore deposit, it is unlikely that these ages completely encapsulate the 656



temporal history of magmatism within the Xiaojiayingzi system.657

Superimposed, episodic hydrothermal pulses658

Molybdenite mineralization in the Xiaojiayingzi deposit mainly occurs as exoskarn in the659

carbonate rocks of the Wumishan Formation, endoskarn in the monzodiorite, and 660

molybdenite-bearing veins/veinlets in the monzodiorite and granite porphyry. The new661

molybdenite Re-Os geochronology suggests that there were episodic periods of mineralization 662

over a period of approximately 2.4 Myrs, characterized by at least three pulses of Mo 663

mineralization, one between 166-165 Ma, and then the two between 164-163 Ma (Fig. 13). 664

Exoskarn molybdenite mineralization occurred over a period of 400 20 ka (165.43 0.11 -665

165.03 0.13 Ma). Endoskarn molybdenite mineralization occurred during at least one pulse of 666

mineralization at 165.19 0.10 Ma. Finally, vein molybdenite mineralization occurred in at least 667

three discrete, non-overlapping pulses (165.48 0.09 Ma; 163.73 0.09 Ma; 163.11 0.11 Ma). 668

Combining these new detailed observations with high-precision molybdenite geochronology data 669

indicates that the process of molybdenite mineralization at Xiaojiayingzi was more complicated 670

than previously thought (e.g., Dai et al. 2009), and therefore requires evaluation and interpretation. 671

These protracted dates could be the result of either preferential loss of radiogenic Os or 672

overgrowth of younger molybdenite crystallization events during subsequent fluid alteration and 673

mineralization events. However, the molybdenite Re-Os geochronology is robust to alteration (e.g., 674

Stein et al., 2002), and none of the samples show evidence of secondary mineralization events in 675

the form of temperature reversals in their alteration assemblage (Appendix Table S2), indicative of 676

later high temperature events (e.g., Seedorff and Einaudi, 2004). Therefore, it is likely that 677

mineralization of the Xiaojiayingzi system was the result of significantly protracted, superimposed, 678

and episodic processes, and that these dates reflect unique periods of molybdenite mineralization. 679

Although this Re-Os data set represents one of the most detailed high-precision geochronology680

studies of molybdenite skarn mineralization, it is likely that additional pulses of mineralization 681

have not been recognized due to the lack of additional data or the resolution of the existing data, as 682

the lifespans of individual hydrothermal systems are likely far lower than the duration of exoskarn 683

formation (e.g., Cathles et al., 1997) and under-sampling may not reveal all mineralization.684



Integrating magmatic and hydrothermal geochronology685

Prior to the discovery of the Kangzhangzi ore block, exploration data from the Xiaojiayingzi ore 686

block indicated that molybdenite mineralization mainly occurs as exoskarn in areas proximal to 687

the monzodiorite, with relatively less molybdenite found in endoskarn and molybdenite-bearing 688

quartz veins in the monzodiorite (Gao et al., 1979). For this reason, several researchers proposed a 689

new class of Mo skarn deposit, the diorite-related Mo skarn deposit (e.g., Gao et al., 1979; Dai 690

et al., 2009; Chen et al., 2017). This model significantly diverges from the generally accepted 691

formational paradigm for other major Mo skarn deposits in the world, which are typically 692

associated with fluids derived from felsic magmas (Meinert et al., 2005 and reference therein). 693

Detailed field studies and high-precision geochronology of the Xiaojiayingzi deposit offers an 694

excellent opportunity to test this model, by examining the potential genetic relationship between 695

mafic intrusions and molybdenite mineralization. 696

Integrating field relationships with high-precision U-Pb zircon geochronology indicates that 697

the Xiaojiayingzi intrusive complex was assembled through the progressive emplacement of the 698

gabbroic diorite, monzodiorite, and granite porphyry intrusions over a period of approximately 699

