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Abstract: A large number of lithium–potassium-rich brines have been found in Paleocene reservoirs
in the Jianghan Basin, South China. First, the brines have exceptionally high lithium and potassium
contents that are even higher than those in other closed basins on the Tibetan Plateau. Second, the
enriched brines are widely distributed in the center of the basin. The Mesozoic and Cenozoic igneous
rocks in the Jiangling depression are mainly basalt and granite, and their distribution area exceeds
50% of the basin. The large basalt body provided a thermal source for the water–rock reaction. The
igneous rocks in the study area could have provided ore-forming elements, such as lithium and
potassium, for the brine. A static immersion experiment at room temperature shows that fluids with
certain salinities are more likely to activate K ions in basalt. However, weakly alkaline solutions
more easily dissolve K. High-temperature water–rock experiments show that the dissolution rates
of Ca, Mg, and Sr decrease with increasing temperature, while the dissolution rates of K and Li
first increase and then decrease with increasing temperature. The dissolution of K and Li is easier
when saline fluid reacts with volcanic rock. The dissolution rate of K is higher than that of Li in
basalt, and the dissolution rate of Li is higher than that of K in granite. Compared with the results at
normal temperatures, the ability of the fluid to leach elements at higher temperatures is significantly
enhanced. Temperature is the main factor controlling the ability of fluid to leach elements. High-
salinity fluid is the main carrier of ore-forming elements. According to the water–rock experiments,
the mineral composition of the ancient brine in the Jiangling depression that formed during the
Paleocene is consistent with that of the ore-rich brine found today, but different by a few orders of
magnitude, indicating that the formation of lithium–potassium-rich brines requires a long time. The
water–rock reaction is one of the important processes of brine formation, and surface evaporation
and concentration are the main mechanisms of brine mineralization.

Keywords: Jianghan Basin; Mesozoic–Cenozoic; water–rock reactions; lithium–potassium-rich brines;
mechanisms of brine mineralization

1. Introduction

Modern salt lake brines and deep-buried underground brines are often rich in potas-
sium, lithium, boron, rubidium, cesium, and other high-value strategic emerging mineral
resources [1–14], and are important raw material sources of potash and lithium globally.
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China’s external potash dependence has decreased from 75% to 45%, but the consumption
has been growing rapidly, from 3.999 million tons in 2000 to 10.19 million tons in 2018,
which accounts for approximately 20–25% of the global potash consumption [15]. At
present, the potash resource in China is mainly found in the brines of Qaidam, Lop Nur,
and other salt lakes in Northwest China. Researchers have predicted that the service life of
these resources is about 20 years [16]. China’s existing lithium supply is highly dependent
on external resources; 70% of the lithium supply was imported in 2017. The lithium ore
in China is dominated by the hard rock-type. Lithium brine-type deposits are mainly
distributed in the western plateau area andare greatly restricted by mining conditions
and technology due to their high Mg/Li ratios. The world’s large and super-large lithium
deposits are mainly brine-type, accounting for 75% of the global lithium production, which
is mainly from salt lake lithium-rich brine in South America, the western plateau of North
America, and lithium-rich underground hot water in New Zealand [17]. These lithium-rich
brines or underground hot water reservoirsall have very low Mg/Li ratios and are easy to
extract. The common characteristics of these regions are that they are all located in active
tectonic regions with dry climates, making them conducive to material concentration and
mineralization. When the Pacific Plate subducted under the Eurasian plate, and the Indian
Plate converged and collided with the Eurasian Plate, the two processes were alternately
active, resulting in a strong stress release zone in the eastern part of China that has been
present since the Jurassic; this has formed a giant rift system in eastern China. The Jianghan
Basin is located in this rift system, which has structural conditions that are conducive for
the formation of large-scale lithium brine deposits, similar to those found abroad.

The research developments regardingthe source and genesis of potassium and lithium
in the brine have been introduced in depth. Lowenstein et al. (1989) [18] proposed that
some abnormal potassium salts may be formed in nonmarine brine rather than seawater,
indicating that their provenance isricher in potassium ions than seawater, and there are
abnormal replenishing sources. Holmearda and Hutchinsan (1968) [19] proposed that
potassium was formed by rift thermal halogen, as in the case of the Ethiopian salt lake (be-
longing to the Red Sea rift system) distributed near Black Mountain and Round Mountain in
the middle part of the Danakil Depression, which was formed by some brine pools formed
by a thermal halogen spring rising from underground, accompanied by the precipitation of
many potassium salts and other salts. The hot brine spring in Black Mountain is composed
of high-temperature (up to 130 ◦C) saturated brine with a potassium chloride content of
about 2%. In Katwe crater lake, an East African Rift salt lakeon the Uganda border, the area
of volcanic rock is mainly basic rock with a high K/Na ratio; more than 50 springs supply
the lake; and potassium content of the lake is 2.2–45 g/L, bromine content is 0.5–2.55 g/L,
and fluorine content is 0.1–0.5 g/L [20].

Lithium deposits in salt lake brine areassociated with potassium salt and also go
through the evaporation enrichment process. Yu et al. (2021) [21] proposed a preliminary
model and pointed out that the lithium mineralization of brine is mainly by evaporation
and the reaction between hot fluid and aquifer. Godfrey et al. (2013) [2] proposed that
climate plays an important influence on lithium enrichment in salt lake brine; that is, the
high-altitude drought in the middle Andes leads to rapid enrichment of lithium in brine.
Munk et al. (2018) [11] summarized the metallogenic characteristics of 18 lithium brine
deposits in the world. Munk and Chamberlain (2011) [22] proposed that the genesis model
of lithium-rich brines in Clayton Valley, Nevada, is as follows: (1) lithium comingfrom the
leaching of lithium-rich rhyolite; (2) condensing and evaporating in dry salt lakes; and
(3) the underground mixing of brine and the evolution of water–rock reaction. Hofstra et al.
(2013) [23] summarized and proposed the formation mode of lithium-rich brine deposit and
lithium clay ore in Clayton Valley Salt Lake in the United States, namely partial remelting
of A-type or S-type granite (up-invasion, eruption) and lithium filtering into the salt lake
fromthe forest, finally forming lithium-rich brine deposits by processes such as evaporation
and concentration. The formation of lithium-rich brines in Puna Salt Lakes in Argentina
is related to the contribution of hot water and weathering of lithium-bearing rocks [24].
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Price et al. (2000) [25] believed that lithium-rich brine in Clayton Valley Salt Lake, Nevada,
western United States, may come from the weathering products of lithium-rich volcanic
ash or rhyolite; Araoka et al. (2013) [26] believed that lithium-rich intercrystalline brine of
the dry salt lake in Nevada, United States, mainly came from high-temperature water–rock
(volcanic rock) reaction and local hot spring activities, rather than from low-temperature
weathering products of surface materials.

