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ABSTRACT

Tourmaline is common in magmatic-hydrothermal deposits, and its composition
and boron isotope geochemistry have been widely used to fingerprint the source and
evolution of hydrothermal fluids and associated metals. However, whether these
chemical or boron isotopic compositions or their combinations can be used as vectors
for mineral exploration remains to be explored. In this study, we documented the
major and trace element compositions and boron isotopic values of tourmaline along a
vertical extension (i.e., 510, 830, 1230 m above sea level) of the newly discovered
porphyry Au mineralization in the Hewan feldspar quartz porphyry, Yixingzhai
deposit, to shed light on the evolution of the ore-forming fluid, the mechanisms of Au
deposition, and potential indicators for Au exploration. Field observations showed that
tourmaline in the Hewan porphyry occurred mainly as orbicules or veins, and
intergrew with Au-bearing pyrite, hydrothermal quartz, and some clay minerals,
indicating a magmatic-hydrothermal origin. Tourmaline sampled from the 510 m
above sea level showed 8''B values (-11.5 to -9.3%o) consistent with those of the
average continental crust and tourmaline in magmatic systems, which suggests that
the ore-forming fluid was most likely exsolved from the host Hewan porphyry. The
8'"B values became heavier upward, reaching -9.9 to -1.5%o at 830 m and -8.0 to
+6.8%0 at 1230 m above sea level. This boron isotopic variation, integrated with
increasing Fe, Mg, Na, Ca, Li, Co, and Sr but decreasing Al, U, Th, REE, Zn, and Pb
contents of the tourmaline samples from deep to shallow levels, implies that the initial

magmatic fluids were gradually mixed with circulating meteoric water that contained
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materials leached from peripheral Archean metamorphic rocks and Mesoproterozoic
marine sedimentary rocks. Considering the spatial distribution of the Au grade of the
porphyry, we propose that a suitable mixing proportion of magmatic and meteoric
fluids caused Au deposition and accumulation. We note that tourmaline samples
collected from the economic Au zones had much lower and more concentrated 8''B (-
11.5 to -3.0%0), Co/(Pb+Zn) (<0.01), and Sr/(Pb+Zn) (0.27 to 1.07) values than those
in low-grade or barren zones. Coeval plutons and breccia pipes, where tourmaline also
occurs, are well developed inside and outside the Yixingzhai Au mine. We suggest
that the obtained parameters can potentially be used as proxies for further Au
exploration in this region. This study highlights the feasibility of using the chemical

and isotopic compositions of tourmaline for mineral exploration.

Keywords: Tourmaline geochemistry; Fluid evolution; Mineral exploration;

Yixingzhai Au deposit; North China Craton

INTRODUCTION

Tourmaline is a common mineral in various hydrothermal ore deposits,
especially in granitoid-related magmatic-hydrothermal deposits (e.g., Jiang et al.
2008; Dutrow and Henry 2011; Slack and Trumbull 2011; Sciuba et al. 2021). As
tourmaline is stable over a wide range of temperatures and pressures and has

extremely low rates of volume diffusion and high resistance to metasomatic alteration
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(Dutrow and Henry 2011), its microtextures, major-trace elements, and boron isotopes
have been used to trace magmatic and hydrothermal processes in selected ore deposits
(Slack and Trumbull 2011; van Hinsberg et al. 2011). Recent studies have also shown
that its chemical and isotopic characteristics can provide insights into the mechanisms
causing the associated mineral deposition (e.g., Harlaux et al. 2021; Zhao H.D. et al.
2021), suggesting that tourmaline could be used as a guide in ore deposit exploration
(e.g., Arif et al. 2010; Sciuba et al. 2021).

The Yixingzhai Au deposit in the north-central part of the North China Craton
(NCC) has been explored and mined for nearly half a century (28 t Au @ 10-20 g/t;
He 2014; Li et al. 2014). Recent exploration has recognized that Hewan porphyry in
the mining area is wholly mineralized, with a proven reserve of >50 t Au at an
average grade of 2.3 g/t (Zhang 2018). The relevant mineralization features have been
well documented and show many similarities to porphyry Au deposits (e.g., Zhang
2018; Zhang et al. 2020), but the evolution of ore-forming fluids and mechanisms for
Au deposition remain unclear. Whether the numerous coeval plutons and
cryptoexplosive breccia pipes in the mine area host similar gold mineralization
remains unknown. Tourmaline is widespread in the mineralized Hewan porphyry and
other plutons/pipes in the Yixingzhai mine. In the Hewan porphyry, tourmaline is
spatially related to Au-bearing pyrite, hydrothermal quartz, and sericite. These
observations make tourmaline an ideal candidate to fingerprint hydrothermal fluid
evolution, to understand Au deposition, and potentially to assist in regional Au

exploration.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9094. http://www.minsocam.org/

85 In this paper, we presented a detailed textural, chemical, and boron isotope study
86  of tourmaline in the Hewan porphyry to provide new insights into Au mineralization.
87  The petrographic and textural features of tourmaline were presented to confirm its
88  hydrothermal origin. The in-situ major-trace element contents and boron isotope
89  values were then used to trace the evolution of ore-forming fluids and investigate
90  various mechanisms of Au deposition. Finally, the feasibility of using the chemical
91  and boron isotopic compositions of tourmaline as guides for further Au exploration

92  was discussed.

93
94 GEOLOGICAL BACKGROUND
95 The Yixingzhai Au deposit is located in the north-central domain of the Trans-

96  North China Orogen (TNCO) of the NCC, which was formed by the collision and
97  amalgamation of the Eastern and Western Blocks in the late Paleoproterozoic (Fig.
98 1A; Zhao et al. 2005; Zhai 2011). This region is dominated by Archean metamorphic
99  rocks, mainly tonalite-trondhjemite-granodiorite gneiss, with minor amounts of
100  amphibolite and granulite. The protoliths of these rocks are mafic to felsic volcanic
101 rocks interlayered with clastic rocks, all of which were metamorphosed to greenschist
102 or amphibolite facies rocks during the formation of the TNCO (Wei 2018). These
103  metamorphic rocks are locally overlain by Mesoproterozoic dolomites and marbles
104  (Fig. 1B) and locally preset marine evaporites. The Precambrian rocks are intruded,

105  from southeast to northwest, by the Sunzhuang diorite (zircon U-Pb ages of 139 £ 1 to
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106 134+ 1 Ma; Li et al. 2014; Zhang et al. 2015), the Nanmenshan quartz porphyry (141
107 £+ 1 Ma; Zhang et al. 2020), and the Hewan feldspar quartz porphyry (141 = 1 Ma;
108  Zhang 2018). It is noted that the Mesoproterozoic carbonate rocks are locally enclosed
109  in the Early Cretaceous intrusions and have experienced skarn alteration (Fig. 1B).
110  Numerous dikes, including diabase, felsite, and lamprophyre, have intruded into the
111  mining area (Fig. 1B). They are thought to have formed at two discrete ages: the
112 Paleoproterozoic and Early Cretaceous (Zhang 2018). The structures in the Yixingzhai
113 mine are predominantly NW- and minor NS-trending faults, along with four
114  cryptoexplosive breccia pipes, Tietangdong, Jinjiling, Nanmenshan, and Hewan, in
115  the mining area (Fig. 1B). Garnet and zircon U-Pb dating have constrained the timing
116  of these four breccia pipes to approximately 140 Ma (Zhang et al. 2020).

