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Abstract: In the process of diagenesis and burial of sedimentary basins, basin fluid activities par-
ticipate in the process of hydrocarbon accumulation and metal mineralization. Understanding the
evolution of basin fluid is of great significance in revealing the related hydrocarbon accumulation
and mineralization. Paleo-reservoirs are closely associated with Carlin-type gold deposits in the
Nanpanjiang-Youjiang Basin, South China. Calcite, the fluid activity product, is closely related to
bitumen and gold-bearing pyrite. By integrating petrographic, cathode luminescence, and fluid
inclusion analysis, as well as the relevant chronological results of predecessors, this paper attempts to
establish the relationship between fluid evolution, hydrocarbon accumulation, and gold mineraliza-
tion. Two types of calcite (black/gray and white) developed in the Bangi-Yata-Laizishan area, the
Nanpanjiang-Youjiang Basin. Black/gray calcite is symbiotic with bitumen and features dark red
colors in cathode luminescence. Many hydrocarbon inclusions developed along with fluid inclusion
analysis at low homogenization temperatures (65.7~173.1 °C). Combining the previously reported
check for U-Pb ages (~250-230 Ma) of this kind of calcite with some geochemistry data on the associated reser-
updates voir and gold deposit, this calcite records the consecutive hydrocarbon accumulation and Carlin-type
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gold mineralization from the Late Permian to the Late Triassic periods controlled by Indosinian

tectonic movement. The white calcite featuring bright red in cathodoluminescence is symbiotic

Fluid Evolution and Hydrocarbon with gold-bearing pyrite and realgar, and the associated fluid inclusions have high homogenization
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temperatures (128.2~299.9 °C). Combined with regional tectonic background and isotopic chronology

(~140-106 Ma), it seems to record the early Cretaceous Carlin-type gold mineralization controlled by
the subduction of the paleo-Pacific plate in the late Yanshanian period.
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Published: 28 December 2022 During petroleum and mineral exploration, petroleum reservoirs and metal deposits
are often closely associated in sedimentary basins. Liquid oil and lead-zinc deposits
occur in the same stratum, and bitumen is widely present in the ores in the Saddle area
of Cumberland, USA [1]. Stratified lead-zinc deposits, sandstone-type copper deposits,
and hydrocarbon reservoirs coexist in the Chu-Sarysu Basin of Kazakhstan [2]. As a
typical low-temperature hydrothermal deposit district, various types of hydrothermal
deposits (mercury, lead-zinc, tungsten tin) are closely symbiotic with paleo-reservoirs
conditions of the Creative Commons 11! the Yangtze Block [3-5]. However, the relationship between the spatially associated
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elements, can be a common source for both hydrocarbons and metals [6]. Meanwhile,
organic matter (oil and bitumen) can also help the metal enrichment by reacting with
ore-forming elements and finally forming soluble metal-organic complexes [7]. In addition,
organic matter which acts as a reducing agent could also help metal precipitation by directly
reducing sulfur or through sulfate reduction [8,9].

Basin fluids which include formation water and hydrocarbons inside the basin and
atmospheric water and metamorphic fluids outside the basin, occupy and flow in sediment
pores within the basin [10]. Basin fluid evolution plays an important role in controlling
hydrocarbon reservoirs and metal deposits in the basin [2]. In terms of hydrocarbon
accumulation, basin fluids could promote the maturity of source rocks, improve phys-
ical reservoir conditions, and help hydrocarbon accumulation [11]. In terms of metal
mineralization, basin fluids are closely related to the activation, migration, enrichment,
and precipitation of metal [12]. As a link between metal deposits and hydrocarbon reser-
voirs [13], understanding the evolution of basin fluids is of great significance in revealing
hydrocarbon accumulation and metal mineralization. Calcite, as a direct product of fluid
activities in sedimentary basins, records a lot of information about the fluid evolution of
the basin. Carrying out petrography and fluid inclusion analysis on calcite related to hy-
drocarbon reservoirs and metal deposits could help understand hydrocarbon accumulation
and metal mineralization as well as the relationship between them.

Paleo-reservoirs and Carlin-type gold deposits are widely developed in the Nanpanjiang-
Youjiang Basin, Yangtze Block [2]. Hydrocarbons are widely enriched in Devonian and
Permian limestone [14], Carlin-type gold deposits are abundant in Permian-Triassic carbonate
rocks and terrigenous clastic rocks, and the proven Au resources exceed 1000 t [15,16]. There is
a close spatial correlation between paleo-reservoirs and the gold deposits in the basin [17]. The
Yata gold deposit and Yata paleo-reservoir, the Lannigou gold deposit, and the Laizishan paleo-
reservoir overlap [2]. Solid bitumen can be observed within the gold-bearing strata [13]. As an
important gangue mineral, the calcite in the Nanpanjiang-Youjiang Basin is closely associated
with bitumen, gold-bearing pyrite, and other ore minerals, which is key to understanding
the hydrocarbon accumulation and Carlin-type gold mineralization. Here we focus on
the Laizishan, Yata, and Bangi districts that include paleo-reservoirs and gold deposits as
the research area (Figure 1). Integrating petrographic, cathode luminescence, and fluid
inclusion analysis on the calcite in this work and some chronological data (calcite U-Pb date,
bitumen Re-Os date) related to petroleum evolution and mineralization from published works,
this study aims at establishing the relationship between fluid evolution and hydrocarbon
accumulation and Carlin-type gold mineralization in the Nanpanjiang-Youjiang Basin against
the geological background.
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Figure 1. (A) Tectonic location map of the Nanpanjiang-Youjiang Basin [18]). (B) Simplified geological
and structural map of the Nanpanjiang Basin, showing locations of both hydrocarbon reservoir and
gold deposits [17].
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2. Geological Setting

