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Abstract

Accurate determination of marine heat flow is an important

issue in geosciences not only because heat flow may capture dynamic

activities of Earth but also because temperature profile is an essential

factor in terms of natural resources. However, determination of heat

flow, which requires measurement of thermal conductivity and

geothermal gradient, is often empirically approximated, instead of

actual measurements, due to low cost-effectiveness of measurement.

Through case studies of marine heat flow at three regions, i.e., the

Ulleung Basin, the northeastern continental slope of Sakhalin Island,

and the Canterbury Basin, I may address the proper estimation of

marine heat flow and the possible applications, especially to gas

hydrate. In July 2007, new marine heat flow data were collected at ten

sites (HF01–10) in the south and central portions of the Ulleung

Basin (East Sea or Sea of Japan) as part of regional gas hydrate

research. The result shows that the geothermal gradient ranges from

103–137 mK/m, and the in-situ thermal conductivity from 0.82–0.95

W/m/K. It is noted that laboratory measurements of thermal

conductivity for core samples were found to deviate by as much as

40% from the in-situ measurements, despite the precautions taken to

preserve the cores. Facts of 1) large scatter of the existing heat flow

data observed in pre-1994 in the Ulleung Basin, 2) poor relationship

between heat flow and water depth, in contrast to what would be

expected for a rifted sedimentary basin, and 3) good correlation

between depths of bottom simulating reflectors (BSRs) and 2007 heat

flow data raise a question as whether the pre-1994 data represent the

true background heat flow from underlying basin crust since the

opening or contain large measurement errors. In the other hand, BSRs,
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generally found in the deep parts of the basin, occur at rather constant

intervals in the sediments. From the average BSR depth, I can infer

the background heat flow of 120 and 80 mW/m2 for 2.5 and 1 km

below the sea level, respectively. In the northeastern continental slope

of the Sakhalin Island (Sea of Okhotsk), numerous gas hydrate-related

manifestations, including hydroacoustic anomaly (gas flare) in the

water column, pockmarks and mounds on the seafloor, seepage

structures and BSRs, have been identified through CHAOS

(hydro-Carbon Hydrate Accumulation in the Okhotsk Sea) and SSGH

(Sakhalin Slope Gas Hydrate) projects. The depth of BSR matches

well with the base of gas hydrate stability zone estimated from the

heat flow (geothermal gradient) of 35 mK/m at normal seafloor

without seepage structures. One should be careful to use heat flow

(geothermal gradient) data observed close to the seepage feature

because seeping cycles may significantly adjust the thermal regime

around the seepage feature. New stratigraphic evidence from

subbottom profiles suggests that the landslide, previously reported in

the northern part of the study area, occurred at 20 ka which is

roughly consistent with the late stage of the Last Glacial Maximum.

Furthermore, a rapid sea water temperature increase (~0.6°C) in the

last 50 years which this region has witnessed can lead to additional

slope failure in the near future. Deep drilling into Canterbury Basin

was conducted during Integrated Ocean Drilling Program Expedition

317. Three sites on the inner shelf (Sites U1351, 1353, and 1354) and

one site on the continental slope (Site U1352) were drilled.

Sedimentary cores drilled at Site U1352 where the bottom-hole depth

was reached to a very deep level (1927 mbsf) provide an unparalleled

natural datasets about the thermal conductivity variation with other

parameters in terms of lithification. In general, the thermal conductivity

values increase with depth and correlate positively and negatively with
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bulk density and porosity, respectively. An abrupt shift in thermal

conductivity and porosity occurs at approximately 600-800 mbsf,

coinciding with the depth where sediments become lithified to rock.

Using a simple water-matrix two-component model to estimate

thermal conductivity with porosity, the matrix-thermal conductivity is

estimated as 2.51 and 3.27 W/m/K for unlithified and lithified sections.

On the other hand, geothermal gradient and heat flow are respectively

estimated as 46.2 mK/m and 57.8 mW/m2, consistent with the regional

distribution. The variation of thermal conductivity with depth at this

site yields the bottom-hole temperature of ~60°C, significantly lower

than as in the case without lithification, suggesting importance of the

thermal conductivity variation in estimation of the present-day thermal

state.

Keywords : marine heat flow; geothermal gradient; thermal

conductivity; gas hydrate; Ulleung Basin; Sakhalin

continental slope; Canterbury Basin; Integrated Ocean

Drilling Program

Student Number : 2003-30125



- iv -

Contents

Abstract ········································································· i

Contents ········································································· iv

List of Tables ······························································ vii

List of Figures ····························································· viii

Chapter 1 Introduction ················································· 1

Chapter 2 New Heat Flow Measurements in the

Ulleung Basin, East Sea (Sea of Japan):

Relationship to the Local BSR Depth and

Implications for the Regional Heat Flow

Distribution ··············································· 4

Abstract ···················································································· 5

2.1 Introduction ······································································· 6

2.2 Geological settings ·························································· 11

2.3 Material and method ······················································· 12

2.3.1 Cruise summary ······························································ 12

2.3.2 Marine heat flow probe and near-surface measurements

··························································································· 13

2.3.3 Thermal conductivity measurements in the laboratory 15

2.3.4 Heat flow derived from BSR depth ······························ 15

2.3.5 Pre-1994 heat flow data ················································ 16

2.4 Results ··············································································· 16

2.4.1 Geothermal gradient and thermal conductivity ············ 16

2.4.2 Heat flow ········································································· 18

2.5 Discussion ········································································· 23



- v -

2.6 Conclusions ······································································· 27

Chapter 3 The Stability of Gas Hydrate Field in the

Northeastern Continental Slope of Sakhalin

Island, Sea of Okhotsk, as Inferred from

Analysis of Heat Flow Data and Its

Implications for Slope Failures ············ 29

Abstract ···················································································· 30

3.1 Introduction ······································································· 31

3.2 Environmental setting ···················································· 33

3.3 Survey data ······································································ 36

3.4 Thermal calculation ························································ 46

3.5 Present-day GHSZ ·························································· 48

3.6 Discussion ········································································· 50

3.6.1 Estimating the regional geothermal gradient ············· 50

3.6.2 Past slope failure during the Last Glacial Maximum · 54

3.6.3 Possible slope failure in the future ····························· 60

3.7 Conclusions ······································································· 63

Chapter 4 Preliminary Heat Flow Experiment Results

from Site U1352 at Canterbury Basin, New

Zealand (IODP Expedition 317): Thermal

Conductivity Variation with Lithification

······································································· 65

Abstract ···················································································· 66

4.1 Introduction ······································································· 67



- vi -

4.2 IODP Expedition 317 ······················································ 67

4.3 Methods ············································································· 78

4.3.1 Geothermal gradient ······················································ 78

4.3.2 Thermal conductivity ···················································· 78

4.3.3 Heat flow calculation ···················································· 82

4.4 Results of heat flow measurements ···························· 83

4.4.1 Site U1351 ····································································· 83

4.4.2 Site U1352 ····································································· 92

4.4.3 Site U1353 ····································································· 100

4.4.4 Site U1354 ····································································· 104

4.5 Discussion ········································································· 106

4.5.1 Estimate of heat flow in the Canterbury Basin ········ 106

4.5.2 The matrix thermal conductivity at Site U1352 ········ 108

4.5.3. Estimate of bottom hole temperature at Site U1352 ·· 111

4.6 Conclusions ······································································· 111

References ····································································· 114

Abstract in Korean ······················································ 127

Acknowledgements ······················································ 130



- vii -

List of Tables

Chapter 2

[Table 2-1] Pre-1994 heat-flow dataset used in this study (from

Tanaka et al. 2004) ············································ 9

[Table 2-2] Summary of 2007 heat flow survey ·············· 14

Chapter 3

[Table 3-1] Heat flow measurements in the northeastern

continental slope of Sakhalin Island during 2003

CHAOS survey using a marine heat probe after

Matveeva et al. (2005). Eight measurements were

made at different sites showing flare in the water

column and seepage structure on the seafloor. To

compare these sites with normal seafloor, two

measurements were made at the reference sites

················································································· 42

Chapter 4

[Table 4-1] Temperature data observed during IODP Exp. 317

················································································· 85

[Table 4-2] Thermal conductivity data observed during IODP

Exp. 317 ································································· 89



- viii -

List of Figures

Chapter 2

[Figure 2-1] Bathymetric map of the Ulleung Basin (see inset

for location), showing the locations of the ten sites

(HF01-10; stars) where in-situ heat flow

measurements were carried out in 2007 and pre-1994

heat flow data (circles). The presence and absence

of BSR in seismic data is denoted as closed and

open symbols, respectively. Cores for laboratory

thermal conductivity measurements were collected at

sites HF01-05. Also shown is the KNOC line 05

along which five of the 2007 sites are located.

Dashed line delineates the area where

high-resolution multi-channel seismic survey was

conducted from which BSRs were identified. Contour

lines are at 200-m depth intervals. UB Ulleung

Basin, JB Japan Basin, YB Yamato Basin, KP Korea

Plateau, OA Oki Bank, YA Yamato Bank, TT

Tartary Trough, GT Genzan Trough, OT Oki

Trough ··································································· 8

[Figure 2-2] Observed heat flow versus water depth from the

existing (pre-1994) dataset. Due to large scatter, the

correlation between the heat flow and water depth

cannot be confidently identified ······················ 17

[Figure 2-3] Observed heat flow versus water depth from the



- ix -

2007 survey using in-situ thermal conductivity

measurements. Compared to pre-1994 data (Fig.

2-2), the correlation between the heat flow and

water depth is clearer ········································ 19

[Figure 2-4] Gridded map of heat flow in the Ulleung Basin

after adding new measurements of 2007 (stars and

numbers) to the pre-1994 data (circles and numbers).

The unit of measurement for the numbers is

mW/m2. Contour lines are bathymetric depth at

200-m interval. The location of the area of so-called

embryonic oceanic crust (Lee et al., 1999) is bounded

by dotted line. In order to avoid misimpression

produced by automatic gridding, I masked the grid

at regions where there is no data ··············· 20

[Figure 2-5] Observed vs. BSR-derived heat flow. The stars

represent the 2007 measurements using P-wave

velocity of 1.6 km/s. Pre-1994 data in circles is

shown for comparison. The solid line represents the

line of unity. The correlation between the two heat

flows is quite good for the 2007 dataset ··· 22

[Figure 2-6] Heat flow vs. BSR depth in the Ulleung Basin. The

circles represent pre-1994 data and stars 2007

measurements. Again I used P-wave velocity of 1.6

km/s to convert travel time into depth. The dashed

and dotted curves represent the empirical

relationships between BSR depth and heat flow for

water depth of 1 and 2.5 km, respectively. The BSR



- x -

depths do not vary much in the Ulleung Basin and

the reflectors are found in the deep portions of the

basin. The horizontal line is the average BSR depth

that was used in determining the background heat

flow from a simple model ······························ 26

Chapter 3

[Figure 3-1] The location of the study area in the northern slope

of Sakhalin slope, Sea of Okhotsk. (a) The Okhotsk

plate (Okh) is bounded by 4 tectonic plates: North

America (NA), Eurasia (EU), Amurian (Am), and

Pacific (Pa) plates. Kashevarov Shear Zone (KSZ)

and Sakhalin Shear Zone (SSZ) exhibit dextral

movement. JT = Japan Trench, KT= Kurile Trench,

AT = Aleutian Trench. (b) The study area,

presented as box, is located in the northeastern

continental slope of Sakhalin Island. The Deryugin

Basin lies to the west. The thick lines indicate

major faults in this region. Lavrentyev Fault Zone in

the southern part of the study area divide

cross-section slope morphology into 2 types:

concave-upward to the north of itself, and

convex-upward to the south (see text and Figure

3-8). The shaded area represents the coverage of

side-scan sonar survey. (c) The detailed map of

survey area. The seismic survey lines (thick lines)

conducted using the sparker instrument, the



- xi -

subbottom survey line (thin line), the locations of

CTD casting sites to measure water temperature and

salinity (squares), gas flare detected by

hydroacoustic survey (triangles), and heat flow

measurements (circles) are shown. The reverse

triangle represents a site where core containing the

gas hydrate was retrieved (see text). The

bathymetric contour is shown at 100-meter interval.

Sites where sediment cores containing gas hydrates

were taken are shown in star symbols: DU =

Dungeon and GI = Gisella structure. The box

represents the location of Figure 3-4 ········· 35

[Figure 3-2] Gas flares as recorded by echosounder. The

backscatter intensity is represented by colors from

white for low to red for high. Reflection during the

retrieval of cores can be seen (core track). The top

of gas hydrate stability zone (TGHSZ) is depicted as

a dotted line. Various shapes of gas flares are seen

in (a), (b) and (c). (d) The depth where flare begins

sometimes coincides with TGHSZ. Inset is a

conceptual diagram to exhibit theoretical gas hydrate

stability zone (GHSZ) with water depth. For given

water depths, the top (T) and base (B) of GHSZ

can be determined by hydrotherm (solid curve),

geotherm (dashed lines), and gas hydrate stability

curve (dotted curve): columns represent GHSZs for

certain water depths. Note that the base of GHSZ



- xii -

deepens with water depth deeper than D2 while

TGHSZ is constant and that the GHSZ does not

occur for water depth shallower than D2 ·· 38

[Figure 3-3] The picture of gas hydrate samples from sediment

core. See Figure 3-1 for the location of the

recovered gas hydrate samples. (a) from Dungeon

(DU) and (b) from Gisella (GI) seepage structures

are retrieved. The water depth at which these

samples were recovered are 385 and 390 mbsl

················································································· 40

[Figure 3-4] The location of heat flow measurements.

Measurements at seepage structure are marked as

blue circles, and those at non-seepage as yellow

circles on top of side-scan sonar image where light

area represents the region of high backscatter.

Dotted signs represent failed measurements. The Red

dots indicate gas flares observed by the echosounder.

Inset is a blow-up image of the box. The side-scan

sonar image in the inset is the one below between

overlapped two images. Numbers in italic represent

geothermal gradient values. See Figure 3-1 for the

location of the heat flow measurements ···· 41

[Figure 3-5] Seismic profiles showing the bottom-simulating

reflectors (BSRs). The Dotted curves represent

estimated BSRs based on geothermal gradients of 30

(blue), 40 (green) and 50 (red) mK/m using the

stability curve by (Dickens and Quinby-Hunt, 1994).



- xiii -

The horizontal lines indicate the top of gas hydrate

stability zone (TGHSZ). Gas hydrate sample was

taken at Gisella seepage structure (GI, reverse

triangle), which is shown in Figure 3-3b. See Figure

3-1 for the location of the echosounder profiles

················································································· 44

[Figure 3-6] Water temperature profiles taken from three CTD

stations. See Figure 3-1 for the location of CTD

stations. Subzero temperature layer can be seen at

50-150 m depth at all locations. The water

temperature reaches a uniform value of ~2.2°C below

~800 meter below sea level ···························· 45

[Figure 3-7] A schematic diagram illustrating the difference in

heat transfer process and resulting thermal structure

at non-seepage and seepage sites. (a) The dominant

heat transfer process may vary between at a

non-seepage site and at a seepage site. At a

non-seepage site, conduction would be the dominant

mode of heat transfer (Case 1). On the other hand,

at a seepage site, convection by advective flow may

play an important role. In the case of active venting,

the warm fluid would rise up quickly to the surface

(Case 3). Once the active venting has ceased, the

convective fluid would not reach the seafloor and

may be confined to the deeper portions of the

sedimentary layer (Case 2). The sedimentary section

may be divided into two: the upper part where



- xiv -

conduction is dominant and the lower part where

convection is dominant. (b) The local temperature

profiles would depend on the dominant heat

processes. The temperature profile for active venting

(Line 3) at the seepage site may be less steep than

that at the non-seepage sites (Line 1). Hence, BSR

depth can shoal up at the seepage site compared to

at the-non seepage site for given gas hydrate

stability curve. In the case of active venting, the

fluid venting out at the seafloor would be much

warmer than the bottom water temperature.

Depending on whether the seepage venting is active

or inactive, the geothermal gradient may differ.

When the active venting has ceased, the temperature

profile at the seepage site may be shown a line bent

at the depth where the convective fluid reaches

(Line 2). Thus, the geothermal gradient

corresponding to the conduction-dominant upper part

is steeper than that to the convection-dominant

lower part. Also, the geothermal gradient observed

at the inactive or dormant seepage site becomes

higher than that at the non-seepage site because a

marine heat probe can penetrate into the topmost

several meters below the seafloor (hatched area)

················································································· 52

[Figure 3-8] The comparison of the slope between the

continental margin to the north and south of the



- xv -

Lavrentyev Fault Zone (LFZ) (modified from Wong

et al., 2003). (a) 3-dimensional aerial view. See

Slump scarp develops along contour lines 250-300

mbsl. Figure 3-1 for the location. (b) Sea level and

the top of gas hydrate stability zone (TGHSZ) are

represented for present-day (solid lines) and the

Last Glacial Maximum (LGM; dotted lines)

················································································· 55

[Figure 3-9] Subbottom profile showing a clear top surface of

glided mass (arrows) at ~20 meters below the

seafloor. The more deformed the less reflectors

below the top surface of glided mass could be

distinguished. See Figure 3-1 for the location of the
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Chapter 4

[Figure 4-1] Canterbury Basin is bounded to the northeast by

the Banks Peninsula (BP), to the southwest by the

Otago Peninsula (OP), those are the Miocene

volcanic centers with age of 5.8-12 Ma and 9.6-16.0

Ma, respectively. The Alpine Fault is the boundary
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between the Australian plate to the west and Pacific

plate to the east. Modern currents are shown. Four

exploration wells as well as ODP Site 1119 are also

shown: Resolution (R), Clipper (C), Endeavour (E),

and Galleon (G). Bathymetric contours are in meters.

