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Abstract: Deeply situated brine is abundant in rare metal minerals, possessing significant economic
worth. To the authors’ knowledge, brine present within the Cambrian carbonate-dominated succes-
sion in the northeastern region of Chongqing, Southwestern China, has not been previously reported.
In this investigation, brine samples were collected from an abandoned brine well, designated as
Tianyi Well, for the purpose of analyzing the hydrochemical characteristics and geochemical evolu-
tion of the brine. Halide concentrations, associated ions, and their ionic ratios within the sampled
brine were analyzed. The brine originating from the deep Cambrian aquifer was characterized by
high salinity levels, with an average TDS value of 242 ± 11 g/L, and was dominated by a Na-Cl
facies. The studied brine underwent a moderate degree of seawater evaporation, occurring between
the saturation levels of gypsum and halite, accompanied by some halite dissolution. Compared to
modern seawater evaporation, the depletion of Mg2+, HCO3

−, and SO4
2− concentrations, along with

the enrichment of Ca2+, Li+, K+, and Sr2+, is likely primarily attributed to water–rock interactions.
These interactions include dolomitization, combination of halite dissolution, upwelling of lithium-
and potassium-bearing groundwater, calcium sulfate precipitation, biological sulfate reduction (BSR),
and the common ion effect within the brine system. This research offers valuable insights into the
genesis of the brine within the Cambrian carbonate succession and provides theoretical backing for
the development of brine resources in the future.

Keywords: brine; genesis; chemical composition; water–rock interactions; Cambrian carbonate

1. Introduction

The deeply buried regions within most sedimentary basins contain substantial volumes
of brines [1–4], which exert pivotal influences on diverse geological processes—including
natural resource development—while holding significant implications for both scientific
research and economic utilization [5]. The basinal brines (also referred to as formation waters
or oil-field saline solutions) typically exhibit salinity levels ranging from 10 to 300 g/L [6].
The majority of brines belong to either Na-Cl or Ca-Cl facies, distinguished chemically by
their elevated concentrations of Ca2+, surpassing combined levels of SO4

2−, HCO3
−, and

CO3
2− ions compared to seawater and other common surface/near-surface water types

(e.g., Na-Cl-SO4 or Ca-HCO3 facies). Evaporite deposits found within the basins commonly
originated from the evaporation of isolated seawater [7]. The brines are either connate ones
that have persisted since the early Paleozoic era—which have been trapped since the early
Paleozoic era in these closed basins with restricted groundwater circulation [8,9]—or brines
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that have emerged from the dissolution of the evaporite deposits themselves [10,11]. The
chemical compositions of brines offer valuable insights into geochemical, hydrological, and
tectonic developments within the Earth’s crust as well as providing an understanding of
several pertinent issues relating specifically to metal ore deposits, dolomitized reservoirs, and
hydrocarbon exploration/production [12,13]. Notably, dissolved metals tend to be prevalent
within saline solutions exceeding 200 g/L [6].

The sedimentary brines present themselves as exceptional natural phenomena shrouded
in unresolved enigmas concerning their origin and evolution of chemical compositions.
Genesis behind the brines poses an essential and captivating challenge within contempo-
rary hydrogeological/hydrogeochemical communities [14]. Potential hypotheses regarding
the genesis of brine chemical compositions include evaporite dissolution, subaerial seawa-
ter evaporation, interactions between rocks and water, osmotic/membrane filtration, and
ion exchanges [9,15–20]. The divergent viewpoints on the genesis of brine arise not only
from their unique chemical compositions and extreme salinity but also from their extensive
distribution across various continental crustal blocks on Earth.

The chemistry of groundwater is significantly influenced by the mineralogical compo-
sition of the aquifer it traverses. The chemistry of major ions and their interrelationships in
groundwater are effective in identifying the origins of solutes and elucidating the evolution
of groundwater [21]. The chemical composition reflects the evolution of groundwater
and serves as a crucial method for investigating the formation of brines. This includes
the application of ion ratio methods such as Cl−/Br− [22–24], Ca excess and Na deficit
relative to modern seawater reference ratios [25], and comparison of cation and anion
abundances in brines with modern seawater [26]. Significant advancements have been
achieved in understanding the genesis of brine composition through hydrochemical stud-
ies [5,12,13,27,28].

