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Abstract
The Naozhi deposit of northeast China comprises intermediate-sulfidation epithermal-style veins and subeconomic, por-
phyry-style Cu mineralization hosted by dioritic to granitic plutons, which formed at ca. 130 Ma. These intrusive phases 
were fed by magmas that ponded at mid- to upper-crustal levels and were finally emplaced at < 0.6 kbar based on amphibole 
geobarometry. The magmas were moderately oxidized (∆NNO − 0.35 to 2.21; with NNO being the nickel–nickel–oxide 
buffer) and water-rich (mostly > 4 wt. %), and likely experienced a relatively prolonged evolution in the shallow crust rather 
than at depth. Magma devolatilization and fluid exsolution at shallow-crustal levels lead to decreases in both oxygen fugac-
ity (log ƒO2 − 10.96 to − 14.13) and water content (6.53 to 2.26 wt. %) at < 2.5 kbar pressures. Thermochronological data 
of zircon and apatite, thermal history modeling, and geological preservation record complex time–temperature histories 
of the mineralized intrusive rocks, from the cooling of the parent magma itself through burial by younger volcanic rocks 
to protracted erosion with time. It is estimated that < 2 km of pre-mineralization material was removed from the top of the 
Naozhi magmatic–hydrothermal system from the Early Cretaceous to present. A 108 ± 2 Ma volcanic event possibly tilted 
the hydrothermal system, but buried the ores, protecting them from extensive erosion.

Keywords Mineral geobarometer · Low-temperature thermochronology · Physicochemical states · Exhumation history · 
Naozhi porphyry–epithermal system

Introduction

Subduction zones are natural factories in which numerous 
hydrothermal deposits are formed (Richards 2003; Cooke 
et al. 2006; Evans and Tomkins 2011; Wilkinson 2013), 

particularly Cu and Mo porphyry deposits (Sillitoe 2010). 
Porphyry Cu deposits (PCDs) tend to form at depths of 
2–5 km in subduction and post-collisional environments 
(Seedorff et al. 2005; Sillitoe 2010), whereas epithermal 
deposits form at shallower depths of < 1.5 km (Heden-
quist et al. 2000; Simmons et al. 2005). These two deposit 
types can be vertically and laterally telescoped (Sillitoe and 
Hedenquist 2003; e.g., Bingham Canyon, Utah; Tomlinson 
et al. 2021; Maricunga Belt, Northern Chile; Muntean and 
Einaudi 2001; Hollings and Cooke 2005; Mankayan district, 
Philippines; Chang et al. 2011; Onto, Indonesia; Burrows 
et al. 2020; Zijinshan, China; Chen et al. 2019). In these set-
tings, the economic porphyry Cu ores are generally buried 
or poorly exposed, where the epithermal mineralization is 
well preserved, e.g., Tavua, Fiji (a world-class epithermal 
adularia–sericite gold deposit; Eaton and Setterfield 1993) 
where porphyry subeconomic copper–gold mineralization 
was superimposed vertically by acid sulfate epithermal min-
eralization, evolved to lateral adularia–sericite epithermal 
mineralization. In some telescoped deposit cases, epith-
ermal mineralization is considered to be the near-surface 
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expression of porphyry copper hydrothermal system (Eaton 
and Setterfield 1993; Hedenquist et al. 2000; Sillitoe and 
Hedenquist 2003; Sillitoe 2010), and therefore, provides 
guide to economically important deep PCDs (e.g., Chang 
et al. 2011). However, the ability to accurately quantify pres-
ervation potential of ore deposits remains challenging.

The Naozhi deposit of northeastern China contains inter-
mediate-sulfidation (IS) epithermal-style veins and subeco-
nomic porphyry-style Cu mineralization within 2 km of each 
other, both being associated with the same Early Cretaceous 
(~ 130 Ma) calc-alkaline intrusive rocks, and is demonstrated 
to be a telescoped hydrothermal system (Liu et al. 2021). 
Despite no acid sulfate epithermal mineralization top was 
observed that has likely been eroded away, the Naozhi 
hydrothermal system is considered an analogue to the Tavua. 
Further understanding the preservation of Naozhi system is 
therefore critical for deep porphyry ore potential, which is 
dependent on the original depth of emplacement and the rate 
of post-mineralization exhumation (McInnes et al. 2005). 
Amphibole geothermometers are an applicable approach to 
effectively characterize the depth and pressure of emplace-
ment of intrusions, which require amphibole being in equi-
librium with the intruding magmas (Dahlström et al. 2022), 
and have been used to characterize the emplacement depth 
of porphyry deposits (e.g., < 2 km for Batu Hijau, Indonesia; 
Garwin 2000). Reconstructing the post-mineralization tec-
tonic evolution is a valid path to assess preservation poten-
tial of ore deposits (McInnes et al. 2005). Low-temperature 
thermochronology (LTT), such as apatite fission-track (AFT) 
analysis (Gleadow et al. 1986; Gallagher et al. 1998), and 
apatite and zircon (U–Th)/He geochronology (e.g., McInnes 
et al. 2005) have been extensively applied to characterize 
the exhumation histories of hydrothermal ore deposits (e.g., 
McInnes et al. 2005; Fu et al. 2010; Leng et al. 2018; Gong 
et al. 2021). Interpreting LTT data, however, requires sig-
nificant knowledge of the geological history of the deposit, 
which is scarcely preserved. It is noted that much geological 
evidence that multiple intrusive phases related to minerali-
zation and post-mineralization volcanic covering were well 
preserved at Naozhi and therefore provide key constraints 
on reconstructing the post-mineralization tectonic evolution. 
Here, we present new amphibole chemistry and LTT data 
(apatite fission track [AFT] and apatite and zircon (U–Th)/
He [AHe and ZHe], respectively) to investigate the mag-
matic system and assess the preservation potential of the 
Naozhi hydrothermal system.

Geological setting

The Naozhi deposit is located in the southern portion of the 
Xingkai massif, in the eastern segment of northeast China 
(Fig. 1); it comprises several microcontinental massifs (e.g., 

Erguna, Xing’an, Songnen, Jimusi, and Xingkai) that amal-
gamated prior to the Mesozoic. This region is endowed in 
gold and containing numerous magmatic–hydrothermal 
gold deposits (Fig. 1). These gold deposits are mostly Early 
Cretaceous in age, with few deposits being late Paleozoic 
(Ren et al. 2016). According to the mineralization–alteration 
styles and their relationships with the intrusive rocks, these 
gold deposits are classified as porphyry (Early Cretaceous—
Xiaoxinancha, Nongping, and Sandaogou deposits; Sun 
et al. 2008, epithermal (Early Cretaceous—the low-sulfida-
tion (LS) Wufeng, Wuxingshan, Ciweigou, and Ganhegou 
deposits; Sun et al. 2013; the intermediate-sulfidation (IS) 
Naozhi deposit; Liu et al. 2021; the high-sulfidation (HS) 
Jiusangou, Duhuangling, Canglin, and Xingou deposits; 
Chai et al. 2015), and intrusion-related deposit (late Paleo-
zoic—Yangjingou and Wudaogou deposits; Ren et al. 2016). 
Subduction of the Paleo-Asian plate during the Paleozoic 
created the basement rocks in this region (Wilde 2015). The 
basement rocks consists of a variety of Paleozoic metasedi-
mentary rocks, including schist, marble, and metasandstone, 
as well as minor amounts of early Paleozoic amphibolite 
and late Paleozoic metavolcanic rocks, metaconglomerate, 
and metasandstone. The basement rocks were intruded by 
282–253 Ma dioritic intrusions (Cao 2010) and 268–256 Ma 
I-type granitic stocks (Wu et al. 2011). Subduction of the 
paleo-Pacific and Pacific slabs under the Eurasian continent 
controlled the regional distribution of Mesozoic volcanic 
rocks and intrusive rocks and Cenozoic basalt flows. The 
volcanic rocks are mostly 130–100 Ma in age (Xu et al. 
2013) and are spatially related to several epithermal low-
sulfidation gold deposits (Fig. 1). The Mesozoic intrusive 
rocks are dominated by Jurassic diorite to granodiorite 
stocks (200–160 Ma; Xu et al. 2013) and, to a lesser degree, 
by 130–94 Ma dioritic to granitic stocks (Ma et al. 2017). 
The Cretaceous intrusive rocks are either host to or spatially 
close to porphyry-type and epithermal high-sulfidation and 
intermediate-sulfidation gold deposits (Fig. 1).

Deposit geology

The IS epithermal-style veins currently mined at Naozhi 
occur at the edge of the porphyry system. They have a dom-
inantly northwest–southeast strike (Fig. 2) and have been 
mined to a depth of 500 m. The veins are hosted by Early 
Cretaceous andesite (130 ± 2 Ma; Liu et al. 2015), diorite 
porphyry dikes (128 ± 1 Ma; Liu et al. 2021), and a Jurassic 
granodiorite pluton (189 ± 1 Ma) (Fig. 3a and b). A post-
mineralization dacitic pyroclastic suite, with a zircon U–Pb 
age of 108 ± 2 Ma (Li et al. 2020), with a preservation thick-
ness of 1.6 km in the adjacent Yanji Basin (Shi 2008), over-
lies the pre-mineralization andesite and is separated from 
them by a 2-m thick conglomerate layer. A steep contact 
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occurs between the dacitic pyroclastic suite and andesite 
suite. The primary ore minerals are pyrite, chalcopyrite, 
sphalerite, galena, bornite, digenite, chalcocite, and electrum 
(Fig. 3c–f). The shallow veins are generally more economic 
in terms of both Cu and Au (± Ag), whereas the roots of the 
veins have higher grades of Pb and Zn. Quartz is the most 
common gangue mineral, with abundant late-stage carbonate 
minerals having formed during the waning stage of hydro-
thermal activity (Fig. 3a). Intense phyllic alteration centered 
on the veins partially to completely obscures the textural 
characteristics of the host rocks; replacement of rock-form-
ing minerals and matrix by sericite, microcrystalline quartz, 
adularia, and pyrite is common. The intermediate argillic to 
propylitic assemblages comprise the distal alteration. Some 

chlorite ± epidote veins intruded the potassic alteration in 
the granodiorite host at depth (Fig. 3b). Precise geochro-
nology, including zircon U–Pb dating of the andesite host 
(130 ± 2 Ma) and Ar–Ar dating of hydrothermal sericite 
(129 ± 1 Ma; Han et al. 2013) demonstrates a temporal link 
between the IS epithermal mineralization and the Early Cre-
taceous andesite.