Figure is extracted from Expedition 317 Scientists
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[Figure 4-4] Drilled and alternative sites with multichannel

seismic survey lines with high- (thick straight lines)
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[Figure 4-5] Uninterpreted (a) and interpreted (b) multichannel

seismic dip Profile EW00-01-66. The locations of

Sites U1351, U1353, and U1354 are shown with

actual penetrations (red). Alternative sites are

CB-03B, -01A and -02A (yellow). Sequence

boundaries (circles with number), locations of onlap,

truncation and downlap (arrows), and locations of
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paleoshelf edges (open circles) are shown in (b). See

Fig. 4-4 for the locations of profile and sites. Figure

is extracted from Expedition 317 Scientists (2010)
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[Figure 4-7] Summary of core recovery and sedimentary units

with ages across IODP Exp. 317 transect. Ages

were determined based on biostratigraphy. MP

represents the Marshall Paraconformity. Figure is

extracted from Expedition 317 Scientists (2010)

················································································· 75

[Figure 4-8] Summary of detailed lithology through IODP Exp.

317 transect. MP represents the Marshall

Paraconformity. Figure is extracted from Expedition

317 Scientists (2010) ·········································· 76
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Chapter 1

Introduction
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Study on marine heat flow came up with born of plate tectonic

theory and has firmed the theory as it shows a clear decreasing trend

with square of formation time of oceanic crust from ridge to trough,

proving that plates are generated in ocean ridges and moved to

troughs as they cool with time. Marine heat flow data has been

essential for science communities in any field pertaining to

geodynamics since then, but the measurements are not taken easily.

Several types of marine heat probes were invented and successively

enabled us to read geothermal gradient and thermal conductivity, two

parameters of heat flow, although large number of measurements is

required due to error range from instrument itself and way of

measurement. The instrumental error is decreased as technology

develops, however, repetitive measurements are still required to obtain

the exact value because the way of measurement is not changed

much. The geothermal gradient is conventionally measured onto the

topmost several meter-thick sediments where variation in bottom

water temperature easily affects vertical temperature profile, and

moreover thermal conductivity is commonly measured onto retrieved

samples which underwent large change in environmental conditions to

allow values shifted. In addition, due to lack of actual data, the

thermal conductivity for deep sediments below the seafloor cannot help

being assessed based on standard values and proportions for

compositional materials even though it plays an critical role to

estimate the present temperature at depth, particularly interested on a

scope of resources, because the temperature at depths is conventionally

estimated by using known geothermal gradients but the gradients

easily vary much with respect to the thermal conductivity. Therefore,

it is worth obtaining accurate values of the geothermal gradient and

the thermal conductivity, since those serve as firm data not only for

the pure geosciences but also for applied ones to hydrocarbon
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resources in marine sediments. Recently marine heat flow data draw

attention in the field of gas hydrate studies because gas hydrate

stability is known to be very sensitive to temperature as well as other

parameters. Even a bottom-simulating reflector (BSR), often regarded

to correlate to the lower boundary of gas hydrate stability zone, can

be used as a proxy of marine heat flow. Case studies of marine heat

flow at three regions, i.e., the Ulleung Basin, the northeastern

continental slope of Sakhalin Island, and the Canterbury Basin, may

provide an opportunity to address challenges mentioned above for the

proper estimation of marine heat flow and the present temperature at

depth.
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Chapter 2

New Heat Flow Measurements in the

Ulleung Basin, East Sea (Sea of Japan):

Relationship to the Local BSR Depth and

Implications for the Regional Heat Flow

Distribution
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Abstract

In July 2007, new marine heat flow data were collected at ten

sites (HF01-10) in the south and central portions of the Ulleung Basin

(East Sea or Sea of Japan) as part of regional gas hydrate research.

In addition, cores were collected at five of these sites for laboratory

analysis. The result shows that the geothermal gradient ranges from

103-137 mK/m, and the in-situ thermal conductivity from 0.82-0.95

W/m/K. Laboratory measurements of thermal conductivity were found

to deviate by as much as 40% from the in-situ measurements, despite

the precautions taken to preserve the cores. Based on the in-situ

conductivity, the heat flow is found to increase with water depth

toward the center of the basin, ranging from 84-130 mW/m2. Using a

simple model, I estimated the heat flow from the depths of BSR and

compared it with the observed heat flow. In the study area, the two

values are quite consistent with the observed being slightly higher

than the BSR-derived heat flow. The evaluation of regional pre-1994

data reveals heat flow varies widely from 51-157 mW/m2 in and

around this basin. Due to the large scatter in these older data, a clear

relationship between heat flow and water depth is not evident, in

contrast to what would be expected for a rifted sedimentary basin.

This raises a question as whether the pre-1994 data represent the true

background heat flow from underlying basin crust since the opening or

contain large measurement errors. In the Ulleung Basin, the BSRs

which are generally found in the deep parts of the basin vary by only

±15 meters or so in depth below the seafloor. From the average BSR

depth, I can infer the background heat flow using a simple model,

which in the case of Ulleung Basin is approximately 120 and 80

mW/m2 for 2.5 and 1 km below the sea level, respectively.
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2.1 Introduction

Seafloor heat flow measurements have made important

contributions to our understanding of many global tectonic issues,

including the progressive cooling of oceanic plates (Parsons and

Sclater, 1977), and the role of convective cooling at young divergent

plate boundaries (Lister, 1972). It is generally assumed that heat flow

in a sedimentary basin increases rapidly when the basin initially forms

by extension, but then decays systematically with time (McKenzie,

1978). In the simplest case, therefore, the heat flow varies inversely

with the depth of the basement below the seafloor of the basin.

Determining the thermal evolution of a sedimentary basin is a

central issue in assessing its hydrocarbon potential and maturation

(e.g., de Bremaecker, 1983; Grauls, 2001), and is thus also of

considerable economic value. The establishment of reliable, multi-scale

heat flow patterns at the seafloor can be difficult, however, because

measurements are subject to various sources of ‘noise’ associated with,

for example, variations and/or errors stemming from the choice of

techniques/instruments, seafloor heterogeneity, and sub-seafloor

characteristics such as sediment type, porosity, permeability, and the

presence of subsurface circulations and structural irregularities such as

fissures and cracks. Thermal conductivity measurements can also be a

problem when taken in recovered cores. These problems could at least

partly be resolved by carrying out in-situ measurements on

high-density survey grids, albeit at high operational costs. The

acquisition of heat flow data thus continues to be a challenging issue,

and the question remains as to the most effective way of obtaining

reliable estimates (e.g., Geli et al. 2001).

The present study deals with heat flow in the Ulleung Basin
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(Fig. 2-1), one of three major basins in the East Sea (Sea of Japan)

formed by back-arc extension from the Late Oligocene to Middle

Miocene (Tamaki and Honza, 1985; Tamaki et al., 1992). Heat flow has

been investigated in this basin and its vicinity since the late 1960s,

resulting in a substantial database covering the last three decades (see

Table 2-1 based on Tanaka et al., 2004).

As part of a gas hydrate research program, a new marine heat

flow survey was carried out in July 2007 onboard R/V Tamhae II at

ten sites (HF01-10) in the central Ulleung Basin, using a newly

constructed marine heat probe that measures in-situ thermal

conductivity as well as the geothermal gradient. A month earlier, gas

hydrate had been discovered for the first time in piston cores within

the Korean Exclusive Economic Zone at a depth of several meters

below the seafloor (mbsf) (Kwon et al., 2007). Since the extent of the

gas hydrate stability zone depends on temperature, heat flow can now

also be indirectly estimated from BSR depths in this region. Within

this context, Horozal et al. (2009) recently argued that the pre-1994

heat flow data for the Ulleung Basin agreed quite well with the BSR

depth in the eastern part of the basin. On the other hand, Ryu et al.

(2009) regarded the existing heat flow data as unreliable because they are too

variable.

In view of the situation outlined above, the aims of the present

study are (1) to report the new 2007 heat flow data from the Ulleung

Basin, (2) to compare the observed heat flow with BSR-derived heat

flow estimates, and (3) to assess the reliability of the regional

pre-1994 heat flow dataset in the light of the new data.
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Figure 2-1. Bathymetric map of the Ulleung Basin (see inset for
location), showing the locations of the ten sites (HF01-10; stars)
where in-situ heat flow measurements were carried out in 2007 and
pre-1994 heat flow data (circles). The presence and absence of BSR
in seismic data is denoted as closed and open symbols, respectively.
Cores for laboratory thermal conductivity measurements were
collected at sites HF01-05. Also shown is the KNOC line 05 along
which five of the 2007 sites are located. Dashed line delineates the
area where high-resolution multi-channel seismic survey was
conducted from which BSRs were identified. Contour lines are at
200-m depth intervals. UB Ulleung Basin, JB Japan Basin, YB
Yamato Basin, KP Korea Plateau, OA Oki Bank, YA Yamato Bank,
TT Tartary Trough, GT Genzan Trough, OT Oki Trough.



Table 2-1. Pre-1994 heat-flow dataset used in this study (from Tanaka et al. 2004).

Site

Latitude N Longitude E Elevation G.G. T. C. H. F. Year

(°) (min) (°) (min) (mbsl) (mK/m) (W/m/K) (mW/m2)

SEIFU65-102 36 48 132 14 1,590 112 0.77 86 1968

AKO-28 36 51 132 18 1,570 132 0.70 92 1968

AKO-29 37 24 132 4 2,100 155 0.77 119 1968

AKO-30 37 42 131 32 2,270 195 0.67 131 1968

AKO-31 38 11 131 22 1,650 79 0.79 62 1968

AKO-33 38 18 130 25 2,330 165 0.69 114 1968

AKO-34 38 0 129 50 1,510 202 0.78 157 1968

AKO-35 37 40 130 11 1,600 148 0.69 102 1968

AKO-36 37 7 130 25 2,220 133 0.68 90 1968

AKO-37 37 1 131 0 2,200 148 0.68 100 1968

AKO-38 36 40 130 44 2,120 148 0.70 103 1968

AKO-39 36 11 131 8 1,810 129 0.70 90 1968

AKO-55 37 57 132 21 2,565 148 0.76 113 1968

AKO-61 37 0 130 59 2,150 130 0.76 99 1968

AKO-62 36 30 130 59 1,995 113 0.78 89 1968

AKO-63 35 58 131 2 1,330 106 0.81 86 1968

AKO-64 36 0 131 31 1,070 104 0.79 82 1968



Table 2-1. (continued)

KH82-4 HF7A 36 2 131 4 1,550 107 0.89 95 1987

KH82-4 HF7B 36 1 131 4 1,520 116 0.89 103 1987

V 28-144 36 58 131 29 2,109 125 0.72 90.9 1992

MG40-01 36 31 131 2 2,020 108.4 0.72 78.3 1993

MG40-02 36 37 130 54 2,120 139.5 0.83 115.2 1993

MG40-03 36 46 130 45 2,150 144.2 0.86 123.9 1993

MG40-04 37 0 130 46 2,140 99.3 0.73 72.2 1993

MG40-05 37 0 130 25 2,070 87.5 0.73 63.4 1993

MG40-06 37 7 130 14 2,030 83.7 0.9 74.9 1993

MG40-07 37 15 130 7 1,800 133.5 0.78 103.5 1993

MG40-08 37 25 130 0 1,450 144.2 0.74 106.1 1993

MG40-09 37 36 129 51 1,650 68.8 0.74 50.8 1993

MG40-10 37 44 129 45 1,820 73.1 0.74 54.2 1993

MG40-11 37 6 130 9 2,210 121.0 0.68 82.2 1993

MG40-12 36 52 130 36 2,080 144.2 0.78 112.3 1993

MG40-13 36 49 130 52 2,070 153.5 0.75 115.8 1993

MG40-14 36 39 130 36 1,960 125.6 0.76 96 1993

MG40-15 36 24 130 20 1,900 98.6 0.70 69 1993

MG40-16 36 11 130 3 1,520 118.3 0.74 87 1993

MG40-17 35 53 129 49 900 101.4 0.76 76 1993
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2.2 Geological setting

The East Sea is a classic case of a rifted back-arc

sedimentary basin. Various models have been proposed regarding its

opening, including (1) pull-apart opening along shear zones aside the

sea (Lallemand and Jolivet, 1985), (2) fan-shaped opening with

opposing rotation of the Japanese islands (Otofuji et al., 1985), and

more recently, (3) a combination of these earlier two models (Jolivet

and Tamaki, 1992). The East Sea has a complicated topography

characterized by three large and deep basins (Japan, Yamato, and

Ulleung basins), separated by topographic highs in the form of

plateaus (e.g., Korean Plateau), ridges, banks, and seamounts (e.g.,

Ulleung Island; Fig. 2-1). According to Currie and Hyndman Currie

and Hyndman (2006), back-arc basins generally have a higher heat

flow compared to fore-arc basins.

The East Sea Deep Water and East Sea Bottom Water

constitute the water masses below 1.5 km, and show almost no

seasonal variations in temperature (Kim et al. 2004, and references

therein). In June 2007, bottom water temperatures of 0.2 °C were

consistently recorded between 0.4 and 27.7 m above the seafloor at

sites HF01-05, using a conductivity, temperature, depth (CTD) probe.

The Ulleung Basin lies in the southwestern part of the East

Sea (Fig. 2-1). The seafloor is smooth, and deepens toward the

northeast from ~1 km to ~2.3 km. The sediment cover is over 4 km

thick, which is twice that of the Japan and Yamato basins. According

to a seismic survey by the Korea National Oil Corporation (KNOC) in

1988, which probed the deeper parts of the basin, the basement

appears to be underlain by volcanic features, including a large,

complex sill-like structure that has been interpreted as an incipient
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seafloor spreading stage represented by embryonic oceanic crust (Lee

et al., 1999). However, the sills and basement features considered as

evidence for seafloor spreading are quite different from those in

classical cases and locations (see recent papers in Karner et al. 2007).

The features may thus simply represent magmatic intrusion formed

during the post-rifting stage of the basin.

The gas hydrate discovered in June 2007 (Kwon et al., 2007)

consists of 99.91-99.93% methane and less than 1% ethane, without

any other higher-hydrocarbon components when normalized by volume

(Kim et al., 2008). It thus belongs to structure I gas hydrate as

defined by Sloan (1998). The δ13C signatures of the CH4 in the

headspace gas ranges from -94.8 to -64.95‰, which suggests a

biogenic origin (Kim et al., 2008).

The surface sediments of the Ulleung Basin generally have

mean grain sizes <0.004 mm (>8.0 phi), and are thought to have

originated from debrites/turbidites/slides, slumps, and rock falls (Kim

et al., 1999; Lee et al., 2004). Porosity exceeds 80% in the basin

center, and is 61-80% on the basin slopes. Wet bulk density ranges

from 1.35 to 1.50 g/cm3 (Kim and Kim, 2001; Kim et al., 1999).

2.3 Material and method

2.3.1 Cruise summary

The locations of the sites where heat flow measurements were

carried out in July 2007 in the central Ulleung Basin from board R/V

Tamhae II are shown in Figure 2-1. Due to limited ship time and

rough sea conditions, it was possible to obtain data from only ten

sites (HF01-10; Table 2-2). Heat flow was determined at all ten sites
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by in-situ measurements of the geothermal conductivity and

geothermal gradient. The sites were chosen to coincide with so-called

probable gas hydrate sites (HF01-05), based on the clarity of the BSR

and the previous discovery of gas hydrate at these locations. Five of

the heat flow measurement sites (HF06-10) were located along the

N-S KNOC line 05 (Fig. 2-1).

2.3.2 Marine heat flow probe and near-surface

measurements

In order to measure surface heat flow in the Ulleung Basin, a

Ewing-type marine heat flow probe was built in 2007. The probe is

equipped with a data logger capable of simultaneously recording the

in-situ thermal conductivity and geothermal gradient. The length and

weight of the probe are adjustable. For the present study, the length

was set at 4.5 m and the weight at 450 kg.

A total of six thermistors were mounted along the probe at

intervals of ~0.68 m. Of these, the 2nd, 4th, and 6th thermistors were

capable of generating heat pulses used to measure the in-situ thermal

conductivity. The heat pulse is triggered by the inertial force produced

by the sudden deceleration as the probe hits the seafloor. Further

information on the probe and measurement procedure can be found in

Yamano et al. (1986). The geothermal gradient is derived by fitting a

straight line to the temperature profile data measured below the

seabed; the in-situ thermal conductivity is determined by monitoring

the heat dissipation as a function of time for a given amount of heat

released in a pulse (Carslaw and Jaeger, 1959).

At each site, the heat flow was measured twice to check the

instrumental consistency. The thermistors were calibrated to match the

bottom water temperature just above the seafloor prior to sub-bottom



Table 2-2. Summary of 2007 heat flow survey.

Site Latitude N Longitude E Depth Bottom water

temp.1)
Geothermal

gradient

In-situ

thermal

conductivity1)

Heat flow

(°) (min) (°) (min) (mbsl) (˚C) (mK/m) (W/m·K) (mW/m2)

Observed BSR-derived

HF01 35 50.97 130 27.88 1,350 0.212 115 0.82 94 75

HF02 36 15.25 130 02.93 1,500 0.205 103 0.82 84 75

HF03 36 15.72 130 53.82 1,827 0.191 119 0.89 105 85

HF04 36 38.28 130 53.85 2,060 0.209 116 0.95 111 101

HF05 36 43.00 130 53.86 2,080 0.210 121 0.95 115 104

HF06 36 42.98 131 09.31 2,076 0.200 126 0.95 120 -

HF07 37 10.55 131 09.31 2,200 0.200 137 0.95 130 -

HF08 37 05.05 131 09.31 2,162 0.200 132 0.95 126 -

HF09 36 59.52 131 09.31 2,140 0.200 133 0.95 127 -

HF10 36 54.02 131 09.31 2,116 0.200 123 0.95 118 -

Note: 1) Values in italics are actual measurements.
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penetration.

2.3.3 Thermal conductivity measurements in the

laboratory

On another cruise in June 2007 just prior to the heat flow

survey, piston cores were collected at sites HF01-05. The lengths of

the cores ranged from 190-628 cm. The sediments consisted of

homogeneous/bioturbated mud with intercalated sand layers. For the

purpose of thermal conductivity measurements, the cores were sealed

and stored at ~2 °C to minimize water loss. The measurements were

conducted 14 days later, after the cores had adjusted to room

temperature for 4 h. Pressure was not controlled.

