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Abstract: Mud volcanoes and other fluid seepage pathways usually transport sufficient gas for the
formation of gas reservoirs and are beneficial to the accumulation of gas hydrate. On the other hand,
the fluid thermal effects of mud volcanoes can constrain the occurrence of gas hydrates. Current field
measurements indicate that fluid thermal anomalies impact the distribution of gas hydrates associated
with mud volcanoes. However, due to the lack of quantitative analysis of the mud volcano fluid
flow and thermal evolution, it is difficult to effectively reveal the occurrence of gas hydrates in mud
volcano development areas and estimate their resource potential. This study took the Hakon Mosby
Mud Volcano (HMMV) in the southwestern Barents Sea as the research object and comprehensively
used seismic, well logging, drilling and heat flow survey data, combining the principles and methods
of fluid dynamics and thermodynamics to study the fluid flow and heat transfer of a mud volcanic
pathway. The space framework of the mud volcanic fluid temperature field thermal structure was
established, the influence of the HMMYV fluid thermal effect on gas hydrate occurrence was analyzed
and the distribution and resource potential of gas hydrates in mud volcano development areas were
revealed from the perspective of thermodynamics. This study provides a thermodynamic theoretical
basis for gas hydrate accumulation research, exploration and exploitation under a fluid seepage

tectonic environment.

Keywords: thermal fluid; thermodynamics; mud volcano; gas hydrates; SW Barents Sea

1. Introduction

Mud volcanoes refer to the seabed protrusion terrains that can spray mud, gas and
fluid, which are formed by over-pressurized fluid flowing from the deep strata in muddy
sediments to the seafloor. Mud volcanoes are widely developed in geological sites with
strong tectonic activity and high sedimentation rates, such as convergent continental
margins, foreland basins and strike-slip tectonic belts [1].

As an efficient fluid conduit, submarine mud volcanoes may provide sufficient
hydrocarbon-rich fluids to the shallow depth of gas hydrate stability zone (GHSZ), where
gas hydrates precipitate and accumulate. Gas hydrates associated with mud volcanoes
usually form cluster-type deposits, which are characterized by high saturation. Milkov
estimated that the amount of methane resources in gas hydrates accumulated in submarine
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mud volcanoes ranges from 10'°~10'> m3 at standard temperature and pressure [2]. In
addition, gas venting is usually observed at the seafloor from mud volcanoes. Therefore,
gas hydrates associated with mud volcanoes may become important targets for gas pro-
duction in gas hydrate systems in the future and may play an important role in carbon
cycling. Moreover, mud volcanoes are an important indicator for the presence of gas
hydrates [3], which have been recovered near mud diapiric structures during field drillings
in the Caspian Sea, the Black Sea, the Mediterranean Sea, offshore near Barbados, Nigeria
and in the Gulf of Mexico [2,4].

On the other hand, the geothermal fluid from a deep depth can increase the tem-
perature within and close to mud volcanoes. The increased temperature can push the
base of the GHSZ toward seafloor, resulting in a “plumping” bottom-simulating reflector
(BSR, indicator of the base of the GHSZ, i.e., BGHSZ) near the mud volcanoes or even the
disappearance of GHSZ in the center of mud volcanoes [5]. Global gas hydrate drilling
results indicate that no gas hydrates were encountered at the SH5 site above the mud diapir
in the Shenhu area of the Pearl River Mouth Basin in the northern South China Sea [6].
Furthermore, gas hydrates were not found at some sites in the center of the ko Mud Volcano
of the Lake Baikal and the Hikon Mosby Mud Volcano (HMMYV) of the SW Barents Sea.
However, gas hydrates were found at sites farther away from the mud volcanic vents [7,8].
In addition, gas hydrates are generally distributed in an annulus around a mud volcano.

The influence of the upwelling warm fluid on the temperature distribution within
the sediments is key to controlling the occurrence and distribution of gas hydrates in a
mud volcano development zone. Vogt et al. conducted heat flow surveys and sediment
sampling on the HMMYV [9]. They showed that although the heat flow in this region was
abnormally high, gas hydrates were discovered in the sediments near the seafloor. Eldholm
et al. discussed the geothermal field at the edge of the Barents Sea continental shelf and
emphasized that heat flow was highest in the HMMYV continental slope area due to mud
volcanism [10]. Kaul et al. presented the heat flow map of HMMYV and indicated that the
temperature was as high as 26 °C in a mud volcanic vent near the seafloor [11]. de Beer
et al. emphasized the effect of upwelling warm fluid in causing heat flow anomalies [12].
The accumulation of gas hydrates at HMMYV were found to be controlled by the ascending
warm fluids and distributed around the mud volcano structure in an annulus [8,13,14].
However, these understandings are at the stage of qualitative description and speculation of
conceptual models. Their lack of quantitative analysis and research on the thermodynamic
of mud volcano fluids and its impact on gas hydrate accumulation, make it difficult to
effectively reveal gas hydrate occurrence and calculate the potential amount of hydrate-
bound carbon in mud volcano development areas.

