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Abstract: Submarine cold seep and its associated authigenic minerals in sediment are meaningful to
indicate the existence of underlying natural gas hydrate. The anaerobic oxidation of methane (AOM) is
coupled with sulfate reduction (SR) and influences the dissolution and precipitation of barite. However,
the forming mechanism of barite is not yet clearly understood. In order to investigate the forming
process of authigenic barite and its relationship with methane leakage flux, based on the measured
data of the Qiongdongnan Basin in the Northern slope of the South China Sea, we constructed a 1D
model of a sedimentary column to reproduce the formation of barite using the numerical simulation
method. The results show that the original equilibrium of barite was broken by the cold seep fluids
and Ba2+ was carried upward to the sulfate-rich zone leading to the formation of barite front. When
there is no flux of methane from the bottom of sediment, the barite front disappears. The relationship
between methane leakage flux and authigenic minerals was also discussed. It can be concluded that
high methane flux corresponds to a shallow barite front in the sediment, furthermore, the barite
content first increases and then decreases as the methane flux increases. At the same time, an inverse
relationship between the ratio of authigenic barite to calcite and methane flux was obtained.

Keywords: natural gas hydrate; cold seep; authigenic minerals; methane leakage flux; numerical
simulation

1. Introduction

Submarine cold seep is one of the most important discoveries in the last 25 years of the 20th century.
It is widely distributed in the active and passive continental marine sediment [1–3]. A great number
of fluids were carried by cold seep from deep sediments, such as water and hydrocarbons generally
produced from natural gas hydrate decomposition [4–6]. Because of its high energy density and
being environmentally friendly, natural gas hydrate was considered to be one of the ideal alternative
and clean energies, and it was estimated that it contained two times the total global level of known
fossil fuel thermal equivalent and could meet energy needs in 1000 years [7,8]. However, as a stable
substance under high pressure and low-temperature conditions, methane hydrate is in a balance
with the natural environment. Environmental disturbance often leads to decomposition, causing the
release of the methane. The environmental effects related to the decomposition of methane hydrate
and its corresponding biogeochemical reactions in marine sediments have undoubtedly become a hot
research topic.

A series of biogeochemical reactions take place under the influence of anaerobic microorganisms
while methane is transported in the form of the cold seep. The main reaction is the anaerobic
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oxidation of methane (AOM) coupled with sulfate reduction (SR) [9,10]. The simplified reaction
can be expressed as

CH4 + SO2−
4 → HCO−3 + HS− + H2O (1)

Relevant studies suggest that the AOM-SR reaction occurs due to the combined actions of
anaerobic methanotrophic archaea (ANME) and sulfate-reducing bacteria (SRB). The number of
microbial aggregates of ANME and SRB accounts for more than 90% of the total number of
microorganisms in cold seep area [11–13]. AOM-SR consumes SO2−

4 and CH4 and changes the
chemical conditions of the sediment. The product term HCO−3 alters alkalinity and promotes carbonate
precipitation such as calcite. For example, in the hydrate occurrence area of the Black Sea platform,
a large number of carbonate rocks samples were obtained through the ODP (Ocean Drilling Program)
survey [14]. The main carbonate rock in the hydrate bearing zone of the Gulf of Mexico was calcite [15].

Besides authigenic carbonate rock, which is widespread in the cold seep environment, barite was
frequently found in oceanic exploration [16]. Authigenic barite caused by fluid drainage overflow was
found in the Peru oceanic crust zone [17], and barite intergrowth with carbonate rock was discovered
in the sea of Okhotsk on the Northwestern edge of the Pacific Ocean [18]. Meanwhile, a high content
of barite was found in the Qiongdongnan basin on the north continental slope in the South China
Sea [19].

