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ESM 8 : Methodology
1. Visible near-infrared and short-wave infrared analysis by TerraSpec Halo
A total of 316 surface samples were collected from altered rocks along road cuts and traverses, while an additional 230 samples were obtained from drillholes during core logging (samples from drillholes: ASY1, ASY2, ASY4, ASY5, ASY6, ASY7, ASY14, ASY15, and ASY16). The purpose of this extensive sampling was to identify the relative abundance of minerals and determine the dominant mineral(s) present in each sample.
To achieve this, we utilized the TerraSpec Halo mineral identifier at the University of Geneva, a VNIR-SWIR spectrometer covering the visible near-infrared and short-wave infrared regions (350-2500 nm). This instrument offers rapid on-instrument results through non-destructive contact measurements, allowing for the classification of various minerals based on their spectral responses in the visible-near infrared (VNIR) and shortwave infrared (SWIR) spectra (ASD Inc 2021).
Spectral features in the visible-near infrared (VNIR) range primarily characterize iron-bearing minerals like hematite and goethite. In the short-wave infrared (SWIR) range (1300–2500 nm), spectral responses are attributed to vibrational processes of specific molecular bonds, including OH, H2O, AlOH, FeOH, and MgOH (e.g., Clark et al. 1990; Thompson et al. 1999; Savitri et al. 2021). Conversely, minerals lacking hydroxyl groups, such as silica and feldspar, do not exhibit spectral responses in the SWIR range and are commonly referred to as 'aspectral' minerals (e.g., Savitri et al. 2021). Further technical specifications of the instrument can be found in the TerraSpec Halo field guidebook (ASD Inc 2021).
2. Automated mineralogy (QEMSCAN)
Automated mineral analysis and textural imaging of the studied samples were performed using a FEI QEMSCAN® Quanta 650F facility at the Department of Earth Sciences, University of Geneva, Switzerland. The system is equipped with two Bruker QUANTAX light-element energy dispersive X-ray spectrometer (EDS) detectors. Analyses were conducted at high vacuum, accelerating voltage of 25 kV, and a beam current of 10 nA on carbon-coated polished thin sections. FieldImage operating mode (Pirrie et al. 2004) was used for analyses. In total between 121 individual fields were measured per sample, with 1500 µm per field, and point spacing of 5 µm. The standard 1000 counts per point were acquired, yielding a limit of detection of approximately 2 wt. % per element for mineral classifications. Measurements were performed using iMeasure v5.3.2 software and data processing using iDiscover® v5.3.2 software package. Final results consist of: i) high-quality spatially resolved and fully quantified mineralogical maps; ii) BSE images with identical resolution as the mineralogical maps; iii) X-ray element distribution maps.
3. Electron probe micro-analyzer (EPMA)
Petrographic examination and initial mineral identification were done on polished thin sections. Selected sphalerite grains underwent backscattered electron (BSE) imaging and precise chemical composition analysis using a JEOL 8200 electron probe micro-analyser (EMPA) at the University of Geneva. A total of 8 elements (Au, Fe, S, Zn, Mn, Cu, Ag, Cd) were measured under analytical conditions set at a 20 kV accelerating voltage and 40 nA probe current, employing a 5μm diameter probe spot.
4. Fluid inclusion microthermometry
Fluid inclusion studies comprised the examination of quartz and sphalerite minerals, involving a total of five doubly polished sections obtained from drillholes. These thick sections were doubly polished to achieve a thickness of approximately 150 μm. Subsequently, the polished sections were examined using a Linkam THMSG 600 stage, coupled with a Leica DMLB microscope at the University of Geneva. The heating-freezing stages were calibrated using synthetic fluid inclusions (Sterner and Bodnar 1984) at -56.6°C, 0.0°C and 374.1°C. The stage uncertainty is ± 0.1°C for temperatures below 0°C, and ± 1°C for homogenization temperatures. Salinities were calculated using the equation of Bodnar (1993).
5. Oxygen and hydrogen isotopes
Sample preparation:
A total of 45 samples from drillholes and 24 samples from the surface have been selected for the oxygen and hydrogen isotope analyses. The presence of white mica (K-illite) in the samples was pre-confirmed by the TerraSpec Halo mineral identifier (refer to the TerraSpec section for the method). The separation process involved a combination of procedures by Thorez (1976), Jackson (1979), Brindley and Brown (1980), Tucker (1988) and Moore and Reynolds (1997). Approximately 300-500g of rock material from each sample were crushed using a hydraulic press and sieved down to 63μm. The sieved fractions were powdered using an agate mortar. About 100g of powdered sample was placed into a 1000ml beaker with distilled water. Approximately 10mg of sodium polymetaphosphate (NaPO3)6 was added to the beaker and stirred with a glass probe for about 5 minutes. After stirring, the sample was left for 12 hours for gravitational settling. The residual floating materials were siphoned from the beaker into centrifuge tubes. The tubes were then spun at a speed of at 4500 revolutions per minute (RPM) for a spin time of around 25 minutes using the Therma Scientific Sorvall LYNX 4000 centrifuge device. Separation by the clay fraction method through gravitational settling was applied at the sedimentology laboratory at the University of Geneva.
