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Abstract

Purpose. The aim of this study is to construct a typical ore model for Pb-Zn ore range in Ban Lin — Phia Dam and to com-
pare it with the existing ones. The model is constructed based on three main elements of the mineral generation process, such
as formation environment, generated-ore fluid source, and deposited-ore mechanism. The obtained results are aimed at deter-
mining and predicting the resource of sedimentary exhalative (SEDEX) Pb-Zn ore deposit in Vietham.

Methods. To comprehend the characteristics of the SEDEX Pb-Zn ore deposits in the Ban Lin — Phia Dam area, we employ
a combination of approaches that include mineralography to determine the composition and tectonic structure of rocks and ore,
inclusion analysis to determine the temperature and inclusion composition, Pb isotopic analysis and stable S isotopic analysis
to explore the environment and sources of ore-forming materials.

Findings. The sedimentary exhalative (SEDEX) Pb-Zn ore deposit arises from the dissolution of metal-rich salt deposits
due to heating at shallow depths (several kilometers). Subsequently, this fluid migrates through faults and fractures to preferred
locations where galena and sphalerite precipitate alongside sedimentary basin deposition.

Originality. SEDEX ore deposits have been extensively studied in various regions of the world. Although there are multi-
ple theories regarding their origin, including explosion, biological debris accumulation, and surface replacement, each model
has its own distinct advantages and limitations in explaining the genesis and development of SEDEX ore deposits.

Practical implications. The acquired findings are intended to identify and predict the resources of sedimentary exhalative
Pb-Zn ore deposits in Vietnam.
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1. Introduction deposit model of the Ban Lin — Phia Dam ore range is still
The sedimentary exhalative (SEDEX) ore deposits represent ~ Under investigation. The purpose of the study is to develop a
the largest Zn-Pb deposits in the world [1]. Their reserves com- ~ Model of SEDEX Pb-Zn deposit type through data analysis

prise more than 50% of the world’s Zn and Pb resources [2], ~ O Ore range structure, mineral ore textural and structural
with over 129 such deposits identified in sedimentary basins ~ Properties, mineralography, as well as analysis of radioactive

worldwide [3], [4]. Taylor R.D. et al.[5] demonstrate that  Pb isotopes, stable S isotopes, and fluid inclusions.

SEDEX ore deposits are present in 25 sedimentary basins, The study area map is compiled based on 1:200000 geo-
with seven basins containing over 10 million metric tons (Mt)  logical map of the Khau Loc region. The map is modified
of combined Pb + Zn. These are primarily located in: from Dojikov [9] and Do Quoc Binh et al. [6]-[8], [10]-[12].
—the Mt. Isa-McArthur basins, Australia (7 deposits to- The study area is situated alor}g the northeastern margin of
taling 112 Mt of Zn + Pb metal); the Lo-Gam Structural Belt, adjacent to the Song Hien Struc-
— the Selwyn basin, Canada (17 deposits, 55 Mt); tural Belt [13]-[15]. Covering an approximate area of 15 km
— the Brooks Range, Alaska, United States (3 deposits, 40 Mt); ~ In length and 2 km in width, it extends in a northwest-
— the Rajasthan basin, India (5 deposits, 20 Mt); southeast direction (Fig. 1). It includes:
—the Belt-Purcell basin, United States and Canada The Lo-Gam Structural Belt. This structural belt belongs to
(1 deposit, 19 Mt); the If’hanerozo_ic structural series in _northeagtern Vigtnam, repre-
— the Rhenish basin, Germany (2 deposits, 11 Mt). senting essentially an early Paleozoic marginal marine structure.

In Vietnam, the SEDEX Pb-Zn ore deposit type has been ~ Available documents indicate that this structure has an ancient

studied by Do Quoc Binh et al. [6], Do Quoc Binh et al. [7], ~ basement that was highly fragmented and altered initially during
and Do Quoc Binh et al. [8]. Moreover, the SEDEX Pb-zn  the dispersive inland rift phase in the late Neoproterozoic.
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Figure 1. Geological map of Pb-Zn ore range area in Ban Lin —
Phia Dam
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It was subsequently developed as a fairly stressed conti-
nental margin dynamic zone during the Cambrian and early
Ordovician, involving deep-seated materials — components of
an ophiolite complex (ultramafic, mafic, and oceanic volcan-
ic-sourced sediments). Orogenic structures emerged in the
late Silurian to early Devonian in the form of molasse basins,
thermally metamorphosed and granitized dome sequences,
and characteristic mosaic patterns.

