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Analytical Methods

Mineral elemental compositions

Major element compositions of minerals were measured using a JEOL JXA-8230 electron probe micro-analyzer at
the Wuhan SampleSolution Analytical Technology Co., Ltd., China (WSSA). The operating conditions include 20 nA
beam current, 15 kV accelerating voltage, 10 s counting times for peak, and 5 s counting times for upper and lower
background per element. The spot sizes are 1 pm for most minerals and 3 um for chlorite. The analytical standards used
are natural minerals from international suppliers. Data were corrected online using a ZAF (atomic number, absorption,
fluorescence) correction procedure. The analytical uncertainties are generally better than £2%. Mineral elemental
distribution maps were acquired through surface scanning analysis using the same equipment, with 20 kV accelerating
voltage and 200 nA probe current. The image pixel grid sizes are 1.5-6 * 1.5-6 um, the pixel sizes are 350-600 * 300—
480, and the dwell time is 20-30 ms.
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Trace-element compositions of chromite were determined on thin sections using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) at the WSSA. Detailed operating conditions for the laser ablation system and
the ICP-MS instrument, and data reduction strategy follow those described by Liu ez al. (2008). Laser sampling was
performed using a GeolasPro laser ablation system comprising a COMPexPro 102 ArF excimer laser (with a wavelength
of 193 nm and a maximum energy of 200 mJ) and a MicroLas optical system. An Agilent 7700e ICP-MS instrument
was used to acquire ion-signal intensities. Helium was applied as a carrier gas, and argon was used as the make-up gas
that was mixed with the carrier gas via a T-connector before entering the ICP. The spot size and frequency of the laser
were set to 44 um and 5 Hz, respectively. Each analysis incorporated a background acquisition of ~20 s (gas blank)
followed by 50 s data acquisition from the unknowns. Multiple reference materials (BHVO-2G, BCR-2G, BIR-1G,
GSE-1G and NIST SRM610) were analyzed and the preferred values for the USGS reference glasses are from the

GeoReM database (http://georem.mpch-mainz.gwdg.de/). Off-line selection and integration of background and analyte

signals, and time-drift correction and quantitative calibration were performed by ICPMSDataCal (Liu et a/., 2008). The

analytical accuracies (RD%) for elements in the reference materials discussed here is better than +10%.

Zinc isotopes

Zn isotopic analyses were conducted at Metallogenic Elements and Isotopes Laboratory in the Institute of Geology
and Geophysics, Chinese Academy of Sciences, following the protocol described in Wang et al. (2023). Mineral
separates of chromite and olivine from crushed rock samples were prepared. The chromites were preprocessed using a
M6 Microwave Oven (PreeKem, China) with mixture of concentrated 4.5 mL HCI, 1.5 mL HNO3, 3 mL HF and 1 mL
HCIO4. And then followed the general routine like other minerals.

10-60 mg of mineral powders were dissolved using concentrated HNO; and HF acids in 7 mL PTFE Teflon square
digestion vessels at 160 °C for 2 days. Following the evaporation of HNO3 and HF, the samples were subsequently
treated with HNO3 and HCI (1:3) and refluxed at 80 °C for 1 day. Then the samples were dried down and re-dissolved
in 1 mL concentrated HCl at 130 °C. Finally, the samples were dried down again and brought into solution in 8 M HCl
(+0.001% H»0y) for chemical purification.

Zn was purified using a two-step ion exchange chromatography. The solution was loaded onto pre-conditioned 2
mL Bio-Rad AG-MP-1M resin first. Matrix elements were eluted in the next 37 mL of 8 M HCI, 18 mL of 2 M HCl
and 2 mL of 0.5 M HNOj; sequentially. Zn fraction was collected in 10 mL of 0.5 M HNOjs afterwards, evaporated to
dryness and then redissolved in 1 mL of 8 M HCI (+ 0.001% H»0,) which was loaded onto pre-conditioned 1 mL Bio-
Rad AG-1-X8 resin for second purification. 9 mL of 8 M HCl and 10 mL of 0.4 M HCI were used to elute the matrix
elements, and Zn fraction was collected in 7 mL of 0.5 M HNOs3, which was evaporated to dryness and diluted in 2%
HNO; to 500 ng g! for Zn isotopic measurements. The total procedure blank for Zn isotope analyses is < 5 ng.

