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ARTICLE INFO ABSTRACT

Keywords: The Tiegelongnan (Rongna) deposit is a giant porphyry-epithermal Cu (Au) deposit within the Duolong porphyry

Muscovite district, in the south Qiangtang terrane, central-western Tibet, China. The deposit is centered on multiphase

AAOIunigtg granodiorite porphyry (GP) intrusions intruded in Jurassic sandstone. Phase 1 and 2 GP are associated with
AAr' Ar biotite and sericite alteration, whereas GP3 and 4 occur in middle and shallow parts of the deposit affected by

Zircon CA-ID-TIMS .. 15 . . .. 1 . . . . .

Exhumation sericite and advanced argillic alteration (alunite-kaolinite-dickite-pyrophyllite). Sericite alteration is pervasive

in the deep part of the deposit replacing biotite alteration and hosting porphyry stage chalcopyrite-bornite-
pyrite *= molybdenite mineralization. Advanced argillic alterationis associated with epithermal stage high
sulfidation (tennantite, enargite, bornite, and digenite) mineralization, overprints the sericite and biotite al-
teration from the shallow part of the deposit. The top of the Tiegelongnan hydrothermal system was weathered
with a layer of supergene oxidation and enrichment zone, exhumated, and covered by andesite and gravel.

Muscovite sampled from deep sericite alteration yields a “°Ar->°Ar age of 120.9 + 0.8 Ma, which is con-
sistent with previously reported hydrothermal biotite *°Ar->°Ar age of 121.1 = 0.6 Ma, molybdenite Re-Os ages
of 121.2 + 0.6 and 119.0 = 1.4 Ma, and GP 1 and 2 zircon U-Pb ages of 121.5 + 1.5,120.2 = 1.0 Ma (LA-
ICP-MS results), and 118.7 * 0.9 Ma (SIMS result). Phase 3 GP 3 yields a CA-ID-TIMS zircon U-Pb age of
119.9 * 0.2 Ma, which constrains the age of porphyry magmatic-hydrothermal events. The porphyry system
was then unroofed, weathered, and superimposed by discrete stages of advanced argillic alteration and high
sulfidation mineralization. Two pulses of alunite events yield ‘°Ar->?Ar ages of 116.3 * 0.8 Ma and
111.7 + 1.0 Ma, which represent the principal epithermal alteration and mineralization ages at Tiegelongnan.
The first alunite pulse age is consistent with younger porphyry (GP4) age of 116.2 *+ 0.4 Ma (zircon LA-ICP-MS
age). Weathering and exhumation of the porphyry-epithermal deposit were continuing until the cover of an-
desite at ~110 Ma and by post-andesite gravel. The andesite was affected by a younger weak hydrothermal
alteration at 108.7 + 0.7 Ma, constrained by a muscovite “°’Ar->’Ar age. Another barren alunite yields a
“OAr-3°Ar age of 100.6 * 2.0 Ma, which may represent the youngest hydrothermal event. The long life-span
discrete hydrothermal activities from ~120 to ~100 Ma in the Tiegelongnan deposit is consistent with the long-
lasting tectonic-magmatic events of the Bangong-Nujiang suture zone.

The discrete epithermal mineralization events at Tiegelongan are younger than the porphyry mineralization
events, which is analogous to several other epithermal deposits worldwide. The ~10 m.y exhumation history at
Tiegelongan is slower than the typical and rapid erosion history of ~1-2 m.y porphyry deposits in low-altitude
tropical climates regions, and during a specific abrupt uplift pulse in the Andean region. The slow exhumation at
Tiegelongnan is interpreted to be an integrated result of an arid climate environment, relatively flat topography,
and a slow uplift condition during Cretaceous in central-western Tibet.

Porphyry-epithermal deposit

1. Introduction Au (Hedenquist and Arribas, 2000; Sillitoe and Hedenquist, 2003).
Epithermal deposits have been mostly recognized as precious metal

Porphyry deposits and their overlying epithermal hydrothermal gold resources (Cooke and Simmons, 2000), whereas some epithermal
systems are attractive exploration targets, particularly for Cu, Mo, and base metal mineralizations have also been reported (Fontboté and
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Bendezti, 2009). Some epithermal deposits are found as isolated de-
posits, such as the Summitville deposit, USA (Stoffregen, 1987; Gray
and Coolbaugh, 1994), and the Pascua-El Indio epithermal belt, Ar-
gentina and Chile (Chouinard et al., 2005; Deyell et al., 2005b). Under
most cases, epithermal mineralization is found telescoped on porphyry
mineralization (Sillitoe, 1999), such as the Zijinshan, China (So et al.,
1998; Jiang et al., 2013), Oyu Tolgoi, Mongolia (Perell6 et al., 2001),
Cerro la Mina, Mexico (Jansen et al., 2017), and La Bodega and La
Mascota, Colombia (Madrid et al., 2017). In other situations, the
overlying epithermal system was eroded, displaced, or tilted from the
porphyry system, which results in that epithermal deposits are not al-
ways present with porphyry deposits (Garwin et al., 2005; Seedorff
et al., 2005; Kesler and Wilkinson, 2006).

The duration of porphyry-related magmatic-hydrothermal systems
was reported to last up to several million years, as results of inter-
mittent, successive stages of magmatic and hydrothermal events (Parry
et al.,, 2001; Sillitoe and Moretensen, 2010; Maydagén et al., 2014;
Mercer et al., 2015). In contrast, the formation duration of a single
event of porphyry mineralization is theoretically modeled to range
from < 2000 to < 100,000 years, (Cathles et al., 1997; McInnes et al.,
2005; Cathles and Shannon, 2007). Epithermal and porphyry alteration
are interpreted to form simultaneously at two endmembers (vapor and
brine) of phase-separated magmatic water (Arribas, 1995; Hedenquist
et al.,, 1998). However, when multistage epithermal mineralization
formed, some pulses of the epithermal event are not necessarily asso-
ciated with the nearby porphyry, being younger than the porphyry
event (Catchpole et al., 2015; Correa et al., 2016; Madrid et al., 2017).

There are few epithermal deposits discovered in Tibet, in contrast to
a number of porphyry deposits been reported in the Gangdese and
Yulong belts (Fig. 1a) (Hou et al., 2011; Tang et al., 2012; Mao et al.,
2014). This study reports the geology and geochronology of the high
sulfidation epithermal mineralization telescoped on porphyry miner-
alization at the Tiegelongan, also named as Rongna deposit by Zhang
et al. (2018), Tibet, China. Based on cores logging, we complement with
new zircon U-Pb and multiple stages of muscovite and alunite “°Ar->°Ar
ages, to reveal the long life span and multiple stages of hydrothermal
activity, and to illustrate the formation, exhumation, and preservation
history at the Tiegelongnan deposit.

2. Exploration history

Mineral exploration in the Duolong region began in the 1980s with
the discovery of some old placer gold stope relics. The main exploration
objectives focused on the placer gold mines until 1998. After that, the
No.5 Geological Party in Tibet conducted a geological survey and found
evidence for copper and gold potential. In 2003, two porphyry Au-Cu
deposits, Duobuza and Bolong were discovered. The exploration at the
Tiegelongnan commenced in 2010 by No. 5 Geological Party of Tibet,
and soil geochemical Cu and Au anomaly were found in an oxidation
zone (Fig. 2). Four shallow holes were drilled in the following three
years at the anomaly area. However, these drill holes were offset from
the center of the Tiegelongnan ore-body, which is under the volcanic
andesite cover. In 2012, Chinalco Jinlong Company partnered with the
No.5 geological party and the Institute of Mineral Resources of the
Chinese Academy of Geological Sciences to extend the scope of ex-
ploration, based on the regional geochronological indication that an-
desite is younger than the ore-related porphyritic intrusions. They sunk
diamond drill-holes to the east of original drill holes at Tiegelongnan,
passing through the andesite cover (Fig. 2), to discover the Tiegelongan
deposit in 2013 (Tang et al., 2014).

