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Abstract: Ross Sea is a large bay located in the fan-shaped area on the Pacific side of
Antarctica. In this paper, the power spectrum method is used to invert the Curie depth
of the Ross Sea area by(through) the magnetic anomaly data; the Parker-Oldenburg
method is used to invert the moho depth; according to Curie depth and the moho
depth, the heat flow of the Ross Sea area is inverted, obtained high-precision thermal
structure information. According to the temperature-pressure equation for formation
and storage of gas hydrate, the thickness of the gas hydrate stability zone is
quantitatively calculated based on the heat flow data of the study area, and a integral
method is used to estimate the resource prospects of gas hydrate in this area. The
results show that the estimated volumes of gas hydrate resources in the Ross Sea are
2.77x10" m’.
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1 Introduction

Gas hydrate is mainly cage-like and ice-like crystals formed by the combination
of methane and other gas molecules and water molecules under the condition of low
temperature and high pressure. In the ocean, it generally occurs in continental
marginal, continental shelves, continental slopes, underwater highlands and marginal
seabed sediments below 500m water depth, especially those sedimentary basins
related to mud volcano, diapiric structure and large fault (A K K, 1988; Dou Shi, et al.
1992). It is estimated that the total global gas hydrate resources are 2x10'® m®, which
is equivalent to twice the total carbon content of proven oil, natural gas and coal(S C T,
2002; Youhai Z, et al. 2001 ).

Gas hydrate is an unstable solid substancel(Moscardelli L, et al. 2006). Under
suitable thermal conditions, gas hydrate itself will continue to decompose (Shuan Shi F,
et al., 2007). Due to the shallow burial depth, under normal circumstances, cap rocks
with low permeability are rarely trapped above gas hydrate. The accumulation of gas
hydrate mainly depends on the constraints of temperature and pressure

conditions(Lifeng W, et al., 2013). Therefore, temperature and pressure conditions are



very important for the analysis of gas hydrate accumulation.

In this paper, based on the magnetic data inversion of the heat flow distribution
in the Ross Sea, the accumulation conditions of this area are analyzed with(by using)
the temperature, pressure and thermal factor(data). The thickness of the gas hydrate
stability zone is calculated, and the resource prospect of gas hydrate in this area is

preliminarily estimated by volume integral method.

2 Overview of the study area

Ross Sea is a large bay located in the fan-shaped area on the Pacific side of
Antarctica. The geographical coordinates are between 72° S~85° S, 160° E~160°
W. The width of the continental margin is about 850 km and the length is about 1,500
km. As about half the width of the continental shelf is covered by glaciers all year
round, so it is usually referred to as the northern end of Ross Bay(figure 1). Ross Sea
lies west of the Trans-Antarctic Mountains and Victoria Land, east of Marie Byrd
Land, and ice bodies slipping down from its southern continent form the Ross Ice
Shelf. The topography of the seabed has the characteristics of high north(shallow) and
low(deep) south, that is, deepening toward the Ross Ice Shelf from the outside to the
inside (Cooper, Davey & Hinz, 1988). The Multichannel seismic (MCS) survey of the
Ross Sea after 1980 clearly reflects the characteristics and scope of the submarine rift
structure. MCS data reveals that the Ross Sea has three main deposition centers: the
Victoria Land Basin (VLB), Central Trough(CT) and Eastern Basin(EB)(Y K & K H,
1991). The Victoria Basin is structurally more complicated than other basins. It is
composed of some sub-basins and graben, and may extend hundreds of kilometers
below the Ross Ice Shelf. The Northern Basin(NB) and Northern Central
Trough(NCT) seem to be the continuation of the strike of the Victoria Land
Basin(VLB) and Central Trough(CT), respectively The maximum deposition
thickness in the Terra Rift(TR) is up to 14km (Davey FJ, et al., 1982; Cooper, Davey &

Behrendt, 1987a) .
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Fig.1 Topography/bathymetry of the Ross Sea, the TAM and adjacent areas. The
Thick black solid line represents the coastline of Victoria Land. The thin black solid
line represents the basin structure. Red points indicate DSDP drilling (Houtz et al.,
1972)

