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Beenenne

B cenTabpe 2004 roga, nepBoe 3a BCHO UCTOPUO BypeHne
Ha xpebTe JToMOHOCOBAa (APKTUHECKas SKCNeamLIMsa ans
BypeHus ¢ 0Tbopom kepHa, ACEX, nnn skcnegnums

IODP 302, puc. 1a) BbisgBUIO BeCnpeLEeOeHTHYO KapTUHY
0bpa3oBaHns 0cagoHHbIX NOPO/, B LIEHTPASIbHOM YacTu
CeBepHoro J1egoBMTOro okeaHa, OXBaTbIBAOLLIErO
nepvog B NOcneaHne ~56 MUNAIMOHOB NET. [py MOMOLLK
MaIEOHTOSIOMMHECKMX N FTEOXUMNYECKIX METOVK BriepBble
0Ka3anocb BO3MOXKHbIM 33[0KYMEHTVPOBATb Pa3BuUThe
LIeHTPasIbHOM APKTUKN. SKonorndeckast 06CTaHOBKa U
naneo-KMMaTN4ecKkoe 3BOJTFOLIMIOHNPOBaHNE OKa3aICb
BECbMa OT/IMHHBIMW OT TOrO, YTO MPearoarasiock Ao
nposeneHnsa BypunbHbIX paboT. C CNOIb30BaHMEM
HOBOIO Maneo-KIMMaTUHECKOro NMOCTeNeHHOro
N3MEHeHVs, B LeNsiX TOro, YToObl MokasaTtb BIsiHMe
naneo-TemnepaTyp Ha Temrneparypy 1 UCTOPUIO 3pesioCTr
[aHHOIO PervoHa, ObiNo NPON3BEASHO MPOrHO3NPOBaHEe
TEKTOHNHYECKOro MNasieo-TernsioBoro rnoToka B 30HE
Kapckoro mopsi.

Lenn

3anagHo-Crnbupckuin 6acceH aBnseTCa OaHNM 13 CambliX
OONbLUMX VHTPa-KPATOHHbIX 6ACCENHOB B MUPE 1 TaKXKe
npeacTaBnseT cobom camyto boratyto HePTErazoHOCHYO
NpPOoBMHUMIO Poccun. OToT BaccerH oxBaTbiBaeT
nnowanb NpUbN3NTENBHO B 2,2 MUMMOHA KBaapaTHbIX
KMOMETPOB, M OH pacnofiaraeTcst Mexay LMpoTamm

55 1 75. B Uensx nayHeHuns BInMaHNA Temneparyp Ha
MOBEPXHOCTW Ha 3PefioCTb HEPTEMATEPNHCKOM NMOpOoap!

B CEBepHOM YacTn baccenHa, B Kapckom Mope (puc. 1a),
Obln CO34aH 1 CMOAEMPOBAaH Pe3epByap C 5 pasnnyHbIMM
TemMnepaTypPHbIMN KPYBbIMM MOBEPXHOCTY OT Pa3N4HbIX
NCTOYHMKOB. [OCTENEHHOE N3MEHEHME TEMMEPATYPbI Ha
MOBEPXHOCTY B COHETaHUM C MPOLLECCaMK MOCTENEHHOMO
N3MeHeHVst baccenHa onpeaensatoT reoTepManbHoe
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Introduction

In September 2004, the first-ever driling of the Lomonosov
Ridge (Arctic Coring Expedition, ACEX, or IODP Expedition
302, Fig. 1a) recovered unprecedented sedimentary
records of the central Arctic Ocean spanning the past ~56
Ma. With paleontological and geochemical techniques it has
been possible to document the long-term development of
the central Arctic for the first time. The environmental setting
and paleo-climatic evolution turn out very different from

that expected prior to the drilling operation. With the help of
the new paleo-climatic evolution a tectonic paleo-heat flow
prediction of the Kara Sea area was performed to show the
influence of paleo-temperatures on the temperature and
maturity history of that region.

Aim

The West Siberian Basin is one of the largest intra-cratonic
basins of the world and is also the richest petroleum
province of Russia. It covers an area of approximately 2.2
million km2 and is situated between latitude 55 and 75. In
order to study the effect of surface temperatures on the
maturity of the source rock, a synthetic well in the northern
part of the basin, the Kara Sea (Fig. 1a) was created and
modeled with 5 different surface temperature curves from
different sources. Surface temperature evolution coupled
with basin evolution processes determines the geothermal
and associated maturity evolution.

Methods

PetroProb

To predict geothermal and maturity evolution, a recently
developed coupled lithosphere and basin thermal model
has been used (PetroProb, Van Wees et al., 2009).
PetroProb is capable of calculating tectonic basement heat
flows, incorporating a variety of tectonic scenarios (including
rifting, underplating, mantle upwelling), and capable of
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MOoCTerneHHoe n3MeHeHne 1 CBA3aHHOE C 3TUM
MoCTerneHHoe N3MeHeHrne 3pesioCcTun.

MeToabl

PetroProb

[nst nporHo3npoBaHns reoTepMasibHOro NOCTENEHHOro
N3MEHEHNS 1 MOCTEMNEHHOMO U3MEHEHVIS 3PESIOCTU

Obina Ucnonb3oBaHa HedaBHO padpaboTaHHas
obbeanHeHHas nMTocdepHo-baccenHoBast TepMasbHas
mogaens (PetroProb, Van Wees et al., 2009). PetroProb
obecrne4vnBaeT BO3MOXHOCTU A5 pacHeTa TEMIOBbIX
MOTOKOB TEKTOHNHECKIX MOACTUIAIOLIMX MOPOL, BKOHas
ctofa 6oblLIoe pasHOObpPa3ne TEKTOHNHECKMX CLEHAPVIER
(BKNtOHast packasbliBaH1e, MoAcavBaHNe, MOgbEM
MaHTLK), 1 0BecnevmBacT BOSMOXXHOCTW NSt BKIKOHEHNS
0BpaTHbIX BAVSHWN OTAOXKEHUIA 1 M3MEHEHIA TEMMEPaTyP
Ha MOBEPXHOCTW Ha TEM/IOBbIE MOTOKM B MOACTUNAIOLLNX
nopopax 1 Temneparypbl baccenHa. JaHHas Moaenb
NHBEPTUPYET OOCTAHOBKY OCaKOHaKOMEHNS,
KaMBpOoBaHHYO Mo, AaHHbIe MO TeMMepaTypam r
3penocTu. AHanM3 KanMbpOBKM 1 HyBCTBUTENBHOCTY
BbINMOJTHSOTCS MPY MOMOLLM BbIBopo4HOro aHann3a Monte
Carlo ¢ Mcnonb3oBaHMEM SKCMEPUMEHTANTIBHOrO METOAA
pacyéTa anga obecneverns 3OEKTUBHOCTY BbIHNCIEHWIA.