One common feature of lithium–potassium-rich brines mentioned is the development
of volcanic activity in the basin. Active and dormant volcanoes plus the massive magmatic
body are important as heat sources, which enhance water–rock reactions [14,17,25].

The concentrations of KCl and LiCl in the brine in the Jiangling depression reach
1.64% and 300–800 mg/L, respectively, both of which have met the formal and official
requirements of industrial development in China. The brine is a liquid-type potassium- and
lithium-rich deposit and hasa high comprehensive utilization value [5,27,28]. Therefore,
it is of great significance to study the source and enrichment process of mineralization
in the brine to establish a metallogenic model of potassium- and lithium-rich brine and
guide the further prospecting of potassium- and lithium-rich brine in this area. Magmatic
activity in Middle Cenozoic was frequent in and around the basin. Basalt and granite are
rich in potassium, lithium, rubidium, tungsten, tin, and other elements [29–31], which may
have been the main source of minerals for the deep-buried brine in the basin. Whether the
ore-forming materials of potassium–lithium-rich brine were directly enriched by water–
rock reactions or formed by surface weathering, evaporation, and concentration and
finally sealed storage is the subject of this research. To solve the scientific problem of
the material source and enrichment process of potassium and lithium in the brine in the
Jiangling depression, potassium–lithium-rich brine and Cenozoic igneous rocks around
the Jiangling depression were selected for analysis of the chemical constituents of brine
and rocks. The water–rock reaction process of basalt and granite was carried out by
using a reaction kettle to explore its significance to the material source and genesis of the
potassium–lithium-rich brine.

2. Geological Background

The Jianghan Basin, which covers an area of almost 36,360 km2, is located in Hubei
Province in South China (Figure 1A). It is one of a series of northeast–southwest-oriented
Mesozoic–Cenozoic continental rift basins in East Asia [32–34]. It formed in a back-arc
extensional tectonic setting due to widespread regional extensional subsidence caused
by the eastward rollback of the subducting Pacific Plate that has occurred since the
Mesozoic [35–37]. The Jianghan Basin is bounded by NNE-trending normal faults and
is underlain by the crystalline basement of the Yangtze Craton [38,39]. It is located between
two Mesozoic orogenic belts: the Qinling–Dabie orogenic belt to the north and the Xuefeng
orogenic belt to the south. It is also bordered to the west by the Huangling Dome along the
Three Gorges of the Yangtze River [39] and to the southwest by the Yidu–Hefeng Anticline
(Figure 1B).
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Figure 1. (A) Distribution of major Mesozoic–Cenozoic basins in China and location of Jianghan basin. BB, Baise Basin;
BGB, Baidu Gulf Basin; BHG, Bohai Gulf Basin; CQB, Cuoqing Basin; CXB, Chuxiong Basin; DHB, Dunhuang Basin; ELB,
Erlian Basin; HLB, Hailaer Basin; JGB, Junggar Basin; JHB, Jianghan Basin; LSB, Lanping–Simao Basin; MHB, Mehe Basin;
ODB, Ordos Basin; QB, Qaidam Basin; QTB, Qiangtang Basin; SCB, Sichuan Basin; SJB, Sanjiang Basin; SLB, Songliao Basin;
SNCB, Southern North China Basin; SSB, Sanshui Basin; SYSB, South Yellow Sea Basin; TB, Tarim Basin; THB, Turpan–Hami
Basin; YEB, Yingen–Ejinaqi Basin. (B) DEM map showing the location of the Jiangling depression (diagonal white solid
lines) in the Jianghan Basin (white dashed lines). The red lines show the major faults surrounding the basin. Geological data
from [40].

The Jianghan Basin is surrounded by high mountains that are 1000~3000 m above
sea level. Its periphery is surrounded by low hills with a height of more than 120 m,
and the central area is a large plains area [41]. The interior of the basin is covered by
Quaternary sediments, and the lower strata are exposed only at the edge of the basin
(Figure 2A). The Yangtze River flows from the northwest to the southeast and then to the
northeast (Figure 2B). There is hot-spring activity in the Songzi area of the basin. The
Jianghan Basin is composed of Neoproterozoic to Middle Triassic marine carbonate rocks
and continental shelf clastic rocks, Late Triassic to Early Cretaceous continental clastic
rocks, and a large number of Late Cretaceous to Paleocene evaporite rocks and a clastic
rock series interbedded with basalt (Figure 2C).
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Figure 2. (A) Geographic location of the Jianghan Basin (modified from [41]); (B) locations of sampling boreholes;
(C) basin-filling evolution and stratigraphic column of the Jianghan Basin (modified from [42,43]).

The Jiangling depression is a Late Cretaceous to Paleogene rift basin in the south-
western Jianghan Basin that covers an area of nearly 6500 km2. Volcanic rocks cover
more than half of the depression, and the Qingshuikou fault, Jishansi fault, Wen’ansi
fault, and Gong’an–Songzi fault are located at the edge of the depression, which jointly
controls the formation and evolution of the depression. The Wancheng fault in the middle
of the depression divides the depression into two parts. A large number of basalts are
distributed in the northeastern Jiangling depression (Figure 3A). The area in which the
basalt is distributed in the Jiangling depression reaches 3570 km2, and the basalt has a large
accumulative thickness, with a maximum thickness of 588.6 m. The horizontal distribution
and scale of the volcanic rock are controlled by the period and intensity of fault activity.
At the same time, the distribution of basalt is controlled by the nearly east–west-oriented
fault [9]. A large number of granites are distributed in the southeastern Jiangling depres-
sion. In the southeastern Jiangling depression, the granite distribution area can reach
1600 km2 on Taohuashan in the Huarong area (Figure 3B). The typical granites are mainly
gneiss-like biotite monzonite, medium- to fine-grained biotite monzonite, medium-grained
porphyritic biotite monzonite, and granitic pegmatite, which formed at 129 Ma in the Early
Cretaceous [44]. These granites may have been the source of lithium in the brine [30].

The brine-type lithium and potassium deposits spatially intersect with basalts and
granites. Therefore, it is speculated that the mineralization of the brine deposits may be
affected by a deep source of materials [45,46].



Minerals 2021, 11, 1330 6 of 23
Minerals 2021, 11, 1330 6 of 24 
 

 

 

Figure 3. Geological sketch map of the Balingshan basalt (A) and the Taohuashan granitoids (B) and sample location 

(modified from [9]). 

The brine-type lithium and potassium deposits spatially intersect with basalts and 

granites. Therefore, it is speculated that the mineralization of the brine deposits may be 

affected by a deep source of materials [45,46]. 