In this study, we quantitatively investigate the temperature distribution within and
near mud volcanoes by numerical simulations that couple fluid flow with heat transport.
We apply the model to the HMMYV in the Barents Sea and investigate how the upwelling
warm fluid impacts gas hydrate occurrence and distribution. These results have significant
implications on the gas hydrate resource evaluation, exploration and exploitation associated
with submarine mud volcanoes.

2. Geological Setting

The Barents Sea is the largest marginal sea in the Arctic Ocean (Figure 1a,b). It borders
the Baltic continent to South and the Norwegian-Greenland Sea to the West [15-17]. The
SW Barents Sea is south of the Bjerneya, and it developed a large number of petroliferous
sedimentary basins that are strike-slip, separating the Eocene-Early Oligocene oceanic
crust in the Lofoten Basin from the Barents Sea continental crust [18-20]. The geological
tectonic evolution of this area is as follows: Early Devonian—Caledonian orogeny formed
the metamorphic basement. The late Paleozoic-Mesozoic was a period of tectonic extension.
During this period, several rift activities formed many NE-trending half-graben basins,
resulting in structural inversion in the Loppa and Stappen uplift areas [21,22]. During
the Triassic to Early Jurassic period, tectonic activity was less, and weak and regional
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subsidence occurred in the east. The tectonic framework was finalized in the Middle
Jurassic to Paleogene, during which the rifting was revived again and further strengthened.
The tectonic evolution of the whole rifting period was relatively complex with the tectonic
inversion and folding reaching their peak during the Eocene to Oligocene [23-26]. The
Neogene-Pleistocene was a tectonic denudation period, during which the whole Barents
shelf was uplifted and eroded, and the upper regional unconformity (URU) was formed
during the Late Pliocene to Pleistocene [27]. The complex tectonic evolution in the SW
Barents Sea region has resulted in its unique tectonic development pattern: the interlaced
development of basins, tectonic uplands and fault systems.
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Figure 1. (a) Location map of the Hakon Mosby Mud Volcano (HMMYV), located on a slide scar of
the Bear Island sedimentary fan in the southwestern Barents Sea. (b) Picture of the regional setting;
the yellow rectangle indicates the location of (a), and the red star is HMMV. (c) Interpretation and
sequence stratigraphic division of the regional MCS profile that crosses HMMYV; the location of the
profile is the white line shown in (a) (modified from [17,28]). R7-R1: Plio-Pleistocene sequence
boundary; GO: pre-glacial unit; GI-GIII: glacial units; GI, GII and GIII correspond to thicknesses
600 m, 1800 m and 700 m, respectively, separated by the seismic reflection events of R7, R5 and R1;
COB: continental-ocean boundary; A6, A7, A13: magnetic anomaly belt.

The lower part of the URU interface in the Barents Sea is the pre-glacial sedimentation.
The upper part has the glacial sedimentary to marine sedimentary environments [29]. The
age of the interface between the pre-glacial and glacial sedimentation is 2.3 Ma [30,31].
This results in a sedimentation rate near the mud volcano as high as 1.35 m per 1000 years
in the last 2.3 Ma. The sedimentary layers in the basin are very thick, the sedimentation
rate is high, and the tectonic evolution is complex [32]. A large scale of diapiric seepage
structures has developed throughout the Barents Sea, especially in the Tromse Basin [31].
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There is abundant organic matter in this area, which provides sufficient hydrocarbon source
materials. In addition, there are widely-developed seepage pathways that can efficiently
transport the deeply generated hydrocarbon to shallow depths.

The HMMV (72°00.25’ N, 14°43.50’ E) is located on a slide scar of the Bear Island
sedimentary fan in the SW Barents Sea. It is on the continental slope between Norway and
Svalbard and has a water depth of approximately 1250 m [28,32]. Hakon Mosby is a mud
volcano with a nearly cylindric structure in the seismic profile and a circular structure at
the seafloor [28]. The diameter of the conduit is approximately 1 km [11,33,34]. This mud
volcano is still active today. Mud, fluid and gas are observed to be actively emitted from
the seafloor [29,35]. The formation of HMMYV coincides with the formation of submarine
landslides during the Late Pleistocene. HMMYV is located near the depositional center of
Bjernoya fan [36,37]. There are more than 6 km of Cenozoic sediments below the mud
volcano, consisting of 3.2 km of pre-glacial sediments, biosiliceous mud and 3.1 km of
glacial sediments and sandy mudstone [10]. The pre-glacial sediment has a higher porosity
and lower density compared with the overlying glacial sediment. This results in sediment
instability and density inversion. After the tectonic event that formed the submarine
landslides, the equilibrium state of the pre-glacial sedimentary layers was disturbed, and
the pre-glacial sediments invaded the glacial sediments along the tectonic weak zones and
formed the HMMV.

3. Data and Methods
3.1. Characterization of HMMYV Using Seismic, Well Logging, Drilling and Heat Flow Data

The multi-channel seismic data show that HMMYV is located near the ocean—continent
transition zone in the SW Barents Sea [28]. The transition zone responds well in magnetic
and gravitational anomaly fields. Furthermore, a series of stepped faults developed in
the ocean—continent transition zone [10,28,30,38]. Hjelstuen et al. divided the underlying
sediments in the HMMYV area into pre-glacial and glacial units [28]. The deformation
of HMMYV can be traced back to the basement of the glacial sediments, with a depth
approximately 3.1 km (Figure 1c).

