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ARA10C Cruise report  
 

Summary 
 

Y. K. Jin 

 
The ice breaking research vessel (IBRV) Araon Arctic Expedition ARA10C was a highly 

multidisciplinary undertaking in the Chukchi Rise and the East Siberian continental margins 

(CRCM and ESCM), Arctic Ocean, from August 30 to September 20, 2019 (Fig. S1). The 

program was conducted as an international collaboration between the Korea Polar Research 

Institute (KOPRI) and the P.P. Shirshov Institute of Oceanology (IORAS). This is the third 

marine geoscience expedition aboard the IBRV Araon in these regions after 2016 and 2018. 

During the expedition, multidisciplinary research activities were conducted to investigate 

geological structures, seismic stratigraphy, sedimentology, submarine landforms, gas hydrate 

distributions, methane release and manganese nodule occurrence conditions in the western 

CRCM and the ESCM. The expedition also characterized the geochemistry and geothermal 

settings of the near-seafloor and undertook a variety of oceanographic and atmospheric 

investigations. These activities address issues related to active geologic processes and fluid/gas 

flux, offshore geohazards, ocean variability and the broad consequences of global climate 

change. 

The expedition focused on two main research areas: the western continental slope of the 

CP (Box 1 in Fig. S1) and the upper slope and shelf areas in the ESS (Box 2 in Fig. S1). Box1 

is the mound area where gas hydrate samples have been retrieved on the top of mound 

structures occurred at water depths of 600 m to 800 m during the expeditions ARA07C in 2016 

and ARA09C in 2018. Box 2 is also the area where we visited again after the ARA07C and 

ARA09C. Exceptionally high methane concentration in the water column has been measured 

on the middle shelf and lots of manganese nodules were collected in the upper slope around 

200 m water depth. 

In this year, sea ice free condition in the Box 1 and Box 2 areas was ideal to conduct multi-

channel seismic (MCS) survey with a 1.5-km long towing streamer. The MCS were collected 

along 16 main survey lines and 9 transit lines in the outer shelf and slope of western CRCM 

and ESCM from September 2nd to 10th, 2019 without any instrumental troubles. The total length 
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of survey lines is about 1,500 line-km with about 62,000 shot gathers. The nine-day operation 

time of the MSC survey is the new record in the Araon expeditions since 2013. 

 

 
 

Figure S1. Overview map of the ship track, multichannel seismic (MCS), multibeam bathymetric/ sub-
bottom profile (MB/SBP) survey lines, and sampling stations for the IBRV Araon Arctic 
Expedition ARA10C. 

 

The MCS program was designed to address a variety of conceptual research issues 

including 1) deep geologic architecture and seismic stratigraphy of the pacific sector of Arctic 

Sea area covered by our expedition, 2) the state of gas hydrate regime (i.e., near-seafloor gas 

hydrate occurrence in the mound structures and regional bottom simulating reflector (BSR) 

distribution) in the western slope of the CRCM (Box 1), 3) sub-seabed processes related to 

permafrost degradation and methane release in the middle shelf of the ESCM (Box 2), and 4) 

past ice sheet behavior and related sedimentary and geomorphic processes in the CRCM and 

ESCM (see Chapter 2 for details).  

Continuous multibeam echo sounder (MBES) and sub-bottom profiler (SBP) data for total 

line-length of about 4,400 km were collected along all ship tracks (Fig. S1) for detailed surface 
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and subsurface imaging of sediment structures, gas hydrate mounds, and permafrost, and 

selected coring sites. These data significantly augment the existing MBES and SBP data on the 

western CR. The processed MBES and SBP data were utilized to determine sites of geological 

sampling (e.g. sediment coring and dredge) and heat flow measurement (see Chapter 3 for 

details).  

In the last ARA09C expedition, negative geothermal gradient was observed from the 

mound center of Araon Mound-6 where gas hydrates were successfully retrieved in 2016 and 

2018. Complementary heat flow measurements for the ARA09C observation was carried out 

in/around Araon Mound-6 and geothermal gradients were acquired at five stations across the 

mound. Based on the morphology and acoustic characteristics of the mound, we selected two 

stations in the center, two stations at the margin, and one station at the outside of the mound 

for reference (see Chapter 4 for details). 

A sediment sampling program using gravity/multi/box corers and dredge was conducted to 

1) investigate the source, formation, and behaviors of pore water, gas, gas hydrate in gas 

hydrate bearing mounds in Box1 and high dissolved methane concentration area in Box 2, 2) 

evaluate the microbial diversity and activity as a function of reduction/oxidation of methane in 

these areas, 3) investigate regional distribution and origin of manganese nodules in the upper 

slope of the ESCM. A total of 4 gravity cores and 16 multicores, 2 box cores and 4 dredges 

were acquired during the ARA10C cruise (see Fig. S1 for sampling stations). Most sediment 

analyses on the recovered cores will be performed post-expedition at various labs in KOPRI 

and laboratories of other University-based collaborators in Korea. Gas hydrate was recovered 

by gravity cores on the top of Araon Mound-6 in Box 1 like in 2016 and 2018, the samples 

were safely stored in dry shipper filled with liquid nitrogen during the cruise. We confirmed 

wide distribution of manganese nodules on the upper slope (around 200 m in water depth) of 

the ESCM (~115 ea.) as we extended our sampling stations to 200 km away from 2018 sites. 

A box core observation showing that manganese nodules exist only in the topmost brownish 

sediment layer. Mineralogical and geochemical studies including isotopic analysis will be done 

in post-expedition works by research collaborators (see Chapter 5 for details). 

During the ARA10C cruise, water column studies consisted of water sampling and 

Conductivity-Temperature-Depth (CTD) profiling at 37 stations, and continuous underway 

methane concentration measurement at the surface water. The objectives of these research 

activities were to 1) quantify the air-sea CH4 flux from the survey area of the ESCM, 2) 

estimate the amount of the CH4 released from the sediment floor, and 3) evaluate temporal and 

spatial variability of the dissolved CH4 concentration in the ESCM through comparisons with 
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the observations collected in 2016 and 2018, 4) investigate the microbial communities and 

functions involved in methane production and/or oxidation. Most samples taken will be 

analyzed for DIC/TA, nutrients, DOC, and POC post-expedition at KOPRI. Measurements of 

the pH of seawater, and underway datasets of pCO2, CH4, and N2O, will be processed at 

KOPRI and Sejong University to produce accurate data sets. Further details on the water 

sampling measurements are presented in Chapter 6. 

We collected 94 unfiltered seawater samples from the 20 sites for Hg and MeHg 

concentration measurements, and 13 pore water and overlying water samples from the 13 sites 

for benthic flux estimation from the ESCM 1) to complete the mass flux model of MeHg in the 

ESCM for quantifying the major sources of MeHg and 2) to understand which microbial groups 

are responsible for MeHg production in methane hydrate sediment of the Chukchi Sea, 

particularly in the sulfate-methane transition zone. In addition, we collected 47 sediment 

samples from the 16 sites to measure Hg and MeHg concentrations and to qualify Hg(II) 

methylation related functional genes (hgcAB, mcrA, dsrAB, and mbnB), and 15 sediment 

samples from the 2 sites for measuring methylation/demethylation rate constants in the 

Chukchi Sea (see Chapter 7 for details).  

The meiobenthos in Arctic seas has been rarely studied compared to the macrobenthos. 

Meiobenthos, the motile microscopic fauna of aquatic sediments, is an important component 

of marine ecosystems acting as a trophic link between microbiota and larger fauna in the food 

webs, and Foraminifera is the most abundant group of meiobenthos that become fossilized in 

the sediment. The biomonitoring that was carried out during the ARA10C cruise will enlarge 

the meiofauna data comparing with the previous year of ARA09C investigation. During this 

cruise, materials were collected using multi-core at 15 stations (see Chapter 8 for details). The 

samples will be processed at IORAS (Russia, Moscow). 

Atmospheric observations were undertaken during the expedition. The observations 

included the basic meteorological parameters (e.g., air temperature, humidity, pressure and 

wind), radiative fluxes (e.g., net shortwave and longwave radiations), to measure the surface 

variables at foremast. A MPL (micro-pulse lidar) at the 04 Deck and an all-sky camera at the 

Compass Deck of the Araon were installed to observe cloud properties and atmospheric vertical 

profile. The radiosonde sounding system was operated for observation of atmospheric vertical 

profile along the cruise track four times (00, 06, 12, 18UTC) every day during the third cruise 

(see Chapter 9 for details). 
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Table S1.  Summary of the dataset obtained in the IBRV Araon Arctic Expedition ARA10C. 

Survey/Sampling/Measurement Amount 

Multi-channel seismic (MCS) 1,506 L-km 

Sub-bottom profiler (SBP) 4,400 L-km 

Multi-beam bathymetry (MBES) 4,400 L-km 

CTD/XCTD casting 37/9 sites 

Heat flow measurement 5 sites 

Multi-core 16 sites 

Gravity core 4 sites 

Box core 2 sites 

Dredge 4 sites 
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ARA10C Cruise report  

 
Chapter 1. Background 
 
S. K. Kim and Y. K. Jin 

  
1.1. Regional Geological Setting 

The East Siberian and Chukchi Seas in the Arctic Ocean are located between the New 

Siberian Islands (Russia) towards the west and the Point Barrow in Alaska towards the east 

(USA) (Fig. 1.1). The Chukchi Borderland, which is bounded by the Chukchi Sea Shelf to the 

south, consists of the Chukchi Plateau, Northwind Basin, and Northwind Ridge from west to 

east. The East Siberian continental margin (ESCM) has a wide continental shelf, which extends 

in between the New Siberian Islands and Wrangel Island for over 1,000 km. The Chukchi Basin 

is bounded by the Mendeleev Ridge to the west, the Chukchi Plateau to the east, and the East 

Siberian–Chukchi continental shelf to the south. The northern part of Chukchi Basin is linked 

through a narrow gateway named Charlie Gap with the Canada Basin. These areas were 

partially explored until 2007 due to a perennial sea-ice coverage even in summer that limited 

a broad geophysical exploration in this area (Jakobsson et al., 2014). In order to investigate 

geological evolution and glacial history, many scientific expeditions have been conducted by 

the Circum-Arctic states (Canada, Denmark, Norway, Russia, Sweden, and the USA) and other 

countries (China, Germany, Japan, South Korea, and others) since the beginning of the twenty-

first century (e.g. Niessen et al., 2013; Dove et al., 2014; Jakobsson et al., 2014; Piskarev et al., 

2019). The acquired geological and geophysical data from the expeditions have provided new 

insights into the tectonic and stratigraphic evolution and glacial history in the Arctic continental 

margin, but many questions are still unsolved and need further investigations (Piskarev et al., 

2019). 

 

1.1.1. Chukchi Rise continental margin 

The Chukchi Rise continental margin (CRCM) is the southern part of the Chukchi Plateau, 

which is located westernmost part of the Chukchi Borderland and is bounded to the south by 

the shallow (<200 m) Chukchi Shelf. The Chukchi Plateau, which exhibits an outward bulging 

of bathymetric contours beyond the Chukchi Shelf, is ca. 3.4-km higher than surrounding ocean 
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basin floor. An average depth of crest of the plateau is about 300 m (Jakobsson et al., 2012). 

The Chukchi Plateau is separated by normal faults from the Northwind Basin and Northwind 

Ridge (Grantz et al., 1998, 1979). The Chukchi Plateau is divided into the Chukchi Rise in the 

south and the Chukchi Cap in the north by a 100–200 m-deep saddle-like depression at around 

latitude 76.5ºN (Shaver and Hunkins, 1964; Jakobsson et al., 2008; Hegewald and Jokat, 

2013a), which marks the shelf-plateau transition zone (Butsenko et al., 2019). 

The Chukchi Plateau is a north–south trending fragment of the continental margin as part 

of the Chukchi Borderland (Butsenko et al., 2019), which separates the Chukchi Basin from 

the Amerasia Basin in the Arctic Ocean (Fig. 1.1). The Chukchi Microcontinent, which 

includes the Chukchi Borderland, was likely detached from the ESCM and emplaced into the 

Amerasia Basin by clockwise rotational tectonic movement before Early Cretaceous (pre-

Valanginian, ca. 145 Ma, Fig. 1.2) (Grantz et al., 2011; Ilhan and Coakley, 2018). The crustal 

root of Chukchi Borderland, which is an assemblage of north-trending linear fault blocks, 

extends down to 27-km depth based on the deep seismic profiles and gravity modeling results 

(Hall, 1990; Kristoffersen, 2011; Hegewald and Jokat, 2013a; Ilhan and Coakley, 2018; 

Butsenko et al., 2019). The regional magnetic anomalies indicate that the Chukchi Plateau is 

excluded from the High Arctic Large Igneous Province, which is one of the largest and most 

intense magmatic complexes on the planet, in contrast with the Mendeleev–Alpha Ridge 

System, the Chukchi Basin and part of the Canada Basin (Dove et al., 2010; Poselov and 

Butsenko, 2019). These seismic, magnetic data and present-day seafloor bathymetry of the 

southwestern Amerasia Basin could indicate that the Chukchi Borderland was originally part 

of the Eurasian continental margin (Grantz et al., 2011). 

The north–south seismic profile of AWI20080001 crossing the Chukchi Shelf and CRCM 

show an undulated acoustic basement with numerous normal faults with amplitudes up to 600–

900 m displacement that formed horst and graben structures (Fig. 4 in Hegewald and Jokat, 

2013a; Fig. 9.8 in Poselov and Butsenko, 2019). The steep (ca. 28–43°) normal faults are shown 

on the east–west seismic profile of Arktic2012-03 indicate an active rift system (Poselov and 

Butsenko, 2019). In addition, the Chukchi Shelf basement is believed to be formed under an 

east–west directed extensional regime based on the previous studies (Grantz et al., 1979; Hall, 

1990; Vogt et al., 1998; Klemperer et al., 2002; Hegewald and Jokat, 2013a). These normal 

faults extended upward to the Miocene and early Pliocene sedimentary sequences, but it 

doesn’t reach the seafloor in the Chukchi Rise region. In the middle of Chukchi Rise, the 

acoustic basement high separates the overlying sedimentary succession older than Pliocene (ca. 

5.3 Ma) from the Chukchi Shelf sedimentary sequences based on the regional stratigraphic 
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framework. The acoustic basement deepens southward and shows a relatively steep gradient in 

the western flank of the Chukchi Rise (Hegewald and Jokat, 2013a). The eastern flank of the 

Chukchi Rise has a broad terrace from 300 to 630-m deep, which named the Broad Bathymetric 

Trough (Dove et al., 2014), and it contacts with the Northwind Basin. In general, the western 

flank of the Chukchi Rise is steeper than the eastern flank. A relatively small continental block 

jutted into the Chukchi Basin in the middle of the western flank of Chukchi Rise. 

 

 

 

 
 
Figure 1.1. Bathymetry map (IBCAO; Jakobsson et al., 2012) of the East Siberian, Alaskan, and Canadian 

Arctic margin areas. Two white rectangles and a polygon indicate the main survey areas of the 
ARA09C Expedition with the IBRV Araon in 2019 (Box 1 to 3). The red solid line is a ship track 
line of the ARA09C Expedition. Black solid lines are the marine boundary of the Exclusive 
Economic Zone (EEZ) of Russia, US, and Canada. CB = Chukchi Basin; CBL = Chukchi 
Borderland; CC = Chukchi Cap; CG = Charlie Gap; CP = Chukchi Plateau; CR = Chukchi 
Rise; DI = De Long Islands; MR = Mendeleev Ridge; MT = Mackenzie Trough; NB = Northwind 
Basin; NI = New Siberian Islands; NR = Northwind Ridge; WI = Wrangel Island 
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The seismic profiles of AWI20080001 and Arktic2012-18 line show the uplifted block of 

the acoustic basement and two shallow grabens in the Chukchi Cap (Hegewald and Jokat, 

2013a; Butsenko et al., 2019). These grabens are filled by thick sediments (Hegewald and Jokat, 

2013a; Ilhan and Coakley, 2018). North–south trending depressions are observed above the 

grabens of Chukchi Cap (Jakobsson et al., 2012) and that are interpreted as tectonic features 

formed by normal faults (Butsenko et al., 2019). One of the largest depression in the southern 

part of the Chukchi Cap has 1000-m depth, 60-km length, and 20-km width. In general, a 

gradient of the western slope (<20º) of the Chukchi Cap is gentler than eastern slope (ca. 20 to 

46º). In the eastern part of Chukchi Cap is bounded by the Egiazarov Trough, which is a north–

south trending narrow tectonic trough that has 2000-m depth, 170-km length, and 25-km width. 

 

 
 
Figure 1.2. The tectonic framework in the Arctic continental margin (modified from Grantz et al., 2011). 

The blue solid line is a ship track line of the ARA10C Expedition 
 

The seafloor morphology of Chukchi Borderland was partially mapped in 1959 by 

American polar researchers (Piskarev et al., 2019). Subsequently, the USCG Healy conducted 

detail seafloor mapping with MBES in the Northwind Ridge and Chukchi Plateau in 2003 and 

2007. In 2011, the RV Langseth collected regional multibeam bathymetry grid in the southern 

Chukchi Borderland (Dove et al., 2014). Furthermore, the IBRV Araon has extended the 
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multibeam bathymetry grid in the Chukchi and East Siberian Seas since 2010. The detail 

seafloor morphology provides new insights and clues to sub-seafloor fluid migration (e.g., 

mounds, pockmarks, and pingo-like features), slope stability (e.g., slope failures, submarine 

landslides and slumps) and former grounded ice dynamics (e.g., mega-scale glacial lineation, 

moraine ridge, and ice plough marks) in the East Siberian and Chukchi margin (Niessen et al., 

2013; Dove et al., 2014; Jakobsson et al., 2014). 

The Tertiary sediments on the Chukchi Plateau probably originated from the Chukchi Shelf 

based on the prograding sedimentary stacking patterns in the northern part of Chukchi Shelf 

that imaged on the multichannel seismic profiles (Hegewald and Jokat, 2013a; Ilhan and 

Coakley, 2018). The axial seismic line of the Chukchi Plateau shows that graben structure in 

the saddle that fills with a 3-km thick sedimentary succession, which consists of syn-rift 

Mesozoic and post-rift Neogene-Pleistocene sequences (Butsenko et al., 2019). In the northern 

and eastern parts of Chukchi Plateau, the acoustic basement of is exposed and/or relatively thin 

sediments cover on the uplifted block (Butsenko et al., 2019). 

 

1.1.2. East Siberian continental margin 

The East Siberian continental margin consists of a 600 km wide inner-mid shelf zone 

shallower than 100 m depth, relatively gentle (0.3–0.8º) outer shelf, and >100 km wide 

terrace in the middle of the continental slope, which is connected with the southern part of 

Mendeleev Ridge and Basin and the Chukchi Abyssal Plain (Fig. 1.1). The East Siberian 

continental shelf, which extends for over 1000 km between the New Siberian Islands and 

Wrangel Island, is one of the largest and least studied continental shelf in the Arctic with 

relatively sparse 2D seismic lines (Drachev, 2011). The continental shelf regions of the 

Arctic including the East Siberian margin are believed to contain a large amount of carbon 

that is mostly trapped in the sub-sea permafrost (Zimov et al., 2006; Schuur et al., 2009; 

Tarnocai et al., 2009; Shakhova et al., 2010). 

It is known that several plate tectonic events in the Arctic region since Late Paleozoic have 

affected on the East Siberian continental margin (Drachev, 2011). The Canada Basin was 

opened by the movement of Arctic Alaska and Chukchi Microplates (AACM) between ca. 170 

and 130 Ma. The convergence of AACM and Kolyma–Omolon margin occurred around 130–

125 Ma. The Alpha–Mendeleev Ridges were affected by the opening of the Labrador Sea and 

the Baffin Bay between 90 and 55 Ma. The rifting and readjustment of crustal microplates in 

the Laptev and East Siberian margin were accompanied by the opening of the Eurasian Basin 
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since ca. 50 Ma and the India–Eurasia collision between ca. 40 and 10 Ma. In contrast to the 

Barents and Kara sea region, the sedimentary basins on the Laptev, East Siberian, and Chukchi 

shelves are underlain by younger crust and are filled with Cretaceous and Cenozoic sediments 

following the eastward sequential extension in the Arctic (Drachev, 2011). 

Tectonic history of the Late Cretaceous to Cenozoic is relatively well constrained by detail 

seafloor magnetic anomaly dataset. Continuous interaction between the North American and 

Eurasian plates and rifting in the Eurasia–Laptev Sea region and Eurasian Basin are believed 

to cause the transpressional deformations along the Wrangel–Herald Arch, uplift and erosion 

in Western Alaska, rapid subsidence in the South Chukchi Basin, and formation of the Listric 

Normal Fault Province in the US Chukchi Sea from ca. 80 to 33 Ma (Drachev, 2011). The 

tectonic movement of North American and Eurasian plates was abruptly changed by global 

tectonic re-adjustment at ca. 33 Ma. Subsequently, earlier Cenozoic sedimentary rocks were 

deformed under compression or transpression tectonic environments in the northern part of 

northeast Asia as far as the Bering Strait (Harbert et al., 1990; Drachev, 2011). During the Mid-

Late Miocene to Middle Pleistocene, the tectonic activity was finished in the East Siberian and 

Chukchi sea areas that developed to passive continental margin. After the Middle Pleistocene, 

the tectonic environment shows a low rate of extension. 

The multichannel seismic profiles and seismic refraction data in the northwestern part of 

East Siberian Shelf show that thickness of sediment above acoustic basement, De Long High, 

increases to over 8 km through the shelf break to the continental slope in 2000 m water depth 

(Franke et al., 2001; Sekretov, 2001; Grikurov et al., 2003; Kristoffersen, 2011). Although the 

lower continental slope of the western East Siberian continental margin shows the 

characteristics of a rifted margin with about 7-km thick crust, the junction of Mendeleev Ridge 

with the East Siberian margin is still remained unknown (Kristoffersen, 2011). 

 

1.2. Glacial History 

There are relatively few numbers of studies on the glacial history of the East Siberian–

Chukchi continental margin in the Arctic Ocean due to persistent sea-ice cover that made detail 

seafloor mapping and multi-channel seismic survey difficult in the area (Jakobsson et al., 2014). 

The Chukchi continental margin was firstly surveyed in 1959 by drifting station (Hunkins et al., 

1962), and forty years later the first comprehensive geological and geophysical expedition was 

conducted to investigate seafloor morphology and subsurface stratigraphy by the 1998–1999 

SCICEX (SCience ICe EXercies) program (Polyak et al., 2001; Edwards and Coakley, 2003). 
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Since 2008, the first geological and geophysical expedition with by the RV Polarstern (ARK-

XXIII/3) including seismic survey and sediment coring was conducted between the Chukchi 

Plateau and the East Siberian Shelf (Jokat, 2009; Stein, 2010). Subsequent research expeditions 

by many countries in this area have unveiled detail seafloor morphology and subsurface 

sedimentary structure and stratigraphy that are useful to investigate paleo-ice sheet behavior and 

climate changes. 

Several sets of mega-scale glacial lineations (MSGLs) were observed on the top and flanks 

of Arlis Plateau on the multibeam bathymetry of the 2008 Polarstern and the 2012 Araon 

expeditions, indicating that the East Siberian were covered by ca. 1-km thick grounded ice sheets 

during several Pleistocene glaciations (Niessen et al., 2013). The NNE–SSW, and NW–SE 

directions of MSGLs are interpreted to be formed by floating ice masses originated from the 

Chukchi Borderland (Jakobsson et al., 2010; Stein et al., 2010) and/or from the East Siberian 

Shelf (Niessen et al., 2013). Seismic profiles across the shelf edge of the East Siberian and 

Chukchi seas show that the top of Neogene sedimentary sequences is truncated by glaciogenic 

sedimentary features such as MSGLs and wedges of debris-flow deposits (Hegewald and Jokat, 

2013a, 2013b; Dove et al., 2014). These depositional features could imply that large amounts of 

sediment transported by grounded ice sheet from the East Siberian–Chukchi shelf to the slope 

(Jakobsson et al., 2014). The stratigraphic position of regional glacial unconformity within Plio-

Pleistocene deposits shown on seismic profiles likely indicate that the Chukchi continental 

margin has a long history (Hegewald and Jokat, 2013b). Furthermore, a sharp increase in iceberg-

rafted material at the beginning of Middle Pleistocene that was observed in the sediment core 

data throughout the western Arctic Ocean may be associated with a widespread glacial event 

around the Marine Isotope Stage (MIS) 16 (ca. 0.7 Ma) (Polyak et al., 2009; Stein et al., 2010; 

Polyak and Jakobsson, 2011). 

The glaciogenic erosional and depositional features are generally formed by ice sheet 

grounding events and are covered by well-stratified hemipelagic sediments (Niessen et al., 2013). 

The hemipelagic drapes shown in high-resolution subbottom profile become thicker from 3 m 

on the Arlis Plateau to 20 m on the East Siberian continental slope, indicating that the buried 

glaciogenic features were formed earlier than the Last Glacial Maximum (LGM) or MIS 5a 

(Niessen et al., 2013) based on the sediment accumulation rates (Stein et al., 2010; Polyak and 

Jakobsson, 2011). Meanwhile, a recent interpretation suggests that the last grounding ice sheet 

advanced from the East Siberian shelf toward the Arlis Plateau during the MIS 6 (Jakobsson et 

al., 2016). In addition, the results of sediment core analysis in the Northwind Ridge provide the 

age of the last glacial erosional event originated from the Laurentide Ice Sheet to MIS 4 (Polyak 
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et al., 2007). Consequently, the glaciogenic submarine landforms along the East Siberian Sea 

margin may be formed by grounding events of over one kilometer thick coherent ice shelves or 

local ice cap that covered the Chukchi and East Siberian shelves during several Pleistocene 

glacial periods (Niessen et al., 2013; Dove et al., 2014; Jakobsson et al., 2014). 

In shallow water depth (<350 m) in the East Siberian–Chukchi continental margin, 

curvilinear to sinuous narrow depressions were observed on the multibeam bathymetry (Dove et 

al., 2014; Jin, 2016), which are interpreted as iceberg plough marks (Batchelor et al., 2018). The 

iceberg plough marks, which can remove the previous glacial landforms, indicate the final glacial 

event of floating icebergs or sea ice ridge in this area. Water depth of 350 m indicates the lower 

limit of the iceberg scouring events in the East Siberian–Chukchi continental margin (Jakobsson 

et al., 2014). In particular, the iceberg plough marks in the Chukchi Borderland formed by widely 

distributed deep-keeled ice sheets or ice shelves (Polyak et al., 2007; Jakobsson et al., 2008). 

Contour parallel, curvilinear to sinuous ridges along the shelf edge is observed on the multibeam 

bathymetry between 350 and 550 m water depth around the Chukchi Rise (Dove et al., 2014). 

These ridges are interpreted as terminal moraines and/or grounding zone wedge and composed 

of diamict materials. The shelf-edge parallel distribution of the ridges could indicate the patterns 

of the up-slope retreat of the grounded-ice sheet during the deglaciation. 

Many studies suggest that the grounded ice in the Chukchi Borderland was originated from 

the Laurentide Ice Sheet to the east and other is from the Chukchi Shelf to the south with local 

ice cap on the Chukchi Plateau (Polyak et al., 2001; Jakobsson et al., 2005; Polyak et al., 2007; 

Jakobsson et al., 2008, 2010). In addition, recently collected geophysical and geological data 

support an existence of extensive grounded-ice sheet on the Chukchi Rise that may be originated 

from farther south or southwest, indicating the Chukchi and/or East Siberian shelf was the center 

of the ice sheet (Dove et al., 2014; Hegewald and Jokat, 2013b, 2013a; Ilhan and Coakley, 2018). 

Relatively thin Holocene sediments drape on the underlying iceberg plough marks (Polyak et al., 

2007; Hill and Driscoll, 2010). In order to construct more detail and precise age model of glacial 

history, more seafloor mapping, subbottom profiling, deep seismic and sediment coring are 

needed in the East Siberian continental margin. 

 

References 

Batchelor, C. L., Dowdeswell, J. A., and Ottesen, D., 2018. Submarine Glacial Landforms, 
Submarine Geomorphology. Springer International Publishing. 



14 
 

Butsenko, V. V., Firsov, Y. G., Kashubin, S. P., Piskarev, A. L., and Zholondz, S. M., 2019. 
Chukchi Plateau and Chukchi Basin, Geologic Structures of the Arctic Basin. Springer 
International Publishing. 

Dove, D., Coakley, B., Hopper, J., Kristoffersen, Y., and Team*, H. G., 2010. Bathymetry, 
controlled source seismic and gravity observations of the Mendeleev ridge; 
implications for ridge structure, origin, and regional tectonics. Geophysical Journal 
International. 183, 481–502. 

Dove, D., Polyak, L., and Coakley, B., 2014. Widespread, multi-source glacial erosion on the 
Chukchi margin, Arctic Ocean. Quaternary Science Reviews. 92, 112–122. 

Drachev, S. S., 2011. Tectonic setting, structure and petroleum geology of the Siberian Arctic 
offshore sedimentary basins, Arctic Petroleum Geology. Geological Society, London, 
Memoirs. 

Edwards, M. H. and Coakley, B. J., 2003. SCICEX Investigations of the Arctic Ocean System. 
Chemie der Erde Geochemistry. 63, 281–328. 

Franke, D., Hinz, K., and Oncken, O., 2001. The Laptev Sea Rift. Mar. Pet. Geol. 18, 1083–
1127. 

Grantz, A., Clark, D. L., Phillips, R. L., Srivastava, S. P., Blome, C. D., Gray, L. B., Haga, H., 
Mamet, B. L., McIntyre, D. J., McNeil, D. H., Mickey, M. B., Mullen, M. W., Murchey, 
B. I., Ross, C. A., Stevens, C. H., Silberling, N. J., Wall, J. H., and Willard, D. A., 1998. 
Phanerozoic stratigraphy of Northwind Ridge, magnetic anomalies in the Canada basin, 
and the geometry and timing of rifting in the Amerasia basin, Arctic Ocean. GSA Bull. 
801–820. 

Grantz, A., Eittreim, S., and Dinter, D. A., 1979. Geology and Tectonic Development of the 
Continental Margin North of Alaska, Crustal Properties Across Passive Margins. 
Elsevier. 

Grantz, A., Hart, P. E., and Childers, V. A., 2011. Geology and tectonic development of the 
Amerasia and Canada Basins, Arctic Ocean, Arctic Petroleum Geology. Geological 
Society, London, Memoirs. 

Grikurov, G. E., Kaminsky, V. D., and Poselov, V. A., 2003. Morphology and geological 
nature of deep seabed and submarine elevations in the Arctic Basin: controversial 
scientific issues in context of UNCLOS/Article 76, in: Grikurov, G.E., Kaminsky, V.D., 
Poselov, V.A. (Eds.), . Presented at the Summary of Presentations International 
Conference. 

Hall, J. K., 1990. Chukchi Borderland, The Arctic Ocean Region. The Geological Society of 
America. 

Harbert, W., Frei, L., Jarrard, R., Halgedahl, S., and Engebretson, D., 1990. Palaeomagnetic 
and plate-tectonic constrains on the evolution of the Alaskan–eastern Siberian Arctic, 
The Arctic Ocean Region. Geological Society of America, Boulder. 

Hegewald, A. and Jokat, W., 2013a. Tectonic and sedimentary structures in the northern 
Chukchi region, Arctic Ocean. Journal of Geophysical Research: Solid Earth. 118, 
3285–3296. 

Hegewald, A. and Jokat, W., 2013b. Relative sea level variations in the Chukchi region-Arctic 
Ocean-since the late Eocene. Geophysical Research Letters. 40, 803–807. 

Hill, J. C. and Driscoll, N. W., 2010. Iceberg discharge to the Chukchi shelf during the Younger 
Dryas. Quaternary Research. 74, 57–62. 

Hunkins, K., Herron, T., Kutschale, H., and Peter, G., 1962. Geophysical studies of the 
Chukchi Cap, Arctic Ocean. Journal of Geophysical Research. 67, 235–247. 

Ilhan, I. and Coakley, B. J., 2018. Meso--Cenozoic evolution of the southwestern Chukchi 
Borderland, Arctic Ocean. Marine and Petroleum Geology. 95, 100–109. 



15 
 

Jakobsson, M., Andreassen, K., Bjarnadóttir, L. R., Dove, D., Dowdeswell, J. A., England, J. 
H., Funder, S., Hogan, K., Ingólfsson, Ó., Jennings, A., Larsen, N. K., Kirchner, N., 
Landvik, J. Y., Mayer, L., Mikkelsen, N., Möller, P., Niessen, F., Nilsson, J., O’Regan, 
M., Polyak, L., Nørgaard-Pedersen, N., and Stein, R., 2014. Arctic Ocean glacial 
history. Quaternary Science Reviews. 92, 40–67. 

Jakobsson, M., Gardner, J. V., Vogt, P. R., Mayer, L. A., Armstrong, A., Backman, J., Brennan, 
R., Calder, B., Hall, J. K., and Kraft, B., 2005. Multibeam bathymetric and sediment 
profiler evidence for ice grounding on the Chukchi Borderland, Arctic Ocean. 
Quaternary Research. 63, 150–160. 

Jakobsson, M., Mayer, L., Coakley, B., Dowdeswell, J. A., Forbes, S., Fridman, B., Hodnesdal, 
H., Noormets, R., Pedersen, R., Rebesco, M., Schenke, H. W., Zarayskaya, Y., 
Accettella, D., Armstrong, A., Anderson, R. M., Bienhoff, P., Camerlenghi, A., Church, 
I., Edwards, M., Gardner, J. V., Hall, J. K., Hell, B., Hestvik, O., Kristoffersen, Y., 
Marcussen, C., Mohammad, R., Mosher, D., Nghiem, S. V., Pedrosa, M. T., Travaglini, 
P. G., and Weatherall, P., 2012. The International Bathymetric Chart of the Arctic 
Ocean (IBCAO) Version 3.0. Geophysical Research Letters. 39. 

Jakobsson, M., Nilsson, J., Anderson, L., Backman, J., Björk, G., Cronin, T.M., Kirchner, N., 
Koshurnikov, A., Mayer, L., Noormets, R., O’Regan, M., Stranne, C., Ananiev, R., 
Barrientos Macho, N., Cherniykh, D., Coxall, H., Eriksson, B., Flodén, T., Gemery, L., 
Gustafsson, Ö., Jerram, K., Johansson, C., Khortov, A., Mohammad, R., and Semiletov, 
I., 2016. Evidence for an ice shelf covering the central Arctic Ocean during the 
penultimate glaciation. Nature Communications. 7. 

Jakobsson, M., Nilsson, J., O’Regan, M., Backman, J., Löwemark, L., Dowdeswell, J.A., 
Mayer, L., Polyak, L., Colleoni, F., Anderson, L.G., Björk, G., Darby, D., Eriksson, B., 
Hanslik, D., Hell, B., Marcussen, C., Sellén, E., and Wallin, Å., 2010. An Arctic Ocean 
ice shelf during MIS 6 constrained by new geophysical and geological data. Quaternary 
Science Reviews. 29, 3505–3517. 

Jakobsson, M., Polyak, L., Edwards, M., Kleman, J., and Coakley, B., 2008. Glacial 
geomorphology of the Central Arctic Ocean: the Chukchi Borderland and the 
Lomonosov Ridge. Earth Surface Processes Landforms. 526–545. 

Jin, Y. K., 2016. ARA07C Cruise Report. 
Jokat, W., 2009. The Expedition of the Research Vessel “Polarstern” to the Arctic in 2008 

(ARK-XXIII/3). Alfred Wegener Institute. 
Klemperer, S. L., Miller, E. L., Grantz, A., and Scholl, D. W., others, 2002. Crustal structure 

of the Bering and Chukchi shelves: Deep seismic reflection profiles across the North 
American continent between Alaska and Russia, Tectonic Evolution of the Bering 
Shelf-Chukchi Sea-Arctic Margin and Adjacent Landmasses. Geological Society of 
America. 

Kristoffersen, Y., 2011. Geophysical exploration of the Arctic Ocean: the physical 
environment, survey techniques and brief summary of knowledge, Arctic Petroleum 
Geology. The Geological Society of London. 

Niessen, F., Hong, J. K., Hegewald, A., Matthiessen, J., Stein, R., Kim, H., Kim, S., Jensen, 
L., Jokat, W., Nam, S. -I., and Kang, S. -H., 2013. Repeated Pleistocene glaciation of 
the East Siberian continental margin. Nature Geoscience. 842–846. 

