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ESM Fig. 1 Si (wt.%) vs. Al (wt.%) diagram of quartz shows some data were 

contaminated with white mica micrograins.  
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ESM Fig. 2 (a) CL images showed VQC in a quartz-chalcopyrite-pyrite-epidote-

chlorite vein (C vein) crosscut VQB1 grains. Yellow dashed lines show the edge of the 

C vein. (b) CL images of a quartz-chalcopyrite-pyrite vein (B2 vein).  
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ESM Fig. 3 Rutile grains precipitated in (a) a discontinuous quartz vein (A1 vein), (b) K-feldspar altered rocks, and (c) a quartz-chalcopyrite-

pyrite vein with thin K-feldspar halos (B2 vein). Yellow dashed lines show the margin of the vein.  
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ESM Fig. 4 Yellow arrows show the latest quartz with the blackest CL color crosscut VQBC and VQC.  
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ESM Fig. 5 (a) In one vein, the fluid inclusions that were used for analysis were located 

on relatively clean quartz grains, and quartz grains containing a complex genesis of 

fluid inclusions (dirty quartz) were discarded. (b) FIAs in transgranular microfractures 

crosscut quartz grain boundaries. (c-d) CL images showed FIAs in transgranular 

microfractures crosscut VQB1 grains. (e-f) CL images identified the multi-stage FIAs in 

one quartz grain.  
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ESM Fig. 6 (a) (Fe2++Mn)-Mg-(VIAl+Fe3++Ti) (a.p.f.u) diagram of biotite (modified 

from Foster 1960). (b) Mg/(Mg+Fetotal) vs. Fe3+/Fetotal (a.p.f.u) diagram of biotite. (c) 

Fe/(Fe+Mg) vs. AlVI (a.p.f.u) diagram of chlorite (modified from Arbiol et al. 2021). (d) 

R2+ (= Fe2++Mg2+) (a.p.f.u) vs. Si (a.p.f.u) diagram of chlorite. R3+ and □ refer to 

trivalent cations (Al3+ and Fe3+) and vacancies, respectively.  
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ESM Fig. 7 (a-c) Comparison of the formation temperatures obtained by different Ti-

in-quartz thermometers. The formation temperatures of biotite, chlorite, and fluid 

inclusions are also shown. (1), (2), and (3) represent the quartz-K-feldspar-

molybdenite-rutile, quartz-K-feldspar-molybdenite, and quartz-chalcopyrite-K-

feldspar veins, respectively. (d) This plot shows that pressure has little effect on the 

discrepancy between the results of fluid inclusion microthermometry and Ti-in-quartz 

thermometer. This is because (1) the same pressures were used for the different 

estimation methods; (2) the Aktogai deposit formed under low-pressure conditions, and 

the pressure had little effect on the estimation results (generally <30 °C); (3) the two 

methods mentioned above are affected by the pressure to similar extents, and the 

discrepancy is similar under different pressure conditions.  
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ESM Fig. 8 Quartz occurred as mineral inclusions in the zircon. The high-brightness 

BSE image is unpolished gold (plated when performing SIMS experiments).  
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