In the modern structural framework of the Lo Gam struc-
ture, several distinct constituent structures form a unique
mosaic pattern. Particularly notable are the residual frag-
ments of the Pre-Cambrian folded basement of Luc Lieu —
Lap Thach and the concentric granite-metamorphic dome
structures of Chiem Hoa, Cham Chu, and Bac Muc, also
known as granite-migmatite micro-domes. These structures
are interconnected by folded complexes of Early Paleozoic
oceanic-type structures surrounding the Song Chay micro-
continent. These structures are superimposed by the late
orogenic Pia Phuong basin, which arose from the collision of
microcontinents and closure of oceanic structures in the late
Silurian to early Devonian. The structural pattern of the Lo
Gam belt, along with the characteristics of formation, thick-
ness, and deformation of pre-Devonian dynamo-tectonic
complexes, suggests the formation of a structure resembling
a conglomerate of microcontinents bound by folded dynamic
zone complexes. This explains uneven deformation and spe-
cific facies-zone characteristics of the complexes forming
them. Generally, such structural landscapes are common in
marginal marine structures formed as a result of dispersive
rifting at the edges of mature continental crust structures. In a
metaphorical sense, the early Paleozoic marginal marine
zone of Lo Gam can be considered the ancient counterpart of
the Cenozoic East Sea.

The Song Hien Structural Belt. The fundamental formation
characteristics of the Song Hien structure include the wide-
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spread development of Lower to Middle Triassic sedimentary
and volcanic deposits, which exhibit uneven deformation and
contain numerous ultramafic and mafic bodies along their
boundaries and within some higher-order structures. The ini-
tiation of the Song Hien belt coincides with the global thermal
activation period and the breakup of Pangea Il (Late Paleozoic),
while simultaneously aligning with the collision and overthrust
activities during the final phase of Hercynian margin structures
in the Southeast China Coastal region. Along the destructive
boundary lines, contrasting volcanic rocks emerged. By the
early Late Triassic, this structure underwent compression and
uplift; however, no orogenic complexes have been identified
within this structure scope to date. The geodynamic regime
characteristics and the material-structural complexes formed
here allow us to consider the Song Hien structure as an invert-
ed aulacogen. The precursor of the Song Hien aulacogen in-
cludes rift-like structures that appeared behind the Phu Ngu
overthrust zone and the Hercynian fold belt of the Southeast
China Coastal region. This Early Mesozoic rift did not evolve
into secondary oceanic structures, but remained as an in-
traplate destructive-superimposed structure.

The geological background of the study area comprises
sedimentary rocks dating from the Neoproterozoic to the
Early Paleozoic [6]-[8], [10]-[12]. The general stratigraphy
of the basin can be delineated from bottom to top as follows:
the lower section consists of Neoproterozoic formations
characterized by predominantly metamorphic terrigenous and
terrigenous sediments, including schist, quartz-sericite-
chlorite, sandstone, and quartzite sand interbedded with mar-
blized-limestone lenses. These formations are primarily con-
centrated in the central area under study.

The middle section comprises early Cambrian metamor-
phic sedimentary formations composed of quartz-sericitization
and marblized-limestone, dolomite. The upper portion consists
of Ordovician formations composed of quartz-sericite-schist
rocks infiltrated by Pb-Zn mineralization. These Ordovician
formations are overlain by Ordovician ryolite, which is over-
lain by compressed schist layers infiltrated with Pb-Zn miner-
alization, predominantly distributed in the north-northwest of
the study area. The uppermost layer comprises Devonian for-
mations consisting of limestone, limestone-dolomite, and silic
limestone infiltrated by Pb-Zn mineralization, distributed
mainly in the south and center of the study area. These for-
mations together form a unified structure, inclined to the west
and southwest. The ore range boundary is delineated by the
northwest-southeast fault and northeast-southwest fault.

The Lo Gam structural belt is an area rich in various mi-
nerals such as Sn, Hg, Pb, Zn, Ag, Au, Bz, Sh, and Fe. Lead-
zinc minerals predominate among them, with significant
potential. The lead-zinc minerals in this belt originate from
various sources, including hydrothermal, VMS, and SEDEX.
Of these, the SEDEX-origin lead-zinc minerals are a new
target and, to date, their origin and formation mechanisms
have not been thoroughly studied. Research to develop a
model of lead-zinc minerals in the study area will serve as a
basis for a more detailed assessment and prediction of the
lead-zinc mineral potential in the region.