117 Gold mineralization in the Hewan porphyry is characterized by interspersed
118  pyrite disseminations and quartz-pyrite veinlets or stockworks that transect the
119  porphyry. Relatively high-grade Au ores (>1.0 g/t) are mainly present between 500
120 and 1100 m above sea level (a.s.l.; Fig. 2). The ore minerals are mostly pyrite with
121 minor amounts of chalcopyrite, sphalerite, galena, molybdenite, tetrahedrite, covellite,
122 magnetite, and hematite. Gold occurs mainly as native Au or as electrum enclosed in
123 pyrite (Zhang 2018). Gold mineralization is widely accompanied by potassium silicate
124  and intermediate argillic alteration. Potassium silicate alteration is best developed
125 below ~ 400 m a.s.l. and consists mainly of K-feldspar. This mineral assemblage is
126  present in the form of dissemination, veinlets, and matrix flooding. Quartz, magnetite,

127  and molybdenite veinlets are common in the K-silicate alteration zone. Intermediate
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128  argillic alteration is a term used by Vila and Sillitoe (1991) to describe the mineral
129  assemblage of quartz-sericite-chlorite-smectite, which is accompanied by quartz
130  veinlets, pyrite, and magnetite/hematite in the Hewan porphyry. However, the
131  development of intermediate argillic alterations does not always indicate a high Au
132 grade. Potassium silicate assemblages are locally observed in and are commonly
133 overprinted by intermediate argillic alteration. Both the K silicate and intermediate
134 argillic alteration zones are transitional outward and upward to the propylitic and
135  advanced argillic alteration zones, characterized mainly by chlorite-calcite-epidote
136 and kaolinite-alunite assemblages, respectively. These two alteration zones are
137  characterized by low-grade Au mineralization. Molybdenite Re-Os dating, coupled
138 with garnet and zircon U-Pb dating, suggests that Au mineralization in the Hewan
139  porphyry occurred at ca. 140 Ma (Zhang et al. 2017, 2020), coeval with the

140  emplacement of the host porphyry and formation of breccia pipes.

141
142 TOURMALINE OCCURRENCES
143 Field observations and drill-core logging showed that tourmaline was present

144  from the surface to a depth of approximately 700 m in the Hewan porphyry (Fig. 2).
145 The occurrences, morphologies, textures, and mineral associations of tourmaline at
146  different levels are summarized in Table 1 and described in detail here. In the deep
147  parts (e.g., 510 m a.s.l.; Fig. 2), tiny tourmaline particles, chiefly along with quartz,

148 formed small orbicular clusters that were disseminated in the mineralized porphyry

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9094. http://www.minsocam.org/

149 (Fig. 3A). The tourmaline grains were mostly scattered in the cores of the orbicules
150  with no observed orientation (Fig. 3B), interspersed with leucocratic minerals in the
151  mantles, or clustered along the rims of the orbicules (Fig. 3C). In the latter case,
152 tourmaline crystals commonly grew unidirectionally from the matrix towards the
153 pyrite in the cores of the orbicules (Fig. 3C). Individual tourmaline crystals occurred
154  as euhedral to anhedral columns, with grain sizes varying from 20 x 50 to 50 x 200
155  um. These grains were easily recognized by their pleochroism from light yellow to
156  dark blue (Fig. 3B, C). Tourmaline in the orbicules coexisted spatially with pyrite,
157  sericite, quartz, chlorite, and smectite (Fig. 3B—E). Some quartz grains contained
158  assemblages consisting of single-phase liquid, two-phase liquid-vapor, and three-
159  phase halite-bearing fluid inclusions (Fig. 3D). In the back-scattered electron (BSE)
160  images, the tourmaline grains showed slightly strip-like textures (Fig. 3E).

161 Two types of tourmalines were identified in the middle parts of the Hewan
162 porphyry (e.g., 830 m a.s.l.; Fig. 2). The first type occurred as orbicules or patches,
163  generally 0.5 to 2 cm across, that were texturally associated with quartz and pyrite
164  (Fig. 4A). The second type formed tourmaline-quartz-pyrite veins that transected the
165  porphyry (Fig. 4B). These veins with variable lengths were mostly 5-10 cm wide and
166  generally tailed out into the host porphyry where they formed structurally isolated
167  entities. Both types typically formed columnar to lenticular tourmaline grains with
168  variable lengths of 100 to 1000 um (Fig. 4A—D). In the thin sections, some tourmaline
169  aggregates were rimmed by leucocratic halos, which were mainly composed of fine-

170  grained quartz and sericite, with or without chlorite, smectite, and feldspar (Fig. 4C).
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171  These tourmaline grains showed a different pleochroism, from yellowish-brown to
172 greenish-brown (Fig. 4C, D). Quartz intergrown with tourmaline contained abundant
173 vapor-liquid and vapor-liquid-halite fluid inclusions (Fig. 4E). In the BSE images,
174  tourmaline generally exhibited patchy zones and was intimately intergrown with
175 pyrite and quartz (Fig. 4F).

176 In the shallow parts of the Hewan porphyry (e.g., 1230 m a.s.l.; Fig. 2),
177  tourmaline mainly occurred as large orbicules with diameters ranging from 0.5 to 4
178  cm (Fig. 5A, B). These orbicules generally consisted of quartz and tourmaline that
179 were surrounded by leucocratic halos with a width of 0.1-0.5 cm (Fig. 5B). The
180  leucocratic halos were mineralogically dominated by kaolinite, alunite, sericite,
181  quartz, and/or feldspar (Fig. 5B). Tourmaline crystals in these orbicules were euhedral
182  to subhedral, 200—1500 pum in size, and exhibited pleochroism from yellowish green
183  to dark greenish brown (Fig. 5C, D). They were typically interstitial with quartz
184  crystals (Fig. 5C, D). In addition, tiny tourmaline and pyrite grains were observed as
185  mineral inclusions encapsulated along the quartz growth zones (Fig. 5D, F). The fluid
186  inclusion assemblages in the quartz were similar to those in the samples from 510 and
187 830 m a.s.l. and mainly included two-phase liquid-vapor fluid inclusions with variable
188  vapor/liquid ratios and halite-bearing three-phase fluid inclusions (Fig. 5E). In the
189  BSE images, the tourmaline grains showed well-developed oscillatory zoning and
190  contained numerous tiny quartz inclusions (e.g., Fig. 5F).

191

192 SAMPLES AND ANALYTICAL METHODS
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193 Samples collected from an outcrop at ~ 1230 m a.s.l., an 830-m adit, and an
194  underground drill core ZK602F at 510 m a.s.l. were investigated for textural studies
195 (Fig. 2). The samples were prepared as standard thin sections and examined
196  successively using an optical microscope under reflected and transmitted light and a
197  scanning electron microscope (SEM) equipped with an energy-dispersive
198  spectrometer (EDS). The operational conditions for SEM-EDS were set at an
199  accelerating voltage of 20 kV and beam size of 5 pum. Subsequently, the areas of
200 interest were selected for major (n = 102), trace (n = 53), and boron isotopic (n = 105)
201  analyses.

