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E MiTdMCT 1 C; . . 

- ,  

In this report, we present tc~nlrcl*a turcs muasiircd in thrcc ho las 

dril led into the sen bcd irr t t ~ c  Pn~r l l~oc kty rcgio~l 311d n tcntat ivc 

intaqjrctaticrl of then, in tctlns of tho gross thakmiE rcgimc wid shore- . . 

l ine history of tnc ni*ca. 'ntc ~ u w  hnlus ( I ' l l - 3 ,  PB-2, ntld PD-3, Fi~trrc 

1) wrc drilled itr spring, 1976 (scc S c l l m n ,  1976) ns p m t  of a 

cooperative study of  off-shore p~mmfrost by tlte USGS, CWUX, and thc 

thliversity of 118asL~in, Rcsults €ran two of thc holes (4lPtr  and J3310,  

lrigurc 11 d r i l  icd c31-1 Lcr by the Uuivcrsi t y  of Alaska (Osterknmnp and 

Itiwrison, 1976) have bcct~ included in our intcrpratation. 
, - -  

l l ~ e  render not intcrcstcd in ntinlytical details m ~ y  wish to cxaninu 
>. . < 

Figures 1, 2 ,  md 3, rind thcn s l i p  t o  the conclwJing scstion "Smnnry 

nnd T)iscussi~tz,~+ppagc 32. 

7111s study was ~q)portcd by tllc hreau of l a i d  blanajicment through 

intcrngncy ngreernent with ~ h c  Xat ionnl  Cccanic :~n,l At~mspllcric ~dministralion~. .A 

wder which n multi-year progrtun ~rsponding to needs of pctr*olem duvelol~nenr , 

of thc Alaskan cor~tincntal sllclf is mqntlgd by thc Uiltor Continclttal 
. . 



-- . . 

Fi girt. I ,  ?lap showing hole locat ions, . . . .. . - 
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. . ,  

lempernturc mciisure~mts wcre made by logging from thc  surface ~ i t l l  

thc "po r ta  b?c mrlc" a l ins tmnen t n t ion dcscr ibed tsy Srlss nnd o t  Rcrs 

11971). Equil ibriurn obsatvations werc mdc to mill idcgrcc prcci sion a t  
. . 

discrctc clcpth incrcmc~lts of about 1 rwtcr. Iltc timc constntlt Tor t l~c  

tcrnpcraturc t rnnsduccr is only 21 FEW seconds, and the mc:~st~.ctncnt accuracy - 

of thc system is prubably a Fuw hundrcclths of  u centigrndc dcgrcc, Il~c 

obcdrvatiannl data arc prcscntcd in tabular fotm in  thc AppcricltixA PIT- . 

d r i l l i n g  tcspcmturcs cstimatetl To:. sclwrcd depths by tllc mcthod of 

t ~ c h e n h n ~ c h  and B~~cwcr (1957) are shokil w i t h  t~ttpcmtur~s From the tkro 

Urlivcrsity of Alaska hmlcs in Figure 2. hbrc refined cstirmtcs of the . 

evil ibri~tm twnpcrature wi l l  bc undcrtnket~ a t  a Inter rhtc, h'tlt the 
- , 

results shown are adcquatc for the present purposc. . . - .. 
. . 

. . .  

Tile linc of holes dr i l l cd  by thc Univers i ty  o f  Alnshi cxtcnds 

3.37 km clutwnrd from tho shmrclinc to a pint  where obozit 0 , s  m of sen 

wotcr occul-s undcr the 2 m of ice that  f o m  scnsor~ally .(see inset, 

c 2) . Holcs P9-3 and PB- 2 extcnd that  line scawnrd. PD- 3 is . - 

6.62 I;m from thc shcse where the combined mter m.d ice depth is 5 , 8  m, 

and PB-2 is 17.0 h from shoro beneath 11.6 m of water and ice ,  Conditions . 

n t  Pn-2 arc coq~licntccl hy proximl ty to Ikindecr Island, rl b a ~ ~ i c r  
. . 

and others, 1997),  Ilolc PD-1 l ies  within Pmdlmc Bny pcollcr, n b u t  3 bn 

from the shorclinc; 0,7 rr of sccl water undcrli~s tho 2 meters of scnsonql . . 





icc thcl'c. 'Ibblc 1 l i s t s  other infon~tr,iatr nhut  thcsc throc holcs nntl 

t h ' ~  O F  the  ~ ~ O L C S  (11' 190 and t3370) dri l lcd by t t ~ c  Univurs i t y  o l  Alaska 

Inseftlr as i s  knoh~r, 110 fzwzcn nvltcrl~l ws pc~ctrntctt by t l 0 l b ~  PB- I ,  

PB-2,  and P8-5 or by holc N33Tl'l (Osccrkmnp nllrl fL~rrison, 1976). 'Ills 
- 

cor~sistcnt w i t h  illc g o ~ c r o l  1 inn~.r*ity OF tcmpr?ratus'c 111-oli 1 0 s  i n  the 

Zol~cr parts of ~IIGSF h o l c ~  [ F ~ ~ u I ' c  2) which irnl~lics stcady-st;rrc conduction 

in ho!nogct~eous m tcritlls wi t t ~  no ph:~sc chnngcs 111 progress . OIowcvcr , 

thb u ~ ~ ~ l ' t r l l n  bttoin-~mo~t p i n t s  ot~ ~rrofiles PB-2 and 1%-3 jf:i~p!t'c 2)  

suggest ii shatl, dccrr?;lsc in gradicnt ; they may I-cplqcscnt tl transi ti011 a t  

thc bottom o i  tach llolc to thcnnril conditions I n  ice-bOlld~d p61rn?iil'bst, j 

l b l c  190 cvldcntly po~rctrntcs rcl~tlvcly homngeneotrs- ice-lonllctl m;lterial 

(Ustcrkaq~ and Ihrrison, 19761, Eblos SjB-3 ,  I1B-2, nrd 3370 werc a l l  

tcnninatcd bccnusc of drilling d i i f i c ~ ~ l t i c s  a t  or near thc ilepth of 

thc -1.8"C isotherm (Figurc 2 ) .  ~b - l . a ° C  is the npplmltrultc Crcuzing 

tclrllernture o l  r~a~mrrl scn wn tcr, t h  ir  ohscrvnt io~ l  !iuggCstS that the 

reason the t ir i l l lng  kcnmc d i f f i c u l t  a t  thcse depths has bccnusl: icc- 

llondcd pa ~IIUI fros t war cncoullrcrcd thcrc , and rlul t t l ~ c  thawed scd ilncnr s 

1wnctr.atcd were snruratcd with rlonrrnl sca water, 

711 is i i y m  t an  t ohsowe t \on provides cv idcnec! for thc tcn!nqwrAturc, 

ef. of tllu top bnavlsry of icc-bonded pennftost a t  r h w  local i t  ics. 

?Itis  burtlnry tcmpcrnture is dctctminctl hy thc rrcczing tcmporazulmc (and 

corlscqucntly c l ~ c  snllnity) o f  interstil:ial i t t  thc ::crlincnts 





. - . . 
-. . 

. , contiictirig the iccibanded intekfnce. In 0 l.lenriy&~-c -: . .  