2. Methodologies

The general characteristics of SEDEX deposits world-
wide indicate that they are sulfide deposits formed in a sedi-
mentary basin by submarine venting of hydrothermal fluids,
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and the primary ore minerals are sphalerite and galena.
SEDEX deposits exhibit intermediate characteristics between
Volcanogenic Massive Sulfide (VMS) and Mississippi Val-
ley Type (MVT) ores [16], [17].

To distinguish these ore types from others, they exhibit
three unique features. Firstly, SEDEX ores are formed in
sedimentary basins [18], typically spanning tens to hundreds
of square kilometers. They occur in geological formations
containing specific sedimentary rocks, often exhibiting strati-
fication consistent with the surrounding rocks. Secondly, the
primary mineralized ores are sphalerite and galena [18],
which distinguishes them from ore deposits containing “non-
sulfide” minerals formed in seabeds, such as barite, iron, and
manganese, as well as from VMS deposits, where chalcopy-
rite is predominant. The presence or absence of chalcopyrite
serves as an indicator of the primary product of hydrothermal
activity, directly reflecting the temperature of the hydrother-
mal fluid. Thermal measurements of inclusions indicate a
temperature range of 150 to 300°C for SEDEX hydrothermal
fluids, while VMS temperatures exceed 300°C. Thirdly,
SEDEX ores are formed from erupting hydrothermal fluids
in seabed craters [18], emphasizing their syngenetic nature
beneath the seabed. This depositional environment serves as
a crucial criterion for distinguishing them from MVT ore
types, which are epigenetic, exhibiting significant differences
in ore mineral age compared to their host rocks.

To understand the nature of SEDEX Ban Lin — Phia Dam
Pb-Zn ore deposits, we employ a combination of methods
including mineralography, inclusion analysis, radioactive Pb
isotopes, and stable S isotopes. These methodologies are
outlined below:

Field Survey Method: Field survey routes are conducted
throughout the ore zone area, with a focus on surveying and
collecting various samples at locations where lead-zinc ore
has been encountered. Additionally, we create structural
cross-sections to illustrate the overall structure of the study
area. In important regions, we conduct surveys at a scale of
1:5000. During the survey, we collect various samples, in-
cluding petrology, mineralogy, inclusions, and isotopes.

2.1. Mineralography

Mineralography is used to determine the origin of ore
generation, that is, the processes controlling mineral for-
mation, such as metamorphism, replacement-exchange,
weathering, differential magma, or agglomeration-sedimen-
tation. Mineralized samples are collected from ore bodies,
treated, and analyzed at the Vietnam Institute of Geosciences
and Mineral Resources. These samples are examined under
an optical microscope to identify ore texture and structure to
identify different ore mineral generations and symbiotic
mineral assemblages.

2.2. Inclusion analysis

Inclusion analysis is conducted to determine the proper-
ties of inclusions, such as the formation temperature and
salinity of hydrothermal fluids at each stage of mineralized
formation, using six samples. The mineralized samples are
analyzed at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS). Among the six analyzed
inclusions from the mineralized samples, properties of two
inclusions are determined. The samples are analyzed using
the Linkam THMS 600 combined with FLUID INC (USA)
to measure temperature. The THMS600 has a temperature
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range of < -120 to -70°C with a precision of £0.5°C, -70 to
+100°C with a precision of £0.2°C, and 100 to 500°C with a
precision of £2°C. To accurately record temperature changes
during the measurement of fluid inclusions, the temperature
rate ranges from 0.2 to 5°C/min. For inclusions containing
CO; in solid form, the temperature rate decreases to
0.2°C/min. For precise measurement of phase change, the
temperature rate increases from 0.2°C to -0.5°C/min when
the inclusions contain water at the freezing point.

The NaCl salinity in CO; inclusions is estimated using
the method outlined in [19]. The composition of each inclu-
sion is analyzed using Raman spectroscopy with 2000 Re-
nishaw system model, equipped with [1] Ar ion laser (wave-
length of 514 nm). Raman spectra are collected at room tem-
perature within the range of 100-4000 cm™. The inclusion
analysis results aim to identify the mineralization stages,
composition of inclusions, formation temperature, and hy-
drothermal fluid salinity. Specifically, the hydrothermal fluid
temperature and salinity are crucial proofs for determining
the environmental conditions of mineralization.