202 The major elemental composition of tourmaline was analyzed using a JEOL
203  JXA-8230 Electron Probe Microanalyzer (EPMA) with four wavelength-dispersive
204  spectrometers at the Center for Global Tectonics, School of Earth Sciences, China
205  University of Geosciences (Wuhan). An accelerating voltage of 20 kV, a beam current
206 of 20 nA, and a beam diameter of 1 pum were used for all the analyses. The dwell
207  times were 10 s for the elemental peaks and 5 s for the background locations adjacent
208  to the peaks. The following reference standards were used for calibration: SiO, (Si),
209  TiO; (Ti), NaAlSi;0g (Na and Al), Fe,Os (Fe), MnSiOs (Mn), (Mg, Fe),Si04 (Mg),
210  CaCOs; (Ca), and KAISi30g (K). The data were reduced online using the conventional
211 ZAF routine. The analytical precision was >1% for elements with concentrations
212 higher than 5 wt. %, and better than 5% for elements with contents at 0.01-5 wt. %.
213 The structural formulae of tourmaline were calculated by normalizing to a sum of 15
214  cations in the octahedral and tetrahedral sites (T + Z + Y) following the method of

10
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215  Henry et al. (2011). The proportion of X site vacancies was calculated as [1 - (Na +
216 Ca + K)]. The B,Os and H,O contents were calculated from stoichiometric
217  constraints, assuming B = 3 atoms per formula unit (a.p.f.u.) and OH = 3.5 a.p.f.u.
218 Mineral formulae were calculated assuming 31 total anions (O> and OH’). The
219 Fe’*/(Fe’™+Fe™") values of the tourmaline were estimated using the method described
220 by Jiang et al. (2008). Despite the large uncertainties in the estimates, it has been
221  shown to be useful in recording the relative oxidative-reductive conditions for
222 successive tourmaline formations (Jiang et al. 2008; Zhao H.D. et al. 2021).

223 The trace elemental compositions of the tourmaline were determined by laser
224  ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the State
225  Key Laboratory of Geological Processes and Mineral Resources (GPMR), China
226  University of Geosciences (Wuhan). A GeoLas 2005 laser ablation system coupled
227  with an Agilent 7700 ICP-MS instrument was used. Laser sampling was performed
228  with a spot size of 44 um. A “wire” signal smoothing device was included in this laser
229  ablation system, by which smooth signals were produced even at very low laser
230  repetition rates down to 1 Hz (Hu et al. 2012). Helium (~400 ml/min) was used as the
231  carrier gas and mixed with argon (~800 ml/min) before entering the ICP system. A
232 small amount of nitrogen (4 ml/min) was added to the central gas flow to enhance
233 sensitivity, improve precision, and lower detection limit. Each analysis incorporated a
234 background acquisition of approximately 20-30 s (gas blank), followed by 50 s of
235  data acquisition from the sample. The data were calibrated against multiple reference
236  standards: BIR-1G, BCR-2G, BHVO-2G, and SRM610. Raw data reduction was

11
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237  performed offline using ICPMSDataCal software (Liu et al. 2008), and quantitative
238  calibration was performed using the method described by Chen et al. (2014). The
239  analytical precision for most elements was estimated to be better than 10%.

240 The boron isotopes of tourmaline were analyzed using a RESOlution S-155 laser
241  ablation system coupled to a Nu Plasma II multi-collector ICP-MS (LA-MC-ICP-MS)
242 at the GPMR. The analyses were performed using a 50-um-diameter spot with a laser
243 fluence of 4 J/em” and a repetition frequency of 10 Hz. The isotopic signals of '°B and
244 "B were simultaneously acquired using two Faraday cups. The mass bias of the
245  instrument was calibrated using the standard-sample-standard bracketing method. An
246  international tourmaline standard IAEA B4 (5''B = -8.71%o; Tonarini et al. 2003) was
247 used for external calibration. Two other tourmaline reference materials, schorl
248  (HS#112566) and dravite (HS#108796) from the Harvard Mineralogical Museum
249  (Dyar et al. 2001), were used to assess the analytical quality. The external precision
250  (20) is estimated to be better than 0.5%o0 based on replicate analyses of the reference
251  tourmalines. The internal precision (1SD) in per mil for a single analysis was
252 calculated from approximately 100 cycles of each analysis (Zhao K.D. et al. 2021).

253

254 RESULTS

255  Major elemental compositions

256 The major elemental compositions and structural formulae of the tourmaline

257  samples are listed in Supplementary Table A1 and graphically illustrated in Figure 6.

12
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258  Tourmaline samples from the different levels shared comparable SiO, (33.15-
259  37.04%), B20sca. (9.71-10.54%), and H;Oca. (2.93-3.18%) concentrations (Fig. 6).
260  However, notable variations were observed in the abundances of other oxides from
261  the deep to shallow parts of the Hewan porphyry. For example, the median
262  concentrations of FeO, MgO, Na,0O, and CaO in the tourmaline gradually increased
263  from 510 to 1230 m a.s.l. (Fig. 6; Supplementary Table A1l). In contrast, the Al,O3 and
264  K,O concentrations of the tourmaline samples decreased from 510 to 1230 m a.s.l.
265  (Fig. 6; Supplementary Table Al). The median concentrations of TiO, and MnO in
266  tourmaline showed more varied depth patterns, i.e., both increased from 510 to 830 m
267 a.s.l. and then decreased to 1230 m a.s.l. (Fig. 6; Supplementary Table Al).
268  Tourmaline samples from 510 m a.s.l. yielded Fe’*/(Fe**+Fe®") values of 0-0.16 (with
269  amean of 0.06). These values increased to 0—0.63 (mean = 0.17) and 0.16—0.80 (mean
270 = 0.33) for tourmaline samples from 830 and 1230 m a.s.l.,, respectively
271 (Supplementary Table Al).

272 According to the classification by Henry et al. (2011), the studied tourmaline
273 samples mostly belonged to the alkali group, with minor grains from 510 m a.s.l.
274 plotted in the X-vacancy group (Fig. 7A). In the Al-Fe-Mg ternary diagram (Henry
275  and Guidotti 1985), tourmaline samples from 510 m a.s.l. plotted in the fields of Li-
276  poor granitoids and associated pegmatites and aplites, or metapelites and
277  metapsammites without an Al-saturated phase (Fig. 7B). Similarly, samples from 830
278  m a.s.l. were mainly plotted in these two fields, with a few scattered in the fields of
279  Fe’’rich  quartz-tourmaline rocks, calc-silicate rocks, or metapelites and

13
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280  metapsammites with an Al-saturated phase (Fig. 7B). However, samples from the
281  shallowest 1230 m a.s.l. were mostly plotted in the fields of Fe''-rich quartz-
282  tourmaline rocks, calc-silicate rocks, and metapelites (Fig. 7B). The Mg/(Mg+Fe),
283  Na/(Nat+Ca) values, and X-site vacancies (Xo) for the tourmaline samples showed
284  some scatter with depth but were most clearly plotted in the schorl field (Fig. 8).

285 The tourmaline samples showed varying and poorly defined trends in the binary
286  diagram of Fe vs. Mg (Fig. 9A), suggesting composite substitutions including FeMg_;,
287  [(o0, Al) (Na, Mg).1], and FeAl,; (e.g., Baksheev et al. 2018; Qiao et al. 2019). In the
288  diagram of Al-X vs. R+X (Fig. 9B), all samples were plotted parallel to the FeAl,
289  exchange vector, which implies that Al variations in the tourmaline were dominantly
290  controlled by FeAl., substitution (Medaris et al. 2003; Henry et al. 2008). The
291  negative correlation between Ca and X (Fig. 9C) indicated [(Ca, R, O) (o, Al, (OH)).
292 ] substitution for the investigated tourmaline samples. The correlations decreased for
293 tourmaline from 510 to 1230 m a.s.l., suggesting an increasingly synergistic influence
294 of [(Ca, R) (Na, Al).;] substitution from deep to shallow levels. Besides, the variations
295  of Al (4.73-6.52 a.p.f.u) in these tourmaline samples were larger than that of Ca
296  (0.05-0.48 a.p.f.u), further confirming that other exchange vectors, such as FeAl ; and
297  [(R, OH) (AlO).;] operated to balance the excess Al (Fig. 9D).