Zn isotopic measurements were performed on Nu Sapphire CC-MC-ICP-MS at the conventional pathway in low
resolution mode using the sample-standard bracketing method. Beams of ®Zn, %Zn, 4Zn and %Zn were collected in
Faraday cups in static mode, with ®>Ni monitor to correct for interference *Ni on ®Zn. Each analysis consisted of a

block with 50 cycles of 3 s integration. A 30 s wash was performed in 2% HNO3 between each standard and sample to
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avoid cross contamination. Long-term reproducibility is 0.03%o0 (2SD), evaluated by analyses of NIST SRM 3168a
(Wang et al., 2023). Zn isotope results §°Zn in this study were reported as the per mil deviation relative to standard

IJMC 3-0749L.

Geological Background and Sample Description

Ophiolites in Tibet (China) are mainly distributed along two major suture zones, the Bangong-Nujiang suture
(BNS) in the north and the Yarlung-Zangbo suture (YZS) in the south (Fig. S-1). These ophiolites are widely interpreted
as fragments of oceanic lithosphere generated at forearc settings of the Mesozoic Neo-Tethyan Ocean (e.g., Hebert et
al., 2012; Wang et al., 2016; Qian et al., 2020). Chromite mineralization is commonly observed in mantle sections of
most ophiolites, but economically viable chromite deposits are only found in a few massifs such as Luobusa and
Donggiao.

Eight chromitite samples collected from several massifs, including Yilashan, Qielihu, and Jiangcuo, scattered
across the central segment of the BNS were studied in detail (Fig. S-1). These massifs consist mainly of moderately to
highly serpentinized harzburgites, and in some areas, the harzburgites contain meter-sized dunite lenses or patches, often
associated with chromitites (Girardeau et al., 1984; Wu et al., 2021; Xu et al., 2023). In addition, one very fresh
chromite-rich dunite sample collected from the Xigaze massif in the YZS was studied as a reference. The mantle section
of this massif is dominated by quite fresh harzburgites, with centimetre-scale dunite lenses or patches are occasionally
observed within the harzburgites (Zhang et al., 2017).

The studied chromitites display a variety of textures, including disseminated-veinlet, banded, and massive (Figs.
S-2, S-3). Chromites in samples with disseminated-veinlet textures (20YLS-20, 20QLH11) commonly show sub-
rounded to anhedral shapes, and may contain silicate inclusions in the interior regions (Fig. S-4b, j). These inclusions
in sample 20YLS-20 are composed almost of sub-rounded chlorites (Figs. S-5c, S-6¢), while those in sample 20QLH11
are composed of serpentine, chlorite and amphibolite (Figs. S-5m, S-8a). In contrast, chromites in these samples with
semi-massive to massive textures (20JC08-1, 20JC08-2, 20YLS31, 20YLS34) commonly exhibit subhedral shapes (Fig.
S-4c, d, k, m). Note that chromites in two other samples (20JC11-1, 20JC11-2) are highly fragmented, showing
cataclastic textures (Fig. S-4e, g, 1).

All the chromitite samples have undergone certain degrees of alteration, with primary silicates (mainly olivines)
in the matrix as well as those hosted by chromites are completely replaced by secondary mineral assemblages consisting
of chloritet+serpentine+dolomite+sulfides (Table S-1, Fig. S-4). On the other hand, chromite grains are mildly to heavily

altered in different samples, mainly along grain margins and fractures (Fig. S-4). These altered regions in chromites are

easily identified due to their overall higher reflectivity compared to unaltered cores under reflected light and

backscattered-electron (BSE) imaging (Figs. S-5-S-8). In the chromite-rich dunite sample, both chromite and co-

existing olivines are fresh, with some sub-rounded to anhedral chromites containing fresh olivine inclusions (Fig. S-6a).
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Alteration Reactions of Chromite