250 kyr (Fig. 12). Furthermore, high-precision Re-Os molybdenite geochronology indicates that 700

molybdenite mineralization was also episodic, with at least three different periods of 701

mineralization based on the internal uncertainties of these data (Fig. 13). However, to directly 702

compare the timing of intrusive crystallization to molybdenite mineralization, uncertainties in the 703

decay constants, tracer calibrations, and analytical uncertainty for the two different isotopic 704

systems must be taken into account. With these uncertainties, six of the eight molybdenite samples 705

overlap within uncertainty with the U-Pb ages, whereas the remaining two samples are younger 706

than any sampled intrusions (Fig. 14a). These new geochronology data indicate that molybdenite 707

mineralization may have been coeval with monzodiorite magma emplacement, but that this period 708

of mineralization was also coeval with granite porphyry emplacement, and there were two709

additional pulses of mineralization significantly afterward the solidification of the monzodiorite710

and granite porphyry intrusions (i.e., related to unexposed, deeper intrusions). These observations711

provide a direct challenge to models suggesting that Mo mineralization was only driven by mafic 712

magmatism at the Xiaojiayingzi deposit. This conclusion is also consistent with field observations 713



that both the monzodiorite and granite porphyry intrusions are spatially associated with skarns and 714

associated Mo and Fe orebodies, and these skarns also have decreasing garnet/pyroxene 715

abundances with increasing distance from these two intrusions (Figs. 3-4). This suggests that both 716

monzodiorite and granite porphyry may have been the causative intrusions for the Mo skarn 717

mineralization in the Xiaojiayingzi system. Additionally, molybdenite mineralization also occurred 718

after the intrusion of the monzodiorite (e.g., sample X-9) and the granite porphyry (e.g., sample 719

X-6-2), which suggests that there are other mineralizing intrusions associated with the 720

Xiaojiayingzi deposit which are not exposed and have not been intercepted by exploratory drilling.721

The detailed high-precision zircon U-Pb and molybdenite Re-Os geochronology presented in 722

this study thus allows us to propose a new model for the formation of the Xiaojiayingzi Mo skarn 723

deposit (Fig. 15). At ca. 165.36 Ma, mafic magmatism intruded and caused initial skarn formation, 724

generating significant localized anisotropies and depositing Fe ore and potentially also Mo ore.725

Then at ca. 165.10 Ma, the intrusion of the granite porphyry is associated with another pulse of726

Mo and/or Fe mineralizing fluids based on field relationships (Figs. 4, 8c; Appendix Figure 2b), 727

which subsequently mineralizes the surrounding wall rock, particularly exploiting the skarn 728

anisotropies generated from the earlier emplacement. While it is possible that earlier, mafic 729

magmatism did contribute Mo mineralization to the deposit, based on the above discussion we 730

interpret that the granite porphyry is more likely to be responsible for economic mineralization. 731

After approximately a million years, at ca. 164-163 Ma, the Xiaojiayingzi system received further 732

metal enrichment from later mineralization events (i.e., unexposed mineralizing intrusions), which733

continued to overprint and enrich the ore grade at previously mineralized locations, and enhanced734

the vertical extent of mineralization.735

Finally, by combining the mineralization and magmatic ages, it is possible to interpret a 736

reason for anomalously young U-Pb zircon ages of the Xiaojiayingzi intrusive complex as shown 737

in Figure 12. Molybdenite mineralization and associated fluid alteration episodically affected the 738

three intrusive units between approximately 165-163 Ma. We interpret that these periods of fluid 739

alteration may have affected some of the U-Pb systematics in the zircon from the Xiaojiayingzi 740

deposit, and chemical abrasion was not able to completely mitigate the Pb-loss associated with 741

these fluid alteration events. The degree to which Pb-loss will affect individual crystals likely 742

varies between crystals as well. Therefore, we suggest that the interpreted weighted mean ages 743



reflect an accurate crystallization age of the three intrusive units, because it is unlikely that 744

multiple grains would experience identical Pb-loss necessary to give consistent, overlapping dates. 745

Similar conclusions have been reached for zircon age spectra from other mineralizing or heavily 746

altered rocks (e.g., Ovtcharova et al., 2015; Gaynor et al., 2019a; Rosera et al., 2020). Given that 747

recent research has commonly interpreted the full range of high-precision zircon ages to reflect 748

significant magmatic processes (e.g., Curry et al., 2021; Large et al., 2021; Schaen et al., 2021), 749

we suggest caution when studying mineralized or highly altered rocks because it is possible to 750

have unmitigated Pb-loss and therefore artificially protracted age spectra. Although the 751

anomalously young grain from the monzodiorite aligns temporally with younger periods of 752

molybdenite mineralization, it is not reasonable to take these younger ages as timing for younger 753

periods of fluid alteration and mineralization because zircon alteration is not necessarily a 754