To separate quartz grains, the samples were initially cut using a Dremel 4000 micro-saw, and the resulting cut samples were subsequently crushed and sieved to achieve a size fraction of approximately 300 µm. Then the samples underwent washing with distilled water and ethanol to eliminate fine powder. Quartz from dried samples was then hand-picked to obtain fractions as pure as possible. 
Quartz-separated samples were also utilized for chlorite separation. The presence of chlorite was pre-confirmed using the TerraSpec Halo mineral identifier (refer to the TerraSpec section for the method) and QEMSCAN analysis (refer to the QEMSCAN section for the method). Sections defined as chlorite were carefully extracted using a Dremel 4000 micro-drilling tool with a drill rod size of 0.8mm, and the separated fractions were subsequently powdered using an agate mortar. The resulting powder was then placed into small tubes with distilled water. The precipitated materials were frozen, and floated grains were carefully separated onto different glass plates. The separated chlorite materials were further confirmed using a LabRam microspectrometer equipped with a 532-nm green laser, coupled with Labspec software. All mineral separation processes were conducted at the University of Geneva.
Analytical procedure:
The oxygen isotopic compositions (δ18O) of white mica and quartz samples were obtained at the stable isotope laboratory of the University of Lausanne. This analysis employed a CO2-laser fluorination line coupled to a Finnigan MAT 253 mass spectrometer, following a methodology akin to that outlined by Sharp (1990) and Rumble and Hoering (1994). Approximately 1.5 mg of white mica and 2 mg of quartz samples were loaded onto a Pt sample holder. Subsequently, these samples underwent a drying process in an oven for 24–48 hours at 180 °C to eliminate potentially adsorbed water, followed by evacuation under vacuum for at least 10 hours. After two to three cycles of pre-fluorination, the samples were exposed to a CO2-laser in 50 mbar of pure F2. Excess F2 was separated from the O2 by conversion to Cl2 using KCl maintained at 150 °C. The extracted O2 was collected on a molecular sieve and then introduced into the inlet of the gas source mass spectrometer. For details on the procedure at the University of Lausanne (see Lacroix and Vennemann 2015). The data was corrected to the daily session value of the in-house quartz standard (LS-1) and reported relative to VSMOW. Replicate analyses of the LS-1 quartz yield an average precision (1 SD) better than ±0.2 ‰. The accuracy relative to the accepted value (18.1 ‰) is routinely better than 0.25‰. Duplicates  (or replicate ) of white mica and quartz samples are routinely better than 0.3 ‰. 
The hydrogen isotopic compositions (δD) of white mica were determined using a zero blank auto-sampler and a High-Temperature Conversion Elemental Analyzer (TC-EA), the method outlined by Bauer and Vennemann (2014). Approximately 1500-2000mg of white mica powder material were placed into silver capsules and reacted with graphite and glassy carbon at 1450 °C in a helium carrier stream in the TC/EA. The reduction of the solid hydrous samples produced H2 gas which is separated by a gas chromatograph and then analyzed ona Thermo Finnigan MAT 253 mass-spectrometer at the stable isotope laboratory of University of Lausanne (IDYST-FGSE). The obtained 2H/1H ratios are expressed as delta values relative to SMOW (Vienna Standard Mean Ocean Water) and denoted as δD (or δ2H).  The raw isotope data were normalized to Kaolinite 17 (δD: -118‰), USGS57 biotite (δD: - −91.5) and USGS58 muscovite (δD: −28.4) standards (see Qi et al. 2017) applying linear regression. The reproducibility of these standards were ±1.0 ‰ (n = 8), ±1.6 ‰ (n = 8) and ±1.6 ‰ (n = 6), respectively (1 SD ).