3. Duolong porphyry deposit district
The Duolong porphyry Cu-Au deposit district is located ~30 km

north of the Bangong—Nujiang Suture Zone (BSZ) within the southern
margin of South Qiangtang sub-terrane (Fig. 1a), at an elevation from
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4700 to 5200 m, in a 47 km long by 21 km wide area. This region is
located in a continental arc related to the northward subduction of the
Bangong-Nujiang Ocean (BNO) (Li et al., 2014; Li et al., 2019). Por-
phyry deposits in this belt were formed during the Early Cretaceous, but
it remains controversial whether they formed during the subduction
stage (Li et al., 2016b, 2017a, 2017b), or post-subduction collisional
stage (Zhu et al., 2016; Liu et al., 2017; Wei et al., 2017).

The Duolong district contains measured and inferred resources of
17.54 Mt Cu and 374.2 t Au in four well-explored deposits, Duobuza,
Bolong, Naruo, and Tiegelongnan (Fig. 1b). Duobuza was the first
porphyry Au-Cu deposit discovered in this district with 648 million
tonnes (Mt) resources at grades of 0.46% Cu and 0.20 g/t Au. The
Bolong porphyry Cu-Au deposit contains 640 Mt ore averaging 0.43%
Cu and 0.23 g/t Au. The Naruo porphyry Cu-Au deposit, characterized
by breccia ore-body, contains 660 Mt with an average 0.38% Cu, and
443 Mt of ore with average 0.19 g/t Au (Li et al., 2013; Ding et al.,
2017; Lin et al., 2018). Tiegelongnan is the largest porphyry and epi-
thermal deposit, containing 2089 Mt ore at a grade of 0.53% Cu and
0.08 g/t Au (Tang et al., 2017). There are other porphyry and epi-
thermal related mineralization prospects in this district, including the
Nadun high sulfidation epithermal Cu-Au deposit with 0.14 Mt ore at
0.75% Cu and 1.45 g/t Au (Li et al., 2016a), Dibao, Saijiao, Sena por-
phyry related mineralization, and Gaergin epithermal mineralization
(Fig. 1b). All these deposits are associated with Cretaceous subvolcanic
porphyry intrusions between 128 and 114 Ma (Fig. 1b; Li et al., 2011;
Lin et al., 2017a; Sun et al., 2017; Zhang et al., 2017). Most of those
intrusions are intermediate to felsic porphyry rocks, such as diorite,
quartz diorite, and granodiorite porphyry rocks. Quartz diorite and
granodiorite porphyries are the main intrusion types associated with
the Cu-Au mineralization, but differing in some deposits, with grano-
diorite porphyry in Naruo (Ding et al., 2017), Bolong (Zhu et al., 2015)
and Tiegelongnan deposit (Lin et al., 2017b), and quartz diorite and
granodiorite porphyry in Duobuza (Li et al., 2012). All those porphyry
rocks are oxidized, water-rich, and subduction-related calc-alkaline
magmas (Li et al., 2016b; Sun et al., 2017). Previous data indicate that
porphyritic intrusions emplaced between 120 and 118 Ma, and the
hydrothermal alteration and mineralization formed between 122 and
115 Ma, which was followed by post-mineral volcanic rocks erupted
between 113 and 106 Ma (Fig. 1; Wang et al., 2015; Li et al., 2016b,
2017b; Lin et al., 2017a). The volcanic rocks consist of basalt, andesite,
dacite, rhyolite, and voluminous pyroclastic rocks. Andesitic rocks are
the most widespread volcanic units, which belong to the Cretaceous
Meirigiecuo Formation. All those volcanic rocks are cogenetic to the
porphyritic intrusions, indicated by their close spatial and temporal
relationship, and geochemical signatures (Li et al., 2016b; Sun et al.,
2017).

Most of those deposits and igneous rocks are spread along NE and
SW faults (Fig. 1b). The NE striking faults are recognized to control the
locations of magmatic-hydrothermal events, whereas the W-E striking
faults are post-mineral structures that cut the ore bodies (Song et al.,
2018).

The oldest sedimentary rock in the Duolong district is the limestone
of the Upper Triassic Riganpeicuo Formation. It is overlain by the
widespread Upper to Middle Jurassic Sewa and Quse Formation sand-
stone, siltstone, and claystone, which are the main wall-rocks for all the
deposits in the Duolong district. The Oligocene Kangtuo Formation
conglomerate overlies the Jurassic sedimentary rocks, and is un-
conformably overlain by the Quaternary eluvial sediments.

4. Deposit geology

The Tiegelongnan deposit is hosted by Jurassic Sewa Formation
submarine sandstone and siltstone and granodiorite porphyry intru-
sions. A small portion of biotite hornfels is revealed by several deep
diamond drill holes, surrounding the deep porphyry intrusions
(Fig. 3b). Fractures in hornfels are filled by irregular, barren, and
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Fig. 1. Geology and geochronology frame of the Duolong district. BSZ, Bangong-Nujiang Suture Zone. IYZ, Indus-Yaluzangbu Suture Zone. HS, high-sulfidation.
Geochronology data for Dibao, Duobuza, Bolong after Lin et al. (2017a), data for Naruo from Ding et al. (2017) and Lin et al. (2018), data for Nadun from Li et al.

(2016a, 2016b), data for Gaergin from Zhang et al. (2017).

narrow quartz veins (< 2 mm wide).

Several diorite porphyry dikes are found in the eastern and southern
part of the deposit, which is affected by chlorite alteration with few
hypogene chalcopyrite and supergene chalcocite mineralizations
(Fig. 3). They are isolated from several phases of granodiorite porphyry
intrusions (Fig. 3), and no crosscutting relation is observed between
diorite and granodiorite porphyries. Subdivision of those granodiorite
porphyry intrusions is difficult because hydrothermal sericite alteration

masks the original features. Zhang et al. (2018) also named some in-
trusions as “feldspar porphyry”. Phenocrysts, mineral type and pro-
portion, vein types and density, and enclaves are used to distinguish
different granodiorite porphyry phases and their sequence, which are
summarized in Table 1 and Fig. 4. Granodiorite porphyry 1 (GP 1),
occurring at depth in the Tiegelongnan deposit, contains biotite phe-
nocrysts with more feldspar than quartz phenocrysts (Fig. 4a), and is
cut by the highest density quartz-molybdenite veins compared to the
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other porphyry phases. Granodiorite porphyry phase 2 (GP 2) is the
most common intrusion type, it contains a higher proportion of phe-
nocrysts than GP 1 (55-60% for GP2 and 35-40% for GP1), with more
feldspar (25-30%) than quartz (15-20%) (Fig. 4b). Magmatic GP 2
breccias occur at depth in the center of the deposit (Fig. 3b). Few biotite
hornfels clasts are found in GP 1 and GP 2 porphyries, which suggests
biotite hornfels formed before the intrusions. GP 2 is strongly affected
by sericite alteration and disseminated chalcopyrite, bornite, and some
molybdenite mineralization, and cut by minor quartz-molybdenite
veins and quartz-pyrite + chalcopyrite + bonite veins (Fig. 4c).
Granodiorite porphyry 3 (GP 3) dikes are found in the shallow part of
Tiegelongnan with a lower proportion of phenocrysts (25-35%), and
less feldspar (5-8%) than quartz (15-20%) phenocrysts compared to GP
1 and GP 2 porphyries (Fig. 4d, e). They contain disseminated high
sulfidation sulfide assemblage characterized by digenite, bornite, en-
argite, and tennantite, cut by digenite-bornite-pyrite veins (Fig. 4d). GP
3 dikes are considered younger than GP 2 because they have GP 2 clasts
and lack earlier chalcopyrite, bornite, and molybdenite sulfide assem-
blages (Fig. 4e). Granodiorite porphyry 4 (GP 4) is found in the middle
and western parts of the deposit (Fig. 3). The GP4 contains more phe-
nocrysts (40-50%) than GP 3, and more quartz (25-30%) than feldspar
(5-10%) phenocryst (Fig. 4f), which differs from GP 1 and GP 2. The GP
4 is mineralized with disseminated digenite and bornite, and cut by
bornite-digenite-pyrite veinlets (< 0.5 cm wide).