Maneo-Temneparypbl

[na onpeneneHnst Bo3pacTa OTNIOXKEHWN, B
OCOBEHHOCTU OCTAHKOB AMHOMareNsATHbIX LICT
(OVHOLCT) NCNOSB30BaNICA NMaNTMHONOTMHECKIIA
aHanms, a o1a obecnedeHns CTpaTtnrpanyeckoro
NOAPa3[ENEeHNs KIKOHEBLIMU SrieMeHTaMu Oblnn
OMaToMOBbIe BOAOPOCU. [aHHble OCTaHKM OVHOLMCT
N Ha3eMHbIX pacTeHni (rnaBHbIM 0BPa3oM MbibLAa

1 CNOpbl) 06eCNeHMBaOT BaXKHYHO MHDOPMAaLMIO

Mo Naneo-KNMMMaTUHECKOMY SBOSTOLIMIOHNPOBAHMIO
BacceliHa. Takon aHanm3 OoMNoSHAETCS AaHHbIMW MO
OpraHMYeCKo reOX1MNK, KOTOPbIE MPOSIMBAKOT CBET Ha
MPOUCXOXKAEHWE N (M3OTOMHbIN) COCTaB OPraHN4eCcKImX
BELLECTB B OTIOXKEHUSX. JJONOMHUTENBHO K STOMY Mbl
NCMONb30Ba/IM 3aHOBO pa3paboTaHHbIN Maneo-TepMOMETP
TEXgg, KOTOPBI B CBOEW paboTe OCHOBLIBAETCS Ha
OTHOCUTENBHOM pacrpeneneHn KpeHapkasTanbHbIX
MeMbpaHHbIX IMnMaoB (Schouten et al., 2002).
Kanmbposka TEXgg 0CHOBbIBaeTCHA Ha 104 MOPCKIX
MPUNOBEPXHOCTHBIX OTIIOXKEHMSAX W, KaK BbISICHSETCS,
O4eHb XOPOLLO KOPPEeIMPYET CO CPeaHNM rof0BbIM
3HadeHnem SST: TEXgg = 0,016 x SST + 0,20, npw

R2 = 0,93. [laHHOe ypaBHEHME NCMONBb30BaIOCh AN
npeobpasoBaHns TEXgg B SST.

Pe3ynbTarbl

B MogenmpoBaHum HeTEHOCHBIX CUCTEM PacHeT
3PEenocTh HebTeMaTEPUHCKOM Nopodb! MaBHbIM 06pPa30M
3aBUCUT OT 6a3MCHOrO TEMIOBOrO MOTOKA, TEMMEPATYPb!
MOBEPXHOCTY pasaena ceaMMeHTaUmMoHHon Bogb! (SWIT),
TEnMONPOBOAHOCTU 1 BbIPAOOTKM PagmOreHHOro Ternna
nopoaon B cuctemMe. [Ba nocneaHux napameTpa obbiMHO
onpefensatoTCcs NCMONBb3YOLLVMUCS PAa3NNYHBIMA MO
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including feedback effects of sedimentation and surface
temperature variation on basement heat flow and basin
temperatures. The model inverts burial histories, calibrated
to temperature and maturity data. Calibration and sensitivity
analysis are done through Monte Carlo sampling analysis
using an experimental design technique for computational
efficiency.

Paleo-temperatures

Palynological analyses were used for deriving sediment
ages, especially the remains of dinoflagellate cysts
(dinocysts) and diatoms were keys in providing a
stratigraphic framework. Both dinocysts and terrestrial
plants remains (mainly pollen and spores) provide important
information on the paleo-climatic evolution of the basin.
These analyses are complemented by organic geochemical
data that provide origin and (isotopic) composition of
organic matter in the sediments. We summarised all
available data from the newly developed paleo-thermometer
TEXgs, Which is based on the relative distribution of
crenarchaeotal membrane lipids (Schouten et al., 2002).
Calibration of the TEXgg is based on 104 marine surface
sediments and found to correlate very well with annual
mean SST: TEXgg = 0.016 x SST + 0.20 with R2 = 0.93.
This equation was used to convert TEXgg into SST.

Results

In petroleum systems modeling the calculation of the
maturity of a source rock is mainly dependent on the basal
heat flow, the sediment water interface temperature (SWIT),
the thermal conductivity and the radiogenic heat production
of the rocks in the system. The latter two parameters are
usually defined by the used lithologies while the first two are
considered user input. With our setup we want to stress the
importance of good constraints on these values.

A detailed analysis of palynological proxies leads to a
detailed surface temperature curve which can be used

as input data for the SWIT curve in petroleum systems
modeling. The analysis of the newly acquired data from the
arctic at latitude 85 have revealed the successful recovery
of the Paleocene - Eocene transition, with the occurrence
of an Apectodinium augustum acme and a prominent,

6%o drop in stable carbon isotopes of bulk organic carbon
(d13C TOC) at the Paleocene Eocene Thermal Maximum
(PETM) some 55.5 Ma ago (Fig. 1c). This finding contrasts
predictions, which had placed the base of the sediment
column, above Cretaceous basement, at 50 Ma. During the
PETM the dinocyst and TEXgg paleo-thermometer records
show combined increased runoff and sea level rise and a
subtropical Arctic Ocean, with sea surface temperatures of
~23°C (Sluijs et al., 2006).

