Alfred-Wegenetinstitut Helmholtz Zentrum fir Polaund Meeresforschung
Forschungsstelle PotsdaBektion Periglazialforschung

Organic carbon in icerich permafrost:
Characteristics, quantity,, and availability

Dissertation
zur Erlangung des akademischen Grades
"doctor rerum naturalium"
(Dr. rer. nat.)
in der Wissenschaftsdisziplin 'Geologiée

als publikationsbasierte Arbeit eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultat
der Universitat Potsdam

von
Jens Strau’

Potsdam, den30.09.2014



fur Judith, Ida und Emma

Pap&hrapt erEJohn Wil 8921&1 8eesase number 3460420538537
Pap&hrapdt erEAut h200Bl€r eati ve CommdomGommér cibalk i bincense
Paper €hajfEtAet h2o0r1€r eat i ve Commons Attribution 3.0 Lice
Papleprpendi KAUt h2o0rls4 Cr eati ve Commons Attribution 3.0 Li
Papleprpendi KAUtIh200rls4 Creati ve Com®dmd@ndi Atetnrsiebut i on



Tabl e of contents

Tabl®mndafent s

Y 0] 1= o! ST PPPPPE PP PPPPP VI
ZUSAMIMENTASSUNG ....ceteeeeeeeeeeeiaiitteees et e e e e e s s s s aneess b e e e e e e e e e e s s annsb b e s ennnsnsseeeeeeees IX
Abbreviations and NOMENCIALUIE. ...........c.uuviiiiiiiee e XIl
I 0110 [0 T (o] o P UUPPPTTTRR 1
1.1 Scientific BACKGrOUNG...........uuiiiiiiiiee e e 1
1.1.1 Permafrost and its degradation features: A clirsatesitive
PRENOMENON ...ttt e e e e e 1
1.1.2 Permafrost carbon: A dormant organic carbon pool under climate
O =TS3] U = 2
1.1.3 Study region: Regional focus, global significance...............ccccoooveennne 4
1.2 AIMS and ODJECHIVES........eiiiiiiiiiii e e e eeens 8
1.3 BasiC MethOd OVEIVIEW........uuiiiiiiieeierccmme et eeees s n s 8.
1.31  Field StUAIES......uuuiiiiiiiieeeeieeeees sttt e e e e e e e e e s ssanead 8
1.3.2 Sedimentology and biogeOCNEMISILY........cvviiieeiiiiiieemiiiiieee e Q.
1.3.3 Remote sensing Methds............uuviiiiiiiiiieecee e 10
1.3.4  Lipid DIOMAIKEIS.....cccoiii it e e e e e e 10
1.3.5 Statistical aNalySES.........coceiiiiiiiiiiiieeeiiie e 10
1.4 ThESIS OrganiZAtiON. ... ..uuuuurrriiieiiiiiiiimmre e et e e et e e e e e e e e e e e e eeeesaa s e e e s e e e s s e e e e e e e e e e s e 11
1.5 Overview of pUBlICAtIONS.......ccooiiii i e 13

1.5.1 Publication "Grairsize properties and orgarsarbon stock of
Yedoma Ice Complex permafrost from the Kolyma lowland,

Northeastern SIDErA .. ... ... 13
1.5.2 Publication "The deep permafrost carbon pool of the Yedoma region

in Siberia and Alaska................cc e 14
1.5.3 Publication "Organic matter quality of deep permafrost carb@n

study from ArctiC SIDeria..........oooeviiiiiiiiiiiieer e 15

1.5.4 Appendix publication "Estimatestocks of circumpolar permafrost
carbon with quantified uncertainty ranges and identified data gaps'..16

1.5.5 Appendix publicatiorfObservatioAdbased modeling of permafrost
carbon fluxes with accounting for deep carbon deposits and
thermokarst activity'............. e 17

2 Grainsize properties and orgarsarbon stock of Yedoma Ice
Complex permafrost from the Kolyma lowland, northeastern

]| =] = TP 19
Nt R A 0 1) £ = [ AT 19
P22 [0 1 (o Yo [6 o2 1o ] o N 20
2.3 Material and MEINOAS. ......couieee e e 20
231 StUAY SItO.. i ———— e e e e e e e e e aaeeas 20
2.3.2 IR I WOTK. e e e e e e 23
2.3.3  GrainsSize AiStrDULION. ... c.u et eeee e e e e 23
2.3.4 Endmember MOdeling........ccoooioiiiiiiiiaiece e 23
2.3.5 Interactive peak fitting.........ccccooiiiiiiiiiiic e 24
A T ST = Yo To [T o Tox =T 0 011 Y 25
s = U1 | £ 26
2.4.1 Lithological features of the Yedoma Ice CompleX.........cooevvveeiiiiieennn.. 26
2.4.2 Granulometric characteristics and calculations..............ccoovvvieeevennnen. 27
2.4.3 Endmember MOdeliNg........ccccceiieeiiieei i ee e 28



Tabl e of contents

2.4.4 Interactive peak fitting grain size pattern..........ccccccvvvvvviieeneeeeeeeeeeeennn. 30
2.4.5 Organic matter characteristics and calculatians...............cccccoveeeeeeeen. 31
2.5 DISCUSSION. ....cciiiiiiiititeiie et e eeet et e e e e sttt e e s seemt e e e e e e e e s et bbbt et e e e e smmme e e e e e e e anns 32
2.5.1 Origin of the Yedoma Ice Complex at Duvanny Yar.......................... 32
2.5.2 Changes in organic matter parameters........cccccvvvvivrrimmmeeeeeeeeeeeeeeeeeens 35
2.6 CONCIUSIONS.....eeiiiiieeiiiiiitite ettt e e e e et eerr e e e e e e e s s s bbb b e e e e e snnmeeeaaeeeaas 36
3 The deep permafrost carbon pool of the Yedoma region in
Siberia and Alaska..............ooiiiiiiiieee 37
TR0 N o 11 - Vo A 37
1 7720 | 1 1o To 11 Tox 1[0 ) o ISP 37
IR B 1Y =1 (o Lo PO U PP PPRRPPPR 39
3.3.1 Sampling and organic carbon measurement..........ccccccvvvvimeeneeeeeeeennn 40
3.3.2 Bulk density calculation...............coueeviiiiiie e 39
3.3.3 Wedgeice volume calculation..........cccccccvvvvivviicceee e 41
3.3.4 Statistical MEthOAS........ccooee e 41
B4 RESUILS.c..eeeiieeeeeeeeeee et errr et e et e e e e e e e e e e e et e eeeet e —————aaeaaeeaaaeeaes 41
3.4.1 Data and statistical Methods.............c.eeveviiiiiieccee e 41
3.4.2 Biogeochemical and physical parameters........ccccvvvvevvvvieeneeeiieeeeeeennn, 42
3.4.3 Yedoma regiOn COVEIAGE. ......uuuriiieeeeeaiiimnnsaniinneneeeeeeeesssansmnnsnneenesd 43
3.4.4  INVENLOrY ESHMALIONS. .. .ueiiiiieeeiiiiiiitiieeeri e e e e e eeene e e e e e e 44
TR I o U7 o] o PP 44
G 7 T @] T 1113 [ o USRS | o
4 Organic matter quality of deep permafrost carbarstudy from
AICHIC SIDErAL. ..o e 47
A 13 1 - Lo A 47
A 1 11 (0T [ [ 1T o PP o
4.3 Material and MEthOUS.......couiiiiiiiiiiiie e e e en 50
A RS (10 |- T =T VRSP PUUUPRURPPPPPN 50
4.3.2  FIeIH WOIK....eeiiiiiee ettt e e e e e e s e e e e eens 51
4.3.3 Indicators of organic matter quality.................ooeo i 51
4.3.4 Biomarker proxXieS/iNAICES..........ccuuuiiiiiiiiiieee et 55
4.3.5 Principal component analysis...........cooooiiiiii e 57
A4 RESUILS. .. uuutiuetiietiie e et e ettt ettt ettt e et eesaeeesaassaaaaaaaaaaaeaaeeeeeeammmseeasseesnnnnrrnes 58
4.4.1 Organic matter quality of Yedoma depositS...........ceevueereeiiimmmneeieennnenn. 58
4.4.2 Organic matter quality of thermokarst depositS...........cceevevvviremnnnee. 62
T I = o] 1= (o] o 66
451 Sediment faCies. ... e 66
4.5.2 Organic matter degradatiQn..........ccoooeeeiiie e 66
4.5.3 Fate of organi@natter.............ooooiiiiiiiiii e 71
I o] g Tod 1= [0 L= 73
5 SYNNESIS ..ottt 74
5.1 Yedoma origin: How did Yedoma deposits accumulate?.............ccccoeeveceeen.. 74
5.2 Storage of organic carbon: How much is stored in the Yedoma and
PEIrMAfTOSt FEOIONZ. ..o rree e e e e e e e e e e e e e e e e e e e e e eeeaeanes 76
5.2.1 YEUOMA IEOION......cciiiiiiiieeeeeeee et eeeeee e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeeeeneennnees 76
5.2.2 Northern circumpolar permafrost regiQn.............ccvveeviiieeeeeeeeeerniniiens 80



Tabl e of contents

5.3 Quality of organic carbon Quality: What is the susceptibility of the
permafrost regiondés car.ban. .. f.or..f.uBlure dec

531 Quality of Yedama..r.eg.i.a.n.b.s..c.a.r.dlon
532 Potenti al response of the permafrost

(V22 L0 0110 PP PP PPEPTPPP SRR 82

5.4 Outlook: opportunities fofuture research..............cccveevviiieeeee e 84
REIEIENCES.... o 36
Financial and techniCal SUPPOI...........uuuuiiieiiimr e eeeer e 107

Appendix | Estimated stocks of circumpolar permafrost carborwith

quantified uncertainty ranges and identified data gaps.........ccccccvvvvvvviiiiennneennn. A-1
[=1 ADSTTACT. ... tveieiieie e e e ere e s e e e e e e e e n e e e e as A-2
A 11 £ To 18 ox 1] o TSSOSO A-2
[-3 METNOGE. ... e e e e e e e s e e e bbb e e e e e as A-5
I-3.1Calculating 0 t0 3 M SOC StOCKS..........cooeiiiiiiiiiiiccece e A-5
[-3.2 Calculating deltaic SOC StOCKS........uuuuuuriiiiiiiiiimmreeeeeeeeeeeee e reeeas A-8
I-3.3 Calculating Yedoma region permafrost SOC stocks............ccceevvvvveennns A-9
I-3.4 Estimating SOC StoCK UNCENaiNtieS..........uuuvuueiiiimmee e eeeecceeeeeeeeeeee, A-9
I-3.5 Statistical tests of significance............cccovvvviiiieeeiii e, A-10
[=4 RESUIES. ...eeiiie ettt e e e e e e e s sttt e e sner e e e e e e e e e e ane A-11
I-4.1 Mean 0a 3 m SOC storage and depth distribution in soil classes
2 Yo (0 (=T o | 0] 0 PP P PP PPPPP A-11
I-4.2 Upscaled soil area and SOC stocks aagagiens.................ccoooeeeeeeee, A-13
I-4.3 Storage of SOC below 3 m depth in deltaic deposits........................ A-17
I-4.4 Storage of permafrost SOC in the Yedoma region..........cccceeevvvceennn. A-19
[-5 DISCUSSION. ...ce it i e e e e et mree e e e e e eaeeeaaeaaaeeaaeeeeanaassnnnnnnnns A-19
I-5.1 Differences to previous estimates............coevveeiiiiieceeeeeeeeeeeeeveevveenieees A-20
I-5.2 Distribution patterns of SOC stored in 0to 3 m sail........ccccccevvvvvvveeen. A-22
I-5.3 Estimate uncertainties and data gaps...........cccvvrrrerieemeeeeeee e A-24
I-5.4 Deposits with significant SOC stocks belom&epth........................... A-31
I-5.5 Potential vulnerability and remobilization of permafrost region SOC
SEOCKS . . A-31
LG I @0 o 113 o = A-32
[-7 Supplenental material......... ..o A-35
[-7.1 Supplemental BIhOdS..........ccooiii e A-35
I-7.2 Supplemental figures and tables..............oooviiiiiii e A-44
Appendix Il Observation-based modeling of permafrost carbon fluxes with
accounting for deep carbon deposits and thermokarst activity.......................... A-51
13 1 = Vo USRS A-51
12 T e T ¥ Tod 1 o o T A-52
[1-3 Multi-pool permafrost model...............ooiiiii e A-55
[1-3.1MOdEl STIUCTUIE.....coeiieiiiieieiieeeee et A-56
I1-3.2Model INLAlIZAION.........eeee e A-59
[1-3.3Permafrost thaw and carboglease.............occcvvvviiiiieeeiii e A-61
[1-3.4Model IMITAtIONS.......coiiiiiiieiiie e A-61
[1-4 MOAEI FESUILS ....ueiiiiiiie ettt et e e e eeere e s A-62
I1-4.1Permafrost degradation.............oooioiiiiii e A-62
[1-4.2 Permafrost carbon release.........ccovvviiiiiiiieeniiiiieeee e A-65



Tabl e of contents

[1-4.3 Contribution of deep depOSItS.......cccoeeeiiiiiiiiii i, A-68
[1-4.4 Permafrostffected wWarming...........ccccoiiiiiiiimmmniiieee e A-69
[1-5 Discussion and CONCIUSIONS........ccuiiiiiiiiiiiiieeeiiiee e e nesss e A-69
[1-8 OULIOOK. ...eveeeeeee ettt e et ener e e e e e e e e e e e st b e e e e ammmeeeeeeeeeeanns A-74
[1-7 Supplemet@ry Material.......... ..o A-76
[1-7.1 Model iNtialiZatioN............uuuieiiiiiiiiiiree e A-76
[1-7.2 Thaw rate parameteriZatiOn............ceeerriiimmmniiiiiiire e e e e reeeees A-77
[1-7.3 Anaerobic SOil fraClioNS...........covviiiiiiiiiiieeiee e A-79
[1-7.4 CarbON rElEASE.........cuuiiiiiiiiieee e A-82
[1-7.5 Carborcycle and climate model............ooovvviiiiiiiceeee e A-84
Appendix Il Supplementary material for Chapter 3: The deep permafrost
carbon pool of the Yedoma region in Siberia and Alaska...............cccccceeeiieeee. A-85
-1 Terminology and Methods...............oooiiiiiiiieeci e A-85
[I1-1.1 Terminology and abbreviations...........cccccccviiiiiiccmeeieeeeeeeeeeeeeeeeeee e A-85
[I1-1.2 Total organic carbon (TOC) measurement.........cccceeeeeeeiiiceeeeeeeenns. A-86
III-1.3 Calculation of the bulk density, segregated ice, and organic carbon
BNSITY. ..ttt e e A-86
[II-1.4 Calculatiorof the wedgédce volume (WIV)......ccooeiiiiiiiiieiiieivieeeeeeee, A-87
[I1-1.5 Calculation of Yedoma region COVErage........ccoeeeeeriiiiiicceeeeeeeeeeeenn. A-89
[I1-1.6 Calculation of the Yedoma region atmospheri¢ €gtribution........... A-90
[I1-1.7 Meanbootstrapping technique to calculate organic carbon budgetsA-90
[I1-1.8 Inventory ckulation based on simpimean values.............cccccvvvvvnnns A-91
-2 Supplementary fiQUIeS........cooooi i A-91
11 -3 Supplementary tableS...........uuuiiiiiiiiiii e A-96
Appendix IV Supplementary material for Chapter 4: Organic matter quality
of deep permafrost carbon a study from Arctic Siberia.......ccccccevvvvvvievvvievieenn. A-100
Acknowledgements DanKSAQUNG.........cceevuvierriiiiiiiimneeeeeeeeeeeeeeeeeeeeeeeeeeesensssnnnne A-103
Eidesstattliche ErkIArung.............oeeeiiiiiiiiiee e A-105

VI



Abstract

Abstract
Per maf rdoesfti ned as ground that s ifaozen |
di stincdaf ftelnea uteglhr 28t eafltedcovers a@pmpegoxi m
g utaeorf Itahed e a Mofr ttiHeenn s p(h2e3r,e0 0 O] ,)0r0d0a dkem |
scapepeci adndertlhaoisre /lay epaemmaefat esnted by cl
and dagrade in ,dntfFadethgyeeapstnh ergma l
si,amdlevel opmempitdof f.E&1t bees an hadedPhekah
ceneriitcded opnar maf apstd andprdeecdcsdhdasnd t her |
karcsamobi teeoeg gamirdbe!l mwd8pyhsurface subs
due t o | os sl nocfr egarsoeudn dp eircnmea.f rfoesd d it ehakwv Icoagd
gl obal siiging fEicame® orfgamnint roaduiced i stoe
carbon cycle as greenhous eangdnsdeisc,i ngh inooh
per mafrost thawTandsseaeebobbmmbbpaseeti ve o0
téit hewwdas t o tehehdec et andi inayfy eodf oartah ev & ol as
assess t hoer gaasnsiocc icaatrebdoar po®{ cspeer aminnlg de
dabi.l iKep)esear c hweqrueest i ons

- Howdid Yedoma deposits accumulate

- How much organic carbon is stored in the Yedoma region?

- What is thesusceptibilityof the Yedoma region'sarbonfor future decomep-

sition?
To adtdlse s srherseeear ch questi ons, anncilrntdermdi
detailed field studies asdwsiehphldisng oifn s@
ment ogboggni c biogeochemistry, ,raemdomt e sen
put atmoareawe magp pl Tiopdovi de a panarctdic-c cont
tionally i bolfohdenselagempited northern circ
dat ab dsremanmamoddsesle sesfmemdar bon fl uxes in a war

The Yesl@amaslheosw a homoge rzeo L mprosii iwieo . Al |
poor | ywistamt entoidal -sgrz&i ndi,$ thdi dovaddrivi@ R) e
transporfThpsocenseadi cts the popular pur
t he orYiegliopnewoia Threo sabsfe nlsaaragee gri ndi &g pr
gl aci ercsgh eaemdsnort heast ,[bridbecadmad | daweé amaese
to clreeade as mauggesal ssohecp¥e yJgmased e go o
i st

Based on the | argfestheavie,} aiprhcelauddaitregcs € &

bon condtkendtenshu vy, gamomdienmo siicte vcoolnuneent ((t hi
coveragoamberi an sanhaddWI| stshkeéssi fss hiBiwvsat deep
frozen organic carbon in the Yedoma regi

AN



Abstract

Yedoma depdheirmdkan@dtor die g o-ls ank et hixadoman s

deposits contair80 Gt and thermokarst deposi#d.30Gt organic carbongr a total

of ~210 Gt. Dependhg on the approachisedfor calculatinguncertainty the range

for the total Yedoma regiocarbon store is +7% and 220 % for conservativesingle

andmultiple bootstrapping calculatisprespectivelyD e s g ihtee f abh e sdeh &t n

i ngs tkekdu¥edoma pediyoenaaclayrabcotmoro mpfar ed t o
previous, etshtiismaly ez einsc asrdlpaotiil ned ma pae+ m

frost carbon feedblek ctoampt bth@matnhe civacmimpg.l ar
mafrost r elge towleletadnd5a@Qoasgani ¢ car b don, of whi c
i's per eremi alnldy dfercoahpit &d mf rcqam bteme s

When thawed and #@troducel into the active carbon cycléhe organic matter
guditiesbecomerelevant. F u r t h errensolried,m I nvesYe d@ama oarsd i nt o
t hermokar st orygasnteusd esdhlodvte r Yeqduoanhas tam-d t her mok
gani c matt er -deexpleingdu & It intenhhdliegpt ihdence t hat aft
freezing, the ancient aosgamiecs braatTtheruail $ tpr e
applalekdane arcdddImddmgap kexiicdsudtimeg ecear bon
preference -laaypptd drhitetchddséedraad range of or g;
ic matter quality andoulalesst nohesignganicanmhy
stored in thermokarst d e p oTshi &t asc kc oanfp aq e al | ittoy
di ff eskowietshe or gamiicd empartdecpron tl st pre-di ffer ent
composition trajectories and theFiplm@®&vious de
|l f,he fate of thhese dee@abBbyedmpl & eemtribnogn

poohd @her mokarst processeldndenr awamda ronasf r ost
i nsgcendoros he northern circommpgel areepatmaf sos
carbonfremepee maforf outp Geagiddnsthly0 t he years
2100 and 2300he raedsdpietcitocnaarsl & gvdecebnyibnegh e a s e

from -nbwwgd peomaf®@bB82eso 0. 14ACThyg the yea
model simulations predict® ermtaur ya vGulrlt heedd i h.
to ghmedmalsurface air temperatures.

| © o nxil &e d odmap ¢d ®ir malturomg t he WwWased®menatedene
by waeleated (alluvial/fluvial/ldmdcais-tpeme) as
gl aci al .Theidri-au opnasrcmatf rmge gicd m dYendyo mah er
gi,cmnsasiutbst ant i alr afew wdgagaonfi cT hcea rclmdrnb o n

the Yedomwe-pkbegsamde d haewaiftoadbelceo mp @ag it teir o n

t haAwmi s sqgiunagdiepy hs h otwlmalt per maférhoestq uarleisteyr vo f
ancient or ganihcer gnanit @ r ma Whbeyn d ese pmodbe g ri azdeadt i o
proceststest hern pemmgtidosp tegDodAC to the gl
by he year 2300.

Vil



Zus aninaesns ung

Zusammaesansung

Permafroetrt daésimehr als Zahbgieef awBoeinreande
demmenisal ,ei nes der pr@agenden Mer kmal e ¢
Landgebiete. Verur sacht dur ch extrem ke
Schneebedeckung niembr aiatsmnPgesrgrealBiregt@ ® . 0 0 0
rund ein Viertel ddemi Ephdfk2eha. d&onNBer |
te arktische Landach®#fitnisg chitthd clhesomaeer £
KIl'i mas. Verrgll ioblad e emigtiegr daeedumost i zi eren KI i
fer die Arktis einenerdopemrddr atauaw¥ armk eeni |
mederAr kti s bewirken Sthoyrdumdenmi dedh e h &l mii
eine Degradation von Permafrost und Ver?2
St°rungezunk °Bieziesnpeiiener Verti Attthgudehi sht

thermi sch bedingter Erosion sowieozu sch
kar st féehren., I m svVpartbplee tsitemgaPYredr rt Pdem
Abl agerungen SibibeeraisYehdmesiahiniezsik dadher moka
prozessnehaumhisef3e organi schen Kohdenstof
chen, wenn durch schmel zendes GruAdeis wu
che abgesenkt wird. So kann das Tauen vo
wi ckel n, i myemrooehmher &ohlenstofff wieder
kreislauf zugef¢ghrt wird. Dies kann dur c|

ei rdrrsblwertst 2rkenden weiterzdmrErswehrrmungn
Tauen mit weiterzengKbdéhheeresant o Di erseirms-&tr 0z e
fr&Kothl enstoff R¢gckkopplung.

Um das Vedresrt 2hedrnmasf r o st kga hulnard stgefnfdd yznua nvi ek
wurde in dieser Doktor atAlbéiatgediuagBEsmtc st eh
sedes darin gespeicherwuan eas gda it skoomekmr eK ceh
schurnaggsefn der Arbeit sind:

- Wie wurden die Yedom&edimente abgelag@rt

- Wie viel Kohlenstoff ist in der Yedoma Region gespeichert?

- Wie ist dieAnfalligkeit dieses Kohlenstddf fir eine Degradation in deuZ

kunft?
Um die oben genannten drei,wkndeckangsht &
ziplina&rer Forschungsansat z gew?2hl t. I n

Fel duntersuchungen durchgef gdirdée,r uiod giat h
sc hBinogeoore&mr aer kunduesmtga tsiogvin i@$ ¢ Iscem-u n d

put er g e sMo¢dtezZitleerer ung angewendet . Um di ese
Kont ext ,egmnt Is%lttzedi ese Doktorarbeitd -ebenf ¢
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e Ergebni s-Eet tueg h uyregd omai gen, dass die Kor
eser Abti adaeb vabegimgascehiirethomogen <®i-nd. Al | e
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ansportprozessen phlipn IH¥ynmpdo rnwi edseer sepi+niecrh tr edienre
| agerung. Il nterpretiert I m Kontext mi t de
ssc,allsddmsgangs@bbageéepgunn gdeennL °sG bn-ri schen T
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sierend awferdegmhgre@Gtagare der Schl-¢gssel par a
of fgehalt, Lagerungsdicht e, Grundei s und \
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h2angi gen T+uenndd Tihre rheodkoammast abl agerungen. Di

m Einfrieren die fosserwuradreparei gehat 3tlent
omar kerdat en, z. B. der "carbon preference’
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of fabbau nach dem Auftauen von Daterschie
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u. Um die Bedeutung des aufgetamten Kohl e
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Abbreviations and nomencl atur e

Uni(tafpp !l irced kalte
SI units)

Not at Meaning

C degree Cel sius 273.15 AK

S
=z

(@]
«
. -
=)
«

|l atitudiinal deoprsdds on t he

[¢]

micro gram

er cae nntuumber or r alt0idbo as

m
o
o
-
=y
—

N R
@

>

aerobic/ anaerobic envir onme

ACL average chain | ength

ALD active |l ayer depth

-
44
3

bul k densit

Buor Khaya

@]

carbon

Latin

(9]
o))

circa; approxi matel)\

@]

conf iidretnerev al

centi meter

o
3

[
=¢
Q
3

CPI carbon preference index

dT(t) surface air temperature ant

e. g. Latin: exempli gratia; for

eq. equation

et al Lateitn:al i i ; and others

F(t) area fraction

GC as chromatograph

GSD gr asiimze distribution

h hour 3600 s

HPFA higher plant fatty acid int

I C ice compl ex

(

[
o

k a Lati n: kilo annus; thousant3.153

=~
=
—

square kil ometer

og |l ogari thm

a.r meter above river | evel

3

m b.s meter below surface | evel

>< |
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mj cubic meter

BN
3.

maxi mum

3
o
<

| iliter

3

3

megapascal

<
wn

mass specmiromenrcalersoi l

S

sampl e onpuontboesri t y

NSO nitrogen, sul fur an

o
o
x
(0]

ocC organic carbon

ORG organic soil s

PCA principal cesmponent analys

arts er million

Q

(9]

temperature coefficient of the rate of

e

root me an square error

root me an square error

[EEN
2]

s second

Sa sand

SEI'V segregated ice vol ume

SOC soil organic carbon

St D standard deviation

TI C total inorganic carbon

TN tot al nitrogen wt %

TOELy; m total organic carbon kgji m

TR thaw rates

VC(t) posbpeainfoiumt of vulnerable

VPDB Vi enna bPeedrit e

Qx

WGS84 worl d eodetic system 1984

Wil Vv wed-gee vol ume vol %

<

Yedo ma

z deﬁth |l evel

sumat sogn

™

X111
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1 I ntroduction
1.1 Scientific background

1.1.1 Permafrost and its degradation features A climate-sensitive
phenomenon

Per mafacdsatr aicl eeati isrtraaqod r tithhge r d thierr mu meo | ar
restegabanoti scovered by i(Eegbh®et snaddagl
ground madmaiimd dthadr rbel ow 0 AC (fvoarn at |
Everdi ngenper2nalfbr)ost i s caused by extr eme
lw snow depth, -resmlheqahe anteearagiyroalfid It ehrec e
| and sTuhred mpnaefregsownwappr ox2Mmatmel ywhinchkm s
~24%o0 f ttenrer @as e@i Mofr t tiHeann s p(hZehraeng et W@ . , 2 (
ing the Pl ei %o0od& demel aNo rattddedm®hH @ pMa &arf & e C

ed by pédfFmahcdSh R2s007D5i ts cbedrmnadage ha
postglaci al w ano chie tex1p @ B a @aneahtihsend oo ft h e
receearntrmadawertage cloat g u fpeen noashtar roggRing u r e
1-2) by t he %mealn touhmyit hiem®vl and Reneva, 200€

200®pservations indicate warming and th
(Romanovsky ,etanali.ar,re2@XGa)hl e eptr dclteasesf ern
et al ., 2011, MatTPDosgapbr maf medtspi®d12) cl
nomenodf at e gbetpleeaoanpl| ex i nteraction of «cl

procé¢sSdeas and Jorgenson, 2007)

Sy >

Fi gul¥lePe -
mafrost

'w/ the North
He mi sphei
) Ahl e n(i 220s(
) i n Ro ma
s ) et (&10.077

* O continuous permafro;t t r a nssheocw r
/j >90 % coverage
=

discontinuous/sporadic Figutz | :
10 to >90 % coverage Il 1 usb y a

i
isolated patches dashed b

Per mafrosinddgf dade&heée wayer( Ip)odphewshsaens ar ¢
by ongrm thickeniinvge |l eaafpgtelr e f ground-t hat

sonalawi ng ahidi fkelezamd Nel son, 2@02&r Sch
et al . . (,2)RPd@dmd il memags t 8 y@&@ma& | a k(eRaschhoorleds et
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2000; Jones et al ., 2009; Ja@dérla peihcaw | . | 201:
i nducaedebmokar st and t hieLranmotezr osn d n K@k elcje,s s 8
Grosse et al., 2011a; 2011b; Bisksporn et al
cially t hddramho Kka r(sztonaen of wunfroFegi@®eound i ns
f or macta uosne da kley d etv e Woeplhteinng of exXxcees eground
ceeding theampdreér viodiume )oers md¢ ¢ p wahaw and

sursabdbsi dencen(dJfl rupht ®@t3@&l ., 2014)
continuous; coverage discontinuous/sporadic; isolated permafrost
area >90 % coverage area 10 to 90 % patches extent
. . . mean annual
~-15C ~-10C ~0°C " ir temperature
02t01.6m 0.5t02.5m 07to4m active layer
thickness
Arctic Sea of
Ocean Japan
s -
talik Fi gd2BNor
up to permafrost to sout h
60 m thickness of t he p
of East
modi fied
7 Frefo2ghbo?v
50°N S

1.1.2 Permafrost carbon: A dormant organic carbon pool under climate pres-
sure

Thenorthern circympol adi reg ot lystpgmsvmalfer oist reog
mense services to bhWwec&akrthgdsthbei Matehsyhbt emg
sunl i ght sciqruecttaleycioamgdu mpolf amct e ginoasrke a gl ol
conditEwsnlkirrchen Pwt at . reghdbB8p g(estpvkihagle

t hgel obal mean t epoercaltiumaet ed d@ctmei mogge he mhamnegi on:
on E@AMAP, 2011;. UNKkiPs pRpB®&aR29menon ai-s call ed
ti o8erreze and aBrarpprpetsealglelsh ) dy st ndlmaeas e 8 g

war mi ng per nfa@rroossste reetg i Bbonr e oa2ealyleaehret i oned

t her mdlagr aggraddeosns es h avael stohbe | a lziel iateye pteod per
freoarAdn er Hu g(e2l 0i,1désE peet a nask pce r mtPhearnrma3f r o st

t haw c-omt do dfeccea etghaen i  Ofga dlosn i nt o t he carbor
and start a potoéntciaalbomeeckh ®ealel depm t hawed
i ng war miFngi3d.gaimbghough permafrost and its
|l ocated in one of the world most remote regi
per maifrmmr ocsant ext of t heclgilnoabtaedd cchaaanbgoen cycl e a
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Thade®Oi s often sever al t htohsesa MO8 eoc buyear
de@er mafr olsds claedrondi sconnectadirfnrovrart they

freedzurnigng t he .l aTthei sQucactnedrintairpyar mahegost ee
viron@Bemesr mafrost areas atrtee-roifcbpta(r=>*2 c ul
excess ice contenwgf ptehenatf otoaslt momalke (B .

frost(Zegngne}) dlld.ree |2alrOg8e)e mopiseiun d fi ce af
the vulnerabi depwyptsaof dipset{udabbasnsceet se t Bh .,
parti cudleaerp, shuerrfeamayswlosiudendtehtabwstdleex c e s s
resultingdrmmehmligwateda ikey ifseature for pet
stabilThopaghomal | permafrost degm alddt-afteect
rich permafrost potentially causee- part.
systems and (Rewkanbdoetcgktl e 2010)

180°

" carbon release
7 (CO,+CH,)

permafrost 47 S
temperature |

A - permafrost 2
microbial |

activity -

goow 900E

{ >y

WS

Organic carbon pool
0 to 3 m depth

| 0to 7 kg/m?®

| >7 to 13 kg/m?
>13 to 25 kg/m?

| >25 to 33 kg/m?

>33 to 50 kg/m?

>50 to 86 kg/m?

4

il |

Oo

of estmmeaedo® toveé&8ntory stored i
d after)Hugbeki poptentadl , aRkOtldc ca
I

The size of bbe pepmahassthlee as dii & retuiafs ied e
(e. g. van HuisstedbagezrdmdDetl nanhh@i® 12) o1
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(Tarnocai fetr dlbhney F2@E&R) Mc Gui r e dtoraadl. , 20009)
3mi ncluding somatéetepndep diNpoeittdh @ lse sasg,r ee d

t haltarage pool of OC hasebednctcatiddalomalaantdisng i n
of yliagB3).€ol d and waneistwbpaptesadnt i alrl-y sl ow do

gani c matter ,a0OWM)cedebsabbeciome pedgnnially f
radati emtd(eRedwisdson and Janssens, 2006)

Anotihreromquamstt i on i sOCthleé df athe. p@lirhmeta ke casrte st u

ies regardi ndye p dessi t@sentpnyar farcoyshi(okhu tszibnakc h et all

2007; van der Mol en et al ., 2007; van Hui
Ant hony et Q@Hdhegoi2edsimmaf r ostr eegdadnsely pteamsa f r o s t

regasmn actiovemornr beo¢ MeGuire et al ., 20009; H
2011, Nat al.Oned wnl. gc RaOd 4h@Mmahgheng o ppeasrea f r o st
anrdel €E&®9e ;,CWalter et al ., 2006; Schuur et al
20lpyocesses skgkesicypaabo@aditant itohne opposi te di
ti.Nmvertmedglong.ecti ons suggest t hat greenhou
per malb y203s0tDPGE p r e s ecotnacteintpp & hiwa g s 8.5 scenar |
(Schneider von Dweiilmdomgareablad .i,n-20@®@JYynt t o a

ant hropogenic emissions, t hsiis g mif flai@ada n tnlgy t he
amplifying gqguMWd @eier evaetmi al . |, 20009; Koven et
al ., 2011; Burke et al ., 2012a; Ciais et al

201Bgcause of theithhghamocetrtandtOiCase of p e
t hhe dinsy eesst h g a sodourrecteldléesisd er supmddtei aé t y
signi fi ccalnitmactaershfoerBldd agé&r mafr ost carbon feedtl

1.1.3 Study region: Regional focus, global significance

Magr parherohet hapermamafi negdt ungtl aei bhaetd doue i n
agBecause of a Ischvedrf soda tlheev eAlr,c Bleltei @gean, i1
St r,aiwas not fanoodedcandetheddriramdynhes Tatr et
my r Peni ns bled wiee nAltdaek &S candi navs Bmi and Laur
region is ddlolpkd nBeThed &ad sSiebrenr ipaarits oafl so ca
western Beringia and Al a®rAkaaisst pheteadgitenn p
Fi ga#4e i s compriseld oifl tiscepenetr atiegdurley | ar g
1-5) , rnegs ulrtoim sedi ment ati carccamdp asy rege rbe/t iwee dfgr
i ce gdroiwtenn by certain climatic and environr
Pl ei stThesme.uni que materials are called Yedo
di scussedifnct héaBlidmeoltre Yedoma deposits, du
corporation into permabweslt atct ebnecatrh emgeseas ©ORF
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seditmernupm ttohibcOk havEeKamewsnkil wtetd al , 20
et al.  A20m8nti oned chobpwe matthe®sitgce l i ke Y
prone to degradation. Thus, whil e the de
regi onal phenomenan,l tfhoery ghaovbea |t hse gma tfe nc

and release | arge amounts of OC.