The Nanpanjiang-Youjiang Basin, located at the junction of the Guizhou, Yunnan, and
Guangxi provinces, is a Late Paleozoic to Mesozoic sedimentary basin developed on the
lower early Paleozoic level in the southern margin of the Yangtze Plate [13] (Figure 1A).
The basin is surrounded by deep fault zones, including the Honghe shear zone in the
southwest, the Mile-Shizong-Panxian fault zone in the northwest, the Ziyun-Luodian-
Nandan fault in the northeast, and the Pingxiang-Dongmen fault in the southeast [18]
(Figure 1B). Controlled by the Paleotethys tectonic domain and the Pacific tectonic domain
successively, the Nanpanjiang-Youjiang Basin has experienced multiple periods of complex
tectonic activities since the Early Paleozoic age [19]. From the Devonian to the Early Triassic,
influenced by the Tethyan ocean extensional rift system, the Ailaoshan ocean basin opened
and the South China continental block drifted from south to north [20]. The study area
was in an extensional tectonic environment, forming multiple fault depression belts and
thus forming the prototype of the Nanpanjiang-Youjiang Basin. With the closing of the
Tethys ocean and the subduction of the Ailao orogenic belt, the Nanpanjiang-Youjiang
Basin collided with the YueBei block along the Heishui River in Vietham during the Middle
Triassic period (Indosinian orogeny) and entered the back-arc foreland basin stage [19].
After the late Indosinian, under the joint control of the Tethys, Pacific, and Indian plates, the
Nanpanjiang-Youjiang Basin entered the intracontinental orogenic stage and continuously
superimposed and transformed to form its present status [21].

In the Nanpanjiang-Youjiang Basin, the middle Proterozoic to very Early Devonian
strata are absent, and the late Early Devonian to Middle Triassic strata are well devel-
oped [18] (Figure 2). The Devonian strata have a total thickness of about 400 m and are well
developed except for the absence of strata in the early Devonian. The early and middle
Devonian strata are sandstone, siltstone, mud shale, and marl. In the late Early Devonian,
the Nanpanjiang-Youjiang Basin began to stretch. Both the carbonate platform and deep
water basin depositional systems formed along the slope-flat fault zone. The depositional
pattern lasted until the Permian period. The total thickness of carboniferous to Permian
strata is about 3000 m. The sedimentary lithology of the northwest carbonate platform
is mainly carbonate rocks, such as reef limestone, micritic limestone, oolitic limestone,
and breccia. The sedimentary system of the southeast deep water basin is dominated by
argillaceous, siliceous, and black mudstone [17]. The lower and middle Triassic strata are a
set of clastic turbidite with thicknesses of up to 6000 m [18]. The Upper Triassic strata are
mainly terrigenous clastic sediments, which are not developed with Jurassic to Quaternary
strata in the region [18].

The Nanpanjiang-Youjiang Basin contains many paleo reservoirs and multiple sets
of source-reservoir-cap assemblages developed in Devonian to Middle Triassic marine
strata [22] (Figure 2). Regional geological survey and geochemical analysis results indicate
the middle Devonian black argillaceous rocks distributed in the Wangmo-Nandan area
with a thickness of about 1000 m and TOC (Total Organic Carbon) greater than 1.5% are the
main source rocks in the basin. Carboniferous to Triassic carbonate rocks and mudstone
featured with low TOC (<0.5%) are secondary source rocks [23]. Solid bitumen is mainly
stored in Permian and Devonian reef limestone [13]. Monolayer shale with a thickness of
hundreds of meters in the Lower and Middle Triassic are good regional cap rocks, while
argillaceous rocks, siliceous rocks, and tight limestone in Devonian to Permian basin facies
acted as local cap rocks [21].

The Nanpanjiang-Youjiang Basin is the main producing area of Carlin-type gold
deposits in China. More than 20 similar gold deposits with a prospective resource of
over 1000 t have been discovered [24] (Figure 2). The gold-bearing layers are mainly
stored in Permian to Middle Triassic impure carbonate rocks and terrigenous clastic rocks.
Three types of gold deposits can be identified according to their occurrence [25]. Stratified
controlled type controlled by the horizon, paleokarst, or unconformity plane (Shuiyindong,
Nibao, Getang deposits), faulted controlled type controlled by fault fracture zone (Lannigou,
Bangi, Yata deposits), and compound controlled by strata and faults (Zimudang, Bojitian



Energies 2023, 16, 328

4 0f 21

deposits). The metallogenic period can be divided into the hydrothermal metallogenic
period and the supergene period [13,26]. The former period can be divided into the
quartz—-dolomite-pyrite stage, quartz—pyrite-arsenopyrite stage, and quartz—calcite-realgar
stage. The main ore minerals are pyrite and arsenopyrite, followed by cinnabar, realgar,
stibnite, etc. Previous works have confirmed that the gold for the Carlin-type gold deposit
is mainly ionically bound in the pyrite lattice either as micrometer-scale (<10 um) grains or
within rims of gold-poor pyrite [27-31]. Gangue minerals are mostly calcite and quartz,
followed by clay minerals and dolomite.
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Figure 2. Comprehensive stratigraphic column of the Nanpanjiang-Youjiang Basin [13]).