2.3. Radioactive Pb isotope

Four ore mineral samples collected from the ore seams and
bodies are analyzed at the IGGCAS to identify the radioactive
isotopic Pb ratios (?®Pb/2%*Pb, 207Pb/?*Ph, 2%8Ph/?%4Pb). The
age of the ore minerals is determined based on these isotopic
ratios. In combination with inclusion analysis, the origin of
the ore minerals is interpreted.

2.4. Stable S isotope

Six ore mineral samples were collected from the ore
seams and bodies. Three of these samples were analyzed at
the IGGCAS, while the remaining three were analyzed at
the University of Saskatchewan, Canada. The obtained
results of the stable isotopic S ratio are combined with the
radioactive isotopic Pb ratio to interpret the origin and
phase of deposited-ore formation.

3. Results and discussion

3.1. Structural and textural characteristics

The ore mineral range is distributed throughout two are-
as: Ban Lin — Lung Thom and Khuoi Man — Phia Dam. The
Pb-Zn ore deposits of Ban Lin — Lung Thom are located in
the northwestern part of the ore mineral range and are mainly
found in early Cambrian formations. Similarly, the Pb-Zn ore
deposits of Khuoi Man — Phia Dam are situated in the south-
eastern part of the ore mineral range and are predominantly
found in Devonian formations [6]-[8], [10]-[12].

The structural and textural characteristics of the ore deposits
are crucial for identifying the SEDEX type [16], [18], [20], [21].
The parallel stratigraphic textures, formed by the sandwiching
of ore mineral lamination with sedimentary rocks, provide
important evidence supporting the co-sedimentation process
(Fig. 2a, 2b). Additionally, there are other types of disseminat-
ed textures (Fig. 2c, 2e) and nodular forms (Fig. 2d), which
may result from the deposition of previous sulfide debris.

The main ore mineral composition includes barite, sphale-
rite and galena, while the minor ore mineral composition com-
prises pyrrhotite, chalcopyrite, and arsenopyrite. These minerals
are found in the form of pseudo-colloforms and pseudo-fossils,
as illustrated in Figures 3a, 3b [6]-[8], [10]-[12]. Such charac-
teristics are typical of Pb-Zn SEDEX ore deposits [22], [23].
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Figure 2. Photographs of samples illustrating the diversity of
SEDEX ore textures collected in the Ban Lin — Phia Dam
range: (a) light to dark gray sulfide ore mineral lamina-
tion in Ban Lin (dark gray galena and light gray sphaler-
ite); (b) light to dark gray sulfide ore lamination and vents
at Phia Dam (dark gray galena and light gray sphalerite);
(c) light to dark gray sulfide ore infiltration and lamina-
tion at Phia Dam (dark gray galena, light gray sphalerite,
and light-yellow pyrite); (d) light to dark gray sulfide ore
infiltration and nodule at Khuoi Man (dark gray galena
and light gray sphalerite); (e) light to dark gray and yellow
infiltrated sulfide ore lamination at Khuoi Man (dark gray
galena, light gray sphalerite, and light-yellow pyrite)

(b)
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_Sphulcrilc

Galena

Figure 3. Photographs of mineralographic samples illustrating
the diversity of SEDEX ore textures in the Ban Lin —
Phia Dam range: (a) disguised colloforms of galena and
sphalerite; (b) disguised fossil forms of galena and py-
rite (photographs are taken by Do Quoc Binh et al. [7])

The presence of crystallization of pseudo-colloform and
metamorphic colloidal remnant of pyrite suggests that the
sulfur source of ore minerals originates from deep hydro-
thermal fluid and an external source, possibly due to reduc-
tion caused by bacterial activity in sulfate, leading to the
initial formation of pyrite and subsequent generation of me-
tamorphic colloidal pyrite post-textures. SHRIMP analysis
indicates that both the pre- and post-crystallization phases of
pyrite were formed from the same sulfate group as a result of
decontamination by bacterial activities. However, the sulfide
ore was formed from a single source of sulfide [24], [25].

3.2. Characteristics of environmental
mineralization formations

3.2.1. Gas-fluid inclusion composition

In the pre-generated ore stage, microscopic examination
reveals primary inclusions with a round shape and small size
(< 0.5 um). These inclusions form prior to the ore formation
stage and consist of a high proportion of liquid and gas, with
at least 50% being pure gas. Temperature spectrum analysis
indicates that COz-containing inclusions have a low amount
of H;O. The solid melting point ranges from -53.2 to
-49.9°C, with a clathrate melting temperature (Tm (clat)) Of
5.3-8.3°C. The average temperature in the gas phase ranges
from 13.0 to 15.8°C, and the equilibrium temperature in the
gas phase ranges from 321 to 392°C, corresponding to a salini-
ty of the liquid phase of NaCle = 5.51 — 3.33% (Table 1).