To the authors’ knowledge, Cambrian-era sedimentary brine occurrences remain unre-
ported in the region of the northeastern Chongqing municipality, Southwestern China. Such
occurrences are part of this enigma since questions about their genesis remain unresolved.
This study aims to investigate the hydrochemical characterization of brine in northeastern
Chongqing to understand its geochemical evolution by utilizing the halide concentrations
and associated ions from an abandoned brine well, Tianyi Well. This reconnaissance hyrdo-
geochemical study may provide valuable insights into economic explorations within deep
geological environments in the study area.

2. Description of the Area Adjacent to the Studied Brine
2.1. Location and Geographical Settings

The study area is located in Wuxi County, positioned in northeastern Chongqing,
SW China (Figure 1a–c). It is characterized by mountainous terrain with significant relief,
ranging from 320 to 1790 m above sea level.

It is within a subtropical monsoon climate, with an average annual temperature of
18 ◦C. In January, the average temperature is 8 ◦C, while in July it rises to 35 ◦C. The region
receives an average annual precipitation of 1450 mm, concentrated mainly between May
and October each year, peaking in September.

2.2. Geological Settings

Apart from the absence of Devonian and Carboniferous strata due to geological
denudation, the exposed formations adjacent to the studied Tianyi Well range from the
Cambrian to Triassic (Figure 1d). The Triassic strata consist mainly of limestone, with minor
occurrences of dolomitic limestone and gray-to-gray-purple calcareous shale, reaching an
overall thickness exceeding 350 m. The Permian strata are predominantly composed of
limestone, accompanied by iron clay and coal seams, with a total thickness ranging from
510 to 931 m. The Silurian strata are characterized by quartz sandstone, mudstone, and
shale, measuring between 852 and 1053 m in thickness. The Ordovician strata primarily
comprises limestone, dolomite, argillaceous dolomite, and silty shale, with an aggregate
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thickness of 304–391 m. The Cambrian strata are chiefly composed of dolomite interbedded
with evaporites, with a total thickness surpassing 775 m. The region is mainly underlain by
Archean deeply metamorphosed basic–ultrabasic metamorphic rocks [29].
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Figure 1. (a–c) Location of the studied brine of Tianyi Well, (d) its adjacent outcrops, and (e) cross-
section A-A‘ showing an overview of the general lithology of the well and surrounding successions,
in which the faults were identified through seismic wave analysis.

The primary tectonics in this area is a steeply dipping reverse fault, measuring
1.7 km in length, which has developed within the paraxial part of the Chaoyang–Guanyang
anticline extending northwestward (Figure 1d). This fault exhibits a dip angle of 50–70◦
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and a dip direction at approximately 190◦. The upper hanging wall consists of Middle and
Upper Cambrian Sanyoudong Formation (∈2–3s) carbonate, displaying distinct features of
thrusting and extrusion, whereas the footwall comprises shale of the Ordovician Formation.
The fracture bandwidth measures between 2 and 5 m with landforms aligning along its
trend for about the maximum distance. Additionally, seismic wave analysis indicates
the significant presence of regional underground reverse faults (Figure 1e), which may
restrict fluid movement in the vicinity. The Tianyi Well—the building of which commenced
in 1964—was drilled to a depth of 3094 m along the anticlinal axis, traversing through
the Upper and Middle Cambrian Sanyoudong Formation (∈2–3s) as well as the Middle
Cambrian Qinjiamiao Formation (∈2q) (Figure 1e).

The strata closely associated with brine primarily belong to the Cambrian succes-
sion. The following provides a lithological overview of the Upper and Middle Cambrian
Sanyoudong Formation (∈2–3s) and Middle Cambrian Qinjiamiao Formation (∈2q).

Sanyoudong Formation (∈2–3s): The upper portion of this formation consists of gray-
to-dark-gray medium-thick bedded dolomite interbedded with gray-yellow medium-thick
bedded breccia dolomite, and some bioclastic limestone. Horizontal bedding prevails
occasionally accompanied by sutures and mold structures. The thickness of the formation
ranges from 235.1 to 297 m in the area; however, drilling at Tianyi Well encountered a fault
resulting in repeated formation with a drilling thickness of 1173.5 m and a true vertical
thickness of 4277 m (Figure 1e). At the lower end lies a thick-bedded dolomitic medium-
grained quartz sandstone layer with an approximate thickness of 2 m. Based on Tianyi
Well’s drilling data, the underground brine reservoir was discovered between depths of
1239 and 1278 m below the wellhead (Figure 1e).

