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Supplementary Information

1. Mafic-ultramafic intrusions in the CAOB selected to calculate magma fO-

The ca. 430 Ma Jinbulake intrusion in the Central Tianshan belt is a concentric body
and consists of wehrlite in the inner core and olivine gabbro and gabbro in the outer
shell (Yang et al., 2012). Fourteen wehrlite samples from the open pit consist mainly of
cumulus olivine and clinopyroxene (Fig. S1a). Fine-grained spinel (1 to 2 modal%) is
commonly enclosed within or interstitial to olivine. Minor amounts of plagioclase
occupy the interstices between olivine and clinopyroxene. The rocks contain ~1 modal%
sulfides.

The ca. 356 to 367 Ma Heishan intrusion in the Beishan belt consists mainly of
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harzburgite and Iherzolite (Xie et al., 2012). The rocks are mainly composed of cumulus
olivine and orthopyroxene. Clinopyroxene and plagioclase are present in the interstices
between olivine and orthopyroxene. Spinel (~1 modal%) is commonly enclosed within
the olivine of Iherzolite and harzburgite. In this study, we analyzed the composition of
the olivine from the same suite of the samples reported in Xie et al. (2012).

The ca. 294 Ma Erbutu intrusion in the Xing’an-Mongolia belt consists mainly of
olivine orthopyroxenite. Fourteen samples from the open pit mainly contain cumulus
orthopyroxene and olivine, with minor amounts of clinopyroxene, hornblende and
plagioclase as interstitial phases (Fig. S1b). Fine-grained spinel (1 to 2 modal%) is
commonly enclosed within olivine. Sulfides (<5 modal%) are disseminated in the rocks.

The ca. 286 Ma Baixintan intrusion in the North Tianshan belt consists of Iherzolite,
olivine websterite, olivine norite and gabbro (Feng et al., 2018). Spinel is only observed
in lherzolite. Four drill-core samples of Iherzolite are mainly composed of cumulus
olivine and/or orthopyroxene, with clinopyroxene and plagioclase as the main
interstitial phases (Fig. S1c). Fine- to medium-grained spinel (1 to 2 modal%) is mainly
enclosed within olivine. The rocks contain ~1 modal% sulfides. Some chemical data of
the olivine-spinel pairs in lherzolite samples were collected from the literature (c.f.,
Feng et al., 2017, 2018).

The ca. 278 Ma Huangshannan intrusion in the North Tianshan belt consists of
Iherzolite, olivine websterite and gabbronorite (Mao et al., 2016). Thirteen Iherzolite
samples from drill cores are composed of cumulus olivine and/or orthopyroxene, with

interstitial clinopyroxene and hornblende (Fig. S1d). Fine- to medium-grained spinel
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(<5 modal%) is either enclosed within olivine or interstitial to olivine. The samples
contain <5 modal% sulfides.

The ca. 260-290 Ma Luodong intrusion in the Beishan belt consists mainly of dunite,
olivine pyroxenite and gabbro (Su et al., 2011). Seven dunite samples from the open pit
are mainly composed of cumulus olivine, with minor amounts of clinopyroxene and/or
orthopyroxene as interstitial phases (Fig. S1e). The rocks contain <1 modal% sulfides.
Some chemical data of olivine-spinel pairs in dunite are collected from Su et al. (2011).

The ca. 265 Ma Tulaergen intrusion in the North Tianshan belt consists of Iherzolite,
hornblende (olivine) websterite and hornblende gabbro (Zhao et al., 2017). Six
Iherzolite samples from the open pit are mainly composed of cumulus olivine and
orthopyroxene, with interstitial clinopyroxene and plagioclase (Fig. S1f). Fine- to
medium-grained spinel (<5 modal%) is mainly enclosed within olivine. The rocks
contain disseminated to semi-massive sulfides.

The Dali picrite is part of the ca. 260 Ma Emeishan large igneous province (LIP)
that occurs in the southwestern margin of the Yangtze Block (Chung and Jahn, 1995;
Xu et al., 2001). The Dali picrite has OIB-like trace element patterns (e.g., Wu et al.,
2018), representative of the primitive magma compositions of the mafic-ultramafic
intrusions in the Emeishan LIP (e.g., Hanski et al., 2010). The picrite contains abundant
euhedral olivine phenocrysts, and fine- to medium-grained spinel that is commonly
enclosed within the olivine (Kamenetsky et al., 2012; Liu et al., 2017). The
compositions of olivine-spinel pairs in the picrite were collected from the literature (c.f.,

Kamenetsky et al., 2012; Liu et al., 2017).
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Fig. S1. Photomicrographs of representative ultramafic rock samples from (a) the Jinbulake
intrusion, (b) the Erbutu intrusion, (c) the Baixintan intrusion, (d) the Huangshannan intrusion, (e)
the Luodong intrusion, (f) the Tulaergen intrusion.