Figure 3. Geological sketch map of the Balingshan basalt (A) and the Taohuashan granitoids (B) and sample location
(modified from [9]).



Minerals 2021, 11, 1330 7 of 23

3. Samples and Methods

Six brine samples were collected from two boreholes (wells GJ1 and SJ4) for this
study. Samples N1-1, N1-2, and N1-3 were collected from well GJ1. Samples S1-1, S1-2,
and S1-3 were collected from well SJ4. The brine from well GJ1 was collected from the
Paleocene fractured mudstone reservoir at a depth of 3571 m. The brine from well SJ4 was
collected from the basalt pore-type reservoir at a depth of 3880 m (Figure 2B). Four basalt
samples were collected from a field outcrop in the Balingshan area in the northern Jiangling
depression (Figure 3A). Four granite samples were collected from a field outcrop in the
Taohuashan area in the southeast of the depression (Figure 3B).

The composition analysis of the potassium–lithium-rich brine and major elements
was completed by the National Geological Testing Center, in which Cl and SO4 were tested
by the titration method of AgNO3 and BaCl2, and the analysis error was less than 3%.
The other main elements were tested by inductively coupled plasma optical emission
spectroscopy (ICP-OES), and the analysis error was less than 5%. Trace elements were
determined by plasma mass spectrometry (X-series).

Through the microscopic identification of thin sections, petrography of the igneous
rock was studied to determine the mineral assemblage, composition, structure, alteration
characteristics of the surrounding rock, rock type, and inclusions in the rock.

Some fresh granite and basalt samples were selected and crushed to 200 mesh and
sent to the National Geological Experiment and Test Center of the Ministry of Natural
and Resources for major and trace element analyses. The major elements were detected
by fused X-ray fluorescence spectrometry (XRF-PW4400) based on GB/T14506.28-2010,
and the analysis error was less than 2–5%. Trace elements were detected by plasma mass
spectrometer (ICPMS-PE300D) based on GB/T14506.30-2010, and the analysis error was
less than 5–10%.

The appropriate granite and basalt samples were selected, the weathered and attached
objects on the surface of the samples were removed, and the samples were coarsely crushed.
After cleaning and drying, the samples were finely crushed to a size of 60~80 mesh with a
crushing machine, from which 20 g samples were sifted. Attention was given to ensure
that the samples were clean and not contaminated. Water–rock reaction experiments
were carried out in the laboratory with a reactor device at different temperatures, reaction
times, fluid compositions, and fluid types, and the reaction products were measured by
inductively coupled plasma atomic emission spectrometry (ICP-AES). The experiment of
the water-rock reaction due to static immersion of igneous rock was carried out under
normal temperature and pressure conditions. The reaction fluid conditions were distilled
water, 1 mol/L NaCl, 2 mol/L NaCl, pH = 5, and pH = 8, and the sampling times were on
the 1st, 5th, 11th, 19th, 29th, 41st, and 55th days. To explore the influence of reaction time
on the dissolved elements, one granite sample and one basalt sample were selected for this
experiment. The reaction solution was a 1 mol/L NaCl solution, the total reaction time
was 6 h, the reaction temperature was 150 ◦C, the average sampling time was once per
hour, and the two samples were sampled 12 times in total. To explore the effect of reaction
temperature and fluid composition on the element dissolution amount, one basalt sample
and one granite sample were selected; the reaction time was 4 h; the reaction temperatures
were 200, 250, 300, 350, and 400 ◦C; the reaction fluid was distilled water and 1 mol/L NaCl
solution; and each sample was sampled 10 times fora total of 20 times.

4. Results
4.1. Brine Composition

According to the observations from two boreholes (GJ1 and SJ4), the brine deposits
are distributed from 1500 m to 5000 m underground in the basin. Brine occurs in tectonic
fracture zones, sandstone pores, and basalt fractures of the Paleocene Shashi and Xin’gouzui
formations [9]. Brine is pressure-bearing. The results of large-scale pumping experiments
show that the water flow in multiple wells is stable, and the water inflow in each well is
more than 1000 m3/d. The lithium and potassium content in the deep-buried brine reaches
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industrial grade, and it also contains other beneficial components such as B and Br (Table 1).
The contents of sodium, chloride, potassium, calcium, sulfate, lithium, boron, and strontium
are 102.97–113.93 g/L, 182.68–202.02 g/L, 6.32–10.35 g/L, 4.16–13.56 g/L, 0.24–0.54 g/L,
44.15–107.41 mg/L, 588.23–971.99 mg/L, and 402.02–1031.70 mg/L, respectively (Table 1).

Table 1. Chemical composition of lithium–potassium-rich brines in Jiangling depression. Samples N1 and S1 are from ells
GJ1 and SJ4, respectively.

Sample TDS
(g/L) pH K

(g/L)
Na

(g/L)
Ca

(g/L)
Mg

(g/L)
Cl

(g/L)
SO4
(g/L)

B
(mg/L)

Li
(mg/L)

Sr
(mg/L)

Br
(mg/L)

I
(mg/L)

N1-1 331 5.90 10.18 111.87 4.16 0.22 183.48 0.41 950.66 104.71 409.73 461.92 31.91
N1-2 335 5.93 10.26 113.93 4.23 0.21 184.59 0.32 971.99 105.58 406.38 440.30 31.75
N1-3 332 5.99 10.35 112.82 4.35 0.22 182.68 0.54 960.62 107.41 402.02 433.02 31.95
S1-1 359 6.52 6.99 106.10 13.56 0.04 202.02 0.26 588.23 48.61 1031.70 227.60 39.05
S1-2 352 6.58 6.41 105.20 12.46 0.05 197.70 0.24 651.40 44.25 955.85 206.65 36.15
S1-3 351 6.50 6.32 102.97 12.37 0.06 194.42 0.28 642.18 44.15 954.50 203.30 35.65

The SiO2 content in the basalt ranges from 48.03% to 52.55%, with an average value of
50.92%. The Na2O content varies from 3.85% to 5.56%, with an average of 4.79%. The K2O
content varies from 0.36% to 2.05%, with an average of 1.00%; the Al2O3 content varies
from 12.30% to 14.00%, with an average of 13.45%; and the CaO content varies from 4.23%
to 7.35%, with an average of 5.76%.