Qinjiamiao Formation (∈2q): This formation remains unexposed on the regional
surface but the drilling core indicates predominantly thin-layer argillaceous dolomite
alongside light gray and yellow-gray thin-to-medium-layer sandy dolomite embedded
with dolomite, gypsum, and salt soluble breccia. Drilling at Tianyi Well reached depths
of 1752 m with a true vertical thickness of 385.2 m. This formation yielded three brine
reservoirs, located at depths of 1790–1839, 1895.4–1912.0, and 2250.4–2288.7 m, respectively,
below the wellhead (Figure 1e). The porosity of the brine reservoirs ranges from 1.0 to
24.0%, with a weighted average porosity of 2.0%.

From a stratigraphic perspective, during the epoch spanning the Middle- and Upper-
Cambrian periods, a considerable regression in seawater occurred in a hot climate, which
facilitated the development of lagoon-like sedimentary facies on confined platforms. Fol-
lowing this, the intensified evaporation process led to the emergence of Sabkha environ-
ments, conducive to the substantial deposition of salt minerals. Specifically, the carbonates
were initially deposited in shallow waters, likely in tidal flat or lagoonal environments.
As evaporation continued to intensify, gypsum and halite successively precipitated and
deposited. However, at Tianyi Well, a clean water drilling technique was utilized below a
depth of 340 m under the wellhead, thereby impeding the acquisition of rock cores essen-
tial for confirming the existence of halite layers within the Sanyoudong and Qinjiamiao
Formations. Approximately 150 km from this location, a drilled well struck a layer of halite
deposit measuring 120 m in thickness within the Cambrian carbonate strata beneath the
surface [30]. This confirmed the presence of salt minerals in the area.

From a hydrogeological perspective, the deep-seated structural faults in this region are
predominantly reverse faults (Figure 1e), formed under compressive stress conditions. As
these faults evolved, the rocks along the fault plane and within the fault zone underwent
significant compression, resulting in the formation of dense rock strata that serve as a barrier
to shield the underlying brine. However, it is possible for rainwater to infiltrate into the
subterranean realm via the exposed Ordovician carbonates, as depicted in Figure 1e. This
infiltration process may exert a discernible dissolving influence upon the brine, potentially
altering its composition.
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3. Methodology and Materials
3.1. Field Sampling

Brine samples were collected at the surface from the Tianyi Well by pumping. The
pumping operation was conducted within the timeframe of 23–28 November 2023, wherein
the brine was extracted from a depth of 1008 m beneath the surface of the wellhead, and
the entire process lasted for a duration of 66 h. The pumping discharge ranged from 0
to 13 m3/h and it stabilized at approximately 11 m3/h. Upon cessation of pumping, the
recovery period of the water level took 47.9 h (Figure 2). The extracted brine was the
result of the mixture of the entire well, representing the overall condition of the deep brine
system. The pumped brine, characterized by its gray-black coloration, was translucent
yet cloudy, bearing a saline character with suspended particles. It also released a rotten
egg smell, which is from hydrogen sulfide (H2S) gas. The brine samples were collected
in strict adherence to protocol after being pumped to the surface. During the pumping
activity, one brine sample was collected every 2 h within the first 6 h of pumping, followed
by samples collected every 4 h (Figure 2). A total of 19 brine samples were obtained. High-
density poly ethylene bottles, 5 L in size, were used for brine sample collection. To prevent
contamination, sampling bottles were rinsed with the sampled brine five times prior to
collection. All brine samples were immediately stored in a cool and sealed environment
after sampling, and then transported back to the laboratory within 24 h for measurement.
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Figure 2. Pumping, recovering water level, and sampling campaign of the studied brine.

