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Abstract

The tectonic history of the Chukchi Abyssal Plain in the Amerasia Basin, Arctic Ocean, has not been
fully explored due to the harsh conditions of sea ice preventing detailed observation. Existing models
of'the tectonic history of the region provide contrasting interpretation of the timing of formation of the
crust (Mesozoic to Cenozoic), crust type (from hyper-extended continental crust to oceanic crust), and
formation process (from parallel/fan-shaped rifting to transformation faulting). To help determine the
age of the oceanic crust, the geothermal gradient was measured at three stations in the south of abyssal
plain at depth of 2,160-2,250 m below sea level. Heat flow measurement stations were located perpen-
dicular to the spreading axis over a 40 km-long transect. In-situ thermal conductivity measurement,
corrected by the laboratory test, gave observed marine heat flows of 55 to 61 mW/m?. All measurements
were taken during Arctic expeditions in 2018 (ARA09C expedition) and 2021 (ARA12C expedition)
by the Korean ice-breaking research vessel (IBRV) Araon. Given the assumption of oceanic crust, the
results correspond to formation in the Late Cretaceous (Mesozoic). The inferred age supports the hypo-
a OPEN ACCESS thesis of formation activated by the opening of the Makarov Basin during the Late Mesozoic-Cenozoic.

This would make it contemporaneous with rifting of the Chukchi Border Land immediately east of the
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, abyssal plain. The heat flow data indicate the base of the gas hydrate stability zone is located 332-367
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m below the seafloor, this will help to identify the gas hydrate-related bottom simulating reflector in

Received: 10 January, 2022 the future seismic survey, as already identified on the Chukchi Plateau. Further geophysical surveys,
Revised: 17 February, 2022

including heat flow measurements, are required to increase our understanding of the formation process
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and thermal mantle structure of the abyssal plain.
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Axjo] tigh ole] 2 7HIES WA A7) 2 FATOIA AR, 212} f4.0 2 vheshA| Skt A2l ok 2|21,
4 71210 s WY RAFE N BAHIF7IA ] BHIT HSHE ZHorh 2018 U(ARA09C FAH T 2021'(ARAI2C F7hel 419
T4 ofeh 2. o} 43l SXHAL] 541 2,160-2,250 m 101 37 AN SheFA|zre] i Aol B4l ofere s skA Al B

o] o]0l SFA A AL 0F40 kol AH SHgF0] 4 02 913t FlE F0] A @ o] Al Aw e B @ o
© s A}8a1E, P S BL 54-60 mWin® SIS KAL) SlH|Zhe A1E o, sl BEATRE §4 A712A 7] wiel]
BN ek F8 = 771 SRV o112 2} el 21 oA o o) skl T e
g}, o] A7) S0 2 s o] A8 M2 BE A (Chukehi Border Land)®] &7l @4 2417} EA|olch. & 2] sk

1=
HEANE FHE Y 7tAsto| Ed|o]E QP G < 5H(the base of the gas hydrate stability zone) 2] $12]7} 4% % 1(332~367 mbsf), ©]
= x| 11 (Chukehi Plateau) o412 H 7tAsto|Eg|o] ELt Ay shAH HAF REAPA-S Al 6= o] Tgo] F Aolot. H %] sz g9

Aeker 4 THIE UhE A7z thet ofalE drol7] SISk A S Eaker 27bAe) 472 YAt Hasi

Z:20f: sl E, 42719, YA oleke, 4] B, B
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[0