Abbreviations: Cpx-clinopyroxene, Ol-olivine, Opx-orthopyroxene, Pl-plagioclase, Spl-spinel, Sul-
sulfides.

2. Analytical methods
2.1 Major elements of olivine and spinel
Major element compositions of olivine and spinel were determined by electron

probe microanalyzer (EPMA) JEOL JXA-8230 at the CAS Key Laboratory of
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Mineralogy and Metallogeny. Polished thin sections were carbon coated. Operating
conditions were 15 kV, 20 nA and a 1 um beam for all analyzed elements. Peak and
background counting times are: (1) 20 and 10 s, respectively, for Si, Fe and Mg; 40 and
20 s, respectively, for Ti and Mn; and 60 and 30 s, respectively, for Cr, Ni, when
analyzing olivine, and (2) 20 and 10 s, respectively, for Si, Al, Fe, Mg and Ca; 40 and
20 s, respectively, for Ti and Mn; and 60 and 30 s, respectively, for Cr and Ni, when
analyzing spinel. The standards used were olivine for Si and Mg, magnetite for Fe, Ni
metal for Ni, diopside for Ca, rhodonite for Mn, almandine garnet for Al, Cr.Oz metal
for Cr, and rutile for Ti. Detection limits for analyzed elements are typically less than
~100 ppm and no peak overlapping corrections are needed. Analytical results were
reduced using the ZAF correction routines.

The Fe®** and Fe?* contents of spinel were calculated by assuming perfect
stoichiometry (c.f., Droop, 1987), which were then corrected using a set of spinel
standards (BAR8601-9, BAR8601-10, DB8803-3, IM8703, KLB8320, MHP79-4,
Mo103, M04230-16, and Vi86-1) following the method proposed by Davis et al. (2017).
Details about this correction were given in Cao et al. (2019).

2.2 Trace elements of olivine

Trace element compositions of olivine were analyzed using a laser ablation
inductively coupled-plasma spectrometry (LA-ICP-MS) at the CAS Key Laboratory of
Mineralogy and Metallogeny. The Agilent 7500a ICP-MS instrument was coupled to a
Resonitics 193 nm ArF laser ablation system. The beam size for a single spot ablation

is 31 pm. Laser energy was 80 mJ and ablation frequency was 6 Hz. Helium gas was
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used as a carrier gas. NIST SRM 610 glass was employed as an external standard and
GOR-132 glass was treated as an unknown sample. The MgO content of olivine
determined by EPMA was used as an internal standard. Data reduction was performed
using the ICPMSDataCal software (version 10.2) (Liu et al., 2008). The detection limit
is ~0.06 ppm for V and ~0.1 ppm for Sc, and the analytical uncertainty is better than
10% (relative) for both elements. The measured V and Sc concentrations of NIST SRM

610 and GOR-132 and their recommended values are listed in the table below.

Table. Measured trace element concentrations of NIST SRM 610 and GOR-132

NIST SRM 610 GOR-132
Elements Recommended Measured (n=20) Recommended Measured (n=20) Detection limit
(ppm £1 5) (ppm £1 o) (ppm £1 o) (ppm £1 o) (ppm)
Y, 450410 474+ 202420 21842 0.06
Sc 455420 50242 35.641.4 37.34#0.4 0.1

Note: The recommended values of NIST SRM 610 and GOR-132 are from Jochum et al. (2011) and Jochum et al.
(2006), respectively.

2.3 S isotope of sulfides

In situ S isotope analysis for sulfide minerals (pyrrhotite, pentlandite and
chalcopyrite) were performed using a Nu Plasma 1700 HR multicollector inductively
coupled plasma-mass spectrometer (MC-ICP-MS) equipped with a Resonitics 193 nm
excimer ArF laser ablation system at the State Key laboratory of Continental Dynamics,
Northwest University. Samples were ablated within a HelEx ablation cell using He gas,
with gas flows at 0.86 L/min. The S isotopes of sulfides were analyzed at medium
resolution. During ablation, the data were collected in static mode (32S, 3S and 34S). S

isotopic compositions of pyrrhotite and pentlandite grains were calibrated using a pyrite
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standard (Py-4: §**Sv.cot=1.7+0.3%o, 2SD), and those of chalcopyrite grains were
calibrated using a chalcopyrite standard (Cpy-1: §%*Sv.cot=4.240.3%o, 2SD). The total
S signal obtained for pyrite and chalcopyrite standards was 10 V and 2 V, respectively.
The integration time was 20 s for baseline and 30 to 40 s for ablation. Detailed analytical
methods and procedures can be referred to Chen et al. (2017), Bao et al. (2017) and

Yuan et al. (2018).