3.2. Measurement

Na+, K+, Ca2+, Mg2+, Li+, SO4
2− concentrations were analyzed using an ICP-OES

Avio 200 (PerkinElmer Company, Waltham, MA, USA). Cl− and HCO3
− concentrations

were determined using brown and white acid burettes, respectively. Br− concentration
was measured using an Ultraviolet spectrophotometer UV2700 (Shimadzu Corporation,
Kyoto, Japan). The accuracy of ion concentration testing is better than 0.01 mg/L. The
measurements were carried out at the Salt Lake Chemical Analysis Test Center of Qinghai
Institute of Salt Lake Research, Chinese Academy of Sciences, under laboratory conditions
with a temperature of 20 ◦C and relative humidity of 29%.
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4. Result and Discussion
4.1. Hydrochemistry

The main concentrations of cations and anions in the studied brine from the Tianyi
Well are listed in Table 1. From the dynamic variations in TDS and ion concentration during
the pumping process, the TDS value of the studied brine increased from 211 to 247 g/L
within 10 h of the initial pumping, and then stabilized at ~246 g/L during the subsequent
pumping process (Figure 3). This stabilization of the TDS values suggests a relatively closed
brine aquifer. However, the average TDS value of 242 ± 11 g/L significantly exceeds that
of modern seawater with a value of 3.3 g/L, and the geothermal water at a circulation
depth of 1.3 km around the study area within 100 km exhibiting concentrations ranging
from 57.6 to 88.7 g/L [31]. The pattern of total milliequivalents of cations and anions, and
concentrations for cations and anions in brine were similar to TDS, which increased within
10 h at the beginning of pumping and then stabilized in the region (Table 1; Figure S1).

Table 1. Physical and chemical parameters of the studied brine.

Elapsed
Time K+ Na+ Ca2+ Mg2+ Li+ Sr2+ Br− CO3

2− HCO3 Cl− SO4
2− pH TDS Na+ :

Cl− TMMC TMMA Balance
Test

0 2992 72,159 6562 1028 89 226 357 78.09 154 128,196 1223 7.88 211 0.87 3650 3631 0.25
2 2645 73,010 5657 972 79 183 279 20.13 196 124,732 4780 7.70 210 0.90 3625 3571 0.75
4 3410 82,816 7243 1205 101 249 384 <0.43 148 146,290 1905 7.33 241 0.87 4175 4149 0.32
6 3366 81,077 7027 1195 99 244 354 <0.43 66 142,966 2147 7.33 236 0.87 4086 4056 0.37

10 3500 85,051 7186 1244 103 249 402 <0.43 150 149,126 2875 7.08 247 0.88 4275 4238 0.44
14 3455 84,655 7380 1243 103 247 375 <0.43 150 148,864 2808 7.10 247 0.88 4266 4230 0.43
18 3533 84,726 7252 1264 101 246 364 <0.43 151 148,963 2675 7.02 247 0.88 4266 4232 0.41
22 3481 83,501 7113 1241 101 243 363 <0.43 152 146,152 3440 7.03 245 0.88 4203 4160 0.51
26 3523 84,664 7404 1298 104 253 382 <0.43 153 148,574 3584 7.05 249 0.88 4275 4230 0.51
30 3571 83,368 7228 1255 103 250 387 <0.43 156 146,176 3587 7.28 247 0.88 4207 4163 0.53
34 3573 83,425 7215 1285 102 249 371 <0.43 152 146,631 3167 7.33 247 0.88 4211 4171 0.47
38 3475 82,861 7047 1266 102 249 363 <0.43 156 145,470 2965 7.34 243 0.88 4174 4136 0.45
42 3532 84,076 7153 1257 102 246 358 <0.43 164 146,211 4789 7.31 249 0.89 4233 4176 0.67
46 3507 83,765 7252 1272 101 249 364 <0.43 153 146,754 3663 7.28 247 0.88 4225 4180 0.53
50 3470 83,340 7092 1278 102 249 391 <0.43 152 145,950 3465 7.33 244 0.88 4198 4155 0.52
54 3531 84,822 7166 1251 103 244 383 <0.43 149 148,133 3752 7.30 249 0.88 4265 4219 0.54
58 3567 83,197 7157 1279 103 247 370 <0.43 152 146,173 3154 7.27 246 0.88 4198 4158 0.47
62 3508 84,283 7054 1245 103 246 397 <0.43 156 147,365 3351 7.27 247 0.88 4236 4194 0.50
66 3535 84,153 7270 1260 103 246 395 <0.43 156 147,021 4152 7.34 248 0.88 4243 4192 0.60

3430 * 825,76 * 7077 * 1228 * 100 * 243 * 370 * 151 * 144,724 * 3236 * 7.29 * 242 * 0.88 * 4158 * 4118 *

Note: elapsed time is in h; the concentrations of major ions are in mg/L; TDS is in g/L; Na+: Cl− is in molar
ratio; TMMC and TMMA stand for the total milliequivalent of major cations, total milliequivalent of major anions,
respectively; balance test is in %; * is denoted as average value.
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Figure 3. Variation in TDS values during pumping.