4.2. Petrology and Mineralogy
4.2.1. Basalt

Basalt is the most widely distributed volcanic rock in the Jiangling depression. Longi-
tudinally, it is characterized by the alternating occurrence of red stomatal nodular basalt
and dark grey dense massive basalt (Figures 4A and 5B). The pores of the red stomatal
nodular basalt are filled with minerals such as zeolite, chlorite, calcite, and opal (Figure 4A).
The dark grey-green dense massive basalt has columnar joints (Figure 4C), in which the
calcite and quartz veins are extremely well developed, ranging from 1 to 5 cm in width,
most often up to several meters (Figure 4D). Microscopic observation shows that the basalt
has an obvious intergranular structure, and olivine alteration is strong, resulting in chlori-
tization and iddingsitization (Figure 4E). Plagioclase and pyroxene are the main weakly
altered rock-forming minerals (Figure 4F), and the accessory minerals are mainly magnetite,
ilmenite, apatite, etc.

According to the major element analysis of basalt samples in the Jiangling depression
(Table 2), the SiO2 content in the basalt ranges from 52.86% to 53.10%, with an average
value of 52.99%. The Na2O content varies from 3.24% to 3.87%, with an average of 3.48%.
The K2O content varies from 1.03% to 1.20%, with an average of 1.09%. The Al2O3 content
ranges from 13.03% to 14.00%, with an average of 13.54%. The CaO content ranges from
6.23% to 8.55%, with an average of 7.34%.

Table 2. Main elements of basalt in Jiangling depression (%). The last four samples are from [47].

Samples SiO2 TiO2 Al2O3 TFe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Li
(µg/g)

Zr
(µg/g) Total

JLB1 53.04 2.00 14.00 9.24 0.18 8.32 6.37 3.25 1.03 0.20 1.89 15.0 147 99.82
JLB2 53.10 1.95 13.03 9.64 0.10 8.29 6.23 3.24 1.20 0.22 1.85 29.6 152 99.95
JLB3 52.94 2.03 13.25 8.98 0.10 7.49 8.55 3.56 1.05 0.22 1.63 17.9 159 99.81
JLB4 52.86 2.26 13.86 8.82 0.17 6.82 8.21 3.87 1.09 0.29 1.63 19.0 149 100.09

18DT10 49.77 2.28 14.77 12.65 0.15 7.29 8.84 3.08 0.82 0.37 0 7.26 158 100.02
18DT12 51.68 1.99 14.01 12.33 0.16 7.34 8.05 3.21 0.63 0.26 0 5.43 136 99.66
18DT13 53.45 1.82 14.14 11.95 0.16 6.71 7.83 3.28 0.75 0.21 0 5.34 124 100.28
18DT14 52.28 1.89 14.03 12.23 0.16 7.18 8.03 3.09 0.49 0.21 0 4.87 128 99.58
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Figure 4. Field outcrops and microscopic photographs of basalt in Jiangling depression. (A) Red stomata almond-
shaped basalt; (B) dense massive basalt; (C) columnar jointed basalt; (D) calcite and quartz veins developed in basalt;
(E) intergranular basalt. Olivine undergoes intense alteration, chloritization, and iddingsitization; perpendicular polarized
light. Plagioclase is colorless and transparent and has two groups of complete cleavage; long strip, polarization microscope
common twin, interference color level gray, negative low protrusion. (F) Basalt is mainly composed of plagioclase (Pl)
and pyroxene (Px), with weak alteration pairs; perpendicular polarized light. Pyroxene is the most common mineral in
ultrabasic rocks and mafic rocks. It is greenish black and has two groups of nearly vertical cleavage, often forming irregular
stepped fractures.

4.2.2. Granite

The analysis results of the major element composition of granite around the Jiangling
depression (Table 3) reveal that the SiO2 content in granite is high, ranging from 70.33% to
73.05%, with an average of 71.37%; the content of K2O varies from 4.64% to 5.35%, with
an average of 5.04%; the content of Na2O varies from 2.88% to 3.62%, with an average of
3.20%; the content of Al2O3 varies from 14.10% to 15.14%, with an average of 14.68%; and
the content of CaO ranges from 1.26% to 2.04%, with an average of 1.76%.
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Table 3. Main elements of Cretaceous granite in Jiangling depression (%). The last five samples are from [48].

Samples SiO2 TiO2 Al2O3 TFe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Li
(µg/g) Total

THS-1 73.05 0.15 14.10 1.50 0.04 0.30 1.26 3.62 5.35 0.08 0.48 90.6 100.12
THS-2 70.33 0.35 15.14 2.23 0.04 0.63 2.04 2.88 4.64 0.13 1.06 82.0 99.85
THS-3 71.30 0.17 14.39 1.89 0.04 0.48 1.88 3.17 5.19 0.11 0.89 102.0 99.78
THS-4 70.78 0.36 15.10 1.96 0.05 0.51 1.84 3.12 4.96 0.09 0.77 82.0 99.82

KKTH117 73.45 0.18 14.22 1.74 0.06 0.37 2.05 3.29 3.26 0.04 0.63 72 99.93
KKTH118 72.96 0.23 14.24 2.16 0.05 0.52 2.33 3.11 3.13 0.05 0.64 82 100.14
KKTH119 70.69 0.18 15.74 1.68 0.04 0.35 2.13 3.06 4.94 0.05 0.53 80.8 99.87
KKTH120 72.30 0.19 14.96 1.86 0.05 0.42 2.21 3.06 3.91 0.07 0.80 67.6 100.46
KKTH121 73.81 0.21 14.00 2.15 0.05 0.49 2.43 3.36 2.62 0.06 0.60 83.1 100.24

4.3. Experiment Results of the Water–Rock Reaction Due to Basalt Static Immersion

The experimental results of the water–rock reaction due to static immersion are shown
in Table 4.

Table 4. Results of basalt static immersion experiment.

Samples Lithology Fluid
Time

(Days)
Ion Concentration (mg·L−1)

