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Abstract

Purpose. This study aims to investigate the ore mineralization characteristics and genesis models and assess the mineral
potential of the Na Bop-Pu Sap lead-zinc deposit, which represents a novel deposit type in northeastern Vietnam.

Methods. This research employs several analytical methods, including microscopic analysis of ore minerals, sulfur and
lead isotope analysis of ore sulfide minerals, Ar-Ar dating of sericite samples contemporaneous with sulfide ores, and fluid
inclusion studies to determine ore-forming temperatures.

Findings. Field observations suggest that the ore deposits manifest as Pb-Zn-bearing veins along faults and as strata-bound
ore types within early Devonian sedimentary carbonate rocks. Microscopic analysis identifies galena, sphalerite, pyrrhotite,
pyrite, and arsenopyrite as ore minerals, accompanied by gangue minerals such as quartz, calcite, and dolomite. Sulfur-isotope
values (8*S) of galena, sphalerite, and pyrite range from +0.10 to +8.49%o (mean = +4.48%o), suggesting a magmatic
origin with a deep source. Lead isotope ratios of galena (?°Ph/?%*Ph: 18.451-18.651, 2°"Ph/?%Ph: 15.685-15.836, 2°Ph/?%4Ph:
38.909-39.501) point to an upper crustal source. Ar-Ar dating of sericite yields plateau ages of 237.1+2.3 Ma and
242.6 + 2.4 Ma, correlating with the timing of lead-zinc mineralization, as indicated by the syntectonic texture between sericite
minerals and sulfide ores. Fluid inclusion studies on calcite from galena-hosted veins suggest moderate temperatures
(201-245°C) and salinities (4.65-8.00 wt.% NaCl equiv.), indicative of evolving H-O — NaCl systems and variable physico-
chemical conditions. These findings classify the Na Bop-Pu Sap deposit as an epithermal-type deposit.

Originality. The Na Bop-Pu Sap Pb-Zn deposit in northern Bac Kan Province, Vietnam, is one of the largest deposits in
the Cho Don area. It is notable for its significant reserves and unique metal combination. Despite extensive knowledge of
Pb-Zn mineralization, the timing and origin of ore-forming fluids remain poorly understood.

Practical implications. This study provides insights into the genesis and spatio-temporal evolution of Pb-Zn mineraliza-
tion in the Na Bop-Pu Sap deposit within the Cho Don area.
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1. Introduction

Carbonate-hosted lead-zinc deposits exhibit diverse cha-
racteristics, as documented by Sangster (1996) [1]. Vietnam
is host to over 74 known lead-zinc deposits, as reported by
Tri et al. (2011) [2]. Notably, the Cho Don-Cho Dien lead-
zinc ore (CDO-CDI) districts have been identified among
these deposits. Although certain deposits were investigated
and exploited over the past few decades, the ore reserves
could be more considerable, with the majority falling within
the small to medium scale. The distribution of lead-zinc
ores spans provinces such as Bac Kan, Tuyen Quang, Cao
Bang, Ha Giang, Thai Nguyen, Lang Son, Lao Cai, Yen
Bai, Lai Chau, Dien Bien, Hoa Binh, etc. These deposits
can be classified into two primary groups: the initial group
encompasses those in carbonate and terrigenous-carbonate
formations, whereas the second group consists of deposits
in intrusive and effusive rocks [2]. Regarding mineral com-

position, certain deposits and ore incidents manifest both
sulphide and oxidation types.

The concentration of lead-zinc mineralization is most
pronounced in the Paleozoic geological structures of the
Northeast region of Vietnam, particularly within the Lo Gam
structural zone or along the boundary between the Lo Gam
and the Phu Ngu structural zones. Tectonically, these struc-
tures are part of the fold-and-thrust belt of the North Vi-
etnam-South China Block [3]-[7]. The geological formations
containing lead-zinc mineralization within these structures
consist of carbonate and terrigenous-carbonate sedimentary
sequences of the early to middle Paleozoic age. These se-
guences host numerous lead-zinc mineral occurrences, either
in ore deposits or mineralized occurrences, primarily concen-
trated in two central ore districts known as the CDI and CDO
districts. Deposits such as Na Bop-Pu Sap, Lung Vang, Ba
Bo, and Na Tum are within the CDO district.
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The genesis model and timing of lead-zinc mineralization
in the Cho Don region remain debatable, mainly because no
study has yet provided reliable direct age determinations for
the mineralization or a clear understanding of the source of
ore-forming materials. Previous perspectives suggested that
the lead-zinc deposits in the Cho Don area were linked to the
granite rocks of the Phia Bioc complex based on lead model
ages and elevated Pb and Zn concentrations in these gran-
ites [8], [9]. Upon examining the ore characteristics, lead-
zinc deposits in the CDO-CDI districts have been classified
as MVTy deposits [10], SEDEX deposits [4], [5], [11], or as
sediment-hosted deposits [12]. Nevertheless, recent studies
propose that the lead-zinc ore at the Na Bop-Pu Sap deposit
(NPD) may be linked to the origin of granites at a more pro-
found, more ancient age than the Phia Bioc complex [13],
[14]. Therefore, conducting detailed and comprehensive
research on the characteristics of lead-zinc mineralization in
the area is crucial for elucidating the origin and mineral pro-
spects, which are essential.

This study focuses on the NPD as a key area for investi-
gating ore mineralization characteristics and genesis models
and assessing mineral potential, representing a novel deposit
type in northeastern Vietnam. The research provides a de-
tailed analysis of the structural, textural, and mineralogical
features of the ore-bearing horizons, the geochronology of
the host rocks associated with lead-zinc mineralization, and
the sulfur and lead isotopic signatures that contributed to the
deposit’s formation.

2. Geological setting

2.1. Regional geology

The Lo Gam folded structure, which covers most of the
Song Lo zone area [15], except the Song Chay granite mas-
sif, was later termed the Song Gam anticlinorium by Tri et al.
(1977) [16]. More recently, it has been referred to as the
western Viet Bac zone [2]. Located in northeastern Vietnam,
the Lo Gam structural zone lies adjacent to the southwest’s
Song Hong strike-slip fault zone (Fig. 1).

Its boundaries include the Song Chay dome to the north-
west, representing an exposure of the Precambrian basement
of the Yangtze Platform, and the Mesozoic Song Hien and
An Chau basins to the northeast and southeast, respectively.
The dominant geological features of the region include sedi-
mentary-metamorphic units from the Early and Middle
Paleozoic, primarily consisting of carbonate rocks interbed-
ded with sandstone, schist, conglomerate, and gravelstone.
Felsic volcanic rocks, particularly in the Na Son ore district
to the north, play a significant role alongside widespread
igneous rocks across the Lo Gam structure. The Phia Bioc
complex, composed of high-alumina biotitic granites, is
prevalent, forming plutons that conform to the arched fault
systems surrounding and penetrating the Paleozoic sedi-
ments. These granitoids are spatially linked to Pb-Zn depo-
sits, particularly in the CDO and CDI districts. Additionally,
areas with small plutons and dikes of alkali syenites, gabbro-
peridotites from the Nui Chua complex, and gabbro-dolerites
from the Cao Bang complex are present. In the southern
region, the Nui Dieng complex comprises calc-alkaline gra-
nites, granodiorites, and diorites, forming small northwest-
trending plutons in the Thai Nguyen ore district, often asso-
ciated with Sn deposits. The majority of the region’s igneous
rocks were emplaced during the Permo-Triassic period
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(233-251 Ma), influenced either by the Emeishan plume or
by the collision between the Sibumasu and Indochina blocks,
as indicated by recent dating of rocks within the Lo Gam
structure and neighboring areas [17]-[21].
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Figure 1. Regional structural map of Northeastern Vietham

showing the lead-zinc deposits and occurrences (modi-
fied from [22], [23])

Lead-zinc ore deposits

The CDO district (Bac Kan) is situated east of the Lo
Gam structure, about 75 km north of Thai Nguyen city
(Fig. 1). The primary Pb-Zn mineralized veins are mainly
located within early Devonian carbonate rocks of the Co Xo
and Phia Phuong formations. A smaller number of mineral
veins are found within the late Ordovician to early Silurian
sediments of the Phu Ngu formation. These formations con-
sist of quartz-sericite schist, clay schist, limestone schist with
limestone, siliceous limestone, and clay schist interlayered
with quartzite, albite tuff, and sandstone tuff. The rocks show
deformation through short folds and are crosscut by various
fracture systems. Pb-Zn mineralization is predominantly
concentrated in the Devonian carbonate sediments, especially
at the intersections of northeast-southwest and northwest-
southeast trending structures (Fig. 2) [24].

The mineralized zone is associated with gray limestones
interlayered with calcite, sericite schist, and sandstone tuff.
Mineralized clusters such as Ba Bo, Lung Vang, Na Bop, Na
Tum, and Pu Sap have been identified within the CDO dis-
trict. The ore in these clusters exhibits a disseminated-vein
structure, with rare occurrences of massive structures [2].
The mineral composition across all mineralized clusters is
relatively consistent, with sphalerite and galena being the
dominant ore minerals, with galena being more prevalent.
Other minerals present include pyrrhotite, pyrite, arseno-
pyrite, and chalcopyrite.
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Figure 2. Geological map of the CDO-CDI area showing loca-
tions of the Pb-Zn deposits and occurrences (modified
from [14], [25], [26])

Less common minerals include tetrahedrite, stannite, cas-
siterite, native bismuth, and monazite [24].