From the perspective of mean concentration, the milliequivalent of major cations
(Na + + K + Ca2+ + Mg2+ + Sr2+ + Li+) in the studied brine was 4154 ± 184 mEq/L, while it
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was 4118 ± 182 mEq/L for anions (Cl− + SO4
2− + HCO3

−). The milliequivalent of major
ions significantly exceeded that of geothermal water in both the northeastern region and the
main urban area, ranging from 24.3 to 45.6 mEq/L for cations and from 24.3 to 47.6 mEq/L
for anions [31,32]. The trends in anion and cation concentrations corresponded with the
TDS levels, maintaining a relatively stable state (Table 1; Figure S1). It is noteworthy to
mention that the presence of potassium (averaging at 3430 ± 223 mg/L), lithium (averaging
at 100 ± 6 mg/L), and bromine (averaging at 370 ± 26 mg/L) in brine possesses significant
industrial mining potential. However, the economic exploitation of these ions does not
constitute the primary objective of this study, and therefore, will not be further discussed.

The hydrochemical facies serves as a fundamental method for conducting hydrogeo-
chemical and environmental geochemical investigation, providing crucial insights into
the characteristics of groundwater’s chemical components. Currently, the Piper trilinear
diagram introduced by Piper in 1944 as a renowned graphical tool for water chemistry
analysis [33] has been predominantly employed to investigate hydrochemical facies. The
diagram has been extensively utilized within the field of hydrochemistry [34–37]. By pro-
jecting the chemical component data of the studied brine samples onto the Piper trilinear
diagram as shown in Figure 4, it can be observed that the dominant hydrochemical facies
of the studied brine is Na-Cl. The studied brine, comprising of Na-Cl facies and having an
average TDS value of 242 ± 11 g/L, falls within the range of chloride-dominated, halite-
undersaturated waters as outlined by Hanor (1994) [6]. This range varies between 10 g/L
and the upper threshold of 250–300 g/L [6].
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Figure 4. Piper trilinear diagram shows that the studied brine was a Na-Cl hydrochemical facies.

In 1970, Gibbs [38] introduced a graphical method to identify the sources of the main
chemical elements in water bodies. This diagram categorizes the main formation mecha-
nisms of water chemical components into three categories: atmospheric precipitation, rock
weathering dominance, and evaporation–crystallization process. The method primarily
utilizes the relationship between the TDS value and (K+ + Na+)/(K+ + Na+ + Ca2+) as
well as Cl−/(Cl+ + HCO3

−) in the mEq/L ratio. Although initially proposed for surface
water chemistry research [38,39], Gibbs’s diagram has been widely adopted in groundwater
research [40–43]. All the studied brine samples were positioned within the realm of the
evaporation–crystallization process (Figure 5). This observation together with the extremely
high TDS values indicates that the brine originated from evaporated ancient seawater.
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Figure 5. Gibbs’s diagram depicts the range of brine studied, falling within the evaporation–
crystallization process. The plot was adapted from Gibbs (1970) [38].