In the major-generated ore stage, microscopic examination
reveals primary forms with irregular shapes (Fig. 4a). The gas-
liquid inclusions are relatively small, ranging from 10% to a
maximum of about 30%. Results obtained from laser electro-
nic spectroscopy show that the minerals are mainly quartz,
with minor peaks of CH4 (1915 cm™) and H;O (Fig. 4b). Tem-
perature measurements of the inclusions indicate a solid mel-
ting point ranging from -88.7 to -86.9°C, a temperature equi-
librium of 11.1-12.5°C, and full temperature equilibrium in the
liquid phase ranging from 148 to 195°C. Based on these
results, this process primarily occurs under relatively low-
temperature conditions with an enrichment in CH4-H0.

In the post-generated ore stage, inclusions primarily origi-
nate from primary inclusions. Results obtained from laser elec-
tronic spectroscopy analysis show that the inclusion composi-
tions mainly consist of small amounts of CH. or large amounts
of HO. The freezing temperatures measured range from -1.8 to
0°C, with equilibrium temperatures in the liquid phase ranging
from 102 to 168°C, and the salinity of the liquid (NaClc) ran-
ging from 3.06 to 0.0%. This indicates that during the post-ore
formation stage, relatively low sulfur salts were formed through
a mixture with surface water under low-temperature conditions.

The analysis of inclusion composition and temperature
confirms that the mineralized ore environment is related to
the seabed environment, characterized by enrichment of
H>0, CH4, and CO; and low formation temperatures.

Table 1. The result of analyzed inclusions and division of ore mineral phases

Melting point Equilibrium Contained Melting point  Fully equilibrium
Order generated ore  Inclusion types  of the COz-contained  temperature, inclusion, of mixture, temperature,
inclusion, Tm (car)/ °C Th(an/°C Tm (clath)/ °C Tm (ice)/ °C Tm (hoy/ °C
Pre-generated ore CO2-H20 -58.1~-6.9 13.0~15.8 5.3~8.3 321~92
Initial-generated ore CO2-CH4-H20 -61.5~-8.9 -145~-3.1 7.2~12.6 256~39
Major-generated ore CH4-H20 -88.7~-6.9 -58.1~-6.9 11.1~25 148~95
Post-generated ore H20 -1.8~0 102~68
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Figure 4. Raman laser spectrum of CO2-CH4-H20-enriched inclu-
sions in Ban Lin: (a) inclusion #1 — H6R2 sample;
(b) inclusion #2 — H6R2 sample

The salinity of the liquid phase is higher than that of sea-
water, consistent with previous models of SEDEX-type ore
deposits. According to a previously published model [1], the
salinity of the hydrothermal fluid in SEDEX ore deposits is
two to four times higher than that of seawater. The salinity of
the hydrothermal fluid in the quartz inclusion sample from
the Ban Lin ore deposits is shown in Figure 5.

40 Basinal
Magmatic

Seawater

H2R2 -BanLin—#

Salinity { equivalent wt% NaCl )

Metamorphic

Meteoric Vapor

0 500
Temperature (C)
Figure 5. Schematic representation shows salinity in hydrother-
mal fluid in the Ban Lin ore deposits (modified from
Wilkinson, J.J. [26])

The salinity of the ore-forming solution during the main
ore-forming stage (5.51-3.33%) and after the ore-forming
stage (3.06-0.0%) suggests that there was a dissolution of
evaporites during ore formation (similar to the results of
sulfur isotope source comparisons — Figure 6). As shown in
Figure 5, the salinity in the hydrothermal fluid of the Ban Lin
ore deposits corresponds to that of SEDEX ore deposits.

3.2.2. Characteristics of generated-ore fluid source
and deposit mechanism

The results of stable isotope of sulfur (5*S, %o) of the
Ban Lin — Phia Dam ore mineral range are shown in Table 2.

The &S (%o) for the Ban Lin — Phia Dam ore deposit
range (Fig. 6) falls into the field of sedimentary exhalative,
salt deposits (evaporite). This proves that the ore deposit
seam is SEDEX [24], [26].