2.2. Major structures and tectonics

The CDO-CDI area exhibits a standard geological struc-
ture identified as a large anticlinorium zone, known as the
Phia Khao anticlinorium zone [15], also referred to as the
North Vietnam folded zone, formed during the Late Caledo-
nian orogeny [16]. Contributing to the structural complexity
of the Cho Don area are several petrotectonic associations,
including The petrotectonic associations of the lower to mid-
dle Paleozoic continental margin (Late Ordovician — Early
Silurian), exhibiting folding related to early Paleozoic oroge-
ny, particularly in the southeast. This includes the original
formations of the Phu Ngu formation. The petrotectonic
associations of the Devonian orogenic phase occupy a signi-
ficant portion of the study area. It consists of original car-
bonate formations, carbonate-siliciclastic rocks, and felsic-
alkaline volcanic rocks containing Mn-Fe mineralization.
The rocks undergo intense thermal metamorphism and exhi-
bit strong Kkarstification, characterized by closely spaced
folds (Phia Khao). Last, the petrotectonic associations of the
Upper Triassic orogenic phase are confined to the eastern
Ngoc Hoi area, consisting of limestones with thin coal beds
belonging to the VVan Lang formation.

Tectonic activity has been notably robust in the CDO-
CDI area, evidenced by intense folding and the development
of complex fault systems (Fig. 2). Noteworthy fault systems
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include A circular fault system, with significant roles played
by the faults along National Highway 3A (Cho Moi — Cao
Ky — Pac Nam fault), dividing the Lo Gam, Song Hien zones
and the fault system of Song Day — Cho Don — Ba Be — Ban
Mu, intersecting the Phu Ngu anticlinorium zone. These
faults, with lengths ranging from 50-100 km, have broad
shear zones and dip toward the NWW with angles of 80-85°.

The NW-SE-trending fault system comprises faults along
the Song Lo, upper reaches of the Song Gam, Song Quang
rivers, and the Nguyen Binh area. These faults, likely active
since the early Paleozoic, have experienced multiple reacti-
vations [25]. This fault group is often displaced by east-west
or northeast-southwest-trending faults with displacements
ranging from 0.5-1.0 km. Most of these faults have lengths
exceeding 50 km, dipping toward the southwest with slopes
of 70-80°. Along these faults are shear zones 5-7 km wide,
invaded by granitoids and mafic rocks. Another one is the
northeast-southwest-trending fault system, and a transverse
northeast-southwest fault system is developed in the Na
Mong, Ninh Kiem - Pac Van, Cho Don, Phia Khao, and Pia
Ma areas. These faults, with lengths ranging from 5-30 km,
have slopes of 80-85° and displacements of 0.3-1.0 km. The
northeast-southwest-trending fault system often consists of
younger faults cutting through various geological structures
and other fault groups, having steep dips, 2-15 km lengths,
and scattered distribution in the Dai Thi area.

3. Geology of the NPD

The NPD is located in the CDO area at an altitude ran-
ging from approximately 300 to 600 m above sea level.
Extensive exploration boreholes were drilled at NPD, identi-
fying three ore bodies and eight mineralized bodies [24],
[27]. While orebodies TQ.1 and TQ.2 are partially exposed
on the surface, orebody TQ.4 remains concealed (Figs. 3, 4).

The open-pit mining operation at the NPD has been ter-
minated and repurposed as a waste dump. The Bac Kan Mi-
nerals Joint Stock Company (BAMCORP) is currently em-
ploying subterranean mining methods for ore extraction,
utilizing shafts and longwalls at levels +230, +210 m (Pu Sap
area), and +360, +320m (Na Bop area). Our ongoing
research relies on samples collected from drill cores and
longwalls within the NPD.

3.1. Stratigraphy and lithology

The predominant strata exposed in the NPD area are from
the Devonian period (Fig. 3). The Lower Devonian formation
consists of carbonate and terrigenous-carbonate sequences,
specifically the Coc Xo formation. The lithostratigraphic
units of the Coc Xo formation predominantly trend in a
south-to-north direction, with dipping angles ranging be-
tween 25 and 45° towards the east and southeast. In regions
near fault zones, the rock formations are overturned and
display directional instability, with steeper dip angles be-
tween 50 and 70°. In the western part of the Na Bop area, the
formation is divided into two subformations. The Lower Sub-
formation is restricted to a narrow zone west of Na Bop and is
primarily composed of phyllite, quartzite, and quartz-sericite.
It trends approximately north-south and dips eastward. This
subformation shows limited occurrences of lead and zinc ore
bodies and has a thickness exceeding 1300 m. The Upper
Subformation, which dominates much of the study area, is
frequently subdivided into distinct blocks by fault systems.
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Figure 3. Simplified geological map of the NPD (modified
from [14], [27])

The rocks within this subformation undergo significant al-
teration due to metamorphic processes, including exchange
reactions and thermal metamorphism. The Upper Subformation
can be divided into eight distinct beds, arranged from bottom to
top (Fig. 4) [25], as follows: The first bed is mainly composed
of sericite phyllite, interspersed with thin layers of limestone,
and occasionally exhibits color variations of chalky lime and
light gray. The thickness of this bed ranges from 50 to 85 m.
Above the first, the second bed consists of limestone interca-
lated with thin layers of sericite phyllite. Rich pyrite ore veins
have been identified within this bed, which is 35 to 50 m thick.
The third bed is predominantly sericite phyllite, occasionally
interspersed with thin layers of gray or light gray chalky lime
lenses. The rock is compressed and thinly layered, with a
thickness ranging from 45 to 90 m. The fourth bed comprises
gray limestone intercalated with sericite phyllite, often altered
and mildly dolomitized, with a faint pink hue. The thickness of
this bed varies between 25 and 75 m. The fifth bed consists of
multiple layers of phyllite intercalated with thin limestone
layers, with a thickness ranging from 50 to 65 m. The sixth bed,
primarily limestone, is the main ore-bearing layer for Pb and
Zn. This bed exhibits directional instability and severe fractur-
ing due to fault systems, with a 50 to 120 m thickness. The
seventh bed, located above the ore, is composed of sericite
phyllite, especially in the TQ.1 ore body area.

The rock formations in this layer are intensely folded and
altered. Pb and Zn ore bodies are predominantly found with-
in the limestone or in the transition zone between limestone
and phyllite, where oxidation is less pronounced, often form-
ing thick ore bodies ranging from 90 to 120 m in thickness.
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Figure 4. Schematic stratigraphic column of the CDO area, showing
the detailed lithologic units of the Coc Xo Formation in
the NPD (the stratigraphic column is after [25])

The eighth bed is a layer of brightly colored, altered
limestone, occurring as blocks or thickly layered, mainly in
the northeast corner of the Na Bop area. The thickness of this
bed ranges from 90 to 200 m. Therefore, the total thickness
of the Upper Subformation exceeds 800 m.

3.2. Igneous rocks

Intrusive magmatic rocks, including the biotite granite
porphyry of the Phia Bioc complex, are characteristic
features of the study area. These rocks are exposed as small
blocks, such as the Cho Don granite massif, in the southern
and northeastern parts of the CDO-CDI area (Fig. 2) [25].
Notably, the Cho Don granite massif is near the TQ.1 lead-
zinc body (Fig. 3).

The Phia Bioc granite-biotite complex was first described
by Izokh [15]. In the studied region, the Phia Bioc complex
is bounded by faults to the southeast (Fig. 2). To the east,
granite massifs belonging to the Phia Bioc complex intrude
into the limestones and shales of the Coc Xo Formation,
causing hornfelsification within a zone approximately 200 m
wide. The age of the high-alumina granites in the Phia Bioc
complex has been determined using U-Pb dating of cordierite
granite from the Kim Boi massif [5], yielding a concordant
isotopic age of 242.4 +2.2 Ma, placing it in the Middle
Triassic. Additionally, the **Ar/*°Ar dating of Cho Don gra-
nite provided an age of 250.5 + 1.0 Ma [5], suggesting that
the high-alumina granites of the Phia Bioc complex formed
around the Early-Middle Triassic boundary. As a result,
many geologists have interpreted the Phia Bioc complex as a
product of the collision between the Sibumasu and Indochina
blocks during the closure of the Paleo-Tethys Ocean from the
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Late Permian to the Middle Triassic [22], [28]-[31]. Alterna-
tively, some researchers associate it with the Emeishan Large
Igneous Province [5], [20], [32].

3.3. Tectonics

The NPD is located on the southeastern limb of the Phia
Khao anticlinorium and is characterized by two distinct fault
systems: the NW-SE and NE-SW fault systems. The lead-
zinc mineralization is primarily concentrated along the
NW-SE fault system, where one of the faults acts as a con-
duit for ore-forming fluid migration (Fig. 5a-d).

e J § -

Figure 5.

Conversely, the NE-SW fault system intersects the TQ.1
ore body, introducing complexities to the structural features
of the mining site. This situation poses challenges for the
exploration and exploitation of lead-zinc ore in the area, as
outlined in the study by Bac (2011) [26].

The hanging wall rocks of the lead-zinc ore body exhibit
brecciated limestones (Fig. 5d-e). The nature of the

syntectonic texture of the sulfide ore and sericite minerals at
NPD suggests a cogenesis between the sulfide ore and serici-
te minerals (Fig. 5h).

