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ARTICLE INFO ABSTRACT
Keywords: The Narusongduo Pb-Zn deposit is located at the northern boundary of the Luobadui-Milashan fault zone (LMF)
Lhasa terrane in central Tibet and is spatially associated with the Linzizong volcanic succession (LVS). Our study indicates that
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the regional structural setting was formed by two-stage tectonic events. The first stage, spanning from the late
Mesozoic to early Paleocene, is characterized by significant N-S crustal shortening associated with the
Cordilleran-type orogeny along the Gangdese arc. The region’s Paleozoic-Mesozoic metasedimentary rocks were
penetratively strained. Locally deformation was largely partitioned along the LMF. During the second stage (ca.
66-55 Ma), the area was affected by extensive multi-stage Linzizong volcanism, including caldera formation, as
well as a coaxial N-S propagative deformation with a distinctive lower shortening rate. We recognized two types
of mineralization, both were formed during the second stage. The first type of mineralization (orebody III) is
governed by fractures within the extensively deformed Paleozoic carbonate rocks at the LMF’s footwall. The
overlying LVS, however, includes discrete but numerous mineralized sections. The terminal splays of the ore
shoots typify the products of hydraulic fracturing. We propose that the propagative compressive deformation
drained fluid reservoirs at depth to higher levels via the “Fault valve” effect. Episodic fluid influxes and mineral
deposition formed the time-integrated mineralization. The second type of mineralization (orebody I) is hosted in
the LVS in a number of breccia pipes and dykes that were controlled by the structural weaknesses generated by
the intersection of the radial and ring fractures. Mineralization occurs as veinlets in the matrix and clasts inside
the breccias, which are characterized by multi-stage brittle cracking, fluid injection and mineral precipitation. It
is interpreted that the multi-stage magmatism (ca. 66-55 Ma) triggered repeated hydrothermal activities and
incremental mineralization within the ore-bearing breccia bodies.

1. Introduction provide pathways for fluid injection and accommodation space for ore
deposition, with the assumption that mineralization postdates the

Hydrothermal mineralization usually occurs in volcanic environ- volcanism (e.g., Arribas et al., 1995; Stix et al., 2003; Williams-Jones
ments as a result of a variety of processes such as eruption, brecciation, and Heinrich, 2005; Guo et al., 2020a). Nonetheless, recent studies on
and extensive fluid circulation. (e.g., Hedenquist and Matsuhisa, 1987; modern volcanos and magmatic-hydrothermal ore deposits suggest that
White and Hedenquist, 1990; Sidorov et al., 2015; Nadeau et al., 2016; episodic fluid ingression and brecciation of overlying rocks played
Guo et al., 2020a). In particular, it is considered that volcanic structures crucial roles in fluid depressurization and mineral precipitation (Hattori
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and Keith, 2001; Maughan et al., 2002; Nadeau et al., 2016).

How compressive deformational structures influenced the ore
deposition is another topical issue (Cox, 1995, 2016; Hou et al., 2008;
Liu et al., 2011; Zhang et al., 2017). In cases, it has been proposed that
(1) the high displacement faults and shearing networks could provide
pathways linking the “upstream” fluid reservoirs at depth to shallow
crustal level (Cox, 1995; Nguyen et al., 1998; Kenworthy and Hage-
mann, 2007); (2) The propagative faulting and rapturing triggered
repeated high flux fluid activities (Boullier and Robert, 1992; Cox, 2016;
Zhang et al., 2017); (3) The fault- and fold-related dilation system along
with fluid-driven growth of fracture permeability provided “down-
stream” space for the precipitation of the ores (Sibson et al., 1988;
McCuaig and Kerrich, 1998; Cox et al., 2001, 2005).

However, structural controls on the formation of ore deposits hosted
in fault zones, which are affected by intensive volcanism, are less clear
and may vary significantly. The fluid localization and mineralization
within these systems could be associated with the margin of a caldera, its
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interior structures, and adjacent regional structures (e.g., Lipman et al.,
2015; Garden et al., 2017). In addition, the regional structural setting,
particularly the temporal and spatial relations between the tectonic
deformation and caldera-forming events, exert crucial influences on the
mineralization patterns. For example, it is noted that post-caldera
regional faults could reactivate the ring faults of the volcanic edifice
and promote the localization of later-stage fluid flow (Rytuba et al.,
1990; Elston, 1994; Rytuba, 1994). Nonetheless, calderas commonly
result from multi-stage magmatism which may continue for several
million years (Elston, 1994; Acocella, 2007). Therefore, large-scale
centric volcanism overprinting a pre-existing regional structural
discontinuity would (1) induce repetitive magmatism and fluid ingres-
sion focusing on the regional structural weakness and (2) form relatively
intact volcanic loads that may blanket later-stage fluid influx (Tram-
parulo et al., 2018 and references therein). This complexity highlights
the necessity of investigation on the structural settings of this type of ore
deposits.
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Fig. 1. (a) Inset showing the tectonic subdivisions of the Tibetan plateau (after Liu et al., 2019). (b) Simplified geological map of the Gangdese belt and adjacent
regions (modified from C.G.S., 2019; Liu et al., 2019). Abbreviations: BNSZ = Bangong-Nujiang suture zone; GHM = Greater Himalaya; GLCF = Gar-Lunggar-Cuomai
Fault; LMF = Luobadui-Milashan fault; NHM = Northern Himalaya; SNMZ = Shiquanhe -Nam Tso mélange zone; YZSZ = Yarlung Zangbo suture zone; (c) Detailed
geological map of the Narusongduo region (compiled from C.G.S., 2019 and unpublished report of the Deep Resources Program). The dashed line indicates the
location of the cross-section in Fig. 2. Abbreviations: LMF = Luodadui-Milashan fault, CLT = central Lhasa sub-terrane, SLT = southern Lhasa sub-terrane, NRSD =

Narusongduo, SND = Sinongduo, ZZL = Zhazhalong.
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The Pb-Zn (Ag-Cu) deposits in the Gangdese retro-arc zone (GRAZ)
are important components of the Tethyan metallogenic domain
(Richards, 2011; Tang et al., 2014, 2016; Hou et al., 2015; Yang et al.,
2015a, 2016; Zheng et al., 2015; Fu et al., 2017). Voluminous Pb-Zn
deposits were identified in the eastern segment of the GRAZ and inter-
preted as being controlled by the Gangdese retro-arc trust-fold systems
(Wang et al., 2010; Ding, 2017; Fu et al., 2017). In contrast, the western
GRAZ, characterized by extensive Cenozoic eruptive magmatism and
significant crustal shortening (Kapp and DeCelles, 2019; Zhu et al.,
2019), hosts fewer deposits (Fig. 1). However, examples from other
world-class metallogenic domains suggest that the combination of
compressive deformation and intensive volcanism provides favorable
conditions for ore deposition (e.g., Bissig et al., 2002; Richards, 2013).
Recently, a series of Pb-Zn (Ag-Cu) deposits were discovered in the
western GRAZ (Ji et al., 2012, 2014; Tang et al., 2016; Ding et al., 2017;
Zhou et al., 2017, 2020). Yet, their structural settings are still unclear
because of the scarcity of data. For instance, although vital for under-
standing the structural evolution and metallogeny of the GRAZ, the
thrusting polarity of the LMF is variously interpreted as north or south
vergent based on observations at different locations (Murphy et al.,
1997; Kapp et al., 2007a). Nevertheless, limited data on the temporal
and spatial relations between the LVS and LMF hampered further dis-
cussion on their control on the mineralization (Tang et al., 2016). In
addition, how these structures control the deposit-scale fluid migration,
redistribution and localization still await further investigation.

The Narusongduo Pb-Zn deposit displays obvious spatial association
with the regional thrust-fold system and the Linzizong volcanic edifice
(Jietal., 2012, 2014; Ji, 2013), comparable with several economically
significant deposits worldwide (e.g., Redwood, 1987; Cunningham
et al., 1994; Milési et al., 1999; Klemm et al., 2008). Previous studies
focused on ore geology, geochemistry and geochronology (Ji et al.,
2012, 2014; Ji, 2013; Yang et al., 2015b; Gong et al., 2019; Zhou et al.,
2020), whilst its structural setting is still largely unknown. In this study,
we conducted (1) geological mapping and structural analyses to reveal
the structural frame of the Narusongduo region; (2) field and micro-
scopic observations to investigate the characteristics of the fracture and
void systems and their controls on the mineralization, and present (3) a
discussion on the possible mineralization model with the newly obtained
structural and zircon U-Pb chronological data. They provide new insight
into the structural controls on Pb-Zn mineralization in the Gangdese
retro-arc zone. This contribution also sheds new light on our under-
standing of the generation of ore deposits in a compressional deformed
site affected by intensive volcanism.

2. Geological background

It is widely accepted that the Tibetan Plateau is a tectonic collage
composed of several east-west trending allochthonous blocks that
accreted to the southern margin of Eurasia since the early Paleozoic
(Allégre et al., 1984; Dewey et al., 1988; Yin and Harrison, 2000). The
Lhasa terrane delineated by the Indus-Yarlung suture in the south and
the Bangong-Nujiang suture in the north is the southern edge of the
Eurasia continent (Fig. 1a; Zhu et al., 2009, 2011, 2019; Pan et al., 2012;
Liu et al., 2019). Based on the distribution of crystalline rocks, volcano-
sedimentary covers, and major tectonic boundaries, the Lhasa terrane is
subdivided into the northern, central, and southern sub-terranes by
several E-W striking fault zones or mélange belts (Fig. 1b; Pan et al.,
2012; Liu et al., 2019). The Narusongduo (NRSD) region straddles the
boundary between the southern and central Lhasa sub-terranes and is
truncated by the Luobadui-Milashan fault zone (LMF) (Fig. 1c).

The northern Lhasa subterrane comprises minor Triassic sedimen-
tary rocks, Jurassic-Cretaceous sedimentary strata, and abundant
Cretaceous volcanic rocks. The eruptive ages of the volcanic sequence
are constrained between ca. 130 and 110 Ma by zircon U-Pb dating (Zhu
et al., 2011). A Cretaceous batholithic complex composed of granodio-
rites, diorites, and mafic dykes is exposed along the northern Lhasa sub-
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terrane (Pan et al., 2012; Zhu et al., 2013; Liu et al., 2019). Ages ob-
tained by sericite Ar-Ar and zircon U-Pb methods indicate that they were
emplaced during ca. 140-110 Ma (Kapp et al., 2007b; Zhu et al., 2011,
2016; Haider et al., 2013; Volkmer et al., 2014). The igneous rocks are
either described as products of the northward subduction of the Neo-
Tethyan oceanic plate (Kapp et al., 2005, 2007b) or alternatively
related to the southward subduction of the Bangong-Nujiang Ocean
lithosphere (Zhu et al., 2016).