The investigation and research of gas hydrates on the continental margin of
Antarctica began in the 1970s. MCIVER(Mciver R D, 1975) first reported the existence
of gas hydrates on the continental margin of Antarctica. The geochemical conditions
of the Antarctic continental margin basin are conducive to the accumulation of gas
hydrates. During the DSDP28 voyage, three drill cores of 271, 272, and 273 were
obtained in the Ross Sea. Among them, a high content of total hydrocarbon gas of up
to 179 000 uL/L (mainly Methane)(Geletti R and Busetti M, 2011). In the two gravity
corer samples collected near the DSDP273 well site, the methane volume fraction was
3 ~ 6.7 uL/L, but the methane volume fraction in the deep sediments of the DSDP273
well site reached 52 000 ~ 146 000 uL/L, indicating high content of methane does not
reach the near-surface sediments (Geletti R and Busetti M, 2011). Both MCIVER (Rapp J
B,) (Mciver R D, 1975) and RAPP (Rapp J B, 1987) infer that this gas may be

immobilized like gas hydrate.



3 Temperature-pressure conditions for the formation of gas hydrate
FARADAY (1987) and VILLARD(1896) carried out research work on the hydrate

temperature-pressure equation earlier. They found that temperature and pressure are
two very important factors that control the formation of hydrates. Their research
shows that a variety of gases can form hydrates under suitable temperature-pressure
conditions. KOBAYASHI et al. (1949) and KVENVOLDEN et al.(1980) conducted a
more detailed study on the conditions of gas hydrate formation and stable storage, and
revised the temperature and pressure condition curves obtained by FARADAY (1987)
and VILLARD(1896) . Figure 2 is an analysis diagram of temperature-pressure
conditions processed on the basis of the temperature-pressure curves of KOBAYASHI
et al.(1949) and KVENVOLDEN et al.(1980).

As shown in Figure 2, the abscissa represents the temperature, and the ordinate
represents the water depth and the corresponding pressure. The gray part of the
picture can form natural gas hydrate. But for the marine environment, the part below
the freezing point is not analyzed. It can be seen from Figure 2 that the lower the
seabed temperature, the lower the pressure required to form hydrates; the deeper the
water, the higher the temperature at which the corresponding hydrates can exist
stably.Antarctica is the coldest continent on earth. Its average temperature in January
in summer is minus a few degrees Celsius, and in July in winter it is minus 20 degrees
Celsius (Barker P F et al.,1999), while the seabed temperature of Antarctica is lower than
that in other regions. The measured seabed temperature of ODP178 voyage 1095 hole
(Lee M W et al.,1993) and ODP188 voyage 1165 hole ( E O B P, Cooper A K and Richter C
E A,2001 ) are both lower than 0 ‘C. The latitude of the Ross Sea is between 72° S
and 85° S, which is higher than the latitude of other continental seas except the
Weddell Sea. The Ross Sea shelf area is affected by the erosion of the continental ice
sheet, and the shelf water depth is much deeper than that outside the Antarctic
continent. This causes the seabed pressure of the Ross Sea shelf to be much higher
than other marginal sea areas, corresponding to the seabed temperature much lower
than other sea areas. , The Ross Sea area is easier to meet the stable occurrence

conditions of hydrates.
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Fig.2 Temperature-pressure conditions analysis chart of gas hydrate

(KOBAYASHI et al.,1949; KVENVOLDEN et al.,1980)

4 Gravity and magnetic inversion thermal structure of Ross

Sea

4.1 Data Sources

The topographic data used the data from the ETOPOI satellite altimetry
inversion released by the National Oceanic and Atmospheric Administration (NOAA)
in August 2008.

The magnetic data comes from the latest public data from the South Pole
Geomagnetic Survey Project ADMAP. At the end of 2000, ADMAP has compiled a
global magnetic anomaly grid with a resolution of Skm.

Gravity data is mainly used for Moho inversion. The gravity anomaly uses the 23
version data of Sandwell et al. (2013).