H=0l ol 2252 FA AlRHAQ] AEA 20 0= QIste] HAIAQ] <ol A9t g =] 1L QItK(Grantz
et al.,, 2011; Coakley et al., 2016). A2 sFollA dofit LRFAIQ1 siAHH Z(seafloor spreading)©] frEtAot 4]
(i B 4700 2 i AT A e i 4 5 801 50002
FsFH(Nikishin et al., 2021a). OH[EFAlo} 2] 0] 7491 5 7utrh H:2](Canada Basin) 2 Jof-w2ef|of| 2 5=(Alpha-
Mendeleev Ridge) 2] Z|7-5AKtectonic history) 2 ‘E—TL7 F4=3l=] 21374l Oakey and Saltus, 2016; Zhang et al., 2019),
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Fig. 1. Hillshade map of study area with a inset for the tectonic map showing wider Arctic Ocean (GEBCO Compilation
Group, 2020). Circles represent measurement stations: the open circle (O1) indicates a station from the 2018 ARA09C
expedition, and closed circles (C1~C3) indicate stations from 2021 ARAT2C expedition. Orange lines (Oa and Ob) are
sub-bottom profiling survey line from the 2018 expedition. The white line indicates the path of the ship during the 2021
expedition. Green lines (L45and L65) are the ARK-XXIII/3 seismic survey lines (Jokat, 2009), and the triangle indicates the
location of the sonobouy for the same expedition. The blue and purple dashed rectangles indicates the location of the
Araonmound (Kimet al., 2020a) and the bottom simulating reflector (BSR) (Kang et al., 2021), respectively. CAP: Chukchi
Abyssal Plain, CP: Chukchi Plateau, CBL: Chukchi Boarder Land, MR: Mendeleev Ridge, CB: Canada Basin, AR: Alpha Ridge,
MB: Makarov Basin, LR: Lomonosov Ridge, GR: Gakkel Ridge. NCB : North Chukchi Basin. LS: Laptev Sea. ESS: East Siberian
Sea. CS: Chukchi Sea. BeS: Beaufort Sea.
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Z 2| R M =(Chukchi Board Land, CBL)+= F2F4 Q1 ALtido| Itk Fig. 1).

71E A2 HEHE L] 7ML AR HET} FepAlof tiF 0 =R e FAT(145.5~140 Ma)oll AlAYRFC =
35k 2= rhk= Ao 2 (Grantz et al., 2011), Z|2ol] 35 ©AF 205 HiE 0 = AAH M2 497
2 2 AA(69~57 Ma)oll $~H o5 53l 2 At Z](Chukchi Plateau)”} F-efA|of thERgFO 2 o]F3] 22| Kt
=7} ThEo k= Zlo]thDessing et al., 2017; Chernykh et al., 2018). ZX|REHE A|Hof| Q13T %] s|#5
(Chukchi Abyssal Plain, CAP)= "1 H19I(5Z 2N 378 A171 2 Zlgfargo] o] =] 2] o2 3o 2 4, o] 229
2| FZAKtectonic history)x= X HEHFHE 31} DH5HA AE]o] Qlet. o] A2 A7 2 Eo]]lA] ¢fof, A2 &
Z](Chukchi Basin)(%{], Wang et al., 2012; Butsenko et al., 2019), & &Z](Toll Basin)(¢]|, Ilhan and Coakley, 2018), 2]
B.Z](Charlie Basin)(]l, Grantz et al., 1998) 5 o]2] 0|20 & Ea].¢m, 4]z]o] =55l Bz|7} opd E212] Bx](North
Chukchi Basin)@} A2%H B2 o AZ]|7] % g9, Bird and Houseknecht, 2017).

AREVIEAL B FEFAL A} 2| XSk 2] Slix] 8 L o] /3712 B4 1ol A7l S (rifting)© 1K Grantz
et al., 1998; Ilhan and Coakley, 2018). A|Z} 1% B4 Al W8 F9F0] Z|Ltf(graben)(Hegewald and Jokat,
2013)+= F| A% 2 %] - B Y GE-2 thER]22] G7l o] S-H 2 (seafloor spreading)7HA] Y& %3-S Z|A|
b}, T3, AR 0 2 o & E2(continental breakup) 2] BFEA|S HAIZ A 3] 58 iS5 (volcanic passive
margin) 2] t&2]2}-8l|%F2] 2} 74 Al F-5(continent-ocean crust boundary) oAl E4A 0 2 LrELE= HECHFeF 73AE HEA
TH(seaward dipping reflector; Paton et al., 2017)7} 2] 5 ZAoA &R1E]7] % 5} th(Ilhan and Coakley, 2018;
Nikishin et al., 2019). ©|23t X A2 3= 22| o= g o] HZFollA U] E W52 a4t 57171 = .