K Ca Mg Sr B Br I

JLB1 Basalt Distilled water 1 1.1 5. 63 0.55 0.04 - - -
JLB1 Basalt Distilled water 5 1.12 8.62 0.79 0.05 - - -
JLB1 Basalt Distilled water 11 1.56 11.58 1.29 0.06 - - -
JLB1 Basalt Distilled water 19 2.28 14.80 1.59 0.07 - - -
JLB1 Basalt Distilled water 29 2.88 17.82 1.98 0.08 - - -
JLB1 Basalt Distilled water 41 3.82 19.99 2.21 0.09 - - -
JLB1 Basalt Distilled water 55 5.12 21.92 2.65 0.11 - - -
JLB1 Basalt 1 mol/L NaCl 1 3.06 226.91 12.40 1.25 0.07 3.23 0.16
JLB1 Basalt 1 mol/L NaCl 5 3.15 245.69 13.95 1.33 0.07 3.48 0.15
JLB1 Basalt 1 mol/L NaCl 11 3.28 259.68 14.41 1.39 0.07 3.46 0.16
JLB1 Basalt 1 mol/L NaCl 19 3.36 275.64 14.82 1.34 0.07 3.39 0.14
JLB1 Basalt 1 mol/L NaCl 29 4.40 279.88 14.65 1.41 0.08 3.16 0.16
JLB1 Basalt 1 mol/L NaCl 41 7.97 288.28 18.66 1.52 0.08 3.98 -
JLB1 Basalt 1 mol/L NaCl 55 10.90 299.40 18.97 1.59 0.08 4.87 -
JLB1 Basalt 2 mol/L NaCl 1 6.77 272.96 18.87 1.55 0.25 8.45 0.45
JLB1 Basalt 2 mol/L NaCl 5 6.98 301.85 20.35 1.68 0.28 7.99 0.41
JLB1 Basalt 2 mol/L NaCl 11 7.42 321.52 20.81 1.72 0.26 8.68 0.43
JLB1 Basalt 2 mol/L NaCl 19 8.51 322.65 20.95 1.74 0.25 7.55 0.19
JLB1 Basalt 2 mol/L NaCl 29 8. 98 324.84 20.54 1.73 0.32 8.52 0.35
JLB1 Basalt 2 mol/L NaCl 41 11.93 328.15 21.58 1.78 0.28 10.28 -
JLB1 Basalt 2 mol/L NaCl 55 14.86 343.45 22.79 1.90 0.28 10.13 -
JLB1 Basalt Ph = 5 1 0.31 22.51 4.03 0.12
JLB1 Basalt Ph = 5 5 0.42 36.98 7.10 0.19
JLB1 Basalt Ph = 5 11 0.43 39.05 7.96 0.19
JLB1 Basalt Ph = 5 19 0.42 38.54 8.45 0.20
JLB1 Basalt Ph = 5 29 0.44 40.72 8.91 0.21
JLB1 Basalt Ph = 5 41 0 38.64 9.35 0.20
JLB1 Basalt Ph = 5 55 10.44 40.69 10.08 0.20
JLB1 Basalt Ph = 8 1 0 0.24 0.31 0
JLB1 Basalt Ph = 8 5 16.96 0.79 0.44 0
JLB1 Basalt Ph = 8 11 10.55 1.28 0.56 0
JLB1 Basalt Ph = 8 19 12.42 1.73 0.69 0.01
JLB1 Basalt Ph = 8 29 26.81 1.99 0.88 0.01
JLB1 Basalt Ph = 8 41 0 2.38 0.96 0.01
JLB1 Basalt Ph = 8 55 3.57 2.93 1.18 0.01
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Table 4. Cont.

Samples Lithology Fluid
Time

(Days)
Ion Concentration (mg·L−1)

K Ca Mg Sr B Br I

THS-1 Granite Distilled water 1 0.42 0.56 0.04 0.01 - - -
THS-1 Granite Distilled water 5 0.52 0.93 0.06 0.01 - - -
THS-1 Granite Distilled water 11 0.64 1.65 0.11 0.02 - - -
THS-1 Granite Distilled water 19 0.83 1.98 0.13 0.02 - - -
THS-1 Granite Distilled water 29 0.74 2.77 0.15 0.03 - - -
THS-1 Granite Distilled water 41 0.91 3.29 0.23 0.03 - - -
THS-1 Granite Distilled water 55 1.49 4.11 0.26 0.04 - - -
THS-1 Granite 1 mol/L NaCl 1 0.88 18.33 0.69 0.07 0.03 2.22 0.10
THS-1 Granite 1 mol/L NaCl 5 0.9 21.48 0.78 0.08 0.03 2.19 0.11
THS-1 Granite 1 mol/L NaCl 11 0.95 22.69 0.78 0.08 0.04 2.25 0.10
THS-1 Granite 1 mol/L NaCl 19 1.02 23.94 0.81 0.08 0.03 2.15 0.11
THS-1 Granite 1 mol/L NaCl 29 1.03 24.49 0.84 0.08 0.04 3.14 0.11
THS-1 Granite 1 mol/L NaCl 41 1.08 27.06 1.11 0.09 0.04 3.13 -
THS-1 Granite 1 mol/L NaCl 55 1.18 27.87 1.15 0.10 0.04 3.16 -
THS-1 Granite 2 mol/L NaCl 1 2.18 22.66 1.01 0.09 0.12 5.32 0.20
THS-1 Granite 2 mol/L NaCl 5 2.26 26.68 1.06 0.09 0.15 5.65 0.27
THS-1 Granite 2 mol/L NaCl 11 2.4 27.67 1.08 0.09 0.16 5.22 0.31
THS-1 Granite 2 mol/L NaCl 19 2.66 28.99 1.13 0.10 0.18 4.96 0.32
THS-1 Granite 2 mol/L NaCl 29 2.88 30.14 1.14 0.10 0.11 5.86 0.28
THS-1 Granite 2 mol/L NaCl 41 3.15 30.85 1.22 0.11 0.13 7.23 -
THS-1 Granite 2 mol/L NaCl 55 5.29 30.67 1.22 0.11 0.13 7.44 -
THS-1 Granite Ph = 5 1 0.07 4.55 0.24 0.12
THS-1 Granite Ph = 5 5 0.09 5.89 0.36 0.15
THS-1 Granite Ph = 5 11 0.09 6.63 0.51 0.18
THS-1 Granite Ph = 5 19 0.09 6.85 0.63 0.21
THS-1 Granite Ph = 5 29 0.07 7.46 0.75 0.22
THS-1 Granite Ph = 5 41 3.19 7.64 1.23 0.27
THS-1 Granite Ph = 5 55 - 8.06 1.26 0.34
THS-1 Granite Ph = 8 1 2.34 0.63 0.02 0
THS-1 Granite Ph = 8 5 3.14 1.47 0.11 0
THS-1 Granite Ph = 8 11 3.20 1.60 0.15 0.01
THS-1 Granite Ph = 8 19 2.12 2.81 0.21 0.01
THS-1 Granite Ph = 8 29 4.23 3.13 0.30 0.01
THS-1 Granite Ph = 8 41 6.83 4.20 0.37 0.01
THS-1 Granite Ph = 8 55 - 5.42 0.43 0.02

Note: - means below the detection limit.

4.4. Results of High-Temperature Water–Rock Reactions
4.4.1. Experiment of Water–Rock Reactions over Time

The experimental results of water–rock reactions over time are shown in Table 5.

Table 5. The water–rock reaction experiment results with variable time.