Submarine heat flow surveys and gas hydrate drilling have been conducted in the
HMMYV area [8,11,12,15,37]. The high seafloor temperature revealed that the HMMYV is still
active, and the regional background geothermal gradient is 0.06 °C/m [10]. Dickens and
Quinby-Hunt proposed the methane hydrate phase boundary as follows [39]:

% =3.79 x 1072 — 2.83 x 10 *logp 1)

where T is temperature [K] and p is pressure [MPa]. With the water depth of HMMYV being
1250 m and salinity of 33.5%., we use Equation (1) to calculate the maximum temperature
of gas hydrate occurrence at the BGHSZ, which equals 13.20 °C and is located at 220 mbsf
(meters below the seafloor) (Equation (1)) [32]. The top of the gas hydrate occurrence zone
is closely related to the base of the sulfate-methane transition zone. In the sulfate—-methane
transition zone, methane is preferentially consumed during sulfate reduction and no gas
hydrate forms. Based on the geochemical measurement of sulfate radicals in the HMMY,
the top of the gas hydrate occurrence zone is at approximately 140 mbsf [15]. Gas hydrate
possibly occurs from 140 to 220 mbsf.

We built a geological model of the HMMYV in the southwestern Barents Sea based on
the geochemical and geological data, including the seismic, well logging, drilling and heat
flow survey data, seen in Figure 2. The geometry of the mud volcano is cylindrical, the
overpressurized gas-rich fluid was initially stored in the fifth layer. By establishing the
geological model, the influence of heat transfer from mud volcano fluids on the gas hydrate
occurrence zone was analyzed and the gas hydrate distribution around the mud volcano
was revealed. According to the heat flow survey, the thermodynamic boundary conditions
of the mathematical model were determined. The physical parameters of each layer of the
mud volcano geological model are shown in Table 1.
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Figure 2. Geological model of the Hikon Mosby Mud Volcano (HMMYV). The fluid storage tank is
located in the fifth layer. The mud volcano can be traced to a depth of 3.1 km below the seafloor.
Biosiliceous oozes originated from pre-glacial period (layer 5), which flowed upward and erupted
from the seafloor forming the mud volcano structure.

Table 1. Geophysical parameters of the HMMYV model. Based on the results of the submarine heat
flow survey and hydrate drilling in the HMMV conducted by the researchers, the physics parameters
of each layer in the mud volcano geological model were established. GO: pre-glacial unit; GI-GIII:
glacial units; GI, GII, GIII-I and GIII-II, correspond to thicknesses 600 m, 1800 m, 480 m and 140 m,
respectively (the sources of the petrophysical, thermodynamic, sedimentary and hydrate parameters
are from [8,10-12,15,37]).

. Thermal . . Thermal
Layer  Layer Type Rock Type Thickness Conductivity Density = Heat Capacity Diffusivity
m W/(m-k) kg/m3 J/(kgK) m?/s
L1 Sea water Water 1250 0.56 1030 4220 1.29 x 1077
L1 GII-II Sandy glacial muds 140 1.53 2100 850 857 x 107
L1 Hydrate Hydrate 80 2.20 900 2040 1.20 x 107°
L2 GIIL-I Sandy glacial muds 480 1.53 2100 850 8.57 x 10~/
L3 GII Sandy glacial muds 1800 1.53 2100 850 8.57 x 1077
L4 GI Sandy glacial muds 600 1.53 2100 850 8.57 x 10~7
L5 GO Biosiliceous oozes 3200 2.07 2510 1180 6.99 x 107

3.2. Hikon Mosby Mud Volcanic Fluid Thermodynamic Simulation Method
3.2.1. Temperature Variation of the Thermal Fluid at Different Depths in the Mud
Volcanic Conduit

As mud volcano fluid flows upwards, its temperature changes are affected by its
heat exchange and the temperature of surrounding rock layers. In this section, we will
quantitatively characterize the vertical temperature distribution within the mud volcano
conduit as the mud fluid flows.

We assume that the fluid flow within the mud volcanic conduit is at a steady state
and fully developed flow, we neglect changes in kinetic and potential energy, dissipation
and axial conduction. The temperature Ty on the lateral surface of the mud volcanic
conduit decreases with the increase of the distance from the initial eruption point of the
mud volcano, largely controlled by the geothermal temperature. The initial temperature T,
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of the mud volcanic thermal fluid is equal to the temperature on the lateral surface of the
mud volcanic channel where the fluid flow originates. Under the action of fluid pressure,
the mud volcanic thermal fluid flows upwards for a distance Az (Figure 3).

A
3)
e
=P
|
=
~
St
2 -
= ~ T(z)
(=P
H
T.(z)

S
7,

0 Z, 2,+tAZz z(m)
Figure 3. Schematic illustration of temperature changes in the mud volcanic channel.

Since the temperature T, on the lateral surface of the channel is lower than the mud
volcanic thermal fluid temperature, the mud volcanic thermal fluid temperature T(z)
continuously decreases in such a way that the change of temperature, AT, is proportional
to the temperature difference between the flowing fluid and the lateral surface and the
distance from mud volcano original layer.