The central Lhasa subterrane is considered as a microcontinent with
a Precambrian basement that underwent multi-stage metamorphism
during the Neoproterozoic, late Triassic, and Cenozoic (Zhu et al.,
2011). Early Paleozoic carbonate rocks, Carboniferous to Permian meta-
sedimentary rocks, and Mesozoic volcano-sedimentary sequences un-
conformably overlie the crystalline basement. Mesozoic plutons that
were emplaced between ~ 215 Ma and ~ 95 Ma discretely extend for ca.
1200 km (Pan et al., 2012; Liu et al., 2019).

The southern Lhasa subterrane is characterized by composite intru-
sive rocks that mainly formed from ca. 210 Ma to 10 Ma (Zhu et al.,
2015, 2017; Wang et al., 2020) and eruptive rocks including the Jurassic
Yeba Formation, Jurassic-Cretaceous Sangri Group, and Paleogene
Linzizong volcanic succession (LVS; Mo et al., 2005, 2008; Zhong et al.,
2013; Zhu et al., 2015, 2019; Ma et al., 2017b). The magmatic rocks that
formed since 140 Ma in the southern Lhasa terrane are designated as the
Gangdese arc and thought to have formed during the northward sub-
duction of the Neo-Tethyan oceanic slab and the ensuing India-Asia
collision (Kapp et al., 2007a; Ding et al., 2014; Zhu et al., 2019). The
massive Cretaceous-Paleogene Gangdese batholiths mainly consist of
granites, granodiorites, and diorites (Mo et al., 2005; Zhu et al., 2011).
The LVS is exposed along the boundary of the southern and central Lhasa
subterranes (Mo et al., 2008). Detailed stratigraphic studies on the LVS
near the Linzhou basin divided the volcanic successions into the Dia-
nzhong, Nianbo, and Pana Formations from bottom to top (Liu, 1993;
Dong et al., 2005). The reported eruptive ages of the LVS range from ~
69 Ma to ~ 43 Ma (He et al., 2007; Lee et al., 2009, 2012; Zhu et al.,
2015, 2019; Liu et al.,, 2018). In the eastern Gangdese, the weakly
deformed LVS in the Linzhou region unconformably overlies the
strongly folded Mesozoic clastic rocks. Timing of the deformation is
constrained at ~ 72-69 Ma by the youngest dated volcanic rocks of the
Cretaceous strata (Sun et al., 2012) and the oldest zircon U-Pb age ob-
tained from the base of the overlying Dianzhong formation (Zhu et al.,
2017).

The E-W trending Luobadui-Milashan fault (Fig. 1b) between the
central and southern Lhasa sub-terranes is regarded as part of the
Gangdese retro-arc thrust system (Kapp et al., 2007a) or as a retro-arc
fault-uplift zone (Pan et al., 2012). Previous investigations on the
eastern Gangdese imply that the Gangdese retro-arc zone is a propaga-
tive northward thrust system active during the late Cretaceous to Eocene
(Kapp et al., 2007a; Pan et al., 2012; Kapp and DeCelles, 2019). These E-
W trending thrusts dip to the south and generally juxtapose the
Carboniferous-Permian strata above the Mesozoic and younger rocks
(Pullen et al., 2008). The LMF in the eastern Gangdese, however, is
represented by a series of N-dipping thrust nappes (Kapp et al., 2007a).
Some authors interpreted this structure as a folded N-directed thrust belt
involved in the evolution of the so-called Lhasa-Linzhou ramp anticline
(Kapp et al., 2007a; Pullen et al., 2008).

The LMF to the west of the Nyenchen Tanglha range was less
investigated, and its geometric and kinematic features are not clear. For
example, it has been argued that the LMF to the south of Cuoqin county
juxtaposed the Paleozoic units southwardly over the Jurassic-Cretaceous
sequences (Murphy et al., 1997). Some geologists thus proposed that the
LMF, along with the south-dipping Gar-Lunggar-Comai Fault (GLCF),
form a fan-shaped pop-up structure (Murphy et al., 1997). In contrast,
others suggested that the western segment of the LMF was formed by
north-vergent thrusting and then locally folded and reversed (Kapp
et al., 2003, 2007a). In addition, recent structural and seismic studies
demonstrate that the Gangdese magmatic belt in the Xigaze-Xietongmen
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region is dominated by north-vergent folding and thrusting, which dif-
fers from the proposed structural model for its eastern segment (Guo
et al., 2018; Liu et al., 2019; Yang et al., 2021). In this case, a question
emerges as to how the LMF in the Narusongduo area was deformed.
The Gangdese magmatic arc hosts numerous porphyry copper poly-
metallic deposits and is known as the Gangdese porphyry copper belt,
constituting a principal part of the Tethyan metallogenic domain
(Richards, 2009, 2015; Tang et al., 2010; Zheng et al., 2010, 2014;
Zhong et al., 2012; Hou and Zhang, 2015; Hou et al., 2015; Yang et al.,
2015a; Lang et al., 2019). Recently, a series of Pb-Zn (Ag-Cu) deposits
were explored in the Gangdese retro-arc zone (Fig. 1b, ¢) and are
described as a part of the Gangdese retro-arc Pb-Zn-Ag-Cu metallogenic
belt (Wang et al., 2010; Ji et al., 2012; Tang et al., 2016; Ding et al.,
2017; Fuetal., 2017; Ma et al., 2017a; Zhou et al., 2017, 2020). This belt
is near parallel to the Gangdese porphyry copper belt and can be sub-
divided into eastern and western segments by the NNE-SSW striking
Nyenchen Tanglha range. The deposits in the eastern part (Yaguila,
Mengya’a, Longmala, and Lietinggang deposits) are generally hosted in
carbonate rocks, with ore-forming ages ranging from ~ 62 Ma to ~ 42
Ma (Wang et al., 2010; Gao et al., 2011; Fuetal., 2014, 2015; Yang et al.,
2014; Ma et al., 2017a). The published evidence indicates that these
hydrothermal deposits were commonly controlled by thrust-fold sys-
tems (Tang et al., 2014; Wang et al., 2015). In contrast, the major de-
posits (e.g., Sinongduo, Narusongduo, and Zexue deposits) in the
western segment are hosted both in the carbonate strata and the LVS (Ji
et al., 2012; Li et al., 2019a; Guo et al., 2020b). Available ore-forming
ages in the western GRAZ range from ~ 65 Ma to ~ 55 Ma (Ji et al.,
2014; Ke et al., 2017; Li et al., 2019a), highly comparable with the
duration of the Linzizong volcanism. In addition, several deposits are
reported to be controlled by the volcanic structures and related to the
brecciation of the host rocks (Ji et al., 2014; Li et al., 2019a).

3. Geology of the Narusongduo region

We carried out geological mapping in the Narusongduo region
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(Fig. 1c) and structural analysis along a ca. 30 km north-south section
covering major lithological units and significant structures (Fig. 2). In
the following paragraphs, we first briefly elaborate on the lithologies,
then describe the thrust-fold system and volcanic structures in this
region.

3.1. Map units

Map units in the Narusongduo region range in age from the late
Carboniferous to Quaternary. The oldest rocks in the study area are the
late Carboniferous-early Permian meta-sedimentary rocks known as the
Angjie or Laga Formation (Figs. 1c, 2 and 3). This unit reaches over 100
m in thickness and mainly consists of gray and dark gray meta-sandstone
and slate with minor thin carbonate interlayers (Liu et al., 2019). The
clastic rocks contain lithic fragments and quartz and feldspar grains,
with a fine interstitial matrix and cemented by clay minerals (Liu et al.,
2019). These Paleozoic strata are highly deformed and occasionally
metamorphosed (Fig. 4a-b). The argillaceous cement is commonly
transformed into sericite, while the quartz grains are generally recrys-
tallized (Liu et al., 2019). The foliations and stretching lineations are
defined by the aligned planar and elongated minerals within the rocks
(Fig. 4c).

These clastic strata are overlain by over 300 m thick mid-Permian
carbonate strata with siltstone interlayers (C.G.S., 2019). These light
gray ridge-forming fine-grained carbonate rocks are characterized by
massive structures and generally deformed (Fig. 5a-c). In addition, the
carbonate rocks are locally recrystallized and infilled by calcite veinlets
(Fig. 4d). The siltstone interlayers are also highly deformed and frac-
tured, with visible sericitization and quartz recrystallization (Shi et al.,
2016).

The Paleozoic rocks are unconformably covered by the Paleogene
volcanic succession assigned to the Dianzhong Formation and minor
Nianbo Formation (Fig. 4e-f). These volcanic-clastic successions are
widely exposed in the Narusongduo region with up to 1000 m thickness
(Shi et al.,, 2016). Several lenticular conglomerate layers can be
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Fig. 3. Perspective structural and topographic features of the Narusongduo ore deposit. The satellite image was taken from Google Earth Pro.

identified at the bottom of the LVS (Fig. 4e; Shi et al., 2016). Previous
studies and our geological mapping distinguished four eruptive cycles
within the region (Shi et al., 2016). Each cycle could be further divided
into sedimentary and volcanic packages. The sedimentary packages
consist of fluvial sequences with pyroclastic intercalations. The fluvial
beds are mainly composed of sandstone, siltstone and tuff, while
mudstone and cherts are also recognized (C.G.S., 2019). The clastic
rocks contain poorly to moderately sorted pyroclastic and terrigenous
grains filled with interstitial detritus and cemented by calcareous and
argillaceous materials (Shi et al., 2016). The volcanic units are generally
made up of volcanic lava flows with pyroclastic interlayers. The eruptive
rocks are mostly andesitic, dacitic, and rhyolitic in composition and
reddish, brown, and white in color. They display porphyry texture
featured by feldspar and quartz phenocrysts and lithic fragments
embedded in a groundmass composed of glass, fine-grained felsic min-
erals, and vitric pyroclasts. (Fig. 4h-i; Shi et al., 2016).