The top of GP 3 dikes are unroofed (Fig. 3b and c), which suggests
the uplifting and erosion happened after the emplacement of these in-
trusions. Few meters thick layers of erosional breccia are found at the
top of the mineralized rocks, which reaches tens of meters in the
southern part (Fig. 3b and c). The erosional breccia is associated with
supergene oxidation (Song et al., 2018), where the erosional breccia,
including quartz clasts, sandstone, and porphyry clasts, are cemented
by jarosite, goethite, and hematite.

5. Post-mineral units
5.1. Andesite cover

The Tiegelongnan deposit is largely covered by andesite, with small
amounts of mafic rocks (Figs. 2 and 3). Oxidized wall rocks, kaolinite
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Fig. 2. Satellite photo of the Tiegelongnan deposit. Most of the drill holes pass through the andesite cover, which overlies the Jurassic sandstone hosting ore body.
Soil Cu, Au anomaly zone was first recognized as an exploration potential prospects for this deposit.

breccia, porphyry clasts are found in andesite. Most of the andesite
cover is unaltered and lack sulfide minerals. A small portion of the
middle south-eastern part of the andesite is weakly altered with
chlorite, and cut by calcite and kaolinite veins (Fig. 5a). This part of
andesite occurs as hydrothermal breccia cemented by kaolinite
(Fig. 5b). The andesite cover is cut by a WNW striking reverse fault,
which dips steeply to the south, and uplifts the andesite hanging wall in
the southern part of this deposit, (Fig. 3c).

5.2. Gravel

The andesite cover is discontinuous at the western part of the
Tiegelongnan deposit, where a thin layer (< 1 m) of piedmont and
stream gravel unconformably overlies the deposit (Figs. 2 and 5c¢). It
thickens to the southern end, where the gravel contains andesite clasts
(Fig. 5d) with a thickness of ~10 m.

6. Alteration and mineralization

We integrate > 200 thin section descriptions and X-ray Diffraction
(XRD) in this study with summary of short wave inferred spectrum
(SWIR) results (Guo et al., 2017) and previous alteration and miner-
alization description (Yang et al., 2014; Lin et al., 2017b), to describe
the alteration mineralogy, texture, and their distribution in the Tiege-
longnan deposit based on over 20 km cores logging in the field.

Spatial distribution pattern of alteration is shown in Fig. 6. Sericite
alteration is present at depth and in the eastern shallow part from
depths of 150 m to 1200 m. Chlorite alteration occurs in the south-
eastern periphery of the sericite alteration zone in a propylitic halo.
Advanced argillic alteration, consisting of kaolinite-dickite and alunite
alteration zones, is found below a depth of ~200 m, and overprints the
sericite alteration and chlorite alteration.

6.1. Biotite alteration

Hydrothermal biotite is identified in the deep, central parts of the
Tiegelongan, below 900 m depth (Yang et al., 2014; Lin et al., 2017b).
Biotite occurs with chalcopyrite in quartz veins, and in quartz-mo-
lybdenite-chalcopyrite-pyrite veins. Biotite is commonly replaced by
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Table 1
Features of different phases of granodiorite porphyry.

Ore Geology Reviews 123 (2020) 103575

Rock types Pheno (%) and composition Trapped clasts Veins Mineralization Zircon U-Pb age (Ma)
Diorite porphyry 40-50%: 25% Fel 0.5-4 mm; 2% Qt No Chl-Py vein Intermediate mineralization 1231 + 1.7}
0.5-2 mm; 20% Hen 1-3 mm Minor Cc, Py
Granodiorite 35-40%: 20-25% Fel 1-8 mm; 5-10% Rare sedimentary clasts Qz-Mol * Ccp vein Intermediate: Mol, Ccp, Py 121.5 + 1.5¢
porphyry 1 Qz 0.5-4 mm; 10-15% Bt 0.5-10 mm
Granodiorite 55-60%: 25-30% Fel 0.5-5 mm; Rare sedimentary clasts Qz-Mol =+ Ccp vein Strong: some amount of Mol, Ccp, 120.2 * 1.0%
porphyry 2 15-20% Qz 0.5-3 mm; 6-8% Bt/Hen Qz-Ccp-Py * Bnvein Bn, Py, and minor Cv, Tnt, Eng
1-4 mm Bn-Dg-Py vein
Granodiorite 25-35%: 5-8% Fel 0.5-4 mm; 15-20%  With some earlier Bn-Dg-Py vein Weak: Bn, Dg, Py 1199 * 0.2
porphyry 3 Qz 0.5-3 mm; 3-5% Bt/Hen 0.5-3 mm intrusions clasts
Granodiorite 40-50%: 5-10% Fel 0.5-4 mm; Hydrothermal breccia Bn-Dg-Py vein Intermediate: Dg, Bn, Ccp, Py and 116.2 = 0.4
porphyry 4 25-30% Qz 0.5-2.5 mm; 1-4% Bt/Hen minor Eng, Tnt,

0.5-2 mm

Bn-bornite, Cc-chalcocite, Ccp-chalcopyrite, Chl-chlorite, Cv-covellite, Dg-digenite, Eng-enargite, Fel-feldspar, Mol-molybdenite, Py-pyrite, Qz-quartz, Tnt-tennan-

tite.
1 - Lin et al., 2017b, 2 — Fang et al., 2015.

muscovite and kaolinite (Lin et al., 2017a, Fig. 5e). Several types of
quartz veins are identified and named based on the classification of
(Gustafson and Hunt, 1975). Early barren quartz veinlets are cut by
mostly B-type (molybdenite-bearing) veins and by minor A-type
(chalcopyrite-bearing) veins in the biotite alteration zone.

6.2. Sericite alteration

Sericite alteration is generally centered on almost all granodiorite
porphyry dikes. Granodiorite porphyries and their vicinity sandstone
host rocks have been altered by muscovite-quartz-pyrite assemblage
with minor other hydrothermal minerals, and cut by several types of
quartz-bearing veins (Table. 2). Feldspar minerals are mostly altered to
muscovite, with coeval precipitation of disseminated chalcopyrite,
bornite, and pyrite (Fig. 7a). Few magnetite, hematite, tourmaline,
phengite, and barite are present in the sericite alteration zone. Rutile is
common as disseminated grains and in quartz veins. Gypsum occurs in
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quartz veins in the sericite alteration zone. Pyrophyllite (Fig. 7d) is
identified with minor dickite in the shallow sericite alteration zone.

A-type vein comprising chalcopyrite with varying amounts of bor-
nite rarely occur in deep sericite alteration zone, which is cut by mo-
lybdenite-bearing B-type veins and pyrite veins (Fig. 7b). B veins they
are cut by D-type pyrite-bearing quartz veins, and then cut by younger
pyrite veins (Fig. 7c). Reopening of the quartz vein is commonplace,
where younger kaolinite, alunite, and sulfide minerals fill their open
void. Minor galena and sphalerite occur in A-type veins with chalco-
pyrite and bornite, some of which are replaced by younger covellite,
digenite, enargite, and tennantite.