A number of research works suggest that the authigenic carbonate rock is probably capable
of indicating the leakage of methane cold seep. However, the indication of barite for the leakage
of methane cold seep is seldom reported. Some researchers have proposed the preliminary barium
circulation process in seafloor sediments based on the measured data of Blake Ridge and the continental
slope of the Gulf of Mexico [20,21]. They inferred that it would form a barite front by recording the
activity of cold seep fluid [22]. As for morphology of barite, some scanning electron microscope images
tell the difference between leaking and non-leaking conditions. The typical barite grains from South
Atlantic sediments well-developed smooth crystal planes on ellipsoidal grains, which indicate the
barite formed at oceanic setting with no cold seep [23]. As for cold seep leakage, barite crystals show
strong dissolution structures caused by cold seep fluids [24]. Recent analysis has suggested that the
formation of authigenic barite is due to the interaction between barium carried by cold seep leakage
and sulfate in the shallow surface layer of the seafloor [25]. However, the mechanisms of the barite
front and its relationship with methane seepage fluid are hardly understood.

According to the measured data of the T1 sampling station in the Qiongdongnan Basin of the
South China Sea, there is a considerable quantity of barite in the marine sediment [26]. The vertical
distribution diagram of barite at the station shows that a barite front exists at a depth of 400–450 cm from
the sample column (Figure 1). However, the location of the barite front is not near the sulfate–methane
transition zone (SMTZ) caused by the AOM-SR, based on the measured sulfate profiles. Therefore,
this barite front was probably generated by paleotypal fluid activities, because there are discoveries
that more than one front was detected in other borehole explorations [17,20]. Whatever the case, the
measured data supported the evidence of a barite front. The relevant reports show that the basin has
been operational since the Eocene [27], including a lot of diapirs that are liable to be associated with
the cold seep phenomenon. Consequently, the formation process of the barite front probably relates to
the activity of cold seep fluid.

The objective of this study is to investigate the processes of barite formation and the corresponding
alterations of authigenic minerals through the numerical method.

Based on the measured data of the Qiongdongnan Basin of the Northern slope of the South China
Sea, a 1D model is built, and the formation processes of barite and authigenic minerals are firstly
discussed. Subsequently, the parameter sensitivity analysis is performed to identify the factors affecting
the formation of barite. Thirdly, the relationship between barite formation and methane leakage flux is
tentatively regressed. By discussing the above results, several conclusions are finally drawn.
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The HY4-2005-5, a voyage of research work conducted by the Guangzhou Marine Geological
Survey, was carried out for exploration, and gained the numbers of samples of sediments by large
gravity piston samplers. The coordinates of the sampling station T1 are 111◦3.71′ E, 18◦1.73′ N, which
is about 150 km away from Hainan Province, China. The geological structural unit belongs to the west
depression of Qiongdongnan Basin, and the seafloor terrain is a flat slope [29]. The pore water and
mineral composition of borehole sedimentary samples taken from the basin were analyzed [30].

Quaternary sediments in the Qiongdongnan Basin are thick and rich in organic matter, which
provide a rich source of hydrocarbon gases. A high geothermal gradient and abnormally high pressure
are common in the basin, which is favorable for hydrocarbon gas formation, diffusion, and migration.
Mud volcanoes, mud diapirs, gas chimneys, and other structures related to methane seepage have
been discovered in some areas of the basin [31,32].

Due to the good deposit condition and the prospect of natural gas hydrate [33], this basin is
selected as the target area to investigate the impact of methane leakage on the formation of barite front
and the characteristics of authigenic minerals.

3. Methods

3.1. Numerical Simulator

In this study, all simulations were carried out using TOUGHREACT [34], which was developed by
coupling reactive transport processes with the multiphase flow code TOUGH2 written in Fortran 77 [35,
36]. The numerical method for fluid flow and chemical transport simulations is based on the integral
finite difference (IFD) method for space discretization. TOUGHREACT allows the comprehensive
modeling of biogeochemical interactions between fluid and solid phases that are coupled to solute
transport. The program is applicable to one-, two-, or three-dimensional geological domains with
physical and biogeochemical heterogeneity. Further descriptions about this code are provided in
Appendix A.

3.2. Biodegradation Kinetics and Parameters

In this paper, the biodynamic reaction module is added, which simulates the methane anaerobic
oxidation reaction under the microbial effect and the biogeochemical reaction of the methane in the
sedimentary layer. The governing equation referring to the Monod equation [34] is

rAOM = kAOM·
CCH4 −Cmin,CH4

Km + CCH4

·
CSO4 −Cmin,SO4

Ks + CSO4

(2)

where rAOM is the reaction rate of methane anaerobic oxidation; kAOM is the maximum reaction rate of
the methane anaerobic oxidation reaction; Km and Ks are the half-saturation constant of methane and
sulfate separately, CCH4 and CSO4 are concentrations of methane and sulfate, and Cmin is the minimum
reaction concentration.