AT = T(z1 + Az) — T(z) ©)

AT = —B(T(z) — Tw(z))Az 3)

where 3 > 0, which is a constant to be determined. As Az approaches zero as its limit,
Equation (3) becomes the following differential equation,

dT
O = B(T(2) ~ Tul2)). @

Equation (4) is a first-order linear inhomogeneous ordinary differential equation (ODE).
The solution of the responding homogenous ODE,

dT

= —BT() ©
is the following:

T(z) = Tie P? (6)

where T; is a constant. Note that Equation (5) is the heat convection equation, when the
lateral surface temperature of the conduit does not change with depth, the solution of
Equation (5) can be written in a standard form [40]:

h
T.(z) = T5+(T0—Ts)exp<—£mz>. 7)
Comparing Equation (6) with Equation (7), we obtain the constant 3 as the following:

p= ®)

mc
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Now we let T7 be a function of the distance z to find the solution of the inhomogeneous
ODE Equation (4), so that
T(z) = Ti(z)e P? 9

Substituting Equation (9) into Equation (4), we obtain

, = BTu(2)e® (10)

Its solution is:

z)=f /OZ Ty (z)eP? dz (11)

The temperature Ty, (z) on the lateral surface of the mud volcanic conduit controlled
by the geothermal gradient g, can be expressed as Equation (12),

Tu(z) = To - g2 (12)

Substituting Equation (12) into the Equation (11), the Equation (9) can then be solved
with the following solution,

Ty = Ty (0) + ToeP? — gzeP? + %eﬁz (13)
T(z) = Ty (0)e P% + Ty(z) + % (14)

Whenz =0, T(0) = T1(0) + T (0) + ﬁ, as T(0) = Ty(0), So T1(0) = %, Equation (14)
becomes Equation (15),

) Bz
T(2) = Tul(2) + ¢ (1 —e B ) (15)

Equation (15) can be written explicitly as follows, for the temperature variation of
the thermal fluid at different depth in the mud volcanic conduit. The temperature T (0)
of the mud volcanic fluid at the original layer (layer 5, z = 0) is 185 °C [10]. Combined
with the velocity of the upward fluid measured by the pore water geochemical data of
mud volcanoes in hot spots of the world, including HMMYV, the shallow velocity of mud
volcanoes ranges from 1.27 x 1072 m/s to 1.90 x 10~7 m/s. In order to simplify the model,
we selected 4.76 x 1077 m/s as the velocity of the upward flow, which is assumed to remain
constant in the calculation [11,15,41]. Other parameters for vertical temperature calculation
within mud volcano conduit are listed in Table 2.

T(z) = (Tp — gz) + %(1 —eF?) (16)

Table 2. Input parameters value of heat convection equation used for calculating the temperature
variation of the thermal fluid at different depth in the mud volcanic channel (the sources of the
numerical simulate data are from [8,11,12,15,37]).

Parameter Value Unit
c specific heat capacity of mud volcano fluid 1040 J/(kg-k)
d channel diameter 1000 m
r channel radius 500 m
g geothermal gradient 0.06 °C/m
k thermal conductivity of fluid 1.2 W/(m-k)
h average thermal transfer coefficient, h = 3.657 k/d 439 x 1073 W/(m?k)
v fluid flow velocity 9.51 x 1077 m/s
0 density of fluid 1400 kg/m?
m mass flow rate, m = 7r?pv 10.45 kg/s
p channel perimeter, p = nid 3140 m
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Table 2. Cont.

Parameter Value Unit
Ty mean inlet temperature of the mud volcano 185 °C
z perpendicular distance from mud volcano original layer variable m
temperature at z of the channel when the lateral surface temperature of channel changes . o
T(z) . variable C
with depth
Tou(2) lateral surface temperature at z of the mud volcanic channel, changes with depth, variable oC
Tw(0) =To — gz
temperature at z of the channel when the lateral surface temperature of channel did not . o
Te(z) . variable C
change with depth
15 lateral surface temperature of the channel when it did not change with depth, a constant constant °C

3.2.2. Effects of Mud Volcano Thermal Fluid on Surrounding Sediment

After setting up the initial temperature in the conduit, we used the transient heat
conduction Equation (17) to calculate the temperature of the surrounding strata affected by
mud volcano thermal fluid [42], and then we used MATLAB® 2017b for finite difference

numerical calculations.
oT 0 oT 0 oT
— = — | ky=— — | k,— 17
ST ax("ax>+az< az> 17

When the thermal conductivity of ky is equal to k,, we express = ch,,f Equation (17)
can be written as Equation (18),

oT ?T 9T
o "‘(axz + az) (18

then we employ an explicit finite difference method to discretize the transient heat Equa-
tion (18), the formula is written as Equations (19)-(21):

T(z,x,t) can be uniformly meshed as T(iAz, jAx, nAt), expressed as Tfj, and Equa-
tion (18) becomes Equation (20):

RT T 2T+ T

o 19
072 Az? (19)
+1
=T . T =215+ Ty Tl — 215+ Ty 20)
af (8x)° (82)?
We express sy = (Zﬁ;z and s, = (Zi)tz. Finally, from Equation (18) to (20), TZ?“].+1 is
introduced as:
TIHY = T sx (T = 2T05 + Ty ) + 50 (Tl — 270 + Tty ) (21)
When 224t < 1, the explicit equations are stable, all parameters of these

min((Ax)2,(Az2))
equations are listed in Table 3.