4.2. Stages of Brine Evolution

Chloride and bromine are halogen elements found in most groundwater. Cl− and
Br− emerge as ideal indicators for studying the chemical evolution of brines due to their
relatively inert and conservative characteristics [22,23]. Cl− and Br− concentrations were
widely used as indicators of evaporation and halogen dissolution in formation waters
(Carpenter, 1978) [19]. The Cl−/Br− ratio maintains its stability during the evaporation
of seawater, reaching a halt at the point of halite saturation (Figure 6). After this satura-
tion, Cl− is preferentially eliminated via halite precipitation, resulting in a decrease in the
Cl−/Br− ratio, as Carpenter (1978) [19] observed. Conversely, during halite dissolution,
the Cl−/Br− ratio rises, shifting the data points to the right of the seawater evaporation
trajectory. When a brine, evaporated beyond the halite saturation point, is diluted by mete-
oric water, the mixture shifts to the left of the seawater evaporation trajectory (Figure 6).
Based on this understanding, the data of the study area plot to the right of the seawa-
ter evaporation trajectory, situated between the points of gypsum and halite saturation
(Figure 6). This suggests that the studied brine underwent a moderate level of seawater
evaporation, specifically taking place at a phase when the brine’s saturation point lay some-
where between the saturation levels of gypsum and halite, together with some extent of
halite dissolution.
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The molar ratio of Na+ to Cl− in halite upon dissolution is 1:1. Conversely, the
average molar ratio recorded in our studied brine samples exhibited a slight deviation,
measuring 0.88, marginally surpassing the 0.86 ratio observed in seawater and indicating a
subtle trend toward the dissolution ratio. This observation suggests that the composition
of the studied brine primarily results from the evaporation of ancient seawater, with
only a minor contribution from the dissolution process. Furthermore, these findings
corroborate the validity of insights derived from the aforementioned Cl−/Br− ratio analysis.
Additionally, the Giggenbach triangle plot (Figure S2) clearly indicates that the studied
brine was saturated, providing further evidence that the primary source of the studied
brine was from evaporated seawater, with halite dissolution as a secondary factor.

4.3. Potential Mechanisms Underlying the Ionic Enrichment or Depletion

To evaluate the extent of enrichment or depletion relative to evaporated modern
seawater, Mirnejad et al. (2011) [26] utilized the abundances of cations and anions present
in the brines as a means of evaluation. In this method, the average Cl− concentration of all
studied brine samples (144,724 mg/L) was initially divided by the Cl− concentration in
seawater from the Huanghai Sea, China (17,530 mg/L [44]), yielding a concentration factor.
This factor was then multiplied with the concentration of each ion in seawater to estimate
the concentration of these ions in evaporated seawater. Finally, the mean concentrations of
the ions of the studied brine were normalized to the evaporated seawater concentrations by
dividing the concentration of each ion by the corresponding concentration in the previously
calculated evaporated seawater. The abundances of these ions in the studied brine are
presented in Figure 7. The concentrations of Ca2+, Li+, Sr2+, and Na+ in the studied
brine—standardized with respect to the chlorinity of modern seawater—were observed
to be higher than those in evaporated modern seawater characterized by a value of 1,
whereas the concentrations of K+, Mg2+, Br−, HCO3

−, and SO4
2− were significantly lower.

The anomalous patterns observed in ion concentrations suggest with certainty that the
genesis of the studied brine cannot be solely attributed to seawater evaporation and halite
dissolution but also involves distinct patterns of geochemical process that modify the
brine’s chemical composition in the study area.
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Figure 7. The ionic patterns of the studied brine standardized with respect to the chlorinity of
modern seawater (concentrations from Chen, 1983), showing the brine cannot be attributed solely
to the evaporation of seawater but also water–rock interactions. The value of dash line is 1 and
indicates concentrated seawater. A value of 1 signifies equivalence to seawater, a value greater than 1
denotes an enrichment relative to seawater, whereas a value less than 1 indicates depletion compared
to seawater.
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The observed enrichment in Ca2+, Li+, K+, Sr2+, and Na+ concentrations and de-
pletion in Mg2+, Br−, HCO3

−, and SO4
2− (Figure 7) is likely primarily attributable to

the dolomitization process, combination of halite dissolution, upwelling of lithium- and
potassium-bearing groundwater, calcium sulfate precipitation, biological sulfate reduction
(BSR), and the common ion effect in the brine environments. This comprehension will be
thoroughly examined and deliberated in the subsequent sections.

The Cambrian carbonate formations of the studied brine provide abundant CaCO3 for
dolomitization. The dolomitization involves the replacement of calcium carbonate (lime-
stone) with calcium magnesium carbonate (dolomite), as expressed by Equation (1), thus
resulting in a decrease in Mg2+ concentration and a dramatic increase in Ca2+ concentration
that far exceeds the combined concentrations of SO4

2− and HCO3
−. The dolomitization

ultimately made the studied brine calcium-rich. This phenomenon has been observed and
documented in brines throughout the world, as evidenced by the studies conducted by
Carpenter (1978) [22] and Gavrieli and Stein (2006) [45].