- f , . 
. - ! I  

bc tween OOC' ~ l d  the eutcc t ic tempcrnture for sen water (nhut - 23°C) . 
- , 

, - ,. . . Of dcpends ymn prmcsscs by which salt miglrt be coaccntratcd or trapped - -  - -  

. . 
. . 

i~ thc sea bcd (e. g. , by cxclusi~n lron freezing sen ice) nrrd tr:u~sportcd 

dohtlwtrrd through the thiwcd scdlrncnts, They hive shohn that  i f  the salt - .' 

. -  , k r r ~  tl.ansferrt3d exclusivcSy by diffusion, salinity w u l d  decrcnsu . . - .  : 

shnr-ply from tllc sca bcd to tlic ice-bondcd interface,  If-thc salinity . . 
, ,  " 

nt thi: aca h t t o m  W C ~ C  C ~ Q S C  t o  t h a t  of n o m l  sea wnter Ins  i t  probably 
. . 

is i n  gcncral kken thc wlltcr depttl fs substatltinl l y  greater than ice . 
. . . .  

fhichcss)  thc sa l in l  t y  gradient in  the thawed lay& would result in 

~ ~ c l a t i v c l y  fresh intcl47it i t  is1 watcr a t  dcptll ond hlghcr vnlues OF Of I /  . - .  . -  - I . -. . J 

t l ln~l infcl-rodabove. The ratc.ofdep.ndntionof ice-bondcdpc~mfrost, - ,  : .  
. . .  ' .  . 

- ,  

and in fact whctlu~* or not dogradation occurs, is very segsi tivc to -  
. . . .  
; . '  

~ ~ n n l l  chnngcs in af r e l a t i v e  to thc menn a l a i l  sun bcd tempersturc, ! o . . .  . - 
. 

111~ best estimate of the man annual see bed tcmporaturc Oo is - 

obtnined by upward extmplation of the lincnr port ion of the chrvcs 

s hokn in Figure 2 ,  Ihe va lucs so obta incd arcr 1 isted In Tab1 e 1, column - 

4 .  IIlc values of 0, for tho four sites wherc the water depth is a< - - . I  
lcnst  3 ~n or so, vary from -0.8"C closcst to  shorc to - 1 , S ? O C  at  thc . I  
sire fartlicst from rhcrc. If O f  were not less than O,, iherc not~ ld  bs 

no ~~rogrcssivc tl~awing E I * ~  ot~c ycnr to  ?hc next and thc Ic~?-bndcd . . .  

pcimrulfrost wrlld pcrs is~  C ~ O S C  to t l ~ e  3cn bed, As Ostcrkmp and lhrrisot~ 
.I I , - .  

... (19761 hsvc pointctl out, this is evidently tllc cnsc a t  hole X 190 which , - . 

, .  . - 3 -  
> :  . . . . .  I 



, - . - .  . . 
. . . - 

is typicaliof-th6 neat-shore regioti ih bhich ice Ereezcs to the set? kcf. . , : :'-:! 
. . 

, - 
. . 

annunllv. Here cunduc t-ivc cooling i n  the win t e i  rcdbkcs t llc mean onn~hl  - . - I.::- 
, -  - - . 

tcmpcrature, 0 to about -3i;'C which is probably less tllall t h c ~ r c c t i n g  
- .  --, 

, - 

temperature of interstitial watcr, except possibly for effects of seasol~al - - 

sa 1 t co~lcen t rat i u w ,  Il\tiq wi t h in  the ncnr- shore band of gro~mdcd sen , 

- .  - 

. . ice, i L is likely t h a t  0. O and ice-bonded petnu frost can pcrs j  s t  - I  ~ J I , ,  
, . 

c lose to thcseaber l ,  l t i s . i m p o r t ~ ~ t t o e n p l ~ ~ s i z o t ~ t w r c i t r ~ o t  f o r -  . . , ,  , 

- . . .  . . . .  

effcc tive salt transprt through sl~rf f cia1 scdhncnts rit thc othcr sitcs , . . 
. . 

this condition [Of , 0,) could obtain also in thc deeper watcr. As . . 

Ostcrkq) (13757 2;;; iiarrlson anti Osterk~np (1976) have str~sscd, the 

pnrarlEtcrs control ling this salt transprt process m s t  be understood 

bslr.re wc con predict whether or net ico-bonded pcnnafrost is llkcly t o  

occur c loso  to  the S C ~  bed, I f  the sgl t  i s  transprtcd primarily by " .  

. . 

mvemcnt af interstitial hater: It will be imprtarrt also to confinn 
- > - -  

t l m t  the hoat transport i s  primarily cot~cluctivb as is  generally nsswncd, 



A SMPCE "TARGET' b1DllllL Fa11 PRURDE BAY PEMLrU;IUS?' 

Recognizing the hazards of prcmtt\ire gencralizution, w tcul t h a ~  

a t  this t itnc i t  is  useful to cor~stnrct n highly idcaliecd prcliminslr 

11loJel of the gross features of Prudhoe bay pcnnnfrost . ?dthough i t  will 

certai i~ly  bc wrong in dctai l  , it should servc to focus attet~tiofl on the 

sensitive parmeters tmd provide some guld ing context for future work. 

1 t is a targct mdcl In the sense that it givcs ,IS somctl~ing to  ''shoot'' 

a t .  With this itttroduction wc shall not further belabor thc pruscntatiot~ - ' 

with cautIous qmlifying rmqrks, h mrc rigorous synthesis will bc . 

prcscntcd with onshore data frotn tllc region after tho completion of the ' 

1971' Cicldmrk, For the mst part,  th: following discussion is based 
. . 

uwn wcll hown results from hcnt-conductio~i thcary and conccpts that 

have beon stntcd or iqlicrl in mrk published over the lest 25 years 

(Tertaghi, 1952; Inchcnbmcir, 1357; Carelnw nnd ~ a e ~ e r , "  1959, chsptcr . . - .- ' 

X f ;  hchcnbruch and othcrs, 1962, 1966; bhckay, 1972; Gold md I~chenbnlch, . . 

1973; Shnrbatyan and Shmskiy, 1974; Q s t e r h q ,  1975; t b t e r  nnd otllcrs, 

1976; h t c r h n p  and tlarrison, 1376; tlarrison and othcrs, 19771, 

The d c l  is represented schematically in  Figure 3 ,  A t  t h e - ' t h e  of 

submcrgcnce the tcnploraturc is given by the curvc t-0; thereafter tho . .. 

sea bottom i s  maintsiaed at temperature oo, md tllc rnei ting (aid frcering) 

temperature of interst i t ia l  ice is maintained a t  Of ar the upper surface 
- , -  

and Oi a t  the lowr n~rfacc of the ice-bondcd pcnnofrast. IVc sllnll 

assumc that Bo and Of hnvc remincd constant a t  t l~c ir  presently obscrvcd . 
. . 

vn lucs s i ncc sornc effective du t c  -of subnergcnce t-0. ?his, of course, . .. 

. . 