Other Paleogene highlights also include the recovery

of the Eocene Thermal Maximum 2 (aka ELMO ~53.5
Ma). Dinocyst assemblages show a freshening of Arctic
Ocean surface waters, while TEXgg-derived paleo-sea
surface temperatures rise from ~18 — ~22 °C and palm
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Pacific Ocean

Figure 1: A) Arctic Ocean map (modified
from International Bathymetric Chart of

the Arctic Ocean, Jakobsson et al., 2000),
with indication of the Arctic sub-basins
and ridges: AR, Alpha Ridge; FS, Fram
Strait; GR, Gakkel Ridge; KS, Kara Seg;
LR, Lomonosov Ridge; MR, Mendeleev
Ridge; MB, Makarov Basin; NB, Nansen
Basin; AB, Amundsen Basin; CA, Canada
Basin. Star indicates the location of IODP
302 drilling on the LR; B) Location of drilling
within the early Eocene paleo-geographical
reconstruction of the Arctic Ocean
(Brinkhuis et al., 2006) TO, Tethyan Ocean;

Ty Cuvord s C i
Bospatmian mopames ALEX - ACEX Age Moda! e P-AO, Proto-Atlantic Ocean; NS, North
Cog o R T Sea; C) ACEX age model (modified from
4 [fuwodsmarannama wonosm, sos  Dinofi ;-ur\gﬂ than BaCkman et al., 2008) W|th indication Of the
. ”’““'"‘"‘;:;:’::'- “"‘B;;;;:‘;;m Lithologic Units (Lith. Unit) and sub-units
* DBpasey YBe e sl (Expedition 302 Scientists, 2006). Pictures
100 | R AB 145 . st it of the dinoflagellate cysts Apectodinium
= ik bl augustum (1), Phthanoperidinium clithridium
pltes 0421 00w (), Arcticacysta backmanii (4), A. moraniae
_ "N, 8c: 80 mma (5) and the remains of Azolla (2) used as
g 200 L. biostratigraphical markers are also shown.
£ The palynological events considered
E in building the age model in the early
- Cenozoic are: Last Occurrence (LO) of
.g A. augustum (F), LO of Azolla (E), Last
E 300 1 Abundant Occurrence of P. clithridium (D)
and the mid point of the Burdigalian stage
where A. backmanii and A. moraniae occur
(C). The oldest identified paleomagnetic
400 L chron datum (top of magnetochron C25n,
. 5 { . 1 Chron C25n), (G) deepest Berillium-10
i g p"m fopa; — | PG Man.bamER. 75 samples (B) and top of the section (A) on
| : : Fn : . : : ' | which the age model is based are also
0 10 20 30 40 0 &0 20 80 shown. TD: Terminal Depth. Depth scale in

BoapacT (munnuoHos NeT Halag) - Age (Ma)

PUCYHOK 1: A) KapTa CesepHoro JlefoBnTOro okeaHa
(nonydeHa nyTem M3MEeHEHVA MeXXayHapOaHOM
batnmeTpudeckon kapTbl CeBepHoro JlegoBmToro
okeaHa, Jakobsson et al., 2000), ¢ ykasaHnem
apPKTUHECKMX cybbaccemHoB 1 XxpebToB: AR - xpebeT
Anbda; FS - yuienbe ®pam; GR - xpebeT Nakkensd; KS

- Kapckoe mope; LR - xpebeT JTomoHocoBa; MR - xpebeT
MeHpeneesa; MB - koTnosrHa Makaposa; NB - koTnosrHa
HaHceHa; AB - koTnoBuHa AmyHaceHa; CA - kaHaackas
KOTNOBMHA. 3BE3001 0603Ha4eHO MecTo BypeHust IODP
302 Ha xpebTe JlomoHocoa LR; B) MectononoxeHue
OypeHnst B paMKkax 30LEHOBOW ManeoreorpadmHeckon
PeKOHCTPYKUMN CeBepHOro JleqoBmUTOro okeaHa
(Brinkhuis et al., 2006) TO - TeTuccku okeaH; P-AO

- MpoTo-ATnaHTudeckuin okeaH; NS - CeBepHoe MOpE;

C) BogpacTtHas mopenb ACEX (M3meHeHo oT Backman

et al., 2008) ¢ ykazaHnem nUTonornm4ecknx eguHmL (Lith.
Unit) n cy6-eaunnL, (CneupanncTbl akecneamumm 302, 2006
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meters composite depth (mcd)

r.). [okagaHbl Takxe 1300pakeHNs AnHoNareNsTHbIX
umcT Apectodinium augustum (1), Phthanoperidinium
clithridium (3), Arcticacysta backmanii (4), A. moraniae

(5) v ocTaHkoB Azolla (2), ICMONB3YEMbIX B Ka4eCTBe
BrocTpaTUrpadnHecKrX MapKepoB. [anmHONOrNHYECKMIA
COBBITUSAMU, YHUTbIBAEMbIMU MPU MOCTPOEHN BO3PACTHOM
MOAENV B Ha4ane KanHO30MNCKOM 3Pbl ABMAAKOTCS:
MocneoHnin cnyydan (LO) A. augustum (F), MNMocnearmn
cnyydan Azolla (E), NocneaHnii 06unbHbIA crydan P.
clithridium (D) n cpeaHast Touka BypavraibCKoro apyca,
Koraa UMmetoT Mecto A. backmanii n A. moraniae (C).
[NokagaHbl Takke camasi cTapasi UaoeHTUOULIMPOBaHHasA
nanieoMarH1THasi KpoHOBasd OTMETKa (BepLUMHa
MarHeTokpoHa C25n, Chron C25n), (G) obpasupbl camoro
rny6okoro bepunnna-10 (B) v BeplunHa cexkumm (A), Ha
OCHOBE KOTOPbIX CTPOUTCHA BO3pacTHast Mogenb. TD:
rnybvHa KOHeYHOM TouKu. LLIkana rnybunH B MeTpax
COCTaBHOM ry6uHbl (Mcd)
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COCTaBy 0cafo4YHbIMKM MOPOAAaMK, B TO BPEMS, Kak MepBble | vegetation suggests frost-free winters (Sluijs, personal
[Ba paccMaTpyrBaroTCs B Ka4eCTBe BXOOHbIX MapameTpoB comment). At the early — middle Eocene transition (~49
OT NoNb3oBartens. Hale CxeMon Mbl XOTUM NOAHEPKHY T Ma) stunning concentrations of remains of the fresh water

Ba>KHOCTb pa3yMHbIX OrpaHI/IL-IeHI/IVI Mo 3TM 3Ha4YEeHUAM.