The measurements were done at the Thermo-Hydrostat

Laboratory of the Korea Institute of Geoscience and Mineral Resources

(KIGAM), using a portable conductivity meter with a half-space

Quickline-30™ probe (accuracy of ±5%), and following the procedure

recommended by the Geological Survey of Japan (AIST). Thermal

conductivity was measured at intervals of ~50 cm along each core.

Measured values were calibrated against two standards: diffused silica

(0.236 W/m/K at 33 °C), and rubber (1.413 W/m/K at 29 °C).

2.3.4 Heat flow derived from BSR depth

Heat flow can also be estimated indirectly from the BSR depth

(Yamano et al., 1982). To do so, it is assumed that the methane

hydrate phase is in equilibrium within the ternary stability diagram,

and thus consists of pure methane, 3.5% NaCl, and water. In this

study, I used the model of Ryu et al. (2004). The model is based on a

simple exponential relationship between pressure and temperature. It is

basically same as the widely-used models of Dickens and



16

Quinby-Hunt (1994) and Brown et al. (1996) but extrapolated to higher

pressure of up to 14 MPa. To calculate heat flow, several additional

parameters are needed, including bottom water temperature, geothermal

gradient, in-situ thermal conductivity, and sediment bulk density; the

latter is here taken as 1.35 g/cm3 (Kim and Kim, 2001; Kim et al.,

1999). For depth-time conversion, a constant P-wave velocity of 1.6

km/s was used. The resulting heat flow based on the model by Ryu

et al. (2004) generally lies between that derived from Dickens and

Quinby-Hunt (1994) and Brown et al. (1996). In the present study,

BSR depth values were extracted from a large database comprising

extensive high-resolution multi-channel shallow seismic reflection

studies conducted by KIGAM.

2.3.5 Pre-1994 heat flow data

Older regional heat flow data for the Ulleung Basin were

extracted from Tanaka et al. (2004), who list numerous heat flow

values from various studies conducted around Japan. For the present

study, 37 marine heat flow data points reported in the period

1968-1993 for the wider study area have been used, referred to

‘pre-1994 heat flow data’ (see Table 2-1). Figure 2-2 is a plot of the

pre-1994 heat flow data versus water depth. However, due to large

scatter it is not easy to find an increasing trend of heat flow with

water depth as predicted by a simple basin extension scheme

(McKenzie, 1978).

2.4 Results

2.4.1 Geothermal gradient and thermal conductivity
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Figure 2-2. Observed heat flow versus water depth

from the existing (pre-1994) dataset. Due to large

scatter, the correlation between the heat flow and

water depth cannot be confidently identified.
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The geothermal gradient at ten sites (HF01-10) range from 103-137

mK/m (Table 2-2). As mentioned, the measurement was actually made

twice at each site. The average value is taken as the representative

geothermal gradient at that site. The difference between the first and

second measurement was less than 6%. In-situ thermal conductivity

was measured at three sites (HF01, 03, and 07), whose value ranges

from 0.82-0.95 W/m/K (Table 2-2).

The results of thermal conductivity measured on five cores in

the laboratory 14 days after recovery ranged from 1.26-1.44 W/m/K.

When comparing the laboratory measurements with the in-situ

measurements, a marked discrepancy between the two datasets can be

observed, the former values being consistently larger. The degree of

mismatch is unacceptably large, and the laboratory measurements must

therefore be viewed with caution as they probably incorporate a

systematic error. A possible source for the error is discussed below.

2.4.2 Heat flow

The heat flow is obtained by multiplying the geothermal

gradient with in-situ thermal conductivity. In the study area, the heat

flow varies from 84-130 mW/m2. Its increase as function of water

depth is clear in the 2007 data (Fig. 2-3). When plotted against the

water depth, the scatter in 2007 data is substantially less compared to

that of pre-1994 data (Fig. 2-2).

I combined the new heat flow data with pre-1994 data and

gridded them on to the bathymetric map to examine the overall

distribution of heat flow in the Ulleung Basin (Fig. 2-4). To avoid

misrepresentation resulting from gridding of unevenly spaced data

points, areas without actual measurement were masked. In general,

high heat flows occur along the center of Ulleung Basin and low heat
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Figure 2-3. Observed heat flow versus water depth

from the 2007 survey using in-situ thermal

conductivity measurements. Compared to pre-1994

data (Fig. 2-2), the correlation between the heat flow

and water depth is clearer.
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Figure 2-4. Gridded map of heat flow in the Ulleung Basin after adding

new measurements of 2007 (stars and numbers) to the pre-1994 data

(circles and numbers). The unit of measurement for the numbers is

mW/m2. Contour lines are bathymetric depth at 200-m interval. The

location of the area of so-called embryonic oceanic crust (Lee et al.,

1999) is bounded by dotted line. In order to avoid misimpression

produced by automatic gridding, I masked the grid at regions where

there is no data.
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flows near the continental shelf. However, there are many notable

exceptions. For instance, a very high heat flow of 157 mW/m2 is

found on the Korean Plateau whose depth is only 1.5 km. Thus one

must be careful in using individual data point to make regional

interpretations.

Using the model outlined in the Material and methods section

(Ryu et al., 2004), the observed heat flow from both pre-1994 and 2007

datasets can be compared against the BSR-derived heat flows (Fig.

2-5). The conversion of BSR depth picked from travel time

measurements in seismic sections to heat flow at the seafloor depends

on a number of parameters and assumptions. For instance, seismic

P-wave velocity of the sedimentary layer is an important parameter.

In this study, I used 1.6 km/s as the velocity. However, some may

argue the accuracy of this value and if a single value can represent

this section of sedimentary layer above BSR which is in contact with

seawater at the top and becomes consolidated by overburden pressure.

Given the uncertainty of parameters in the model and the simplicity of

model, the agreement between the observed and predicted heat flows

is quite good for 2007 dataset (Fig. 2-5). The average difference is

only 11%. Pre-1994 dataset is shown for comparison.

One may note that all five points of 2007 heat flow

measurements are greater than the predicted heat flow from BSR

depth. Changing the value of one of the parameters in the model can

produce an overall change in the estimated heat flow. Thus a small

average difference between the observed and predicted heat flows is

not unexpected. However, it is worthwhile to mention that, compared

to pre-1994 data, the scatter measured as offset against the line of

unity (shown as solid line in Fig. 2-5) is substantially reduced in 2007

data.
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Figure 2-5. Observed vs. BSR-derived heat flow. The stars represent the 2007

measurements using P-wave velocity of 1.6 km/s. Pre-1994 data in circles

is shown for comparison. The solid line represents the line of unity. The

correlation between the two heat flows is quite good for the 2007 dataset.
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2.5 Discussion

The 2007 data presented in this study show a consistent

increase in heat flow with increasing water depth (Fig. 2-3), as would

be expected for a rifted basin (McKenzie, 1978). The new data are

basically consistent with the existing data set and confirmed the

higher heat flow in the central part. However, as noted in Figures 2-2

and 2-4, there are many places where heat flow measurements differ

substantially from adjacent points and regions of similar water depth,

and thus one cannot refrain from asking the accuracy of previous

observations. The 2007 data appear to be much more reliable compared

to the pre-1994 data. As shown in Figure 2-5, they match quite well

with the estimated heat flow from BSR depth. The average difference

of 11% is remarkably good compared to many other places. For

instance, He et al. (2009) recently noted as much as 40% difference

between the observed and BSR-derived heat flows in the Xisha

Trough in the South China Sea. According to Kaul et al. (2000),

difference of 10% is not uncommon as it can simply result from

uncertainties in model parameters.

Five of the ten study sites were located along KNOC line 05

(Fig. 2-1), which shows evidence of the presence of volcanic sills

along the acoustic basement. According to Lee et al. (1999), the sills

presumably formed immediately after the basin opened. The question

thus arises as to whether such intrusions could still have an effect on

heat flow today. If one assumes that the emplacement of the sills took

place about 20 Ma ago, and for an intrusive feature represented by a

spherical body 0.8 km in diameter and located 2 km below the

seafloor, then, using the simple model of Rikitake (1959), the heat flow

would by now have diminished to less than 0.01% of its original
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value. Hence, the sills would have little influence on present-day heat

flow.

I examined whether tectonic interpretations can be made from

the compiled map of old and new datasets (Fig. 2-4). Some

interpretation may be possible in the center of the basin as this

section has quite a number of data points. The area delineated as

dotted line in Figure 2-4 is that suggested by Lee et al. (1999) as

‘embryonic oceanic crust’. Horozal et al. (2009) argued that this

delineated area matches well with the regions of high heat flow in the

basin and thus heat flow data support the earlier suggestion that the

Ulleung Basin underwent initial stage of seafloor spreading. However,

as seen in Figure 2-4, the correlation between the regions of high

heat flow and inferred location of the embryonic oceanic crust is not

exact, even considering the uncertainty in pre-1994 dataset.

Furthermore, Horozal et al. (2009) suggested that the

BSR-derived heat flow in the eastern section of the Ulleung Basin

matches well with the observed heat flow from pre-1994 dataset.

However, my findings suggest otherwise; while there is some good

agreement between 2007 data and BSR-derived heat flow, the

correlation between the observed and BSR-derived heat flows is not

obvious for pre-1994 data. Unlike high variability of pre-1994 heat

flow data, the BSR depths vary by only ±15 meters or so in the

center of the basin. Such disparity between observed heat flow and

BSR depths was also noticed by Ryu et al. (2009), who instead of

using the actual heat flow observation, employed synthetic thermal

gradients (80, 100 and 140 mK/m) in their calculation to compare with

the observed BSR depths.

Thermal conductivity measurements are considered as an

important source of error in pre-1994 dataset. There are at least two

reasons. First, the thermal conductivity values differ substantially
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among regions that are geologically similar and lie at similar water

depths (Table 2-1). Second, recovered cores may have lost water

between coring operations and laboratory analyses. This is supported

by the fact that some pre-1994 data have conductivity values that are

suspiciously close to that of seawater (0.6 W/m/K). In the case of the

2007 data, the laboratory thermal conductivity measurements differed

by as much as 40% from the in-situ ones, which I attribute to a

substantial loss of interstitial water, despite the precautions taken to

carefully seal the cores, storage at near-freezing temperatures, and the

analyses being completed within a couple of weeks of core recovery.

One of the important applications of marine heat flow is to

find background heat flow resulting from underlying crust. In

extensional basins, among many factors, the background heat flow is

largely controlled by the amount of extension (expressed as stretching

factor) and time elapsed since the extension (McKenzie, 1978). As

demonstrated in this study, marine heat flow measurements at the

seafloor are subjected to various noises such as those arising from

errors in thermal conductivity measurements and environment. The

good agreement between the observed heat flow using in-situ thermal

conductivity measurement and BSR-derived heat flow suggests that

the BSR depth may be used as a proxy to estimate the background

heat flow. In the Ulleung Basin, BSRs are found in the deep sections

of the basin, and as mentioned, they appear at almost constant depth

below the seafloor. Figure 2-6 is a plot of BSR depths versus heat

flow. As shown, the BSR depths appear at almost constant level

despite large variations in the observed heat flow. The background

heat flow of the Ulleung Basin can then be inferred from the average

depth of BSR in the basin (174 mbsf), assuming that the model of

Ryu et al. (2004) is valid in this particular case. One must also

assume that factors such as methane hydrate flux, methane solubility
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Figure 2-6. Heat flow vs. BSR depth in the Ulleung Basin. The circles

represent pre-1994 data and stars 2007 measurements. Again I used

P-wave velocity of 1.6 km/s to convert travel time into depth. The

dashed and dotted curves represent the empirical relationships

between BSR depth and heat flow for water depth of 1 and 2.5 km,

respectively. The BSR depths do not vary much in the Ulleung Basin

and the reflectors are found in the deep portions of the basin. The

horizontal line is the average BSR depth that was used in

determining the background heat flow from a simple model.
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and physical properties of sediments are more or less the same within

the basin.

The theoretical relationships between heat flow and BSR depth

for water depth of 1 and 2.5 km are represented as even and uneven

dashed lines in Figure 2-6. The interception between the dashed lines

and the averaged BSR depth represents the predicted background heat

flow for that particular water depth. Using this approach, the

background heat flow I estimate is approximately 120 mW/m2 at 2.5

km and 80 mW/m2 at 1 km, that is, at basin center and flank,

respectively.

2.6 Conclusions

On the basis of the data presented and evaluated in this study,

the following conclusions can be drawn:

- The new heat flow measurement was conducted at ten new

sites (HF01-10) of the Ulleung Basin in July 2007 where in-situ

thermal conductivities were obtained. The new data show increase in

heat flow with water depth as expected for extensional basins, a

feature which was not obvious previously. At five sites (HF01-05), the

observed heat flow was compared with BSR-derived heat flow from a

simple model, and the two sets of value match quite well.

- The analysis of existing data (pre-1994 heat flow data)

shows that they are highly variable and do not match the BSR depths

which is more or less uniform (±15 m) within the Ulleung Basin.

Thermal conductivity measured in the laboratory from recovered cores

is considered as a major source of error in the pre-1994 dataset. I

examined if the regions of high heat flow coincide with the inferred
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location of seafloor spreading from the composite map of heat flow

distribution. The agreement was not clear despite the uncertainties in

the pre-1994 measurements.

- The BSR depth itself can be used as a proxy for

background heat flow of the sedimentary basin in the case of the

Ulleung Basin. Using a simple model, I estimate the background heat

flow of the Ulleung Basin as 120 mW/m2 at the center of basin (2.5

km water depth), and 80 mW/m2 at the flank (1 km water depth).
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Chapter 3

The Stability of Gas Hydrate Field in the

Northeastern Continental Slope of Sakhalin

Island, Sea of Okhotsk, as Inferred from

Analysis of Heat Flow Data and Its

Implications for Slope Failures
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Abstract

The sudden release of methane from seas due to ocean

warming and/or sea level drop, leading to extensive mass wasting at

continental margins, has been suggested as a possible cause of global

climate change. In the northeastern continental slope of the Sakhalin

Island (Sea of Okhotsk), numerous gas hydrate-related manifestations

have been reported, including hydroacoustic anomaly (gas flare) in the

water column, pockmarks and mounds on the seafloor, seepage

structures and bottom-simulating reflectors (BSRs). The gas hydrate

found at 385 mbsl represents the shallowest occurrence ever recorded

in the Okhotsk Sea. In this study, I modeled the gas hydrate stability

zone (GHSZ) using methane gas composition, water temperature and

geothermal gradient to see if it is consistent with the observed depth

of the BSR. An important distinction can be made between the

seafloor containing seepage features and normal seafloor in terms of

their thermal structure. The depth of the BSR matches well with the

base of GHSZ estimated from the background heat flow (geothermal

gradient). A large slope failure feature is found in the northern

Sakhalin continental slope. I explore the possibility that this failure

was caused by gas hydrate dissociation, based on the past climate

change history and inference from the GHSZ calculation. Prediction of

the natural landslide is difficult; however, new stratigraphic evidence

from subbottom profiles suggests that the landslide occurred at 20 ka

which is roughly consistent with the late stage of the Last Glacial

Maximum. Furthermore, this region has witnessed a rapid sea water

temperature increase (~0.6°C) in the last 50 years. If such a trend

continues, additional slope failure can be expected in the near future in

this region.
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3.1 Introduction

Gas hydrate is a gas clathrate consisting of water and gas

molecules, commonly found in the modern-day seafloors in deep water

(e.g., Matsumoto et al., 2011). Because it is stable under high pressure

and cold temperature conditions, gas hydrate is frequently found in

polar regions, below onshore permafrost and in arctic oceans, and in

superficial section of marine sediments of continental margins

(Kvenvolden, 1998). Gas hydrate has been suggested as a source of

energy (Collett, 2002) and potential geohazard including mass wasting

and ensuing tsunami (Bouriak et al., 2000; Paull et al., 2000), and as a

factor affecting global climate change if a large amount of greenhouse

gas is suddenly released into the atmosphere (Kennett et al., 2000).

Since the first finding of methane hydrate in the Okhotsk Sea

in 1986 (Zonenshayn et al., 1987), numerous geophysical surveys have

been carried out in this region by KOMEX (Kurile-Okhotsk Sea

Marine Experiment) (Ludmann and Wong, 2003; Obzhirov et al., 2004;

Wong et al., 2003), and more recently, by CHAOS (hydro-Carbon

Hydrate Accumulation in the Okhotsk Sea) and SSGH (Sakhalin Slope

Gas Hydrate) projects. While the KOMEX project tried to elucidate the

overall geologic features of the western Okhotsk Sea, the CHAOS and

SSGH projects, have examined the detailed aspects of gas hydrate

system in the northeastern continental slope of Sakhalin Island

(Hachikubo et al., 2009; Jin et al., 2011; Shoji et al., 2005).

The northeastern continental slope of Sakhalin Island is also

well known for its diverse manifestations of gas hydrate (Jin et al.,

2011; Obzhirov et al., 2004; Shoji et al., 2005). A widespread

occurrence of bottom-simulating reflectors and numerous seepage

structures as well as pockmarks and mounds can be seen on the
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seafloor. Gas flares can also be frequently observed from echosounders.

In this region, gas hydrate was recovered at a depth as shallow as

385 mbsl due to the cold water temperature, comparable to arctic

regions (e.g., Biastoch et al., 2011). However, the spatial and temporal

relationships among various gas-hydrate-related features are not well

understood.