6.3. Chlorite alteration
Chlorite alteration is characterized by an assemblage of chlorite-

epidote-calcite-pyrite (Table 2). Chlorite replaces feldspaths in sedi-
mentary rocks, and mafic minerals in diorite porphyry, and

i Bn-Dg-Py'vein”®

Fig. 4. Different phases of granodiorite porphyry intrusions. a, granodiorite porphyry 1 (GP 1), with biotite (Bt) phenocrysts and cut by quartz (Qz) — molybdenite
(Mol) vein. b, granodiorite porphyry 2 (GP 2), containing more feldspar than quartz phenocrysts, strongly disseminated mineralized. ¢, granodiorite porphyry 2, with
feldspar with grown of quartz cut by quartz-molybdenite vein, quartz-pyrite (Py) -chalcopyrite (Ccp) vein and bornite (Bn)- digenite (Dg)- pyrite vein. d, granodiorite
porphyry 3 (GP 3), with quartz over feldspar phenocrysts, cut by a bornite-digenite-pyrite * kaolinite (Kln) vein, with hematite (Hem) halo; e, granodiorite
porphyry 3, cut by bornite-digenite-pyrite vein, trapped an enclave of earlier porphyry phase GP 2. f, granodiorite porphyry 4 (GP 4), consisting of a higher

proportion of phenocrysts than GP 3, and more quartz phenocrysts than feldspar.
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Fig. 5. Andesite and late conglomerate. a, weak propylitic alteration affected andesite with the occurrence of chlorite (Chl), calcite (Cal) vein and kaolinite (Kln)
veins. b, Andesite hydrothermal breccia is cemented by kaolinite. ¢, Contact between andesite cover and gravel. d, Andesite clasts in the gravel.

chlorite + pyrite veins are also present. D-type veins occur in the
chlorite alteration zone, as well as minor A-type vein. Propylitic al-
teration is present in the andesite (Fig. 5a) in a small region at the
southern part of the Tiegelongnan, but sulfide minerals are absent in
the andesite.

6.4. Alunite alteration

Alunite alteration zone is characterized by multiple-stages of alu-
nite-bearing veins and disseminated alunite and quartz (Table 2). Minor
kaolinite, dickite, pyrophyllite, rutile, and barite occur in the alunite
alteration zone. Early alunite I cements sericite-altered breccia with
chalcopyrite-bornite-mineralized, and enargite and tennantite are
hosted by this early alunite I (Fig. 8a). The alunite I breccia is cut by
younger pyrite-enargite-tennantite veins and alunite II-sulfide veins
(Fig. 8b). Laminated alunite II-sulfide veins (Fig. 8c) are widespread
and are the main epithermal mineralization stage. Sulfides within the
alunite II consist mainly of bornite, tennantite, and enargite, with minor
chalcopyrite, and digenite, and show complex replacement texture
(Table 2). The alunite II-sulfide veins are found cutting earlier D-type
veins and pyrite veins (Fig. 8d), and also filling in D-type veins and
pyrite veins. The complicated sulfides assemblages are also found filling
D-type veins and pyrite veins without alunite. Alunite III veins fill
earlier D-type quartz-pyrite veins, with minor disseminated enargite
(Fig. 8e). Another stage of wide alunite IV-sulfide veins contains pyrite
and trace amounts of enargite (Fig. 8f).

6.5. Kaolinite-dickite alteration

Kaolinite is the dominant mineral with minor dickite within the
kaolinite-dickite alteration zone, where dickite occurs in the deep parts
of the kaolinite-dickite alteration zone and closely relate to pyrophyllite
in sericite alteration zone. Small amounts of alunite, illite, gypsum,
diaspore, nackite, and goyazite occur in this alteration zone. Multiple
stages of kaolinite veins and breccia are present in the kaolinite-dickite

alteration zone. Barren white kaolinite is found cementing sericite-al-
tered sandstone breccia. Compressive structures are shown in some
kaolinite cemented breccia (Fig. 9a). These white kaolinite veins fill in
earlier A-, B-, D-type veins, and alunite veins. These textures indicate a
repeated opening of earlier formed veins and open-space filling by
younger hydrothermal minerals. Few disseminated enargite and ten-
nantite occur in these kaolinite veins. Barren kaolinite is found cement
post-mineral andesite breccia (Fig. 5b). A lot of tennantite-enargite-
containing dark and grey kaolinite veins are commonly present in this
zone. Some of those veins fill the center of quartz veins to a depth of
around 850 m (Fig. 9b), with the replacement of chalcopyrite by cov-
ellite and then by tennantite and enargite (Fig. 9c).

6.6. Sulfides and grade distribution

The sulfides in the Tiegelongnan deposit show vertical zonation
(Fig. 10a and c). In deep parts of the sericite alteration and biotite
hornfels, from around 1000 to 1200 m depth, molybdenite, chalco-
pyrite, and pyrite predominate in A- and B-type quartz veins (Fig. 10a).
The disseminated chalcopyrite-bornite-pyrite assemblage characterizes
the sericite alteration zone above 1000 m depth, which corresponds to a
high Cu grade (> 0.8% Cu) zone associated with a relatively high Au
(> 0.1 g/t) grade zone (Fig. 10b), and that represents the porphyry Cu
mineralization center. The correlation between high Cu and Au grades
suggests Au precipitated with Cu.

A telescoped zonation with high sulfidation minerals covellite,
tennantite, and enargite is superimposed on bornite-chalcopyrite zone
at the top of the sericite alteration zone (Fig. 10a and c). High Cu and
Au grades characterize this zone (Fig. 10b and d).

In shallow parts of the Tiegelongnan deposit, high sulfidation mi-
nerals, including bornite, digenite, enargite, and tennantite are asso-
ciated with the advanced argillic alteration zone, which is characterized
by kaolinite-sulfide veins and alunite-sulfide veins. High grades of Cu
(> 0.8% Cu) and > 0.1 g/t Au are common in these veins.

Supergene chalcocite veins at the top, and in the southern part of
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Fig. 6. Alteration distribution patterns of the 4600 elevation level (a), the cross-section EW 04 (b), and cross-section NS 24 (c) of the Tiegelongnan deposit.
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Fig. 7. Alteration and cross-cutting veins in
the sericite and transition alteration zone. a,
Plagioclase phenocrysts are altered to mus-
covite (Mus) with chalcopyrite (Ccp), bor-
nite (Bn) mineralization. b, Sericite altered

il el e . i o granodiorite porphyry 1 is cut by A-type
% P 3% o : . 0 : quartz-chalcopyrite * bornite vein, which
fa B in 4 b = - | is cut by B type quartz (Qz)-molybdenite

(Mol) vein and pyrite (Py) vein. c, Sericite
altered sandstone is cut by B-type vein,
which is cut by D-type quartz-pyrite vein
and then by pyrite vein. d, Pyrophyllite (Prl)
alteration.

e 4 B vein [ ¥
W waa s iy W e
2.ci
[Esc=aes]

Fig. 8. Alunite veins feature and alunite samples for
4OAr-39Ar dating. a, alunite (Alu) -sulfide (Sul) vein
cuts sericite alteration rock and quartz (Qz) -chalco-
pyrite (Ccp) -pyrite (Py) vein. b, Sample 1604-429
(alunite I) for dating, alunite, and tennantite (Tnt) -
enargite (Eng) cemented sericite alteration wall rocks
breccia, and with late kaolinite (Kln) filling. ¢, Pure
alunite breccia is cut by enargite-pyrite vein, which is
then cut by younger kaolinite-alunite-sulfide vein. d,
Sample 1604-171 (alunite II) for dating, laminated
alunite-sulfide veins, sulfides mainly including ten-
nantite, enargite, pyrite, and bornite (bn). e, Sample
2412-511 (alunite III) for dating, alunite fills in
quartz-pyrite veins with disseminated enargite inside.
f, Sample 3212-206 (alunite IV) for dating, laminated
alunite veins containing kaolinite-pyrite and a trace
amount of enargite.

+ 592405 5P Jivdn|d €] NS 3|1GP|PPY)
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Fig. 9. Vein filling and cut texture and superposition
of high sulfidation assemblages. a, Compressive
breccia is cemented by kaolinite and tennantite/en-
argite. b, kaolinite (Kln)-sulfide (Sul) veins cut and
fill in early quartz (Qz)-chalcopyrite (Ccp)-pyrite (Py)
vein. ¢, chalcopyrite, and bornite (Bn) are replaced
by covellite (Cv), and then replaced by tennantite
and enargite.