Two kilometers northwest of the IS epithermal-style 
veins, disseminated chalcopyrite occurs in a weakly altered 
dioritic–granitic complex dated at between 129 ± 1 Ma and 
126 ± 1 Ma (Liu et al. 2021). It is inferred that this intrusive 
complex is the core of the Naozhi porphyry system. Potassic 
(Fig. 4a–c) and phyllic alteration (Fig. 4d) dominates the core 
of the intrusive complex, but no propylitic alteration has been 

Fig. 1  Simplified geologic map of the southern Xingkai massif show-
ing the distribution of Mesozoic granitoid–volcanic rocks, and the 
location of the Naozhi district and other significant deposits (modi-
fied from Chai et al. 2015; Gu et al. 2016). Red inset (top left) shows 
the location of the map area in northwestern China (after Wu et  al. 

2011). The (Au-rich) porphyry Cu and epithermal deposits formed in 
the Cretaceous, whereas the Au–W deposits formed in the Late Trias-
sic. HS high-sulfidation, IS intermediate-sulfidation, LS low-sulfida-
tion, PCDs porphyry Cu deposits
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observed. Where the potassic halo occurs, rare A-type veins 
with wavy margins, and secondary K-feldspar, biotite, quartz, 
magnetite, chalcopyrite, and pyrite (Fig. 4e-f) have replaced 
the primary mineral assemblage of the granodiorite stock. In 
the mineralized phyllic zone, primary minerals of the granodi-
orite porphyry stock have been altered to illite, sericite, quartz, 
and rare chalcopyrite (Fig. 4d). Some sulfide-free quartz 
veinlets crosscut the early pyroxene diorite and weak sericite 
alteration overprints the central granite porphyry, suggesting 
that a fluid event postdated magma emplacement. A remark-
able diversity of fluid inclusions was trapped by hydrothermal 
quartz in the potassic zone, including daughter-bearing (e.g., 
halite, anhydrite, sylvite, hematite, and magnetite) and aqueous 
inclusions (Liu et al. 2022), both of which are typical in PCDs 
(e.g., Roedder 1971).

Petrography

The intrusive complex comprises mafic to felsic stocks 
and equivalent dikes, with five intrusive phases having 
been identified by Liu et al (2021), including, from oldest 
to youngest, an equigranular pyroxene diorite, granodior-
ite, diorite porphyry, granodiorite porphyry and granite 
porphyry. The pyroxene diorite was intruded by a gran-
odiorite stock; these two intrusive phases represent the 
pre-mineralization intrusive stage. The diorite porphyry, 
granodiorite porphyry, and granite porphyry represent 
the syn-mineralization intrusive assemblage and were 
emplaced into the granodiorite stock (Liu et al. 2021). 
The age of the intrusive complex overlaps with the Ar–Ar 

Fig. 2  Detailed geologic map of the Naozhi district, including lith-
ologies, faults, and the locations of epithermal veins and porphyry Cu 
prospects, as well as the zircon and apatite sample locations. Previous 

geochronological data, including zircon U–Pb and sericite Ar–Ar age 
data (Han et al. 2013; Liu et al. 2021) are also shown. Zrn zircon, Ser 
sericite
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age (129 ± 1 Ma; Han et al. 2013) of hydrothermal sericite 
from epithermal-style veins in the phyllic zone.

The pyroxene diorite comprises plagioclase (50–60 vol. 
%, 0.5–2.0 mm long), hornblende (20–30 vol. %, 0.3–1.5 mm 
long), biotite (10–20 vol. %; 0.2–1.0 mm long), trace quartz 
(< 2 vol. %; 0.1–0.2 mm long) and clinopyroxene (< 1 vol. 
%; 0.1–0.2 mm long), and accessory apatite, zircon, and 
magnetite (Fig. 5a–c). The clinopyroxene is partially to com-
pletely replaced by actinolite and/or biotite, with magnetite 
occurring as inclusions; the clinopyroxene, therefore, largely 

occurs as relicts (Fig. 5a and b). The replacement reaction of 
clinopyroxene +  H2O → actinolite is suggestive of a water-
oversaturated state in the magmatic–hydrothermal environ-
ment. Primary hornblende occurs as cumulates (Fig. 5b) and 
euhedral grains (Fig. 5c), but they are not compositionally 
zoned. The former occasionally encloses inclusions of round 
plagioclase, together with biotite, is interstitial among those 
euhedral plagioclase grains, suggesting a subsolidus origin 
(Fig. 5b and c). Euhedral hornblende occurs with euhedral 
plagioclase, suggesting that they are in equilibrium (Fig. 5c).

Fig. 3  Photographs and photomicrographs of epithermal-style veins 
and alteration in the mining tunnel at Naozhi. (a) An underground 
economic vein composed of sulfide and carbonate. (b) K-feldspar and 
chlorite ± epidote replacements of the granodiorite hosts. (c) Ccp–Cct 
assemblage in an epithermal-style vein, with pyrite inclusions; Chal-
copyrite is replaced by the later sphalerite and galena. (d) Ccp–Cct–
Dg–Bn assemblage enclosing cumulates of fine-grained pyrite coex-

isting with coarser euhedral pyrite. (e) Qtz–El assemblage interstitial 
to early pyrite, chalcopyrite, and galena. (f) A sufilde-rich vein com-
posed of galena, chalcopyrite, and sphalerite. The vein has been cut 
by a late carbonate vein containing pyrite inclusions. Bn bornite, Cb 
carbonate, Ccp chalcopyrite, Cct chalcocite, Dg digenite, El electrum, 
Gn galena, Py pyrite, Qz quartz, Sp sphalerite
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The granodiorite mainly contains plagioclase (50–60 vol. 
%, 0.2–2.5 mm long), quartz (15–20 vol. %; 0.3–1.5 mm 
long), amphibole (~ 5 vol. %; 0.3–2.0 mm long), and biotite 
(~ 5 vol. %; 0.4–1.2 mm long). Most of the amphibole and 
biotite are euhedral (Fig. 5d), and are surrounded by quartz 
and some feldspar, suggesting that they formed early in the 
crystallization sequence. Fractures in rhombic amphibole 
grains (high-Al) are filled by opaque minerals (Fig. 5d), 
whereas unfractured tetragonal and rhombic amphibole 
grains (low-Al) occur with euhedral plagioclase (Fig. 5e). 

Anhedral quartz grains occur in the space between amphi-
bole and plagioclase, and occasionally partially replace 
the amphibole and biotite crystals; this quartz is inter-
preted to result from late-stage crystallization at subsolidus 
conditions.

The diorite porphyry contains phenocrysts of amphibole 
(20–30 vol. %; 0.2–1.5 mm long), plagioclase (15–20 vol. 
%; 0.2–2.0 mm long), and biotite (2–5 vol. %; 0.2–1.0 mm 
long), with trace pyroxene (< 1 vol. %; 0.5–1.5 mm long) 
and quartz (< 1 vol. %; 0.2–0.5 mm long). Although the 

Fig. 4  Photographs and photomicrographs of porphyry-style altera-
tion and mineralization at Naozhi. a Potassic-altered granodiorite 
exposed at surface. b Potassic halo, with a marginal zone comprising 
K-feldspar and a central zone comprising quartz and actinolite filling 
in open spaces. c Potassic-altered granodiorite, with the groundmass 
largely replaced by K-feldspar, and abundant secondary biotite and 
magnetite. The sample has been crosscut by wavy A-type quartz–bio-

tite–pyrite–chalcopyrite–magnetite veins. d Phyllic-altered granodior-
ite porphyry comprising sericite–illite–chalcopyrite; covellite formed 
as a result of weathering. e A-type vein comprising biotite, K-feld-
spar, magnetite, pyrite, and chalcopyrite. (f) Quartz–magnetite–pyrite 
association in a A-type vein. Act actinolite, Bt biotite, Ccp chalcopy-
rite, Cv covellite, Mag magnetite, Py pyrite, Qz quartz



Contributions to Mineralogy and Petrology (2024) 179:1 

1 3

Page 7 of 24 1

amphibole phenocrysts are eudedral, they are altered, patchy 
and fractured, and exhibit resorption textures in their cores 
and rims (Fig. 5f–g). Some amphibole and biotite crystals 
have rims comprising Fe–Ti oxides. In many samples, pla-
gioclase exhibits patchy and sieve textures.

The granodiorite porphyry is composed of plagioclase, 
quartz, amphibole, and biotite phenocrysts (30–35 vol. 
%; 0.3–1.5 mm long) in a congruent groundmass. Most 
amphibole crystals are euhedral to subhedral, but have been 
dehydrated (Fig. 5h). Compared to amphibole, biotite and 
plagioclase are well preserved; the former can contain rare 
inclusions of zircon and apatite.