298 For the oscillatory-zoned tourmaline grains at 1230 m a.s.l. (Fig. 10A), the Si,
299  Fe, and Ca concentrations increased from the cores to the rims (Fig. 10B-D). In
300  contrast, the Al, ByOsca, and HyO., concentrations were relatively high in the cores
301  and gradually decreased toward the rims (Fig. 10E-G).
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302  Trace elemental compositions

303 The trace elemental compositions of the tourmaline samples are listed in
304  Supplementary Table A2. The ranges and median values of individual elements are
305  graphically shown in Figure 11. Most trace elements had concentrations ranging from
306 0.1 to tens of ppm. The highest median concentrations were those of V, Cr, Zn, Ga,
307 and Sr, which varied from several tens to hundreds of ppm. In contrast, the
308  concentrations of Cu, Ge, As, Rb, Y, Zr, Mo, Ag, Cd, Sb, Ba, Hf, Ta, W, Bi, Th, and U
309  were mostly below 1 ppm or even below the detection limits. Numerous trace
310  elements had concentrations that varied over several orders of magnitude, especially
311V, Cr, Co, Nb, Ta, Pb, Th, and U. Lithium, Co, Sr, Nb, and Sn concentrations in the
312 tourmaline samples gradually increased from 510 to 1230 m a.s.l. In contrast, the Zn,
313  Ta, Pb, Th, and U contents decreased (Figs. 11, 12). Tourmaline samples generally
314 had low REE contents, many of which were below the detection limits (Figs. 11, 121I).
315  The tourmaline samples from 510 m a.s.l. contained higher LREE with negligible
316 HREE. In contrast, tourmaline samples from 830 and 1230 m a.s.l. were enriched in
317  HREE relative to LREE (Supplementary Table A2; Fig. 13). The median REE content

318  of the tourmaline samples decreased from 510 to 1230 m a.s.1. (Figs. 11, 12I).
319  Boron isotopic compositions

320 The boron isotopic compositions of the studied tourmaline samples are provided
321  in Supplementary Table A3 and are graphically illustrated in Figure 14. Tourmaline

322 samples from 510 m a.s.l. had a tight 3''B interval from -11.5 to -9.3%o, with a mean
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323 value of -10.3%o (1 = 16). The 8'"'B values for tourmaline sampled from 830 m a.s.l.
324  were higher than those from 510 m a.s.l., ranging from -9.9 to -1.5%o0 (mean = -5.7%o;
325 n = 64). Tourmaline samples from the shallowest 1230 m a.s.l. were characterized by
326  the most variable boron isotopic compositions, yielding &''B values in a range of -8.0
327 to +6.8%o (-2.8%0; n = 25). Due to the small grain sizes, the internal 8''B variations
328  within individual tourmaline grains in the 510 m a.s.l. could not be obtained by LA-
329 ICP-MS. The &''B values generally decreased from cores to rims for patchy
330  tourmaline grains at 830 m a.s.l. (Fig. 4F) but broadly increased outward for
331  oscillatory-zoned tourmaline grains at 1230 m a.s.l. (Fig. 5F). Collectively, the &''B
332 values for all tourmaline samples ranged from -11.5 to +6.8%o (Fig. 14).

333

334 DISCUSSION

335  Tourmaline origin

336 Tourmaline samples from different levels of the Hewan porphyry coexisted
337  spatially with quartz, pyrite, and other alteration minerals, which predominantly
338  formed orbicules or patches that accounted for approximately 1% of the porphyry
339 (Figs. 3-5). Similar tourmaline occurrences and mineral assemblages have been
340  reported in leucocratic granitic rocks elsewhere, such as the Erongo granite in
341  Namibia (Trumbull et al. 2008), the Heemskirk and Pieman Heads granites in western
342  Tasmania, Australia (Hong et al. 2017), and the Pingying granite in South China
343  (Zhao H.D. et al. 2021). Three explanations have been proposed to understand the
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344  genesis of these tourmaline orbicules or patches: (1) formed through post-magmatic
345  metasomatism by external boron-rich fluids (e.g., Rozendaal and Bruwer 1995); (2)
346  direct crystallization from a B-rich granitic melt (e.g., Perugini and Poli 2007); and
347  (3) precipitation from immiscible, aqueous, and boron-rich fluids during the late
348  stages of granite crystallization (e.g., Trumbull et al. 2008; Balen and Petrinec 2011;
349  Drivenes et al. 2015). The tourmaline orbicules and patches in the Hewan porphyry
350  were physically isolated entities that were unrelated to fractures or veins connected to
351  the enveloping wall rocks (Figs. 3-5). As such, we propose that the tourmaline
352  orbicules and patches were not formed by post-magmatic metasomatism of external
353  fluids. The tourmaline crystals and associated quartz in the orbicules commonly grew
354  perpendicular to the matrix of the Hewan porphyry and replaced feldspar in the matrix
355  (Figs. 3-5), suggesting that tourmaline formation occurred later than porphyry
356  crystallization. Furthermore, the tourmaline grains were intimately intergrown with
357  hydrothermal alteration minerals rather than with rock-forming minerals (Figs. 3-5).
358  In addition, quartz contained abundant boiling fluid inclusion assemblages (Figs. 3D,
359 4D, 5D). These combined lines of evidence indicate that the tourmaline grains in the
360  Hewan porphyry predominantly crystallized from exsolved, immiscible, aqueous, and
361  boron-rich magmatic-hydrothermal fluids. This view was partly supported by the
362  consistent age of Au mineralization and the hosting Hewan porphyry at ca. 140 Ma
363  (Zhanget al. 2017, 2020).

364 Previous experimental and textural studies have suggested that crystallization
365 may have caused the granitic magma to separate into aluminosilicate melts and
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366  hydrosaline fluids (Veksler et al. 2002; Thomas et al. 2003). During the separation
367  process, K, Si, and Al are preferentially partitioned into the aluminosilicate melt,
368  whereas B, Na, and Fe enter the hydrosaline fluid (Veksler and Thomas 2002; Veksler
369 et al. 2002; Thomas et al. 2003). The ubiquitous leucocratic halos surrounding the
370  tourmaline orbicules are generally represented by residual K-, Si-, and Al-rich melts
371  after the separation of the B-, Na-, and Fe-rich fractions. In addition, because of the
372 migration of Al into the aluminosilicate melt, the B-rich hydrosaline fluid is predicted
373  to be Al-deficient (Thomas et al. 2003). The Al required for tourmaline growth
374  generally originates from the metasomatism of adjacent feldspars and accounts for the
375  intimate mineral associations of tourmaline, sericite, chlorite, smectite, and kaolinite,
376  which are the replacement products of feldspar.

377 Although minor tourmaline samples at 830 m a.s.l. occurred as veins, they were
378  isolated in the Hewan porphyry without any connection to the surrounding rocks (Fig.
379  4B). Furthermore, the tourmaline grains in the veins had morphologies, textures,
380  mineral assemblages, and chemical compositions indistinguishable from those in the
381  orbicules (Supplementary Tables A1-A3). These features suggest that the tourmaline
382  crystals in the veins and orbicules shared a similar origin and that they precipitated
383  from an immiscible, hydrosaline, and B-rich fluid during the late evolution of the
384  Hewan porphyry. Similar tourmaline occurrences have been identified in numerous
385  granitoid intrusions in Tasmania, Australia, and South China (Yang et al. 2015; Hong
386 et al. 2020; Zhao K.D. et al. 2021). A likely explanation for the different tourmaline
387  occurrences is that the tourmaline veins formed later than the orbicules/patches, and
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388  the associated fractures provided conduits for migration of the B-rich hydrosaline
389  fluids (e.g., Hong et al. 2020). Collectively, the above textural and petrographic
390  observations suggest that the tourmaline samples from different parts of the Hewan

391  porphyry crystallized predominately from the magmatic-hydrothermal fluids.