Tnt/Eng

2cm

the Tiegelongnan deposit (Fig. 10a and c) are characterized by a high 6.7. Supergene zone
grade of Cu (> 0.8%), as a result of supergene enrichment (Fig. 10b and

d). However, the Au grade is low (< 0.1 g/t) in the supergene zone The major part of the erosional breccia, with a thickness of few to
(Fig. 10d). tens of meters, is affected by supergene oxidation beneath (Fig. 6b and
W b N 7NAS(! e A ) ot A v;ﬁ‘ :/v'\v‘v,

g

N
i

® DDH

I Mol-Cop Bl >0.8%cCu

B Cop-8n o é%c

[T Bn-Dg-Ten-Eng 4000ny ' = 4000my
-Vein Cec ’.I:_:l 0.3%Cu

-Ccp-Bn-Cv replaced by Ten and Eng

4600m Level

Fig. 10. Sulfide assemblage distribution at the 4600 m elevation level (a), and the Line 04 cross-section (c), Cu and Au grade distribution at 4600 m elevation level
(b), and the Line 04 cross-section (d), Rongna Fault is the post-cover reverse fault. Bn-bornite, Cc-chalcocite, Ccp-chalcopyrite, Cv-covellite, Dg-digenite, Eng-
enargite, Mol-molybdenite, Tnt-tennantite.
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Conglomerate

c). The supergene zone is hundreds of meters thick at places where
andesite is eroded or cut by the post-andesite fault (Fig. 6b, c¢), where it
reaches a depth of ~600 m in the southern part of Tiegelongnan. In the
breccia, some of the rounded and angular clasts are cemented by he-
matite (Fig. 11a). Sulfides in quartz veins (A and D-type vein) in the
erosional breccia are oxidized to hematite (Fig. 11a). Jarosite and
goethite are dominant at shallow cuttings, where some native gold is
found. Alunite I cements goethite breccia (Fig. 11b), which suggests the
supergene event started before this epithermal activity. Part of the
advanced argillic alteration zone is affected by supergene oxidation,
which resulted in sulfides oxidized to hematite, azurite, and malachite
in kaolinite veins, with the formation of supergene chalcocite
(Fig. 11c). A minor amount of native copper is present in this supergene
oxidizing zone (Fig. 11d).

7. Methodology
7.1. Samples selected for dating

Drill core samples for zircon U-Pb dating were collected from
granodiorite porphyry phases 3 and 4. Samples 2404a and 2404b are
from GP 3 (Fig. 3) for high precision CA-ID-TIMS dating. Samples 2404-
450 and 2405-598 for LA-ICP-MS zircon U-Pb dating are from miner-
alized GP 4, which are collected from the middle and western parts of
the Tieglongnan deposit, located at depth of ~450-600 m depth
(Fig. 3).

Hydrothermal muscovite and alunite were carefully separated from
altered granodiorite porphyries, breccias and veins samples for
40Ar-3°Ar dating. Hydrothermal muscovite was picked from a sample of
GP 2 (2404-737) and a sample of GP 3 (2404-313). Alunite was sepa-
rated from alunite-kaolinite-sulfides breccia (1604-429, alunite I), la-
minated alunite-sulfide veins (1604-171, alunite II), quartz-alunite-
sulfide veins (2412-511, alunite III) and massive and laminated alu-
nite * kaolinite-sulfides veins (3212-206, alunite IV) (Fig. 8).

7.2. Analytical methods

CA-ID-TIMS zircon U-Pb dating was carried at the Pacific Centre for
Isotopic and Geochemical Research (UBC), using methods described in

12
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Fig. 11. Erosional breccia and supergene oxidization
at the top of the Tiegelongnan deposit. a, Breccia
(sandstone (St), containing oxidized quartz (Qz) —
pyrite (Py) vein) is oxidized and cemented by he-
matite (Hem). b, Goethite (Gth) breccia is cemented
by I-type alunite (Alu), which is covered with ande-
site (And)-contain conglomerate. c, Sulfide in kaoli-
nite veins is oxidized to hematite and malachite
(Mlc), with supergene enrichment of chalcocite (Cc).
d, Native copper (Cu) and goethite are present in the
fracture of oxidized rocks.

(Scoates and Friedman, 2008). LA-ICP-MS zircon U-Pb dating was
carried at the Tianjin Institute of Geology and Mineral Resources, fol-
lowing the method of (Geng et al., 2012). “°Ar->*°Ar geochronology of
muscovite sample 2404-737 and alunite breccia sample 1604-429 were
carried in the Testing Center of Nuclear Industry Geology Research
Institute of Beijing, following the method described in (Lin et al.,
2017a); “°Ar->?Ar ages of muscovite sample 2404-313, and that of
alunite samples 1604-171, 2412-511, and 3212-206 was acquired at the
Pacific Centre for Isotopic and Geochemical Research, (UBC), following
(Madrid et al., 2017). All analytical methods and data are provided in
detail in the Supplementary data.

8. Results

High-resolution CA-ID-TIMS isochron ages for two samples of GP 3
are shown in Fig. 12 and Supp. Table 1A. The weighted mean
206ph /238] age of the two grains from sample 2404a is 119.9 = 0.1 Ma
(Fig. 12a). Three zircon grains were analyzed from sample 2404b: two
grains give a weighted mean age of 119.7 + 0.2 Ma, whereas the third
grain yields an younger age of 119.1 = 0.2 Ma (Fig. 12b). Two grains
from sample 2404a and the two grains with an age 119.7 = 0.2 Ma
from sample 2404b give a mean age of 119.9 + 0.2 Ma (Fig. 12c).

Sample 2405-598 yields a weighted mean age of 116.5 = 0.7 Ma,
whereas sample 2404-450 gave an age of 115.9 + 0.4 Ma, (Fig. 13 and
Supp. Table 2A). The two ages are within the 20 error, such that a mean
age of 116.2 + 0.4 Ma is computed.

Hypogene alteration muscovite and alunite “°Ar->°Ar age spectra,
and inverse isochron plots are presented in Fig. 14 and Supp. Table 3A.
Muscovite sample 2404-757 from GP 2 yields a plateau age of
120.9 = 0.8 Ma for 99.82% >°Ar release, and an inverse isochron age
0f 122.0 = 0.9 Ma. A low *°Ar-*°Ar; value 229.0 = 2.7 (less than that
of atmosphere 295) suggests slight Ar loss for this sample. The mus-
covite sample 2404-313 from GP 3 yields a plateau age of
108.7 + 0.7 Ma, with 92.2% 3°Ar released, and inverse isochron age of
107.7 = 0.7 Ma.

Alunite I (1604-429) gives a flat plateau age of 116.3 + 0.8 Ma,
with 81.4% 3°Ar released (Fig. 14). Its inverse isochron age is
115.5 * 1.6 Ma with a high *°Ar-*°Ar; value 343.5 + 79.9 (> 295)
(Fig. 14), which may suggest extraneous argon. Alunite II (1604-171)
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Fig. 12. Concordia plots of CA-ID-TIMS zircon 20615.238p dating of granodiorite porphyry 3, sample 2404a (a), sample 2404b (b), and a combination of the four

consistent data (c).

from laminated alunite-sulfides vein yields a total-gas age of
111.7 = 1.0 Ma (Fig. 14), and an inverse isochron age of
110.5 2.1 Ma. Alunite IIT (2412-511) from an alunite-quartz vein
gives an almost flat total-gas age of 112.5 = 0.8 Ma, with 99.95% °Ar
release, and an inverse isochron age of 110.5 = 2.1 Ma (Fig. 14).
Alunite IV (3212-206) from a wide alunite-sulfides vein has a younger
plateau age of 100.6 + 2.0 Ma with 96.5% >°Ar release, and an inverse
isochron age of 99.1 = 2.3 Ma (Fig. 14).

