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Abstract

The northeastern Sichuan Basin hosts deep brines with unusually high concentrations of
potassium (K) and lithium (Li). This study examines deep brines abundant in K and Li in
northeastern Sichuan Basin. Brine samples from Well ZK601 underwent comprehensive
analysis for major elements, trace elements, and Sr isotopes. Lithium content in core sam-
ples correlated with regional brine reservoir features. Brine samples showed a salinity range
of 354.6-363 g/L, with varying contents of Na™ (101-106 g/L), K* (28.92-34.84 g/L),
Cl™ (202.1-206 g/L), Br~ (2110-2980 mg/L), and Li* (169.5-204.5 mg/L). The ¥Sr/*®Sr
ratio in brine was 0.708324. Li notably increased post-green bean rock deposition in 71
core samples. The ratios are as follows: Brx 10%/Cl is 10.24, Kx 10%/Cl is 169.13, nNa/
nCl is 0.74, and SO, x 10*/Cl is 0.49. These brines likely originated from ancient seawater,
evolving via rock interactions during burial, notably enriching K and Li through gypsum
dehydration. Geochemical traits and Sr isotopes affirm ancient seawater origin, stressing
continual water—rock interactions. The volcanic activity contributed significantly to lithium
enrichment, consolidated during later burial stages. Brine reservoirs, mostly in formations
like dolomite within the Jialingjiang Formation, associate closely with fractured zones.
Structural traps define distribution, while fault systems govern enrichment. Accumula-
tion mainly occurs in fractured zones, reflecting a mineralization model of seawater ori-
gins, metamorphism, filtration, and structural enrichment. In summary, our model outlines
a transformation from seawater origins to structural controls enriching K and Li in deep
brines in northeastern Sichuan Basin.
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1 Introduction

The recent surges in demand for brine-based lithium (Li) and potassium (K) resources can
be attributed to their crucial roles in a wide range of industries (Munk et al. 2016; Liu et al.
2023). Li is vital for electric vehicles and electronics, whereas K enhances agricultural pro-
ductivity. Utilizing these resources is essential for sustainable energy shifts, better farming,
and economic advancement (Wang et al. 2021). With rising worldwide demand, under-
standing their origins is critical for energy requirements, food stability, and tech progress.

The Xuanhan area, located in the northeastern part of the Sichuan Basin, holds signifi-
cant importance as a major reservoir of oil and gas in China, notably hosting the Puguang
gas field (Ma 2007). Within this gas field, the upper strata contain deeply seated, highly
mineralized brines with total dissolved solids (TDS) reaching up to 330 g/L (Zhong et al.
2018a, b). These brines are found at depths ranging from approximately 3000 to 4000 m
and contain exploitable levels of K, Li, bromine (Br), and boron (B), with notably high
concentrations of K and Li (Zhong et al. 2018a, b). Song et al. (1988) have suggested that
the concentrated brines in the northeastern Sichuan Basin exhibit characteristics resulting
from a combination of marine and terrestrial sources. The enrichment of specific elements
occurred during the late stage of salt formation when external brines and strata waters infil-
trated salt basins, dissolving salt layers under evaporative conditions. Li et al. (1998) pro-
posed that the brines from Well 25 in Sichuan are a mixture of sedimentary water and
ancient leaching water influenced by the Indosinian movement. Additionally, Zhang et al.
(2022) proposed that the genesis of potassium-rich brines in Northeast Sichuan primarily
arises from seawater evaporation, concentration, and surface freshwater leaching mecha-
nisms. These processes show a lesser influence from deep water—rock reactions, indicating
a multifaceted genesis characterized by multiple stages. Despite decades of research on the
potassium- and lithium-rich brines in the northeastern Sichuan Basin, a unified understand-
ing of their genesis and enrichment patterns remains elusive.

In this study, we employed geochemical compositional analysis, strontium isotope anal-
ysis, and high-temperature and high-pressure experiments on the brine and its surrounding
rocks. We aim to explore the origin and ore-forming model of the K- and Li-rich brines.
This study holds significant importance in understanding the origin of K- and Li-rich
brines, advancing our knowledge regarding the formation mechanisms of these enriched
brines.