392 Records of hydrothermal fluid evolution

393 Previous studies have shown that the composition of hydrothermal tourmaline is
394  controlled not only by crystallography (e.g., Mark et al. 2013), but also by
395  geochemistry of the fluids (e.g., Jiang et al. 2002, 2008; Slack and Trumbull 2011),
396  chemical composition of the host rocks (e.g., Henry and Guidotti 1985; Su et al.
397  2016), and pressure-temperature conditions (e.g., von Goerne et al. 2001, 2011;
398  Berryman et al. 2015). Therefore, elements with few crystal effects can be used to
399  investigate the associated geological processes that control evolution of the
400  tourmaline chemistry. Major and trace element correlations are commonly used to
401  reveal the dominant factors controlling tourmaline composition (e.g., Mark et al.
402  2013; Zhao H.D. et al. 2019, 2021). In this study, almost all the trace elements (e.g.,
403  Li, Co, Zn, Sr, Sn, Pb, Th, U, and REE) showed no statistical correlations with
404  Fe/(Fe+tMg) (Fig. 12), suggesting that they were controlled by external factors such as
405  fluid composition and local fluid-rock interaction as previously proposed (e.g., Yang
406 et al. 2015; Duchoslav et al. 2017; Kallioméki et al. 2017).

407 From the deep to shallow parts of the Hewan porphyry, the Fe content of
408  tourmaline increased, whereas the Al content decreased (Fig. 6). Similar Fe and Al

409  variations were observed from the cores to the rims of the oscillatory-zoned
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410  tourmaline grains in the shallowest part of the porphyry (Fig. 10). The variations in Fe
411 and Al concentrations, combined with the FeAl,; exchange vector (Fig. 9) and
412 increasing tourmaline Fe’*/(Fe’+Fe’™) values from deep to shallow parts
413 (Supplementary Table A1), generally suggest an increasing oxygen fugacity from 510
414 to 1230 m a.s.l. and from cores to rims of the zoned tourmaline grains at 1230 m a.s.l.,
415  which could promote the incorporation of Fe into tourmaline (e.g., Zhao H.D. et al.
416  2021). This gradual increase in oxygen fugacity was presumably induced by the
417  injection of meteoric water, which commonly contains high levels of free oxygen
418  (e.g., Fan et al. 1994; Zhao H.D. et al. 2021). Convective meteoric water could have
419  leached components from the peripheral Archean metamorphosed mafic volcanic
420  rocks and Mesoproterozoic marine sedimentary rocks, resulting in gradually
421  increasing concentrations of MgO, Na,O, CaO, Li, Co, and Sr for tourmaline samples
422 from 510 to 1230 m a.s.l. and from cores to rims of the zoned tourmaline grains at
423 1230 m a.s.l. (Figs. 6, 10—12). The changing redox conditions and fluid mixing could
424 also result in the removal of Sn from the hydrothermal fluid (e.g., Henrich 1990; Zhao
425  H.D. et al. 2021), thus increasing the Sn concentration in the tourmaline samples from
426  deep to shallow levels (Fig. 12E). A gradual change was observed in the composition
427  from schorl to dravite for tourmaline samples from the deep to shallow parts of the
428  Hewan porphyry (Fig. 8). This has been experimentally interpreted in terms of the
429  increasing salinity of the source fluids for tourmaline crystallization (von Goerne et al.
430  2011; Orlando et al. 2017). This salinity increase was likely caused by the
431  contamination of leached materials from Mesoproterozoic marine carbonates and
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432 evaporites through the circulation of meteoric water. Another possibility is that the
433 wall rock contamination added extra Mg, as addressed above, to the hydrothermal
434 system, which could also contribute to the tourmaline compositional shift from schorl
435  to dravite from deep to shallow parts.

436 In contrast, the median U, Th, REE, Zn, and Pb contents of the tourmaline
437  samples gradually decreased from 510 to 1230 m a.s.l. (Figs. 11, 12). Furthermore, the
438  tourmaline grains sampled from 510 m a.s.l. were enriched in LREE relative to
439  HREE, whereas those from 830 and 1230 m a.s.l. contained lower LREE than HREE
440  (Fig. 13). Tourmaline samples of 510 m a.s.l. yielded chondrite-normalized REE
441  patterns consistent with the host Hewan porphyry (Zhang et al. 2017), which reflect
442  the magmatic fractionation of zircon, monazite, and apatite in the peraluminous melt
443  (e.g., Pettke et al. 2005). Similar REE features have been identified for tourmaline in
444  numerous magmatic-hydrothermal systems (e.g., Jiang et al. 2004; Yang et al. 2015;
445  Duchoslav et al. 2017) and are commonly interpreted to reflect preferential
446  partitioning of LREE into the magmatic-hydrothermal fluids exsolved from
447  peraluminous granitic melts (Reed et al. 2000). This feature partly confirms that the
448  tourmaline grains at 510 m a.s.l. precipitated from the hydrothermal fluid that evolved
449  from the Hewan porphyry. Several processes can explain the above vertical variations
450  of REE concentrations and chondrite-normalized REE patterns of the tourmaline
451  samples: (1) the presence of HREE-rich mineral inclusions in the tourmaline; (2) co-
452 crystallization of LREE-incorporating phases (e.g., garnet, monazite, apatite) during
453  fluid evolution and tourmaline precipitation; (3) fluid-rock interactions or fluid
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454  mixing resulting in fractionation of LREE and HREE (e.g., Jiang et al. 2004; Marks et
455 al. 2013; Yang et al. 2015; Harlaux et al. 2020). The first hypothesis is unlikely
456  because significant caution was taken to screen out any contamination from accessory
457  mineral inclusions in the tourmaline during data processing. Furthermore, even if
458  some tiny accessory minerals were hidden below the tourmaline surface, ablating
459  trace amounts of such accessories may significantly increase the HREE content as
460  well as the total REE content (e.g., Jiang et al. 2004; Yang et al. 2015), which is not
461  consistent with the observed decrease in the total REE content from LREE-rich
462  tourmaline to HREE-rich tourmaline (Figs. 121, 13). The second hypothesis is a likely
463  explanation for the variation in the tourmaline REE patterns because previous studies
464  have revealed the presence of LREE-rich hydrothermal garnet (Zhang et al. 2020).
465  These garnet grains may have sequestered more LREE than HREE during fluid
466  evolution, resulting in tourmaline at shallower levels containing lower REE
467  concentrations and showing relative HREE enrichment. The third hypothesis may also
468  be involved in REE fractionation. In hydrothermal systems, REE can be complexed
469  with various ligands such as CI,, COs>, and F~ (e.g., Wood 1990; Bau 1991; Jiang et
470  al. 1997; Migdisov et al. 2016). The LREE complexes are more stable and mobile
471  than HREE complexes, and this difference in stability increases with increasing
472 temperature (Wood 1990; Migdisov et al. 2016). As such, fluid mixing between
473  magmatic-hydrothermal fluid and meteoric water in the shallower parts of the Hewan
474  porphyry, as revealed by the above major-trace elements, would result in the
475  fractionation of HREE compared to the more mobile LREE in the fluid, and
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476  subsequent precipitation of HREE-rich tourmaline.