complete resetting of its U-Pb systematics.755

Implications for skarn deposit genesis and exploration756

Skarn ore deposits are commonly characterized by two consecutive stages: an early prograde stage757

which forms anhydrous minerals (e.g., garnet, pyroxene) from relatively high-temperature, 758

hypersaline fluid, and a later retrograde stage which precipitates hydrous minerals (e.g., epidote, 759

amphibole, chlorite, sulfide ore minerals) from lower temperature, lower salinity fluids (Meinert et 760

al., 2005). The difference between the two stages is commonly thought to reflect cooling of the 761

magmatic-hydrothermal system after solidification of the associated magma (Meinert et al., 2003; 762

Baker et al., 2004). However, few measurements exist on the timescale and duration of skarn 763

mineralization, and therefore there is significant room for advancing our understanding of these 764

systems. For example, where prograde alteration almost invariably predates retrograde alteration, 765

it is unclear whether it is commonly a cyclical process, with episodic injections of new fluids. 766

The multi-pulsed mineralization process indicated by our Re-Os dates at Xiaojiayingzi 767

suggests that the periodic mineralization process, as it has been observed in some porphyry 768

systems (e.g., Chelle-Michou et al., 2015; Li et al., 2017; Gaynor et al., 2019a, b; Zhao et al., 769

2021), also operates for skarn deposits. Given the skarns at Xiaojiayingzi are fairly classical 770

relative to other skarn deposits worldwide, the hypothesis proposed in this study could describe a 771



fundamental process during the magmatic-hydrothermal evolution in skarn mineral systems. By 772

inference, we suggest that the periodic magmatic-hydrothermal processes during skarn ore 773

formation proposed here are common in skarn deposits and are linked with the episodic magmatic 774

process occurring at depth within the source pluton. The significance of multi-pulsed775

magmatic-hydrothermal process is that each pulse can induce a similar metasomatism alteration 776

pattern and enhance the economic resource in a geologically focused area. As such, this777

multi-pulsed alteration and mineralization of skarns at the Xiaojiayingzi deposit may be a 778

necessary factor in forming large skarn deposits.779

A cross-section across the Xiaojiayingzi and Kangzhangzi ore blocks shows molybdenite 780

mineralization in the Xiaojiayingzi deposit changes from the steeply dipping monozodiorite 781

related skarn- and porphyry-type mineralization at shallow levels (< 800 below the current ground782

surface) into the granite porphyry related skarn- and porphyry-types mineralization at depth (> 800 783

below the current ground surface; Fig. 4). Similar spatial relationships between the causative784

intrusions and skarn- and porphyry-types mineralization have also been observed in the Yerington 785

batholith (a composite intrusive complex), Nevada, which hosts one Cu skarn deposit (i.e., 786

Ludwig) at shallow levels and two coeval Cu porphyry (i.e., Ann-Mason and MacArthur) deposits 787

at deeper levels (Harris and Einaudi, 1982; Dilles et al., 2000; Seedorff et al., 2008). As a result, 788

identifying skarn deposits associated with multiphase intrusive systems may be a target for future 789

exploration as it may point to previously undiscovered mineral resources.790

Moreover, skarn formation ages are commonly interpreted from crystallization ages of 791

assumed causative intrusive igneous bodies (e.g., Li et al., 2019) or crystallization ages of skarn 792

garnet (e.g., Gevedon et al., 2018). These approaches are problematic, as causative intrusions may 793

be either spatially removed or obfuscated by multiphase intrusive histories, and as metasomatism794

process (i.e., prograde and retrograde alterations) in large skarn deposits is cyclical, making links 795

between igneous ages and skarn mineralization ambiguous. The two pulses of mineralization 796

postdating intrusive assembly proximal to the skarns at Xiaojiayingzi indicate that the timing of 797

mineralization cannot be simply inferred from dating local igneous rocks. Instead, where initial 798

skarn formation may have been a rapid process directly associated with monzodiorite intrusion, 799

skarn mineralization occurred over at least several million years. Directly dating mineralization is 800

thus critical to yield a comprehensive understanding of the timescale of skarn ore formation, and it 801



is crucial to use accurate, high-precision techniques in order to reveal the potential complex 802

histories of these deposits.803

Conclusions804

Detailed evaluation of the Xiaojiayingzi Mo skarn mineral system through field relationships805

between intrusion phases, mineralization, and hydrothermal alteration, integrating these 806

observations into a broader exploration data set, and new high-precision geochronology revealed a 807

more complicated deposit assembly than previously recognized. Mineralization in the two ore 808

blocks of the Xiaojiayingzi Mo skarn mineral system is spatially related to an intrusive complex, 809

which is composed of gabbroic diorite, monzodiorite, and granite porphyry intrusions. In the 810