\o

S%FA] (marine heat flow)> SlAH 2 Al712F YA WA (S, A7 o< V/aiGAE) 7T $haol ZR1=1a)(Stein
and Stein, 1992; Sclater et al., 2014), 0|+ HZ22-S o= glo e 52 277 = A th Wilson et al., 2019). 71 3%
2 AT 7-412] - § 21910 ARIERE S o) E44, s Ato] Wch 2o shele USRSl

iy ] = 0
I AISHA Q) WAt B S| ATh(Kim et al., 2020a). 2021'F A%

o] tH(Pollack et al., 1993). 22| s[4 H HA] o
A o2 TARE B0l 241 FE A A7l 2 Rl -4 FAS A w2 E HARS 85t (Fig. 19] ‘_’H)
S 2Hge] FAAN7E FAS 71 2ARE SS6iait BAVMEEL ;’\“47]01]5'731}7]'*7‘]10}71 oflzoll, o] =&

of| A= A7) sliAE oA TS M2 A D AHE Halstal o] 5 o8l FAAI71E gttt Helt Eﬂq——e-—
QI3 2 %] tiR|of|Aqt <=3 7EAsto]EF|o|E QP ¥(gas hydrate stability zone)74(Kang et al., 2021)5 2]
SRR St ik

242 BS

Of2f2 53 BAb
2.0 i 0] AT 2] chle 2|7 Ee] 2 SR Bl A slelel A 84kt ofeheg ol
AN TFEAT2016(ARA0TC AP, 2018(ARA09C AH), 2019(ARA10C 2HH2021(ARA12C Aol A&
=af|of| 4] 423 =] 21th(Jin and Onboard Ship Scientific Party, 2017; Jin and Shipboard Scientific Party, 2019, 2020). &
A =], 23] 24, Aot tis-gollx] migt ®FE T/ 3 oA € HSHE olshistr] flsl eHdut HAL FoiF, E
Bl 2L, ARG HAF L SR E HARE gsligth
FAPHA] o] BFATRRA HZ] A FAE Aol ZolR A= HARE S5l &
(gas hydrate mound)(Fig. 12] T A g 9; Kim et al., 2020a)°] RI=]|S, nfe=

2 9] 714 slo]Eo]E ol
Z10] Applo]] w7 Hasle



S A H AL BEARH (K ang et al., 2021)7} SR G2 2| 22| FALRE SRIE QAT ERL, 7iAsto] o] E 9l B2 2 &
=-0] 2|eket ZAS F ol o] T AR 7199 W fA g 2] 2 Q1 o Fof| YA E| Yl2o] FRIE QTH(Kim et
al., 2020b). 7[5l EF0|E AIHE-L B2 2] E2](North Chukchi Basin) 2] AAE whe} fHEgi-e 7HsAdo] AAIE L
om, @7 o] ACjolA 5A RN -FAMTEE SR1=UTHKim et al., 2020a).

ARA09C, ARAI0C, 12|17 ARA12C A= B2t sG] G2 714 Slol 0| E 15 9] me iE3hS AJdstolr]
Q1ol 2] 2] 9 2] E2]0 sfrdohs HAHA] thSARE B A 2] sff2] 1 Lof] #EE| ek £5] ARAI2C Aol =
2] a2 g LollA] HREAZS: sliAlo] o] Fo17] F-A] HRF B} S4(Jokat, 2009) W,