. - 
.. . 
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- - .  .. -. - . . -. cannot bc~tl;ue;but tRc~assutrq)tion is justificd by thc-rbs'ul t ing~siy~lj .c i ty-- -  ,. . - - . - -  . _  . 

of the analysis and by our prcscnt ignorance of the timc-dcpcrrclunce aT 

thcse qunntitios. Pigu1.c 3n represents thc case Oo > Bf wliich rcsults 

in o thawed layer at the sca bed (e.g., a t  holes 3374,  PB-1, PB-2, wtd 

1'8-3) and i:i~urc 3b represents Bo e OF *fiere thcrc i s  only supelmf iciol . . 

thewing, rcaulting Inrgclj). Fmm scosonal effects ( c . ~ ,  , holc q 190) Ilie . . 

d c l  is onc-dhnsiot~al ,  i . c , ,  wr! ncglcct horizontal t r ~ ~ s f e r  of hear, 
. - 

treating thc sulxnergencc ns i f  i t  wrc a suJdcn elinntic changc, For 
5 .  

slow tra~~sgression and a t  p i n t s  close to  the shoreline, this dsstmpltion . . . . 
tnust be cxan!,rred carefully, h'c assme rurthcr that  essentjal ly  a l l  of 

the latcnr hcat is releascd ovcr a very mull temperature intcsval , 
clfectively 'at Of ncnr tllc top of the ice-bond4 penmfmst, and nt 0; .- , 

mar  thc bottom of pcmfrost ,  He asswnc also that prior to e~bmcrge~lcc, 

n t h c m l  steady state had k e n  cstablishcd on land, tllc gmtheml 

flux, q*, Is constant and thc them1 properties-of the frozrlu (subscript ' 

'TF't] and thawd (subscript t%t") materials arc rrach urrlfonn, The moisture 
. . 

. 
content is nssumrld to bc uniform also, Thcsc latter ussmptions arc 

. . 
reasonably cons i s t c n ~  with subsurface obscrvat ions on land ncsr Pmdhoe - 

M i n i t i o n s  of qumtltics in the analysis arc as follows: - -._ 

B i n i t i a l  dcpth O F  p c m r r o s r  (011 land). 

8, freezing (and ncltinp,) temperncure a t  top of icc-btldcd 

pcnm Fras t 



. , 
- - . . -  

. - 
- .  

. . 
. - 
. .. 01 frcozing (and ncl tins) temperattrrc at hottom of icc-bonded . - . - . . ,= . 

permafrost 

OO 
long- term mean annual tempernture of' sen bed a t  site of 

interest 

E - Of - Ot or Oo - 9, whichovor is less . .  . 

F 0 ;  - Of or 0; - 0, whichever i s  greatcr ( i t  ciin he negative) 

them31 conductivity of Ice-bonded pemfrost . . 
K~ 
Kt thomlconductivityofthnwedsedimcnts 

uf tllcnnal d i f f u ~ i v i t ~  of ice-bonded pemfsost  ... 
: : 

- . .  ... , 
. . 

oc volumetric heat capacity of ice-bandedpcm,I.rost . .. . . -.- 

q h t t c d y  yq~wclrd gcot h e m 1  flux (negnt ive) . . . .  . . . 
. - . . 

X I X - X  

X [ t )  h p t h  bcnwth scn bed to  top of ice-handed permafrost a t  . > 

time t 

X r ( t )  h p t h  beneath sea bed to bttrm of ice-honded pern~~f~ast a t  

time t . , .  - 
. . . . 
. . 
.- . . 

8 w X ' - X  

q t  hcnt f luxdo~~nrardintouppersurfnce,X,oPice-bonded - 
p o n ~ f s o s t  (positive) .,.. 



- .  - 

4f heat flux dom~wnrd - from upper sur,face, X ,  of ice-bonded . - 

p c m  Frost . . - .  . 

qi heat flux uphard - €ram lower scr€nce ,X1 ,o f  icc-tondud 

pemfros t 

q; heat flrulrlpwnrd - in to  lowcr w~rfacc,  X I ,  of ice-bondcd 

Q thc qunsi steady-state pjrts of Qf and Qi, rcspectivckj 

Q,Q1 the transient parts of Qp and q ,  reMctivuly 
. . .. 

. - 
. . , , , . 

To obtain represcntativc nrmerical results for tlre model af  Figure . - . - : .  . - ' 

3 ,  we shal l  estimate rhc parameters for the ini t inl  condition CtaO) i ~ d  

the them1 propcrtics fm observations on shore. ~ h c n  with the 

valucs of X, Of and O0 inferred from the measurements previously discussod 
. . 

(Table 11, we s k l 1  obtain relations for thc duration of subnrergencc t ,  

and the vertical distribution of temperature and pcrm;lfrost. Ihz- . - . - 

. .  , 
, - principal dif f icul ty  stems from the rcquir&mnt, t o  dctermhc-rate of 

, .  . ,-, - 
. , 

movmcnt of thc upper and 1 o ~ - r  hundarics  of the icc-tionded pcnnafrost , 



- 8 
. . . . . 

- ., - .  
- .  . . .  

- -  , . . 
- ,  . . - ,  

. . :  , - . .  . 
. . 

. . '. . . -  . . -  
- '  , 

. . , . 
, , .  

. . - ,  , . 
. . 

. - . . . .. . . 
, , ,  , . 

" .  

. . 10 - 
. . . . 

.- . - . . :1 

. , 

. - . -  -. : 

. . . , - .  - 

, . INTTIAL CONDITIONS AND TtETP1AL PROPERTI= . . 
, . - .  

, . .  . . .  - .  

Temperature masurements through persnafrast a t  onshore Installations 

near Prudhoe Bay suggos t tho following gencral ited vnlves for tllc initial 

tcmpernturc distributiori (see Figure 4 of Gold and hchenbruch, 1973). 

- .- . 

. . 

Where Ct and Gp represent the them1 inmdiatcly below and . . -. - 

above the base of permafrost (x=R) respectively. We bclicve thst this 
. . 

gradient discontinuity correspnds t o  a discontinuity in conductivity 

~mder s teody t h e m 1  conditions, Hence . . - .. 
I .  - .  

and consqucntly 

as the gcomctric mean vaIuc of the conductivities of the constitucnts I . - 

(Sass and others, 1971). 'Ihus i f  Qi is the w l w  percent of water , . 
. . 

- .  - 

. . 



or ice we have 

fj, = 1.3 calJcm sec "C 

Ki = 5 . 4  cal/m sec O C  

. . 

are respectively the conductivities of water and ice ,  and K, is the man. . 

conductivity of the remining solids. . . . . 

.. , 

Combining Id, 2 ,  3, and 4 yields , , . . .  . . 

which is consistent with obscrvaticlns mdc ncar the sea hottom (0sterkikp - 
- .  . 

. - 
and fhrrison, 1976). . .. . 

For siIicsous sediments of the type c m n  in the Prudhoe Ray area, 

wc hove found that K5 is typically a b u t  10 cal/un sec "C. Using this 

v n h e  w i t h  ( 4 )  and ( 5 )  in eqttations 3 yiclds . " 

Kt s 4 . 4  cel/m sec "C 

KF % 7,8 cal/un sec "C 



Taking the va3mtr ic  heat capac!.ty (PC) as 0.5 cal/cmJ O C  for sol.ids 
, 

and 1.0 cal/an3 'C far wntcr wc obtain tor the t h e m 1  diffusivitv 
- .  

The lstcnt heat of freezing for wpter is  but 80 calJan" d for 
. . 

sediments with g c 40%, it is . . 

. -.> 

1'he steady geothermal flu qA is obtained by combining , la ,  :- .  .- and , . . . .... 