100 um

The NW-SE-trending fault controls the distribution of lead-zinc ore at the NPD: (a)-(c) a brecciated zone and fault planes

along this fault system, which governs the lead-zinc ore, observed both on the mining surface and along the longwall at a depth
of 320 m; (d) brecciated dolomite is visible in the hanging wall of ore body TQ.1.; (€) a drill core sample of brecciated dolomite
encountered at a depth of 40m under surface in the Pu Sap area (Fig. 5a, b, d from [14]); (f), (g) sulfide ore within the folded
zone; (h) a syntectonic texture of the sulfide ore and sericite minerals is observed under the microscope

3.4. Ore bodies

Three lead-zinc (Pb-Zn) ore bodies have been discovered
in the mining vicinity, featuring two strata-bound ore types
and one classified as an ore vein type. This vein-type ore
body intersects the dolomite rocks within the Lower Devo-
nian Coc Xo formation (Figs.5, 6). The predominant ore
bodies denoted as TQ.1, TQ.2, and TQ.4 orebodies, are se-
quentially positioned within the study area from the south to
the north. The adjacent rocks consist primarily of modified
limestone and dolomite. Alterations linked to the distinctive
ore body involve dolomitization, chlorination, and intense
dolomitization (Fig. 7a, d).

The TQ.1 ore body, located in the Na Bop area, extends
approximately 700 m. It exhibits an elongated north-south

84

orientation and inclines towards the east at angles ranging
from 25 to 55°, aligning with the bedding of the surrounding
rock (Fig. 3, Fig. 6a). The boundary between the TQ.1 ore
body and the adjacent rocks is clearly defined, with the ore
body’s thickness varying significantly from 10.34 to 3.85 m.
The primary ore body is intersected by a NE-SW fault zone
(Fig. ba-c, 6a), indicating that this fault system occurred
after ore mineralization, leading to the displacement of
ore zones in the region.

Limestone chips are observed at the slip surface, sugges-
ting deformation and a notable slip surface in the mining
area. Calcite crystals were observed growing on the slip
surfaces, although no apparent evidence of mineralization
was associated with them (Fig. 5c, d).



K.T. Hung, P.T. Hieu, N.X. Dac, N.D. Hung. (2024). Mining of Mineral Deposits, 18(4), 80-97

340

240

(a) (b)

|- 260

SRR
\\;§§\§
NN

R ooz orebody
Oxdized lead-zne ot body
§ Poor lead zinc sulfide ore

Lead-zinc ore body has been
extacted

260 -

240

40m

220m 200m L 200m
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+320 m level of Na Bop area; (d), (e) vein-type Pb-Zn ore; (f), (g) disseminated sulfide Pb-Zn ore, filling gaps and cavities in
the calcite vein; (h) Massive Pb-Zn ores

The TQ.2 ore body, located in the Pu Sap area, lies ap-  of 100-120 m, with dips of 35 to 40° towards the east-
proximately 1000 m from the TQ.1 ore body in the Na Bop  northeast. The ore body has been thoroughly mined through
area (Fig. 3). It extends in a NE-SW direction over a distance  shafts down to a depth of +219.04 m (Fig. 6b). According to
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mining records, the thickness of the ore body at depth is
around 2.5 m and remains relatively consistent along the dip
direction. Survey results show that the ore deposit primarily
occurs in veins, filling fractures, and Kkarst cavities developed
along the NW-SE fault zone (Fig. 7b-f). On the mining sur-
face, lead-zinc ore is extracted from karst -cavities
(Figs. 5a, 7g, h). Alterations related to the ore body include
dolomitization and chlorination. The principal ore minerals are
galena, sphalerite, pyrrhotite, and pyrite, with minor arsenopy-
rite and chalcopyrite. The ore structure consists of dissemina-
tions, veins, and ore bodies, exhibiting textures indicative of
replacement and erosion. The lead and zinc ores concentra-
tions generally decrease from the upper to the lower layers.

The TQ.4 ore body is located in the central part of the
study area, roughly 100 meters north of TQ.1. It extends for
about 50-60 meters in a NE-SW direction (Fig. 3). This ore
body dips steeply. It intersects with altered limestone, filling
fractures. The primary ore minerals are sulfides, including
pyrite, sphalerite, and galena. Additionally, smaller lead-zinc
ore bodies are found within quartz-mica schists and car-
bonate rocks; however, these have garnered limited attention
due to their questionable economic potential.

neoi/s NN

3.5. Ore textures and structures
3.5.1. Types of ores and their properties

In nature, common primary ore minerals comprise gale-
na, pyrite, pyrrhotite, and sphalerite (> 5%), followed by
arsenopyrite (1-5%) and, less commonly (< 1%), chalcopy-
rite. Galena is frequently observed in the samples with an
uneven distribution; some samples contain only a few small
grains, while others exhibit concentrations ranging from
1-5%. Galena can be categorized into two generations:
Galena | manifests as anhedral grains, with a minimal pres-
ence of semi-euhedral grains varying in size from 0.01-
1 mm. Galena | aggregates into small clusters, irregularly
dispersed on the rock matrix (Fig. 8n), or fills the fracture
veins of fractured rocks, forming continuous or discontinu-
ous veinlets. Galena I, sphalerite I, chalcopyrite I, and py-
rite | create a symbiotic mineral assemblage distributed as
nests, clusters, or vein networks within the rock matrix
(Fig. 8n, 0). Galena Il appears as anhedral grains associated
with sphalerite 11, quartz, and calcite during the late stage
of ore formation, forming cross-cutting veinlets across pre-
existing minerals and ores.

]
i

: ; \
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Figure 8. Thin-section and polished-section images of host rock and ore samples from the NPD: (a) pyrite is disseminated within quartz-
calcite veins accompanied by sericitic alteration; (b) quartz-sericite schist disseminated sulfide ore is overlays limestone beds
containing ore; (c) limestone recrystallized, subjected to calcitization, dolomitization, and talc alteration; (d)-(h) pyrrhotite, py-
rite, chalcopyrite in anhedral grains, pyrite in vein disseminations within the rock matrix; (i) arsenopyrite in euhedral grains
and chalcopyrite in anhedral grains disseminated on the rock matrix; (k) pyrrhotite, chalcopyrite, and tetrahedrite are dissemi-
nated in host rocks; (I) an association of galena, pyrite and pyrrhotite are diseminated in host rocks; (m) pyrrhotite, chalcopy-
rite in anhedral grains; (n) an association of chalcopyrite, sphalerite, and galena is disseminated in host rocks; (0) an associa-
tion of galena, sphalerite, chalcopyrite, pyrrhotite, and pyrite are disseminated in host rocks; (p) galena fills in the gaps of pyr-
rhotite; (q) colloidal goethite. Abbreviations: Cal-Calcite, Do-Dolomite, Tal-Talc, Q-Quartz, Ser-Sericite, Or-Ore, Py-Pyrite,
Pyr-Pyrrhotite, Sph-Sphalerite, Ga-Galena, Pyr-Pyrrhotite, As-Arsenopyrite, Te-Tetrahedrite, Agl-Anglesite, Gh-Goethite
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Galena 1l fills the fractures in fractured arsenopyrite
grains or occupies the voids in pyrite (Fig. 8d). In some re-
gions of the samples, galena undergoes anglesite alteration,
resulting in the formation of thin or thick rims around galena
grains or partial replacement (Fig. 8f, p).

Sphalerite is a frequently encountered mineral in the
sample set, forming ore mineral assemblages alongside gale-
na within the study area. Similar to galena, the distribution of
sphalerite within the analyzed samples is uneven. Sphalerite
can be categorized into two generations: Sphalerite | is pre-
dominantly observed in anhedral grain form, with grain sizes
ranging from 0.01-2 mm, occasionally exceeding 2 mm.
Sphalerite | exhibits irregular dispersion within the rock,
occasionally forming concentrated clusters or disseminating
as veinlets that fill fracture voids while replacing rock-
forming minerals. Sphalerite I, galena I, and chalcopyrite |
constitute a symbiotic mineral assemblage (Fig. 8n, 0).
Sphalerite Il appears as anhedral grains associated with gale-
na Il, quartz, and calcite during the late stage of ore for-
mation, forming cross-cutting veinlets that traverse pre-
existing minerals and ores (Fig. 8d).

Pyrite has varying concentrations in most samples, indi-
cating its widespread occurrence throughout the lead-zinc ore
formation process. However, the pyrite content in the ore
samples varies depending on the stage of ore formation.
Pyrite exhibits uneven distribution within the ore veins and
the fractured zones closely associated with quartz, calcite, or
dolomite. Through analytical results, pyrite can be catego-
rized into distinct generations: Pyrite | appears as anhedral,
semi-anhedral, and euhedral grains ranging in size from
0.01-2 mm. Pyrite often aggregates into small nests, occa-
sionally forming large nests and thin veins within the rock
matrix (Fig. 8a, d, g, I). Pyrite | fills voids and fractures in
the rock, sometimes replacing rock-forming minerals, as
evidenced by remnants of quartz and unaltered minerals on
the pyrite matrix (Fig. 8h, I). Under mineralogical micro-
scope observation, Pyrite | is observed to be later infiltrated,
cemented, and replaced by later sulfide minerals such as
sphalerite, galena, and chalcopyrite along fractures. It can be
inferred that Pyrite 1 is the initial ore-forming product formed
during the alteration of vein edges under the influence of
hydrothermal solutions. Pyrite Il appears as anhedral grains
with fewer semi-anhedral grains, typically ranging from 0.05
to 0.3 mm. Pyrite Il is unevenly dispersed within the rock,
forming a typical symbiotic mineral assemblage with sphal-
erite, galena, and chalcopyrite (Fig. 80).