Analytical methods

Electron microprobe analysis

The chemical composition of 77 euhedral amphibole grains 
(one spot on each grain) from pyroxene diorite, granodiorite, 
and diorite porphyry were determined using a JEOL-8100 
electron microprobe (EPMA) at the Electron Probe Labora-
tory of Northeast Asia, Ministry of Land and Resources of 
China (MLR), Changchun, China. Backscattered electron 
images of all amphibole grains show no core to rim or com-
positional zonation. Measurements were performed on the 
rims of amphibole grains using a voltage of 20 kv and a cur-
rent of 1 ×  10–8 A. The analysis time was 10 s and the results 
were corrected using the ZAF algorithm. The following min-
eral standards from the American National Standard Mineral 
Bureau were used for instrument calibration — rutile for Ti, 
diopside for Si, Mg and Ca, orthoclase for K, albite for Na 
and Al, almandine for Fe, and crocoite for Cr. The chemical 
compositions of amphibole are presented in Table A.1.

Apatite fission‑track analysis

Apatite was separated from three samples of andesite, grano-
diorite, and granodiorite porphyry collected from the surface 
outcrops at Naozhi (Fig. 2). Apatite fission-track (AFT) anal-
yses were performed at the Beijing Quick-Thermo Science & 
Technology Co. Detailed analytical methods are described 
in Appendix 1.

Apatite and zircon (U‑Th)/He dating

Zircon and apatite were separated from two samples of 
granodiorite and granodiorite porphyry collected from the 
surface outcrops at Naozhi. All zircon and apatite (U-Th)/
He dating was carried out at the University of Melbourne. 
The analytical procedures followed Gleadow et al (2015), 
except that for zircons He  dating233U and 229Th spikes were 
used, and are summarized in Appendix 1.

Results

EPMA major element analyses of amphiboles

All of the analyzed amphiboles are calcic to sodic-calcic 
(after Leake et al. 1997), containing Ca and Na, in atoms per 
formula unit (a.p.f.u.), of 1.70–1.89 (n = 77) and 0.26–0.62 
(n = 77), respectively. The amphiboles from the pyroxene 
diorite and granodiorite are Mg-hornblende in composition, 
whereas those from the diorite porphyry are Mg-hornblende 
to tschermakite in composition (Fig. 6a). This variation in 
composition is consistent with the broad range of Al in the 
amphiboles (Fig. 6b).

The hornblendes (n = 6) from two pyroxene diorite sam-
ples show a narrow variation in  SiO2 (49.15–49.90 wt. %), 
FeO (11.42–11.66 wt. %), MgO (14.38–14.88 wt. %),  Al2O3 
(6.06–6.43 wt. %), and CaO (11.62–11.88 wt. %). Compared 
to the hornblendes from the pyroxene diorite, those (n = 30) 
from six granodiorite samples have a greater variation in 
 SiO2 (44.01–50.56 wt. %), FeO (10.86–14.15 wt. %), MgO 
(11.46–16.00 wt. %),  Al2O3 (4.20–10.16 wt. %), and CaO 
(10.77–11.87 wt. %). The amphiboles (n = 41) from four 
diorite porphyry samples contain  SiO2 of 42.69–49.26 wt. 
%, FeO of 10.38–14.10 wt. %, MgO of 12.07–15.14 wt. %, 
and  Al2O3 of 5.35–11.25 wt. %, and CaO of 10.93–11.94 
wt. %.

Apatite fission track

Detailed results for three samples are summarized in 
Table 1. Central AFT ages range from 118.6 ± 3.2 Ma to 
121.8 ± 3.7 Ma. The confined mean track lengths (MTLs) 
vary from 12.8 ± 0.7 μm to 13.2 ± 0.9 μm, with standard 
deviations (SD) of 1.4–1.5 μm. Dpar values are mostly 
high, ranging from 1.03 μm to 1.66 μm. Such relatively 
short MTLs with weak to moderate bimodal distributions 
(see Figs. 8 below) suggest that these samples have spent 
considerable time within the AFT partial annealing zone 
(~ 60–120 °C; the zone in which the track lengths and fission 
track ages decrease; Gallagher et al. 1998), as evidenced by 
younger ages compared to the emplacement ages of their 
host rocks (129 ± 1 to 126 ± 1 Ma).

Zircon and apatite (U‑Th)/He

(U–Th)/He analyses of both zircon and apatite were carried 
out on two samples with results presented in Tables 2 and 
3. Single grain ZHe ages of granodiorite and granodiorite 
porphyry samples range from 129.4 to 87.8 Ma and from 
240.7 to 123.6 Ma, respectively. Such overdispersed ages 
exceed the analytical uncertainty. Several factors, such as the 
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existence of U- and/or Th-rich mineral inclusions, hetero-
geneous distribution of parent nuclides, difference in grain 
size, and radiation damage caused by radioactive decay, 
could lead to these overestimated or underestimated ages 
(e.g., Reiners 2005; Danišík et al. 2017; Morón et al. 2020 

and references therein). Two relatively young ZHe ages of 
87.8 ± 0.9 Ma and 116.1 ± 7.1 Ma relative to the AFT ages 
of ~ 120 Ma (Fig. 7a), can be attributed to their relatively 
high eU (> 1000 ppm), resulting from He diffusion related 
to radiation damage (e.g., Guenthner et al. 2013). Several 
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zircon grains from granodiorite porphyry yielded ZHe ages 
from 240.7 Ma to 169.2 Ma older than zircon U–Pb ages 
of ~ 130 Ma. These overestimated ZHe ages can possibly be 
attributed to the heterogeneous distribution of U in zircon 
or the presence of small He-rich fluid inclusions (Danišík 
et al. 2017) (Fig. 7a). A good positive trend is seen between 
grain radius and ZHe ages (Fig. 7b), and therefore, the dif-
ference in grain size provided certain contributions to ZHe 
age variation. Collectively, when those outliers are excluded, 
the remaining ZHe ages are clustered from 123.6 ± 7.7 to 
129.4 ± 8.0 Ma, consistent with their U–Pb ages within 
analytical uncertainties. The apatite grains analyzed from 
granodiorite and granodiorite porphyry show some AHe age 
dispersion and range from 91.4 ± 5.7 to 63.1 ± 3.9 Ma and 
from 62.2 ± 3.9 to 41.0 ± 2.5 Ma, respectively.

Inverse thermal history modeling

To reconstruct the post-mineralization time–temperature 
history of the Naozhi system, thermal history modelling 
was performed on AFT data using the HeFTy v.1.9.3 soft-
ware (Ketcham et al. 2007). A modelled path that matches 
the input data with a goodness of fit of > 0.05 is considered 
“acceptable”, and if the goodness of fit is > 0.5, the modelled 
path is considered “good”. Based on the observation that the 
andesite of 130 ± 2 Ma is overlain by the younger volcanic 
sediments of 108 ± 2 Ma, we highlighted the andesite was 
exposed but the intrusive complex probably was still con-
cealed at this time. Considering latter has the AFT ages com-
parable with exposed andesite, they must have experienced a 
similar heating process at about 108 ± 2 Ma when the > 1 km 
thick covering occurred. The evaluated preservation temper-
atures of 40 to 80 °C are considered as a time–temperature 
constraint. AHe and ZHe ages with their He partial retention 
zones were set as low-temperature constraints of 35 to 80 °C 

(Farley and Stockli 2002) and high-temperature constraints 
of 130 to 200 °C (Wolfe and Stockli 2010), respectively. 
We did not attempt to model AFT sample NZ12 of andesite 
due to few age grains and track lengths being available for 
measurement. Using a present-day surface temperature of 
10 ± 10 °C, the inverse modelling software was run until 
100 good paths were obtained; with results shown in Fig. 8. 
The predicted results from the best-fit paths are consistent 
with those obtained results. The models indicate two phases 
of cooling and one phase of heating—a rapid cooling phase 
following emplacement of the intrusive rock at ca. 130 Ma, 
moderate heating from 130 to 106 Ma, and slow cooling 
from 106 Ma to the present day.

Discussion

Evolution of the intrusive complex

The igneous mafic microgranular enclaves (MMEs; 
55.7–56.0 wt. %  SiO2; Fig. 9a) found in the granodiorite 
phase (62.3–66.9 wt. %  SiO2), together with disequilibrium 
plagioclase textures (found only where the MMEs occur) 
with felsic cores and relatively mafic rims enclosing micro-
crystalline amphibole and acicular apatite (Fig. 9b), indicate 
rapid cooling of mafic melts that intruded relatively cold 
felsic melts (Liu et al. 2020). The repeated recharge of mafic 
melts into porphyry systems has been proposed as a source 
of metals and sulfur (e.g., Hattori and Keith 2001; Halter 
et al. 2005; Audétat and Pettke 2006; Sillitoe 2010; Hollings 
et al. 2013; Cao et al. 2018). Although this magma mingling 
could have potentially affected the compositions of minerals 
in the crystallizing magmas (e.g., Foley et al. 2013), the lack 
of compositional zonation of individual amphibole suggests 
a stable regime where the minerals are in constant equi-
librium with the host melts. In addition, there is only rare 
evidence for mingling throughout the intrusive complex, we 
propose that there was a process of thorough mixing between 
the mafic and felsic melts to form a relatively homogeneous 
magma.

Temperature–pressure conditions: Aluminum-in-amphi-
bole thermobarometry has been widely used to estimate the 
temperature and pressure conditions under which amphi-
boles crystallized, using the formulae of Ridolfi and Ren-
zulli (2012). The amphiboles analyzed in this study are 
tschermakite to Mg-hornblende in composition. The crys-
tallization temperatures calculated using the Si contents of 
the amphiboles are 716–938 °C (± 23.5 °C) and correlate 
positively with pressure  (R2 = 0.96; Fig. 10a and b). Esti-
mated pressures of crystallization vary from 0.56 ± 0.06 to 
3.25 ± 0.37 kbar (Fig. 10a).