3. Samples and Methods

A total of 16 calcite samples were collected from the Bangqi, Yata, and Laizishan areas
of the Nanpanjiang-Youjiang Basin (Table 1). Two samples from the Yata area were taken
from the Triassic Xinyuan Formation (T;x), and the remaining fourteen samples, from the
Laizishan and Banzishan areas, were taken from the Permian Wujiaping Formation (P,w)
(Figure 3A). Six samples were collected from the northern flank of the anticline, among
which one black calcite sample (BQ-1) (Figure 3D) was developed in the 10 cm long fracture,
and the other five calcite samples (BQ-2, BQ-3, BQ-4, BQ-5, BQ-6) were collected in the
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pores and fractures near the black calcite. BQ-2, BQ-3, and BQ-4 were white, and BQ-5 and
BQ-6 were gray. White calcite is widely developed in the Yata area (Figure 3C). A total
of two calcite samples (YT-1, YT-2) were collected at the entrance of mine cave No. 940.
Similar to the Bangqi area, two different colors (white and gray) of calcite can be found in
the Laizishan area (Figure 3B). Eight typical samples (LZS-1-LZS-8) were collected in the
southeastern part of the Laizishan dome (Figure 4). Three samples (LZS-1, LZS-2, and
LZS-4), which contain both gray and milky white calcite, were further divided into two
subsamples; for example, LZS-1 was separated into LZS-1A (white) and LZS-1B (gray).

BQ-1. BQ-3
BQ-5. BQ-6

N
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Figure 3. (A) Geological map of the Bangi-Yata-Laizishan area showing sample locations. (B) gray
and white calcite, Laizishan. (C) white calcite, Yata. (D) black calcite, Bangi.

Table 1. Basic information for the calcite samples from the Banqi-Yata-Laizishan area.

Samples Latitude Longtitude Calcite Type
BQ-1 24°50'59" 105°39'33" Black calcite
BQ-2 24°51'35" 105°40'21" White calcite
BQ-3 24°50'57" 105°39'11" White calcite
BQ-4 24°51'35" 105°40'21" White calcite
BQ-5 24°50'57" 105°39'11” Gray Calcite
BQ-6 24°50'57" 105°39'11" Gray Calcite

LZS-1A 24°59'59" 105°46'29" White Calcite

LZS-1B 24°59'59" 105°46/29" Gray Calcite
LZS-2A 24°59'59" 105°46'29" White Calcite
LZS-2B 24°59'59" 105°46'29" Gray Calcite
LZS-3 24°59'59" 105°46/29" Gray Calcite
LZS-4A 24°59'59" 105°46'29" White Calcite
LZS-4B 24°59'59" 105°46'29" Gray Calcite
LZS-5 24°59'59" 105°46/29" White Calcite
LZS-6 24°59'59" 105°46'29" White Calcite
LzS-7 24°59'59" 105°46'29" White Calcite
LZS-8 24°59'59" 105°46/29" White Calcite
YT-1 24°55/48" 105°39'20" White Calcite

YT-2 24°55/48" 105°39'20" White Calcite
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Figure 4. Photographs showing the characteristic of black/gray calcite of the Bangi-Yata-Laizishan
area. (A—C) Fine-grained calcite with clear and continuous cleavage lines. (D) Bitumen banded along
the edge of calcite veins. (E,F) Bitumen with the pore of the calcite in the Bangqi area. (G-I) Solid
bitumen within the calcite pores from the Laizishan area. (J-L) Reflected light image showing pyrite
within the black calcite.

Petrographic observation, cathode luminescence analysis, and the fluid inclusion test
were carried out on the calcite collected in the field. The features of the calcite, bitumen, and
pyrite grains, as well as their relationship, were observed under Zeiss optical microscopy
at the China University of Geosciences (Wuhan). The calcite cathode luminescence test was
carried out in the State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences (Wuhan). After the sample surface was polished, a CL8200
MKS5 cathodoluminescence instrument (CITL, UK) was used for cathode luminescence
analysis using a voltage of 10.8 kV, a current of 280 pA, and a vacuum of 0.03 Mbar.

To obtain a concentration of the Fe and Mn, both dark color and white calcite were
chosen to conduct the trace element analysis. The analysis was performed at Guizhou
Tongwei Analytical Technology Co., Ltd., on a Thermal Fisher iCAP RQ ICP-MS equipped
with a Cetac ASX-560 AutoSampler. Approximately 50 to 100 mg of calcite powder was
dissolved in a Teflon bomb with a double-distilled concentrated HNO3-HF (1:4) mixture.
The dissolution was maintained in an oven at 185 °C for 3 days. The solutions were
then evaporated to dryness. The sample residues were re-dissolved with double-distilled
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concentrated HNOj3 and evaporated to dryness again. The samples were then dissolved in
3 mL of 2N HNO:;. Finally, the sample solutions were diluted to 4000 times with 2 percent
HNO3, with 9 ppb !Ni, 6 ppb Rh, and In and Re internal tracer solutions were added.
USGS standard W-2a was used as the reference standard and cross-checked with BHVO-2
and other reference materials. Instrument drift mass bias was corrected with internal spikes.