Piskarev, A., Poselov, V., and Kaminsky, V., 2019. Geologic Structures of the Arctic Basin. 
Springer. 

Polyak, L., Bischof, J., Ortiz, J. D., Darby, D. A., Channell, J. E. T., Xuan, C., Kaufman, D. S., 
Løvlie, R., Schneider, D. A., Eberl, D. D., Adler, R. E., and Council, E. A., 2009. Late 
Quaternary stratigraphy and sedimentation patterns in the western Arctic Ocean. Global 
and Planetary Change. 68, 5–17. 



16 
 

Polyak, L., Darby, D. A., Bischof, J. F., and Jakobsson, M., 2007. Stratigraphic constraints on 
late Pleistocene glacial erosion and deglaciation of the Chukchi margin, Arctic Ocean. 
Quaternary Research. 67, 234–245. 

Polyak, L., Edwards, M. H., Coakley, B. J., and Jakobsson, M., 2001. Ice shelves in the 
Pleistocene Arctic Ocean inferred from glaciogenic deep-sea bedforms. Nature. 410, 
453–457. 

Polyak, L. and Jakobsson, M., 2011. Quaternary sedimentation in the Arctic Ocean: Recent 
advances and further challenges. Oceanography. 24, 52–64. 

Poselov, V. A. and Butsenko, V. V., 2019. Extensional Structures of the Central Arctic Uplifts 
Complex, Geologic Structures of the Arctic Basin. Springer International Publishing. 

Schuur, E. A. G., Vogel, J. G., Crummer, K. G., Lee, H., Sickman, J. O., and Osterkamp, T. E., 
2009. The effect of permafrost thaw on old carbon release and net carbon exchange 
from tundra. Nature. 459, 556 EP. 

Sekretov, S. B., 2001. Northwestern margin of the East Siberian Sea, Russian Arctic: seismic 
stratigraphy, structure of the sedimentary cover and some remarks on the tectonic 
history. Tectonophysics. 339, 353–371. 

Shakhova, N., Semiletov, I., Salyuk, A., Yusupov, V., Kosmach, D. and Gustafsson, Ö., 2010. 
Extensive Methane Venting to the Atmosphere from Sediments of the East Siberian 
Arctic Shelf. Science. 327, 1246–1250. 

Shaver, R. and Hunkins, K., 1964. Arctic ocean geophysical studies: Chukchi Cap and Chukchi 
abyssal plain. Deep Sea Research and Oceanographic Abstracts. 11, 905–916. 

Stein, R., Matthießen, J., Niessen, F., Krylov, A., Nam, S., and Bazhenova, E., 2010. Towards 
a better (litho-) stratigraphy and reconstruction of Quaternary paleoenvironment in the 
Amerasian Basin (Arctic Ocean). Polarforschung. 79, 97–121. 

Stein, R.A., 2010. The Use Of Metaphors For Honorific Distinctions Of The Epoch Of The 
Tibetan Kings, in: Rolf Steins Tibetica Antiqua. Brill. 97–116. 

Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhitova, G., and Zimov, S., 2009. 
Soil organic carbon pools in the northern circumpolar permafrost region. Global 
Biogeochemical Cycles. 23. 

Vogt, P. R., Jung, W. -Y., and Brozena, J., 1998. Arctic margin gravity highs: Deeper meaning 
for sediment depocenters?. Marine Geophysical Researches. 20, 459–477. 

Zimov, S. A., Schuur, E. A. G., and Chapin, F. S., 2006. Permafrost and the Global Carbon 
Budget. Science. 312, 1612–1613. 

 
 

  



17 
 

ARA10C Cruise report  
 
Chapter 2. Multichannel Seismic Survey 
 
S. G. Kang, U. G. Jang, S. K. Kim, M. K. Lee, Y. J. Choi, S. H. Kim, H. J. Kim, and Y. K. Jin 

 

2.1. Introduction 

2.1.1 MCS Survey Goals 

The multichannel seismic (MCS) program was designed to address a wide variety of the 

outstanding conceptual issues related to the geology of the Chukchi–East Siberian continental 

margin of the Arctic Ocean. Specifically, the goals of this expedition included gaining new 

insights in the following: 

 

• Linking the sparker seismic data conducted by the RV Araon in 2018 to identify the 

distributions and characteristics of the bottom-simulating reflectors (BSRs) in the western 

side of the Chukchi Rise; 

• The geologic architecture and seismic stratigraphy of the Chukchi–East Siberian 

continental margin; 

• Potential evidence of widespread glaciation of the western side of Chukchi Rise and the 

East Siberian shelf; 

• The distribution of ice-bearing permafrost and its northern boundary in the East Siberian 

shelf; 

• Controlling factors of subsurface geology in seabed processes including gas and fluid 

migration from deep sediments, slope mass failure and transport phenomena and gas 

hydrate occurrence; 

• Provide a rich suitable MCS dataset for research geophysics applications including new 

geophysical processing techniques to quantify subsurface conditions and velocity 

structures and assessment of the oceanographic setting using seismic oceanography 

technique; 
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One approach of the ARA10C survey was to replicate portions of some sparker seismic 

lines which were recently (summer 2018) collected in the southwestern slope of the Chukchi 

Rise (Jin and the ARA09C Shipboard Scientists, 2019) and to correlate regional seismic grids 

in the Chukchi–East Siberian continental margin from the MGL1112 (Coakley et al., 2011; 

Ilhan and Coakley, 2018) and the ARK-XXIII/3 (Hegewald and Jokat, 2013) expeditions. The 

relatively high-resolution KOPRI MCS system using two G.I guns fills a resolution gap by 

better imaging the upper 1 to 2 seconds, covering the depth range where most of the geo-

phenomena noted above occur. These data complement the deep seismic, which along with the 

sub-bottom profiler (SBP) and sparker data, create a multi-resolution dataset well suited to the 

study goals. Given a nine-day program, the survey layout optimized ties with existing sparker 

data from previous Araon survey and regional MCS grids, existing 2-D datasets and improved 

geometry to characterize the acoustic basement and deep sedimentary structures, bottom 

simulating reflectors (BSRs), and shallow glacial and permafrost/fluid phenomena. 

 

2.1.2 Multichannel Seismic Program 

The MCS survey was conducted in the western side of the Chukchi Rise and the East 

Siberian continental margin in the Arctic Ocean, from September 2nd to 10th, 2019. During the 

nine-day survey, we collected MCS data from 16 lines and 9 transit lines with a total survey 

length of ~1,500 line-km and ~62,000 shot gathers. The resultant MCS data will contribute to 

understand the tectonic and geological evolution and sedimentary processes, glacial histories, 

seismic stratigraphy and estimate the spatial distribution of BSRs and subsea permafrost 

interval using a full waveform inversion method. During the MCS survey, nine eXpanderble 

Conductivity, Temperature, Depth measurements (XCTDs) were deployed on the survey lines 

for seismic oceanography research in the western side of the Chukchi Rise. XCTD data will be 

used to understand the physical properties of the water column and tie with seismic 

oceanography sections, which will be constructed using a frequency domain reverse time 

migration algorithm from the MCS data. 

 

2.2. Methods 

2.2.1. Multichannel seismic system on the Araon 

The MCS system on Araon consisted of an airgun array, a streamer, two compressors, and 

survey control systems (Fig. 2.1). The airgun array was comprised of two Sercel Generator-
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Injector (G.I.) airguns (each 355 in3 volume; 250 in3 for generator and 105 in3 for injector) and 

a float system that helps to maintains the source at a depth of ~6 m in the water. The airguns 

released compressed air simultaneously and generated an acoustic wave that was used as the 

source wave of the MCS survey. The total volume of the source was 710 in3. The shot interval 

was 25 m, approximately every ~10.8 seconds at 4.5 knots ship speed, for a 30-fold coverage. 

The streamer had ten solid type sections that record reflected acoustic wave and other 

signals such as direct wave, refracted wave and background noise using hydrophones mounted 

in the streamer. The streamer was operated at ±6 m below the surface of the water. The group 

interval and channel number of the streamer were 12.5 m and 120 channels, respectively. Total 

length of the streamer was 1.75 km, including the tail buoy, fluid section and lead-in cable. Six 

cable levelers, called birds, were attached on the streamer every 300 m to ensure that the 

streamer was maintained at a constant depth in the water column. The recording length and 

sampling rate were 7.0 seconds and 1 millisecond, respectively. The recording file format was 

SEG-D. Shot and receiver intervals specified above resulted in fold-coverage of 30. 

The survey control system in the Main Dry Lab on the Araon housed the navigation control 

system, airgun controller, bird controller, data recording system, realtime quality control (QC) 

system and navigation editing system (Fig. 2.1). The navigation system, NaviPac from EIVA, 

provided navigation information and positioning calculations during the survey and controlled 

the event type (time vs. distance), shot interval, event start/stop with the airgun controller and 

recording system. The airgun controller, Hotshot from Teledyne-Real Time Systems, received 

the event signal from NaviPac and triggered the airguns from which the acoustic waves were 

generated. Hotshot displayed the shot-timing and wave shape for QC purposes. The bird 

controller maintained the streamer depth and displayed the current location and heading of the 

birds. The recording system, Baby Seal from Sercel, recorded the seismic data and sent it to a 

large data storage system. The realtime QC system, e-SQC pro from Sercel, displayed seismic 

data such as shot gathers and near trace sections. The navigation editing system, NaviEdit from 

EIVA, transformed the NaviPac survey file to a standard navigation file such as UKOOA P1/90 

or other formats. Fig. 2.2 shows a selection of photos from the MCS program. 
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Figure 2.1. Schematic diagram of the multichannel seismic system on the Araon 

 

 
 

Figure 2.2. Selection of photos taken during the MCS program (a) Two GI Guns for the multichannel 
seismic survey (b) airgun array with the GI Guns being deployed (c) airgun array on the sea  
(d) birds used for controlling the depth of the streamer 
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2.2.2. Acquisition parameters 

Table 2.1 shows the acquisition parameters of the multichannel seismic survey used during 

the ARA10C Expedition. Fig. 2.3 shows the towing offsets used during the MCS survey.  

 
Table 2.1. Seismic acquisition parameters 

Shot Interval 25.0 m 

Channel Number 120 ch 

Group Interval 12.5 m 

Source Depth 6 m 

Streamer Depth 6 m 

Fold of Coverage 30 folds 

Work Pressure ~140 bar 

Recording Length 7.0 sec 

Sample Rate 1 ms 

Tape Format SEG-D 

 
 
 
 
 

 
 

Figure 2.3. Towing offsets for the multichannel seismic survey 
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2.3. Results 

2.3.1. Data Acquisition 

 
 

Figure 2.4. Track chart of the seismic survey of the ARA10C (orange lines: MCS survey lines; white dots: 
every 1000 shot interval; blue dots: XCTD sites) in the western side of the Chukchi Rise (upper 
left inset) and the East Siberian continental margin. Black dotted lines indicate the Exclusive 
Economic Zone of Russia and USA. Background bathymetry is from the International 
Bathymetric Chart of the Arctic Ocean (IBCAO; Jakobsson et al., 2012) with 100 m contours 

 
Table 2.2. Seismic line information 

Line Name 
Start of line (S.O.L) End of line (E.O.L) 

First Good 
Shot Point 

Last Good 
Shot Point 

No. of 
shots 

Length 
(Km) Shot 

Point Latitude Longitude Shot 
Point Latitude Longitude 

 ARA10C-
CH-01 1001 75° 19.875' N 168° 46.5449' W 4215 76° 00.5730' N 169° 45.9855' W 1004 

(1111) 4213 3215 80.86 

 ARA10C-
CH-01T 4217 76° 00.6071' N 169° 46.7288' W 4605 75° 59.0703' N 170° 10.8977' W 4239 4600 389 11.17 

 ARA10C-
CH-02 4607 75° 58.5232' N 170° 11.1488' W 7401 75° 23.2691' N 169° 18.8826' W 4667 7386 2795 69.95 

 ARA10C-
CH-02T 7404 75° 23.1432' N 169° 19.0163' W 7765 75° 20.5494' N 169° 35.1488' W 7479 7751 362 9.19 

 ARA10C-
CH-03 7767 75° 20.6493' N 169° 35.8126' W 10688 75° 57.2981' N 170° 32.4083' W 7826 10668 2922 73.29 

 ARA10C-
CH-03T 10689 75° 57.2362' N 170° 33.3760' W 11222 75° 51.2331' N 170° 48.1081' W 10710 11201 534 13.65 

 ARA10C-
CH-04 11224 75° 51.1559' N 170° 46.3849' W 13359 76° 01.1544' N 168° 56.2327' W 11243 13353 2136 53.38 

 ARA10C-
CH-04T 13360 76° 00.9786' N 168° 54.6550' W 13686 75° 57.2437' N 168° 44.8208' W 13367 13680 327 8.18 
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Line Name 
Start of line (S.O.L) End of line (E.O.L) 

First Good 
Shot Point 

Last Good 
Shot Point 

No. of 
shots 

Length 
(Km) Shot 

Point Latitude Longitude Shot 
Point Latitude Longitude 

 ARA10C-
CH-05 13687 75° 56.8559' N 168° 46.0079' W 15887 75° 46.4554' N 170° 39.6686' W 13700 15872 2201 55.06 

 ARA10C-
CH-05T 15888 75° 46.2900' N 170° 39.8179' W 16188 75° 42.6212' N 170° 33.8789' W 15929 16173 301 7.66 

 ARA10C-
CH-06 16189 75° 42.6124' N 170° 33.7516' W 18069 75° 51.2518' N 168° 56.7202' W 16222 18051 1881 47.14 

 ARA10C-
CH-06T 18070 75° 51.2488' N 168° 56.7441' W 18359 75° 47.3114' N 168° 54.2498' W 18092 18347 290 7.33 

 ARA10C-
CH-07 18362 75° 47.3665' N 168° 54.0884' W 20239 75° 38.4075' N 170° 29.9507' W 18402 20238 1878 47.06 

 ARA10C-
CH-07T 20240 75° 37.8720' N 170° 31.0098' W 20333 75° 36.6344' N 170° 30.4545' W -  - 94 2.31 

 ARA10C-
CH-08 20339 75° 36.5908' N 170° 29.0579' W 22297 75° 45.7194' N 168° 49.2107' W 20357 22297 1959 2.60 

 ARA10C-
CH-08T 22300 75° 45.7261' N 168° 48.6817' W 22612 75° 44.3902' N 168° 32.2597' W 22325 22611 313 7.83 

 ARA10C-
CH-09 22613 75° 44.0201' N 168° 32.3515' W 24975 75° 33.0354' N 170° 32.8089' W 22632 24959 2363 59.09 

 ARA10C-
CH-09T 24977 75° 33.0281' N 170° 32.7900' W 25489 75° 27.0714' N 170° 18.6803' W 24997 25478 513 12.90 

 ARA10C-
CH-10 25491 75° 27.0674' N 170° 18.6663' W 27441 75° 35.9058' N 168° 39.6286' W 25524 27437 1951 48.84 

 ARA10C-
CH-11 27446 75° 34.9068' N 168° 39.3683' W 30031 75° 02.9976' N 169° 34.1865' W 27461 30030 2586 64.72 

 ARA10C-
CH-12 30033 75° 03.0233' N 169° 36.4266' W 33513 75° 36.5414' N 171° 46.1327' W 30047 33500 3481 87.24 

 ARA10C-
CH-13 33515 75° 36.5552' N 171° 45.9156' W 37454 74° 51.8049' N 173° 37.1224' W 33559 37453 3940 98.57 

 ARA10C-
CH-14 37455 74° 52.1517' N 173° 40.1352' W 44282 75° 52.9630' N 178° 09.2230' W 37475 44281 6828 170.67 

 ARA10C-
CH-15 44288 75° 52.9110' N 178° 12.0605' W 49585 75° 06.6567' N 178° 10.5521' E 44309 49581 5298 132.62 

 ARA10C-
CH-16 49586 75° 06.6896' N 178° 10.7839' E 62933 75° 31.3726' N 168° 44.9403' E 49632 62930 13348 335.07 

 

From the outer shelf of the western side of Chukchi Rise, the airgun array and streamer 

were deployed over a 3.5-hour period. A ramp-up procedure took place to ensure that no marine 

mammals were within the defined safety radius. After the ramp-up, the vessel was clear to 

begin the MCS survey. After the first day, the weather conditions for the MCS became ideal 

with calm winds and flat seas and continued until the end of the survey. This resulted in very 

clear shot-gathers and near offset sections and over-all excellent data quality.  

 

2.3.2. Survey Layout 

The western side of the Chukchi Rise is covered by a densely spaced (~10 km) seismic grid 

from ARA10C-CH-01 to ARA10C-CH-10. The seismic grid consists of seven dip-lines and 

three cross lines. In particular, ARA10C-CH-02, ARA10C-CH-07 and ARA10C-CH-08 cross 

the Araon Mound 2 (AM02) and AM06, which were defined by the Araon expeditions in 2016 

and 2018. The main goal of these transects was to image BSRs and subsurface geological 

structures to understand the relationship between the distribution of gas hydrates and 

occurrence of the mounds on the upper slope of the western Chukchi Rise. 
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ARA10C-CH-11 was designed to cross the tectonic boundary between the North Chukchi 

Basin and the Chukchi Plateau suggested by Grantz et al. (2011). This line can be expected to 

image deep structures such as faults and folded sedimentary layers in the deeper part after post-

cruise data processing. 

ARA10C-CH-12 to ARA10C-CH-15 were originally planned for a sparker seismic survey. 

However, the plan was changed to continue the multichannel seismic survey and collect zig-

zagging seismic lines with ideal weather and sea ice conditions. These seismic lines can 

delineate the evolution of shelf margin and along-slope sedimentary processes before a 

widespread glaciation and depositional environment change after onset of local ice sheets 

during the glacial periods. 

For the last seismic line, ARA10C-CH-16, was extended to the East Siberian shelf to make 

a detail depth-velocity model using a full waveform inversion in an attempt to visualize the 

changing permafrost regime. It will also provide an excellent profile of the sub- and/or 

periglacial settings. The end of ARA10C-CH-16 is correlated with the seismic lines of the 

ARA07C expedition in 2016 and the regional seismic line of the ARK-XXIII/3 expedition in 

2008 to provide useful insights into shelf margin evolution in the East Siberian Sea.  

 

2.3.3. Data processing and analysis 

The newly acquired seismic data were processed onboard the Araon to generate a brute-

stack with in-house signal processing algorithms and software, and the commercial seismic 

data processing software VISTA 10.0 from GEDCO (Geophysical Exploration and 

Development Company). Raw data in SEG-D format loading, band-pass filtering and recording 

delay correction were conducted using an in-house preprocessing algorithm. Geometry setting, 

velocity analysis, normal moveout (NMO) correction, and common mid-point (CMP) stacking 

were performed using the VISTA. In the shot gathers, which were acquired on continental shelf 

(shallow water depth around 40–60 m) the direct wave and refraction wave were overlapped. 

Four CMP stacking images are presented below with basic interpretations based on initial 

seismic data processing. Advanced processing techniques will be applied post-cruise data 

analysis, which will allow for a more enhanced interpretation of the seismic profiles.  

Line ARA10C-CH-04 is a dip seismic line, which crosses the small spur of the western 

Chukchi Rise (Fig. 2.4). In the middle of the profile, there is high amplitude reflector at ~250 

ms below the seafloor with reversed polarity relative to the seafloor reflection (Fig. 2.5). This 

high-amplitude reflector mimics the seafloor topography and extends into the lower slope. 
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Semi-transparent or very low amplitude acoustic facies are observed below the reflector. The 

reflector suddenly finished near the top of the spur and wavy, stratified reflections with high-

lateral continuity are observed. This reversed polarity high-amplitude reflector is characterized 

by similar trend that conform approximately to the geometry of the seafloor and often crosscut 

events related to primary depositional features. These distinctive characteristics of the reflector 

may indicate the BSR, which reflects the base of the gas-hydrate stability field and represents 

an acoustic impedance contrast between gas-hydrate-bearing sediments and the underlying 

free-gas-bearing sediments (Spence et al., 2010). In addition, the low-amplitude (bright) 

reflections below the BSR are more common observations and are produced by layers of low-

velocity gas-charged sediments (Spence et al., 2010). Although the reflector shows many 

geophysical evidences of base of gas hydrate stability zone, more detail analysis methods 

including P- and S-wave velocity analysis and are needed to ensure the presence of free gas 

below the BSR reflector. 

 

 
 

Figure 2.5. A part of multichannel seismic data shows a bottom simulating reflector with reversed polarity 
relative to the seafloor reflection 

  

During the MCS survey on the western side of the Chukchi Rise, we collected nine XCTD 

data (blue dots in Fig. 2.4) to correlate high-resolution measurements of salinity, temperature, 

and conductivity of the water column in depth with some reflectors observed in the seismic 

profiles. High to moderate amplitude, partly wavy reflections are imaged above the seafloor 

reflection in the seismic stack section (Fig. 2.6). These reflections can occur as a consequence 

of the different temperature, salinity and other physical properties between water masses. 

Higher amplitude and low frequency reflections, which are direct wave and bubble, overlap 
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with water mass boundaries in the shallower part of the water column. The direct wave and 

bubble will be removed after post-cruise data processing procedure. The newly acquired 

seismic grid, which is composed of ARA10C-CH-01 to ARA10C-CH-12, can image 3-D 

geometry of major water masses with high-lateral resolution (6.25 m) in the western side of 

the Chukchi Rise. The seismic oceanographic results will help us to gain a better understanding 

of the present-day oceanographic setting and interaction with depositional processes in the 

study area. 

 

 
 

Figure 2.6. An example of the reflections between the water masses, which have different physical 
properties (i.e., salinity and temperature), are shown on the stack section 

 

Line ARA10C-CH-03 crosses from southwestern continental margin of the Chukchi Rise 

through mid-lower slope to the small spur (Fig. 2.4). After velocity analysis and CMP stacking, 

the seafloor multiple was dramatically attenuated on the seismic profile (Fig. 2.7). The deeper 

part of the seismic profile (~1.5 sec below seafloor) shows high amplitude and subparallel 

reflections from the outer shelf to the slope. Relatively low-amplitude sedimentary successions 

developed with ~300 ms thickness is underlain by the high amplitude reflections. From the 

upper boundary of the low-amplitude unit, wavy reflections with up-slope (or up-current) 

migration geometry were initiated. Some abnormal high-amplitude reflections are observed in 

the middle of the wavy, stratified sediment body. These high-amplitude reflections extend 

basinward with step-like features. This may indicate that significant change of physical 

property in the same sediment body or large-scale erosional features. The group of wavy 

reflections advanced gradually basinward until the onset of glaciation, which is marked by 

erosional truncation of the subparallel strata in the shelf edge. The well-developed wavy pre-

glacial strata are overlain by wedge-shaped sediment body. The lower part of wedge-shaped 

sediment body downlaps on the wavy sediments. In contrast to the lower sedimentary layer, 
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the internal reflections of the wedge show relatively low lateral continuity and partly chaotic 

acoustic facies. This can be interpreted as till wedge, possibly developed under the action of 

advanced ice sheet during the glacial periods (e.g., Hegewald and Jokat, 2013; Niessen et al., 

2013; Dove et al., 2014; Jakobsson et al., 2014; Ilhan and Coakley, 2018). 

 

 
 

Figure 2.7. Till wedge and pre-glacial sedimentary successions in the southwestern continental margin of 
the Chukchi Rise 

 

The last seismic line ARA10C-CH-16 crosses from lower slope to inner continental shelf 

of the East Siberian Sea (Fig. 2.4). In the seismic profile, the notable feature is highly fractured 

deep sedimentary layers (Fig. 2.8). The highly faulted zones are imaged from the outer shelf to 

the inner shelf. These zones display closely spaced faults in deeper part having a large throw 

compared to shallower faults imaged throughout the section. Most of the faults do not extended 

to the upper sedimentary layers and the seafloor. The upper 400 m thick sedimentary layer 

shows relatively low amplitude and subparallel internal reflections compared to older 

sediments. Push-down effects are observed in the younger sediments. That are likely caused 

by existence of low velocity anomalies, such as gas accumulation in the sediments. The 

seafloor reflection shows relatively high amplitude and undulated features. The uppermost 

sedimentary layer shows chaotic or structureless internal configuration. This can be interpreted 

as cryoturbated sediments by the ploughing action of basal ice keels across a sedimentary 

substrate. The multibeam bathymetry and sub-bottom profile data acquired in this area also 

provide undulated seafloor features and chaotic or semi-transparent acoustic facies in the 

uppermost layer. This seismic profile crossing the East Siberian continental shelf will be 
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processed to define high-velocity anomalies in the sedimentary layers using the hand-picked 

refraction velocity analysis and full waveform inversion. The precise and high-resolution 

depth-velocity model will help us better understand relationship between the distribution and 

characteristics of permafrost and high methane concentration in the water of the East Siberian 

continental shelf. 

For more accurate and detailed basement and sedimentary structure, seismic stratigraphic 

interpretation, post-cruise seismic data processing sequences are needed. These will begin with 

de-bubble, deconvolution, additional advanced filtering, NMO muting, multiple attenuation, 

detailed velocity analysis and migration. 

 

 
 

Figure 2.8. East Siberian margin profile shows faults in deep sedimentary layers and subparallel younger 
strata 
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2.4. Summary 

During the ARA10C cruise, multichannel seismic data were acquired on the western side 

of the Chukchi Rise and East Siberian margin in the Arctic Ocean. Sixteen seismic lines 

covering about 1,500 line-km and 62,000 shot gathers were collected from September 2nd to 

11th, 2017. During the survey, all the seismic equipment was operated continuously with no 

technical issues or maintenance needed on the airguns or streamer during acquisition. This 

resulted in high signal-to-noise and high-quality seismic data. 
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ARA10C Cruise report  
 
Chapter 3. Multibeam and sub-bottom profile surveys 
 
S. K. Kim, H. J. Kim, Y. J. Choi, M. K. Lee, S. H. Kim, U. G. Jang, S. G. Kang, and Y. K. Jin 

 

3.1. Introduction 

Multibeam bathymetry and sub-bottom profile (SBP) surveys were conducted using the 

Kongberg EM122 and SBP27 that are installed on the IBRV Araon. The multibeam and SBP 

data were continuously recorded during the whole period of the ARA10C Expedition from 

September 1st to 17th, 2019 in UTC. The survey areas consist of the international waters in the 

western side of the Chukchi Rise and the East Siberian continental margin in the Arctic Ocean 

(Fig. 3.1, 3.2). During the expedition, we collect regional bathymetric and shallow subsurface 

data to fill a gap of the existing data in the Chukchi Plateau and East Siberian continental shelf. 

These data could reveal unknown submarine landforms and subsurface sedimentary structures 

and stratigraphy. The processed seafloor bathymetric images and sub-bottom profiles were 

utilized to determine sites of geological sampling (e.g. sediment coring and dredge) and heat 

flow measurement. 

During the ARA10C Expedition, we collected the multibeam bathymetry data, which 

sparely covers an area of ~80,000 km2, and a ~4,400 km long SBP data. In the western side of 

the Chukchi Rise in study area, we find many distinctive morphological features on the seabed 

and subsurface structures from the multibeam and SBP data, likely reflecting the geologic 

evolution of glaciation, gas expulsion, submarine landslides and slumps. Although the grid of 

multibeam and SBP data are relatively sparse, these data fill the gap of existing data and 

provide a detailed view of the submarine landforms and subsurface stratigraphy of the western 

Chukchi Rise. In the East Siberian continental margin, the multibeam and SBP data show 

submarine landforms and sub-bottom structures that could indicate glacial sedimentary 

features such as iceberg ploughmarks, till sheets and wedges, lateral moraines, unfrozen ground 

water (taliks), thermokarst, cryoturbation structures, and stacked debris flow deposits. 
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Figure 3.1. Survey area of the ARA10C Araon Expedition in 2019. Color-coded bathymetry is the compiled 
multibeam bathymetry data of ARA10C. Red is shallow and blue is deep. The new data cover 
the western side of Chukchi Rise, Kucherov Terrace and the East Siberian Shelf. Regional 
Bathymetry: IBCAO v. 3.0 (Jakobsson et al., 2012) 

 

 
 

Figure 3.2. Color-coded solid lines are the SBP tracklines of the ARA10C Expedition. Nearly 5,000 km long 
SBP data were collected in the survey area of the ARA10C Expedition 
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3.2. System description, data acquisition and processing 

The multibeam echo sounder system (Kongsberg EM122) installed on the IBRV Araon 

consists of a hull-mounted transmit and receive transducer, transceiver unit, and operator 

station (Fig. 3.3). EM122 has a wide beam angle (–65 to +65 degrees) and a capability of 

measuring into the deep ocean. The technical specifications and settings of EM122 and SBP27 

are listed at Table 3.1 and 3.2, respectively. The sub-bottom profiler (Kongsberg SBP27) is an 

optional extension to the EM122 multibeam echo sounder. The system diagram of SBP27 is 

shown in Fig. 3.4. The receiving transducer hydrophone array used by the EM122 multibeam 

system is a broadband system; by adding a separate low frequency transmitting transducer and 

electronic cabinets and operator stations, the EM122 can be extended to include the sub-bottom 

profiling capability, as provided by the SBP27. A system beam width is 12 degrees with 24 

transducers, equivalent to a footprint of 20 m in 100 m water depth (or 20% of water depth). 

The frequency range of the SBP27 is 2.5 to 7kHz. The SBP27 beam is electronically stabilized 

for roll and pitch. It also considers the bottom slope when steering.. The ping rate is 

synchronized to that of the multibeam echo sounder transmitter if both are running 

simultaneously. SBP data show detail sediment structures to shallow depths (10s of meters) 

below the seafloor with high resolution (10s of centimeters). The resolution of SBP is the 

highest among other reflection methods such as sparker, boomer, and air-gun seismic 

instruments. Theoretically, SBP has vertical resolution of up to 10 cm, depending on sound 

velocity in the subsurface sediments. In most cases, vertical resolution is ~0.5 m or better. 

Nearly 5,000 km long multibeam and SBP data were acquired by the Arctic MArine 

Geoscience Expedition (AMAGE) Project of Korea Polar Research Institute in the western side 

of Chukchi Rise and the East Siberian continental margin during the ARA10C Araon 

Expedition of in 2019. The multibeam and SBP data were recorded simultaneously during 

geophysical mapping survey (e.g. multichannel seismic survey) and on transects related to 

transiting to geological and oceanographic sampling operations (e.g. sediment coring, heat flow 

measurement, dredge, and CTD casting). Data quality of the multibeam and SBP is largely 

affected by weather and sea ice conditions. In particular, sea ice breaking made multibeam 

scattering and high amplitude noise in the SBP data. In order to calibrate multibeam bathymetry 

data, sound velocity profiles (SVPs) are updated frequently using the depth-velocity data 

obtained from CTD casting. Multibeam bathymetry data were collected in the western Chukchi 

Rise to extend previously mapped bathymetry data from the 2016 and 2018 Araon Arctic 

Expedition (ARA07C and ARA09C). About 160 km of SBP data were collected in the 
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northwestern Chukchi Rise (Line name: ARA10C-SBP-AF) to correlate regional stratigraphic 

units that were defined by the compilation of ARA07C and ARA09C dataset. The 1500-km 

long multibeam bathymetry and SBP data were recorded in about 4.5 knots ship speed during 

the multichannel seismic survey (ARA10C-SBP-AI to ARA10C-SBP-BF), indicating that the 

data have higher spatial resolution (~3.6 m) than a data acquisition in 12.5 knots speed for 

transit (~6.6 m). We collected 495 km long zigzag SBP data, which are obliquely crossing outer 

shelf to mid-lower slope of the Chukchi-East Siberian continental margin (ARA10C-SBP-BG 

to ARA10C-SBP-BF). During the methane related survey in the East Siberian continental shelf, 

about 2,365 km long multibeam and SBP data (ARA10C-SBP-BG to ARA10C-SBP-CC). 

The acquired multibeam bathymetry data were processed onboard using CARIS 

HIPS&SIPS Version 9.0, which is a specialized bathymetry processing software, and the results 

are plotted using Fledermaus for perspective views and QGIS software (QGIS Development 

Team, 2018) for 2D visualization and mapping. 

The data produced by SBP27 were logged in the Kongsberg proprietary Topas raw and 

SEG-Y formats. The SEG-Y format file of the SBP data has every even number of ping point 

of the Topas raw format. The SEG-Y format data allow post-processing by standard seismic 

processing software package Seismic Unix (SU). The SEG-Y files were directly processed after 

the end of recording for each individual survey line. The SEG-Y files of same survey line were 

combined into bigger size files into SU format to apply delay time shifting, sample rate change, 

signal enveloping, spherical divergence correction and time-to-depth conversion. Navigation 

information of every ping point can be extracted from the SEG-Y file header. The processed 

SU format files were re-converted into SEG-Y files and will be imported to the seismic 

interpretation software OpendTect or SeisWare for seismic stratigraphic interpretation and 

mapping. 
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Figure 3.3. System diagram of EM122 multibeam system 
 

 
 

Figure 3.4. System diagram of SBP27 sub bottom profiler system 
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Table 3.1. Technical specifications of EM122 
Operating frequency 12 kHz 

Depth range 20 – 11000 m 
Swath width 6 × Depth, to approx 30 km 
Pulse forms CW and FM chirp 

No. of beams 288 
Swath profiles per ping 1 or 2 

Motion compensation 
Yaw ± 10 degrees 
Pitch ± 10 degrees 
Roll ± 15 degrees 

Sounding pattern Equi-distant on bottom/equiangular 
Depth resolution of soundings 1 cm 

High resolution mode High Density processing 
Sidelobe suppression -25 dB 

Modular design, beamwidth 0.5 to 4 degrees 
 
 
 
Table 3.2. Setting information of SBP27 during the ARA10C cruise 

Used Settings Value Unit 
Runtime Parameter 

Transmit mode Normal  
Synchronization Fixed ping rate ms 

Acquisition delay Manual & automatic mode ms 
Acquisition window 400 ms 

Pulse form Linear chirp up  
Sweep low frequency 2500 Hz 
Sweep high frequency 7000 – 9000 Hz 

Pulse shape 80 % 
Pulse length 30 ms 

Source power 0 dB 
Beam widths Tx Normal  
Beam widths Rx Normal  

Number of Rx beams 1  
Beam spacing 3 1 deg 

Calculate delay from depth X  
Delay hysteresis 30 % 

Bottom screen position 50 % 
Automatic slope corrections On  

Gain 15 & 20 & 30 dB 
Bottom tracker 

Window start Manual & automatic mode ms 
Window length 20 ms 

Threshold 80 % 
Time Variable Gain 

TVG control Tracking  
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3.3. Results 

The existing multibeam and SBP data in the western side of Chukchi Rise and the East 

Siberian continental margin are supplemented by the newly acquired data from the ARA10C 

Expedition (Fig. 3.1 and 3.2). Multibeam bathymetry and SBP data collected in the western 

Chukchi Rise show detail submarine landforms and subsurface sedimentary features that were 

likely related to subglacial, ice-marginal and glaciomarine sedimentary environments. In the 

continental margin between the Chukchi Rise and the East Siberian Shelf, iceberg ploughmarks 

and gullies on the outer shelf and upper slope are observed in the compiled multibeam 

bathymetry grid. SBP images provide detail subsurface sedimentary structures and shallow 

stratigraphy of these features including till wedge, glacigenic debris flow deposits, interbedded 

glacimarine stratified sediments and hemi-pelagic drapes. The East Siberian dataset illustrates 

a general view of seafloor morphology and shallow sedimentary structures from outer to inner 

continental shelf. 

The multibeam and SBP data of ARA10C are also utilized to define the optimum sites for 

sediment coring, dredge and heat flow measurements. Multibeam artifacts will be attenuated 

during the post-cruise data processing in the laboratory. The enhanced bathymetry image could 

provide more precise and detail submarine landforms related to subglacial, ice-marginal, and 

glaciomarine environments. Some of the processed multibeam data will also contribute to the 

international bathymetry data sets (i.e., International Bathymetric Chart of the Arctic Ocean–

IBCAO and General Bathymetric Chart of the Ocean–GEBCO). The SBP and multichannel 

seismic datasets complement each other in the sense of good overlapping penetration range. 

Horizons clearly visible even in the multichannel seismic profile have equivalents in the SBP. 