3.2. Thrust-fold system

The LMF in the Narusongduo region is represented by several sub-
parallel south-dipping thrusts within an E-W trending fault zone
whose width varies between 5 and 7 km (Figs. 2, 3, 5a-c; C.G.S., 2019).
In the northern margin of the thrust zone, strongly deformed Permian
carbonate rocks thrust northwards on the Linzizong volcanic rocks along
the south-dipping Qingdu fault (F1). The southern margin of the fault
zone is marked by the south-dipping Mainong thrust (F2), which jux-
taposes strongly folded Cretaceous clastic rocks in the hanging wall
against Permian carbonate rocks in the footwall (Fig. 2). The rock slice
sandwiched between these two significant faults, is dominantly
composed of fossil-bearing Permian carbonate rocks and minor upper
Carboniferous-lower Permian slate (Fig. 2). These Paleozoic units are
strongly folded with axial planes dipping to the south (Fig. 5a-b), and
unconformably overlain by the weakly deformed LVS (Fig. 5d). Two
south-dipping reverse faults extend discontinuously within the LMF
between the faults F1 and F2 (Figs. 2, 3, 5c¢). The northern one juxta-
poses the Carboniferous-Permian meta-clastic and carbonate rocks

northwards against the Paleogene LVS. In contrast, the southern south-
dipping thrust cuts both the Paleozoic sequences and the LVS. These
thrusts are considered as part of the imbricate structure within the LMF
(Fig. 1c).

To the north of F1, the outcrops of the Paleozoic strata are made up of
meta clastic rocks, while Permian carbonate rocks are also recorded by
the drill core data from the footwall of fault F1 (Shi et al., 2016). The
Paleozoic sequences were deformed into several E-W trending tight folds
with shallowly plunging hinges (Fig. 5e). The geometric features of the
deformed strata include recumbent isoclinal and box folds (C.G.S.,
2019). These structures constitute an anticlinorium with an axial plane
dipping steeply to the south and wavelengths up to 8 km (Fig. 2). The
tightly folded Paleozoic sequence is unconformably overlain by the LVS
composed of medium to thick-bedded felsic lava and tuffaceous rocks
(Fig. 5f). The LVS was involved in the fault-related folds in a 1 to 2 km
wide E-W trending zone right to the north of F1 (Fig. 5a-b). In com-
parison, the volcanic rocks further to the north are nearly undeformed
(Fig. 6a-b). This spatial structural trend indicates propagative defor-
mation during the lifespan of Linzizong volcanism. At the northern end
of the cross-section and the core of the anticlinorium, the Paleozoic
clastic rocks were intruded by Triassic and Paleogene granitoids (Fig. 2).

3.3. Volcanic-related structures

The LVS within the LMF covers a region with E-W length of over 20
km and N-S width of 2-6 km and sporadically overlies the thrust faults
within the LMF (Fig. 1c). The weakly deformed volcanic succession
comprises rhyolites, dacites and minor andesites. Eruptive structures,
such as lava flows, diatremes, and volcanic pipes are well preserved
(Fig. 6a-d). The felsic lava flows are ca. 0.5 to 15 m in thickness, and
unconformably covered by later volcanic sequences, implying multi-
phase volcanism (Fig. 6a-d). A caldera was identified in the Nar-
usongduo region based on the radial dips of the lava flows away from the
caldera and ring-shaped geomorphological features (Fig. 1c). The vol-
canic rocks are crosscut by voluminous steep fractures that are sub-
divided into the radial and ring-shaped groups according to their spatial
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Fig. 4. Field and thin section photos of the major lithological units exposed in the Narusongduo region. (a) Slaty cleavages in the Carboniferous-Permian metaclastic
rocks; (b) Folded foliations in the Paleozoic metaclastic rocks; (c) Oriented felsic minerals in the Paleozoic slates; (d) Slightly recrystallized carbonate rocks crosscut
by calcite veinlets; (e) Conglomerate layers at the bottom of the LVS; (f) Gently dipping Linzizong volcanic succession; (g) Porphyritic rhyolite collected near the
Narusongduo caldera; (h) Quartz and feldspar phenocrysts in the non-deformed rhyolite; (i) Feldspar, quartz, lithic fragments and vitric pyroclasts in the non-

deformed rhyolite.

relations to the lava flows (Figs. 3 and 6).

Several volcanic pipes with elliptic cylindrical shapes are noticed on
the northern slope of the Narusongduo caldera (Fig. 12). These pipes
consist of fine-grained porphyries, lavas, and minor pyroclastic rocks
and are interpreted as volcanic plugs. Their borders are usually char-
acterized by steep sheeted fractures (Fig. 12a and 13). Most of the plugs
are characterized by brecciation, alteration, and formation of secondary
minerals, indicating fluid influx after the solidification of the rocks (Ji
et al., 2012).

The LVS to the north of the F1 fault comprises dacitic to rhyolitic
volcanic and pyroclastic rocks attributed to the Dianzhong Formation.
This unit is unconformably overlain by the Nianbo Formation repre-
sented by minor reddish felsic volcanic rocks, and tuffaceous sandstone
has also been noticed (C.G.S., 2002; Ding, 2017). These volcanic rocks
are locally involved in the thrust-fold system and underlain by the
anticlinorium composed of Paleozoic sequences (Fig. 2). The volcanic
structures exposed in the northern section include lava flows dipping
mildly to the east and steeply dipping fractures with E-W or NNE-NNW
strike (Fig. 2). These structures are thought to be genetically linked to
the Sinongduo caldera further to the west (Fig. 1c).

4. Structural controls on mineralization

Three main orebodies are identified in the Narusongduo ore deposit,

the orebodies I, II, III (Figs. 1 and 2). Orebody I is hosted in the LVS and
orebody II occurs near the unconformity between the LVS and the
Permian carbonate rocks (Fig. 3). Both orebodies are closely related to
volcanic structures and breccia bodies. Orebody III is located at the
footwall of F1 and was mainly hosted by Permian carbonate rocks
beneath the LVS cover (Figs. 7-9). The F1 fault and fault-related folds
are the primary structures controlling the mineralization in orebody IIT
(Figs. 7-10; Yang et al., 2015b).

4.1. Structural discontinuities within the thrust-fold system

The nearly E-W trending F1 fault zone comprises a 10-20 m wide
lenticular breccia zone (Fig. 10a-c) and a wider damage zone (Fig. 10a,
g-i). The rocks in the lenticular breccia zone were broken into several
lenticular “crackle breccias” (Woodcock and Mort, 2008) along the
network of joints (Fig. 10b-c). The long axes of the brecciated rock oc-
currences are largely parallel to the dip of the fault plane, and no
obvious rotation was observed (Fig. 10c). The fractures between the
fragments are filled by carbonate minerals and sulfides that are
concentrated in dilational jogs (Fig. 10d). These “boudinage” structures
may have formed by episodic fluid ingression and hydrothermal “self-
sealing” of fractures (Cox et al., 2005). The fault plane’s continuous
permeable fracture network could have offered a conduit for fluid
recharge from deeper reservoirs to higher crustal levels.
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Fig. 5. Field photos of the thrusts and folds in the Narusongduo region: A view of the fracture system associated with the Qingdu (F1) thrust. (a-b) Tightly folded
carbonate strata thrust northwardly on the LVS at the Qingdu thrust (F1), note that the carbonate rocks at the hanging wall is covered by the volcanic rocks further to
the south; (c) A view of a thrust within the LMF zone to the south of the Narusongduo caldera, note that the ridge-forming carbonate rocks (Xiala Fm.) are thrusted
northwardly over the LVS; (d) The carbonate rocks in the LMF areunconformably overlain by the LVS; (e) The northern flank of an isoclinal anticline within the
Paleozoic metasandstone to the north of the Qingdu thrust; (f) Unconformity between the Paleozoic sandstone and the overlying LVS.

The damage zone contains centimeter- to meter-sized rock blocks
separated by well-developed fractures (Fig. 10a). Although small-scale
folds were occasionally observed, most original beddings were unrec-
ognizable due to substantial shortening and deformation. The damage
zone of F1 shows a variable N-S width between ca. 20 to 100 m. There is
no distinct boundary between the damage zone and the fault-related fold
system.

The Paleozoic carbonate rocks exposed at the hanging wall of F1 are
strongly folded and penetratively deformed, whereas drilling at the
footwall reveals that the carbonate rocks are also highly strained (Figs. 8
and 9). The Paleozoic sequences were deformed into isoclinal or reverse
folds with south-dipping axial planes (Fig. 5a-c) and voluminous joints
and tensional fractures are well developed (Fig. 10e-f). The conjugate

shear joints observed in the field can be subdivided into two groups
based on their occurrences and spatial relations to the beddings. Sub-
vertical joints of the first group exhibit NNE-SSW and NNW-SSE strike
and probably formed at the early stage of folding in response to the N-S
compression. They display clear vertical continuity and provide struc-
tural control on the N-S trending river valleys (Fig. 10e-f). The second
group of joints with strikes sub-parallel to the fold axial plane was
observed in the folds’ N-S cross-sections. This kind of joints occasionally
evolved into low displacement reverse faults (Figs. 5a-b and 10e-f).
Moreover, tensional fractures with E-W strikes developed at the outer
limbs of the folds (Fig. 10e-f). These fractures along with the bedding-
parallel slip dilations form up composite fracture systems with consid-
erable vertical extension and abundant terminal splays.
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Fig. 6. Field photos of the volcanic structures in the Narusongduo region: (a) Lava flows near a diatreme at the northern side of the caldera; (b) A distant view of the
volcanic succession dipping gently to the north at the northern side of the Narusongduo caldera; (c) Thick lava flows dipping gently to the north; (d) Pyroclastic
sequences to the northwest of the caldera; (e-f) An outcrop view of the lava flow that shows its internal structures. As shown by the equal-area lower hemisphere
projection plot, the steeply dipping joints (red arcs) could be subdivided into two groups, one with approximately E-W strikes and another with N-S strikes. The lava

flows (blue arcs) dip gently to the NNE.

The Linzizong volcanic rocks at the hanging wall were generally
undeformed and variably weathered (Figs. 5d and 10e-f). The LVS
within the fault-related fold zone at the footwall is locally folded but less
fractured in comparison with the underlying carbonate strata (Fig. 2).