Pyrite 111 exists as anhedral grains with grain sizes ran-
ging from 0.02-0.4 mm, sparsely and unevenly distributed.
Occasionally, Pyrite 11, along with late-stage minerals such
as quartz, calcite, galena Il, and sphalerite 1l, forms cross-
cutting veinlets replacing pre-existing mineral assemblages
(Fig. 8h). In samples containing pyrite, secondary alteration
products result in the formation of goethite, which replaces
pyrite through erosive processes. In numerous cases, pyrite is
entirely substituted by goethite, assuming a pseudomorphic
form resembling pyrite (Fig. 8g). The ore minerals are char-
acterized by both vein and disseminated vein structures,
which are typical of all the ore minerals present.

A thick disseminated structure with compact nodules is
also observed, resulting from alteration and replacement
processes affecting the rock and ore during earlier stages.
This process involves the substitution of carbonate minerals,
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arsenopyrite, pyrite, and pyrrhotite with ore minerals like
sphalerite, galena, chalcopyrite, and others during the hydro-
thermal ore-forming and alteration-exchange stages.

Adhesive structure of secondary minerals in the oxidation
zone (goethite): The ore frequently displays plate-like, semi-
autonomous, autonomous, and replacement corrosion struc-
tures in this context.

3.5.2. Paragenetic sequence

The paragenesis of mineralization at the NPD has been
primarily established by analyzing overprinting and cross-
cutting relationships among distinct vein sets in the Pb-Zn
mineralized zones and microscopic examination of mineral
associations. A summarized mineral paragenesis is pro-
vided in Figure 9.

Hydrothermal mineralization Epigenesis
Quanz-pyrjte ‘
Minersls || SSP | caung e Uz | Soetite
sphalerite-galena- | -chalcopyrite -calcite angleste
chalcopyrite
Quartz
Calcite — ro——————— @000 [ ——————
Dolomite
Arsenopyrite == = = = = = = 1 L -
Pyrite ————— | — — — — - — |
Sphalerite
Galena
Chalcopyrite F———————————————
Pyrrhotite —_————————
Tetrahedrite == === - e e = = =
Goethite | | | haaaaaa
Anglesite | [ | pe—————
— = = - Locally occurring minor main

Figure 9. Mineral paragenesis at the NPD, northeastern Vietnam

Overall, three main stages of mineralization are identified
at the NPD, as outlined below:

1. The ore stage (early hydrothermal mineralization) pri-
marily results from the filling of cracks and exchange meta-
morphism between dolomitized carbonate rocks and hydro-
thermal fluids, as well as with the ore minerals from the
preceding stage. This stage also saw the deposition of sphal-
erite and galena, albeit in small quantities.

2. The ore stage is the main stage of the NPD. Ore stage
assemblage generally includes galena, sphalerite, and pyrite.
This stage often overlaps with the ore from the previous
stage in space.

3. Post ore stage is marked by small quartz-calcite-pyrite
veins cutting through the ore from the previous stage.

3.6. Hydrothermal alteration

The wall-rock alteration consists mainly of quartz, cal-
cite, dolomite, and sericite (Fig. 8b, c). Calcite alteration is
widespread in limestone rocks, cracking, fracturing, and
significant alteration, particularly near ore veins characte-
rized by fracture zones. Calcite commonly manifests as veins
and veinlets, with thicknesses ranging from millimeters to
20mm. Aggregates of calcite are often present in the form of
concealed crystalline grains, granular aggregates, and parti-
cles of varying sizes (Fig. 8c). Dolomite alteration is con-
spicuous in limestone zones with a disrupted structure,
showcasing porous formations, self-shaped grain structures,
partially self-shaped grains, pseudomorphous grains, and
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replacements. Certain remnants of calcite may endure depen-
ding on the degree of dolomite alteration. In contrast, the alte-
ration can be substantial in other regions, resulting in recrystal-
lized limestone exhibiting dolomite features (Fig. 8e). Quartz
alteration occurs subsequently, overlaying the aforementioned
alteration processes. This process gives rise to pockets, clus-
ters, vein networks, and quartz mesh structures, occasionally
forming scattered crystals through infiltration or coating on a
calcite or dolomite background (Fig. 8c). Sericite alteration is
evident in the wall rocks surrounding the ore body, where
disseminated pyrites are present (Fig. 8a, b).

4. Sampling and analytical methods

4.1. Sampling and petrography observation

As previously elucidated, the mining site manifests two
discernible types of ore bodies: the stratiform variant, asso-
ciated with limestone (TQ.1), and the network-type intersec-
ting limestone (TQ.2). Consequently, a systematic approach
is employed in the sampling procedures to ensure an impar-
tial representation of both ore types. Twenty-one sulfide ore
samples examined in this investigation were extracted from
various levels within the NPD, predominantly from the +230,
+210 m (Pu Sap area), and +360, +320 m (Na Bop area)
levels (Fig. 3). The sulfide ore and sedimentary carbonates
remain in a pristine and unaltered state, sourced from loca-
tions specified in section 5. The sulfide ore, sericite, and
carbonate samples were crushed to achieve a particle size
passing 80 mesh. The sulfides were then concentrated using
heavy liquid separation methods to obtain pure, clear sulfide
concentrates. These concentrates were carefully handpicked
under a binocular microscope, rinsed in deionized water, and
ground to a powder (passing 200 mesh) for S-Pb isotope
analysis. Additionally, six doubly polished sections of cal-
cite-hosted inclusions from the ore samples were prepared to
determine the temperature and salinity of the ore-forming
fluid at NPD. Before analysis, micrographs of the samples
were taken at various magnifications to assist in the precise
selection of measurement points for sulfide mineral analysis.

Two sericite samples for 3°Ar/*°Ar dating were collected
from the TQ.1 and TQ.2 ore sublevels, located at 380 and
300 m, respectively, in the Na Bop (NBSr.01) and Pu Sap
(PSSr.01) areas, within ore-bearing sulfided shale (Fig. 3).
The sericite in these samples displays a syn-tectonic texture
associated with sulfide ores (Fig. 5h). Since the sericite min-
erals are formed in conjunction with lead-zinc mineralization
and the absence of organic material in the newly formed
sericite within the host shales, it is proposed that sericite
formation occurred simultaneously with ore mineralization.
Therefore, the *°Ar/*°Ar data is likely indicative of the timing
of the ore-forming event.

4.2. Fluid inclusion study

Fluid inclusion samples used to determine ore-forming
temperatures of the NDP are primarily collected from quartz
and calcite minerals. However, sampling quartz in the field
presents significant challenges due to its brittleness and tenden-
cy to fragment quickly. As a result, most fluid inclusion studies
are conducted on calcite, a more abundant mineral present in
both the early and late stages of hydrothermal activity.

Doubly polished thin sections (approximately 0.20 mm
thick) were prepared from six calcite samples for fluid inclu-
sion petrography. The study examined the inclusions’ shapes,
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spatial distribution, genetic and compositional types, and
vapor/liquid volume ratios. Six representative samples with
abundant fluid inclusions were selected for microthermomet-
ric measurements. The inclusion paragenesis was classified
according to the criteria outlined by Roedder (1984) [33] and
Van den Kerkhof and Hein (2001) [34], categorizing the
inclusions as primary, pseudosecondary, and secondary.

Microthermometric analysis of individual fluid inclusions
was conducted at the Institute of Geology of Ore Deposits,
Petrography, Mineralogy, and Geochemistry. The analysis
was performed using a “Linkam” THMSG 600 chamber
(England) mounted on an “Olympus BX51” microscope
(Japan) with a video camera and control computer. The
chemical composition of the fluid captured in the inclusions
was determined through measurements of phase transitions
during sample heating and cooling. Temperature accuracy
was +0.2°C in the range from -20 to +20°C, with decreasing
accuracy at higher and lower temperatures. The dominant
salt composition in fluid inclusions was inferred from eutec-
tic melting temperatures [35]. The total salt concentration in
two-phase fluid inclusions was estimated from ice melting
temperatures using experimental data from the NaCl — H,O
system [36]. Salt concentrations and fluid densities were
calculated with the “FLINCOR” program [37].

4.3. Isotope analysis

Createch Testing (Tianjin) Technology Co., Ltd., China,
performed sulfur and lead isotope analyses. Grains of sulfide
minerals (sphalerite, galena, and pyrite) were carefully hand-
picked under a binocular microscope after crushing, clean-
ing, and sieving through a 200 mesh size, ensuring purity
exceeding 95%. Sulfur was released as SO, following the
method outlined by Fritz et al. (1974) [38], and sulfur isotope
analyses were conducted using a MAT-253 mass spectrome-
ter. The results were calibrated against the V-CDT (Vienna
standard troilite in Canyon Diablo meteorite) standard, with
better analytical precision than +0.2%o.