H EA 5] agto] FAEA] e 340l s ol B=E
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I G2 B A2 G = (thermal conductivity) 2} A>3 A (geothermal gradient)2] .08 Hojz]= Ee|afo]
O, A28 e S0l 2 Wko & Zlod LA 77 = 2Rfdo R, 2 AN E shAH =4S U thE 2
St G55 ol 2 AE HIE o 2 EAZ oA do] Mk & A= 7-¢of ZolH
2= 2 FAAS A6 A28 AR S EERITE ©9h= mK/m (CC/km)& ARSRITE SRzl Bt Al o g
P=E) 2|9k Pollack et al., 1993), 5P A2k 12 9 E]2=0] G wet ASlol| wha}
1 2ke] WA Ank HHE G HAE Yol o] Ui e AYER=AS ekl Bejzo 24 % /1]
W 0 & PR50] 755l in-situ 1A 0 & SAH EJAS Wol A PESEAU, ZFE E2lE ol A A
T P57dH] TeKa TK04E ol-85to] o] F<rollA] S45H Fl, 23845 -85l 24| E|2& Fofof] tiet it A
4FRItH(Expedition 317 Scientists, 2010). Z2PgFgl2 G E -2 Q1= THO] WA S Uehl= A @412 ol 85t A
Al g5 A4 Afolof| Aok 29t FH xtolE HASITHHyndmann et al., 1974). ©$h= W/im/KE AFH8<tich

SR 0] & ol A r] o] AdH] Bl -2-8-0] oS =il flsll, T Fol2(gravity corer)oll 2EAIAE
o] 2 TJL Bo) HAE 7012 GSak= FAIo] oA ojsl HAR v ol L2 PEcFig 22). 9
E|2E ol GHHR] Fof 74 HAPFAIRE]Z| A, A QE S ol & ARFS AR F A e S
3K Expedition 317 Scientists, 2010). 27 of2of| B2 = 2L AlA 2= Antares 2] Miniaturized Temperature
Data Logger Type 18547} -8 H thFig. 2b). 2=25l5°] 0.001°CO|H, L= 9= -5~50°C, 54 F7]= 4
1Zxolt}. FEFolg7t A E|ZHel| AES wj] 7127|E #5071 fl5f Star-0Oddi®] DST TiltZt o8 HthFig. 2c).
71&7] s3lle-2 0.2°0]H, 350] 7]-&7] S70] 7Fsstal, o] W=7 Fe4> 3,000 m, 578 F7= FA 1 200k 2
£l A Eelo} /1SR S el 9, BAe] A B o] heR el Red A RS o8 9
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Fig. 2. Photographs of the heat probe. A. Deployment of the gravity corer with seven temperature sensors (Top1-Top7)
and tilt meter (Tilt) during the 2021 ARA12C expedition. B. Miniaturized Temperature Logger (MTL: Antares). C. Tilt meter
(Star-0ddi).A ball-pen is placed for scale in Band C.
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Fig. 3. Heat probe data. A~C. Temperature with respect to time at C1~C3, respectively. Top1~Top7: temperature sensors,
as shownin Fig. 2. Tilt: tilt meter, as shown in Fig. 2. D~F. Calculated geothermal gradient (GG) for two measurements at
each station (C1to C3). WO: working order in Table 1. Tilt values are relative to the horizontal (90 for a vertical downward
direction).
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S RS R ] U o A0 IS, YIS Konsberg ] U DS (EM122))

A7 SBP27E ARB STt ST 2.5~ KNS ST Wz (chirp) BER BESIR 4o 44 emel 1
&, WdE= 0.5 mETH T "AMIS] E(roll) 2} Tqi](pitch) 271018 HAA 0 8 WA 2 9151, 45 (ping) 7]
= 3748191 EM1229] A4} 579t

21

A A

2021(ARA12C LxhW F2F 4 2,160~2,250 mof| Sfgohs 2 %] |43 QoA A2 FA 7 & 3 - oA T=E
Arh(Fig. 18] 5= C1~C3; Table 1). 2018'A0]| T50] 385 43 O1(Kim et al., 20202)7+2021d HH C19] A=
18 km=A], Blw 3] 717to] 91257 wiZe]] 2| 27dAM: P21 A= % E Blwshr|of = 2 s},