4.2. Alteration and mineralization within the F1 fault zone

The fractures within the fault-fold zone controlled the distribution of
the mineralization. Nevertheless, other structural surfaces such as the
beddings and unconformity surface also provide space for ore deposition
(Figs. 7-9; Shi et al., 2016). In addition, drill core data records discrete
mineralized sections within the LVS overlying the deformed Paleozoic
strata (Figs. 8 and 9). Mineralization in the lenticular breccia zone is

represented by discontinuous bands and cement between the rock
blocks. The occurrence of the sulfide ores in this zone was controlled by
geometric irregularities such as jogs and fracture intersections. As a
result, the ore assemblages usually wedge out along the fault dip
(Fig. 10d). As to the damage zones and folds near F1, the fracture net-
works of the thrust-fold system provide first-order control on the
mineralization. The mineralization is well developed along the fracture
network and forms a complex stockwork (Figs. 10g-i and 11). Calcite,
quartz, and sulfides such as sphalerite, galena, pyrite, and chalcopyrite
are among the minerals present in the veins (Fig. 11).

Hydrothermal alteration can be recognized at the boundaries be-
tween the veins and country rocks (Figs. 7-9). The carbonate rocks are
characterized by skarnization and marbleization, while the volcanic
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Fig. 7. Geological map of the No. III orebody in the Narusongduo ore deposit (modified from Shi et al., 2016).

covers were affected by chloritization, epidotization and sericitization
(Shietal., 2016). Microscopic observations reveal that the hydrothermal
minerals occur in fractures and dilated zones with no preferred orien-
tations (Fig. 11). Typical features of hydraulic fracturing, such as
splayed veinlets and jigsaw boundaries between fragments, are visible
(Fig. 11). In addition, carbonate-rich country rocks and earlier precipi-
tated minerals are commonly fractured and filled by later-stage calcite,
quartz and sulfides, suggesting that multi-stage hydraulic fracturing and
fluid influxes formed the ore deposition (Fig. 11g-i).

4.3. Volcanic structures’ control on the orebodies

Orebody I is hosted in several breccia pipes and dykes at the northern
slope of the Narusongduo caldera. The breccia bodies are composed of
rhyolitic rocks and porphyritic subvolcanic rocks and are structurally
controlled by the steeply dipping radial and ring-shaped fractures
related to the Sinongduo caldera.

The No.I-1 breccia pipe is well exposed by the mining operation
(Fig. 12). The surface exposure of the breccia pipe is elliptical with an E-
W striking long axis of 112-120 m and an N-S maximum width of 45 m.
The northern border of the pipe is marked by several sheeted fractures
that dip steeply to the south, and some of them evolved into low
displacement normal faults (Fig. 13a-b). Drilling data reveal that the
breccia pipe dips to the south with dip angles between 70°~80° and is
more than 300 m in depth (Fig. 12¢; Shi et al., 2016).

The volcanic rocks near the breccia pipe are intensely fractured. The
ring-shaped and radial fractures separate the rocks into blocks (Fig. 13c-
d). It is noteworthy that the fracture system is connected with the
breccia pipe and hosts several breccia dykes with N-S or NNW-SSE

strikes (Fig. 12b; Shi et al., 2016). These minor dykes with lengths of
5-20 m and widths of 0.2-2 m are lithologically similar to the pipe.
Brecciation occurred in the pipes and along the fractures in the sur-
rounding volcanic rocks, implying that the brecciation postdates the
formation of the fracture system.

The fragmented country rocks and early-stage fluid-related minerals
are embedded in and cemented by matrixes composed of sulfides, lithic
debris, calcite and quartz. Some of the specimens contain polymictic
fragments that possibly underwent milling, mixing, and forceful trans-
portation (Fig. 14a). Nevertheless, some of the shattered wall rock
fragments are characterized by triangular-acute angle textures and jig-
saw boundaries that are suggestive of in-situ brecciation and mineral
infilling (Fig. 14b-i; Taylor, 2009). Sericitization, silicification and
kaolinitization were observed in the matrix and at the borders of the
fragments (Figs. 14 and 15; Shi et al., 2016).

4.4. Mineralization in the volcanic and subvolcanic rocks

Fluid ingression and ore precipitation are concentrated both in the
dilational voids of the breccia pipes and the intersecting zones between
the radial and ring-shaped cleavages (Figs. 13-15). Fluid-related alter-
ations such as greisenization, silicification, kaolinitization and chloriti-
zation are prevalent in the country rocks (Yang et al., 2015b). Ores
hosted in the volcanic and subvolcanic rocks display veined, dissemi-
nated and massive structures and were superimposed by multi-stage
hydraulic fracturing and fluid injections (Fig. 15). Country rocks and
preexisting minerals were cracked, and the fissures were infilled by
later-stage minerals (Fig. 15d-f). These features indicate multi-cycle
hydrothermal activity and breaching of the fluid pathways.
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Fig. 8. No. 0 drilling profile of the No. III orebody in the Narusongduo ore
deposit (modified from Shi et al., 2016).

Over 20 different ore minerals were identified in the specimens
collected from these two orebodies. The economic ore minerals include
galena, sphalerite, native silver, chalcopyrite, and tetrahedrite (Ji,
2013). Microscopic observations demonstrate that the sulfide ores
infilled the fissures with dilational jogs in the greisenized porphyry
country rocks (Fig. 16). Nevertheless, the sulfides are usually shattered
and infilled by later-stage minerals (Fig. 16b-f). These micro-structures
also point towards multi-cycle brecciation and ore precipitation.
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Fig. 9. No. 12 drilling profile of the No. III orebody in the Narusongduo ore
deposit (modified from Shi et al., 2016).

5. Zircon LA-ICP-MS U-Pb geochronology
5.1. Samples and methods
Two crystal-rich rhyolite samples were collected from the northern

slope of the Narusongduo caldera. To avoid the effect of fluid-present
alteration, the collected samples are free of veinlets and metamorphic
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Carbonate rocks

Limestone

Fig. 10. Photos of the fracture systems and mineralization in the thrust-fold belt. This diagram includes photos shot at several N-S trending valleys crosscutting the
thrust-fold belt. (a) A panoramic view of the fault zone of the Qingdu thrust. The fault zone comprises a lenticular breccia zone and a wider damage zone; (b-c) Photos
of the breccia zone that marked by two sets of fractures, the asymmetry of the blocks suggests a north-vergent thrusting; (d) Sulfide ores infilled in the dilational jogs
within the breccia zone, note that ore vein wedges out along the extension of the fractures; (e-f) A view of multiple sets of fractures in the carbonate rocks at the
hanging wall of the Qingdu thrust. Note that the NNE-SSW and NNW-SSE striking fractures control the river valley; (g) Field photo showing the marbleization
developed along the conjugate joints within the carbonate rocks; (h) Mineralization and marbleization developed along the steep fracture within the folded carbonate
rocks in close proximity to F1; (i) Breccias at the terminal splays of the alteration zones typify the products of hydraulic fracturing.

overprint. Moreover, the samples were taken from the gently dipping
volcanic sequences that are not involved in the N-S shortening. These
samples display porphyry textures with euhedral to subhedral pheno-
crysts of feldspar, quartz and lithic fragments, included in a groundmass
composed of glass, vitric fragments and fine-grained quartz and feldspar
(Fig. 4h-i). An interstitial texture could be observed with the fissures in
K-feldspars filled up with secondary quartz and feldspar. The samples
are characterized by rhyolitic textures and the phenocrysts are
commonly wrapped by quartz ribbons (Fig. 4h-i). However, the grains
are randomly oriented with no signs of dynamic recrystallization or
crystal distortion, suggesting that they were not subjected to simple
shearing deformation.

The samples were crushed to the 200 pym fraction and conventional
heavy liquids and magnetic separation was used to separate the heavy
and ferromagnetic minerals. The zircon grains were then hand-picked
and mounted on epoxy mounts that were polished to expose the inter-
nal structures of the grains. Cathodoluminescence (CL) images were
taken at Nanjing Hongchuang Geological Service by using a Gatan Mono
CL 3 + Fluorescence Spectrometer attached to a Quanta 400 FEG
scanning electron microscope.

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) analyses were conducted at the Analytical Lab of the Tianjin
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Center, China Geological Survey by using an Agilent 7900 ICP-MS
coupled with a New Wave 213 nm laser ablation system with which a
laser beam of 24 pm diameter and 5 Hz frequency was used. The
experimental and instrumental procedures were as described by Jackson
et al. (2004). The raw data were processed by an in-house software
package ICPdataCal version 11.7 (Liu et al., 2013), corrected for com-
mon lead (Andersen, 2002), and then visualized and plotted by Isoplot
3.70 (Ludwig, 2008).

5.2. Zircon U-Pb results

Zircon grains from the two aforementioned samples are colorless and
transparent (Fig. 17a, ¢). They have euhedral and narrow shapes with
aspect ratios up to 5.0. Their clear oscillatory zoning and homogeneous
texture, together with relatively high Th/U ratios suggest an igneous
origin (Corfu et al., 2003; Corfu, 2013) (Fig. 17a, ¢; Table 1). Only one
dated grain (No. 09) from sample SND111-2 yielded a Carboniferous
apparent age (332.7 &+ 5.3 Ma), the rest of the zircons yielded concor-
dant results and consistent 2°°Pb/238U apparent ages (SND106: 65-54
Ma; SND111-2: 68-57 Ma). For sample SND106, seven out of twenty-
four analyses yielded consistent and concordant apparent ages, and a
mean 20°pb/238y age of 54.6 + 1.0 Ma (MSWD = 0.31; Fig. 17b) was
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Fig. 11. Photomicrographs of the ores hosted in the carbonate rocks: (a) sulfide minerals (crossed polarizers) infilling the fractures in the carbonate rocks. The
jigsaw-fit between the fragments and lithic fragments engulfed by the sulfide minerals are typical of hydraulic fracturing; (b) sulfide infillings in (plane polarizers) the
randomly distributed fracture network in an ore-bearing carbonate rock; (c) infilling of sulfide and quartz veins within the cracks of the carbonate wall rock (crossed
polarizers); (d-e) two stages of fluid-present fracturing are noticed in a polished section. The first stage is featured by fragments of carbonate wall rocks in a matrix
composed of later-stage calcite. During the second stage, the assemblages were further brecciated and infilled by galena; (f-g) multi-stage structural and fluid su-
perimposition in a polished section. The irregularly fractured carbonate wall rocks and sphalerite grains are engulfed by later-stage galena. The assemblages are
further cracked and infilled by calcites; (h-i) complex infill overprinting and brecciation within a specimen from the mineralized carbonate rock. The wall rocks have
been strongly brecciated and infilled by various types of minerals. It could be noted that the later-stage minerals break through preexisting sulfides. Abbreviations:
Calc-calcite, Ccp-Chalcopyrite Gn-Galena, Ls-Carbonate rocks, Py-Pyrite, Sp-Sphalerite.

calculated. A total of seven zircons from sample SND111-2 yielded
consistent apparent ages with a mean age of 57.9 + 1.0 Ma (MSWD =
0.28; Fig. 17d). Both are interpreted as the eruption ages of the dated
rocks.