This enables improved geologic context for the SBP data interpretation. 

 

3.3.1. Western side of Chukchi Rise 

The primary aim of geophysical survey in the western side of the Chukchi Rise is to collect 

multichannel seismic data that could provide useful information about distribution and 

characteristics of bottom simulating reflectors (BSRs), subsurface seismic stratigraphy and 

sedimentary structures. At the same time, the multibeam bathymetry and SBP data were 

acquired with optimal ship speed at around 4.5 knots to fill the gap between the existing data. 

The newly acquired data show enhanced quality of distinctive seafloor morphological features 

(e.g. mounds, shelf-edge parallel ridges, undulated seafloor morphology, streamlined lineations 

and etc.) that were recognized through the earlier Araon Expeditions ARA07C in 2016 and 
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2018 (Jin et al., 2017; Jin and the Shipboard Scientists, 2019). In order to correlate regional 

stratigraphic unit boundaries between the Chukchi Basin and the western Chukchi Rise, we 

first conducted multibeam and SBP surveys along the northwestern shelf edge and slope of the 

Chukchi Rise. We then collected multibeam and SBP grids during the seismic survey (Fig. 3.5). 

The water depth of the western Chukchi Rise is shown the range of 200–1,500 m (Fig. 3.6). 

The compiled multibeam bathymetry data show a relatively gentle (ca. 2º) slope which have 

>6-km wide terrace. In the SBP image and multibeam bathymetry data, two mounds are defined 

on the terrace of the western Chukchi Rise to the southeast of the Araon Mounds (AM01 to 

AM08) chain (Fig. 3.7). In contrast to the Araon Mounds, these mound features show relatively 

larger size and different location of the continental margin. The mounds are approximately 10 

to 27 m higher than surrounding seafloor and have 600–800 m width (Fig. 3.7). Several smaller 

size mounds also distributed between the Araon Mounds and the new mounds. A SBP image 

collected on the crest of one of the mounds shows mound-shaped feature with semi-transparent 

facies below the seafloor reflection (right inset in Fig. 3.7). Although sediment coring did not 

conduct on the top of the new mound in the ARA10C Expedition, several meter long sediment 

core sample could provide useful information about the formation and characteristics of the 

mounds on the shelf edge. 

 

 
 

Figure 3.5. Perspective view of the multibeam bathymetry grid in the western side of Chukchi Rise. Bright 
multibeam bathymetry data were collected during the ARA10C cruise. Dark background 
multibeam grid is the existing data mainly collected in 2016 and 2018. Orange is shallow and 
blue is deep 
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Figure 3.6. Multibeam bathymetry data in the western side of the Chukchi Rise. Depth profile of the 
southwestern flank of Chukchi Rise. Red solid line in the upper panel indicates the location of 
depth profile in the lower panel. Red is shallow and blue is deep 

 

NNE-SSW trending linear depressions on the crest of the western spur of Chukchi Rise 

from ca. 689 to 936 m depth are observed on the newly acquired multibeam data (Fig. 3.8). 

The length of these depressions is around 5 km. The SBP image of ARA10C-SBP-AM show 

transparent acoustic facies with hyperbolic reflections that are overlain by 15 m thick stratified 

sedimentary layer (Fig. 3.9). In contrast to north-south trending streamlined glacial lineations 

on the outer shelf, the newly defined lineations have shorter length in the deeper area and are 

covered by thick hemi-pelagic drape. These morphological and stratigraphic characteristics of 

NNE-SSW trending lineations could indicate that older, thicker grounding ice sheet flowed 

different direction from younger glacial events. Relatively gentle crest of the western spur can 

support this hypothesis. 
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Figure 3.7. Multibeam bathymetry, vertical profile and SBP image of ARA10C-SBP-AY show detail 
morphology and subsurface structure of the mound located to the southeast of the Araon 
Mounds 

 

 
 

Figure 3.8. Streamlined glacial lineations are observed on the crest of the western spur of Chukchi Rise 
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Figure 3.9. A SBP image of ARA10C-SBP-AM shows shallow buried grooved seabed and overlying hemi-
pelagic drape on the western spur of Chukchi Rise 

 

During the multichannel seismic data acquisition, the multibeam and SBP data were 

collected in the northwestern continental margin of Chukchi Rise (Fig. 3.10). The multibeam 

bathymetry and SBP image show about 1.2 km wide terrace at the shelf edge beyond 20-m 

high wedge-shaped acoustic transparent sediments on the outer shelf. The stratified sediments 

are terminated by high-amplitude reflection of the terrace. Very thin sediment layer (<2 ms, 1.5 

m at 1500 m/s) covers the acoustic transparent unit in the outer shelf and stratified unit in the 

upper slope. Faint, stratified reflections are truncated by high-amplitude reflection in the outer 

shelf (upper right inset in Fig. 3.10). This is thought to be a consequence of subglacial erosion 

of preglacial strata (e.g., Dove et al., 2014). 
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Figure 3.10. Multibeam bathymetry and SBP image of ARA10C-SBP-AP in the northwestern shelf edge of 
Chukchi Rise 

 

3.3.2. East Siberian continental margin 

After the first phase of seismic data acquisition in the western side of Chukchi Rise, a 

combination of seismic, multibeam bathymetry, and SBP surveys was extended to the East 

Siberian continental margin (Fig. 3.2). Five zigzag lines cross from outer shelf to the mid-lower 

slope (ca. 300–1500 m in water depth) along the continental margin between the Chukchi Rise 

and the East Siberian Shelf. The average water depth of East Siberian continental shelf, where 

methane related survey was conducted, is shallower than 100 m, therefore multibeam swath 

can cover 100 to 600 m width in the continental slope region. This relatively narrow multibeam 

bathymetry is particularly difficult to densely mapping in the wide area (Fig. 3.1). 

Multibeam bathymetry data collected in the Kucherov Terrace shows that slope-parallel 

ridges are in a row with about 1.5 km interval along the slope from 800 m to 1200 m water 

depth (Figs. 3.1 and 3.11). The ridges are approximately 3 to 10 m higher than surrounding 

seafloor (Fig. 3.11). A SBP image of ARA10C-SBP-BF crossing the ridges shows that an 
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undulated semi-transparent sedimentary unit is overlain by a 16-m thick (~21 ms in time) 

stratified sedimentary layer (blue line in Fig. 3.11). Multiple erosional surfaces are observed 

below the undulated sediment unit. Recent seismic stratigraphic and morphobathymetric study 

in the East Siberian continental margin suggest that grounding events of ice sheets and ice 

shelves occurred in present water depths of up to 1,200 m (Niessen et al., 2013). Based on the 

previous study and observed seabed and subsurface features, the semi-transparent unit can be 

interpreted as till sheet and the ridges are thought to be a consequence of a step-wise retreat of 

the former grounded ice sheet or ice shelf. In addition, thick hemi-pelagic drape on the 

undulated till sheet could suggest that the last glacial event may not occurred during the Last 

Glacial Maximum based on mean hemipelagic sedimentation rates for the past 120 kyr (Stein 

et al., 2010; Polyak and Jakobsson, 2011; Niessen et al., 2013). 

Wedge-shaped semi-transparent sediment unit is observed in the upper slope of the East 

Siberian continental margin at 565 m water depth as shown in ARA10C-SBP-BO data (Fig. 

3.12). Similar sedimentary feature was reported on the 100-m deeper the slope to the east of 

the wedge sediment (upper right inset Fig. 3.12; Niessen et al., 2013). These sedimentary 

features could provide useful insights into the reconstruction of local ice sheet history including 

ice sheet behavior, ice flow direction, characteristics of ice sheet retreat. 

SBP data of ARA10C-SBP-BF in the shallow (< 100 m) East Siberian Shelf show semi-

transparent acoustic facies below undulated or high-amplitude seafloor (Fig. 3.13). The 

undulated seafloor is a well-defined feature in the multibeam bathymetry. This seafloor 

landform can be formed by deep-keeled icebergs that were produced during regional 

deglaciation and indicate the drift tracks. In addition, high amplitude seafloor reflection may 

be related to consolidated substrate such as diamicton formed during the grounded ice sheet 

advanced on the continental shelf edge. Below the high-amplitude seafloor reflection, less than 

4-m thick (5 ms in time) sedimentary layer show chaotic acoustic facies (Fig. 3.13). Based on 

the seismic characteristics, the uppermost sedimentary layer can be interpreted as cryoturbated 

post-glacial marine mud in the shallow water setting. Semi-transparent facies unit overlain by 

cryoturbated uppermost layer show sheeted or patched external geometry. Irregular-shaped 

fragments of stratified echo facies is in the middle of the semi-transparent facies unit, may 

reflecting remained pre-glacial sediment layers during the ice-turbated process or unfrozen 

sediments in the buried channel. There are some erosional surfaces can be defined the lower 

boundary of the transparent echo facies and stratified echo facies developed above the 

lowermost transparent echo facies layer. This can indicate former sedimentary environments 

were repeatedly changed during the glacial-interglacial periods. 
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Figure 3.11. Slope-parallel ridges in the Kucherov Terrace and a SBP image of ARA10C-SBP-BF 
 

 
 

Figure 3.12. Wedge-shaped semi-transparent unit and interbedded hemi-pelagic sediments in the SBP 
image of ARA10C-SBP-BO 
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Figure 3.13. Subsurface sedimentary structures in the East Siberian Shelf 
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ARA10C Cruise report  
 
Chapter 4. Heat flow measurements 

 
Y. G. Kim and S. J. An 

 

4.1. Introduction 

Regional heat flow distributions are used to understand the thermodynamics of the inner 

Earth as well as surficial process within sediments (e.g., Von Herzen and Uyeda, 1963). Its 

local distribution may be more useful to unravel surficial process such as fluid expulsion from 

sediments to sea water which were found in the past expeditions in this region, ARA07C and 

ARA09C (Jin et al., 2017; Jin et al., 2019). Also, defining geothermal gradients is a common 

approach to estimate the extent of the gas hydrate stability zone (e.g., Kim et al., 2010; Yamano 

et al., 2008). 

During the last expedition ARA09C, heat flow measurements have been carried out at 10 

stations from the basin center to the shelf in the Chukchi Basin as well as in the sagging basin 

on the Chukchi Plateau (orange dots in Fig. 4.1; Table 4.1). To know the regional heat flow 

distribution in the Chukchi Basin, we gave the highest priority to make a transect line of heat 

flow measurements from the basin center (~2300 m) to the eastern shelf of the basin (~520 m). 

At the first time four stations (Sts. 01, 02, 03 and 08) with interval of ~20 km was chosen. At 

the shelf, we found several possible bottom-simulating reflectors (BSRs) by sparker seismic 

survey. Two stations (Sts. 11 and 17) were chosen to be locate just over the BSR. One (St. 11) 

of the two stations was shared with the transect line as an end point in the shelf. During the 

expedition, we found two different seepage structures in terms of shape: a mound and a 

pockmark. To observe seeping activity in two kinds of seepage structures, i.e., gas hydrate 

mound (Kim et al., under review) and pockmark, we took each measurement from inside and 

outside of each structure and then total of four heat flow stations (Sts. 09 and 10 for the Araon 

Mound 06; Sts. 19 and 20 for a pockmark) were added. 

In this ARA10C expedition, we try to unravel geothermal gradient distribution across a gas 

hydrate mound, which may be affected by spatial variation in seepage activity within a mound. 

Geothermal gradient in the area affected by seeping activity varies with time and location (ref). 

Transient thermal effect by advective fluid is expected and imprinted on the background 

geothermal gradient which is almost linear caused by conduction cooling towards seafloor from 
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deep within sediments. Depending measurement location, this often causes non-linear 

geothermal gradient or even negative one (Kim et al., under review) within depth interval 

where the heat probe reaches. For the first step to comprehend the nature of seeping activity in 

the study area, we try to observe spatial distribution of geothermal gradient across a gas hydrate 

mound where seeping activity is already confirmed. In the last expedition negative geothermal 

gradient was observed from mound center of Araon Mound 06 (ARA09C St 09; red star in Fig. 

4.2). As a complimentary work to the ARA09C observation, we revisit Araon Mound 06 and 

acquire geothermal gradients at 5 stations across it (black dots in Fig. 4.2 and Table 4.2). We 

choose location of stations based on its morphology and acoustic characteristics: mound center 

(Sts. 3 and 5), mound margin (Sts. 2 and 4), and outside of mound for reference (St. 1). Detailed 

rationale for site selection is mentioned in Section 2.3. 

In order to prevent the probe from damage and also to guarantee reliability of the measured 

data, it is important to choose a site carefully using sub-bottom profiler data obtained prior to 

any deployment, and also use the dynamic positioning system of the vessel to maintain station-

position during the measurement period (typically 1hour). The IBRV Araon fully satisfies these 

conditions with providing high quality sub-bottom profiler data (See Chapter 4) and dynamic 

positioning with less than a few meters deviation from the intended location during the heat 

flow survey. 

 
Figure 4.1. Location of heat flow stations in the last expedition, ARA09C, along a transect line from the 

abyssal plain to the shelf 
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Table 4.1. Station list for heat flow measurements in the last expedition, ARA09C 

No. 
St. 

# 

Wor

k 

orde

r 

Time 

(UTC) 

Start / end 

Time (LT) 

Start / end 
Sampling site 

WD 

(m) 

Sed. 

Core 

for TC 

No. of 

attached 

MTLs 
Remarks 

1 

01 

3 
08-31 19:03 

08-31 21:35 

08-31 11:03 

08-31 13:35 

171° 55.3120' W 

76° 32.7800′ N 
2283 

ST01 

GC02 

7 Location of Core M03 

(Wang et al., 2012); 

Along a transect line 
2 5 

08-31 22:30 

09-01 00:40 

08-31 14:30 

08-31 16:40 

171° 55.3120' W 

76° 32.7800′ N 
2283 7 

3 

02 

2 
09-01 03:50 

09-01 06:05 

08-31 19:50 

08-31 22:05 

171° 6.1620′ W 

76° 13.6450′ N 
2146 

ST02 

GC03 

7 

Along a transect line 

4 4 
09-01 07:00 

09-01 09:40 

08-31 23:00 

09-01 01:40 

171° 6.1620′ W 

76° 13.6450′ N 
2146 7 

5 

03 

2 
09-01 12:39 

09-01 13:52 

09-01 4:39 

09-01 5:52 

170° 19.1320′ W 

75° 55.0410′ N 
820 

ST03 

GC01 

7 

Along a transect line 

6 4 
09-01 14:50 

09-01 16:17 

09-01 6:50 

09-01 8:17 

170° 19.1320′ W 

75° 55.0410′ N 
820 7 

7 

08 

4 
09-04 10:39 

09-04 11:47 

09-04 02:39 

09-04 03:47 

169° 51.2683' W 

75° 44.3845' N 
814 

ST08 

GC03 

8 

Along a transect line 

8 6 
09-04 13:09 

09-04 14:15 

09-04 05:09 

09-04 06:15 

169° 51.2683' W 

75° 44.3845' N 
815 8 

9 

09 

1 
09-05 04:02 

09-05 05:07 

09-04 20:02 

09-04 21:07 

169° 44.194′ W 

75° 40.840′ N 
619 N/A 

(not 

coring) 

5 
Inside of the Araon 

Mound 06 
10 2 

09-05 05:08 

09-05 06:11 

09-04 21:08 

09-04 22:11 

169° 44.194′ W 

75° 40.840′ N 
619 5 

11 

10 

1 
09-05 07:10 

09-05 08:10 

09-04 23:10 

09-05 00:10 

169° 44.3531′ W 

75° 41.0139′ N 
628 N/A 

(not 

coring) 

7 
Outside of the Araon 

Mound 06 
12 2 

09-05 08:10 

09-05 09:15 

09-05 00:10 

09-05 01:15 

169° 44.3531′ W 

75° 41.0139′ N 
628 7 

13 

11 

1 
09-05 10:00 

09-05 10:50 

09-05 02:00 

09-05 02:50 

169° 36.2856′ W 

75° 40.7778′ N 
528 N/A 

(not 

coring) 

7 
Over the BSR; Along 

a transect line 
14 2 

09-05 10:56 

09-05 11:45 

09-05 02:56 

09-05 03:45 

169° 36.2856′ W 

75° 40.7778′ N 
528 7 

15 

17 

3 
09-08 03:33 

09-08 04:53 

09-07 19:33 

09-07 20:53 

169° 50.7925′ W 

75° 47.0843′ N 
619 

ST17 

GC01 

7 

Over the BSR 

16 4 
09-08 05:50 

09-08 07:03 

09-07 21:50 

09-07 23:03 

169° 50.7925′ W 

75° 47.0843′ N 
621 7 

17 

19 

2 
09-10 01:31 

09-10 02:56 

09-09 17:31 

09-09 18:56 

165° 26.1080′ W 

76° 41.7170′ N 
1152 

ST19 

GC01 

7 
Outside of a 

pockmark  
18 3 

09-10 03:57 

09-10 05:55 

09-09 19:57 

09-09 21:55 

165° 26.1080′ W 

76° 41.7170′ N 
1147 7 

19 20 4 
09-10 09:15 

09-10 10:46 

09-10 01:15 

09-10 02:46 

165° 26.4230′ W 

76° 40.0580′ N 
1160 

N/A 

(not 

coring) 

7 Inside of a pockmark 
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Figure 4.2. Location of heat flow stations in this expedition, ARA10C, across Araon Mound 06. A red line 

represents ARA09C SBP as. Green dots with numbers on the red line represent shot number. 
Green stars, red stars, black dots refer to heat flow stations during the ARA07C, ARA09C, and 
ARA10C, respectively 

 
 
Table 4.2. Station list for heat flow measurements in this expedition, ARA10C 

No. 
St. 

# 

Work 

order 

Time 

(UTC) 

Start / end 

Time (LT) 

Start / end 
Sampling site 

WD 

(m) 

Sed. Core 

for TC 

No. of 

attached 

MTLs 

Remarks 

1 
01 3 

09-01 04:37 

09-01 06:45 

08-31 20:37 

08-31 22:45 

169° 44.413' W 

75° 40.481′ N 
611 

N/A 

(not coring) 
8 

Area without gas 

below; reference 2 

3 
02 1 

09-01 07:44 

09-01 09:43 

08-31 23:44 

09-01 01:43 

169° 44.290′ W 

75° 40.625′ N 
619 

N/A 

(not coring) 
8 AM06, margin 

4 

5 
03 3 

09-01 12:05 

09-01 14:08 

09-01 04:05 

09-01 06:08 

169° 44.245′ W 

75° 40.718′ N 
613 

N/A 

(not coring) 
8 AM06, center 

6 

7 
04 1 

09-01 15:21 

09-01 17:27 

09-01 07:21 

09-01 09:27 

169° 44.176' W 

75° 40.897' N 
610 

N/A 

(not coring) 
6 AM06, margin 

8 

9 
05 3 

09-01 19:15 

09-01 21:19 

09-01 11:15 

09-01 13:19 

169° 44.205′ W 

75° 40.808′ N 
609 

N/A 

(not coring) 
6 AM06, center 

10 



50 
 

4.2. Methods 

Marine heat flow is determined from two parameters, i.e., geothermal gradient and thermal 

conductivity. In order to observe the two parameters, we used two different instrument sets: the 

Miniaturized Temperature Logger (MTL) by ANTARES and the DST Tilt by Star-Oddi for in-

situ geothermal gradient (Fig. 4.3; Table 4.3 and 4.4), and TK04 by TeKa for thermal 

conductivity of retrieved sediment cores. In this expedition, thermal conductivity of sediments 

is not acquired because frequent gravity coring to retrieve sediment cores is not enabled due to 

operation problem of gravity corer. Two geothermal gradient measurements at each site are 

basic scheme to raise the reliability of data.  

 

4.2.1. Geothermal gradient 

In this expedition, we adopted the MTL and the DST Tilt with the gravity corer instead of 

the heat probe (KHF-601) used previously in the ARA04C and ARA05C expedition (Jin and 

Dallimore, 2016; Jin et al., 2014). Reason for this is that combination of the MTL and the DST 

Tilt offer the benefit of time efficiency for set-up before the first measurement and maintenance 

between measurements: the MTL and the DST Tilt can measure temperature and tilt, 

respectively, and record the readings into an internal storage, therefore, all preparation before 

the measurement is only to attach them to the corer with a command of ‘run’ using a non-

contact special platform for each (Fig. 6.2). Time- and effort-consuming processes such as 

connecting between thermistors and the logger as well as wrapping all connection lines in the 

case using the KHF-601 are not necessary more. Several MTLs up to seven are placed onto the 

core barrel with intervals using the MTL supporters, and one DST Tilt with inserted into a 

housing is attached above the core weight. 

During a measurement, we spent 5 min let the corer hung in the water column at 50-100 m 

above the seafloor then pull out a cable at speed of 30-50 m/min depending on seafloor 

lithology. After penetration into the seafloor, confirmed by abrupt decrease in tension of a cable, 

we spent another 25 min. 5 min-waiting in the water column greatly helps to calibrate MLT’s 

temperature readings. 
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A 

 

B 

 
C 

 

D 

 
E 

 

F 

 
 

Figure 4.3. Photos of the MTL (A) and the DST Tilt (B) with platforms for each (C, D). And photos of 
gravity core equipped with combination of the two instruments (E, F) 
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Table 4.3. Specifications of the MTL 
Type Antares 1854 

Length 160 mm 

Weight 120 g 

Chassis Stainless steel 

Battery 3 VDC type DL1/3N (soldered) 

Maximum pressure 60 MPa 

Measuring range -5 to 50°C 

Resolution 0.001°C 

Accuracy < ±0.1°C 

Maximum operating time per battery 300,000 samples or 1 year standby 

Programmable measure intervals 1 sec till 255 min 

Starting time 
Immediately or programmable with Date and Time 

up to 30 days in advance 

Read-out type Galvanic coupling (without cable) 

 
Table 4.4. Specifications of the DST Tilt 

Sensors Tilt (3-D), temperature, pressure (depth) 

Size (diameter * length) 15 mm * 46 mm 

Weight (in air / in water) 19 g / 12 g 

Battery type 4 years for a sampling interval of 10 min 

Memory type Non-volatile EEPROM 

Memory capacity / size of one measurement (bytes) 261,564 bytes / temperature-pressure 3bytes, tilt 6 bytes 

Data resolution 12 bits 

Temperature range -1 to 40°C 

Temperature resolution 0.032°C 

Temperature accuracy ±0.1°C 

Temperature response time Time constant (63%) reached in 20 sec 

Standard depth/pressure ranges 30, 50, 100, 270, 800, 1500, 2000, 3000 m 

Depth/pressure resolution 0.03% of selected range 

Depth/pressure accuracy 
±0.4% of selected range for 30-270 m 

±0.6% of selected range for 800-3000 m 

Depth/pressure response time immediate 

Tilt resolution 0.2° 

Tilt accuracy ±3° 

Tilt range 360° 
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4.2.2. Photos during the ARA10C expedition 

  
 

Figure 4.4. (a) installation of DST-Tilt and MTL into their housing attached on the corer. Taken by Young 
Keun Jin (b) deployment of the corer on deck. Taken by Soojung An 

 

4.3. Site selection 

Sub-bottom profile acquired in the last expedition is used as a primary data for site selection 

in Araon Mound 06 to know the geothermal gradient related with the variation of seeping 

activity. The survey line of ARA09C SBP as run several times perpendicular over Araon 

Mound 06 (red line in Fig 4.2 and 4.4 inset) and its one N-S trending part (ping number 900-

1300) is chosen as a base line for ARA10C stations. This is because 1) ARA09C 09HFP (red 

star in middle of the figure) which was thought to locate inside of the mound lays on that SBP 

part, 2) ARA09C 06GVC (red square in middle of the figure; same location with ARA09C 

09HFP) where gas hydrate was obtained does, 3) ARA09C 10HFP (red square in upper side of 

the figure) which was thought to locate outside of the mound locates north of ARA09C 09HFP, 

and 4) ARA07C 13GVC (green star) where gas hydrate was also obtained locates south of 

ARA09C 09HFP. For information, gas hydrate is also obtained in the ARA10C 06GVC same 

with ARA09C 06GVC/ARA09C 09HFP. 

For comparison between inside and outside of the mound, we chose a new reference station, 

i.e., outside of the mound. Although for the same reason ARA09C 10HFP was chosen in the 

last expedition, however it seems that gas-prone sediment layer underlies ~5 meter below the 

topmost well-stratified layers. Diffused or advective fluid migration possibly alters geothermal 

gradient at ARA09C 10HFP so that non-linear, curved geothermal gradient was observed (Kim 

et al., 2019). Therefore, we try to find out a new reference station and choose the location with 

ping number 1300 of ARA09C SBP as because gas-prone sediment layer is not seen at shallow 

depth and flay-lying sedimentary layers dominate below the seafloor. According to naming 

scheme, the new reference station is called as ARA10C 01HFP.  
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The other four stations are chosen northward with the ARA10C 01HFP along the selected 

part of the SBP line. The number of heat flow stations, five, is limited by ship time allowed for 

all stations works in the gas hydrate mound area, 24 hours. Remaining four stations are evenly 

distributed to locate in mound margin (ARA10C 02HFP and -04HFP) and center (-03HFP and 

-05HFP). When considering ARA09C 09HFP, total three heat flow measurements have been 

carried out on the mound center. Visiting order to station in Sts. 04 and 05 is adjusted because 

gravity coring ought to be postponed after heat flow measurements due to insufficient number 

of nails. Center and margin of the mound is not strictly determined here: convex-up crest-like 

morphology and projected surface with an acoustic blank below are main criteria for distinction. 

Within this context, it is unfortunate not to acquire the new sub-bottom profile image along 

with the selected part of ARA09C SBP as. If so, we can have a chance to compare change in 

terms of acoustic characters between summers for consecutive 2 years and confidently notice 

where mound margin is based on area with change in acoustic characteristics (blank → not 

blank, or opposite way). 

 

 
 

Figure 4.5. Location of heat flow stations. Sub-bottom profile shows part of ARA09C SBP as line. Shot 
number is shown in the bottom horizontal axis. The part of ping number from 900 to 1300 
corresponds to a center in the image between two thick vertical lines. Vertical axes show two-
way travel time (left) and water depth (right; acoustic velocity = 1500 m/s) 
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4.4. Problems and suggestions 

We have a luck to measure in-situ geothermal gradients of seafloor sediments in the 

southwestern slope of the Chukchi Plateau, despite of limited operation of gravity corer. 

Geothermal gradient is acquired with putting a gravity corer attached with MTL and DST tilt 

vertically into the seafloor. We usually used 6 m-long barrel of the gravity corer for heat flow 

measurements so that two barrels of 3 m-long are subject to be assembled into the weight of 

the corer. Nails are essential for the assemble of the gravity corer, especially to fix the 

connection between parts. Unfortunately, we have noticed that nails are insufficient to secure 

tight connection when sailing began. Gravity coring is suspended behind heat flow 

measurements because nails should be consumed for gravity coring.  

To prevent lack of consumable parts, we should give more careful attention to prepare all 

prerequisites before beginning of the expedition. For instance, it is better for several persons 

not only to be involved in listing-up and packing items but also to check up all preparation 

works repeatedly.  

Furthermore, we should keep trying to improve instruments in terms of durability, 

maintainability, performance, and cost-effectiveness. For instance, joint-less gravity corer and 

a heat probe operated separately from a gravity corer can help us carrying out more effective 

and low-risk surveys because the present measuring method of heat flow measurements are 

significantly dependent on a gravity corer. Although it is cost-effective way to use a gravity 

corer as the frame for heat flow probe, however in this case we may face the risk where heat 

flow measurements cannot help being canceled due to problems with the corer as we almost 

experienced in this expedition.  

 

4.5. Future plan 

All data will be processed in Kangwon National University after the expedition. Analyzed 

data will be provided to Korea Polar Research Institute according to contents of the analysis 

contract between KOPRI and Young-Gyun Kim.  

We may expect that 1) there is geothermal gradient variation across Araon Mound 06, and 

2) elevated or negative geothermal gradient occur inside of the mound possibly reflecting 

spatial variation in seepage activity. We also hope to quantify seepage activity at Araon Mound 

06 using a simple modeling of flow advection through porous media.  
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ARA10C Cruise report  
 
Chapter 5. Sediment Coring 
 
D. H. Lee, Y. M. Lee, K. Park, Y. Ahn, J. Y. Choi, W. J. Choi, Y. Park, L. Tsuchiya, and  

Y. Garlitska 

 

5.1. Introduction 

5.1.1. Methane cycle in Arctic marine sediments 

Arctic marine sediments are thought to be the vast reservoirs of methane stored in methane 

hydrate and trapped beneath submerged permafrost (Fig. 5.1). These carbon pools can be 

highly sensitive to increases in temperature, leading to the extensive methane venting from the 

sedimentary environment (James et al., 2016). Actually, present-day ocean warming may be 

causing hydrate/permafrost dissociation and massive methane release in the Arctic (Shakhova 

et al., 2010a; Westbrook et al., 2009). Thus, this phenomenon may be regarded as the trigger 

for release of methane to the atmosphere, resulting in the major influence for further global 

warming. The methane cycle at Arctic marine sediments is therefore of considerable interest in 

global warming scenarios, since methane is a greenhouse gas that is > 20 times more potent 

than carbon dioxide (Wuebbles and Hayhoe, 2002; Etminan et al., 2016). 

The Arctic subsea permafrost/hydrate harbors so large active carbon pools which are 

comparable to that of terrestrial permafrost reservoirs (Shakhova et al., 2010b; James et al., 

2016). A lot of organic carbons accumulated in these layers have been used to produce methane 

under anaerobic sedimentary conditions. In this regard, microbial methane is produced by 

methanogenesis using carbon dioxide or acetate as the main substrates according to the 

following reactions (see Fig. 5.2; James et al., 2016). Furthermore, methane can also be formed 

through thermal degradation of organic matter (referred as thermogenic) occurred at the deep 

Earth layers (e.g. Schoell, 1988), and migrate towards the surface.  

 



58 
 

 
 

Figure 5.1. Schematic of various methane inventories in different geographic settings that modified from 
Mestdagh et al. (2017). Note that the estimate of the methane inventories [1] and [2] of Arctic 
regions are from James et al. (2016) 

 

A large part of the methane formed in the seafloor may be rapidly transferred into the 

overlying water column through faults and fractures of the sediments (e.g., Berndt 2005; Sarkar 

et al. 2012; Smith et al. 2014). As shown in Fig. 5.2, the migrating methane sources can be 

removed by anaerobic oxidation with seawater sulfate in sediments (e.g. Reeburgh, 2007; 

Knittel and Boetius, 2009) or in the water column where methane can be consumed by aerobic 

methanotrophic bacteria under specific nutrient and redox conditions (e.g. Steinle et al., 2015). 

Especially, the ascending methane is substantially consumed in the sulfate-methane transition 

zone (SMTZ) via AOM (anaerobic oxidation of methane), so significant concentrations of 

oxygen and methane do not coexist in most marine sediments. However, with respect to the 

phenomena of active methane efflux investigated at the Arctic, both oxidation processes 

become more dynamic by varied penetrations of electron acceptors (e.g., oxygen and sulfate) 

into the sediments.  
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Figure 5.2. Schematic of the marine methane cycle summarized from James et al. (2016) 
 

Arctic seepages have constantly received intense scientific attentions because warming in 

the Arctic is occurring at a rate ~2×faster than at lower latitudes (e.g., Graversen et al., 2008). 

Thus, it is of importance to better understand the linkages between environmental variables 

and the processes that regulate methane emissions from Arctic marine sediments into the 

atmosphere (e.g., Biastoch et al. 2011; Steinle et al. 2015). Actually, some geochemical models 

predict a high potential for gas hydrate dissociation in shallow water depths (~400 m) of Arctic 

seepage (e.g., Prins Karls Forland), considering that stable gas hydrate/permafrost may 

dissociate under ocean warmings (Hong et al., 2017). However, in relation with recent gas 

hydrate/permafrost dissociations, our knowledge regarding the methane dynamics in the 

sediment is still scarce. Hence, we focus on the biogeochemical role of methane-dominated 

settings of the Arctic where active methane release occurs into the water column.  

During the ARA10C Expedition in 2019, we thus investigated sediment cores recovered 

from active methane seepages on the continental shelf/slope of Arctic (i.e., Chukchi plateau 

and East Siberian shelf). On the basis of the geological, inorganic/organic geochemical and 

biogeochemical data collected from various materials (e.g., gas, pore water and sediments), our 

main purposes are 1) to investigate the source of gas and fluids 2) to identify microbial 

communities inhabiting seepage regions and to constrain the specific microbial groups 

involved in the AOM (using by the 16S rRNA gene sequencing and specific lipid biomarkers), 

3) to understand AOM metabolism using metagenomic and metatranscriptomic approaches, 

and fluorescent probing, and microcosm experiments, and 4) to reconstruct paleoenvironment 

and paleoceanography, and the variations of methane oxidation with respect to the glacial 

history within the sediment column in the Arctic Ocean.  
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5.1.2. Paleontology 

Marine geological records reflect changes of the climate and environment during the Earth 

history. The reconstruction of the past environmental changes gives us a clue for understanding 

the ongoing processes in the atmosphere and in the ocean. Now the Arctic draws special 

attention because of drastic climate changes observed during two last decades (Miller et al., 

2010). That’s why we study stratigraphy and paleoceanography of the Arctic Ocean for the late 

Pleistocene–Holocene time interval based on cores sediment sequence. 

The micropaleontological study includes spore and pollen analysis, ostracods (Crustacea), 

benthic and planktic foraminifera (Protista). Benthic foraminifers are sensitive environmental 

indicators. They have been widely used to describe modern as well as ancient marine 

environments in the Arctic marginal seas (Polyak et al., 2002; Wollenburg et al. 2004). 

Variations in the relative abundance of species and ecological groups of foraminifers reflect 

combination of different environmental parameters such as bioproductivity, bottom-water 

ventilation, hydrodynamic regime and sea ice conditions (Murray, 2006).  

 

5.2. Methods 

5.2.1. Coring activities and logging  

During the ARA10C Expedition, all coring sites were selected carefully via detailed multi-

beam bathymetric mapping, sub-bottom acoustic profiling systems, and multi-channel seismic 

data (Fig. 5.3). Based on these information, multiple coring was conducted to retrieve 

surface/subsurface sediments with relatively undisturbed boundary between water and 

sediment.  

 

 
 

Figure 5.3. Location map for core sampling (a) performed at Chuckchi plateau (Box 1) (b) and East 
Siberian shelf (c) during the ARA10C Expedition in 2019 
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At the Chukchi plateau and the East Siberian shelf, multiple cores (MUC) were collected 

from 16 stations for multidisciplinary studies (Fig. 5.4). The detailed information of MUC sites 

is listed in Table 5.1. The MUC was equipped with an array of eight polycarbonate coring tubes 

(80 cm length and 10.5 cm diameter). After sampling recovery, each MUC was distributed to 

the participants who will study the organic geochemistry, sedimentology, pore water 

geochemistry, microbiology, and macro/micro biology. Additionally, MUCs that were not 

processed on board were stored at 4°C for the post cruise analysis. 

 

 
 

Figure 5.4. Sediment coring activities using a) multicorer (MUC), b) gravity corer (GC) and c) box corer 
(BC) during the ARA10C Expedition in 2019 

 

During the ARA10C Expedition, the gravity coring (GC) was performed at 4 geological 

stations located in the gas hydrate mound and manganese nodule field (Table 5.1). The gravity 

corer consists of a steel coring barrel of 3 or 1 m lengths with a headstand weighing 1.0 metric 

tons. The coring barrel had an 11 cm diameter plastic liner and a teflon head with core catcher. 

The core barrel was 3 or 6 m long. Upon retrieval on deck, the presence of gas hydrate at the 

bottom of the core in the core catcher was checked prior to the pulling of the liner which was 

cut in 1.5 m long sections. Two GC (ARA10C-05GC and 07GC) were split into two halves on 

board. The one half was then subsampled for pore water geochemistry, microbiology, organic 

geochemistry, sedimentology, and micropaleontology. Photographs of another half were taken 

by camera, and then visual core description was carried out (Appendix 1). At mound structures, 

authigenic carbonates were collected by handpicking from the working half of the cores. The 

archive half of all cores and other full cores were stored at 4°C for later analysis, except for the 
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core enriched with gas hydrate. At manganese nodule field, the one core at ARA10C-06GC 

and 16GC were stored at 4°C without core opening.  