Kangzhangzi ore block, skarn mineralization is zoned around the granite porphyry, whereas in the 811

Xiaojiayingzi ore block, skarn mineralization is mostly developed in areas close to the contact812

between the monzodiorite and the Wumishan Formation. In both ore blocks, skarn mineralization 813

converges downward into mineralized granite porphyry. In the Kangzhangzi ore block, skarns 814

proximal to the granite porphyry have abundant garnets with compositions ranging from 815

Gro77And21 to Gro18And75 and upwards to the Wumishan Formation are gradually dominated by816

pyroxene with compositions ranging from Di22Hd74Jo5 to Di4Hd94Jo3. In the Xiaojiayingzi ore 817

block, garnets are abundant proximal to the monzodiorite and pyroxene increases away from the 818

monzodiorite - Wumishan Formation contact. In agreement with the general skarn mineral 819

zonation pattern, pyroxene becomes more Fe- and Mn-rich towards to the distal part of the skarn 820

system, suggesting that skarn alteration and mineralization in the Xiaojiayingizi mineral system 821

were associated with both of the monzodiorite and granite porphyry intrusions.822

High-precision CA-ID-TIMS U-Pb zircon geochronology, coupled with cross-cutting 823

relationships, indicates the gabbroic diorite crystallized at Ma, with 824

subsequent crystallization of the monzodiorite and granite porphyry at 825

Ma and  Ma, respectively. High-precision Re-Os ages for molybdenite 826

from the Xiaojiayingzi deposit distinguish at least three episodes of molybdenum mineralization827

(165.48 0.09 - 165.03 0.13, 163.73 0.09, and 163.11 0.11 Ma). Some of Re-Os ages for the 828

mineralizing events overlap within uncertainty with high-precision U-Pb zircon ages of the 829



monzodiorite and granite porphyry intrusions, confirming a genetic link between molybdenum 830

mineralization and the two intrusions. However, several molybdenite Re-Os ages are significantly 831

younger than any of the sampled intrusions, indicating that later fluid events mineralized and 832

enriched the deposit. This indicates that there might be a deeper mineralizing system associated 833

with the deposit, which has significant implications for future exploration work. Altogether, these 834

results indicate that the Xiaojiayingzi skarn system was formed by the temporal and spatial835

superimposition of multi-pulsed magmatic-hydrothermal events. 836
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Figure captions 

 

Fig. 1. (a) Simplified geological map of eastern China showing major tectonic units (modified 

from Yang et al., 2007). (b) Geological map showing the distribution of Mesozoic magmatism and 

mineral deposits in western Liaoning and location of the Xiaojiayingzi Mo deposit (modified from 

Wu et al., 2006). 

 

Fig. 2. (a) Regional geological map of the Xiaojiayingzi district in western Liaoning (Yu et al., 

2014). (d) Geological map of the Xiaojiayingzi Mo deposit (Yu et al., 2009). Cross-section 

locations of A-B, C-D, and E-F are also shown. 

 

Fig. 3. Geological cross-section of the Xiaojiayingzi deposit, showing the spatial distribution of 

alteration and mineralization in the Xiaojiayingzi (a; modified from Gao et al., 1979) and 

Kangzhangzi (b; modified from Guan et al., 2010) ore blocks.  

 

Fig. 4. Geological cross-section of the Xiaojiayingzi deposit, showing the spatial distribution of 

alteration and mineralization across the Xiaojiayingzi and Kangzhangzi ore blocks (modified from 

Guan et al., 2010). 

 

Fig. 5. Photographs and photomicrographs of the three intrusions (i.e., gabbroic diorite, 

monzodiorite, and granite porphyry) of the Xiaojiayingzi intrusive complex. (a-b) Crosscutting 

relationships of the gabbroic diorite, monzodiorite, and granite porphyry. (c-d) Photograph and 

photomicrograph of the gabbroic diorite. (e-f) Photograph and photomicrograph of the 

monzodiorite. (g-h) Photograph and photomicrograph of the granite porphyry. Photomicrographs 

all under plane-polarized transmitted light. Afs = K-feldspar, Bt = biotite, Aug = augite, Hbl = 

hornblende, Pl = plagioclase, Qtz = quartz.  