The alteration of chromite/Cr-spinels in ultramafic rocks have been widely recognized and studied since 1970s
(e.g., Bliss and MacLean, 1975; Evans and Frost, 1975; Burkhard, 1993; Mellini et al., 2005; Gervilla et al., 2012; Barra
et al., 2014; Colas et al., 2014; Eslami et al., 2021; Roy et al., 2022; Liu et al., 2023). In recent years, detailed
microtextural and mineralogical study of hydrothermally altered chromites as well as thermodynamic modelling
consistently showed that the alteration of chromite involves a general two-stage process with increasing fluid/rock ratios
and decreasing temperatures (e.g., Gervilla e al., 2012; Barra et al., 2014; Colas et al., 2014; Eslami et al., 2021; Roy
etal.,2022; Liu et al., 2023).

Based on textures and chemical evolution of altered chromites in different sample groups, a similar two-stage
alteration process was proposed. The first stage fluid-mediated metamorphic reactions take place under high
temperatures between primary chromite and co-existing silicate minerals (mainly olivine), and the reactions were

described by Eslami et al. (2021) and Liu et al. (2023):

(Mg, Fe)(Cr, Al),04 + (Mg, Fe),Si04 + H,O + O, — (Mg, Fe)(Cr, Al, Fe),04 + (Mg, Al, Cr, Fe)Al:Sis020(OH)16

Magmatic chromite + olivine + water + oxygen — ferrous chromite + chlorite  (S-1)

The second stage reactions take place under lower temperatures corresponding to serpentinization of host

peridotites, and the reactions were described by McCollom and Bach (2009) and Liu ef al. (2023):

(Mg, Fe),Si04 + H,O — MgsSi,0s(OH)4 + Mg(OH), + Fe;O4+ H,

Olivine + water — serpentine + brucite + magnetite + hydrogen  (S-2-1)

(Mg, Fe)(Cr, Al, Fe),04 + Fe;04 — (Mg, Fe)(Cr, Fe),04 + Fe(Cr, Fe)204

Ferrous chromite + magnetite — ferrian chromite + Cr-magnetite  (S-2-2)

Rayleigh Distillation Modelling

The 8%Zn evolution of secondary Zn-, Fe-enriched chromites presumably precipitated from a carbonate-bearing
fluid was modelled using a simple Rayleigh distillation model, according to Debret ez al. (2024) by using the following

equations:

1031n(aﬂuid—mincral) = 1031n(Bﬂuid) = 1031n(ﬁmincral)
A%Zngna = (1000 + §%Zninitia) X (F*D-1) + §%Zn initial
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where a is the fractionation factor between the Zn-bearing chromite [Franklinite, ZnFe,O4] and a fluid phase complexing
Zn mainly as [ZnCO;3(H20)3] between 100 and 300°C. Bfuia and Pmineral represent the reduced partition function ratios for
aqueous Zn carbonate [ZnCO3;(H,0)s] and precipitated Zn-bearing chromite [ZnFe,Os], based on ab initio calculation
results of Fujii ef al. (2014) and Ducher et al. (2016), respectively. We restrict the discussion to Zn-bearing chromite
precipitation when smithsonite (ZnCO;) does not reach saturation. §**Znpiia was set to +0.00 %o, simialr to those

documented in chromite from Group-1 samples. F is the fraction of Zn remaining in the fluid.

Supplementary Tables

Table S-1 A summary of texture and alteration characteristics of chromite in the studied chromitites and dunite.
Table S-2 Major and minor element compositions of primary chromites in the studied chromitites and dunite.
Table S-3 Major and minor element compositions of altered chromites in the studied chromitites.

Table S-4 Major element compositions of secondary silicates in the studied chromitites.

Table S-5 Major element compositions of secondary carbonates in the studied chromitites.

Table S-6 Major element compositions of secondary sulfides in the studied chromitites.

Table S-7 Zn isotopic compositions of chromite in the studied chromitites and dunite.