Two box cores were collected at ~200 m water depths of the East Siberian Shelf (Table 5.1 

and Fig. 5.4). The box cores were subsampled for mineralogy, pore water geochemistry, 

microbiology, organic geochemistry. After sub-sampling, the rest of the materials along distinct 

sediment layers was sieved for the collection of manganese nodules. 

 
Table 5.1. Detailed information on core stations performed during the ARA10C Expedition in 2019 

Core Longitude Latitude Water depth 
(m) 

Core length 
(cm) Remark 

ARA10C-01MUC 169° 44.1820′ W 75° 40.4574′ N 611 53   

ARA10C-03MUC 169° 44.2158′ W 75° 40.6941′ N 614 50   

ARA10C-05MUC 169° 44.1776′ W 75° 40.7866′ N 609 ND   

ARA10C-06MUC 169° 44.1624′ W 75° 40.8155′ N 606 ND   

ARA10C-08MUC 167° 40.6060′ E 73° 41.7522′ N 43 47   

ARA10C-09MUC 168° 50.1753′ E 73° 56.2577′ N 48 40   

ARA10C-10MUC 169° 49.1415′ E 74° 05.2578′ N 49 43   

ARA10C-11MUC 170° 40.8649′ E 74° 24.5348′ N 59 43   

ARA10C-12MUC 171° 50.0334′ E 74° 41.4787′ N 65 43   

ARA10C-13MUC 172° 55.0516′ E 74° 56.4942′ N 123 48   

ARA10C-14MUC 179° 58.8750′ E 77° 07.9210′ N 1351 58   

ARA10C-15MUC 176° 19.9687′ E 75° 48.0242′ N 370 51   

ARA10C-20MUC 167° 55.0994′ E 74° 28.0286′ N 55 65   

ARA10C-24MUC 171° 22.8464′ E 73° 47.3741′ N 45 64   

ARA10C-31MUC 168° 56.3052′ E 74° 17.3738′ N 52 ND   

ARA10C-36MUC 170° 44.4277′ E 73° 56.6716′ N 48 ND   

ARA10C-05GC 169° 44.1761′ W 75° 40.7867′ N 609 222   

ARA10C-06GC 169° 44.1624′ W 75° 40.8155′ N 606 ND Gas hydrate 

ARA10C-07GC 169° 44.6306′ W 75° 41.1831′ N 627 164   

ARA10C-16GC 174° 17.6171′ E 75° 18.3124′ N 203 285 Manganese nodule 

ARA10C-16BC 174° 17.6180′ E 75° 18.3124′ N 201 31 Manganese nodule 

ARA10C-41BC 176° 20.1470′ E 75° 07.7878′ N 203 32   

ND indicate not determined 
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5.2.2. Pore water sampling 

Pore water was extracted by Rhizon in whole round cores or splitcores at room temperature 

(Fig. 5.5). The sampling interval of pore water is every 20-80 cm at gravity cores and 2-10 cm 

in multi cores. Since pore water is slowly extracted by Rhizon, extraction took about 8~12 h 

for each core. Extracted pore water was collected in 25 ml acid-prewashed syringes and filtered 

by in-line 0.2-µm disposable polytetrafluoroethylene filter. Pore water aliquots were 

transferred into HCl-prewashed high-density polyethylene (HDPE) bottles (∼2-4 ml) for 

shipboard analyses, and for major/minor cations and unconventional isotopes analyses (∼2-4 

ml), for anions and cations analyses in KIGAM (1-3 ml), and dissolved organic matter analyses 

in Sejong University (DOM; ∼1-15 ml) during the post cruise. Additional subsamples were 

collected in 2 ml septum screw-lid glass vials for characterization of the δD and δ18O, and of 

δ13C during the post cruise. Samples for major and minor ions were acidified with 20 μl 

ultrapure grade HNO3 and samples for DIC were treated with 50 μl HgCl2 at room temperature.  

Pore water samples were analyzed for refractive index with automatic portable 

refractometer immediately after pore water extraction. The refractive index was converted to 

salinity based on repeated analyses of International Association of Physical Sciences of the 

Oceans (IAPSO) standard seawater (reference value: 34.99‰). Chlorinity (Cl-) and alkalinity 

will be analyzed by titration using 0.1N AgNO3 and 0.02N HCl, respectively, on laboratory. 

Pore water samples for shipboard analyses, major and minor ions and isotope compositions 

were stored about 4 oC in refrigerator while DOM samples were stored in the freezer (-20°C) 

until analysis (within 1 month from sampling).  

 

 
 

Figure 5.5. Pore water extraction using Rhizon sampler 
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5.2.3. Gas hydrate sampling 

Dissociated gas hydrate (GH) water sampling was conducted on board the IBRV Araon 

immediately after retrieving GH samples (without freezing them). GH aggregates were sub-

sampled from split a gravity core (ARA10C-06GC) (Fig. 5.6). Each sub-sampled GH was split 

into several pieces and was placed in 50 ml plastic centrifuge tubes. For minimizing the 

dissociation of gas hydrates, gas hydrate in edge parts of core liner was firstly sampled on the 

deck by using liquid nitrogen immediately after cutting gravity core liner. The remained gas 

hydrates in core liner were sampled after cutting in geology laboratory (Fig. 5.6). After 

stabilization of gas hydrate in liquid nitrogen, the gas hydrate parts were picked to exclude 

sediment parts. As shown in Fig. 5.6, the picked gas hydrates were stored in dry shipper which 

was filled with liquid nitrogen to transport the gas hydrate samples into UNIST. 

 

 
 

Figure 5.6. Various sizes of gas hydrate samples retrieved from gravity core (ARA10C-06GC) 
 

5.2.4. Gas sampling 

Sediments of 10 ml for headspace gas (HS) were sampled with ~80 cm intervals for each 

split gravity core sample using a tip-cut 3 ml plastic syringe (Fig. 5.7). The sediments were put 

in glass vial (20 ml) with mixed solution of saturated salt water of 9.7 ml and 50% 

benzalkonium chloride aqueous solution of 0.3 ml. Each vial was capped with a rubber septum 

and sealed with an aluminum cap, and then the headspace filled with air was replaced by helium. 

In the East Siberian Sea, we used two methods for collecting the HS gas. One is the same 

method above and the other is following method. Bulk sediments (3 ml) were sampled from 

the bottom of core with a 5 ml cut-off plastic syringe. The sediments were extruded into 20 ml 

headspace glass vials filled with 2 ml of saturated NaCl solution, and then the vials were 

immediately capped with rubber septa and sealed with aluminum caps. 3 ml sediments for 

measurements of water content in sediment were sampled from the same depths as the 

headspace gas sampling. Wet sediments were stored in pre-weighed glass vial (5 ml). Void 
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gases (VG) were collected by a gas-tight 60 ml syringe through hole punched on core liner. 

The void gases were injected into 60 ml glass vial filled with saturated NaCl solution (Fig. 5.7). 

Dissociation gases of gas hydrates (BG) were sampled from hydrate-bearing sediments 

recovered from Sites ARA10C-ST06 using a GC. Gases released from small pieces of gas 

hydrate in a 60 ml plastic gas-tight syringe were injected into 5 ml glass vial filled with helium. 

 

 
 

Figure 5.7. Headspace gas (left) and void gas (right) sampling in core liners 
 

5.2.5. Authigenic carbonate sampling 

Authigenic carbonates were observed at the split gravity cores, Sites ARA10C-05GC, 

ARA10C-07GC. They were handpicked and stored at plastic bag for the post cruise analyses. 

 

5.2.6. Sampling for microbial diversity analysis, microcosm experiments, and cultivation 

Sediments samples obtained using gravity core, multi core, and box core from the Chukchi 

and East Siberian Sea were sub-sampled at 1 cm to 40 cm intervals (Table 5.2). Sub-samples 

were divided and preserved for further analyses as follows; All samples were preserved at -

80°C for the microbial community (bacteria and archaea) analysis and samples (~ 0.3g) for 

cultivation or single cell genomics were preserved in 20% glycerol at -80°C. For the bacterial 

and archaeal community analysis, total genomic DNA will be extracted and 16S rRNA gene 

sequences will be amplified using barcoded bacterial and archaeal primers, respectively. Then, 

sequencing of 16S rDNA amplicons will be carried out using MiSeq (Illumina) and the 

microbial diversity will be analyzed. SMTZ samples of ARA10C-ST5-GC03 and ARA10C-

ST20-MUC02 showing high methane concentration were preserved in the Life Guard for RNA 

protection at room temperature. Based on the microbial community and environmental factors 
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data, the samples harboring methanotrophic signatures will be selected for further 

metagenomics and metatranscriptomic analysis. In addition, to understand the relationship 

between methanotrophic archaea and sulfate-reducing bacteria, samples obtained from 

ARA10C-ST24-MUC02 (the site that methane concentration in the water column was up to 

300 nM in ARA09C) were fixed with 4% formaldehyde for 2-3 h at 4°C, washed twice with 

PBS, and stored in PBS/EtOH (1:1) at -20°C for fluorescence in situ hybridization (FISH). The 

sulfate-methane reduction zone (SMTZ) samples from the gravity core (ARA10C-05GC03) 

split on board in the Chukchi Sea were stored at -80°C under anaerobic condition for the 

microcosm experiment quantifying the oxidized methane by adding 13C-labelled methane. 

 
Table 5.2. List of samples collected for microbial analysis from Chukchi and East Siberian Sea 

Core ID No. of samples Site Core type 

ARA10C-05GC 9 
Chukchi Sea Gravity core 

ARA10C-07GC 5 

ARA10C-08MUC 23 

East Siberian Sea Multi core 

ARA10C10-MUC 20 

ARA10C-12MUC 20 

ARA10C-14-MUC 22 

ARA10C-15MUC 20 

ARA10C-20MUC 20 

ARA10C-24MUC 20 

ARA10C-16BC 10 
East Siberian Sea Box core 

ARA10C-41BC 7 

 
 

5.2.7. Lipid biomarker 

To analyze the methane related-microbial lipids, one gravity core and nine multi cores were 

collected. Core sediments were subsampled by 40 cm intervals and stored at -20°C until lipid 

analysis (Table 5. 3). 
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Table 5.3. Information of core sample list for microbial lipid biomarker analysis 

Core Longitude Latitude Water depth (m) Core length (cm) Remark 

ARA10C-08MUC 167° 40.6060′ E 73° 41.7522′ N 43 47  

ARA10C-09MUC 168° 50.1753′ E 73° 56.2577′ N 48 40  

ARA10C-10MUC 169° 49.1415′ E 74° 05.2578′ N 49 43  

ARA10C-11MUC 170° 40.8649′ E 74° 24.5348′ N 59 43  

ARA10C-12MUC 171° 50.0334′ E 74° 41.4787′ N 65 43  

ARA10C-13MUC 172° 55.0516′ E 74° 56.4942′ N 123 48  

ARA10C-14MUC 179° 58.8750′ E 77° 07.9210′ N 1351 58  

ARA10C-15MUC 176° 19.9687′ E 75° 48.0242′ N 370 51  

ARA10C-20MUC 167° 55.0994′ E 74° 28.0286′ N 55 65  

ARA10C-24MUC 171° 22.8464′ E 73° 47.3741′ N 45 64  

ARA10C-05GC 169° 44.1761′ W 75° 40.7867′ N 609 222  

ARA10C-07GC 169° 44.6306′ W 75° 41.1831′ N 627 164  

ARA10C-16BC 174° 17.6180′ E 75° 18.3124′ N 201 31 Manganese nodule 

ARA10C-41BC 176° 20.1470′ E 75° 07.7878′ N 203 32  

 

5.2.8. Paleontology 

The advantage of MUC is the extraction of undisturbed sediment up to 60 cm long with the 

bottom water layer from the sea floor. The upper 2-3 cm soft silt is protected (Fig. 5.8). It is 

especially important for areas with the low sedimentation rates. Marine sediments from the 

Chukchi and the East Siberian Seas from 10 stations (water depth range from 40 to 1316 m) 

were retrieved by MC and sampled on board.  

The half of the MUC tube of the upper 8 cm was taken for the investigation of the vertical 

distribution of the modern meiofauna (see Chapter 8. Biological study). The other half of the 

sequence and its main part was sampled for paleontological studies (spore and pollen, ostracods, 

foraminifera). Core was sliced every 1 cm. continuously for every 20 cm, then every 2 cm per 

5 cm interval. On the deep-water stations (ARA10C-01MUC, 14MUC and 15MUC) the 

interval of continuously sampling was longer. All samples were put in big zip-lock bags and 

stored by -20°C to avoid dissolution of carbonates (Fig. 5.8). 
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Figure 5.8. Sediment sampling via multicorer (a) and subsampling process (b) during ARA10C expedition 
 

5.3. Results 

5.3.1. Observations of open cores 

Three gravity cores (ARA10C-05GC, 06GC, and 07GC) collected from the Chukchi 

plateau were split on board while one core ARA10C-16GC from the East Siberian margin was 

kept intact. Core ARA10C-06GC was collected from the mound at 606 m water depth. Plenty 

of gas hydrate material were subsampled and stored into liquid nitrogen. The other cores 

ARA10C-05GC and 07GC were subsampled for pore water geochemistry, microbiology, 

organic geochemistry, sedimentology, and micropaleontological investigations and the other 

half was served as the archive half. Based on visual description (Appendix 1), two cores 

generally have massive and thick gray mud together with an intermittent occurrence of sandy 

layer or patch and large (cm-scale) IRD (ice-rafted debris).  

 

5.3.2. Pore water chemistry 

A total of 48 pore water samples (12 samples for 2 GC and 36 samples from 6 MUC) from 

the mound (Box 1 in Fig. 5.3) and East Siberian Sea (Box 2 in Fig. 5.3).  during the ARA10C 

Expedition (Table 5.1). After cruise, many inorganic and organic geochemical analyses will be 

performed in the laboratory. In brief, the major cation and anions will be analyzed in KIGAM. 

Among them, the sulfate, sodium, potassium, calcium and magnesium ions will be determined 

by using the ion chromatograph (IC). Since alkalinity and the concentration of chloride ion will 

be also analyzed in KIGAM. In addition, trace elements will be analyzed by ICP-OES and 

inductively coupled plasma mass spectrometry (ICP-MS), which is led by KIGAM. To know 
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the origin of pore water, a laser absorption spectrometer will be used in KIGAM for 

simultaneous D/H and 18O /16O ratios measurements during the post cruise. The results will 

be presented in per mil delta notations (δD and δ18O) relative to Vienna Standard Mean Ocean 

Water (VSMOW) from the International Atomic Energy Agency (IAEA). The 87Sr/86Sr ratio 

will be also analyzed by a Neptune MC-ICP-MS (Thermo Finnigan, Bremen, Germany) in 

KIGAM. Dissolved organic carbon (DOC) concentration, optical properties (absorption and 

fluorescence) and DOC size fractions will be analyzed in the Sejong University. 

 

5.3.3. Gas chemistry 

43 HS samples, 2 VG samples and 2 BG samples were collected during the ARA10C 

Expedition. During the post cruise, molecular and isotopic compositions of the gases sampled 

during this cruise will be analyzed in KIGAM to elucidate the origin of gas in study sites. The 

molecular compositions (C1-C6, CO2) will be measured by a gas chromatograph (GC) with 

flame ionization (FID) and thermal conductivity detectors (TCD). The isotope composition 

(δ13CCH4, δ13CC2H6, δ13CCO2, δDCH4, δDC2H6) will be analyzed by an isotope ratio 

mass spectrometer. In addition, HS samples collected at the East Siberian Sea will be analyzed 

by an Agilent Technologies 7890A GC with FID and TCD in KIGAM to analyze the 

hydrocarbon composition (C1-C6) and CO2, following the procedure described by Pimmel and 

Claypool (2001). The wet sediments will be dried and weighed to measure water content of the 

sediments during the post cruise. 

 

5.3.4. Hydrate sampling for crystallography  

Gas hydrates samples from Araon mound 6 (AM6) were collected during the ARA10C 

expedition. These gas hydrate samples will be transferred to UNIST using a dry shipper to 

conduct thermodynamic and crystallographic analyses. The phase equilibria and guest 

composition of natural gas hydrates will be measured with high pressure reactor and gas 

chromatography. In addition, the exact structure information which include type, lattice 

parameter, cage occupancy and weight fraction will be analyzed with 13C nuclear magnetic 

resonance spectroscopy and Powdered X-ray diffractometer. Because the dissociation enthalpy 

of gas hydrate is a crucial factor to estimating the amount of heat required for gas hydrate 

formation and dissociation, the dissociation enthalpy of gas hydrate in arctic sea will be 

measured using a high pressure micro-differential scanning calorimeter. 
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5.3.5. Authigenic carbonate  

A total of 4 authigenic carbonates were collected during the ARA10C Expedition. During 

the post cruise, the authigenic carbonates will be decomposed to carbon dioxide using 

phosphoric acid. The isotopic ratio of carbon dioxide (δ13CCO2) will be measured to reveal 

the relationship of origin between the authigenic carbonates and methane in the study areas 

using an isotope ratio mass spectrometer in Hanyang University. 

 

5.3.6. Lipid biomarker 

The biomarker analysis will be performed to reveal methane-related microbial communities 

under varied methane fluxes. Especially, specific molecular signatures will be used to identify 

different types of methanotrophs. 

Sediment and authigenic carbonate samples will be used for methane-related microbial 

lipids (alkanes, isoprenoid DGDs, Sterols, fatty acids and GDGTs), and extracted with an 

automatic Accelerated solvent Extractor (ASE, DIONEX) using an organic solvent mixture 

dichloromethane (DCM): methanol (MeOH) (9:1, v:v) at 1500 psi and 100°C conditions. 

Extracted lipids will be separated into two fractions (apolar and polar fractions, respectively). 

The one aliquot of polar fractions is silylated with 25 μl N,O-bis (trimethylsilyl) 

trifluoroacetamide (BSTFA) and 25 μl pyridine before being heated at 60°C for 20 min to form 

trimethylsilyl derivatives. The other aliquot of polar fractions reacted with 500 μL 14% BF3 in 

MeOH at 60°C for 10 min to yield FA methyl esters. The last aliquot of polar fractions will be 

re-dissolved by sonication (5 min) in hexane:isopropanol (99:1, v:v) and then filtered with a 

0.45 μm PTFE filter. All apolar and polar fractions will be analyzed using a Shimazu GC 

(Shimazu Corporation, Kyoto, Japan) equipped with a splitless injector and a flame ionization 

detector for compound quantification. Additionally, GDGT fractions will be analyzed using 

liquid chromatography-mass spectrometry (LC- -MS, Agilent). The carbon isotopic 

compositions of all lipid compounds will be analyzed from Hanyang University, Korea. 

 

5.3.7. Manganese nodule 

Manganese nodules, also known as polymetallic nodules, contain precious elements and 

useful minerals in high contents and are regarded as one of the most important future mineral 

resources. They occur throughout the world oceans, but economically feasible deposits show 

limited distribution only in several deep-sea basins such as Clarion-Clipperton Fracture Zone 
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in northeast equatorial Pacific. Manganese nodules are spherical to oblate in shape with 

concentric internal growth rims. Their size ranges from less than 1 cm in diameter up to 10 cm 

or more. 

The formation of manganese nodules is influenced by various factors including presence 

of nuclei, proximity of element sources and sedimentation rates. Among them, the sediment 

accumulation rate is a critical factor affecting nodule abundance on the seafloor. Areas of low 

sedimentation rate as deep-sea abyssal plains are favorable for accumulation of nodules. 

Manganese nodules are thought to form in three ways; hydrogenetically, precipitation directly 

from sea water, diagenetically, precipitating in sediments on the sea floor, and hydrothermally, 

precipitating from nearby hydrothermal fluids. 

Manganese nodules have been reported from dredge samples in 2012, 2016 and 2018 Arctic 

Expeditions. During the ARA10C expedition, we found manganese nodules in study area, 

using rock dredge and box core at station ARA10C-ST15, -ST40, -ST41 and ST42. After 

deploying the systems, Araon maintained slow forward speed at around 1 knot. Several pieces 

of manganese nodules were collected from rock dredge. At ST15 where deeper than 2018 

expedition, manganese nodules were not retrieved. Manganese nodules were separated from 

sediments using 2 mm sieve. At ST40 and ST41 with same depth of 2018 expedition, 

manganese nodules were not found by rock dredge. But at ST42, east side of previous 

expedition, 36 manganese nodules were retrieved using rock dredge (Table 5.4). The 

characteristics of manganese nodules obtained at ST42 were different with those that obtained 

from previous expedition; their diameter was 0.5 cm to 10 cm long and their shape was tabular 

to irregular, some were coated in rock (Fig 5.9).  

To determine the distributions of manganese nodules, we tried box coring at ARA10C-

ST16, -ST41. At ST16, 31 cm long sediment core was collected and 70 manganese nodules 

were obtained (Table 5.4). Sediment core was divided to 3 layers: Brown layer, olive layer and 

their boundary. Manganese nodules were only found in the brown layer with high manganese 

content. The characteristic of manganese nodules found by core samples (ARA10C-ST16-

BC02) was similar to previous ones (ARA09C expedition); diameter 0.1 cm to 3 cm, spherical 

to irregular shape (Fig 5.9). At ST41, 35 cm long sediment core was collected and 9 manganese 

nodules were obtained (Table 5.4). The characteristic of sediment core was similar to that from 

ST16. The size of manganese nodules found by Box core in ST41 was smaller than ST16 

(diameter 0.1 cm to 0.7 cm), the shape was irregular.  
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Figure 5.9. Sampling of manganese nodules in ST16 and ST42. a) Manganese nodules taken by Box Core 
in ST16, b) manganese nodules taken by rock dredge in ST42 

 

We will delineate the origin of manganese nodules by optical and geochemical analyses, 

and find out its origin and environmental meaning in the study area. We will also investigate a 

correlation between the depth of the sediments and the size of manganese nodules in order to 

elucidate the mechanism of their formation, especially, the source of manganese. 
 
Table 5.4. Summarized sample information in manganese nodule sites  

Sampling type Site Sample numbers (ea) Remark 

Rock Dredge ARA10C-ST42 36  

Box Core 
ARA10C-16BC 70  

ARA10C-41BC 9  

 

5.3.8. Mineralogy 

To investigate the mineralogical properties of sediments in the Arctic (Chukchi plateau and 

East Siberian shelf), total 28 samples were collected from the working core of gravity cores 

(GC) during the ARA10C Expedition (Table 5.2). The sampling interval was every 10 cm in 

GC. These core samples were stored in -20°C. They will be transported to the laboratory of 

Gyeongsang National University (GNU) and will be analyzed for mineralogical 

characterizations. 

To investigate the characteristic of sediments where manganese nodules were detected, BC 

were performed in ARA10C-ST16, -ST41 and GC were performed in ARA10C-ST16. The 

collected core samples were transported to the laboratory of GNU and will be analyzed at the 

laboratory of GNU. 
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During the post cruise, we will analyze the bulk mineral composition of sediments. Bulk 

sediment will be then separated into fine and coarse fraction at the laboratory of GNU. XRD 

will be performed using the fine-sediment fraction to identify clay mineral compositions and 

to estimate semi-quantitative abundance of clay minerals at GNU. We will find the provenance 

of sediments using bulk and clay mineralogy. In addition, grain size will be determined by 

SEDIGRAPH and chemical properties of sediment will be analyzed by XRF. 

 
Table 5.5. Summarized sample information for the mineralogical study 

Core Type Site Sample number (ea) Remark 

Gravity Core 
ARA10C-ST05 24  
ARA10C-ST06 4  
ARA10C-ST16 - Whole core 

Box Core 
ARA10C-ST16 - Whole core 
ARA10C-ST41 - Whole core 

 

5.3.9. Paleontology 

Using MUC 223 samples were obtained for paleontological analysis during the ARA10C 

expedition from 10 stations (Table 5.6). They were stored in the freezer for the future laboratory 

work. The MC gives an opportunity to study undisturbed sediment sequences and carry out 

high-resolution paleoreconstructions of Holocene and Late Pleistocene time interval for the 

high Arctic region. The samples will be processed at Institute of Oceanology RAS. 

 
Table 5.6. Material for the micropaleontological investigation 

No. Site Sample number (ea) Remark 

1 ARA10C-01MUC 50  

2 ARA10C-03MUC 8  

3 ARA10C-08MUC 22  

4 ARA10C-10MUC 22  

5 ARA10C-11MUC 8  

6 ARA10C-12MUC 8  

7 ARA10C-13MUC 26  

8 ARA10C-14MUC 39  

9 ARA10C-15MUC 36  

10 ARA10C-36MUC 4  

 Total amount of samples: 223  
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5.4. Appendix 

5.4.1. Appendix 1: photos of GC sediments opened onboard 
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5.4.2. Appendix 1: photos of BC sediments opened onboard 
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ARA10C Cruise report  
 
Chapter 6. Water Column Study 
 
T. S. Rhee, M. S. Kim, S. B. Kim, Y. M. Lee, and D. H. Lee 

 

6.1. Introduction 

The Arctic Environment represents as an indicator of the current global climate change 

(Abelson, 1989). Sea ice extent in the Arctic Ocean is one of them showing the dramatic shrink 

occurring since the last decades (Serreze et al., 2007). Several lines of evidence suggest input 

of warm air masses from the mid-latitudes and/or of the warm surface waters from the Pacific 

Ocean through the Bering Strait. A number of models predict disappearance of the Arctic sea 

ice before the year 2040 driven by the positive feedback of sea ice Albedo and radiative heating 

of the surface seawater. 

Warming the Arctic surface ocean not only leads to the declining of the sea ice extent but 

also triggers melting gas hydrate stored in the Arctic Sea floor of the continental shelf areas. It 

has been long suspected that tremendous amounts of gas hydrate stored in the world along the 

coastal area and among them about 10 % are stored in the Arctic (Kerr, 2010). Until now no 

evidence provides enhancement of melting gas hydrate in the Arctic Ocean. However, it has 

been reported that significant amount of CH4 seeps off in the coastal region of the East Siberian 

Sea and Latif Sea (Shakhova et al., 2010). Several papers mentioned that about 1 Tg of CH4 is 

released to the atmosphere in the Arctic Ocean every year (Kort et al., 2012). 

During the ARA10C expedition, we revisited the gas hydrate mounds in the west of the 

Chukchi plateau and the continental shelf located in the northeast of the East Siberian Sea 

which are the same area visited in the third expedition. Major issues behind the revisit are to 

understand the behavior of gas hydrate in the sediment, to estimate the CH4 fluxes from the 

sediment through the water column to the atmosphere and to investigate the source of the plume 

of high CH4. In this cruise, we particularly focused on the CH4 fluxes in the East Siberian Sea 

as we found huge CH4 concentrations in the water column. The CH4 in the ambient air and the 

surface water were quantitatively measured along the ship track. In addition, other various trace 

gases were monitored as proxy tracers of CH4 or seepage of gas hydrate.  

In addition to observation of the CH4, we investigated microbial function to the variation 

of CH4 in the water column and sediment. The responsible archaeal groups, ANME-2a/b, 
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ANME-2d, for oxidation of methane from the thawing submarine permafrost in the sediments 

of the Laptev Sea has been identified.  However, in spite of the high concentration of biogenic 

methane in the East Siberian Sea, the microbial communities and functions involved in 

methane production and/or oxidation have not been investigated in the East Siberian Sea. Based 

on these backgrounds, we aim to investigate 1) the presence of the microbial groups involved 

in the methane production and/or oxidation of the East Siberian Sea and relationship between 

these microbial groups and environmental factors, 2) the metabolism of microbial methane 

production and/or oxidation using metagenomic approach. 

 

6.2. Methods 

6.2.1. Physical properties 

A CTD (SBE 911plus)/Rosette hydrographic system onboard R/V Araon was casted to log 

vertical profiles of physical, chemical, and optical properties along the depth. Attached sensors 

are listed in Table 6.1. Signals from these sensors were transferred on-line to the computer 

storage and visualized in situ. While rolled up, 10-L Niskin bottles that were positioned around 

the rosette were fired at the given depths to collect seawater for further biological and 

geochemical analysis (Fig. 6.1).  

A 300 kHz RDI lowered Acoustic Doppler Current Profiler (LADCP) was mounted on the 

CTD/Rosette frame to measure a full-depth profile of current velocities. Using the conventional 

“shear method” for processing (e.g., Fischer and Visbeck, 1993), overlapping profiles of 

vertical shear of horizontal velocity were averaged and gridded to form a full-depth shear 

profile. The bin size was chosen as 5 m and the number of bins was 20. Data analysis will be 

done on shore. 

 
Table 6.1 CTD/Ro system 

Instrument Model Serial Number 
Main housing SBE 9P  61315-1008 
Thermometer SBE3P 4995, 5111 
Conductometer SBE4C 3586, 3587 
DO meter SBE43 1614 
Fluorometer Wet Lab  FLRTD-2020 
Transmissometer Wet Lab C-Star  CST-1227DR 
PAR PAR-Log ICSW 1023 
Altimeter Teledyne Benthos PSA-916 
LADCP   
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Figure 6.1. Vertical profiles of temperature (blue), salinity (red), fluorescence (green), and dissolved oxygen 
(violet) gained from CTD/Rosette instruments. Horizontal lines represent the depths where 
Niskin bottles were fired 

 

6.2.2. Methane and carbon dioxide 

Seawater samples for dissolved gas analyses were collected at 39 stations during the 

expedition. Approximately 200 mL of seawater was subsampled in a specially designed glass 

jar from the Niskin bottles mounted in the CTD/Rosette. Care was exercised not to contain any 

small bubbles in the jar. In the laboratory 50 mL of ultrapure (99.9999 %) nitrogen gas was 

injected into the glass jars with an air-tight syringe (SBE) to make headspace. After shaking 

them up the glass jars immersed in an isothermal water bath (20°C) to reach thermal 

equilibrium of the dissolved gases between the seawater and the air in the headspace. In an 

hour, the air in the headspace was collected using an air-tight syringe and injected into a gas 

chromatographic system equipped with a flame ionization detector (FID; for CO2 and CH4 

measurements) and an electron capture detector (ECD; for N2O measurements) to quantify the 

amount dissolved gases.  Electric signals from the GC were converted to peak area or peak 

height and then calibrated with a series of standard gases which were adjusted to the NOAA 

scale. This GC system was used on dual purpose of underway measurement and discrete sample 

analysis. For underway measurement a Weiss-type equilibrator was installed to make dynamic 

equilibration between the headspace and the seawater flowing in. Clean seawater pumping 
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system onboard supplies seawater to the laboratory, which was delivered to the equilibrator at 

~20 L/min. The headspace air in the equilibrator was withdrawn into the gas chromatographic 

system to analyze dissolved gases. Every single analyses of the dissolved and atmospheric air 

were calibrated with a series of standard gases onboard on hourly basis.    

During this cruise, we deployed a complementary system for underway measurements of 

CH4 and CO2. The system includes a cavity ring-down spectroscope (Picrro G2301-f). 

Differing from the gas chromatographic system this instrument can measure CH4 and CO2 

every second in close loop allowing us to resolve the dissolved gas concentrations in few tens 

of meters. Uncontaminated clean seawater was pumped into an equilibration system (2 L) that 

was composed of two equilibrators whose headspaces were connected.  

Dissolved and atmospheric pCO2 were monitored underway using a commercially 

available automated flowing pCO2 measuring system equipped with a non-dispersive infra-red 

detector. This system can measure dissolved pCO2 every minute using a close-loop 

equilibration system.  

 

6.2.3. Dissolved oxygen and productivity 

Aforementioned a dissolved oxygen sensor was equipped in the CTD/Rosette and needs to 

be calibrated. Thus, we collected seawater samples in various depths and they were analyzed 

by amperometric technique. Seawater was subsampled in a ~120 mL glass jar after flushing 

with sufficient amount of seawater to avoid a potential influence of trapping the laboratory air. 

The dissolved O2 was fixed by adding MnCl2 and Alkaline iodide immediately after collection. 

The blanks in the chemicals were measured and the amperometer water calibrated with the 

known concentration of KIO3. 

The dissolved O2 concentration in the surface water delivered into the laboratory were 

monitored using a commercially available optic sensor, Optode (Aanderra). This sensor was 

also calibrated with the same amperometric technique used for the sensor in the CTD. 

 

6.2.4. Microbiology 

About 10L of seawater samples were collected using Niskin bottles according to the depth 

profile of the water column (Table 6.2.). Ten or 50 liters of seawater were filtered through 3.0-

µm cellulose acetate membranes and then the filtrate was filtered again through 0.2-µm 

polyethersulfone membranes. The membranes were stored at –80°C for further analysis.  
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Table 6.2 List of samples collected for microbial analysis in the East Siberian Sea 

Sample ID No. of samples Depth (m) 

ARA10C-St8-CTD01 4 0, 20, 30, 37 

ARA10C-St10-CTD01 5 0, 10, 25, 35, 45 

ARA10C-St12-CTD01 4 0, 25, 40, 63 

ARA10C-St14-CTD01 6 0, 40, 95, 360 

ARA10C-St15-CTD01 5 0, 20, 70, 270, 360 

ARA10C-St16-CTD01 5 0, 30, 45, 65, 193 

ARA10C-St20-CTD01 4 0, 20, 35, 47 

ARA10C-St24- CTD01 4 0, 20, 35, 39 

ARA10C-St36- CTD01 3 0, 20*, 43* 

* ~50 L of seawater was filtered. 

 

6.2.5. Geochemistry  

Seawater sampling for stable isotope study was carried out at 10 stations during the 

ARA10C expedition in 2019. Seawater samples were collected from 4 to 6 depths (from 

surface to bottom layer) using a CTD/rosette sampler holding 10 L Niskin bottles (OceanTest 

Equipment Inc., FL, USA) (Table 6.3). Subsamples (about 20 L) were taken directly from the 

Niskin bottle through silicon tubing. To analyze methane isotopic compositions (δ13CCH4 and 

δDCH4) in seawater, samples were collected directly from Niskin bottles. After then, the 

collected seawater (~ 500 mL) were filtered through GF/F Whatman filters (0.45 μm pore size, 

47 mm diameter) to measure anions, cations and stable oxygen isotopic values in water 

(δ18OH2O and δDH20). Filtered seawater was then transferred to 2 mL glass vial, and stored 

at 4 °C. For the analysis of lipid compositions in the particle organic matter (POM), seawater 

samples were transferred to 6 L polycarbonate carboy. These samples were filtered onto GF/F 

Whatman filters (0.45 μm pore size, 47 mm diameter). Filtered-POM samples immediately 

frozen at – 80 °C.  
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Table 6.3 List of seawater samples collected for isotope analysis in the East Siberian Sea 
Sample ID Water depth (m) No. of samples Sampling depth (m) Remark 

ARA10C-CTD-ST08 41 4 0, 20, 30, 37  

ARA10C-CTD-ST09 44 4 0, 20, 35, 41  

ARA10C-CTD-ST10 49 5 0, 10, 25, 35, 45  

ARA10C-CTD-ST11 59 6 0, 10, 20, 30, 40, 53  

ARA10C-CTD-ST12 65 6 0, 10, 25, 40, 50, 63  

ARA10C-CTD-ST14 1350 6 0, 40, 95, 360, 600, 1335  

ARA10C-CTD-ST15 368 5 0, 20, 70, 270, 364  

ARA10C-CTD-ST16 197 5 0, 30, 45, 65, 193  

ARA10C-CTD-ST20 52 4 0, 20, 35, 47  

ARA10C-CTD-ST24 44 4 0, 20, 35, 39   

 

6.3. Results 

6.3.1. Physical properties of water masses 

CTD/Rosette was casted at 39 stations overall, among them 8 stations were occupied in 

Chukchi Sea and the rest of them in East Siberian Sea (Fig. 6.2).  Physical properties of the 

seawater in Chukchi Sea show typical vertical profiles (Fig. 6.1) driven by incoming Pacific 

 

 
 

Figure 6.2. Cruise track and CTD/Rosette casting stations during the ARA10C 
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waters through the Bering Strait and the Atlantic waters through Fram Strait and Barents Sea. 

From the surface, they are named by Surface Mixed Layer Waters (SMLW), Pacific Summer 

Waters (PSW), Pacific Winter Waters (PWW), Atlantic Deep Waters (ADW), and Arctic 

Bottom Waters (ABW) (Woodgate et al., 2005). These water masses places in a specific 

temperature and salinity space highlighting their origin and roles in the Arctic ventilation as 

shown in Fig. 6.3. SMLW is characterized by low salinity due to melting sea ice and inflow of 

the freshwater from the continental rivers surrounding the Arctic. In particular, Eurasian and 

Russian rivers deliver significant amount (~0.1 Sv) to the East Arctic Ocean. This is evident in 

our observations showing far fresher surface waters in East Siberia Sea than in Chukchi Sea. 