Table 2. Isotopic ratio of sulfur (6*S, %.) of deposited ore seams
of the Ban Lin — Phia Dam ore mineral [6]-[8]

. Sample
4Q (0
No. sample S (%o) Sample location analysis place
VL 3679" 11.1 Seam | —Ban Lin University
H3-R3 9.5 Seam Il — Phia Dam of Saskatche-
H2-25 A 9.0 Seam Il — Phia Dam wan, Canada
Northern seam
KL.2000 A  13.632 Ban Lin — Lung Thom
Khuoi Man —
KL. 1502 12.703 Bang Thanh IGGCAS, China
Seam of lower part
KL. 1506 11.678 of Phia Dam:
barite-Pb-Zn
—E:D —4|0 —SID —2‘20 —1‘0 0 1|0 %0 SIO 4P
Meteorites
MORB 1-VL 38679 - Ban Lin
2 -TaQl Ban Lin
Island arc basalts + andesites 3 - KL 2000A - Ban Lin
H,5 volcanic - 4 - H3 - Phia Dam
5 - 1506 - Phia Dam
S0, volcanic
6 - 1502 - Phia Dam
Granite
Modern seawater =

Evaporite deposites
Modern marine sediments

Fresh water

Fresh water mud-sulphide

Figure 6. Scheme showing isotopic values &S (%s) of the Ban
Ban — Phia Dam [28] ore range compared to the re-
search of Rollinson, H.R. [29]

SEDEX types of the Ban Lin — Phia Dam ore deposits are
interpreted based on Pb isotopes in galena of the Ban Lin —
Phia Dam ore deposits and combined with a “Plumbo-
tectonics” model [30]. The Pb sources may result from a
complex process related to a mixture and assimilation of Pb
from many heterogeneous sources, including crustal re-
melting, sediment modification, and sediment extraction. Pb
exists in the form of compounds circulated by hydrothermal
fluid system and transported to favourable sites for ore
deposition [30]. The results of Pb isotopic ratios of the Ban
Lin — Phia Dam ore mineral range are shown in Table 3.
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Table 3. The results of Pb isotopic ratios of the Ban Lin — Phia Dam ore mineral range [6]-[8]

Sample 2061 /204 Error 207D /204 Error 208D /204 Error

No. sample location Pb /294Ph 29) Pb /294Ph 29) Pb /2%4Ph 2)
KL2000A Ban Lin 17.8908 0.0012 15.6785 0.0013 38.5320 0.0042
Val Phia Dam 18.1073 0.0012 15.7526 0.0007 38.8136 0.0032
TQll Phia Dam 18.6012 0.0011 15.7733 0.0009 39.1024 0.0026
TQll Ban Lin 18.3106 0.0014 15.772 0.0014 38.9714 0.0013

The results of Pb isotopic ratios (Fig. 7), displayed on the
“Plumbotectonics” model [30], indicate that Pb isotopic
source in the Ban Lin — Phia Dam ore deposit range is loca-
ted between the two continental crusts and closer to the lower
crust, probably related to the intracontinental activities.

40 T T T T T T
UPPER CRUST
PELAGIC
SEDIMENTS
LOWER
39 |- =
£ '
z 1
= _ ' 4
L 1
= \
g
38 |- -
37 1
16.5 17.5 18.5 19.5 20.5
159
15.7
o
3155
£
= PELAGIC
] i MORB  SEDIMENTS 7
LOWER ‘se_.
153 - .
CRUST
[~ 26Ph/204Ph &l
15.1 | l | | | |

4 KL 2000A - Ban Lin - 521 Ma @ VQI- Phia DAm - 312 Ma

’ TQIl - Phia Bam - 368 Ma e VL. 3590/3 - TQIIl Ban Lin - 569 Ma

Figure 7. Pb isotope source in the Ban Lin — Phia Dam ore depo-
sit range constructed based on the “Plumbotectonics”
model [30]

From above results, the SEDEX ore deposit model of the
Ban Lin — Phia Dam ore range is constructed (Fig. 8).

According to this model, the ore-forming fluids of the
SEDEX ore deposits originate from fluid sources such as salt
deposits (evaporites), containing metals. The anomalous
geothermal gradient (up to 70°C/km) resulting from tectonic
activities beneath the area probably heats the fluids to tem-
peratures of 200°C [21], [26]. These fluid layers are located
in highly porous rock formations covered by a clay layer.
The clay layer, with its poor permeability, acts as a cap,
preven-ting the movement of fluid and heat through it, there-
by facilitating mineral deposition. In addition to the favora-
ble stratigraphic conditions, tectonic activities such as faults
and fractures play crucial roles as conduits for transporting
and distributing mineralized fluids in sedimentary basins.
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Figure 8. Model of mineralized ore formation of the Ban Lin —
Phia Dam SEDEX ore deposit

These tectonic structures, including co-sedimentary faults
and fractures, are formed during the early stages of sediment
formation. SEDEX ore deposits have been modeled in va-
rious locations worldwide. Despite numerous theories re-
garding their mineralization origin, such as explosion [31],
biological debris accumulation [16], and surface replace-
ment [18], each model has its advantages and limitations in
explaining the origin and formation of SEDEX ore deposits.
In this study, our model primarily addresses key characteris-
tics of SEDEX ore deposits.