According to the work of Dale et al. [37,38], we obtained the maximum reaction concentration
rate of AOM and the half-saturated constant in the controllable Equation (2). The maximum and the
minimum reaction concentrations of AOM were considered as gained from Liu et al. [12], which are
shown in Table 1.

Table 1. Biogeochemical parameters. AOM: anaerobic oxidation of methane.

Parameters Meaning Value Unit

Km Half-saturated constant of methane 1.5 × 10−3 mol/L
Ks Half-saturated constant of sulfate 1.0 × 10−3 mol/L

kAOM Maximum reaction rate of AOM 1.62 × 10−9 mol/L/s
CCH4 Minimum reaction concentration of methane 1.0 × 10−9 mol/L
CSO4 Minimum reaction concentration of sulfate 6.0 × 10−9 mol/L
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4. Model Setup and Case Settings

4.1. Conceptual Model and Boundary Conditions

A one-dimensional column model was built according to statistics and some relevant conceptual
models [39]. The sulfate–methane interface (SMI) is usually located at a depth of 7–15 m below
seafloor (mbsf) where methane leakage flux existed in the Qiongdongnan Basin [40]. At the same time,
we calculated the SMI depth of T1 according to the sulfate profile, that is about 22 mbsf. Given the
above-mentioned, the height of the column was set up as 30 m to fit actual conditions (Figure 3).
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The model is divided into two hundred grids unevenly, and the dividing approach is expressed
as (for details, the readers are referred to Liu et al. [41]):

A =
L

n−∑n
i−1

1
1+exp ((1−n/2)/c)

(3)

∆Z = A− A
1 + exp((1− n/2)/c)

(4)

Zi = Zi−1 + ∆Z (5)

where L is the height of the cylinder of the sediment, n is the number of grids, and c is the attenuation
coefficient, which is 10.

The top element of the model is supposed to be the seawater body and is treated as the first
boundary condition with constant pressure, temperature, and water chemical component. A boundary
with known flux (i.e., the secondary condition) is assigned on the bottom of the model, which acts as
the source of methane.

4.2. Physical Parameters Used in the Model

The physical parameters of the sedimentary column are summarized in Table 2. The porosity and
permeability were obtained by averaging the measured data of the Qiongdongnan Basin as well as
some surrounding areas of the South China Sea [41,42]. The temperature and pressure are adopted
from the reported data in the Northern Slope of the South China Sea [43,44].

Table 2. Physical parameters of the sediment.

Parameters Value Parameters Value

Rock density 2600 kg/m3 Top pressure 151 bar
Pore water density 1025 kg/m3 Top temperature 3.3 ◦C

Porosity 0.613 Geothermal gradient in sediment 3.76 ◦C/100 m
Permeability 10−15 m2 Sediment heat conductivity 1.7 W·m−1·K−1
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4.3. Initial Water Chemistry

In the model, three different initial waters were required: sea water in the top of the model,
sedimentary porous water, and methane-saturated water in the bottom of the model. The seawater
compositions are referred to Wu et al. (2010) and Yang et al. (2013) [19,45]. The concentration of
primary species in the sedimentary layer is obtained based on the testing data of the samples from the
T1 station in the Qiongdongnan Basin [26], and ionic strength of the solution is 0.6594. The bottom
boundary water of the sedimentary layer is saturated methane water. The methane intrudes upwards
from the bottom with a fixed flux of 5.95 × 10−3 mmol·cm−2·a−1 according to the reference methane
flux in the South China Sea [19]. Subsequently, we calculated the saturated methane concentration at
the corresponding temperature and pressure by a thermodynamic model [46]. The calculated saturated
methane concentration is 1.5424 × 10−1 mol/L. All water solutions are listed in Table 3.

Table 3. Initial water.