 

Fig. 6. Representative photographs and photomicrographs of mineralization and alteration in the 

gabbroic diorite. (a) Gabbroic diorite cut by quartz veinlets with K-feldspar envelopes and by 

quartz - pyrite veinlets with sericite - chlorite envelopes. (b) Plagioclase in gabbroic diorite partly 

Figure captions



replaced by sericite (under plane-polarized transmitted light). (c-d) Molybdenite and chalcopyrite 

in altered gabbroic diorite (back-scattered electron images). Act = actinolite, Afs = K-feldspar, 

Aug = augite, Bn = bornite, Bt = biotite, Cal = calcite, Fl = fluorite, Hbl = hornblende, Phl = 

phlogopite, Pl = plagioclase, Px = pyroxene, Qtz = quartz, Ser = sericite, Mo = molybdenite, Mt = 

magnetite, Apt = apatite, Py = pyrite, Ccp = chalcopyrite, Gn = galena, Grt = garnet, Ilm = 

ilmenite, and Sp = sphalerite.  

 

Fig. 7. Representative photographs and photomicrographs of mineralization and alteration in the 

monzodiorite. (a) Monzodiorite overprinted by sodic alteration, in turn was crosscut by endoskarn 

vein/veinlet with molybdenite mineralization. (b) Monzodiorite cut by quartz - molybdenite - 

pyrite vein with K-feldspar alteration envelopes. (c) Monzodiorite cut by quartz - molybdenite - 

pyrite - chalcopyrite - galena - sphalerite vein. (d) Enlarged region of Figure 7c, showing 

plagioclase in monzodiorite partly replaced by sericite with disseminated pyrite (under 

plane-polarized transmitted light). (e) Photomicrograph of the quartz - molybdenite - pyrite - 

chalcopyrite - galena- sphalerite vein in monzodiorite (under reflected light). (f) Breccias of 

silicified monzodiorite cemented by medium- to fine-grained molybdenite and pyrite, in turn 

overprinted by coarse-grained pyrite, fluorite, and quartz. Abbreviations as in Fig. 6. 

 

Fig. 8. Representative photographs and photomicrographs of mineralization and alteration in the 

granite porphyry. (a) Granite porphyry cut by quartz veinlets. (b) Granite porphyry cut by 

quartz-biotite veinlets, in turn truncated by quartz-molybdenite veinlts with K-feldspar alteration 

halos. (c) Photomicrographs of (b) showing the quartz-biotite veinlets (under plane-polarized 

transmitted light). (d) Granite porphyry cut by quartz - molybdenite - pyrite and quartz - pyrite 

veins and veinlets with sericitic alteration halos. (e) Granite porphyry cut by quartz - molybdenite 

veinlets, in turn truncated by quartz veinlet. (f-g) Molybdenite, chalcopyrite, and bornite replace 

the groundmass of the granite porphyry along the grain boundary of the alkaline feldspar 

phenocrystal. They are of the same field of view with 8f under plane-polarized transmitted light 

and 8g under reflected light. (h) Granite porphyry with pervasive K-feldspar alteration cut by 

quartz - molybdenite - pyrite veinlets, in turn truncated by quartz - pyrite veins. Abbreviations as 

in Fig. 6.  



Fig. 9. (a-b) Photograph and photomicrograph of the massive magnetite ore from the proximal 

skarn zone of the Xiaojiayingzi system, showing it consists of magnetite, phlogopite, pyroxene, 

and actinolite (b under plane-polarized transmitted light). (c) Massive magnetite ore overprinted 

by chalcopyrite and calcite. (d) Photomicrograph of (c), showing magnetite is earlier than 

molybdenite, chalcopyrite, galena, and calcite (under reflect light). (e) Massive magnetite ore 

overprinted by molybdenite, chalcopyrite, and calcite. (f) Garnet-bearing massive magnetite ore 

overprinted by chalcopyrite, molybdenite, and calcite. Abbreviations as in Fig. 6. 