Understanding the extent of the gas hydrate stability zone

(GHSZ) in this region would provide an important constraint in

explaining the relationships among diverse features and their possible

variations. Theoretically, the stability of gas hydrate depends on

numerous factors including pressure and temperature, salinity (de Roo

et al., 1983), gas composition (Sloan, 1990), gas concentrations in the

pore water (Xu and Ruppel, 1999), dissolved ion contents (Dickens and

Quinby-Hunt, 1997), pore size (Turner et al., 2005) and mineralogy of

host sediment (Cha et al., 1988) to name a few. However, the factors

affecting the GHSZ may be divided conceptually into regional and local

factors. By considering that the effects of local factors can be

averaged out over a wide region or assuming that they are pertinent

to special features or phenomena, one may simplify the relationship. Of

course, the validity of such an approximation or model needs to be

checked. One of the goals of this study is to compare regional

parameters with observed manifestations of gas hydrates. In particular,

I investigate the role of background heat flow (geothermal gradient) on

the stability of gas hydrate zone.

One of the important features in the study area is the evidence

for massive landslide in the northern slope. If the landslide was really

caused by gas hydrate dissociation, it would represent a rare

modern-day example. Previously Wong et al. (2003) argued that this

slide event occurred before 350 ka. However, a careful reexmanation of

subbottom profiler data together with reassessment on the
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sedimentation rate sheds a new light on the timing of this landslide.

According to Hill et al. (2003) and Itoh (2007), the Okhotsk

Sea is also a site of rapid sea water temperature increase. The

occurrence of gas hydrate at shallow depth makes this region quite

susceptible to environmental changes. Landslides are complex features

and difficult to predict. However, it may be worthwhile to explore if

such a change in oceanographic conditions might increase the chances

of future slope failures.

3.2 Environmental setting

The Sea of Okhotsk is a marginal sea of the Northwest

Pacific, semi-enclosed to the east by the Kamchatka Peninsula, to the

west by the Sakhalin Island, and to the south by the Kurile Islands.

The straits along the Kurile Islands serve as pathways for exchange

of sea waters between the Okhotsk Sea and the Pacific. According to

Kitani (1973) and Talley and Nagata (1995), the surface water flows

inward along the west of Kamchatka Peninsula and outward along the

east of Sakhalin Island, thus making a counterclockwise rotation before

exiting to the Northwest Pacific.

Sea-ice forms during the winter as a result of an influx of

fresh water from the Amur River and westerly cold winds (Katsuki et

al., 2010). The formation of ice has a strong influence on the water

temperature profile in this region especially at shallow depth. A

subzero minimum-temperature (as low as -1.7 °C) develops at a depth

of 50-150 mbsl by influx of cold water from melted ice. In the

summer, the water temperature at shallow depth is largely affected by

the halocline (Gorbarenko et al., 2002a). However, the water
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temperature stays almost constant (2.5-3 °C) below 800 mbsl.

Geologically, the Sea of Okhotsk is bounded by the North

American, Eurasian, Amurian, and Pacific plates (Fig. 3-1a). Most of

the large earthquakes in the Sea of Okhotsk are caused by the

subduction of the Pacific plate and are located along the Kurile Island

arc. In addition, many small earthquakes were recorded in the regions

far away from the trench including the Sakhalin Shear Zone which

runs N-S along the Sakhalin Island.

The Sea of Okhotsk can roughly be divided into two regions: a broad

continental shelf/slope to the north with water depth less than 1500 m

and a deeper section to the south, which generally correspond to the

Kurile Basin, formed by back-arc spreading associated with strike-slip

along the SSZ (Baranov et al., 2002). Within the broad continental

slope the Deryugin Basin lies to the east of the study area (Fig. 3-1b

and c). The maximum water depth in this basin is ~1760 mbsl.

According to Rodnikov et al. (2002), sediment thickness in the basin

can reach up to 12 km. They also argued that due to the presence of

a hot mantle plume the heat flow in this basin is anomalously high.

An Early Oligocene-to-recent sedimentary succession with

9-14 km in thickness is observed in the study area as a result of

sediment outflow from the paleo-Amur River (Kharakhinov, 1998,

2010). The exact thickness of the succession and the nature of the

underlying acoustic basement are presently not clear. According to

Worrall et al. (1996), the abundance of gas within sediments may be

one of the important factors obscuring the seismic image.

An important morphological feature in this area is that the

profile of the slope is very different between the north and south of

the Lavrentyev Fault Zone: it is concave-upward in the northern part

and convex-upward southern part (Fig. 3-1b). Based on sedimentary

core analysis, Wong et al. (2003) insists that such an difference in



Figure 3-1. Heat flow vs. BSR depth in the Ulleung Basin. The circles represent
pre-1994 data and stars 2007 measurements. Again I used P-wave velocity of 1.6
km/s to convert travel time into depth. The dashed and dotted curves represent the
empirical relationships between BSR depth and heat flow for water depth of 1 and
2.5 km, respectively. The BSR depths do not vary much in the Ulleung Basin and
the reflectors are found in the deep portions of the basin. The horizontal line is the
average BSR depth that was used in determining the background heat flow from a
simple model.
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morphology is caused by mass wasting in the northern part and its

timing is not later than 350 ka.

During the Quaternary, a unique oceanographic current pattern

is thought to have developed in the region, resulting for instance in

widespread deposition by bottom currents (contourites, sediment

waves) in the Northern Sakhalin slope, and erosion and sediment

reworking on the Northern Sakhalin shelf (Wong et al., 2003). In

addition, mass-wasting deposits were found, which might have been

triggered by shallow earthquakes or by slope failure associated with

gas hydrate dissociation. The high rate of sediment outflow near the

mouth of the Amur River together with high content of organic carbon

within the sediment (Astakhov et al., 1998; Gorbarenko et al., 2002b)

make this region a favorable location for gas generation and

accumulation.

3.3 Survey data

Most of data used in this study were collected during marine

surveys as part of the CHAOS (2003, 2005, 2006) and SSGH (2007,

2008, 2009) projects. The latter is still on-going and will continue till

2012. One of the areas CHAOS and SSGH projects focused on is the

northeastern continental slope of Sakhalin Island. A large amount of

geophysical, geochemical, oceanographic, biological, and

sedimentological data were obtained using the Russian research vessel

Akademik M. A. Lavrentyev (Jin et al., 2007; Jin et al., 2008;

Matveeva et al., 2005; Mazurenko, 2006; Shoji et al., 2008; Shoji et al.,

2010). Isotope analyses on pore water within sediments and gas

hydrate samples were also performed. The gas hydrates in this area
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mostly consists of biogenic methane (>97.8%) with minor amount of

thermogenic hydrocarbon gases (Hachikubo et al., 2009).

The presence of gas in the northeastern continental slope of

Sakhalin Island can be recognized through diverse forms and

structures that were created as a consequence. The manifestations

include gas flares within the water column, seepages, mounds and

pockmarks on the seafloor, actual gas hydrate, and BSR and

chimney-like structures within the sediment.

During the CHAOS project (Jin et al., 2007; Matveeva et al.,

2005; Mazurenko, 2006), 50 sparker seismic lines over ~1000 km and

side-scan sonar image of ~1000 km2 were obtained as well as

conductivity, temperature and depth sensor (CTD) profiles at 30

stations and 60 sediment cores. The geothermal gradient was also

measured at 8 stations. In total, over 400 gas flares and over 40

seepage structures were found.

Based on preliminary findings obtained from the CHAOS

project, detailed investigations and full-coverage mapping studies at

particular sites were conducted during the SSGH project. In 2007 and

2008, side-scan sonar image of total ~2000 km2 at three areas and 52

subbottom profile lines of ~1270 km were collected. One hundred and

thirty new gas flares were recognized. In 2009, sediment coring and

CTD water sampling were made around the seepage structures.

Nineteen sediment cores and 11 CTD profiles were acquired. Also from

geophysical and geochemical studies, 102 gas chimneys and 50 gas

flares were additionally recognized.

A gas flare being emitted from the seafloor can be identified using the

echosounder system mounted on the vessel. Figure 3-2 shows

numerous examples of gas flares in various shapes (i.e., linear, bent,

or floated types). Some gas flares are quite extensive and appear to

reach the sea surface.



Figure 3-2. Gas flares as recorded by echosounder. The backscatter intensity is represented by colors from white for

low to red for high. Reflection during the retrieval of cores can be seen (core track). The top of gas hydrate stability

zone (TGHSZ) is depicted as a dotted line. Various shapes of gas flares are seen in (a), (b) and (c). (d) The depth

where flare begins sometimes coincides with TGHSZ. Inset is a conceptual diagram to exhibit theoretical gas hydrate

stability zone (GHSZ) with water depth. For given water depths, the top (T) and base (B) of GHSZ can be

determined by hydrotherm (solid curve), geotherm (dashed lines), and gas hydrate stability curve (dotted curve):

columns represent GHSZs for certain water depths. Note that the base of GHSZ deepens with water depth deeper

than D2 while TGHSZ is constant and that the GHSZ does not occur for water depth shallower than D2.
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In addition, a GSP-2 gravity hydrocorer with a length of 5.5 m

was deployed on numerous occasions to collect sediment and gas

hydrate samples. At Dungeon and Gisella sites, gas hydrates were

recovered at ~390 mbsl, which is the shallowest occurrence in the Sea

of Okhotsk to date (Fig. 3-3). The age of sediment recovered ranges

from Late Pleistocene to Holocene (Greinert and Derkachev, 2004).

Carbonate crusts/concretions and glendonite are frequently found

within the sediment.

An interesting phenomenon that was observed during the

marine survey is the dissociation of gas hydrate within the gravity

hydrocorer as it was retrieved from the seafloor. Methane bubbles

resulting from the dissociation of gas hydrate can be seen by the

echosounder. Figure 3-2d is an example of gas flare coming out from

the hydrocorer above relatively constant depth. By measuring the

depth at which the gas flare appears on the echosounder images, one

may obtain an indirect estimate of the top of the GHSZ in the water

column.

The geothermal gradient that we used in this study was

obtained during CHAOS-I project in 2003 (Table 3-1; Fig. 3-4). A

violin-bow type GEOS-T thermo-probe was deployed (Matveeva et

al., 2005). The purpose of measuring heat flow at the time was to

investigate if there is a meaningful variation in heat flux near the

seepage sites. The survey was centered around the two main seepage

sites. Unfortunately, 2 of the measurements failed and so did thermal

conductivity measurements. In summary, 6 geothermal gradient

measurements were made near the seepage structures, and 2

geothermal gradient measurements away from the seepage area for

comparison. However, in this study, I utilize those 2 measurements

that were taken for reference for background regional estimation,

leaving out those taken near the seepage structures.
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Figure 3-3. The picture of gas hydrate

samples from sediment core. See

Figure 3-1 for the location of the

recovered gas hydrate samples. (a)

from Dungeon (DU) and (b) from

Gisella (GI) seepage structures are

retrieved. The water depth at which

these samples were recovered are 385

and 390 mbsl.
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Figure 3-4. The location of heat flow measurements. Measurements at

seepage structure are marked as blue circles, and those at

non-seepage as yellow circles on top of side-scan sonar image

where light area represents the region of high backscatter. Dotted

signs represent failed measurements. The Red dots indicate gas

flares observed by the echosounder. Inset is a blow-up image of the

box. The side-scan sonar image in the inset is the one below

between overlapped two images. Numbers in italic represent

geothermal gradient values. See Figure 3-1 for the location of the

heat flow measurements.
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Table 3-1. Heat flow measurements in the northeastern continental slope of

Sakhalin Island during 2003 CHAOS survey using a marine heat probe

after Matveeva et al. (2005). Eight measurements were made at different

sites showing flare in the water column and seepage structure on the

seafloor. To compare these sites with normal seafloor, two measurements

were made at the reference sites.

Station

(LV31-#HF)

Water

depth

(mbsl)

Geothermal

gradient

(mK/m)

Description of station

1 06 763 34 Reference site 1

2 18 967 Failed Flare 1

3 26 969 Failed Flare 1

4 35 957 144 Flare 1

5 37 957 56 Flare 1

6 38 958 64 Flare 1

7 39 952 67 Flare 1

8 40 953 249 Flare 1

9 42 722 36 Reference site 2

10 43 678 59 Flare 2

*In-situ thermal conductivity measurement could not be made at all sites

due to instrumental failure.



43

The presence of seepage structures can readily be recognized by

examining the backscattering images of side-scan sonar (Fig. 3-4).

High backscatter intensity shown as white in Figure 3-4 represents

surface expression of seepage structures in this area (Baranov et al.,

2008; Jin et al., 2011; Shoji et al., 2009; Shoji et al., 2005). The

side-scan sonar system used in this study had a frequency of 30 kHz

and lateral resolution of greater than 2 m.

Another way to estimate the regional heat flow is to use BSR

depths (e.g. Kim et al., 2010). This is because the BSR marks the

base and top of the GHSZ, and therefore, its depth can be used as a

proxy for regional heat flow. According to Yamano et al. (1982) who

compared the BSR depths with actual heat flow observations in

Nankai Trough, if done carefully, this approach has the advantage that

it may provide an estimate on a regional scale. In the study area, the

BSR is found extensively within the continental slope (Figs. 3-1b, c

and 3-5), and therefore, the comparison between the observed and

estimated BSRs may be important.

The BSRs were obtained during seismic experiment. I used

SONIC-4 sparker system (500-2000 J in energy; 20-1200 Hz) as

source and a single-channel streamer (<~50 m in active section

length) as receiver. The vertical resolution and bottom penetration of

the system are roughly 2-5 m and 50-300 m, respectively.

The water temperature and pressure information in the study

area was obtained using CTD castings which have resolutions of 0.1

mK and 10 kPa, respectively. Three profiles were recorded (Fig. 3-6).

They exhibit the characteristic water temperature features in the Sea

of Okhotsk.



Figure 3-5. Seismic profiles showing the bottom-simulating reflectors (BSRs). The Dotted curves

represent estimated BSRs based on geothermal gradients of 30 (blue), 40 (green) and 50 (red)

mK/m using the stability curve by (Dickens and Quinby-Hunt, 1994). The horizontal lines

indicate the top of gas hydrate stability zone (TGHSZ). Gas hydrate sample was taken at Gisella

seepage structure (GI, reverse triangle), which is shown in Figure 3-3b. See Figure 3-1 for the

location of the echosounder profiles.
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Figure 3-6. Water temperature profiles

taken from three CTD stations. See

Figure 3-1 for the location of CTD

stations. Subzero temperature layer

can be seen at 50-150 m depth at all

locations. The water temperature

reaches a uniform value of ~2.2°C

below ~800 meter below sea level.
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3.4 Thermal calculation

To understand the extent of GHSZ in the study area, I used

the equation of Dickens and Quinby-Hunt (1994) relating depth of base

GHSZ to temperature and salinity, replacing the salinity variable by

local value of 33.5 ‰. The relationship was drawn from reliable

experiments based on the intrinsic thermodynamic properties of

methane and variations of the relationship are widely used in gas

hydrate community (e.g., Bouriak et al., 2000, Brown et al., 1996). For

instance, Ludmann and Wong (2003) also used this equation to assess

the thickness of gas hydrate stability zone in the Sea of Okhotsk.

They found a good agreement between estimated and observed BSR

depths in the deep section of the Deryugin Basin.

The relationship is based on a number of important

assumptions. They include the conditions that methane should be

concentrated beyond its maximum solubility and that the salinity and

dissolved ion contents in the pore water should remain almost constant

with respect to depth. Because numerous manifestations of gas are

found in this area, I assume that the concentration of methane gas

within the sediment is sufficiently high. The salinity in the water

column ranges from 33 to 34‰ below 150 mbsl, and according to

measurements taken from the cores, at least to a depth of several

meters from the seafloor it is unchanged. The possibility that the

salinity may change at greater depth within sediment exists and is a

matter of concern. However, it is unknown at present. The content of

dissolved ion was measured from the retrieved cores, but whether it

varies as a function of depth and if so, how much have not been

addressed.

Gas hydrate occurs under various environments and therefore
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it may be difficult to suppose that one single model or equation would

explain all the features. For example, the regions where seepage

structure and gas flare are present may differ from the ‘normal’

seafloor where they are absent. Conceptually, the input parameters

may be distinguished into ‘regional’ and ‘local’ parameters. The

pressure and background heat flow can be considered as regional

parameter as they would vary little spatially on normal seafloor. On

the other hand, factors such as capillarity due to grain size and pore

water migration vary from locations to locations depending on the

proximity of seepage structure. It is important to note that the thermal

model in this study is used in the regional sense.

The regional parameters for the thermal model include

pressure, temperature gradient, salinity and gas composition. The

pressure can be directly obtained from the water depth and overlying

sediment thickness. The sound velocities in water and sediments are

set as 1450 and 1700 m/s, respectively. The former estimates is

derived from the CTD measurements and the latter from DSDP Leg

19 in the Bering Sea (Creager et al., 1973). The reason to adopt the

sound velocity in sediments in the Bering Sea is that it is the only

result from direct measurement in the vicinity of Okhotsk Sea.

In this study, the thermal model is used once again to infer

the stability of gas hydrate zone in the past and for the future. A

similar attempt was made by Milkov and Sassen (2003) in the Gulf of

Mexico where they assumed that the gas hydrates reach immediate

equilibrium state after water temperature and sea level changes.
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3.5 Present-day GHSZ

In the northeastern continental slope of Sakhalin Island, diverse

manifestations of methane gas are found. Furthermore, some

relationship can be seen among various features. For instance,

hydroacoustic anomalies emitted from the seepage seem to disappear

above certain elevation from the seafloor. An important element in

understanding the nature of gas hydrate system is the extent of GHSZ

in the water column and sediment.

The temperature profile is needed to determine the depth of GHSZ.

The temperature within the water column was obtained at 3 CTD

stations. The thermal gradient within the sediment is determined from

a marine heat flow probe. The average background geothermal

gradient at the study area, not affected by advective flow at the

seepage, is 35 mK/m.