Components Sea Water Components (Top
Boundary Water) (mol/L)

Sedimentary Water
(mol/L)

Bottom Boundary Water
(mol/L)

Ca2+ 1.06 × 10−2 1.06 × 10−2 1.06 × 10−2

Mg2+ 5.31 × 10−2 5.31 × 10−2 5.31 × 10−2

Na+ 4.96 × 10−1 4.96 × 10−1 4.96 × 10−1

K+ 1.23 × 10−2 1.23 × 10−2 1.23 × 10−2

Ba2+ 6.00 × 10−7 6.00 × 10−7 6.00 × 10−7

Fe2+ 5.14 × 10−4 5.14 × 10−4 5.14 × 10−4

SO4
2- 2.82 × 10−2 1.00 × 10−6 1.00 × 10−6

HCO3
- 2.00 × 10−3 2.00 × 10−3 2.00 × 10−3

Cl- 5.53 × 10−1 5.53 × 10−1 5.53 × 10−1

CH4(aq) 1.00 × 10−6 1.00 × 10−6 1.54 × 10−1

4.4. Sedimentary Minerals

According to the results of the X-ray diffraction (XRD) of the sediment samples collected by the
‘HY4-2005-5’ in 2005, the initial mineral components of the sedimentary layer in simulations were
given as shown in Table 4. Additionally, the saturation indexes are also calculated as follows.

Table 4. Initial mineral composition.

Minerals Volume Fraction
(%)

Saturation Index
(SI) Minerals Volume Fraction

(%)
Saturation Index

(SI)

Quartz 15.3 −1.98948 Barite 22.3 −6.46652
Illite 25.6 9.26616 Chlorite 13.1 −0.88747

Kaolinite 13.5 7.10012 Albite 2.3 −0.75465
Calcite 7.9 −6.83590

The content of chlorite refers to the average composition of clay minerals in the Northern Slope
of the South China Sea. We found that the proportion of chlorite, kaolinite, and illite content in the
sediment in the South China Sea was about 1:1:2, so the initial chlorite content was determined. Other
mineral settings were based on the measured data [39]. Furthermore, the content of the barite is
invoked as the initial content in the vertical direction based on the average value measured to examine
the relationship between the distribution characteristic of authigenic barite, the leakage of methane
and the forming of barite front.

4.5. Case Settings

In order to investigate the formation process of the barite front in the cold seep environment and
the relationship between the authigenic barite and the flux of methane leakage, the following scenarios
were designed in this work (Table 5).
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Table 5. Design of simulated cases.

Schemes Methane Leakage Flux/mmol·cm−2·a−1 Corresponding Saturated Flow/kg·s−1

Base-case 1 5.95 × 10−3 (according to reports) 1.2232 × 10−8

Base-case 2 0 (no methane flux) 1.2232 × 10−8

Case 1 2.975 × 10−3 (0.5 times to Base-case 1) 6.1160 × 10−9

Case 2 2.975 × 10−2 (5 times to Base-case 1) 6.1160 × 10−8

Case 3 5.95 × 10−2 (10 times to Base-case 1) 1.2232 × 10−7

Case 4 1.19 × 10−1 (20 times to Base-case 1) 2.4464 × 10−7

Case 5 4.46 × 10−3 (0.75 times to Base-case 1) 9.1700 × 10−9

Case 6 4.46 × 10−2 (7.5 times to Base-case 1) 9.1700 × 10−8

Case 7 8.93 × 10−2 (15 times to Base-case 1) 1.8300 × 10−7

Base-case 1 was designed based on the measured data in the Qiongdongnan Basin, which is used
to simulate and analyze the transformation characteristics of the authigenic barite in the methane
leakage environment. Base-case 2 was designed to reveal the forming mechanism of barite in the T1
station by comparing it with Base-case 1. In Case 1–Case 7, the methane flux was changed to 0.5-, 0.75-,
5-, 7.5-, 10-, 15-, and 20-fold that in Base-case 1, respectively. Furthermore, Case5–Case 7 were designed
to verify the relationship between the methane leakage flux and the precipitation ratio of barite over
calcite obtained from the results based on Case 1–Case 4. The simulation time is 100,000 years with
temperature unchanged.