Fluid inclusion analysis was carried out in the Key Laboratory of Structure and
Petroleum Resources of the Ministry of Education, China University of Geosciences
(Wuhan). The calcite samples were made into ~100 um thick double-side polished slices.
The petrography of the samples was observed using a NIKON microscope with a UV exci-
tation light source. A THMS-600G cold and heat platform produced by Linkam, UK, was
used to measure the temperature. The temperature range of the Linkam THMS600G cold
and hot bench was from 190 °C to 600 °C. The homogenization temperature and freezing
point temperature were measured by the cyclic testing method, and the measurement
errors were controlled within £1 °C and £0.1 °C, respectively.

4. Results
4.1. Petrographic Characteristics

Black/gray calcite is mostly granular, with particle sizes ranging from tens to hun-
dreds of micronmeters. Under the microscope, two groups of clear cleavage lines with good
continuity and straight lines could be found (Figure 4A-C). In addition, a large number of
cracks and intragranular/intercrystalline dissolved pores filled with bitumen had devel-
oped in the calcite. The occurrence of bitumen is strictly controlled by the pore morphology,
and banded (Figure 4D), lumpy, and disseminated (Figure 4F) shapes were discovered. For
example, bitumen directionally fills in the cracks at the edge of the calcite veins in sample
BQ-5 (Figure 4D). According to the optical characteristics, two types of bitumen could
be identified. The first type was mainly found in the black/gray calcite from the Bangi
area. They were homogeneous and showed yellow under reflected light (Figure 4D-F). The
other type of bitumen was mainly found in gray calcite samples from the Laizishan area.
Compared with the first type, they were colored dark grey and possessed strong anisotropy.
They featured a flat boundary, wavy extinction, and flowing structure (Figure 4G-I). In
addition to bitumen, a small amount of fine-grained pyrite with a particle size <30 um was
developed in the black calcite sample BQ-1 (Figure 4L). Similar to previous studies [13],
the pyrite and bitumen grains were closely associated, and some pyrite was wrapped by
bitumen (Figure 4],K).

The cleavage lines of white calcite were sparse, with unclear lines and poor continuity
(Figure 5A-C). Though many dissolution pores had developed, only a few were filled with
bitumen (Figure 5D-F). Under reflected light, the bitumen showed strong anisotropy and
featured a flat boundary, wavy extinction, and mosaic structure (Figure 5D-F). Different
from black/gray calcite, a wide range of fine-grained, banded pyrite was discovered within
the dissolution pores of the white calcite. Fine-grained pyrite featured a small size (~10 pm)
and a high degree of automorphism (Figure 5G-I). The large-sized banded pyrite (>50 pum)
featured a core-rim structure (Figure 5]-L). Previous Backscattered electron (BSE) images
and Electron probe microanalysis (EPMA) (Figure 5M,N) indicated that the fine-pyrite and
the rim of the banded pyrite were the major locations of the gold [16,31,32].

4.2. Cathode Luminescence

The cathode luminescence of carbonate minerals is affected by many factors, such
as Fe, Min content, total rare earth element content, and crystal structure [33,34]. Respec-
tively acting as activators and quenchers, Mn and Fe can activate and reduce cathode
luminescence. Thus, the content and ratio of the Fe and Mn of the calcite have an im-
portant impact on the characteristics of cathode luminescence [33]. Under the conditions
of Mn > 40 pg/g and Fe <5 x 10% ug/g, the cathode luminescence of the carbonate is
controlled by the ratio of the contents of Fe and Mn. With a decrease in the Fe/Mn ratio,
the cathode luminescence intensity increases [33,35]. The Fe and Mn contents and Fe/Mn
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ratio of calcite samples in the Bangji, Yata, and Laizishan areas are shown in Table 2. The Fe
content of black/gray calcite and white calcite is nearly in the same range (396-704 ppm vs.
395-619 ppm) (Table 2, Figure 6A). However, the Mn content of white calcite is significantly
higher (273—409 ppm) and leads to a lower Fe/Mn ratio (1.0-2.3) than that of black/gray
calcite (2.3-5.5) (Figure 6A,B). The cathode luminescence of black/gray calcite and white
calcite are respectively dark red (Figure 7A,B) and bright red (Figure 7C,D).

100 p -
=l
e oy

S0um
=
o

Figure 5. Photographs showing the characteristic of white calcite of the Banqi-Yata-Laizishan area.
(A-C) buck calcite, with fuzzy cleavage texture and poor continuity. (D-F) Mosaic bitumen within the
white calcite. (G-I) Fine-grained pyrite distributed within calcite pores and fissures from the Bangi-
Laizishan area. (J-L) Banded pyrite with core-rim structure from the Yata area. (M,N) Backscattered
electron imaging and Electron probe microanalysis (EPMA) of pyrite from No. 940 mine in the Yata
gold deposit [32]).
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Table 2. Fe and Mn content of calcite in the Banqi-Yata-Laiizishan area.