Samples Lithology Fluid
(NaCl)

T
(◦C)

Time
(h)

Ion Concentration (mg/L)
K Li Mg Sr Ca S Br

JLB1 Basalt 1 mol/L 150 1 28.59 0.03 102.3 0.52 7.99 1.61 0.31
JLB1 Basalt 1 mol/L 150 2 25.98 0.01 117.57 1.67 7.74 1.51 0.21
JLB1 Basalt 1 mol/L 150 3 33.50 0.05 73.11 0.51 9.97 1.92 0.22
JLB1 Basalt 1 mol/L 150 4 19.66 0.03 125.52 0.68 6.42 1.23 0.55
JLB1 Basalt 1 mol/L 150 5 27.04 0.02 89.52 0.40 9.32 1.91 0.61
JLB1 Basalt 1 mol/L 150 6 22.13 0.01 124.28 0.57 6.85 1.87 0.60

THS-1 Granite 1 mol/L 150 1 9.76 0.04 39.37 0.07 0.28 0.67 0.49
THS-1 Granite 1 mol/L 150 2 8.05 0.05 28.47 0.06 0.62 0.58 0.47
THS-1 Granite 1 mol/L 150 3 11.32 0.06 35.51 0.05 0.84 0.69 0.41
THS-1 Granite 1 mol/L 150 4 14.21 0.09 38.04 0.03 0.39 0.66 0.43
THS-1 Granite 1 mol/L 150 5 16.68 0.05 44.27 0.04 0.46 0.96 0.63
THS-1 Granite 1 mol/L 150 6 3.87 0.02 21.66 0.03 0.25 0.86 0.49
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4.4.2. Experiment of Water–Rock Reactions with Variable Temperatures

The experimental results of water–rock reactions with variable temperature are shown
in Table 6.

Table 6. The water–rock reaction experiment results with variable temperature.

Samples Lithology Fluid/Solution
T

(◦C)
Ion Concentration (mg/L)

K Ca Mg Sr Li Br

JLB1 Basalt Distilled water 200 2.423 17.047 1.300 - 0.005 0.184
JLB1 Basalt Distilled water 250 6.424 13.181 0.541 - 0.014 0.197
JLB1 Basalt Distilled water 300 4.172 1.136 0.172 - 0.013 -
JLB1 Basalt Distilled water 350 3.455 0.625 0.054 - 0.005 -
JLB1 Basalt Distilled water 400 2.344 0.385 0.020 - 0.002 -
JLB1 Basalt 1 mol/L NaCl 200 30.517 764.660 12.202 4.472 0.042 0.676
JLB1 Basalt 1 mol/L NaCl 250 54.629 687.422 0.857 4.229 0.131 0.640
JLB1 Basalt 1 mol/L NaCl 300 40.015 459.802 0.319 2.509 0.152 -
JLB1 Basalt 1 mol/L NaCl 350 31.343 198.168 0.122 0.785 0.091 -
JLB1 Basalt 1 mol/L NaCl 400 24.114 156.936 0.050 0.042 0.035 -

THS-1 Granite Distilled water 200 0.579 - - - 0.044 0.115
THS-1 Granite Distilled water 250 1.572 0.047 - - 0.087 0.142
THS-1 Granite Distilled water 300 0.559 0.025 - - 0.043 0.179
THS-1 Granite Distilled water 350 0.656 - - - 0.055 -
THS-1 Granite Distilled water 400 2.631 1.949 0.023 - 0.077 -
THS-1 Granite 1 mol/L NaCl 200 10.643 6.127 - 4.216 0.764 0.761
THS-1 Granite 1 mol/L NaCl 250 19.490 5.408 - 4.306 0.626 0.613
THS-1 Granite 1 mol/L NaCl 300 12.472 3.065 - 2.561 0.781 0.580
THS-1 Granite 1 mol/L NaCl 350 11.186 1.441 - 1.322 3.525 -
THS-1 Granite 1mol/L NaCl 400 8.705 0.723 0.151 0.361 3.373 -

Note: - means below the detection limit.

5. Discussion
5.1. Geochemical Characteristics

The total Na+K content, namely the Na2O+K2O content, is medium and high (7.52~9.08).
In the SiO2–(Na2O+K2O) diagram (Figure 5A), granite samples are plotted in the granite
field, indicating that the magma around the Jianghan Basin has been differentiated to
different degrees. In the SiO2–K2O diagram (Figure 5B), all the granite samples except the
altered samples are plotted in the shoshonite series area, and all the other granite samples
are plotted in the high-K calc-alkaline area. In A-CN-K compositional space, the aluminum
saturation index ranges from 1.35 to 1.53, with an average of 1.45. All of the granites are
strongly peraluminous. The AKI value of the over-alkaline index ranges from 0.70 to 0.83,
with an average of 0.73, indicating that it is over-alkaline. According to previous studies,
acidic and alkaline rocks are favorable for the accumulation of lithium [49]. Therefore, the
granite on the periphery of the Jiangling Basin is favorable for the enrichment of lithium.
Rb, Ba, and Zr are relatively enriched in the granites, showing the common characteristics
of high-evolution granites in South China and indicating that the granites have undergone
strong differentiation evolution.
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According to the petrogeochemical characteristics of volcanic rocks, elemental analysis
of basalt samples in the Jianghan Basin (Table 2) and CIPW standard mineral calculations
can be used to determine the specific types of basalt. As shown in Figure 6A, the samples
are plotted in the basaltic andesite region of the sub-alkaline series. According to the
calculation results of CIPW standard minerals by Yu et al. (1996) [51], the basalt can
be further divided into three categories: quartz tholeiite, olivine tholeiite, and alkaline
olivine basalt. They all belong to the sodic series and formed in a continental environment
(Figure 6B–D). The basalts in the Jiangling depression are tholeiite- and potassium-rich
basalts, which may provide abundant material sources for potassium-rich brine.
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5.2. Determination of the Starting and Stopping Temperatures of the Water–Rock Reaction

The homogenization temperature range of gas–liquid two-phase inclusions in granite
varies greatly, with a concentration range of 170–230 ◦C and an average homogenization
temperature of 210.1 ◦C, indicating that the fluid temperature of the water–rock reaction
is high, and the lowest temperature of mineralization is 210.1 ◦C [53]. Therefore, the
initial temperature of the water–rock reaction in igneous rock was set at 150–200 ◦C, and
the experimental temperature range was set at 150–400 ◦C to explore the effect of the
water–rock reaction on brine mineralization.