477 The decreasing Zn and Pb concentrations from the deep to shallow parts were
478  consistent with the distribution of the Au grade (Fig. 2), suggesting that sphalerite and
479  galena co-precipitated with Au-bearing pyrite mainly at deep levels, resulting in the
480  gradual depletion of the residual fluid in these elements. This view is consistent with
481  the mineral assemblages described in Section 2. Therefore, the major and trace
482  elemental compositions of the tourmaline indicated that the exsolved magmatic-
483  hydrothermal fluid played a dominant role in the deeper parts of the Hewan porphyry.
484  The fluid migrated upward and gradually mixed with external meteoric water
485  containing materials leached from Archean metamorphic rocks and Mesoproterozoic
486  marine sedimentary rocks at shallower levels. Gold, Pb, and Zn were predominantly

487  deposited in the deeper parts (e.g., 510 and 830 m a.s.l.).
488  Constraints on the source of ore fluids

489 Tourmaline samples from the deepest 510 m a.s.l. yielded a tight ''B interval
490  from -11.5 to -9.3%o (Fig. 14A), which is consistent with 3''B values of the average
491  continental crust (Fig. 14B) and tourmaline formed in magmatic systems (-15 to -5%e;
492 Marschall and Jiang 2011). This boron isotopic comparability suggests that the boron
493 for the tourmaline samples at 510 m a.s.l. was predominately sourced from the Hewan
494 porphyry, which was mainly derived from the lower crust, as demonstrated by the
495  major and trace element geochemistry and Sr-Nd-Pb isotopes (Zhang et al. 2017).
496  Tourmaline samples from 830 and 1230 m a.s.l. yielded higher 5''B values of -9.9 to -

497 1.5%o and -8.0 to +6.8%o, respectively (Fig. 14A). The increasing tourmaline &''B
23

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9094. http://www.minsocam.org/

498  wvalues from deep to shallow parts were consistent with boron isotopic variations from
499  cores to rims of the oscillatory-zoned tourmaline in the shallowest level (Fig. 5F).
500  These boron isotopic shifts could have been resulted from (1) the fractionation of
501 boron in the ore fluids of a closed system (i.e., phase separation, Rayleigh
502  fractionation) and/or (2) the mixing of boron from multiple reservoirs in an open
503  system (Krienitz et al. 2008; Pal et al. 2010; Trumbull et al. 2013).

504 Quartz grains intergrown with tourmaline at different levels contained similar
505  fluid inclusion assemblages comprising single-phase liquid, two-phase vapor-liquid,
506  and three-phase halite-bearing fluid inclusions (Figs. 3D, 4D, 5D), suggesting that
507 phase separation occurred during the alteration and mineralization of the Hewan
508  porphyry. Previous studies, however, have shown that A“Bvapor_ﬁquid are very small
509  (<3%o) at temperatures higher than 140°C (Spivack et al. 1990; Leeman et al. 2005;
510  Liebscher et al. 2005), which cannot account for the largely variable boron isotopes
511  observed here (Fig. 14). Nevertheless, this process could be locally responsible for the
512 decreasing 8''B values from cores to rims within tourmaline grains (e.g., Fig. 4F).
513  Therefore, in this study, we precluded the possibility of phase separation as the
514  dominant control for boron isotopic variation.

515 Rayleigh fractionation is another significant mechanism that causes boron
516  isotopic shifts in tourmaline. To better evaluate the role of this process in the observed
517  boron isotopic variation, we used model calculations (Fig. 15). The AHthuid_tommahe is
518  3.8%0 (Meyer et al. 2008) at 300°C, the peak homogenization temperature of fluid

519  inclusions in quartz of the main Au mineralization stage (Lu et al. 2012; Peng et al.
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520  2017). The starting 8''B value of ore fluid (-7.7%0) was calculated using the lowest
521 &'"'B value of tourmaline (-11.5%o) in this study. The model shows that the percentage
522 of initial boron in the residual fluid (F value) should be less than 0.07 for the boron
523  isotopic composition of tourmaline samples at 830 m a.s.l. (Fig. 15). Such an extreme
524  fractionation is geologically unlikely because of the high modal proportion of
525  tourmaline in the samples. In addition, Rayleigh fractionation could not account for
526  the most positive boron isotopic values of the tourmaline samples at the shallowest
527  level (Fig. 15). Therefore, Rayleigh fractionation was neither the major nor only
528  process that caused the observed boron isotopic variation.

529 Collectively, boron mixing from two reservoirs, one with an enrichment of 10B,
530  represented by the Hewan porphyry, and the other by an external reservoir typically
531  enriched in "B, is the most likely explanation for the observed boron isotopic
532 variation (e.g., Li et al., 2022). The potential reservoirs rich in ''B are rocks/fluids of
533  marine origin, including marine brine, seawater, marine evaporites, and deep-sea
534  carbonates (Fig. 14B). Marine brine and seawater are unlikely because the adjacent
535  paleo oceans closed at least 100 Ma earlier than Au mineralization (e.g., Zhao et al.
536 2005; Zhang et al. 2020; Wu et al. 2021). Mesoproterozoic dolomites and marbles,
537  containing marine evaporites, were locally present in the Yixingzhai Au mine,
538  particularly in the Hewan porphyry (Fig. 1). As such, we propose that boron in the
539  marine sedimentary rocks, presumably leached and incorporated by convective
540  meteoric water, caused the increasing 8''B values from deep to shallow levels (e.g.,
541  Xavier et al. 2008).
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542 Implications for Au deposition and further exploration

543 As documented in Section 2, gold in the mineralized Hewan porphyry mainly
544  occurs as native Au or electrum inclusions in pyrite, which are closely associated with
545  alteration minerals such as quartz, sericite, chlorite, and tourmaline. However, the
546  presence of these alteration minerals does not always indicate the location of
547  economic Au ores, which are predominantly distributed between 500 and 1100 m a.s.l.
548  in the Hewan porphyry (Fig. 2). Clarifying the mechanisms of Au precipitation and
549  chemical proxies for economic zones is essential for revealing the genesis of the Au
550  mineralization and for further Au exploration. In magmatic-hydrothermal ore systems,
551  metal precipitation is commonly caused by fluid separation, fluid-rock interactions,
552 and/or fluid mixing (e.g., Williams-Jones and Heinrich 2005; Sillitoe 2010; Fan et al.
553 2022). As recorded by the quartz fluid inclusion assemblages (Figs. 3D, 4D, 5D), ore-
554  forming fluid separation occurred during Au mineralization and associated alteration
555  from 510 to 1230 m a.s.l. in the Hewan porphyry. However, only the zones between
556 500 and 1100 m a.s.l. contained large tonnages of high-grade Au ore (Fig. 2), which
557  suggests that fluid separation was not the main mechanism for Au deposition. Nor was
558  fluid-rock interaction the cause of ore deposition because ore-related alteration
559  typically occupies larger spaces than the associated economic Au ores, and not all
560  altered zones are accompanied by economic Au mineralization. The major-trace
561  element and boron isotopic compositions of the tourmaline samples from variable
562  levels of the Hewan porphyry suggest that boron, and other metals and volatiles by

563  inference, were initially sourced from the Hewan porphyry and gradually mixed with
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564  meteoric water at shallower levels. As such, we propose that fluid mixing was likely
565  the main mechanism for Au precipitation, although fluid separation and fluid-rock
566  interactions may also locally contribute to the Au deposition. However, external
567  contributions from the Archean metamorphic rocks and Mesoproterozoic marine
568  sedimentary rocks were dominant at 1230 m a.s.l., which decreased with increasing
569  depth to Au-rich 830 and 510 m a.s.l. This observation indicates that a suitable mixing
570  proportion of metal-bearing magmatic-hydrothermal fluid and meteoric water
571  accounted for the Au deposition. However, an accurate proportion could not be
572 determined here and can be evaluated in further studies.