Type Sample Mn (ppm) Fe (ppm) Fe/Mn
BQ-1 187 704 3.8
BQ-6 743 396 5.3
BQ-5 75.2 410 5.5
Black/gray calcite Q
LZS-1B 169 397 2.3
LZS-2B 158 431 2.7
LZS-4B 164 432 2.6
BQ-2 341 426 1.2
BQ-3 384 395 1.0
LZS-1A 438 617 14
White calcite
LZS-2A 352 477 14
LZS-4A 409 573 14
YT-2 273 619 2.3
61B
 Mn(ppm)

B Fe/Mn

B Fe(ppm) S

Figure 6. Histogram of Fe and Mn content of calcite in the Banqi-Yata-Laiizishan area. (A) the
abundance of the Fe and Mn in the calcite samples. (B) The ratio of Fe/Mn for the calcite samples.

4.3. Fluid Inclusion Characteristics

Three dark color and white color calcites possessing abundant fluid inclusions were
selected for the Fluid inclusion analysis (Table 3). Hydrocarbon inclusions (from 5 to
10 um) were found in black/gray calcite and showed a blue-white color under fluores-
cence (Figure 8A-D). The aqueous fluid inclusions (from 5 to 10 um) associated with
hydrocarbon inclusions were typical gas-liquid two-phase fluids and featured elliptic,
needle-like, or short column shapes (Figure 8E). The homogenization temperature and
salinity results are shown in Table 3. The homogenization temperature of aqueous fluid
inclusions in black/gray calcite varied from 65.7 °C to 173.1 °C. Based on the frequency
homogenization temperature, two groups, <150 °C (65.7-146.2 °C, mean ~110 °C) and
>150 °C (155.4-173.1 °C, mean ~160 °C), were divided (Figure 9). According to the ice
melting temperature (Tice), the calculated salinity of the fluid inclusion obtained using
the formula [36] (Salinity = 1.78 Tjce — 0.0442 Tce? + 0.000557 Tic®) varied from 7.45 to
22.27 wt.% NaCl eq (average 17.01 wt.% NaCl eq) (Table 3). No hydrocarbon inclusions
were found in white calcite. However, two-phase gas-liquid aqueous fluid inclusions
were widely developed. The diameter of fluid inclusions was about 10 um to 15 pm long
and had oval, needle-like, and rectangular shapes (Figure 8G,H). The homogenization
temperature (Th) of the inclusions varied from 128.2 °C to 299.9 °C. Three groups, >230 °C,
190-230 °C (mean ~205 °C), and <190 °C (mean ~160 °C), were divided according to the ho-
mogenization temperature frequency, and more than half (~57.8%) of the homogenization
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temperatures were lower than 190 °C (Figure 9). The measured salinity of fluid inclusions
ranged from 0.88 to 13.51% (average 5.29 wt.% NaCl eq) (Table 3).

Tmm Imm

Imm Imm

Figure 7. Cathode luminescence characteristics of calcite in the Laizishan-Bangi-Yata area,
Nanpanjiang-Youjiang Basin. (A) Dark red cathodoluminescence of black calcite. (B) Dark red
cathodoluminescence of gray calcite. (C,D) Bright red cathodoluminescence of white calcite.

Table 3. Summary of fluid inclusion data of the various calcite types from the Nanpanjiang-
Youjiang Basin.

Homogenization Temperature (°C) Salinity (wt.% NaCl eq.)
Type Sample
Range/Number of Measurements Mean Range/Number of Measurements Mean
LZS-2B 76.9~146.1/30 108.7 7.45~22.24/5 18.37
158.1~163.7/2 160.9 / /
Black/gray calcite LZ5-3 65.7~136.8/22 102.5 9.34~22.27/5 15.61
155.4~173.1/5 165.4 15.19~16.27/2 15.73
LZS-4B 92.3~141.2/13 123.1 / /
138.4~189.5/46 164.2 4.65~8.14/22 6.08
BQ-2 190.8~218.7/6 201.4 434/1 434
231.7/1 231.7 / /
130.3~186.9/21 161.8 0.88~13.51/12 5.35
White calcite LZ5-5 195.6~227.6/15 209.7 4.49~12.96/4 7.98
235.1~294.6/14 254.5 5.71~13.07/4 10.06
128.2~185.1/12 156.7 2.90~3.06/2 2.98
YT-1 190.8~221.3/11 205.9 3.23~4.18/3 3.86
246.6~299.9/8 279.1 3.55~4.03/2 3.79

/: fail to get the ice melting temperature.
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Figure 8. Typical characteristics of fluid inclusions in calcite in the Bangi-Yata-Laizishan area,
Nanpanjiang-Youjiang Basin. (A-D) Irregular hydrocarbon inclusions, blue-white under fluorescence.
(E) aqueous fluid inclusions, negative crystal, Th = 65.7 °C. (F) short columnar-shaped aqueous fluid
inclusions, Th = 111.7 °C. (G) needle-like shape aqueous fluid inclusions, Th = 178.6 °C. (H) rectangle-
shaped aqueous fluid inclusions, Th = 148.4 °C.
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Figure 9. Histogram of homogenization temperatures of the aqueous inclusion from different
type calcite.