2 Geological Setting

The study area, situated in the northeastern Sichuan Basin (Fig. 1), lies within the core of
the Sichuan foreland basin, part of the ancient Yangtze landmass at the northwest edge.
During the Early to Middle Triassic, following the collision between the North China and
South China plates in the Early to Late Permian period, and influenced by the Indosin-
ian movement, the plateau edges underwent continuous uplift (Meng 2017; Zhang et al.
2019). This led to the formation of an elevated zone at the plateau margins. In the Early
Triassic, the northwest of the ancient Yangtze landmass was notably higher in elevation
compared to the southeast (Wen et al. 2023; Xu and Gong 2023). However, by the Mid-
dle Triassic, significant uplift occurred in the southeastern Jiangnan landmass, while the
northwestern Longmenshan landmass subsided (Xu and Gong. 2023; Li et al. 2012). This
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Fig. 1 Map of the study area and the position of salt-bearing structural (modified from Gong. 2016)

shift resulted in a topographical change, elevating the southeast and lowering the north-
west. This movement forced seawater to retreat westward from the Yangtze region. Con-
sequently, the Sichuan Basin, being farthest from seawater intrusion and replenishment,
experienced minimal seawater dilution (Gong 2016). This condition favored salt deposition
through evaporation, accumulating highly saline seawater. As a result, rock salt and even
more saline salts, like potash-magnesium salts, were deposited (Fig. 2).
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During the Triassic in the Sichuan Basin, six salt-forming phases occurred across for-
mations such as the Jialingjiang and Leikoupo Formations. These phases, totaling approxi-
mately 1000 m (m) in sedimentary thickness, comprised mainly alternating carbonate and
evaporite rocks. Evaporite rocks constituted around 50% of the deposits, with rock salt
making up 20% or more. In the Middle Triassic, a convergence of factors—shallow-water
craton carbonate rocks, a warm arid climate, and declining sea levels—Ied to seawater con-
centration and increased salinity in the central region. This favored the deposition of potash
salts (Chen et al. 2015). The northeastern part of Sichuan features principal salt-bearing
strata from the Upper Lower Triassic Jialingjiang Formation to the Lower Middle Trias-
sic Leikoupo Formation. These formations, spanning 100-400 m, predominantly consist
of dolomitic limestone, occasionally interspersed with limestone, anhydrite, impure halite,
and rock salt layers. These strata encompass dispersed brine layers within carbonate rocks
and are demarcated by a gray—green muscovite claystone. This distinctive layer serves as
a crucial regional marker bed (Wang et al. 2022) and, although widely distributed, may
be absent in regions eroded due to uplift (Zhu and Wang 1986). The mineral composition
of the “mung bean rock” in Well ZK601 comprises primarily potassium feldspar, mica,
quartz, and clay minerals (Wang et al. 2022). In the eastern Sichuan area, this layer con-
tains lithium adsorbed by clay minerals (Cheng et al. 1999), exhibiting significant lithium
enrichment, with concentrations ranging from 127 x 107° to 663 x 10~% (Wang et al. 2023;
Sun et al. 2018; Ma et al. 2019).

3 Samples and Methods
3.1 Sample Collection

This study focused on the salt-bearing strata, brines, brine reservoirs, and related forma-
tions (such as carbonate, anhydrite, rock salt, and polyhalite) in the northeastern Sichuan
Basin. Three samples were collected for chemical analysis of the brines, and one sample
was allocated for Sr isotope analysis. Additionally, a systematic collection of 71 core sam-
ples was sampled based on depth and lithology.

3.2 Chemical Composition Analysis

The determination of major and trace elements in brines was conducted at the Chinese
Academy of Geological Sciences. The concentrations of Li*, Na*, K, Rb*, Cs*, Mg,
Ca2+, and Sr** in the brines were measured using atomic absorption spectrophotome-
try. C1I”, HCO;~, OH™, CO32_, and B,0O; were analyzed using volumetric methods. Br was
tested using the phenol red colorimetric method. SO42_ content was determined through
weight methods, with a systematic error of 1.6%.