In addition, melting large amount of sea ice in the East Siberian Sea disclosed the freshening 

as well as the warming of the surface waters. Pacific Summer Water contains lesser salt than 

Pacific Winter Water both of which comes from the same geographical areas of Bering Sea 

attributing to the river runoff in summer season from the North America. ADW and ABW 

positioned around 500 m deep and bottom, respectively, during the cruise. Well-known high 

temperature in water column, ADW delivers heat to the Arctic. ABW were detected at the  

 

 
 

Figure 6.3. Temperature-Salinity diagram displaying water masses encountered during the expedition 
 

station 14 only where CTD was casted down to deeper than 1300 m.  

Physical properties of seawater in East Siberian Sea differ from that in Chukchi Sea in that 

salinity and temperature were relatively lower at the same depth. Water masses of high salinity 

and low temperature similar to that of PWW distribute in the bottom while low salinity and 
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high temperature were observed in the surface mixed layer due probably to the radiative heating 

and sea ice melt. 

 
6.3.2. Methane and carbon dioxide 

The cruise track of the expedition is composed of the multichannel seismic survey lines 

and extensive observations in the High Seas (HS) of the East Siberian Sea. Leaving Barrow, 

Alaska, in the United States, R/V Araon headed for the gas hydrate mounds (GHM) located 

over the west of the Chukchi Rise to investigate the impact of gas hydrates buried in the 

sediment. Survey of the surface seawater in dissolved CH4 did not show a surprisingly high 

content at all even where gas hydrate was found in the sediment at the mounds. This is the 

same situation we met in 2018. We occupied 3 hydrographic stations in the area of GHM (Fig. 

6.2). A preliminary vertical profile of CH4 in GHM are not specifically different from that at 

the control site, station 14, located in the deep basin north to the East Siberian Sea. Upon 

entering HS of the East Siberian Sea, surface CH4 concentrations went up from the range of 2 

ppm up to near 17 ppm observed near the station 25 on the basis of the preliminary results. The 

HS region appears to be divided into southwest shallow area and northeast deep area based on 

the surface CH4 concentration; high concentrations in shallow area and low concentrations in 

deep area. This points to the shallow continental shelf as CH4 source in that region. 

Like dissolved CH4 concentration, pCO2 in the surface water was almost constant at ~370 

uatm in Chukchi Sea while it dropped down to near ~200 uatm approaching the East Siberian 

Sea where pCO2 was not homogeneous but varied up to 150 ppm and sometimes 

supersaturated with respect to the atmospheric pCO2. The variability of spatial distribution 

between CH4 and CO2 were mirrored in Eat Siberian Sea suggesting common processes may 

be going on the surface waters or the entire water columns that governs dissolved CH4 and 

pCO2. 

 
6.3.3. Dissolved oxygen 

We collected 39 seawater samples at 8 hydrographic stations to calibrate the dissolved 

oxygen sensors of SBE43 and Optode. The amperometric analyzer was calibrated several times 

onboard. As shown in Fig. 6.4, the oxygen sensor on the CTD was a bit low-biased based on 

the preliminary results. We are under investigation what cause these differences between the 

sensor and discrete sample analyses. 
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Figure 6.4. Comparison of dissolved oxygen concentrations measured by a sensor on the CTD (black line) 
and by amperometric technique (red dot) 

 

6.3.4. Microbial composition and metagenome analysis 

For the bacterial and archaeal community analysis, total genomic DNA will be extracted 

and 16S rRNA gene sequences will be amplified using barcoded bacterial and archaeal primers, 

respectively. Then, sequencing of 16S rDNA amplicons will be carried out using MiSeq 

(Illumina) and the microbial community and diversity will be analyzed according to the 
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environmental factors. In addition, alpha- and beta- diversity will be calculated and compared 

to understand the key players in the methane production and oxidization and the factors shaping 

the microbial community within the water column. Based on the microbial community and 

environmental factors data, the samples harboring methane-related signatures will be selected 

for further metagenomics analysis to understand the metabolism of methane production and/or 

oxidation. 

 

6.3.5. Geochemistry 

Gas from seawater samples will be analyzed by an isotope ratio mass spectrometer. The 

abundance of major cation and anions will be determined by using the ion chromatograph (IC). 

Furthermore, the isotopic analysis of specific-organic compounds within POM will be 

determined by gas chromatography-combustion-isotope ratio mass spectrometer (GC-C-

IRMS). Based on these results, we intend to infer possible chemical pathway involved in 

methane anomaly in the East Siberia Shelf. 

 

6.4. Summary 

The expedition AMAGE-IV (leg ID: ARA10C) occupied the gas hydrate mounds around 

Chukchi Rise in Chukchi Sea and the northeastern section of East Siberian Sea. Multichannel 

seismic survey was carried out extensively in the Chukchi Sea while a bunch of hydrocasting 

stations were occupied in the East Siberian Sea to figure out the CH4 flux from the sea floor. 

While Chukchi Sea shows a typical water column distribution of various water masses 

originated from the Pacific and the Atlantic, the investigated area of East Siberian Sea reveals 

simple dual stratification of surface and deep water; the former was influenced by sea ice 

melting and solar radiative heating and the latter traced Pacific Winter Water.  

Dissolved methane in the surface mixed layer were nearly saturated with the overly air in 

Chukchi Sea in values of ~2 nM while East Siberian Sea was supersaturated everywhere up to 

~10 times suggesting the Arctic Ocean is not homogeneous in terms of dissolved CH4. The 

same argument should be exercised in the case of pCO2 in the surface water; Chukchi Sea was 

relatively homogeneous while East Siberian Sea shows extremely high heterogeneous status in 

the surface waters. 

The seawater samples collected interior of the water column are still underway analyses. 

Thus, they are listed for the sampling time and location in Table 6.4. 
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Table 6.4 Location and time of seawater samples collected in the water column 
Station Date Time 

[GMT] 
Latitude 

[W] 
Longitude 

[E] 
DIC 
/TA CH4 Isotope Nutrient DO 

ARA10C-01 2019-09-01 02:38:09 75 40.44 -169 44.17 12 12 12 12 5 

ARA10C-03 2019-09-01 10:05:33 75 40.68 -169 44.20 - 1 - 1 - 

ARA10C-05 2019-09-01 17:43:51 75 40.77 -169 44.16 - 1 - 1 - 

ARA10C-08 2019-09-10 22:41:00 73 41.76 167 40.53 6 6 6 6 - 

ARA10C-09 2019-09-11 02:34:49 73 56.25 168 50.17 6 6 6 6 - 

ARA10C-10 2019-09-11 05:49:23 74 05.26 169 49.13 6 6 6 6 - 

ARA10C-11 2019-09-11 09:00:57 74 24.56 170 40.65 6 6 6 6 - 

ARA10C-12 2019-09-11 12:40:57 74 41.48 171 50.02 6 6 6 6 - 

ARA10C-13 2019-09-11 15:36:39 74 56.49 172 55.04 7 8 7 7 - 

ARA10C-14 2019-09-12 09:04:08 77 07.92 179 58.85 12 12 12 12 10 

ARA10C-15 2019-09-12 20:05:05 75 48.02 176 19.96 10 10 10 10 9 

ARA10C-16 2019-09-13 04:51:30 75 18.31 174 17.63 7 7 7 7 7 

ARA10C-17 2019-09-13 12:46:49 75 10.61 170 23.23 6 6 6 6 - 

ARA10C-18 2019-09-13 14:35:35 74 57.83 169 40.17 7 7 7 7 - 

ARA10C-19 2019-09-13 16:45:32 74 41.85 168 49.54 7 7 7 7 - 

ARA10C-20 2019-09-13 19:12:22 74 28.02 167 55.07 7 7 7 7 - 

ARA10C-21 2019-09-14 00:14:01 74 14.35 166 48.98 6 6 6 6 - 

ARA10C-22 2019-09-14 02:37:28 74 01.38 165 38.44 6 6 6 6 - 

ARA10C-23 2019-09-14 10:20:40 73 27.41 170 27.60 5 5 5 5 - 

ARA10C-24 2019-09-14 12:52:33 73 47.36 171 22.85 6 6 6 6 - 

ARA10C-25 2019-09-14 15:43:29 74 04.71 172 19.52 7 7 7 7 - 

ARA10C-26 2019-09-14 17:59:16 74 18.86 173 26.45 7 7 7 7 - 

ARA10C-27 2019-09-14 20:50:05 74 35.10 175 02.09 7 7 7 7 - 

ARA10C-28 2019-09-15 04:12:39 75 06.47 171 16.75 7 7 7 7 - 

ARA10C-29 2019-09-15 06:16:05 74 51.45 170 38.24 8 8 8 8 - 

ARA10C-30 2019-09-15 08:43:48 74 34.16 169 42.47 8 8 8 8 - 

ARA10C-31 2019-09-15 11:10:39 74 17.36 168 56.32 6 6 6 6 - 

ARA10C-32 2019-09-15 14:17:33 74 07.08 167 52.13 5 5 5 5 - 

ARA10C-33 2019-09-15 16:38:05 73 53.96 166 42.27 5 5 5 5 - 

ARA10C-34 2019-09-16 00:16:32 73 27.45 168 41.60 7 7 7 7 - 

ARA10C-35 2019-09-16 02:55:00 73 45.20 169 46.68 6 6 6 6 - 

ARA10C-36 2019-09-16 04:59:14 73 56.67 170 44.45 8 8 8 8 2 

ARA10C-37 2019-09-16 08:20:16 74 13.12 171 45.83 8 8 8 8 2 

ARA10C-38 2019-09-16 10:47:44 74 27.58 172 49.25 8 8 8 8 2 

ARA10C-39 2019-09-16 13:31:15 74 44.30 174 07.26 7 7 7 7 2 

ARA10C-40 2019-09-16 18:24:46 75 00.18 177 22.61 7 7 7 7 - 

ARA10C-42 2019-09-17 02:53:11 74 55.27 179 03.30 9 9 9 9 - 

    Total 248 251 248 250 39 
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ARA10C Cruise report  
 
Chapter 7. Seawater and sediment sampling for mercury 
speciation study 
 
J. H. Kim and M. K. Jeon 

 

7.1. Introduction 

Methylation of inorganic mercury, Hg(II), related to microbial remineralization of 

particulate organic matter in  subsurface seawater and surface sediment, produces potential 

neurotoxin, methylmercury (MeHg), that can be bioaccumulated and biomagnified through 

marine food chains (Mergler et al., 2007). The Inuit people habituating in the circumpolar 

environment are exposed to MeHg mainly via marine fish and mammal consumption, which 

could result in serious health problems such as kidney damage, neurological impairment, and 

increased risk of heart diseases. Despite this concern, only a few studies have observed MeHg 

distribution in the Arctic seawater and sediment (Schartup et al., 2015; Braune et al., 2015; 

Sorensen et al., 2016).  

The East Siberian Sea (ESS) is the widest shelf in the Arctic Ocean with a surface area of 

9.9 × 105 km2 and an average depth of 58 m (Outridge et al., 2008). The ESS is an ecologically 

important zone with diverse benthic macrofauna communities and acts as a transition zone 

where oligotrophic Atlantic water is mixed with eutrophic Pacific water (Anderson et al., 2011; 

Grebmeier et al., 2006). The Siberian Coastal Current flows northeastward from the Laptev 

Sea into the coast of the ESS, and along the current’s course, it is diluted by cold and fresh 

Siberian rivers (e.g., the Lena River, the Indigirka River, and the Kolyma River) (Pisareva et 

al., 2015). The Anadyr Current, with a water mass exhibiting relatively high salinity, 

temperature, and nutrient-rich conditions, flows from the southeastern region of the ESS 

(Mathis et al., 2007). The eastern ESS typically shows elevated primary productivity due to the 

Pacific inflow, leading to a productive epibenthic biomass (Grebmeier et al., 2006). On the 

other hand, the influx of Atlantic waters through the eastern Fram Strait forms the deep water 

as the Atlantic water becomes colder, and thus, sinks under the less dense Arctic surface water 

(Scheide et al., 2014). The Atlantic deep water then flows toward the ESS at depths of 300–

700 m (Ikeda et al., 2018).  
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We found out that 1) the primary source of MeHg in the ESS seawater is the input from 

sediment pore water and 2) the eastern ESS has higher benthic fluxes of MeHg than the western 

ESS, related to copious nutrient discharge from the Bering Sea inducing high primary 

production in the eastern sea, from the observation result of the 2018 survey. Our primary 

purpose of the 2019 cruise is thus to complete the mass flux model of MeHg in the ESS in 

order to quantify the major sources of MeHg. We will accurately estimate the benthic flux of 

MeHg using multiple pore water and overlying water samples collected across the ESS, to 

clarify the flux variation between Pacific-influenced eastern ESS and terrestrial-influenced 

western ESS. Furthermore, we aim to understand which microbial groups are responsible for 

MeHg production in methane hydrate sediment of the Chukchi Sea, particularly in the sulfate-

methane transition zone. For this purpose, we collected 94 unfiltered seawater samples from 

the 20 sites for Hg and MeHg concentration measurements, and 13 pore water and overlying 

water samples from the 13 sites for benthic flux estimation from the ESS. Additionally, we 

collected 47 sediment samples from the 16 sites to measure Hg and MeHg concentrations and 

to qualify Hg(II) methylation related functional genes (hgcAB, mcrA, dsrAB, and mbnB), and 

15 sediment samples from the 2 sites for measuring methylation/demethylation rate constants 

in the Chukchi Sea.  

 

7.2. Experimental methods  

7.2.1. Seawater sampling  

The seawater sampling was performed at total 20 stations (Table 1). The seawater samples 

were collected in pre-cleaned Teflon® bottles from the Rosette sampler equipped with CTD 

probes (Fig. 7.1). Water sampling procedures were performed following the “clean hands and 

dirty hands” protocols to avoid Hg contamination during the sampling. Collected seawater 

samples were preserved with 0.4% v/v hydrochloric acid and kept under the dark condition. 

The unfiltered water samples were collected in polyethylene bottles for determination of 

suspended particulate matter (SPM) and dissolved organic carbon (DOC) concentrations. The 

overlying water and pore water samples were collected at total 13 stations using a multi-corer, 

which will be used for estimating the benthic flux of MeHg across the east-west gradient of the 

ESS.   
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Table 7.1. The information of seawater sampling sites and sample types  
Station Water depth (m) GPS  

(Longitude, Latitude) Sampling depth (m) Parameters 

ST1 611 169° 44.413′ W 
75° 40.481′ N - Overlying water, pore water  

(Hg, MeHg) 

ST5 610 169° 44.205′ W 
75° 40.808′ N - Overlying water, pore water 

(Hg, MeHg) 

ST08 41 
167° 40.5198′ E 

73° 41.7652′ N 

surface 
Unfiltered seawater 

overlying water, pore water 
(Hg, MeHg) 

20 
30 
37 

ST09 48 
168° 50.1410′ E 

73° 56.2555′ N 

surface 
Unfiltered seawater 

overlying water, pore water 
(Hg, MeHg, SPM) 

20 
30 
41 

ST10 49 
169° 49.1325′ E 

74° 05.2613′ N 

surface 
Unfiltered seawater, overlying water, pore water 

(Hg, MeHg, DOC, fluorescence)  
25 
35 
45 

ST11 59 
170° 40.6435′ E 

74° 24.5662′ N 

surface 

Unfiltered seawater, overlying water, pore water 
(Hg, MeHg) 

20 
30 
40 
53 

ST12 65 
171° 50.0314′ E 

74° 41.4784′ N 

surface 

Unfiltered seawater, overlying water, pore water 
(Hg, MeHg, SPM) 

25 
40 
50 
63 

ST13 123 
172° 55.0523′ E 

74° 56.4940′ N 

surface 

Unfiltered seawater, overlying water, pore water 
(Hg, MeHg) 

28 
70 
100 
117 

ST14 1351 
179° 58.8629′ E 

77° 07.9273′ N 

surface 

Unfiltered seawater, overlying water, pore water 
(Hg, MeHg, DOC, fluorescence)  

 

40 
95 
360 
600 

1335 

ST15 370 
176° 19.9683′ E 

75° 48.0207′ N 

surface 

Unfiltered seawater, overlying water, pore water 
(Hg, MeHg) 

20 
70 
270 
364 

ST16 198 
174° 17.6307′ E 

75° 18.3134′ N 

surface 

Unfiltered seawater 
(Hg, MeHg, DOC, fluorescence)  

30 
65 
140 
193 

ST17 73 
170° 23.2324′ E 

75° 10.6141′ N 

surface 
Unfiltered seawater 

(Hg, MeHg, DOC, fluorescence) 
25 
60 
73 

ST18 67 
169° 40.1756′ E 

74° 57.8331′ N 

surface 
Unfiltered water 

(Hg, MeHg) 
35 
55 
59 

ST20 55 
167° 55.1009′ E 

74° 28.0284′ N 

surface 
Unfiltered seawater, overlying water, pore water 

(Hg, MeHg, DOC, fluorescence)  
20 
35 
47 

ST24 45 
171° 22.8461′ E 

73° 47.3746′ N 

surface 

Unfiltered seawater, overlying water, pore water 
(Hg, MeHg, DOC, fluorescence) 

20 
35 
39 
20 
30 
40 
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Station Water depth (m) GPS  
(Longitude, Latitude) Sampling depth (m) Parameters 

ST25 53 172° 19.5172′ E 
74° 04.7164′ N 

surface 

Unfiltered seawater 
(Hg, MeHg, SPM) 

20 
30 
40 
47 

ST26 60 173° 26.4403′ E 
74° 18.8757′ N 

surface 

Unfiltered seawater 
(Hg, MeHg, DOC, fluorescence) 

25 
35 
45 
53 

ST27 72 175° 02.0862′ E 
74° 35.1102′ N 

surface 

Unfiltered seawater 
(Hg, MeHg, DOC, fluorescence) 

25 
35 
50 
65 

ST31 52 168° 56.2900′ E 
74° 17.3768′ N 

surface 
Unfiltered seawater,  

overlying water, pore water 
(Hg, MeHg, DOC, fluorescence) 

20 
33 
46 

ST36 48 170° 44.4276′ E 
73° 56.6719′ N 

surface 
Unfiltered seawater 

(Hg, MeHg) 
20 
30 
43 

ST40 199 177° 22.5768′ E 
75° 00.1733′ N 

surface 

Unfiltered seawater 
(Hg, MeHg, DOC, fluorescence)  

35 
100 
150 
195 

ST42 216 179° 03.3034′ E 
74° 55.2788′ N 

surface 

Unfiltered seawater 
(Hg, MeHg, DOC, fluorescence) 

30 
60 
100 
150 
185 
205 

 

    
 

Figure 7.1. Seawater sampling gears: (a) a Rosette sampler and (b) samples in Teflon bottles 
 

7.2.2. Seawater filtration  

Seawater samples were filtered on board through the 0.45 μm capsule filters (polyether 

sulfone membrane, Millipore®, Germany) connected to the peristaltic pump for the 

measurement of dissolved Hg, dissolved MeHg, DOC, and excitation-emission matrix (EEM) 
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fluorescence spectra. The DOC samples were kept in acid-cleaned and pre-combusted 

borosilicate glass bottles. The 0.4 μm polycarbonate membranes were used to prepare SPM 

samples on the filter paper (Fig. 7.2). The filter papers were dried and pre-weighed in the GIST 

laboratory before the cruise sampling. After the cruise, SPM filters will be dried at 60 ℃ during 

24 h and weighed to calculate through the difference of weight between before and after 

filtration in the GIST laboratory. The DOC concentration will be measured using a total organic 

carbon (TOC) analyzer (Vario TOC, Elementar, Germany), and EEM fluorescence spectra of 

DOM will be obtained using 3-Dimensional Excitation-Emission Fluorescence spectroscopy 

(3D-EEM) (F-2500, HITACHI, Japan) in the GIST laboratory. The Hg and MeHg 

concentrations will be measured using cold vapor atomic fluorescence spectrometry (CVAFS) 

(Brooks Rand, USA) after proper treatments in the GIST laboratory.  

 

 
 

Figure 7.2. A filtration set for SPM measurements (0.4 μm polycarbonate membranes) 
 

7.2.3. Sediment sampling  

Total of 16 sites samples were collected using multi corers and total of 1 site samples were 

collected using gravity corers (Fig. 7.3). The four multi core sediments (ST1, ST3, ST5 and 

ST7) were sliced into 5 to 10 depths, and the one gravity core sediments (ST05) were sliced 

into 9 depths. Then collected sediments were stored in a freezer directly after sampling and 

appropriate slicing. The Hg and MeHg concentrations in seawater and sediment will be 

analyzed using CVAFS in the GIST laboratory. Information on sampling sites and types are 

summarized in Table 7.2.   
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Table 7.2 The information of sediment sampling sites and sample types  

Station Water 
depth (m) 

GPS  
(Longitude, Latitude) Core type Sampling depth 

(cm) Parameters 

ST 01 611 169° 44.413′ W 
75° 40.481′ N MC 

0-2 

Hg, MeHg, qPCR (hgcAB, mcrA, 
dsrAB, mbnB) 

 

2-4 
4-6 
6-8 
8-10 

10-12 
12-14 
14-16 
16-18 
18-20 

ST03 614 
169° 44.245′ W 

75° 40.718′ N 
MC 

0-2 

Hg, MeHg, qPCR (hgcAB, mcrA, 
dsrAB, mbnB) 

2-4 
4-6 
6-8 
8-10 

10-12 
12-14 
14-16 
16-18 
18-20 

ST05 609 
169° 44.205′ W 

75° 40.808′ N 

MC 

0-2 

Hg, MeHg, qPCR (hgcAB, mcrA, 
dsrAB,mbnB) 

2-4 
4-6 
6-8 
8-10 

10-12 
12-14 
14-16 
16-18 
18-20 

GC 

10 

Hg, MeHg, 
qPCR (hgcAB, mcrA, dsrAB), 

methylation/demethylation rate 
constants with inhibitors 

40 
75 
105 
145 
160 
175 
190 

225 

ST07 627 
169° 44.697′ W 

75° 41.200′ N 
MC 

10 
Hg, MeHg, 

qPCR (hgcAB, mcrA, dsrAB), 
methylation/demethylation rate 

constants  

40 
85 
110 
130 

ST08 41 
167° 40.5198′ E 

73° 41.7652′ N 
MC 0-2 

Hg, MeHg, 
qPCR (hgcAB, mcrA, dsrAB) 

ST09 48 
168° 50.1410′ E 

73° 56.2555′ N 
MC 0-2 

ST10 49 
169° 49.1325′ E 

74° 05.2613′ N 
MC 0-2 

ST11 59 
170° 40.6435′ E 

74° 24.5662′ N 
MC 0-2 

ST12 65 
171° 50.0314′ E 

74° 41.4784′ N 
MC 0-2 

ST13 123 
172° 55.0523′ E 

74° 56.4940′ N 
MC 0-2 

ST14 1351 
179° 58.8629′ E 

77° 07.9273′ N 
MC 0-2 

ST15 370 
176° 19.9683′ E 

75° 48.0207′ N 
MC 0-2 
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Station Water 
depth (m) 

GPS  
(Longitude, Latitude) Core type Sampling depth 

(cm) Parameters 

ST20 55 
167° 55.1009′ E 

74° 28.0284′ N 
MC 0-2 

Hg, MeHg, 
qPCR (hgcAB, mcrA, dsrAB) 

ST24 45 
171° 22.8461′ E 

73° 47.3746′ N 
MC 0-2 

ST31 52 
168° 56.2900′ E 

74° 17.3768′ N 
MC 0-2 

ST36 48 
170° 44.4276′ E 

73° 56.6719′ N 
MC 0-2 

 

   
 

Figure 7.3. Sediments exposed in a gravity core 
 

7.2.4. Hg(II) methylation and MeHg demethylation rates in sediment 

To measure Hg(II) methylation and MeHg demethylation rate constants of sediments, Hg 

isotope incubations were conducted on September 1-6 , 2019. Sediment samples were spiked 

with 201Hg(II) and Me199Hg solution, before inhibitor treatments. One control set and three 

inhibitor treatment sets were prepared for comparison of Hg(II) methylation and demethylation 

rate constants along with microbial respiration products analysis: (1) control set without 

inhibitors, (2) treatment sets spiked with methane-producing archaea (MPA) inhibitor, 2-

bromoethanesulfonic acid (BESA) 50 mM, (3) treatment set spiked with sulfate-reducing 

bacteria (SRB) inhibitor, molybdate 2 mM, (4) treatment sets spiked with methanotroph 

inhibitor, allylsulfide 2 mM and (5) methanotroph inhibitor, methanol 5 mM. Total incubation 

time was 72 hours, and three replicate serum vials were incubated at 2-3℃ under dark 

conditions. After cold incubation, aliquots were stored at -20℃ to quench the microbial 

reactions at proper time intervals. All incubation experiments were implemented at anaerobic 

condition using a glove bag filled with nitrogen gas (Fig. 7.4). Hg stable isotopic ratios will be 
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measured using gas chromatograph (GC)-inductively coupled plasma (ICP)-mass spectrometry 

(MS) in the GIST laboratory.  

 

 
 

Figure 7.4. Sediment incubation experiment on board using a glove bag 
 

7.3. Summary 

We conducted seawater, pore water, and overlying water samplings (94 unfiltered seawater 

samples from 20 sites and 13 pore water and overlying water samples from 13 sites) in the ESS. 

In the Chukchi Sea, total of 47 samples were collected from the 16 sites using multi corers and 

total of 9 samples were collected from one site using the gravity corers. The multi cores (ST1, 

ST3, ST5 and ST7) were sliced into 5 to 10 depths, and the gravity core (ST05) was sliced into 

9 depths. For Hg and MeHg concentration measurements, seawater samples were acidified (0.4% 

v/v) with hydrochloric acid and stored at 4 oC. Sediment samples were stored in a freezer (-20 

oC) right after core slicing. We also conducted Hg stable isotope incubation experiments to 

measure production and decomposition rate constants of MeHg in sediment. Total 5 sediments 

samples from 2 sites were incubated after spiking metabolic inhibitors for SRB, MPA, and 

methanotrophs to find out which functional microbes contribute to the Hg(II) methylation or 

MeHg demethylation in the Chukchi Sea sediment. 
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ARA10C Cruise report  
 
Chapter 8. Biological Study 
 
L. Garlitska and Y. Ovsepyan 

 

8.1. Introduction 

As a result of many expeditions, data on the taxonomic composition, spatial and temporal 

distribution, and influence of environmental factors on the distribution and morphological 

variability of organisms and on some macrobenthos taxa have been obtained from the East 

Siberian and Chukchi seas. However, the meiobenthos in Arctic seas has been studied very 

irregularly compared to the macrobenthos. 

Meiobenthos, a motile microscopic fauna of aquatic sediments, is an important component 

of marine ecosystems acting as a trophic link between microbiota and larger fauna in the food 

webs. This is a complex of microscopic metazoans (30 μm – 2 mm) which has specific 

composition of morphological and ecological adaptations, which formats independent 

dimensional and functional association of bottom ecosystem (Giere, 2009; Mokievsky, 2009). 

There are 17 metazoan phyla which have representatives in meiofauna. The most common are: 

Nematoda, Harpacticoida, Foraminifera, Kinorhyncha, Halacaridae, Ostracoda, Gastrotricha, 

Tardigrada, and larvae of Polychaets, Oligochaeta, and Mollusca. Free living Nematoda, as a 

rule, dominates by total number. The second group of meiofauna by abundance and diversity 

is Harpactocoida (Copepoda, Crustacea). Today more than 450 harpacticoid species are known 

for the Arctic region. But regions have very different amount of discovered species (Table 8.1). 

It depends on many factors, and the main one is how many surveys have been done in a region 

(Azovsky, Garlitska & Chertoprud, 2012; 2016).  

Foraminifera. The most abundant group of meiobenthos that become fossilized in the 

sediment are Foraminifera. They are single-celled animals (Protista), which made a calcareous 

or agglutinated shell (test) that preserves well in the marine sediment record. Foraminifera live 

in a wide range of environmental conditions and are strongly controlled by them. Study of the 

benthic foraminiferal ecology is extremely valuable to provide information about 

contemporary and ancient marine environment. It makes foraminifera very important for both 

biologists and geologists (Murray, 2006). 
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Several studies of foraminifera are known for the Arctic including Barents, Kara and Laptev 

Seas (e.g. Wollenburg, Mackensen, 1998; Wollenburg, Kuhnt, 2000; Polyak et al., 2002; Matul 

et al, 2007; Ivanova et al., 2008; Loubere et al., 2011; Ovsepyan, Taldenkova, 2019). Up to 

know there are no published information about the benthic foraminiferal ecology from Chukchi 

and the East Siberian Seas. It is of great importance to paleontologists to improve data on 

modern foraminiferal distribution in the Arctic to make the reliable paleoenvironmental 

reconstructions for this region. The biomonitoring that was carried out during the Araon 10C 

cruise will enlarge the meiofauna data compare to the previous year of Araon 09C investigation 

(Jin et al., 2018). 
 
Table 8.1. Distribution of known species of Harpacticoida in the Arctic regions. 

Arctic region Number of the known species 

Greenland 95 

Iceland 139 

Svalbard 108 

Franz Josef Land 100 

The Barents Sea 237 

The White Sea 189 

The Kara Sea 82 

The Laptev Sea 74 

The East Siberian Sea 61 

The Chukchi Sea 18 

The Beaufort Sea 61 

Canadian Arctic 27 

Total number of known species in the Arctic 467 
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The aims of the present investigation are: 

 
• to get new data from undiscovered region of the Chukchi and East Siberian seas; 

• to describe the spatial and vertical distributions of meiobenthic community (on main taxa 

level) of this region depending on different environmental conditions such as depth, salinity, 

temperature, grain size of substrate, oxygen content in near bottom water and top layer of 

substrate, Corg content in water column, and others; 

• to describe the spatial and vertical distributions and taxonomy of main groups of meiofauna 

– Nematoda, Harpacticoida, Foraminifera; 

• to analyze the harpacticoid fauna of the studied region with faunas of other Arctic seas; 

• to establish biogeographical position of the harpacticoid fauna of the Chukchi and the East 

Siberian seas; 

• to create a database of meiofauna distribution in dependence to the main environmental 

parameters; 

 

8.2. Methods 

8.2.1. Meiofauna sampling 

Materials were collected from 15 stations (see Table 8.2). A multiple corer (MC) was used 

as sampling tool. From one multicore line, we collected five small cores with an area of 3 cm2 

at each station to a depth of 5 cm from the sediment surface (Fig. 8.1). Four of them were cut 

down to 1 cm layers (0–1 cm, 1–2 cm, 2–3 cm, 3–4 cm, 4–5 cm) to study the quantitative 

spatial and vertical distributions of the meiobenthos (Fig. 8.2). Samples from these four cores 

were preserved in 4% formalin buffered in a fresh water. The 5th core (0–5 cm) was preserved 

in 96° ethanol for genetic studies.  

The samples will be processed at IORAS (Russia, Moscow). 
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Table 8.2. Material for the meiofauna investigation 

St.01 

 
21 samples 

St.03 

 
21 samples 

St.05 

 
21 samples 

St.08 

 
21 samples 

St.09 

 
21 samples 

St.10 

 
21 samples 

St.11 

 
21 samples 

St.12 

 
21 samples 

St.13 

 
21 samples 

St.14 

 
21 samples 

St.15 

 
21 samples 

St.20 

 
21 samples 

St.24 

 
21 samples 

St.31 

 
21 samples 

St.36 

 
21 samples 

TOTAL: Stations 15 Quantitative 
samples 

315 
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Figure 8.1. Five replicates of cores for meiofauna investigations 
 

 
 

Figure 8.2. Meiofauna quantitative samples from one station are containing 4 sliced (0–1 cm, 1–2 cm, 2–3 
cm, 3–4 cm, 4–5 cm) and 4% formalin preserved replicates of cores, and 1 core (0–5 cm) 
preserved in ethanol 

 

8.2.2. Foraminifera sampling 

Marine sediments from 15 stations (Table 8.3) from the Chukchi and the East Siberian Seas 

(water depth range from 40 to 1316 m) were retrieved by multicorer (MC) and sampled on 

board. 84 samples for modern foraminifera studies divided in two categories:  

 
• qualitative study of specimens founded alive for DNA analyses, 14 samples processing on 

board the ship;  

• quantitative study of living foraminiferal assemblages for vertical distribution in the 

sediment, 70 samples stored for future laboratory process; 
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The upper (1-2 cm thick) very soft sediment layer from the half of first MC tube was taken 

by spoon into the bottle for bottom surface qualitative DNA studies. The water from the bottom 

layer was also collected to keep benthic organisms alive in their typical conditions. 

It was expected to find soft shell foraminifera that consist only of cytoplasm and do not 

preserve in the geological record. Surface sediment samples were washed over 100 mkm mesh-

size sieve in the sea water and stored in Petri dishes in a fridge, they were studied with a 

microscope. Different foraminifera tests containing cytoplasm were pick up and stored in 75% 

ethanol for further investigation.  

 
Table 8.3. Material for the meiofauna investigation 

№ Station name Rose Bengal stained 
sediment samples 

Surface 
samples 

1 ARA10C/ St01 MC - 1 

2 ARA10C/ St03 MC 2 1 

3 ARA10C/ St05 MC 8 1 

4 ARA10C/ St08 MC 7 1 

5 ARA10C/ St09 MC 1 - 

6 ARA10C/ St10 MC 7 1 

7 ARA10C/ St11 MC 7 1 

8 ARA10C/ St12 MC 7 1 

9 ARA10C/ St13 MC 7 1 

10 ARA10C/ St14 MC 7 1 

11 ARA10C/ St15 MC 7 1 

12 ARA10C/ St20 MC 2 1 

13 ARA10C/ St24 MC 2 1 

14 ARA10C/ St31 MC 2 1 

15 ARA10C/ St36 MC 4 1 

 number of samples 70 14 

 Total:        84 

 

Infaunal foraminifera can bury in the sediment. In the Arctic Ocean thy were found alive 

maximum on the 8th cm of the bottom surface (Wollenburg, Mackensen, 1998). The half of the 

upper 8 cm (on some stations upper 2 cm) of the second MC tube were sliced with 1 cm 

increment (6-7 and 7-8 cm were combined together) and taken into 250 ml plastic bottles (see 
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Table 8.3). These samples are fixed by 75% ethanol (100-150 ml) and stained with Rose Bengal 

(Fig. 8.3). Rose Bengal is widely used to color soft tissues of animals. We apply 2 g/l 

concentration of Rose Bengal in order to identify the percentage of live and dead foraminiferal 

tests according to the standardized foraminiferal biomonitoring protocol (Schönfeld et al., 

2012). The other part of the MC tube was sampled for paleoceanographic study (see chapter 5 

sediment coring). 

Rose Bengal staned samples can be stored by the room temperature. The samples will be 

processed at the Institute of Oceanology RAS. 

 

 
 

Figure 8.3. Bottles with rose Bengal stained sediments from the MC 
 

8.3. Results 

8.3.1. Foraminifera distribution in the Chukchi Sea 

The biomonitoring shoves similar results with the previous year Araon 09C cruise (Jin et 

al., 2018) but the number of species increases. Samples from the Chukchi Sea were taken from 

the Chukchi Plato around the Araon Mound 06 (water depth range about 600 m). Foraminiferal 

assemblages represent deep water marine conditions. All samples contain a huge amount of 

Arctic planktic species Neogloboquadrina рachyderma sin. 