— ore minerals are formed in co-sedimentary environment
of sedimentary basin;

—seam lamination nature is consistent with low enthalpy
environment, supplied by hydrothermal fluids of salt evapo-
ration basin;

— the sedimentary texture of ore deposits occurs both at
the initial stage and post-stage. The post-stage texture is the
result of psue-morphology in the initial sediment;

—sulfur source is originated from salt deposits. Experi-
mental results show that the fluid salinity at five times sea-
water salinity can carry millions of Pb, Zn and sulfide mole-
cules in chemical equilibrium ratio to form sphalerite and
galena at temperatures above 200°C [26].

The constructed model still has some limitations, such as
the small number of inclusion analysis. Additional analytical
data about inclusion can help make our model understanda-
ble and our arguments convinced.

The Ban Lin — Phia Dam ore range is a small area in the
Lo Gam structural belt. Our research has initially identified
the origin and formation conditions, aiming to provide a ge-
neral ore formation model for mines in this area. However,
the results are limited and not fully representative of the entire
structural belt. Therefore, to better understand the origin and
formation conditions and to predict the potential of SEDEX
lead-zinc minerals throughout the entire structure, the key
task for future research is to expand studies on SEDEX lead-
zinc mineral deposits in the Lo Gam structural belt.
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The specific objectives are as follows:

—to provide a typical model for the mineralization pro-
cess of the entire structural zone;

—to predict areas with high potential for SEDEX lead-
zinc minerals.

4. Conclusions

This study has contributed to clarifying the characteris-
tics, origin, and formation conditions of SEDEX lead-zinc
minerals in the Ban Lin — Phia Dam area. The main results
are as follows:

1. Lead-zinc ores are characterized by banded forms de-
veloped in sedimentary formations dating from Cambrian to
Devonian periods.

2. The mineralization occurs at low temperatures
(256-95°C), suggesting that the heat source in this region
may be influenced by an anomalous geothermal gradient due
to ongoing tectonic activity.

3. The presence of colloform pseudomorphs and altered
pyrite relics indicates that the sulfur isotope source for
mineralization is not only supplied by deep-seated hydro-
thermal solutions, but also due to bacterial sulfate reduction
creating primary pyrite, leading to the development of the
altered pyrite structure.

4. The mineralization environment is related to a marine
sedimentary setting with fluid inclusions comprising H0,
CHa, CO», low formation temperatures, and a higher salinity
compared to seawater. Comparison with sulfur isotope ana-
lysis suggests that the sulfur source and hydrothermal solu-
tion environment may be related to evaporite deposits.

5. The primary Pb source is probably from the lower
crust, suggesting that lead-zinc supply may originate from
relatively shallow sources and continental crust.

Overall, the model for the formation of lead-zinc ores
proposed by the authors is as follows:

1. The sources of lead, zinc, and sulfur are believed to
originate from evaporite deposits.

2. Heating caused by high geothermal gradients (up to
256°C) may be due to the fact that the layer is located in a
porous rock unit, covered by a clay layer, which forms a seal
preventing heat dissipation from the hydrothermal source,
allowing high temperatures to accumulate.

3. Tectonic activity plays a crucial role in the formation
and development of mineralization, creating faults that act as
channels for the migration and distribution of mineralization
in sedimentary basins. These faults are sediment-hosted and
characteristic of the early stages of rock formation, replacing
fine-grained sediment layers with hydrothermal veins, lea-
ding to the formation of SEDEX lead-zinc deposits in the
Ban Lin — Phia Dam study area.
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Moaenb 0ca10BO-eKCraJsITUBHUX CBUHUEBO-IIHHKOBUX POJAOBMIIL
pyasoro macuBy bau Jlinp — IIxia lam, B’eTnam

T.A. Tynr, JLK. Tyan, I.K. bins, H.T. Kyanr, H.T.JI. T'ianr

Mera. [IoOynoBa THIOBOI MOJEINi CBHHIEBO-IIMHKOBOI pynu pomoBHIl pynHoro macuBy ban Jlinep — [lxia Jlam Ta mOpiBHSHHA ii 3
ICHYIOUHMH MOJICIISIMH.