3. Compositions of olivine-spinel pairs in mafic-ultramafic intrusions in the CAOB
and the Dali picrite
3.1 Silurian to Carboniferous mafic-ultramafic intrusions in the CAOB

Olivine grains in the wehrlite of the Jinbulake intrusion have Fo contents [molar
100Mg/(Mg+Fe?*)] ranging from 83 to 86 (Table S2). The grains in the Inerzolite and
harzburgite of the Heishan intrusion have Fo contents ranging from 82 to 87 (Wang,
2011). The grains in the olivine orthopyroxenite of the Erbutu intrusion have Fo
contents ranging from 83 to 86 (Table S2).

Spinel grains in the webhrlite of the Jinbulake intrusion have Cr.O3 varying from 15
to 30 wt.% and Al>O3 from 30 to 45 wt.%, with Cr# [molar 100Cr/(Cr+Al)] ranging
from 18 to 59 (Table S2). They have Mg# [molar 100Mg/(Mg+Fe?*)] varying from 20
to 46, and XFe** [molar Fe**/(Fe3*+Cr+Al)] ranging from 0.04 to 0.17. Spinel grains in
the lherzolite and harzburgite of the Heishan intrusion have Cr,Oz varying from 31 to
37 wt.% and Al>O3 from 16 to 23 wt.%, with Cr# ranging from 51 to 61 (Table S2).
They have Mg# varying from 32 to 49 and XFe®* from 0.11 to 0.18. Spinel grains in

the olivine orthopyroxenite of the Erbutu intrusion have Cr,0z varying from 31 to 50
7
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wt.% and Al,O3 from 10 to 33 wt.%, with Cr# ranging from 49 to 70 (Table S2). They
have Mg# varying from 24 to 47 and XFe** from 0.03 to 0.09.

The Mg/Fe distribution coefficient of equilibrated olivine-spinel pairs is expressed
as de\’,llg‘/iil [molar (Mg/Fe*")o/(Mg/Fe**)sp]. The calculated Kdl?,llg' /ngl for the
samples from the Jinbulake, Heishan and Erbutu intrusions ranges from 5.7 to 10.5, 5.7
t0 11.0, and 6.9 to 17.9, respectively (Table S2).

3.2 Permian to Triassic mafic-ultramafic intrusions in the CAOB

Olivine grains in the lherzolite of the Baixintan, Huangshannan and Tulaergen
intrusions have Fo contents ranging from 82 to 86, 81 to 87, and 81 to 85, respectively
(Table S2). Olivine grains in the dunite of the Luodong intrusion have Fo contents
ranging from 85 to 89 (Table S2).

Spinel grains in the lherzolite of the Baixintan intrusion have Cr.O3 varying from
11 to 34 wt.% and Al,O3 from 6 to 23 wt.%, with Cr# ranging from 50 to 75. They have
Mg# varying from 6 to 56 and XFe** from 0.10 to 0.50 (Table S2). Spinel grains in the
Iherzolite of the Huangshannan intrusion have Cr,Oz varying from 31 to 44 wt.% and
Al>O3 from 17 to 44 wt.%, with Cr# ranging from 39 to 76. They have Mg# varying
from 11 to 40 and XFe®*" from 0.03 to 0.22 (Table S2). Spinel grains in the dunite of the
Luodong intrusion have Cr,0z varying from 26 to 34 wt.% and Al.O3 from 26 to 42
wt.%, with Cr# ranging from 34 to 47. They have Mg# varying from 28 to 50 and XFe3*
from 0.05 to 0.09 (Table S2). Spinel grains in the lherzolite of the Tulaergen intrusion

have Cr,03 varying from 28 to 34 wt.% and Al.O3 from 9 to 18 wt.%, with Cr# ranging

from 56 to 67. They have Mg# varying from 20 to 34 and XFe*" from 0.16 to 0.34
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(Table S2).

The Kdyg e for the samples from the Baixintan, Huangshannan, Luodong, and

Tulaergen intrusions ranges from 3.7 to 16.0, 8.1 to 32.8, 6.4 to 14.5, and 10.3 to 12.9,
respectively (Table S2).
3.3 Dali picrite in the Emeishan LIP

Olivine phenocrysts in the picrite have Fo contents ranging from 82 to 92. Spinel
grains have Cr,03 varying from 31 to 50 wt.% and Al,O3 from 13 to 29 wt.%, with Cr#
ranging from 42 to 72. They have Mg# varying from 48 to 72 and XFe** from 0.05 to

0.10. The Kdwmgre""SP! for the equilibrated olivine-spinel pairs is 4 to 6.
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