In the surface samples, most alive benthic foraminifers are represented by calcareous tests 

of Cassidulina neoteretis. This is an important indicator for tracing Atlantic-derived waters on 

the Arctic continental slope (Wollenburg, Mackensen, 1998). The biodiversity on the top of the 

Araon Mound 06 is lover then on periphery. The list of benthic species looks as follows. 
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Agglutinated species:  

 
Cribrostomoides crassimargo (Norman, 1892)  
Lagenammina atlantica (Cushman, 1944) 
Recurvoides turbinata (Brady, 1881) 
Reophax scorpiurus de Montfort, 1808 (found alive) 
Reophax sp. 
Rhabdammina spp. 
Trochammina nana (Brady, 1881) 
Calcareous species: 
Cassidulina neoteretis Seidenkrantz, 1995 (found alive) 
Cassidulina reniforme Nørwang, 1945 (found alive) 
Cibicides lobatulus (Walker and Jacob, 1798) (found alive) 
Cibicidoides sp. (found alive) 
Cornuspira involvens (Reuss, 1850) 
Dentalina frobisherensis Loeblich and Tappan, 1953  
Fissurina sp. 
Islandiella norcrossi (Cushman, 1933) 
Lagena spp. 
Melonis barleeanus (Williamson, 1948)  
Nonion labradoricum (Dawson, 1960) 
Quinqueloculina sp. (found alive) 
Stainforthia loeblichi (Hoglund, 1947) 
Triloculina trichedra Zheng, 1988 

 

8.3.2. Foraminifera distribution in the East Siberian Sea  

Stations from the East Siberian Sea that are situated on the shelf with the water depth range 

from 40 to 100 m contain no planktic foraminiferal tests. The species composition of benthic 

foraminifers reflects intermediate shelf marine environments with a minor influence of 

Siberian rivers runoff. There are also some species like Haynesina orbiculare, Buccella frigida, 

Elphidiella groenlandica and Ammotium cassis finding with cytoplasm which are typical for 

nearshore environments (Polyak et al., 2002). Some Ostracoda, Bivalvia, Gastropoga, 

Nematoda and Harpactocoida also present in the sediment. The list of benthic species looks as 

follows. 

 
Agglutinated species:  

 
Adercotryma glomerata (Brady, 1878) 
Ammotium cassis (Parker, 1870) (found alive) 
Cribrostomoides crassimargo (Norman, 1892)  
Lagenammina atlantica (Cushman, 1944) (found alive) 
Recurvoides turbinata (Brady, 1881) (found alive) 
Reophax curtus Cushman, 1920 (found alive) 
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Reophax sp. (found alive) 
Spiroplectammina biformis (Parker and Jones, 1865) 
Calcareous species: 
Buccella frigida (Cushman, 1922) 
Cassidulina reniforme Nørwang, 1945 (found alive) 
Cornuspira involvens (Reuss, 1850) 
Elphidium bartletti Cushman, 1933 (found alive) 
Elphidiella groenlandica (Cushman, 1933) (found alive) 
Elphidium clavatum Cushman, 1930 (found alive) 
Elphidium incertum (Williamson, 1858) (found alive) 
Haynesina orbiculare (Brady, 1881) (found alive) 
Pyrgo williamsoni d’Orbigny, 1826 (found alive) 
Quinqueloculina seminulum (Linnaeus, 1758) (found alive) 

 

The soft shell foraminifera Toxisarcon sp. was found in the high concentration methane 

area on St. 20, St. 31, and also on the shallow water St. 8. It should be the connection between 

the methane sipping and Toxisarcon sp. distribution. This species contains only white or 

yellowish cytoplasm without any tests but under stressful conditions it collects some sediment 

material around (Fig. 8.4). 

Deep water stations from the East Siberian Sea (400 m, 1316 m) contain different 

foraminiferal assemblages, similar to the Chukchi Plato Araon Mound 06 area. The most 

abundant species are Cassidulina neoteretis, Cassidulina reniforme, Cibicides lobatulus, 

Cibicidoides sp., Pyrgo williamsoni, Robertinoides charlottensis (Cushman,1925), Stainforthia 

feylingi Knudsen and Seidenkrantz, 1994, Triloculina trichedra Zheng, 1988 and a lot of 

planktic foraminiferal Neogloboquadrina рachyderma sin. tests. The finding of test of the shelf 

species Haynesina orbiculare could be explained by the ice-rafting phenomenon. 

 

 
 

Figure 8.4. “Living” foraminifera, St. 12, the length of the diameter of the largest test is 2 mm (left); 
foraminifera from the East Siberian Sea. Living Toxisarcon sp., St. 8, the length is 0.5 cm (right) 
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8.4. Summary 

Modern foraminiferal study will improve our knowledge about benthic foraminiferal 

ecology and help to enlarge the database of calcareous and agglutinated foraminiferal 

distribution in the Arctic Ocean. The findings of alive foraminifers allow us to calculate their 

contribution to the whole benthic biomass. 

Meiobenthos team is planning to publish on this material several scientific papers: 

The spatial and vertical distributions of meiobenthic community (on main taxa level) of 

deep sea and shallow regions of the Chukchi and the East Siberian seas. 

About distribution, taxonomy, biogeography and ecology of harpacticoid copepods and 

foraminifera. 

The overview of taphonomic processes that affect tests after the death of the organism. 

The spatial and vertical distributions and taxonomy of Nematoda (the main group 

meiofauna). 
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ARA10C Cruise report  
Chapter. 9. Atmospheric observations  

 
C. K. Lim and P. Zhang 

 

9.1. Introduction  

The Arctic Ocean has dramatically opened during the summer melting seasons of recent 

decades with the unprecedented reduction of sea ice due to global warming, at least over the 

past thousand years (Kinnard et al., 2011). The reduction of the ice-covered surface should 

change the energy balance, leading to the warming of the polar lower atmosphere (Serreze et 

al., 2011) and also influencing the atmospheric profile. All of these facts emphasize the 

continuous, on-site observations of atmospheric parameters in the Arctic Ocean. However, the 

polar weather is cold and harsh even during summer season, so autonomous platforms 

measuring atmospheric properties (e.g., air temperature, humidity, pressure, wind, etc.) often 

suffer from malfunction arising from freezing, which means a difficulty in maintaining them 

without regular management by humans. Alternatively, ship-base observations of the Arctic 

atmosphere can provide invaluable records along the cruise track. In 2019 summer, the IBRV 

Araon voyaged the Chukchi sea and East Siberian sea from 30th August to 20th September 

during third cruise. Various atmospheric properties were observed during the cruise. This report 

provides a variety of information such as instruments of IBRV Araon and some results of 

observation. 

Atmospheric observations on IBRV Araon include the basic meteorological parameters 

(e.g., air temperature, humidity, pressure and wind), radiative fluxes (e.g., net shortwave and 

longwave radiations), to measure the surface variables at foremast. A MPL (micro-pulse lidar) 

at 04 deck and An all-sky camera and radiosonde sounding system at compass deck is installed 

to observe cloud properties and atmospheric vertical profile. in addition, the radiosonde 

sounding system is operated for observation of atmospheric vertical profile along the cruise 

track four times (00, 06, 12, 18 UTC) every day during the third cruise. The overview of 

atmospheric observations is summarized in Fig. 9.1. 
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Figure 9.1. Overview of atmospheric observations on IBRV Araon during 2019 ARAON Arctic cruise 
 

9.2. Instruments and method 

9.2.1 Foremast 

At the top of the foremast (the height of 21 meters above the water surface), a windmill 

anemometer collects wind speed and direction (05106, RM Young, USA). At the middle part 

of the mast, a temperature and humidity sensor (HMP155, Vaisala, Finland) and a net 

radiometer (CNR4, Kipp & Zonen, Netherlands) are installed at the guardrail. A data logger 

(CR1000, Campbell Scientific, Inc., USA) is located at the base of the mast, which contains a 

pressure-measuring barometer (PTB110, Vaisala, Finland) inside. The 10 minute-averaged data 

are saved in the data loggers and sent to the computer in the atmospheric sciences lab. 
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Figure 9.2. Meteorological instruments at the foremast 
 

9.2.2. Radarmast 

At the top of the radarmast (the height of 25 meters above the water surface), Two windmill 

anemometer installed in the right and left is collecting wind speed and direction (05106, RM 

Young, USA). At the middle part of the mast, a temperature and humidity sensor (HMP155, 

Vaisala, Finland) and a net radiometer (CNR4, Kipp & Zonen, Netherlands) are installed at the 

guardrail. A data logger (CR3000, Campbell Scientific, Inc., USA) is located at the base of the 

mast, which contains a pressure-measuring barometer (PTB110, Vaisala, Finland) inside. The 

10 minute-averaged data are saved in the data loggers and sent to the computer in the 

atmospheric sciences lab. 

 

 
 

Figure 9.3. Meteorological instruments at the radarmast 
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9.2.3 Compass deck and 04 deck 

Instruments for the observations of upper atmosphere are installed over the container on 

the compass deck and outdoor of 04 deck. The all-sky camera (Eko SRF-02, Eko, Japan) 

regularly takes all-sky photos at 30-min intervals to observe cloud amount Fig. 9.4(b) but 

during this cruise, this equipment was not operational due to some technical problem. The 

radiosonde sounding system (i.e. antenna Fig. 9.4(a), SPS Fig. 9.4(d), and ground checker Fig. 

9.4(e)) receives the transmitted data from the ascending radiosonde sensor. Basically, 

radiosonde observations are carried out every 6 hours (00, 06, 12 and 18 UTCs) during the 

cruise. Among the observations, data are transmitted to the real-time radiosonde data network 

of the World Meteorological Organization via the Global Telecommunication System (GTS) 

with the aid of the Korea Meteorological Administration (KMA). A micro-pulse lidar (MPL, 

SigmaSpace, USA) is installed outside of 04 deck, measuring vertical profiles of atmospheric 

particles (e.g., clouds and aerosols) and monitoring the sky condition Fig. 9.4(c). 

 

 
 

Figure 9.4. All-sky camera and radiosonde system at the compass deck and the micro-pulse lidar at the 04 
deck 
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9.3. Results 

9.3.1 surface meteorology variables 

Fig. 9.5 shows the air temperature and relative humidity records measured by HMP155 and 

the air pressure records measured by PTB110 at the foremast and Fig. 9.6 shows the calculated 

windmill Anemometer (05106, RM Young, USA) true wind speed and direction considering 

the head, course, and speed of the ship. During third cruise, Air temperature ranged from -2 to 

5 degrees and humidity sustained near 100 percent since 03 September. This show that the 

atmosphere was wet. Since 31 August, surface pressure was rapidly decrease and temperature 

was a little increase on 03 September. It is likely for Araon to enter low pressure region. Fig. 

9.7 shows prevailing true wind speed and true wind direction installed at the foremast during 

this cruise. Wind mostly blew from East and southeastern and there is mild wind as most of 

wind speeds ranged from 5 m s-1 to 10 m s-1. Fig. 9.8 displays the time series of downwelling 

shortwave (DSR) and longwave radiations (DLR) measured by the CNR4 net radiometer at the 

foremast. The DSR shows an apparent diurnal cycle and it is dependent on the diurnal variation 

of solar zenith angle. In this cruise, downwelling shortwave was mostly lower than 350 W m-

2 because sky was covered by thick cloud almost all day. The amplitude of the DLR is an 

indication of long amount of longwave from the sky and was quite high because cloud reflect 

upward longwave to surface again. 
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Figure 9.5. (Top) Air temperature (degC) and (Middle) relative humidity (%) : HMP155 at the foremast. 
(Bottom) Pressure (hPa) : PTB110 at the foremast 

 

 
 

Figure 9.6. (Top) 10-min averaged true wind speed (m/s) and (Bottom) direction (deg) from RM Young at 
the foremast 
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Figure 9.7. Wind rose of windmill Anemometer calculated 10-min mean true wind speed(m/s) and 

direction(deg) at foremast 
 

 
Figure 9.8. Downwelling radiations [W m-2] measured by CNR4 at the foremast: (black) longwave 

radiation, (red) shortwave radiation. Positive sign denotes downward direction 
 

9.3.2. radiosonde profile 

During the third cruise, the radiosonde balloon was regularly launched (00, 06, 12, 18 UTC) 

to measure the atmospheric profile of temperature, humidity, pressure, and wind. These data 

are crucial for understanding the thermodynamic properties in the Arctic atmosphere and also 

valuable because they cover the sparsely observed region. The radiosonde is reached up to 

30km altitude while observing atmospheric condition. The observation locations are displayed 

in Fig. 9.9 and the log of radiosonde observations is summarized in Table 1. During third cruise, 

a total of 71 launches are scheduled to carry out.  
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Fig. 9.10 is radiosonde monitoring system of VAISALA. After launch radiosonde, this 

display real-time vertical profiles of pressure (blue line), temperature (red line) and humidity 

(green line) and also show trajectory of balloon. 

 
Table 9.1. Log of radiosonde observations during the ARA10C 

No Date Time 
(UTC) Start Time Duration 

(sec) 
Height & 
Pressure Weather 

1 8/31 06 05:13 4774s 24621.m,   27.9 hPa Cloud amount : 70 %, type : st 
partially cloudy, calm 

2  12 11:05 4666s 26114.m,   22.2 hPa Cloud amount : 80 %, type : st 
Calm 

3  18 17:00 4678s 24017.m,   30.5 hPa Cloud amount : 90 %, type : st 
Cloudy, calm 

4 9/1 00 21:01 5528s 27847.m,   17.1 hPa Cloud amount : 100 %, type : st 
Cloudy, calm 

5  06 05:02 5064s 26563.m,   20.8 hPa Cloud amount : 90 %, type : st 
Cloudy, calm 

6  12 10:56 4674s 23847.m,   31.3 hPa Cloud amount : Night time 
Calm 

7  18 17:01 5179s 26454.m,   21.0 hPa Cloud amount : 100 %, type : st 
Mild wind, wet, cloudy 

8 9/2 00 23:07 4434s 24078.m,   30.2 hPa Cloud amount : 100 %, type : st 
cloudy 

9  06 04:56 5024s 26650.m,   20.4 hPa Cloud amount : - 
Foggy, wet 

10  12 11:03 5476s 28001.m,   16.6 hPa Cloud amount : Night time 
Calm, wet 

11  18 17:11 4502s 22467.m,   38.4 hPa Cloud amount : - 
foggy 

12 9/3 00 23:05 5704s 27560.m,   17.7 hPa Cloud amount : 30 %, type : st 
Partially cloudy, sunny 

13  06 04:58 5262s 27189.m,   18.7 hPa Cloud amount : 50 %, type : st 
Wet, calm 

14  12 11:06 4818s 26685.m,   20.2 hPa Cloud amount : Night time 
Mild wind, wet 

15  18 16:54 4904s 26297.m,   21.3 hPa Cloud amount : - 
Windy, foggy, wet 

16 9/4 00 23:09 5004s 25871.m,   22.8 hPa Cloud amount : 50 %, type : st,ci 
Partially cloudy, mild wind, wet 

17  06 05:02 4812s 26016.m,   22.2 hPa Cloud amount : 40 %, type : st,ci 
Partially cloudy 

18  12 10:58 4436s 23762.m,   31.4 hPa Cloud amount : Night time 
calm 

19  18 17:01 4884s 26098.m,   21.9 hPa Cloud amount : 50 %, type : st 
Partially fog 

20 9/5 00 23:00 4835s 25872.m,   22.7 hPa Cloud amount : 50 %, type : st 
Partially cloudy 

21  06 05:03 4712s 24871.m,   26.4 hPa Cloud amount : - 
foggy 

22  12 10:59 5191s 26967.m,   19.2 hPa Cloud amount : Night time 
calm 

23  18 16:57 5142s 27480.m,   17.7 hPa Cloud amount :  - 
foggy 

24 9/6 00 23:04 4948s 26441.m,   20.8 hPa Cloud amount : 50 %, type : st 
Partially foggy, cloudy 

25  06 05:01 4866s 24935.m,   26.1 hPa Cloud amount : - 
foggy 

26  12 10:59 5165s 26851.m,   19.5 hPa Cloud amount : Night time 
calm 

27  18 16:56 4037s 22252.m,   39.4 hPa Cloud amount : 100 %, type : st 
Rainy, windy, cloudy 

28 9/7 00 22:58 

4825s 26496.m,   20.5 hPa Cloud amount :  - 
Foggy, windy 
When release sensor, hit against antenna on 
bridge. But no problem to sensor. 

29  06 04:55 4826s 25986.m,   22.2 hPa Cloud amount :  - 
foggy 
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No Date Time 
(UTC) Start Time Duration 

(sec) 
Height & 
Pressure Weather 

30  12 10:52 4940s 26078.m,   21.9 hPa Cloud amount : Night time 
Windy, wet 

31  18 16:57 4416s 23852.m,   30.7 hPa Cloud amount :  - 
foggy 

32 9/8 00 22:59 4568s 25109.m,   25.3 hPa Cloud amount : 90 %, type : st 
cloudy 

33  06 05:02 5101s 26018.m,   22.0 hPa Cloud amount :  - 
foggy 

34  12 10:59 4913s 25222.m,   24.9 hPa Cloud amount : Night time 
calm 

35  18 16:56 4702s 25139.m,   25.2 hPa Cloud amount : 100 %, type : st 
cloudy 

36 9/9 00 22:54 5101s 26515.m,   20.4 hPa Cloud amount : 100 %, type : st 
Cloudy,calm,wet 

37  06 04:58 4956s 25958.m,   22.2 hPa Cloud amount : 100 %, type : st 
cloudy 

38  12 11:00 4477s 25283.m,   24.6 hPa Cloud amount : Night time 
calm 

39  18 16:57 5101s 27122.m,   18.5 hPa Cloud amount : 100 %, type : st 
Cloudy, calm, wet 

40 9/10 00 22:55 4668s 25857.m,   22.4 hPa Cloud amount : - 
foggy 

41  06 05:00 4938s 25667.m,   23.0 hPa Cloud amount : 100 %, type : st 
Cloudy,rainy 

42  12 11:02 4957s 26421.m,   20.5 hPa Cloud amount : Night time 
Wet, calm 

43  18 16:49 5326s 26727.m,   19.5 hPa Cloud amount : 100 %, type : st 
Rainy, cloudy 

44 9/11 00 22:53 4746s 25666.m,   22.9 hPa Cloud amount : 100 %, type : st 
cloudy 

45  06 04:58 5164s 26471.m,   20.3 hPa Cloud amount : 100 %, type : st 
Windy,cloudy 

46  12 11:04 4573s 26314.m,   20.7 hPa Cloud amount : Night time 
Strong wind 

47  18 16:53 4915s 26615.m,   19.7 hPa Cloud amount : - 
Foggy,rainy,windy 

48 9/12 00 22:53 4695s 25692.m,   22.7 hPa Cloud amount :  - 
Foggy,windy 

49  06 04:58 4569s 25078.m,   25.0 hPa Cloud amount :  - 
Windy,mist 

50  12 10:54 5057s 26210.m,   21.0 hPa Cloud amount : Night time 
calm 

51  18 17:04 5204s 27008.m,   18.5 hPa Cloud amount : 80 %, type : st 
mist 

52 9/13 00 22:55 4896s 25971.m,   21.8 hPa Cloud amount : - 
Rainy,mist 

53  06 04:57 4584s 25292.m,   24.3 hPa Cloud amount : 50 %, type : st 
Mist,partially cloudy 

54  12 10:59 4574s 24409.m,   27.8 hPa Cloud amount : Night time 
Very strong wind 

55  18 16:55 4919s 26266.m,   20.8 hPa Cloud amount : - 
foggy 

56 9/14 00 22:54 4968s 26300.m,   20.8 hPa Cloud amount : 50 %, type : st 
Windy, partially cloudy 

57  06 04:57 4922s 25608.m,   23.2 hPa Cloud amount : 30 %, type : st 
Sunny, partially cloudy 

58  12 10:55 5476s 27240.m,   18.1 hPa Cloud amount : Night time 
windy 

59  18 16:53 4648s 25119.m,   25.0 hPa Cloud amount : 100 %, type : st 
Windy, mist 

60 9/15 00 22:56 5027s 25899.m,   22.2 hPa Cloud amount : 100 %, type : st 
Cloudy 

61  06 04:58 4471s 24489.m,   27.6 hPa Cloud amount : - 
Foggy, windy 

62  12 11:00 5213s 26747.m,   19.6 hPa Cloud amount : Night time 
Calm 

63  18 16:51 4731s 25569.m,   23.4 hPa Cloud amount : - 
Foggy, rainy 

64 9/16 00 22:59 5056s 25845.m,   22.5 hPa Cloud amount : 80 %, type : st 
Wet,windy 
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No Date Time 
(UTC) Start Time Duration 

(sec) 
Height & 
Pressure Weather 

65  06 04:59 5077s 25995.m,   22.0 hPa Cloud amount : 90 %, type : st 
Cloudy 

66  12 10:59 4511s 23921.m,   30.4 hPa Cloud amount : Night time 
Little snow 

67  18 16:53 4345s 25376.m,   24.0 hPa Cloud amount : 100 %, type : st 
Windy 

68 9/17 00 22:54 5014s 26060.m,   21.6 hPa Cloud amount : 30 %, type : st 
Sunny, partially cloudy 

69  06 04:39 4508s 24419.m,   27.9 hPa Cloud amount : 100 %, type : st 
Cloudy 

70  12 11:11 

4361s 25089.m,   25.1 hPa Cloud amount : Night time 
Strong wind, wet 
First try failed due to strong wind 
Changed sensor 

71  18 17:00 

2105s 12684.m,  168.6 hPa Cloud amount : 100 %, type : st 
Windy, wet 
Terminated sounding due to failed sensor 
signal 

 

 
 

Figure 9.9. Geographical locations of radiosonde balloon launch along the cruise track (30-Aug to 20-Sep) 
 

 
 

Figure 9.10. Radiosonde monitoring system of VAISALA program. Each line indicate pressure(blue), 
temperature(red), humidity(green) 
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Fig. 9.11 compares two radiosonde sounding results on different days and displays the 

corresponding visible sky images taken by the all-sky camera. On 06-Sep, sky was covered by 

thick stratus and rain dropped while on 04-Sep, there is clear sky and downwelling shortwave 

radiation recorded about 350 W m-2 (see Fig. 9.8). Moreover, two Skew-T log indicate dew 

point temperature (red line) and air temperature (blue line) and it demonstrate that the 

troposphere was wet on 06-Sep because a distance of two lines is very narrow. 

 

  

  

Figure 9.11. The skew T-log p diagrams for two radiosonde observations (top) and the corresponding 
visible sky images taken by the all-sky camera (bottom): (left) 00UTC 04-Sep, (right) 
18UTC 06-Sep 

 

9.4. Summary 

Recently, climate of the Arctic has rapidly changed with global warming. The decrease of 

the ice of ocean and land impact the energy balance due to reduction of surface albedo and it 

should accelerate warming of polar atmosphere caused by positive feedback. So, we need on-

site observations of Arctic region to understand serious climate change. Therefore, we 

performed in-situ observation of Arctic atmosphere by the Araon during 30th August to 20th 

September. In this period, Araon voyaged the Chukchi sea and East Siberian sea and observed 

atmosphere using radiosonde, Micro Pulse Lidar and meteorological instruments along the 
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cruise track. During this cruise, sky was mostly covered by stratus cloud and wet. So, incoming 

shortwave radiation flux was lower than 350 W m-2 every day while longwave radiation was 

quite high because of reflection to surface by cloud. In addition, surface air temperature ranged 

from -2 to 5 degrees and true wind mostly blew from southeastern. 
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ARA10C Cruise report   
 
Appendix 1. Participants 
 

No Organization Name Contact Works in the expedition 

1 KOPRI1 Young Keun Jin ykjin@kopri.re.kr Chief scientist 

2 KOPRI Seung-Goo Kang ksg9322@kopri.re.kr Multi-channel seismic 

3 KOPRI U Geun Jang ugeun.jang@kopri.re.kr Multi-channel seismic 

4 KOPRI Sookwan Kim skwan@kopri.re.kr Multi-channel seismic 

5 KOPRI Min Kyu Lee kyu0807@kopri.re.kr Multi-channel seismic 

6 KOPRI Hyoung Jun Kim Jun7100@kopri.re.kr Multi-beam & SBP 

7 KOPRI Yeonjin Choi yjchoi@kopri.re.kr Multi-channel seismic 

8 KOPRI Yung Mi Lee ymlee@kopri.re.kr Microbiology 

9 KOPRI Yerin Park ellen55@kopri.re.kr Microbiology 

10 KOPRI Tae Siek Rhee rhee@kopri.re.kr Chemical oceanography 

11 KOPRI Mi Seon Kim mskim@kopri.re.kr Chemical oceanography 

12 KOPRI Kwangkyu Park jhkim123@kopri.re.kr Sedimentology 

13 KOPRI Soobin Kim ksb1692@kopri.re.kr CTD 

14 KOPRI Changkyu Lim cklim@kopri.re.kr Ocean Modeling 

15 KOPRI Youngkyu Ahn youngq@kopri.re.kr Oceanography 

16 KOPRI Suhwan Kim idsuhwan@kopri.re.kr Science Technical Support 

17 KNU2 Young-Gyun Kim younggyun.kim@gmail.com Marine Geophysics 
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18 KNU Soojung An ansj0603@naver.com Geophysics 

19 Hanyang University Dong Hun Lee thomaslee0118@gmail.com Organic Geochemistry 

20 KMOU3 Youngil Choi yichoi@kmou.ac.kr Petroleum Engineering 

21 GNU4 Jaeyoung Choi comet921021@naver.com Clay Mineralogy 

22 UNIST5 Wonjung Choi djrjtmxm1@unist.ac.kr Chemical Engineering 

23 GIST6 Minkyeong Jeon minkyeongjeon@gmail.com Marine chemistry 

24 GIST Jihee Kim wlgml21@gist.ac.kr Marine chemistry 

25 Freelancer Kwangju Son info@ksonimage.com Film&Video&Art 

26 Fudan University Peng Zhang zhang_peng@fudan.edu.cn Atmospheric Science 

27 IORAS7 Yaroslav Ovsepyan yaovsepyan@yandex.ru Paleoceanology 

28 IORAS Lesya Garlitska garlitska@gmail.com Biology 
KOPRI

1
: Korea Polar Research Institute 

KNU
2
: Kangwon National University 

KMOU
3
: Korea Maritime and Ocean University 

GNU
4
: Gyeongsang National University 

UNIST
5
: Ulsan National Institute of Science and Technology 

GIST
6
: Gwangju Institute of Science and Technology 

IORAS
7
: Institute of Oceanology of Russian Academy of Science
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Appendix 2. List of Stations and Line Survey 
 

Station / 
Waypoint 

Work 
order *Gear 

Time (UTC) 
Longitude Latitude Depth 

(m) Gyro Remark start end 
Date Time Date Time 

Boarding     2019-08-29 19:00     156° 47.6075′ W 71° 19.0592′ N       

Departure     2019-08-30 21:50     157° 10.0669′ W 71° 24.8178′ N       

T1     2019-08-31 19:25     168° 56.105′ W 74° 26.840′ N       

T2     2019-08-31 23:25     169° 12.680′ W 75° 19.718′ N       

ST01 1 CTD 2019-09-01 2:36 2019-09-01 3:29 169° 44.1809′ W 75° 40.4574′ N 611 166   

  2 MC 2019-09-01 3:31 2019-09-01 04:03 169° 44.1820′ W 75° 40.4574′ N 611 164   

  3 HF 2019-09-01 4:37 2019-09-01 06:45 169° 44.1809′ W 75° 40.4574′ N 611 164   

ST02 1 HF 2019-09-01 7:44 2019-09-01 09:43 169° 44.2682′ W 75° 40.6016′ N 619 164   

ST03 1 CTD 2019-09-01 10:03 2019-09-01 10:50 169° 44.2158′ W 75° 40.6941′ N 614 164.5   

  2 MC 2019-09-01 10:57 2019-09-01 11:26 169° 44.2158′ W 75° 40.6941′ N 614 164.5   

  3 HF 2019-09-01 12:05 2019-09-01 14:08 169° 44.2158′ W 75° 40.6941′ N 613 164.3   

ST04 1 HF 2019-09-01 15:21 2019-09-01 17:27 169° 44.1404′ W 75° 40.8733′ N 610 163.7   

ST05 1 CTD 2019-09-01 17:42 2019-09-01 18:20 169° 44.1749′ W 75° 40.7864′ N 610 163.8   

  2 MC 2019-09-01 18:25 2019-09-01 18:53 169° 44.1776′ W 75° 40.7866′ N 609 163.8   

  3 HF 2019-09-01 19:15 2019-09-01 21:19 169° 44.1778′ W 75° 40.7868′ N 609 163.8   

  4 GC 2019-09-01 21:50 2019-09-01 22:31 169° 44.1761′ W 75° 40.7867′ N 609 163.8   

ST06 1 GC 2019-09-01 23:18 2019-09-01 23:50 169° 44.1624′ W 75° 40.8155′ N 606 161.8 Araon Mound 06 
(AM06) 
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  2 MC 2019-09-02 00:35 2019-09-02 01:00 169° 44.1624′ W 75° 40.8155′ N 606 161.8   

ST07 1 MC. 2019-09-02 02:35 2019-09-02 03:05 169° 44.615′ W 75° 41.177′ N 627 141.2 Araon Mound 05 
(AM05); FAIL 

  2 MC 2019-09-02 03:11 2019-09-02 03:39 169° 44.6306′ W 75° 41.1831′ N 626 141.3 RETRY and FAIL 

  3 GC 2019-09-02 03:53 2019-09-02 04:25 169° 44.6306′ W 75° 41.1831′ N 627 141   

MB/SBP 1 MB/SBP 2019-09-02 04:58     169° 44.6306′ W 75° 41.1831′ N 624   line survey start 

  2 MB/SBP     2019-09-02 17:49 169° 29.2825′ W 75° 07.3414′ N 205 242.2 line survey end 

ARA10C-
TEST 1 MCS 2019-09-02 21:05     169° 29.2825′ W 75° 07.3414′ N     start of test line 

  2 MCS     2019-09-02 21:50 168° 47.1300′ W 75° 20.3108′ N 222 338 end of test line 

ARA10C-CH-
01 1 MCS 2019-09-02 21:53     168° 46.5449′ W 75° 19.8758′ N 218 340 start of Line 

ARA10C-CH-01 
ARA10C-
XCTD-01 2 XCTD 2019-09-03 06:45     169° 40.6773′ W 75° 57.0952′ N 571 341.6 ARA10C-XCTD-01 

ARA10C-CH-
01 3 MCS     2019-09-03- 07:32 169° 45.9855′ W 76° 0.5730′ N 1098 340 end of Line ARA10C-

CH-01 
ARA10C-

CH01T 1 MCS 209-09-03 07:35     169° 46.7288′ W 76° 0.6071′ N 1098 253 start of line ARA10C-
CH-01T 

  2 MCS     2019-09-03 07:38 169° 47.9506′ W 76° 0.5362′ N 1106 253 MCS system reboot 

  3 MCS 2019-09-03 07:49     169° 51.1383′ W 76° 0.3421′ N 1100 253 restart of ARA10C-
01T line 

  4 MCS     2019-09-03 8:53 170° 10.6553′ W 75° 59.1166′ N 1107 223 end of line ARA10C-
CH-10T 

ARA10C-CH-
02 1 MCS 2019-09-03 8:58     170° 11.1937′ W 75° 58.6092′ N 1028 156 start of line ARA10C-

CH-02 
ARA10C-
XCTD-02 2 XCTD 2019-09-03 11:04     169° 58.2891′ W 75° 50.0779′ N 650 153.5 ARA10C-XCTD-02 

ARA10C-
XCTD-03 3 XCTD 2019-09-03 13:54     169° 40.1409′ W 75° 38.0779′ N 532 150.3 ARA10C-XCTD-03 

ARA10C-CH-
02 4 MCS     2019-09-03 17:22 169° 18.8826′ W 75° 23.2691′ N 304 156 end of line ARA10C-

CH-02 
ARA10C-CH-

02T 1 MCS 2019-09-03 17:23     169° 19.0163′ W 75° 23.1432′ N 306 162 start of line ARA10C-
CH-02T 

ARA10C-CH-
02T 2 MCS     2019-09-03 18:26 169° 35.1488′ W 75° 20.5494′ N 324.5 165 start of line ARA10C-

CH-02T 
ARA10C-CH-

03 1 MCS 2019-09-03 18:27     169° 35.8126′ W 75° 20.6493′ N 323 339 start of line ARA10C-
CH-03 

ARA10C-
XCTD-04 2 XCTD 2019-09-03 20:41 2019-09-03 20:46 169° 48.740′ W 75° 29.614′ N 570 341 ARA10C-XCTD-04 
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ARA10C-
XCTD-05 3 XCTD 2019-09-03 22:59 2019-09-03 23:05 170° 03.010′ W 75° 38.957′ N 1031 338 ARA10C-XCTD-05 

ARA10C-
XCTD-06 4 XCTD 2019-09-04 00:23 2019-09-04 00:29 170° 11.546′ W 75° 44.593′ N 1151 337 ARA10C-XCTD-06 

ARA10C-
XCTD-07 5 XCTD 2019-09-04 02:28 2019-09-04 02:34 170° 26.028′ W 75° 53.919′ N 923 340 ARA10C-XCTD-07 

ARA10C-CH-
03 6 MCS     2019-09-04 03:21 170° 32.4083′ W 75° 57.2981′ N     end of line ARA10C-

CH-03 
ARA10C-CH-

03T 1 MCS 2019-09-04 3:23     170° 33.3760′ W 75° 57.26362′ N 1095 208.2 start of line ARA10C-
CH-03T 

ARA10C-CH-
03T 2 MCS     2019-09-04 5:01 170° 48.1081′ W 75° 51.2331′ N 1520 303.03 end if line ARA10C-

CH-03T 
ARA10C-CH-

04 1 MCS 2019-09-04 5:06     170° 46.3849′ W 75° 51.1559′ N 1509 67.1 start of line ARA10C-
CH-04 

  2 MCS     2019-09-04 11:41 168° 56.2327′ W 76° 1.1544′ N 873 68 end of line ARA10C-
CH-04 

ARA10C-CH-
04T 1 MCS 2019-09-04 11:47     168° 54.6550′ W 76° 0.9786′ N 827 142 start of line ARA10C-

CH-04T 

  2 MCS     2019-09-04 12:47 168° 44.8208′ W 75° 57.2437′ N 436 206.3 end of line ARA10C-
CH-04T 

ARA10C-CH-
05 1 MCS 2019-09-04 12:53     168° 46.0079′ W 75° 56.8559′ N 423 247.3 start of line ARA10C-

CH-05 
ARA10C-CH-

05 2 MCS     2019-09-04 19:28 168° 39.6686′ W 75° 46.4554′ N 1,550 245 end of line ARA10C-
CH-05 

ARA10C-CH-
05T 1 MCS 2019-09-04 19:29     170° 39.8179′ W 75° 46.2900′ N 1556 156 start of line ARA10C-

CH-05T 
ARA10C-CH-

05T 2 MCS     2019-09-04 20:27 170° 33.8789′ W 75° 42.6212′ N 1529 154 end of line ARA10C-
CH-05T 

ARA10C-CH-
06 1 MCS 2019-09-04 20:27     170° 33.7516′ W 75° 42.6124′ N 1528 71 start of line ARA10C-

CH-06 
ARA10C-CH-

06 2 MCS     2019-09-05 2:13 168° 56.7202′ W 75° 51.2518′ N 308 71.2 end of line ARA10C-
CH-06 

ARA10C-CH-
06T 1 MCS 2019-09-04 2:13     168° 56.7441′ W 75° 51.2488′ N 316 164 start of line ARA10C-

CH-06T 
ARA10C-CH-

06T 2 MCS     2019-09-04 3:06 168° 54.2498′ W 75° 47.3114′ N 278 166 end of line ARA10C-
CH-06T 

ARA10C-CH-
07 1 MCS 2019-09-05 3:07     168° 54.0884′ W 75° 47.3665′ N 279 252 start of line ARA10C-

CH-07 
ARA10C-CH-

07 2 MCS     2019-09-05 9:02 170° 29.9507′ W 75° 38.4075′ N 1425 252 end of line ARA10C-
CH-07 

ARA10C-CH-
07T 1 MCS 2019-09-05 9:11     170° 31.0098′ W 75° 37.8720′ N 1401 164 start of line ARA10C-

CH-07T 
ARA10C-CH-

07T 2 MCS     2019-09-05 9:28 170° 30.4545′ W 75° 36.6344′ N 1430 164 end of line ARA10C-
CH-07T 

ARA10C-CH-
08 1 MCS 2019-09-05 09:33     170° 29.0579′ W 75° 36.5908′ N 1374 66.4 start of line ARA10C-

CH-08 
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ARA10C-CH-
08 2 MCS     2019-09-05 15:44 168° 49.2107′ W 75° 45.7194′ N 250 66 end of line ARA10C-

CH-08 
ARA10C-CH-

08T 1 MCS 2019-09-05 15:46     168° 48.6817′ W 75° 45.7261′ N 251.15 107.4 start of line ARA10C-
CH-08T 