[eTanbHbin aHann3 NanMHONMOMNYECKMX 3aMECTUTENEN
0A€eT B pesynbTare NOAPOOHYHO TEMNEPATYPHYHO KPUBYHO
MOBEPXHOCTU, KOTOPaA MOXET MCMOMb30BaTLCH B
Ka4eCTBE BXOOHbIX AaHHbIX 415 Kpnson SWIT npu
MOLENMPOBaHUN HEPTEHOCHBIX CUCTEM. AHANIN3 HOBbIX
NOJTyHEHHbIX AAHHBIX U3 aPKTUHECKOM 30HbI Ha LUMPOTE
85 BbIsBUN YCMEeLHOE BOCCTaHOBEHME MaSIEOLIEH -
30LIEHOBOr0 neproa nepexona, ¢ KynbMUHALMOHHON
To4KOM Apectodinium augustum v 3Ha4nTENbHBIM, 6%o-
HbIM MOHVDKEHNEM MO CTabubHLIM N30TOMNaM yriepoda
Yy MacCOBOIro opraHmyeckoro yrnepoga (413C TOC) Bo
BpemMs TennoBoro MakcMmyma nasneoLeHa — soLeHa
(PETM) okono 55,5 M1nanoHoB NeT Hasag (puc. 1¢).
Takol BbIBOA, KOHTPACTUPYET C MPOrHO3amm, KOTOpbIe
OTHOCW/N OCHOBaHMe CTON6a 0Caa0HHOM MopoOas|,
BblLLIE MOACTUNAIOLLIEN MOPOObI MEIOBOIrO Neproaa,

K 50 munnvoHam net Hasaa,. Bo spems PETM Hawm
3anvcuy No ANHOLMCTaM U Naneo-TepMoMeTpy TEXgg
MOKa3bIBaIOT MOBbILLEHHBIN CTOK U MOBbILLEHNE YPOBHS
Mops 1 cybTponmndeckmin CeBepHbiit J1e00BUTbIN OkeaH C

of continuous glaciation.

fern Azolla and freshwater tolerant dinocysts suggest

that, at least episodically, completely fresh surface water
settings characterized the Arctic Basin (Brinkhuis et al.,
2006). During the middle Eocene, shifts in salinity and

in ice-rafted debiris follow a strong orbital driven cyclical
pattern (Sangiorgi et al., 2008a). Moreover, dinocyst
stratigraphy was instrumental in recognizing and assessing
the ~26 Ma hiatus, which marks the transition from the
greenhouse world to the icehouse world (Sangiorgi et

al., 2008b). Sediment erosion and/or non-deposition that
generated the hiatus were likely due to a progressive
shoaling of the Lomonosov Ridge. Above the hiatus, a
new Miocene dinocyst genus Arcticacysta (Sangiorgi et al.,
2009) and higher than expected sea surface temperatures
(15-19°C) (Sangiorgi et al., 2008b) mark the recovery of
sedimentation on the Lomonosov Ridge near the Miocene
Climatic Optimum. The Neogene record has relatively low
sedimentation rates and perennial glacial conditions starting
from 14 Ma, after which the late Pliocene marked the start

The new surface temperature curve from the Lomonosov

TEMMNEPATYPO MOPCKOM MOBEPXHOCTU B Npeaenax ~23 °C Ridge was compared to surface temperatures generated

(Sluijs et al., 2006).

Ncnonb3oBaHne HOBOW TexXHoNormm B Poccum — 3ab0OMHbIN TpakTop
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HoBoe B MeToax npoBeaeHnst paboT B CTBOJIE CKBaXXWHbI

from PetroMod® of IES/Schlumberger for the Eurasian arctic

MpenoctaBnsaeMble
ycnyru

Ycnyru, npepoctaBnsieMble KOM-
naHven BenTak, umeloT AnanasoH
OT AocTaBku obopyaoBaHus Ans
peMOHTa CKBaXWHHOro ob6opy-
[0BaHUS B CTBOJ1 CKBaXWHbl [0
NpPOBeAEeHUst CNOXHbIX paboT B
pamkax 'TH un KPC, Bkntovas cne-
aylouee:

o OTKpbITUE U 3aKpbITVE KNa-
naHos

* YaaneHue TBepAblX 0CafKoB,
Bbl6YpPEHHOI Nopoabl U UHO-
pOAHbIX BeLecTs

e [ocTaHOBKa W CHATUE MOCTO-
BbIX NPO60OK

e ObecneyeHne onNTMManbHOro
perynuposaHusa aebuta

¢ dpe3sepoBaHMe Ha KapOTaXHOM
kabene

¢ Mepdopaumns

e M'NIC BO BpeMsi BYKCUPOBKM Ka-
pOTaXxHbIX NPU60POB 3a60MHbIM
TPaKTopoM

¢ JloBubHbIE paboTbl

¢ Ouunctka 3a6os 1 3aboliHoro
obopyaoBaHMs OT BbIHOCMMOrO
necka
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Hpyrve knio4vesble
MOMEHTbI NaneoreHa
TakxKe BKIKOYaKoT B

cebsa BOCCTAHOBNEHNE
TennoBoro makcumyma
2 20L|eHOBOM 3MoXum

(Ha3bIBAEMOro TaKxe

ELMO ~53,5 MunanoHoB
neT Hasag). HakonneHus

\\;"L 20
A

OVHALNCT yKasblBatoT
Ha onpecHeHne
MOBEPXHOCTHbIX BOL,

0

T T T T T T T T T
CesepHoro Jleposutoro 100 90 80 70 60 50 40 30 20 1 0
OKeaHa, B TO BpemM4, — Petromod 85 - ctabunbHbii  Petromod 85 steady

Kak onpeaeneHHble | — Petromod 72 — ¢ agBuxxeHneM nnut Petromod 72 with plate movement -10

C ncrnonb3osaHnem

TEXSG TeMneparypbl — Donders 85 Donders 85

— CkoppekTupoBaH. 0.2 Adjusted 0.2
CkoppekTtupoBaH. 0.4 Adjusted 0.4

(9,) @injesadwa] aoepNng
edAredauwal sBeHLo0HXda80[]

MOBEPXHOCTY NaNIe0-Mopsi
nogHMMaroTes ¢ ~18 o
~22 °C v nanbMoBas
PaCTUTENBHOCTb
yKa3bIBaET Ha 31Mbl 6e3
MUWHYCOBbIX TEMMepaTyp
(Sluijs), MHoMBMAYyanbHble
KOMMeHTapun). B paHHe-
CpenHnn NepexoaHbIi
30LIEHOBBIN MEPUOA,
(~49 MmnnmMoHoB neT
Hasam) owenomasowme
KOHLEHTPALIMN OCTaHKOB
NPEeCHOBOAHbIX
ManopOTHUKOOBPAa3HbIX
Azolla v CTOMKNX