The heat flow data is downloaded through the "Global Heat Flow Database of

the International Heat Flow Committee".
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Fig.3 Survey lines and stations in the Ross Sea area of previous Antarctic
scientific expeditions
In addition to the above data, through the accumulation of many Chinese
Antarctic scientific expeditions, a considerable amount of geophysical data has also
been accumulated in the Ross Sea area, which has been processed and calculated and
combined with public data for use. Figure 3, the previous Ross Sea scientific
expedition survey lines in Antarctica, each survey line has carried out water depth,
gravity and magnetic measurement, most of which have carried out seismic survey

and heat flow measurement.

4.2 Gravity and magnetic inversion curie, Moho depth

Heat flow is one of the most elusive geophysical observables, it is difficult to
measure directly, and its measurement results are of poor regularity and have great
variability (Davies, 2013). Li and Wang (2016) pointed out that the current
understanding of the changes in the heat flow on the earth’ s surface is not sufficient
to infer the deep thermal structure, and the Curie-point depth (CPD) derived from

magnetic anomalies can be better constraint. Therefore, when there are difficulties in



measuring the heat flow around the Antarctic surface, the amount of data is small, and
it is difficult to truly reflect the internal thermal structure, the calculation of CPD
becomes the best method for inversion of the thermal structure of the lithosphere.

CPD refers to the depth at which a magnetized material above a certain
temperature becomes paramagnetic. In the crust, iron-titanium oxide (titanium
magnetite) is the main source of magnetic anomalies (O'Reilly, 1976), and the Curie
point temperature of magnetite is generally 580° C. This boundary provides a key
basis for calculating the distribution of heat flow in the Ross Sea. The calculated CPD
change also needs to be compared with the obtained change in crustal thickness (CT).

4.2.1 Magnetic anomaly inversion curie

The wavelet multi-scale decomposition method is used to separate the magnetic
anomaly information of the upper and lower interfaces of the magnetic layer, and the
logarithmic power spectrum analysis is performed. Using the power spectrum method
to invert the depth of the inner burial, the depth of the bottom surface of the magnetic
layer, as the inner depth of the place, represents the average depth of the place, the

inversion result is shown in Figure 4.
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Fig.4 Curie-point depth distribution, contour line corresponds to the contour of CPD,

black line represents geological unit



4.2.2 Gravity inversion Moho

According to the iterative inversion equation proposed by Parker

(1973)-Oldenburg (1974), the depth of the Moho in the study area is inverted.
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4.3 Heat flow calculation

The heat flow Qo is calculated by CPD and CT. Suppose that under

steady-state conditions, the surface heat flow consists of two parts: background heat

and intra-layer heat generation from radioactive decay. According to Fourier's law, in

the steady state the relationship between the one-dimensional surface heat flow Qo,

the constant heat generation ( A ), constant thermal conductivity ( k), surface

temperature (70 ) and the temperature (77 )at depth ( Z )is as follows:
Qo=AxZ[2+(Tz- To)k/Z (4.
In the formula, 7z=Tcpd is the temperature of the bottom magnetic layer.

When CPD is higher than Moho, it is calculated as a single-layer problem:

Qo = AxZcpd |2 +(Tepd - To)ke/Z cpd (4.2)



But when CDP is lower than Moho, the calculation is a two-layer problem

(Figure 6):

(4.3)

_ Tcpd - To+ AxZm{CPD - Zm)/km + A xZm* | 2kc}y
. &Zm/ke +(CPD- Zm)kmy

Zm 1is the depth of the Moho, kc and km are the thermal conductivity of the

crust and mantle, respectively.
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Fig.6 When Moho is deeper than CDP, the surface heat flow is calculated as a
single-layer problem, and when the CDP is deeper than Moho, the surface heat flow is
calculated as a two-layer problem. Assume that heat production (A) and thermal
conductivity (crustal k¢ and mantle km ) are constant.