ARA10C-CH-
08T 2 MCS     2019-09-05   168° 32.2597′ W 75° 44.3902′ N 213.52 107 end of line ARA10C-

CH-08T 
ARA10C-CH-

09 1 MCS 2019-09-05 16:49     168° 32.3515′ W 75° 44.0201′ N 211.9 245 start of line ARA10C-
CH-09 

ARA10C-
XCTD-08 2 XCTD 2019-09-06 00:09 2019-09-06 00:14 170° 31.675′ W 75° 33.275′ N 1246 247 ARA10C-XCTD-08 

ARA10C-CH-
09 3 MCS     2019-09-06 00:19 170° 32.8089′ W 75° 33.0354′ N 1263 240 end of line ARA10C-

CH-09 
ARA10C-CH-

09T 1 MCS 2019-09-06 00:19     170° 32.7900′ W 75° 33.0281′ N 1257 143 start of line ARA10C-
CH-09T 

ARA10C-CH-
09T 2 MCS     2019-09-06 01:54 170° 18.6803′ W 75° 27.0714′ N 630 145.5 end of line ARA10C-

CH-09T 
ARA10C-CH-

10 1 MCS 2019-09-06 01:55     170° 18.6663′ W 75° 27.0674′ N 616 70 start of line ARA10C-
CH-10 

ARA10C-CH-
10 2 MCS     2019-09-06 07:48 168° 39.6286′ W 75° 27.0674′ N 196 70 end of line ARA10C-

CH-10 
ARA10C-CH-

11 1 MCS 2019-09-06 8:01     168° 39.3683′ W 75° 34.9068′ N 196 195 start of line ARA10C-
CH-11 

ARA10C-CH-
11 2 MCS     2019-09-06 16:14 169° 34.1865′ W 75° 2.9976′ N 238 213 end of line ARA10C-

CH-11 
ARA10C-CH-

12 1 MCS 2019-09-06 16:21     169° 36.4266′ W 75° 3.0233′ N 241 312.3 start of line ARA10C-
CH-12 

ARA10C-
XCTD-09 2 XCTD 2019-09-06 21:42 2019-09-06 21:45 170° 38.071′ W 75° 19.515′ N 510 310 ARA10C-XCTD-09 

ARA10C-
XCTD-10 3 XCTD. 2019-09-07 00:47 2019-09-07 00:50 171° 25.291′ W 75° 28.861′ N 1254 310.7 

ARA10C-XCTD-10 
Failed and XCTD 

survey finished 
ARA10C-CH-

12 4 MCS     2019-09-07 03:21 171° 25.291′ W 75° 28.861′ N 1516 309 end of line ARA10C-
CH-12 

ARA10C-CH-
13 1 MCS 2019-09-07 03:22     171° 45.9156′ W 75° 36.5552′ N 1515 211.4 start of line ARA10C-

CH-13 
ARA10C-CH-

13 2 MCS     2019-09-07 15:48 173° 37.1224′ W 74° 51.8047′ N 284.51 219.2 end of line ARA10C-
CH-13 

ARA10C-CH-
14 1 MCS 2019-09-07 16:01     173° 40.1352′ W 74° 52.1517′ N 282.62 309.7 start of line ARA10C-

CH-14 
ARA10C-CH-

14 2 MCS     2019-09-08 11:29 178° 09.2230′ W 75° 52.9630′ N 1118.3 297 end of line ARA10C-
CH-14 

ARA10C-CH-
15 1 MCS 2019-09-08 11:37     178° 12.0605′ W 75° 52.9110′ N 1120.6 225.5 start of line ARA10C-

CH-15 
ARA10C-CH-

15 2 MCS     2019-09-09 02:54 178° 10.5521′ E 75° 06.6567′ N 315 224 end of line ARA10C-
CH-15 

ARA10C-CH-
16 1 MCS 2019-09-09 02:54     178° 10.7839′ E 75° 06.6896′ N 315 239 start of line ARA10C-

CH-16 
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ARA10C-CH-
16 2 MCS     2019-09-10 18:24 168° 44.9403′ E 73° 31.3726′ N 41 238 end of line ARA10C-

CH-16 

ST08 1 CTD 2019-09-10 22:39 2019-09-10 22:59 167° 40.5198′ E 73° 41.7652′ N 41 132.5   

  2 MC. 2019-09-10 23:06 2019-09-10 23:22 167° 40.6072′ E 73° 41.7519′ N 44 130.32 Disturbed 

  3 MC 2019-09-10 23:49 2019-09-11 00:01 167° 40.6060′ E 73° 41.7522′ N 43 129.5 Retry 

ST09 1 CTD 2019-09-11 02:30 2019-09-11 02:50 168° 50.1410′ E 73° 56.2555′ N 48 132.2   

  2 MC. 2019-09-11 02:51 2019-09-11 03:00 168° 50.1741′ E 73° 56.2572′ N 48 127.4 Failed 

  3 MC. 2019-09-11 03:08 2019-09-11 03:14 168° 50.1748′ E 73° 56.2580′ N 48 125.8 Retry, Failed 

  4 MC 2019-09-11 03:28 2019-09-11 03:35 168° 50.1753′ E 73° 56.2577′ N 48 125.8 Retry 

ST10 1 CTD 2019-09-11 5:49 2019-09-11 6:01 169° 49.1325′ E 74° 05.2613′ N 49 113.9   

  2 MC 2019-09-11 6:08 2019-09-11 6:17 169° 49.1415′ E 74° 05.2578′ N 49 113.4   

ST11 1 CTD 2019-09-11 8:59 2019-09-11 9:16 170° 40.6435′ E 74° 24.5662′ N 59 273.3   

  2 MC. 2019-09-11 9:21 2019-09-11 09:32 170° 40.6430′ E 74° 24.5661′ N 59 271.3 Fail 

  3 MC 2019-09-11 9:41 2019-09-11 09:50 170° 40.8649′ E 74° 24.5348′ N 59 159.3 Retry 

ST12 1 CTD 2019-09-11 12:39 2019-09-11 12:56 171° 50.0314′ E 74° 41.4784′ N 65 135.1   

  2 MC 2019-09-11 13:10 2019-09-11 13:16 171° 50.0334′ E 74° 41.4787′ N 65 132.9   

ST13 1 CTD 2019-09-11 15:37 2019-09-11 15:57 172° 55.0523′ E 74° 56.4940′ N 123 129.9   

  2 MC 2019-09-11 16:03 2019-09-11 16:13 172° 55.0516′ E 74° 56.4942′ N 123 128.5   

ST14 1 CTD 2019-09-12 9:02 2019-09-12 10:22 179° 58.8629′ E 77° 07.9273′ N 1351 56.8   

  2 MC 2019-09-12 10:34 2019-09-12 11:29 179° 58.8750′ E 77° 07.9210′ N 1351 71   

ST15 1 CTD 2019-09-12 20:00 2019-09-12 20:43 176° 19.9683′ E 75° 48.0207′ N 370 124   

  2 MC 2019-09-12 20:51 2019-09-12 21:20 176° 19.9687′ E 75° 48.0242′ N 370 127.8   

  3 Dredge. 2019-09-12 22:17 2019-09-12 22:59 176° 19.9693′ E 75° 48.0242′ N 370 127.4 Failed 

  4 Dredge 2019-09-12 23:17 2019-09-13 0:35 176° 20.3245′ E 75° 47.9619′ N 370 127.2 Retry 

ST16 1 CTD 2019-09-13 04:50 2019-09-13 05:17 174° 17.6307′ E 75° 18.3134′ N 198 231.1   
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  2 BC 2019-09-13 05:30 2019-09-13 05:42 174° 17.6180′ E 75° 18.3124′ N 201 233.3   

  3 GC 2019-09-13 06:44 2019-09-13 06:57 174° 17.6171′ E 75° 18.3124′ N 203 233.9   

ST17 1 CTD 2019-09-13 12:46 2019-09-13 13:01 170° 23.2324′ E 75° 10.6141′ N 73 264.8   

ST18 1 CTD 2019-09-13 14:36 2019-09-13 14:53 169° 40.1756′ E 74° 57.8331′ N 67 261.59   

ST19 1 CTD 2019-09-13 16:45 2019-09-13 16:54 168° 49.8598′ E 74° 41.8601′ N 60 217.3   

ST20 1 CTD 2019-09-13 19:09 2019-09-13 19:29 167° 55.1009′ E 74° 28.0284′ N 55 231   

  2 MC. 2019-09-13 19:30 2019-09-13 19:49 167° 55.0995′ E 74° 28.0285′ N 55 233.6 Failed 

  3 MC. 2019-09-13 20:40 2019-09-13 20:53 167° 55.0992′ E 74° 28.0283′ N 55 233.9 Failed 

  4 MC 2019-09-13 21:02 2019-09-13 21:10 167° 55.0994′ E 74° 28.0286′ N 55 233.5 Retry 

ST21 1 CTD 2019-09-14 00:11 2019-09-14 00:24 166° 48.9893′ E 74° 14.3563′ N 49 214.8   

ST22 1 CTD 2019-09-14 02:31 2019-09-14 02:50 165° 38.4498′ E 74° 01.3870′ N 48 205.02   

ST23 1 CTD 2019-09-14 10:20 2019-09-14 10:35 170° 27.5936′ E 73° 27.4187′ N 45 143.8   

ST24 1 CTD 2019-09-14 12:53 2019-09-14 13:07 171° 22.8461′ E 73° 47.3746′ N 45 167.3   

  2 MC 2019-09-14 13:16 2019-09-14 13:24 171° 22.8464′ E 73° 47.3741′ N 45 167.4   

ST25 1 CTD 2019-09-14 15:44 2019-09-14 15:57 172° 19.5172′ E 74° 04.7164′ N 53 176.2   

ST26 1 CTD 2019-09-14 15:57 2019-09-14 16:15 173° 26.4403′ E 74° 18.8757′ N 60 145.68   

ST27 1 CTD 2019-09-14 20:45 2019-09-14 21:08 175° 02.0862′ E 74° 35.1102′ N 72 149.27   

ST28 1 CTD 2019-09-15 04:10 2019-09-15 04:27 171° 16.7490′ E 75° 06.4757′ N 114 130   

ST29 1 CTD 2019-09-15 06:14 2019-09-15 06:30 170° 38.2257′ E 74° 51.4628′ N 69 125.4   

ST30 1 CTD 2019-09-15 08:41 2019-09-15 08:58 169° 42.4574′ E 74° 34.1688′ N 60 137   

ST31 1 CTD 2019-09-15 11:07 2019-09-15 11:25 168° 56.2900′ E 74° 17.3768′ N 52 121.7   

  2 MC. 2019-09-15 11:36 2019-09-15 11:44 168° 56.3065′ E 74° 17.3728′ N 52 123.5 Fail 

  3 MC. 2019-09-15 11:48 2019-09-15 11:55 168° 56.3062′ E 74° 17.3729′ N 52 124.7 Fail 

  4 MC 2019-09-15 12:03 2019-09-15 12:09 168° 56.3052′ E 74° 17.3738′ N 52 123.5 Retry, winch speed 25 
m/s 
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ST32 1 CTD 2019-09-15 14:17 2019-09-15 14:32 167° 52.1124′ E 74° 07.0907′ N 48 131.7   

ST33 1 CTD 2019-09-15 16:37 2019-09-15 16:48 166° 42.2486′ E 73° 53.9694′ N 47 104.7   

ST34 1 CTD 2019-09-16 0:08 2019-09-16 0:29 168° 41.6093′ E 73° 27.4592′ N 40 107   

ST35 1 CTD 2019-09-16 2:52 2019-09-16 3:07 168° 46.6837′ E 73° 45.2094′ N 45 132.6   

ST36 1 CTD 2019-09-16 4:57 2019-09-16 15:17 170° 44.4276′ E 73° 56.6719′ N 48 109.7   

  2 MC 2019-09-16 5:21 2019-09-16 5:33 170° 44.4277′ E 73° 56.6716′ N 48 108   

ST37 1 CTD 2019-09-16 8:17 2019-09-16 8:39 171° 45.8084′ E 74° 13.1236′ N 56 100.1   

ST38 1 CTD 2019-09-16 10:45 2019-09-16 11:03 172° 49.2269′ E 74° 27.5879′ N 61 113   

ST39 1 CTD 2019-09-16 13:28 2019-09-16 13:46 174° 07.2394′ E 74° 44.3039′ N 71 113.1   

ST40 1 CTD 2019-09-16 18:20 2019-09-16 18:50 177° 22.5768′ E 75° 00.1733′ N 199 345.83   

  2 Dredge 2019-09-16 18:56 2019-09-16 19:42 177° 22.6227′ E 75° 00.1804′ N 204 348.7 No Mn nodules 

ST41 1 Dredge 2019-09-16 21:30 2019-09-16 22:15 176° 20.4160′ E 75° 07.5200′ N 199 347.17 No Mn nodules 

  2 BC 2019-09-16 22:40 2019-09-16 22:54 176° 20.1470′ E 75° 07.7878′ N 203 346   

ST42 1 CTD 2019-09-17 2:52 2019-09-17 3:20 179° 03.3034′ E 74° 55.2788′ N 216 2.5   

  2 Dredge 2019-09-17 3:28 2019-09-17 4:17 179° 03.3014′ E 74° 55.2799′ N 216 3   

* MB : Multi-Beam Echosounder / SBP : Sub-bottom profiler / MC : Multi core / MCS : Multi-channel seismic survey / BC : Box core / GC : Gravity core / HF : Heat flow geothermal gradient /  

CTD : Conductivity-temperature-density / XCTD : Expendable conductivity-temperature-density 
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ARA10C Cruise report   
 

Appendix 3. News letter 
 

 
 

IBRV Araon – August 29-September 1, 2019 
 
작성자: 진영근, 극지연구소(KOPRI), 아라온호 북극해 3항차 탐사 수석연구원 

              이영미, 극지연구소(KOPRI), 미생물 연구원  

              김수관, 극지연구소(KOPRI), 지구물리 연구원 
 

8월 29일 오전: 2019년 북극해 탐사 3항차 연구팀 아라온호 승선 

북극해 3항차 연구팀은 작년과 거의 같은 시기에 배로우에 도착하였다. 8월 26일 인천을 

떠난 지 3일만이다. 공항에 내리니 작년에 비해 상당히 따뜻하다는 느낌이 먼저 들었다. 

올해 알래스카가 무척 더웠고 산불도 많이 났다고 한다. 배로우는 알래스카 최북단에 

위치한 항구도시지만 접안시설이 없어 아라온호는 해변에서 약 2.8 km 떨어진 바다에 

정박해 있었다. 연구팀은 공항에서 헬기를 이용하여 아라온호에 승선하였다. 마침 

아라온호 북극해 탐사를 점검하기 위해 오신 소장님과 인프라부장님도 함께 

이동하였다.  

아라온호에 도착하니 장거리 여행과 시차로 인한 피로가 조금은 풀리는 듯했다. 

연구원들은 선내 숙소를 배정받고 짐을 푼 후, 내일 탐사지역으로 출항하기 전에 마쳐야 

하는 탐사준비작업으로 분주하였다. 저녁 식사를 마치고 이번 탐사에 참여한 

연구원들이 서로를 소개하는 시간을 가졌다.  

이번 아라온 북극해 탐사 3항차에는 국내외 연구기관으로부터 총 27명의 연구원이 

참여하였다. 한국 24 명, 러시아 2명, 중국 1명으로 구성되었다. 한국팀은 극지연구소, 

강원대, 한양대, 경상대, 울산과기원, 광주과기원에서 참여하였고, 러시아팀은 

IORAS(Institute of Oceanology, Russian Academy of Science)에서, 중국팀은 Fudan대에서 

참여하였다. 그리고 한국예술문화위원회 소속 영상작가 1명이 이번 탐사항해에 

동승하였다. 
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8월 30일: 출항과 선상안전교육 

8월 30일 오전 소장님 일행이 아라온호를 다시 찾아 연구팀을 격려하고 하선한 후, 정오 

무렵 아라온호는 이번 탐사지역을 향해 출항하였다. 바다는 잔잔하고 예년에 비해 춥지 

않은 날씨였다. 오후 2시에 이번에 승선한 연구원들을 위한 선상안전교육이 진행되었다. 

이미 북극해 탐사에 참여하기 위해서 국내에서 선상안전훈련과정을 이수했지만 

(외국참가자의 경우 자국에서 실시하는 같은 수준의 훈련을 이수하여 증명서 제출), 

아라온호에 승선하면 선상에서 다시 안전교육을 받아야 한다. 실내에서 선상안전에 

대한 제반 교육을 실시하였고, 실외에서 비상 탈출과 구명복 착용 훈련을 받았다(그림 
1). 
 
8월 31일: 첫 번째 사이언스미팅 

오전 9시 3항차 참가자 전원이 참여하는 첫 번째 사이언스미팅이 열렸다. 아라온호의 

1항사, 전자장, 갑판장도 함께 참여하였다. 수석과학자인 진영근 박사가 이번 3항차의 

탐사목적, 탐사지역, 탐사내용, 탐사일정 등 탐사 전반에 대해 소개하였다(그림 1). 

사이언스미팅은 오늘부터 탐사가 진행되는 기간 동안 매일 오전 9시에 제2 

컨퍼런스룸에서 개최되고, 참가자들에게 전날의 탐사활동 및 결과를 공유하고 향후 

탐사계획을 공지하는 시간이다.  

올해 3항차의 원래 탐사지역은 캐나다 보퍼트해였다. 캐나다 수역에 아라온호가 

들어가서 탐사활동을 하기 위해서는 캐나다 정부와 탐사지역에 포함된 두 곳의 원주민 

지역 사회로부터 총 3가지의 탐사 허가 승인을 받아야 한다. 이미 2013년, 2014년, 

2017년에 문제없이 탐사허가를 받았기 때문에 이번에도 무난히 탐사승인이 날 것으로 

기대하였다. 하지만 탐사를 2달여 남긴 6월말에, 캐나다 공동연구책임자가 원주민 

사회에서 이번 탐사의 가장 핵심인 다중채널 탄성파탐사를 불허한다는 소식을 

전해주었다. 다중채널 탄성파 탐사는 올해 전체 탐사기간의 3분의 2인 10일이 배정된 

핵심탐사항목이다. 해저 깊은 곳의 지층형태를 영상화 하여 현재 북극해에서 진행되고 

있는 영구동토층이 녹아서 메탄가스가 뿜어져 나오는 현상을 규명할 수 있는 핵심 

지질자료를 획득하는 탐사이다. 북극해로 출발하기 2주전, 북극해 탐사용품을 선적하기 

3일전에, 갑작스럽게 탄성파탐사를 대신한 다른 연구항목으로 탐사를 진행하기 위한 

계획을 마련하기에는 시간이 턱없이 부족하였다. 한국, 캐나다, 독일의 

공동연구책임자들은 이런 상황에 대해 긴 한 협의를 통해 다음과 같이 결정하였다. 1) 

내년 2020년에 예정된 동시베리아해/척치해 탐사를 올해 실시하고 올해 탐사는 

내년으로 연기한다, 2) 충분한 시간을 가지고 내년 탐사를 다시 계획한다. 올해의 
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경우처럼 다른 국가의 수역에 들어가 우리 연구선을 이용해서 탐사를 하는 일에는 

언제나 많은 어려움이 따른다.  

이번 북극해 3항차탐사는 척치해저고원과 동시베리아해에서 진행된다. 2016년과 

2018년에 이 지역에서 탐사를 진행하였고, 이번 탐사가 3번째 탐사이다. 2016년 

1차탐사에서 네 가지 중요 탐사결과를 획득하였다. 1) 동시베리아해 대륙붕의 

심부지층구조 파악, 2) 동시베리아해 중부 대륙붕의 높은 해수메탄농도 측정, 3) 

동시베리아해 대륙사면 200m 수심 부근에 분포하는 망간단괴 채취, 4) 척치해저고원 

대륙사면에 분포하는 해저산에서의 가스하이드레이트 획득이다. 1차 탐사가 처음 

방문한 지역에 대한 광역적 탐사였다면, 2018년 2차탐사는 이 네 가지 결과에 대한 

심층탐사였다. 2차 탐사에서는 1) 동시베리아해 중부대륙붕지역의 높은 해수메탄농도 

재확인, 2) 동시베리아해 대륙사면 약 80 km 면적에서 5개 정점에서 2,000개에 달하는 

망간단괴 채취, 3) 척치해저고원 대륙사면에 발달한 두 개의 해저산에서 

천부퇴적층내에 잘 발달한 가스하이드레이트 채취 등 1차 탐사결과를 심층적으로 

검증하고 확장하는 결과를 얻었다. 인공위성 해빙자료에 의하면 올해는 지난 2차례의 

탐사 때에 비해 탐사지역에 바다얼음이 휠씬 적다(그림 2). 작년 2018년의 경우 

바다얼음이 너무 많아 다중채널 탄성파탐사를 실시하지 못했다. 이 탐사를 위해서는 

연구선 뒤로 1.5 km 탐사케이블을 풀어서 끌고 가야 하는데 바다얼음이 부딪히면 

장비에 큰 손상을 받는다. 대신 어느 정도 바다얼음이 있어도 탄성파자료를 얻을 수 있는 

짧고(약 150 m 길이) 기동성이 좋은 스파커 탄성파탐사로 대체하였다. 다만 이 장비로는 

해저 약 200 m 정도 깊이까지만 지층을 투과할 수 있다. 올해는 바다얼음이 거의 없는 

좋은 탐사환경이어서 다중채널탄성파탐사를 최우선 탐사항목으로 선정하고, 가장 많은 

탐사시간을 할애해서 집중적으로 수행할 계획이다. 아라온호가 지나는 항로를 따라 

다중빔 해저지형자료(MB: multibeam bathymetry)와 천부지층탐사자료(SBP: sub-bottom 

profile)를 상시 기록하고, 해수표층 메탄농도를 실시간으로 획득할 예정이다. 또한 

지금까지 파악된 주요 지점에서 지열 측정, 해수층 물성 측정 및 해수시료 채취(CTD: 

conductivity, temperature, and depth profile), 퇴적물 시료 채취 작업 등을 실시할 예정이다. 
 
8월 31일 18:30-9월 1일 24:00: 탐사지역 도착, 아라온 언덕구조에서 정점작업, 

가스하이드레이트 채취 

올해 3항차 탐사의 첫 번째 지역은 척치해저고원의 남서부 대륙사면이다(그림 3의 Box1 

지역)). 북극해 해저지형도에서는 척치해저고원의 서부 대륙사면에서 쐐기모양으로 

돌출된 반도지역이다. 총 8개의 해저언덕구조가 수심 500m에서 700m 수심 구간에 

일렬로 발달해 있다. 우리 연구에서는 이 해저언덕구조들을 아라온 언덕구조(AM: 
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Araon mound)로 명명하고 AM1-AM8으로 표기한다. 이중 AM3에서는 2018년에, 

AM6에서는 2016년과 2018년에 모두 가스하이드레이트가 채취되었다.  

Box1 지역에서 첫 번째 탐사목표는 AM6에서 정  지열조사이다. 가스하이드레이트가 

표층에서 발견되는 언덕구조는 지하 심부에서 만들어진 지층수(fluid)나 가스가 단층과 

같은 지층의 틈을 따라 표층까지 올라와서 볼록한 언덕지형을 어 만들고 

가스하이드레이트를 형성하는 것으로 알려져 있다. 땅속의 온도를 언덕의 중심부부터 

바깥쪽까지 일정한 간격마다 측정하면 이런 심층에서 전달된 현상을 파악할 수 있다. 약 

300m 너비의 AM6에서 총 5개 정점에서 지열을 측정하였다(그림 4). 6m 길이의 

중력코아기에 5개의 지열측정센서를 부착해서 깊이에 따른 지열값을 측정하였다. 연구 

항차 후 국내에서 정  분석을 실시하여 지열 환경을 파악할 것이다. 
 
9월 1일 09:00-9월 2일 24:00: 척치해저고원 서부대륙사면 가스하이드레이트 탐사 

2016년에는 소량만 채취하여 가스하이드레이트의 존재를 확인하는 정도에 그쳤지만, 

2018년 탐사에서는 2개의 해저언덕구조에서 다량의 가스하이드레이트를 채취하여 이 

지역에 상당한 가스하이드레이트가 분포함을 알 수 있었다. 이번 탐사에서는 

가스하이드레이트의 성분 및 구조 분석을 위해 가스하이드레이트를 온전히 보존하고자 

아라온이 한국을 떠나기 전에 액체질소를 충전하여 보낸 특수저온저장용기에 

앵커리지에서 구입하여 배루우에서 헬기로 공수한 액체질소를 추가로 충전하였다. 

마지막 지열 측정정점에서 수행된 중력코아를 이용한 해저퇴적물 회수작업에서는 

가스하이드레이트를 획득하지 못했다. 다만 가스하이드레이트가 들어있는 퇴적물에서 

나는 황화수소 냄새는 맡을 수 있었다. 두 번째 시도는 작년에 가스하이드레이트를 

채취한 지점에서 이루어졌다. 우리 탐사에서는 투명한 플라스틱 파이프를 사용하여 

해저퇴적물을 시추하기 때문에 가스하이드레이트가 들어 있는 것을 파이프를 자르지 

않고도 확인할 수 있다. 선상으로 올라온 중력코아 속 퇴적물 사이에 하얀 얼음 물질이 

여기저기에서 들어 있었다. 작년과 같이 다량의 가스하이드레이트를 채취할 수 있었다. 

채취된 하이드레이트는 바로 액체질소(영하 약 180도)로 채워진 특수용기에 넣어서 

보관되었다. 이 시료들도 국내로 반입하여 분석을 수행할 예정이다. 

첫 탐사항목인 지열탐사와 가스하이드레이트 채취작업이 계획대로 진행되면서 이번 

탐사가 순조롭게 시작되었다. 
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향후 탐사계획 

가스하이드레이트 언덕구조의 하부구조, 가스하이드레이트 BSR (Bottom-stimulating 

reflector, 해저모사층) 분포와 이 지역의 심부지질환경을 파악하기 위해 9월 2일부터 9월 

7일까지 5일간에 걸쳐 Box1지역에서 다중채널탄성파탐사를 실시한다. 
 
연구 배경 

2019 년 아라온호 북극 3 항차 탐사는 8 월 30 일 알래스카 최북단 항구도시 배로우를 

출발하여 8 월 31 일 연구현장에 도착한 후, 9 월 16 일까지 16 일간 북극해 해저탐사를 

수행한다. 연구지역은 동시베리아해 대륙붕/대륙사면 지역과 척치해저고원의 남서부 

대륙사면 지역이다. 두 지역에서 연구를 마친 후 9 월 20 일 알래스카 놈에서 하선할 

예정이다.  

이번 탐사는 해양수산부의 R&D 과제인 ‘북극 해저자원환경 탐사 및 해저메탄방출현상 

연구’ 사업의 일환으로 수행 중이며, 한국의 쇄빙연구선 아라온호를 활용하여 한국-

러시아 2 개국이 공동으로 수행하는 국제공동연구탐사이다. 이번 연구탐사의 목적은 

북극해의 해저자원환경을 파악할 수 있는 기초원천자료를 획득하고, ‘지구온난화의 

시한폭탄’으로 주목받고 있는 북극해 해저영구동토층/가스하이드레이트에서의 

메탄가스 방출현상을 규명하는 것이다. 이를 위해 지질학, 지구물리학, 해양학, 생물학 

등 다양한 학문 분야의 연구원들이 참여하는 다학제 연구를 수행하고 있다. 
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오늘의 사진: 

 
그림 1. (왼쪽) 선상안전교육-탈출 및 구명복 착용 훈련, 첫 번째 사이언스미팅 모습 

(오른쪽) 
 

 
그림2. 2018년과 2019년 탐사시작시기의 탐사지역 바다얼음 분포상황 
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그림 3. 2019년 아라온호 북극해 3항차 탐사지역도 (Box 1: 척치해저고원, Box 2: 

동시베리아해) 
 

 
그림 4. (왼쪽) AM6 해저언덕구조에서의 지열 측정지점(검은색 화살표)과 

가스하이드레이트 채취 정점(ST.6), (오른쪽) 채취된 가스하이드레이트 
 

 

이 뉴스레터는 이번 2019년 아라온호 북극해 3항차 기간 동안에 수행된 탐사활동을 

알리기 위해 작성된 비공식 소식지이다.  
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IBRV Araon – September 2-September 6, 2019 (뉴스레터 2호) 

 

작성자: 진영근, 극지연구소(KOPRI), 아라온호 북극해 3항차 탐사 수석연구원 

              이영미, 극지연구소(KOPRI), 미생물 연구원  

              김수관, 극지연구소(KOPRI), 지구물리 연구원 
 

9월 2일 08:00-14:00 다중채널탄성파 탐사장비 준비 

쇄빙연구선 아라온호에 장착된 지구물리탐사 장비 중 다른 나라 연구자들에게 가장 큰 

관심을 받는 장비는 다중채널 탄성파 탐사장비(multi-channel seismic system)이다. 

아라온호에 장착된 탐사장비 중 가장 비싼 장비 중 하나이고, 가장 많은 공간을 차지하고 

있다. 이 장비를 운영하기 위해서는 여러 명의 전문 인력과 탐사기술이 필요하다. 

현장에서 획득한 자료는 전문적인 자료처리방법을 통해야만 정 한 해저의 지층 

영상으로 만들어진다. 다중채널 탄성파자료는 현재와 같은 해저지질환경이 어떻게 

형성되었는지를 연구할 때와 해저 깊은 곳의 석유나 가스를 찾을 때 핵심 정보를 

제공한다. 병원에서 우리 몸 속의 모습을 보여주는 초음파 영상기술과 같은 원리를 

땅속에 적용해서 지층의 모습을 알아내는 것이다. 지구물리탐사의 꽃이라 할 수 있는 

다중채널탄성파 탐사를 수행할 수 있는 쇄빙연구선은 전세계적으로도 많지 않다. 

올해 첫 번째 연구지역(Box 1)은 가스하이드레이트를 채취할 수 있는 해저언덕구조들이 

발달한 지역이다. 작년에도 이 지역에서 다중채널탄성파 탐사를 계획했지만, 바다얼음 

때문에 스파커 탐사로 대체하였던 지역이다. 뉴스레터 1호의 해빙지도에서 나타난 

것처럼, 현장에 도착해보니 작년 같은 시기에는 바다얼음이 가득했지만 올해는 얼음 한 

점 없는 망망대해이다(그림 1). 다중채널탄성파 탐사를 하기 가장 좋은(우리나라 

근해처럼 지나 다니는 선박과 어망/부표 등 탐사를 방해하는 인공장애물이 없는) 

환경이다.  

지난 밤새 해저지형/천부지층탐사(multibeam bathymetry/subbottom profile survey)를 

마치고, 오전 8시부터 다중채널탄성파 탐사준비를 시작하였다. 다중채널탄성파 탐사는 

다른 탐사에 비해 준비시간이 많이 걸린다. 두 가지 탐사장비를 바다에 내리는 작업이 

필요하다. 먼저 내리는 탐사장비는 땅 속 깊은 곳까지 전달되어 돌아올 수 있는 강력한 

탄성파신호(seismic wave)를 바다속에서 인공적으로 만들어서 터트리는 에어건(air 
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gun)이다. 대포처럼 생긴 이 장비는 고압(140 bar, 2030 psi)으로 압축된 공기를 수중에서 

순간적으로 방출하여 큰 진동을 만들어낸다. 이번 탐사에서는 약 90kg의 에어건 두 개를 

사용한다. 무거운 쇠덩어리 에어건을 수심 5m에 위치시키기 위해서 일명 꿈틀이라 

불리는 대형부이에 부착시켜 연구선 뒤에 내린다(그림 2). 다음으로 바다로 내리는 

장비는 1.5km 길이의 스트리머 (streamer)이다. 해저지층 깊은 곳까지 들어가 반사되어 

나온 탄성파 신호를 수신하는 장치이다. 약 5cm 지름의 노란 색 케이블 속에 압력변화를 

감지할 수 있는 있는 센서(hydrophone)들이 들어있다. 아라온호의 스트리머는 8개 

센서가 하나의 채널을 구성하며, 채널당 12.5m 간격으로 총 120개 채널로 구성되어 있다. 

스트리머가 수심 6m의 일정한 깊이를 유지하게 만드는 수심조절기(cable leveler)인 

버드(bird) 6개를 일정한 간격으로 스트리머에 부착한다(그림 2). 

이 두 장비를 안전하게 바다에 내린 후 실험 가동을 통해 실내에서 장비의 상태를 

점검한다. 아라온호의 사령실이라 할 수 있는 메인 드라이랩(Main Dry Lab)에는 

탄성파탐사를 위한 여러 개의 모니터가 설치되어있다(그림 3). 가장 위쪽에 설치된 

모니터에는 에어건에서 만들어져 해저로 보내지는 탄성파 신호의 파형이 보여진다. 큰 

진폭을 가진 첫 번째 신호가 나가고 이후에는 깨끗한 모양을 볼 수 있다(그림 3의 a). 

예전에는 큰 신호 뒤로 작은 신호가 계속 발생하여 잡음신호를 많이 만드는 에어건(G-

Gun)을 사용하였는데, 이번 탐사에서는 GI-Gun이라는 신형 에어건을 사용하여 좋은 

신호파형을 만들고 잡음을 최소화시키고 있다. 그 아래 2층 선반에 있는 모니터는 현재 

얻어진 자료 중 하나의 채널 자료들만 모아서 간단하게 만든 해저지층의 모습을 

보여주며, 이를 통해 실시간으로 획득되는 자료의 품질을 확인할 수 있다(그림 3의 b). 

2층 선반의 오른쪽 화면은 앞에서 언급한 스트리머를 일정한 수심에서 유지하게 만드는 

버드 장비의 깊이를 보여준다(그림 3의 c). 만일 특정 버드가 수심을 이탈하면 수심을 

유지할 수 있도록 명령을 내릴 수 있다. 맨 아래쪽 가운데 모니터는 에어건에서 발생한 

음파 신호가 스크리머의 120개 채널마다 시간순으로 잘 도달하는지를 보여주며, 이를 

통해 고장난 채널을 확인할 수 있다(그림 3의 d). 가장 오른쪽 모니터에서는 정해진 

탐사측선을 설계하고, 탐사측선의 시작과 종료, 계획측선에서의 현재 연구선의 위치를 

실시간으로 확인할 수 있다(그림 3의 e). 에어건과 스트리머를 바다에 내리고, 실내에서 

에어건과 스트리머가 정상작동하는 것을 확인하고 탐사를 시작하기까지는 5시간이 

걸렸다.  
 
9월 2일 14:00–9월 6일 19:00 가스하이드레이트 해저언덕 지역 (Box 1)에서 

다중채널탄성파 탐사 수행 

이번 다중채널탄성파탐사는 12개 측선 (총 길이 약 850 L-km)을 따라 실시된다. 
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대륙사면을 따라 사면의 경사에 평행한 3개 측선과 수직한 9개 측선으로 이루어졌다. 이 

중 가운데 평행측선과 2개의 수직측선이 가스하이드레이트 해저언덕구조들을 

지나도록 측선을 설정하였다(그림 4). 평행 측선들은 약 70 km 길이를 가지며, 

수직측선은 40-50 km 길이의 측선들이다.  

탄성파탐사 동안에 연구선은 속도 4.5knot(시속 약 8.4 km)로 일정하게 항해한다. 현재 

계획된 측선을 다 마치려면 4.5일 정도 소요된다. 만일 장비(주로 에어건)가 문제를 

일으킬 경우 하루 정도의 시간이 더 소요될 수 있다. 하지만 2년전 캐나다 북극 보퍼트해 

탐사에서 4.5일동안 장비에 아무런 문제없이 다중채널 탄성파탐사를 성공적으로 마친 

경험이 있어 이번에도 무난히 탐사를 수행할 것으로 기대하였다. 

연구원들은 획득한 현장탐사자료를 선상에서 초벌 자료처리(brute stack)하여, 전반적인 

해저지층의 영상을 보여주는 일차 탄성파단면도을 빠르게 작성한다. 향후 국내에 

돌아간 후 정 한 자료처리과정을 통해 보다 해상도가 높고 잡음이 제거된 향상된 최종 

탄성파단면도를 만들 예정이다. 그림 5는 작년에 이 지역에서 얻은 스파커 

탄성파자료와 이번에 얻은 다중채널 탄성파자료를 비교한 그림이다. 다중채널 

탄성파자료가 스파커 자료보다 휠씬 깊은 곳까지 뚜렷하게 심부지층구조를 잘 

보여주는지를 알 수 있다. 