. .. - 

Wc ore using the cor.vention that heat f lu  is ncgativc for a psf t ivc  

tcmperaturc gradient ; i ,I?, , upflux is; nsgativc, dohnflul is psis lve .  



. .  . 

CWDlTIIONS AT TIE lBUNDARFES 01; ICE-WM)Ef) PEREHFRGST 

-upper bundnry, X.  I f  the mean seo bottom tenqcraturc O0 is  

greater than the frcczing temperature Of, thnl c O and thawing w i l l  

proceed Jo~nward from thc sea bed. Simrltnneously , dcps i t ion  of scdhents 

will result in thickcnitlg of the thnwcd layer by the wunt U(t) (see 
. . 

Figure 4 ) .  Therefore the heat balance a t  x=X is givcn by 

. . 
For the Iargc misturs contcrlts under consideration and relatively small 

sedimentation rates, X will changa slowly, and tenrt~esaturcs withirr t h e  I 
thawed loycr cnn be considered in a quasi-steady state,  We introduce I 
Q (t) , the total mount of -cnsib!e x a t  supplied to the Icc-bided I 
E ,+- 1 

. ?  b 

perm£ rost through its upper surface 

- ,  . . :;I 
. .  . 

t 
Q&tI - lo sf d t  (11) . . 

. . . 

. . 

and [lo) can be written 
, . 

. . 

whcro the dot denotcs di ffesent iat Ion h5 t h  respcc t to timc, . . 

. ~ 
. . 

. . - - .. 
~. - . ,  

. . 
. - . - . . - . '  

. . . .  - 

. . 

. . 
. . 

- .  

. . 
. . . - - .  

. , . . -  , - 
, ,  . - = - .  

- .  . .. 
, . 

. . . , - .. . . - . .  . ,. - - * , .  



sea bed at tz Q . , 

] ( t  ~cdimcntation 

- ,  

. . -  
) f [ ta - t l ) ,  thawing 

. , 

-. - - .  

Figure 4. Simpliflad cofiditions in tha~ced layer to depth X 
bcneoth the sen bed a t  txo swccessiw times t l  (sol id 
lines) and t2 (dashed line-s] Sor cme c -  > 0, 0, and 
O asstlxd constant arid qrtasi -steady conduction is E 
sswned abovc X ,  Arrows on temperature c u m s  rcprcsens 
heat fluxes qt and qf  associated wi tll gradients abovc 



Equ;+riot\ 12 can be intcgrnted sinply i f  Qf and 1) vary eitherm ns 

tLi2 or t. The f i r s t  case lends to 

and tho second case yields 

In this reprt ,  wc s h a l l  consider only the fi~.rst case, equation 13, 

wllich giver the tine t sitlcc suhr~*ence-tor n case in  which b t h  the. . . 

scnsiblc heat absorbed by ~ l e m f r o s t  and the sedimentation rate are vcry 
. . 

large i n i t i a l l y  anti then diminish progressively. Qwlitat ive ly ,  this is 
- , 

correct for thc heat; the bchnvior of sedimentation rate is w h o m  but 

at  least (13) providcs a First-order ticcount of i t ,  7he factor preceding . 

thr! bracket in  (13) I s  the hell known approximrion tbt: ncglccts sailmentatdon, - 

and the mre important effect of sensible heat nbcorbed by pornfrost. 

For the case E: c 0, t h c r ~  is, of E O U ~ S C ,  ~1 prbgressiv~ thawing of 

the uppers ice-barded surfacc and X = 0, 



Ihc lower boundsly, X I .  1 % ~  position of tlrc lower h u ~ d o ~ y  d l  icc- 

Rs tl~c ~naistilrc contalt is Inrao, X I  wfll mvc slowly und w assme n 

qwsi-stc-idy stntc below the base of pcmmfrost [i .c. , i n  x X "  and rcplncc 

. . .  q i b y q * ,  thcstcadygeothelml f l u .  E ~ t i o r r 1 5 c m t h c n b c w r i t t e n  - 

T h i s  i s  on expression for tlrc thinning O F  ice-bonded pcmfrose 

from below after  pnssngc of timc t since suhcrgencc. Utrllke conditions . - 

u t  thc uppor surface, this thawing occurs 'Lrrespect ive of the sign of E ,  
. . 

h r  strategy is now as follows: In the next section we shn l l  , . 

ohtnin cqi!*csrions for Ql nnd Qi. lVc can tlwn apply our ob5crvations of 

X ,  c ,  and D t o  cst imte (from 131 tlw time of su'bmcrgcncr? t nt any sitc,  

1ntl.oducing t and q* iin (161 will yield ehc positiorl cC rhu bttonl ol: 

pclmarcost, K~~owiny! ttlc history of tho psitierrs of tllc pl~asc boundaries 





IW 711i I;l'M.UrlTTOh' OF EQUATIONS 13 16 

Conditions -. controZlod prlmrily a t  thc upper surfncc I(. Vrc! rate 

a t  ~ h i c h  heat cnters rhr top (x=X) o f  isc-banded pennofrost consists of 

two parts;, a quasi-steady pnr t ,  b,, rcsu l t lp  from thc cons'nat d l f  fcrence 

in  tcnrperr.ture bornen its top X and bttm X i ,  and a transient pnrt ,  6 ,  - 

resulting from the depletion of i t s  i n i t i a l  cold reserve ( i . c , ,  the heat 

needed to rnisc the tcmperaturc to melting), ISencc 

nnd (scc Figurcs 3a, b) 

The transient part contrihttcs heavily for cnrly thcs  (see e.g., curvcs 

t a  , Figurc 3 ) ,  but i t  becon~cs ncgligiblc (eagle ,  cunrca t ~ ,  Figure 3) 

For lotcr tiacs, Tt wilt be shown [a pastcriori) thnt  for the icc- 

rich conditions a t  Pmdhoc Bay, the transient dccnys bcfosa appreciable 



. . 
- , 

, .- 

pennaf rost thinning - takes place. ICncc , \ie c41. approxi~imtc thc trans icat - 
. . 

. - 

bchavior by thc tempcrnturc i n  a slab of constant thichless n with 311 in l t ik l  
. . . . 

, , 

Linear temperature distribution, and with  uppcr suld Iowir surfaces mintninctl 

a t  constarit tcq~craturc for t > 0 ,  . . . . . . 
. - 

For the sake of generality, he irttsociucc the notation 

but wc shall ignore for the mmctlt the time-dependence of X 311d X 1  , and 

i n  thc nlnncsicnl calculntions IS'G shall generally approxirate d by E, . 

. . 

for thc cnscz; of intcrost, .. . . .. . - 
- .  

We can write .... - .  

wherc Bi (t , ~ ; f l )  15 the solution to 



with the conditions 

Q 1 , ' ' 0 

'i u o s  X-0 and xu& , t > 0 

Here E - Of - OL for case r > 0 

E $ - a, for casu E c o (251 

Tho solution (modified from Qrslaw and faeger, 1959, p. 313, equatioi 

10) is 

wherc? the time constant T is givcn by 

5 1808 yrs for Prudmc Bay (27b). 

whoro (27b) Is obtained from ( la )  md (7b), asswning R 3 B. Ilcsults from 

(26)  are shown graphically in Figure S. I t  is see11 t h t  thc dccny of 

Oi is alrnost complcte ti. e ,  , the sensible heat storage is negl igible] 

for t 2 ,  Hence I t  is necessary only that our approximat ion fi 3 I\ hc 

valid for t < T.  