In-situ Pb isotopic ratios of galena were measured using
a GeoLas HD 193 nm ArF excimer laser coupled with a
Neptune Plus MC-ICP-MS. Helium was employed as the
carrier gas for the ablation cell, which was subsequently
mixed with argon after ablation. Laser ablation spot diame-
ters varied between 44 and 90 um, depending on the Pb
signal intensity. The pulse frequency ranged from 4 to
10 Hz, with a constant laser fluence of approximately
5 J/em?. The accuracy achieved is estimated to be equal to
or better than +0.2%o0 for 2°8Pb/?%“Pb, 297Pb/?%4Pb, and
206pp/204ph, compared to the solution values obtained by
MC-ICP-MS, with a typical precision of 0.4%o (20). Sericite
minerals, with a purity exceeding 90%, were selected and
subjected to ultrasonic cleaning (Fig. 10).

The cleaned samples were then sealed in quartz bottles
and sent to the nuclear reactor at the China Institute of Atom-
ic Energy for neutron irradiation in the “swimming pool
pile”. The samples underwent staged heating in a graphite
furnace, each involving 10 minutes of heating followed by
20 minutes of purification.

Mass spectrometry was analyzed using the multi-receiver
noble gas mass spectrometer, Helix MC, with 20 data sets
collected for each peak. The data were adjusted to the time-
zero value before correcting mass discrimination, atmosphe-
ric argon, blanks, and interference isotopes.
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(b)

NBSr.01 % " pssrot
Figure 10. Sericite samples are collected from the NPD:
(a) NBSr.01 sample from the Na Bop area; (b) PSSr.01
sample from the Pu Sap area

The interference isotope correction coefficients, deter-
mined by analyzing irradiated K-SO. and CaF: during neu-
tron irradiation, were as follows:

(38ArF7Ar,) Ca = 0.0002398;

(*OAr°Ar) K = 0.004782;

(*ArF7Ar,) Ca = 0.000806.

Additionally, 3Ar was corrected for radioactive decay,
using the decay constant for 4°K (1 =15.543-10" years™).
The ISOPLOT program calculated the plateau age
and positive/negative isochrons, with the reported plateau
age error at lo.

5. Results

5.1. Isotopic data
5.1.1. Sulfur isotopes

Analytical results of the sulfides are presented in Table 1.
This study measured the 3**S values for twenty-one galena
samples, eleven sphalerite samples, and ten pyrite samples
from the NPD. The sulfur isotopic compositions for the
twenty-one galena samples from the lead-zinc ore ranged
from +0.10 to +5.30 %o, with an average of +3.25%o. For the
eleven sphalerite samples, the 6**S values ranged from +2.50
to +8.49%o, with an average of +6.30%o. The ten pyrite sam-
ples had S values ranging from +4.10 to +5.95%o, avera-
ging +5.04%o. In summary, the sulfide ores from the deposit
exhibited 6*#S values ranging from +0.10 to +8.49%o.

5.1.2. Lead isotopes

The Pb isotopic compositions of sulfides from the NPD
are summarized in Table 2. Pb isotopic analysis was con-
ducted on eight galena samples, four sphalerite samples, and
three pyrite samples. The sulfide ores from the deposit exhi-
bit °Pb/?*Pb ratios ranging from 18.451 to 18.651,
207Pb/?*Pb ratios ranging from 15.685 to 15.836, and
208pb/294Ph ratios ranging from 38.909 to 39.501.

5.1.3. Ar-Ar data

The Ar-Ar analysis results for sericite samples NBSr.01
and PSSr.01 are presented in Table 3. The sericite sample
NBSr.01 age spectrum shows a minor gain of radiogenic
argon in the twelfth and thirteenth steps. Despite this, the
newly formed sericite yielded a **Ar/*°Ar plateau age of
237.1 £ 2.3 Ma, based on a 13-step heating spectrum from
500 to 1150°C, with 83.7% of 3°Ar released.

The corresponding inverse isochron age is
239.7+25Ma (n=6, MSWD =1.105), which closely
matches the plateau age within the margin of error, con-
firming the reliability of the data.
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Table 1. Sulfur-isotope compositions of galena, sphalerite, and
pyrite crystals separated from the ore samples of the NPD

Sample Location 834SV'CDT%° -
Galena Sphalerite  Pyrite

NBO1 Na Bop, 4,77 - —

NB02-1 Surface — 8.49 —
Na Bop,

NB03 405 m subrievel 1.26 B B
Na Bop,

NBO4 340 m subplevel 5.13 B B

PS01/1 3.45 - —

PS01/2 4.25 — —
PSOL/3-1 gﬂrf:fe' 4.18 N N
PS01/3-2 4.06 — —

PS01/4 4.05 - — .

PS02/1 3.17 _ This

__PSo2z__ 315PrrL1J sslftEJI’Qavel — 7.53 study

PS02/3 — - 448
PS02/4-1 Pu Sap, - - 5.86
PS02/4-2 320 m sublevel — - 5.95

PS03/1 2.94 - —

TIPSO o e 7.04 -

PS03/3 - 7.37 -
PS04/1-1 Pu Sap, — — 4.63
PS04/1-2 290 m sublevel — - 5.32

PS04/3 Pu Sap, 3.68 - —

PS04/4 305 m sublevel 3.31 — —
NB-PS.01 Na Bop, 4.80 640 520
NB-PS.02 Surface 5.30 6.80 4.60

Na Bop,
NB-PS.03 557 msublevel 20 6.70 -
Na Bop,
NB-PS.04 " 400 m subplevel B B 5.80
Na Bop,
NB-PS.05 381 m sublevel - 6.40 410 [14]
Pu Sap,
NB-PS.06 324m sulljolevel 1.30 B B
Pu Sap,
NB-PS.07 505 msublevel 10 2.50 -
Pu Sap,
NB-PS.08  H96 m sul?level 0.70 3.20 B
PS 08.65a Pu Sap 2.90 - —
KC.1014/1 Na Bop 2.40 - - (3]
KC.1039 PU Sap 2.10 - —

S1-0401 — - 4.50 [39]

SI-0404 Na Bop - 6.90

Table 2. Sulfur-isotope compositions of galena, sphalerite, and
pyrite crystals separated from the ore samples of the NPD

20Epp/ 207pp 206pp/

204py, 200pp, 204py, Ref.

Sample Minerals 26

NB01/1 Galena 39.17 0.0004 15.74 0.0005 18.57 0.0013

NB02/1  Galena 39.17 0.0004 15.73 0.0004 18.57 0.0011

This

PS01/1  Galena 39.16 0.0004 15.73 0.0004 18.55 0.0012

study

PS02/1  Galena 39.16 0.0004 15.73 0.0004 18.56 0.0011

PS03/1  Galena 39.16 0.0005 15.73 0.0005 18.56 0.0014

NB-PS.01 Galena 39.14 0.0030 15.73 0.0010 18.56 0.0010

NB-PS.01 Pyrite 39.42 0.0060 15.81 0.0020 18.63 0.0030

NB-PS.01 Sphalerite 39.32 0.0060 15.78 0.0020 18.61 0.0020

NB-PS.02 Galena 39.19 0.0020 15.74 0.0010 18.57 0.0010

NB-PS.02 Pyrite  39.50 0.0060 15.83 0.0020 18.65 0.0020

[14]

NB-PS.02 Sphalerite 39.23 0.0040 15.75 0.0020 18.58 0.0020

NB-PS.03 Galena 39.35 0.0060 15.79 0.0020 18.61 0.0020

NB-PS.03 Sphalerite 39.32 0.0040 15.78 0.0020 18.60 0.0020

NB-PS.04 Pyrite 38.90 0.0050 15.68 0.0020 18.45 0.0020

NB-PS.05 Sphalerite 39.33 0.0040 15.78 0.0020 18.60 0.0020
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Table 3. Sericite Ar-Ar dating results of the NPD

T ArY/ %Ar/ PAr/ ¥Ar/ ®Arin Atm., Age, =+
(°C)  ®Ar  “Ar  OAr  SAr step, % % (Ma) 1o

Sample NBSr.01, J = 0.01765, 1 = 5.543-101°

500 7934 0.045 0.118 0.021 7.6 16 2364 1.7
600 7.991 0.089 0.117 0.063 5.9 29 238.0 2.6
650 8.011 0.058 0.118 0.14 5.3 1.9 2386 2.2
700 8.017 0.084 0.116 0.003 3 2.7 2388 2.6
750 7983 0.14 0117 0.035 57 43 2378 1.8
800 8.006 0.068 0.118 0.038 94 2.2 2385 28
850 7967 0.054 0.119 001 144 18 2374 1.2
900 7.985 0.075 0.117 0.051 8.1 24 2379 17
950 7.955 0.085 0.118 0.004 21 27 2370 2.6
1000 7.959 0.064 0.119 0.005 13 21 2371 0.9
1050 7.869 0.159 0.116 0.045 2.8 349 2346 14
1100 8.222 0.021 0.116 0.015 127 0.9 2445 34
1150 8.412 0.439 0.099 0.052 2.4 13.1 249.7 48
Sample PSSr.01, J = 0.01765, A = 5.543-10°1°
500 7.701 1.012 0.087 0.011 25 301 2299 2.7
600 7.768 0.739 0.096 0.036 133 22 231.8 3.5
650 7.693 0.462 0.108 0.096 9.1 13.8 229.7 5.6
700 6.921 1.837 0.062 0.022 2.1 545 207.9 4.6
750 8.145 0.107 0.115 0.02 9.3 3.3 2423 1.1
800 8.153 0.087 0.115 0.002 9.6 27 2425 1.8
850 8.092 0.141 0.112 0.014 7.3 44 2408 25
950 8.181 0.027 0.117 0.018 114 1 2433 13
1050 8.162 0.934 0.084 0.011 7.7 27.8 242.8 29
1100 8.158 0.671 0.094 0.006 7.8 20 2427 2.8

The initial 3°Ar/*°Ar ratio from the isochron plot is
249.7 + 4.8, indicating no excess argon compared to the
atmospheric value of 295.5 [40]. These results suggest that
the plateau age of 239.7 + 2.5 Ma represents the minimum
age for the sericite and, by extension, the minimum age for
the formation of the NPD. However, the minor gain of radio-
genic argon in the twelfth and thirteenth steps may indicate
partial resetting of the sericite sample.