For given temperature profile, the GHSZ may lie within across

water column and sediments (Case D3 in Fig. 3-2 inset) or just on

the seafloor (Case D2 in Fig. 3-2 inset) depending on water depth. In

any case, the top of GHSZ (T in Fig. 3-2 inset) is constant while the

base of GHSZ (B in Fig. 3-2 inset) deepens with water depth. In the

study area, I obtained 322 mbsl as the top of GHSZ using the

equation of Dickens and Quinby-Hunt (1994) with parameter values

above. In addition, the estimated top of GHSZ may be compared with

two types of observation: 1) the flares as seen by echosounders as the

sediment sample containing gas hydrate is retrieved from the seafloor

(Fig. 3-2d), and 2) the point at which the BSR intersects the seafloor

as seen in the seismic sections (Fig. 3-5).

In the study area, the depth of BSR below the seafloor becomes

greater with water depth. The BSRs generally resemble topography of
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the seafloor except in the case where they are interrupted by seepage

structures. Around seepage structures, the shape of BSR in general

becomes concave upward (Fig. 3-5b). At shallow depth, the BSR depth

becomes so shallow that it intersects the seafloor. In the study area,

such intersection occurs at ~290 mbsl (Fig. 3-5). This means that

there is about 10% difference between the observation and the

estimation.

The estimated top of GHSZ can be compared with the depth

where dissociation occurs as hydrate sample is retrieved. This can be

done by measuring the appearance and disappearance of flare on

echosounder records. According to the observations during retrieval of

sediment cores, the flares occur at ~320 mbsl, matching well with the

estimation. On the other hand, disappearing depth of gas flare

triggered naturally on the seafloor does not necessarily match with the

estimated depth of GHSZ top.

The bottom of GHSZ needs to be examined as well. Figure

3-5 shows that estimated BSR locations based on different geothermal

gradient values. Observed BSRs reside between locations of 30 and 40

mK/m and seem to decrease in deepening toward basin. This may

suggest that in the study area, BSR-derived geothermal gradient is

consistent to the averaged background geothermal gradient of 35

mK/m, and that actual geothermal gradient slightly increases to the

basin in terms of P-T relationship of gas hydrate stability. The exact

cause that slight shoaling of BSR to the basin is not clear at this

stage. On the other hand, BSR depth seems to shoal up slightly near

the seepage structure (see BSR below GI seepage structure in Fig.

3-5b). This may indicate that advective fluid take an important role to

transfer heat, at least for deep sedimentary section, at the GI structure

(see Section 3.6.1).

Gas hydrates were sampled at several sites in study area
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(stars in Fig. 3-1). They occur in various types of lenticular bed,

micro-aggregate, vein/void-filling, and massive chunk (Mazurenko et

al., 2005). The Dungeon seepage structure has the shallowest

occurrences of natural gas hydrate at 385 mbsl, which shows up as

lenticular-bedded or vein types over a 30 cm-thick sediment interval

(Fig. 3-3a). The second shallowest one is at the Gisella structure in

390 water depth (Fig. 3-3b), indicating gas hydrate occurrence at

shallow depths is not rare in the study area. These occurrence depths

are not much deeper than the estimated top of GHSZ.

A comparison between the observed GHSZ marked by

manifestations of methane and the estimated GHSZ exhibits a good

agreement, suggesting that the present-day GHSZ in the study is well

defined by P-T conditions. This can be the key to consider the extent

of GHSZ in the past and near-future based on information on water

temperature and sea level at that time.

3.6 Discussion

3.6.1 Estimating the regional geothermal gradient

Conventional heat flow measurements are subject to a large

variability because they can be affected by irregularities on or near

the seafloor such as cracks or fluid circulation within sediment. To

compensate for such variability, a number of measurements are often

made and then averaged to represent the regional or background heat

flow. In the study area, seepage structures present such irregularity,

and therefore a distinction should be made between the thermal

gradients measured on the seepage sites and those taken in the

non-seepage sites.
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Among 10 geothermal gradient measurements conducted in this

region, 6 were taken at the seepage sites and 2 were made on the

normal seafloor (Table 3-1; Fig. 3-4). The latter were made for the

purpose of comparison between the seepage and non-seepage sites.

There is a contrast between the two types of sites. In general, the

geothermal gradient at seepage sites is not only higher than that of

non-seepage sites but also exhibits a larger variation. For instance,

thermal gradient value as high as 249 mK/m and low as 56 mK/m

were found at the seepage sites whereas the two non-seepage sites

showed 34 and 36 mK/m.

The difference between the seepage and non-seepage sites

may be explained by the difference in the importance of conductive

versus convective heat transfer below the seafloor (Fig. 3-7). Three

different cases are depicted. In the normal seafloor where there is no

seepage structure (Case 1 in Fig. 3-7a), conductive cooling is probably

the dominant mode of heat transfer. The temperature profile can be

represented as a single line whose slope corresponds to the regional

geothermal gradient. This is depicted as blue Line 1 in Figure 3-7b.

On the other hand, seepage would be a transient and dynamic feature

on the seafloor. Therefore, instead of representing it as a single

temperature profile, I need to consider the two end-member cases, one

where gas is rising up and causing a flare (Case 3 in Fig. 3-7a), and

the other where the seepage site is in quiescent mode (Case 2 in Fig.

3-7a).

In the case of gas venting (Case 3 in Fig. 3-7a), convection

would be the dominant mode of heat transfer (shown as orange Line 3

in Fig. 3-7b). The upwelling would not stop at a certain depth below

the seafloor and would rise into the water column, as evidenced by

gas flares. The temperature of fluid venting out would be higher than

the bottom water temperature. The geothermal gradient corresponding
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Figure 3-7. A schematic diagram illustrating the difference in
heat transfer process and resulting thermal structure at
non-seepage and seepage sites. (a) The dominant heat
transfer process may vary between at a non-seepage site
and at a seepage site. At a non-seepage site, conduction
would be the dominant mode of heat transfer (Case 1). On
the other hand, at a seepage site, convection by advective
flow may play an important role. In the case of active
venting, the warm fluid would rise up quickly to the surface
(Case 3). Once the active venting has ceased, the convective
fluid would not reach the seafloor and may be confined to
the deeper portions of the sedimentary layer (Case 2). The
sedimentary section may be divided into two: the upper part
where conduction is dominant and the lower part where
convection is dominant. (b) The local temperature profiles
would depend on the dominant heat processes. The
temperature profile for active venting (Line 3) at the
seepage site may be less steep than that at the non-seepage
sites (Line 1). Hence, BSR depth can shoal up at the
seepage site compared to at the-non seepage site for given
gas hydrate stability curve. In the case of active venting,
the fluid venting out at the seafloor would be much warmer
than the bottom water temperature. Depending on whether
the seepage venting is active or inactive, the geothermal
gradient may differ. When the active venting has ceased,
the temperature profile at the seepage site may be shown a
line bent at the depth where the convective fluid reaches
(Line 2). Thus, the geothermal gradient corresponding to the
conduction-dominant upper part is steeper than that to the
convection-dominant lower part. Also, the geothermal
gradient observed at the inactive or dormant seepage site
becomes higher than that at the non-seepage site because a
marine heat probe can penetrate into the topmost several
meters below the seafloor (hatched area).
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to the convection (Line 3) would be gentler than that of conduction

(Line 1).

After burst of gas flares, I envisage that the seepage sites

would enter into dormant period where the region of upwelling is

confined to a certain depth below the seafloor (Case 2 in Fig. 3-7a).

Above this depth, the conduction becomes the dominant mode of heat

transfer. As a result, the temperature profile may be depicted as green

Line 2 in Figure 3-7b. This conceptual model may explain the

difference in the geothermal characteristics between seepage and

non-seepage structures. Because the heat measurement was confined

to a few meters below the seafloor (hatched area in Fig. 3-7b), the

geothermal gradient at the seepage structure can be higher than that

of the normal seafloor. The transient nature of seepage structure may

also explain its greater geothermal variability (Table 3-1).

According to my hypothesis, geothermal gradient value lower

than 35 mK/m of the normal seafloor (Case 1 in Fig 3-7a) should be

yielded at the actively-venting seepage structure (Case 3 in Fig. 3-7a),

but such data was not obtained in the survey. This is partly because

an attempt to measure the geothermal gradient at the actively-venting

seepage structure was not made considering unexpected damage to an

instrument although the purpose of measurements is to see variation

near seepage structures. It will become an interesting topic further to

validate my hypothesis through geothermal gradient measurements just

at the actively-venting structure as done in the coring to retrieve gas

hydrate samples as shown in Figure 3-2d.

The acoustic blank features that were observed beneath many

seepage structures during seismic and subbottom profiler surveys in

this region may correspond to the zone of convections beneath the

seepage structures (Jin et al., 2011). As noted earlier, the BSR depth

becomes shallower beneath the seepage structures when compared
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with the normal seafloor. This perturbation in the BSR depth is

illustrated in Figure 3-7b in terms of change in depth where the local

geotherm intersects the gas hydrate stability curve (shown as yellow

curve in Figure 3-7b).

Since the main purpose of this study is to understand the

extent of GHSZ, I ignore anomalous regions of geothermal gradient

associated with seepage structures and only consider the two

measurements taken on the normal seafloor as background geothermal

gradient. One of the important sources of error associated with heat

flow is the thermal conductivity, a property of the material which is

multiplied to the geothermal gradient to produce heat flux value. Kim

et al. (2010) have shown that depending on how the thermal

conductivity was measured, using in-situ device or from retrieved core

samples, the values can vary by as much as 40%. They argued that

much of the uncertainties in heat flow experiments may come from

inaccurate estimation of thermal conductivity. Fortunately, the model

used in this study requires geothermal gradient as input parameter and

does not involve thermal conductivity information, which failed on all

stations according to Matveeva et al. (2005).

3.6.2 Past slope failure during the Last Glacial

Maximum

A large difference in morphology exists between the north and

south of the continental slope (Fig. 3-8). While the slope to the north

of Lavrentyev Fault Zone is concave-upward, it is convex-upward to

the south. The difference is thought to be a direct consequence of

massive slope failure in the northern slope (Wong et al., 2003).

According to their estimate, the volume of sediment corresponding to

the submarine landslide is as large as 660 km3.



Figure 3-8. The comparison of the slope between the continental margin to the

north and south of the Lavrentyev Fault Zone (LFZ) (modified from Wong et al.,

2003). (a) 3-dimensional aerial view. See Slump scarp develops along contour

lines 250-300 mbsl. Figure 3-1 for the location. (b) Sea level and the top of gas

hydrate stability zone (TGHSZ) are represented for present-day (solid lines) and

the Last Glacial Maximum (LGM; dotted lines).



56

A major source of debate is the timing of the slope failure.

Wong et al. (2003) argue that the slope failure cannot have occurred

later than 350 ka based on the comparison of seismic sections and

analysis of sediment cores. They suggest that the evidence of failed

slope deposit cannot be found in the sediment core whose oldest

section is approximately 350 kyrs old, and therefore the landslide must

be older than that.

However, in this study, I suggest that the slope failure may

have occurred much later than initially proposed, perhaps as late as 20

ka. My argument is based on the analysis of subbottom profiler data

which was collected in 2006. The detailed examination of the

subbottom profile reveals a new reflection within the sediment (Fig.

3-9). This reflector may be considered as the top surface of glided

mass produced at the time of massive landslide. In other word, the

reflector may mark the boundary between mass wasted deposit and

hemipelagic sediment that has gradually settled on top. The thickness

of the transparent hemipelagic layer decreases from ~30 meters to 10

meters offshore.

Observations and circumstantial evidences suggest the reflector

may be the top surface of glided mass. For instance, the acoustic

character is quite different between the hemipelagic layer above the

reflector and the layer below. Good parallel reflectors below the

reflector are not continuous, but deformed in some places along the

profile, which supports sliding/slumping process. The more deformed

the weaker/fewer reflectors below the top surface of glided mass could

be distinguished on the profile. Thus, the strong reflector highs with

absent of reflectors below (e.g., at 2.5 and 3.5 km in the profile in Fig.

3-9) are not rafted blocks poking through the hemipelagic cover, but

represent the same strong deformed glided mass. Also a similar

reflector is not found in subbottom profiles to the south of Lavrentyev
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Figure 3-9. Subbottom profile showing a clear top surface of glided mass

(arrows) at ~20 meters below the seafloor. The more deformed the less

reflectors below the top surface of glided mass could be distinguished.

See Figure 3-1 for the location of the subbottom profile.
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Fault Zone.

A crucial piece of information in determining the timing of

landslide is the average sedimentation rate around the region. The

sedimentation rate within Sea of Okhotsk is quite variable with time

and location. At the northeastern continental slope, the averaged

sedimentation rate for the sediment deposited since the uppermost

Pleistocene ranges 40 cm/kyr to over 100 cm/kyr (Biebow et al., 2003;

Gorbarenko et al., 2010). Also as shown earlier (Fig. 3-9), the

thickness of the hemipelagic layer varies depending on the distance

from the coast line. In this study, I use the sedimentation rate of 100

cm/kyr as reported by Biebow et al. (2003) which was obtained by

measuring Holocene deposits from tens of sites at the slope. If I use

this value, the estimated timing of landslide is 20 ka. Hence, the

timing of landslide is consistent with that of the Last Glacial

Maximum (LGM).

It is important to check whether gas dissociation during the

LGM may have led to the actual slope failure. I examine the GHSZ

based on paleo-environmental information including past temperature

and pressure. Again, the model by Dickens and Quinby-Hunt (1994) is

used to determine the extent of GHSZ.

The bottom water temperature and salinity during the LGM

can be roughly estimated based on oxygen isotope analysis of benthic

foraminifera selected from sediment cores in the Okhotsk Sea and the

northwestern Pacific. During the LGM, δ18O ranges from 4.5 to 5.5 ‰

which is slightly higher than in the Holocene (Keigwin, 1998). The

variation may be attributed to change in temperature and salinity.

However, the salinity itself changed little during the LGM (Ludmann

and Wong, 2003; Oba and Murayama, 2004) and therefore most of the

variation in δ18O may have been caused by changes in temperature

and ice volume. After correcting for the ice volume effect of 1.3‰
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following Fairbanks (1989), I argue that the temperature of the deep

water mass lying above 1500 meter during the LGM may have been

quite similar to that of present-day water mass lying at 1000 meter.

Therefore, the temperature for deep water during the LGM is inferred

from that of the present-day water mass lying at 1000 meter in the

Sea of Okhotsk.

The temperature of water at the sea surface during the LGM

may be estimated from ice-rafted debris information. Sakamoto et al.

(2005) found ice-rafted debris through the whole western Okhotsk Sea.

I infer from such findings that, like present day, a low temperature

water layer exists at intermediate depth resulting from seasonal ice

extension and contraction. In other words, the temperature profile

during the LGM may have been quite similar to that of present day.

To determine the ambient pressure within GHSZ during the

LGM, I need to estimate the sea level. In this study, only the eustatic

sea level drop of ~130 meters (Clark et al., 2009; Miller et al., 2005) is

considered. This is because there is little information on other effects

affecting sea level change such as local tectonic activities.

Using the past temperature and pressure information, the top

of GHSZ during the LGM can be predicted (Fig. 3-8). According to

my calculation, the top of GHSZ during the LGM should lie at 450

mbsl with respect to the present-day sea level. This depth corresponds

to the middle of the slope-failed section (Fig. 3-8). At first glance,

this may be perplexing because ideally only the region above the top

of GHSZ would have undergone dissociation and yet the region of

failure was much more extensive upslope.

Slope failure of hydrate-bearing sediments led by gas hydrate

dissociation below the top of GHSZ has been reported at continental

margins. For instance, a well-documented Storegga Slide in the

Norwegian continental margin showed widespread slide/slump below
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the top of GHSZ at glacial period, triggered by an earthquake

combined with gas hydrate dissociation (Bugge et al., 1987; Haflidason

et al., 2004). According to Haflidason et al. (2004) and Sultan et al.

(2004), the slope failure occurred initially downslope below the top of

GHSZ due to dynamic dissociation of gas hydrate according to gas

concentration change and progressed upslope.

However, slope failure extending to non-hydrate bearing

upslope as occurred in the study area has not been documented well

yet. I do not know the exact mechanism for such propagation of

destabilization to upslope at this stage due to lack of data. I speculate

that frequent small earthquakes in the study area at the vicinity of

plate boundary (Fig. 3-1a) may lead to subsequent and/or coincident

slope failure extending to non-hydrate bearing area. Furthermore,

considering the catastrophic nature of slope failure (e.g., Puzrin and

Germanovich, 2005, McIver, 1982), it is not unreasonable to suggest

that the dissociation of gas hydrate in the section below 450 meters

was an important factor that led to the landslide of the entire section

of the northern slope.

3.6.3 Possible slope failure in the future

A unique feature in this area is the wiggled surface near the

seafloor according to the seismic profile, which occurs roughly between

300-600 mbsl. Figure 3-10 is the cross-sectional profile shown as an

example. Such feature can be found at several locations along the

continental slope to the north of the Lavrentyev Fault Zone and its

vicinity. The wiggled surfaces appear stratified and can be traced

some distance below the seafloor. The amplitude of the wiggled

surface is ~10-20 meters and as a continuous feature the whole

structure covers a few kilometers of the slope section. The wiggled
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Figure 3-10. The wiggled surface as shown in the seismic profile. The

location of the wiggled surface roughly agrees with the top of gas hydrate

stability zone (TGHSZ). Inset is a blow-up image of the box. See Figure

3-1 for the location of the seismic profile.
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surface is thought to have formed by a process similar to submarine

creep (e.g., Lee and Chough, 2001) as gas hydrate contained within the

sediment becomes gradually dissociated. Interestingly, the depth at

which the wiggled surfaces begin to appear is consistent with the

present-day top of GHSZ calculated using the equation of Dickens and

Quinby-Hunt (1994).

The wiggled surface in the study area seems to be

distinguished from sedimentary wave formed by the current based on

direct and circumstantial evidences. Careful interpretation of seismic

data on the wiggled area may suggest that the surface does not have

a current origin: 1) no change in seabed reflector amplitudes compared

with one in non-wiggled area (Berndt et al., 2006), and 2) steep (>15

°) angle between the boundary of undulation and reflector of

undulation (Berndt et al., 2006; Hill et al., 1982). Previously Wong et

al. (2003) reported sediment wave in their ‘Area 2’ corresponding to

the study area but found that it generally occurs as a buried feature

below the seafloor, differing from the wiggled surface on the seafloor.