6. Interpretation and discussion
6.1. Structural evolution in the Narusongduo region

The structural history of the Narusongduo region is still a matter of
discussion, primarily due to limited access and structural data. Based on
our new data and recently published large-scale geological maps (C.G.S.,
2019), it is possible to subdivide the late Mesozoic-Cenozoic structural
evolution of the Narusongduo region into two stages.

6.1.1. N-S Crustal shortening prior to the Linzizong volcanism

Regional N-S crustal shortening developed pervasively in the
Gangdese retro-arc zone (Murphy et al., 1997; Kapp et al., 2007a). It has
been proposed that the Gangdese retro-arc thrust-fold belt accommo-
dates over 200 km of N-S shortening in the Lhasa terrane (Kapp et al.,
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2007a, 2019). Our field mapping shows that the N-S crustal shortening
affected the Paleozoic-Mesozoic rocks in the Narusongduo region,
causing penetrative deformation. As mentioned, the structural evolution
of the Narusongduo region is still a matter of debate (Ji, 2013; Ji et al.,
2014; Yang et al., 2015b, 2021; C.G.S., 2019). This debate centers on
three correlated issues: (1) the definition of the LMF in this region; (2)
the geometry and polarity of the thrust-fold system; and (3) the timing of
the main stage of the N-S crustal shortening.

From our mapping in the Narusongduo region and recent publica-
tions, it becomes clear that the central Lhasa sub-terrane is characterized
by tightly folded and partially foliated Paleozoic sequences that
constitute an anticlinorium with south-dipping axial plane (Fig. 1c; C.G.
S., 2019; Yang et al., 2021). On the other hand, the southern Lhasa
subterrane comprises dominantly composite Mesozoic-Cenozoic in-
trusions and minor folded Mesozoic strata (C.G.S., 2019; Liu et al., 2019;
Yang et al., 2021). Despite the occasional presence of fractures and
faults, a regional tectonic discontinuity has yet to be discovered within
these sub-terranes. The E-W trending LMF running between these two
tectonic units is composed of a stack of imbricate nappes truncated by
several southward dipping thrust faults that cut the Paleozoic basement,
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Fig. 12. (a) Geological map of the No. I orebody in the Narusongduo ore deposit; (b) Geological map of the No.I-1 breccia pipe of the orebody I; (c) Cross-section of

the No. I-1 breccia pipe, note its elliptic cylindrical shape (modified from Shi et al.,

the LVS cover, and the Mesozoic intrusive rocks. The fault zone is
delineated by the Qingdu fault (F1) to the north and the Mainong fault
(F2) to the south. They could be traced for over 80 km from west to east
(C.G.S., 2019; Liu et al., 2019). Considering these distinct lithological
and structural features, we define the imbricate thrust-fold system be-
tween the Qingdu and Mainong thrusts as the LMF in the Narusongduo
region. The architecture of this segment of the LMF is comparable to its
eastern extension to the north of Linzhou city, which comprises a stack
of imbricate thrust sheets (Kapp et al., 2007a).

Previous studies suggested that the LMF to the north of Linzhou city
thrusts towards the south. These structures were interpreted as folded
and reversed N-verging thrusts at the northern flank of a ramp anticline
(Kapp et al., 2007a; Pullen et al., 2008). Similar southward thrusting
features were also found in the LMF near the Coqin basin further to the
west (Murphy et al., 1997). Despite the lack of structural data, it has
been inferred that the LMF in between the Coqin and Linzhou regions is
characterized by southwards thrusting (Kapp et al., 2007a). Our obser-
vations and recent literature, however, reveal that the LMF in the
Sinongduo-Narusongduo region is characterized by north-vergent

13

2016).

thrusting and folding. The northward polarity of the thrusts is sup-
ported by (1) the asymmetry of the folded strata within the nappes and
the foreland; (2) the Paleozoic basement thrusting northwards against
the Cenozoic volcanic rocks; and (3) the slickensides and steps on the
fault planes indicative of top-to-the-north motion (Yang et al., 2021).
Unlike the intensely deformed Paleozoic-Mesozoic units in the Nar-
usongduo region, the overlying LVS was weakly deformed or even un-
deformed. In addition, the thrust faults within the LMF are occasionally
covered by the LVS (Fig. 1c). The timing of this N-S contraction is thus
roughly constrained by contact relations between the Paleozoic strata
and overlying LVS. However, precise dating of this event is difficult due
to the lack of structural and chronological constraints. In addition,
structural reactivation, volcanism, and hydrothermal fluid activity in
the study area further hampered direct thermochronological dating
(Reiners and Brandon, 2006). It is noteworthy that the LMF to the north
of Linzhou city was also covered by weakly deformed LVS. The timing of
this deformation event was constrained between 72 and 69 Ma by zircon
U-Pb dating (72 Ma) on a volcanic layer in the folded Cretaceous se-
quences (Sun et al., 2012) and an andesitic layer at the base of the
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Fig. 13. Photos of the ore-controlling volcanic structures. (a) Marginal sheeted fractures and steep normal fault at the northern border of the No.I-1 breccia pipe; (b)
A view of the plane of the normal fault along the northern margin of the No.I-1 breccia pipe, note the slickensides and steps; (c) Intense steep radial fractures
crosscutting the volcanic rocks near the breccia pipe; (d) A view of the fractured volcanic succession overlying the brecciated and mineralized rocks; (e-f) Volcanic
rocks in the vicinity of orebodies I and II are highly fractured. Equal-area lower hemisphere projection plots show the preferred orientations of lava flows (blue arcs)

and fractures (red arcs).

overlying LVS (69 Ma) (Zhu et al., 2017). We take these chronological
data from the LMF for reference and tentatively propose that the strong
N-S shortening in the Narusongduo region took place during the
Cretaceous-early Paleogene.

In summary, the first episode of deformation preserved in the Nar-
usongduo region is characterized by regional N-S crustal shortening
during the late Cretaceous-early Paleocene (Fig. 18a). This tectonic
event was probably a consequence of the establishment of a Cordilleran-
type continental margin at the southern Lhasa terrane (Ding and Lai,
2003; Kapp and DeCelles, 2019).

6.1.2. Linzizong volcanism and propagative tectonic deformation
The Gangdese magmatic arc experienced extensive high-K calc-
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alkaline magmatism during ca. 70-44 Ma, producing the massive
Gangdese batholith and the LVS (Harris et al., 1986; Mo et al., 2008; Zhu
etal., 2009, 2011, 2017, 2019; Liang et al., 2010; Zhang et al., 2010; Ma
et al., 2015, 2017c; Yang et al., 2016; Kapp and DeCelles, 2019). In the
Narusongduo region, this stage of magmatism is represented by the
widely distributed Linzizong volcanic rocks. Previous zircon U-Pb dating
results suggest that these eruptions in the Narusongduo region occurred
during ca. 66-60 Ma (Ji et al., 2012; Ding, 2017; Ding et al., 2017). Our
new zircon U-Pb ages reveal that certain rhyolites in the Narusongduo
region erupted later around 58-55 Ma. Considering that the LVS can be
subdivided into four eruptive cycles and are interlayered with fluvial
sedimentary rocks (Shi et al., 2016), we propose that multi-stage
volcanism superimposed the Narusongduo region from the early
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Fig. 14. (a) A close look at the polymict breccia obtained from orebody I at the elevation of ca. 5000 m. The specimen contains differentially rounded and altered
fragments with various sizes and origins, and a composite matrix comprising fine groundmass and fluid-related minerals; (b) volcanic rock infilled by sulfides typifies
the product of hydraulic fracturing and immediate ore precipitation; (c) photo showing the complex sequential infilled accompanied by fracturing in a brecciated
rock. Later-stage sulfide veins form a network developed along the cracks within the wall rocks and the quartz clusters; (d-e) Brecciated porphyritic rocks infilled by
quartz and sulfides. The wall rocks fractured into sheeted fragments that are typical of decompressive shock textures; (f-g) photos of a rock specimen typical of multi-
stage fluid-related brecciation. The assemblages of volcanic fragments and sulfide cements were further shattered and infilled by later-stage quartz stocks; (h)
specimen with typical multi-stage brecciation. The fragments of the volcanic wall rock are surrounded by quartz and sulfides. Note the sharp boundary of the breccia,
and the fissures propagated in the bulk wall rocks; (i) specimen that experienced at least three stages of fluid ingression and brecciation. The sphalerite assemblages
were shattered into banded but isolated fragments. The cracks between these fragments were infilled by chalcopyrite, pyrite and galena. These later-stage sulfides,
however, were also broken into pieces that were cemented by minute calcite and quartz veins.

Paleocene to early Eocene (ca. 66-55 Ma).