3.3 Strontium Isotope Analysis

The measurement of strontium isotope composition in the brines was performed using
the TIMSVG-354 isotope mass spectrometer at the Isotope Solid Spectrometry Labora-
tory of the State Key Laboratory for Mineral Deposits Research, Nanjing University. The
NBS-987 standard yielded an average ¥’Sr/%Sr value of 0.710250 (n=8), normalized to
87Sr/%6Sr=0.1194. The error for each sample analysis was less than +0.05%.
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3.4 High-Temperature and High-Pressure Simulation Experiments

High-temperature and high-pressure simulation experiments were conducted at the High-
Temperature and High-Pressure Simulation Analysis Laboratory, Lanzhou Center for
Oil and Gas Resources, Institute of Geology and Geophysics, Chinese Academy of Sci-
ences. The experiments utilized the WYMN-3 high-temperature and high-pressure simu-
lation apparatus. A high-pressure vessel was employed to simulate geological pressures,
gradually heating the samples to predetermined temperatures within 2 h and maintaining
a constant temperature. Upon reaching the set temperature, the instrument automatically
depressurized via drainage based on preset pressure thresholds. Liquid and solid samples
generated during the constant temperature phase were collected for analysis. Experiment
temperatures and pressures were set based on regional geothermal gradients, lithostatic
pressure coefficients, and the burial history of the strata.

Utilizing reflectance data from the previously measured Puguang Gas Field, simula-
tions indicated a Mesozoic critical geological period with a paleogeothermal gradient of
3.0 °C/100 m in the northeastern Sichuan region (Zhu et al. 2017). Thus, a paleogeother-
mal gradient of 3.0 °C/100 m and a paleosurface temperature of 15 °C were applied to
design specific temperature points for the simulations. Overlying strata in the research area
comprise Upper Jurassic and Triassic continental strata predominantly composed of clas-
tic rocks such as sandstone and shale, with an average density of 2.25 g/cm®. Lithostatic
pressure coefficients in northeastern Sichuan generally range between 1.06 and 1.49, with
coefficients for the Upper Triassic Leikoupo Formation ranging from 1.06 to 1.30 and the
Jialingjiang Formation ranging from 1.10 to 1.37. For this experiment, a pressure coeffi-
cient of 1.25 was utilized to design specific lithostatic pressures based on simulated depths.
Based on the burial history of the Upper Triassic strata in the Puguang 2 Well area in
northeastern Sichuan, the maximum burial depth of the Jialingjiang Formation is approxi-
mately 6700 m. According to the paleogeothermal gradient and paleosurface temperature,
the maximum burial depth of the Jialingjiang Formation in the study area corresponds to
a stratal temperature of 216 °C. Thus, experiments were conducted at simulated tempera-
tures ranging from 105 to 220 °C, designed for burial depths of 3500 m, 5000 m, and
6700 m in three sets of simulations. Table 1 summarizes the simulated temperatures and
pressures based on the aforementioned key parameters.

4 Results
4.1 Li Contents in Marine Sediments

A total of 71 samples of marine sediments were analyzed for Li content, with concentra-
tions ranging from 1.1 to 375.25 pg/g (Fig. 3), and an average concentration of 65.39 ug/g.

Table 1 Parameters for the first

. . . Simulated Temperature/°C Pressure/Mpa Simula-
set of simulation experiments .
depth/m tion
time/h
3500 120 78.75 72
5000 165 112.5 72
6700 220 150.75 72
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Fig.3 The Li content as a function of depth in marine sediments

Below the Mung Bean Rock (MBR) at depths exceeding 3468 m, sediment Li concentra-
tions ranged from 1.92 to 47.08 pg/g, averaging 14.44 pg/g. Post-deposition of the MBR,
within the depth range of 3200-3468 m, Li concentrations in sediments varied from 1.65 to
375.25 pg/g, with an average of 86.25 pg/g. However, between depths of 2960 and 3200 m,
there was a notable decline in sediment Li content, ranging from 16.92 to 94.68 pg/g, and
averaging 34.21 pg/g.