Two lines of evidence may support that the wiggled surface could be

interpreted as recent feature formed by gravitational loading.

I suggest that these wiggled surfaces have been caused by

recent rapid change in the sea water temperature of the Sea of

Okhotsk and that they may act as a source of slope failure. Many

places around the globe have undergone change in the last 50 years,

however, such change occurred more rapidly in the Sea of Okhotsk.

According to Hill et al. (2003), for instance, the surface temperature

increased by 0.1-0.3 °C during the last 50 years. This value is

substantially higher compared to the temperature change at similar

latitude, which is ~0.05 °C (Levitus et al., 2005). According to Itoh

(2007), the temperature at the intermediate depth, which is where the

top of GHSZ is located, increased by 0.6 °C during the last 50 years.
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The rise in sea level can have an opposite effect compared to

the temperature. My calculation in the study area shows that a rise in

1 °C of sea water temperature can be balanced by 40 meter rise in

sea level. However, the timing of two events (temperature increase

and sea level rise) may be different. In the study area, the rise in

temperature seems to occur more quickly than that of the sea level.

Therefore, the rapid rise in sea water temperature in this region can

be a more important triggering factor than change in pressure. The

timing of future landslide cannot be predicted. On the other hand,

considering the instable nature of slope failure, the area affected by

the landslide can be quite extensive and catastrophic (e.g., Puzrin and

Germanovich, 2005).

3.7 Conclusions

A numerous set of measurements including seismic,

oceanographic, hydroacoustic, heat flow, and sedimentary data were

obtained in the northeastern continental slope of Sakhalin Island during

CHAOS (hydro-Carbon Hydrate Accumulation in the Okhotsk Sea) and

SSGH (Sakhalin Slope Gas Hydrate) projects. Using a simple model, I

estimated the stability of gas hydrate zone and compared it with

observed gas hydrate features in the sediment and the water column.

The heat flow (geothermal gradient) values obtained in this

region can be divided into those taken near the seepage structures and

those from the normal seafloor as reference. I suggest that the latter

is more representative for the background heat flow (geothermal

gradient). My study finds that the depth of BSR and the initiation of

gas flares from a retrieved core in the water column are consistent
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with gas hydrate stability zone (GHSZ) estimated using the regional

geothermal gradient value of 35 mK/m and the sea water temperature

profile.

An important feature in this area is the large concave-upward

slope sections to the north of the Lavrentyev Fault Zone, which was

interpreted as a product of major landslide. Previously Wong et al.

(2003) suggested the timing of the landslide as older than 350 ka. The

timing of the landslide is reestimated in the light of subbottom profiler

data which show a new horizontal reflector. The horizon is interpreted

as the top surface of glided mass marking the boundary between

landslide deposit and hemipelagic sediment layer that has settled on

top since the slope failure. Using the sedimentation rate of >100

cm/kyr, I suggest that the mass wasting occurred at 20 ka, which

coincides with the late stage of the Last Glacial Maximum. On the

other hand, the reason for slope failure extending to

non-hydrate-bearing sediments upslope remains speculative at this

stage.

The study area has experienced rapid water temperature rise,

especially during the last 50 years. I suggest that the wiggled

structure found by seismic survey along the slopes of the continental

margin may be an evidence for present-day gas hydrate dissociation

at the top of GHSZ and that this wiggled surface region might act as

a source of future landslide.



65

Chapter 4

Preliminary Heat Flow Experiment Results

from Site U1352 at Canterbury Basin, New

Zealand (IODP Expedition 317): Thermal

Conductivity Variation with Lithification
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Abstract

Thermal conductivity is an essential parameter, together with

geothermal gradient, to estimate the heat flow. Few natural datasets

about the thermal conductivity variation with other parameters in

terms of lithification to the deep sedimentary section have been

reported although some laboratory experiments under corresponding

conditions exist. Deep drilling into Canterbury Basin was conducted

during IODP Exp. 317 (November 2010-January 2011). Three sites on

the inner shelf (Sites U1351, 1353, and 1354) and one site on the

continental slope (Site U1352) were drilled. At Site U1352, the

bottom-hole depth was reached to a very deep level, 1927 mbsf.

During on-board experiment, the thermal conductivity was measured

together with moisture and bulk density on the recovered cores at an

interval 0.5-1 m. In general, the thermal conductivity values increase

with depth and correlate positively and negatively with bulk density

and porosity, respectively. An abrupt shift in thermal conductivity and

porosity occurs at approximately 600-800 mbsf, coinciding with the

depth where lithological transition takes place from marl to limestone.

Using a simple water-matrix two-component model to estimate

thermal conductivity with porosity, the matrix-thermal conductivity is

estimated as 2.51 and 3.27 W/m/K for unlithified and lithified sections.

Further I need to attest whether the matrix-thermal conductivity in

this work holds for other continental margins. On the other hand,

geothermal gradient and heat flow are respectively estimated as 46.2

mK/m and 57.8 mW/m2, consistent with the regional distribution. This

study will give a new insight into the thermo-dynamic evolution of

continental margins.
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4.1 Introduction

Heat flow reflects the tectonic evolution of oceanic and

continental plates, which may be accompanied by volcanism or hotspot

activity. In addition to plate evolution, sedimentary processes

associated with fluid circulation can also influence heat flow.

Determination of heat flow requires measurement of thermal

conductivity and geothermal gradient. Thermal conductivity is an

intrinsic physical property of material and depends on pressure and

temperature. It commonly varies with depth in accord with the

variation of other index properties such as porosity and bulk density.

The Bullard method (Bullard, 1939) uses a linear relationship of

thermal resistance vs. temperature to determine heat flow over a depth

interval with established geothermal gradient. Thermal conductivity is

routinely measured during IODP expeditions as part of the physical

properties suite of measurements. Geothermal gradient can be

calculated if successful temperature measurements were taken at

several depths.

4.2 IODP Expedition 317

The Canterbury Basin has experienced high Neogene sediment

supply from an uplifting mountain chain, the Southern Alps, and

strong ocean currents (Fig. 4-1). Thus drilling in the Canterbury basin

may provide good example to study the relative importance of global

sea level versus local tectonic and sedimentary processes in the

continental margin. The primary objective of IODP Expedition 317 is
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Figure 4-1. Canterbury Basin is bounded to the northeast by the Banks

Peninsula (BP), to the southwest by the Otago Peninsula (OP), those

are the Miocene volcanic centers with age of 5.8-12 Ma and 9.6-16.0

Ma, respectively. The Alpine Fault is the boundary between the

Australian plate to the west and Pacific plate to the east. Modern

currents are shown. Four exploration wells as well as ODP Site 1119

are also shown: Resolution (R), Clipper (C), Endeavour (E), and

Galleon (G). Bathymetric contours are in meters. Figure is extracted

from Expedition 317 Scientists (2010).
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to date seismic sequence boundaries to estimate eustatic amplitudes.

The secondary objectives are 1) to drill the Marshall Paraconformity,

2) constrain the erosion history of the Southern Alps, and 3) to

determine depositional history of drift deposit (Fig. 4-2).

During IODP Expedition 317 (November 2010-January 2011),

sedimentary sequences were drilled in a transect of three continental

shelf sites (landward to basinward, Sites U1343, U1354, and U1351),

and one continental slope site (Site U1352) (Fig. 4-3). The four drilled

sites were chosen based on extensive multichannel seismic survey

lines in the basin since 1982 (Fig. 4-4). Recent high-resolution

multichannel seismic data were interpreted, and nineteen regional

seismic sequence boundaries (U1-U19 in Figs. 4-5 and 4-6) were

identified.

High recovery rate of drilling at each site (Fig. 4-7) provide a

good chance to achieve the scientific objective. In general, seismic

sequence boundaries were well identified at the actual cores (Fig. 4-8)

and then their ages were determined from biostratigraphy (Fig. 4-9).

Furthermore, the Marshall Paraconformity was drilled successfully at

the continental slope site, Site U1352. In particular, physical properties

related to thermal properties of cores were measured at near the same

points over the short interval.

Expedition 317 set a number of scientific ocean drilling records:

(1) deepest hole drilled in a single expedition and second deepest hole

in the history of scientific ocean drilling (Hole U1352C, 1927 m); (2)

deepest hole and second deepest hole drilled by the R/V Joides

Resolution on a continental shelf (Hole U1351B, 1030 m; Hole U1353B,

614 m); shallowest water depth for a site drilled by the Joides

Resolution for scientific purposes (Site U1353, 84.7 m water depth); and

(4) deepest sample taken by scientific ocean drilling for microbiological

studies (1925 m, Site U1352) (from Expedition 317 Scientist, 2010).
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Figure 4-2. Simplified stratigraphy of the Canterbury Basin at large scale (a),

seismic scale (b), and outcrop scale (c). Figure is extracted from Expedition

317 Scientists (2010).
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Figure 4-3. Map of drilling sites during IODP Exp. 317. Figure is extracted

from Expedition 317 Scientists (2010).
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Figure 4-4. Drilled and alternative sites with multichannel seismic survey lines

with high- (thick straight lines) and low-resolution (thin straight lines).

Blue curved lines represent crests of drift mounds. Bathymetric contours are

in meters. Figure is extracted from Expedition 317 Scientists (2010).



Figure 4-5. Uninterpreted (a) and interpreted (b) multichannel seismic dip Profile EW00-01-66. The locations of
Sites U1351, U1353, and U1354 are shown with actual penetrations (red). Alternative sites are CB-03B, -01A
and -02A (yellow). Sequence boundaries (circles with number), locations of onlap, truncation and downlap
(arrows), and locations of paleoshelf edges (open circles) are shown in (b). See Fig. 4-4 for the locations of
profile and sites. Figure is extracted from Expedition 317 Scientists (2010).
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Figure 4-6. Uninterpreted (a) and interpreted (b) multichannel seismic dip Profile

EW00-01-12. The location of Sites U1352 is shown with actual penetrations

(red). Alternative site is CB-04A (yellow). Sequence boundaries (circles with

number), locations of onlap, truncation and downlap (arrows), and locations of

paleoshelf edges (open circles) are shown in (b). Also Marshall Paraconformity

(MP) is shown. See Fig. 4-4 for the locations of profile and sites. Figure is

extracted from Expedition 317 Scientists (2010).
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Figure 4-7. Summary of core recovery and sedimentary units with ages

across IODP Exp. 317 transect. Ages were determined based on

biostratigraphy. MP represents the Marshall Paraconformity. Figure is

extracted from Expedition 317 Scientists (2010).
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Figure 4-8. Summary of detailed lithology through IODP Exp. 317 transect. MP

represents the Marshall Paraconformity. Figure is extracted from Expedition 317

Scientists (2010).
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Figure 4-9. Summary of biostratigraphic ages of seismic

boundaries. The Marshall Paraconformity (MP) is the

unconformity between the early Miocene and early

Oligocene. Figure is extracted from Expedition 317

Scientists (2010).
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4.3 Methods

4.3.1 Geothermal gradient

In-situ temperature data were obtained using two types of

downhole tools: (1) the Advanced Piston Corer Temperature Tool

version 3 (APCT-3) for use in soft sediment formations; and (2) the

Sediment Temperature Tool (SET) for use in more indurated sediment

formations. The APCT-3 is deployed in the APC cutting shoe and the

temperature measurement is taken shortly after the core barrel has

been fired into the pristine sediment. The results are associated with

the bottom of the cored interval for that APC deployment. The SET is

deployed in a separate wireline run and the ~1 m long probe is pushed

into the bottom of the hole, ahead of the bit. The results are

associated with the interval 1 m below the top of the next

advancement (cored or drilled interval). Both tools record

time-temperature data in their onboard data loggers. After tool

retrieval, the data are downloaded to a computer and the asymptotic

temperature is estimated using the TFIT software (ver. 1.0). The tools

are capable of measuring temperature in the range of -20 to 100 °C

with an accuracy of ±0.02 °C.

4.3.2 Thermal conductivity

Thermal conductivity measurements were conducted on

whole-round sections after the cores had passed through the

Whole-Round Multisensor-Logger and the Natural Gamma Ray

Logger. Prior to measurements the sections were equilibrated to

ambient laboratory temperature (19°C) for at least 4 hours to ensure

thermal homogeneity.

Thermal conductivity was measured with the TK04 (Teka



79

Berlin) system using the needle probe method (Von Herzen and

Maxwell, 1959) in two configurations: (1) the full-space needle probe

(VLQ) for soft sediments and (2) the half space needle probe (HLQ)

for rocks. The needle probe contains a heater wire and calibrated

thermistor. The probe is assumed to be a perfect conductor because it

is much more conductive than sediments. With this assumption, the

temperature of the superconductive probe has a linear relationship to

the natural logarithm of the time after initiation of heating:

 ·


· ln 
where,

T = temperature (K),

q = heat input per unit length per unit time (J/m/s),

k = thermal conductivity (W/m/K),

t = time after initiation of heating (s), and

C = a constant.

One measuring cycle consists of three steps: 1) temperature

drift self-test 2) thermal conductivity measurement and 3) 10-min

break. Several measuring cycles can be performed automatically at

each sampling location and used to calculate an average conductivity.

A self-test, which included a drift study, was conducted at the

beginning of each measurement cycle. Once the samples were

equilibrated, the heater circuit was closed and the temperature rise in

the probes was recorded. Thermal conductivities were calculated from

the rate of temperature rise while the heater current was flowing.

Temperatures measured during the first 80 sec of the heating cycle

were fit to an approximate solution of a constantly heated line source

(for details, see Blum 1997).

Thermal conductivity measurements were taken with a

frequency of one per section (about 7 per full core) and one cycle per
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each measurement in soft sediments into which the TK04 needle could

be inserted without risk of damage. When core material was too hard

to use the needle probe, the puck probe of the HLQ method was used

instead. The HLQ method uses the same theory as the VLQ method

except that a flat circular puck is used as the probe and the working

half of the split core is used instead of the whole round core. Due to

limited available time, measuring frequency for hard rock was limited

to be 1 per core with 5 measuring cycles because HLQ data showed

large scatter. Heating power was adjusted to keep the power control

value within a range of 2 to 3 as suggested by the TK04 manual.

Drift control was set at 40 for quick measurement. Based on repeated

tests, this does not greatly affect the accuracy of measured values.

When using the VLQ method, the needle was inserted into the

unconsolidated sediment through a small, 2 mm hole drilled into the

core liner perpendicular to what would become the spilt core surface.

Thermal transfer compound has been used to improve the coupling

between the needle and the sediment. However, it was not used on

Expedition 317 to eliminate the possibility that the thermal transfer

compound would contaminate the split core surface and affect core

description. Additionally, testing of the thermal transfer compound,

using sediments provided as test samples prior to drilling, revealed no

improvement in thermal coupling.

When using the HLQ method, the puck probe is attached to

the split core surface with rubber rings within a sea water tube.

Although sufficient pressure (at least 5 bars) is recommended by the

manufacturer to thermally connect the puck-probe to the split core

surface, I used several rubber rings because rock samples were too

weak to bear ~300 kg in weight corresponding to 5 bars over the

puck. Results obtained using the rubber rings with the puck probe are

similar to those with the needle probe inserted into the drilled hole
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within hard rock. A Styrofoam box filled with sea water is used to

achieve thermal coupling between the puck and the core and to

minimize thermal disturbance. Water depth in the box is over the

contact surface between the puck and the core. Accordingly it is

important to get rid of air bubble at the contact surface before

measurements.

Thermal conductivity data are discarded when 1) contact

between the probe and sediment was poor, which is represented by

logarithm of the extreme time (LET) lower than 50 and/or the number

of solutions lower than 100, 2) thermal conductivity was close to that

of water (0.6 W/m/K), resulting from dilution of sediments during

coring and 3) measurements were taken in caved-in layers such as

shell hash. In most cases, the first two criteria are controlling

parameters for monitoring measurement quality. Measurement errors

were considered to be 5-10% (Blum, 1997).

At sites where in situ temperatures were measured, thermal

conductivity was corrected for in situ temperature and pressure prior

to calculation of heat flow. Laboratory values were corrected to in-situ

condition following Hyndman et al. (1974):

      · 

 ·


  


where λin-situ(z) is the in-situ thermal conductivity at depth z (m), λlab

is the laboratory-measured value, zw is water depth (m), ρsed is bulk

density of sediment (g/cm3), T(z) is the in-situ temperature at depth z

(m), and Tlab is the laboratory temperature. Here I use a core depth

below the seafloor (mbsf) as the standard measure of depth. The

correction typically adjusted the thermal conductivity by up to ~5% for

2000 mbsf and 500 m water depth.

Thermal conductivity values are commonly averaged across a

depth interval using a geometric mean because heat is assumed to
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flow vertically through the sediment layers. Averaged thermal

conductivity is calculated as follows:




 
 
  







where λi is the thermal conductivity at the ith layer with thickness z i,

and Z is the total thickness of all layers, i.e.,  
  



. In practice, z i

is taken as the section length for measuring frequency of 1/section or

1/core. The length of the core catcher and/or of unrecovered sections

that were not measured is added to the closest measured section.

4.3.3 Heat flow calculation

To estimate heat flow I use the Bullard method (Bullard, 1939),

which is useful when thermal conductivity varies with depth where

geothermal gradient is established over its interval (e.g., Pribnow et al.

2000). It assumes a linear relationship between temperature and

thermal resistance of the sediment:

    · 

where z is depth (mbsf), T0 is the temperature at z = 0, q is heat

flow. The thermal resistance is defined as:

 







≈
  





  

where z i and z i-1 are the bottom and top depths of the ith horizontal

layer with thermal conductivity λi, and I is the number of horizontal

layers between the seafloor (z = 0) and depth Z. A plot of

temperature vs. thermal resistance, a Bullard plot, allows estimation of

the surface temperature T0 from the intercept with z = 0 and the heat

flow from the slope of a line fitted to the data. Data in a Bullard plot

will fall in a line when conditions between the seafloor and depth Z

include: 1) conductive cooling, 2) steady state, and 3) no heat
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source/sink.