K MPECHOM BOAEe
ONHOLMCT yKasblBatOT Ha TO, YTO, MO KpanHemn

MEpPE, 3MM30aN4eCKn, APKTUYECKNA BacCemnH
XapakTePU30BaCs OCKAEHUAMU U3 MOHOCTLIO
nMpecHbIX MOBEPXHOCTHLIX BOS, (Brinkhuis et al., 20006).
B nepuopn cpeaHero soueHa, N3MeHeHUs B CONEHOCTH
1 B OCTaTKax OpraHn4ecKyx BeLecTB 0T 60AbLUMNX
NNaBy4nx NbAVH UMEKOT CUNbHO-BbIPaXKEHHbIN
OpbBUTaNBHO-3aBUCUMBIV LIMKIIMHECKUIA XapakTep
(Sangiorgi et al., 2008 a). JononHUTENBHO K 3TOMY
cTpaturpadunsa AMHOLUMCT OKasanach Nosie3HbIM
CpPedCTBOM B pacrnosHaBaHUM 1 OLIEHKE nepepbisa

B OCafKOHaKoMIeHnn ~26 MUINMOHOB NEeT Hasam,

YTO YKa3bIBaeT Ha MNEPEXOL, OT «TEMINYHOro» MUpa

K MUPY «negoxpaHunuiia» (Sangiorgi et al., 2008

b). Bpo3na oTNOXEHWUIN /M HeOBpa3oBaHME
OTNOXXEHUI, PeE3yNbTaTOM Yero CTas YNoMsHyTbI
repepbiB B OCaAKOHAKOMNEHNN, Hanbonee

BEPOSATHO 0DYCNaBMBAOTCS NPOrPECCUPYIOLLIM
obmeneHrem Xpebta JlomoHocoBsa. Bblille nepepbiBa
B 0Ca[KOHaKOMMEHUM, HOBbIV B, MUOLEHOBbIX
anHouncT Arcticacysta (Sangiorgi et al., 2009) n
fonee BbICOKMNE, HYEM MpeAnonaranock, TeMnepaTypsl
noBepxHocTV Mopsi (15-19 °C) (Sangiorgi et al.,

2008 b) ykasbiBatoT Ha BO30OHOBIEHVE OTNOXKEHNI
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Bpemsa (MunnuoHoB net Hasag) Time (Ma)

Puc. 2 PagnuyHble pEKOHCTPRYKLIMM Maneo-noBepXHOCTHbIX TemMnepatyp. Donders

85, oTHOocuTCA K XpebTy JlomoHocoBa Ha wmpoTe 85. Adjusted 0.2 1 0.4 6bim
CKOPPEKTUPOBaHbI OT XpebdTa JIoMoOHOCOBA Ha LLUMPOTY 72, COOTBETCTBYIOLLYHO KapCKomy
MOPH, COOTBETCTBEHHO nMpuHuMast 0,2 n 0,4 C ang rpagyCHon WwWnpoTsl. [Naneo-
MOBEPXHOCTHAs TeMrneparypa ot PetroMod® ¢ ncnonb30BaHMEM NANTOBOMN PEKOHCTRYKLIN
anga Kapckoro Mops Ha wmpoTte 72 n wnpote 85 (Hantschel and Kauerauf, 2009)

Fig. 2 Different paleo-surface temperature reconstructions. Donders 85, refers to the
Lomonosov ridge at 85 Latitude. Adjusted 0.2 and 0.4 have been corrected from the
Lomonosov ridge to Latitude 72 corresponding to the Kara Sea., adopting 0.2 and 0.4
C per degree latitude respectively. PetroMod® paleo-surface temperature using a plate
reconstruction for the Kara Sea at 72 Latitude and a Latitude of 85 (Hantschel and
Kauerauf, 2009)

at latitude 72 (Hantschel and Kauerauf, 2009),

to data extracted from PetroMod® from a constant

latitude of 85 through time and to two surface temperature
curves generated from the newly acquired but corrected
for the shift of latitude of the study area through time

with a factor of 0.2 and 0.4 per degree latitude (Fig. 2).
The new surface temperatures show higher temperatures
for the Cretaceous, lower surface temperatures during the
Paleogene and drastically higher temperatures during

the Miocene.

These surface temperature curves can be directly imported
into PetroProb and are automatically corrected for the
water depth to generate the correct sediment water
interface temperature (SWIT).

The tectonic heat flow model uses 1D wells or 3D depth
maps as input for modeling of tectonic subsidence. Further
input is water depth evolution of the study area, the
sediment composition, lithospheric parameters such as
initial thickness and surface temperature. The heat flow is
calculated by matching a calculated tectonic subsidence
curve to the observed curve from the input data using