Sericite sample PSSr.01 yields a 3*Ar/*Ar plateau age of
242.6 + 2.4 Ma from the 5" to 10" heating stages, with
66.3% of the gas released. The corresponding inverse
isochron age is 234.1 £2.5 Ma (n =7, MSWD = 1.16), with

an initial *°Ar/*°Ar ratio of 207.9 +£4.6. These values are
nearly identical to the atmospheric value of 295.5, within the
margin of analytical error, suggesting that the *Ar/*°Ar ratio
is reliable. The agreement between the plateau and inverse
isochron ages indicates that, after accounting for systematic
errors, these ages accurately reflect the timing of metalloge-
nesis. Based on these results, it is inferred that the NPD
formed around 242.6 + 2.4 Ma.

5.2. Fluid inclusions

The mineral hosting the inclusions in this study is calcite.
Only type-LV inclusions have been identified within calcite
(Fig. 11). A total of 39 inclusions hosted by calcite minerals
from the NPD were analyzed, and the details are provided
in Table 4. Microthermometric homogenization temperatures
ranged from 201 to 245°C, with an average of 223.5°C, pre-
dominantly between 200 and 240°C (Table 4).

Sectioning position
for inclusion analysis

Figure 11. The mineral hosting the inclusions: (a), (b) calcite
crystals in a nest-like formation within galena mine-
rals; (c), (d) type-LV inclusions

Table 4. Summary of fluid inclusion data of the NPD

Host Tm.ice Th Salinity Density Pressure Depth
Sample . Number (°C) (°C) wit% NaCl (g/cm3) (bar) (km)
minerals

(mean) (mean) (mean) (mean) (mean) (mean)

NB-101 Calcite 5 -3.2...-36 234...240 5.26...5.86 0.862...0.864  628.41...648.26  2.09...2.16
(-3.4) (237) (5.56) (0.863) (638.37) (2.13)

NB-102 Calcite 8 -28...-34 216...245 4.65...5.56 0.850...0.882  575.84...657.97 1.92...2.19
(-3.1) (231) (5.11) (0.867) (619.30) (2.06)

NB-103 Calcite 4 -2.8...-3.1 215...219 4.65...5.11 0.881...0.887  575.84...586.12 1.92...1.95
(-3.0) (217) (4.96) (0.883) (580.72) (1.94)

PS-101 Calcite 1 -4.0...-4.7 215...235 6.45...7.45 0.882...0.898  583.44...641.72 1.94...2.14
(-4.3) (224) 6.88) (0.890) (609.62) (2.03)

PS-102 Calcite 8 -4.0...-48 205...230 6.45...7.59 0.889...0.911  557.93...628.54 1.86...2.10
(-4.4) (216) (7.02) (0.901) (588.33) (1.96)

PS-103 Calcite 3 -43...-5.1 201...215 6.88...8.00 0.910...0.917  547.05...588.77 1.82...1.96
(-4.6) (208) (7.30) (0.912) (567.47) (1.89)

Note: NB-Na Bop area; PS-Pu Sap area,;
a — salinities and density calculated using the method proposed by Bakker (1999, 2018) [41], [42];

b — pressures calculated using the method proposed by Shao and Mei (1986) [43];
¢ — depths estimated using the method proposed by Sibson (2001, 2004) [44], [45];

Tm.ice — final melting temperature of ice;
Th — homogenization temperature.
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The final ice melting temperatures of type-LV inclusions
ranged from -2.8 to -5.1°C, corresponding to salinities of
4.65 to 8.00 wt% NaCl, with an average of 6.21 wt% NaCl
(Table 4). The densities of the inclusions, calculated using
the method of Bakker (1999; 2018) [41], [42], ranged from
0.850 to 0.917 g/cm® (Table 4). In terms of pressure, the
entrapment pressure of these inclusions was estimated to be
between 54.7 and 65.8 MPa, using the formula by Shao and
Mei (1986) [43] (Table 4).

Three samples were collected for the Na Bop area, each
containing 17 two-phase inclusions of vapor-liquid within
homogenized calcite. These inclusions exhibited homoge-
nization temperatures between 215 and 245°C, varying salt
concentrations from 4.65 to 5.86 wt% NaCl. The ice mel-
ting temperatures ranged from -2.8 to -3.5°C, indicating the
presence of Na, Mg, and K salts in the solution. The inclu-
sion densities ranged from 0.850 to 0.887 g/cm®. Three
samples were collected and analyzed in the Pu Sap area,
revealing 22 two-phase vapor-liquid inclusions hosted in
homogenized calcite. These inclusions were observed at
homogenization temperatures ranging from 201 to 235°C.
The salt concentration varied between 6.45 and 8.00 wt%
NaCl. The ice melting temperatures of the fluid inclusions
ranged from -4.0 to -5.1°C, indicating the presence of Na,
Mg, and K salts in the solution. The inclusion densities
ranged from 0.882 to 0.917 g/cm?.

6. Discussion

6.1. Sulfur isotopic compositions of sulfide minerals

The primary sulfide minerals in the NPD are sphalerite,
galena, and pyrite. The lack of sulfate in the deposit implies
that the 5**S values of these sulfide minerals reflect the %S
values of the fluids that facilitated ore formation [46]. Alt-
hough pyrite, sphalerite, and galena occur together in the
deposit, the formation of galena occurred after sphalerite and
pyrite (Fig. 8l), suggesting that these minerals did not form
under equilibrium conditions during the ore-forming process.
Moreover, the 5**S values of pyrite are lower than those of
sphalerite, ranging from 2.50%o to 8.49%, with values be-
tween 4.10%o and 5.95% (Table 1).

This variation could be attributed to the sulfur
not achieving isotopic equilibrium during the hydrothermal
system’s development or to the depletion of §%S in the
ore-forming fluid due to increasing oxygen fugacity as the
fluid evolved [47].

Pyrite found in sulfide minerals at the Pu Sap site dis-
played &S values ranging from 4.48 to 5.95%., while
pyrite from sulfide minerals at the Na Bop site showed
5%*S values ranging from 4.10 to 5.80%o (Table 1). The
sulfur isotope compositions from pyrite observed at Pu Sap
are comparable to those at Na Bop. This suggests a com-
mon or similar sulfur source for the base-metal sulfide
deposits within the NPD. However, the narrow range of
observed §%S values (Table 1) indicates that the minerals
likely originated from a singular ore-forming source. The
5%S values of the sulfide ore assemblage consistently
measured below 10%o, with four galena values showing
values below 1.5%o0 and approaching 0%o. This indicates a
probable link between sulfide mineralization and a deep-
seated source, likely associated with magmatic activity in
the region (Fig. 12) [48], [49].

5S%o (CDT)

Meteorites

MORB

Island-arc basalts+andesites
Volcanic H,S

Volcanic SO,

Granites

Modern seawater O

Evaporite deposits

Modern marine [ ]

Fresh water [ |

Fresh water mud-sulfide

Primitive
mantle

o value

Figure 12. Natural sulfur isotope reservoirs, showing lead-
zinc forming material sources in the NPD (data
from [50]-[56])

The §*S isotope values in the sulfur diagram (Fig. 12)
provide key insights into the origins of ore-forming sulfur.
The data suggest that the sulfur involved in lead-zinc miner-
alization is likely derived from granite. Several lines of evi-
dence support this interpretation. First, geological observa-
tions reveal that sulfide mineralization occurred significantly
after forming the Paleozoic host rocks (Figs. 4, 5, 6a, 7c-d),
indicating an epigenetic origin. Second, the §%S values of
various sulfide minerals (e.g., pyrite, sphalerite, and galena)
from the NPD show a narrow range, which is consistent with
sulfur from magmatic fluids [57], [58]. Lastly, Middel-Late
Triassic granite massifs, exposed around the peripheral region
of the NPD (Figs. 2, 3), suggest that sulfur could have origi-
nated from sulfur-rich hydrothermal fluids exsolved from
magma chambers that were contemporaneous with the em-
placement of these surrounding granite intrusions [9], [10].