For the crust and upper mantle, the thermal conductivity and radioactive crust

thermal parameters are assumed to be constant. Moho is deeper than CPD, the thermal

conductivity 22W/mK of the crust is taken as the average value of sediment, upper

crust and lower crust. In areas where CPD is deeper than Moho, 2.7W/mK is used as

the thermal conductivity of the upper mantle (Osako et al., 2010). Assume that the

radioactive heat output of the crust is 1uWm’ (FFernandez et al., 1998), while the

lithospheric mantle is zero.
As shown in Figure 7. The white line is the heat flow trend calculated by An et al.
(2015). The red point is the heat flow point of the study area accumulated by the

global heat flow database. In 2016, China’ s 32nd Antarctic Scientific Expedition
measured 73.5 mW/m*> heat flow at station RAO5C. An et al. (2015) focused on the
Antarctic continent. Their model has a higher resolution in calculating the heat flow in

land areas, but has a very low resolution in ocean areas. The calculation results in this

paper are more consistent with the results of An et al. (2015) on long wavelengths,

Moho



and have higher resolution on short wavelengths. In the Ross Ice Shelf area, An et al.
(2015) did not have an excessively high heat flow anomaly, but this paper calculated a
higher heat flow anomaly, which is consistent with the calculation results of Maule et
al. (2005). As the resolution of An et al. (2015) model is very low in ocean areas, it is
obviously unable to satisfy the quantitative expression of basin-level heat flow.
Compared with the seafloor heat flow values collected by the international heat flow
database, many high heat flow anomalies are mainly concentrated in the area of180°

longitude 77° S latitude, the southern end of the Victoria Basin and the central

highlands, which are consistent with the high heat flow distribution calculated in this

paper.
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Fig.7 Anomalous distribution of heat flow in the Ross Sea area calculated by
CPD.The white line represents the heat flow value calculated by An et al. (2015). The
red point is the measured value of heat flow on the seafloor surface accumulated in
the Ross Sea area, and RAOS5C is the measured heat flow of the 32nd Antarctic

Scientific Expedition in 2016.

5 Estimation of gas hydrate reserves in the Ross Sea

Combined with the actual environmental conditions of the Ross Sea, and



modified the pressure calculation equation and related assumptions of Milkov (2001) ,
combined with the boundary curve equation of the methane hydrate stability zone in
seawater proposed by Miles (1995) for calculation.

P=2.8074023+aT +bT* +cT° +dT* (5.1)

among them a=1559474x10" ; b»=4.8275x10" ; ¢=-2.78083x10" ;

d =15922x10" | P g the pressure value, the unit is MPa, T is the temperature, the unit
is ° C. This assumption of static pressure is valid at shallow seabed depths, so when
calculating the relationship between pressure and water depth, the hydrostatic

pressure is used to approximate the actual seabed pressure:

P=p,gh+p,gz (5.2)
Among them, p,is the seawater density, which is 1035Kg * m~, g is the

acceleration of gravity, which is 9.81m * s, h is the water depth, and p, is the

seabed surface sediment density, assuming 2000Kg » m>, z is the thickness of the
hydrate stabilizing layer in km. The relationship between the bottom temperature of
the stability zone where the hydrate is located and the geothermal gradient can be

expressed by the following formula:
T=t,+ A%Az z (5.3)
Among them, the geothermal gradientG:A%AZ, The seafloor temperature in

Antarctica is lower than that in other regions. The measured seafloor temperature of
ODP178 voyage 1095 (Lee MW, 1993) and ODP188 voyage 1165 borehole are both
lower than 0°C. So the seafloor temperature is assumed to be 0°C, to=0.

According to the heat flow data Q of the Ross Sea area, the geothermal gradient
T of the study area can be calculated. Above, we can calculate the thickness z of the
gas hydrate stability zone (Figure 8). It can be seen that when the water depth is less
than 276.5m, natural gas hydrate cannot be formed.