Since amphibole compositions are sensitive to tempera-
ture, pressure, and liquid composition, Si-in-amphibole 

Fig. 5  Photomicrographs of dioritic to granitic phases of the intru-
sive complex. a Complete replacement of clinopyroxene by actino-
lite, with magnetite inclusions. Biotite, with small plagioclase inclu-
sions, and amphibole are interstitial to plagioclase grains, suggesting 
a later crystallization or subsolidus origin. b Hornblende cumulates 
are interstitial to plagioclase grains. c Euhedral hornblende lacking an 
opacite rim coexisting with tabular plagioclase grains, indicative of 
equilibrium with host melts. d Fractured euhedral hornblende (BSE 
photo at top right) without a reaction texture surrounded by subhedral 
plagioclase and quartz in a granodiorite sample. Subhedral plagio-
clase and quartz grains enclose euhedral biotite without any reaction 
textures. e Euhedral hornblende and biotite grains surrounded by sub-
hedral plagioclase and quartz grains in a granodiorite sample. f Frac-
tured and brecciated hornblende and patchy plagioclase phenocrysts 
in a diorite porphyry. g Resorbed and embayed high-Al amphibole in 
a diorite porphyry. h Completely resorbed hornblende and euhedral 
biotite phenocrysts in a groundmass of fine quartz and feldspar in a 
granodiorite porphyry. Act actinolite, Bt biotite, Cpx clinopyroxene, 
Hbl hornblende, Mag magnetite, Pl plagioclase, Qz quartz. Only pho-
tomicrograph (g) was taken in cross-polarized transmitted light

◂
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thermometry and the Al-in-amphibole barometer (Putirka 
2016) are utilized here to assess the quality of results from 
Al-in-amphibole thermobarometry. Pressure–temperature 
estimates using equations from Putirka (2016) show a rela-
tively broad pressure range of 0.77–4.88 kbar but narrow 
temperature range of 737–917 °C (Fig. 10b). It is noted 
that at pressures lower than 1.0 kbar, the pressure estimates 
are ≤ 0.15 kbar higher than those calculated using the Al-
in-amphibole thermobarometer, whereas discrepancies in 
pressure estimates of 0.38–1.77 kbar can be observed at 
pressures greater than 1 kbar. The pressures calculated for 
hornblendes from granodiorite using equations from Ander-
son and Smith (1995) have a range of 0.57 to 2.05 kbar, sim-
ilar to those calculated using amphibole–only thermobarom-
etry (Ridolfi and Renzulli 2012). We also noted that both 
methods provide a similar average pressure of 1.20 ± 0.49 
kbar and 1.39 ± 0.55 kbar, respectively (Fig. 11), whereas 
the pressure calculated using equations from Putirka (2016) 
is slightly overestimated. Collectively, utilizing Al-in-amphi-
bole thermobarometry of Ridolfi and Renzulli (2012) here 
provides reasonable constraints on the relatively low pres-
sure–temperature conditions.

The mineral–melt Fe/Mg exchange coefficient 
(KD(Fe–Mg)mineral−melt) is considered as the criterion 
of whether equilibrium was achieved between amphi-
boles and coexisting melts (Putirka 2008, 2016). The 
KD(Fe–Mg)Amp−melt values of 0.28 ± 0.11 are considered to 
represent the amphibole–melt equilibrium (Putirka 2016). 
The KD(Fe–Mg)Amp−melt values for the three intrusive rocks 
range from 0.34 to 0.67 (melt compositions from Liu et al 
(2021); Fig. 12). Only 5% of the 77 KD(Fe–Mg)Amp−melt val-
ues from these rocks are in equilibrium. All hornblendes 
from the pyroxene diorite are in nonequilibrium with their 
host melts, with a narrow range of KD(Fe–Mg)Amp−melt 
values ranging from 0.49 to 0.51, as evidenced by their 
resorbed texture. Only 10% of the 30 KD(Fe–Mg)Amp−melt 
values from granodiorite are in equilibrium. Based on 
KD(Fe–Mg)Amp−melt values of 0.39–0.67 obtained, only one 
out of 41 amphiboles from the diorite porphyry is in equi-
librium with the host melt (Fig. 12).

The relatively low pressure values of 0.56 to 0.57 kbar 
which characterize those unfractured, tetragonal and rhom-
bic hornblendes, suggest that they are in equilibrium with 
granodiorite melts at Naozhi. This is consistent with the 
minimum pressure estimate of 0.49 kbar at which horn-
blende can crystallize from a granitic melt (Sato et al. 1999). 
These hornblendes lie above the actinolite stability field, but 
below the solidus for tonalite (Anderson et al. 2008; Lledo 
and Jenkins 2008) (Fig. 10), indicative of a low-pressure 
setting and a high-level intrusion of ≤ 2.1 km depth (based 
on a specific weight of continental crust of 2.7 g/cm3). The 
relatively high pressures of the remaining amphiboles from 
the intrusive ranging from 0.72 to 3.25 kbar are equivalent to Ta
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depths of ~ 2.7–12.0 km and temperatures of ~ 767–938 °C. 
Collectively, the crystallization pressures of these amphi-
boles span those typical of mid- to upper-crustal levels, 
where the parental magmas evolved towards higher silica 
content. It is noted that such a wide range of pressures only 
characterize amphiboles in the diorite porphyry with inter-
mediate emplacement, but when considered together with 
resorption textures and dehydration of amphibole in porphy-
ritic intrusions, different magma sources are implied, with 
relatively high-pressure amphibole being sourced from deep 
magmas. The presence of igneous MMEs and disequilibrium 
textures of plagioclase implies magma mixing (Fig. 9). We 
attribute this mixing to recharge of the system by rapidly 
ascending mafic magmas, which could have transported 
deeper sourced amphibole crystals to shallower levels.

Oxygen fugacity: The Mg* (magnesium index) of 
amphibole was used to constrain the oxygen fugacity of the 
magmas using the relationship ∆NNO = 1.644 Mg*–4.01 
(Ridolfi et  al. 2010) (NNO is the nickel–nickel–oxide 
buffer). Calculated oxygen fugacities (ƒO2) show a broad 
range from log ƒO2 of –13.30 to –10.70, with errors of 0.4 
at 0.56–3.25 kbar, but generally correlate positively with 
pressure (Fig. 13a). The low pressure (< 1 kbar) amphiboles 
record more oxidized conditions, with ∆NNO of 1.01 to 2.07 
(mean = 1.43 ± 0.26; 1SD; n = 18), than the relatively higher 
pressure (1–4 kbar) amphiboles, with ∆NNO –0.10–1.54 
(mean = 0.75 ± 0.36; 1SD; n = 59). The presence of mag-
matic magnetite at Naozhi is consistent with a relatively 
oxidized magma.

H2O content: The VIAl* (octahedral aluminium 
index) value of amphibole was used to estimate the 
water content of the magmas using the relationship 
 H2Omelt = (5.215 × VIAl*) + 12.28 (Ridolfi et al. 2010). Col-
lectively, the magmas parental to the intrusive complex of 
the Naozhi system are hydrous and generally contain > 4 
wt. %H2O (Fig. 13b). The broad range of calculated water 

content between 2.25–6.57 wt. % could be explained by 
the dependance of  H2O solubility on pressure (Holtz et al. 
1995).

Interpretations of the thermochronological data

Previous geochronologic studies on the mineralized igneous 
rocks and hydrothermal minerals at Naozhi yielded Early 
Cretaceous ages of 130 ± 2 Ma for the andesites, 129 ± 1 to 
126 ± 1 Ma for the intrusive complex (zircon U–Pb dating), 
and an Ar–Ar plateau age of 129 ± 1 Ma for hydrothermal 
sericite. Since the ZHe ages of granodiorite and granodior-
ite porphyry are comparable with their zircon U–Pb ages, 
a rapid cooling of intrusive rocks through 200 °C and even 
below 130 °C probably occurred.

Considering that most epithermal deposits form at depths 
of < 1 km, there must have been several hundred meters of 
erosion from the epithermal sector of the Naozhi system. In 
an ideal geologic environment, with rapidly cooled volcanic 
or very high-level intrusive rocks that have not been buried 
to > 1 km depth, AFT ages would be expected to yield a 
reliable measure of the age of formation of the host rock 
(Gleadow et al. 1986). Although all apatite samples in this 
study yield similar central FT ages at the 2σ level, the AFT 
ages of 122–119 Ma are about 10 m.y. younger than the 
zircon U–Pb ages of 129–127 Ma for the host rocks. This 
could be the result of an increase in the ambient tempera-
ture in excess of ~ 60 °C after formation, caused either by 
burial or by some other heating mechanism (Gleadow et al. 
1986). As shown in Fig. 8, the highest post-mineralization 
temperatures were attained at ~ 106–110 Ma, synchronous 
with deposition of the post-mineralization pyroclastic cover 
(108 ± 2 Ma). This volcanism could possibly have resulted 
in a pronounced change in ambient temperature. It is impor-
tant to note that the slightly shorter mean confined track 
lengths of apatite samples in this study compared to those 

Fig. 6  a Mg/Mg + Fe vs. Si (a.p.f.u) amphibole classification diagram (after Leake et al. 1997). The amphiboles from the intrusive complex are 
tschermakite to Mg-hornblende. b  SiO2 vs.  Al2O3 content of amphibole. Note the clear negative relationship between  Al2O3 and  SiO2
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from undisturbed igneous rocks (13–16 μm) (Gleadow et al. 
1986) (see Table 1 and Fig. 8), suggest that they experi-
enced partial thermal resetting in the AFT partial annealing 
zone (~ 60–120 °C; Wagner and Haute 1992). We attribute 
this thermal resetting to volcanic activity at this time and 
because their AFT systems were only partially reset, the cal-
culated ages taken at face value do not in themselves directly 
date a discrete geological event.