Table 3. Parameters of heat conduction equation used for calculating mud volcano thermal fluid
effects on surrounding sediment.

Parameter Unit
o thermal diffusivity coefficient of each layer m?/s
0 density of each layer kg/m?
Cp specific heat capacity of each layer J/(kg-k)

kx thermal conductivity in x direction of each layer W/(m-k)
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Table 3. Cont.

Parameter Unit
ks thermal conductivity in z direction of each layer W/(m-k)
At the size of a time step /
Ax node spacing in x and z spatial directions /
Az node spacing in x and z spatial directions /

4. Results
4.1. Vertical Temperature Distribution within the Mud Volcano Conduit

We used the thermodynamic Equation (16) to calculate the temperature distribution
within the mud volcanic conduit. The result is shown in Figure 4. The abscissa was the
vertical distance from where the fluid flowed, and the ordinate was the temperature. The
initial position (layer 5) where the mud volcano fluid began to flow was taken as the
coordinate origin. After the mud volcano fluid began to flow, the mud volcanic thermal
fluid temperature continuously decreased as the temperature on the lateral surface of
the conduit was lower than the mud volcanic thermal fluid temperature. The initial
temperature of the fluid in the mud volcano conduit was 185 °C, and it dropped to 22.62 °C
when it reached the seafloor. The temperature of the mud volcano fluid decreased from
the original stratum to the seafloor by 162.38 °C. The slope of the curve in Figure 4 was
gentle at first and then increased. It showed that the temperature of the mud volcano
fluid decreased slowly at the beginning due to the small temperature difference between
the flowing fluid and the side during the fluid ascent. Subsequently, as the distance from
the source of the fluid increased, the temperature of the mud volcano hot fluid decreased
rapidly due to the increasing temperature difference between the flow fluid and the side.
Therefore, the heat dissipation is closely related to the temperature difference between the
flowing fluid and the lateral surface.

200 1 1 ] 1 1 ] ]

180

=
=

2
S

100

=xz
=

Mud volcano temperature (°C)

=)
=

40

20

0 l l I l l I I
400 800 1200 1600 2000 2400 2800 3200
Distance from mud volcano original layer (m)

Figure 4. Temperature variation curve of the thermal fluid at different depth in the mud volcanic
channel, where distance (z) = 0 is where the fluid flow originates. Here, the initial temperature of the
mud volcano is 185 °C and the channel width is 1000 m. Other parameters are listed in Table 2.

The ARK-XIX/3b voyage measured a geothermal gradient of up to 46 °C/m near the
mud volcano center. The ARK-XIX/3b voyage recorded a maximum sediment temperature
of 24.55 °C at 0.55 mbsf in this region in 2003, while the VICKING voyage recorded 20.47 °C
in 2006 [8]. Our simulation of the temperature of the sediment layer at the top of a mud
volcano fell in this range, which verified the feasibility and accuracy of the model. The
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simulated temperatures at the center of mud volcano channels are listed in Table 4. The
errors of temperature within 1 m of surface layer may be related to the disturbance and
covering of the surface mud layer, bottom water temperature, etc., which were ignored in
this simplified model.

Table 4. Simulated thermometers of the central and unaffected regions of mud volcanoes at differ-

ent depths.
Depth(m) Simulated Temperatures at the Center Simulated Temperatures of

P of Mud Volcano Channels (°C) Unaffected Surrounding Strata (°C)
0 22.62 —0.80
10 23.28 —0.37

220 35.87 12.20

1000 82.57 59.00

3000 184.30 179.00

After calculating the temperature variation of the thermal fluid at different depth in
the mud volcano conduit, we used heat conduction Equation (21) to simulate the influence
of the mud volcano thermal fluid on the surrounding sediments. Figure 5 depicted the
temperature distribution of sediment around a mud volcano. The simulation results showed
that at the same depth, the temperature in the mud volcanic conduit was much higher than
that in the surrounding strata. Taking the layer 220 mbsf as an example, the temperature
in the mud volcano conduit in this layer was about 36 °C, while the temperature in the
surrounding background stratum was only 12 °C, which increased to 24 °C. The heat
conduction of the mud volcano’s hot fluid raised the temperature of the surrounding strata.
The simulation also showed that the temperature influence of the mud volcano was about
a cylinder with a radius of 1000 m, which was twice as large as the mud volcano tunnel
radius of 500 m. It could be seen that the heat conduction of mud volcano had a great
influence on the surrounding strata.