5. Discussion
5.1. Characteristics of the Basin Fluid Activity

The black/gray and white calcite in the Bangi, Yata, and Laizishan areas of the
Nanpanjiang-Youjiang Basin showed different characteristics in petrographic, cathode
luminescence, and fluid inclusion results. The pores and fractures of the black/gray cal-
cite were widely filled with bitumen. In addition, these calcites featured a high Fe/Mn
ratio (~2.9), dark grey cathode luminescence, and rich hydrocarbon fluid inclusion. The
relatively low homogenization temperature of aqueous fluid inclusions associated with
hydrocarbon fluid inclusion in black/gray calcite (65.7~173.1 °C, majority < 150 °C) indi-
cated that the fluid was formed in low-temperature conditions (oil-gas window condition).
Compared with the dark-colored calcite, the pores of white calcite were rich in gold-bearing
pyrite. Furthermore, the white calcites featured a low Fe/Mn ratio (~1.5), bright red
cathode luminescence, and nearly no hydrocarbon-bearing fluid inclusion. The much
higher homogenization temperature of fluid inclusions in milky calcite (128.2~299.9 °C,
majority > 160 °C) indicated that the fluid formed at a relatively high temperature (ore-
forming fluid). Regarding the formation sequence of the two types of calcite, the gradually
brightening cathode luminescence from black/gray calcite to white calcite and the gray
calcite U-Pb age (~250 Ma), older than the white calcite (~120 Ma) [37], indicated the
black/gray calcite formed earlier than the white calcite.

5.2. First Basin Fluid Activity, Related Hydrocarbon Migration, and Gold Mineralization
5.2.1. Timing of Hydrocarbon Migration/Accumulation

Fluid inclusion analysis combined with basin burial history simulation is widely used
in qualitative constraining of the hydrocarbon evolution history [38]. The burial history of
the Yang 1 Well in the Nanpanjiang-Youjiang Basin shows that the Middle-Lower Devonian
source rocks received continuous burial from the Carboniferous to Permian periods [39]. As
mentioned above, the homogenization temperatures of aqueous fluid inclusions associated
with hydrocarbon inclusions from the Banqi and Laizishan reservoirs could be gener-
ally divided into two groups: 65.7~146.2 °C (mean ~110 °C) and 155.4~173.1 °C (mean
~160 °C), corresponding to the oil and gas windows, respectively. Under the formula [40]
of H=100 x (Th — Ty)/G (H: depth of inclusion formation (m); Th: the homogeniza-
tion temperature of aqueous fluid inclusions (°C); Ty: the paleo-surface temperature (°C)
20 °C; G: the paleo-geothermal gradient in the late Paleozoic to Mesozoic study area:
4 °C/100 m), the calculated burial depths were 1142.5-3155 m and 3385-3827.5 m. Plotting
the depth of the burial history of the Yang 1 well, a continuous liquid oil and gas migra-
tion/accumulation event was considered to have occurred from the Early to Late Triassic,
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respectively (Figure 10). During the Late Permian to Middle Triassic periods, the collision
between Indosinian and the South China block (Indosinian event) caused hydrocarbon
migration in the reservoir [41]. The number of hydrocarbon inclusions within black/gray
calcite (Figure 8B,D) and widely found solid bitumen-filled dissolution pores and fractures
(Figure 4) are direct evidence of petroleum migration. Furthermore, the bitumen in sample
BQ-5, directionally distributed along the edge of calcite veins (Figure 4D), indicates a
temporal and migration relationship between hydrocarbons and basin fluids.
Corresponding to the fluid inclusion data, the in situ U-Pb dating of calcite closely asso-
ciated with bitumen in paleo-oil reservoirs in the Nanpanjiang-Youjiang Basin
(253 £ 27 Ma~229.1 £ 6.7 Ma, mean 241.4 Ma) showed that liquid hydrocarbon migration
occurred before the middle Triassic period [37]. As shown in the basin modeling result, the
Permian carbonate reservoirs were buried to a depth of more than 5 km during the late
Triassic with a reservoir temperature exceeding 150 °C, which led to the thermal cracking
of the previously formed oil [39,42]. The solid bitumen within the paleo-oil reservoirs of
the Nanpanjiang-Youjiang Basin possessed high bitumen reflectance (Rb: 2.16-4.26%, mean
3.55%), low H/C ratio (<0.4), and did not dissolve in organic solvents [43,44]. In addition,
the solid bitumen in this study also possessed flowing and mosaic structures under a
microscope (Figure 5). All of the above features indicate the solid bitumen within the
Nanpanjiang Basin is high-maturity pyrobitumen formed by the thermal cracking of liquid
oil [45,46]. Previous studies found the Re-Os dating of pyrobitumen that formed contempo-
raneously with methane in the Majiang-Wanshan reservoir, Xuefeng uplift, and the Micang
Shan reservoir, northern Sichuan Basin, South China block, recorded the timing of gas
generation [47,48]. The Re-Os age of 228 + 16 Ma for pyrobitumen from the Laizishan and
the Bangi reservoirs [32], younger than that inferred for liquid oil migration [37,39] but in
agreement with the estimated timing of the thermal cracking of liquid oil, further suggests
the late Triassic was a key period for gas formation in the Nanpanjiang-Youjiang Basin.
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Figure 10. Burial history map of Yangba Depression (Yang 1 well), the Nanpanjiang-Youjiang
Basin [32,43]).
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In summary, hydrocarbon reservoirs in the Nanpanjiang-Youjiang Basin underwent a
continuous process of oil migration/accumulation to form oil reservoirs and oil thermal
cracking to form natural gas reservoirs during the Late Permian to Late Triassic. The
black/gray calcite closely associated with bitumen, as the product of basin fluid activity
coexisting with hydrocarbon, records the complete process of petroleum evolution.