The tectonic setting of the Linzizong volcanism is still vigorously
debated (Mo et al., 2008; Lee et al., 2009; Zhu et al., 2015, 2019).
However, research in the eastern Gangdese suggests that the retro-arc
contraction continued till mid-Eocene and propagated northward with
decreasing magnitude (Kapp et al., 2007a; Pullen et al., 2008). Thus, it
can be questioned if the Narusongduo region experienced propagative
N-S compressive deformation during the period of the Linzizong volca-
nism. Our structural mapping demonstrates that the LVS within the LMF
was locally crosscut by thrust faults. In addition, the LVS in the LMF’s
footwall exhibits a regional trend toward more gentle deformation
characteristics away from the fault zone. Furthermore, muscovite
“OAr-3°Ar ages of 54-52 Ma were obtained from the LMF to the south of
the Sinongduo deposit, slightly younger than the eruptive ages of the
Linzizong volcanic rocks (Yang et al., 2021). It is thus reasonable to
propose that the Narusongduo region was subjected to propagative N-S
compressive deformation during and after the Linzizong volcanism. On
the other hand, the F1 fault was locally buried by the Linzizong volcanic
rocks that erupted between 58 and 55 Ma (C.G.S., 2019; Fig. 17). The
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Linzizong volcanic rocks, except for those in close proximity to the
thrust faults, are largely undeformed (Fig. 6). These observations sug-
gest that reactivated thrusting in the study area was characterized by
multiple pulses of lesser magnitude. The pop-up and overturned struc-
tures recorded in the western and eastern extensions (Murphy et al.,
1997; Kapp et al., 2007a) of the LMF have not been identified yet in the
Narusongduo region, indicating that the study area was less affected by
deformation during the late Cretaceous-Paleogene N-S crustal short-
ening compared to the LMF’s western and eastern segments. In sum-
mary, around 65-55 Ma ago, the region experienced extensive Linzizong
volcanism and pulsed N-S contraction with a decreased shortening rate
(Fig. 18b). It is noteworthy that the ongoing convergence between the
Indian and the Eurasian continents since ~ 55 Ma induced widespread
lithopheric shortening and multi-stage propagative deformation in the
hinterland of the Tibetan plateau (Li et al., 2015). In specific, some re-
searchers suggest that the Narusongduo region experienced propogative
N-S contraction since 55 Ma (Yang et al., 2015b). This hypothsis,
although lacking chonological and field evidence, highlights the ne-
cessity of examining the post-mineralization structural overprints
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Fig. 15. Photos of the ores hosted in the Linzizong volcanic rocks. (a-b) Irregular fragments in a brecciated porphyritic rock cemented by sulfides. Note that the
cracks in the fragments are filled by sulfide veinlets. Alteration commonly developed in the felsic rocks whereas the brown protolith is locally preserved in the interior
of large fragments; (c) massive sulfide ore collected from orebody I; (d) brecciated porphyritic wall rocks infilled by sulfides (mostly galena as indicated by the
cleavages). Calcite veinlets infilled the cleavages in the sulfides; (e-f) multi-stage brecciation and hydrothermal overprinting in a specimen collected from orebody I.
The volcanic country rock was first fractured and infilled by chalcopyrite, the galena is deposited later and reshaped the boundaries of the chalcopyrite assemblage
and the country rocks. Lastly, all the pre-existing assemblages are cracked and infilled by quartz veins. Abbreviations: Lv-(Sub)volcanic rocks; Calc-calcite; Ccp-

chalcopyrite; Gn-Galena; Qtz-Quartz.

during future investigation.

6.1.3. Formation of structural discontinuities in the LVS and the strongly
folded basement

Structural discontinuities, including fractures, fissures and faults,
may enhance rock permeability (Sibson, 1996; Evans et al., 1997).
Furthermore, the intrinsic porosity and deformational behavior of
certain rock types may have an impact on their permeability (Cox et al.,
2005).

Structural analyses in our study area disclosed two sets of fractures
with preferred orientations in the folded Paleozoic strata. The first group
of NNE-SSW and NNW-SSE striking conjugate joints are widely devel-
oped within the carbonate rocks near the fault zone, resulting from the
early-stage N-S compressive deformation. The second group of tensional
and conjugate shearing joints with approximate E-W strikes were
formed during the folding of the strata under coaxial compressive stress.
These two types of fractures and the folded beddings formed complex
conduit systems with considerable along-strike and vertical
connectivity.

Some of the fractures within the LVS near the footwall of the thrusts
could be related to the compressive deformation. However, most of the
fissures and fractures within the LVS show radial and tangential atti-
tudes with respect to the volcanic center, and can accordingly be
grouped into the radial and ring-shaped groups. These fractures can be
formed due to volcanic activity (e.g., inflation, deflation and caldera-
collapse), edifice load, or local cooling contraction (Komuro, 1987;
Marti et al., 1994; Acocella, 2007). Most of these fractures and fissures
are featured by tensional rupturing, limited along-strike extension and
negligible displacement. Some of the ring-shaped fractures on the
northern side of the volcanic edifice developed into high-angle normal
faults, probably induced by differential collapse (Fig. 13a-b).

In general, the brittle rock failures within the Paleozoic-Mesozoic
units resulted dominantly from the regional compressive tectonic
deformation. whereas the fractures and faults in the LVS are primarily
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associated with the volcanic-tectonic stress. Furthermore, experimental
studies indicate that compressive deformation of the carbonate rocks
may induce cataclasis and growth of microcracks parallel to maximum
principal stress (Vajdova et al., 2004, 2010). These dilations could then
facilitate subsequent hydrothermal activity. By comparison, pores in the
argillaceous and tuffaceous rocks tend to be sealed by fine-grained clasts
and fine matrix during compressive deformation (Cox et al., 2005).
These differences of deformational and mechanical features may yield
crucial control on later-stage fluid influxes and mineralization.

6.2. Mineralization in the compressive deformational structures

The LMF is the first-order ore-controlling structure in the Nar-
usongduo region, hosting the Sinongduo, Narusongduo, Xuebie and
Zexue ore deposits (Fig. 1¢; C.G.S., 2019). Recent field mapping and
drilling data point out that the Qingdu fault (F1) and related folds are
key structures that controlled the mineralization of orebody III in the
Narusongduo deposit (Yang et al., 2015b; C.G.S., 2019; Liu et al., 2019).
However, how the fault zone promotes fluid ingression and minerali-
zation is hitherto not clear. In addition, the structural factors that
controlled the distribution and accommodation of fluid-related miner-
alization are rarely discussed. Nevertheless, the role of the distinct
structural and lithological characteristics of the Paleozoic rocks and the
LVS on the control on mineralization patterns requires further
discussion.

The Qingdu fault (F1) contains a lenticular breccia zone and a
damage zone (Fig. 8a-c; Caine et al., 1996; Faulkner et al., 2010). The
lenticular breccia zone is characterized by oriented clasts and a well-
connected fracture network developed along the dip of the fault plane.
The damage zone of F1 is composed of a complex organization of rock
blocks with no preferred orientations and a matrix comprising calcar-
eous, and siliceous minerals and fault gouge. These structures display
remarkable connectivity along the fault dip and may have provided
pathways for fluid redistribution from the reservoirs in the depth to the
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Fig. 16. Photomicrographs illustrating the mineralization in the Linzizong volcanic rocks. (a) A plane-polarized thin section photo showing the irregular fractures
and sulfide veins within a mineralized porphyritic volcanic rock; (b) microscopic view of multi-stage brecciation and mineral deposition in a polished section. The
wall rock and the pyrite are fragmented and engulfed by the sphalerite and galena matrix. The sequential relation between the sphalerite and galena assemblages is
difficult to restore. (c) Polished section as an example for multi-stage fluid superimposition. The pyrite is fragmented and infilled by veinlets composed of chal-
copyrite, galena, sphalerite, and felsic minerals. The chalcopyrite is crosscut and surrounded by the sphalerite, and superimposed by later injected galena and felsic
minerals; (d) fragmented country rock and pyrite are embedded in a matrix composed of galena and sphalerite. (e-f) Example of a sphalerite assemblage that is
brecciated into several angular fragments with jig-saw fit boundaries. The voids between the fragments are infilled by later-introduced calcite and quartz. Abbre-
viations: Ccp-chalcopyrite; Gn-Galena; Lv-(Sub)volcanic rocks; Py-Pyrite; Sp-Sphalerite.

deposits at higher crustal levels. The fractures in the lenticular breccia
zone are mostly filled and cemented by fault gouge composed of clay
minerals and calcite, whereas sulfides are usually preserved in discon-
tinuous voids, such as the dilational jogs. These phenomena can be
explained by the “fault-valve” model (Sibson et al., 1988; Boullier and
Robert, 1992; Cox, 1995). This model implies that fault rupture events
resulted in sudden permeability enhancement and rapid fluid ingression,
which was followed by deposition of fluid-related minerals and self-
sealing of the fracture network. The episodic “valve opening” repeat-
edly tapped the fluid into the fault zone and formed the incremental
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mineralization (Cox, 1995).

Compressive faults are not usually preferred places for mineral
deposition (Caine et al., 1996). Instead, fault damage zone and fault-
related folds can promote fluid migration and provide favorable ac-
commodation for mineralization (e.g., Rowland and Simmons, 2012).
Field observations in the Narusongduo region demonstrate that fluid-
related alteration and mineralization occurred extensively in the
deformed and fractured carbonate rocks in close proximity to the F1
fault (Fig. 10g-i). Fluid percolation and overprinting concentrated in the
sections with higher densities of structural discontinuities. The fluid-



Q. Qin et al.

Ore Geology Reviews 143 (2022) 104748

a o b | (SND106: Rhyolite
) / < 0.011
o
63824133 64804142 54431209 64054037 55354142
"- i ==
@ AT (fw 0.010
A= ol
e 374115 | o
6381£180 62564133  6457£132 61204140 =
i -< (]
% i = 0.009
QBa ™G -
2
6207+129 S823%208 33572209 (1744186 5548112 o Weighted mean —
B 0.008 54.6+1.0 Ma
& y = & 5 7 of 24 analyses
58.56+1.06 5487163 61094107 54334099 61.974 105 4 MSWD = 0.31
— robability = 0.93
— - SND106 0.007 L =
- 100um 0.035 0.045 0.055 0.065 0.075 0.085
6505£144 57601174 3878151 65134131 207pp/ 2357
| g d| (SND111-2 Rhyol
I = = = -2: Rhyolite
64.086.48 gemmm— T oo
(Lirgo error) 5708« 1,64 S845+153 57654108  67.09+195
0.011
. ’ -
57.324141 7 2
) 60.69 % 1.56 o122\ 8 g 01
= :
J 3 S
60394195  63.16+129 61.97+133 6054120 64.86+1.29 0.009
@' 579+ 1.0 Ma
A 7 of 24 analyses
6012173 924%133 6574147 650318 0.008 MSWD = g 98
. R SNDI11-2 probability = 0.95
2N (2] & 100 0.007
= e jum 0.01 0.03 0.05 0.07 0.09 0.11
6418+ 1.56 (2374153 6214158 6828+3.02 207pp/ 2357

Fig. 17. Zircon CL images (a, ¢) and U-Pb concordia diagrams (b, d) of the volcanic rocks at the northern slope of the Narusongduo caldera. See text for details.

related alteration and mineralization commonly developed along the
steeply dipping permeable fracture systems, and are separated from the
country rocks by sharp boundaries (Fig. 10g-h). We thus propose that
the nucleated and connected fracture systems acted as the main pathway
for fluid percolation. Nevertheless, the mineralized or altered zones,
which usually wedge out upward, are characterized by randomly
distributed terminal splays and extensive fluid-related brecciation
(Fig. 10i). These observations imply that hydraulic fracturing also
contributed to the growth of the fracture system accommodating the
fluid influxes. The country rocks hosting the hydrothermal minerals
were usually broken into polymict breccia fragments during later-stage
fluid-driven mechanical overpressurization, indicative of multi-stage
fluid overprinting (Fig. 11). The successive fluid-ingression events
were controlled by the deformational fractures and occupied the same
zone of structural weakness (Fig. 10; Shi et al., 2016). The growth of the
fracture network is highly comparable with the “ordinary percolation
model” (Cox et al., 2005), in which the regional N-S compressive strain
plays a vital role.