Additionally, the %S (%o) values for the NPD fall within
the range typical of Red-bed and MVT types (Fig. 13). This
suggests that the ore deposit is influenced by materials from
sedimentary environments, which likely serve as the primary
source for the lead-zinc mineralization.
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Figure 13. The 6°*S values for sulfur-bearing minerals in hydro-
thermal deposits, showing the lead-zinc deposits of the
NPD (data from [59]-[62])
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6.2. Pb isotopic composition and metal sources

The observed consistency in Pb isotope compositions
suggests the involvement of either a well-mixed multi-source
system within extensive hydrothermal processes [63] or a
single, uniform source. In the 2%Ph/204ph vs. 207Ph/204Ph and
207ph/204ph vs, 208pp/204ph diagrams (Fig. 14), Pb isotope
ratios align closely with the upper crustal curves established
by Zartman and Doe (1981) [64]. This pattern indicates that
the dominant lead source is the upper crust, with minimal
input from juvenile mantle-derived lead. These findings
are consistent with Pb isotope studies conducted in the
CDO-CDI districts [12], [13].

(a)
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Figure 14. Plot of Pb isotope data from the NPD: (a) 2°Pb/?**Pb
vs 26ph/204ph diagram; (b) 27Pb/2%Ph vs. 26Phb/204Ph
diagram; curves of growth trends for Pb isotope ratios
are from the plumbotectonic model [64]

The possibility that basement rocks could be the deep-
seated source of Pb in the examined deposits is supported by
the presence of inherited faults associated with deep-seated
fault systems that intersect the Paleozoic rocks (Fig. 3),
potentially extending into the basement, such as the NW-SE
basement fault. Furthermore, the fact that the deposits are
predominantly hosted in Lower Devonian limestones sug-
gests the potential for late-stage remobilization of metals.
This idea aligns with similar findings proposed by Hung et
al. (2021; 2023) [12], [14] for other Pb-Zn deposits in the
CDO-CDI area. These diagrams illustrate the progression of
material supply origins, showing a gradual transition toward
deeper sources within the upper crust.
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Additionally, the schematic by Allegre et al. (1988) [65]
delineates the characteristics of material sources contributing
to the formation of lead-zinc ores in the NPD, highlighting
significant input from enriched mantle sources within the
large silicate field of the upper crust (Fig. 15).
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Figure 15. Lead isotope correlation diagrams: (a) the 2°8Pb/ 204Ph

vs. 206Pp/2%4pPp correlation diagram showing the posi-
tion of the northern hemisphere reference line (NHRL)
with Th/U = 4.0; the bulk silicate Earth value (BSE) is
from Allegre (et al.1988) [65]; the field of MORB is de-
scribed with a gray-hatched pattern; (b) the 27Ph/2%*Pb
vs. 206Pp/204Ph correlation diagram illustrating the posi-
tion of the northern hemisphere reference line (NHRL),
the slope of which has an age significance of 1.77 Ga
(HIMU-Mantle with high U/Pb ratio; EM | and EM II-
Enriched mantle)

Regarding the correlation of mineralization in the CDI,
lead-zinc deposits in the NBD at CDO tend to occur at shal-
lower depths compared to those in the CDI. In CDI, lead-zinc
deposits hosted by Devonian sedimentary rocks are typically
found at lower crustal levels [4], [12].

6.3. Timing of Pb-Zn mineralization

The “°Ar/**Ar geochronological technique offers signifi-
cant potential for mineral deposit studies. This method deli-
vers precise age estimates of mineral deposits but also aids in
determining the duration and number of mineralization pha-
ses. By analyzing the distribution of argon within the mine-
rals using the age spectrum approach, insights can be gained
into the extent of alteration in preexisting minerals caused by
the mineralization process [66].

The timing of mineralization is constrained by:

1) the Pb-Zn ore occurs in stratiform, as cross-cutting
veins within lower Devonian limestone;

2) a syn-tectonic texture between the sericite and lead-
zinc minerals present in the NPD;
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3) using Ar-Ar isotopic dating of sericite minerals to de-
termine the formation age of lead-zinc ores. From the Ar-Ar
isotopic data, we obtained ages of sericite minerals around
237.1+2.3Ma to 242.6+2.4 Ma, corresponding to the
Middle-Late Triassic (Table 3, Fig. 16).

A thermal event in northeastern Vietnam, contempora-
neous with the emplacement of the Phia Bioc granites around
240-250 Ma, may have contributed to the region’s geological
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evolution. During the Indosinian orogeny, Pb and Zn metal
sources, derived initially from granitic massifs in the upper
crust, became isolated.

Later, tectonic activity reactivated these metal
sources, facilitating the transport of Pb and Zn along
NW-SE fracture systems [47]. This process enabled the
migration of mineralizing fluids, leading to the eventual
formation of the NPD.
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Figure 16. “°Ar-*°Ar ages of sericite from the NPD: (a), (c) step heating spectrums; (b), (d) inverse isochrons

6.4. Ore-forming fluid

The microthermometric data suggest that the ore-forming
fluid was characterized by moderate temperature and salinity
conditions (Table 4). Homogenization temperatures of fluid
inclusions in the NPD span from 201 to 245°C, with salini-
ties ranging from 4.65 to 8.00 wt% NaCl, and pressures
between 54.7 and 65.8 MPa, corresponding to depths of 1.82
to 2.19 km (Table 4; Fig.17). These findings imply that
the lead-zinc mineralization likely occurred during the
epithermal stage.

Based on the temperature-salinity diagram of fluid inclu-
sions, the NPD plots within the epithermal lead-zinc deposits
and massive sulfide deposits (Fig. 18). Moreover, the fluid
inclusion data of the NPD is very similar to that of
polymetallic hydrothermal deposits [67].

6.5. Genesis of the NPD

A comparison of the characteristics of the NBD with es-
tablished SEDEX and MVT ore deposit models worldwide
reveals that it needs to fully align with the specific features
of both models (Table5). However, the available data
strongly suggests a magmatic-hydrothermal origin for the
NBD. The presence of deep-sourced magmatic sulfur iso-
topes, upper crustal lead signatures, and fluid inclusion evi-
dence collectively indicate the involvement of magmatic
fluids that ascended along fault zones, subsequently mixing
with crustal and/or meteoric waters to precipitate lead-zinc
ores in a carbonate host. Additionally, the syntectonic tex-
tures observed between sericite and sulfide ore minerals
imply that mineralization occurred during a phase of tectonic
activity, likely associated with magmatic intrusions and hy-
drothermal fluid flow during the Middle-Late Triassic.
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Moreover, the proximity of the Middle-Late Triassic Cho
Don granitic massif to the NPD suggests a potential genetic
relationship between the two. This indicates that the for-
mation of the NPD may have been influenced by tectonic
processes associated with the Cho Don granitic massif. Spe-
cifically, the Phia Bioc granite complex, which formed in a
post-collision setting (e.g., [29]), indicates that the deposit
likely developed as a result of the collision between the
Sibumasu and Indochina blocks during the closure of the
Paleo-Tethys Ocean (Fig. 19).
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Table 5. Comparison between NPD, SEDEX, and MVT deposits

Characteristic

NPD deposit

SEDEX deposits

MVT deposits

Size and grade

of individual deposits

Totaly 32 Mt ore;
Pb + Zn 6 to 19 %, no significant Cu;
Bimodal Zn:(Zn + Pb) distribution

Mostly > 30 Mt, many contain > 100 Mt ore;

Commonly Cu + Zn + Pb >10%, Cu< 1%;
Bimodal Zn:(Zn + Pb) distribution

Mostly <1 Mt. ore;
Zn + Pb 3 to 10 %, typically no Cu;
Bimodal Zn:(Zn + Pb) distribution

Metals recovered
or concentrated.

Major: Pb, Zn
Minor: Ag, Cd

Major: Zn, Pb (+Cu in some deposits)
Minor: Cu, Ag

Major: Zn, Pb
Minor: Cd, Ag, Ge

Characteristic ore-
gangue assemblage

Quartz + ars + po + cp + sp + ga + py

py/po + sp + ga + cp + barite

sp + ga + fluorite + barite +py/ms +
calcite/dolomite +chert

Typical host
rock sequence

Limestones, dolomites, and sericite
schists of the Cocxo formation

Shallow- to deep-water marine clastics
and carbonates, interspersed with thin bands
of tuffite. Associations with evaporites
and redbeds are not characteristic

Shallow-water, platform-associated

carbonate rocks, such as limestones

and dolomitized limestones, host the
ores predominantly in dolostone
rather than in the limestone itself

Age of host rocks

Early Devonian

Early Proterozoic to the Late Paleozoic,
with a dominant presence in the Early
to Middle Proterozoic

Primarily Paleozoic, spanning from
the Early Proterozoic to the Jurassic

Nature
of mineralization

Conformable, stacked lenses
of stratiform massive sulfide (synge-
netic), which are underlain by a
zone of discordant, stockwork
mineralization (epigenetic)

Conformable, stacked lenses of stratiform
massive sulfide (syngenetic), which
are underlain by a zone of discordant
mineralization (epigenetic)

Strata-bound, massive to disseminated,

cavity-filling mineralization, most

commonly cementing breccia fragments;

minor replacement mineralization

Hydrothermal
alteration

Qualification, calcification,
dolomitization, sericitization,
and fracturing in the footwall rocks

Footwall alteration ranges from significant
to subtle or may even be absent in some
instances.