user defined rift phases in agreement with with tectonic
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ocagkoB Ha XpebTe JTomoHocoBa B6IM3N nepropa interpretation. Based on the calculated tectonic subsidence
MMOLIEHOBOIO KNMMaTUYeCKOro ontuMyma. daHHble no curve a heat flow curve is calculated.
HEeOoreHy MoKaablBatoT OTHOCUTESNTIbHO HN3KNE CKOPOCTU
OCafKOHaKOMMeHNA 1 KpyrnorogndHble NegHNKOBbIe In our case study in the Kara Sea, we defined a two stage
YCJIOBUS, Ha4MHasa ¢ nepuropa 14 MUNNMOHOB NET Hasan, rift event influencing the tectonic evolution of the area.
nocne 4ero No3aHWI NAVOLEHOBbIA NepUoL, onpeaennn According to many studies (e.g. Nikishin et al., 2002;
Ha4ano HenpepbIBHOro oNefeHeHUs. Saunders et al., 2005), a rifting event in the Late Permian
to Triassic created the West Siberian Basin. The beginning
HoBas KprBasi N0 NOBEPXHOCTHbLIM TEMMepaTypam and the maximum duration of rifting is still under discussion.
¢ XpebTa JlomoHocoBa bOblna cpaBHeHa ¢ According to Nikishin et al. (2002) the rift event was no
MOBEPXHOCTHLIMW TeMrepartypammn, BoblgaBaeMbIMU C longer than 10 Ma while Saunders et al. (2005) argue
PetroMod® Ha IES/LLIntoMmbepxe Ans eBpasninckonm that the oldest sediments onlapping on the footwalls of
ApKTUKK Ha wnpoTe 72 (Hantschel and Kauerauf, the rift faults are around 165 Ma old; the rifting therefore
2009), ¢ gaHHbIMK, Nony4eHHbIMK ¢ PetroMod® could have lasted up to 85 Ma. Still, modeling the tectonic
C NMOCTOSAHHOW LUNPOTHLI 85 BO BPEMEHN 1 C subsidence with one rift phase lasting from 250 to 165 Ma
OBYMS KPUBBIMK MOBEPXHOCTHbBIX TeMmepartyp, does not explain the increased subsidence rate after 165
NMOCTPOEHHBLIMW HA OCHOBAHWN HOBbLIX MOJTYYEHHbIX Ma (Fig. 3). Saunders et al. (2005) therefore propose that
OaHHbIX, CKOPPEKTUPOBAHHbIX MO CABUIY LUMPOTLI the main rift phase, accompanied by a mantle plume, lasted
30HbI NccnefoBaHys BO BpeMeHu C NCrnosib3oBaHNEM only a short while but afterwards the tectonic subsidence
koapdpuumerTa 0,2 n 0,4 019 rpadyCHOV LUMPOTH! due to thermal cooling was inhibited by the mantle plume
(pnc. 2). HoBble NOBEPXHOCTHbIE TEMMNEPATYPbI until approximately 190 Ma. The results shown in figure 3
AEMOHCTPUPYIOT 60/1ee BbICOKVE TemnepaTypbl A/1s were achieved by adapting this assumption to the model.
0 . 75
400 - 70
o
800 65 3
S R
‘J“: N ;—_': gc
5 4% 1200 60 2 2
E.O st.oo ﬁfZ.OO '§ 3
= 5=1.44 5=1.65 ==
1600 55 \3’\} ??
/ 3

2000 7 50

2400 T 45

250 200 150 100 50 0
Bpems (MunnuoHoB net Ha3ap) Time (Ma)

— TekToHMYeckui TennoBoi notok Tectonic heat flow

— WN3mepeHHOe TekTOHU4Yeckoe onyckaHue Measured tectonic subsidence

— CmMopenupoB. TeKToHMYeckoe onyckaHne Modeled tectonic subsidence
Fny6uHa Bog Water depth

Puc. 3 Habmtogaemble 1 cMOLENMPOBaHHbBIE KPUBasi TEKTOHUHECKOMO OMYyCKaHWS, KpuBas FybuHbl Maneo-Bog 1
PE3YNLTUPYIOLLIAS KpYBast Masie0-TEMIOBOro NOTOKA. [ByxaTanHoe CobbITUE TRELLMHOOOPa30BaHNA OTMEYaETCA
3HaYMTENBHBIM MOABEMOM MaHTUM, KOTOPLIN XapaKTepU3YETCH BEMNHMHaMM MOAKOPKOBOIrO pacTsieHus (B),
MPEBbILLIAIOLLIIMIN KOPKOBOE pacTsKeHue ().

Fig. 3 Observed and modeled tectonic subsidence curve, paleo-water depth curve and resulting paleo-heat flow curve.
The two stage rifting event is marked by significant mantle upwelling, characterized by subcrustal stretching values ()
in excess of crustal stretching (9).
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Mo3aHsas HedpTb - Late oil

OcHoBHas HedTb - Main ol

This tectonic model
was then calculated
with different surface
temperature curves
and the resulting
maturity for the source
rock was compared.
The results from the
models show that

the Cenozoic surface
temperature evolution
has a big effect on the

(04%) Aumen
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Bpems (MunnuoHoB net Ha3aa) Time (Ma)

— Petromod 85 - ctabunbHbIn 135 Petromod 85 steady 135

— Petromod 72 — c pBmxkeHuem nnut 135 Petromod 72 with plate movement 135

— CkoppekTupoBaH. 0.2 135 Adjusted 0.2 135
~—— CkoppekTtupoBaH. 0.4 135 Adjusted 0.4 135
— Donders 85 135 Donders 85 135

Puc. 4 3penocTtb BEPXHEN YacTu HEDTEra3oMaTEPVHCKOM TOSLLN B panoHe KapCKoro Mopsi
0151 PEKOHCTPYKLUMIA Pa3NYHbIX MOBEPXHOCTHBLIX TEMMEPaTYP (CM. pyUC. 2 0N NOSCHEHI)

Fig. 4 Maturity of the top of the source rock interval in the Kara Sea region for the different
surface temperature reconstructions (see Fig. 2 for explanation)

Menosoro nepuoga, 6onee HU3KNe NOBEPXHOCTHbIE
TemnepaTypbl BO BPeMs NaneoreHoBoro nepuoaa u
CyLLECTBEHHO 6oMee BbICOKNE TeMrnepaTypbl BO Bpemst
MWOLIEHOBOIO Mepuroaa.

[aHHble KpyBble MOBEPXHOCTHbIX TeMnepaTyp MOryT ObiTb
HaNPSIMYO MAOPTUPOBaHbI B PetroProb 1 asTomaTtnyecku
KOPPEKTUPYIOTCS ANst BOAHBIX rNyOuH 415 Bbloasdm
npaBUbHOM TeMMepaTypbl MOBEPXHOCTU pasnena
ceauMeHTauUmMoHHOM Boapl (SWIT).

Mopernb TEKTOHNHECKOrO TEMIOBOIO MOTOKA UCMOSB3YET
onHomepHble (1D) pesepsyapb! nmn TpeXMepHbIe (3D)

KapTbl MYOUH B Ka4eCTBe BXOAHbIX JaHHBIX [J15
MOAENMMPOBAHNS TEKTOHNHECKOTO OMYyCKaHKS.
LononHuTenbHbIMU BXOOHBIMM AaHHBIMU SBNSKOTCS
3BOSIOLIMOHMPOBaHNE BOAHBIX MyOunH B palioHe
VICCNEOoBaHWM, COCTaB 0OCaA04HbIX OTIOXKEHWN, Takme
NMTOCEPHBIE MAPAaMETPbI, Kak NepBoHaqaibHas TOMLLMHA

1 MOBEPXHOCTHasA Temnepatypa. TennoBon NOToK
PaCCHNTLIBAETCA NOCPEACTBOM COMNACOBaHNS PACCHATAHHOM
KPWBOW TEKTOHUHECKOrO OMyCKaHWsi C Habto4aeMOon KPUBOW
13 BXOAHbIX AaHHBIX C MCMOMB30BaHMEM ONMPEnensieMbIX
nosb3oBaTeneM a3 TPeLLMHOOBPa30BaHMs B COOTBETCTBUN
C TEKTOHN4YECKOM MHTepnpeTaumen. OCHOBbIBASICh Ha
PaCCHUTAHHOW KPVBOW TEKTOHUHECKOMO OMyCKaHMA
PaCCHATLIBAETCSA KPMBasA TEMSOBOrO MOTOKA.
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0.6 source rock maturity.
During the Paleogene
the new unadjusted
surface temperature
has maturities in the
same range as the
PetroMod® curve for
latitude 85. The maturity
increases drastically
in the Early Miocene
to show present-day
maturities in the same
range as the PetroMod®
curve for latitude 72.
The maturities of

the adjusted surface
temperature curves
have even higher
maturities compared
to the PetroMod® curves. This difference can have a
noticeable influence on the timing of generation and
trapping of hydrocarbons.