Information obtained from extensive exploration drilling revealed
that much mineralization is hosted in the deformed carbonate rocks or
the unconformity between them and the overlying LVS. The ores are
spatially associated with marbleization, silicification or skarnization.
Therefore, it has been proposed that this deposit is a skarn-type ore
deposit (Ji et al., 2012, 2014). However, numerous discrete mineralized
sections with high ore grades are observed in the LVS several meters to
several hundred meters above the unconformity. In addition, both the
field observation and the drilling data demonstrate that the minerali-
zation is featured by steep occurrences and limited lateral extensions.
We therefore propose an updated model to explain the mineralization
patterns within different lithologies. The steeply dipping fracture
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systems in the strongly deformed carbonate rocks provide the principal
fluid conduits and exert main controls on the alteration and minerali-
zation. The strongly deformed and porous carbonate rocks provided
ample accommodation space for ore deposition. By contrast, the gently
dipping LVS with less fracture density and porosity likely acted as a
mechanical barrier during fluid flow. Nevertheless, the eruptive frac-
tures and fissures along with the locally developed deformational joints
within the volcanic sequences also provide less prominent conduits for
the fluid introduction. This could explain the discrete mineralization
and alteration assemblages within the LVS.

6.3. Mineralization in the volcanic structures

It has been observed that the mineralization in orebody I is mainly
hosted in steep breccia pipes and dykes, which share similar lithological
characteristics with the rhyolitic wall rocks. The surface outcrops of the
breccia pipes parallel to the E-W strike of the long axes of the ring-
shaped fractures (Fig. 1c). The sharp contacts between the breccia
bodies and the wall rocks imply that the brecciation was controlled by
these E-W trending structural discontinuities. Drilling at orebody I also
documented that the ore-hosting breccia pipe dips steeply to the SSE, in
accordance with the dips of the ring-shaped fractures (Fig. 12¢; Yang
et al., 2015b). Another group of fractures within the brecciated volcanic
rocks strike N-S and perpendicularly intersect with the ring-shaped
structures. They are interpreted as the radial group in respect to the
volcanic center. Several meter-scale breccia dykes with occurrences
parallel to the radial or ring-shaped tensional fractures were identified
in the vicinity of the major orebodies. In summary, the occurrence of the
ore-hosting breccia bodies was controlled by radial and concentric ring-
shaped tensional fractures related to the Narusongduo caldera. The high
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Table 1

LA-ICPMS zircon U-Pb isotopic results from the volcanic rocks from the Narusongduo region.
Analysis Corrected ratios and errors Corrected ages and errors 232Thy Conc.?

238
207ph, 1o 207pp/ 1o 206pp/ 1o 207pb/ 16 27pb/ 16 206pp/ 16 v
206Pb 235U 238U 206Pb 235U 238U

SND106 Rhyolite
SND106.01 0.04978 0.00341 0.06828 0.00437 0.00995 0.00021 184.5 159.6 67.1 4.3 63.8 1.3 1.06 95
SND106.02 0.04807 0.00394 0.06696 0.00499 0.01010 0.00022 102.6 194.0 65.8 4.9 64.8 1.4 1.08 98
SND106.03 0.04854 0.00192 0.05776 0.00225 0.00848 0.00019 124.2 78.7 57.0 2.2 54.4 1.2 0.67 95
SND106.04 0.04912 0.00362 0.06762 0.00511 0.00999 0.00037 153.4 172.7 66.4 5.0 64.1 2.4 2.47 96
SND106.05 0.04995 0.00521 0.05846 0.00559 0.00862 0.00022 194.5 99.5 57.7 5.4 55.4 1.4 1.50 96
SND106.06 0.04898 0.00535 0.06719 0.00688 0.00995 0.00028 147.1 256.1 66.0 6.8 63.8 1.8 1.14 97
SND106.07 0.04940 0.00413 0.06642 0.00443 0.00975 0.00021 166.7 195.6 65.3 4.4 62.6 1.3 1.20 96
SND106.08 0.04942 0.00396 0.06859 0.00480 0.01007 0.00021 167.8 187.0 67.4 4.7 64.6 1.3 1.28 96
SND106.09 0.04749 0.00445 0.06246 0.00439 0.00954 0.00022 73.9 2229 61.5 4.3 61.2 1.4 1.45 99
SND106.10 0.05012 0.00394 0.05708 0.00422 0.00837 0.00018 211.2 200.0 56.4 4.1 53.7 11 1.86 95
SND106.11 0.04659 0.00319 0.06216 0.00417 0.00968 0.00020 28.5 164.2 61.2 4.1 62.1 1.3 0.93 99
SND106.12 0.04921 0.00473 0.06157 0.00573 0.00907 0.00032 157.8 225.2 60.7 5.6 58.2 2.1 1.42 96
SND106.13 0.04977 0.00594 0.05671 0.00575 0.00834 0.00033 183.4 259.2 56.0 5.5 53.6 2.1 0.83 95
SND106.14 0.04871 0.00620 0.06463 0.00672 0.00962 0.00029 133.8 299.1 63.6 6.6 61.7 1.9 1.35 97
SND106.15 0.04861 0.00393 0.05854 0.00421 0.00864 0.00017 127.9 145.4 57.8 4.0 55.5 1.1 1.07 96
SND106.16 0.04893 0.00421 0.06156 0.00470 0.00912 0.00017 144.3 202.0 60.7 4.6 58.6 1.1 1.14 96
SND106.17 0.04880 0.00357 0.05752 0.00508 0.00855 0.00025 138.2 171.7 56.8 5.0 54.9 1.6 1.91 97
SND106.18 0.04797 0.00370 0.06298 0.00490 0.00952 0.00017 97.7 182.5 62.0 4.8 61.1 1.1 1.85 98
SND106.19 0.05016 0.00368 0.05819 0.00394 0.00846 0.00015 211.2 165.7 57.4 3.8 54.3 1.0 0.68 94
SND106.20 0.04807 0.00301 0.06403 0.00341 0.00966 0.00016 102.7 147.9 63.0 3.4 62.0 1.0 1.16 98
SND106.21 0.04856 0.00201 0.06790 0.00284 0.01014 0.00022 126.7 97.3 66.7 2.8 65.0 1.4 1.24 97
SND106.22 0.04856 0.00365 0.06010 0.00439 0.00898 0.00027 126.7 176.8 59.3 4.3 57.6 1.7 0.89 97
SND106.23 0.04971 0.00277 0.06278 0.00368 0.00916 0.00024 181.3 130.0 61.8 3.6 58.8 1.5 0.97 95
SND106.24 0.04941 0.00294 0.06917 0.00392 0.01015 0.00020 167.1 139.1 67.9 3.9 65.1 1.3 1.46 96
SND111-2 Rhyolite
SND111-2.01 0.04734 0.00854 0.06715 0.01823 0.00999 0.00102 64.9 644.5 66.0 17.3 64.1 6.5 1.20 97
SND111-2.02 0.04615 0.00542 0.05896 0.00846 0.00892 0.00026 5.7 124.5 58.2 8.1 57.3 1.6 1.04 98
SND111-2.03 0.04763 0.00444 0.05981 0.00490 0.00911 0.00024 80.7 221.4 59.0 4.8 58.4 1.5 1.33 99
SND111-2.04 0.05021 0.00401 0.06219 0.00407 0.00898 0.00017 204.6 185.4 61.3 4.0 57.6 11 1.14 94
SND111-2.05 0.05009 0.00657 0.07225 0.00800 0.01046 0.00030 199.0 304.5 70.8 7.8 67.1 1.9 1.08 94
SND111-2.06 0.05001 0.00464 0.06158 0.00495 0.00893 0.00022 195.2 215.7 60.7 4.9 57.3 1.4 1.17 94
SND111-2.07 0.04778 0.00412 0.06231 0.00497 0.00946 0.00024 88.2 204.7 61.4 4.9 60.7 1.6 1.45 99
SND111-2.08 0.04873 0.00387 0.06086 0.00429 0.00906 0.00021 135.0 186.5 60.0 4.2 58.1 1.3 1.23 97
SND111-2.09¢ 0.05473 0.00185 0.39974 0.01375 0.05297 0.00084 401.4 75.6 341.5 11.7 332.7 5.3 0.10 97
SND111-2.10 0.04706 0.00358 0.05809 0.00401 0.00895 0.00019 52.1 181.5 57.3 4.0 57.5 1.2 1.14 100
SND111-2.11 0.04753 0.00628 0.06169 0.00717 0.00941 0.00030 76.2 313.8 60.8 7.1 60.4 1.9 2.31 99
SND111-2.12 0.04885 0.00336 0.06631 0.00421 0.00985 0.00020 140.5 161.4 65.2 4.1 63.2 1.3 1.13 97
SND111-2.13 0.04850 0.00439 0.06459 0.00577 0.00966 0.00021 123.8 213.0 63.6 5.7 62.0 1.3 0.97 97
SND111-2.14 0.05015 0.00343 0.06524 0.00433 0.00944 0.00019 201.9 158.6 64.2 4.3 60.5 1.2 1.32 94
SND111-2.15 0.04883 0.00356 0.06809 0.00507 0.01011 0.00020 139.8 171.0 66.9 5.0 64.9 1.3 0.83 97
SND111-2.16 0.04726 0.00435 0.06106 0.00491 0.00937 0.00027 62.4 219.3 60.2 4.8 60.1 1.7 2.53 100
SND111-2.17 0.04938 0.00438 0.06286 0.00516 0.00923 0.00021 166.1 207.0 61.9 5.1 59.2 1.3 1.12 96
SND111-2.18 0.04950 0.00419 0.07080 0.00603 0.01037 0.00023 171.7 197.8 69.5 5.9 66.5 1.5 0.87 96
SND111-2.19 0.04579 0.00353 0.06401 0.00446 0.01014 0.00028 -13.4 186.4 63.0 4.4 65.0 1.8 1.04 97
SND111-2.20 0.04902 0.00419 0.06313 0.00568 0.00934 0.00027 148.9 200.2 62.2 5.6 59.9 1.7 1.10 96
SND111-2.21 0.04719 0.00468 0.06510 0.00584 0.01001 0.00024 58.8 236.2 64.0 5.7 64.2 1.6 1.33 100
SND111-2.22 0.04777 0.00351 0.06403 0.00500 0.00972 0.00024 87.8 174.3 63.0 4.9 62.4 1.5 1.12 99
SND111-2.23 0.04732 0.00331 0.06320 0.00443 0.00969 0.00025 65.6 166.8 62.2 4.4 62.1 1.6 1.06 100
SND111-2.24 0.04721 0.00666 0.06932 0.00967 0.01065 0.00047 60.1 336.4 68.1 9.5 68.3 3.0 0.98 100

Notes:

a. pr(%)=(c2(207Pb/235U)+02(206Pb/238U)-62(207Pb/206Pb))/(2*5(206Pb/238U)*c(207Pb/235U)).

b. “Concordance” = (1- abs((207Pb/235U)-(206Pb/238U))/(206Pb/238U))*100.
c. Analyses in shadow are not shown on the concordia diagram.

density of structural discontinuities and the intersection of multiple
groups of fractures likely facilitated fluid introduction and brecciation.