 

Fig. 10 (a) Massive Ca exoskarn from the proximal skarn zone of the Xiaojiayingzi system, 

showing garnet overprinted by retrograde mineral of actinolite and molybdenite. (b) 

Photomicrographs of (a) showing molybdenite occur along the grain boundaries of garnet (under 

reflected light). (c-d) Massive Ca exoskarn pervasively overprinted by retrograde minerals of 

actinolite, molybdenite, and chalcopyrite (d under reflected light). (e-f) Massive Ca exoskarn 

overprinted by molybdenite and calcite, in turn truncated by quartz veinlet (f under reflected light). 

Abbreviations as in Fig. 6. 

 

Fig. 11. Ternary plots of the Xiaojiayingzi skarn garnet (a) and pyroxene (b) compositions. End 

members: And = andradite, Alm = almandine, Di = diopside, Hd = hedenbergite, Gro = 

grossularite, Jo = johannsenite, Spe = spessartine 

 

Fig. 12. 206Pb/238U ages for individual zircon analyses from the Xiaojiayingzi Mo skarn deposit. 

Vertical bar height is the 2σ uncertainty of individual analyses. Data are plotted with internal 

uncertainties only; decay constant uncertainties are only needed with comparing to other 

geochronometers (e.g., Re-Os). Weighted mean 2σ uncertainties are reported as: internal 

only/internal with tracer calibration/internal, tracer calibration and with 238U decay constant. 

Grains not included in weighted mean calculations are grayed out. See text for discussion. 

 

Fig. 13. Molybdenite Re-Os geochronology from various ore samples from the Xiaojiayingzi Mo 

skarn deposit. Vertical bar height is the 2σ uncertainty of individual analyses. Data are plotted with 

internal uncertainties only; decay constant uncertainties are only needed with comparing to other 



geochronometers (e.g., U-Pb). Vein molybdenite mineralization occurred in three 

geochronologically distinct periods, with Mo skarn mineralization occurring over a period of 

400 ± 20 ka. See text for further discussion. 

 

Fig. 14. Compilation of high-precision U-Pb and Re-Os data for the Xiaojiayingzi Mo skarn 

deposit. Vertical bar height is the 2σ uncertainty of individual analyses. Data are plotted with 

uncertainties in the decay constants, tracer calibrations, and analytical uncertainties. See text for 

further discussion. Previous SHRIMP zircon U-Pb and ID-ICP-MS molybdenite Re-Os data of 

Dai et al. (2009) are also shown for comparison. 

 

Fig. 15. Cartoon shows the genetic model of the Xiaojiayingzi skarn Mo deposit. (a) At ca. 165.36 

Ma, intrusion of monzodiorite into marble forms early skarn Fe and potentially also Mo 

mineralization. (b) At ca. 165.10 Ma, newly formed skarn and Mo and/or Fe mineralization 

associated with granite porphyry coalesce with earlier formed skarn and mineralization. 

Porphyry-style Mo mineralization associated with granite porphyry cut across monzodiorite; (c) 

At ca. 164-163 Ma, porphyry-style Mo mineralization associated with unexposed intrusions cut 

across monzodiorite and granite porphyry. In b and c, later skarn- and/or porphyry-style 

mineralization added to earlier skarns and intrusions, thereby enhanced the vertical extent of 

mineralization and possibly the ore grade as well. 
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Table 1 Distinctive features of intrusions at Xiaojiayingzi 

Intrusion Texture 

Rock-forming mineral 

(vol. %)* 
Accessory 

minerals 

Crosscutting 

relationships 

Veining 

(vol. %) 
Observed vein/veinlets Alteration Mineralization 

Phenocryst Groundmass 

Gabbroic 

diorite  

Coarse - 

grained 

Pl:55-65% (0.5-3 mm); 

Bt:10-15% (0.5-1 mm); 

Hbl:5-10% (0.5-0.8 mm); 

Aug:5-10% (0.5-1 mm) 

nil 

Apatite, 

ilmenite, 

magnetite, 

titanite, and 

zircon 

 < 2 % 

Quartz - K-feldspar, 

quartz - pyrite ± ganela 

± sphalerite ± 

chalcopyrite, and 

molybdenite 

Weak to 

moderate 

K-feldspar and 

sericitic 

Weak 

Monzodiorite 

Medium - 

grained to 

porphyritic 

Pl:50-60% (0.2-10 mm); 

Afs:10-15% (0.1-0.5 mm); 