+

9. Discussion
9.1. Geochronology of the Tiegelongnan deposit

Geochronological data demonstrate that the Tiegelongnan deposit
formed by a series of magmatic and hydrothermal events (Table 3 and
Fig. 15). Lin et al. (2017b) dated the diorite porphyry at
123.1 * 1.7 Ma, which is the oldest magmatic event in the Tiege-
longnan deposit. The GP 1 porphyry is dated at 121.5 * 1.5 Ma
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Fig. 13. Concordia plots of LA-ICP-MS zircon 2°°U-2*® Pb dating of granodiorite porphyry 4, Sample 2405-598 and 2404-450.
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Fig. 14. Muscovite and alunite *°Ar-*°Ar age spectra from the Tiegelongnan deposit. For each sample, two graphs show plateau spectrum age, and corresponding

inverse isochron age.

(zircon LA-ICP-MS age; Lin et al., 2017b). Fang et al. (2015) docu-
mented the strongly mineralized GP 2 porphyry with an age of
120.2 *= 1.0 Ma (zircon LA-ICP-MS age), which is consistent with
molybdenite Re-Os ages of 121.2 * 0.6 Ma (Lin et al., 2017b) and
119.0 = 1.4 Ma (Fang et al., 2015). Another GP 2 was dated with an
age of 118.7 = 0.9 Ma (Zhang et al., 2018), which is slightly younger
but within the error of the LA-ICP-MS age of 120.2 = 1.0 Ma. One
hydrothermal biotite has a “°Ar->°Ar age of 121.1 + 0.6 Ma (Lin et al.,
2017a), which is consistent with the ages of GP 1, GP 2, and mo-
lybdenite, within the uncertainty. Muscovite 2404-737 from GP 2 with
an age of 120.9 * 0.8 Ma is consistent with the GP 2 porphyry age of
120.2 = 1.0 Ma. High-precision CA-ID-TIMS ages of GP 3 intrusions
are 1199 = 0.2 (n 4) and 119.1 + 0.2 Ma (n 1). The age of
119.9 = 0.2 Ma is consistent with ages of hydrothermal biotite and
muscovite, although the GP3 is strongly affected by advanced argillic
alteration. The younger GP3 age of 119.1 * 0.2 Ma does not overlap
within error with 119.9 = 0.2 Ma, suggesting perhaps a slightly
younger intrusive dike identified as GP3, misclassified because of strong
overprinting by hydrothermal alteration. Minor Pb loss, however, can
not be ruled out, which could cause a slightly younger age. Muscovite,
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biotite, and molybdenite hosted by GP1 and GP 2 intrusions and their
adjacent wallrock sandstone are all overlapping in age between ~121
and ~119 Ma (Fig. 15). The high-precision CA-ID-TIMS age of
119.9 + 0.2 Ma is proposed to represent the precise age of porphyry
hydrothermal event.

The GP 4 porphyry has a mean age of 116.2 0.4 Ma, which is
about 3 Ma younger than the porphyry stage alteration and miner-
alization. One feldspar porphyry sample (RN2404-300) was dated at
117.1 * 0.9 Ma (Zhang et al., 2018), which is consistent with the ages
for GP 4. Alunite from one laminated alunite-sulfide vein yields
“OAr-39Ar age 0f 117.9 = 1.6 Ma, whereas pyrite from this vein has Rb-
Sr age of 117.5 * 1.8 Ma (Lin et al., 2017a), which overlapped the
alunite I age of 116.3 = 0.8 Ma obtained from this study. The ages of
alunite I and the alunite sample in Lin et al., (2017a) are consistent with
the GP 4 age of 116.2 = 0.4 Ma, and feldspar porphyry age
117.1 = 0.9 Ma, suggesting that they may result from the same
magmatic-hydrothermal event. The ~116 Ma alunite I age is older than
the alunite II age of 111.7 = 1.0 Ma, which is consistent with lami-
nated veins cutting alunite breccia (Fig. 9¢). Alunite III, with an age of
112.5 * 0.8 Ma, is within the error of the age of alunite II. The alunite

+



Ore Geology Reviews 123 (2020) 103575

C. Yang, et al.

G102 “Te 32 Suepm Quojspues paziferaurur ay3 jo doj ay} Je 9)ISopue Ysalj UOHRId[E-UON £'0 F ['0IT qd-N SN-dDI-V1 uodIIZ AIsapuy 10SO-NY
q410T “Te 39 urg Suolspues pazi[eIsuIw 3y} jo doj ay3 Je ISSpue Ysay uoneIAe-UON 9T F L TIIT 4d-N SIN-dII-V1T uodI1z olIsepuy 99-02¢CE [elourI-1s0d

Apmis s1yJ, € dD woij pajeredas 9)1A00SNIN 40 F £'SOT IV IV, 9J1A0DSNIA ¢ A1£ydiod aj1101pOURID SIS-v0rT

(A1
Apms sTqL uraA d1kd-o)un(e pajeurure] SpIM - 0 F 9°00T Wee Vo |yuny SIun[e) URA S9PY[NS-AIUNY 90¢-C1CE
Apms sty uraA ayuikd-zyrend sy Aunly - 80 F STIL IV IV, un[y  (II1 UN[e) URA zjrenb-ayunyy 11S-CIve
I

Apmnis sy, Q)IUT[OBY YIIM ‘SUIA SPYNS-dIUNe pajeurure] MoreN 0T F Z'TIL IV IV, N[y 9JIUN[E) UISA SIPY[NS-2IUN[Y 1414091

Apms sty SOOI [[eM PIII[E-2IIDLIS JUSWAD (NUSSIP-I[IUBUURI-AISIRUD PIIM) JUNY 80 F €911 VeIV, Aunyy (1 @31UN[e) BI2I2Iq AIUN[Y 6Ct-+09T

B/10C “Te 30 urg IDPIP pue U0 MIJ M ‘SUIRA 181eus-3uIAd-aiunye pajeurure] apiM 8T F S'ZIT 15-q9 kg SUIA SOpY[NS-AIUNY 1-Ad

BLT0T T 3 uI'] SIDIP PUE NUIORY M3J UM ‘SUIRA d)[31eud-0)11Ad-a11une pajeurure] spIM - 9'T F 6°Z1T Wee Vo, unyy SUIPA SIpY[NS-3UNY  €8E-¥09INZ

810C “Te 30 Sueyz uopeIe MY 60 F TLIT SINIS uodIZ A1kydiod redsppy  00€-v0vTNY

*9)181RUD ‘9)I[[9A0D ‘DITUSIIP
Apms sy, pareurwassip yim ip A1hydiod uonerae a1jAydoifd-o1nIp pue uonerdle AANLBS 0 F 6'SIT  qd-N SIN-dDI-V1I uodIIZ ¥ A14ydiod a)1101poueID 0Sy-+0vT
+9)131eUS ‘9)I[[2A0D ‘A)IUASIP

Apmis s1yJ, pareurwassip yum ‘oNip A14ydiod uoneraife a)Aydoifd-a1ndIp pue uoneIdle APLRS 40 F S9IT qd-N SIN-dDI-VT uodIIZ ¥ A1£ydiod aj1101pOURID 86S-G0vg  sodels reurroypidy

Apmis s1yJ, T dD woij pajeredas 9)1A00SNIN 80 F 6°0CT IV IV, 9)1A02SNI\ ¢ A1£ydiod aju101poueIn LELYOVYDIZ

BLT0T T 32 UI'] uraA 21101q-a1LAdod[eyd-auspghlow-ziend 90 F T'ITI Wee Vo 9nolg ureA 01g-ddD-[ON-210  TTTI-Y08YNIZ

S10T “Te 30 3ueq SUIRA USPGAION-ZIEND  +'T F 0611 sO-24 auapgAjoN SurRA [OIN-Z10) TO- IO

qL10T “Te 3 ur] SuPA AMUPGA[ON-ZHEND 90 F T'ITL SO-94 2)UapqAION SURA [OIN-Z30 10710

20 ¥ T'6IL

Apras sy, "SULPA UI0G-DIIUBSIP Ym ‘ip A1hydiod uonemIfe APIVS  TO F L'6LT SINLL-QI'VD uodx1Z € A1kydiod sym01poueln arove