. . 

. . 

Fiflre 5 .  11 m ~ l e n t  temperature hmctfon Oi Lscribine 
depletion of tb cold rcsorvc of ice-rici pcnnafmst. 
hbbers on curves are timcs .since inundation in . - -. 
dimensicnless units (T) and years far conditions a t  
Pnidhoe Rzy. 1r;set shows scheme of temperature 
superposition. 

. - 

. z .  



Ev~ lua t ing  the derivative of (26) at 'y=O yiclds an approximation to 

Intagration of (28) yields ~ ( t ) ,  the total transicnt contribution aftor - .  

-. . . 
time t - .  

Intcgratlon of (17) yields 

Kf 4 
3g [ j  (E) r - ( O t - G f ) t ]  c 3 O , t ,  r 

.. . . . . 

. . ', .- 

( S O )  - - - .  . . 
- .  



- . .. 
. , 

. . .  

~ul)stitutin~ the iorrjiolns n k r i c n l  values including ,Of - 1 .B0C,  . . ,  . ,  

0 = - 1'C in (SO), we obtain the following dimensional re loti or^ for. 
- - 1 .-.-. 

Ptushoe Bay 
. . 

Introdueilng (31) in e q u t  ion 15. along wit11 obsetved -values of 

mrinc scdhentation D and the other $,?rimetars, wc obtajn an cstijnatc - - . . . .  - . . - .  

of the tinre since suhcrgencr: [ c o l m  1 5 ,  Table 1) . Thc 28 rnerers 

contributed by the transient term in (30) is substantial, and t l~c  

sensible heat i t  rcprcsents cannot h'neglectkd,  (Thc hent absorhcd 

through the upper surfacc by the warming p e k f r o s t  is crjuiv~ient to 

tht  requircd to melt 28 m of ice-bonded pemfrost , )  The second term 

i n  (31) represents the quasi-steady effect md it is sensitive to the 

choice of Of m d  01, the l a t te r  in piirtirulnr is rather arbitrary.  In 

Table 1, c o l ~ m  8,  the simpler approximation neglecting scdincntotion 

and sensible heat i s  campafed with the adjusted values, 'Table 1 c o k m ~  

15, given by cqua t ion 13, st i 11 n crude approximat ion, In general , the 

combined effect of sedimentation a d  hent storage increases the  c s t h n t c  . . 

. . 
. < 

J t  Is sccn from Table 1; c o l m  7 ,  that (cxcludi-ng PB-I- ,  t o  be - 
. . 

.. . 
. . 

, '- , - 

- .  - - .  
discussed) thc greatcse thawing from the surfacc, - D,. is  bout 40 m, 

- . . 
- .  - 
. . .  

. . 

It occurs st hale 3370 *here thc tilnc r (colmm '15) is substentii~tly - .  

? .  . - 

~rcatcr than T .  bt 40 m is only 7 9  B, and a t  tv ,  X - 11 rtould bc 



. - 

appreciably .less. lherefore thawing frm the t o p  of ice-bonded pernafnjst 

does not seriously f copardi zo our approximition 

eetr = B 

Cbre general conditions for the validity of ',he approximation will 'be 

eons idered elsewhere. 

Returning now to  the case E < 0 he should like t o  determine the 

t emperatwe gradient near the sea bed in i c e - M e d  p-fmsr ns a aiil, , . 

function of t h e  to c L _ m t e  with the observed valw a t  hole fl190, han 

( I f ) ,  ( la) ,  a d  (28) i t  is giwn approximately by 
' T I  

From Fi p r o  1, we obtain $1 3 -3BDC/h,  and Go -, -3.5.C for hole 190. ' 

x i )  



Introducing the other pormtcrs in (33) 

and (5 3) yields 

This relntion Ps satisfied by 

t = 145 yrs 

yields 

This rolue is consistent with an estimate by Harrison [oral comamication) - 
. - 

mnde with nnother~method~ (it will be discussed further below), . . . . 



. . . . 
Melting from - the l.oMr &face X '  . ~ o l l o & ~  the procedure used . . .  . . . 

for the upper surhce, ve break q) into its transient and steady parts. 

We shall also use the notation 

The heat balance at the lower surface X t  of -ice-rich bonded pemfrost 

is given by [ISb), intcgration of which yields 

1 t 
B - X I  = (pl (t) . Kf dt - q* f 1 

0 



I t  ha, bcen show that Q' [ t )  will not incrcosa significantly after t 

exceeds T , i , er  , by time r the sensible cold reserve hns been dcpletad. 

The t o t a l  m m t  of heat inpiit- Em top aid bottom required to achieve 

t h i s  depleted condition is 

where (4Sb) follows from (27a) 

Substituting [29c) yields 

Cornporing (41b) and (42) see that one-third of  the sensible heat 

required to warm the p e m f r a s t  enters through tc  bttm surface. 

Integrating [40] and using (42) we obtain for t r 

but 



md hence 

From (53) wc cm calcul~tc the thinning of pcmfrost fnnn tho .bottom 

during the first IS00 y r s  ( t ~ ]  af te r  suhergence for the faur offshore 

sites where E = 9.2'C and for ha16 190 where E = 7.5' 

hs this is only a b u t  1$ of 8, thinning from the bottom will not jeopardize - 

our approximat ion 

For larger values of tinre It 71, the first term in the braces, 

cqn~ntion 40, is constant , Ilsi11g 1433, the subsequent thawing can be 



. . 

Thus if  P . i s  small re1ntive:to E as is generally true in the case c > - O ;  ; . - -  --: . , 
- < 

the-constant degradation-for t > t daused by the geothemql - f l ux  w i l l  , 

adequately describe ell but the final stages of permqfrost melting 

[s .< n). 

I\'e can describe tho lrselt ing of the bottom bf pcmfrost for t > T ,  - - 

d i n g  ~ c c o u n t  of the time-dependence of 6 i n  (45).  For thc smnll 

valuesof c andlargeva luosof  LoEintcrest, it is secnfrm 113) and = 

(16) that mst of the permfrost thinning will take place from below for 

larger values of timc. Retaining'only X t  in the denominator of the 
- , 

right  side of (37) nnd observing that ot  = 0 for t '  > 7 we obtain . - . . .  

- . 

Ihe heat balance (1Sb) can then be writ ten . > 

As q* is negative by our convent ion, we insert the absolute value t o  

clarify the physical meaning of (473, I t  follows that 



3 0.78 centuries/meter, Prudhoe Bay is"T 

(48c) follows from (8) and (91, In (48) H is a characteristic' 
, - -  . . 

length defined by. 

Equation 403 gircs th.? time past t.7 required For the bottom of pemfrost A 

to  rise to X f ( t )  (from X ' ( T !  given by quation 433 ,  The factor preceding .. - ~ - .  . . 

the braces is tho simple thavitrg by gcotheml fluu .(48b), I£ thc 

molting tcmporattirc is tho sane a t  the top and hottola of ponn~Frost, 



. . . . - -  - .  
. - 

. . 
, - 

. . . .  

. . .  
. . 