@ Duvanny Yar study site (Chapter 2) [l Siberian Yedoma cover  [__] Detailed Yedoma mapping
© O 0 Study sites used for Chapter 3 g2 Siberian Yedoma region W/ Yedoma river valleys
~ © Buor Khaya study site (Chapter 4) [l Alaskan Yedoma region  [_] Glacier

uvdeThe Yedoma region, ( Raemamo ngkainidh, e f Lpmt
rgenson et al ., ar0ela8 ;o fGrYoesdsoemae td eagplorsg ttvist
ds. The study si tTeasbl2pf atrhee viinsculau d ezde dc hi
p2t egyetdwownge: 3 Chapmtnegrd) Tthea pbtoext hien s indseest -
tes the extent of the map bel ow.

TablleDi fferent hypotheses on Yedoma ofil@@m®din Sib
Schirrme(20&8) et al

Origin Citation

e.g. Fluvial and alluvial sediments offVtyuri(nl95t7)al

Cryogaeenoilci an (filoess iceo) formation
Loess and retransported | oess

Tomirdi 6é168dY
P®wW® and (108«

sedi ment s

Fl oodpprdlnuwieali meind e S| a g(0ld9%9 3

e.g. Sediments of river deltas and swa

Naga@k@a94)

Proglacial deposits in basins dammed b Gr os s(wlad ad8)

Polygenetic (fluvialpolsyperet iaceo(ladaeaml,ilSher (el9,8a71Kun
sedi ehnt yered from melting snow patch¢dg(20,02Gal(alb9a9l 7a)
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Figab&op: surface polygonal networ k cRaeunsien
picture by P. Overduin); |eft: ice wedges
the shoreline (Buor Khaya Peninsula, Sibet
ing of sedi ment c orlaumend (bbyr olwanti es hP lceil otrso ¢ r
l' ik River, Alaska, picture by J. Strauss)

Yedoma degrbaedartciuodgu elpatsot gwaarcmialg since the en

t he Pl gqiKsatpdd enrae et al ., 1986; Romanovskidi et
2013)Therefor e, the Yedoma regi otny rceo mpfri ses
depotshats are atskeocmakbheds vbtmndh sedioments in t
karst depressions are composed ofu—+eworked
mul ation during sub aquatic and sub aeri al 0
are uabhiogms i n the Heweowar ,r egue nt o ir-emoteness

mat,@ascess to these studygisdigicaihd ylaihdamne posua
connected to expensive field expeditions

Sampl esths sdmddBewec® | | ecomdexposures eroded
shelf seas of th@A& AubsadavnaOothahgheu-oap b yeodr s .

bl uffs is tlhadradtiheaeans abneplsithnugdi ed ico-a wi der ¢
teAtl stsuchyl suidigee g gtr fagshifdci e ng T & lelkRe i n
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Tabl2Study sites used in this thesis sorted from
Site Region Coordinates

Cape Mamontov Klyk Western Laptev Sea N 73.6075° E 117.1824°
Nagym (Ebe Sise Island) Lena Delta N 72.8814° E 123.2164°
Khardang Island Lena Delta N 72.9510° E 124.2220°
Kurungnakh Island Lena Delta N 72.3344° E 126.3092°
Bykovsky Peninsula Central Laptev Sea N  71.8900° E 129.6252°
Muostakh Island Central Laptev Sea N 71.6129° E 129.9436°
Buor Khaya Peninsula Central Laptev Sea N 71.3836° E 132.0840°
Bel'kovsky Island New Siberian Archipelago N  75.3658° E 135.5890°
Stolbovoy Island New Siberian Archipelago N  74.0600° E 136.0800°
Kotel'ny Island (Cap Anisii) New Siberian Archipelago N  76.1703° E 139.0136°
Kozﬂh”gn'ﬂf‘g”udnnakh Rivery  New Siberian Archipelago N 76.1727° °E  139.2266°
Maly Lyakhovsky Island New Siberian Archipelago N  74.2461° E 140.3509°
Cape Svyatoy Nos Dmitry Laptev Strait N 72.8400° E 140.8500°
Bol'shoy Lyakhovskysland Dmitry Laptev Strait N 73.3304° E 141.3454°
Oyogos Yar Coast Dmitry Laptev Strait N 72.6835° E 143.4753°
Chokurdakh (Berelekh River) Indigirka Lowland N 70.8413° E 147.4384°
Duvanny Yar (Kolyma River) Kolyma Lowland N 68.6328° E 159.0876°
Kitluk River Seward Peninsula N 66.5781° W  164.4307°
Colville River Alaskan North Slope N  69.2469° W  152.8528°
Itkillik River Alaskan North Slope N 69.3404° W  150.5157°
Dalton Highway Interior Alaska N 65.5492° W  148.8909°
Vault Creek Interior Alaska N 65.0687° W  147.7558°
Camden Bay Beaufort Sea Coast N 69.9794° W  144.8137°
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1.2 Aims and objectives
The overarching aim of the thesis iIs to ans\
deposits2 (Chapuding Yedoma r e@i oaandOCOM o0 S
guality/ avaid4abiTlhiet yr e(s@hapcthergbegt-6)ens and o
to characteregeonhandeddma OC ar e:
(1) How did Yedoma deposits accumulate?
(2) How much OC is stored in the Yedoma region?
(3) What is tle susceptibility of the Yedoma region's carbon for future decompos
tion?
Paper 1 (Chapter 2):
How did Yedoma
deposits accumulate? H
Paper 3 (Chapter 4):
What is the susceptibility
of the Yedoma region’s
o carbon for future
2 decomposition?
S Paper Appendix II:
§ How much formerly
Paper 2 (Chapter 3): ireoazlggsceacggon will be
How much carbon is i J
stored in the Yedoma ) )
region? Fi gul#6eDi ag
Paper Appendix I: of the ve-
How much carbon is ]E ure t'ro' fc ht'ag
stored in the ros ¢ °| nts
frost region? actlve ot
polina frost incl
i cseuch asg-
es and wun
called t @l
i cs of t hi
informed et
search que
1.3 Basic method overview
To address the research questionsd-an interc
ing detail edsampl dngtudi &s banda and Al aska,
| aboratory analytics and st aRiig@rf)ecal ndata a
the folglow gener al overview of the applied
met hod descriptions are included in the thes
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' sedimentological and organic ichemical remote ssnsin*

biogeochemical methods methods methods
permafrost permafrost
exposures landscapes |
v v
‘frozen sediment samples ‘ profile description
£
_g thawed frozen
°
= sample wedge-ice
air-drying
pore
water
freeze- drying satellite
| | v pictures
splitting grinding
mineral | " 'm. size of
x g E density v l X ra' for) polygons
g 2 g removal of e aliphatic —Separation NSO
> 9o = TOC compounds compounds
5 £ ©
©
5 radiocarbon n-alkanes alcohol fraction | fatty-acid fraction wedge-ice
a Hop-17(21)-ene  § R-amyrin n-fatty acids volume
e Olean-12-ene B-amyrin
Olean-13(18)-ene

removal of TIC
volumetric

Figar.€hart of the applied interdisrcs phi aa

with black shaded boxes and whrieg shatdedt!

anal yses of individual parameters are not

1.3.1 Field studies

For all publ iichet ¥adotimme ranmodksa rtshhe sek-posur e
ied and sadnprediiaes (exposed on separate
cliff wall . wefrteerc Itehaen epdr,o fpihloetso ¢ h&p leexg,0 s @

deposits were descri bed iaccsc,0 Qdilismgbdter ys e d
struclhutke field, dthhe vecleumentfeswvémefr oz
deter mined.

1.3.2 Sedimentologyand biogeochemistry

Thelf owing sedi mentol ogical andi i bgesct
t heBo si nfuelrk tdeBBYndy rectly from fchkci ce
| adiei grf)e the density of the solid frac
gas displacement -pyITh,0o mbi ermonelreidcteiPonst)n. e

gr ssiidestr i(bGStbsonaseri paarrt(ilcd e2@&d,ul Bec Kk ma
was Useédi ght per centteooged (dféyddoetmetnalal ni t
(TN ntwenrtes measur ethi Wir-olglemh crardmal yzer (\
El eméidbhen &l organiwe) c@o toma a(sTw@ad3sd wi t h a
analyzer (VarioSMall €, c &1 e mme(niiCsvwoe)raep eds o f
termined with a-SFimarsisg asrp eMAT oDmeelttear c ombi
el ement al anal yzer and aAg@&ONvele@® edrdmy ng as

radi ocarbbe gaesergt measurements were pe
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carbon Laboratory, Pol and, by using compact
(Gosl ar et al ., 2004)

1.3.3 Remote sensing methds

For quanti f-yicegvbhe m@headpRitefd e s ind ense dfgieel d i ce
sidaet awedge poldyagvemm esireglise awesdet er mi ned

by mappirmegohulnh pn x el S p a Geoky¢ and Kospps&@)u t 1 0 n ;

satellite imagery of selected study sites.

1.3.4 Lipid biomarkers

Or gani c g enmoecthheoglirset ruys ed t OMewkdl(iot@ayw @ e rt rhien g

bi odegr adth bepd. i tTyh)e r egfoaurneds e t hmamlit ac e dan
extraction cell of an accelerated isol vent ex
umpressure |iquid chyotheéareoegxdaphaxt( MRIsC)separ ¢
frasof odi fferent pol ari tryi t(rad g eprh,a tys-w«cl fawnrd, paon
geanont aini NGOH)r aotmpoment s). Afterwards, the
intatay faamdcodwd. fTrhaectailoinphati ce.fgr.racti on (¢
al kanes and triterpenoid compceumia)twnd the
acidsampgdi n) wer eagms a chrreodiméd pgrapédgt romet ry
(GMSdevicelr@Ge: GC Ul tr a; MS: DSQ; . both Ther
To determine the acetate content, pore wat er
chromatography with conductivity detection (

1.3.5 Statistical analyses

1.3.5.1 End-member modeling

Foreconstructing the dchapgteremtdnbrerdo MBEM)Xdepos
modebfn@dhRBur ves was peMaftdranbe déblygsddringtt hee et
al(.20.12)mportant criteria for obtaining feasi
are-nreqgrat itvlegt atntdey f uslufm Iclo ntshter acionntsst.a nEMs ar
by two characteristics: first the | oadings,
the scores, which typify their guantitative
study-si gggadnwer e transfanméor matngna W

1.3.5.2 Bootstrapping

To quanQdifnwemhery of tGheapIedloanal ateliged mn ¢ f
carbon bthdgCetdeaamrsd ty are based .Obns erovoetdst r app
val ues (WIOZ, tBDi,ckresampl eer & 0Tneévda Itueme s

was caladtleatwwdd dm t he. 18e080seal@®€Esand BD ar

10
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inely cparevbadaed, userdesianiamptt hemg process.

were performed using R software (boot pa

1.3.5.3 Principal component analys$s

To invebeti gadledtwieems t he mul ti plthdadiegrhaadsat
mat e(Chaad4)er awe Ipirach ci pal compo)nPernito ra ntaol ytsh
PCA, concentertartd ronf odramead wsi ng aTDE€g ( x+
wtandpdat a swemneet tedntedorcm .tCloempuamge ons
were perf or medandhien gi v gsa@k spaamcekna,g e2 0 1 3)

1.4 Thesis organization

The introductDbr vofmarctu muCha pgptveerveldiesetrit fait ¢
background @omc ererhiev@ naregra ncihc pcearrnbaofnr oisnt |
Chapltderf tmes objfebéei ab@diswshhoat met hodi cal

as welolveasriamnw of t hiencrleusdeianrgc ha acrotnitcrliiebsut i

Fol | cCiampy et hr panCGhaip®eds are included. Th
and the appendi x cont ai rhaobrei gn nlail s reeds earr
under rienvtieerwpattaeieovn eelwe dT g bdi@glma Idsgh (@ p2t e r
deal s wi bhowhe&etomacndd puad® Miga vt eh eleeors i t e d
(Strauss .etCha3puaen2DiRes OCheq memntuenrted fi n t
permafro¢iStdapessi.€ba@bhedr 29483 OMdwa-dt opi c
ty to answerhotwh @Mpauerstiriieasimpltoym dgiSd w auss et
201U Chapihermresults and ivmpduiacla ttihoenssi -so fp atphe
thesized and generally discussed.

The appendi x -awud rhtoaiemds ptuwd icaati ons. These
in this thesis beca2usda nttloe yt hien tceoqnrt eetxa O

arctic permafrost region; in @2dd@cobi on th
cerning their 1importance and implication
papAppéndiixs lawmi dAer cparcmafrost (CHudoini ysu ae
al .,. 20143 publication onsawmsgdsddhet uencama
data gaps in the Aracuttihco rreedg i poaAperd miggn osl edcdoe
deal s with climatic cosstegepmwmsed sofusi hngw

appr ¢&cihnei der v 0 n2 0Dledi fshupph g meeni t aarly.f , mat er
Chaptheprpendi anldl Amape edi arleVattached her e
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Tabl3xOverview of publications within this thesis.

Publicati on

Chap2er Gr asinze proper tciagd oaan & t mrcgka mifc Yed
frost from the Kol Wimdelrowl and, no
Strauss, J., Schirrmeister, L., W
( 2 0 Gwhal,Biogeochemal Cycles, 26, GB3003,
doi:10.1029/2011GB004104

Chap3er The deep permafrost <car bSonbeproioal aon
StrausS$chdrrmeister, L., Grosse,
U., and HWbb ¢ 2@®eaphysRed. Lett., 40, 6166170,
doi:10.1002/2013GL058088

Chap4 er Or g amitdgea | ide gpeo fma tarrobs@ag udy from A
Strauss, J., Schirrmeister, L., M
HerzsdbhgbhbB4d4pgeosciences DildOBIsi o
doi : 10.-51N1%582B4d

Appendi Esti mated stocks of circumpolar p

ranges and identified data gaps

Hugel i us, G. , Strauss, J., Zubrzy
L., Schirrmeister, L., Gr oss e, G.
El berling, B. , Mi shr a, u. , Cami | |

Bigoeosci enc6$% 9d3dlil:, 1 6A5B3A2D L G

Appendi Obser ywatsiealde bf nger mafrost car bon
deep carbon deposits and ther moka
Schnei der YMon DBDeobombengG., Str aums-s
stern, A., M&ichslpawinédn ,BDM2k0eB, 4 dJg.e 0 S (
Di scuss.-165%3,165%991G520994/ bgd

Appendi Suppl ement faolsh emateerpi pler mafrost ca
regi 8hbéeni a €hdpRleaska

Appendi Suppl ement faoOy grametitequad li de gpe o fma Car robsa
ass udy from EhatpderSi ber i a
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1.5 Overview of publications

1.5.1 Publication " Grain-size properties and organiecarbon stock of Yedoma
Ice Complex permafrost from the Kolyma lowland, northeasternSibe-
ria"
by Strauss, J., Schirrmeister, L., Wetterich, S.,

in Global Bi ogeochemical Cycles, 26, GB3003, doi:

1.5.1.1 Contribution statement

The sampling in 2008 at Duvanny Yasr- was
ter and S. Wetterich. J. Strauss carried
the data including revi ewilnagn ntehde arnedl ewraont
entire publicatioamutwhdrhs. nput of all the

1.5.1.2 Summary
i i . alluvial / fluvial aeolian grain size
This paper al m: processes processes distribution

Yedoma depbBsitor 0 05 10 05 1

get serl anumder sta 1 ]
how the OM accu § ] ]
of its potentiea ] E
|l easet D€, OC in -
Yedoma deposits S E

rent concerns a
gl obal Wiatimi mgtt
new apprBbDcah cudi

profile DY-01
w
a
|

w
o
|

l;]‘ *1

N
(&)
|

altitude (a.r.l.)

- N N
[&)] o [6)]
T A RS S |
| T A |
|
" \

i eseat ur at edwa 8 e pdc 8 ]

oped, beBhsse ldgm =

for vqumetra’at:i'g5 ] 2
Therefore, wegr a ] B

size and the OV gy g ARG

the deposits exjy
Yar straeygsapletr

l[llJll

Figu8¥ari at i onameonfb(eq Mrea -

'y ma River, NOT el iscp(lesf ta)s-denmd viedi zei a
di st imdi@siev eal buti @G9Bs j(ghtTth*Par e st af
sectofemei | ar shape, ar

ygenetic origin grasiime class within tfF

error barsizdhér gc i or
mentsom a flomdclay,, amd tBaahdround b

menRi g8 e Thwe TCpal eochynisnd s
content avemtagewhil.e5Niyeh smeyfMOCauonc |
sion, it was found that Yedoma deposit f
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watreerl ated (alluvial/fluvial/lacusn+ine) as
tenthefstudied deposits is | ower than that
the |Iiterature, but 1t is stildl a significan

1.5.2 Publication " The deep permafrost carbon pool of the Yedoma region in
Siberia and Alaskd'
by Strauss, J., Schirrmeister, L., Gr osse, G., Wetter

H-W.
in Geophysical Re s6ela?rOc,h dLoeit:tlelr.s1, 0 420/,2 061136GL 058088, 201

1.5.2.1 Contribution statement

J. Scodlbested sampl essidampeécpfoevi ged-mdatast a
|l ogi cal conditi ofmenifrmwltdhtek iBlulaidk KRS&w @ rs

plstor | abor aotfoByhoceanEhpyas,ahbDkvammks Rarvegi t e
wempe eplayyed St rABlues sot her s @mbplli2eamgd clompan gin s
ry werl wonductSedilby mei satnedr rGaS sGdMWVe tUtl eriicchh
di giamadedali eweddagee dpol ygon siimaeg® ruys@rnogs sseat el |
and L. Schirrmei stetaeasi agnadwndt ®ed rfemdtde st udi e
mi ni nWgl MGhe Gr osse provitdrelal st p d ¥elddnacmatod on
thermokar.dt OGepamps 6eide [tdh esl a mpflsrecdny 1998 t o

2013 camductiO€Cdud pet calculation ina&d4duding al
tions. U.caHear rede holmld ot st r alppiSiml asmsestd sand s .
wr ot entphaepeer , wi th -awmtphuar $rom all co

1.5.2.2 Summary
I n this stu@®gst dree dch mom ntt hveafsY eql waBretciafaigaed n

rapid inclu®Miomt @ f p dcreraasflElemcsae mpost hi enregi on
habeewnsi dad roehdg caasr b b m b .hpea pietr i st hsahto wnhe deep
frozen OC in the Yedoma r egi omesceornvsoiisrtss: of

Yedoma deposits -ahdterBbbiespbagtisefiepesits

for med-liank et hhaawer aBd (ge t her dopkmagsa depassées)
956 frozen samples from 23 Siberian and Al ¢
model ed the prHinga9ye pacasnedrey std quanti fy th
OC pool (i ncluding tBHD cWIn\k s sands pfaG a l cover a

We used the following equation for the carbo
t hi ckmiecsosv em?d @@ & g | im0 YT OG5
oc qug=ct| Y ¢ 91 ™ 700 100 e gl-1

1,000,000, 000
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A substanti al frozeh5G0C pdwlredf i FR2XYEHDO
5Gt) and frozen ther9n®kar swwadepositsmégd?2
suggested that this pool si ze& Zmano vh eevt e ad
2006agaused mainly by ami @pivIe& lerstth emrarho roe,
propochsaet t he t her mak aar ¢th ed gguasittis adanwel y
(Yedobtmher mokar st~ 2yeJdorisa ts stbolseaan©i al - amouni
vul ner abl ¢ he@CYe tho snta cceoquindared for i n gl oba
a) Yedoma deposits b) Thermokarst deposits oo
? ? ? LE\ 20 30 01 2 3 4 5 6 7 <0
Total i == = ===\ =
carbon (with) |——— ("% 682 — T n=21
! 2 i ! 2 i
Bulk d it =428 =117
ovgmy | —E e | ———-—— "
2[0 410 6i0 8|O 1 ?0 210 4\0 6|0 8]0 1 ?O
Segregated =454 =112
AR - el -
210 ) 410 610 810 1 (1)0 : 2]0 4‘0 6|0 , 8|O 1 ([JO
Wedge-i =10 =6
Wil st =0 = | .
1 IO 210 3]0 AIO 5|0 ? 1 xO 1 Iﬁ 2|O 2[5
Thickness __EII] ‘ ln =20 , _Cli’_— n=10
(m) ZOOiOOO 4001000 600i000 BOOiOOO 1‘00(13 000 QOOiOOO 4001000 GOOiOOO BOOiOOO 1‘009‘000
G #416,1534 500,000 e 500000 775498
Zimov et al. (2006a)
Figue.B8ox plots of the key parameters forr¢
bon estimation. TEéembvtetatahrgg vefioibma tteee f
comparison. Note the different axis scale

1.5.3 Publication " Organic matter quality of deeppermafrost carbon - a study
from Arctic Siberia"

by Strauss, J., Schirrmeister, L., Mangel.sdorf,6 k

in Biogeosciehl,esl13B9948®Wy s $0o0-6H15D2ABJd, 20114

1.5.3.1 Contribution statement

J . Strauss, L. Schicar meaemsld eauagto rachidn &65t. e dVe & It

samptdunghg Buor Khaya field campaign in
the biomarker analysis and i ndareatpareyt adn a
yses, except for one profile, whieh was
signed the statistical anal yses. - Stra
put fr@amtadlolr sco

1.5.3.2 Summary

I n this paper the research question of
Yedoma region could respond wunder futur e
objective of this case study was the dev
OM qualriatcy echaZ ati on of Yedoma and ther mo
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Peni nFsoul a.hi s purpose the degree of OM decom

a multiproxy approach. I't was found that th:
exhibit no oOboeapubk Mbdegoadea, both sedi ment t
partially si mikil @l BOM Tduwesl,i ttihees t(her mokar st O
to be quanti ttagrntv,el ays moiBEBt mMmpmws S€h & patnedt . , 201
this pool shows a Y., . . %2 2 . % %
Yedoma dEkseEsii misl. [T 4 sty
'—| GI Buo-01
reveal edOMdreato miph% 1] i
vul nerability is§
depends on diff :sz
trajeamndr ifedeme im| by € 8 10 12 14 16
tion/incorporat. [T2] Buo-03
bi omarker data.t L[ = Buo-01]
show that the Ppe3 _ Blgs
dation processes — | 7 Buo02f~
combination of a( 3 7| feuw
dation <cycl es. - i FUEEL AFETL SEPE. SOTE, LTET
amount of OM in B
_ _ | IE | Buo-01
meats is high fOE D
susceptible for T
7 Buo-02
The missdepgernmdeern T 7] .
trends reveal t h
a g i an t f r ee mer,i high relative degradation low
OM. During mo mi- Thermokarst deposits —{__[}— 4 A

Yedoma deposits — [—42-" Size

decomposed Yedor
t hermotk aprocesse

FigutebDi agofamthe degrat

carbon depends ilorgani d Yeawotmar and t heyr

t | d.1estimated by di f;faglrGQvt(

ronmenta condi (C/ N)braribon preferamd

coul d conserve Hi gher Pl ant Fat.t yThAec ikt

. show the stwaudpadatpeloyf i

state until refr gepowhibssexksl, ow the tIse
i tgsr Apxes

1.5.4 Appendix publication " Estimated stocks of circumpolar permafrost ca
bon with quantified uncertainty ranges and identified data gap$s

by Hugelius, G., Strauss, J., Zublt.z,yc%dhi rSr. me iHatrdre,n,L
Grosse, G. , Mi chael son, G. , Koven, iClLl, OBDonYe, ,Z.J, ,
Pal mtag, J., and Kuhry, P.

i Bi ogeosci eitces3,,dal) 16 21836092DAd
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1.5.4.1 Contribution statement

G. Hugel ius planned and coordinated this
this Ppapehe secShdaawmbleoeddgpapaci fic par
Therelf.orSpaastigdgmpl ed and di dt oh e rtbhdeb odeaatt e r
usdgd <calculate the Yedodna Sterganwas tcead b h
Yedoma r e@Chauardgedepmpiabedi agi on,byuoseéngabob
strappi nigncltuwdiisg ialsl prerequisite calcul

1.5.4.2 Summary

Thi sy st e@Gqg u asnitnl ¢ yosfi he northern circumpo
regEenmates of the per mafr osutnc@QC tpa alt,y ie
mat,@ase given inndiegfriv@d &ntmj dd@p8m,and t he

whol e r a@bh@me(FfirgitBl.e Moreeeperntsed( mMEam) i n
i c deposits of maj or rivers andaim- it he
cludedhe esti mates are based on the | arg
reg,i oaghned utpscaling of the poinlt sneialsumame |

't isthatpatrmafrost regidanodCNAs@ioack st lae eO :
t ®.n8andt dmsoi | dept hs, %rceosnpfd cdteinvcedl hye n(t e 5v
whole range to8fmcomislad RS GoOCBlsed omredyener a
cal cul ations, storage ofm) OcCf i majdeere pArdcetlitc
esti mabte@® Z3to In the Yedoma m®Qi shopclkstan
18184 A tot al esti mated mean stor@tge f or
with an uncedflabDddbO@tenanogmeassesed hree wiosnebd
esti mat etsot&0®ti shiper enni alilgyhlfirghhzemg ¢t he
this enormessircaa bwanr mi ng Arcti c.

1.5.5 Appendix publication " Observation-basedmodeling of permafrost car-
bon fluxes with accounting for deep carbon deposits and thermokarsica

tivity "
by Schnei derT.v,0onGresismel,iSthi r Sme iasutsesr, , JL ., , Mor gens
S., Mei nshawmgle Boi M.e, J.

in Biogeosciehaciesl Di-5HESPOpads (

1.5.5.1 Contribution statement

Temoddevel opwas helaandn eglr o dryanmimedSchnei der
Dei mlJi.ngSsisnati ated the coll aboration bet\
(Potsdam Institute forcadti imarbosm (| hweabdl f Re
genlenrsti tute (L Scdhi rBeomékieat e MpI GeE St au ae
calcul ated the YedamBomnmerndt grhyev andb&kdr shput
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mo d elr apgnet eri zaticambonnppaledamb avmest oér m
kadetpesas welull neg atohd ity rel afT.edSdhlongirdearnd i
von Deigmlwr ote t hd rpaplauutowot . i nput

1.5.5.2 Summary

Thi s sienl we -
velapsi mpl i-i
pool fimodetes
the strengt
ut ugrreeenhou
|l uxes fro

near-surface
permafrost
(0to3m)

deep permafrost
(3 to 15m)

f

f

frozen pkRam
first t i met,
i abrupt 1
t hermokar st
carbon rele

Taberal sediments
\ " '
o

—

. . FigufigSubdi vi siondepacpietbomaf s
deposits €t t he four main pool s & mdmerr rac
gions wa s (deposits) amgdleiyanhd ape&ebtotba r¢

| ake, green: moet Itared)mpfama datbir
was foundthihes Ngradi enterofdegdthi Ver adanirid
moder ate wa feleasandsi@Oralughl y (varsruaws

tions of the representative concentration p
COQf l ukeem -nbhwlpged mafr owit & hhaau 2t@nd &tOC

(69Br ange) by the ye¢ar&EtQCWIOl. Ir ¢ lne R#dcCh 4 0

| arger permafrost degradation wundieve strong v
CQr el easted 4@3ftOCAD d t1851BtOCbyt he years 2100 and 2
respecGHrveellegase fthawedewlay b-ahf édnd ppadsti It asn d
was foudids ¢ er hieb' Faen dif %2e3ni heasr T2hzi Isasyu et h ®

absence of abrMpteohdavd piind enesfEeesney -t o

cially safnudlcactiet @i fcl uRApasd.di ti onal war ming th
t he r el easteh afweodm pneerwnhayf rtoc bme gr b hndy-pt byedepe
ent on the pathway of wahhbuuo@pbooguetntidc. 3ni ssi o

0.14AC by endhefwamwmsmcegnojuergt edseéof urther ir
22%nd t2e3niteasnd was mosedpuoder thad®CPG.0 sce
0.16.39AC to simulated gl obal mean surface a
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Gr asinze proper tciaersbhoamndstmrcdkandifc Yedoma | ce Compl e
Kol yma | owl anSd,b ghloadt ehle aBsitoegrenochemi cal Cywalee,r 26,

2 Grasinze propertcasbamdswooglnoft Ye
Compl ex permafrost from the Kol yr
Siberia

StradsSchif rimeWestttéedr.Boh ctlAeasd Da$ydmd.v

Al fred Wegener Institute Hel mhoPegtiaCéalr Recear Bb
Pot sBamsdam, Ger many.

’Northeast Scienltrisftiict WStteatfiafm sqePaByriagnichty,, Ruasrsi an A
Sciences, Cherskii, Russi a.

Publ i sGBkedbah: Bi ogeochemical Cycles, Vol. 26, 2012

CitatStomuss, J. L, wWwetheS,.Boker heawsd Da8yd@vasinz e
properti escaardnorsgamcikc of Yedoma |l ce Complex perr
northeastern Si beriic&yclGeebal26Bi dGBBSADDBem doi : 10. 1
2012

2.1 Abstract

The organic carbon stockntienr epdr manf reorsvi ri
research, because during the | ateuQuater
|l ated in the sedi mentary depositseoef arc
grade and r el ease omagtatnarc ochaw ¥eodno myt hlec eo rC
plex deposits is relevant to current con
this context, i1t iIis essential to iimprove
ties and characteristics. Themmplag@x r o raii gnis
and to develop an appmatatcér foua nvtoil fuimed trii
we analyzed the grmaatnt esri zceh aarnadc ttelrg -sd ri gcasn
posed at the stratigraphic key heiatse [Buva

beria). A dissinetdbsmodblUtigoai oonfirms
frozen sedi ments from a f | oocdaprlbao nn ceonnvtier
aver aglt swit %. 5whil e t he vcoalrubnoent r ¢ o ntoerngta n a
18k yinHoweverscallaer geextrapol ations for Yed:
i n gener al are not reasonabl e yet becaus
We conclude that Yedoma | ce Compl ex f or me

wa treerl aatldduv(@ al / fl uvial/l acustrine)r-as we
ganciacr bon content of the studied deposits
It is still a significant pool
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2.2 Introduction

A | arge pool of organcticapbomafcoasmubat edgi
ternary, represeneimgcaromgnsifmkandAhcdomndi ng
tions, about halgf oohdt begghobakabbbowi s sto
soi |l sGtiao2he first tohw eseu (nffeatcerrdsc ad e.petth abdel, 2
I n addition to the upper @PHugalfirostamsdi Kulhma
20Q09)t h-gr dimed | ate Pleistocene Yeddoma | ce C

|l ieved to contfcairhoa Hwyeodogedgniade.d,o n2a0 0 6Ca )

deposit®xpoesedelal ong the coasts aevd riverbar
rian | owl ands( 2 Kéainje vSKhiyr rdnteOddtyeer a tdeatlai | ed
definition of a Yedoma | C depositsr;- they des
face plain,ewdria&ah dozsess bgf smeters above the

Pol ar regions respond more quickly and more
ot her regi(dRngoon eEaratl h |, 2000; Johannessen et
2008)With regard, tiot cil $ mptedichtaemdes hat Yedom:
formed from carbon reservoi rrsi ctho sear bnemt sol
thaw and greenhouse ga@GWasl tagre estubasleque2®@0 §; 1

al ., 2006 a; Schuur et. aRec,en20 0ad;t ekhu h royn ehta sa |
the fossil organi €ESomhlatt emei i1it,snaddtd dalg.d,s id2 @ 1 ]
tailed studies of the sigleeade trhieslkc,ard&mad tploe
ti mescales are stildl rar e. This srn-udy focus
ment to achieve a better under scamhomg of S
stock, and employs the sedi mdritlaersy aar cthhev e
Duvanny Yar permafrost section, | ocated at t

The samples were take@erdnarmi nBertilmegi jad Kot y Ra s
expediiWeitanrer i ch e€elthealo.b,j e2zGlilv)es of this paper
origin of the Duvanny Yar-s¥Ye@coma olpErdepasi as
to devel op -baa sneedwo avpopl ufmoer quanti fyiang organic
frost.

2.3 Material and methods

2.3.1 Study site

Duvanny Yar i's considered to be a stratigre
(Kaplina et al ., ah%d78;n Sheprordtanal ref®e92%)x e
Pl ei stocene h(Hdpkiyn s,BeBRandgn @i taesr ctolen efcor mer
ed | andmass stretching from the Taymyr Penin
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during the | ate QuatMrnaoRAi PBIyeanstys¥Yamua

ed on the right bank of the | ower Kol yma
Lopatina (@ahdafYfandam( 2adéycrailbe the study
and its research history in detail

The Duvanny Yar section Wwdoafmgr i sHUe)scr il
Shénogdyuydi ed horse bones paleozool ogical
sequence in a | omwmderammiuwppPelreilsatoe eBleeiast o
|l @ cal and sedi mentol ogi cal structures of
Kaplin@l®i8Aalk.handel9g7wWw3be¢ah®79dgnd Koni shc
(1983VYasil 6cha&8)ekedalaoan stable isotope d
from ice wedges. Pal eopedol ogi(dadabP&¥Ytudie
sil dchUROBEYmpdsted that the DusaawmgumMar

|l ated between ~40 and 13 ka BP. More rec
met hane ¢@gMDuddat,ie€2r0O®H6; Zi.mov et al ., 2006

Arctic Ocean

60°N

m Siberian Ice Complex

¥ Ice Complex in valleys
E North American loess + silt
"1 LGM Glaciation

Low ground ice content "

Pacific Ocean // i
T

Medium ground ice content

- High ground ice content 1460E 166°I; 180° 166°W
Figateocation of the Duvanny -Yachspedwmas$tiito
bution in arctic and subarctic | owlands ir

et (210,13hased on( Retn@ho8skebi dceYehap!l eX 1€

and Wol{2oe®jy aNorth American |(Q@ODHDB) HEhlsei

mum gl aciation({186d) Bgiocoen nadan taelnt . Map cdn
versity of Alaska Fairbanks).