If thermal conductivity increases linearly with depth, thermal

conductivity is represented as:

    ·

where λ0 is the estimated surface thermal conductivity, and Γ is the

slope. When establishing the fitting line, I used the corrected thermal

conductivity to in-situ pressure and temperature conditions as

described above.

Then, thermal resistance is solved as:

 

ln   · ln  

where Ωi is the thermal resistance of the ith horizontal layer.

4.4 Results of heat flow measurements

4.4.1 Site U1351

4.4.1.1 Geothermal Gradient

Temperature measurements were conducted using the

Advanced Piston Core Temperature Tool version 3 (APCT-3) during

APC coring at Hole U1351A and the Sediment Temperature Tool

(SET) during XCB coring at Hole U1351B of Site U1351. However, it

was not possible to obtain the geothermal gradient. Five temperature

measurements were taken in total (Table 4-1; Fig. 4-10). One of them

was the APCT-3 measurement and yielded a reliable temperature of

11.62 °C at 25.1 mbsf at Hole U1351A. The four trials with the SET

at Hole U1351B failed because conductive cooling time after

penetration into the sediment was too short (<300 sec) to generate

reliable fitting curves (Fig. 4-10a). This could have resulted from
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Figure 4-10. Temperature data and geothermal gradient at Site U1351. (a)

During the time interval in which temperature is recorded, an

exponential decrease of temperature is expected and is used to estimate

the ambient temperature. This is the case for Core U1351A-4H. The

fluctuations in the subsequent four attempts render those data unreliable.

Nonetheless, the data from the time interval from ti to tf (indicated by

triangle and square, respectively) were used. See Table 4-1 for those

values. (b) The resulting geothermal gradient is 14.1°C/km. The filled

circle represents the only reliable temperature.
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Table 4-1. Temperature data observed during IODP Exp. 317.

Site Hole Core Tool Depth

(mbsf)

Temp.

(°C)

ti

(s)

tf

(s)

tf-ti

(s)

Reliability

U1351

A 4H APCT-3 25.1 11.61 90 734 644 Good

B

10H SET 70.7 9.03 34 167 133 Poor

12H SET 86.2 12.78 52 316 264 Poor

16X SET 123.4 11.51 27 108 81 Poor

42X SET 372.5 15.59 459 689 230 Poor

U1352

A 4H APCT-3 32.7 10.33 8 66 58 Poor

B

6H APCT-3 55.7 11.10 47 167 120 Poor

10H APCT-3 93.7 12.57 50 775 725 Good

15H APCT-3 141.2 14.84 71 678 607 Good

20H APCT-3 179.7 16.31 81 763 678 Good

38X SET 313.2 22.69 77 867 790 Good

U1353 A 5H APCT-3 34.2 11.9 78 402 324 Poor

U1354 C
14X SET 174.5 14.27 27 155 128 Poor

16X SET 193.6 12.84 118 256 138 Poor

Note: 1) Times ti and tf are initial and final times of the interval picked to

estimate asymptotic temperature for each dataset. The estimated

temperatures are rendered as reliable data when the picked interval, tf  ti,

is longer than 300 sec and is smooth without any bumps.
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movement of the tool within the sediment after penetration, which is

caused by ship’s heave and/or the falling of severely disturbed

sediments around the SET tool tip from the top of core during its

measurement. Nevertheless all 5 temperature measurements were used

to estimate the geothermal gradient. The fitting line to temperature vs.

depth data is (Fig. 4-10b):

  ·  

with R2 = 0.6537

where T(z) is in-situ temperature at depth z (mbsf). The estimated

geothermal gradient is therefore estimated as 14.1°C/km, which is

much lower than that obtained from the nearby exploration well,

Clipper-1: 40-50 °C/km (Reyes, 2007). It is therefore likely that the

geothermal gradient at Site U1351 is underestimated since: 1) Site

U1351 is only ~15 km from Clipper-1, 2) thick sediment, up to several

kilometers, at both sites prohibits local fluid circulation in the absence

of conduits, and 3) geothermal gradient at Clipper-1 is measured in

deep hole (up to 4.7 km below the seafloor) so that it could not have

been affected by seasonal variations in the bottom water temperature.

For reference, geothermal gradients are 57.4, 52.1, and 64.9 °C/km at

Sites 1120, 1124, and 1125 in ODP Leg 181, respectively (Carter et al.,

1999).

4.4.1.2 Thermal Conductivity

Thermal conductivity was measured in available whole-round

core sections at Holes U1351A and U1351B. The TK04 system was

employed with its full-space method (needle probe). Measuring

frequency was usually one per section with one measuring cycle at

each point. This included 19 points (0.3-27.9 mbsf) at Hole U1351A

and 212 points (0.7-1004.9 mbsf) at Hole U1351B. The measurement

was supposed to be conducted in the major lithology of the section.
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However, it is not easy to recognize the lithology of the whole-round

cores, so the middle of the section was chosen as a measuring point

unless a void or crack was seen. There were few lithologic variations

within each section at Site U1351, so this sampling procedure was

appropriate. Probe V10701 was used and heating power was kept to

approximately 3 W.

Thermal conductivity data have been screened when 1) not

satisfying criteria suggested by the TK04 manufacturer caused by

poor contact between the probe and materials, 2) thermal conductivity

value close to 0.6 W/m/K of water, resulting from diluted sediments

during coring and 3) being measured in meaningless layers such as

shell hash. Thermal conductivity vs. depth data from both Holes

U1351A and B are consistent (Fig. 4-11a). Laboratory-measured

thermal conductivity ranges were 0.962-2.233 (average: 1.474) W/m/K

(Table 4-2). These values are higher than those observed in Site 1119,

ODP Leg 181 (Carter et al., 1999) although those from Site 1119 were

collected over a shorter depth interval (< 130 mbsf). The high

conductivities may be due to high concentrations of quartz (6.5-12.5

W/m/K) and/or carbonate cementation (0.5-4.4 W/m/K) in the

fine-grained sediment, including the clay size fraction.

Based on core depth below the seafloor, bulk density of 2.01

g/cm3 from MAD results, and the estimated geothermal gradient,

correction for in-situ conditions yields thermal conductivity with a

range of 0.959-2.215 (average: 1.467) W/m/K. This calculated in-situ

value of thermal conductivity differs from the lab measurements by

less than ±2.2%.

Despite significant scattering, thermal conductivity generally

increases linearly with depth. In particular, the top 35 mbsf interval of

decreasing porosity and increasing bulk density may control the rapid

increase in thermal conductivity. Thermal conductivity values reach a
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Figure 4-11. Thermal conductivity at Site U1351 in terms of depth (a),

bulk density (b), and porosity (c). A linear fit represents increasing

thermal conductivity with depth despite the variability in the topmost

portion. Thermal conductivity exhibits positive relationship with bulk

density and negative with porosity. However, a variation in accord with

lithology is not detected: circle for clay, cross for mud, square for silt,

diamond for interbedded sand and mud, and triangle for sand.
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Table 4-2. Thermal conductivity data observed during IODP Exp. 317.

Site Hole Number of

measurements

(Good1)/Total)

Depth

coverage

(Good/Total;

mbsf)

Lab-measured thermal

conductivity for good

measurements

(Harmonic mean/Range;

W/m/K)

Sediments Rocks

U1351

A
11/

19

-/

0.3-27.9 1.474/

0.962-2.233
No rocks

B
107/

212

-/

0.7-1004.9

U1352

A
13/

32

7.9-42.1/

0.2-42.1 1.305/

0.849-1.696
No rocks

B
214/

443

0.7-792.9/

0.7-821.7

C
149/

155

575.1-1920.6/

575.1-1920.6
1.180 and 1.4872)

2.360/

1.572-3.440

U1353

A
7/

21

7.7-31.1/

0.4-53.2

1.414/

1.275-1.771
No rocks

B
39/

75

5.2-413.5/

0.7-585.5

1.549/

1.122-1.840
No rocks

U1354

A
17/

35

0.7-82.6/

0.7-84.8

1.492/

1.183-1.873
No rocks

B
14/

25

3.2-75.9/

0.7-75.9

1.457/

1.332-1.778
No rocks

C
23/

43

70.2-336.6/

67.2-374.8

1.398/

1.239-1.671
No rocks

Note:
1) Thermal conductivity data have been screened when 1) contact between and the
probe and sediment was poor, 2) thermal conductivity was close to that of water
(0.6 W/m/K), resulting from dilution of sediments during coring and 3) measurement
was taken in caved-in layers such as shell hash.

2) These two values were measured in sediments using the needle probe at Core
U1353-C-6R and –18R.
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local maximum followed by a relatively sudden drop of about 15% at

35 mbsf where porosity and bulk density do not show such

fluctuation. The cause of these variations in thermal conductivity is

unclear. Significant scatter in measured in the thermal conductivity

below ~90 mbsf might be a result of locally cemented sediments with

higher thermal conductivities and/or reduced thermal conductivity

caused by XCB drilling disturbance.

Despite the fluctuation in the topmost portion, the data

corrected to in-situ condition can be represented by the following

linear fit (Fig. 4-11a):

    · 

where z is depth (mbsf).

Thermal conductivity at Site U1351 varies positively with bulk

density and negatively with porosity (Fig. 4-11b and c) as expected.

Variation in terms of lithology cannot be detected.

4.4.1.3 Bullard Plot

Thermal resistance is derived based on the relationship of

thermal conductivity with depth above:

 
ln  ·  ln 

Following the Bullard approach assuming conductive heat flow,

a linear fit of temperature vs. thermal resistance is expected (Fig.

4-12).

   · 

with R2 = 0.6516

This yields a heat flow of 20.1 mW/m2 at Site U1351. This is

about 1/3 of the heat flow estimated at the Clipper-1 when adopting

the same thermal conductivity as at Site U1351. Care should be taken

when using the above estimated geothermal gradient and/or heat flow
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Figure 4-12. A Bullard plot at

Site U1351. Thermal resistance

is derived from the linearly

increasing trend of thermal

conductivity with depth. The

estimated heat flow is 20.1

mW/m2. The filled circle

shows the only reliable data

point on the Bullard plot.
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values due to the poor temperature data.

4.4.2 Site U1352

4.4.2.1 Geothermal Gradient

Temperature measurements were conducted using the

Advanced Piston Core Temperature Tool version 3 (APCT-3) during

APC coring at Holes U1352A and U1352B, and the Sediment

Temperature Tool (SET) during XCB coring at Hole U1352B. Six

temperature measurements were taken in total (Table 4-1; Fig. 4-13)

and the geothermal gradient was successfully obtained from four of

these results within the depth interval 93.7-313.2 mbsf: Cores

U1352-B-10H, -15H, -20H, and -38X. The other two measurements

with APC Cores U1352-A-4H and U1352-B-6H, were not used

because the conductive cooling time after penetration into the sediment

was too short (<300 sec) to generate reliable fitting curves (Fig.

4-13a). This could have resulted from movement of the tool, caused

by heave, within the sediment after penetration. The fitting line to the

temperature vs. depth data is derived from the four good results (Fig.

4-13b):

  ·  

with R2 = 0.9991

where T(z) is in-situ temperature at depth z (mbsf). The estimated

geothermal gradient is therefore 46.0 °C/km. It should be noted that

this geothermal gradient was established for the depth interval above

~310 mbsf, consisting of soft sediments, and might significantly

decrease with depth in accordance with rapid increase in the thermal

conductivity, particularly for the interval below 575 mbsf where rock

first occurred. For reference, geothermal gradients are 57.4, 52.1, and

64.9 °C/km at Sites 1120, 1124, and 1125, respectively, in ODP Leg 181
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Figure 4-13. Temperature data and geothermal gradient at Site U1352. (a)

Temperature variation with time observed from Cores U1352-B-10H,

-15H, -20H, and -38X were used to estimate asymptotic temperature

using the data from the time interval from ti to tf (indicated by large

dots). See Table 4-1 for those values. (b) The resulting geothermal

gradient is 46.0 °C/km. The filled circles represent the reliable

temperature measurements.
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(Carter et al., 1999). Those gradients were established in soft

sediments above ~130 mbsf.

4.4.2.2 Thermal Conductivity

Thermal conductivity was measured preferentially in available

whole-round core sections at Holes U1352A and U1352B using the

full-space method (needle probe), and in section halves at Hole

U1352C using the half-space method (puck probe). The half space

method was employed because the degree of induration of the

sediments increased with depth at Hole U1352C. Three needle probe

measurements were conducted in indurated sediment drilled with the

RCB system: two for rather soft sediments at Cores U1353-C-6R and

-18R, and one for rock to compare with the puck probe measurements

at Core U1353-C-76R. Measuring frequency was usually one per

section with one measuring cycle at each point for the full-space

method, and one per core with five measuring cycles at each point for

the half-space method. This included 32 points at Hole U1352A

(0.17-42.1 mbsf), 443 points at Hole U1352B (0.7-821.65 mbsf), and 155

points at Hole U1352C (575.1-1920.6) (Table 4-2). The middle of the

section was chosen as a measuring point unless a void or crack was

seen. There were few lithologic variations within each section at Site

U1352, so this sampling procedure was appropriate. Probes V10701 and

V10819 were used and heating power was kept to approximately 3 and

2 W for the full- and half-space methods, respectively.

Thermal conductivity data have been screened when 1) contact

between and the probe and sediment was poor, 2) thermal conductivity

was close to that of water (0.6 W/m/K), resulting from dilution of

sediments during coring and 3) measurement was taken in caved-in

layers such as shell hash. In most cases, the first two criteria are

controlling parameters to decide the quality of measurements. Good
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results provide 13, 214, and 149 points for each of Holes U1352A,

U1352B, and U1352C, respectively, which cover depth intervals of 8-42,

1-793, and 575-1921 mbsf, respectively (Table 4-2). The ratio of

reliable measurements to total measurements is larger at Hole U1352C,

where five measuring cycles were run, than at Holes U1352A and

U1352B, where only one measuring cycle was run. Therefore it is

recommended that the number of measuring cycles at each point be

increased from one to at least three even at the expense of decreasing

the measuring frequency from one per section to one per core to

balance the time.

Thermal conductivity measurements at Site U1352 range from

0.849 to 3.440 W/m/K: 0.849-1.696 (average: 1.305) W/m/K for

sediments at Holes U1352A and U1352B in the depth interval 1-793

mbsf, and 1.572-3.440 (average: 2.360) W/m/K for rocks at Hole

U1352C in the depth interval of 575-1921 mbsf (Table 4-2). For

reference, the two lowest values at Hole U1353C were results

measured in sediments using the needle probe at Core U1353-C-6R

and -18R (Table 4-2). At Core U1352-C-76R I compared thermal

conductivity measured by the puck probe with that measured by the

needle probe within a drilled hole filled with thermal compound.

Results were similar to within 0.6% indicating that the difference

between methods is negligible. Thermal conductivity for rocks is ~1.8

times greater than that for sediments. For the upper 130 mbsf, thermal

conductivity values are higher at Site U1352 than the same interval at

Site 1119, ODP Leg 181 (Carter et al., 1999). The high conductivities

at this site may be due to high concentrations of quartz (6.5-12.5

W/m/K) and/or carbonate cementation (0.5-4.4 W/m/K) in the

fine-grained sediment, including the clay size fraction.

Thermal conductivity vs. depth data from both Holes U1352A

and U1352B are consistent (Fig. 4-14a). In the overlapped depth
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Figure 4-14. Thermal conductivity at Site U1352 vs. depth (a), bulk density

(b), and porosity (c). Variation in accord with lithology is weak but is

detected. Circle for clay, cross for mud, square for silt, diamond for

interbedded sand and mud, and triangle for sand.
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interval of 575-793 mbsf between Holes U1352B and U1352C, a gap

exists between trends of values from the two holes that increase with

depth. This gap is explained by sampling bias in respect to lithology

measured in each hole: soft sediment, preferentially recovered in Holes

U1352A and U1352B and hard rock recovered at Hole U1352C.

Although marlstone first occurred at a depth of 575 mbsf (Core

U1352-C-2H) at Hole U1352C, rock was still porous and firmed up at

~ 900 mbsf. This is manifested by the larger scatter above 900 mbsf

than below. At other depth intervals, three linear trends can be

recognized: a downhole decrease from 0-90 m, and increasing trends

from 90-661 mbsf and 826-1921 mbsf. It is unclear why the

decreasing trend in top 90 mbsf-interval exhibits because bulk density

and porosity is rather constant at the same interval. However, thermal

conductivity, in general, correlates negatively with the porosity profile,

in particular for hard rock (Fig. 4-14b). A good positive correlation

with bulk density obtained by the MADC method is shown (Fig.

4-14c). The linear trends are fitted as:

       ·     for  
       ·     for 
       ·     for  

where z is depth (mbsf). Thermal conductivity at the interval of

661-826 mbsf is calculated using harmonic mean for cores consisting

of alternating sediment-rock layers, based on the two regressions, λ

90-661(z) and λ826-1921(z), and the ratio of sediments/rocks in each core

because 1) sediment portion in each core at Hole U1352C steadily

decreased below ~661 mbsf (Core U1352-C-6R) and almost disappeared

at 826 mbsf (Core U1352-C-23R), and 2) the measured thermal

conductivities at Holes U1352B and U1352C represented either

sediment or rock among alternating layers of sediment or rock. The
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resulting linear fit is:

       ·     for 
where z is depth (mbsf). In addition to this interval, Cores

U1352-C-2R, -27R, -53R, and -77R showed alternating layers of

sediments and rock but those were not taken into account in terms of

trends.

4.4.2.3 Bullard Plot

Because the thermal conductivity profile in the depth interval

of 94-313 mbsf, where the geothermal gradient was established, are

represented as a linear fit, λ90-661 (z), thermal resistance for the

interval is derived as:

     
ln  ·  ln 

where z is depth (mbsf).