. - < - -  
. . . . . ,  , , ~ . . .. . - .  

. . . . 
. then P O ,  wd the in brace$ is  unity; the ice-bonded pen&froii - - , i T  . 

. - 
. - - .  

will eventually al - l  disappear, degrading at s near-constant rate (J8b . -  
. - . . 

. - 

and c) . I f  F , O the dogradat ion wili Proceed a t  a diminishing rate an*. A 

. . .  . . . 

a steady s ta te  will occur when X I  JB = F;(E+F), 1% E < 0 ,  the second -' , . ., 
. . 

- .  " - 

tcnn in braces becomes negative and thr? quasi-steady flw across the - : A 

ice-bondcd pemqfrost accelerates thawing, (Tho final stages may, of 

course, hc complicated by variations of 0;, and for e 5 0, by behavior 

of the upper surface,) 
. . 

For the four offshore holes where f! 0,8", f! - 9,2", the expression 

i n  braces can generally be neglected, and thawing can be conputed at  the 

rare L/qk [or 1.28 dcentury, see equntlon 48c) for t h s  of interest at  
.. - 
, . 

Prudhoc Bay. For example, l o r  X I  to reduce t o  50011 fmm 593 m. negiecting ; -,.:- 

the braces gives (t-r] = 7,250 yrs and including than gives 8,030 yrs, . -, - 

. - The total time, obtained by adding r (during which t h e  the first 7 m 
- ,  

. . 

thawed), is 9,050 y r s  neglecting braces or 9,830 acc09ting far then. - - -  - . . . I .  . .  - 
. .. 

If the mdcl is approximarelycorrect, it is likely that ice-bdnded . . .  . 
, . 

, <  - . 

pemfros t  extends to depths on the order of 500 m beneath the observntion 

sites a t  Pntdhoe Say today, ._ - . . .  . . 
- .  - .  . .  - 
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, - . . . . . - . . 

- .  . . .  .. . . . .  . . '. 
, . 
.- . . . . , ,  . , . .  

. . 
-. . , . - . L : - . -  

. . - - .  

. . 
- - . -  
. . . . 

. . , .. 
. - , , ~ernpererure - A srnmary expression for the approxjmnte . - 

- .  
., - . . 

. . 
- .  - .  

. . temperature Q{x,t).above, in,:and beneath ice-richbonded pennofrost 1 . .  , . .. . .. . . 

, . .  

accordin* t i  the present. &el is , . . . - . .  

Case 1 E I $ - Of > 0-  
--, 

- - E  
0 X x , O < x < X  

. . 
. -  - . . VIE quantities X and X I  are functions o f t  given by equtiolrs.13 . . . , ,:. .. 

- . .  ,.  

and 18, a~spcctively, gnd di(t ,X;d) is given by quation 26. Fqr . . -. . :.. .. 

, . approximations undor ice-rich- conditions and &kill c such as those a t  
. . 

Pmdhae Liy  we cah generally replace 6 by B in Bi without serious error 
. . 

For t c r 3 1800 fls 8 F  Pmdh~e My,  the temperature proflles will 
. . 

resemble curves t l  or tr  of Figure -3a for case I ,  and Figure 3b for  -case - - . -  - , 
- .  . . 

, . 



11. For t > T ,  Bi is small and the profiles will resemblo curves tl of 

Figure 3a for case I ,  and Figure 3b for case 11. Paslameters for the . . . . 

profiles beneath each study site can be obtained from Table P and 

relations in ,the text. hherical details of ,the results should not be 
- 

taken too scri~usly, howtver, until mre data are acquired to confim 

the a s s q t i o n s  or refine the analysis, - 



. I <  . 
&Y AND DISCUSSION . . 

. . . - - .  
- .  . - 
. . . . .  
, . 

- . -  
. - .  

We have present4 e highly s i q l i f i e d  analysis of t h e m l  conditions 

near the shore at Pludhae by. Although it c&t be -ttrightlf i n  detail,  . . 

the exercise eqmses some logical imp1 icat ions of the - frawen tar.). 
. . 

, ,. 

observntions presently arailoblc, i t  ilidkates the sensitivity cf thesc 
. . 

. . 
. . . . 

- . -  imp1 ications to  several ok the parameters upon which the solution depends,. - - - -. 

. . and it Serves to focus at tent ion on the types of obs'ewa t ions needed for . - - . x  

. . 
. . a mre confident analysis, The principal, assmptions are: . , . . 

, - - . .-.. 

I )  lhawerl sediments - i t  the sea bed are siturated with n o m l  sea- - . - -  . ,  , . . 
- .  . , 

. . 
. , -- 

water 
, - .  . - 

. . 

23 Sal.inity of -the ice-,bnded penmirost : i s  negligible 
. . . . 

. . - - .  , 
3 )  Prior to  the las t  hmdation, the thernh~-:.cgime~wns in a . .  . .  . . .  

. . .  
steady s ta te  and similar t o  thc-reghe ab.seked &neath the adjacent ' .- - 

. . ...... . 
. - , . 

land today . . 

.- - . . . . . . .  

4) The scdhnts  are generally siliceous a i ~ d  hniitf a large porosity - 
- ..-- . , 

..... . . 

5 )  The them1 conductivity o f  the ice-bonded and thawd k t e r i a l  . .  
. -  - -  . . 

nro each relatively unifonn 
. . . - 

6 )  nle mein sea-bottom temperature inferred from . . 
. . 

. . 

absewations tit each sitc  1s thc volua that has obtained since inimdatiin- - - -  - -.-:: 
. . . .  

... 
7) l brlzantnl heat tronsprt is ncgligibla -relative t o  vertical . . . . 

. . 
, . 

transport. . . " .  
. . .  - .  . - .. 

A rather @di.rect justification for the first asswption b s  beer1 -. - - -  . .  . - . . . ::, 

prescntcd in the section 'Temperature hhsuren~cnts''; i t  can easily be 



confirmed by deeper drilling, Some justif itation for sssmptions 2, 4 ,  

and 5 is provided by limited information on materials and temperatures 

from borchcles an and off shore. The validity of nssmption 3 depends 

upon intcrpreta t ions of shoreline chronology; the assmption is probably . 

consistent with existing evidence a t  the sites under study (see Ilopkins 

and others, 19771, Asstmrption 6 is arbitrav and justi*ied largely by 

its shnplicity and our present lack of information; mre rational- . . 

ref ine~nants are possible but probably unwrranted a t  this stage. The 

seventh asswnption will generally be violatcd a t  sites near shore. 

The analysis yields the following results: 
, - 

11 I t  underscores thc importance of distinguishing between two . .  . . . , .  

- .  . - 
. . 

- - 
, , .  

. :-* cases : 

where c 0, - Of and 0, is thc man sen bed temperature end Of is thc 
- - . . : .  . - . .  , = 

. . . -,.. 
- .. .. .. . .. , 

temperature of the upper bow& of ice-bonded- p & a f  rost  (see Figurd . .  . . .- . 
. .:.. 

3) .  In the first case (c 3 0) , permafrost thaws dammrd prog~essively 
- .  

f r o m  the sea bed and evcntwlly disappears. In the second case (E < 01, 

pemqfrost persists near the sea bed,  even h the steady state. The 
- .  

' .. 
sccond case is expected i n  a near -shore band where sea- iec freezes to  

tho bottom seasonally, bur, it is also possible a t  offshore locutions. 