4.2 Chemical Compositions of Brine

Three samples of brine were collected from different time intervals during the pumping
test of Well ZK601, exhibiting salinity levels ranging from 354.6 to 363 g/L (Table 2). The
Na™ content varied between 101 and 106 g/L, K* content between 28.92 and 34.84 g/L,
Mg2+ content between 887 and 1077 mg/L, Ca®* content between 9520 and 11,260 mg/L,
CI™ content between 202.1 and 206 g/L, SO42‘ content between 1032 and 2294 mg/L,
and HCO;™ content between 671.2 and 1337.0 mg/L. The hydrochemical classification
is calcium chloride type. In addition, Li* content ranged between 169.5 and 204.5 mg/L,
Br~ content between 2110 and 2980 mg/L, Rb* content between 36.8 and 53 mg/L, and
I"content between 31.37 and 36.3 mg/L. The pH value of brine ranged between 7.5 and
7.7. One sample of brine, analyzed for Sr isotopes, exhibited an *’Sr/3Sr ratio of 0.708324
in the ZK601 well’s brine.

Table 2 Analysis results of brine samples

Sample  Li* K* mg/L Na* Mgt Cl- HCO;~ Br~ B mg/L Rbmg/L

no. mg/L mg/L mg/L mg/L mg/L mg/L

1 169.5 28,920 106,000 887 202,100 1337 2510 1790 36.8
204.5 34,800 101,000 1077 206,000 666.8 2980 2173 53

3 201.5 34,840 102,400 1031 206,000 671.2 2110 2198 51
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4.3 High-Temperature and High-Pressure Simulation Experiment Results

XRD revealed that under the temperature and pressure conditions of the target strata in
the study area, gypsum (CaSO,-2H,0) dehydrated at 165 °C, producing hemihydrate gyp-
sum (CaSO,-1/2H,0), and completely transformed into anhydrite (CaSO,) at 220 °C. The
process involved is: CaSO,-2H,0— CaSO,-1/2H,0 +3/2 H,0 (solvent) — CaSO, +2H,0
(solvent) (Fig. 4). The hundreds of meters thick anhydrite rocks of the Jialingjiang For-
mation and Leikoupo Formation in this region (Zhong et al. 2020) likely originate from
the dehydration of primary gypsum, a process that releases a substantial amount of liquid
water.

5 Discussion
5.1 Origin of Deep Brine in the Northeastern Sichuan Basin

Deep brines are stored within specific rock formations made of carbonate and evaporite
rocks, closely linked to the process of seawater concentration through evaporation (Zheng
et al. 2012a, b). Comparing the chemical composition of remaining brine from seawater
evaporation with that found underground helps understand where these brines come from.
Carpenter (1978) described five main stages of mineral formation when seawater evapo-
rates, including gypsum, halite, mirabilite, potassium salts, and bischofite. In further exper-
iments with South China seawater at 25 °C, seven stages of salt formation during seawater
evaporation, which involved calcite, gypsum, halite, mirabilite, potassium salts, carnallite,
and bischofite (Li and Han 1995). The salinity levels of the ZK601 well brine match those
seen during the mirabilite stage of typical brine evaporation. However, when comparing
the consistent components with what’s seen during mirabilite sedimentation in seawater,
the brine shows differences. It has lower levels of Mg?* and SO42_ but higher amounts
of K* and Ca®*. This suggests that there are other factors influencing how this brine has
evolved. The Sr/%Sr ratio in the ZK601 well brine, at 0.708324 (Fig. 5), falls within the
range of ¥’Sr/%0Sr isotope values (ranging from 0.70816 to 0.70837) found in polyhalite,
halite, anhydrite, and dolomite from the same Jialingjiang Formation in the well. This

10 Gypsum Bassanite Anhydrite
- | = Gypsum used
2 0.8 —— Dehydrated at 165°C
[0}
= .
P 0.6 Dehydrated at 220°C
kel
N
= 0.4+
©
£
S 0.2 LA
- J
0 Ly A | \ thum%
3 13 23 33 43 53 63 73
26

Fig.4 XRD patterns of simulated experimental products
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Fig.5 Strontium isotope ratios from different sources (Crust and mantle data from Kelts (1987); oceanic
data from Burke et al. (1982); Hess et al. (1986); salt rocks from Qaidam Basin and Dongpu depression
represent Terrigenous salt samples from Tan et al. (2010); Shi et al. (2005); Mengye Well salt rock data rep-
resent salt samples primarily supplied by seawater with mixed terrigenous water, from Zheng et al. (2012a,

b))

range aligns with what’s expected from Triassic seawater strontium isotope data (Zhong
et al. 2020). It confirms that the brine has origins linked to ancient marine sources.