5.3. Discussion on the Genesis of Lithium–Potassium-Rich Brine
5.3.1. Analysis of Static Immersion Experimental Results

The contents of K in the five fluids were different, but the trend was similar. Most of the
K content in the solution was the highest after soaking for 55 h after the seventh sampling.
Moreover, weakly alkaline (pH = 8) solutions and 1 mol/L and 2 mol/L NaCl solutions
were more conducive to K leaching (Figure 7). At room temperature, the content of K in
the 2 mol/L NaCl was higher than that in the 1 mol/L NaCl solution, and the dissolution
amount of K in the 1 mol/L of NaCl solution was 10.90 mg/L. However, its concentration
increased with increasing salinity and soaking time. In the 2 mol/L NaCl solution, the
maximum value was 14.86 mg/L. Basalt immersion was more conducive to potassium
dissolution than granite, and the dissolution amount was one order of magnitude higher
(Table 4).
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Ca, Mg, and Sr showed a consistent trend, with the highest element content in the
1 mol/L and 2 mol/L NaCl solutions, followed by the solution with pH = 5; the lowest
element content was in the distilled water and the solution with pH = 8 (Figures 8–10), in
which the content of Ca was the highest, followed by Mg, and the lowest was Sr. With
increasing soaking time, the dissolution amount of the three kinds of ions increased slowly.
At room temperature, the Ca, Mg, and Sr contents in 2 mol/L NaCl were generally higher
than those in 1 mol/L NaCl solution. In the 1 mol/L NaCl solution, the maximum Ca
dissolution amount was 290.40 mg/L, and the concentration of Ca increased with increasing
salinity and immersion time. The maximum value of Ca in the 2 mol/L NaCl solution was
343.45 mg/L. In the 1 mol/L NaCl solution, the maximum Mg dissolution was 18.97 mg/L,
while in the 2 mol/L NaCl solution, the maximum Mg dissolution was 22.79 Mg/L. In
1 mol/L NaCl solution, the maximum Sr release was 1.59 mg/L, while in the 2 mol/L NaCl
solution, the maximum Sr release was 1.90 mg/L (Table 4).

No concentration of lithium was detected in the five fluids.
Br, I, and B were not detected in distilled water, pH = 5, and pH = 8 solutions but

were detected in the 1 mol/L and 2 mol/L NaCl solutions. The changes in Br, I, and B in
1 mol/L and 2 mol/L NaCl solutions are discussed as follows:
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The Br content fluctuated within a certain range with little change (Figure 11). In
addition, the Br content in the 2 mol/L NaCl solution was 1–2 times higher than that in the
1 mol/L NaCl solution (Table 4).
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The I and B contents in the solution were low with little fluctuation, but the saline
fluid more easily activated the ions (Figures 12 and 13). Moreover, the activation effect
of the 2 mol/L NaCl solution was better than that of the 1 mol/L NaCl solution; it was
generally 1~2 times higher (Table 4).
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The above analysis shows that saline fluid was more conducive to the activation of
various ions, especially in the 2 mol/L NaCl solution, while the solution with weak acid
was conducive to the dissolution of K. Li was not dissolved in the whole experiment,
indicating that the solution concentration was not the factor affecting the dissolution of
lithium, and the main controlling factor was temperature. Under the same conditions, the
solubility of K in the NaCl solution was approximately 1~2 orders of magnitude higher than
that in the distilled water. Potassium in basalt is more easily dissolved than that in granite,
which further reveals that the water–rock reaction between basalt and basin brine with
weak alkalinity can provide the source of ore-forming materials for potassium-rich brines.

5.3.2. Influence of Time on the Igneous Rock Water–Rock Reaction

The trends of dissolution of Ca, K, Sr, and Li elements in basalt and granite are the
same, with a small fluctuation and obvious positive correlation (Figure 14). Under certain
conditions, Mg in granite is correlated with S, while Mg in basalt is negatively correlated
with Ca, K, Sr, and Li. The maximum dissolution amounts of K, Li, Mg, Ca, and S are
reached after 3 h of reaction, and the maximum dissolution amount of K, Mg, S, and Br
in granite is reached after 5 h of reaction (Figure 14). The result of this reaction is quite
different from that of the brine samples in the Jiangling Basin, which indicates that the
formation of brine ore takes a long time.
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5.3.3. Influence of Temperature on the Igneous Rock Water–Rock Reaction

Considering the elemental composition of the original rock, whether the reaction fluid
medium was distilled water or 1 mol/L NaCl solution, K dissolution in basalt reached a
relatively high value at 250 ◦C, and the dissolution decreased with increasing temperature.
At 400 ◦C, the dissolution reached the lowest maximum value, 54.629 mg/L (Figure 15).
The amount of K in the same fluid was different at different temperatures. At the same
temperature, the K dissolution amount in 1 mol/L NaCl solution was higher than that in
distilled water. The dissolution amount of Li in basalt was very low, whether the reaction
fluid medium was distilled water or 1 mol/L NaCl solution; it reached a maximum value
of 0.152 mg/L at 250–300 ◦C, with a small fluctuation, and then it decreased gradually with
increasing temperature (Figure 16).
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Considering the elemental composition of the original rock, whether the reaction fluid
medium was distilled water or 1 mol/L NaCl solution, Li dissolution in basalt and granite
reached a relatively high value at 250 ◦C, and the dissolution decreased with increasing
temperature. At 400 ◦C, the dissolution reached the lowest maximum value, 19.490 mg/L
(Figure 16). The amount of Li in the same fluid was different at different temperatures. At
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the same temperature, the Li dissolution amount in the 1 mol/L NaCl solution was higher
than that in distilled water. The dissolved Li from granite was an order of magnitude
higher than that from basalt, whether the reaction fluid medium was distilled water or
1 mol/L NaCl solution; it reached the maximum value of 3.525 mg/L at 250–350 ◦C, with a
large fluctuation, and then it decreased gradually with increasing temperature (Figure 16).

The contents of Ca, Mg, and Sr in the 1 mol/L NaCl solution and distilled water
decreased with increasing temperature, and the decreasing rate of Mg was higher than that
of Ca and Sr (Figure 17). However, the content of various ions in 1 mol/L NaCl solution
was higher than that in distilled water. The content of Br in the fluid was different at
different temperatures. At the same temperature, the content of Br ions in 1 mol/L NaCl
solution was higher than that in distilled water (Figure 17).
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The above analysis shows that the rates of water–rock reactions are different at dif-
ferent temperatures for the same fluid. The dissolution rates of Ca, Mg, and Sr decrease
with increasing temperature, while the dissolution rates of K and Li first increase and then
decrease with the increase in temperature. The change of Br is not obvious (Figure 17).
However, the content of each element in the saline fluid is much higher than that in the
distilled water, indicating that the saline fluid more easily activates ions. Basalt is favorable
for the dissolution of potassium, and granite is favorable for the dissolution of lithium.