The inverse thermal history modelling results indicate 
rapid cooling following emplacement of the parent magma 
itself. The igneous rocks were preserved at temperatures 
of < 60 °C at ca. 130 Ma, suggesting a high-level emplace-
ment at crustal levels of < 2 km. Such shallow emplace-
ment is supported by the fluid mineralization at a maximum 
169 bar of pressure, corresponding to a ~ 1.7 km depth 
assuming a hydrostatic load (Liu et al. 2022). The follow-
ing period of heating to temperatures >  ~ 60° but <  ~ 85 °C 
(Fig. 8) is here attributed to burial by a kilometer or more 
of the dacitic pyroclastic suite of 108 ± 2 Ma. This scenario 
is consistent with a preservation thickness of 1.6 km of the 
regional ~ 108 Ma volcanics (Shi 2008). Accordingly, we 
propose that burial by the young dacitic pyroclastic suite 
is responsible for the increase in temperature of the under-
lying, pre- and syn-mineralization intrusive complex at 
110–106 Ma (Fig. 8). The post-mineralization burial pro-
tected the hydrothermal ores from extensive erosion, which 
may explain why the Naozhi deposit is the only ~ 130 Ma 
deposit preserved in the area, whereas most other hydro-
thermal Cu–Au deposits are 100–110 Ma in age (Ren et al. 
2016). In addition, it is noted that AHe ages (which are con-
sidered as transient points on a cooling curve) for granodi-
orite porphyry are younger than those of granodiorite, which 
records early cooling for the latter through the He partial 
retention zone of ~ 35 to 80 °C. This differential cooling 
may be related to the sample elevation gaps of about 200 m, 
with granodiorite sampled from higher levels (Table 1). The 
much uplifting of granodiorite stock probably is related to 
the young but unknown structural events that likely steeply 
tilted the volcanic layers at Naozhi. Verifying the structural 
events is beyond the scopes of this paper. As shown in Fig. 8, 
a period of protracted slow cooling post-dated burial by a 
post-mineralization volcanic section, which is likely due to 
erosion of this cover and some ~ 130 Ma material.

Implications for the porphyry Cu system

Nature of the host magmas: Most porphyry Cu deposits 
are associated with oxidized, sulfur-rich, and hydrous arc-
related magmas. Several studies have demonstrated that 
fertile magmas are characterized by a higher oxidation state 
than barren magmas (Ballard et al. 2002; Burnham et al. 
2015; Dilles et al. 2015; Lu et al. 2016). Although exception-
ally high melt fO2 may not be fundamental to the formation Ta
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Fig. 7  Correlations of a U with zircon (U–Th)/He ages and b grain radius (Rs) with zircon (U–Th)/He age

Fig. 8  Modeled time–tempera-
ture paths (left) and confined 
track length distribution (right) 
for apatite analyzed from 
granodiorite and granodiorite 
porphyry at Naozhi. Modeling 
was conducted using the HeFTy 
software of Ketcham et al 
(2007). The models are based 
on AFT data with ZHe and AHe 
ages and stratigraphic records 
used as constraints, together 
with a present-day surface 
temperature of ~ 10 ± 10 °C. The 
green envelopes denote all of 
the acceptable time–tempera-
ture paths, with a goodness of 
fit > 0.05, whereas the purple 
envelopes represent all of the 
good time–temperature paths, 
with a goodness fit of > 0.5. 
The thick blue and black line 
represents the best-fit modelling 
and weighted mean cooling path 
for each plot, respectively. The 
pale-yellow areas denote the 
apatite partial annealing zone 
(APAZ; 60–120 °C; Gallagher 
et al. 1998). Obs. obtained 
results, Pre. predicted results, 
MTL mean confined track 
length, SD standard deviation
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of porphyry Cu deposits (Matjuschkin et al. 2016; Du and 
Audétat 2020), oxidized conditions are conducive to the 
effective transport of metals and sulfur as they can occur in 
multiple valence states (Richards 2011a). For this reason, 
the chalcophile metals would be dissolved more readily by 
hydrothermal fluids that exsolve from shallow, volatile-sat-
urated magma reservoirs. There is a general consensus that 
the causative magmas in porphyry systems are derived from 
depths of 5–15 km (e.g., Sillitoe 2010). There is a positive 
correlation between the oxygen fugacity and pressure of the 
magmas, and the shallow intrusive stocks had a dramatic 
drop in ƒO2 relative to those source magmas at > 1.5 kbar in 
the Naozhi system (Fig. 13a). We interpret the decrease of 
fO2 with decreasing pressures to reflect decompression and 
devolatilization (crystallization-driven second boiling) of 
the ascending magmas (Candela 1986). There is an inverse 
correlation of NNO values with pressure for Naozhi, with 
the shallow melts being more oxidized (Fig. 13a). Similar 
changes in oxidization state as the magma with evolution 
have been recognized by Ballard et al (2002) and Cocker 
et al (2016) using the zircon oxybarometer. This self-oxidi-
zation process is due to the loss of  H2 to the segregating fluid 
during molecular dissociation of  H2O; an alternative sce-
nario responsible for the oxidizing process is the partitioning 
of oxidized sulfur from the melt into the hydrothermal fluid 
both oxidise iron in the residual melt (Loucks et al. 2018 and 
references therein).

High water content in arc magmas is a prerequisite to the 
formation of porphyry systems (Richards 2011b), as hydrous 
(> 5 wt. %  H2O) magmas can exsolve sufficient metallifer-
ous fluid to generate large magmatic–hydrothermal ore sys-
tems (Chiaradia and Carrichi 2017). The parental magmas 

Fig. 9  Examples of magma mixing textures. a Mafic microgranular 
enclave (MME) in a granodiorite host rock, with chilled margins. b 
Photomicrograph of a MME mainly composed of fine-grained amphi-
bole, plagioclase, and biotite. The plagioclase phenocryst comprises 
two continuously zoned generations—an early Na-rich core that 
contains low-temperature, columnar apatite, and a late Ca-rich rim 
enclosing abundant amphibole and biotite microcrystals and acicular 
apatite. Amp amphibole, Ap apatite, Bt biotite, Pl plagioclase

Fig. 10  Calculated crystallization conditions of amphibole from 
the Naozhi intrusive complex. a The amphiboles crystallized from 
magmas at pressures of < 1 to 4 kbars at temperatures of 700  °C 
to < 1000 °C, with a high level of equigranular pyroxene diorite and 
granodiorite, based on the Al-amphibole-only thermobarometer 

(Ridolfi and Renzulli 2012). b A comparison of pressure estimates 
calculated using different thermobarometers from Ridolfi and Ren-
zulli (2012) and Putirka (2016). The tonalite solidus curve is from 
Anderson et  al (2008) and the Fe-actinolite stability curve is from 
Lledo and Jenkins (2008). Amp amphibole
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at Naozhi have variable  H2O contents, ranging from 7.57 
to 2.25 wt. %. The water content of these magmas is higher 
than the  H2O solubility of dacitic (Moore et al. 1998) and 
andesitic melts (Botcharnikov et al. 2015) only at pressures 
of < 2.5 kbar (Fig. 13b), suggesting that they were water-
saturated. The transition to volatile saturation would have 
driven the exsolution of metal- and S-bearing fluids from the 
upper layers of the magma reservoir (at depths of 5–15 km) 
to the shallow hydrothermal mineralizing system, which, 
together with magma degassing, likely caused the pro-
nounced fluctuations of magmatic water contents from 6.07 

to 2.25 wt. % at < 2.5 kbar pressures (Fig. 13b). The pres-
ence of primary amphibole in the Naozhi intrusive complex 
is consistent with them having crystallized from hydrous 
parental magmas, which would delay plagioclase crystal-
lization and result in high Sr/Y values (Richards 2011b). 
Amphibole fractionation can lead to weak positive Eu 
anomalies that increase with fractional crystallization (Hao 
et al. 2017), as exemplified by the El Abra–Pajonal igneous 
complex in northern Chile (Cocker et al. 2016). Therefore, 
the decreasing Sr/Y values (54 to 27) that correlate with 
decreasing Eu/Eu* (1.34 to 0.58; Liu et al. 2021) during 
magma evolution in the Naozhi system reflects major pla-
gioclase fractionation over amphibole. This hypothesis is 
supported by plagioclase fractionation becoming increas-
ingly important during a decrease in pressure, accompanied 
by loss of water in the upper-crustal levels (Loucks 2014; 
Cocker et al. 2016). Dominant crystallization dominated by 
plagioclase perhaps implies a relatively long timescale of 
magma differentiation within a shallow reservoir but not at 
deep-crustal levels (15–40 km) at which amphibole is domi-
nant fractionation phase (Alonso-Perez et al. 2009; Ridolfi 
et al. 2010). This magma cumulates and water-saturation at a 
shallow level rather than at deep-crustal levels facilitated the 
Au mineralization in porphyry system (see Chiaradia 2022).

Post-mineralization exhumation of the Naozhi sys-
tem: Many epithermal Au–Cu deposits, particularly 
intermediate-sulfidation or high-sulfidation type, occur 
above or on the margins of PCDs (e.g., Simmons et al. 
2005; Sillitoe 2010). In some instances, epithermal- 
and porphyry-style mineralization occurs within several 
kilometers of each other, where they have been tilted by 

Fig. 11  Box diagram illustrating the pressure estimates for horn-
blendes from the granodiorite using different thermos-barometers 
from Anderson and Smith (1995), Ridolfi and Renzulli (2012), and 
Putirka (2016)

Fig. 12  Calculated pressures 
vs. KD(Fe–Mg)Amp−melt for 
pyroxene diorite, granodiorite, 
and diorite porphyry. The grey 
box highlights the analyses 
that are in Fe/Mg equilibrium 
with their bulk-rock composi-
tions. The equilibrium values of 
0.28 ± 0.11 from Putirka (2016)
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post-mineralization deformation (Seedorff et al. 2005). As 
mentioned above, the 130 Ma andesite at Naozhi is only 
exposed near the epithermal mineralization, supporting 
a higher degree of exhumation near the porphyry core of 
the Naozhi magmatic–hydrothermal system. Since the 
amphiboles analyzed here crystallized at an early stage 
during magmatic evolution, the Al-in-amphibole ther-
mobarometer yielded a maximum estimate of 2.1 km for 
the emplacement paleodepths for the present intrusive 
complex. Based on geological preservation and thermo-
chronology, the paleodepths of the andesite and intrusive 
complex that hosts the porphyry-style mineralization were 
constrained to < 1 km and < 2 km, respectively. The Batu 
Hijau porphyry Cu–Au deposit in Indonesia is considered 
a comparable example to the Naozhi system, where the 
polymetallic veins were overlain by post-mineralization 
volcanic rocks. The tonalitic magmas at Batu Hijau had 
a final crystallization and emplacement depth of < 2 km 
(± 0.5 km), based on Al-in-amphibole thermobarometry 
(Garwin 2000).