5.2 Ratio of Brine lon Coefficients

The brine contains higher concentrations of trace elements such as B,0;, I7, Sr2t, Lit,
Rb™*, and others compared to seawater. These concentrations are between 2.04 and 79.18
times higher than the maximum concentrations observed in normal seawater evaporation
(Table 3), indicating a significantly elevated characteristic. Different groundwater sources
or conditions lead to noticeable variations in the ratios of certain ion coefficients. These
ratios are often used to infer the origin or genesis of underground water quality. Dur-
ing seawater evaporation and concentration, Br remains mostly in solution and does not

Table 3 Trace element

- Sample B* I Srt Li* Rb*
characteristics of Well ZK601
(mg/L) ZK601 219800 31.67 62050 20150  51.00
Chuang 25 1440.00 38.00 597.00 323.00 32.20
Highest content ~ 1077.83 0.40 59.85 45.24 7.00
in seawater
evaporation
series
ZK601/maxi- 2.04 79.18 10.37 4.45 7.29
mum content in
seawater
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participate significantly in reactions to form solid minerals, resulting in its concentration
linearly increasing with seawater concentration. The Brx 10%/Cl ratio in the ZK601 bore-
hole brine is 10.24, corresponding to the initial mirabilite deposition stage during seawater
evaporation. The Kx 10%/Cl ratio serves as an indicator of brine concentration, with a coef-
ficient of 169.13 indicating higher concentration compared to potassium salts sedimenta-
tion during seawater evaporation stages. The nNa/nCl ratio reflects sodium salts enrich-
ment in the brine, with a ratio of 0.74 for this brine, indicating a confined environment.
The SO,>~ x 10%/Cl desulfurization coefficient reflects the enclosed nature of the brine
formation environment. A smaller desulfurization coefficient signifies better closure con-
ditions and stronger reducing conditions (Zhou et al. 2015). The ZK601 well brine has
a SO,>~ x 103/Cl ratio of 0.49, indicating a confined environment rich in organic matter
and intense reducing conditions. From the brine salinity, concentrations of major and trace
elements, nNa/nCl, Kx 10%/Cl, Brx 10*/Cl, and SO, x 10*/Cl ratios, it is evident that the
brine undergoes water—rock interaction during long-term burial and confinement, rather
than simply forming through evaporation and concentration of seawater.
The data for Well Chuan 25 are sourced from the publication by Wang et al. (1987)

5.3 Sources of K and Li in Deep Brine

R-type cluster analysis was performed on brine samples from Huangjinkou Anticline’s
ZK601 well, Chuan25 well, Bei2 well, Hengchengl well, and Dawan3 well using salin-
ity and major ion concentrations as variables (Fig. 6). Salinity exhibits a correlation
coefficient of 0.9784 with Cl™, suggesting potential addition of chloride salts. B,0O;
demonstrates a correlation coefficient of 0.9456 with Lit* (Fig. 7), potentially indicating
its association with the Green Bean Formation. Additionally, Na+ shows a high correla-
tion with Br~, and Mg>* exhibits a high correlation with SO,*~.

Fig.6 Hierarchical clustering 1.0 0.8 0.6 0.4 0.2 0.0
analysis of constant elemental
contents in brine

Ca2+

Mgz+

SO,
sr*
o]}
TDS

Na*
Br

Li*
B.O,"

[]
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Fig. 7 Correlation analysis of constant elemental contents in brine

The brine layer in the ZK601 well coincides with polyhalite, anhydrite, and dolomite,
with the present polyhalite layer reaching a total thickness of 34 m (Zhong et al. 2018a, b).
High-temperature, high-pressure experiments indicate that gypsum remains as hemihydrate
gypsum at depths up to 5000 m, converting entirely into anhydrite at 6700 m, signifying a
continuous dehydration process for gypsum. The theoretically released crystalline water
from gypsum dehydration equals 48.6% of the gypsum volume (Lin et al. 2005). The previ-
ous studies suggest that polyhalite can dissolve under different solvent conditions (Wang
et al. 2011; An 2008). Considering the thickness of the polyhalite layer in the study area
ranging from 1.3 to 84.7 m (Zhong et al. 2020), we propose that during the later burial
stages, the substantial water slowly released from gypsum conversion dissolved parts of
the solid potassium salt layers under high-temperature and high-pressure conditions. This
process played a crucial role in the increase in potassium content in the brine.