The Yedoma I C deposits ar e-km xopnogs eaduticnr 03

whi ch consists of O¥e daobnoav ehirlilvse ra sl ehviegh (aa
deep tereorsmaonal valleys and the(dhdB2)st d
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di fferentiate the Duvanny Yar section st

uni t I is described as | avedgedtpmegphsi al
Unit |1 is composed of woody and peaty s
iI's described as the | ate Pleistocene Yed

(Figa3)e The uppermost wunit |1V is the Holo

Based on field observations, a gemreral d
tures, and organic compourhdsmogfe ntetwal sV &r ic
posed deposits of the geological section:

2.3.2 Field work

The Yedoma |1 C profiles weraefislteusd i exdp aasneadd
rate thermokarst mounds (baydzhleahkihsg I

the sample profiles, the exposed deposit:
acteristics and cryostructures, photogr a
sedi ment sequenod,i |l ear ifawsn sdulf f er ent t h
s@acked together into a composite profile.
content in relation to wet sample weight
boxes and weighed. Boxed samples were dr |
cal cuheatabsol ute ice content using the we

2.3.3 Grain-sizedistribution

The @rnaiendi stribution (GSD)walse tamead ry zE®.d3 71
| aser particl-€o wlitzer (BeZB®Gmannln order

gr ai nsdiasnadg gtroegat e t he sample, organic coO
3%hydrogen peroxide three times a week t
weeks. TiHeeer gampd es owaeg fdeod inlewtt el ampdH v e

centrifugatibhe A&mpl es hYaemneo ndii as pseorlsuetdi o ni
g di sper s iPOgA alge)nHan(dNas haken for 5 h. Fir
repeatedly seplaimpl asdwewe aoblyzed and a
GSD compr i sseisz e92 | gs3d)enr esul t s were wused
gr ssiirzce parameters (mean diameter, isortin
graphical c | assiszief ipcaartanoent.e rGr awenr e cal cul
(1963)ng the Gr(aBdliostttata nsdo fPiywea,r e200 1)

2.3.4 End-member modeling

Statistical anal ysis of the -B&SDberur VEM) V
model i ng algorithm written (wdah2QMariplaale ds
to other statistical procedures, EM mode
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meani ngf ul solution by unWeilxtijneg clo9n9p/o;s iWeil an e

Prins, PBPadytant criteria for obtaining fea
EMs are nonnegativthe aodamwmitharmtn $thregi Mftud .f i EMs
defined by two characteristics: first the |
and second the scores, which typiéy their (
file. I n t-$i z3e sdatdy, veg ruesii trirgaanasSWao rmmat i on aft

Manson and olamir iKd ovan( Bfé@s)l andscrei bed i n Mie
(1986 Wel199%#)o0o minimize effects of scale, t
data is(bDeetszsaey al ., 2012)

2.3.5 Interactive peakfitting

Il nteractive peak fiOt tHawvg wabkR®,h @Yesrescioonnd 4melt)h
used to segregate the components of composit
in the processes of sediment tranms@g,0rtation

| PF needs minor mathemati cal presumptions f o
model i ng, | PF partitioning reveals informat
processes affecting each component. The | PF
serigsaks and uses an unconstrained nonlinea

an overlapping peak signal

a) b) c)
— Clay Silt Sand
X8 - 80 80
5 | [=— estimated model —EM1
2 g ||~ ~ Gaussian curves o, *y=-099%+055 . g0
= «  measured grain size ~ 60 R?=0.85 ~
o} 1| 1 Gaussian peak number| |2 S n=90 S 40 HY= -0.59x + 0.28
g 4 — o 40 Q s R2=0.67
a A 4 S g 20 n=90
<1E> 2 1 EM 2\ 5 7 3 1 & 20 & 0
3 ] P
20 — T R R e 0 -20
0.1 10 1000 0 20 40 60 0 20 40 60
grain size (um) area peak 2 area peak 4

Fi ga8a) Example of peak fitting for onefsa
out put s. For enemberri damsttridbudrnidns are adde
and c¢c) pairs 5 and 4.

The peak type was set to Gaussian distribut
often used to destrpbkeymb@Ashiéop skl @8 nhd aw
experiments (B9OBYNnc &tte att hat the nor mal func
samples with asymmetrical componermnt-s. Every
ing it to seveRiag2a3Cawstsiilant tearvest (mMean sqgua
was acceptable (<2). Finally, the percentage
curve area was calcul ated. The area of the
vides a morethabust hest mmasared parameters
and width.
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2.3.6 Biogeochemistry

Tot al
rati o
tion,
mo g en

ar e al

corun
dr och

sampl e

me n Va
backg
corre
me as u
no ca

S

d
I

r
r
C
r
r

organic carbon (TOC) and tot al nit
refl ect variations in biopiroduct.
dad ({ Megeas, BeTFD4d)e measur e meont , t he
zed and milled using a planetary n
so included I n t her iTE®Ompcloenst,e nd i. nt
um instead of agate grinding-jars

or%EIClax.i dSdmmpl es were then wrapped
S were measurnmeidt riowiletner wii CINSep- ana by
io EL I11). I n each series of meas
ound detection and standards wer e

t anal yticalpecaflf ues awtu%h aFeoyr d etihiedl oT.
e npernotcse dtuhree was the same, except di
bonate removal procedures were use:

The carbon i(dBYopkt TO6t was measured with

MAT D8l mass spectrometer. Me a sguirninnign gc oonft
each run and repeating control measur enmn
measur ement ensured correct @ancad g d rcead \

against the Vienna Pee Dee Belemnite (VPI
Bul k density sitandapddplaogimealer describir
unit of soil. The total vol ume includes
bul k density of the sedi ment was deter mi |
carbon quanti ffiodatiicdn ptea madcwowsrit deposits
solid (fyr k@) wmas measured using a d-elium
nometer -I1RAB@uPMiccromerit{gsiid] makrcblua ki ar
the volume gf *holvedsenl vdd f VMrst. Mor eover
partigles e@ed in

mS
V&=— e g2-1

}s
After pormrosi t wWe(n)

Vp
n:\/pTVS e g2-2
was <calcul ated usingp,t'%njﬁ))Fx'/uIanng,oﬁetbemip
negative | inear correlation
1,=(-1) 4D ( e @3

(Horn,wi2tOh0 2t)he sedi ment porecailtcwyl altledws b
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For mo s t parts of iYendto mao | a&s siutmei st had n vaelnl [
saturated. We dewWwtiwedt hrces tolnd efndr >i20e sat ur
assumption, the absolute ice content gives ¢

deter minati on; ® finhglderea ivood udren gk\d |nLd fd e0 .e@1 10
al ., wae0l0a8ssumed.

For <calcul atciamdponhe noregamir ¢, the mitensity me
bined with TOC valuesg)s Wehe ahled ed ealicteo veo | u mm
umetric org@adpaccobaboognmaBk perO@r/med accor dir
: c T ORt o
= e -4
v ol unGtgroinctVe byl 100 Q2

2.4 Results

2.4.1 Lithological features of the Yedoma Ilce Complex
The results refer-08,0 anpglpeave rpr-@pHFoifged,reeDYDY

222 . The two profiles were not stamgked toget
proxi mately two KkKi(lWemdteearis hb eeTtiveael M.e,d ddetni 11)C
sequence was subdivided into 2 Brgupe, cons

2-2ankKi g4 e and more homogeneously composed se:

absolute ice grain size sediment bulk density TOC CIN ratio 31C volumetric C,,;
content (wt%) (vol%) sorting (10%kg/m?) (Wt%) (%o vs. VPDB) content (kg/m?)
20 40 60 0 50 100 1 2 3 0051152 0 4 8 12 4 8 12 16 -28 -26 -24 0 20406080
|I|I| ||I| | | I|1|I|I Illl] I|I|I I|I [|I|I|I
40 —| — = — — — — =
535_: - . . . e ] i
s 3 - - ] m = = -
Q - = - = =] - — -
2 30 2= <5 = =5 <] ] <
g = - 5 = = 2 = ] 5
25 2 = < = = = = =
£33 = = = o= = = =
g 4 - = = = = = =
£20 — = — ] — — =]
«© - — — — — - - —
© 15 — ] i i ] I i =
N - - n - - m -
S 3 - - o 3 3 b -
£ 10 — —] — —] —] —] — — 4
§ 10— - - m - - = -
Q il — ] - ] — - . — —— 3
5 f = = = i _—g = E = ‘;?' = .
= = = = I = N N - S e
0 |I|I| I|I|I T I I|1|I|I [|]|I I|I|I [II I|I|I|I
0 10 20
mean
grain size (um)
Fi g@d&ummarsyedafment ol ogicaalboan @ adgragnen iec s mf
plex pro®bilae®1DWT hei g afi macti ons are il l ucs
silt: white with black dot s, sand: hodai kog
bars |l abeled from 1 to 5. Ama.trh.el )p atl heeo cw hhom
lighted. The | abeled paleocryosols 1 to 3
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We use the term paleocryospmpéentesoidlesi Qon
which were found at wvarious heights with
di ffer from the surrounding sedibmewn by
patches, i ndicating enrichment by¢yopl ant
tents as well as cryoturbation features.

I n the | ower p alFa gaZdyeo slo I3 mg eag uGe.n8c.e (i nc |
pal eocryosols 1-060 de&pesiteraoeobintai DYpIl an
brown patches, and wood fragments such
l i pmtown fine sand contains numeroys fil a
ostructures ardebandetdamt aomohant £ad¢ bn som
horizont al ice bands 2 to-c aemg therctki assl
veins occur. Her e, t he wab¥s Al uWti-esAtiihaiectkc &nt
peaty hori zon, pal amo car.ya d celr T4s,io $d d ahuormsi zaotn
tingui shledowry paat i nd&l wa ams dumnmed e , c
filamentous root s, single planti kemar ys,
structures and wt Poi ghhlercawncloppableendtcr 84 i t h
gani c bands, cryoturbation, andFipgateg or
24 occurs betwmea. 2.8]. .8 -Galn.dp Re@freyloesttiWa&t ct ur
are irregular l enticul ar with diagonal |
fragment s. Like in the paleocwylsof st Hi g
pal eocryosol covarieswtwhth high TOC cont ¢

The homogenebdéug hparyedoma | C also contain
peat materi al s, and hence supported vege
pal eocryosols 1 to 5, no clear evidence
parts of the-0%edomsai $tChabwbivyghndgrngyl t wi
tous root s. The cryostructur d eingd i <tud aat w
the absolute i ce wto¥ht edd mev agea par autpe tpoar4
more distri butaend pleartt ifnrcd gursa rotnss .

2.4.2 Granulometric characteristics andcalculations

Gr asinze anal y-8bsaon@l DFreofDiYl es reveml s a |

posi Fi gi3ag) . Al | sampl eppoarkypsortgdt 6 me:
degredobkt am(d OWa/®pd 1) cl ayi sh to -sianay si
di amet eem,9 nmeoan24s kewness 0. 3) . The GSD cu

di stribution with -sai Istmaflrlaat ipoermi( biam dteheen
| argpeak betweenAdDeasadc60t hi-sangpgefakacnhi ¢
i s found in some sampl es, whimla. rsl mo$he
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mentioned differentiati onmao.fr .tlh.e (ppaalleeooccrryyoosso
i shosvn in the sand fraction as well. Her e, t
GSD curve stands out from the gener al patte
the mesdiuomfraction.

(=2
~

Ci
a) lay Clay Silt Sand

Sit

w »
& o
DY-01

N
4]

altitude (m a.r.l.)
N
o

(vol%)
volume percent (vol%)

volume percent

I
DY-05

10 ./ T T
978 size (ym) 1 0.1 1 10 100 1000
grain size (um)

Fi g@5b56r asinze distributions of the Yedoma | ¢
against profile depth with a view from a)
obvious in either view.

2.4.3 End-membermodeling

The meantcodf fdiedieclammianat dosp( Bys the expl ain
each modslied gi aisrs . It was calculated to es|
EMs requir edr etpor eadddestuatgeg iyndlloO@afalPr Walst j e

and Welg9Bpwed that the minimum adequate nun
to the position of Otuhneb eirnicimlce e goml apioniendt o f

cumul ati Wweuw(@®.i88n cfeoFor2 tElMs ) Yedoma | C sedim
Duvanny Yiamdi ¢ dteeR FhgpBadwarEMsadequate to d
t he ori egiimrael dpet amosdeetl. wWiht h t Wwo oHMst heex ptloatianl s
var i ajnnteean( Mi. pBBae anbBi gheéce shows that the mod

error is independelmte]sdkfattisd i grso fosfl etehhee isg hntg.l
c | a sFsiegs@-6de newvehaat the highest uncertainties
(>10Q esize classes and at the poim- of i nt e
tainty of the coarse fraction is caused by |

size class, yamd gthhuno dreé |li atgi welr ors compared

amounts of matlaetr itaHe prdiien tF ioav68ig n tiesr-stehcet iron (
sul t of a modeling error induced by the sim
Rlespecially at the intersection point, it
(Fi g Bb6ae . However, following the | aw of par si
E Ms . For the studied deposits more -EMs are o
cal codt eht &aiimrstkerodr eotvierg puecidpittowsluuyd ris
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EM 2 is characterized by an approxi mat el
fi-nenedi-suim t fFri ggddBbdo.n I(n t he pal eocryosol
paleocryosols 1 to 3, EM 2 scad Feguesr ecr c
2-7) .
a) b)
-8 1
28 05 g 12
T = 0.8_ (]C) T
53 7 SN £
%5 06 —j g 8 3]
\E ] o © £
55 04 ] £ES S
o S ] > o
£ E 02 —] S 8
i S 7] g i
=}
g 0 T 7T 0
0 2 4 6 8 10 0.1 1 10 100 1000
no. of end-members grain size (um)
c) 1 | d) 1
0.8 —] 0.8 —]
. 0.6 — i . 0.6 —
* 0.4 —| Dy-01 | DY-05 o 0.4 —
p— I p—
0.2 —] | 0.2 —]
|
0 T 7] 0 T T
0 10 20 30 40 0.1 1 10 100 1000
altitude (m a.r.l.) grain size (um)
Fi g@ab6&nthe mber modeling results. a) Mean c

for eametmbemd modesli.zeb)diGrtaiirmutneonmbse rosf wihteh
member from Al askan (Vaul't CreéMeyVennel a
from L. Schirrmeister (unpublished datast:
eau, Chi na; dat g flroemsSwars evteldl as Zhohese
Shaanxi Province, nor tlhfe2ron0.5Qkki) n&oed dti @ i £n
each odmphe modemembéhst wod) e@defficients «
of the modemembéhst wo end

The range in the homogenediusiy swmambbsesed
mean valXue Pafl e@@r yosol Ko shofivesr sEMr2s lod
the GSDs are characterized by two peaks
the mean value of EM 2 stabilizess-as it
its -0b,Ddt %.r oM dl 6i7s char actlrwiztekd- &b yma
i mum at th-dioearsad dbiblotmchgr Becauswemof t
constraint the development of EM 1 is op]
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End-Member Modeling Interactive Peak Fitting
alluvial/fluvial/ alluvial/fluvial/
lacustrine aeolian lacustrine aeolian fluvial/aeolian
processes processes processes processes processes
0051 0051 0051 0051 0051
_llll 111 [ [
- 40 — ] — ClI'Si}Sa
o = - ] I
> = = o= J
Q 35 — — —
2 = - -
S 30 — = = Jl[ciTsiisa
Q 3 i = — 5 'J_ o
£26 = g= = y= =77
820 3 — — = —=
3 — —] —] — — -
= j - - - - v\
® 15 — — — - — .
Q = = - =] =
S 10 = - — — = 4
Q = - - v = ‘. = -
Q2 = —= _ _— =¥ 7
S - = s O - ¥ S| |
0 TTIT]TTT IIII,IIII IIII|III| IIH‘IIII TTIT{TT
EM2 EM 1 Peak 5+4 Peak 3+2 Peak 1
ol : | A | n‘ LA

ari ati onmmeonibetrheanedndi nt er acti-der ipeask :
butions (right) are stacked for ssec
within these secti onssi zies firnadcitciaotnesd al
(Si), and sand (Sa). BackgrRiug2e# e o x e ¢

- a

2.4.4 Interactive peakfitting grain size pattern

Like the BMp,artahedl PERaks were attat buted to
ni sms of transportation and sedimentation.

Il n the application of |l PF the areas of Gaus
(Fi gBp3ag were merged due to the a&samgpti on tF
3+t2, are related to the same procesases. This

tionship b&fg@3e amai rcyd . (-0H, prlod i ardedDYof peal
ranges bet wké medd@anadnd 4 n-OAar dfeit weeBDY 32 and
5P( medi ®@n. 414nD Y0 ,f i g22atkaBges betWween 43 and
di arb) 58 Wit h some e xsciezpet i poenask, itshitskeegrmdajnor ot

fore represnantins sedi mentati on process. Li ke i
peak 3+Q@1 aits DtYhe | eaa gkesttweaeve fohdnaadad, 63
but a smaller gap between the medihan of peak

30



Gr asinze proper tciaersbhoamndstmrcdkandifc Yedoma | ce Compl e
Kol yma | owl anSd,b ghloadt ehle aBsitoegrenochemi cal Cywalee,r 26,

ing influence of peak 3+2. Tdaendafl uactoif ol
bet ween % 1 1land ofne sampdleesartlhy solpwiakud.s n

2.4.4.1 Assumptions forend-member modeling and nteractive peakfitting
interpretation

For -graen model i nggrwapghthi ceaMsd6 dnd ting witht
GSDs are attributed to the supposied mair
mentati on. Both methods (EM and(BBR) ehav
al ., 2002; 12gdevtdzposesi bly,s@apport each ot |
are chosen on the basi s of natur al E Ms
Schirtremei sunpubl i shed d4gtSa,n 200s8y .vaenld 0fGaxg
floodpl ai n dep(okdalki nferno ma n@hilnuan k k a, 200 :
(Fi g@ae)e The supposed main mechanisms <cau

(alluvial/fluvial/llacustrine) prodesses
pl ain overbank depMdMs2t aotd,6 p cankds Salerod d afno rf
and pteakTBe small peak 1 is termed fl uvi
clear distinction t(o20Ob0eB )nsa dsema |Af tpee a kS uans
smal | peak of EM 2 and the shoul der of E

saltation compboenal bFaausuwviae/and aeol i

2.4.5 Organic matter characteristics andcalculations

The C/iNndia¢atoes t hematetgare ed eod o nopr agsaintiicon d
activities and pedogenic processesi -(|l ow
0S: | ess (dKeucroanupao,s eld9 87 ;. PFugt kRer mdr e, 1@®I
i nformation is stored intt6rgahueséandona
ferennts oofi garganic matter-aegeigl/ amant ne) ,
degree of decomposition of plant materi a
ation during catiton atl wrerso videerd. b clpdoveeertl e 95 g
matt ee , hivilph éirndi cate that strong&eyeéesomp
1994)The TOC values and C/ Nigadeardgen vaal e
bl e. High TOQ @Wwnad u®/sN orfat>40s of >12 occur
reveal a smal Imadd gerreed ecfo mproganii@mne-compar
ous Yedoma | C (C/ N ~ 8h)o moTgheen oTuGd yc ocnotnepnots ei
I C remains constwn¥® ,i nbeatheeemajlorand- 2f th
tion from the homogenous pattern ms obse
a.r.| ., where the ice content is higher.

Th#€ in thgopal socamglstdadr dmis is |ighte
homogeneous part®5. 8hdtimh Thm geal urromf t he
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mafrost deposits can be interpreted as an i
water cboOowdli keonst al ., 199,3; arGdl ndliett ioveap @ et
ratf®sei ffer and Janssen, 1993)

The esti mat eds bad kb idneends i wiyt wat he TOC <conten:
vol umetr-car bogaaqg2d)t eBul K density ef the hom

guences primarily varied due to ice content
|l atter was rwtlfotivhed yl dwew (&l etoac mgy.o& ol seqglL
a.r. | .) i s characterized by a bul k densi ty
1pk g mThe o«cgamion content spans akfywinde range,
The mean ¥k§hawte tolfe 1@al eocr yosol seqguence i s
in the homogenous Yedoma | @ gunRPial eocPglbsoctryo
5 with its peat inclusions and high ice coni

maxi mum vol umatbioan clihmPmer (6Be entire range
homogewms|l y composed deposddarshon hecoewvtoe nuumewas c
l owk3gp( meakfgimThe total mean-caoclbometcroineg emit gar
the Yedoma | C deposfiBkgmBor Duhkenagoiae |1 ayeén
l yma Lowl and ovoialnd, (T2@ig@ptoratn an average vol
or gemirdon stkod kKlmpa ft hl1 5 .hle fyr emagani ptaoc &r bon (6
9®) in the miner al part of the soil s. Il n ou
and the Holocene cover on top of t he Yedoma
stock provides evidence that athg dsemaic hmi n
carbon as the active | ayer, emphastrzing the
ganic carbon pool

2.5 Discussion

2.5.1 Origin of the Yedoma Ice Complex at Duvanny Yar

The studied Kolyma River cliff wetdgen verti
systems. |t i's suggested that the Yedoma hi l
pl af 8shirr mei st.erTheetr eali.s, s2013) no widely a
Yedoma | Cs genesi s, but i-rte | saet eendls scelde ante ntt lad ti
such as hypothesi(ZleOd Blly GN a(glaSg@Bd) de t- sdlal | ow

marine sedi mentation, such 66a80,p9wa=uliated by
vol ved. An overview of the differant Yedoma

s i | 6(clhoudk2 )

|t i's agreed that Yedroimal II1yYC emxapcesrd da | monsats osfu |
froze syrngdamuatiingalper md Kmaeowd k iayc cautmBalae¢ d oh0 1 1)
on more than 50 radiocar VWYas idla'tcehsu kf ot aallj.a,c
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we know that the ice wedges at Duvanny Y
BP by syngenetic freezing of per maf-r ost

I ¢ fngeeziocess because | enticular and | ay
absolute i ce contentwta% Aslslumitngdithdhtde e
account f ooli%b oYuetd o5n@ | (CS cshei gruremmeci esst e r et
Zi mov et ,altbea20@basjoteteonmgremindcan const
qguarters of the total outcrop volume. Th

| C deposits to warming temperatures and

Three granul omedan cbehaearcRieqdBehedcSESHE, (

sand maxi mum, as shown by mmersand wmaxi
caused by a higherl|l eseaerrcdetaisc itnrcaresapcrdt sl
during a flooding period, as has meen su
ples a distinct tiiamdl dmalclt i p@mak sxwbtvh ® u
pl ained by an increasedafrantuinadmtofons ®ds
due to stronger streaming conditimns or
ri chment -soafn dt hfer afcitneon by a | argeri -fract
men(tRei neck and Seanagrhd, 1®a80dnri chment of
cially tshiel tmefdriaicnt i on, |l i ke i n paleocryos

whi ch t hveelsoectittlyi mg thesi s$tuspenadédomedi Umw
si t(ikbjnul str°mMt 1*Th3S) pal eocryosol aur EM

custrine proc%.sshkeddirtiiscersaltloy,1Che i ncreas
by ponding water andceboneggpolcygamns j onsder
accumul ation of organic matter I's highel
Third, pal eocryosols are characterized b
could be a consequence of fdaspleante ngvriorwtnl
haw and cryoturbation processes during
haracteri stiizes ,antaheg sgrsaiamd magneai c suUus
|l e sedi ment sources as wel |l as persisteil
oesast emi al, formed as a result ofo-cryoge
esses, i's rather common in (peri)glaci

l ains via aeolian(1988fpoetd. aTbeabefadregc
améderigl akci Mbr eoes8887 Pyes t hatd ytpoec aGSD
oess shows a pronouamcadnmedeanidn itshe o038 t
toward the finer s{1e88j)i sembkédysnandr iSa
et ween edd0 wbi 610 corresponds perfectly w
the studied deposits.

o~~~ "5SS T Or T o —
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Subédquatic fluvial and | dduWkst, r ianse csainl tsso ntea na |
and coll uvViKolnidbpgbenNEtspe@8a)ly the first pea
EM 2 andd , pecasknnsiot be expl ained Dbyl 9ppwr)e aeol i
states that products of each of the three b

namely suspensi on, sal t atiinonev eanyd srionlglliengGS
However, because of sedi ment variations andc
GSDs are recorded. Due to the absence of vis
Wal ger 6s hypothesi s, | PF and EM tmoedel i ng we
model ing efforts clearly indicate that the C
by at | east bi modal curves and consists of
mo d a | GSDs, indicating the partici)jpation of
sedi mentation during Yedoma | C formation in
mati on (cSchreceptl 995; . Shaertaisakont2®@05) EM 2 i
an alluvial, fluvial, and | acustrmne signal,

ponent. 4H5PHK spaalk e4 p rdeetpeedn daesn tt haen aw aotgeure t o E N
3+2 as aredblpaamk B as the fFiughkGhé ARaidgouriean ¢ omp
2-7) .

This interpretation of the GSDSumnsebaaéed, on
200&nd Al askan | oess (L. Schirrmeister, unpt
alluvial/ fldlevpamdi/tlsac tis b m( Weoa kihreem &rhd n&dunkk
2003; KenkkiAlno,t h20 0 &M f olri kpee)r i yd dacmerdt | was s
scribed by2ze&ef ht ka Bdmaeosol sequence Iin nor

Bot h EM modeling and | PF reveal a rel ativ
peaks/ distributions interpreted as the all
662 2, | PEB% 4a8Bnd t he aeol i B2nPbc olnfPpions) esnt ( EM: 3 ¢
The consistency of the EM modeling-and the
tion conditions. Anot hgerrai mrealc essesd i fmemt gr adwd
situ frost weathering of the matlawiahg After
of i cbkwatiag sedi ment s res-sal zed i parpriod uvecst

( Koni shchev and Rogov, 1993; WrighWheeat al .,
this process iglepiogmnitfiionahnt trtamsfposmiti on c
transport and accumul ation signal, di stortir
addition, winnowi nfgr/actoidomgbyofs htahlel ofw nover |l a
rain or thawing events coul dFamrerharl gter @nd t
Bryan, 1995)

34



Gr asinze proper tciaersbhoamndstmrcdkandifc Yedoma | ce Compl e
Kol yma | owl anSd,b ghloadt ehle aBsitoegrenochemi cal Cywalee,r 26,

Due to the (very) poorly sorted polymoda
absence of glaciers and icédSsphpeetidn wkDDb 4

northeast Si(bVerliiarmkloowltamds , 1997, Hubbe
et al,, tB60&pdoma | C at Duvanny Yar (S
originrelWatted (|l i ke fl oodplain overbank
wer e t hlei ncgo nptrroocle s ses. 't is also il-i kely
tion occurs here. A possible scenario of

areas after snowmelt and during periods
Kol yms kony eDiSstcrheaar ge St ation, Arctiao-RI MS) .
curs in dryer seasons. During fall and
reduced. As a consequence, parts eo-f t he
come suscepti b(lMuhs aw dh dBetcttiisv,i t00 3)

2.5.2 Changes inorganic matter parameters

The TOC content of the homogermrpuwsSepart s
t ween O.wtYmhiz.h0O i s rather | ow compared
(~wit %Schirrmei st)er Tehte ela.l,e o0z lybls)ol s ar e
values ofwtwp Tthe Inkasmr bobpgawiad¢ ue for t he
16wt % andEthal ues r @iWg el -2@atéwelehne see- par ar

ters, I n combination with high @eNiabhti
terrestrial environments were the domina
I C formati on. Imp Itehse ap aH iephcery oisrod uats ao f  t «
tions is reveal ed. The | ocal environment
sequences were formed are |ikely to have
gr owt h. Hence, thel owemawoison ppéeiocdyos$ol
wel | into the Middle Weichsel(iScme{rS0eto
et al. , TRiIOD2hypothesis is based one-t he st
ters such as high TOC cohm&enaBig@dd@h C/ N
These are typical indications of interst

and moder-amaét ergadmeicomposition (uWedearerweth/

et al ., 20009, SchiMomeoser,r tehe adl ter@dtli
in the paleocryosols can be gxXpPloaagsed hea
result of a mtatschyh eay i a oldimed i melty g@n ano s
with moist ath@eramhd cdr(yeomweaer &tfi)c ©Onn d ihtei
contrary, in the homogeneously composed

ods were characteer igzcenderbay Ilyedsowear iTeOL c o
ratios (higher decomposition). Despite

Yedoma | C studies, the Yedoma | C at Duva
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carbon inventor MkfyintGi vae nmaeenrafeodomat | C depos

accumul ated at relatively fast rates and | o
only a short time to decompose before it was
state. Therefore, Yedoma | Cléeposdi vul arce abeék
carfmanter stock. Applying( b0 0Oe6sht)i unmpast ceadl itnhge,

orgaemod reservoir in Gt berian I Cs to be ~500
Our data from Duvanny Yar show | ower TOC c«
t herefore, we hypothesize that the-Yedoma |
mated by Zi2MOw heacgadle extrapol ations shoul d
preliminary because of great wuncertainties a
| C distribution/ area, thickness, and | ocal F
ent studies of s pbagarailn gv a¥eidaotfn@a@nl tCe frd eadorskadt ns ,
2006 ; Zi mov et al ., 2 00i6th ; b eT@o meox a b b wit 0 uasl . t
knowl edge about the quantmdttesr amalolquiad i it n e
cient for extrapolating possible etfects of
ganciacr bonNeu erctkhel es s, as a | arge carbon inv
release, the Yedoma | C deposits contain an i
to current discussions about the effect of ¢

2.6 Conclusions

The very poeedi menbisp@bgyimedak dratni butions,
of carbonat e, and the absence of historic i
|l ce Complex at Duvanny Yar to be of polygenece
patterned fl oygm@al Riveof ®BheéukKoal and fluvi al
fl oodpl ain and aeolian depositionrwere the
entiated deposition probably occurred.

The carbon inventory oNBk ({Puwamgmmriliam amount s
cetratNowtpPh. 5Thus, the Yedoma I ce iComplex de
cant carbon -enpakatexy. apat gadrobnosn oifn vtehnet oo ryg
should be considered preliminary because of
factohsasuYedoma | ce Complex area, thickness
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3 The deep permafrost carbon pool
Siberia and Al aska

StraftdsSchiyfrrhmeGrsassdeWet,t ex.iU¢ i3McHer zschuh
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CitatSitomwuss, J.L,.G% 0lsG e e ieS,tiUd ih,iMc e r z s U haurhd
HubbeHMWemhe deep permafrost carbon pool of t he
Ge 0 pihcyRdesa rLcet rts 4 0716 167106,5 doi : 1 0. 1020021/32013GL058088,

3.1 Abstract

Esti mates for circumpolar permafrost org
pool contains twice the amount of curren
seqguestered subst anitsi aunigquuaenth e d aeuws eo fi tGC
was incorporated into permafrost during
organi c matter into permafrost halted de
term sink. We show thatoma er algeien fa mresins
di sti nctr emsagjrovroisrusb: Yedoma d-amasiotrgahl &t e
silty sediments) afddkrke pasiitns f(gremed ailn z
deposits). We quantifiedande e®Cr apol atbiaa
geospatial +adBt@if eet Fed oamaB 3d e pOHWiGAtcorand t
ther mokar st deposits. +IT6@h5Q@tosala Yeudbosnaan
amount -wul neraanbl e OC t hat must sbe account

3.2 Introduction

Organic carbon (OC) reservoirs of gl obal

l' i ving terrestrial bi omass, and terrestr
t o G8SHMO frozen OC ar e sltaotrietdudisrt pesomiliise
(McGuire et al., 2009n (t(Thae novaat mror tather, n .

region that remai ned wungl aicalat eldo addpli aign
sl opes, and po0Sygamnmals kowladngat2edd 2PC i n
depo&itshi(Kkanevskiy, ewvhialle ,s@@ridgast-ed i cC ¢
sive wedge ice (WI) tbecsesede m@hEs ar med
3-2, Frndgure bBHpende xkomihi gelye prr (pafersegtved
ocC, i nclruidcihn gp eidctekien baksaws and refrozen
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weakl y de(cSocnpiorsrentiei stecdue etto aftfast 2i0hdbdnpor ati
mafrost from the seasonally thawe@&a-active | &
dation ceasesmoQ@kservadicas eawdr mi ng and t he
many rEeRomasovsky ,etanali.r,r e®rGada)bl ®- process

sca(l ®shae¢f ald . | 2011, MacDoegalulnl etcrk-ald. by2 ® h2
mafr ost organic matoer  QHeec oprpodsecse da nadn dC O e |
(Wal ter et al ., 2006 ; Schuur Ptop@cti @09 9sul

gest that greenhouse gas emissionsni-from pern
centration Patpo®%alyseiB8dé&r seemabDaeerognla-onmgp et al

rable in amdu0@® &t hhrldpopgreeni ¢ emi ssi ons, t h
carbon cycle and ampMcGying eurbbhce @a0mming
2011; Schaefer et al ., 2011, Burkealkt, al ,

2012; Schneider von Deimling et al ., 2012, S

_120°E__150°E

@ Yedoma and thermokarst sites
O Yedoma sites
[ Outlines of detailed Yedoma mapping
B Detailed Siberian Yedoma cover
B3 Siberian Yedoma region
I Alaskan Yedoma region

Y/ Yedoma spreading in river valleys

[ 1 Glacier

Fig@tkeocation of the gtRwdna noiviseka d ,  al )X §RBgringe
et al., 2008; &reoassef eYe dadma d2eOpPoBsbijtisc ilno aA

ing the studied thermokarst ddépmoint oar Kd y.
l sl and; 3, Khardang | sl and; 4, Kurungnakh
Buor Khaya Peninsul a; &k®vsByollsdwaomy ;41 yd I0la salc:
Maly Lyakhovsk®@howmlkthwd;sky3,| sBaly dNoosy;4, 1 5ap(
16, Kytalyk; 17, Duvanny Yar ; 18, Kitl uk
ltkillik River; 22, Colville River; and 23
araevail able, resulting in 22 Yedoma and 1-0
i mage of the wintery Svyatoy Nos and Shir
box shown in a), il lustratYiedp mae Wdermpalsidrsan

by thermokarst depressions (Landsat data
the | ocation dofi gt8fathee ar ea shown i n
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thermoka st
deposits
Yedoma
deposits
FigBRdéeictures of studied deposits. (a) Ye
It killik Fiiwedt,e a1l aek&21( photo from J. St
thermokarst | andscape on Shir okog®abre Ppehnoitn
Schirrmeister 1999) -be(acr)i ngx ayrmplloamao fdefp@s$ it |
LapteV¥vi §&he(site 5, photo from L. Schirr mel
(SEIl) (ice Il enses and icé€ibpdhds)i taet 7Bu@rho
2010) .
Various factors could | ead to quick Yedor
|l ayer thbckeefag ,h etdnweimpr.ead2OtlHher mokar st f
substrates, or acceler-ared Ao a(sliaantQeieta sa
al . ,. 284aw¢ver  ,ailnatrigees ufnocrertthe Yedoma regqgi
to scarce data on OC spati al vari abi ity
l i mi ted knowledge of Yedoma deposit thic

data on presencehiosf roadiiean % eBéocsd ki sse mandl @G |

scenari o spread in permafrost OC cl
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per mafrost (AQrkeolets iddet,t ex01s2iaz)e esti mates
OC pools are essential. The objecobfve of thi
t he YedomAappreengdiioxp olflelnt i al -derpoasi 6f dYsdomdut i
including thermokar st depostidi mtrye acs g n cteor nri endg
t havwl nerabl e permafrost OC.