573 From deep to shallow parts of the Hewan porphyry, positive or negative
574  correlations were observed between the 8''B values and Co, Sr, Pb, and Zn contents
575  of the tourmaline samples (Fig. 16A-D). For example, 8''B values of the tourmaline
576  and its Co, Sr contents systematically increased, whereas Pb, Zn contents decreased
577  from high-grade Au ores upwards to low-grade or barren zones. These systematic
578  variations, combined with the distribution of Au grade, suggest that tourmaline boron
579  isotopes and trace element compositions could potentially act as proxies for Au
580  exploration. Notably, the tourmaline samples from high-grade ore zones showed 5''B
581  (-11.5—3.0%0), Co/(Pb+Zn) (<0.01), and St/(Pb+Zn) (0.27-1.07) values much lower
582  and more concentrated than those from low-grade or barren zone (-8.0—+6.8%o, 0.01—
583  1.10, 0.15-16.4, respectively; Fig. 16E, F). As discussed above, cobalt and Sr in the
584  tourmaline were predominantly derived from Archean to Mesoproterozoic rocks. In
585  contrast, lead and Zn were mainly sourced from the Hewan porphyry and precipitated
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586 with Au. Therefore, the lower and more concentrated 8''B, Co/(Pb+Zn), and
587  Sr/(Pb+Zn) values of tourmaline indicated a dominant magmatic provenance from the
588  Hewan porphyry with minor external contaminations. Such fluids and zones, where
589  tourmaline and pyrite precipitated, were favorable for Au accumulation to form
590  economic ores (e.g., 510 and 830 m a.s.l. in Fig. 2). The increasing and largely
591  scattered values of the three parameters suggested significant contamination from the
592  Archean to Mesoproterozoic rocks by circulating meteoric water, which likely diluted
593  Au and related elements in the ore-forming fluids, resulting in low-grade or even
594  barren zones (e.g., 1230 m a.s.l. in Fig. 2). As such, the tourmaline §''B, Co/(Pb+Zn),
595 and Sr/(Pb+Zn) values could be useful proxies for exploring similar Au
596  mineralization in the Yixingzhai Au mine. In addition to the mineralized Hewan body,
597  other coeval plutons and cryptoexplosive breccia pipes are also present in the mine
598  (Fig. 1B). Field investigations and independent studies have shown that tourmaline is
599  widespread in these plutons and pipes (e.g., Li and Li 1997; Luo 2009; Li et al. 2014).
600  Therefore, the chemical and isotopic proxies of tourmaline obtained in this study can
601  potentially assist in further Au exploration and evaluation within and around these

602  plutons and pipes.

603
604 IMPLICATIONS
605 The chemical and isotopic compositions of tourmaline from the mineralized

606  Hewan porphyry in the Yixingzhai Au deposit can be used to fingerprint ore fluid
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607  evolution, reveal the mechanism of metal precipitation, and assist in mineral
608  exploration. Tourmaline in the Hewan porphyry is widely developed from the surface
609  to the deeper parts. Petrographic investigations have shown that tourmaline grains are
610 closely associated with ore and alteration minerals, suggesting a magmatic-
611  hydrothermal origin. This conclusion is further supported by the major-trace element
612 and boron isotope compositions of the tourmaline samples, which indicate that
613  magmatic-hydrothermal fluid was dominant in the deep parts of the Hewan porphyry
614  but gradually mixed with meteoric water in the shallower parts. Suitable mixing of the
615  two fluids results in the formation of Au ores. Tourmaline 8''B, Co/(Pb+Zn), and
616  Sr/(Pb+Zn) values are much lower and more concentrated in the economic Au zones
617  than the low-grade or barren zones, and hence could be useful proxies for exploring
618  similar Au mineralization in and around the Yixingzhai mine area. This study
619  highlights the feasibility of wusing tourmaline chemical and boron isotopic

620  compositions as vectors for mine-scale mineral exploration.
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FIGURE AND TABLE CAPTIONS

Figure 1. (a) The tectonic division of the NCC relative to the Yixingzhai Au deposit

(modified from Zhao et al. 2005). (b) Geological map of the Yixingzhai Au deposit
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915  (modified from Zhang 2018). Abbreviations: TNCO = Trans-North China Orogen.

916  Figure 2. Geologic cross section transecting the Hewan porphyry showing the
917  distribution of Au grade (modified from Shanxi Zijin Mining Company Limited
918  2020). Samples collected from 1230 m, 830 m, and 510 m a.s.l. are shown as Tur-

919 1230, Tur-830, and Tur-510, respectively.

920  Figure 3. Photographs showing the characteristics of tourmaline present at 510 m
921  a.s.l. of the Hewan porphyry. (a) Tourmaline presents in small orbicules and coexists
922  spatially with quartz and pyrite in the porphyry. (b) The micrograph shows tourmaline
923 as columns disseminated in quartz aggregates and enclosed by quartz, sericite,
924  chlorite, smectite, and/or feldspar. (¢) Minerals in orbicule are composed of pyrite,
925  sericite, quartz, and tourmaline. Tourmaline scatters in the mantle or unidirectionally
926  accumulates along rims of the orbicule. (d) Quartz intergrown with tourmaline
927  contains spatially coexisted single-phase liquid, two-phase liquid-vapor, and three-
928  phase halite-bearing fluid inclusions. (e) The BSE image shows tourmaline exhibiting
929  slightly strip-like texture. Abbreviations: Qz = quartz, Tur = Tourmaline, Py = pyrite,

930  Ser = sericite, Chl = chlorite, Sme = smectite, Fs = feldspar.

931  Figure 4. Photographs showing the characteristics of tourmaline from 830 m a.s.l. of
932  the Hewan porphyry. (a) Tourmaline, occurring as orbicules/patches, coexists spatially
933  with quartz and pyrite in the altered porphyry. (b) Tourmaline-quartz-pyrite vein
934  transecting but tailing out in the altered porphyry. (¢) The tourmaline-quartz orbicule

935 is enclosed by leucocratic halo that mainly comprises quartz, sericite, chlorite, and
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936  smectite. (d) Greenish-brown to yellowish-brown tourmaline intergrows with pyrite
937  and quartz. (e) Quartz contains tourmaline inclusion and two-phase liquid-vapor and
938  three-phase halite-bearing fluid inclusions. (f) Tourmaline is closely associated with
939  pyrite and exhibits patchy zones in the BSE image. The black dots and nearby
940  numbers are locations of boron isotopic analyses and analytical results in per mil.
941  Abbreviations: Qz = quartz, Tur = Tourmaline, Py = pyrite, Ser = sericite, Chl =

942  chlorite, Sme = smectite, Fs = feldspar.