Metoauka. 11 po3yMiHHS XapaKTEpUCTHKU ocanoBo-eKcrasaTuBHUX (SEDEX) cBUHIIEBO-IIMHKOBHX PyJHUX POJOBHLI y paifoni ban
Jlinp — IIxia Jlam BUKOpHCTAaHO KOMOIHAIIIIO MiIXOIB, 10 BKIIOYAIOTH MiHepaorpadito Uil BU3HAUCHHS CKJIaay Ta TEKTOHIYHOI CTPYKTYpH
TipCHKUX MOPIT 1 pyAH, aHaJi3 BKIIOYCHB JUI1 BU3HAYCHHS TEMIEPATypH i CKiIaay BKIIOYEHB, 130TONHUN aHAIIi3 CBHHIIIO Ta aHaJi3 CTabLIb-
HHX 130TOINIB CIPKH JUIS BHBYEHHS HaBKOJIMIIHBOTO CEPENOBHINA i JHKEepeN PyJOyTBOPIOIOUMX MaTepianiB. Moxens mobynoBaHa Ha OCHOBI
TPBOX OCHOBHHX €JIEMEHTIB IPOIeCy MiHEpaJOyTBOPEHHS, TaKHX SK cepeqoBHIIe (GOpMyBaHHS, JKepeno (Ioimy, IO YyTBOPIOETHCSA HPH
PYIOYTBOPEHHI, Ta MEXaHi3M BiIKITaICHHS PYIH.

PesyabTaTu. [leTasHO MOCTIIKEHO Ta PO3’SICHEHO XapaKTEPHCTHKH, MOXOKEHHS 1 YMOBH YTBOPEHHS CBHHIICBO-IIMHKOBHX MiHEpajiB
SEDEX B paiioni rpe6umi ban Jline — Ilxia Jlam. Buseneno mexaHizM (GopMyBaHHS TOCHTIIKyBaHOTO 0camoBo-ekcramsiTuBHOTO (SEDEX)
CBHHIIEBO-IIMHKOBOTO POJIOBHIIA. BCTaHOBNIEHO, 10 POJOBHINE BUHUKAE B PE3yJIbTaTi PO3YMHEHHs OaraTHMX Ha METajld POIOBHMIL COJel
BHACJIIZIOK HAarpiBaHHs HA HEBEJMKHUX IIIMOMHAX (KiNbKa KiTOMETPIB), @ 3rOJIOM I PiiMHA MIrpye yepe3 po3jOMH Ta TPILIMHH Y CIPHSTIHN-
Billli MICIIf, JIe TAJICHIT i CalepuT 0CaPKYIOTHCS Pa3oM i3 BiJKIIaICHHSIMU 0CaJ0BOT0 Oaceiiny.

HayxoBa HoBu3Ha. CBHHIICBO-IUHKOBI PY/IHI POJOBHUIIA PETELHO MOCTIHKYIOTHCSA B PI3HUX PEriOHaX CBITY, Xoya i icHye 0e3Jid Teo-
piif mom0 IXHBOTO MOXO/KEHHS, BKIIIOYAIOYH E€KCIUIO3iI0, HAKOMTMYEHHSI 010JIOTIYHOTO CMITTS Ta 3aMIIeHHs TTOBEpXHi, KO)KHA MOJIENTb Ma€
CBOI BIIACHI IIepeBaru i 0OMeXeHHs y TIOSICHEHHI TeHE3UCYy Ta PO3BUTKY OCaJ0BO-EKCTAIATHBHHUX PYIHHUX POIOBHII.

MpakTuuna 3HayuMicTs. OTpuMaHi pe3yNbTaTH NPU3HAYEHI U BHUSBJICHHS Ta NPOTHO3YBAaHHS PECYPCIB 0CaI0BO-CKCTAJSITUBHHUX
CBHHIIEBO-IIMHKOBHX PYAHHUX poaoBHI] B’eTHamy.

Knrwwuosi cnosa: SEDEX (ocadoeo-exceanamusnuti mun pooosuuy), cepedosuuge popmyeants, oxcepeio (ioidy, wo ymeoproemvcs npu
DYOOYMEOPEHHI, MEXAHI3M PYOOYMBOPEHHSL
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