TS QAR E BAIoto] A/d2Fs oFA] 9 =0 Al O] AXkE AlQlola, 7F BET 4~5719] 2% AA ATHE A
B5I3ith(Table 1] # of MTL). T5A7H= B8 U] Zold 25382 T35k 716k, Zold kol thgh 2141¢]
ZAVAE THE A FAHAQ R 1 91710.99~1.008 HITKFig. 3d~31). 19 717 R*ZES 122 UloflA] Fol A%
oA amn%g; A @AAFof| o] AL 1 Q122 | AISH}. AH 012] 790l R*ZHe] 0.99¢1 Ax}, AHE C1~C3
O] T BxE q1efol, 2] s g HolA= EZT Hellx Mk A4l ool do| siA{H7kx] Ad=5ot la& o

Table 1. Results of heat flow measurements in the Chukchi Abyssal Plain in 2018 (O1) and 2021 (C1~C3). ST: station,
WO: working order, GG: geothermal gradient, MTL: miniaturized temperature data logger, TC: thermal conductivity, HF;
heat flow

Sampling site Wt GG I situ Est
Site full name (ddd:mm.mmmm) ater (mK/m) nst HF st
ST WO (prefix: ) depth v of TC (mW/n?) age Remark
prefeARA) Lat.  (m) Vomsur 7O (W/m/K) Myn)"
rement MTL raged
1 09COICTDOl -171:552610 76:32.7630 2,250° - - - - - -0.3735°CY
o 2 09C0IGVC02 - - 0.998 ~ 451m”
-171:55.3122  76:32.7798 2,283 56.4 88
35 09CO1HFP0O3 ) 6 5659 1
09CO1HFP05
3 12C30HFP03 -171:37.3980 76:24.0995 2,248  55.1 4
Cl 54.9 1 54.8 95
4 12C30HFP04 -171:37.3997 76:24.0997 2245  54.6 4
1 12C31HFPO1 -171:20.7440 76:23.5240 2208  55.0 5
2 55.0 t 54.9 95
2 12C31HFP02 -171:20.5088 76:23.5085 2,167  54.9 5
o3 1 12C32HFPO1 -170:38.9963 76:20.2984 2,164  60.8 5 610 t 60.9 72
2 12C32HFP02 -170:38.9949 76:20.2983 2,164 612 5

1) Estimated with the formation age-heat flow relationship (Stein and Stein, 1992).
2) Same location with Core 03M03 (Wang et al., 2012).

3) Maximum depth of the Conductivity-Temperature-Depth (CTD) casting.

4) Observed bottom water temperature at the maximum depth of the CTD casting.
5) Total length of the sedimentary core.

6) Data from Kim et al. (2020a).

7) The value from the cell above is used. See the text for detail.
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2| 2] slfA1 8 Lol A 7*] = o*}EQ} T4 7 }Oﬂ—t— %E‘g
71 245 013 2 Aol B 55 C1o] A A S

ERdTh LRFA 0 & 5~15%9] 24 A& Aok oA Grevemeyer and Villinger, 2001)°f|4] =48] 2]-&

ZeATE BN 4] Attt al Tete 4 9lor, of /\Vé]% T A A2 S0 AP R = A

AlQiet.

g =
i
JNI

ERE gurr U MRASEAL Z2n

ARA09CHA}52t 214 6111% HHoflA 94—5——?1 Z& F o] A|F(Table 12] ARA09CO1GVCO2)e] thaf] A7 |3 AT
T BEAAE ol 8dl Hil= 5&7} &)X CHFig. 4; Table 1). TS5 E|&= Fol9] gL = Zlolo| & 7
6H F BZE|A Bl A TEE= 715(0.58~1.54 W/m/K) 2} H A K Pribnow
etal., 2000). =3 oF Sl-g I8 =0 20| 5% glof, AAL L o] Halo] GIgke FL 91ol.S mjot
Sl71= ol Pt gRk o2 5 1‘?’1 E%Oﬂﬂi Z—Mév%’é go] Eol5H, @M =rt 7ol Aol WEEU ol=
T~ m O] ZJoof| A LER = dAFO 2 (4], Expedition 317 Scientists, 2010), 5 H o4 @5H 4= m i
ofolAl=ERI5t7] ok ©, 1.3 WKl 7HEA S4H & @Ak T 3R ofid S<oll Bl o] =2 4= a2 A
A?ItHGoto and Matsubayashi, 2008).