6. Whole-rock major and trace element analyses  
Whole-rock geochemistry was carried out on a total of forty-five samples from Yanıklı, eight samples from Hod Maden, eleven samples from regional within the Eastern Pontides (Fig. 2 and ESM 13). Weathered surfaces and altered parts were removed before crushing by the hydraulic press, including some of the felsic samples that have been affected by an intense hydrothermal alteration. Crushed materials were powdered using a mortar agate mill at the University of Geneva, Switzerland. Loss on ignition (LOI) was determined based on the mass difference of 2–3 g of powdered rock before and after heating to 1050 °C and 950 °C for mafic and felsic rocks, respectively. Glass beads were produced with sample powders mixed (5:1) with lithium tetraborate (Li2B4O7), and analyzed by X-ray fluorescence (XRF) for major oxide analyses at the University of Lausanne, Switzerland. Trace element concentrations were determined by LA- ICP-MS at the University of Lausanne on the same glass beads as the ones used for major element analysis. The operating conditions of the laser included a spot diameter of 100 μm, the on-sample laser beam fluence was set 10 J/cm2 over the different sessions at a laser pulse repetition rate of 10 Hz. Helium was used as an ablation cell gas. Background and signal were measured during 90 and 50 s, respectively. The NIST 612 glass standard has been used as an external standard to calibrate the instrument mass fractionation and the spectrometer drift. The raw data were reduced using LAMTRACE (Jackson 2008), and calcium concentrations previously obtained by XRF have been used as an internal standard.
7. Uranium-lead zircon dating by LA-ICP-MS
For zircon separation, approximately 1 kg of magmatic rock samples has been crushed using a hydraulic press. The crushed material has been sieved to <500 μm, followed by mineral separation using a Wilfley table and a strong hand-magnet. The picked zircon grains have been mounted on a ~0.5cm thick epoxy resin block for the determination of U-Pb ages. A JEOL JSM7001F scanning electron microscope with a cathodoluminescence (CL) detector at the University of Geneva was used for zircon imaging, and laser spot selection. 
LA-ICP-MS U-Pb zircon crystallization ages were acquired using an Element XR (Thermo Fisher Scientific) sector-field ICP-MS interfaced to an ASI (Australian Scientific Instruments) RESOlution 193 nm ArF excimer laser system with an S155 two-volume ablation cell at the University of Lausanne. Ablation settings included a 20 μm laser spot diameter, 5 Hz repetition rate and 2.3 J/cm2 on-sample energy density. Helium was used as a carrier gas (500 ml min-1), mixed with N2 (1 ml min-1) to improve sensitivity. Selection of isotopes to analyze and the relevant settings were similar to those described by Ulianov et al. (2012). The reference zircons for the calibration of instrument mass fractionation and the accuracy control were GJ-1 (Jackson et al. 2004; Boekhout et al. 2012) and Plešovice (Sláma et al. 2008), respectively. The raw data have been reduced using LAMTRACE (Jackson 2008). Analytical results are presented in ESM 5, and the ages are reported in Figure 11 and 4.
8. 40Ar/39Ar dating
Sample preparation:
Adularia grains were identified by thin section and Qemscan examinations, and selected samples underwent crushing and sieving to attain a size fraction of approximately 500–300 μm. The subsieved materials were subsequently cleaned using a Wilfley table to eliminate clay minerals. Non-magnetic fractions were obtained using a Frantz magnetic separator at low voltages with a current exceeding 1.5 A. The collected materials underwent further purification than quartz and calcite via a methylene iodide (CH2I2) solution prepared with a density of around 2.60 g/cm³, followed by centrifugation for gravity separation. The floated grains were separated onto different glass plates, and adularia grains were meticulously collected through hand-picking using a binocular microscope. To validate the purity of the samples, identification was conducted using a LabRam microspectrometer equipped with a 532-nm green laser, coupled with Labspec software. All mineral separation processes were carried out at the University of Geneva.
Analytical procedure:
Separated adularia aliquots were enclosed in Cu foil and arranged within a silica-glass tube, alongside Fish Canyon Tuff sanidine (28.201 ± 0.046 Ma; Kuiper et al. 2008), which was interspersed every third sample. The tube underwent irradiation at the shielded cadmium-lined in-core irradiation tube (CLICIT) position at the Oregon State University TRIGA reactor for a duration of 18 hours. To eliminate extraneous Ar from the grain surfaces, the samples were pre-degassed at a laser power of 0.56 W, utilizing a 55 W, CO2-IR laser (Photon Machines Inc.). 
Following pre-degassing, the samples underwent step-heating with typically 14 individual degassing increments. The released gas underwent purification using a cold finger held at 130 °C, as well as hot GP50 (ST101) and cold NP10 (ST101) getters. Ar isotopes were multi-collected in a single step using a Thermo Fisher multi-collector Argus VI mass spectrometer (40-37Ar collected on Faradays equipped with 1E13 ohm resistors, and 36Ar was collected with the CDD). Data reduction was performed using ArArCalc (Koppers 2002), with continuous monitoring of mass discrimination and Faraday/CDD yields, and corrections made as a function of gas intensity.
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