20 10 0

Conclusions

The recent ACEX data complement earlier paleobotanical
“snapshots” into Neogene development of the Arctic.
Plant macrofossils have for years been the only source

of inflormation on the paleo-climatic evolution available to
researchers, but data have been very limited in terms of
stratigraphic range. The new ACEX data as well as recent
studies from the Norwegian Sea (Eldrett et al., 2009) and
Alpha ridge (Jenkyns et al., 2004) now extend the paleo-
climate record further back into the Paleogene and even
upper Cretaceous, revealing a warm wet greenhouse world
which extended even to the high Arctic. Only the last 14
million years show the persistent influence of

glacial conditions.

The modeled differences between the surface
temperatures extracted from PetroMod® to the newly
acquired, result in lower maturities during the Paleogene
but a drastic increase in maturity during the Miocene. Oil
and gas generation will be influenced by this. Slow but
steady generation during the Cenozoic prevails in the
models with the PetroMod® surface temperature curve
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B Hallem cutyaumoHHOM 1ccneaoBaHnn B Kapckom
MOPE Mbl ONPEaENVN ABYX3TanHOe cobbIThe
TPELMHOODPA30BaHMS, OKa3bIBaOLLEE BANSHUE Ha
TEKTOHNYECKOE 3BOMIOLIMOHMPOBAHME AAHHOIO panoHa.
B cooTBETCTBUM CO MHOMMMU UCCNEgOBaHUSIMM
(Hanpumep, Nikishin et al., 2002; Saunders et al., 2005),
3anagHoOCKBMPCKNIA BaccenH Bbia co3aaH cobbITMEM
TPELLMHOOBPAa30BaHNA BO BPEMS MO3OHErO NEPMCKOro
nepuoaa C NepexogoM B TpMacosbin neprod. Hadano
1N MakcumanbHasa onmMTenbHOCTb TPELLMHOOBpa30BaHNS
NO-MPEXHEMY ONCKYTUPYIOTCA. B COOTBETCTBUN C

TeM, YTO NpeanaraeTca HukuwnHbIM 1 ap. (2002),
CObbITNE TPELMHOOBPa30BaHNS AaTUPYeTCH He aanee,
kKak 10 MunnnoHamu neT Hasaf, B TO BpeMs, Kak
CoHaepc 1 ap. (2005) Bo3pakaroT, yTBepXKAasi, 4To
camoe CTapoe HaneraHue 0cafo4HbIX OTIOXKEHNA Ha
HWKHUX BOKax pudTOBbIX COPOCOB UMEIOT BO3PACT
NPUGNN3NTENBHO 165 MUANMOHOB NET; NO 3TOW NPUYMHE
TpeLLMHOObpasoBaHe MOrno NPOOOMKATbCA A0 AaTbl
B 85 MnnnnoHoB Nnet Hasaa. OgHako, MOAENMPOBaHne
TEKTOHNYECKOIrO OMyCKaHust C UCNOMb30BaHMEM OHOIO
sTana TpeLLMHOObpa3oBaHWs, NPOOoKaKOLLErOCH

B AnanasoHe oT 250 0o 165 MnnamoHoB NeT Hasag,

He 0aeT OObACHEHUIN ONSA YBENINHEHUS CKOPOCTH
ornyckaHug nocne nepuofa B 165 MUNIMOHOB NneT
Hazag (pvc. 3). Mo aton npuynHe CoHgepc n ap. (2005)
npeanaratoT, YTO rNaBHbIA 3Tan TPELLUMHOOBpa30BaHMS,

while rapid generation in the Miocene can be seen in the
models with the new surface temperatures. Depending
of the timing of the trap formation this can result in either
more or less trapped hydrocarbons.

A detailed study of paleo-surface temperatures and tectonic
paleo-heat flow can have a huge impact on the modeled
source rock maturity and on the timing of generation.
Especially in frontier areas where the quality of a source
rock is not yet known, it is, therefore, crucial to get a good
understanding of the paleo-surface temperature evolution.
But, also, in well-studied basins, an analysis of the paleo-
surface temperatures can lead to a reevaluation of regions
previously considered under- or over-mature and, therefore,
deemed unprospective.
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COMPOBOXXOAEMOrO MaHTUMHOW CTPYEN, NPOAO/»KANICA
TOJSIbKO KOPOTKUA NEPUOL BPEMEHW, HO MOCIE 3TOrO
TEKTOHMYECKOE OnycKaHue, obycnasnmBaemMoe
TEPMUYECKUM OXJTXKAEHNEM, 3aTOPMaXKMBaNIOCh
MaHTUMHOW CTpyen 0o NpubnuantensHo 190 MUAIMOHOB
neT Hasag. [NpenctaBneHHble Ha PUCYHKe 3 pe3ynbTathl
OblNM NONy4YeHbl MOCPEACTBOM aAanTUPOBaHUS AaHHOrO
NpeanoaoXeHne nog MoAesb.