5.2.2. The Relationship between Hydrocarbon Migration/Accumulation and
Gold Mineralization

Though there is still controversy regarding the timing of Carlin-type gold mineralization
in the Nanpanjiang-Youjiang Basin [49], the arsenopyrite Re-Os ages (235 4= 33~204 4= 19 Ma)
of the Lannigou-Jinya-Shuiyindong deposit [24], fine-grained (5-10 pum) illite Rb-Sr isochron
age (218 £ 4.6 Ma) from the Yata gold deposit [50], hydrothermal rutile in situ SIMS U-Pb
age (213.6 £ 5.4 Ma) from the Zhesang deposit [51], as well as gold-bearing pyrite associated
calcite in situ U-Pb ages (204.3 & 2.0~202.9 + 4.2 Ma) from the Shuiyudong gold deposit [52]
indicate a gold mineralization event during the Late Triassic period in the Nanpanjiang-
Youjiang Basin (Figure 11). Interestingly, this metallogenic event agrees with previously
mentioned key timings for hydrocarbon evolution and especially coincides with timing
related to gas generation. In addition to the consistency in time, the phenomenon that gold-
bearing pyrite encased by solid bitumen in black calcite (Figure 4],K) and the characteristics
of solid pyrobitumen cross-cut by pyrite in the Shuiyindong gold deposit [13] also indicate
that the formation of bitumen and pyrite precipitation occurred almost simultaneously with
the gas generation, which may be a little earlier than pyrite precipitation. All these close
relationships between bitumen and ore-related minerals in formation time and space indicate
a close relationship between hydrocarbon evolution and mineralization.

The LA-ICP-MS analyses of the bitumen in the Carlin trend, Nevada, show the abun-
dance of Au in bitumen reached 4.6 ppm [53]. Similarly, atomic absorption spectrome-
ter tests and Electron probe microanalysis (EPMA) of the bitumen from Yanzidong and
Shitouzhai paleo-oil reservoirs in the Nanpanjiang-Youjiang Basin found Au content in
bituminous could reach tens of ppm [18]. Besides, in a water—oil-rock system, gold has
been experimentally shown to predominantly enter in the oil phase [9]. Recent experiments
of metal solubility in crude oils at different temperatures showed that metal (Zn, Au, U)
abundances in crude oil are related to temperature, and that the abundance increases
from 100 to 200 °C and begins to decrease when the oil changes into gas [54]. The fluid
inclusion analysis of the reservoirs in the Nanpanjiang-Youjiang Basin showed that the ho-
mogenization temperature of the gas-bearing fluid inclusion was higher than 160-180 °C,
consistent with the temperature conditions when Au abundance decreased because of
oil cracking. Combining the high gold abundance in bitumen in the Carlin-type gold
deposit and metal solubility in the crude oils experiment, it seemed the crude oil could
enrich and migrate Au and began to release it into the basin fluid during cracking under
high-temperature conditions.

The sulfidation between Fe-bearing host rock and ore-forming fluids rich in Au and
H,S is an important mechanism of gold-bearing pyrites precipitation in Carlin-type gold de-
posits [55]. Lithogeochemical data of the Shuiyindong gold deposits [16,56] show the gold
was also transported in HpS-rich fluids for the Carlin-type gold deposits in the Nanpanjiang-
Youjiang Basin. Meanwhile, the high content of iron from the Fe dolomite (11~17 wt.%)
from the Lannigou deposit [57] and the phenomenon that arsenian pyrite replaces ferroan
calcite and dolomite [16] supports that the gold-bearing pyrite was also formed by the
sulfidation of Fe-bearing minerals and HjS rich ore-forming fluid. As to the source of the
sulfur, the overall broad sulfur isotopic composition (534S) of hydrothermal pyrite in the
Bangi, Yata, and Lannigou gold deposits (mean 9.92%., —2.3~8.0%o, 7.3~13.6%.) [16,58]
indicates that reduced sulfur leading to the precipitation of gold-bearing pyrite may mainly
derive from sedimentary rocks. Recently, near-zero A%*S values of the gold bearing pyrites
in the Linwang deposits further indicates that S within the deposit was most likely sourced
from the Triassic sedimentary rocks [59]. Therefore, the thermochemical sulfate reduc-
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tion (TSR), with the reaction between organic matter (oil and gas) and sulfate at elevated
temperatures (>100-140 °C), could be a significant process for the generation of reduced
sulfur [34,60,61]. As the bond energy of 325.0 is weaker than that of 34S-O, more 3#S0,2~ is
involved in the TSR process than 32SO4%~, resulting in lighter sulfur isotope composition in
sulfide than coeval sulfate [62]. The slightly lighter 534S values for the gold-bearing pyrite
(—2.3~13.6%o) in the Bangqi, Yata, and Lannigou gold deposits of the Nanpanjiang-Youjiang
Basin than Triassic seawater (53*S 10~15%0) [63] supports that the TSR process occurred
during the formation of gold-bearing pyrite. Regarding the reactant for the TSR process,
the rapid subsidence during the Triassic with the reservoir temperature exceeding 200 °C
and liquid oil cracked into gas and pyrobitumen show that the gas could play an important
role [14]. Laser Raman analysis of the fluid inclusions in calcite from the reservoir, showing
that CH4 was a dominant organic component [22] and a significant negative correlation
between CO, and CHy4 content in the hydrocarbon inclusions [3], indicates that CH,4 could
have been involved in the TSR process.
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Figure 11. Compiled chronology and mineral formation sequence in the Nanpanjiang-Youjiang
Basin [24,32,37,50-52,56].
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Integrating the basin fluid evolution and context of regional tectonic history, the
genetic relationship between petroleum evolution and the Late Triassic Carlin-type gold
mineralization in the Nanpanjiang-Youjiang Basin could be generally established. From the
Late Carboniferous to the Permian, Devonian source rock was continuously buried and
went into the oil window (Figure 12A). After this, the Indosinian tectonic event triggered
the hydrocarbon migration, and Au was enriched from sedimentary rocks during the
process (Figure 12B). In the Late Triassic, the rapid burial of the Permian reservoir caused
the reservoir temperature to exceed 200 °C, which led to the crude oil being cracked into
gas and pyrobitumen (Figure 12C). The oil cracking released the Au into the basin fluid and
led to the gas-dominated TSR process. Finally, when Au and H;S-rich ore-forming fluid
migrated into the Fe-rich calcareous and dolomitic siltstone formation, the gold-bearing
pyrite was precipitated (Figure 12C).
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Figure 12. Simplified model for the petroleum evolution and gold mineralization in the Nanpanjiang-
Youjiang Basin.