Exposing rocks that were emplaced initially at different 
depths to a similar horizontal level at Naozhi requires var-
ying degrees of erosion and/or uplift. The different degrees 
of unroofing may be related to the ca.108 Ma volcanic 
cover and/or young structural events, but further detailed 
structural reconstructions would be required to assess this 
possibility. At least 1 km of post-mineralization cover 
would have minimize the loss of metals during prolonged 
erosion that removed < 2 km of pre-mineralization mate-
rial from the top of the Naozhi magmatic–hydrothermal 
system during the last ~ 130 m.y., suggesting an erosion 

rate of ~ 23  m/m.y.r., with a rapid exhumation during 
130–110 Ma.

Conclusion

The 130 Ma magmatic–hydrothermal event at Naozhi is 
genetically associated with porphyry- and epithermal-style 
mineralization. The magmas that fed the Naozhi porphyry 
system had high water content (mostly > 4 wt. %) and were 
moderately oxidized (∆NNO –0.35 to 2.21), which was 
conducive to the transportation of metals during magma 
ascent. Following evolution in the shallow crust, the mag-
mas exsolved a magmatic aqueous phase and released vola-
tiles at < 2.5 kbar pressures, which caused a rapid decrease 
in oxygen fugacity (log ƒO2 –14.13 to –10.96) and water 
content (6.53–2.26 wt. %). Ore formation occurred at pale-
odepths of < 1 km for the peripheral epithermal veins, based 
on geological preservation, and < 2 km for the core of the 
porphyry, based on thermochronological data and thermal 
history modelling. Together, these paleodepths are roughly 
consistent with an emplacement depth of < 2.1 km for the 
intrusive complex, based on amphibole geobarometry. A 
post-mineralization volcanic cover at ca. 108 Ma protected 
the ore deposits from extensive erosion, resulting in a high-
level of preservation of Naozhi porphyry system.

Appendix

See Table 4

Fig. 13  Oxygen fugacity and water content of the specific magmas 
that formed the Naozhi intrusive complex. a Evolution of oxygen 
fugacity estimated from amphibole. The rapid drop in log ƒO2 at 
depths of < 5 km is likely the result of magma degassing. Inset (top 
left) shows the negative correlation between ∆NNO and pressure, 
with shallow magmas being more oxidized. b  H2O content of the 
magmas continuously decreases with decreasing pressure. A transi-

tion to water saturation of the magmas occurred at pressures of < 2.5 
kbar. The fluctuation in  H2O content (6.53 to 2.26 wt. %) of shallow 
magmas (< 2.5 kbar) was likely caused by the exsolution of fluids and 
magma degassing. The thick gray and black lines represent the solu-
bility of  H2O in dacitic melts at 920  °C (Moore et  al. 1998) and in 
andesitic melts at 1300 °C (Botcharnikov et al. 2015), respectively
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Table 4  Composition of amphibole from the intrusive complex at Naozhi

Intrusive phase Pyroxene diorite

SiO2 49.15 49.31 49.94 49.51 49.90 49.44
TiO2 1.54 1.54 1.47 1.43 1.46 1.59
Al2O3 6.43 6.25 6.11 6.23 6.06 6.29
FeO 11.64 11.66 11.53 11.66 11.42 11.59
MnO 0.17 0.29 0.26 0.26 0.32 0.30
MgO 14.49 14.59 14.38 14.54 14.88 14.39
CaO 11.69 11.62 11.88 11.76 11.73 11.72
Na2O 1.09 1.08 0.95 0.93 0.91 0.91
K2O 0.77 0.51 0.56 0.61 0.57 0.66
Total 97.02 96.88 97.09 96.96 97.25 96.89
Si 7.17 7.20 7.26 7.22 7.24 7.21
AlIV 0.83 0.80 0.74 0.78 0.76 0.79
AlVI 0.28 0.271 0.31 0.29 0.28 0.30
Ti 0.17 0.17 0.16 0.17 0.16 0.16
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 1.43 1.43 1.41 1.43 1.40 1.43
Mn 0.02 0.04 0.03 0.03 0.04 0.04
Mg 3.15 3.17 3.12 3.16 3.22 3.13
Ca 1.83 1.82 1.85 1.84 1.82 1.83
Na 0.31 0.31 0.27 0.26 0.26 0.26
K 0.14 0.10 0.10 0.11 0.11 0.12
T (°C)a 782 776 767 773 769 774
P (kbar)a 1.02 1.02 0.93 1.02 0.98 0.99
H2Omelt (wt.%) 4.51 5.02 5.27 5.02 4.93 5.00
logfO2 − 12.89 − 12.96 − 13.27 − 13.02 − 13.01 − 13.08
∆NNO 1.37 1.43 1.33 1.44 1.55 1.36
T (°C)b 781 778 766 769 768 772
P (kbar)b 1.55 1.47 1.39 1.46 1.36 1.49
FeOmelt 7.62 7.62 7.62 7.62 7.62 7.62
Mgomelt 3.29 3.29 3.29 3.29 3.29 3.29
KD(Fe–Mg)Amp−melt 0.51 0.51 0.51 0.51 0.49 0.51

Intrusive 
phase

Granodiorite

SiO2 49.02 49.10 49.34 49.00 47.58 48.16 47.74 47.11 45.63 44.01 44.41 46.48 47.83 45.16 45.04
TiO2 1.43 1.53 1.62 1.55 1.66 1.68 1.78 1.92 2.53 2.84 2.76 2.11 1.74 2.64 2.05
Al2O3 6.42 6.66 6.53 6.54 7.54 7.22 7.33 7.62 9.11 9.80 9.84 7.85 7.44 9.50 9.44
FeO 12.32 12.34 12.22 12.14 12.86 12.31 12.94 13.11 13.38 13.65 13.60 12.88 12.31 13.86 12.97
MnO 0.41 0.18 0.38 0.35 0.44 0.57 0.24 0.41 0.51 0.21 0.34 0.40 0.32 0.28 0.34
MgO 13.82 13.95 14.04 14.07 12.74 13.33 12.92 12.71 12.13 11.59 11.58 13.07 13.18 12.00 12.19
CaO 11.06 11.17 11.27 11.03 11.18 10.77 10.90 10.87 11.02 11.06 11.04 10.81 10.88 11.31 11.42
Na2O 1.55 1.54 1.51 1.48 1.69 1.71 1.70 1.79 1.97 2.05 2.01 1.80 1.63 2.05 2.08
K2O 0.57 0.48 0.53 0.60 0.67 0.52 0.53 0.61 0.80 0.76 0.76 0.67 0.66 0.94 0.71
Total 96.63 96.95 97.51 96.83 96.41 96.29 96.11 96.19 97.13 96.04 96.44 96.09 96.02 97.75 96.27
Si 7.20 7.18 7.18 7.18 7.05 7.11 7.08 7.01 6.76 6.62 6.65 6.92 7.08 6.68 6.73
AlIV 0.80 0.82 0.82 0.82 0.95 0.89 0.92 0.99 1.24 1.38 1.35 1.08 0.92 1.32 1.27
AlVI 0.31 0.33 0.30 0.31 0.37 0.36 0.36 0.34 0.36 0.36 0.38 0.30 0.38 0.33 0.39
Ti 0.16 0.17 0.18 0.17 0.18 0.19 0.20 0.21 0.28 0.32 0.31 0.24 0.19 0.29 0.23
Fe3+ 0.29 0.29 0.28 0.33 0.22 0.31 0.27 0.28 0.26 0.23 0.24 0.35 0.27 0.22 0.19
Fe2+ 1.23 1.22 1.21 1.16 1.41 1.21 1.35 1.36 1.42 1.51 1.49 1.24 1.27 1.52 1.47
Mn 0.05 0.02 0.05 0.04 0.06 0.07 0.03 0.05 0.06 0.03 0.04 0.05 0.04 0.03 0.04
Mg 3.03 3.04 3.05 3.07 2.82 2.93 2.86 2.82 2.68 2.60 2.58 2.90 2.91 2.65 2.72
Ca 1.74 1.75 1.76 1.73 1.77 1.70 1.73 1.73 1.75 1.78 1.77 1.73 1.73 1.79 1.83
Na 0.44 0.44 0.43 0.42 0.49 0.49 0.49 0.52 0.57 0.60 0.58 0.52 0.47 0.59 0.60
K 0.11 0.09 0.10 0.11 0.13 0.10 0.10 0.11 0.15 0.15 0.15 0.13 0.12 0.18 0.14
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Table 4  (continued)

Intrusive 
phase

Granodiorite

T (°C)a 771 777 777 776 802 789 793 806 854 881 876 821 796 871 869
P (kbar)a 0.94 0.99 0.95 0.96 1.27 1.16 1.20 1.30 1.88 2.32 2.31 1.37 1.23 2.07 2.10
H2Omelt 