Oo depends on the sc~sonal r q i m  of the sea water and Of d~pends upon 

sale transport rechanisms in the sen bed; smll changes in the relative - 

values of O aid 8 can chmge tho sign of e and convert one ragimt: to f 0 



. . 
the other. , Several as~ects of this problem ,have been - discursed in .. .... . . . 

. . 
. 1 . > 

, . -  - . .  . - 
detail by Y:nrr'-*on and Ostcrk$mp (1976) ad Osterkmp (-1375); - 

- 

. , : .  

2) When the cold pemlcr-ost is inundated by the sea, it absorbs 
, , 

heat from the relat ;vexy wan sca bed above and f ~ m  geotheml flu* . -  . - 
. . 

. . 

risk;  from below. After ar: init ial  . .  . period, t h e  duration of k ~ i c h  i s  . . 

: . . - . 

easily cnlculsted, temperatures ir, tile ice-bonded pemfmst become 
. - .  

nearly unifom a t  the valuc determined by the melting tanperatures of , 

its trppr and louer surfaces. For conditions a t  Prudhoe B?y the t i m e  . . . 
.- . :>. 

-. , 

... -, :  . - .  
-. . .. 

required to reach this near-isotheml condition is about 1800 years; - ' - ,  .: 
. . 

. ,  , ,  - .  , , 

for submergunco 'times less thnn th i s ,  eppreci~ble~ nCgaf ive them1 
- - .. - . . . . . .  := 

, , 

gradients are - exgected bencnth the t o p  of ice-bndedApemfmst. 
. . . . . , ., 

. . , . ,  . ,  

3) A si;'os t a t  i a l  mount of the. bent condl~zted downward through the ' .. ,.: 
,A -' ... , 

- .  
' .  ... 

sea bed i s  consmed in warming the pe&afrost to its kiting temperature- -- :- . - - . 
. - .  . - 

. . . . -. . . . 
(not melting it) in thc iriitiil phase;. For conditions at  Pludhoe Bay, -. . - 

- - .  = - 

the t o t a l  mount of this heat is  equivalent to that required. to melt .. - . = :  

- ,  . . . . 

28 m of ice-bond4 pemfrost ,  This heat requirement, neglected in . . . . 
3 .  

. . 

simpler models, can have a -  substantial effect on the estjinate of-. t-imc of - -  - : ,- - -.-. : 
- - .  r : !  

. , . . 

inundation calculated from the ubsewed depth ofthawing at  the sea b e d ;  - - - ?  
, - 

. . 

For the present data it increases the time by 5 0 1 - 8 0 % ( ~ a b l e  1, column 
. . . . > 

. = 

13). . - 
, ,  - , -  

4) One-third of the heat ~ e q d r c d  to deplete the initial suh- .-. 

fseczlng cold reserve of permafrost is supplied by geclthermal flux 

entering through the lower bouridnv, Thus, for conditions at Prudhoe 

Bay the lower surface of penmfrost rises only about 7 rn during the , 
. - . 

. . 
. . .  



. . - ,  . . . .  
f irst  1800 ycars, arid thereafter i t  rises a t  the near-constant rate of - . . . . .  . .  

- .  - .. 
- ,  

. . . > 
- .  - . -.. , . . about 1 1/4 ~~Jcentury, . . . ., . - -  

- - .  - . 

5 )  !he: rzte of thawing of thc upper surface of ice-bonded pelmfrosr . . .- . - - ' .. . 
. . , . -. .-- : 

diknishes progressively with time because the thichesi of the - insulaiing . - - .  {: 
L .  . .  - 

th;ik.ctl laycr increases. .kcording t o  the model, the present rote of . . : 

t h w k g  t*f the upper surface of ice-kmnded permnfrost is about 1 m/yr 

a t  fl35"!1, 1/2 m/yr a t  PB-3, and 1/3 m/yr a t  PB-2. ttence at  present, :I 
- I 

, - - - . . . 
pr i~~~f :+os :  is deSrading faster a t  its lower surfice ( 1 4  , see - 

. - 

. . . . 
. . 

. - . - 
4; 2;javc) than at  its upper surface at a l l  sites, md the disparity . . 

. , .  , , 
, . 

, . 
*ill increase with time. ~cco 'rh in~  to our interpretation-of the t h e m 1  - . . . .. 

, .. 
. ' .  . .: 

data, tho tbawed layer at  the sea bed is thinnest nt. PB-Z-(colmi~ 7 , .  : . , .  . . .  . . 

- . . , . . 

. . Table I), thc site that is farthest .from !bore, ondyhence -the one that, - . . 
. , .  

has been sutinerged the longest:. The analysis resolves this paradox : , , -  I 
. . 

. -  - 

because the sea bed a t  PB-2 is -colder and it thaws more slowly, as . .- - .- 
,. . .. . 

. . 
.- . - . - .  ..- - 

indicated byi the rate; j u s t  c i t ed  (see also  able 1, col~mms : 4 a n d  6) . { . . . . . . 
. .- . , -  These conclusi+ns ore sensitive to  ossmptions 6 and- 7 which could be . , - - - . .  1 . . .. . .  

. - ,  , -. . 
seriously violated a t  PB-2, for example, by migration of Reindeer island. - -  - . . . '- . 

, - 

.Uncertainties of this sort can easily 'he rcsolvcd'with additionol- -. 

. - 

dwilling for t h e m 1  observations. 

. . pair11;if:ost:. 710 thichess of-the thawed layer that insulates permafrost - - .- . . 

. . . . , . 

is t he  combined effect of thawing and sedimentation. Failure- t o  account : - . -. . -- .-.-I 



for sedimentation can lead to substantial errors in attempts to esthate 

the period of inrmbtion from obsemtions of temperature and thickness ! 

of the thawed layer benath the sea bed. A very cnule nothamtical 

accomt of sedimentation leads to  adjusbnents of the 'inundntian t h e  by 

as mucli as 405 a t  rhe hudhoc b y  sites; mre realistic accomts w i l l  

probubly have larger a€ fcc ts .  

With a l l  bf i ts  shortcomings, th? analytical model \ n s  n p p l i d  

f o m l l y -  to observations a t  holes 1190, W3370, PB-3, and PO-?. Thc 

calculated affective time br inmbrtion is shown in ~igurc 6 as a 

futlction of distonce from thc present shorelhe (see olso Tablc I,  

soPm 15) . Taken a t  facc value, the results suggest n period a€ rnpid 
. . 

transgression (at the'rate, of 10 dyr) terminating some 4000 years ago .. 

a t  u point presently perhaps 4 or 5 kn; from shore. Thereafter, they 

suggest a slow transgrcssion a t  the rate of 1 dyr up to thc prcscnt 

shoreline position. Ihe latter rate is consistent dth geomrphic . b 

cstimtes of thennll erosion of the prcsent shoreline-[!,a+ ibpklns and 

others, 1977); the f o m r  hwuld suggest a rapid rise of $es lcvol in the' 

past. fbwevcr, these nwncrical results should not be taken too seriously; . 

it  i s e a s y  t o t h h k a f  uncertainties in theassmptions that couldchange . 

the results s u b ~ t ~ t i ~ l l y .  I t  is probably fortuitous thnt the rnte of 

transgrcssion, 10 m/yr, hrm PB-2 ta  198-3 Plgurc 6) is thc snmc ns thc 

value dctcmlned by b p k i n s  (witten comication) from sea level 

curves ; n completely independent source of information, 'ke absoluto 

values of h i s  times of inundation arc generally larger thml 





I .  - . .- 
-. , .- ::I , 

ours by a fattor of about 2 ,  and consequently h i s  estimate. oi fhc . . , . . . .  . - . .- >-. 