[aHHasa TEKTOHMYEeCKast MOdenNb 3aTeM Obina
npocyMTaHa ¢ NCnonNb30BaHMEM Pa3NNYHbIX KPUBbIX
NOBEPXHOCTHbIX TeMMepaTtyp 1 66110 NPOBEAEHO
CPaBHEHME MOJTYHYEHHOW B PE3ybTaTe 3PenocTu
HeTEMATEPUHCKOM Nopoabl. [lonydeHHble OT Moaenemn
pesynbTaThl MOKa3bIBaKO TO, YTO SBOMOLIMOHMPOBaHME
NOBEPXHOCTHbIX TEMMNEPATYP KEHO30MNCKOro

nepropa okasbiBaeT 60MbLLOE BANAHME HA 3PEIOCTb
HeTeEMaTEPUHCKOM Nopoabl. Bo Bpemsa naneoreHa
HOBast HECKOPPEKTMPOBaHHAA MOBEPXHOCTHAsA
Temneparypa UMEeeT NoKasaTenn 3peoCcTy B TOM e
OnanasoHe 3Ha4YeHnn, 4To 1y Kpreown PetroMod® ans
LUMPOTbI 85. 3penocTb BO3pacTaeT CyLUECTBEHHO B
Ha4ane MMUOLIEHOBOro Nepuroaa, Ans NpeacTaBneHus
CTeneHen 3penocTh B HACTOSLLEE BPEMS B TOM Xe
OmnanasoHe 3Ha4eHnn, 4To 1 'y Kpreown PetroMod® ans
LWMpPOThl 72. CTeneHn 3penocTy CKOPPEKTUPOBAHHBLIX
KPWBbIX MOBEPXHOCTHbIX TEMMNEPATYP UMEIKOT AaXKe
60/1e€ BbICOKME MOKa3aTenm B CPaBHEHUN C KPUBbIMUA
PetroMod®. Takoe pasnnyme MOXXeT UMEeTb 3aMETHOE
BNNSHME HA PACHET BPEMEHW A1 POPMUPOBAHUS U
ancnokauun yrnesogopoaos.

BbiBOAbI

NocneoHne gaHHble ACEX pononHsoT paHee
npeacTaBNeHHble NaneoboTaHNYECKNE «CHUMKI»
PasBUTNA apPKTUHECKOrO PermoHa B HEOreHoBbIN
nepuod. Makpockonuieckmne opraHmyeckme
OCTaTKM OT PacCTEHUM Ha MPOTKEHUW OOAMNX NET
ObINN €ANHCTBEHHbIM UCTOYHUKOM NHOpMaLIUA

no naneo-KIMMaTn4eCKoMy 3BOSTFOLIMOHNPOBAHMIO,
OOCTYMNHbIM NS UCCnenoBaTenen, HO JaHHble

ObINN O4EHb OrPaHNYEHHbIMM B TOM, YTO KacaeTcs
cTpaturpamn4eckoro nHTepeana. HoBble gaHHbIE
ACEX, Takxxe, Kak 1 nocnegHvue nccnenoBaHus no
Hopgexxckomy mopto (Eldrett et al., 2009) n XpebTty
Anba (Jenkyns et al., 2004) Tenepb paclumpum
PaMKK PErncTpaLmm Naneo-KNMMaTU4eCKMX JaHHbIX
elle fanblle Hasag B NaseoreHoBbIN Nepurog U gaxe
B BEPXHEMENOBOW Nepunom, OTKPbIB AN HAC TEMNbIN
BNAXKHbIA «TEMANYHbIN» MUP, KOTOPbLIM MPOCTUPAaNcs
[axKe 00 BbICOKUX apKTUHECKMX LUNPOK. YCTONYMBOE
BNUSHME NEOHNKOBbBIX YCNOBWUIA NPOSIBNAETCA TONBKO Ha
NPOTSKEHNN NOocNeaHUx 14 MUNNMOHOB NET.

CMOoOenMpoBaHHbIE pPasnyns Mexay
MOBEPXHOCTHBLIMW TemnepaTypamm, OT NOSTYHEHHbIX OT
PetroMod® 0o nony4eHHbIX HOBbIX, AAOT B pe3ynbTaTe
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Bonee HU3KME CTEMEHN 3PENOCTM BO BPEMS
nafieoreHoBOro Neproaa, Ho 3Ha4YUTENbHbIA POCT
3PENOCTM — BO BPEMSI MMOLIEHOBOrO nepuoaa.
970 ByOeT okasbiBaTb BAMSHME Ha HedTe- 1 ra3o-
obpasoBaHue. B Mogensax ¢ MCNonb30BaHNEM
KPUBOW MOBEPXHOCTHbIX TEMNEPATYP OT
PetroMod® npeobnagaeTr megneHHoe, HO
cTabunbHoe HedhTerasoobpazoBaHne BO

BPEeMS KEHO30MCKOro nepuoaa, B TO BPeEMS,

KaK B MOAeNAX ¢ HOBbIMW NMOBEPXHOCTHbIMU
TemnepaTtypamMm MOXET HabnogaTbcs bbICTpoe
HedTerasoobpaszoBaHne B MUOLIEHOBbBI MEPUO.
B 3aBMCUMOCTU OT BPEMEHHOW MPUBA3KM
obpazoBaHVs AMCNOKALMIA 9TO MOXXET MMETb
CBOUM PE3YNbTAaTOM 60/bLUME AW MEHbLLINE
06beMbl MOJTyHaeMbIX Yr1eBOAOPOLOB.

[eTanbHoe n3y4eHne naneo-noBePXHOCTHbIX
TeMnepartyp 1 TEKTOHNYECKOro Naseo-
TEMMNOBOro MOTOKA MOXXET MMETb OrPOMHOE
BIIMSIHNE HA MOAENMPOBaHE 3PENOCTU
HedpTeEMaTEPMHCKOM NOPOdbl U HA ONPEaeneHne
CPOKOB HeTerazoobpasoBaHusi. B ocobeHHOCTH
B OTAA/IEHHbIX parioHax, rae Ka4ecTBo
HedbTemMaTepUHCKON Nopodbl MoKa eLLe He
N3BECTHO, OCODEHHO BaXKHbIM B STOWN CBS3M
ABNSIETCS OOPETEHME XOPOLLIETO MOHUMAaHWE
3BOJIOLIMOHMPOBAHWS Mafie0-noBEPXHOCTHbIX
TemMnepartyp. Ho, 4ONOAHNTENBHO K 3TOMY, B
XOPOLLO N3YyYeHHbIX BaccernHax, aHann3 naneo-
MOBEPXHOCTHbIX TEMMEPATYP MOXXET MPUBECTU K
MepeoLIEHKE MO TEM PErnoHam, KOTopble paHee
OblNn onpeneneHbl Kak HeJo- U Nepespenble,
1, MO 3TOM MpUYMHE, paccMaTPUBaNNCh Kak
HenepcrneKTUBHbIe.
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