(wt.%)
4.90 5.20 4.98 4.79 5.50 5.46 5.56 5.37 5.53 5.86 6.07 4.95 5.36 5.20 5.98

logfO2 − 13.29 − 13.18 − 13.19 − 13.13 − 13.09 − 13.11 − 13.20 − 13.02 − 12.47 − 12.21 − 12.28 − 12.60 − 13.04 − 12.27 − 12.13
∆NNO 1.19 1.19 1.17 1.26 0.72 0.97 0.81 0.70 0.27 0.01 0.02 0.80 0.90 0.14 0.31
T (°C)b 783 787 789 788 805 803 803 815 858 881 876 831 805 870 863
P (kbar)b 1.57 1.67 1.59 1.62 2.21 2.01 2.09 2.27 3.23 3.85 3.85 2.42 2.15 3.50 3.53
T (°C)c 735 748 759 750 768 770 784 804 884 932 920 830 778 899 822
P (kbar)c 1.62 1.58 1.27 1.44 1.94 1.62 1.43 1.21 – – – 0.72 1.63 – 2.05
FeOmelt 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54
Mgomelt 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82
KD(Fe–

Mg)Amp−

melt

0.45 0.45 0.44 0.44 0.51 0.47 0.51 0.52 0.56 0.59 0.59 0.50 0.47 0.58 0.54

Intrusive 
phase

Granodiorite

SiO2 45.29 46.37 48.74 46.83 47.75 44.97 44.11 45.66 48.58 48.77 46.78 47.76 49.89 49.97 50.16
TiO2 2.86 2.31 1.70 2.00 2.00 2.59 2.82 2.58 1.65 1.70 2.21 2.00 0.93 0.97 0.96
Al2O3 9.43 8.70 7.21 8.03 7.54 9.50 10.16 9.13 7.11 6.76 8.15 7.72 4.33 4.29 4.34
FeO 13.43 12.61 12.66 13.59 12.82 13.88 14.15 13.76 12.70 12.17 12.61 12.72 10.86 10.87 10.93
MnO 0.20 0.23 0.38 0.21 0.36 0.47 0.34 0.24 0.28 0.18 0.28 0.45 0.39 0.39 0.40
MgO 12.64 12.94 13.14 12.22 13.12 11.99 11.46 12.19 13.49 13.72 12.79 13.28 15.40 15.41 16.00
CaO 10.93 11.36 11.48 11.11 11.02 11.25 11.40 11.65 11.05 11.26 11.49 11.12 11.70 11.71 11.87
Na2O 1.92 1.84 1.67 1.98 1.85 2.07 2.10 2.06 1.74 1.71 2.00 1.78 2.03 1.81 1.08
K2O 0.91 0.75 0.59 0.70 0.71 0.79 0.84 0.76 0.60 0.57 0.72 0.65 0.68 0.69 0.46
Total 97.63 97.15 97.60 96.73 97.19 97.55 97.54 98.17 97.23 96.88 97.03 97.53 96.40 96.40 96.33
Si 6.68 6.83 7.11 6.95 7.02 6.67 6.56 6.72 7.11 7.15 6.90 6.99 7.34 7.35 7.35
AlIV 1.32 1.17 0.89 1.05 0.98 1.33 1.44 1.28 0.89 0.85 1.10 1.01 0.66 0.65 0.65
AlVI 0.32 0.34 0.35 0.36 0.32 0.33 0.34 0.30 0.34 0.31 0.32 0.32 0.09 0.09 0.10
Ti 0.32 0.26 0.19 0.22 0.22 0.29 0.32 0.28 0.18 0.19 0.25 0.22 0.10 0.11 0.11
Fe3+ 0.34 0.23 0.16 0.18 0.25 0.27 0.22 0.17 0.27 0.21 0.13 0.28 0.13 0.16 0.28
Fe2+ 1.30 1.36 1.43 1.55 1.34 1.47 1.57 1.57 1.29 1.32 1.49 1.28 1.26 1.22 1.03
Mn 0.02 0.03 0.05 0.03 0.04 0.06 0.04 0.03 0.04 0.02 0.03 0.06 0.05 0.05 0.05
Mg 2.78 2.84 2.86 2.70 2.88 2.65 2.54 2.67 2.94 3.00 2.81 2.90 3.38 3.38 3.50
Ca 1.73 1.79 1.79 1.77 1.74 1.79 1.82 1.84 1.73 1.77 1.82 1.74 1.84 1.84 1.86
Na 0.55 0.52 0.47 0.57 0.53 0.59 0.60 0.59 0.49 0.49 0.57 0.50 0.58 0.52 0.31
K 0.17 0.14 0.11 0.13 0.13 0.15 0.16 0.14 0.11 0.11 0.14 0.12 0.13 0.13 0.09
T (°C)a 867 846 792 818 806 872 892 865 788 785 834 812 755 751 748
P (kbar)a 1.99 1.68 1.14 1.45 1.25 2.07 2.48 1.87 1.11 1.03 1.48 1.29 0.57 0.56 0.56
H2Omelt 

(wt.%)
4.95 5.36 5.50 5.37 4.90 5.52 5.85 5.38 5.06 4.91 5.13 5.14 2.25 2.40 3.40

logfO2 − 12.08 − 12.35 − 13.26 − 13.05 − 12.97 − 12.21 − 12.10 − 12.37 − 13.13 − 13.18 − 12.67 − 12.80 − 13.23 − 13.26 − 12.97
∆NNO 0.41 0.55 0.76 0.42 0.75 0.18 − 0.10 0.17 0.98 1.00 0.46 0.80 1.66 1.70 2.07
T (°C)b 872 849 800 825 819 870 886 865 801 800 843 822 785 778 756
P (kbar)b 3.43 2.91 1.96 2.52 2.17 3.52 4.05 3.19 1.91 1.73 2.56 2.26 0.71 0.70 0.71
T (°C)c 927 854 770 814 811 892 925 888 764 771 840 810 669 675 672
P (kbar)c – 0.60 1.59 1.25 0.94 – – – 1.62 1.25 0.65 1.04 0.64 0.57 0.59
FeOmelt 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54
Mgomelt 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82 2.82
KD(Fe–Mg) 

Amp−melt
0.54 0.49 0.49 0.56 0.49 0.58 0.62 0.57 0.47 0.45 0.50 0.48 0.36 0.36 0.34

Intrusive phase Diorite porphyry

SiO2 48.33 47.41 47.81 47.76 48.20 46.59 45.32 45.49 46.22 45.75 45.44 45.49 45.82 45.63 46.51 46.30
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Table 4  (continued)

Intrusive phase Diorite porphyry

TiO2 1.61 1.84 1.44 1.71 1.64 2.38 2.38 2.21 2.16 2.01 1.95 2.39 2.05 2.02 1.82 1.74
Al2O3 6.70 7.69 6.67 6.72 6.48 8.56 9.07 8.87 8.10 8.83 9.05 8.91 7.92 7.89 7.49 7.05
FeO 12.61 12.62 12.76 12.45 12.48 13.02 12.97 12.93 12.89 13.31 13.92 14.10 13.16 12.95 13.30 13.51
MnO 0.39 0.35 0.29 0.47 0.35 0.29 0.39 0.23 0.41 0.41 0.31 0.38 0.38 0.34 0.45 0.41
MgO 13.88 13.62 13.68 13.65 13.87 12.74 12.56 12.83 13.18 12.32 12.19 12.07 13.29 13.47 13.41 13.62
CaO 11.46 11.33 11.39 11.59 11.48 11.10 11.06 11.09 11.17 11.24 11.11 11.22 11.17 11.43 11.51 11.27
Na2O 1.34 1.52 1.34 1.26 1.32 1.69 1.69 1.76 1.72 1.77 1.65 1.63 1.66 1.62 1.55 1.49
K2O 0.71 0.77 0.58 0.58 0.61 0.82 0.92 0.84 0.69 0.87 0.77 0.76 0.85 0.87 0.69 0.72
Total 97.02 97.18 96.01 96.20 96.46 97.19 96.39 96.31 96.56 96.61 96.45 97.00 96.33 96.27 96.81 96.13
Si 7.10 6.97 7.10 7.08 7.12 6.87 6.76 6.78 6.86 6.81 6.79 6.77 6.84 6.82 6.91 6.93
AlIV 0.90 1.03 0.90 0.92 0.88 1.13 1.24 1.22 1.14 1.19 1.21 1.23 1.16 1.18 1.09 1.07
AlVI 0.26 0.30 0.27 0.25 0.25 0.35 0.35 0.34 0.28 0.36 0.38 0.33 0.24 0.21 0.22 0.17
Ti 0.18 0.20 0.16 0.19 0.18 0.26 0.27 0.25 0.24 0.23 0.22 0.27 0.23 0.23 0.20 0.20
Fe3+ 0.32 0.33 0.33 0.29 0.30 0.27 0.31 0.32 0.34 0.26 0.35 0.32 0.38 0.36 0.37 0.45
Fe2+ 1.23 1.22 1.25 1.26 1.24 1.34 1.30 1.29 1.25 1.41 1.37 1.43 1.23 1.24 1.27 1.20
Mn 0.05 0.04 0.04 0.06 0.04 0.04 0.05 0.03 0.05 0.05 0.04 0.05 0.05 0.04 0.06 0.05
Mg 3.04 2.99 3.03 3.02 3.05 2.80 2.79 2.85 2.92 2.74 2.72 2.68 2.96 3.00 2.97 3.04
Ca 1.80 1.78 1.81 1.84 1.82 1.75 1.77 1.77 1.78 1.79 1.78 1.79 1.79 1.83 1.83 1.81
Na 0.38 0.43 0.39 0.36 0.38 0.48 0.49 0.51 0.50 0.51 0.48 0.47 0.48 0.47 0.45 0.43
K 0.13 0.15 0.11 0.11 0.11 0.15 0.17 0.16 0.13 0.16 0.15 0.14 0.16 0.17 0.13 0.14
T (°C)a 790 817 789 796 787 835 856 852 835 846 847 848 836 843 825 816
P (kbar)a 1.01 1.29 1.02 1.03 0.96 1.61 1.87 1.78 1.45 1.77 1.87 1.79 1.40 1.40 1.25 1.12
H2Omelt 