Following the Bullard approach, assuming conductive heat flow,

a linear fit of temperature vs. thermal resistance is expected (Fig.

4-15).

       ·

with R2 = 0.9985

where z is depth (mbsf).

This yields a heat flow of 57.8 mW/m2 for the depth interval

(94-313 mbsf) and can be applied to the entire cored depth interval if

steady state heat flow is assumed. The resulting heat flow is

comparable to the regional heat flow distribution, which decreases from

100-120 mW/m2 in the mountain area to the southwest to <60 mW/m2

at the west coast of New Zealand (Reyes, 2007).
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Figure 4-15. A Bullard plot at Site U1352. Thermal

resistance is derived from the linearly increasing trend

of thermal conductivity with depth in the interval 94-313

mbsf, where the geothermal gradient was successfully

established. The estimated heat flow is 57.8 mW/m2,

which is comparable with regional heat flow distribution

in New Zealand (Reyes, 2007). The filled circles show

the reliable data points.
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4.4.3 Site U1353

4.4.3.1 Geothermal Gradient

Only one temperature measurement was made using the

Advanced Piston Core Temperature Tool version 3 (APCT-3) with

APC Core U1353-A-5H and its result was poor (Table 4-1; Fig.

4-16). Accordingly, it was not possible to determine the geothermal

gradient and heat flow.

4.4.3.2 Thermal Conductivity

Thermal conductivity was measured in whole-round core

sections at Holes U1353A and U1353B using the full-space method

(needle probe). Measuring frequency was usually more than one per

core with five measuring cycles at each point. This included 21 points

at Hole U1353A (0.4-53.2 mbsf) and 75 points at Hole U1353B

(0.7-585.5 mbsf) (Table 4-2). The middle of the section was chosen as

a measuring point unless a void or crack was seen (see Methods

chapter). There were few lithologic variations within each section at

Site U1353, so this sampling procedure was appropriate. Probe V10701

was used and heating power was kept to approximately 3 W for the

full-space methods.

Thermal conductivity data were discarded when 1) contact

between the probe and sediment was poor, 2) thermal conductivity

was close to that of water (0.6 W/m/K), resulting from dilution of

sediments during coring and 3) measurements were taken in caved-in

layers such as shell hash. In most cases, the first two criteria are

controlling parameters for monitoring measurement quality. Good

results were obtained at 7 and 39 points from each of Holes U1353A

and U1353B, respectively, covering depth intervals of 7.7-31.1, and

5.2-413.5 mbsf, respectively (Table 4-2). Even though the number of
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Figure 4-16. Temperature data at Site U1353. Unfortunately only one

temperature measurement was made, with APC Core U1353-A-5H,

and this was unreliable as indicated by irregular curve. See Table

4-1 for values.
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measuring cycles was increased to 5 times based on experience gained

at Site U1352, many measurements were still discarded due to poor

contact caused by loose sediments.

Thermal conductivity measurements range from 1.122 to 1.840

(average: 1.546) W/m/K (Table 4-2). These results are slightly higher

than those from Sites U1351 and U1352 for the equivalent depth

interval (above 414 mbsf), probably resulting from the lower porosity

at Sites U1353 than at Sites U1351 and U1352. For the upper 130

mbsf, thermal conductivity values are higher at Site U1353 than the

same interval at Site 1119, ODP Leg 181 (Carter et al., 1999). The

high conductivities at this site may be due to high concentrations of

quartz (6.5-12.5 W/m/K) in the fine-grained sediment, including the

clay size fraction, and/or carbonate cementation (0.5-4.4 W/m/K).

Thermal conductivity vs. depth data from both Holes U1353A

and U1353B are consistent (Fig. 4-17a). Two downhole increasing

trends can be recognized: an increasing trend from 0-32 mbsf reaching

a peak at ~30 mbsf, and subsequent drop followed by another

increasing trend from 32-414 m. The origin of the peak at ~30 mbsf is

unclear because bulk density and porosity are fairly constant from

20-80 mbsf. However, a similar feature was observed at shelf site,

Site U1351, although the peak at Site U1353 is more pronounced. The

following linear trend can be fitted to the thermal conductivity data:

       ·    

       ·    

where z is depth (mbsf).

Thermal conductivity, in general, correlates negatively with

porosity and positively with bulk density (Fig. 4-17b and c). For sand,

these correlations are weaker than for lithologies such as marl and

mud.
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Figure 4-17. Thermal conductivity at Site U1353 vs. depth (a), bulk density

(b), and porosity (c). The two linear fits (black lines) represent two

downhole increasing trends with a peak at ~30 mbsf, which was also

present at shelf site, Site U1351. Thermal conductivity exhibits a positive

correlation with bulk density and negative with porosity. Variation with

lithology is weak.
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4.4.4 Site U1354

4.4.4.1 Geothermal Gradient

Two temperature measurements were made using the Sediment

Temperature Tool (SET) with Cores U1354C-14X and -16X, and their

results were poor because conductive cooling time after penetration

into the sediment was too short (Table 4-1; Fig. 4-18). This could

have resulted from movement of the tool within the sediment after

penetration caused by the ship’s heave and/or penetration of loose,

caved-in sediments at the bottom of the hole. Accordingly, it was not

possible to determine the geothermal gradient and heat flow.

4.4.4.2 Thermal Conductivity

Thermal conductivity was measured in whole-round core

sections from Holes U1354A, U1354B, and U1354C using the full-space

method (needle probe). Cores retrieved from broken liners were not

measured. Measuring frequency was usually more than one per core,

in particular one per two sections above 50 mbsf, with five measuring

cycles at each point. This included 35 points at Hole U1354A (0.7-82.6

mbsf), 25 points at Hole U1354B (0.7-75.9 mbsf) and 43 points at Hole

U1354C (67.2-374.8 mbsf) (Table 4-2). The middle of the section was

chosen as a measuring point unless a void or crack was seen. Probe

V10701 was used and heating power was kept to approximately 3 W

for the full-space methods.

After quality control (see Methods chapter), good results were

obtained at 17, 14, and 23 from each of Holes U1354A, U1354B, and

U1354C, respectively, covering depth intervals of 0.7-82.6, 3.2-75.9, and

70.2-336.6 mbsf, respectively (Table 4-2). Even though the number of

measuring cycles was increased to 5 times based on experience gained

at Site U1352, many measurements were still discarded due to poor
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Figure 4-18. Temperature data at Site U1354. During the

time interval from ti to tf (large dots) in which

temperature is recorded, an exponential decrease of

temperature is expected and is used to estimate the

ambient temperature. Two temperature measurements

were made with Cores U1354C-14X and -16X, and these

results were poor. See Table 4-1 for values.
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contact caused by loose sediments.

Thermal conductivity measurements range from 1.183 to 1.873

(average: 1.546) W/m/K (Table 4-2). These values are slightly higher

than those from the slope site, Site U1352 for the equivalent depth

interval (up to 375 mbsf). For the upper 130 mbsf, thermal

conductivity values are higher at Site U1354 than the same interval at

Site 1119, ODP Leg 181 (Carter et al., 1999). The high conductivities

at this site may be due to high concentrations of quartz (6.5-12.5

W/m/K) in the fine-grained sediment, including the clay size fraction,

and/or carbonate cementation (0.5-4.4 W/m/K).

Thermal conductivity vs. depth data from both Holes U1354A

and U1354B are consistent (Fig. 4-19a). In addition, results from Hole

U1354C could be projected to those from upper Holes U1354A and

U1354B. Thermal conductivity seems to be constant (or very slowly

increasing) with depth except peaks at 22-30 mbsf. Such constant

profile was also observed in slope site, Site U1352. The peaks higher

than 1.700 W/m/K came from very-fine to fine sand layers, which

were not the same interval showing low porosity or high bulk density.

However, thermal conductivity in general correlated negatively with

porosity and positively with bulk density, as expected (Fig. 4-19b and

c). This may indicate that the sand layers yielding high values in

thermal conductivity consist mainly of high thermal conductivity

material such as quartz.

4.5 Discussion

4.5.1 Estimate of heat flow in the Canterbury Basin

During IODP Exp. 317, heat flow values in the Canterbury
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Figure 4-19. Thermal conductivity at Site U1354 vs. depth (a), bulk density

(b), and porosity (c).
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Basin were determined only at two sites, Site U1351 and U1352 due to

harsh environments in the shelf area to obtain the geothermal gradient.

At Site U1351, a heat flow of 20.1 mW/m2 at Site U1351 is

estimated. This is about 1/3 of the heat flow estimated at the

Clipper-1 when adopting the same thermal conductivity as at Site

U1351. Care should be taken when using the above estimated

geothermal gradient and/or heat flow values due to the poor

temperature data.

At Site U1352 a heat flow of 57.8 mW/m2 for the depth

interval (94-313 mbsf) is estimated and it can be applied to the entire

cored depth interval if steady state heat flow is assumed. The

resulting heat flow is comparable to the regional heat flow distribution,

which decreases from 100-120 mW/m2 in the mountain area to the

southwest to <60 mW/m2 at the west coast of New Zealand (Reyes,

2007).

As a result, I consider that a heat flow value of 57.8 mW/m2

determined from Site U1352 is representative one for the Canterbury

basin. This heat flow value is used to determine temperature profile at

Situ U1352.

4.5.2 The matrix thermal conductivity at Site U1352

Careful investigation delineates that relationship between

porosity and thermal conductivity shows negative correlation. Figure

4-20 shows a typical example at Site U1352.

When considering matrix-seawater mixture, thermal

conductivity of the matrix can be calculated. At Site U1352, thermal

conductivities of rock and sedimentary matrix are estimated to be 3.57

and 2.51, respectively (Fig. 4-21).
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Figure 4-20. Summary of thermal conductivity, bulk density, and porosity

measurements at Site U1352.
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Figure 4-21. Relationships of thermal conductivity with porosity for sediments

and rocks at Site U1352 when considering the cores as the

matrix-seawater two-component mixture. PR: porosity in percent, TC:

thermal conductivity in W/m/K.



111

4.5.3 Estimate of bottom hole temperature at Site

U1352

The temperature profile at Site U1352 was predicted using the

estimated heat flow of 57.8 mW/m2 in the depth interval of 90-600

mbsf, and the estimated thermal conductivity trends under the

assumption of steady state in the heat flow (Fig. 4-22). The

temperature profile based on thermal conductivity shows large

inflection around 575 mbsf because of a rapid increase in thermal

conductivity in the lithified material. At the bottom of the Hole

U1352C (1927 mbsf), the predicted temperature based on this method

is ~60 °C, which is lower by ~40 °C from that assuming constant

geothermal gradient.

4.6 Conclusions

Thermal conductivity was measured, together with porosity and

bulk density, over deep sedimentary cores sampled during IODP Exp.

317 drilling. Totally 1060 thermal conductivity measurements were

made over ~4345 meter-long cores obtained at all 4 sites

(U1351-U1354). As a result, thermal conductivities of 0.849-2.233 and

1.572-3.440 W/m/K were obtained for sediments and rocks,

respectively. In particular, thermal conductivity profile observed at Site

U1352, where bottom-hole depth is 1927 mbsf, provides unparalleled

natural dataset which enable one to find relationships of thermal

conductivity with other physical properties. It is clearly shown that

thermal conductivity correlates negatively with porosity and positively

with bulk density. Abrupt change in porosity and thermal conductivity

happened out at 600-800 mbsf, where lithology change from marl to
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Figure 4-22. Predicted temperature profiles at Site U1352 based on the

geothermal gradient established in uppermost hole (dots) and based on

variable thermal conductivity with depth (circles). Crosses show three

thermal conductivity trends vs. depth as well as some odd values beyond

the trend. At 661 mbsf the temperature gradient (dT/dz) is decreased by

about half compared to above depth interval for sediments. The predicted

bottom hole temperature at Hole U1352C is ~60 °C, which less by ~40 °C

than that based on constant geothermal gradient of 46.0 °C/km.
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limestone occurs due to lithification. When considering matrix-seawater

two-component mixture for cores at Site U1352, the matrix thermal

conductivities are 2.51 and 3.57 for unlithified and lithified matrix,

respectively. Geothermal gradient at the Canterbury Basin was

estimated only at the continental slope, Site U1352, due to harsh

environments in the shelf area, and is 46.2 mK/m. Heat flow is yielded

as 57.8 mW/m2 comparable to the regional distribution.
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초록

동해 울릉 분지, 오호츠크해

사할린섬 북동 대륙사면, 그리고

뉴질랜드 캔터베리 분지에서의

해양 지열 연구

김영균

서울대학교 대학원

지구환경과학부

지구과학에서 해양지열류량을 정확히 추정하는 것은 중요한

사항인데, 이는 지열류량이 지구의 동역학적인 활동을 포착할 뿐만

아니라 자연 자원 측면에서 온도 프로파일은 필수적인 요소이기 때

문이다. 지열류량 추정에는 열전도도와 지온경사도의 측정이 필요

한데, 이 측정이 비용효율성이 좋지 않기에 종종 실측값 대신 경험

적인 근사치가 이용되는 경우가 많다. 울릉분지, 북동 사할린 대륙

사면, 그리고 캔터베리 분지 세 지역에서의 실제 사례 연구들을 통

해 해양지열류량의 올바른 추정과 가스 하이드레이트 분야를 비롯

하여 여러 활용 가능성을 다뤄보았다. 2007년 7월, 가스 하이드레이

트 연구의 일환으로 동해 울릉 분지의 남쪽과 중앙 부분의 10지점
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(HF01-10)에서 새로운 해양 지열 자료가 수집되었다. 지온경사도와

현장 열전도도는 각각 103-137 mK/m와 0.82-0.95W/m/K의 범위로

관측되었다. 주목할 점은, 획득된 퇴적물 코어 시료의 보존에 주의

를 기울였음에도 퇴적물 시료의 실험실 열전도도 측정값은 현장 열

전도도 측정값에 비해 최대 40%의 차이를 보인다는 점이다. 울릉분

지에서 1994년 이전에 관측된 기존의 자료가 분지의 확장이 시작된

이래로 분지의 지각으로부터 올라오는 실제 배후지열류량을 뜻하는

지, 아니면 커다란 측정 오류를 갖는지에 대한 의구심이 다음 3가

지 사실로 인해 제기된다: 1) 기존 자료의 산발성이 큰 점, 2)열개

분지라면 으레 관찰되어야 할 수심과 지열류량사이의 상관관계가

미약한 점, 그리고 3) 2007년 관측 자료는 가스 하이드레이트 하부

반사파 깊이와 잘 일치하는 점. 분지 깊은 부분에서 주로 발견되는

가스 하이드레이트 하부 반사파는 퇴적층내에서 상대적으로 일정한

깊이에 위치한다. 가스 하이드레이트 하부 반사파의 평균치를 이용

해, 수심 2.5와 1 km에서의 배후지열류량이 각각 120과 85 mW/m2

임을 추정하였다. 오호츠크해 북동 사할린 대륙사면에서는 해수 내

의 음향 이상 (가스 분출), 해저면의 폭마크와 언덕, 삼출 구조와

가스 하이드레이트 하부 반사파 등 많은 수의 가스 하이드레이트

관련 현상들이 CHAOS (hydro-Carbon Hydrate Accumulation in

the Okhotsk Sea)와 SSGH (Sakhalin Slope Gas Hydrate) 프로젝

트를 통해 확인되었다. 가스 하이드레이트 하부 반사파의 깊이는

삼출 구조가 없는 일반 해저면에서 지온경사도 35 mK/m인 경우에

가스 하이드레이트 안정 영역 하한과 잘 일치한다. 삼출 구조와 가

까운 곳에서 측정된 지열류량(지온경사도)은 삼출 과정에 의해 열

영역이 심각히 영향을 받기 때문에 그 값을 이용할 때에 주의해야

한다. 해저표층탐사기로부터 획득한 새로운 층서학적 증거는 연구

지역의 북쪽 부분에서 이전에 보고된 사면 붕괴가 최후최대빙하기
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의 후기에 해당하는 약 2만년 전에 일어났음을 지시한다. 더욱이,

최근 50년간 이 지역에서 발생한 빠른 해수 상승폭(~0.6°C)은 가까

운 미래에 또 다른 해저사면 붕괴를 일으킬 가능성이 있다. IODP

(Integrated Ocean Drilling Program) 317탐사동안 캔터베리 분지에

서 심부 시추가 수행되었다. 대륙붕 안쪽에서 세 지점(Sites U1351,

U1353, 그리고 U1354)와 대륙사면에서 한 지점(Site U1352)에서 시

추가 이루어졌다. Site U1352에서 시추공은 해저면 아래 1927 m 까

지 도달하여, 고화작용 관점에서 여러 요인에 관련된 열전도도 변

화를 연구할 수 있는 중요한 정보를 제공한다. 대체로, 열전도도 수

치는 깊이에 따라 증가하며, 총밀도와 공극률에 대해 각각 양과 음

의 상관관계를 보인다. 퇴적물이 암석으로 고화되는 구간과 일치하

는 해저면 이하 600~800 m 깊이에서 열전도도 수치가 급격히 변화

한다. 단순 물-매질의 2요소 모형을 이용하면, 매질 열전도도는 미

고화/고화 부분에서 각각 2.51/3.27 W/m/K으로 추정된다. 다른 한

편, 지온경사도와 지열류량은 46.2 mK/m와 57.8 mW/m2으로 추정

된다. 실제로 관측된 고화현상을 반영하여 시추공 바닥의 온도를

추정해보면 ~60°C인데, 이 수치는 고화가 없는 경우에 비해 상당히

낮은 온도이다. 이 결과는 현재의 열영역 상태를 예측하는데 있어

서 열전도도 변화 양상이 중요하게 고려되어야 한다는 것을 지시한

다.

주요어 : 해양 지열류량; 지온경사도; 열전도도; 가스 하이드레이

트; 울릉 분지; 사할린 대륙사면; 캔터베리 분지;

Integrated Ocean Drilling Program

학 번 : 2003-30125
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