This paper uses the following parameters to calculate: the average porosity of the

sediment in the gas hydrate is 15%, the saturation of the hydrate is 0.4, the gas



production factor is 150, and the hydrate aggregation rate is 0.005. The Byrd Basin is
located under the ice shelf and is not counted here. The Ross Bay area also only
counts the area inside the basin, and the rest are not included. The Victoria Land
Basin(include NB) has an area of 80,000 km?, the Central Trough Basin has an area of
50,000 km?, and the Eastern Basin has an area of 100,000 km?. Calculated according
to the basin's gas hydrate occurrence rate of 10%, using volume fraction to calculate
the gas hydrate occurrence within the three major basins of the Ross Sea, the available
methane resource is 2.77 X 1011 m>. This is 30% deviation from the calculation of
Wang Wei et al. (2015). The 2015 calculation model relies heavily on the surface heat

flow value, which is scarce in the Ross Sea area.
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6 Conclusion

(1) This paper calculates the inversion of the Moho and curie depth through
gravity and magnetic data, and then inverts the thermal structure of the Ross Sea area.

According to the actual geology of the Ross Sea area, a better inversion result
was obtained.

The inversion of the thermal structure of the Ross Sea area with the optimized



Cursor has a higher resolution in the ocean area than existing models, and it is more in
line with the geological structure of the Ross Sea area.

(2) Based on the calculation of heat flow in the Ross Sea area, combined with
previous research results, it is speculated that there is a huge amount of natural gas
hydrate in the Ross Sea area, and the methane resources in the basin can reach 2.77 X

10" m3.
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Figure 1

Topography/bathymetry of the Ross Sea, the TAM and adjacent areas. The Thick black solid line
represents the coastline of Victoria Land. The thin black solid line represents the basin structure. Red
points indicate DSDP drillinglHoutz et al., 1972k
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Topography/bathymetry of the Ross Sea, the TAM and adjacent areas. The Thick black solid line
represents the coastline of Victoria Land. The thin black solid line represents the basin structure. Red
points indicate DSDP drillingilHoutz et al., 1972k
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Figure 2

Temperature-pressure conditions analysis chart of gas hydrate (KOBAYASHI et al.,1949; KVENVOLDEN et
al.,1980)
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Figure 3

Survey lines and stations in the Ross Sea area of previous Antarctic scientific expeditions
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Figure 4

Curie-point depth distribution, contour line corresponds to the contour of CPD, black line represents
geological unit
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Curie-point depth distribution, contour line corresponds to the contour of CPD, black line represents
geological unit
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Figure 5

Moho depth distribution of Ross Sea, black line represents geological unit
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Moho depth distribution of Ross Sea, black line represents geological unit

Situation 1 : Moho Deeper than CPD  Situation 2 : CPD Deeper than Moho
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Figure 6

When Moho is deeper than CDPR, the surface heat flow is calculated as a single-layer problem, and when
the CDP is deeper than Moho, the surface heat flow is calculated as a two-layer problem. Assume that
heat production (A) and thermal conductivity (crustal and mantle ) are constant.
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When Moho is deeper than CDPR the surface heat flow is calculated as a single-layer problem, and when
the CDP is deeper than Moho, the surface heat flow is calculated as a two-layer problem. Assume that
heat production (A) and thermal conductivity (crustal and mantle ) are constant.
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Figure 7

Anomalous distribution of heat flow in the Ross Sea area calculated by CPD.The white line represents the
heat flow value calculated by An et al. (2015). The red point is the measured value of heat flow on the
seafloor surface accumulated in the Ross Sea area, and RAO5C is the measured heat flow of the 32nd
Antarctic Scientific Expedition in 2016.
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Figure 7

Anomalous distribution of heat flow in the Ross Sea area calculated by CPD.The white line represents the
heat flow value calculated by An et al. (2015). The red point is the measured value of heat flow on the
seafloor surface accumulated in the Ross Sea area, and RAQ5C is the measured heat flow of the 32nd
Antarctic Scientific Expedition in 2016.



176'E 180° 176°'W

\T2E 172w

168°E

1800
1700
‘74“ 1600
1500
1400
1300

1200

1000

—GFETZENTOE 180 176 W77 o m
64-

Wsp W 700

Figure 8

thickness of gas hydrate
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thickness of gas hydrate
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