Dolomitization (potentially not directly

related to ore fluids), silicification,
and enhanced illite crystallinity

Metal zoning

No characteristic zoning pattern

Cu => Zn + Ph => barite

Absence of a distinct zoning pattern

Ore-forming fluids

Moderate salinity (4.65 — 8.00 wt%
NaCl equiv.), moderate temperature
(201-245°C)

High salinity (10 - 30 wt % NaCl equiv.),
moderate temperature (100° — 300°C)

High salinity (> 15 wt% NaCl
equivalent) and low temperature
(typically 100-150°C)

Controls
of mineralization

Carbonates, faults

Synsedimentary faulting, anoxic
conditions, and the presence of appropriate
source rocks for metal accumulation.
Characterize rift basins

Platform carbonates, breccia bodies,
facies transitions, basement highs
and pinch-outs, faults, and
limestone-dolostone interfaces

Genetic model

Magmatic-hydrothermal type

Synsedimentary to syn-diagenetic minerali-
zation originating from basinal brines

Epigenetic mineralization resulting
from basinal brines

Tectonic setting

Proposal for a post-collision setting

Mostly intracontinental rifts

Foreland thrust belts, intracratonic
sedimentary basins (edges)

Abbreviations: ars — arsenopyrite; py — pyrite; ms — marcasite; po — pyrrhotite; sp — sphalerite; ga — galena; cp — chalcopyrite; bn — bornite;

Mt — million tonnes
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Figure 19. A genetic model of the NPD in the Cho Don area
during the Middle-Late Triassic

7. Conclusions

The NPD in the CDO area of northeastern Vietnam has
been extensively analyzed using geological, mineralogical,
Pb, S, and Ar-Ar isotope data and fluid inclusions to explore
the origins of lead-zinc deposits and their associated ore-
forming materials. The findings from this investigation yield
several significant conclusions.

Firstly, examination of the geological profile both on the
surface and beneath the furnace indicates that the lead-zinc
ore bodies at the NBD exhibit a strata-bound and vein-like
structure characterized by lenses. Within these formations,
vein-type ores develop along fracture planes trending
NW-SE, with primary ore minerals identified as galena,
sphalerite, pyrrhotite, pyrite, arsenopyrite, and pyrrhotite.
The ore displays disseminated structures and an anhedral to
semi-euhedral textural morphology.

Secondly, analysis of 6*S values from galena, sphalerite,
and pyrite samples suggests a probable connection between
sulfide mineralization and a deep-seated source, likely associa-
ted with magmatic activity in the region. These **S values fall
within the Red-bed and MVT field types, indicating that they
constitute the primary reservoir for lead-zinc mineralization.

Thirdly, lead isotope analysis reveals that the ore for-
mations of the NPD originate from material sources within
the large silicate field of the upper crust, with a significant
contribution from mantle sources. However, the material
sources involved in the NPD are closer to rich mantle sources
than those in the CDO area.

Fourthly, the sericite Ar-Ar dating results indicate that
lead-zinc mineralization occurred between 237.1 + 2.3 Ma and
242.6 £ 2.4 Ma, corresponding to the Middle-Late Triassic.
These findings suggest that the ore materials are likely relat-
ed to the Phia Bioc granitic complex, particularly the Cho
Don granitic massif near the NPD.

Furthermore, micro thermometric data indicate that
the ore-forming fluid exhibited moderate temperature
(201-245°C) and salinity under pressures ranging from 54.7
to 65.80 MPa, corresponding to depths of 1.82-2.19 km. This
suggests that the lead-zinc mineralization belongs to the
epithermal origin. Eventually, intrusive activity diminished,
and hydrothermal activity was driven by hydrostatic pressure
dominated by meteoric water.

Lastly, the NPD does not fully conform to the specific char-
acteristics of SEDEX or MVT ore deposit types. However, it
exhibits features indicative of a magmatic-hydrothermal type,
likely resulting from the collision between the Sibumasu and
Indochina blocks during the Middle-Late Triassic.
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Ap-Ap AaTyBaHHS Ta JKepejia PyA0YTBOPIOIOYHMX MaTepiaiB CBMHIIEBO-IIMHKOBOTO
ponosuma Ha bon-Ily Can y paiioni Yo lon, IliBHiuno-Cxinnuii B’eTnam

K.T. Xywr, IL.T. X’ey, H.C. lak, H.A. XyHr

MeTa ROCTIPKSHHS MOJIATaE Y BUBYCHHI XapaKTePHUCTUK PyJOYTBOPEHHs, MoJieJIel TeHe3HCy Ta OLiHII MiHEepalbHOTO MOTEHIiaTy CBH-
HIIeBO-IIMHKOBOTO ponosumia Ha Bon-ITy Cam, sike npencraBiisic HOBHI THIT poJoBHII y Mexax IliBHiuHO-CXinHoro B’ eTHamy.

Metoauka. Y po0OOTi BUKOPHCTAHO KiTbKa aHATITHYHUX METOIB, 30KpeMa MIKPOCKOIIIYHMI aHaJI3 pyIHUX MiHepailiB, i30TONHHUIT aHa-
T3 CIpKU Ta CBHHIIO Y PyIHHX cyiIbdinax, Ap-Ap IaTyBaHHS CEPHLUTOBUX 3Pa3KiB, SKi CPOPMYBAIHCS OJHOYACHO 3 PYAHUMH CYJIb(inamu,
a TaKOXK BUBYEHHS BKJIIOUCHb Y MiHepanax A BU3HAUCHHS TEMIEPaTyp PyJOyTBOPEHHSI.

Pe3yabTatu. [1o160Bi criocTepexeHHS CBiT4aTh, 0 PYAHI MOKIIA 1 IPOSBIIOTECS Y BUIIISII CBUHLICBO-IIMHKOBHX YKL, [TOB’A3aHUX 13 pO-
37I0MaMH, a TaKOXK y CTPaTH(]iKOBaHUX pyHax, IO 3aJTAl0Th B 0CAIOBUX KapOOHATHHX IOPOJaX PAaHHBOTO NEBOHY. MIiKpOCKOMIYHHI aHAai3
MIOKa3aB HasBHICTb TaKUX PYAHHX MIiHEpaliB SIK TajeHiT, calepuT, MPOTUH, MIPUT 1 apCEHOMIPUT, a TAKOXK JKHIBHUX MiHEepaliB — KBapIy,
KanbLUTY i fonoMiTy. [30TonHi 3Hauenns cipku (8%4S) y raneniti, canepuTi Ta mipuTi BapitoroThes Bij +0.10 10 +8.49%o (cepeHe 3HAYEHHS
+4.48%0), 0 BKAa3ye Ha MarMaTH4He MOXOKEHHs IMMOMHHOTO JKepena. I30TomHi cHiBBifHOIIEHHS cBUHIO B ranesiti (2°°Pb/20*Pb:
18.451-18.651, 27Pb/2%*Ph: 15.685-15.836, 2°8Ph/204Ph: 38.909-39.501) BKa3yIoTh Ha BEpXHLOKOPOBE JKEPENO. Ap-Ap JAaTyBaHHS CEPUIUTY
BKa3aJio Ha TaTto-Bik 237.1 £+ 2.3 MiH pokiB 1 242.6 + 2.4 MITH POKiB, SKe BIATIOBIa€ Yacy CBHHIIEBO-IIMHKOBOTO PYAOYTBOPEHHS, IO MiAT-
BEPIUKYETHCS CHHTEKTOHUYHOIO TEKCTYPOIO CEPUIINTY Ta PYAHUX cyabdimiB. JoCmimkeHHs BKITIOYEHb y KAIBIHTI, B3ITOMY 13 JKIJI, IO MICTAThH
TaJIeHIT, CBiA4aTh mpo momipHi Temmeparypu (201-245°C) i comonocTi (4.65-8.00 mac.% NaCl exBiB.), m0 BKa3ye Ha €BOJIOLII0 CHCTEM
H20 — NaCl 3a pi3aux ¢i3uko-xiMiganx ymoB. OTpuMaHi JaHi 103BOJIOTH Kiacudikysatu pogosume Ha Bor-ITy Cam six emiTepmansHe.

HaykoBa HoBmu3Ha. CBuHueBo-nmHKOBe pojosuie Ha Bon-Ily Can y niBHiuHiH yacTuHi nposinii bak Kan, B’eTnaMm, € oquuMm i3 Haii-
6inpimx y paiioni Yo [loH, o BUPI3HAETHCS 3HAYHUMH 3allacaMy Ta YHIKaJbHUM ITO€IHAHHSIM MeTalliB. Brepiie npoBeaeHO KOMIUIEKCHE
JIOCITIJDKEHHS Jacy 1 MOXO/DKEHHS PyJOYTBOPIOIOUMX (IIFOIIB IHOTO POJOBHINA, BKIIOYAIOUN Ap-Ap JaTyBaHHS, I30TOIHUH aHami3 CIpKH Ta
CBHHIIIO, L0 TO3BOJIMJIO YTOYHNUTH MEXaHi3MH 1 JUKepela pyIoreHesy, sIKi 10 IIbOoro OYJIM HeJJOCTaTHbO BUBYEHI.

MpakTnyHa 3HaYUMicTh. J{oCTiPkeHHA Ha/la€ HOBI 3HAHHA PO TEHE3HUC 1 MPOCTOPOBO-YACOBY EBOJIOLII0 CBHHIIEBO-IIHHKOBOTO PYyIOY-
TBOpeHHs B pofosuii Ha bomn-Ily Cam y pationi Yo [{oH.

Knrouoei cnosa: pooosuwe Ha bon-Ily Can, paiion Yo /[oH, ceunyego-yunkoge pyooymeopenHs, ceuneys, cipka, Ap-Ap izomonmi dani
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