Seafloor (z=3.1km) Temperature (°C)

3 180
160
2.5
140
2 1120
T 1100
Z15
M 180
1 60
40
0.5
20
0 0
-5 -10 -5 0 5 10 15

x (km)

Figure 5. Based on the physical parameters of the mud volcano strata, we simulated the heat
consumption and temperature variation characteristics of the mud volcano fluid migration channel
after an eruption. The seafloor is set to z = 3.1 km.
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4.2. Temperature Variation of Gas Hydrate Occurrence Layer

The thermal fluid in the mud volcano conduit acts as a heat source, and the gas hydrate
occurrence depth is 140 to 220 mbsf. Combining the gas hydrate layer physical parameters
in Table 1 and thermodynamic Equation (21), we simulated the heat conduction effect of the
mud volcano thermal fluid on the gas hydrate occurrence layer after invasion in Figure 6.
It could be seen from Figure 6 that the thermal conductivity and thermal diffusivity of
gas hydrate were larger than those of surrounding strata, so the thermal fluid in the mud
volcano conduit had a greater influence on the thermal effect of the gas hydrate layer and
the influence range was longer.

Seafloor (z=3.1km) Temperature(°C)

180

160

140

120

100

80

60

40

20

-0.4 -0.2 0 0.2 0.4 0.6
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Figure 6. Simulation results of mud volcano thermal fluid invading the hydrate occurrence layers
and its influence on the hydrate layers” temperature field. Setting 140 to 220 meters as the hydrate
occurrence layer, the simulation results indicated that the heat conduction effect of the thermal fluid
on the hydrate layers was significantly enhanced, and the temperature distribution curve is noticeably
convex towards both sides.

The heat transfer effect and temperature distribution curve of thermal fluid on the gas
hydrate occurrence layer is shown in Figure 7. With upwelling warm fluid, the temperature
of the thermal fluid at the bottom of the gas hydrate layer in the mud volcanic conduit
was 35.87 °C. The temperature decreased to 13.14 °C at 602 m and 12.23 °C at 700 m
away from the mud volcano center at the same depth. Beyond 700 m, the temperature
approached 12.20 °C. The simulation results indicated an annular temperature distribution
at the gas hydrate layer with the mud volcano center as the axis. This corroborated with
the temperature distribution of the surface layer of the mud volcano and was consistent
with previous conclusions [11].
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Figure 7. Variation curve of the hydrate layers’ temperature with horizontal distance from a mud
volcano vent (temperature-distance curve). The thermal conductivity of hydrate layers and the
related data are listed in Table 1.

5. Discussion
5.1. Temperature Anomalies in the Mud Volcano Development Area

The global marine survey found that mud volcanoes and other fluid seepage pathways
generally have thermal anomalies. A temperature rise of sedimentary stratum in the sea
is obviously directly related to fluid migration pathways, such as gas chimneys, mud
volcanoes and mud diapirs. Detailed heat flow investigations have been carried out on the
seepage structures in the deep-sea area of the Gulf of Mexico, the Black Sea, the Barbados
trench, the Norwegian Sea and the Costa Rican island-arc. The results showed that fluid
seepage conduits were often accompanied by increased heat flow and temperature. Mud
volcanoes and mud diapir activities resulted in significantly enhanced heat flow [43].
Significant enhanced heat flow was also observed in the mud volcanoes of the Hékon
Mosby development area in the SW Barents Sea. The background geothermal gradient
of the mud volcano surrounding strata was significantly higher than the background
geothermal gradient value of the non-seepage tectonic development area [8].

Three voyages, the ARK-XIX/3b, AWI-ROV and VICKING submarine heat flow
surveys, and gas hydrate research drilling were conducted in the Hakon Mosby Mud
Volcano occurrence area in the SW Barents Sea in 2003, 2005 and 2006 [8,11,12,15]. The
results indicated that: (1) The temperature anomaly was obviously concentrated in the
geometric center of the mud volcano. (2) There was a significant change of temperature
gradient at the seafloor near the mud volcano. It equaled 46 °C/m at the conduit of the
mud volcano, and reduced to 0.042 °C/m at 3.5 km away from the conduit [8]. The results
showed that the temperature in the mud volcano conduit was obviously higher than that
in the surrounding sediments. Temperature anomalies were mainly concentrated in the
geometric center of the mud volcano. At the same depth, the closer to the mud volcano vent,
the higher the temperature. The thermal anomaly amplitude and influence range of mud
volcanoes are different in different regions, and their relationship with the development
characteristics and geological background of mud volcanoes needs further study. However,
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it is certain that the characteristics of thermal anomalies in mud volcano development areas
can provide indicators for searching and measuring mud volcanoes in the future.

The high fluid velocity in the mud volcano area results in high heat flux and generates
the thermal anomalies. The fluid flow velocity in the global seepage conduits spans several
orders of magnitude. The fluid velocity within and near the Hakon Mosby and other active
mud volcanoes or mud diapir structures was significantly higher than the background
value. The vertical flow velocity decreased rapidly with the increase of the lateral distance
from the mud volcano vent [12,44].

When the deep thermal fluid flows upward along seepage pathways, such as a mud
volcano, in a vertical direction, heat is rapidly transferred upward mainly by heat con-
vection. The heat dissipation and temperature changes when deep thermal fluid flows
to the seafloor are closely related to the temperature difference between the flowing fluid
and the lateral surface. In the lateral direction, since lateral fluid flow are not obvious,
the temperature in the periphery of the mud volcanic conduit is mainly elevated by heat
conduction from the conduit. Therefore, the temperature anomaly in global mud volcano
development areas is caused by the deep thermal hydrocarbon-rich fluid transferring
its heat to the mud volcanic peripheral sediments by heat conduction during ascension
along the migration pathway, resulting in the obvious increase of surrounding sediment
temperature. The longitudinal is mainly manifested as heat convection, and the lateral is
mainly manifested as heat conduction.