선상에서 작성된 탄성파단면도 중, 평행측선 CH-2 측선(세 평행측선 중 가운데 측선)은 

가스하이드레이트 해저언덕구조들 중 가스하이드레이트 시료를 채취한 AM3와 AM6을 

지나는 측선이다. 언덕구조가 나타나는 구간에 하부지층이 매우 교란되어 나타나고, 

심부에서 해저면으로 상승하는 구조형태를 보인다. AM6을 지나는 수직측선에서도, 

언덕구조의 하부에 교란된 지층 형태가 잘 관찰된다(그림 5). 심부에서 가스(또는 

가스를 포함한 공극수)가 이런 교란된 지층의 틈새를 타고 표층까지 올라와 

해저언덕구조와 가스하이드레이트를 형성시킨 것으로 해석된다. 

평행측선들을 보면 해저언덕구조가 나타난 구간을 경계로 양쪽지역의 해저지층구조가 

뚜렷하게 다른 것을 볼 수 있다. 북서쪽 지역(평행측선 CH-3 측선의 왼쪽)에는 

해저지층이 해저면과 대략 평행하게 형성되어 있고, 가스하이드레이트 

해저모방반사층(bottom simulating reflector: BSR)이 잘 발달되어 있다. 반면에 

남동쪽(평행측선 CH-3의 오른쪽 지역)에는 BSR로 추정되는 반사면이 거의 나타나지 

않고 급한 경사를 지닌 두꺼운 상부퇴적층과 퇴적구조의 변화가 큰 하부퇴적층이 

복잡하게 형성된 모습을 보인다. 언덕구간을 경계로 지체구조 또는 과거퇴적환경이 

매우 달랐음을 알 수 있다. 

탄성파 단면도를 해석하기 위해서는 단면도에 나타난 탄성파 퇴적층들의 층서를 아는 

것이 매우 중요하다. 이를 위해 직접 심부까지 해저지층을 뚫어 시료를 채취히고 분석한 
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심부시추공 자료가 필요하다. 하지만, 척치해와 동시베리아해에는 

해저심부시추자료가 거의 없는 실정이라, 이 지역에서는 알래스카 부근 해역에 있는 

원거리 심부시추공에서 얻어진 자료를 사용된다. 이 알래스카 시추공을 지나는 미국 

탄성파측선이 우리 연구지역 근처를 지난다. 또한 이 측선과 연결되어 동시베리아해로 

이어지는 독일 측선들이 있다. 이 두 나라의 탄성파자료들을 해석한 결과들은 이미 

국제학술지에 게재되었다. 이번 탐사에서는 이 두 나라의 측선들과 여러 곳에서 

교차하도록 우리 측선들을 설정하여, 이들의 층서 해석 결과를 우리 자료해석에 

직접적으로 활용할 수 있게 하였다. 
 
향후 탐사계획 

다중채널 탄성파탐사장비가 아무런 문제없이 작동 중이다. 아라온호에서 아무런 

문제없이 가장 오래 수행한 탐사기록을 갱신하고 있다. 우리 지구물리팀은 장비 상태가 

양호하고, 바다얼음이 없는 최상의 탐사환경을 고려할 때 올해가 다중채널 

탄성파자료를 획득하기 가장 좋은 시기로 판단하였다. 이에 계획한 탐사측선은 모두 

완료했지만, 척치해저고원(Box 1)에서 동시베리아해 대륙붕(Box 2)으로 이동하는 

도중에 기초적인 해저자원환경을 파악하기 위해 실시하려던 (투입과 회수가 빠르고 

용이한) 스파커탐사를 다중채널 탄성파탐사로 대체하여 수행하기로 결정하였다. 당초 

계획보다 이틀 더 연장된 9월 8일 자정까지 다중채널 탄성파탐사를 계속하여 

동시베리아해 부근에서 종료할 예정이다. 
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오늘의 사진: 

 
그림 1. 척치해저고원 가스하이드레이트 해저언덕 지역 (Box 1)에서의 다중채널탄성파 

측선계획도 
 

 
그림2. (왼쪽) 2018년과 (오른쪽) 2019년 Box 1 탐사지역 바다얼음 상황 

 

 
그림 3. (왼쪽) 에어건을 장착한 부이 모습, (오른쪽) 스트리머에 수심조절기(버드)를 

부착하고 있는 연구원과 승조원 
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그림 4. 아라온호 드라이랩에 설치된 다중채널 탄성파 장비 모니터링 시스템.  

(a) 에어건 컨트롤러, (b) 실시간 탐사자료/품질 확인, (c) 수심조절기 컨트롤러,  

(d) 탐사자료 수신기 컨트롤러, (e) 내비게이션 
 

 
그림 5. (위쪽) 2018년 스파커 단면도, (아래쪽) 2019 다중채널 탄성파 단면도 

 

 

이 뉴스레터는 이번 2019년 아라온호 북극해 3항차 기간 동안에 수행된 탐사활동을 

알리기 위해 작성된 비공식 소식지이다.  
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IBRV Araon – September 6-September 11, 2019 (뉴스레터 3호) 

 

작성자: 진영근, 극지연구소(KOPRI), 아라온호 북극해 3항차 탐사 수석연구원 

              이영미, 극지연구소(KOPRI), 미생물 연구원  

              김수관, 극지연구소(KOPRI), 지구물리 연구원 

최연진, 극지연구소(KOPRI), 지구물리 연구원 
 

9월 6일 19:00-9월 8일 19:00 다중채널탄성파 탐사를 동시베리아해 대륙붕 입구까지 

연장 

9월 6일 저녁 7시경 처음 계획했던 척치해저고원 가스하이드레이트 언덕구조 

지역에서의 다중채널 탄성파탐사를 마쳤다(그림1). 탐사장비가 최고의 컨디션으로 

중단 없이 약 4.5일간 작동되어 좋은 자료를 획득할 수 있었다. 이는 2017년 캐나다 

보퍼트해에서 수립한 다중채널 탄성파탐사의 최장 연속탐사 기록과 같다. 

다음 탐사계획은 다중채널 탄성파탐사 장비 회수 후, 동시베리아해로 이동하면서 

스파커 탄성파 탐사와 망간단괴 탐사를 하는 것이다. 이동하면서 척치해저고원에서 

발견된 가스하이드레이트가 다른 지역에도 있는 지를 알아보기 위해 다중채널 

탄성파탐사장비에 비해 바다에 장비를 내리고 올리기 쉬워 시간이 오래 걸리지 않는 

스파커 탄성파탐사를 실시하는 것이다. 이동성이 좋은 반면 짧은 스트리머와 용량이 

작은 신호발생기(스파커)를 사용하기 때문에 자료의 질은 다중채널 탄성파 자료 보다는 

크게 떨어진다. 

지구물리 연구팀이 점검한 결과 현재 다중채널 탄성파장비와 아라온호에 설치되어 

있는 고압공기를 만들어서 공급하는 컴프레서 상태가 매우 좋았다. 이에 동시베리아해 

입구까지 실시하기로 계획한 세 개 측선의 스파커 탐사를 모두 새로운 측선의 다중채널 

탄성파탐사로 대체하기로 결정하여 다중채널 탄성파탐사를 약 이틀 더 계속하게 

되었다(그림 1의 빨간선). 앞으로도 연구선 후미에서 터지는 에어건 소리를 더 들어야 

한다. 

새로운 다중채널 탄성파탐사 측선은 수심 약 300m에서 1500m까지 대륙사면을 

지나면서 가스하이드레이트 분포와 해저지질환경을 살펴볼 수 있도록 선정하였다. 
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기존에 독일과 미국의 탐사측선이 없는 지역을 선정했기 때문에 새로운 지질정보를 

획득할 수 있을 것이라 기대하고 있다. 
 
9월 8일 19:00-9월 10일 14:00 다중채널탄성파 탐사를 동시베리아해 대륙붕 안쪽까지 

재연장 

9월 8일 오전 지구물리팀들이 모여 전날 강승구 박사가 제안한 공해상의 동시베리아해 

대륙붕에서 우리가 접근할 수 가장 안쪽지역까지 다중채널 탄성파탐사를 계속하자는 

안건에 대해 토의하였다. 먼저 탐사장비 상태를 점검하였고, 모든 장비가 최상의 

컨디션을 보이고 있어 강 박사의 제안을 채택하기로 하였다. 이제 다중채널 

탄성파탐사는 이틀이 더 연장되었다(그림 1의 파란선).  

우리가 접근할 수 있는 동시베리아해 대륙붕 지역은 러시아 배타적경제수역(EEZ) 

경계가 육지쪽으로 쏙 들어간 좁은 지역이다. 북극해에서 유일하게 공해에 속한 

대륙붕지역이기도 하다. 이 지역(Box 2)은 우리 연구사업의 주 탐사지역으로 2016년과 

2018년에 집중적인 탐사가 이루어진 지역이다. 2016년 첫 탄성파 탐사 때 약 650 L-km 

길이의 다중채널 탄성파탐사 자료를 획득하였다. 가장 남쪽 지역은 수심 40m의 

지역으로 아라온호를 이용해서 탄성파탐사를 할 수 있는 가장 얕은 수심이다. 독일의 

쇄빙연구선 폴라스테른호는 2008년 이 지역에서 약 60-70m 수심까지만 탐사한 바 있어, 

우리가 약 200 km나 더 대륙붕 안쪽까지 탐사한 것이다. 2016년 당시에는 바다얼음이 

거의 없어 성공적으로 탐사를 수행할 수 있었지만, 2018년에는 두꺼운 바다얼음이 이 

지역을 완전히 덮고 있어 탄성파탐사를 전혀 할 수 없었다. 

2016년 탐사측선(그림 1의 주황색선)이 서쪽 지역을 지나기 때문에 이번 탐사측선은 

동쪽 지역을 탐사하도록 설정하였다. 이 두 측선은 Box 2지역의 가장 안쪽(남쪽) 

지점에서 만나기 때문에 두 측선을 연결해서 해석할 수 있다. 

9월 10일 오전 10:20에 이번 탐사의 다중채널 탄성파탐사를 종료하였다. 지난 9월 2일 

오후 2시에 시작하여 약 8일의 최장기간동안 중단없이 최상의 장비 컨디션으로 

유지하면서 양질의 탄성파자료를 획득한 기념비적인 탐사였다(그림 2). 장비 설치와 

운영을 전담한 이민규 기술원의 수고에 감사한다. 에어건과 스트리머를 모두 회수하고 

동시베리아해 대륙붕에서의 해저메탄방출현상을 밝히는 탐사의 첫 번째 정점으로 

향했다. 
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9월 10일 14:30-9월 11일 06:00 동시베리아해 대륙붕에서의 해저메탄방출현상 탐사 

시작 

동시베리아해 메탄방출현상 현상은 우리 연구에서 가장 중요한 분야 중 하나이다. 많은 

과학자들이 지구온난화에 의해 북극해 대륙붕에 존재하는 해저영구동토층이 녹아서 

막대한 메탄가스가 방출되고 있다고 주장하고 있다. 

수심이 100m보다 얕고 넓은 북극해의 대륙붕은 약 18,000년전 최대빙하기 때, 해수면이 

지금보다 120m 보다 내려갔던 시기에는 단단하게 얼어붙은 동토지역이었다. 이후 

빙하기가 끝나고 기온이 점차 따뜻해지면서 해수면이 높아져서 간빙기인 지금은 

바닷물에 잠기게 되었다. 영하 20도의 혹한에 그대로 노출되어 있다가 영하 1도 정도의 

상대적으로 따뜻한 바닷물이 영구동토층을 덮은 것이다. 현재는 따뜻한 수온이 해저 

깊이까지 전달되어 영구동토층을 녹이고 그 속에 갇혀있던 막대한 메탄가스가 

방출하고 있다는 해석이다. 메탄가스는 이산화탄소보다 약 25배 강력한 온실가스이기 

때문에 북극해 영구동토층에서의 메탄방출현상은 지구온난화를 증폭시키는 

‘지구온난화의 시한폭탄’이라고 부르고 있다. 

이런 주장은 주로 모델링을 통해 제시되었지만, 2010년 동시베리아해 연안에서 전세계 

평균보다 8배 이상 높은 해수내 메탄농도 관측치가 사이언스지(Shakhova et al., 2010)에 

보고되면서, 실제로 북극해 해저영구동토층에서 대규모 메탄방출현상 일어날 수 

있음을 국제 사회에 알렸다. 

2016년부터 우리 연구팀은 아라온호를 이용하여 동시배리아해 대륙붕에서 

메탄방출현상을 연구하고 있다. 2016년 첫 탐사에서 동시베리아해 연안에서 발견된 

높은 메탄 농도에 비견할 수 있는 높은 메탄 농도를 동시베리아해 중부대륙붕에서 

처음으로 관측하였다. 2018년에 향상된 성능을 지닌 메탄측정장비를 이용하여 같은 

지역에서 다시 한번 높은 메탄 농도를 관측했다. 

올해 같은 지역에서 세 번째 탐사를 실시한다. 동시베리아해 대륙붕 Box 2지역에서 

격자형태로 정점을 설정하여 메탄 농도를 입체적으로 관측한다(그림 3). 높은 해수 메탄 

농도가 어느 지역에서 발생하는지, 얼마나 지속적으로 발생하는지, 대기중으로 얼마나 

전달되는지, 그리고 높은 기원이 무엇인지를 알아내기 위함이다. 

‘정말로 북극해 영구동토층이 녹아서 막대한 메탄가스가 방출되고 있는가?’라는 질문에 

답하기 위해 9월 10일 오후부터 탐사를 마치는 16일까지 약 4일의 시간을 소요해서 

해수의 메탄 농도와 지층-해수, 해수-대기간의 메탄플럭스를 측정할 예정이다. 연구선 

이동 중에는 실시간 해수 표층의 메탄 농도 측정을 통해 넓은 지역의 메탄방출현상을 

탐지하고, 정점에서는 CTD (Conductivity-Temperature-Depth) 센서가 장착된 해수채집기 

및 멀티코아를 이용하여 채취한 해수와 퇴적물 시료로부터 메탄 농도의 수직 분포를 
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측정하게 된다(그림 4). 9월 11일 06:00까지 Box 2지역에서 설정된 5개의 측선 중, 

중앙부를 지나는 측선을 따라 배열된 6개의 정점에서 탐사가 진행되었다. 
 
9월 11일 06:00- 9월 12일 24:00 심해 배경관측 정점과 망간단괴 정점 작업 

Box 2지역 중앙측선의 메탄탐사를 마치고, 메탄이 방출되지 않은 지역의 해수 메탄 값을 

측정하기 위해 약 1,500m 수심의 심해로 향했다(그림 3). 북위 77도를 넘어서는 지점으로, 

약 15시간동안 북쪽으로 계속 올라가는 장거리 항해였다. 이번 탐사에서 처음으로 

북극해의 바다얼음을 볼 수 있었다. 

심해 정점탐사를 마치고 다시 8시간을 남하하여 망간단괴 탐사를 위한 정점으로 

이동하였다. 2012년 아라온호 북극해 탐사에서 생물채집을 위해 내린 

드레지(Dredge)망에 우연히 망간단괴가 같이 채취되었다. 이후, 2016년부터 시작된 

북극해 해저탐사 과제에서는 망간단괴를 연구주제로 선정하여 본격적인 탐사를 

수행하고 있다. 2016년 탐사에서는 2012년에 보고된 채취지점에서 망간단괴 분포를 

다시 확인하였고, 2018년에는 이 지점을 중심으로 약 80km 거리까지 떨어진 5개의 

정점에서 망간단괴를 채취하였다. 망간단괴가 동시베리아해 지역에 넓은 면적에 

분포하고 있음을 최초로 확인하였다. 

첫 번째 망간단괴 탐사작업은 이전 채취지점들이 모두 수심 200m 부근이기 때문에 더 

깊은 수심에도 분포하는지를 알아보기 위해 수심 400m에서 수행되었다(그림 3). 

드레지라는 장비는 사각형 철제 프레임에 그물망을 달아서 만든 장비로 해저 바닥에 

내려 끌면 표층 퇴적물과 생물들이 그물망에 들어가 채취될 수 있도록 만든 

장비이다(그림 3). 첫 번째 드레지 작업에서는 그물망이 비어 있었다. 드레지 뒤에 새로 

장착한 추가 너무 무거워 앞쪽의 철제 프레임이 위로 들려서 실패하였다. 추를 제거하고 

다시 시도한 작업에서는 표층퇴적물은 성공적으로 채취되었지만, 망간단괴는 발견하지 

못했다. 황갈색 표층퇴적물은 비슷해 보였지만 이 수심에서는 망간단괴가 형성되지 

않은 것으로 생각되었다. 

두 번째 망간단괴 정점은 작년 정점 중 망간단괴가 가장 많이(800 개 이상) 채취된 

정점이다. 드레지는 해저에 내린 후 상당히 넓은 구간을 끌면서 망간단괴를 채취하는 

방식이기 때문에 망간단괴가 해저 표층에서 어떤 환경에 있는지를 알기 어렵다. 

이번에는 해저표층 퇴적물 형태를 그대로 보존하면서 채취할 수 있는 박스 코어(Box 

core)를 이용하였다(그림 3). 이 장비는 A4 용지보다 조금 큰 작은 표면적의 

퇴적물시료를 네모난 두부(30cmX20cmX60cm)처럼 얻을 수 있다. 회수한 

박스코어에서는 기대했던 것보다 휠씬 놀라운 망간단괴의 모습을 볼 수 있었다(그림 5). 

바닥을 드러낸 표층에서 몇 개의 망간단괴가 여기저기 보인다. 박스코아의 옆면 철판을 
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제거하여 표층에서 60cm 아래까지 퇴적물 단면 모습을 보았다. 표층에서 약 20cm 

깊이까지 황갈색(brownish) 퇴적층과 그 아래 회록색(gray-greenish) 퇴적물이 뚜렷하게 

경계를 이루며 나타난다. 망간단괴는 표층의 황갈색 퇴적층에서만 발견되었다. 작은 

면적의 박스코아에서 지름 2.5cm의 구슬 크기에서 좁쌀만 한 크기까지 총 70여개의 

망간단괴를 찾아냈다. 
 
향후 탐사계획 

다시 메탄탐사가 재개된다. 9월 13일 새벽부터 9월 16일 새벽까지 만 3일동안 바둑판 

모양으로 격자를 짜서 23개 정점에서 CTD, 멀티코아 작업을 연속적으로 수행할 

계획이다. 연구선이 이동하는 동안에도 실시간으로 해수 표층의 메탄 농도를 측정한다. 

메탄탐사를 완료한 이후에는 연구선이 알래스카 놈으로 향하게 되고, 가는 도중에 

망간단괴가 동시베리아해에서 어디까지 분포하는지를 알아보기 위해 두세 군데에서 

드레지작업을 할 예정이다.  
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오늘의 사진: 

 
그림 1. 새로운 다중채널탄성파 측선이 추가된 탐사지역도. (빨간선) 1차 추가된 측선, 

(파란선) 2차 추가된 측선, (주황색선) 2016년에 수행한 다중채널 탄성파 및 

스파커 탐사측선 
 

 
그림2. (왼쪽) 선상에서 수행하는 다중채널 탄성파 자료처리 모습, (오른쪽) 

탄성파탐사를 마치고 회수한 에어건 모습 
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그림 3. (파란색 지역) 메탄 탐사지역, (빨간색 지역) 망간단괴 탐사지역, (화살표) 심해 

배경관측 정점과 해빙지도 
 

 
그림 4. 동시베리아해 대륙붕에서의 메탄 탐사를 위해 사용되는 장비. (왼쪽) CTD, 

(오른쪽) 멀티 코어기(multi-corer) 
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그림 5. (위쪽) 박스코아로 채취한 해저 표층퇴적물과 망간단괴 모습, (아래쪽) 

박스코어의 옆면을 열어서 본 표층퇴적물 단면 
 

 

이 뉴스레터는 이번 2019년 아라온호 북극해 3항차 기간 동안에 수행된 탐사활동을 

알리기 위해 작성된 비공식 소식지이다.  
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IBRV Araon – September 12-September 17, 2019 (뉴스레터 4호) 

 

작성자: 진영근, 극지연구소(KOPRI), 아라온호 북극해 3항차 탐사 수석연구원 

              이영미, 극지연구소(KOPRI), 미생물 연구원  

              김수관, 극지연구소(KOPRI), 지구물리 연구원 

최연진, 극지연구소(KOPRI), 지구물리 연구원 
 

9월 13일 04:30-9월 16일 06:00 동시베리아해 대륙붕에서 23개 메탄측정 정점 탐사 연속 

수행 

9월 12일 자정 무렵, 망간단괴 정점에서 출발해서 9월 13일 04:30 메탄탐사를 재개할 

정점(그림 1의 ST16)에 도착했다. 메탄탐사를 앞두고 연구원들은 벌써 긴장상태에 

들어섰다. 지금부터 만 3일간의 메탄탐사를 위한 대장정이 시작된다. 이번 탐사에서 

계획한 동시베리아해 대륙붕의 메탄탐사지역은 남한 면적의 삼분의 일에 해당하는 

넓은 지역이다(그림 1). 수심이 깊어지는 길이(북동쪽) 방향으로 200km, 폭(남서쪽)이 

160km이다. 이 넓은 지역에 길이 방향으로 5개 측선과 각 측선을 따라 5개에서 6개의 

정점을 설정하여 총 29개의 정점(그림 1의 ST8-ST13, ST17-ST39)이 바둑판 

격자모양으로 배치되었다. 정점 사이의 평균거리는 약 20해리(약37km)로 약 2시간의 

이동시간이 걸린다. 이 정점들 중 가운데 측선의 6개 정점(그림 1의 ST8-ST13)에서의 

탐사는 이미 마쳤으며, 남은 23개 정점에 대해 탐사가 시작되었다. 

메탄탐사 정점에서는 CTD 작업과 멀티코아 작업을 수행한다. 탐사지역의 중앙부를 

십자형태로 지나는 두 개의 측선의 정점 11개(그림 1에서 빨간색점)에서는 두 작업을 

모두 수행하고, 나머지 정점(그림 1에서 파란색점)에서는 CTD 작업만 진행한다. CTD 

작업은 CTD(해수의 수직 수온, 염도, 도 등 기본 물성 자료) 측정과 정해진 

수층깊이에서 해수를 채취하는 작업이다. 멀티코아 장비를 이용하면 해저표층 

퇴적물(약 60cm 깊이)과 해수를 채취할 수 있다. 

이번 탐사의 목표는 2016년과 2018년에 이 지역에서 관측된 고농도 해수메탄 

출현현상을 3차원으로 정 하게 탐지해내는 것이다. 항해 내내 CRDS 장비를 이용하여 

1초에 한번씩 해수표층에 존재하는 메탄농도를 실시간으로 측정한다. 조 하게 설정된 

탐사정점에서는 CTD 장비의 해수채집기를 이용하여 해저면에서 해수표층까지의 수층 
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깊이별로 해수메탄농도 측정하고, 멀티코아 장비를 이용해서 해저바닥의 퇴적물과 

해수의 메탄농도 측정한다. 얻어진 해수 시료와 퇴적물 시료는 메탄미생물 연구와 

해수수은 연구 등 다양한 다른 연구분야에도 사용된다. 또한 CTD 물성자료는 이런 

연구들에 필요한 기초적인 해양환경 정보를 파악하는데 활용된다. 

이번 메탄탐사에서 어려운 점은 매 2시간 마다 정점에 도착해서 탐사작업을 해야 하는 

것이다. 연구원들이 올라온 해수와 퇴적물 시료를 처리하고 나면 벌써 다음 정점에 

도착한다. 정점탐사가 연속으로 진행된다면 연구원들은 쉴새 없이 일하게 된다. 한 

측선(6개 정점)을 끝내고 7시간의 휴식시간을 마련하기 위한 가장 최적의 탐사동선이 

설정되었다(그림 1의 탐사정점 번호 참조). 9월 16일 오전 6시, 마지막 29번째 메탄탐사 

정점(그림 1의 ST39)에서의 작업을 완료하였다. 2018년에 달성하지 못했던 바둑판 

격자형 메탄탐사를 이번에는 성공적으로 달성하게 되었다. 이번 탐사를 통해 

동시베리아해의 중부대륙붕에서 일어나는 고농도 메탄방출현상과 그 기원에 대한 

해답을 얻을 수 있을 것으로 기대한다.  
 
9월 16일 10:00-20:30 동시베리아해 망간단괴 탐사 후 2019 북극해 해저탐사 종료 

메탄탐사를 마치고 4시간을 달려 망간단괴 정점에 도착하였다. 2016년 탐사에서는 

기존에 알려진 정점에서 망간단괴를 채취하였고, 2018년에는 그 지점을 중심으로 80km 

동쪽 지점까지 망간단괴탐사 지역을 확대하여, 5개 정점에서 총 2,000개의 망간단괴 

시료를 획득하였다. 이번 탐사에서는 동시베리아해에서 망간단괴가 어디까지 분포하는 

지를 파악하기 위해 탐사지역을 더 확대한다. 지난 9월 11일 오후부터 자정까지 2개의 

정점(그림 1의 ST15, ST16)에서 1차 망간단괴 탐사를 수행한 바 있다(뉴스레터 3호 참조). 

작년 망간단괴 정점 중 가장 동쪽에 위치한 정점에서 약 50해리(약 93km) 동쪽으로 

이동해서 2차 탐사의 첫 정점을 잡았다. 이 정점(그림 1의 ST40)의 수심은 200m이고, 

다중채널 탄성파탐사가 지나는 선상에 위치한다. 드레지장비를 내려 해저 바닥을 

끌면서 퇴적물을 모아 올리는데는 1시간 정도 걸렸다. 망간단괴가 나오는 황갈색 

표층퇴적물이 나타나지만 양이 적어 보였다. 작년에는 드레지 그물에서 쉽게 찾을 수 

있었던 동그란 구슬모양의 망간단괴가 보이지 않았다. 여기는 망간단괴가 없는 

구역으로 생각되었다. 망간단괴 출현 경계를 좁히기 위해 이 정점과 작년 망간단괴가 

나왔던 정점의 중간 지점을 다음 정점으로 정하고 연구선을 서쪽으로 돌렸다. 약 

25해리(약 46km)를 달려온 정점(그림 1의 ST41)에서 다시 해저로 드레지를 내렸다. 

이번에도 구슬형태의 망간단괴가 보이지 않고 황갈색 섞인 퇴적물만 채취되었다. 

여기도 망간단괴가 없는 것으로 판단했다. 이어서 망간단괴가 있는 표층퇴적층과 없는 

표층퇴적물을 비교분석하기 위해 박스코어를 내렸다. 회수된 박스코어의 옆면을 
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열어서 단면을 살펴보니 망간단괴가 많이 채취된 정점의 박스코어와 거의 같은 

퇴적상을 보였다. 다만 표층에 나타나는 황갈색 퇴적층의 두께가 조금 얕아졌다. 다음 

정점은 이 지점에서 동쪽으로 100해리(186km) 떨어진 올해 탐사의 마지막 정점(그림 

1의 ST42)이다. 귀항지인 알래스카 놈(Nome)으로 가는 항로에 위치한다. 오늘 두 번의 

탐사에서 망간단괴를 확인하지 못했지만, 더 먼 지역에서도 망간단괴가 존재하는지를 

알아보기 위해 정점을 정했다. 가는 도중 망간단괴 연구를 수행하는 경상대 

최재영연구원이 바로 이전 정점에서 채취했다는 좁쌀크기의 망간단괴 2개를 가져와 

보여주었다(그림 2). 2mm의 그물눈을 가진 채로 퇴적물들을 조금씩 걸러서 3-4 mm의 

아주 작은 망간단괴 알갱이 여러 개를 찾은 것이다. 구슬 크기의 망간단괴는 보이지 

않았지만 이전 두 지점에도 망간단괴가 형성되는 곳임을 알 수 있었다. 마지막 

정점에서의 드레지 작업 후 걸러낸 퇴적물에서도 망간단괴가 채취되었다. 이 지점에서 

나온 망간단괴는 이전 망간단괴와는 크게 다른 모양을 보였다. 넙적한 둥근 모양을 

가지거나 판상형태를 보인다. 주먹만 한 크기의 돌이나 뭉친 흙의 바깥쪽을 검게 코팅한 

형태도 나타났다(그림 2). 이 지점부터는 망간단괴 출현 양상이 달라진 것이다. 이제 

망간단괴가 확인된 지역이 처음 발견지점에서 약 270km까지 확대되었다. 다음에 

동시베리아해 해저탐사가 계속될 것을 알리는 예고편 같은 마지막 정점에서의 

성과였다. 

망간단괴 마지막 정점 작업을 끝으로 9월 16일 오후 8시 20분경, 2019년 아라온호 북극해 

3항차 탐사가 종료되었다(그림3). 밤 9시에 연구원들이 모여서 현장탐사 종료를 

자축하는 작지만 즐거운 파티가 있었다. 
 
9월 17일 이후: 알래스카 놈으로 돌아가는 길에 

9 월 17 일 오전 10 시, 이번 탐사를 정리하는 16 번째 마지막 사이언스미팅이 열렸다. 

어제 있었던 탐사 결과를 간단히 정리하고, 이번 탐사 동안에 얻었던 종합 성과를 

보고하였다(표 1). 이번 3 항차 탐사에 참여했던 연구원들, 작가와 선의 선생님의 

탐사소감을 듣는 시간도 가졌다. 다른 해에 비해 바다얼음이 거의 없는 올해의 

탐사환경에 힘입어 탐사시간을 알차게 사용할 수 있었고, 계획했던 목표치를 모두 

달성할 수 있었던 성공적인 탐사로 자평하였다. 연구원들은 좋은 팀워크로 즐겁게 

탐사를 마친 것에 대해 서로 감사했다. 러시아팀도 훌륭한 탐사라고 소감을 밝히고 

한국팀의 도움에 감사를 표했다. 

남은 일정으로 9 월 18 일 연구원팀과 승조원팀간의 친선탁구시합과 환송파티가 있을 

예정이다. 9 월 20 일 오전 11 시 30 분경에 놈에서 하선해서 귀국길에 오를 예정이다.  
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연구 배경: 

2019 년 아라온호 북극해 3 항차 해저탐사는 8 월 30 일 알래스카 최북단 항구도시 

배로우에서 출항하여 9 월 20 일 알래스카 놈에 도착하는 일정으로 진행되었다. 

이번 탐사는 해양수산부의 R&D 과제인 ‘북극 해저자원환경 탐사 및 해저메탄방출현상 

연구’ 사업의 일환으로 수행되었다. 북극해 대륙붕과 대륙사면의 해저자원환경을 

파악할 수 있는 기초원천자료를 획득하고, 글로벌 이슈인 영구동토층과 

가스하이드레이트의 해리에 따른 해저지층 변동성과 북극해 해저에서의 메탄가스 

방출현상을 연구하기 위함이다.              
 
부록1. 탐사 후기 – 손광주 (영상 작가)  

부록2. 승선과학자 포스터 

* 2019 아라온호 북극해 3 항차 해저탐사가 성공적으로 완료될 수 있도록 

헌신적으로 지원해주신 아라온호 선장님과 승조원 여러분들께 진심으로 감사를 

드립니다. 
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오늘의 사진:  

 
그림 1. 2019년 북극해 3항차 탐사지역과 탐사측선/정점. Box 1-척치해저고원 지역, Box 

2-동시베리아해 지역. (빨간점) CTD와 멀티코아 작업정점, (파란점) CTD 

작업정점, (오렌지색선) 다중채널탄성파탐사측선 

ST15, ST16, ST40, ST41, ST41-망간단괴 탐사정점(본문 참조) 
 

 
그림 2. ST41과 ST42에서 채취한 망간단괴 시료 
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그림 3. 9월 16일 오후 8시, 마지막 망간단괴 탐사정점작업 완료 

 

 
표 1. 2019년 북극해탐사 3항차에서 획득한 탐사 자료/시료 획득 결과 통계 

 

 
 
 

<다음 페이지에 부록이 계속됩니다> 

이 뉴스레터는 이번 2019년 아라온호 북극해 3항차 기간 동안에 수행된 탐사활동을 

알리기 위해 작성된 비공식 소식지이다.  
 
 

 



158 
 

 부록 1. 탐사후기 (손광주 작가)  

"작가님은 그러니까... 프리랜서라는 거죠?" 

한국문화예술위원회와 극지연구소 협력으로 진행되는 아라온호 승선 및 극지탐험 

레지던시 프로그램 참여작가로 아라온호에 승선해 제일 먼저 받은 질문이었던 것 같다. 

작가라는, 말하자면 예술가라는 위치에서 흔히 듣는 질문이고 프리랜서는 일반인들이 

예술가를 가장 쉽게 이해하는 방식이다. 흥미로운 것은 아라온호에 승선한 연구원들도 

스스로 과학자라 칭하기를 민망해한다는 거다. 예술가나 과학자라는 용어 자체에 

각인된 모종의 아우라는 그것이 구체적인 직업이 될 수 없게 만드나 보다.  

매일 아침 북극곰과 해빙 위에서 차 한 잔 나누며 지구온난화를 논하려던 계획은 

일찌감치 어그러졌지만 대신 나는 지질-해양-대기-생물에 이르는 아라온호 연구활동에 

대한 '알쓸신잡'을 얻는 계기가 되었다. 특히, 경력이 오래 된 박사님들과의 대화는 

유익했다. 그들에 의하면, 연구활동이란 '질문에 대한 답을 찾는 것'이다. 반면 작가인 

내게 예술 작업이란 오히려 '질문을 찾는 것'이다. 그리고 그것은 답이 존재하지 않는 

질문이다. 달리 말하면 그 답이 너무 많거나 이질적이기도 하고, 과학적으로 증명할 수도 

없기에 수식이나 그래프로 표현될 수도 없다. 이것이 종종 실용적인 지식을 신봉하는 

사람들이 예술을 멀리 하는 이유가 되기도 한다. 이공계 출신으로 현재 작가 소리를 듣고 

있는 사람으로서, 예술가가 던지는 질문은 그래서 더욱 세 해야 한다는 생각을 하게 

된다. 

예술가와 과학자, 그리고 각 분야의 기술자들이 함께 타고 있는 아라온호에서 나는 

그들이 느끼는 예술 작업에 대한 괴리감을 날것 그대로 드러내고 싶었다. 그것은 질문의 

연속인 플라톤 중기 대화편 중 하나인 <파이돈>을 읽는 것이었고 흔쾌히 참여를 허락해 

준 고마운 나의 배우들은 뜬금없이 제시되는 구절을 읽으며 어리둥절해 하면서도 작업 

행위 자체에 대해서는 재미있어 하는 것 같았다. (때론 경쟁이 붙기도 했다. :) 

내가 <파이돈>을 처음 읽은 것은 사춘기 시절이었고, 이해하기 어려운 철학서라는 

선입견 없이, 어느 고결한 사람의 의연한 죽음을 그린 이야기로 읽으며 펑펑 울었던 

기억이 있다. 나이 들어 다시 읽어보면 오히려 소크라테스의 입장에서 읽힌다. 즉, 

자신의 죽음을 슬퍼하는 이들에게 전하는 따뜻한 위로로 말이다. '진정한 철학자는 항상 

죽음을 준비하는 사람이니 죽음 이후에도 영혼은 불멸할 것'이라는 소크라테스의 

믿음은 끝없이 순환하는 자연을 떠올리게 했고 나를 북극해로 이끈 동력이 되었다. 

이번 작업을 하면서 <파이돈>은 과연 '지식을 사랑한다'는 것이 무엇인가를 계속 

질문하는 책이라는 생각 또한 하게 되었다. 그것은 고정되거나 닫혀 있는, 절대적인 것이 

아니라 바로 앞서 말한 '질문을 찾는 행위', 즉, 지속적으로 움직이고 열려 있는 예술 
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작업-내게 있어서는, 시간 예술- 과 연결되어 있다는 생각이 든다. 이것이 내가 이번 

북극해 3 항차에 참여하며 얻은 가장 큰 수확이 아닐까 싶다. 

* 아라온호에 승선해 있는 동안 북극의 진면목을 보여주기 위해 따뜻하게 배려해 주신 

진영근 박사님 이하 연구원 여러분과 김광헌 선장님 이하 아라온호 승조원 여러분께 

진심으로 감사드립니다. *  
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부록 2. 승선과학자 포스터와 탐사활동 사진 
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