E|2E Fofof| ozt T34 1.038 W/m/K (Fig. 4] FA0)eolH, o= A Aok WS4 ghol 22 &7 (in situ) gk
2 BAr]ojok gttt AN BEE iUA D 22 T Y] - = F Alo|E BY 4= o] whizell, g2
IR G- -2t TAAALS o] 8510] L9 9FE o] 93RS H A Hyndmann et al., 1974). ARA09CO1°]1A]
CTD &80 2 SE% 7P 2.8 SA10] 5= 0.3735°CO]H(Table 1), A4 £&=200C0|Qt) EJAES] W=
FRLAT § 0] Al5F A O'Regan, 2007) 5 ARA09C01GVC022] Zolof Sdsh= A 5 mE Batslo] ARgs)
Fth(Table 1). @F g4 o2 HAH HHE AT m= A4 AETof| B 3.8%%-20.998 W/m/K (Fig. 4014 A
Ayolch

1.300 | o
3
S 1200 |
=
=
S1100| @ o
o
T;; Tc'ab1.0380 ................
oz 1.000 o ([ ]
2 L TCin-situ:0.998 @ ®

e
0.900 , ; ‘ ‘ ‘ ; ‘
0 100 200 300 400
Depth (cmbsf)

Fig. 4. Observed thermal conductivity (TC) with respect to core depth for site ARAO9CO1GVC2 (O1inTable 1). TClab: labo-
ratory thermal conductivity, TCin-situ: In-situ thermal conductivity. Text gives the correction fromthe TClabto TCin situ.



A5 01} C1~C39] FHA| Ao thet HFA]F FAF Z=ul2 A EJAE9] E|2] o= Qlof] /o] £2 &
2l5o] FEl6tth(Fig. 5). 83 019 ¥4 B E 9L W52 7E C1~C3¢] f8sto] A 4=l =
o], o] o] ZARE 1) W] AR BT A FA=0] EHPgo] A E= 44 >2,000 m o] 22| T+l sigsiH,
2) o] HjollM Se|7t 5-S61A| g t= o] ER1E| 1, 3) 4% O1£]0]l A7) si#8 Lollx] &5 Zxp7FEASHA] ¢
ETh= Holth(Pollack et al., 1993; Zhang et al., 2021).
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Fig. 5. Sub-bottom profiling survey (Oa and Ob showninFig. 1). Water depth is calculated with the sound velocity of 1,500 m/s.
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Fig. 6. Formation age estimated from measured heat flow and the relationship between age and heat flow (Stein and
Stein, 1992). Circles represent measurement stations. Solid line is the relationship from the GHD1 model.
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SiAf@21e] 7}A510| =20 E QP4 A

2| 2] FAZo| A WHE 7St Eg|o|E AU (Fig. 1] migh A4 )oflx] Fofd& 53l 7tAstol =g E
A= BISES, F2 7Y mEe & AR Ot Bl ‘:]'(Klm et al., 2020a, 2020b). Z}%] 7] FAZ L
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H &gt (Kang et al., 2021). 4] SGFollA] 4385 A5 edu} SAPE o A= SR RAF HRARL 7 Q1] 7] oF
S¥ThHegewald and Jokat, 2013; Nikishin et al., 2021b).
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2002; Geletti and Busetti, 2011) 5}7] wj&o|ct.
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Fig. 7. Range of the base of the gas hydrate stability zone (BGHSZ) estimated from observation results (red area). Grey line
indicates the stability (Sloanand Koh, 2007) of the gas hydrate with a composition at the Araon mounds (Kimet al., 2020b).
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