The Yedoma region OC pool Gtasbgpsedi omsimgaes
2. 6% OC contmndepomeian 2Bi ckness, hnd an est
covel(doen et al . Howewera,) ¢ €c e s s.e, s e2A0dlicBébs)

(Fi g8Y)e have shown that Yedoma depwsits are f
cesses and cover only part of the Yedoma reg

3.3 Methods

3.3.1 Sampling and organic carbon measurement

Twerntwo Yedoma and 10 thermokarst deposit pr

from river or coast al bluffs expogled by rapi
ual sampl es with at | eaaslt oongea nmeca scuarr ébdo np a rTaO
or thickness) were used. The profiles were d
Samples were extracted manually with hatchet

were kept cooled or fr ozeinesanfdorwefruer tthrearn sapnoa
TOC samples were medgsusgkemhwiurt hamalcyazeron( EI e
Vario EL 111) or a TOC)analyzer (El ementar V

3.3.2 Bulk density calculation
For BD and SEI calcul ation, -cdraynpd ttest iwreg e weli
fielxgpedi ti gingsj.maBsD t(hieOn cal cul ated wusing its
with poegdity (

BD ml)( 4D ( e 31
wherjgias the solid fr potrieonw odemei tiys. aBewanesde
saturated, the pore volume can be directly i

BD measurements wfeirel c¢colnalluclhy dde theot-thieni ng t h
zen samples extracted from exposuyes with t|l
ing the water volume displaced by the froze
water. Afltgrndgrerzéhlkei mathor aZloRFUK STédc hnol
gy), the SEI and BD were calcul ated.
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3.3.3 Wedgeicevolume calculation

Wedgee Vol ume (Wl V) ewas aphpdbnndbigxt edp pemnaig.
| I5(Appendix FloIrl epi genetic ice wedges, it
i ce wedge has a shapbiegof e alaljdlp sroidgchet] essi dter)
syngenetic Yedoma deposdd. iappEvediges mmi we
that front al cut of t his i ceFiwpeuwrge apmpend
I 1] 1l eft side). W width is baskbdabhnt éi e
ture. The Yedoma anwedhpermokwngsh sepesi we
by mapping very bBigmhagesypl t1b{Apfpeamati.sxt Ud i

3.3.4 Statistical methods

Cal cul ations of carbon budget andh-OC de

ni ques, . e., using resampled WINOK@W®O ct i
nessygeanding the mean afterward. Because
ed, we used paired values in the resampl

BD values were calculated us®n’§°'ant®apon
was f i tsteedd attoa tfhoor whi ch both values were
popul ation of obser ywatdeagnt healmead fMalss edr

addi tion, we tested an alternate approa
means bef orud abAlpbpeen(d ica blclelase t he compar.i
those derived by previous upscaling stuc

recgwsc t he vAgprpieanbdiilxo tlyltihie obtained distrilt
obserdsasednmethod to have a cOGsenvhbDhnve
budget from the Yedoma region. The"error
and'pBe4r centiles to reflect the standard
comparable studies (with the asssmwer en
performed using R software (boot package;

3.4 Results

The Yedoma region permafrost OC pool | ar
depof&i g 8-2aé and refrozen RihgG2be k ati it | ddp
mi ner al sedi mentBi, g®2aat ¢, Wh n d apdeldr .eSEti e rl vy
frozen OC pools, such as active | ayer or
our study.

3.4.1 Data andstatistical methods

Using a data set of 956 frozen sampl es
Fi g8&Y) e we measured and modEil g&3) ¢ Iseecpr i m:
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sr to quantify the overall frozen OC pool ,
BD (including SEI volume (SEIV)), WI vol ume
of Yedotnhaeramodk ar st deposi Tabbé& alplpteayddama r e
| i5) . For calced¢2as bbogvlswe used

oc cbg.lth=t hi ¢ kmiecsesv em?d Bé&l [k g | T%%YT]C_)%;‘O% e g3:2

1,000,000, 000

Because of hi gh i nherent-norsnpaalt iiamputhepamr age
di striPiugd3aeni dur e laipp,enald xaswn d repoert obseryv
based bootstrapping mean values (rmather thar
tion and error estimati on. For comparison wi
ter data set and al so cal cud amefapnpe{px o | basec
| lalnTda bl e apPendi x

a) Yedoma deposits b) Thermokarst deposits
1 2 3 4 20 30 0 1 3 45 6 7 883
Totalorganic U T 0 T NG N ST VN 7 N RN Y U ([ G T TR S | Pl [0S Y .6I82 [FFETE FRRTE FEETY FUUTE FRTTE FAUTY FRUTY AT 245
n= =
carbon (wt%) [~ 1 | _— ’ — =
1 2 3 1 2 3
PO T T S S R W W | G O S O W W T Lo e s T T Y S I S i W T T T { I T T L T T R S T B S e | | -
Bulk density [:E] n =428 E]:] . n=117
(10°kg/m?3)
20 40 60 80 100 20 410 610 80 100
1 1 1 | I ] L 1 L L I 1 L J
Segregated n =454 n=112
AR - | -
2|O 4IO 6|0 BIO 1 ?O 2!0 410 610 810 1 ?O
Wedge-ice n=10 n=6
volume (vol%) ED "'EEl‘
1|0 20 30 4|O 5|O ? 1‘0 1‘5 2]0 2‘5
L L ! ! L L L L : L
Thickness | — "= ‘ — L
m
(m) 2OOiOOO 400i000 GOOiOOO 800]000 1,OOCI).OOO 200i000 AOOJOOO 600iOOO 800,000 1,000,000
L L " " 1 L 1 L ]
COV?L?E% 416,153a ¢ 500,000 ‘ :\‘/‘a'::’;’s"ﬁ;': d"l‘;“" 500,000 4 775,498
Zimov et al. (2006a)
Fi g38B8ox plots of the key parameters forr¢
bon estimati on. TEembvtetatalrge v@89Qt0ibma tteh e
compari son. Note tHhd g@dBafefemrdnhb facxi st stcal e
thickmds . apdebntdli cont ain these parameters

3.4.2 Biogeochemical andohysical parameters

Mean TOC fadrepdsdomain Si betl i-B/wh 8adn dAl aska i
6 +5.-9 /Wt Wf the ther mokar st deposi trs-, respect
clude(sStStEAluss (Appahdi. x DDERBYXt measur ements on
and 41 thermokarst deposit samples and cal c
Yedoma and 76 thermbkgusé HERpewiddlxdeadnpd eBD (
mean ot0. W6 R gl@nd +0. NP3 /3 gnmor Yedoma and

t hermokarst deposits, respectivgdg mcompar ab
f or YedonaD utetpao se.tt sal . |, 2006)
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To accurately edimenasieoWaIV, awsesdegbes epeanlty goof n
and Wi structures would be necessary. Ne
iI's available to dirpcsyggdereive Wuchl dadt
i nclude WIV estimati on (fKanre vcsokaisyt,ado roal .r
remge@asing and field survey estimations
wi dth data. Usi ngi dlhrnes HijaiFe maiiraplpiBlpanodi X
antabl e alpiplendwex assume.-Ba/mhedoma . Oeposit
wi dt h +An@/mMt.h7er mokar st deposit+OWid/mi dt h a
Yedoma deposit pol#g-ddnBtdh earrmea kear satn dd e2p2o. sli
di ameltadrl e ( alpiplendAxcor di ngl vy, the mean Ye
4&o0l %whil e younger Hol ocen7 otlWeVY mbkar tsd

smal |l er ice wedges. The sum of SEI'V plu
ground ice volfithentYedfoma8ldad%d +680Dzen t her
deposits. When this ground ice thhws in
siechce wil.l ensue.

To best approximate deposit thickmess, w
pl ed Yedoma and thermokarst deposits. Th
20 of our study sites. Hence, Ye dhoema t hi
mean nlYe.dloma deposit thickness is mbout 4
thermokarst deposit thickness. Due -to | a
i ty, we do not i nclude any OC pools belc
depoisnteur <calcul ati on, which potenti all
(Schirrmeister et al ., 2011b)

3.4.3 Yedomaregioncoverage

Using a digital Si He&Rroimeam oVYesdhanria t rie®egPi@g s t m
tion ofi ecfel abkanlt deposi{doegensahept 8ab
we calculated the cor 88YedPmi kBrbagpp o n e xt
pendexgt Mon5) . Yedoma deposit distri-bution
erosion and t heringdegr.s tD atras afrerdosne slgaaad aela |
anal yses of Yedoma dafpfosdct eAdppaemalasxdt el me
Tabl e alptplenidnidxi c a%ef thlae ¥Y&doma region ar
degradati on. The remaining YaMborhasddrosie
ti mate %dfatt ~eLOYedoma wietgh olnak ess canwderridv
underl ain by wunfrojz@egmdd-edhpso sd dwse r(eldsOwiOtOD ¢
its including deltaic 4dnldeafvliusegi a¥56s®AA me
kmof the Yedoma regi on covesrfFe(dg Bittye dmad z e n
appesdckMons) in drained thermokarst | ake
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3.4.4 Inventory estimations

Combining al/l avail abl eensipcaatli ag g g3apnmeytsei rcsa | (|
Fig&#3)e we calculated the YedidRpeenpdosi t f r oz
t hermokar st +2d3d/&ogsmWIisv ass 3Included in this c:
show OC density sefpoarr acccempfarroanb iwe ddgye wicten pr e
the Yedoma deposit #u3dkdnma o€ pbelf no-bat ai ndap
it s2B/XKfHgmwhen excluding the WI V. Aad-ding the
pat O, 83 anfdrdzqen ther QO€Ck a2 @BEGHepbei t
total frozen Yedom@QbB@CoNnobntiachsdRPhlyy acti
nor deeper organic matter deposits below Ye.
I nfert"edd 'I'@edr centi |l esGt( YB4® maesttradda o

22@) are markedly | arge becaubaseaepd-) oar con:
proach wusing al/l measurements for bootstrap
The wuse -vafl uei reglte mates such as méan reduce:
taiciedt ri buti on.

3.5 Discussion

OQur results suggest that we must reconsider
constitute the dominant <current Yedoma regi o
make appropriate statisihvahtasyumptiicohsatpoi
cause a calcul at i-mans ébda skeao tosmnt rodbpspeirnvgat meoann v a
a ~%sOmal |l er i nventory compdabtet aptsflemgl 8 mea

The previ ¢ds mest ematege s t24o0t6latgh e 6Vedoma r egi
OC is stored IimdY¥®dDomahdemokat st aeleposits.

veals the r%verseoradi on YOthoma fdeopesni ttdheanc
mokar st deposits. The tot al Yedoma region fi
of anci-vewmltn etrhaabnc & O€Ce dE@PO sc oO®mpar i soon, gl obal
mass cont@4@tOCEBNMAOGuUiIire et Talewat2@0@¥edoma r

gion OC release wi-ttapeteatbhbah!| gy af-f egt Palk g

el(sCi ai s et al ., 200eyvedDleCoheoi et aénce 201 2P
thaw o® East hcl i mMazCfiad nidaitshaett |tall , W60 @, 000 km
ing Eurasian tundra could at |l easor@artl y cc¢
inferred 100 ppinmcatencssep hdeurriiedgC @ dren & | teri &n o Cc e
tit on. OQur cGtvedbmaedegilan OC pool i's entirel
When OC wi ||l be rel eased, it is pmaesently wur
tive climate feedbaddko.f Nehviesr tfhreol zeesns ,Od fp oeovle r
as C®i the | onl§Z tpermm,at-nlogsipnhcerreiacs eCQ oul d res

Appendi xcalllclul ati on accor2daénfy S oohnkatdtelre vetn
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i ml i ng26t2an .t his calculy@adulosh M©OECt elme sism
cause of various uncert ailnegvieals caanrdb ounn ke
e to methaneoemi ssion

r further evalwuation of OC pool rel eva
bsequent soi l OC mobilization: How w
urce/ quality) and what are the @G rele
|l iefypPe BOC refreezes, it accumul ates i
ove permafrost, either directly by <cry
di ment burying. Cold soils near the pe
mmerqgr gaaandi ¢ matter decomposition is se
nerally high OCafcfoendtdelda rsodoiclpse r maf ad st

al ., EX0Hdea)e of rapid OC preservation
cient gFiags@&Gecer oah-gr queeél ved cmaasmmal. daroz
er mokar st deposits are generally more
veal ed by consi der abil e@-3sen @t gereng@gppend

| i5) . Some thermokar st deposits foemed ir

qu
Pl
tr

t wi

or

rat

de
a l
ne

ently refroze and terrestrial peat ac
ei stocene and tHol grewien@Coraganiion-matt el
[ utors to thermokarst deposi twt PC, re:
e as high comparwtdt oSiYrede maotd eglols i Ye
ni c matter i s -tlyawolndpyocsvi ulinoenr,a bmiec rtod i
S must be known to quantify fmture C
oes microbi al turnover, but( Dmetea @®adm
, 2006 ; Burke et .alOrgag@Dt2mpttée deca
rability measured by mineralization r a

g

o 9 6o T —

r

tdan for ther iKKnhaomhdtaucdp ebietashi use 20ABYHi ons

t h
ze

er mokar st organic matter decomposed un
n thermokartsoB ACdewasmers 2han adjacent

(Romanovsky keavelbeerOflOand, suggesting

deposits may thaw before Yedoma deposits
affected earlier by Arctic walrtminngd,- sTuhbasw
ence, and rapid erosion. Based onbtotal

sidencet dGo®i s5@ossi bl e, exposing deep OC

E x
I n

posure to sunlight and t h(aGw rsyt iemulaalt.e,s
addition, the devel opment of new and

i erei ch deposits may | e afdortnoe d nicrr edasskesdd s eed

e X

panding thaw( Wal tber ueatdeal | ak2306)
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Most <c¢climate model pumderce s toinma tee sthlee p gtneomt
pheric I mpact of (pMarcmafurgadtl. @Qr irad é ® a k2¢0 1128 r g ¢
uncertainties in size, di stributimn, and vu
brace theagiYendonhta proeo I(.2 0KdWegre set talaet- t he Yedo
gi on, | oc ast eado li che sSti bpeari tas , may not thaw subs
However, fiel &i dé&l)a samdemaps h@at boo-t h  Ye d o ma

kar st deposits occur across a wide mean ann
15AFK 8L e sit SAEG)gBt,ee site 19)-sc@hrer enmtdegdglsoba

are | imited becauseditrherys ioonn ayl ivmeprlteinteanlt tohnael
gr-cdl | processes such as t herdnyrkamisds aarde er c
di sregarded. However, these processes are es
t he r esp-oanmnsde oerfgaihdeper mafrost to war ming. [ r
wide range of permafrost thaw pmnddbdelsses I s r
al carbon cycle modeling.

3.6 Conclusion

I n conclusi on, b anseeadn oanp par okaacdt sotfr aap pli anrgge n
sampl es, we confirm a sub«tedb@itian tflreozen O
Yedoma region, stored indé&padoimas .anWe falozens u
that this pool size may havienolve eent. parle v, i 02u0sOl |
Furthermor e, we propose a ~2:3 ratio betweel
deposit OC pooitsondghaiwi hgepe signiif-i cant OC
mate change in a warmer Arctic. Tol -further i
ysis revealed that especially more-data on
gion OC pool uncertainty.
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Arctic Siberia

Straud®shirr meli.Maerg,e P .dbird h®La We t,t €& h

Her zsctUuh

‘Al fred Wegener |Institute Hel mholtz Centre for Po
Uni t, Potsdam, Ger many.

‘’Hel mholtz Centre Pot s@eamt rGF Zf dGre r eams Riesreaa xc,h Pot ¢

% nternational Max Pl anck Research -Bthoaoaktioute@&l o
for Biogeochemistry and Friedrich Schiller Univer

Submi t:Bedgroeosciences
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U,Organic Matter Qualitya o3t Dk pf rPeenBrivsrfgrea sttc i Sa alrodere
Di scussionk594d4a : 1698 B%522B632d0 1 4

4.1 Abstract

The organic carbon (0OC) pool accumul ated
ground) wequals the carbon stored in the
Yedoma region permafrost could respond wu
duct edstaudcystto quantify the organic matt

of |l ate Pleistocene (Yedoma) and kol ocen
ya Peninsul a, northeast Siberia. The obj
graphic glassi maedeor qual ity characteriz

of organic matter decomposition was est.i
applied sedi mentzel c;agiadalsegr aiun Kk odensi t

chemical parOCmetsetrasbl(et ofdi@ppncasbopbppes ni
(C/ N) ratios) as wallkaviest,t ypiadi dsemanokpamn
noi ds, and biomarker proxies/indices: av

(CPI1) , and hagiheri pdext( HREA)yY) . Qur resul
and thermokar st organic matter -dqealt hti es
trend. Uhe «£AW7, (hdbpp values and the HPFA |

guality of the org@rmamolkarmstt tédep ssiotrsedc d mp
deposits, but the CPI points in the othe
l'y overl ap, we interpret this as to indi
with perhaps slighniygy matter ghat mokar Su
patomponent anal yses, the sedi ment par ame

thermokar st deposits could not be cl ear|l
clear quality differeatesrreukbnkbeebt haty
ous and depends on different decomp-osi ti
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tion/incorporation history. Elucidating this
approach. Wi th the addipobisembbobft boambhokvern hadal
frost organic matter degradation | ikely occ
degradation cycles or a cascade of degradat.
of age or sediment faciesanWe manhtdeudent hhe
ied sediments is high for mineral soils and
to future decomposition. The missing depth t
gi ant freezer, preservingnitdtemaonst anWhegmuat
decomposed Yedoma organic matter i s mobilize
of this carbon depends | argely on the envirc
preserved in an undecomposed putltad-asi bl ref
curred, t hermokar st organic matter could be

Yedoma deposits.

4.2

Du
h a
po
i n
Ci
ap
20
gr
an
S0
me
ra
po
al
St
t o
Es
t o
an
fr
Sc

Introduction

ring the | ate Quaternary, the rate of org
S been sl ower than andanftr egerzoiwtch ,r asteedsi.meTh L
ol of organic carbon (OC) accumul ated in

the per mafr(oxstéd)Hungaetleisu sane tAH Isrt otrltagge of
rdovmti c permafr oGOCregquoueastwertdd ~i8rb Oper mafr
proxi mately the carbon(Bltwgekhien mk yt haen d eTaer
14)During warming and per mafegqauaststtehawi 0OF,

adually entered the recent biogeochemical
d microbi al activity, ftrhoen pae rchraarflroons t s idnekp o
uf¢ 8ehewtural ., , r IOOA9iIi ng greenhouse gases sucC:
thane to the at mossyrhfeacee cBaersh are sp adle, naemd
pid permafrost thawing processes |ike the
ol s, espelcd al hghe¢poesmahr ost deposits in th
so relevant to current concerns about the
raus(s2OeltB galYedoma region is defigaed as the
cene silty ice and organic rich (Yedoma) d

ti matesopédOCn the Yedaeond Qtfegrn olna-taenoRIngéi t o
cene Yedoma dd8pYa6tif s dHodocrcend&28her mokar st
area of abfobtt whjB8B%iadDoalt keddy affected b
ost degradat(iSam a(sberekao khaly.s,(eX @ @GhlRl.)

hirr mef( &0 ésihbopate dalt.hat Yedoma deposits accu

i mplying a short time for the organic matter

pe

reninn @az ¢ §yT hetr etf o.r e, trh ea waiglaanb icl imtayt tfeor mi
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isms Iis expected to be excellent, result
condi(tMuonest al Tgo e@l0ddi)date how Yedema regd
spond under conditions of future climat:
guality of Yedoma and its Holocenes-degr a
its) on Buor Khaya Peninsul a, Eastern La

was deeply (deeper than 3( Shiirmaomeri pdreat
201 3; StraussAsstshdwn RY189gdel s abd extr

servations, the more southern portions ¢
degl aci ati on, resulting in | arge emissi
(Wal ter et al., 2007a; Ciais. eRecadnt, ar0all
warming has been obseftBmanownskyheetpaalthaf r.
i ncubation experiments reveal thath-per mal
tial outgassing (dfeegreeenahlouse20glazs;e sKkno bl
Sch2del et Aal an 2014stration of thkhe i mpo
ture on organic matter quality, a higher
per mafr 6 Mandgaaribft eet al . , 200%asWdlodmap i ets
the sebbawatl gctive | ayer and interprete
matter close to the perennially frbeen g
Laptev Sea region, which includes our Bl

(20 1clhbar acterize the Yedoma regionre-per ma
composed.

Bi omarkers are used for paleoenvironment
(Anderssonoetcharacé&dilzati on of per mafr
(Andersson and Mey20k3a;20R_Quyt.Wolark dagutr. ,aslt2L
we estimate mobhPkEkaHes ,tigparakcardss,( hopanes,
and use biomarker proxies/indices (absol

(ACL) , car bon pref elr7fe(ngcted ,i nhdiegxch e(r CPpll)anth
(HRF index, and an Ol eanen ratio) ntto tes:
ic matter decomposition, i . e. organi c ma
established methods, both cryolitmol ogi ¢
teman)d bi ogeochemicalTOt)wt aslt aobrlgea ndiacr bcoanr bi
oW in TOC), totaTO@iKkTNOGENNY TNRpti asj,

our sample set. Finally, principaln-compo
shipsnbeti wéerent organic matter ddgradat
back from the Yedoma region permafrost Of
the pool size, Cdc%t mauwes ,e¢ tca ndle.(,2922at1h3e) q

OC stored in the studied deposits, the o
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stratigraphtcaktlkedy drfggherc matter quality ch
material representative of widespread Yedoma

4.3 Material and methods

4.3.1 Study area

The Buor Khaya Peninsula study sithe (71A3406
eastern péritga)yfe Si beri a

Siberian
Sea

Yedoma deposits

- 70°

" Arctic
circle

30

25

N
o
|

Altitude (m a.s.l.)
&
|

Orto-Stan
River

[ I I I I I I I I // I

Distance (km)

Thermokarst deposits

Figufl.éocation of the Buor Khaya Penbhsagcka
gl obe inset indicates the area shown in ¢
l ow it show the profiles and their posit
Schirr(mOlstpégrctures taken by J. Strauss.
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Buor Khaya Peninsula is framed by the La
the Arctic Ocean, and gebi aghewal .¢tyBudyr t wi
Khaya iisnumyecdmti nuous permafrost-with ¢
11AXMrozdov et The. pelmAb)josnateli ¢lon des x|
450 amd R®&EM@aNoOoVvskil @etrati.gr 2@WWi4dgaldl-y, ou

I ment units are di st irnigecuhi spherdmaafnrdo sstt, u dci &
deposi ts, andpeélmafdepotsi tapid thaw-featu
karst deposits. Three profiles of -ther mo
01 and5Bubnitial thermokar€9B)omandopwof pa
of Yedoma dE&P,0 DB weBweo st udiiegdlsand ws a mp |
an overview of the sampled profiles and 1

4.3.2 Field work

Field studiesi nwestemmenodwe® & fatkpat si tuated a
coast of the Buor Khaya Penins®lrafiTls, s

exposed at the cliff wall or partly in t
by spades and c| eraynceldi twhiotlho ghya c ksse.d i Tmtreent c
visible organic matter in the sedi ments
descri bed. Mor eover, the profilpagsofweées
were stacked togetherSamplcrergatposciompornss t
i ng-pswhh il es were correlated by hepght es
per edge of each profile was ¢&lginbhatredct
al .,. 20Aa2)he field | aboratory al/l sampl e
and Archi medes principle, and the absol u
sampl e. I n total, 91 samples were taken .

furtheysiasa. Det ai | efdors aergpcl hh nmr opfoisliet i armes
and Schi(r2rOmei)st er

4.3.3 Indicators of organic matter quality

To validate and to extend the sedi mentol
Or gamitct er guality, | i pid biomarkers wer .
organic matter degradation. For biomarke
by focusing on identifiable markeris rel a

| i zed gaelocihnedmiccat or s and bi omarkers are d

4.3.3.1 Grain-size analyses

To disaggregate the sample and to measur
wer e removedpohoyyd raodgdeinn gp e3r5o0 x i de t hree t i me
The samples wshaekeon{l nooval 2300, New Br
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The ofgeerei scamples were Owashedd ta- neutr al
tion after centrifugation (Her 8ampl Esywkbuge
di sper eadnmiomi &4 s ol uits penr sai nndgP.Calgieong ( Na

and shaken (RS12 Rotoshake, Gerhardt) for a

was split by a rotary cone sample divider
sampl es of each maiwmsisnggmpdaeltawsedre anabkbyzddsS
Beckmamwml t er ) . Grain sizeém buweetrwee edie tOe r3nTibn ear

(Fi g&42 ki gur e la¥yl)pBecadse o grain fractiond>0 @@ occurred,
there was no need for fraction reintegration. Geane calculations were done after
Folk and Ward1957)using Gradistat v@lott and Pye, 2001)

4.3.3.2 Elemental composition

To detlkemiaoaealt el ement al carbon and tot al ni
were -ireede(s-d4b)] i hMiatlowus 3Technol ogyd- and homo
ing (Pulverisette 5 planetary mili, Fritsct
nitrsowlemhur (¥aal gzd&l 111, El esmeempglagy . pe&lwwo 5
sample were taken and encapsulated in two z

oxidation of the sample dur Vg xmaas waesment s
added. Background sigmalng wermhe adktneatpsdi | ey an
ning and calibration standar dsasaurteemme ngach 2
accur a\B ywti% TOMas measured with a TOC analyz
El ementar). Therefore, depemditreqqton utphd oprilé\
mg were weighed in a crucible and analyzed.
guotiengionfd TIONC val ues. The vokgymewas c TOC
calcul ated accof20.bg) to Strauss et al

The C/ N ratio has been used as a gener al I n
decompgdsSittevemsomB,asked9b)n the assumpti on that
ponents are degraded selectively, degradat i
hence dedpNoBientsuse a decrease in the-C/ N rati
ated deposits with microbial i mmobilization
accompani emdi nbeyr atlhiez aft 8 wlnl ionfs BOd ALM@i; 1984)

sion, this ratio is used in the following w:
degree of decomposition. This assumption | mp|

4.3.3.3 Bulk density and volumetric carbon content

Bul k density (BD) measurements were perfor me
determining the volume oétdésoPenngampbéetcqwart
ing the water {fli $pkedcgd ass bdewhéeerusing a b
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Ker n; accuracy NO. idrg)e,d drmad o(r )t oirry - tshaenpf
cul at eedid-Lisi ng

16k sampl e dl@&gvx)eight ( _
BD m‘?’% sampl e mdpl ume ( e g1

Estimating the BD i s ree@uip)hstdf ¢ oceomtv er t
per sampl ebdaved wall wanegg;,WaAass cat ceal AOEd ac

e q4-.2:

. T O/t o
T OEg 5n B Djk @ L TgpL e g2

4.3.3.4 Carbon isotope studies

Stable TOC carbon isotopes wer eS dmasgs min
spectrometer combined with a FLASH el eme
mi Xi ng system.s aBmpfl cerse weemreal ytsriesaat ed wi t h

mol ar) and heated at 97AC for three hour
samples were washed to a neutral pH val u
The -ssaubpl e mass waBO@epmaencant odp @m® h s amy
val ue was deter Mt ntdal akty msh e p@a teids )eddr li m

order to quanti f'ft& hreatdieavs ,attiloensi mtf-e rt rhat i
na Pee Dee Bel emnite c(awPbDoBn) iisso tuospeeds. oTfh e(

i niti al contribution from differert- pl an:
guent degr ad(aGu nodne |pweoicne s&tesallmi ng2 @®-h)st ant
thetic Iisotopeufracpianaspgloann titsh ea rree gui boing L

the Arct,i cl)97Tweg€Lausmti os as a degradati on
al(.19,76decomposition discrimi'@hteseaghtitns
mor e né&'datriatee os. Thus, this proxy is us
( moe nedg'dtiviad)ues are connected to | ess ¢
(l ess bH&gatailwe)s reflect greater decompos

Ages were determined by radiocarbon dati
The present measmece mant sheePoezpad&f &adi oc

Pol and, using compact carbon (&Hoceélaer &ttt ore
2004)The presented radi oc alrabbdtbe mrmogleusd-easr ec au
i brated ages as well. Radiocarbon ages al

4.3.3.5 Lipid biomarkers

To | ook more <closely at the mol ecul ar C
omar Meod cul ar fossil s orchri ometrkgrrap hwe rme
coupled with m@bar aptet ir ®mad &famfeasticti-yo nas |
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i ds, sterol s, andBetapasresdhre (TOET polodti ¢éds i s
equally di stributed, we cal cunlcaetnetdr aanodn vi s
a€y/ gTOLan@/ gSedi ment ( Og/ gSed) . For t he
oy / g QL

Extraction and fraction separation

For | ipid bi otnta kge ro fa ngarl oyussneds s2edi ment was we
tion cell with an taooace(l”~SEEt 200 ,soDivemd x )e.xt 3 a
extracted with dichloromethane/ met hanol (99:

phase for 20 min at 75 AC (after 5 min heat
MP a . Af terwards, t he dissdl wad hc ampTouurnbdos Wag

(Zymar k) <cl osed cell concentrator and furth:i
stream of nitrogen gag.5d)Atitestahatforintbenal
fracti on, ethyl pyrenbthhdr d&ohne nfaorro-mmit ti rco gferna c
sul-,fuand -oX$0@emontaining compounds, and eruc
fatty acid fraction) were added. The amount

TOGisont enitt 93810 >10wttsh COR5S5wR%H &0 . After

t he remommdxdome alhebl e fraction (by the addit
nhexane, called Oasphalgene®d @reacritpiidmtofonth
was separatpdedyumediiugqui d chRadbeéogt amhy , (
1908 nt o fractions of di fferent polarity (al
wel | as polar hetero (NSO) components). Afte
a fatty acids and an -almprodgnhnatfaedcgiiloinc aitsg ealg
(Schulte .et al., 2000)

Fotrhis study, the focus was pl aakdawmesthe a
and triterpenoid compounds)hnfandythei iNSO. fTlh
fractions were measuimadsbypgasiMGhebo Ml ¢ ICap !
compoundrsesotf wenrtee i dentified using the Xcali
Scientific).

GCMS meaewmtemnd compound quantification

Theal kamelscohol s, -hbopeme)s, (dmgp ot hér triterrg
amyrin-1fae8brlan, -1&ramnd-13(¢lle8dae wer e measur ed
with-MS GGstem (GC: Trace GC Ul tran- MS: DSQ,
tific). Prior tofthéeéeymaasadse wentesemettiheg | at ed
t hane and t he al cohMhest Ndrienes hiylobat gttt rwiftl
acetamide (MSTFA). The GC was equapped with
porization (PTV) i njector system (starting
10AC/ sec to 300AC; isothermal holding ti me
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mode) andgilai dawseapi |l |l ary md@lngmm, ( §9GER 2B Pxn
di ametem, f OL &5t hickness) .t hlEorGCt leoneme avsaalsr
grammed with a starting temperature of 5

and an isothermalnbbéedinbelti mm witBOamco
ml / min was used arsf aat tcyararciiedr fgraasc.t iFoonr at hd
program (starting temperature of 50AC, 1
350AC, i sothermal showdsngseidme F5 mompbe
the gas chromatograph was |l inked to a m;
el ectron impact ionization mode at 70 eV
to 230AC. Ful | scan mans/sz s50e ctta a6 On0e ra reet

of 2.5 scanfsdtstex .adiods tfthreacti on the scan

Quant i f inad tkiamfreastotfy afeaindysr,i nanmas d-M&e i n

tot al lon current c¢chr omattohger atna rbgye tr ecloantpic
the peak area of an internal standard of
Ol e ne Oll8d#® B and hopene were quantifi
mass trace rel ati bveditpol otphtee hpee alkid da rtnelaas somit r
the concentration of which was <calacul at e
tive to the internal standard.