5. Results and Discussion

5.1. Analysis of the Forming Mechanism of the Barite Front

By comparing Base-case 1 with methane flux with Base-case 2 without flux, we concluded that
the barite front is extremely relevant to the AOM-SR. Figure 4a,e indicate the barium profiles under
methane flux and no flux conditions. When considering the methane flux, the AOM-SR consumed
the sulfate dissolved from original depositional barite. Thus, this process promotes the dissolution
of barite and releases more barium to the water. The dissolved barium continuously migrates to
upper sediment with the cold seep activities, which explains the barium profile in Figure 4a. However,
under the no flux condition, the barite and barium are in equilibrium, which leads to a low barium
concentration because of a low solubility of barite. Therefore, the barite front cannot be formed in the
sediment due to the lower concentration of barium.

In the early stage of methane leakage, the sulfate-less fluid caused by the cold seep activity broke
the equilibrium of barite in the sedimentary layer. The original depositional barite in the bottom of the
sedimentary layer dissolved, releasing Ba2+ to the water. With the AOM-SR process in the sediment,
the sulfate is consumed continually, bringing the source of barium to shallow sediment.

BaSO4 (barite)→ Ba2+ + SO2−
4 (6)

The dissolved Ba2+ moves upward with the cold seep fluid; at the location where sulfate is
abundant, the barite re-precipitated and the barite front presented, which may indicate the methane
fluid activity. The AOM-SR, on the one hand, enhances the dissolution of the barite in the bottom
of the sedimentary layer by consuming the sulfate dissolved from barite. On the other hand, the
HCO−3 generated and the upward fluid migration stimulate the production of some carbonate minerals
(mainly authigenic calcite, as shown in Figure 4d). The relationship between authigenic barite and
calcite is discussed in the next section. Relevant mechanisms are shown in Figure 5, including some
key reactions during the formation of the barite front. The requirements of the barite front formation
are as follows:

1. Original depositional barite in sediments (providing a source of barium);
2. AOM-SR process caused by anaerobic microbes (promoting the release of barium);
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3. Methane leakage flux (promotes AOM-SR and carries the barium).
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5.2. Impacts of Methane Leakage on the Distribution of Authigenic Minerals

Based on the results summarized from Cases 1–7, the influence of methane flux on the location of
the barite front, and the content of authigenic calcite and barite is obtained (each dot indicates one
case at a certain flux). As the cold seep fluid leaks, the sedimentary balance of the minerals is split,
and then the vertical distribution of the minerals is re-established. Figure 6a implies the location of
a barite front significantly triggered by methane leakage flux. A doubling of flux results in nearly a
halving of the location (comparing Base-case 1 with Case 1 and Case 2). This is because the high flux
of methane promotes the AOM-SR reaction rate, which causes the sulfate-depletion zone to extend to
a shallower area, causing the barite to re-precipitate at the sulfate-rich place, which is shallower than
the low methane flux, and form a barite front. However, although the location of the barite front is
shallower as the methane leakage flux increases, the volume fraction change of barite did not increase
(Figure 6b) in the same manner as the calcite (Figure 6c). The volume fraction change of barite increases
first and then decreases with the increasing of flux.
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Based on the above findings, we analyzed the reasons why this could occur. The increase of
methane leakage flux improves the AOM reaction rate, consuming more sulfate. For the calcite, an
improvement of the AOM reaction rate means more HCO3

− could be generated, causing a more
alkaline environment for calcite to form. However, for the barite, the methane would compete with
barium to utilize the sulfate. Therefore, two situations are discussed. As for low methane flux, the
methane and barium coexist in balance; therefore, both can react with sulfate within the sulfate-rich
zone. Such that the calcite and barite both increase at the range of low methane flux. In contrast, the
high flux of methane enhances AOM-SR consuming more sulfate relatively, which inhibits the reaction
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between barium and sulfate. Consequently, the barite content shows a decreasing tendency with high
flux of methane. The pattern diagram of this process is shown in Figure 7.
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Figure 7. Schematic diagram of reactions at low/high methane flux condition (the arrow indicates
relative richness or depletion).

With the methane flux increases, the barite and calcite show different changing directions.
The enrichment of authigenic calcite is more likely to indicate cold seep, but the content of barite
may also show the activities of cold seep for its changing characteristics. Therefore, we analyzed the
relationship between the flux of methane and these two minerals based on the simulation results of
all cases.