(wt.%)
4.62 4.82 4.94 5.03 4.71 5.30 5.25 5.16 5.00 5.44 5.88 5.71 4.33 4.16 4.65 4.11

logfO2 − 12.88 − 12.49 − 12.88 − 12.85 − 12.95 − 12.57 − 12.17 − 12.13 − 12.33 − 12.41 − 12.33 − 12.47 − 12.19 − 12.02 − 12.35 − 12.34
∆NNO 1.18 1.01 1.21 1.10 1.19 0.55 0.52 0.65 0.79 0.48 0.55 0.38 0.91 0.95 0.98 1.18
T (°C)b 790 816 786 793 789 838 853 850 837 840 833 840 834 837 818 810
P (kbar)b 1.71 2.26 1.74 1.75 1.62 2.82 3.24 3.09 2.56 3.07 3.24 3.11 2.47 2.46 2.19 1.97
FeOmelt 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50
Mgomelt 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85
KD(Fe–

Mg)Amp−

melt

0.52 0.53 0.54 0.52 0.52 0.59 0.59 0.58 0.56 0.62 0.66 0.67 0.57 0.55 0.57 0.57

Intrusive 
phase

Diorite porphyry

SiO2 46.99 46.61 47.20 46.26 47.04 48.09 48.79 48.54 45.19 46.22 46.98 45.97 48.55 42.90 46.99
TiO2 1.90 1.65 1.67 1.68 1.48 1.17 1.17 1.30 1.97 1.76 1.58 2.05 1.42 1.89 1.90
Al2O3 7.59 7.81 7.20 7.76 6.80 5.99 5.35 5.82 8.01 7.65 6.95 7.51 6.78 10.96 7.59
FeO 13.15 13.12 12.90 13.17 13.07 12.93 11.83 12.26 13.45 12.81 12.67 12.80 10.38 13.11 13.15
MnO 0.41 0.37 0.48 0.45 0.44 0.56 0.49 0.48 0.50 0.35 0.38 0.40 0.44 0.37 0.41
MgO 13.54 13.49 13.73 13.35 13.85 14.13 15.06 14.66 13.44 13.82 13.99 13.46 15.14 12.34 13.54
CaO 11.48 11.36 11.55 11.54 11.51 11.46 11.66 11.43 11.40 11.59 11.53 11.62 11.81 11.54 11.48
Na2O 1.55 1.67 1.46 1.61 1.33 1.11 1.10 1.34 1.68 1.52 1.39 1.50 1.27 2.00 1.55
K2O 0.78 0.70 0.69 0.68 0.66 0.62 0.59 0.56 0.91 0.78 0.60 0.74 0.58 0.69 0.78
Total 97.42 96.79 96.88 96.52 96.18 96.06 96.03 96.40 96.57 96.52 96.11 96.07 96.55 96.20 97.42
Si 6.87 6.92 6.91 6.98 6.89 7.01 7.15 7.22 7.17 6.76 6.87 6.99 6.87 7.10 6.45
AlIV 1.13 1.08 1.09 1.02 1.11 0.99 0.85 0.78 0.83 1.24 1.13 1.01 1.13 0.90 1.55
AlVI 0.14 0.24 0.27 0.23 0.25 0.21 0.20 0.15 0.18 0.18 0.22 0.21 0.20 0.27 0.40
Ti 0.19 0.21 0.18 0.19 0.19 0.17 0.13 0.13 0.14 0.22 0.20 0.18 0.23 0.16 0.21
Fe3+ 0.42 0.35 0.38 0.36 0.35 0.41 0.43 0.39 0.40 0.43 0.38 0.39 0.32 0.29 0.39
Fe2+ 1.19 1.26 1.23 1.22 1.27 1.19 1.14 1.04 1.09 1.21 1.19 1.16 1.28 0.99 1.24
Mn 0.05 0.05 0.05 0.06 0.06 0.06 0.07 0.06 0.06 0.06 0.04 0.05 0.05 0.05 0.05
Mg 3.10 2.97 2.98 3.03 2.96 3.08 3.13 3.32 3.23 3.00 3.06 3.10 3.00 3.30 2.77
Ca 1.86 1.81 1.80 1.83 1.84 1.84 1.83 1.85 1.81 1.83 1.85 1.84 1.86 1.85 1.86
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Table 4  (continued)

Intrusive 
phase

Diorite porphyry

Na 0.45 0.44 0.48 0.42 0.47 0.38 0.32 0.32 0.38 0.49 0.44 0.40 0.43 0.36 0.58
K 0.14 0.15 0.13 0.13 0.13 0.13 0.12 0.11 0.11 0.17 0.15 0.11 0.14 0.11 0.13
T (°C)a 832 823 827 814 831 805 777 770 777 851 834 811 834 803 920
P (kbar)a 1.18 1.26 1.34 1.15 1.34 1.05 0.86 0.72 0.81 1.43 1.30 1.09 1.27 1.02 3.06
H2Omelt 

(wt.%)
3.95 4.52 4.83 4.63 4.87 4.47 4.43 3.83 4.06 3.93 4.36 4.59 4.46 4.77 6.54

logfO2 − 11.97 − 12.40 − 12.27 − 12.45 − 12.23 − 12.47 − 12.85 − 12.76 − 12.78 − 11.83 − 12.02 − 12.36 − 12.21 − 12.25 − 11.04
∆NNO 1.23 0.98 1.03 1.12 0.97 1.29 1.51 1.77 1.58 0.98 1.13 1.27 0.94 1.54 0.46
T (°C)b 822 819 821 808 822 796 768 769 781 842 825 805 828 805 894
P (kbar)b 2.07 2.21 2.37 2.01 2.36 1.81 1.40 1.10 1.30 2.55 2.29 1.89 2.23 1.73 4.82
FeOmelt 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50
Mgomelt 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85
KD(Fe–Mg) 

Amp−melt
0.54 0.56 0.56 0.54 0.57 0.54 0.53 0.45 0.48 0.58 0.53 0.52 0.55 0.39 0.61

Intrusive phase Diorite porphyry

SiO2 42.87 42.69 46.50 46.72 46.39 46.31 47.16 49.26 44.29 45.86
TiO2 2.10 2.27 1.91 1.76 1.85 2.09 1.72 1.50 2.34 1.92
Al2O3 11.25 11.08 7.52 7.54 7.75 8.02 7.27 6.54 8.93 8.18
FeO 11.98 12.63 13.06 12.50 13.52 13.23 13.09 11.80 13.81 13.18
MnO 0.47 0.38 0.29 0.35 0.43 0.43 0.48 0.30 0.40 0.44
MgO 12.92 12.54 13.50 13.67 13.00 13.09 13.30 13.66 12.58 13.22
CaO 11.80 11.60 11.25 11.52 11.28 11.07 10.93 11.94 11.70 11.52
Na2O 2.13 1.92 1.58 1.59 1.54 1.58 1.71 1.15 1.64 1.57
K2O 0.61 0.79 0.62 0.60 0.69 0.66 0.71 0.78 0.91 0.78
Total 96.41 96.19 96.29 96.28 96.45 96.48 96.41 96.93 96.62 96.67
Si 6.41 6.41 6.92 6.94 6.91 6.89 7.01 7.21 6.65 6.83
AlIV 1.59 1.59 1.08 1.06 1.09 1.11 0.99 0.79 1.35 1.17
AlVI 0.39 0.38 0.24 0.26 0.27 0.29 0.28 0.33 0.23 0.26
Ti 0.24 0.26 0.21 0.20 0.21 0.23 0.19 0.16 0.26 0.21
Fe3+ 0.34 0.37 0.39 0.32 0.37 0.39 0.37 0.10 0.34 0.36
Fe2+ 1.15 1.20 1.22 1.23 1.30 1.22 1.24 1.41 1.39 1.27
Mn 0.06 0.05 0.04 0.04 0.05 0.05 0.06 0.04 0.05 0.06
Mg 2.88 2.81 3.00 3.03 2.89 2.90 2.94 2.98 2.81 2.93
Ca 1.89 1.87 1.79 1.83 1.80 1.76 1.74 1.87 1.88 1.84
Na 0.62 0.56 0.46 0.46 0.44 0.45 0.49 0.33 0.48 0.45
K 0.12 0.15 0.12 0.11 0.13 0.12 0.13 0.14 0.17 0.15
T (°C)a 938 930 821 824 822 827 805 779 875 843
P (kbar)a 3.25 3.15 1.26 1.27 1.34 1.42 1.18 0.98 1.83 1.49
H2Omelt (wt.%) 6.57 6.23 4.79 4.96 5.07 5.19 4.63 5.10 4.77 4.86
logfO2 − 10.70 − 10.90 − 12.39 − 12.31 − 12.51 − 12.43 − 12.76 − 13.30 − 11.80 − 12.09
∆NNO 0.49 0.42 1.02 1.04 0.87 0.85 0.99 1.01 0.54 0.87
T (°C)b 917 906 821 822 816 826 810 777 858 832
P (kbar)b 5.02 4.92 2.21 2.22 2.36 2.51 2.06 1.62 3.18 2.62
FeOmelt 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50
Mgomelt 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85
KD(Fe–Mg)Amp−melt 0.53 0.58 0.56 0.53 0.60 0.58 0.57 0.50 0.63 0.57

Note: the structural formulae of the amphibole were calculated on the basis of 23 oxygen atoms
a Temperature and pressure values are calculated using the Al-in-amphibole thermobarometry (Ridolfi and Renzulli 2012)
b Temperature and pressure values are calculated using the Si-in-amphibole thermobarometry (Putirka 2016)
c Temperature and pressure values are calculated using the amphibole thermobarometry (Anderson and Smith 1995)
FeOmelt and  Mgomelt contents from Liu et al. (2021). “–”: No data obtained
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