2CaCO3 + Mg2+ = CaMg(CO3)2 + Ca2+ (1)

The enrichment of Li+ concentration in the studied brine is likely due to a combination
of halite dissolution and the influence of the crystalline basement. Although pegmatites and
granites are the primary sources of Li+ [46], host rocks containing high-dissolved lithium
brines are predominantly composed of carbonates, likely due to their inherently limited
sorption capacities [27]. The lithium isotopic compositions (δ7Li) of two brine samples
were determined to be 12.58 and 12.8‰, respectively, significantly lower than the values
observed in seawater (31‰ [47]). These measurements also fell below the range found in
deep saline groundwater from the arid Atacama Desert region in Northern Chile, where
values ranged between 23.5 and 31.5‰, suggesting a contribution from marine-derived
salts and mineral alteration processes [48]. The δ7Li values of the studied brine were much
higher than those of deep-seated magmatic rocks in the region of western Sichuan, China
(1.1‰ [49]). The lithium isotope values observed in the analyzed brine samples were
situated between those of seawater and magmatic sources, suggesting that the Li+ likely
originated from a combination of halite dissolution and the upwelling of lithium-bearing
groundwater derived from alteration of minerals in the magmatic rocks within the region’s
crystalline basement. In a study conducted by Dugamin et al. [18], it was proposed that
substantial enrichment of lithium occurs in brines that are primary in nature and initially
in equilibrium with halite, and optimal reservoirs for lithium-rich brines are characterized
by the accumulation of brine derived from evaporites during tectonic events, such as
compressional events or salt tectonics, located in close proximity to the current reservoir.
To maintain the integrity of these reservoirs and prevent dilution or depletion of lithium,
it is crucial to shield them from convection and infiltration of surface water via recharge
zones. Further investigation is warranted to elucidate the precise sources of these ions in
the future utilizing lithium isotope technology.

The observed enrichment of K+ in the studied brine may align with the mechanism
underlying Li+ enrichment. In addition to contributions from halite dissolution, it could also
originated from the upwelling of potassium-rich fluids from the region’s crystalline basement.

As indicated by Carpenter (1978) [22], the presence of Sr2+ in the brines exhibits a
strong correlation with the recrystallization process of aragonite transforming into calcite.
However, the Sr2+ ion possesses a radius comparable to that of Ca2+ and holds an identi-
cal valence, thereby facilitating its substitution for Ca2+ in the crystal lattices of diverse
minerals, including kainite, plagioclase, gypsum, calcite, and dolomite [50]. Hence, the
presence of Sr2+ in the studied brine is probably linked to the dolomitization process, which
ultimately leads to the enrichment of Sr2+.

The depletion of SO4
2− in studied brine can be attributed to two primary mechanisms.

Firstly, there is direct precipitation, where SO4
2− combines with enriched Ca2+ to form

calcium sulfate, which can manifest as either gypsum or anhydrite. This enrichment of
Ca2+ is a direct consequence of the dolomitization process within the brine as previously
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mentioned (Equation (1)), enhancing the availability of Ca2+ for precipitation reactions.
This precipitation process is described by Equation (2):

Ca2+ + SO4
2− = CaSO4 (2)

Secondly, sulfate reduction is another mechanism that contributes to the loss of SO4
2−

from the brine. There are two types of sulfate reduction processes in the lithosphere [51].
The first type is biological sulfate reduction (BSR), which is mediated by microorganisms
such as sulfate-reducing bacteria and occurs at relatively low temperatures, generally below
100 ◦C, and at depth of the strata less than 2000–2500 m. The second type is thermochemical
sulfate reduction (TSR) involving hydrocarbons and sulfates, which typically takes place at
temperatures exceeding 120 ◦C [51]. In this study of Tianyi Well, the water temperature
at a depth of 1008 m was 45 ◦C, which suggests that BSR was the main process responsi-
ble for the SO4

2− depletion occurring there. A pronounced H2S odor was detected from
the brine during sampling, verifying the occurrence of BSR. The occurrence of sulfate
reduction is convincingly demonstrated by the exceedingly low desulfurization coefficient
(approaching a value of 0, Table S1) observed in the studied brine, thereby providing
empirical support for the process. This BSR process, often accompanied by the precipita-
tion of calcite, involves a complex set of reactions that reduce sulfate while producing a
range of byproducts, including H2S, water, CO2, and ultimately, CaCO3, as expressed by
Equation (3). While the precise stoichiometry and intermediate steps of sulfate reduction
may vary depending on specific conditions, a generalized representation of this process
could be encapsulated by the following reaction scheme, as expressed in Equation (3) [22],
with the understanding that the coefficients are illustrative and may not precisely reflect
all scenarios.