As shown in Figure 8, we found that the simulation results indicated a negative linear correlation
between the methane leakage flux and the precipitation ratio of barite to calcite in two-logarithmic
scale diagram. The fitted formula is y = 0.0329x − 0.904 with R2 = 0.9769. For correlation, we compared
the results of Case 5–Case 7 with the corresponding sample of methane flux (round dots in Figure 8).
It is revealed that the smaller the ratio, the greater the methane leakage velocity at the bottom is,
which implies a greater possibility of holding natural gas hydrate in sediment. This implication might
provide a workable guidance to search for natural gas hydrate using geochemical characteristics.
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5.3. Analysis of Forming Mechanism of Multi-Front Barite

Based on the results of the previous sections, the barite front formed because of the methane
leakage activities. In addition, the location of the front is related to the methane leakage flux. While in
the geologic history, the methane flux could not be a constant value, the high flux of methane may
cause the shallow barite front; inversely, the low flux leads to a deep front of barite. Therefore, with
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different methane fluxes, different fronts formed in different depths of sediment, which show the
existence of multi-front barite.

From the mechanism of the formation process of the barite front, the front appears near to the
sulfate–methane transition zone due to its relationship with AOM-SR. However, at the T1 station in
Qiongdongnan Basin, we find that the sulfate profile is inconsistent with the barite front. The barite
front existed at a shallower depth compared with the SMTZ inferred from sulfate profiles. That means
the front at the T1 station is not formed with the recent methane flux, and maybe there is another barite
front around the modern methane flux. For the contradiction between the sulfate profile and barite
front in the T1 station, we simulated the formation of multi-front barite to explain the mechanism of the
multi-front barite based on the measured data in the T1 station of Qiongdongnan Basin. A simulation
case was designed, and we assumed that the methane flux is high in the first 100,000 years, and that
there is low methane in the next 100,000 years. Using the two-flux model, the simulation results are
shown in Figure 9.
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barite front at high methane flux. (d) Modern barite front at low methane flux.

According to the simulation results, we explained why the sulfate profile is not consistent with
the barite front. From Figure 9a,c, in the first 100,000 years, the sulfate profile corresponds to the barite
front. The results in Section 5.1 indicate the relationship between the methane leakage flux and barite
front. However, in the next 100,000 years, with low methane flux, another front beneath the original
front appears. Therefore, we called the two fronts the paleotypal and modern front, respectively.

We could infer that the barite front we detected in the measured data is probably the paleotypal
barite front of the simulation combined with the periodical activities of the methane cold seep of the
Qiongdongnan Basin. In the early stage, the active cold seep produced a barite front in the shallow
area. However, over a long geologic historical period, the methane flux decreased for certain reasons.
The sulfate-rich zone moved downward for relatively low AOM-SR and formed a new barite front.
Therefore, the key factors of the multi-front are the periodical activities of the cold seep. High methane
flux corresponds to a shallow front and low flux relates to a deep front. Different fronts formed
over time, showing a multi-front in our modern measurements. Based on the above discussion, the
requirements of multi-front barite are as follows:

1. Cold seep areas;
2. AOM-SR under the reaction of microorganisms;
3. Periodical activities of cold seep.

The first and second conditions assure the formation of a barite front, but the key factors are
the periodical activities of cold seep for multi-front barite. Under natural conditions, it is likely that
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different fluxes are exhibited over a long history. The multi-front barite is more realistic and is closer to
the actual conditions. It should be noted that the mechanism of multi-front barite is hardly understood,
with limited research work having focused on it. This discussion will provide an instructive prospect
and be useful for studies on the activities of cold seep over geological periods.