5.3. Second Basin Fluid Activity and Related Gold Mineralization

Similar to a previous study [52], the white calcite associated with gold-bearing pyrite
by petrographic analysis and featuring bright red cathode luminescence in this study
revealed it belongs to the gangue minerals closely related to gold mineralization. The
homogenization temperatures (Th) of fluid inclusions in gangue minerals at different min-
eralization stages showed a declining trend from 230-270 °C in the early stage, 200-230 °C
in the intermediate stage, and 120~160 °C in the late stage [16,26,64]. Paragenetic sequences
for the Carlin-type gold deposits also showed the calcite veins mainly formed in the late
ore formation stage [26] (Figure 11). Corresponding to this understanding, the higher
homogenization temperature of fluid inclusions in white calcite (128.2~299.9 °C), with a
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majority temperature lower than 190 °C (mean ~160 °C) (Figure 9), further supports this
calcite was the product of high-temperature ore-forming fluids. Recent isotope dating on
this kind of calcite, including Sm-Nd age (136 & 3-134 &+ 3 Ma) and the in situ U-Pb age
(139.3 £ 5.7-137.1 &+ 9.7 Ma) of calcite associated with realgar from the Shuiyindong de-
posit [16,52], as well as the in situ U-Pb age (121.0 &= 1.0-106 =+ 17 Ma) of calcite associated
with gold-bearing pyrite from the Laizishan deposit [37], shows the early Cretaceous could
be a key interval for gold mineralization. In addition, some late ore-stage mineral dates, for
example the Sm-Nd age (122 & 15-126 £ 12 Ma) of fluorite coexisting with calcite from the
Nibao deposit [50] and the Rb-Sr age (148 + 4.1 Ma) of quartz coexisting with realgar from
the Yata deposit [50], also indicate a secondary Carlin-type gold mineralization in the Early
Cretaceous (Figure 11).

During the Early Cretaceous (~135 Ma), the subduction between the Paleo-Pacific
and Eurasian plates (the Yanshanian tectonic event) formed an extensional environment
resulting in lithospheric thinning and magmatic activity in the South China Block [65,66].
Corresponding to this tectonic event, a diversity of ore deposits such as low-temperature
hydrothermal Cu-Ag deposits [67-71], antimony deposits [72], porphyry molybdenum
deposits [73], and skarn tungsten deposits [74] developed in the whole of eastern China
from the southeast coast to the inland area (Figure 13). Similar to the western edge of
the South China Block, the Nanpanjiang-Youjiang Basin possessed a tectonic background
during the Early Cretaceous, and the secondary Carlin-type gold mineralization recorded
by the white calcite may be a remote response to the subduction of the Paleo-Pacific
Plate [52,65].
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Figure 13. Simplified diagram of the metallogenic tectonic setting of the Early Cretaceous Carlin-type
gold deposit in the Nanpanjiang-Youjiang Basin.

6. Conclusions

Petrography, cathode luminescence, and fluid inclusion analysis of black/gray and
white calcite indicated two basin fluid activity events in the Nanpanjiang-Youjiang Basin.
The black/gray calcite, which featured dark red cathode luminescence, is closely associated
with bitumen, and possesses lots of hydrocarbon inclusions and a small amount of pyrite
recorded in the first basin fluid activity. Integrating the homogenization temperature of
the aqueous inclusions (65.7-173.1 °C), basin burial history, and related isotope dates, the
black/gray calcite recorded a consecutive hydrocarbon evolution and the first Carlin-type
gold mineralization event from the Late Permian to Late Triassic periods under the control
of the Indosinian tectonic movement. The liquid oil and gas, which acted as gold carriers
and reactants, could involve gold mineralization. The white calcite, featuring the bright
red cathode luminescence associated with gold-bearing pyrite and high homogenization
temperature of the aqueous fluid inclusion, recorded the secondary fluid activity within
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the basin. Combined with the previous isotope dates of the late mineralization stage
(~140-106 Ma) and the metallogenic age of typical deposits in South China, the white
calcite seems to reflect that the secondary Carlin-type gold mineralization events during
the Early Cretaceous were caused by subduction between the Paleo-Pacific plate and the
Eurasian plate in the Yanshanian tectonic period.
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