Tables S-1 to S-7 (xIsx) are available for download from the online version of this article at
https://doi.org/10.7185/geochemlet.2638.
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Figure S-1 (a) Tectonic framework of Tibet showing the distribution of ophiolites within two major suture zones
(the Bangong-Nujiang and the Yarlung Zangbo sutures). (b-d) Simplified geological maps of the Qielihu (QLH),
Jiangcuo (JC), Yilashan (YLS) and Dazhuqu (DZ) ophiolite massifs. Red stars mark the sampling locations in each

massif.
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Figure S-2 Hand specimen photographs of studied chromitite and chromite-rich dunite (21DZ02) samples.
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Figure S-3 Thin section photographs of studied chromitite and chromite-rich dunite (21DZ02) samples. Note that
20JC11-2 and 20JC112-2-1 were cut from the same rock sample.
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Figure S-4 Microstructures of chromite in the studied chromitite and chromite-rich dunite (21DZ02) samples. (a)
Fresh Cr-spinel and olivine in the dunite. (b) Chromites in disseminated chromitites showing sub-rounded to anhedral
shapes, with abundant inclusions (serpentinite+chlorite+amphibole). (¢, d, k, m) Chromites in massive chromitites
exhibiting subhedral shapes, with interstitial chlorites. (e-i) Chromites in highly fragmented chromitite samples showing
cataclastic textures. Note that dolomite veins and sulfides are observed within the serpentine matrix. (j) Chromites in

disseminated chromitite showing sub-rounded to anhedral shapes, with abundant chlorite inclusions.
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Figure S-5 BSE images showing various secondary phases in studied chromitites. (a) Minor Fe-enriched zones
(ferrous chromite) formed along margins of primary chromite. (b) Secondary dolomite+chlorite formed between
chromites. (¢) Secondary chlorite inclusions and Fe-enriched zones (porous ferrous chromite+chlorite) formed within
primary chromite. (d-f) Partially to completely replacement of primary chromites by secondary Fe-enriched zones
(porous ferrous chromite+chlorite). (g) Primary chromite successively rimmed by ferrous chromite and then ferrian
chromite. (h) Primary chromite successively rimmed by ferrous chromite and then Cr-magnetite. (1) Primary chromite
directly rimmed by Cr-magnetite, with a sharp contact. (j) Secondary dolomite+chlorite+tacl in the matrix. (k) Dolomite

grains within the serpentine matrix. (m) Secondary serpentine+amphibole+chlorite inclusions within primary chromite.
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Figure S-6 Elemental distribution maps of selected chromite from Group-1 chromitites and chromite-rich dunite.
Chromite in these samples are least affected by alteration, with limited Zn enrichment in secondary Fe-enriched zones

(ferrous chromite) compared with corresponding core regions.
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Figure S-7 Elemental distribution maps of chromite from Group-2 chromitites. Chromite in these samples are more

heavily affected by alteration, with heterogeneously (moderately) enriched Zn in secondary Fe-enriched zones (ferrous

chromite) compared with corresponding core regions.
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Figure S-8 Elemental distribution maps of chromite from Group-3 chromitites. Chromite in these samples are more
heavily affected by alteration, with heterogeneously (highly) enriched Zn in secondary Fe-enriched zones (ferrous-,

ferrian-chromite, and Cr-magnetite) compared with corresponding core regions.
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Figure S-9 Estimated relative area proportions (%) between altered Fe-enriched zones and primary cores for
selected chromites from Group-2 and 3 samples. The relative area proportions were analysed using Image-Pro plus

software, based on elemental distribution maps.
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Figure S-12  3°Zn versus Mg# (a) and Cr# (b) of primary chromite from the studied chromitites and dunite. 3%Zn
range of fresh/primary chromites from forearc ophiolitic peridotites and chromitites (Yang et al., 2021; Lian et al., 2024;

Su et al., 2026) is also shown.
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Figure S-13  3%Zn versus Alteration extents (%) of chromite for the studied chromitites and dunite. The estimated
alteration extent of chromite in each sample (see Table S-1) was based on elemental distribution maps presented in Fig.

S-9.
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