Brecciated rocks with highly comminuted polymictic fragments are
discovered by drilling at the No.I-1 breccia pipe (Fig. 14a). The clasts
within these breccias are differentially rounded and abraded, indicative
of forceful transportation (Taylor, 2009). In contrast, economic miner-
alization is often found in breccias with a jigsaw-fit structure and curved
and branched fractures, indicating rapid pressure release, in-situ brec-
ciation, and limited clast migration. (Sillitoe, 1985; Cox, 1995). At the
outcrop scale, the breccias consist of lithic clasts with a sulfide matrix
that are commonly fractured into fragments during later-stage fluid
influx. The cracks between these fragments are filled and sealed by later-
stage hydrothermal minerals, forming polymict hydrothermal breccias
(Figs. 14 and 15). It could also be noticed under a microscope that both
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the wall rocks and the earlier-stage minerals are cracked and infilled by
later-stage minerals (Figs. 14i and 16¢-f). The sharp jig-saw contacts
between different generations of sulfide minerals indicate successive
hydraulic fracturing and multi-stage mineral precipitation. In summary,
these shreds of evidence advocate that the ore-bearing breccia bodies
experienced repetitive infiltration of pressurized fluids, brecciation of
wall rocks and self-sealing of the fracture system (Cox et al., 2005; Cas
et al., 2011).

The ore-bearing breccia pipes are in close proximity to several cy-
lindrical porphyry intrusions that are interpreted as ore-related (Ji et al.,
2012, 2014; Ji, 2013; Yang et al., 2015b). They were emplaced during
62.54 + 0.77 Ma to 62.47 + 0.91 Ma and related to the mineralization
events, according to previously published studies (Ji et al., 2012, 2014).
On the other hand, Argon dating on the sericite obtained from the ore-
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Fig. 18. Conceptual formation model of the ore-
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tually formed the time-integrated economic
mineralization in the fault zone and the volcanic-
related breccia bodies; (d) conceptual model of the
structural controls on the mineralization in orebody

III. The ore-forming fluids migrated along the fault
N | structures and percolated the through the fault zone

S

Eocene
AN
ca. 55Ma

and associated folds. The mineralization was hosted
mainly in the fractures formed during the tectonic
deformation; (e) structural factors controlled the
=y mineralization in orebody I. The intersection between
different sets of volcanic fractures permitted the fluid
migration and the formation of the steeply dipping
ore-bearing breccia bodies.

Radial
fractures

Ring fractures Ring fractures

N

Frey Carboniferous-Permian

meta sandstone/slate

Intrusive
rocks

Permian

e Cretaccous
limestone

k======-|sandstone

bearing breccia yielded an age of 57.81 + 0.66 Ma, approximately 4 Ma
younger than the intrusive magmatism (Yang et al., 2015b). In addition,
our newly obtained zircon U-Pb ages of the volcanic wall rocks gave an
even slightly younger range of 58 + 1 Ma to 55 £+ 1 Ma (Fig. 17). It is
well-established that single intrusion-cooling events and the duration of
ore depositional processes are short-lived (several 10* -10° years)
(Glazner et al., 2004; Chiaradia et al., 2013; Karakas et al., 2017). A
magmatic or hydrothermal system that appears to have lasted for mil-
lions of years is hence probably characterized by several successive
magma and hydrothermal pulses (Schoene et al., 2012; Bucholz et al.,
2017). Therefore, the relative wide age range of these deposits as out-
lined above also suggests that the Narusongduo region experienced
multi-stage magmatism and incremental hydrothermal activity during
the Paleocene to Eocene (Ji et al., 2012, 2014; Shi et al., 2016; Zhou
et al., 2020).

In summary, we here introduce a conceptual formation model for the
ore-controlling structures in orebody L. In the early stages of magmatism,
large-scale eruption and subsequent collapse formed the Narusongduo
caldera and subordinate fractures. At the sites with more intense
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deformation, the densely-occurring ring-shaped fractures intersect with
the radial fractures and lithological surfaces, adding complexity and
increasing permeabilities of the fractured wall rocks. The fracture sys-
tems may further have been affected by local normal faulting, renewed
magmatism, and later-stage fluid influxes. The subvolcanic intrusions,
welded volcanic rocks and infilled fluid-related cements, formed steep
volcanic plugs that blocked the pathway for potential subsequent fluid
migration. On the other hand, the long-lived magmatism triggered
repeated overpressurized hydrothermal fluids that took advantage of the
pre-existing complex structural fabric. Pressure-driven hydraulic frac-
turing might have occasionally broken through the barrier and could
have added to the tensional fractures. Counteracting this process, the
increase of permeability would have resulted in sudden drop of fluid
pressure and swift deposition of hydrothermal minerals. This “hydro-
thermal sealing” mechanism (Cox et al., 2005) would have subsequently
been responsible for renewed fluid pressure build-up (Jébrak, 1997).
Eventually, multi-stage hydrothermal overprinting and time-integrated
mineral deposition formed the steep orebodies in our study area.
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6.4. Implications for mineral exploration

Our study demonstrates that the Narusongduo Pb-Zn deposit is
hosted by composite structures formed by compressive deformation
alongside multi-phased volcanic activity. This process might have
broader implications for Pb-Zn mineralization in the Gangdese retro-arc.

Most of the deposits in the Gangdese retro-arc are located in the vi-
cinity of the LMF (Fig. 1b-c). The compressive deformation structures
were likely formed during the late Cretaceous-Paleogene Cordilleran
orogeny at the Gangdese arc and superimposed by propagative crustal
shortening during the continental collision of India with Eurasia (Kapp
et al., 2007a). The fault and shear zones played a key role during fluid
influx from deeper reservoirs to upper crustal levels. The deposited
minerals are hosted mainly by the fracture networks in the fault zone
and associated folds (Wang et al., 2010; Ma et al., 2017a). It is note-
worthy that the more pervasive fracturing of the carbonate rocks under
compaction would enhance the permeability of the fault-fold system
(Billi, 2010; Vajdova et al., 2010). Therefore, we propose that the
strongly folded carbonate rocks in the LMF are suitable targets for
further exploration.

It has been proposed that the Sinongduo and Narusongduo deposits
in the central segment of the Gangdese retro-arc are genetically linked to
the Linzizong volcanic rocks (Tang et al., 2016; Ding, 2017). We hy-
pothesize that the long-lived volcanism there formed steep tensional
structures that were crucial in draining overpressurized fluids to shal-
lower levels. The repeated hydraulic brecciation and hydrothermal self-
sealing produced the time-integrated mineralization that was hosted in
the breccia pipes and dykes. In general, the volcanic structures, espe-
cially diatremes and volcanic plugs in the LVS are potential targets for
exploration.

Another interesting point is the exact timing of the mineralization, or
how many stages of mineralization were involved in the formation of the
ore deposits. The available age constraints on the mineralization in the
western GRAZ range from ca. 65 Ma to 55 Ma (see Li et al., 2019a and
references therein). This period is contemporaneous with the Linzizong
volcanic activity, advocating the genetic links between them (Ding,
2017). However, our study on the structural and hydrothermal over-
prints in the Narusongduo deposit highlights the complexity and diffi-
culties when tackling these mineralization ages. Indeed, the time-
integrated mineralization can have been formed via various pulses of
fluid injection and mineral precipitation, partially resetting and blurring
the dating results (Lipman et al., 1976; Nadeau et al., 2016; Li et al.,
2017, 2018, 2019b). Therefore, more attention needs to be paid to
illustrating the spatial patterns of the mineralization, and detailed
chronological frame works should be integrated with systematic
geological observation and structural analyses.

7. Conclusions

(1) Two stages of structural evolution could be recognized in the
Narusongduo region. The first stage, represented by the regional
N-S crustal shortening, took place during the late Cretaceous-
early Paleocene in response to the Cordilleran orogeny (India-
Eurasia collision) at the southern Lhasa terrane. The second stage
is characterized by multi-phased Linzizong volcanism (ca. 66-55
Ma) and propagative N-S compressive deformation with
decreasing shortening rate.

The mineralization in orebody III was controlled by the northern
boundary fault of the Luobadui-Milashan fault zone and the
adjacent E-W trending folds, which were forged during the first
deformation stage. During the second stage, the thrust faults were
repeatedly reactivated and the ore-forming fluids were drained to
shallower crustal levels along the fault zone. These pulsed over-
pressurized fluids percolated through the fault zone and the
overlying less deformed Linzizong volcanic succession, resulting
in the mineralization and alteration.

(2)
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(3) The formation of orebody I in the Narusongduo deposit was
related to multi-stage magmatism and associated hydrothermal
activity during the second deformational stage (ca. 66-55 Ma).
The ores are hosted in several breccia bodies controlled by the
eruptive fractures and normal faults formed by the volcanic ac-
tivity. The intersection between different sets of structural dis-
continuities enhanced the permeability. This multi-stage
magmatism and hydrothermal activity were guided along these
zones of structural weakness, resulting in progressive brecciation
and mineral precipitation.
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