6. Conclusions

By establishing a 1D sedimentary column model, we simulated the formation process of barite
front in cold seep environments. In this study, the formation mechanism of the barite front was
investigated, and the relationship between the flux of methane leakage and cold seep minerals was
analyzed. By discussing the simulation results, the following conclusions were drawn:

1. The formation of a barite front is relevant to the activities of cold seep, which leaks from the deep
sediments carrying Ba2+-bearing fluid. The up-moving Ba2+ reacts with sulfate, forming the
barite front in the sulfate-rich zones;

2. The location of the barite front is closely related to the methane leakage flux: the higher the leakage
flux is, the shallower the location of the barite front. Additionally, multiple peaks appeared due
to the periodical cold seep leakages, which provide us with records of cold seep activities;

3. Based on the simulated results, a linear relationship with a negative correlation between
the leakage flux of methane and the precipitation ratio of barite to calcite was regressed,
which might serve as a workable guidance when searching for natural gas hydrate through
geochemical characteristics.
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Appendix A

In TOUGHREACT, to represent a geochemical system, a subset of Nc aqueous species are selected
as basis species (or called component or primary species). All other species are called secondary
species, including aqueous complexes, precipitated (mineral) and gaseous species [47–49]. The number
of secondary species must be equal to the number of independent reactions. Any of the secondary
species can be represented as a linear combination of the set of basis species as

Si =
Nc

∑
j=1

vijSj, i = 1, . . . . . . NR (A1)

where S represents chemical species, j is the basis species index, i is the secondary species index, NR is
the number of reactions (or secondary species), and vij is the stoichiometric coefficient of j-th basis
species in the i-th reaction.

At any time, the total concentration of basis species j in the system is given by

Tj = cj +
Nx
∑

k=1
vkjck +

Np

∑
m=1

vmjcm +
Nq

∑
n=1

vnj(c0
n − rn∆tr)

+
Nz
∑

z=1
vzjcz +

Ns
∑

s=1
vsjcs, j = 1, . . . . . . Nc

(A2)
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where c shows concentrations, subscripts j, k, m, n, z, and s are the indices of basis species, aqueous
complexes, minerals at equilibrium and minerals under kinetic constraints, and exchanged and surface
complexes, respectively. Nc, Nx, Np, Nq, Nz, and Ns are the number of the corresponding species and
minerals; vkj, vmj, vnj, vzj, and vsj are stoichiometric coefficients of the basis in the aqueous complexes,
equilibrium, kinetic minerals, and exchanged and surface complexes, respectively; r is the kinetic
dissolution rate (negative for precipitation, and positive for dissolution). In contrast to an aqueous
equilibrium, species involved in kinetic reactions, such as redox couples, are independent and must be
considered as primary species [34]. On the mass balance basis, we obtain a set of equations, and all
equations involved in the chemical system are solved using the Newton–Raphson iteration method.

A broad range of subsurface thermal–physical–chemical–biological processes are considered
under various thermo-hydrological and chemical conditions of pressure, temperature, ionic strength,
and pH and Eh. The simulator can accommodate any number of minerals theoretically. However, in
order to avoid out-of-memory errors, the code limits the maximum number of minerals to 45 for the
current version of TOUGHREACT. Readers are referred to the relevant literature [50] for details.

The general rate expression used in TOUGHREACT is taken from Lasaga et al. (1994) [51]:

rn = ±kn An

∣∣∣∣∣1− (
Qn

Kn
)

θ
∣∣∣∣∣
η

(A3)

where n denotes the mineral index, positive values of rn indicate dissolution, and negative values
precipitation; kn is the rate constant (moles per unit mineral surface area and unit time), which is
temperature dependent. An is the specific reactive surface area per kg H2O; Kn is the equilibrium
constant for the mineral-water reaction written for the destruction of one mole of mineral n; and Qn is
the reaction quotient. The parameters q and h must be determined from experiments; usually, but not
always, they are taken as equal to one.

For many minerals, the kinetic rate constant k can be summed from three mechanisms [52], or

k = knu
25 × exp

[
−Enu

a
R ( 1

T −
1

298.15 )
]

+kH
25 × exp

[
−EH

a
R ( 1

T −
1

298.15 )
]

anH
H

+kOH
25 × exp

[
−EOH

a
R ( 1

T −
1

298.15 )
]

anOH
OH

(A4)

where superscripts or subscripts nu, H, and OH indicate neutral, acid, and base mechanisms,
respectively; Ea is the activation energy; k25 is the rate constant at 25 ◦C; R is a gas constant; T is the
absolute temperature; a is the activity of chemical species; and n is an exponent (constant).
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