4.3.4 Biomarker proxies/indices

4.3.4.1 Absolute lipid concentration

The absolute | ipid concentorgtainoc matteed
in the following sense: The higher the c
the |lipid, and the better the quality of

4.3.4.2 Carbon preferenceindex

The CPIlI was introdgdéééddpyhd8raepvoaodpghidd
i ng -rrwralmer ed al k ameeass,urvehiocfh tihse al t er ati o

Hereuswvee t he I mproved f(olr9mudl)an afdtda rpi-Mar, z iw
plied the CPI for -fwmhber eadc i fdast tiyn awchii dcsh px
adj aceditat @« {dGd cointbs t za. et al ., 2009)

Ehm:‘;;z i ++1BimJ:r %QZli +1
CPI—= 2 1B 1oy e ¢-3

n: starting domi nraiteinndgi ngh adionmi hah g nh k

l engt h/ 2; oin: niumdex )(tcidlm concentr a

The CPI i's used as a degradation/mlterat
al k afiegsur e laYpeordi epfeat toylFdiag{u rdes ,la¥podndi X
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t he car dmr agyh ainms Evans, 1961 A GbwowmBEPl zmeans
mature/ degraded organic matter (e.g. CPIl of

4.3.4.3 Averagechain length

As introducéd€d9,89nhntPookaaneer ACL value-is the c
wei gmeaad of di fferent carbon chainnh | engths
al kanes weCiauptet feadtCt y oapegdsdds t he C

ACLB:Bi—CiDi i index (carbon nue®4d

The ACL is a rough OC source parameter. A

l engths in differEnguoe glaylp emde x48iagphidesre nC i n

pl ants are expecte&e®.to have an ACL of ~28

4.3.4.4 Hop-17(21)ene

We usd7(h@pe as anot hematmarriktey droganliocw mat er
hopb7(2fe is produced by bacteria. alFhe assump
tion and di alg7e(néeftspi switlhle bheopt ransf ormed into
(Luo et.al ., 2012)

4.3.4.5 Higher Plant Fatty Acid index

The ratio of the major even wax alcohols ov
plus even alcohols Wwd9®aBhthedHdigheby PPaynnt &

(HPA) iinsdexppllited as an indicator mor chemic
ponents. Based on this index, but wusing fatt
the HRBEAX. The general assumptionafor this i

tion deegreregaondi ¢ hmatter dokatobytaei hs gherr éla
toal kanes.

_ Bnf att ¥, @xGi5ds _
HPFAS— £, S6i54Bnal k Enes £, e g5

The HPFA ratio camabmetol beecondedemndd demgr adat
indicator of the relative amoummsmofsat he mor
ple. n@il kames are preserved-f pt eéfyerdentdisgl lay dc
crease in this i1 ndexsiitnidoinc a(ttehse immocrree adseegdr addeec
the HPFA index).

4.3.4.6 Oleanen ratio

b-amyri n-l1faeBbrlan is a triterpenoid produced by
first degmadgriani stexpect@dotup bhodewithbk by
transformdé&eaet oA O e@aomind step would be a shif
formi ngl3Q0#&@€a nThus, fresh organic materi al [
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ol eanen ratio, while more degraded organ
i ndex 1is calcul ated:

. Ol eh Ol-1e3h &e Ay
ol eamer o ?%@;Eyr?nelloo e 46

4.3.4.7 Acetate

Pore water was obtained from each sampl e
t ubWast.er extracts wer ec harnoanhaytzoegdr atpwhyc ew iutshi
ity detection (1 CS 3000, Dionex). An ana

Dionex) was wused at constant 35AC. The =
varying concentration over ti nBet wleheen i0ni
and 6 minutes, the KOH solution wa-s i ncr

t ween 6 and 12 minutes the solutian was
tration of 15.0 mM KOH was reached at 2
KOH concrenwasatachieved, and maintained f
decrease to 1.4 mM after 33 minutes wher
equilibrate the system. For quantisticat.i
tigated compauvumrd. wdhe meamndard deviatio
standard quan%.i fBeccaatuisoen awaest atb5e can act &
mi cr 6Bmbet halhandl 9B 0; Vieaend iett hmds ,be&drd 89 ho
tate was rapidly consumed i(&Kuebel praasieidc

1995)wehiuseparameter in the followa-ng way
tion of >1 mg/l, the deposit, i ncluding
resulting in good organic matter quality.

4.3.5 Principal component analysis
Mul tivari dtee haiti gtuiest, i dalke the PCAIlused h

tiple variables in order to investigate
proxies. Prior to the PCA, concentratior
transfor mat poanndggndatT®O®Cwér e transfor med
transf oWemgteirdm.r med t hree PCA runse-First
ters was i mplemented to infer difference:
Second, a PCA of peomarwmed. pFoxi eki-svapur
teristics were added auwmmpns k@@l EMBNtqryi va
si ze, BD, i ce content, and depth) withot
supplementary vari ablRG&GA haanvde wneor ei npfllout et necc
in the PCA biplot. Third, a PCA was <con
al kanes to infer possible changesnef the
tary variables as described pamxvestdor el
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ot her . Computations were performed using t}
( Oksane.n, 2013)

4.4 Results

Stratigraphically, themetarattwhet ppasyofsid
unit is composed of Yedoma depositss-. The sec
its resulting from ther psalz ededg rgBorg tbruetni omfs Y
42,Fi gur e layymenddiPXCA of sediments illustrate t

are made up of degraded Yedoma( 2@afdnent s. Af
Zani na( 2e0tl. hagl .Yedoma deposits -dseoviell otpyepde scrar e
opedoliths aemtediompierdg pradFe ey dBaeoisi ogldtd,pear t s (

| abel edshadedrayeas) .

a) IR _ b)

@

volume (%)
-

[N

10
9rain sjzq (im)

10
9rain sjze (lm)

1000

Fi gdR&hrciemensi osniade gdiastnri buti ons of a) Y«
avoid an o9ér lhagl®8uUoBbYd, the altitude axhns:s
si st entdiyme nAs it asmazle gprlacitRiigsu rseh dawdnp einnd i X

4.4.1 Organic matter quality of Yedoma deposits

4.4.1.1 Sedimentological and biogeochemical proxies

The radi ocTarbd-pn odgetshe( Yedoma deposits range
(5,000 a BP) at the very bottom to 30, 100 a

uni t . This is comparable to(8¢therr Medstmar se:
al ., .20Mhlec) mean grain sizes shO#& bowlercreasi
Yedoma profGml at f hem6nd8itnont hteo BplP&A. part of
The -B2oYedoma profile shows no trend, but (
meagnr ai n size incl udimmadg otvler esee amd x@wyed ata. X2 .15
23ma.s. On),( 3adnda .2s5.0m) . ( NEevertheless, all Yed

saprl es ar e c | assosritfeide-tdeeadsir upn® o sslalietlavclayi t h a
fraction (<15%).
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(vol %) VPDB)  concentration (mgl)
age
(aBP) (Hg/gTOC,15.)

[Jsand| | « TOC *+ n-alkane
[Isitt . carbon oo Nty
W Clay inventory acid

Fi gdg88ummary of sedi mentological, biogeof®H
anBu62 Yedoma profiles. All diagrams ar e md
ples on the |l eft and less degrade'd sarmples
Ol eanen ratio are descendinge tepaoahted ewit
ments from the | owest to the highest sampul
alization, not for exact height estimati on

n
h
e
The JigCntents vear % it ;abh sO0. 1@t %0 i 24 a pea
pal eocryosolmharBizdodBe@t TRel me.s o0 n TOICE i s
2. Wit % ( medwta®) .0. O&Il culigtaiccpridhemg@®O©alStr a
(20h8)utilizing the Bjbg[ mktgWweeé g MmO .alndandc e
content (wi thoutvalck®) ,wetdhgee sY e d2olmat os edd mer
t o kg6 Cwint h a meaqg nC(/onfe d1lké&gn LCYTe maxema cor
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spond to the peatyyihgomitzezons wintdh al alrogne BIDQC \
pal gosol horizons, | ocated at ©6m 8a.s24..0, to

maxima in the C/ N ratio are observable. The
I n the cryopedolith profile parts t+he C/ N ma
0L spobf il e (17.7 and 16.7)

The C/ N of the rest of the Y®&omaxm3pr7ofil e f
a.s.|l.) and 14.3 (bel awstih® )pfd htetpee -YWeodsoona adt

posits r an2g9. s0-2bdentdwede.n The mi nmanxa nfai tofwetlhle t o
C/ N ratio in the paleocryosol horimzons at 6.
a.s. | The mini-nm s@rbdf iolf e ther rBausoponds appr c
t b€ max i-nb m@@t. o &)

Tab4leRadi ocarbon AMS dating on plant macro remains. C
6.0 software and t he( Sltruti eelr0 9% tDeagbli.thr 620i1g0n)v enmr ve met e
surface | evel (m b.s. 1 .) and hei ghts iyre ame theerf oaleo wea s
sent (a BP). Poz Pozna® Radiocarbon Laboratory, Pol a
Lab. n ﬁ:mgle (Dmepbt.)hs‘l-(in?iag.;\StAgéa BP RN g%";agsmri(aatﬂl

Po#2208 Bu©3A03 1. 3 28 . 7 4760 40 5519 70 2

Po#4207 BuO®:A02 ¢, 7 8. 7 3665 35 3990 100 o

Po#2207 Bu61}A04 1.8 7.6 8140 50 9075 78 2

Po#2208 Bu©5-04 . g 8. 7 5990 40 6837 103 ;

Po#208 Bu0®5-10 3 4 6. 1 8000 80 8817 215 g

Po#4208 Bu65-19 6.1 3. 4 7940 50 8811 122 ;

Po#2209 Bu®5-23 7. 3 2 2 5280 35 6059 74 f

Po#209 Bu65-29 g 2 0.3 6710 90 7566 138

Po#2207 Bu0®20-03 ¢ 7 29. 3 30,100 300 34613 596 ©

Po#207 Bu02-09 3. 5 26. 5 34,650 550 39813 1242-;)

Po#207 Bu#6 2812 5 25 41,500 150045312 26492_

Po#2207 Bu® D20 5 5 24 . 5 45,000 200047614 2386g

Po#2207 Bu620-23 7 2 8 43,000 150046, 830 2678

Po#208 Bu04A02 1. 5 17. 1 49,000 3000 §

Po#2208 Buf4A-08 5 13. 6 >48,00¢C E

Po#2208 Bu©410 g. 5 9.1 >55, 00¢C

Po#2208 Bu64-16 10. 5 ) >49,00¢C

Po#2208 Bu©4-20 11. 7 6. 8 >55,00C¢C
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4.4.1.2 Biomarker proxies/indices

Every r adlatoecaar bampl e and additional s amp
anal ysi s. I n tot al 25 bAomar keshanamploag
al kanes that ecxahribboint par esfterroergcteo-Gzdam @i ng f
recogni zed 1 n aFilguYeed oan@p .esnddsipxv eé-a | K &8 hes
show a wuni modal di st razbud iopina OQrkadkn enu € n g
appehd) x rFfheetty acids -shewdbdbomomaméeenpr
domi nance and a bimodalistbizg@irg brueg i @app a md
I M3 . The maxi ma ar eCygenadarheael |[|lyo wea c actaerdo oant
andn@&i n the higher carmbmahkanembennyg aagid:
concentratioRnsamdel adekidmdmnt TWWeECi ght show a
similar to \{ibaantd o/ Nt hvemd UkR&mnec dcher at i on r
from 3gtgSadd CGaeqaPe®)0 and fGyo MQPES1e atno 17
1139/ TRR. nAhaet ty acids rGgngseSefdr CymedaShe a&6)13 0
and from @7/5TQ®@ (4nm6EBRONT 42%1.9 6

Thi s Yedoma sternicets psrhecfvesr echice bet ween ev
mean CPI vedlulean eod (thz. 2, ranging betwee
t han the CPnmf atatly easciods t(hde. 9, ranging bei
nfatty acids ar e ifnuwncutdiionngala cfoummpca u nodnsal( g
group), their degradation ratersal krasme muc
(Poynter and. EgHiisntotngt eer@eOrOt) i s almso base
il ar sour cesnalTkhaen pAs@lUatogh atcheds i s very st
(range 27.60t¢r29g2) 28n@8 25. 25.6) , respe

Hi ghed7h®&fP concentrations are used as .
matter degradation state. U7 (Bbhe +awges
fromiygd.groC at the | ower méd4t 3aamad.ugi.ple.B)motse

the overall maximum aly/ gA©CPRwuaats .Bh-4 yAat sB L
02, t-he(-&2op concentration is | ower compal
with a mGadmTOCnd. @ max iOnb T, QFh e 7plot ent i ¢
|l y Hodlcomé meni nated wupper most samplm-. The
ples is very stable around the mean valu
18ma. s. | . (0.15) and a maxi mum md. g.hle. ur
Fo Yedoma, the Ol eanen ratio is Om-0 (exc
ple). The acetate content of the Yedoma

mean of 6.7 mg/ | (median 1.2 mg/ 1l ).
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4.4.2 Organic matter quality of thermokarst deposits

4.4.2.1 Sedimentological and biogeochemical proxies

The radiocarbon dating shows HolFogame ages |
44) . The | oWe&d nprsaf iBueogse howsemasi on for the t\
Bu-68-29 at 0 .-B5C 23 danBau. 8 h@mean grain size at Bid®

from the bottom to 6.7/ a.s.l. is 1¥Em. Above, the mean grain size increases to 19

em. The Bue05 clay fraction is stable at a low levell6%). The Bue01 profile

shows a very scattered grain size ranging from 4 tard4nean grain size. For the

whole dataset, there is a maximum in the clay fractio®4Bth the peat horizon at

8.7m a.s.l. Bue03 shows a slight decrease from 18 tquiri A | | theemokarst d
posits are classofied asl|l {yver8) mplobarl yo the
BD of the thermokarst dgkpgpjsasmtds tihe beteweeomt @.
(without the icwtWwedges) is 23 to 87

mean grain TOC absolute lipid hop-17(21)-ene
size ca/m) concentration (ua/aSed
(um) (kgfem) (Hg/gSed) ACL RIS
0 25 50 0 50 100 0 400 800 24 28 005115
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grain size TOOC C/N &C 3 S CPI hop-17(21)-ene HPFA Olganfn i °
radic;carbon f':lgtl'(;s)s %) \%’,BVBS) absolute Iipid (Hg/gTOC\s) b0, (%) a(?g/l)
ge concentration
(aBP) (Hg/gTOC, )
Figdda&S&ummary of sedi mentological, bi ogeoct
05, -OBlu,o a#d8 Blwher mokar st-spref iclodéd salsk damered qat [@hdy
symbol s ar &iagx¥fleaAlneddiiangr ams are drawn i n
samples on the |l eft and |l ess degr adidd vad m|

Ol eanen ratitdh). plahn eblce ybewrt , parts are rep
| owest to the highest sample of each paleo
exact height estimations of the paleocryos
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The meang ArOtCe ntth eodg fmotklae s twt de p( orseiavitsdp) ,41.. 77
are higher compared to Yedwtnta (@BRAp@SS)i t s,

and wt3% O0(OBA-@®@2 ) . Mi ni mum a Rdp artalx i onwenu 1T Ot

01 and exhibit the sanmeGiggwandes Beast ween hz
93k§ ([d/meahkg?2Zhendi akng 1CY m

At Bbothe C/ N ratt @a0isestaeptefaroangadeon

9.mka. s. |l . that show®1l,a tvlad u@/ M fr 2t20.-0 Ab e IBa
sohlori zon is remarkably | ow, bet ween 2 an
the peaty hori zon-049A-0t2h) .a Th&t iBouyo pne-d4 | ( Bh
ples show C/ N ratios around 10, whil e th

from 16hd'& ¢l uds raWg&-2BatdOwaien with mini
responding to the C/ N maxi maorar e ltatee dp atl @
C/ Rj g#5a¢9 .

a) b) c) y=0.35x + 9.0
-24 50 18 nh =
y =-0.13x - 25.4 ly=064x-35 Jn=13
1% n=41 40 4n=42
26 - 5 :vO'Bf ) {7 =067 v Yedoma
© \ y =-0.08x - 26.6 (5 30 Jy=163x-127 thermokarst
. b4 M0 20 S 2_:‘(1)184 v T ___ Yedoma
.28 Y 0.26 i S 104 w y=0.20x + 7.0 regression
A 10 - >, gd V¥ n=12 thermokarst
E A v 4 r2=0.60 regression
w
-30 —r——r—T—rT"r 0+ 6 +————T——7
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
C/N ratio CIN ratio CIN ratio

Figdb8catter plots of selected degradati an
gl es, t hermokarst deposits as |gndyt thieasamg
ar eeritnesd as texts.

4.4.2.2 Biomarker proxies/indices

The absolute | il #&aoescaner anmi ¢ medisame r
er compared to themaNkdomaapeohBhpgaOs TR
(medi anlyg136MLC1 rangi ng( BOda-h2 5. 3. | . ) t o

1900 /29 T,OCBOBA-01, nRa9..s5. Inflat tTyheaci ds aver a
double that found in the Yydgma@Lmadipars.
3806By/7g T,OL are stored in theot hEhap&arsan
from 554.5 (-dOppesrampdte) Bu ® 1103 m3a(upp
pl &) g LOL

A serieshaibdn kangs were recognized in al/l
strong odd carbon numbhé€nt opQ;£f Beégnm-é | r am@mg
pl es show a uni maldlkeda n as smayy ibgit B gfhi Cypoufr e
appeh®¥) x Sam{Pl30 3Buaol one does nobtecfaiuts ei nttc
maxi mimr@s @ompared to Yedearhai :iampGed,i otnh
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i's more pRkRioggwruemncke®p gnilifhaet ty acids -show stror

car-bamber preference and a nGisanod&} di strib

(Figure laWWpenWoer®dtshd ess pronounceds+ han i1 n t
its. An exception t o0-01AHI2s iwsh efreaumtahmed MC s a mp |
reaches the overall maxi mum of the distribu

geenr al | 'y | oggaftaetdt yata ctihde. C

Theal kane CPIlI of thermokarst averages 9.6 (m
the Yedoma deposits, although the CPI val ue
and 15.3). The CPIlI of ttdhed9fGttmearci d.s3,r amagceis
The AGal kdanes and fatty acids reveal a homog

29. 2 (mearm|l X&.nE)s famrd 23. 6 nfa@atay. Gac(imdesan 24. ¢

Except for the m@XigiyO@t vndal.dse. lo.f, 7 (t6hle) hop

ene concentorSatiisomudtt eBwd ablgé g LEtBwecen 0. 1 ar
01 paleocryos(dBmavasl.ueyg amae @.9% atmt he | owerr
a.s. | .).3 Adite7 Givipk concentr atj/oqT,@Lpnges from
t 0&y¥ g LOL

The HPFA rat-0b6 fber mhhkarBauto sampl es i s high,
only the uppemmast. | samplheows9.a3 significantly

The -BLoprofile decreases f0Or.02m a0t. 7t-hét ttohpe. | Bouw
shows high parameter values of 0.8 and 0. 9.
deposits rangesl)beathwe €liB) B ({({Baomoverall me an
ratio in thermokarst is 3.7 (madiealn td. 2)h,e wh

Yedoma deposits.

The acetate content of the thermokarst sampl
mean of 23.5 mg/ | (median 2.8 mg/ 1l ). Large
the mi ddl e05parftrmaani s3Bludo @ 4nbal.1lsmgl/.1 )( 1 09. 4 mg/
and in the -0WPppseamplse (BlD. 3 mg/ | ).

4.4.2.3 Principal componentanalyses

The first RiCMBdae asghroawns (t hate di menmekarstpeci al
Bu-05, could not be sepalrhaitse dd ifargorma n¥,e diomal uddei|
first two principa% (copdpopEdBt F dxhpel aionsal7 Ad.
set variance. Thé&igéeend IRAUS tdiaagersa-m h(at bi o

ty estimators in Yedoma samples have slightl
i n an area at pcl and pc2d00,nonhidleusttheer .t hlenr
di agr@wmob3t he data set variance is explainet

there i s good congikgttehcyybeswemat oheag€®Ilt he
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(Fi g d6be . The mP@Akahet bbRiigde6teenghbowg that t h
best separ at iemrgmovkaarrisatb | serdeartaolrle atrdghp £t € r

ank)C cont¢faomry tthe @aj ority of the Yedoma sa
3% and pc2 % (pdlo#w)anef6BOBhe data set variance.

4.5 Discussion
The Buor Khaya Peniashtl mker mo kaa rtsytp eleaad i nY edeodm

gion | dbd g @apes .etT hel .Ye d2dOhBedrw p-blshnh-8 pe
i nsuGant her gegtwhilch R2®1Bgess than Whe Yedoma

but insiedal t heawmge of YefiGmasgdepesi al cpv &0«
Strauss et Thulucsuyr reenét3 )st udy of Yedoma and t he
representative for an area covered by simil:

and Hol ocene age.

45.1 Sediment facies

The @inaiendi str Fbg44d eing wrue vieyp gindd ixt-at e a co
stant deposition environment for the Yedoma
(20,12t) hee ebd@an stable deposition conditions
this hypothesis is supported by tbhe data pr
files include three differlhtiskidadmi mat etdh ebryr
|l ake faci ealovest aifnitnugp f r eCsyht viheetra rs sas tl racaucsd r

andc€y prsipa Mor eover, shell s -O0b@Str aluesesn afnadund
Schirrmei stAear ,i c20 We)dge -1, owhitceld -pmeixnt st ot oB
aeri al condigtoinoms OI8i. k Bua npeelrypreted as initi
top of a Yedoma-shizlel .di Bh u 30,5 utalned igBruamifvne B d o

that the thermokarst is granulometrically co

The grain simkeB@d sptariinbtuta odisf fier ent picture.
|l i kely caused by the early state @f ther mok
gradation. This peat can act | i kesiaeselecti)
di stributionsag leegs biys-fpirmatusamayr peaki |t

4.5.2 Organic matter degradation

The organic matter proxies of Yedoma deposi't
mokar st deOplosdand QqBu.o Except for the paleoc

parts of ndet ¥exd Btmmeramokar st profile reveal
pi ctFurgek3 (€i g4 e Conssanmte diaitmi Rt iaonnds , | ess
smal l er absolute | ipid concentration scatte
Yedoma deposits has |ikely been kept perenn

organi ci matEiegdeisei(gur e hygemdire kWpendi x
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as well =a8szehdi ghiagidiR et igamse @WYWpemnfdotxher m
kar st depositsQl esp@8Basdhygwi br Bader var.i
caused by a more cothppesgi diegmabdastonyadd
Theegradati on markers of organic matter f
files radegaladed ssgate, indicating that t
i's the best preserved.

The meagng dOtCent for Yedoma depo shiittgeusrie ¢
appehth) xin the YeSomar rrmgii btoner Sethi alf mei 8
al . ,. 2l0nit3gnse accumul ation and fkrGdmmen pr e
for Yedowkmg/jthod Zher mokarst deposi@as) is

frost
(Schir
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we d-g e e
Penins
bers s
be rea
t he qu
The hi
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g gr
er mo
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ts th
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frorppmalty gon al tundra | andscapes ove
rmei st.er Bwett admpdrZz@lg3depesisttau t o

regiko@/ jmemanYddd®ma dke@®@/gsdt sragdr @i3r
content) for thermoRads8n BleprosKha
ula reveals that both deposmt type
how that thege pleplosoft sd@cromapnti sea ral
ctivated due to permafrost thawing.
antitatively more important OC poo
gher carbon i nveinst oprayr tiinaltl hya rrned kaat re
n effect for reworked Yedoma-OC du
ound ice |l oss plus input of Hol oce
kar st basins can actcaab®on (ektabssd
g permagvanmnsHuidepbesdeéens. aNedv Orotl malne s

e same time thermokarst | akes also pr

i ng methane production iZAhidhel alkea ¢
nts and (uWaflrtoezre netd el o itODDaH N d |

her mokarst deposits contain the qu
solved question is this: l's the th

freroseaemcPhe Yedoma, or h a sbh eteme emm gtt el

t hermokarst degradation processes’
graphically dFfdefcenti ated main pr

study the C/ N does not reveal a c|
toget heki gderbe al Ne yperotfheless g, t he n
t a |l ower degradation state/better
i-Gd& h ¢ -Ba)o. Mor eover, i n bot hs-Yedoma
e Ssame patstigrinvei 4 iwnieairblre:!l gAd onshi
NFirgalshigb.s ¢ oi |l science | iterature it
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composition of organic matterand mnfi-Eeobe
al activities that nf eKtuantaadl ai., @ e A8hie)g oo rggaann
matt eoermpodesc ti on will release stored C to
(Weintraub and Ses®umeing 2005p -dteweadeed N
depo(sGundel wei nTreits awas 200arrdc tiinc (pseuabt de
soiherewthe C/ N rati(oKudceacgr eaansde sViwitt, h 1D
al ., 1997, Pi Bgcatsal a, hi§B8TN content ¢
organic matter at | @Ber ¢, ady@&Q@fudelkcemps
i nterpretation that a Inotw m@tNredtioogand
(Rumpel &mabkKegel 2011)

Sch2de(2@ftdwrid, with incubation stsu-di es,
ti mator for organic matter decomposabili:
| ower t haenati ndgprocgteitce ups et al . ,, 20 ; r Rto L
os are stil!l i n the range of or higher

soil s of t h el JteenmRp enrsaotne ez e hael a n, dK BKA°BBeplr ,R u n
2011)Thus, both Yedoma and thermokar st d
matter quality. The C/ N ratios, especi al
qual ity organic matorerneas QPAGseempdr by
mokar stespr ofcoerssf ut ure decompib® irtatoino. alshive
Neglecting the influence of d itfEf erraetnito , s ¢
which is justified by const arfFti gACER- vaplpwree
dilx¥) for Yedoma and ti&rmakiaosseedmposoth
priate proxy to use to estimate #Be rel a

would i méewbatel wer organic mattem- degr a
pl es, I mplying a better quality than tha
sti || clearly overlapping interquartile |
organic mathbhetrt efeivopdaddd i t gyat i n the therm
We interpret this as a weak signal of tF
OC incompawor dthed firozen thermokarst deposi

Routh(e@0sdhtes that ot her, nradrceo hlod i laen dc
fatty acidsnalrkandeg.r allkeus-alolaamiepgdSfgeaech s e o

Figda4,e absdolputde concentration col unen-) is
cay. We do not see a decreasing trend, w|
state. I n addnmnftatotny awoi d nCRIleawiitnlg cd-ept h (

tic peat by MAgde )sdl®as aqlAwnideaus.son and M
201liznt erpreted this to reflect fatty acic
not see this humification effect airmtour
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deposits. Mor eover, as i ncdhatant Edndyamndhe dorm
fatacyd compounds vs. c o mp(oHPnfdl se oeft sa@o.r,t e2r0 1c3l

confirmptdétatiinarerof good organic matter qual
mokarst deposits-17A#8 afpi Hdrfegv iceown,c etnhter atapon d
not show a distinct guality difference betw
Bu64 Yedoma profile contains hopene concent:
foundther mokar st deposits. However, I f we |
Yedoma deposits again appear to be-slightly
mokarst deposits. Wilt,h tthhee HEPKFCAGT Bnidoark sadf Bu o
suggests slightly | ower degradati on and bet:t
karst deposiOt pmd@f3iBluexOufBWHFPFA i ndex, i ntrod
Poyn{da®B®A index which was t esbtyedRoiunt ht heet Ar c
al(.20,14i)s an appropriate indicator of the rel
t hat remain in a sampl e.w Tthhee uspuprdirdancoes ta ts aBnpc
Bu065, afddd Bwidh | ower HPFA values are clear/|
the entrainment of hi gher proportaens of ma

tion. This is |likely caused |Ilmyetrherf airralnysirea
|l ayer and warmer permafrost temperatures. TE&
Yedoma and thermokar st deposit s, but t his 1
measurements in the Yedoma deposits. These

transf orbraantyiram efé&en@bgamosing the hydroxyl (
Ol ea(&8Fby | o0sing the double bond), but al s
Yedoma deposits. Thus, because of sparse dat
hi mgtian sl ightly better Yedoma organic matter

Summi nRi gwpr,e t her mokar st organic matter i s p.
better guality acompanraed et osehaevtrgred in Ye
reveal ed by meafstyr eindeprdthsp ,0 fan@/ N,he HPFA inde
CPI points in the other direction and descr
preserivgetd) e( As the interquartile ranges show

we see no significant differences (although
i s indicated).

The PCA confirms the picture of [Tittle diffe
of the Yedoma and the tHRieg®tagarssutppoampelde sh.y
Fi g#42 ereveals that Yedoma and thermokarst ar
The -Bot her mokarst profile iIis very similar t
tdn degr adatHiogd-68per oxli € ghows no clusters, b
better separation betFweasiBtbebrod vhe &lisn dtsh aotf tdheep
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ratiof rheio, and the CPI are correlated
Fi g#&45e and ¢c. Thus, these proxies $eem to
al kane <chain | ength points to a potent.i

Yedoma and shorterr molkairmst al kaamde < at nng hl
Yedoma gadmpll es et BXcept2i0dBPA-Y ea n-thEB Ba o
A-03 thermokarst sampmesdiwheée coiCispmn aen ti fme t
tion.

The abovementioned over FapgdDé atnlde eismpteer q
the PCA of tFh g 4Bbiecamadr kce)r ss h(low t hatat he or

tion/ decomposition vulnerability is hete
botani cal origin) otnr ad iefcft eorrd rets daeecdo nopiofsfi
composition/incorporation histories. Thi
mokar st deposi t s, covering the HRihgpdree r a
4-7b c, e). To elwucidate this was pone of
proach. With the addition of biomafrker d
frost organicnmasteot daglriadaai function ¢
l' i kely a combination of (interrupted) de:i
steps. I n particular, the reasonabsl-y goo
its reveal snthategrlmeasednmprocesses do
organic matter. Potentially, the | oss of

compensated for by high rates of Hol ocen
Nutrient rel eamaf foostm ¢bawd ngapyer sti mul a
whereas decomposition was sl ow because o0
anoxic | ake( Beonivkier oentmeanit.s, 2013;. Whletnert hlen
|l ake drained, per mafrost formdoin@es rrapiac
201lilnlcluding anwacpaoasmsi bt gedn©@l Yy

4.5.3 Fate of aganic matter

The permafrost OC resilience or( Svcuhlunuerr ab
and Abbott, 2011; Knobeltauaclh ,et2 Oall4.;, L2 0 le3t
et al.,ARY1lvwarming permafrost is petent.
mai ning I mportant question is this: What

degradation ad ttemawedmaThesodtc hwarrence of
i's an i deal S ubst(rSantiet hf oar® @mi Mahoeos &gba na rsdns
1995; Vieth iemdiacat e200IBat the organi c me
ini tial degradatvehypgocekbgsproebkcted a
by freezing. This i s condfeiprtnhe dt rbeyn da nw ha bcsk
good organic matter quality independent
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matter is alsoavubmeabbéeer tbawdwieggadThis inte
from studi esafbdbécpednmAHurwgpealti wpse adts al . , 201 2;
2014)Wal t er A2 hflodhgyyn deta anet accumul ation 1 n t
since tghnecliaadti ohe but predict a change to a
frost thaws and the OC wil!l be available f
war ming in the @PGAOI1isiuop)p oGreo sasne ientcreela.si ng occ
magni tude of disturbance processesg- especial
celerate per maf russet odegrsedatmenn.ol Begd a al and
ies show a | ow degradation state,xespeciall:
pect a significant wvulnerability to microbi
that the OC is vulner efl2ealwherd thawed,10GagIm
more ancient OC found in permafrost was mad

warm ti mes of the Hol ocene (9HoO okcae)n ea nTdh er n
BRI FAlnger Bd periods) Btyhdamcirse aswai |lda slteal rtbadae.
surface subsidence caused by thawing and the
ice in a warmer <climate, the Yedoma and, to
ice content, the ther nokner sdte e@r gza rbii co amati tl erb
wed-gee volume i s eyvwifbart eXle daotmau pa mtdo%up6 0t o ~ ]
for t her mok(aUlsrti cde peots iVihse.n, a2d0odledd) t o segr ega
~8Wolamd v-o6lB¥e an sedi mentary ice volume exi st
mokar st , ( Bspauogssv.ekWhaeln ,i t20de&8domes avail abl
ported as dissolved OC t(o20€ela3gad) Manmwer esyat em
(20fiduynd that dissolved OC in ancient Yedoms
it is not dissolved, etrhe oarl dd ebde gmeoiteernctt eadr o
sive degr adant inem aby bomglano whi ch (#Htabiel i ze t|
et al .a,nd2013*N) an aquraadmat e nrvapiodhmeatt | ipng be
wei gh down t h(eVoonrkg aenti. calma,t t2e0r1 0)

From the modelingcakesmedei seargl bbmlted so

i mpl emedntmemrse on al véeKbveal ethaw. pnl2911; Sch
Deimling et al ., 2 0.1 2T, h uSsc,h atptheo f f 0 teea n taila |, y2 Ol
and thermokarst deep OCnpoboftedlisstti-baldl yni mi
ed in these model s, because the model s di sr e
processes. Ther mokar st processes, despite be
on the re@Gromnsade setahdl may 2@ 4 ha) ictrwtci al proc

making the deep OC studied here microbiologi
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4.6 Conclusions

As bei nlgodked,zet he great amount of organi
i's highly decomposabl e. GeneolaVvil gusliyn al
degr addeaptom trend, revealing that permafr
organic matter at constant quality. Base

rati o, i 615t q pEVqrgRittE oconcent HRPFAom ndamd t
t hermokar st organic matter i's |l ess degr a
organic matter sequestered in Yedoma depc
describing the Yedoma organic otatsee anBy
conflict bet ween these two determinati on
for most proxies. We interpret this to i:l
with perhaps slightly better thermokarst
Thutshe fate of mobilized Yedoma demp-osit C
t al conditions that exist during the the
mokar st basi n. When the conditions are (¢
exampl e hctollyd a(bsolvieg 0AC) or anoxic (Il ake)

organic matter can r apiqdulayl irteyf roeregzaen itco npa
mai ntained and inputs could compensate f
In conclusion, bweatoomdofhat agscoeml|l sedi
bi omarker ratios is wuseful for getsting c
tory of organic matter delivery and degr
fate of organi cpomeatdt edru ewhteon aictt iive dxayer

ther mokar st

devel opment
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5 Synthesi s

The major ai m ofi gtnhifs ctama diys i wgps otnee t he und:
i ngquleesafi onhe Yedomai melgu doirngga niotcO@iam bon (
pool si 2dlymnde geirhee y maft sYgsito mand egi on car bon
wafsr equean tPheydd or a''6 Bif 0 wmre, Zsel2elel@Bi)il lagcanel | i,
2000 er madarosand( broendbt and .Arhelski ncgh,ar2acl ) i z
tions of this region aorpeanigsmibee d odharsrt arcdti ,e s a lz
h e ntchsep ad slkape ewtnt | u n d ehri sst abnkdsestsbpee - T

mafrost cuwugibmm| st pcéaxy and i ntFeirgditfiseci pl i nary
angr ovsukest anti al progress towards a better
car poal Si ze daipdp rqouaacl hi twaosd ablealsdk dolmsner vati ons
st udcioensb,i nelda bwirtat ory anal yses ubhoti agsasasdging
qgual ( $tyr auss et al ., 2012; 2013; Hugelius e
Dei ml i n30)Je4 Tal birheeadbkna t o t hed¥Yd@kiomaumegi on
Arctsit@at i sti cawe ragap laindddh thieavh 2 waasee el oped
(Hugel i us et al ., 2013xi;ngHua e tnio chewlp e © a cah .
(Schneider vorORDdhred s pnogn seet oafl .t,he per mafrost
including i,te dliempmatvasWwamnsminmgtthed.f ol | owi ng,
reseguecshtd e ® h sed Dia mkhi g rtGaeraen s wer ed .