In summary, this study believes that mud volcano fluid activity causes thermal anoma-
lies in surrounding strata, inhibiting the accumulation of gas hydrate. It can even lead to
the decomposition of natural gas hydrate in local areas, which is also the general view of rel-
evant researchers [45]. However, quantitative study of mud volcano thermal evolution and
its influence on gas hydrate occurrence is relatively limited, so it is difficult to effectively
reveal gas hydrate occurrence in mud volcano development areas and guide the evaluation
and exploration of gas hydrate resources. In view of this, we carried out the numerical
simulation of the heat transfer during the mud volcanic thermal fluid flow to the seafloor.
The fluid seepage and thermodynamic changes of this process were analyzed. In our model,
the mud volcanic fluid originated from the Late Pliocene stratum of approximately 3.1 km
depth [28]. The initial temperature of the stratum fluid was 185 °C [10]. During the mud
volcano thermal fluid flowed to the seafloor, the fluid temperature was continuously re-
duced by heat dissipation. The simulation indicated that the thermal fluid at the seafloor in
the conduit rapidly decreased to 22.62 °C in the process of mud volcano activity. However,
it was still very warm compared to the sea floor and the surrounding strata. After the
activity stopped, the temperature of the fluid continued to drop because there was still a
large temperature difference between the fluid and the surrounding formation, and the
fluid transferred heat to the surrounding sediments through heat conduction, increasing
the temperature of the surrounding formation. In short, the change of temperature field
caused by mud volcano made the geological background and dynamic conditions of the
region more complicated.

5.2. Influence of a Mud Volcano Fluid Thermal Anomaly on Gas Hydrate Distribution

Current studies generally believe that the hot fluid activity of mud volcano leads to
the excessive temperature of mud volcano vents, which can lead to the decomposition of
gas hydrate in some regions [13]. In addition, the formation of hydrate blocks the upward
migration of gas in mud volcano to a certain extent. However, it is difficult to form hydrate
in a mud volcano channel because of its fast flow rate and high temperature. This allows
the gas to migrate up and sideways, forming hydrates in shallower layers. However,
these understandings only remain at the stage of qualitative description and speculation
of conceptual models. Due to the lack of quantitative research on the thermodynamic
evolution of mud volcano fluid, it is difficult to reveal the occurrence state of gas hydrate
in the mud volcano development area effectively.
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By establishing the thermodynamic model of mud volcano fluid and calculating the
heat dissipation during fluid flow, the heat conduction effect of thermal fluid intrusion on
the gas hydrate layer can be simulated, and the abnormal temperature distribution of the
hydrated layer is revealed to be caused by the thermal fluid activity. The thermal simulation
results showed that the mud volcano conduit acted as a heat source (linear source), and
the thermal fluid transferred heat laterally to the strata around the mud volcano conduit
through heat conduction. When mud volcano was active, the temperature of gas hydrate
layer in mud volcano conduit was 35.87 °C, while the surrounding background temperature
was about 12.20 °C. This temperature difference produced strong heat conduction. In the
gas hydrate occurrence layer, because the thermal conductivity of gas hydrate was much
higher than that of other sedimentary sediments, the heat transfer effect of thermal fluid
was obviously enhanced and the temperature distribution curve was obviously convex to
both sides (Figures 5 and 6). This indicated that obtaining accurate strata information, such
as the thermal conductivity coefficient of regional gas hydrate, was the key to accurately
and quantitatively evaluating the thermal effect of mud volcano fluid.

Through numerical simulation, the distribution range of temperature anomalies
caused by mud volcano hot fluid can be predicted, and the gas hydrate occurrence zone in
and near mud volcano can be delineated. This is of guiding significance to the evaluation
and exploration of gas hydrate resources in mud volcano development area. The shape
of the thermal effect of the mud volcano on the gas hydrate layer was a cylinder centered
on the mud volcano, with a wide bottom and a narrow top. Therefore, the distribution
of the gas hydrate was opposite to its shape. The gas hydrate layer gradually thickened
as it moved away from the center of the mud volcano (Figure 8). In terms of data, the
temperature of the hydrated strata decreased with the distance from the crater after mud
volcano activity, and the temperature dropped fastest within 575 m. The temperature at 604
m away from the mud volcano vent was 13.14 °C, and the critical occurrence temperature
of gas hydrate in this area was 13.20 °C. This meant that hydrogen deposits, vented at
about 604 m away from the mud volcano, decomposed and could not form gas hydrate in
these areas. Therefore, according to the critical temperature of gas hydrate accumulation,
the thermal structure of mud volcano fluid simulation can determine the occurrence range
of gas hydrate. The temperature of the mud volcano gradually decreases from the center to
the surroundings. Outside the temperature line of gas hydrate formation, it is beneficial
for gas hydrate enrichment. After obtaining the simulated temperature result under the
thermal effect of the mud volcano, combining regional water depth, formation pressure
and other information, the GHSZ of natural gas hydrate in this region can be calculated,
and the accurate distribution depth of gas hydrate in mud volcano region can be obtained.
Therefore, the simulation results in this study can effectively reveal the distribution and
resource potential of gas hydrate in mud volcano development areas from the perspective
of thermodynamics and provide deep data support for the calculation of regional GHSZ.