5.3.4. Influence of Fluid Composition on the Igneous Rock Water–Rock Reaction

The dissolution of K in both basalt and granite is approximately 10 times higher in
distilled water than in NaCl solution, and it is positively correlated with concentration
(Figure 18). The dissolution amount of Ca increases with increasing salinity (Figure 18). The
dissolution amount of Mg in granite is small. The dissolution amount of Sr increases with
increasing concentration. The dissolution amount of Li is low in basalt and approximately
one order of magnitude smaller than that in granite. Basalt is not the main source of
lithium in brine. Under the same conditions, the leaching capacity of NaCl solution for
various elements in rock is approximately 1–2 orders of magnitude higher than that of
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deionized water (Figure 18), indicating that high-salinity fluid is the main migration carrier
of ore-forming elements.
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Compared with leaching results under normal temperatures and the chemical analysis
results of Jianghan basin brine (Table 4), the dissolution of Li, K, Sr, Mg, and other elements
in autoclave water–rock reactions is significantly higher than the normal temperature
immersion results, but still two orders of magnitude lower than the element content in
the basin brine, indicating that high temperatures are more favorable for K, Li, Na, and Sr
enrichment. The process with higher-than-normal temperatures has a significant impact
on the composition of fluid, which is favorable for igneous rocks to react and provide
material source for brine. Water–rock reaction of igneous rock is one of the important
processes for the mineralization of lithium–potassium-rich brine, and surface evaporation
and concentration are the main mechanisms for the mineralization of brine.

5.3.5. Geotectonics

According to Guan [51], Mesozoic volcanic rocks in eastern China are divided into four
rock belts extending to the NNE. According to the research results of Xu et al. (2015) [54],
volcanic activity in the Paleogene was mainly distributed in the NE-trending Songliao Plain,
North China Plain, and Jianghan Plain. The thickest basalt was more than 1000 m thick,
and the magma was mainly tholeiitic basaltic magma, which was only sporadically ex-
posed on the surface. From the Cretaceous to the Paleocene, a large-scale lithospheric
extension characterized by volcanic activity, rift basin formation, and large-scale mineral-
ization occurred in North China [32,55,56]. At the same time, due to the extension of the
lithosphere, there were also large-scale faulted basins, volcanic eruptions, and metallogenic
accumulations in Central China and South China [57].

Volcanic rocks are widely distributed in the Jianghan Basin, with a total area of
5049 km2, accounting for 18% of the basin area. Volcanic rocks are well developed in the
Jiangling depression, with a distribution area of 3527 km2 (Figure 4), accounting for nearly
half of the whole depression, and an average thickness of more than 200 m from the Shashi
Formation to Qianjiang Formation [35,58]. Some basalt samples collected in the Balingshan
area are typical tholeiites of continental rift type, which are rich in K, Li, Rb, Sr, Zn, Cu, and
other elements [59].

Most scholars believe that the composition of magma is mainly controlled by the
composition of the source region, and asthenosphere–lithosphere interactions lead to
the heterogeneity in the source region. Tholeiitic basalts are the result of a relatively
high degree of melting at the shallow part of the lithospheric mantle or asthenospheric
mantle [60,61]. Intracontinental tholeiitic basalts generally have high boron contents,
ranging from 0.48 × 10−6 to 17.8 × 10−6 [62]. As a soluble element, boron can be released
in large quantities into surface hot springs, concentrated brines, and meteoric water. Along
with the large-scale volcanic eruption in the Paleocene in the Jiangling depression, a large
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number of boron-containing minerals carried by magma and post-stage hydrothermal
fluids could have provided a large number of ore-forming materials for brine deposits in
the Jiangling depression.

5.3.6. Paleocene Paleoclimate and Paleo-Lake Composition

The sedimentary environment of Paleocene salt-bearing strata in the Jiangling depres-
sion was dominated by a warm and dry environment, which alternated frequently with
a humid environment. Under the paleogeomorphic background of “high mountain and
deep basins”, the brine in the lake basin reached sodium chloride saturation through strong
evaporation (extremely dry and hot climate events), and halite precipitated. The brines
continued to be evaporated to form boron-rich brines, and with the length of salt-forming
time, halite layers with different thicknesses formed. The Paleocene–Eocene salt-bearing
strata in the Jiangling depression are characterized by mineral deposits such as mudstone,
silt or fine sandstone, marl, halite, anhydrous mirabilite, calcium mirabilite, anhydrite,
potassic gypsum, potassic salt, and carnallite [3,6], which are mineralogical markers of a
hot and dry climate.

The long-term subsidence of the Jiangling depression leads to good basin sealing.
During the Paleocene, the Jiangling depression was volcanically active, which brought
abundant ore-forming materials for brine mineralization into the depression. However, the
contents of lithium and potassium in the brine in the Jiangling depression are abnormally
high and reach the industrial grade. Water–rock reactions alone could not have made
the concentration of ore-forming fluid reach such a high level, which is inseparable from
the continuous enrichment of minerals caused by evaporation and concentration in late
ancient lakes under extremely dry and hot climate conditions. The formation of boron-rich
brines in the Jiangling depression is the coupled result of structural conditions, material
conditions, and an arid climate.

6. Conclusions

(1) The field evidence shows that Mesozoic and Cenozoic igneous rocks in the Jiangling
depression are mainly basalt and granite, and their distribution area is more than half
of the basin area. The magma is differentiated to different degrees, which could have
provided lithium and potassium for the brine.

(2) The static immersion experiment at room temperature shows that saline fluid is more
likely to activate K ions in basalt. The weak alkaline solution more easily dissolves K.
During the whole experiment, Li was not dissolved, indicating that the concentration
of the solution was not the factor affecting the dissolution of lithium, and the main
controlling factor was temperature.

(3) The experiments of water–rock reaction with high temperature show that the dis-
solution rates of Ca, Mg, and Sr decrease with the increase in temperature, while
the dissolution rates of K and Li first increase and then decrease with the increase
in temperature. The dissolution of K and Li is easier when saline fluid reacts with
volcanic rock. The dissolution rate of K in basalt is higher than that of Li, and that of Li
in granite is higher than that of K. Compared with the results at normal temperatures,
the ability of the fluid to leach elements is significantly enhanced at higher tempera-
tures, the temperature is the main factor controlling the ability to leach elements, and
the high-salinity fluid is the main migration carrier of ore-forming elements.

(4) According to the experiments of water–rock reaction, the mineral composition of the
ancient brine in the Jiangling depression during the Paleogene is consistent with that
of the brine found today, indicating that the Jiangling depression in the Paleogene was
influenced by hot and dry climate. However, these two compositions are different by
a few orders of magnitude, indicating that the formation of lithium–potassium-rich
brines requires a long period of time. The water–rock reaction is one of the important
processes for brine formation, and surface evaporation and concentration are the main
mechanisms for brine mineralization.
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