Ca2+ + SO4
2− + 1.33CH2 = H2S + CaCO3 + 0.33H2O + 0.33CO2 (3)

The depletion of HCO3
− concentration observed in the studied brine can be ratio-

nalized through the mechanism of the common ion effect. In carbonate aquifers, a high
concentration of HCO3

− is expected; however, the brine in the study area exhibited a very
low HCO3

− concentration averaging at 151 ± 22 mg/L (Table 1), even lower than that
found in the karst shallow groundwater (~300 mg/L) located 400 km away from the Tianyi
Well [52]. This substantial disparity may imply that HCO3

− in the studied brine precip-
itated with Ca2+ ions from the dissolution of gypsum/anhydrite within the geological
formation to trigger calcite precipitation. This phenomenon, commonly referred to as the
common ion effect, is frequently encountered in deep aquifers [32,53–55]. The chemical
reaction governing this process can be expressed as follows:

2HCO3
− + CaSO4·nH2O → CaCO3 + CO2 + SO4

2− + (1 + n)H2O (4)

where n equals 2 for gypsum and 0 for anhydrite, highlighting the dissolution reactions
specific to these minerals.

The mechanism of bromine depletion in brine in the studied brine is unclear. Theo-
retically, bromine is a highly stable element, and its concentration tends to remain nearly
constant. It precipitates only when the evaporation rate reaches 90 times that of sea-
water [23]. However, the brine in this study was situated between gypsum saturation
(3.8 times seawater [23]) and halite saturation (10.6 times seawater [23]) as aforementioned,
indicating that the depletion of Br− was likely influenced by additional factors. Further
investigation is warranted.

The slight elevation in Na+ concentration, as illustrated in Figure 7, suggests that the
salinity of the brine has remained largely stable, thereby indicating an absence of significant
cation exchange within the carbonate brine system.
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5. Conclusions

The brine of Na-Cl type in Cambrian carbonate-dominated rocks in the northeastern
Chongqing region of Southwestern China is potentially sourced from interstitial fluids
present within formations abundant in halite. The brine exhibited an average TDS value of
242 ± 11 g/L. It is noteworthy that the presence of potassium, lithium, and bromine in this
brine holds significant potential for industrial mining.

The Cl−/Br− ratio indicates that the studied brine underwent moderate seawater
evaporation, occurring between the saturation levels of gypsum and halite, accompanied
by some degree of halite dissolution. Upon standardization with respect to the chlorinity
of modern seawater, the concentrations of Ca2+, Li+, K+, Sr2+, and Na+ in the studied brine
were observed to be elevated compared to those in evaporated modern seawater; conversely,
the concentrations of Mg2+, Br−, HCO3

−, and SO4
2− were notably lower. These anomalous

patterns observed in ion concentrations are attributed to various water–rock interactions,
including the dolomitization process, combination of halite dissolution and upwelling
of lithium- and potassium-bearing groundwater, calcium sulfate precipitation, biological
sulfate reduction (BSR), and the common ion effect within the brine. This brine underwent
compositional evolution through its interactions with minerals in the surrounding rocks,
ultimately resulting in its current chemical composition.

While this study has largely elucidated the sources of the main chemical components
in the studied brine, uncertainties remain that necessitate additional isotopic data for
validation. Furthermore, both the origin of the water and the chemical components in brine
are critically important. Further investigation is warranted to ascertain the specific origins
of brine water.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w16192859/s1, Figure S1: Trend in anion and cation con-
centrations, maintaining a relatively stable state over time; Figure S2: Giggenbach triangle plot
indicates that the brine was saturated; Table S1: Desulfurization coefficient.
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