943  Figure 5. Photographs showing the characteristics of tourmaline from 1230 m a.s.l. of
944  the Hewan porphyry. (a) Tourmaline-quartz orbicules dispersing in the altered
945  porphyry. (b) Large tourmaline-quartz orbicule is rimed by leucocratic halo
946  mineralogically dominated by kaolinite, alunite, sericite, quartz, and/or feldspar. (c)
947  Euhedral to subhedral tourmaline grains are interstitial with quartz and show
948  yellowish to dark green colors. (d) Greenish tourmaline intergrows with quartz. Tiny
949  tourmaline and pyrite inclusions are encapsulated in the quartz growth zones. (e)
950  Quartz in the orbicule containing two-phase liquid-vapor fluid inclusions with
951  variable vapor/liquid ratios and halite-bearing three-phase fluid inclusions. (f) The
952  BSE image shows well-developed oscillatory zones of the tourmaline. The black dots
953  and nearby numbers are locations of boron isotopic analyses and analytical results in
954  per mil. Abbreviations: Qz = quartz, Tur = Tourmaline, Kln = kaolinite, Aln = alunite,

955  Ser = sericite, Fs = feldspar, Py = pyrite.

956  Figure 6. Box-whisker plot showing major elemental composition of tourmaline

957  samples from 510 m (Tur-510), 830 m (Tur-830), and 1230 m (Tur-1230) a.s.l. of the
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958  Hewan porphyry.

959  Figure 7. (a) Classification of the principal groups of tourmaline samples from 510 m
960  (Tur-510), 830 m (Tur-830), and 1230 m (Tur-1230) a.s.l. of the Hewan porphyry
961 (after Henry et al. 2011). X5 = X-site vacancy. (b) Al-Fe-Mg ternary diagram
962  showing tourmaline samples from the three different levels of the Hewan porphyry
963  (after Henry and Guidotti 1985). 1 = Li-rich granitoid pegmatites and aplites, 2 = Li-
964  poor granitoids and their associated pegmatites and aplites, 3 = Fe'-rich quartz-
965  tourmaline rocks (hydrothermally altered granites), 4 = metapelites and
966  metapsammites with an Al-saturated phase, 5 = metapelites and metapsammites
967  without an Al-saturated phase, 6 = Fe’'-rich quartz-tourmaline rocks, calc-silicate
968  rocks, and metapelites, 7 = low-Ca metaultramafics and Cr, V-rich sediments, 8 =

969  metacarbonates and metapyroxenites.

970  Figure 8. Plots of Mg/(Mg+Fe) versus Na/(Na+Ca) (a) and Mg/(Mg+Fe) versus X-
971  site vacancy (Xn) (b) of tourmaline samples from 510 m (Tur-510), 830 m (Tur-830),

972 and 1230 m (Tur-1230) a.s.l. of the Hewan porphyry.

973  Figure 9. Plots of Mg versus Fe (a), Al-X versus R+Xg (b), Ca versus Xp (¢), and Al
974  versus Ca (d) of cation occupancies in tourmaline samples from 510 m (Tur-510), 830
975  m (Tur-830), and 1230 m (Tur-1230) a.s.l. of the Hewan porphyry. The common
976  exchange vectors are also shown as references. X = X-site vacancy, R = Fe+tMg+Mn,

977  a.p.f.u. = atoms per formula.

978  Figure 10. (a) The BSE image showing the oscillatory-zoned tourmaline from 1230
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979  m a.s.l. of the Hewan porphyry. Also shown are the locations of EPMA analyses from
980  core to rim. The analytical results of Si, Fe, Ca, and Al contents, and calculated B,O3

981  and H,O contents against the locations are illustrated in (b)-(g), respectively.

982  Figure 11. Box-whisker plot showing trace elemental compositions of tourmaline
983  samples from 510 m (Tur-510), 830 m (Tur-830), and 1230 m (Tur-1230) a.s.l. of the

984  Hewan porphyry.

985  Figure 12. Correlation diagrams of Li (a), Co (b), Zn (¢), Sr (d), Sn (e), Pb (f), Th (g),
986 U (h), and REE (i) contents against Fe/(Mg+Fe) value for tourmaline samples from

987 510 m (Tur-510), 830 m (Tur-830), and 1230 m (Tur-1230) a.s.l. of the Hewan

988  porphyry.

989  Figure 13. Chondrite-normalized REE patterns for tourmaline from 1230 m (Tur-
990  1230), 830 m (Tur-830), and 510 m (Tur-510) a.s.l. of the Hewan porphyry. The C1

991  chondrite data is referred from Sun and McDonough (1989).

992  Figure 14. (a) Histogram of 8''B values of tourmaline samples from 510 m (Tur-
993  510), 830 m (Tur-830), and 1230 m (Tur-1230) a.s.l. of the Hewan porphyry. (b)
994  Distribution of 8''B values of several boron reservoirs (Jiang and Palmer 1998;

995  Marschall and Jiang 2011; Mercadier et al. 2012).

996  Figure 15. Rayleigh fractionation model on the evolution of tourmaline and
997  equilibrated fluid 8''B values in the Hewan porphyry. Tourmaline samples from 510
998  m, 830 m, and 1230 m a.s.l. of the Hewan porphyry are termed as Tur-510, Tur-830,

999  and Tur-1230 respectively. See the text for details.
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1000  Figure 16. Binary plots of Co versus 3''B (a), Sr versus 5''B (b), Pb versus 8''B (c),
1001 Zn versus 8''B (d), Co/(Pb+Zn) versus 3''B (e), and Sr/(Pb+Zn) versus 8''B (f) for
1002  tourmaline samples from 510 m (Tur-510), 830 m (Tur-830), and 1230 m (Tur-1230)

1003 a.s.l. of the Hewan porphyry.

1004  Table 1. Characteristics of tourmaline in the three different levels of the Hewan
1005  porphyry

1006  Supplementary Table Al. EPMA major elemental compositions of tourmaline

1007  samples from three different levels of the Hewan porphyry

1008  Supplementary Table A2. LA-ICP-MS trace elemental compositions of tourmaline

1009  samples from three different levels of the Hewan porphyry

1010  Supplementary Table A3. LA-MC-ICP-MS boron isotopic composition of

1011 tourmaline samples from three different levels of the Hewan porphyry
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Table 1. Characteristics of tourmaline in the three different levels of the Hewan porphyry

Tur-510*

Tur-830°

Tur-1230°¢

Type

Occurrence

Morphology

Texture

Mineral association

Tourmaline orbicules (<0.5 cm in diameter)

The tourmaline orbicules are disseminated in
the porphyry. In the orbicules, tourmaline
grains are scattered in the core and mantle
with no orientation and unidirectionally

accumulated along the rims

Euhedral to anhedral columns, 20-200 pm in
diameters, light yellow to dark blue in color
Slightly strip-like textures in BSE images

Pyrite, sericite, quartz, chlorite, smectite,

+feldspar

Tourmaline orbicules/patches (0.5-2 cm in
diameter), veins (variable in length and 5-10
cm in width)

The tourmaline orbicules/patches are
disseminated in the porphyry, whereas the
tourmaline veins transect but tail out in the
porphyry. Tourmaline aggregates are
occasionally rimmed by leucocratic halos
Column to lenticle in shape, 100—-1000 pm in
diameters, yellowish-brown to

greenish-brown in color
Patchy zones in BSE images

Quartz, sericite, pyrite, chlorite, smectite,

+feldspar

Tourmaline orbicules (0.5—4 c¢m in diameter)

The tourmaline orbicules are disseminated in
the porphyry. Quartz-tourmaline orbicules are

commonly rimed by leucocratic halos

Euhedral to subhedral, 200-1500 pm in
diameters, yellowish green to dark greenish
brown in color

Well-developed oscillatory zones in BSE
images

Quartz, pyrite, sericite, £feldspar, +kaolinite,

+alunite

Notes: “Tur-510 means tourmaline samples collected from 510 m a.s.l.

®Tur-830 means tourmaline samples collected from 830 m a.s.L.

“Tur-1230 means tourmaline samples collected from 1230 m a.s.l.
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