Apmnis s1qJ, *SUTOA 93TU10G-2)TUASIp Im ‘OYIp A14ydiod uonerslfe )RS 10 F 6611 SINLL-AI-VD uodIIZ ¢ A1£ydiod aju101pOURID eHOPT

8107 “Te 12 Sueyyz A1hydiod 8urresaq-a10 pue uoneIdle APLLBS 60 F L'SIT SINIS uodIIZ z £1fydiod ayuotpouety  £//-40bCINY

G102 “Te 10 Sueg uraa zyrenb noym ‘g A14ydiod sjurorpoueid uonessle APLLBS 0T F 2'0ZL SIN-dDI-V'T uodIIZ z £f1fydiod syuorpouery  €/£-Z191MZ

q410T “Te 39 ury uroA z)renb ou ‘uones)e ApLLs YIM ‘T A14ydiod ayuorpoueid Sunresq-ainoly ST F G'ICI SIN-dDI-V'T uodIIZ 1 A1hydiod ayuro1poueIn  6SZI-0SPIZ
q/10T “Te 39 ury uroA 911Ad-2)1I0[YD SUIOS JO SIUILINDIIO Y} YIIM UOTIRIDIR LIONYD Aq PaIdRyy LT F T'€CI SIN-dDI-V'T uodIIZ A1kydiod ay1101q 120S-82ZEZ sadeys A14ydiog
S9dURIRJY uondisaq sopdures (eIN) 98y PoyRIN  [erourwr Suneq sajdures ‘oN o[dureg a8e1

19q1], ‘sodep ueuduoradal], 9yl e A30[ouoIyd0a3 jo s)nsal pue sa[dures jo Arewrumng

€ IqeL



C. Yang, et al.

Ore Geology Reviews 123 (2020) 103575

Alunite V .
Muscovite 2404-313
Andesite RN-GS-01
Andesite 3220-66

= Zircon U-Pb
Al Molybdenite Re-Os
> Pyrite Rb-Sr

1

Alunite 111 4 e “Ar-"Ar
Alunite Il 1 @ This study
Alunite | -1 ® Literature

i

GP 4 2404-450
GP 4 2405-598

—@— Alunite

+—E—{LA-ICP-MS

F—@—Alunite
—@—iMuscovite
—#—LA-ICP-MS
——%®—LA-ICP-MS
——@—Alunite
—@—Alunite

HEHLA-ICP-MS

Pyrite in vein alunite 1 i
Vein alunite - F———@——Alunite
RN2404-300 . —8—iSIMS Epithermal stage
GP 3 2404b = H HEHID-TIMS Porphyry stage
GP 3 2404a . M ID-TIMS
Muscovite 2404-737 H—@—i Muscovite
Hydrothermal biotite - —@—Biotite
Molybdenite 2 — A
Molybdenite 1 1 —A—
GP2 (RN2404-777) —=—SIMS
GP2 1 —8——{LA-ICP-MS
GP1 - —8——LA-ICP-MS
Diorite porphyry {———=——iLaicPus
T v T T T v T T . T T T ) T i T e T i
124 122 120 118 116 114 112 110 108 100.6+2Ma

Fig. 15. Geochronological data for the Tiegelongnan deposit, with comparison to literature. GP1, molybdenite 1, and andesite 3220-66 ages from Lin et al. (2017b);
GP2 and molybdenite 2 ages from Fang et al. (2015); hydrothermal biotite, vein alunite age from Lin et al. (2017a); andesite RN-GS-01 age from Wang et al. (2015);

SIMS zircon data from Zhang et al. (2018).

V is younger with an age of 100.6 * 2.0 Ma.

The andesite cover is dated at 110.1 * 0.7 Ma (zircon LA-ICP-MS
age; Wang et al., 2015), and 111.7 *= 1.6 Ma (zircon LA-ICP-MS age;
Lin et al., 2017b). These ages are close to the ages of alunite II and
alunite III. However, the alunite II age is not overlapping within the
error of the younger andesite age of 110.1 * 0.7 Ma. The andesite
cover is mostly unaltered and not mineralized, which is in contrast to
the intense advanced argillic alteration and high sulfidation miner-
alization in the shallow parts of the deposit. Thus, andesite likely forms
slightly younger than formation of alunite II and III.

Muscovite 2404-313 separated from the GP 3 gives a young age of
108.7 = 0.7 Ma, which is much younger than the GP 3 CA-ID-TIMS
ages between 119.9 *= 0.2 Ma, but consistent with ages of andesite.
Muscovite “°Ar->Ar ages are vulnerable to thermal events because of
its low closure temperature (300-400 °C; Chiaradia et al., 2013). The
andesite emplaced at 110.1 = 0.7 Ma is possible to cause the reset of
this muscovite age, considering the muscovite age is close to the an-
desite ages. However, the flat plateau spectra of the sample muscovite
2404-313 do not show stepping resetting features (Fig. 14). Its spatially
nearby alunite samples from this study (Fig. 6) were not reset by
younger hydrothermal events. Additionally, andesite is affected by
weak hydrothermal alteration (Fig. 5a and b), which suggests hydro-
thermal activity is active after the eruption of andesite. So, the
108.7 + 0.7 Ma age is interpreted to be linked with a young stage of
hydrothermal activity, which may be associated with the formation of
andesite.

The late alunite IV age (100.6 + 2.0 Ma) is much younger than any
other stage of intrusion or hydrothermal mineral. This very young
alunite *°Ar->°Ar age may relate to a late magmatic activity.

9.2. Evolution of the Tiegelongnan deposit

Tiegelongnan displays several pulses of epithermal alteration and
copper mineralization telescoping porphyry copper-molybdenum al-
teration and mineralization. Although the location and character of the
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NE-striking fault are not precisely understood, it is considered to con-
trol the formation of Tiegelongnan porphyry mineralization at
~120 Ma (Fig. 16a), as well as several other deposits in the Duolong
district (Fig. 1; Song et al., 2018).

Exhumation associated with paleosurface declining had started be-
fore the first epithermal type advanced argillic alteration and high
sulfidation mineralization at ~116 Ma (Fig. 16b). In term of regional
tectonic, this ages corresponds to the early Cretaceous compressive
tectonism in the continental arc of the Southern Qiangtang region, as a
result of subduction of Bangong-Nujiang ocean (Li et al., 2016b; Li
et al., 2019), or collision between Lhasa and Qiangtang terranes (Liu
et al., 2015; Liu et al., 2017). As a result, Tiegelongnan underwent
uplift and erosion, which is evidenced by muscovite and kaolinite re-
placing biotite, and advanced argillic alteration telescoping sericite and
chlorite alteration. The overprinting situations are widely recognized in
porphyry systems worldwide, and considered as results of paleosurface
and water-table declining (Sillitoe, 1999; Sillitoe et al., 2019).

Younger stage of epithermal ores and advanced argillic alteration
started at ~112 Ma (Fig. 16c¢). It likely formed under a similar en-
vironment to that of the first epithermal event. The erosion degree
during the interval between the two epithermal events is difficult to
assess. Fluid inclusion pressure calculation estimates around 1200 m of
the deposit have been removed after 120 Ma, and around 500 m was
removed after the formation of low-temperature quartz veins from
advanced argillic alteration zone (Yang et al., 2014). If the calculation
is reliable, around 700 m of erosional removal at Tiegelongnan likely
happened between early (~120 Ma) and late magmatic-hydrothermal
activities, although the age of later quartz vein is undetermined. Ero-
sion may have continued after the second epithermal event and unroof
the top of the epithermal system, because of lack of silicic cap at the top
of Tiegelongnan, which is commonly found on top of porphyry Cu
systems (Sillitoe, 2010).