5.1 Yedoma origin: How did Yedoma deposits accumulate?

The over ar ¢ leasfn gYesdionmal radraelptd & ieta<fai tg eraa quiean s
sedi meaartse syngeneti driocenwaddpeads ratnodh iug e s
|l ate Pl ei st ocefnaeunma mmwed édp preedged& @t @@ x pl ai n
t hese characteri svtiiecwspotboimemse nang tthéf greartsi s

Yedoma deposits in Beri mgida u(ntgh earcd ma saglr i nt
stretrcoom ntghed Taymyr Peni nisutl mo dTiechdhdeaisrk a ) | as
There is stildl no overall accepted concept ¢

nei ghaeacebhht ed s@dismeniytadNeddpano k 4a9®®b &t 0s

wa) d1)998Bo0or -nsahradm@eiwme i pasiti ahated by Bol shiyai
200wWe)rienvolThed .grdefat esénces cfx ibisemd eeer-pr et ati on
searchers fwarnkeraatgerinn ( Si ber i a) and eastern
(Schirrmeist.erTheeasealdi,f f2e0rlelncc)e s ac@lnit en on t I
processes during Yedoma forhnakmoamadResear ch
Al aska often char act(eScihzier rYneediosniae tsn-d tt ssa la.s, | X
trast, researchers working in Sibdédreia have
sedi mengiarhbd oMe de@blhlel(n geneerocalli,ant haeed t he pol y
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netic hypot hesi s are tthiee c enoisd f tigtdgirud taur e
(Schirrmeister et al., 2013)

I n thi¥eddmas i daepeo sd € ss¢ eseabtewr agdased or supe
composed «af i <ynmgweepdegesse nmeiamg ool{%¥4Bauss et
2013rangd ffwoll@@ri ch 2abhél segregptiesantce
~30d¥olo® the frdqzen amatdempioasd itmegd-glee me i
vol rBéd r auss )etThads.,, Ye0dlodma depBGBoli% ear e
(Kanevskiy Sdtr aalss, €2 Onfalk.itnhgeRiddift@&) componert
Thipoiinstoitn agrwietple nmMacgegshsar act ewhetecgsoar
si |t/ fiisme geoomd pahehbheodmpotphotirnt asg-ai nst
sifying Yedolnad spise@rolilsy t-5 o aemaidtabli-s g ze4 i
tribgStoamasss et al ., 2012ThnSe kiantr me ivatr e re
of -)(trreansporanidprked eys s a al dFbf € potelmeng@ad $ ® n
study Damnv ainm¥ge dYommar a t®Oht aypgi&etr¢ auss )etédad . , 2
ompoosbyted sediments | ackingliamieasbamalt
sheets with the($%empalIlni®dn nR® ptdHoecaessts eSi b er |
(Velichko et al ., 1997; Hu b b,e dYeedae pet  a |l . |
istgenesi s is interpreted 4el beedf (lpokeggtl
over bank odre paolsliuMiosmhdr apoffan m&jpposi ti on
cesfseghle

/1 I Areas of snow accumulahon | \/2 Detritus formation \
Mountain valleys; SHOW patohics;
y A F — aeolian accumulation,

cryoplanation terraces

- frost weathering
on hill and valley slopes >
& R
9 it /\' 3 W

/3 | Detritus transport | melt\zlfater \/4 | Yedoma formation| 2
runo o . -
v /I;r ’ 0 -
== | S N B
\.'
Slope processes ?‘/ /\‘ S Sediment transport_ = 0

Fi g®bil.eStga

2

§ es t(d4)
i Yedoma (
s beaegon ay-

T Slgenetic
Alluvial ‘% modi fied
runoff '/‘//\\&. J Schirr me
\ il all(2011c)

A possible scenar i of lodo dsienags oonfal a Idvewpvoisai It i
melt and during periods of high river di
dryer seasons. During fall and winter, r
As a consequence, partboollplt daienfameas | pe
tible to WMwhs aand v.Brdhtet icsoonc2e@p3)of pol yge
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gengsiopbsedtegrates sever al PpakelMéeaomuws concep
combines the two major processes, (1) sedi m
which weroentlraorldeldy by similar | andscape (pol
relief character idogtaiime d( atcachulmu |l and opoa@arlewns)

conditions (higdidiyd)c,onpemieqltadi alcoprdocesses,
of near byuseRisgind n sewast etmaeBériamgicd@a mponent
i's more [rP®w®Y n cledd’ 5 ; F.r olewste tehe avar i e€t0y0 99 f
processes( Strreawsismidtaral ., 2013)

5.2 Storage oforganic carbon: How much is stored in the Yedoma and
permafrost region?

5.2.1 Yedoma region

Different approachelsave been used calculate the Yedoma region carbon ineent

ry. It was originally estimated to be 480 (Zimov et al., 2006apased on a mean
deposit thickness of 25 m, 1,000,00@? arealcoverage, 2.8t% total aganic ca-

bon (TOC), a bulk densityBD) of 1.65 16 kg/ms, and 50vol% wedgeice volume
(WIV). Schirrmeister et a(2011b)postulated a reduction of this pool by 250 %

due to a loweBD (0.89 to 0.96 10Rg/m3). This would result in a pool @bughly

225 to 338Gt. A recent study by Walter Anthony et 2014) calculated atotal
Pleistocenecarbon pool size of 2840 Gt for the Yedoma region as the sum of
Pleistocenecarbon in(1) undisturbed Yedoma (1280 Gt), and (2) thermokarst
basins(155Gt, of which 41 Gt has beerreworked in thermokarstleposits, and
114Gt existsin thawed and in situ refrozen deposits below the thermokarst deposits
(taberite$). By adding Holocenearbon(13t1 Gt as peat on topf Yedomadeposits

and 15924 Gt of Holocene carbon stored in thermokarst basWalter Anhony et

al. (2014)estimatel a Yedoma region carbanventoryof 456+45Gt including non
frozen depositsAdding the Yedomaderived taberite deposits (16t OC) and not
considering nofparametrical statistical methodseeTa b | e alpiiethed i x
Yedoma region estimate @hapter3( St r aus s wouldyeltl a Yedothd® 1 3)
region carbon pool of 466t, which issimilar to the calculation bywalter Anthony

et al.(2014)

Toconstideerobserveddakaewnhes budbf ohhas an | mpor
of the dat a, whi ch a(@dsg G-&andée ggrueree oafp ptemae rxt
| 15) i, €hapter3 (Strauss et al., 2018 bser-basednboot stlr-appi ng me
ues rather t hwamediemndlead ampga map rmoateen-appr oach
vent ory .dJasli mgmetthhiesed, cal cul ated Yedoma regi or
8 36 15 GtOCf or Yedoma dep®&LtOGF oarn dt hle2e8mo%9%/r st d
posf os a 2t16lt6all 53BaAGCf olm e h t Yerdeo ma . Toagguc® n
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the uncertaintypf the calculations shown @hager 3 (Strauss et al., 2013)ereand

in Appendix I( Hu g e | i u s4 )am tadjustdd .bqotstragpifig algorithm is used.
When 10,000 separate bootstrapping rweseconduceéd and amean pool sizevas
derivedfrom every bootstrapping rumnemean calculated from 10,000 observation

based bootstrapping meawss derivedThus,thes i ngl e esti mator 6s
remarkably lower compared &trauss et al2013)(F i g %2). @he new estimate

are 83+12Gt for Yedomadepositcarbonand 130+295t for thermokarst deposits.
Based on this calculatiod13+41Gt OC are stored in the Yedoma regiddf t h i
poolappro2GCO@LaecetysBoredlti@mofhédigebt u
al2.0,14)

n un
()

Thquesatrnio®Wwesch uncertai ntTihees usnhcoeurltdaibne yu
Strauss et al(2013)mi r tdaires compl et e natur al AAheren
t asThtiss r egacadmrederavsata val cond @ i.a@ dood yc

| attlee esti mat obradsse d( onbeseerr iviagd i @andt aif nityh e d:
tai,bntsyever al i ndependerthmadaeti snggt @pipnabh g r |
each case would be necessary.

a) Yedoma b) Thermokarst
5000 - .
| 83 -57/+62 Gt ] 128 -96/+99 Gt
4000 -
> i mean: 83 i mean: 128
2 3000 4 median: 56 | median: 85
g 16" percentile: 21 i 16t percentile: 29
th ile- th las
g-ZOOO ] 84 percentile: 141 ] 84 percentile: 224
LL - -
1000 —{ [{{ [T - . .
| 'h | Fi gbleédi st ogram
0 e . bootstrapping
p Yedoma (a and c
‘;3)00 ) (b and dMHi stegsgys
83+12 Gt ] 130 £ 29 Gt andambe based on-
4000 4 | strapping run (
> 1 megn:B?éz ] megnrﬂqgs the obserwnedr a@
c i median: i median: P
g Lt 16t percentile: 71 i 16% percentile: 101 cal cuafatt erdwas d 8sg
S 5000 4 84t percentile: 95 ] 84n percentile: 159 C)andamde based a-
2 rate bootstrapp
1000 A . resampl esa dataad h )
10, 000 i me acnraenadt ¢
0 = T - T %1 T T T 1T T 1 agverages anar an
0 150 300 450 600 O 150 300 450 600 c ylddtr @ i edad a .

Consequentimgntt oemeabgwesti ohocbaiws-bef aa
servative uncertainty range ofumCalsaeibwn
ti-lbased bodtexthrma ppien g haylrd dhee isngegd -e Beustt |
toirncl udi ng Jjitsheumaaadatmepdkt ng t hegliredoma
bon budget as a part of a( 20,94 e rpocaoclh |
basedr remdutcleal uncertainty range would be
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Al t hough a reductihen Yeflothe st gtyk nmaetaer rl bydb na

f acttowooonipar ed t o 20i0necavh ie® Cifarl o.zteinl | significa
i ndugpergmafr ost ctaor bolni naeteadTbmecrkint agen deposi
t he Yedoma arsegnuacrh staarbeon as t h(eDitxoompietal f o
al ., 1994; al®bloft heoampanbemént |l y incorporated
gl obal vReigea3pdAi bmol(ghg e aamrumde pdesher ed
frovechoma and t het mek ¥e ¢ oimalcelip@deaicsi@Ci n

ot henrventmhtii Baewrde, motshter e s ti air ec atrhbeo niseawe®dad al | vy
acti vActayéddantga tpob Bleiegh(@E2t0,1adl)e & atyieve dept h

i hbhe Siberian parteosfi haé@®bdd epdtoln2&cokr e g ihen

foll owing i nvantverymeacdlihivee r @ fdm $ nah

Yedoamad t her mokavet agep&kshwo @68 sume@bi ni ng

this witimpobékedmgel i (2048 B&Io.r t h-arctrcum
per mafegg870, Ok accor di ng to, Hulgx | i s et al
Yedoma region aoselcWE€Thewpércul atd v detelsyt i mat

approxi mat e ma g b hceoundfei idoefntctrelh iss epd oiimat e i s be.
cl udbmeacnar bon content from ouliesd atdset he Yedo
act-liaayer depth is very heterogeneous from ye

toeliefopoand | at,Fitgld®e (Oover space

atmosphere

FigbBderrestrial
Vegetation at mospheric <carbo
carbon stored in
northern surface airrat pge s

. size of the <carbo
C'rcumpOIar given in Gt .s( Fe®t0
permafrost at mospher@t ), (g8e2noa
region (58B0)and fossil Gtf

. means are take-mao

perennially i mum ranges gi(v2eOnl

/\ ’frozenground The GBO®f t hcei rncourn

1106 permafrost caégiude

Hugeliug 2e@e14)yane °

Ufossilfuels quoma region c&thamken!
region Chapdt er

At raeldi OICosalbt kdducSecchi rrm20 5Eske)taledv eme

tioned taberite poolli@tbwhiWah ties dalt0dlwngyt eed al
Mo r e aawecro,r dSicrhg rrone( 2Q Hele)eer ast r a(Fii gruapphi ¢ uni
54 al sontOLi nabolwySchirrme{( 280¢ithe daOC content
the sandy deposiiteselbaetliovwe |tyh el oYee dooneda Ee mi an t
posits or dratcdhh Ha@ploisan si adlpawin Iehddoanand i n a
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regiDoure. to diverse geadklnogvidd fafnsp &0 itm-b
si ofs thes,éetdeposiobtalposkseatbbh ehhat ofc ks s

Geomorpho- River Ehermok'arsl Thermokarst e -
logical unit valley opioss o depression
drained
Major mode of Erosion Aerobic/ Anaerobic Aerobic Erosion
carbon tansfer anaerobic
CO, CH , CH
Erosion of sediment
CH & vegetation OC co, 1‘ *
+40 — co, otV Pon d Acﬂve tayer
T * T *’v v /h;.:.;:&&:. TR T IRET ,
Erosion of sediment | -+ h.’mgkam Iak y A || B 3|
v | ||| E= || = ]
+30 — & vegetation OC = t‘:"f =] A ol || e | f |
/ iy : Weichselian ; | (s || BS
Co, .y X § glacial
+20 — ! ! | A Talik A W=
? s a | Erosion of sediment
_ . L ‘ > o o & Yegetatlon ocC
= - iver = - %
% 10 b\ Dnssolved and Eemian ocC
E 4 \ pamculate OC interglacial sedimentation
E b o
3 0— 4 4
2 A\ Talik ) Saalian
® A 4 glacial
10 S 3
r
S Early Weichselian and pre Eemian Tertiary
V ¥ ¥  Plantcover E flood plain deposits
220 —
******* Permafrost table g Eemian thermokarst deposits
Ice wedges Eemian taberites B
-30 —
Ice wedge casts Late Saalian ice-rich deposits WS
40 1| Holocene -
D deposits I:I Unfrozen marine deposits
Late Weichselian i
[: Y? o : l:l Lake/river deposits
veﬁgﬁy Sidieeis :l Talik zone with taberites
Bedrock (granite s i ’
'@ limestone, sandstone) jledenyaendsnitiecasl

Figeas&i mplified stratigraphical di agram a fe
given as )amnaxarhgel enaj or modes of sedi menot-
l ogi cal unit s. Mo di f(i2eddlalrsbd)t vva n SH Wil 3 st @ &

Carbonstored in thegroundice componenbf the deposités anothernedectedOC
inventoryin quantity calculation. After Fritz et al(in preparation)segregated ice

from Muostakh Island (Siberiafontains 0.35kg/m3 dissolved organic carbon
(DOC). Bagdon this simgle datasetand taking the segregated ice volume (vdi%%o

anrntde
poi

of the sediment and excluding ice wedges), Yedoma and thermokarst segregated ice

together contain ~Gt DOC. Assuming aVvIV of 48vol% for Yedoma and vol%
for thermokarst deposit§Strauss et al., 2013Yhe Yedomaice wedges contain
0.00053kg/m3 and thermokarst wedges 0.00065im3 DOC (Fritz et al., in
preparation) Combined with deposit thickness and volunfesm Strauss et al.
(2013) this corresponds tapproximately 0.8 Gt DOC in the Yedoma regioffritz
et al., in preparationSegregated and wedge ide not contain much carbon oo
pared to the pools described above, but because of potentially ex&sénbio-
degradability(Vonk et al., 2013a; Cory et al., 2014his pool isrelevant as well.
The estimation ofDOC in ground ice of theredoma regions madein orderto ap-

proximatethe magnitude of this pool, but due to very limited datay n f i idre nc e

these calculationsiustbd o w.

To separat the Yedoma region carbon pool into Sibarend Alaskan pog| the
Yedoma region coverage wdsided as follove: The potential Yedoma deposit area
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in Siberia was assumed to bd41,00km? (Romanovskii, 1993plus ~45,000km?

for regions with smaller known Yedoma deposit occurrences (e.g. Taymyr Peninsula

and Chukotka). For Alaskd81,000km? (Jorgenson et al., 200®)us 20,00(km?

for smaller known Yedoma deposit occurren¢es). Yukon Territory) were used.

Assuning that 70% of the Yedoma region is affected by degradation orienpthe

remaining Yedoma depositever355,800km? in Siberiaand 60300 km? in Alaska.

By subtracting the thermokarst lake area (127360 for Siberia, 22,00@&m? for

Alaska; after Grosse et #0130 and for Siberia the river del@ea(47,000km?)

after Walker(1998) the Siberian Yedoma region includes 656,R08 thermokarst

deposits, the Alaskan 119,0R00. Total WIV was used aazding to ChapteB, n o t
apportionedtbepawat eleyi DboBDa nSde ptalriad kerde sTSOCa r ¢
gi velTnabbthe A separ ate boot s@Gtramp pS$Sinlge mieam | Yesd am
depoamnBGatf or Al askan Yedoma. Siberian ther
11745 Al askan t G aoska.r st 17N7

Tab®leYedoarad t hedemphkairstpadamegaensc camplomoiedvemtory
Siberian anrde ghillchni®k herarsda bAnlcaagkba n pool sample size is
10, 000 -stai nmpepsi orged dwrod s tarnadp pmenagn) .cal cul ati on

Total organic Bulk density Thickness Carbon pool
carbon (103%kg/m3) (m) (Gt)
(Wt%)
Yedoma
Siberia | Alaska | Siberia | Alaska | Siberia | Alaska | Siberia | Alaska
Mean 3.2 2.0 0.87 0.95 20 18 74 9
Median 2.0 1.1 0.86 0.94 15 15 73 9
16" percentile 0.9 06| 063 067 9 12 62 7
84" percentile 4.7 29| 111] 1.26 29 25 86 11
n 585 97 351 77 15 5| 10,000 | 10,000
Thermokarst

Mean 6.2 9.0 0.94 0.74 6 3 118 17
Median 2.2 7.8 1.05 0.70 5 3 115 17
16" percentile 1.5 3.2 0.55 0.61 2 2 89 13
84" percentile |  100| 11.0| 1.27| 0.76 10 4 143 21
n 199 20 108 9 8 2| 10,000| 10,000

5.2.2 Northern circumpolar permafrost region

Becatunsee Yedoma regbohhesnpaint caimptohar per mafr
section briefly synt lhceadicaudAptgedgdiiaxgedd aluls car b
et 2a01114) this section t he Yebdozmeirgegieon est i m:
are included.

Tekestimfat@Csstzeclknd whei abrtheynioircumpol ar
regi osnt ritsotree® pfkredmtng dDatsoceubleeper deposits
in arctic deltas almhge ttdhier cviendpariaa rr egeromaf r ost
st 02176l n t he t00® .MBche ptrWMEBti n OtHMenl ayer
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and 19@dA KNt t he toBommlt eArdda@isNGti n3mdept h i n
del t ai ¢ arlrhafvriaustt orfi wamOd ed tt @& kSBGt@n t thlee >
Yedoma ,trtmepirdarhern circumpol ar ~1p30@MWOLF r ost
Of t~h@%Wi,s perennially frozen amd@ar mhwuar Werc
cycTlhei de wuncertainty ramageessehgedbti ghi ¥

car bosi npadli s region, which was shown rep
I €Bhapdt er
To emphasize t he rrrelceivraddECsep oaotfla rtfhoer rntohret hgel
bon dyafl ethe gl obal soi l Gar2olids (4060edadf
(Fi gb3) e

5.3 Quality of organic carbon Quality: What is the susceptibility of the
permafrostr e g i canbam ®r future decomposition?

531 Yedo ma rcarigonquality s

Bec atultseer e i s tchoanmpger maf hast awidl Ir amekisiet z e
OCt o t he atkKmohsrpheerte at . j s201l8hdgshs itnheraegs
ot he Yedo@&Barseegd oonn di fferences omi gpiemanaf
for

(1) the Pleistocene Yedom#epositcarbon (accumulated under aerobic dend
tions; froze within decades to centuries after burial; remained frozen for tens
of thousands of yearand

(2) the Holocendghermokarstiepositcarbon pool (accumulatéd) predominag-
ly under lacustrine anaerobic conditions and remained unfrozen for centuries
to millennia prior to freezing after lake drainagead (2)exits as botlaerolc
and anaerobi(pea) depositsafter lake drainagd-igure5-4),

i waassumeat soi l organi c matgtne rfbiedtengetedny a b
t hese t(wWialptoeorl sAnt hon Jydiefsit earl é re Y eeeimh il
thermokarwdas dreepto €Shapsravienighat the organi

vul nerability i1 s heterogeneous and depen
and the previous decommMosisi ngnndiempdrde exada
t hat per mafrost acts |ike a Igiitajntofframaie
organi cAlnsdooth@®@mr.m | aboubabdbr ghKnsotbul daivuecsh et
201f3gund simil ar mi neralization raantdes i n

confirm the fina0kh4g of Strauss et al
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5.3.2 Potential response ofthe permafrostr e g i argarbcarbonto warming

As stawedr dWMc&ws re et al ., 2010; wv,an Hui sst
the Arctic 1is curresnitnky todds @iQdma nredd a4 oCHhe a C
source oM. 0GtBZB Mor eovaeassumedi ssource of roi
transported organic 6tOdai MCoraga mil c mamar bvm m do fe
cont rairbdud iet i o @@ICatOo. 0tOBeOc A eMiciGani r e et al ., 20
Wal t er Ant(h2o0ntyd yentd caalr.metc umul ¥¢doma i negi on

t her mokar st basins since the tasbomegbdbacenat s
Yedom@8l 3UKkgm and ther mB8B2ABKKX omeposient slaf a

Chap3tceomnfirm this findingst 8kheanpd), @irgsia | ow de
nfi cant vulnerability to microbial ndegradat i c
going climate war mi ng 2i0naldbd)eméAr ecreas Geosse
occurrence and magni t ugdme owiafldliryeet wambda nt chee rpr o ¢
karsthat wil/| result in enhanced decompositi

The Yedoma rea&ag@i emoirmolugd aimpe ot ovoo-18% d

~6boli% Yedoma and ther mok@®tsntauwsespoesti tal . res2
Ulrich etiheméegioR20ildg)prone t o (dGreops sdei settu rabla n,c
201 whhetnhiec e mel t sBeausahicrabial procasses govern the carbon

decompositionj t 1 s aognrbeyesdl itghhattgi octedpeerabbire can | e
to a subst a@ordQd ad e cionntpriéaagshee o n et Regar 2i0Mg )
DOCVYonk €20 X3obuyndWlimbht water can catalyze DOC
Thus, c¢ompVdltceodn ttad nn g hee rvrad fnMddreadbnitlaii tnyi nogf

per maudproonrstmel t i tnlgpeoh iegh li iad htods Yed d mad-udcep as iptos
tive feedback to climate war ming.

As a ,r evhwelnt per matfhreo sste gdueegar vaadreksd b OE€ f or oxi da
and a ocfhapnegrdmradmobon sinkerty Isios@lcyniAsa

Fi g4, et he s @©OCt onelnd abegcome accessiml-e by (1)
i n(gHi nk el and Nel son, 200 3; Sc,hu(uz) eduraflace 2

subsideacapydiamwgGr osse et al ., 2011b; Bi ska
Morgensternaaetd &aB), e0&Bdn -layehawldisd esnp s,

gulliesandt hlam&kmwssiea oRaascthsol d et al ., 2000; N
20009; G¢egnther et al ., 20 1Bopw&vwheee vrsaktieys eotf al

organi c mat teesrp edidtphlel dydd d oma er edggibdare ed ci n
entlifterature. B ys acnopnh peasr hi énrgip antloidggvdends-1 o p e s

gl e ctthien gp o s sixityiofl thawegt matefial from different stratigraphic units

(Fi gb4),¥onk (e20@&419).i madoef ~t6h0e Ye dDCmeekledosi t
prior to expulsion into water. Di raect measur
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tion of Yedonma@%depos@m ss wrhmed 1t hawtdg seas

mont{lbatta et al ., 2006; Knobl auch et al .,
Wh eing n sreiraed wae &os k (€20 Iaha) Ma n(n2 Oefitd yanl d.
t hkQC i n ancient Yedoma is exceptionally

erodeadi enndulOC be opr etxd cetnesd vfer de-gir aedaai on
bonds, which stab@(H9fzlee téten @lr . giam2 &id-3n@ad u et
ronment, pr omoc¢ & uosf @ pwiedetigakeotntkl ietg ade , 2010

Basbn i ncubaSrcbhds(falHddysdldo a-ptolod ed f,ast , S
and passive) deFeaesnypcolsiantd om MoHeh. ato 5AC)
bd ess %dfant e car bosmiilmMop&oméaidedé @il

progacbont bet we®wnf 20han®C908oul d potenti al
CQwi thin 50 incAbTahu end yeedDE@ (iant tShe firs
of the northern cir@pmeao)dahw spue dmanferacms t2 0r7
93Gt0OCcoul d be emitteld fvbyeend@sc pobedol-t debort
si thhatsappéemed he pRsesrti mg paedtl ,wiak &li wige ev en
WedhseMIl 8&n 3i(nterstadial acnodn stihdee r eaarl ley ahnml
CHemi ssiosisower Bi sch2 0.1 3Moralover Bi scho
(20pAB¢dnamtal @gue shcbmmaohi mi esobhndl an ass
i €BHemi ssion in future warming environment

Besides a positive carbon feedbalckqg Iae ne
i ni tiimta dwlarrentiincg has beevarsneg gecdomald tti wants
moruept ake of carbon dueofiloante nphsh{texaesamnrgt ht e
Hui denheand Dol man, 2012ubSd®fhaameqgiiodad) eal

Sshatwat the overall varikbw, idaryd imo nreal atair
growing season | ength waasaidpeicnidf.i cT hduisf, f et
sual cl i mat gparsed isnoanddt ahtt changes in t
wi tomgler growing seasons wilj] inmtcdresaquéd
the direction of this feedback is wuncert:;
Gl obsxlal e model s are | imited-dsoefnam elmad aw
tical t( Koow eoanleyt al . |, 2011, Schneider wvon
et al ., TRO043)the potentially | abilse Yedo
d es cr iCheaddtaeameo t realistically i mpl emented
gaabtbrulpdpwocesses | i ke thermBlkarfgtrsar i opad

i nrgapihddAw peniisghnei der von(2 Oprdum itnlge erho dad
under vari ouss dean,airrreanvwgarnngi nfgr om moder at e
Concentration Pathway (RCPondd.Uh)debkse ext
mo daetre war ming of thé| BREB22. 6 r ®9men dma-we d Q¢
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bon amasntmuet®Gtasr bon by the year @&000 and r ¢
car bg@gmB0O0. Extensive waraniumgi vERCeBe&3eresul t :
up t oGtanld301Gaby t he years 2100 and 24,300, respe
fl uxeshlearfgeerst coofnkt au tlicw@ jq@¥drs ayrecawrn dd -t he mi

dloef t°Hcee na(lsriymul at ed t hermokar st ulnadke extent
t hetrong waeim@ahR@P8. 5) . Mor eover, Schnei der v
20)1sAhawwaa release from organic deapder store
i tcg uci alst gsei anfufl eacttead c@HfckuResverteda-to temper
ture anlaée ogddst i dduad twarreiaem@mese Hf hawedewl y
per mafrosod omdyved i ghtly dependent on the pa
emi ssiiomm pmrnajp eo tteatb otuott .. VBACh e yearTh2el0O0

warming increas®ldndd@s8rhteur yi nantdh ewa2s2 most pr
under the R,CPWhIOctsecde may éiamc 0ddod ssei noufl at e d
gl obal mean surface air temperatures.

5.4 Outlook: opportunities for future research

Theubpeetr mafrost carbon charactbresthesiand
isn i mpoopawot ofl i mad en écsheqaiKkgtanb | auch et al .,

Hodgskient al ., 2014, Li et al ., 201 4; Mu et a
Howe vheer ,matgni tude and timing of carbon fl uxe
degradation arkorhirgdduwciumg etrh easoal .lkonwvoiwilge dge ¢
opportunities for f uvetlwrcd Hfattsheaa raccht( éwo wsitd clse | |
guanan@)y qgqoal OCwiir hi eer mafr ost.

(1) Studies on heavymineral composition wouldimprove the identification of
Yedoma deposit source are&®sr reconstruatg the transport pathwayseolian
vs. otherskcanning electron microscopy of thaartz grains fronYedoma @-
posits could be useful.

(2) For refining the quantity oDC in ice-rich permafrostprioritized areas of future
sampling could be inland areas, i.e. upstrednthe Lena, Yanaand Kolyma
rivers in Siberia, andhe Colville and Yuka riversin Alaska. If drilling can-
paigns are planneahoosing sites innterior areas of the Yaradigirka and
Kolyma lowlandswill fill current knowledge gap&urther studies on coverage
and volumes of O®earing sediments below the Yedoma and surfagel
would be usefulMoreover future studieshould includean adequatstatistical
mode] like boostrapping orMonte Carlo simulationsTo reduce the inventory
uncertainties, adding data ¥edomadeposit thickness required An approach
to estimag this could be to measure the subsidence depth of thermokarssdepre
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sions using remotsensing method#ccording toUlrich et al.(2014) more d-
ta onWIVsareneededo reduce the OC quantity uncertainties

(3) For refining theuncertainties of OQuality, future studies could divide the OC
into different fractions based amg. density or chemical propertiesheseOC
fractions should be characterized concerning thelnerability to degradation
(e.g. by biomarker analyses or in situ or laboratory incubatitmnd)stinguish
between labile and passive OC compone®itsce anmportant part oflegra-
tion takes placeduring transportstudies on a degradatidransect along the
pathwayfrom mobilizationto depositiorwill improve the understanding of the
Arctic response to climate forcingspecially in the context ahulti-proxy stud-
ies of methods from microbiologgndorganic geochemistryhis thesigevealed
thatbiomarkerbasedapproaches and proxiasevaluableto asses©C vulnen-
bility and resilienceTherefore, such studies could be essentialucidatingthe
importance of the Arctic regiofor the global carbon cycleMoreover,an OC
quality/lability analogue to theOC quantity mappresented inAppendix |
(Figure appendix-3) is needed.

85



Ref erences

Ref erences

Thi s rldafsarieontcleusd e s tohfe cdrkedtéd dsace welhle as
referenappeond@i xhehapters.

Abni zova, &., ISalegnerns,M., and Boike, J.: Smal/l ponds
of ponds and | ake in permafrost | andscapes to carb
Cycles, 26, GB2014 doi :10.1029/2011gb004237, 2012.
Ahl eni us, H. : ilhertrheeeroosrtt hex the ntie imli @ @dhee faamdvi n: Gl obal
Chapter 7, edited by: Romanovsky, V. E. , Gruber, S.,
Ss. L., Trombotto, D., and Walter, K. M., United Nat.i
Al |l en, M. R. , Fr ame, D. J. Huntingford, c., Jones,
Mei nshausen, N. : War ming caused by cumul ative <carbo
Natur e, -1415686,, 1dlo6i3: 10. 1038/ nature08019, 20009.

AMAP: Snew,, wae and permafrost in the Arctic (SWIPA)
Arctic Monitoring and Assessment Programme (AMAP), @)
Ander sson, R. A. Kuhry, P., Meyer s, P., Zeb¢hr Y
pal eohiydalol olysad keasmeomimmar ker compositions of a Hol c
eastern European Russian Arcti c, -l@®Tganic Geo
doi:10.1016/j.0orggeochem. 20211.06.020, 2011.

Ander sson, R. A. and Meygeer sgn PdelAi.verEf femcd odgrcdd anal
bi omar ker s i n a Hol ocene peat sequence i n t he Eas
Geochemi s-t2y,d6B; 1631016/j.0orggeochem. 2012.05.002, 2
Ani si mov, o. , and Reneva, eS. :ThRe rRmafsrimaant pend pelcadan grien ¢
Journal of t he Hu man En®5 r onnkemit:,210. B579/ 00462
7447(2006)35[169: PACCTR] 2.0.C0O; 2, 2006.

Arcos, D. R.: Classification of periglacial l andform
sensingcdatai buAti on to the | andscape description o
Pensinsul a, di ploma thesi s, I nstitute of Earth and
Pot sdam, 71 pp.., 2012.

Arkhangelov, A. A., -Nogp,0VA. We Vmihbmintall LSynnosure of
Yedoma horizon of Dyvanny Yar, Kol yma Lowl and, i n:
Uni versit-$¥56€re$9879145

Arp, C. D., Jones, B. M., Lu, Z., and Whitman, M. S
regiamersoss the Arctic Coast al Pl ain of northern Al a
L16503, doi:10.1029/2012¢9gl 052518, 2012.

Ashl ey, G. M. : I nterpretation of poHMy2modalld 7s8edi ment s,
Avis, C. A., Wiaysemer A.KJ.J. aniKe dvdcattiiotnu dien weertd aaln desx ti e
response to permafrost -4h8w, dNat abDelG88s0genndaéP, 420
Ayl sworth, J., BurgeResdkMn, PBesrBoberssadm, aTDukand Tr
geol ogy, subsurface material s, and thaw sensitivity
t he MacviabkhNoirg hWeersrti t ori es: A base | ine for the asseé
change, edited by: Dy ke, lal Bwu,y vewyd oBr Calhna,daG.BuUuRI| g
Ottt awahg9, 32000.

Barandova, Y. P.: Essay on the geomorphology of t he
geol ogy and resources of Northe2232, UBSR7. Magadan Pub
Batj es, N . H.: Tot al carbon andJoutnafgewnfi Sot he Ssokeh
47,5164, 1996.

Battl e, M. , Bender, M. L., Tans, P. P., White, J. Ww.

Gl obal car bon rsiianbkisl ianyd itnheeirrr,evhad €r o Bcaemaeep h r8i7g O
24@M70, doi:10.1126/science. 287.5462.2467, 2000.

Beer, c., Fedorov, A. N. , and Tor-yaykirnth¥YcknBPesmafr
Yakut|adwgtbe 5a oal modedl evviabmati on, Earth System
310, doi:5bB8050DP3/ed361U3.

8 6



Ref erences

Ber g, B. : Litter decomposition and organic matte
and Managemza2t ,b ddi3:31 01.1R071(69/99 00302289040 .

Bi schoff, J., Mangel sdor f, K., Gattinger, A., Sc
Wagner, D. : Response of methanogenic archaea to

in the Siberian Arctic, 7G| Db, Bioogddc L®OmMi9c¢ 210 1 C
2013.