Bt:10-15% (0.1-0.4 mm); 

Hbl:5-10% (0.1-0.3 mm); 

Qtz:<5% (0.1-0.3 mm); 

Aug:<1% (0.3-0.5 mm) 

nil 

Apatite, 

ilmenite, 

magnetite, 

titanite, and 

zircon 

Intrude 

gabbroic 

monzodiorite 

5 - 10 % 

Endoskarn, quartz - 

molybdenite-pyrite, and 

quartz – molybdenite - 

pyrite - chalcopyrite – 

galena - sphalerite 

Weak to intense 

sodic, 

K-feldspar, 

sericitic and 

skarnization 

Intense 

Granite 

porphyry  
Porphyritic 

Afs:30-40% (5-30 mm); 

Qtz:10-15% (1-10 mm); 

Pl:<5% (1-3 mm); 

Bt:<1% (0.5-0.6 mm) 

Qtz:30-35% (0.01-0.2 mm); 

Afs:~5% (0.01-0.05 mm) ; 

Pl:<2% (0.1-0.2 mm); 

Bt:<2% (0.02-0.05 mm) 

Zircon, 

apatite, and 

magnetite 

Intrude 

gabbroic 

diorite and 

monzodiorite 

2 - 5 % 

Quartz, quartz – biotite, 

quartz - molybdenite - 

pyrite, and quartz - 

pyrite 

Weak to intense 

K-silicate and 

sericitic 

Weak to 

moderate 

* Mineral abundance is estimated from least-altered samples of each intrusion 

Abbreviations: Bt = biotite, Aug = augite, Hbl = hornblende, Afs = alkaline feldspar, Ilm = ilmenite, Mag = magnetite, Pl = plagioclase, Qtz = quartz 
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Table 2 Molybdenite Re-Os data of the samples from the Xiaojiayingzi deposit 

 

Sample Sample description wt (g) 
Re  

(ppm) 
±2σ 

187Re 

(ppm) 
±2σ 

187Os 

(ppb) 
±2σ 

Age 

(Ma) 
±^ ±* ±# 

X-8 
Quartz - molybdenite - pyrite - chalcopyrite - galena - sphalerite vein in silicified 

monzodiorite 
0.0105 72.0 0.4 45.2 0.2 124.9 0.6 165.48  0.09  0.68  0.85  

X-1 
Massive exoskarn consists mainly of garnet with less amount of pyroxene overprinted 

by molybdenite, calcite, actinolite, pyrite, and chalcopyrite 
0.0104 101.2 0.5 63.6 0.3 175.5 0.8 165.43  0.11  0.67  0.85  

XJYZ-3 
Massive exoskarn consists mainly of garnet with less amount of pyroxene overprinted 

by molybdenite, calcite, actinolite, pyrite, and chalcopyrite 
0.0204 13.5 0.1 8.5 0.0 23.5 0.1 165.41  0.09  0.73  0.89  

X-3 
Massive iron ore consists mainly of garnet and magnetite, which was in turn 

overprinted by molybdentie, calcite, pyrite, and chalcopyrite 
0.1017 0.3 0.0 0.2 0.0 0.5 0.0 165.39  0.29  0.95  1.08  

X-4 
Molybdenite-bearing endoskarn. The monzodiorite was metasomatized into endoskarn 

partially and was in turn overprinted by molybdenite and pyrite 
0.0103 114.0 0.6 71.6 0.4 197.4 0.9 165.19  0.10  0.67  0.84  

XJYZ-1 
Massive exoskarn consists mainly of garnet with less amount of pyroxene overprinted 

by molybdenite, calcite, actinolite, pyrite, and chalcopyrite 
0.0108 79.6 0.4 50.0 0.2 137.7 0.6 165.03  0.13  0.67  0.85  

X-6-2 Quartz-molybdenite-pyrite veinlets in granite porphyry 0.0140 26.1 0.1 16.4 0.1 44.8 0.2 163.73  0.09  0.70  0.86  

X-9 Quartz-molybdenite- pyrite vein in monzodiorite with K-feldspar haloes 0.0065 47.7 0.3 30.0 0.2 81.5 0.5 163.11  0.11  0.70  0.86  

^uncertainty including only mass spectrometry uncertainty 

*uncertainty including all sources of analytical uncertainty 

#uncertainty including all sources of analytical uncertainty plus decay constant 
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