The erosion of Tiegelongnan paused during the cover of andesite at
~110 Ma, which is associated with mild hydrothermal alteration
without mineralization (Fig. 16d). The start of the supergene oxidation
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a Paleo-surface b

120 Ma

Fig. 16. Formation scheme for the Tiegelongnan de-
posit. a, Porphyry stage mineralization and alteration
formed with intrusion several phases of granodiorite
porphyries at ~120 Ma. b, The porphyry system is
unroofed, and affected by erosion and supergene
oxidation on the top. The first pulse of high-sulfida-
tion epithermal hydrothermal event took place at
~116 Ma. ¢, A younger pulse of epithermal event
induced at ~112 Ma, with continuing weathering,
paleo-surface declining, and erosion. d, Andesite
covered at the top of this porphyry-epithermal system
at ~110 Ma, and it preserves the deposit from ero-
sion, with weak hydrothermal alteration without
sulfide mineralization. e, The youngest magmatic

event happened with the formation of alunite at
~100 Ma. f, Andesite is partly eroded with the for-
mation of supergene enrichment until the present.

Present

Sericite-chlorite alteration and
porphyry Cu(Mo) mineralization
Alunite-kaolinite alteration and

HS epithermal Cu(Au) mineralization
Supergene Oxidizion zone

I:l Hydrothermal breccia

- Porphyry dikes

| Andesite cover

- Gravel
Faults

event is unknown, but it should be earlier than the first epithermal
event, as shown by goethite breccia cemented by barren kaolinite-alu-
nite I (Fig. 11b).

The andesite cover was subsequently affected by weak hydro-
thermal alteration at ~100 Ma (Fig. 16e) without sulfide mineraliza-
tion. The post-andesite thrust fault contributes to declining of ground-
water from the southern part of Tiegelongnan.

After that, uplift and erosion of the Tibetan plateau resulted in the
exposure of the Tiegelongnan deposit, more profound supergene oxi-
dation with the formation of supergene enrichment (Fig. 16f). However,
most parts of the Tiegelongnan deposit were protected by the andesite
cover, which most like explain its preservation.

Exhumation of some porphyry deposits exceeding 1000 m and post-
mineral cover usually takes place in a short time of less than ~2 m.y.,
such as the Oyu Tolgoi, Mongolia (Wainwright et al., 2017), Boyongan
and Bayugo, Philippines (Braxton et al., 2018), and the Josemaria,
Argentina (Sillitoe et al., 2019). Around 10 m.y. exhumation after the
porphyry mineralization at Tiegelongnan is a slow and long exhuma-
tion process compared to those deposits. It is estimated at an

- Erosion breccia
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exhumation rate of between 0.1 and 0.2 km / m.y. at the Tiegelongnan
(Song et al., 2017). Climate is considered a robust control to the ex-
humation rate, with humid tropical regions characterized by a faster
exhumation rate than dry regions (Yanites and Kesler, 2015). This is
used to explain the rapid exhumation in the tropical Philippines and
possibly low-latitudinal Mongolia conditions. However, a compressive
uplift pulse during a specific period of time at the Andes is considered
as a possible reason for the rapid exhumation at the semiarid Andean
region (Sillitoe et al., 2019). North-western Tibet is a cold and arid
elevated topography region from Early Cretaceous (Horton et al.,
2004). This may be a reason for the low exhumation rate in the
Southern Qiangtang terrane, Tibet. Slope steepness is another factor
that affects the erosional rates, that steep slope facilitates runoff and
removal of sediments and results in intense erosion (Willgoose et al.,
1991; Sillitoe, 2005). However, there is no deep incisely valley in
central-western Tibet, and the slope in Duolong district is low. Ad-
ditionally, uplift of Tibet is slow before ~100 Ma, and gradual after
India-Asia collision (~55 Ma), and the abrupt uplift of Tibetan plateau
happened more recently at ~7 Ma (Wang et al., 2008). Therefore, the
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arid environment, slow uplift history, and relatively flat plateau in
central-western Tibet during Early Cretaceous are combined to explain
the slow exhumation rate of the Tiegelongnan deposit.

The magmatic-hydrothermal events at Tiegelongnan lasted from
~120 Ma to ~100 Ma, during several discontinuous pulses throughout
about 20 million years. Porphyry stage intrusions, sericite alteration,
and Cu-Mo mineralization (120 Ma), are overprinted by multiple stages
of epithermal advanced argillic alteration and high-sulfidation Cu mi-
neralization (116 Ma and 112 Ma). Most of the younger ages hydro-
thermal alteration and mineralization events lack associated porphyry
intrusions. This long life-span at the Tiegelongnan deposit may be a
result of the long-lasting tectonic active Bangong-Nujiang suture zone.
At the regional scale, two generations of igneous rocks intruded during
the Jurassic and Cretaceous near the subduction zone of the Bangong-
Nujiang Oceanic (BNO) plate and subsequent collision between the
Qiangtang and Lhasa terranes from 160 to 90 Ma (Li et al., 2014; Zhu
et al., 2016). Several porphyry-related hydrothermal deposits surround
the suture zone formed associated with magma related to the tectonic
movement of BNO (Li et al., 2017a). Although it is uncertain the
Duolong porphyry district formed during the subduction stage or col-
lision stage, both subduction and post-subduction settings are favorable
to the formation of porphyry and epithermal deposits (Richards, 2009;
Hou et al., 2015).

Some high-sulfidation epithermal Au-Ag deposits formed simulta-
neously with associated porphyry events. For example, the alunite in
Lepanto formed contemporaneously with the biotite in potassic al-
teration in the Far South-East porphyry deposit (Arribas et al., 1995).
However, different types of alunite formed during discrete hydro-
thermal events in the epithermal Au-Ag deposit (Rye, 1993; Deyell
et al., 2005a). Advanced argillic alteration and associated high-sulfi-
dation mineralization are believed to be repetitive in porphyry-related
districts (Hervé et al., 2012; Sillitoe et al., 2019). In some examples,
alunite from epithermal deposits is younger than the associated por-
phyry deposits. Porphyry Cu-Mo mineralization in La Bodega and La
Mascota deposits, Colombia formed at 10.1 Ma, before epithermal Au-
Ag-Cu mineralization at 2.6 Ma and Zn mineralization 1.6 Ma (Madrid
et al., 2017). Epithermal Cu-Ag sulfide veins in Collahuasi District
formed at 32.7 Ma, which is younger than porphyry Cu-Mo miner-
alization at 34.4 Ma (Masterman et al., 2004).

10. Conclusions

The Tiegelongnan porphyry-epithermal Cu deposit in the Duolong
porphyry district at the Bangong-Nujiang suture zone, Tibet, China, is
hosted by Jurassic sedimentary rocks, and was emplaced during several
pulses of Cretaceous granodiorite porphyry intrusions at ~120 and
~116 Ma. The porphyry alteration and mineralization are genetically
related to the ~120 Ma porphyry intrusions. Epithermal advanced ar-
gillic alteration and high sulfidation Cu mineralization took place
mainly at ~116 Ma and ~112 Ma, which telescopes the earlier por-
phyry hydrothermal system.

The top of the porphyry and epithermal hydrothermal alteration
and mineralization system were partly unroofed. Continuing supergene
weathering, uplift, and erosion along with the formation of the
Tiegelongnan deposit lasted for around 10 million years until covered
by andesite at ~110 Ma. The andesite cover is of great significance to
preserving this deposit, and it may be associated with weak hydro-
thermal alteration. The long-lasting magmatic-hydrothermal formation
processes are attributed to the prolonged active convergent plate
margin at the Bangong-Nujiang Suture. The geochronology data reveal
a long duration (~10 m. y) slow exhumation history, much longer than
the reported rapid exhumation process < 2 m. y. in other regions,
which is like due to the combination of arid environment, flat plateau,
and slow uplift process in the central-western Tibet during Early
Cretaceous.

After the burial under the andesite, the Tiegelongnan deposit is
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continually subjected to exhumation and supergene oxidation, which
outcrop the Tiegelongnan porphyry-epithermal system, widen and
deepen oxidation zone, and form supergene enrichment.
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