During the seawater evaporation and concentration process, Li* remains solely in the
liquid-phase brine. However, the Li* content in ZK601 is 20.45 times higher than that in
the mirabilite stage brine. This suggests that the source of Li* cannot solely originate from
simple leaching of gypsum dehydration from normal sedimentary carbonate rocks, anhy-
drite, or salt rocks. Looking at the variation in lithium content in marine sediments, below
the ‘Mung Bean Rock’ layer, the Li content in sediments is relatively low. In the east-
ern Sichuan area, lithium content in sedimentary ‘Mung Bean Rock’ can reach 663 x 107°
(Sun et al. 2018). After the deposition of ‘Mung Bean Rock’, the Li content in upper-layer
sediments significantly increases. However, the lithium content in higher strata of marine
sediments returns to levels before ‘Mung Bean Rock’ deposition, indicating that for a cer-
tain period after ‘Mung Bean Rock’ deposition, it continued to provide a material source
for lithium in subsequent marine sediments. During the burial and compaction process of
marine sediments, it further dissolved, serving as a source of lithium for the sealed brine.
Although ‘Mung Bean Rock’ is widely distributed in the northeastern Sichuan area, among
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numerous oil and gas wells and potassium exploration wells in the research area, resid-
ual ‘Mung Bean Rock’ has only been found in ZK601 well (Wang et al. 2022), indicating
‘Mung Bean Rock’ dissolution in the region.

5.4 Tectonic Controls on Brine Enrichment in the Sichuan Basin

A comparison of brine reservoirs from wells drilled in the 1970s and 1980s, including
Chuan25, Bei2, Hengchengl (constructed by Hengcheng Corporation), ZK601 (con-
structed by the 405 Geological Team of the Provincial Bureau of Geology), and Dawan3
(constructed by PetroChina Puguang Gas Field), reveals that all brine reservoirs are situ-
ated in the upper part of the Jialingjiang Formation (restratified for comparative purposes
according to the Puguang Gas Field stratigraphic criteria) Fig. 8. The lithology of the brine
layer in ZK601 primarily consists of dolomite, dolomitic limestone, and dolomitic lime-
stone, mostly located in fractured and broken zones (Fig. 9). During drilling, phenomena
such as welling, leaking, and venting occurred, leading to an increase in C1™. The cores dis-
played porosity, fractures, fragmented structures, and structural breccias, exhibiting fault
characteristics. Grainy native sulfur was observed on fault surfaces, while the cores often
displayed phenomena such as halite immersion, retrogression, and salt frosting. The aver-
age porosity of the Leikoupo Formation reservoir section in ZK601 well is 2.57%, and per-
meability values are all less than 0.1 md. In contrast, the Jialingjiang Formation reservoirs
show an average porosity of 3.97% and an average permeability of 0.027 md, indicating a
low-porosity and low-permeability fractured-pore-type reservoir (Zhang et al. 2022).
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Fig. 8 Comparative diagram of brine reservoirs in the Huangjinkou Anticline
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3387 ...

Fig.9 Comparison of brine outcrop locations and structures in wells north 2, Chuan 25, and ZK601 in the
Huangjinkou Anticline