Bi skabor n, B. K., Her zschuh u. , Bol shiyanov,
Ther mokar st processes and depositional events i
and PerigladiallP®RProdess&6, 1202/ ppp. 1769, 2013.
Bi ske, S. F.: Quaternary deposits of the Kolyma |
Northeast USSR, Magadan Publishing House, 1957.
Blott, S. J., andgrryien Ki ze GRiAM ISITtATd § oma alnalge f o
of unconsolidated sedi ment s, Earth Slu2r 4f 8a,c e Pr
doi :10.1002/esp.261, 2001.

Boer eboom, T. , Samyn, D., Meyer, H. , and Tison,
climatooatlthgting (Pleistocene and Holocene) i ce
Sea, northern Sibe#diba, dDhe7tVR BADpHERE 3. 7, 31

Boi ke, J ., Bol shiyanov, D. Y., S&ehrlnr(armmqnlesrtaetnonL
SYSTEM LAPTEV SEA: Th-eNebw p@idb @¢ri ioamn Llesnlaands 20
I nternational Pol ar Year 2007/ 2008, Reports on p
for Polar and Marine Research, Bremer haven, 265
Boi ke, Llanger, M. , Lantuit, H. , Muster, S., Roth,
Mc Gui r e, A. iphysiPealmafspett s, carbon <cycling,
Recarbonization of the biospheéde, RediFt ed S jn el dlk
von Braun, J., Spr¥r8mgezQl2Amsterdam, 159

Boi ke, J. Kattenstrot h, B., Abramova, K., Borne
Grigoriev, M. , Gr ¢ber, M. , Kut zSh.a,c hRi el.,, K.angRfre
M. , Stoof , G. , Wester mann, S., Wi schnewski, K.
characteristics of climate, permafrost and | and

Ri ver Del t as203lbeorsiBa emEe®rS 31 2180, do1iaZRAd.a01193%#,/ bg
2013.

Bol shiyanov, D. Y., Grigoriev, M. N. , Slcehvneeli der |,
fluctuations, and Il ce Complex formation on the
System of the Laptev Sea and the adjacent Arcti
Thiede, J., Pelyakova, Y. Il ., Timokhov, L. A., a
34356, 2009.

Bray, E. E. , and EvaparafEfi ms :adDiastcl batitonrefo
Geochimica et Cos-inb¢chidmi caopha@DAEH6 12D O 01698691 .
Brosius, L. S., Walter Anthony, K. M., Grosse, G.
and Meyesri,ngH.t:heU deuterium isotope composition
ther mokar st | ake cont pidluw ti ingn st hteo | atsmo sdeneelrd cci 3
Geophysical Research: Biogeosciences, 117, G0102
Br owhn.,: Permafrost car bon NattouCladgm&Lh aPagrdor3a, s 442
doi :10.1038/ nclimatel896, 2013.

Brown, J., Ferrians, o. J., He gAmdtoitd oma p Jof Aper
and andi cgr ouondi ti 0ca) S8r Geyl 09 ¢ oo pPearcaitfiiocn wi
Council for Energy and Miner al Resources, Washin
Brown, J., Ferrians, o. J., He gAmdtoitd oma p Jof Aper r
and andi cger ocuonnddi t,j oN&t i orealsi $mo® and | ce Data Cel
Bur ke, E. J., Hartl ey, . P., and Jones, C. D.: L
carbon release from permafr obQ@76a,hadvo ir6gl1006.B51e9 4Q rty
20101213a.

Bur ke, E. J., Jones, C. D., aocdr Komeali @at®.regpt
CMI P5 climate model s usi ng a simplif4e@@9,appro
doi :10.-d11x76%5%5@l1, 2012hb.

87



Ref erences

Bur n, C. Rs: afidn gprea mad ke st , Richards 1[I sl and, western
Journal of Ear t1h2 9S8&,i ednocie:8130.319123090/2e8012

Ciai s, P., Tagliabue, A., Cunt z, M. , Bopp, L., Schol z
P., Brenti . , Kell ey, D. ., Koven, C., and Piao, S.
bi osphere during the Last Gl a<di9al ddaxilbum03Ranhgee l i
2012.

Ciais, P., Sabine, C., Bddlal,, &..,, B®hphpabrLa,, ABr,0 vlkeiFr,i eV
J. Hei mann, M., Jones, c., Le Qu®r ®, c., Myneni , R
ot her biogeochemichalngey 210els3,: iTrh:e @lhiymad tcea | science b
workingtorobheg fifth assessment report of the I nterg:t
edited by: Stocker -K.T,., TFR.gnadx,n,M.D. ,AlPleant,t n®.r ,K.G. Bos
Xia, Y., Bex, V., nd Midgley,riRh.geM. ,anCa niberw dYgoe kU n i2v0e

Conrad, R. , KI os e, M. 4f anmnchatCil amsiinPanofat hwageofi €Hd
deter mi nestt atby el 3G ot ope fracti erat,i odno i : Ae MAsLEHH eSr0ed,4 ¢
6535 ( 0 20,0 02102002 .

Cory, . R. CMump, B. c. ., Dobkowski, J. A., and Kling,
stimul anelseaCC from permafrost soil carbon in the A
Academy of Scii®hx4e,s,ddil:01,0.34@®3/ pnas. 1214104110, 201
CoryM. R.War d, C. P., Crump, B. c. ., and KIling, G. W.
of carbon in Arctic f928&h dvait:er®. 11526 /encieen Bet.512 DRI
Danker s, R. , Bur k e, E. J. ande aBroin@ad, th.a:w Sliemulhatiino
JULES | and surface s c h7e9nde,, dlohieb-Taxk3yGolsbpdh/e2r@el,1 .5, 773
Davidson, E. A., and Janssens, . A. Temperature s
feedbacks to climae6&78ha2gesé. Nature, 440,

DeCont o, R. M. , Gal eotti, S., Pagani , M., Tracy, D. ,
D. J.: Past extreme warming events I|linked to massi\
Nature,9124,84d0i8:710. 1,0380In2a.t ur e10929

Dietze, E. , Hart mann, K., Di ekmann, B. , Il j mker, J. L
B. , and BorcmemBer Aat géAni ehd for deciphering modern
sedi ments of Lake Dong@€hi @anpasSedNEmé&niRaltdgn GBOhobgau, 24
180, doi:10.1016/j .sedgeo.2011.09.014, 2012.

Di xon, R. K., Sol omon, A. M. , Brown, S. ., Hought on,
Carbon pool s and flux of gobal fd9dst €ecosys!
do:10.1126/science. 263.5144.185, 19914.

Dlugokencky, E., and Tans, P.: Trends in Atmospheric
http://www. esrl .noaa.gov/gmd/ ccgg/trends/ global . ht ml
Drachev, S. S., Savostin, L. A.rre Gamks hgeol o/gy Gof am
continental shel f of t he Laptev Sea, -39astern Russ
doi :10. 1-0261 60 8040 01195998 .

Drozdov, D. S., Ri vki n-MaFkowWa, 8acWol dlvdnpvanaijevVa,
Korei sha, M. M. Korostel ev, Y. V., and Melnikov, E
coastal -Maornen,e Geed8t8er 1,01 253,008@1VFI sA0867

Dutt a, K., Schuur , E. A. G. , Nef él edse Ctromnpe rZmanfor o
soil s of Nort heastern Siberi2351Gl obal : iCth.alnlglel / Bi 4 B
2486.2006.01259.x, 2006.

Ehlers, J., and Gibbard, P. L. : Extent and chronol og)
156568, .d0i161363709217(7036)002103003

Ekici, A, Beer, c. , Hagemann, S., Boillaa,itaide Langer

permafrost regions by the JSBACH terrestrial ecosyst
7, &81, doi: 76332094/ gmndl4.

El i seev, A. V., Mok hov, . Il ., Arzhanov, M. M. , De mct
the methane <cycle and processes in wetland ecosyst
compl exity, | zvestiyay sAitarso,slpdhZe,r i2c@ @8n.d Oceani c Ph

EPA: Met hane and nitrous oxide emissions from natur

Protection Agency, Washington, 2010.

88



Ref erences

Euskirchen, E. S., Mc Guire, A. D. , Kickl ieghter, [
D. G. , Ki mbal I, J. S., Mc Donal d, K. c., Mel i | I
| mportance of recent shifts in soil t her mal dyn
carbon sequestradiaontudet éobay s tChamgkiGBB O] ogy,
doi:10.12486j 20686501113. x, 2006.

Euskirchen, E S. ., Goodstein, E. S., and Huntir
regul ation services caused by thawiongspf28helB86
1880, doi-0888189020183

Farenhorst, A., and Bryan, R. B. : Particle size
Catena$6225do47 1-81602(8 4ch, G @a1a94915 .

Fol k, R. L., and Ward, AWt €dy iBmatzlbe ®Rigeifibaanc
Journal of Sedi merst,arly95Fetrol ogy, 27, 3
Frauenfel d, 0. W. Zhang, T. , Barry, R. G. , and

freeze and thaw dept hssiimalRuRed eagr clho:ur Atarho sopfh eG e
doi:10.1029/2003jd004245, 2004.

French, H. M.: The periglacial environment, Wil ey
Friedlingstein, P., Cox, P., Betts, R., Bopp, L.,
M., F.ungBalla, G., John, J., Jones, C., Joos, F.,
Matt hews, H. D., Raddat z, T. , Rayner, P., Rei ck
Strassmann, K., Weaver, A. J. gec arrolsdn kawa] e Cf ge
anal ysi s: Results from the C4MIP modeB353Ahtercol
doi :10.1175/jcli3800.1, 2006.

Fritz, M. , Opel, T. , Meyer, H. , Tanski, G. , Eul e
orgamboncan ground ice, The Cryosphere, in prepa
Froese, D. G. , Zazul a, G. D., Westgat e, J. A., Pr
J. The Klondike goldflelds and Pl eist-b@ene en
doi.:111030/ GSATG54A. 1, 2009.

Frol ki ng, S., Tal bot , J. Jones, -$., Cand TReal et ,C
Peatl ands i n°‘ctehnet uUE g r tchl6isma2 & system, EBwi,r on mer
doi :10.-Q189/2011.

Gagli.otV,, BMann, D. H. , Jones, B. M. , Pohl man,
Radi ocardbdmrseagein an ar ctteircm lraeksep ornesvee aolf tpheer mad
climate change, Journal of Geophysical Rese
doi :10.1002/2014jg002688, 2014.

Gal abal a, R. 0. : Pereletki and the initida2,ion of
277B32, doi : 1066 118021(69 6% 10004003937 .

Gao, X., Schl osser, A. c., Sokal oavnd AKIi, ¢ kWail ¢ hetre

Permafrost degradation and met hawae:mi hgw feieshbhao
Environment al Research Letot3e2r6¢,8/8,/ 0BHD01M44, 2dali3:. 1

Giter man, R. E. , Sher, A. &f, theddbdaetspmeoptelof V
environments in West and East Beringia: Pol |l en
Pal eoecol ogy of Beringia, edited by: Hopki ns, D.
S. B., AcadeYwirck-7RBr4e3sl€9,8 2Ne w

Gl ombit za, c. ., Mangel sdor f, K., and Horsfield, B
ester bound fatty acids and alcohols in a coal

di agenetic t o cat eg/ed est,i ¢ Orgaalliicf | Ga Bich@3milst ry
doi :10.1016/j.0orggeochem. 2009.07.008, 20009.

Goi dt s, E., Van Wesemael, B., and Cruci fix, M. :
organic carbon (SOCQC) stock assetsmédntSoi &t Scarine
72839, doi:1P389120p9166&BE57.x, 2009.

Goslar, T., CzernikenearfrffyAahSd iGosP@zna E.r adLioow ar t
Pol and, Nucl ear I nstruments and Methods whtPRPhys
Materials da22a4AYbdbmbgi 22P@B. 1016/j.nimb.2004.04.005

Gouttevin, ., Menegoz, M. , Domi n®, F., Krinner,
How the insulating propertiednoft hencw#Aafcfheatt a$ o

89



Ref erences

ar ea, Journal of Geophysical Research: Bi ogeosci enc
2012.

Graversen, R. G. , Mauritsen, T. , Tjernstr om, M. , Kal
recent Arcttiwr evab®5 h,gosiN4d0. 1038/ nature06502, 2008.
Grigoriev, M. N.: Cryomorphogenesis in the Lena Delta
Grigoriev, M. N. , Rachol dM.V,. ,ScBhoil rsrhmeyiasntoevr,, DL. ,Y. Wa ¢Prf
Hubben-W. H. RiGesimam Cooperation SVISdEBMXx LhAPTEVoBEIAENA
2002, Reports on Pol ar and Marine Research, Al fred
Resear ch, Bremer haven, 341 pp., 2003.

Gr osse, G. , Schirrmeids Habb ek t e TkhwemMiutssek yoof MCOR/ONA ai mag
remot e sensing of periglacial geomorphol ogy: An i
Permafrost and Peri-lgdi2a,cidcdi :Pr®.cleGG2x/spp Al.6509,632005.
Grosse, G. , Schi rursmeiTst elr.,: LAp,p/l dscahttdillalinit ttoef dlLaat nad saantd a

for the quantifiaddticomdot et har mok gdpredsb airn ctohaestmdr i gl
|l owl and, Pol a67Resl®ar d188,31629% 12/0p0161. 7510 0150. x, 2006.

GrossechiG.rrmeS$ st er, L., Siegert, c., Kuni tsky, V. V.
Dereviagyn, A. Y. : Geol ogi cal and geomor phol ogi cal
| andscape in Northeast Siberia durilng 2009& .Late Quate
Gr oss e, G. , Romanovsky, V. E. , Wal t er, K. M. , Mor g e
Distribution of thermokarst | akes and po'dds at three
I nternational Confehbhdmwc&.200 Per mafrost, 1, 551

Gr oss e, G. , Harden, J., Turetsky, M. R. , Mc Guire, A.
E. A. G. , Jorgenson, T. , Mar chenko, S. , Romanovsky,
P., B eQuhr agveeazu, L., and ashtirliietgyl ao fiRt. b dGg h: s oViull n@rgani ¢ ca
North America to disturbance, Journal of Geophysica
doi :10.1029/2010JG001507, 2011a.

Gr oss e, G. , Romanovsky, V., Jorgenson,P. T.R. :Ant hony,
Vul nerability and feedbacks of per mafrost to cl i mi
Geophysical-7¥8nidoj :92, 129/ 2011e0090001, 2011b.

Gr osse, G., Jones, B., and Arp, C. D.: iT@ermokar st | @
Geomorphology, edited by: Shr od353, J201FR3a3. Academic P
Grosse, G., Robinson, J. E., BryantsSnRwmahaylEor, M. |
Veremeeva, A., Schirrmeistdrat elL.PI| earnsdc bHtasrgdeegre,c edt.i:c Di
permafrost of the Yedoma Suite in east and central S
Report, 1078, 37, 2013b.

Gr osse, G. : A synthesiesosf ohheamekarn st namd hehaer mp@r ma
preparation.

Grosswal d,WaMi.clesel iLarmn ei ce sheets in Arctic and Pacifi
45;183 1998.

Gubi n, S. V. : Late Pleistocene soil formation on coa
Science3?2 2179,9 519

Gubi n, S. V., and Veremeeva, A. A. Parent materi al s

Russia, Eurasian-12di3l, $1(D||eriLd)e118&/3]12)35&229310110062
Gundel weinlLupp, Mu]J]l 8ommer koPhei Mfer Hakpt, akd Wi e&hma

Carbon in tundra soils in the Lake Labamzce,egion of a
58,164 74, doi : 1203.8191 1210/0j7..10306950 8. x, 2007.

G¢nt her F. ., Overduin, P. iPggr iSeavn, d aNkeorvays i:Ao. T h &3rr ooiasgs e (
the Yedoma Coast of the Buor Khaya Penindul a, Lapt e\
I nternational Conference on Permaf-id8t, 2UdRRume 1: I n
G¢nt her F. , SaOwekaldav,n,A.P.V.P. ,Grosse,ad ,-t emmg Gri gori e
the+enn<msion|o|ﬁ peemafrost coasts in the Laptev Sea r
4318, doi-1¢M@.9501193%,/ by013.

Hammer , 1., Har per, PASPAL edntobhodi Rghnst 8t i Bti cs soft
education and data anal ylsG,s,20Pla2.aeontolia Electronic

90



Ref erences

Harden, J. W, Trumbore, S. E. , Stocks, B. J., H
E. S.: The rt dhlee bofr edi recarir bon budget ,-1&4  0bal (
doi :10. 1P486j2066506019. x, 2000.

Harden, J wW. Mei er , R. , Silapaswan, c. , Swans o
potenti al for influeneodolnggiwdadldfSurewey nPrAd fasksi, on
144, 2001.

Harden, J W. Mani es, K. L., Turetsky, M. R. , a
soi l organic matter and soil climate -RAO0O3nteric
dbo:10.112486.2666. 01255. x, 2006.

Har den, J W. Koven, C. D., Ping, C. L., Hugel.
Kuhry, P. ., Mi chael son, G. J ., O'" Donnel |l , J A.,
Gr osse, iGn f: o rAmaetlidon | i nks per mafrost carbon to
Geophysical Research Letters, 39, L15704, doi: 10
Hayes, D. J ., Mc Gui r e, A. D. , Kicklighter, D. W. ,
the northart nt bbdagshelds nQiOk eakening?, Gl obal Bi oge
GB3018, doi:10.1029/20109gb003813, 2011.

Hayes, D. J. Kicklighter, D. W, Mc Guire, A. D. ,
Wul | schl egheer ,i nh.ach.s: oOT recenitat mesmaerestgrebawoc
exchange, Environment al Researxh2da/ea/t£/r45®05,045

Heginbott om, J. A., Br own, J., -&Fecti a@anemgpfQoofsltp e
and ground |Eeteondttooas Cénferendda3é6n ROOBafro
Heginbott om, J. A. Per mafrost distribution and
environment o fva It ey ,tMeaVedketha i iee s : A base | ine for
environment al change, edited by: Dy k e, L. D., a
Bulletin 5488, QUOtO®&wa, 31

Heyer, J. H¢ bnelr., : Hlsotaonpdenl\ﬂaraaktioninieklutmbjiedlelsenK
Met hanbil dung, |l sotope in Environment al
doi:10.1080/102560 608543912 1976 .

Hi nkel , K. M. , and Nel son, F. E. : Spati al and
Circumpol ar Active Layseri nMoma rttolrevang 0A)l CaAsikbay, r sladt 9e!
Geophysical Research: Atmospheres, 108, 8168, do
Hj ul str?°m, F.: Transportation of detritus by mov
Tr ask, P. D., &4nh Ame Pied a o | ARilsno @ieCa9a gi st s, 5
Hodgki ns, S. B., Tfaily, M. M. , Mc Cal |l ey, C. K.,
and Chanton, J. P.: Changes in peat chemistry as
gas poonducRrioceedi ngs of t he Nati ona%82A4Ac¢ademy
doi :10.1073/pnas. 1314641111, 2014.

Hof f mann, K. : Hol ocene climate varidbimpiigadtf onbe
from ground ice, maGdaegr aptey, sUniDeegragittme ndf oBonn
He fl e, S., Ret hemeyer, J., Muel l er, cC. W, and J
in a polygonal tundra soil of 3t158, Ladma-1DOL 549 4E
3142m3, 2013.

Hopki ns, D. M. : Aspects of the paleogeography
Pal eoecol ogy of Beringia, edited by: Hopki ns, D.
S. B., Acadé&8mi d9IBrRess, 3

Hor n, R.: BodeBphgsfikr-Ledhmbakths dleabeBlodenkunde, 1
Bl umeP. ,H.Br ummer , G. W. S ¢ h werntamanrerr ,, u.., Fed rarh
Auer swal d, K., Beyer, L., Hart mann, A. ,| ke ,t z, N .
B-M., Spektrum Akademi s e2h7elr, V22002a.g Hei del berg, 15
Hor wat h Bur nham, J., and Sletten, R. S.: Spati a
Greenland and wunderesti mates of high Ar&tic car
GB3012, doi:10.1029/2009gb003660, 2010.

Hought on, R. A.: Bal ancing the global carbon bt
Sciences3,4735,do3130.1146/annurev.earth.35.031306.

91



Ref erences

Hubberten, H. W., Andmiedeovy, Al. ., ABdwkeowel IV, J ., ADe He
c., H oNui neal rske n M. , Jakobsson, M. , Kuzmi na, S. . Lars
Mangerud, J., Mol | er, P., Saarnisto, M. , Schirrmei st
S v esnedn , J. I . The periglacial climate and environrt
Gl aci ati on, Quaternary-1387Tendei ReV.iIi EWEG/ j2uatd8BBev
2004.

Hugelius, G. , and Kuhry, P.: Lamadicapte praltyseodnbdhg
organic car bon i n a per mafrost environment, Gl obal
doi :10.1029/2008gb003419, 20009.

Hugelius, G. , Virtanen, T. , Kaverin, D. , Pastukhov,
and Kuhr i gésPal uti on mapping of ecosystem carbon st
permafrost thaw in periglacial terrain, European RuU:¢
Bi ogeosciences, 116, G03024, doi :10.1029/2010jg00160
Hugel i usi,alG.ups<paalti ng using thematic maps: An anal ysi
carbon esti mates, Gl obal Bi ogeochemical Cycl es, 26,
Hugel i us, G. , Rout h, J ., Kuhry, P.jitaond €e@ndl It hak.
remobilization potenti al of soi l organic matter i n
Geophysical Research: Bi ogeosciences, 117, GO02030, d
Hugel i us, G. , Bockhei m, J.seG. ,G.Camiddrndenk,. ,J.El We,r !l Jaok
Jorgenson, T. , Koven, C. D. , Kuhry, P.-L. Michael son,
O'"Donnel I, J ., Schirrmeister, L., Schuur, E. A. G. ,
new data aetndoorgamieon carbon storage to 3m depth in
permafrost region, Ear-402 Sydoemb-68Beh3 ed®lnrg. 5, 393
Hugel i us, G. , Tarnocai, c., Broll , .G. ,ThGannmodretlher nd .
circumpol ar soil carbon database: Spatially distrib
storage in the northern permafr-b3t deigi Bhs51Ehlre hs By
32013, 2013b.

Hugel i us, Gubr sychkhiusss.J. HaZden, -LJ.,, S8bhwumei Et e A, G
Gr osse, G. , Mi chael son, G. , Koven, c., O6Donnel , J.
Pal mt ag, J. , EsatnidmaK wehr ys, t oR.kis of ci rtchu mpwd ratri fp eerdmaf r

uncertainty ranges, Biinodg eiotsen teinf6ibe8d3 , diditpd -6H&BS5 194/ bg
652314,. 2014

Jafarov, E. E. , Mar chenko, S. S. , and Romanovsky, )
dynami cs i n Al

aska esvilnud i an hdgthassepati6BRMe rCryosphe

doi : 10661838312 ¢c 2012.
Jenkinson, D. S., Poul ton, P. R., and Bryant, Cc.: Th
Natur al and bomb r dlocarbon it ens diilel pr efxiplegd memo
European Journal @8f99Soidloi SdAdP8AA420P81088925. x, 2008.
Johannessen, 0. M. , Bengt sson, L., Mi | es, M. W. Kuz
Nagurnyi, A. P., aPk h arPew,t e¥.ssFon, Blo.byH.e,v,Hadssel mann,
Arctic climate hange: Ob s seiacal wardi anoidlal tl ye,d Tt eel Mpuesr &
56, -3%218 doi : 1-0870120Pp4160060. x, 2004.
Johnson, K. D. , Hard&8h, sd,, NMcBui r eBock.hebm, J. G. ,

Hol l i ngsworth, T., Jorgenson, M. TL.,, KdolkkuyukE, B. 6 AMa
G. , Turetsky, M. R., and Valentine, D. W. Soi l car
fomi ng factor $,685847dledmia; 1067016/ .geoderma. 2011. 10.
Johnston, G. H. , and Brown, R. J. E.: Stratigr aphy
Territories, Canada, Geol ogicaftl1Boct 0y1103‘0/ﬁ0rﬂ €lr6i c a
7606(1965)76[103:sotmrd]2.0.co; 2, 1965
Jones, B. M., Arp, C. D., Jorgenson, M. T., Hi nkel , k
the rate and wuniformity of coastline er@m,sion in Arc
L0O3503, doi:10.1029/2008gl1 036205, 2009.
Jones, B. M. , Gr oss e, G., Arp, C. D. , Jones, M. c. .,

Modern thermokarst | ake dynamics in the continuous
Al aska, Jouremgplhysiodal G Research: Bi ogeosciences,
doi :10.1029/2011JG001666, 2011.

92



Ref erences

Jones, M. c., Gr osse, G. , Jones, B. M., and Wal f
rmokar st | ake braiscimspeéemmafornastnonionsnt HerelAl &8s la
nal of Geophysical Research: Bi ogeoscience:

r
2

S M. c. , Boot h, R. Ky.e,arYur,e cZor dC.o f apnedr niraefrrroys
b l i-garn nbag.,.cAl ampmie EAdO®sydtoemsl,0-. 1®071s
5

3.
on, M T. , Shur , Y. L., and Pull man, E. R

ns . .
ka, Geophysical Research Letters, 33, L0O2503

Jorgenson, M. T. , Yoshi kawa, K., Kanveskiy, M., S
G. , Br own, J ., and Jones, B. : Permafrodt char
I nternational Conf erle2n2c,e 200mM 8P er mafr ost | 3, 121

Jor geM.soh.,, Romanovsky, V., Har den, J. Shur, Y.,
M. , and Mar chenko, S. : Resilience and vulnerabi
Jour nal of Fored423Besdai cOhi600.,4 0230911081 O

Kakai nen, A, and Lunkka, J. P. : Sedi mentati on 0
i mplications for stable environments adjacent t
Asian Earth -B8) edcies] ®ARPPIY &/BQ) ,100DBF043

Kanevskiyvy, M. , Shur, Y., Fortier, D. , Jorgenson,
Pl ei stocene syngenetic permafrost (yedoma) i n nc
Resear ch5967,5,d058410. 10162011ly.qres. 2010.12.003,

Kanevskiyvy, M. , Shur , Y., Connor , B. , Di I-l iomh M. ,
syngenetic permafrost for road deSignedhaticonal
Conference on -P26ma20bd21 , 1, 191

Kaneivys, k M. , Shur , Y., Jorgenson, M. T. , Ping, C.
Dill on, M. , and Tumskoy, V. : Ground ice in the
Al aska, Cold Regions Sc70encaoig:nldlo Telclebyo ooagy 208 2
2013.

Kanevskiyvy, M. , Shur, Y. L., Fortier, D. , French,
Vasiliev, A. Patterns and ratéshofpermaérbank (&
l'tkillik rRi vAdra,s kNao,r tGeeeo mor phol ogy, i n preparatior
Kaplina, T. N. , Giter man, R E. , Lakhtina, 0. V.

Duvannywa Xa&iy section of Upper Pl ei stocene depos
Quaternar@o mmisesxir @i, 4189 7 &4.9

Kaplina, T. N. , Kostalyndina, N . K., and Lei bman,
cryolithol ogical mapping, in: Formation of froz
Nauka, Me0c o wt,9 851

Kafuman, D. S., Ager , T. A. Ander son, N . J ., An
Brubaker, L. B. , Coat s, L. L., Cwynar, L. Cc. , Du
R., Gajewski, K., GeirsdKapian, AM, Ru, Ker$i,n,Jéa
A. V. , Mac Donal d, G. M. , Mi |l |l eB)l i@.snk.r,, NMacHK, ,C.F
D. F. ., R¢hl and, K., Smol , J . P., Steig, E . J .,
western AingaAW), (OQuaternary Scienc®260, Revi e
doi :10.1016/j.quascirev.2003.09.007, 2004.
Kenkkil 2, J.: The | aser di ffractploani ngrsae chi nseinztes
Lantian, i n Shaanxi provincey, ntmilwersi Chgi md, HB
pp., 2005.

Kessler, M. A., Pl ug, L. J. and -Wal me kslcéaniteh a hy
dynamics of mor phol ogy and sequestered carbon n
Al aska, Journad$i cadf Résemhy h: Bi ogeoscience:
doi :10.1029/2011jg001796, 2012.

Khvorostyanov, D. V., Ciai s, P., Krinner, G. , an
carbon stores t o future war mi ng, Geophysi c:

doi :10.1029/2008GL033639, 2008.

93



Ref erences

Kill ops, S. D. , and KillogshemVstdy; Jobhbpwo VMUt EYO R tS®@ I
York, 393 pp., 2009.

Kl ei nen, T. , Brovkin, V. , and Schul dt , R. J. A dy
accumul alttionf omreshe Hol ocen248,Bidoogie-63@®5 BInX4e/sb,g 9, 23
2012.

Kl ovan, J. ., and | mbrie;l VJ.pirolm a#mlicdbdnead dighamfgaentdorFor tr a

anal ysis and calcul ation of f7a7,tlo@oilsE®d*/etsf, 0 Mad hdeIA,t i
1971.

Knobl auch, c., Beer, c., SodMni n ,PrA&diteWam geealr,dmh. |, and

mi neralization and trace gas production from thawir
Change Biolibfgy2, 1Hbi/ldowW.112116, 2013.

Kokel j, S. V. , Lacell e, D. , Lant z, T. c., Tunnicliff
Thawing of massive ground ice in mega slumps drives
across a range Joofurwaatl e rosfh eGle ospchaylsei sc,a | R&g2ar ch: Eart
doi :10.2002/jgrf.20063, 2013.

Koni shchev, V. N. : Cryolithological evidences of t ho
deposits in the Dyvanny Yar secbwomniiver-sPtgblPems solf
64, 1983.

Koni shchev, V. -INi. ke Osiilgi ni of Né oelsesr n Jakdug, a, USSR,

1987.

Koni shchev, V. N. , and Rogov, V. V.: I nvestigations o
Asi a, P enrdmaPferroi sgtl aac i a6l 4 ,P rdoocie:slsOe.s1,0 042,/ p4p9p . 3430040105,

Koven, c., Friedlingstein, P. ., Ciai s, P., Khvorostya
formati olnatoift uhdieghs oi | carbon stocks:byeEfdregdrsi cof cry
matter i n a |l and sur face model , Geophysical F
doi :10.1029/2009GL040150, 2009.

Koven, C. D., Ringeval, B. , Friedlingstein, P., Ci ai
and Tarnocai, Ccli matmaffeesshacksebaccel erate gl obal |
the National Academy4dfrf4ScidencdD, 1DF8B/ ph4s6910391010
Koven, C. D., Ril ey, W. J ., and Stern, A.: Analysis

cl i maaregechi n t he CMI P5 earth system -Imd@e, s, Journ
doi :10. D702 Z&811, 2013a.

Koven, C. D. , Ril ey, W. J ., Subi n, Z. M., Tang, J .

Lawrence, D. M. , andt Swénventi 8allCy: rd@del eéddesoil b
alternate soi l C and N model s on C dyB®4dadmics of C
doi :10:1591P@DKG, 2013b.

Krinner, G. , and Boiskceal el .c | iAnasttiucd ¢ga fefdeqitdser dfracay epd s s i
thlatlt ude inland watbteerntsuuryf, a cBeosr ecad r iEmgy i-tr ben m2 h t Res
217, 2010.

Kuesel, K., and Dr ake, H. L. : Ef fects of environment
acetate by f oaredte mswiirlosn meAmtpd li 8ndi 7c5r, 0 bli9®I50.gy, 61, 366"
Kuhry, P., and Vitt, D. H.: Fossil carbon/nitrogen ra

77, 2Z5B, doi:10.2307/ 2265676, 1996.
Kuhry, P-L, ,PiScduuc, E. AZi Goy, T8SrnoRaepor€C. framdt he |

Permafrost Association: Carbon pools in permafrost r
20, 28249 doi :10.1002/ ppp.648, 20009.

Kuhry, P., Dorrepaal, E., HugelPiouse,ntG.a,l Scemori,| i E.atA.
bel owground permafrost carbon under future global wa
21, 22048 doi :10.1002/ ppp.684, 2010.

Kuhry, P., Gr osse, G. , Har den, J. W., rHudgel i annd G. , |
Tarnocai, C.: Characterisation of the Permafrost Car
24, -1546 doi :10.1002/ppp.1782, 2013.

Kumada, K. : Chemistry of soil organic matter, Develo
1987.

94



Ref erences

Kunitsky, V. V., Schirrmeister, L., Gr osse, G. , a
their role for the I ce Complex formation-in the
67, 2002

Kut zbach, L., Will eThe. examangPef eoff fear b&n dMi. oxi c
tundra and the atmosphere at the Lena -BBOer Del
doi : 10486000 g 2007.

Lai, R. : Soi |l carbon sequestraticosysnematudalurnm
Sustainabl e3Bprdetrg0.28300123J0912v21n01_01, 2004.
Langer, M. Wester mann, S., Hei ke-hhebkd, mdMdel Dog n
permafrost temperatures in a tuBdviar éromweématnd 1 2%,
24, doi:10.21016/j .rse.2013.03.011, 2013.
Lantuit, H. , Overdui n, P. P. Coutur e, N. Wett er
G. , Drozdov, D..SGaylFonrldesA D. thge\lﬁﬂevelam,,JHut
Jorgenson, T., |l deg-rd, R. S., Ogorodov, S., Pol
Steenhui sen, F., Streletskaya, ., and Vasiliev,
classification schiecmep earnnda fsrtoastti sctoiacsst loinnefsr,ctEst u
400, doi: 1@.1DB®2/ s21021223.7

Lant z, T c. ., and Kokel j, S. V.. Il ncreasing rates
Delta region, N. W. T. , Canadaer s,Geofabysi cLal6 5
doi:10.1029/2007gl1 032433, 2008.

Laurion, ., Vi ncent , W. F., Maclntyr e, S., Ret i
Variability in greenhouse gas emi ssions from
Oceanograph¥0Q. 55, 115, 20

Lawrence, D. and Sl ater, A Il ncorporating org
Dynamlcslﬁeo ddi451@©.00QGFLB/ s20000388. 2

Lawrence, D. M. , Ol eson, K. W. FIl anner, M. G. ,
Zeng, X.-L. Yaheyi &, S. ., Sakaguchi, K., Bonan, G.
i mprovements and functional and structural advart
Journal of Advances in ModeOibhg2€a20blB8yBG80e@#ims, 3
Lee, H., Schuur, E. A. G., Inglett, K. S., Lavoie

rel ease under aerobic and anaerobic conditions
Bi ol ogy-52%810d.511151 12/4j8.61. 36051 1. 02519 . x, 2012.