In 1999 and 2007, several voyages were carried out in the HMMYV area in the SW
Barents Sea. The results of the gas hydrate drilling indicated that gas hydrates were
distributed in an annular shape on the periphery of the mud volcano; gas hydrate were not
drilled in the mud volcano vents but were found in several sites in the hummocky outer
zone [13,33]. The high temperature in the conduit makes gas hydrate unstable, resulting in
a situation where no gas hydrate can form. The drilling results confirm our conclusions.
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Figure 8. Schematic diagram of the hydrate occurrence pattern in the mud volcano development
area. The model represents the distribution rule of hydrates in the shallow layer around the mud
volcano after the mud volcano eruption. The temperature contour represents the bottom of the
hydrate stability zone, and the arrow represents the direction of heat flow.

As an effective fluid seepage pathway, submarine mud volcano can provide sufficient
gas for the formation of shallow gas hydrates and is an important symbol for searching
for gas hydrates [3]. On the other hand, the high temperatures caused by mud volcano
fluids also inhibit gas hydrate accumulation. The upwelling hot fluid in the mud volcano
brings a great deal of heat to the shallow layer of gas hydration products by thermal
convection. In addition, it raises the temperature of the surrounding gas hydrated layer
through heat conduction. The rising temperature pushes the bottom of the GHSZ toward
the ocean floor. It can also break down gas hydrates in surrounding sediments that formed
before mud volcanoes formed and release methane and other hydrocarbon gases into the
seafloor. Therefore, while focusing on the thermal effect of mud volcanoes and other fluid
pathways on gas hydrate, special attention should be paid to the destruction, remigration
and reaccumulation of gas hydrate under thermal anomaly conditions, as well as the gas
hydrate accumulation dynamics related to mud volcanoes.

The mud volcano model used in this study is a stable state, but in reality, mud volcano
activity is periodic, with alternating active and dormant periods [46]. At present, the
research foundation of gas hydrate accumulation dynamics related to mud volcanoes is still
weak. Based on the existing research basis, it is concluded that from the end of mud volcano
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eruption period to the quiescent period, the migration of thermal fluid weakens and the
deep hydrocarbon gas (such as methane) continues to migrate from the deep to the GHSZ
through the mud volcano conduit. When the temperature in and near a mud volcano drops
to a stable value, gas hydrates that form from hydrocarbon gases remain in the sediment.
The thickness of the hydrated strata increases gradually. Gas hydrates are distributed
in a circular pattern in sediments around mud volcano seepage pathways. During the
active phase, these gas hydrates may again be decomposed by rising temperatures. Thus,
mud volcano activity dynamically affects gas hydrate accumulation in and around mud
volcanoes. In addition, the periodic thermal activity of mud volcanoes inevitably leads to
the change of the thickness of the GHSZ. In this situation, the formation of double BSRs
and the origin and whereabouts of the increased and decreased hydrocarbon gases and
other geological issues need to be further studied.

Mud volcano eruptions are short-term events, and mud volcano models change
repeatedly over long time scales. At present, the Hdkon Mosby Volcano is in an active
stage, and our simulated data and measured data are also based on the active mud volcano.
Therefore, in order to further validate our simulated results, predict gas hydrate resource
distribution area and reveal the gas hydrate occurrence zone complex cyclical change, we
should undertake a long-time actual observation after the thermal simulation and build
a mud volcano spatio-temporal three-dimensional temperature field model by using the
method of “line and plane combination”.

6. Conclusions

In the process of mud volcano hot fluid migrating upward to the seafloor, the tem-
perature of the mud volcano fluid decreases with the increase of temperature difference
between the flow fluid and the side. Taking the Hakon Mosby Volcano as an example,
a mud volcano thermal simulation model was established in this paper to calculate the
thermal fluid temperature changes at different depths of the mud volcano conduit and
simulate the influence of the mud volcano thermal fluid on the surrounding sediments. The
simulation results showed that the mud volcanic conduit was taken as a heat source, and
the thermal fluid laterally transferred its heat to the peripheral strata in the form of a line
source. Because the thermal conductivity is much higher than that of the sedimentary layer,
the heat transfer of the hot fluid to the gas hydrate layer is obviously enhanced, and the
temperature distribution curve obviously protrudes on both sides. This process increases
the temperature field of the gas hydrate reservoir in a short time, causes abnormal heat
flow, changes the phase state of gas hydrate and even decomposes part of gas hydrate
deposits formed in the early stage. The thermodynamic evolution of mud volcano fluid
and its influence on gas hydrate formation are quantitatively analyzed and studied. Based
on the simulation of mud volcano fluid flow characteristics and heat transfer, the complex
evolution framework of fluid temperature field thermal structure was established. This
study provides a thermodynamic theoretical basis for gas hydrate accumulation research,
exploration and exploitation in a fluid seepage tectonic environment.
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