The previous studies on Sichuan Basin brine reservoirs, irrespective of the degree of
pore development, generally exhibit poor porosity and permeability overall, with only
localized areas showing relatively good porosity, demonstrating anisotropic karst fracture
reservoir characteristics (Lin and Zhao 1999). This feature does not favor the migration
and accumulation of high salinity brines from deep layers. Therefore, the development of
fractures becomes crucial (Yan 2012). Fractures not only promote the development of sec-
ondary pores but also expand the brine storage space, significantly improving migration
conditions. The enrichment of brine water often correlates with regions of relatively con-
centrated tectonic stress and developed fault-fracture systems (Lin and Zhao 1999; Yan
2012). Considering the tectonic movement history in this region, after the marine sedimen-
tary strata of the Leikoupo Formation ended, the northeastern Sichuan region experienced
the Indosinian movement, Yanshan movement, and Himalayan movement. The compres-
sion during the Yanshan movement led to the formation of several low-amplitude struc-
tural belts and sinuous folds oriented northeast. During the early stage of the Himalayan
movement, the main stress direction came from the northwest, creating a series of north-
east-oriented asymmetric folds and fractures. In the later stage, influenced by the continued
subduction of the Indian plate toward the Eurasian plate and intense uplift of the Dabashan
mountain range, the primary stress direction in northeastern Sichuan evolved into north-
east—southwest, causing the early northeast-oriented structures to be superimposed and
modified by the later northwest-oriented structures, forming complex overlapping defor-
mations (Tang et al. 2008).

Due to the impact of multiple phases of tectonic movements, tensional fractures
often appear at the tops and turning points of anticlines, alongside the development
of thrust faults. The development of faults often forms a primary fracture system in
fault zones, connecting the same or different brine reservoir layers, creating significant
interconnected spaces conducive to large-scale brine enrichment and accumulation.
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Consequently, the presence of brine is controlled by both structural and fault controls,
where structural traps define the distribution range of brine, and fault structures deter-
mine the extent of brine enrichment. Transitional complex regions, due to the transfor-
mation and overlapping of earlier structures by later structures, intensified folding, and
developed fractures, became favorable zones for brine enrichment.

5.5 Mineralization Model

Seawater evaporation led to the formation of solid potassium salt polyhalite and brine,
coinciding with volcanic eruptions that formed the MBR, a source of Li in the basin’s
brine. Subsequent burial and compaction processes underwent intense hydrothermal
alteration and continuous gypsum dehydration. Water—rock interactions between dis-
solved potassium salts and the Green Bean Formation acted as sources for K and Li
in the brine (Fig. 10). Over various tectonic events, deeply buried brines in the basin
gradually converged toward fractured zones at the tops and turning points of anticlines.
During brine migration, it selectively dissolved salt minerals and the MBR within the
strata, resulting in deep-seated brine deposits rich in K and Li. Therefore, the miner-
alization model for the northeastern Sichuan Basin derives from seawater, undergoes
alteration at depth, experiences dissolution effects from nearby sources, and enriches
due to structural controls.

(I. Seawater evaporates, concentrating to form potassium salts, while mung bean
rock dissolves in water, precipitating lithium. II. Polyhalite forms during the intrusion
of seawater into ancient brine repeatedly. III. Detrital polyhalite potassium deposits are
formed during burial and compaction. Potassium leaches out due to intergranular water
and water from gypsum dehydration. IV. Brine migrates toward traps controlled by
structures and lithology during the Yanshan—Himalayan period.)
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6 Conclusion

The geochemical signatures of trace elements and Sr isotopic ratios in the deep brines
firmly establish their roots in ancient seawater within northeastern Sichuan. However,
their formation was not a straightforward result of mere evaporation and concentration.
Instead, it involved sustained water—rock interactions during subsequent deep burial and
sealing processes, indicating a complex genesis. The concentration of brine witnessed
contributions from the MBR, a product of contemporaneous volcanic eruptions, serving
as the lithium source in the basin. Additionally, stages of burial saw continuous dis-
solution of solid potassium salts and gypsum dehydration, further enriching the brine
with K and lithium Li. Brines predominantly occupy the upper part of the Jialingjiang
Formation, situated amidst dolomite, dolomitic limestone, and fractured zones. Their
presence is intricately linked to structural configurations and fault systems. Structural
traps define the distribution of brine, while fault structures play a pivotal role in its
enrichment. Therefore, the mineralization model for northeastern Sichuan encapsulates
a narrative of seawater origin, transformation at depth, localized dissolution effects, and
enrichment governed by structural controls. This study offers insights into the intricate
processes shaping brine reservoirs, shedding light on their formation and enrichment
mechanisms within the geological framework of northeastern Sichuan.
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