Lee, S. H. , Jang, ., Chae, N. , Choi , T. and Ka
activity and abundance in Arct4¢41uddra1©oloe7/$
0121285 3201

Lehner, B. , and D°1l |, P. : D
wetl ands, JournalR2ofdblyddol 6
J. Luo, Y., Natali, S. a
mafrost thaw and ecosystem carbo
e in Al aska, Journal of Geophysi
:10.1002/2013jg9g002569, 2014.

Lide, D.g&r.,, ®aysKahi ai an, H. V., Berger, L. .,
Haynes, W M., and Zwillinger, D.: Properties of
Chemi stry a'fedd.Phvyesdiictse,d 8b9y : Li diegi @n, RH., M.aYy sBenrgg
Kuchitsu, K., Gol dber g, R. N. , Rot h, D. L., Hay
and Francis, Boca Raton, Florida, 1101, 2008.

Ling, F., and Zhang, T. : Numeri cal sdiemruell aotpimeemn t o f
under shall ow thaw | akes on the Al askan Arctic
At mospheres, 108, 4511, doi:10.1029/2002jd0030114

Ling, F., Wu, Q. ., Zhang t aTll.i,k afnodr mditui,o n& | a ntdv apdeer!l nha
under a thermokarst | &k db,et Beil ladu keea u Ba Piemr ma Qi ogt
Processe321,23doi3:120. 1002/ ppp.1754, 2012.

Lopatina, D. , and Zanina, O.: Pal eobotanical ana
upprlrei st ocene host deposits, the Kolyma River
Correl at i506m0,, 1d4o,i :51409. 1134/ s0869593806050078, 200 ¢

Li

r
t
i

o — M.

[
p
s
d

e
1

95



Ref erences

Luo, Q., Yu, S.
12(Xenes in th
9, -16@, doi : 1

, Liu, Y., Zhang, Y., Han, -H., Qi, L.,
e | ower Cretaceous of the Sai hantal a Sa
@.1-20 @8R/ s21021128.2

Mac Dougall , A. H., Avi s, c. A., and Weaver, A. J. Si
t he pestmadar bon f eedback ;7 2Nat udroei :Glelo.slcOi 3e8n/cneg,e 051,5 7731,9 2
Ma c k, M.-H&Lr. t, e BrMdt S. , Hol Il i ngsworth, T. N. , Jandt , R.
and Verbyl a, D. L.: Carbon | oss ef,r oNtmataunr ey n pdr7esc, e d4e8nx
492, doi:10.1038/naturel10283, 2011.

Mackel prang, R., Waldrop, M. P., DeAngeli s, K. M., Da
Rubi n, E. M., and Jansson, J. K. : Met agenomic anal"
revaakrapid response 3« 1t haw,i :NaOt. LrOe3,8/ &G, urFxaO 576, 2C
Magens, D. : Late Quaternary <climate -#red mafviosonment a
records from Cape Mamont ovy KI'yKk, Laptagphy Se a, ma st
Chri-atbad#onitversity Kiel, Kiel, 131 pp., 2005.

Mangel sdor f, K., Finsel, E. , Liebner, S., and Wagne
communities in different -afid6ecteds sofl|l Si hbeoiman heperlLne
Chedm de-rGebBrcdhe mi s tlr8y2,, 6d9,i :11609. 1016/ j . chemer. 2009. 02.0
Mann, P. J., Sobczak, W V., LaRue, M. M., Bul ygi na,
Davydov, S., Zimov, N., Holmes, R. WKnzywmadi cSpencer,
controls on metabolism of Arctic rivesllObganic matt
doi :10.1111/gchb. 12416, 2014.

Manson, V., and | mbrie, J . FORTRAN program for factc
an I BM 7090 ompud0é&dA/ 5461 em, State Geological Surve
Lawrence, 46 pp., 1964.

Marcott, S. A., Shakun, J. D., Clark, P. U., and Mix
temperature for the pastlZ]OJ_‘L;LSO(IjOlIlyZe63/rSSC|e81c0|eenlc2e28032%9,,
Mar zi , R. , Tor kel son, B. E. , and Ol son, R. K. : A
Geochemi st-1$§0620doil 3-@880Q (0 2 85,9 01d96963 .

Mascarell i, A. A sleeplng gi ant 23, SNBGt ur e Repor
doi :10.1038/climate. 2009. 214 20009.

Mc Gui r e, A. D. , Ander son, L. G. , Christensen, T. R. ,
M., Lorenson, T. D., Macdonal d, R. W., and Roul et, N
to clcihmatge , Ecol ogicab5Monadagir .émmﬂ.§1.8151/,20085)293

Mc Gui r e, A. D., Macdonal d, R. wW. , Schuur, E. A. G. ,
Christensen, T. R. , and Hei mann, M. : Thie reatrbon budg
Opinion in Environme2n36a,l dSais:tlal .nlablid/ijt.yqgo Kust2.321010. 0!
Mc Kane, R. B., Rastetter, E. B. , Shaver, G. R. , Nade
Chapin, F. S.: Cl i mat ircageef fiercftesr roend tfu nodnw ae xcpaerrhb ome ng t
model , Ecol-10olg87 , 7d8Bqai 1 N6/0288099DPQ28[ 1170: ceotcs] 2. 0. cc
Mer gel ov, N., and Targulian, V.: Accumulation of orga
affected soli 1l 4 ow I andsasitn East Siberi 260 FEurasi an S
doi :10.1134/s1064229311030069, 2011.

Meyer, H. , DereV|ag|n, A, Siegert, c., and Hubbert e
Peninsul a, -Mydn dg e&n baa md aogiygemd i isoe¢ oplRasl5almf or schung,
doi:10.1594/ PANGAEA. 728530, 2002a.

Meyer, H. , DereV|ag|n, A, SiegerW.,: @al aBolkili mae iest

reconstruction on Big Lyadgkdoogky besbdamdk,yigrenrtilsoSobbe
wedges, Permafrost andlO®P=,riddia:cl®.l1®PCD/cpempp.edsl 6,1 320 M2

Meyer, H. , Yoshi kawa, K., Schirrmeister, L., and And
region, Al aska): A Late Quat eromarr 8"l nptad raneaoteinovni arlo n me
Conference on Permafr-a896, F2D06Banks, Al aska, 1191
Meyer s, P. A. Preservation of el ement al and isotopi
matter, Chemicald30%Beodoigy 120514119 19642) 89600095994 .

Mi chael son, G. J. ., Ping, c., and Kimbl e, J.: Car bon

Al aska, USA, Arctic-4a2dd Alopiindd RS8ILgdrlchH, 18624 1996.

96



Ref erences

Mi esch,-mAdeTfacQor analysis dhtgemahemceal wanhdtd p
sums, US Geological Sua,v edy7 ,Prlddf7ebs.si onal Paper 57

Mi shr a, u., Jastrow, J., Mat amal a, R. , Hugel i us,
Fan, Z. , and Miller, R. :elEimpg rurmadr teasitn tmad s so ft os
in permafrost regions: A review of recent prog
Research Letters, 8932358203/ 08602D0. 204848/ 1748

Morgenstern, A, Grosse, en&®t,icandmoBphbtomecater

characterizati on odo rhiarkaetse di nt'etnhaee Dpeehrt rmapfnréd s tCon f e
Permafrost, -Fad44banh&kk68. 1239

Morgenstern, A, Gr osse, G. , G¢ ntShpeart,i aH. , a nFael dyosrec
thermokarst | akes and basins in Yedoma -8Gmhdscape
doi :10-584®3@811c 201

Morgenstern, A.: Terredsnokm:r sDe cqarnadd-athecermmd f m&f best a
thebnstitute of Earth and Environment al Science
Mari ne Research, Potsdam University, Potsdam, 11
Morgenstern, A. Ul rich, M. , G¢enther F. ., Roess|
Boi ke, J. and Schirrmeister, L. xriEvwolpwetrinoanf r ofst
case study, Ge 0 RB07r9p, h odl ooi g:y1, 0 .210011, 6 /3j6.3geomor ph. 201 3.
Mu , c., Zhang, T. , Schuster, PD. FA,, Schagegfker, Bcl
and Cheng, G. : Carbon and geochemical properti e:c
Regions Science a®6d, TedohndlOodw,16¥900,co5@dregions. 2
Mu h s, D. R. , and Bedgdhd eos &l : s@@Qqaeéprcasardpns vexampl
sedi mentary extremes, in: Extreme depositional e
edited by: Chan, M. A., and Archer, A. W. Ge ol
Boul derrgddZal,»3200 3.

Myhre, G., Hi ghwood, E. J., Shine, K. P., and St
we l | m|x ed greenhouse gases, Ge o p Ry7sli8c a | R
doi :10.1029/98GL01908, 1998.

Nagaoka, D.: Pmpp ext idesposfiitsclkiSC@msdieum Sn behea
Siberian Permafrost Studies betwe,enld%Bdp.an and Ru
Nagaoka, D. , Saij o, K., and Fukuda, M. : Sedi ment «

Siberd¢aediPr@sSympdhieurB on the Joint Siberian Per
and Russi a, Ts3uyk ulb9a9,5.Japan, 8

Natal i, S. M. , Schuur, E. A. G. , We b b, E. E. , F
degradati on stirm)unhaet>epserC|amiebnotnaIIlcysswafrrme6d08tundra
doi : 10 :0168090./11,3 201

O' Donnel |, J. A., Harden, J. W., Mc Guire, A. D.
effect of fire and permafrostimnnaear apl iaonds bd)tack
ecosystem of interior-t Ahwskar bompliosati Ghiobadr C
146474, doi: 12204.8161 1210/1j0..10326355 8. x, 2011.

O' Haver, T.: I nteractive Peak Fitter:
http://terpconnectlnmear edui/ véePdadlspiect eumht m, acc

Oksanen, J.: Mul tivariate Analysis of Ecol ogi cal
Oulu, Oulwu, 43 pp., 2013.

Ol efeldt, D., Turetsky, M. R. , Crnd Il physi iMal, @mmt
on northern terrestrial met hane emissions across
603, doi:10.1111/9gchb. 120712, 2013.

Opel, T. , Dereviagin, A. Y., Mevyer, H. , Schirr
i nf ommaftrioom stabl e water i sotopes of Hol ocene i

northeast Siberia, Russi a, Pesl@df r adsoti : drdd 1PORV @
2011.

Osterkamp, T. E. : Causes of waFEad ,ngTraanmds a chtaiwd msg A
Geophysical -83M3,0ndoi8:8L,0.52®29/2007e0480002, 2007.

Parmentier, F. J. wW. , van der Mol en, M. K., van
Suzdal ov, D. A., Maxi mov, T. €easand ol man, i Ac

97



Ref erences

car bon uptake i n t he northeastern Si berian tundr
Bi ogeosciences, 116, G04013, doi:10.1029/2011jg00165
POEW®, T. L.: Quaternary geology of &3@askh978%S Geologi
PRW®, T. L., and Journaux, A. Origin-camdraharacter
Yakutia, Siberia, USSR, US Geological Survey Profess
Pfeif-Meyr, akEd Janssen, H. : C h aursa cntge rti hzeaat Id eoént eofif 3 @ r ganii

permafrost siltnediigndo mtkhaen dKk o INyoma heast Si beri a, Confere
Correleation, and ManagemeaffeanddIsgaovlOsIn3ed ® of Per m

PingL. ,C.Mi chael solnor g& nslon, GQWo,T.L. ,Kanevskiy, M., Shur
J . Soi l carbon and materi al fluxes across the eroc
Geophysical Research: Bi ogeosciences, 116, GO02004, d
Ping, B@ckheim, J. G. , Ki mbl e, J. M., Mi chael son, G.

cryogenic soils along a Il atitudinal transect in ar
At mospher es28 9208, ®&®BiN170. 1029/ 98j d02024, 1998.

Ping, ,CMilchael son, G. J., Jorgenson, M. T., Ki mbl e,

Wal ker , D. A Hi gh stocks of soil organic carbon i

Geoscien6&9, 1200685

Pl ug, L. J. andx pVes s$i odd.iimke.nas i fommeaww Icaokuegpleed model of
thaw subsidence, and ma s s movement , Jour nal of Geo
F0O1002, doi:10.1029/2006jf000740, 2009.

Poynter, J. and Eglinton, Gedi nént Mof eowml @arol eo MA ¥ i
Bengal Fan, Proceedings of the Oce-d61DridlBBONng Progra
Poynter, J. G. : Mol ecul ar stratigraphy: The recogn
geochemical dat a,f FKhRmimkdgiys, USdlealsi ty of Bristol,
Prins, M. A., amedmbAMerl t med e lGi.ng -aif zEenidd i € cil st i eangr aT
Quaternary record of eolian and fluvidlmasédi ment su
significance., i n: Numeri cal Experiments in Stratidg
Sedi mentologic Computer Si mul ations, SEPM, edited b
Slingerl and, R. , Gol dstei nSedi.me nd md y F rdelold, @aq1y, pp,
1999.

Pye, K Aeolian dust and dust deposits, Academic Pre
Pye, K. : The natur e, origin and accumul6abt7i,on of | 0ec:
1995

Rachol d, V., Grhk.goE.i,evSolMomdn,, R3r.e,Rei mnitz, E., Kass
Coast al erosion vs riverine sediment di scharge in t
Earth Sciefhgs,d®9;,1@5D007/s005310000113, 2000.
Radke, M., Wil esclib, H.;, &mep®ebhtive hydrocarbon gr ol
aut omated medi um pressure l'iquid chrdmdt ography,
doi :10.1021/ac50053a009, 1980.

Raynol ds, M. K., Wal ker, D. A., Amebvrsoksiiyus M.K. KJo.f,i nBrsc
G. P., Romanovsky, V. E., Shur, Y., andy eWderbsb er |, P. J
of infrastructure andhclpiemartaee roBadandendscapges, Prud

Al aska, Gl obal Ch-aeggd,Bdoiodgp, 1201/ 42H112500, 2014.

Rei neck, H. E., and Singh, . B"%dDepb6pithgen) Bedi i
Hei del berg New York, 549 pp., 1980.

Ri gor, . G. , Col ony, R. L., and Maretrivm,t i ®.n:s Var itahtei
Arcti €©,7,190urnal o0o914€] i mao@., 13, 896

Roddi ck, J. C.: Generalized numeri cal error anal ysi
thermodynamics, Geochi mi ca et21 ®»,s modcohii:mMiOc.al 0 AG L @Q 1 ¢
70379®ZH1 1987.

Romanovskii, N . N. : Fundament al s of Cryogenesi s of
Mo s c o w, 336 pp., 1993.

Romanovskii, N. N., Hubberten, H. W, Gavrilov, A. V.
N., and Si egerdgt, &ndade dTehrdnmhek acti ons, Laptev sea regi

98



Ref erences

and Periglaci al -1P5 20,c e sdsoe s: , 1105. 3100( 0220/D®MHAY 0-6 ) 1 1: 2 <
ppp345>8.,0260002

Romanovskii, N . N. , Hubberten, Hnd WKholGadov] oW,
Permafrost of the east Siberian Arctic shelf anct
138869, doi:10.1016/j.quascirev.2003.12.014, 20C
Romanovsky, V. E., Gruber, S. ., | nsLt.a,n eTsr,o mb.o,t tJoi, n
and Walter, K. M. : Frozen ground (Chapti2z00,7), 1in
2007.

Romanovsky, V. E. , Drozdov, D. S. ., Ober man, N. G.
S., Moskal enko,O.N. UXr,aiSetrsgeeveay,, ND. G., Abr amov,

Vasiliev, A. A.: Ther mal state of per mafrost in
13655, doi:10.1002/ppp.683, 2010a.

Romanovsky, V. E. , Smith, P&r maf.r,osandt hGhrrmaslt | sathast

Northern Hemisphere duringi200e: i Ateyntahéshnsa)] Pe
Periglacial HArn®cesodes, 10210020¢ppp. 689, 2010b.

Rout h, J. Hugel i us, G.., KuhrBeclker, FMiplrox)ydT.Cr i
study of soil organic matter dynamics in permaf
change in t he European Russi an Ar-t17.,c, Ch
doi :10.1016/j.chemgeo. 2013.12.022, 2014.

Rowl and, J. c. ., Jones, C. E. , Al t mann, G. , Bryan
Lawrence, D. M. , Mancino, A., Mar s h, P., Mc Na mar
B. J. Trochi m, E., Wilsoo, |l @nddcapandi Beernastit
t hawing per mafrost, Eos, Transaction830Ameri c
doi :10.1029/2010e0260001, 2010.

Rumpel, C. KnabuderK° glel: DeepAsé&ely, obganipoombhyt an

componfentteraestri al C cycdle8, Pdant 1@1-0C&5H/i 4 1 1 13034
2011.

Sannel , A. B. K. , -iannddu ckewh rdye, s tRa b:i | Wazramiiinogn o f pea
compl exes, Jour nal of Geophysical OR&search
doi :10.1029/2010j9g001635, 2011.

Scanl on, D. and Moor e, T. : Carbon dioxide produ
temperature, oxic/anoxic condi-IT16@®@ns2@ha@. substrat
Schadel , c., Schoaur R. E. EAbeGlL i n®Br aB. , Knobl auch,
G. R. , and Turetsky, M. R. : Circumpol ar assessm
over ti me -tuesritmmg i nlcaurbgat i on dat a, Gl o&l12, Chang
doi:10cthl12417, 2014.

Schaefer, K., Zhang, T. , Bruhwil er, L., and Barr
release i n response tSoe r 8k 5 nBa3:1e8 OweaSdmiin:gl;0 . TA L I 0§
0889.2011.00527.x, 2011.

Schaefer, KRomaaovseky, W.,6 E., Schuur, E. AL an
per mafrost carbon feedback on gl obal cli mate,

doi : 10. 19038285//197/488 085003, 2014.

Schaphof f, S. , Heyder, U. ,J.Qs tabnedr gl ucsSht,, OGEr:t e@aq!
per mafrost soil s t o t he gl obal carbon budget,
doi : 10. 19038286//187/418 014026, 2013

Schirrmeister, L., Siegert, c. ., Kuznet sdiv.a, alh.d,

Bobrov, A.: Pal eoenvironment al and paleoclimati ¢

region o f Nort hern Siberia, -11Qu,at edronarly0. 1 it 6Ge/r.
6182 ( 0 10,0 02008032 .

Schirrmeister, L., Ofagsesnes,, ®..,, HKMeryietrskyH. ,V.Der evi
Andr eev, A. Babiy, o., Kienast, F., Grigoriev,
| andscape evolution and environment al changes o
(wesrn Laptev Sea coast, Cape Mamon2 %, KIl yk

doi :10.183690j 2008100067.x, 2008a.

99



Ref erences

Schirrmeister, L., Kunitsky, V. V., Grosse, G., Kuzne
Siegert, C.: Thhee Weodrotnhae assutietren oSi beri an shelf region:
of formation, 'Plrnotceerendaitnigosn aolf Qohnef er-Eh@E, oh0 P& .mafr ost
Schirrmeister, L., Gr osse, G. , Schnel lly, M.,, Fuchs,
Grigoriev, M., Andreev, A., Kienast, F., Meyer, H. ,
and Schwambor n, G. : Late Quaternary paleoenvironmen
Arctic Siberia, Pal aeogeadrazmteyc,0l o g4l &6 2OI19i, ma t1o7l 50 ¢
doi :10.1016/j.palaeo.2010.10.045, 2011a.
Schirrmeister, L., Gr osse, G. , Wetterich, S. ., Overd
Hubbertwn, Flssil organic matter charatheasstics in
Siberian Arcti c, Journal of Geophysical Resear c
doi :10.1029/2011jg001647, 2011b.

Schirrmeister, L., Kunitsky, V., Gr osse, G. , Wetteri
Derevyagin, A. anntdrgi ecdhearrta,ct@.r:i s$eadismeand origin of

Compl ex -eastnhoBtherian Arctic cbasteali ewowlQamder mady
I nternat i205naldo0i24110,. 13016/ j . quaint. 2010.04. 004, 2011c.

Schirrmeister, TumskBlyoes\we,, r o &s ¢, G. , and Wetteri
Pl ei st eecdecrhe siymegeneti c permafrost of Beringia, i n: E
ed., edited by: Elias, 552, A 201 &l sevier, Amsterdam, 5
Schmidt, M. W.iVvenp, T&rn, DMt t®ar, Af., Guggenberger, G.
Kogkhabner, ., Lehmann, J ., Manni ng, D. A. Cc. , Nan
Trumbor e, S. E. : Persistence of soil ,orgg®nic matter
2011.

Schneider von Deimling, T. , Mei nshausen, M. , Lever ma
M. , and Brovkin, Yurfhasti-marmafdgr bbeedmaak on gl obal

Bi ogeosci etnbcte,s ,d i, 9%6ABH124/ B§12.

Schneider von Deimling, T. , Gr oss e, G. , Strauss, J.
Mei nshausen, M. , antdaB8ed kepddl. i ngObesfer pat mahr ost car
accounting for deep crasrtboaRitdeypasict e nared -Dhescmseslila, 1
16643, doi-116G.5299240 1b4g d

Schul t e, S., Mangel sdor f K., and Rull k°tter, J. |
continent al margin as reveal edc hbeymibsitamB0 X32Lr, gleddcSh e mi
doi :10. 1-6380 60 &% 6 02100080 .

Schuur, E. A. G. , Bockhei m, J., Canadell, J. G. , Eu
Hagemann, S., Kuhry, P., Lafl eur, P. M.l,i maantde L e e, H.
change: | mplications for the 'gl@,bad0|ca1(b01164:1y/cl358083(
2008.

Schuur, E. A. G., Vogel, J. G. , Crummer , K. G. Lee,
effect of permafrose dama&Gwnetn a)ardba:rardmomha"regeeafsrom tu
55659, doi:10.1038/nature08031, 2009.

Schuur, E. A. G. and Abbott, B. : Hi B, ri sk of |
doi : 10. 1038/480032a 2011.

Schuur, E. A. G., Abbotitn, BV. ,W.GanBolwdenRB. ,W.CaBnadeBrlo,v k
P., Chapin, F. S., 11, Christensen, T. R., Ciais, P
J. Hayes, D. J. Hugelius, G. , Jastrow,, J. D. , Jon
Kuhry, P., Lawrence, D. M. Mc Guire, A. D., Natali,

J. Rinke, A., Romanovsky, V. E., Sannel, A. B. K.,

Tarnocai, C., Turetskyr, AWt hRo.ny,WaK.drM.p,, Wi.c kR.andWalk.e
J. ., and Zi mov, S. A.: Expert assessment of wvulnerab
Climatic Ch&8idge, ddbl9 1 O319BYF BN/ s21001538. 4

Schwambor n, G. , Rachoil dor iVey, SdMdhneadédr Ni Wdor G, u. : C
radar and s$tad dtoiwgrseptsimi cand per mafrost investigatio
Arctic 'interrinati®nal Conference on &r8OundO0aOnetratir
Schwambor n, G. , Andreev, -VA.,, @aicghoorlide,v,V.M. HN.b,beTumnk
Pavl ova, E. Y., and Dorozhkina, M. V. : Evol ution of

Delta, during Late Pleistocene@B,and260Racene ti me, Po

100



Ref erences

Schwambor n, G. , Rachol d, V., and Grigoriev, M. N
Lena Delta, Quaternlal4dy, |Iddaie:rintal & bncali2s 0 (RADE042 D1 9
Schwambor n, G. , FOerstermeiAst erDi elk.manatha BlFatdeSrcdv,
Quaternary cryogenic weathering conditions at E
from mineral ogical and microt eXtnurealn apri omerlt iCeosn
on Permdafwvests,j ty of AlabsOkea RaDiOr8hhanks, 1601

Seger s, R. : Met hane production and methane consu
met hane fl uxes, B bgedacihend s21 03/ #110289290327614
Sepp?al 2, M. : Wiincd aagse na dgenoncoorlpd cl i mat es, Cambr i
2004.

Serreze, M. C., and Barry, R. G. : Processes and |
Gl obal and Plan®taryoChada®mgd01bB7) . 8boplacha. 2011.
Shakhova, N. , Semil etov, ., Sal yuk, AL, Yusupov

u
rom sedi ment ¢

met hane venting to the atmosphere f

l124®50, doi:10.1126/science. 1182221, 2010.
Shengmi trh, §&. c., MacDonal d, G. M. , Kremenet ski,
Bei |l man, D. w. , amelscDIumbtblacusrndGlPShveAtImlrg/h of the w
carbon pool, Gl obal Biogeochemd2ahoLyrd9@e,s,20AB4. C
Sher, A. V. Mammal s and stratigraphy of the Pl e
North America, Nauka, 1971.

Sher, A. V., Kaplina, T. N. , Giter man, R. E. , L
Kouznet s¥Wv, VYirina, E. 1., and Zazhigin,'"Vv. S.:
Pacific Science Congress, Khabarovsk, 1979.
Sher, A. V., Kaplina, T. N. , and Ovander, M. G
Quaternary depKkodsyima Iliomwltahned Yaamda i t s-Emopu natnaait noor uys
not e, I nterdepartment al Stratigraphic Conferenc:
USSR, 1987.

Sher, A V. l's there any real evi dencrenafror a
Il nternat i-4o0n,al1,9 9258., 39

Sher, A. V., Kuzmi na, S. A, Kuznetsova, T. V.,
Wei chselian environment and climate of the East
and mammal sy Quatecepa Ré&wi9ewsdoi24,0. 3836/ . quasc
2005.

Shindell, D. T., Falwuvegi, G., Koch, D. M., Schn

attribution of climate forlit,g dmlle&nﬂcsas1|2013n73426$)c
20009.

Shur, Y. L., and Jorgenson, M. T. : Patterns of [
climate and ecosystems, Per ma%,r obsai :aln@d. P02 /gd papc.i
Siegert, c., Scshkiyr,r Mmei,s tMery,erl,. . H.KunKiutznet sova, T.
S., Tumskoy, V. E. , and Sheri,c hA.pevY.mafRalse o c |R enpaoct
and Marine Research, Al fred Wegener Inst+4tut f ol
259 pp., 1999.

Sitch, S., Smith, B. , Prentice, I . Cc., Arnet h, f
Lucht, W. Sykes, M. T. , Thoni cke, K., and Veneyv
geography and terrnestthe aLPXadpoamicychl obali vege
Change Biold®gy,dei: 1-8486480P31686569. x, 2003.

Sl agoda, E. A.: Genesis and microstructure of c¢r
the Muostakh llsnlsand,utRer nRaufsrsasath Academy of Sci e
1993.

Sl ater, A. G. , and Lawrence, D. M. : Di agnosing p
Journal of GH62At edoi2-6]1 DHBBAAS/1j,cl2i013.
Smal l ey, and Small ey, V. : Loess materi al and | oe
consequences, i n: DevelbBb@lmean ss e i merdtismneand | pgyc
Brookfield, M. E., an®é 8AhI1®r88ndt , T. S., El sevi e

101



Ref erences

Smith, THe dSRei:smic shothole drillersd | og database al
northern Yukon:-sAnfacehilveéhob6tmnewirgraphic surficial
Geol ogi cal Survey of Canada, Open. File Report 6833,

Smith, L. c. , Sheng, Y., MacDonal d, G. M., and Hi nzme
308, 1429, doi:10.1126/science. 1108142, 2005a.

Smith, M. R. , and Mah, R. A. Acetate as sole carbon
strawvn AppHnive d oalhicecnrtoabli o | e9gPy9,, 3199,8 09.9 3

Smith, S. L., Burgess, M. M. , Chartrand, J., and La
database for the Mackenzie Valley/ Delta region, Geo
4942, 30, 2005hb.

SoBUr Baewff: Soil taxonomy: A basic system of soil cl
soil surveys, 2 ed., United States Department of Agr

ns, P., Spycher, GrpgandmGhasamamdt iCema Ay romlelti g
tio forest soil organic ma3#t,erdoiS:0%-Q. 1B0ilo6l/00g0y3 8a
( 8 46),9 01192824 .

ns, C. W. , Moor man, B. J ., Sol omon, S. M. , anc
ions wi-sthome theneneaff an Arctic delta wusing gro
ions Science a8, Thkeacih:nlod.olgyl 6 /5j6.,c 8lI0dr egi ons. 2008. |

nson, F. JGe:n eu my s cohmpmisdttrip:ng& Semsti Naw, Ydrok,n

)

Er—r P~ 00 ~ O™

L .

wn

wn

e
4 .

glitz, M. , D®r vy, S. J. Romanovsky, V. E. , and O
ming of arctic permafrost, Geophysical Resear ch 1

StraussScHirnrmendster, L.: Permafrost Sequences of B L
Ger man Cooperation SYSTEM LAPTEV SEBwWoOrThkhaeyxapedi ti o
Peninsula 2010, edited by: Wetterich, Snd Overdui n,

marine research, Al fred Wegener Il nstit ubtOe, for Pol ar
2011.

Strauss, J ., Schirrmeister, L., WetdiezéchroPert iBogch
and ocgabba stock of Yedafmao slitc ef r@ompt e Kel ynma (e
northeastern Siberia, Gl obal Bi ogeochemical Cycl es,
2012.

Strauss, J., Schirrmeister, L., Grosse, G-, Wetterich
W.: The Dee@arPleamaPowmlstof the Yedoma Region in Siber
Research Letters, 2013GL058088, doi:10.1002/2013GLO05
Strauss, J. Schirrmeister, L., Mangel sdor f, K., Ei

Organi c mat teeerp puealnmatfyaosdtt udda/r bforno mB iAo ¢ ¢ 0 £c iSe rbceersi a
Di scusslilbnksb95885 doi-116%.92 859240 b4 d

Stuiver, M., Reimer, P.!t anHRORG nernt rR., : QAleinB 6J.n0,v
Bel fast, Bel fast, 2010.

Sun, BIDoemendal , J ., Re a, D. K., Vandenbeirgde, J ., Ji
di stribution function of polymodal sediments in hydr
partitioning of t he sedi mentary camBonent s, Sed
doi :10. 1-02%83 (@23 7T 02008022 .

Svendsen, J . ., Al exander son, H. , Ast akhov, V. .,
Gataullin, V. , Henr i kieenl, s eMh.,, M.j,orHybbCer,t etho u nta.r kW.
JakobsskKinkr ,M. K. H. , Lar sen, E. , Lokrant z, H. , Lunkl
Mati ouchkov, A, Murray, A, Mol | er, P., Ni essen, F
Siegert, c. ., Siegert, M. J. ., Spieéehabpert Ri sForyandt
northern Eurasi a, Quaternary Scl 2Mhilc,e Revi e
doi :10.12016/j.quascirev.2003.12.008, 2004.

Tarnocai, C., Ki mble, J., and Broll, G.: Determining
Mid Latituden: sBelf mdhtabtbseedited by: Philips, M. , S
L u. , Swets and Zeit |-l Inxde,r ,200 F.5s e, Net herl ands, 112

102



Ref erences

Tarnocai, C., Kettl es, . M., and Lacel¥FepdB.: P e
Canada, O0OM@tst.awa, 2

Tarnocai, C., and Stolbovoy, V.: Northern peatl an
to climate change, irenccorPdesaidfanhalnit achtacagd $ oediandd
by: Martini, I . P.ChMawbéehbz WortEkmBYI BCQ6 . Aamst e
Tarnocai, c., Canadel l , J. G. , Schuur, E. A. G. ,
carbon pools in the northern circumpolar per maf
GB202B;,;1d01 029/2008G8003327, 20009.

Taylor, A. E., Dallimore, S. R., and JBuedaguef,orA. S.
region, Arctic Canada, from modell i ng oif per ma
Tuktoyaktuk Coastrinandsof CRanratdhi-7ald,c iJdoout e 80(0.713133 9 / GeX
1996

Tayl or, K. E., Stouffer, R. J5, aaddtMeelkIxpe®Gi mAN
Bull etin of the American-48@8t edrodl:ddii.VaFbSHomset y
201.

Thompson, S. K. : Sampling, John Wi ley and Sons, )
Tieszen, L. : Phot osynt hesi s and respiration i n
temperature responses, -A5ttit9add Al pine Researc
Tomi rdiVaroEvS8l ution of | owland | andscapes in nor
i n: Pal eoecol ogy of Beringia, edited by: Hopkin
Young, S. B., Acade3nvi,c 1P%8e2s.s, New York, 29
Tomirdiarban&v, VK, Ars Chernen' kiy, B. Il ., Tertyc

data on the fiocremased e nocfe sl oienssnorthern Yakuti a
mammot h fauna in the Arctic duringk,t hbe;l 41484e6 Pl e
1984.

Treat , C. c. ., and Frol king, S. . NLCtallhmm@ht8engeage:
3, -86B, doi:10.1038/ nclimate2010, 2013.
Turetsky, M. R. , Kane, E. S., Har denKasldi.s cWiihk e, OtB.I
S.: Recent acceleration of bi omass burning and
Nat ur e Ge os3cli,e ndcoei,: 140,. 120738/ ngeo 1027, 2011.
Ulrich, M. , Hauber, E. , Her zschuh, u. , Hartel,

geomor phometry on Svalbard (Norway) -aedolwetsitemn
stereosersmong dat a, GeodrlbG,phobdbiog¥y0. NBUG/ j1.9g7le o mo r
2011.

Ul rich, M. , Gr oss e, G. , Sttria wsisn;g clie,d gderudneSc hinr rYra
and thermokarst basin deposits, Permafrost and P
UNEP: Policy implications of warming permafrost,
V. E. , Schawnd, GBERoretrne 4. ., , Uni ted Nations Enviror
Kenya, 29 pp., 2012.

van der Mol en, M. K., van Hui ssteden, J ., Par mer
Ma xi mov, T. c., Kononov, A. V. , AKar$heagv,owEng\
greenhouse gas bal ance of a continental tundr a

Bi ogeosci elncCe3,, o i-49305 B0L7P,4 /2000 7 .
van EverdingemnhgRag®. gl Mgktary of dpeemafromst &Nadi

Snow and | ce Data Center, Boul der, USA, 2005.
van Hui ssteden, J. Berrittell a, c., Par menti er,
Met hane emissions from per maf rNag tCr tem@hwaed qaek,e s1,1 i n
1123, doi :10.1038/ nclimatel1101, 2011.

van Huissteden, J. ., and Dol man, A. J.: Soil carb
Current Opinion in EnvirD®hmentdal : SU.st &l t/ajb.idodwy
2012.

Vail'chuk, Y. K., Vasil ' chuk, A. c., Rank, D. , K
del t1&&ded ta D plots iwedgee &f ei ke oPewmwenngeYar (L
Northern Yakutia)55Rad2@@hrbon, 43, 541

103













































































































































































































































































































