'I I 
" 

transgression rstc far the m s t  recant p h ~ ~ e - i s a b u t  half of otars 
- , .. 

(about 112 rr/yr). (One other cut ;oust and perhaps no less fortui  t o w  I 
result of our calculstion is that hole 5376 which is 3370 rn from shorc 

. . I  
has a calculated inundation time of 3370 years.) 

As thc threc offshore Iloles a l l  have inundation times substantially 

greater than the 1800 years required to deplete the cold resewe, the - . 

analysis indicates thnt the temperature profiles beneatllthese holes are . I 
dcscribcd by thc curve labeled tl in Figure 38. That is the ice-bndd . *I 
permfrost is nearly isotl~ermal and near i t s  melting temperature. The : .I 
temperature and h p t h  permeters ( 0  Of. X, X t )  for the curves a t  each 

site are given i n  Table 1, Note that the base of permafrost has risen ' -I 
only a few tens of meters (co11mm 16). Thus the mdel suggests that 

- I 
ncer isotheml ice-rich permafrost (at temperatures close'to melting) 

. . I  

extends t o  depths of 500 m or so kncath the four offshore holes. . " 

Tmttperatures beneath hole -190 would follor~ a curve like ti ,  Pigum 3b.: 
. . 

According to the model, thc actual position of thc transient part of 
. - ., 

this c u m  is ahaut midway between curves l a b e l 4  T = 0.05 and T = 0.1, . . 

Figulr 5 .  The curie parmeters 0 Of, X and X I  are given in  Table 1; 
0' 

BL ud 811 c m  reasonably be assmed to  be -1 l .C and -18C, respecti rely.  - - 

For 3 rcfincd analysis a t  this site, doparturcs from a s s q t i o n  7 should 

lhe hole PB-1 l ies  within hudhoc Bay proper, a bathymetric bosin 

(sco Figure 11. PD-1 and holo 3370 nra b t h  about 3 h frcm shorc, ar~1 



their sea-bed temperatures measured to depths of 20+ rn arc ciiparable, :: 

(Figure 2 ) .  tbwevor, thc  t h c m l  gradicnt is anonmlously low o t  Pn-1. 

A formal extrapolation to  thq -1 .8"  isotherm yields s thaw depth of 

80* - m, a~td a fo'inul calculation of the duration of submergence yiclds . .  

13000+ years far PR-1 (Tiblc '1). Tl~ege are t k n  simple m y s  of oxplnining 
. . . - 

this anomaly: 

1) Ihc sediments beneath PB-1 contain water oE low salinity ,and' 

consequently the top of ice-bonded p&nafrost lies well above the -l.a°C 
- - 

- -. . . 
, . isathelm, i . c . ,  Q p  is  relativeiy high,. 

, . . . c .  . . .  
2) 7he sedimelits at PB-1 were "pre-heatedtt beneath a large thaw 

, . 

, . 

lake whose shore1 h e  cventu~l ly  was breached by the ,  sea to f h  Prudhoc! . -  r 

Bay proper. b k a n  annul bottolr tempcraturcs of large thaw lakes on the 

coastal plain generally vary from about 0°C to about +l.S°C depending 

upon whethor or not, they are brockislr; where the lakes nre less  than 2 m 

deep thc i r  tagorntures can be lower (Lachenbruch &d others, 1962) . . . 
. . 

llus thc negat ive  temperature gradient a t  PB-1 tends to,supprt the - -  - - - - .  

. . 

.. - f irst  cxplana t ioi~ - a1 though i t does not preclude tile second. A recent . 
. - 

, . - . . ,  
. . .  

radiocarbon date suggests that marine conditions camnced at PB-i only 

600 years ago (David Ibpkins, wsittcn c m i c a t i o n ) ,  As this allows 
. ,  - -  

l i t t l e  t i n ~  for thawing, i t  supprts the ancestral lakc explanat ion. , - .  
. - 

. - 
. . .  

The problem can bc rosolved by drilling to 100 m in Prurlhoc Bny; the 
. . . .  . . 

resolution bcnrsupm thequestionof *ether-or hot ics-richpermafrost.. - .  , -  

. . 

1' . . . .  . . 

exists kneath  Prudhec Bay propcr . . . . .  . , 



Temperature bkasurmats in Holes PB-1, PB-2, and P6-3 



. . date:, 

. , . . .  . . . - . ,  

' - Hole PB-1 ,. 
. . -  . - .  

1 - .  
. - 

.- - 

April 12 ,  -1976 
. - -  

Depth bf ice andwater: 2.68 m - . ' 
. .- 

- ,  . . . 

. ... 
. - . . 

. . 
, lIep t h - (m) lenqsetature - ("C] . . .: - -  

(below see be-d) . . .. . , .  . -: . . .  

S,8q  
. 7 

-1,249 
6.46 -0.972 

. . 
. . . . 

7.99 ' -0.965 . ' 
- ,  . . 

, . 
, .- 



. . . .  . . .  . . 
, . 

. , . -  ~ l e  PB-1 . . 
" .  :- 

. . . . 
h.. - . 

. . . . .  
. . -  

. . 
. . 

- .  . . . 
. - . . - I '  . , . . - 

. . 

, -, - I)&: April 14,-3976 lkpth of ice and water: 2,68 ,m . - . -  - . { 
- -  , 

- .  . . .  
. , . . , . . - 

, - -  , . - Depth (n) . ~unpernture ('c) . . . .- 
. ,  , 

- .- (below sea bd] . . . . > .  



Dj te :  April 23, 1976 

. - 
. . . - 

Hole PB-1 . .  

Depth of- ice and water: 2.68 rn 

Depth (m) Temperature ('C) 
(below sea bed) 



. . . . .  
8 .  

. - 
. . - - < , - 7 . .  - - . -  .: 

> - . . . - -  . . 
, . .  

= .  

- , ,  - 43 . - - - * -  - - " >  
, . . , . . . . .  

- , 
: . ,  . . . . 

. . . , . - 

, . 
- . .  *re PB-I . , .  . . 

. . . - 
. . . .  

Datk: Pay- 3, 1976 ~ e p t h o f  ice w d w a t c r :  2 . 6 8 m r  . - - -  

. . 

, . 
. . - .  . 

k w h  on) Temperat~lrc . I 0C)  . . , . ,  > .  
(below sea bed) 



kpth (m) . ~emperature, (OC) 

[below serl bed] 
. . 

. I . ,  

" .  

: . .  , . " .  

.. , . .- .... 



, " 
:: . - .  - .  , - . - . .- - . - . . . . . . .  . . 

. E '  

. 4s . . . - . -  - > 
- .  - . . %  . . - 
. . 

... . . . . - .  - . .: 
.... . - .- 

- .  .. - . . . - , -  - . . ,  
. , Hole~~P~-.2- . . -  

. - -  . . . . .  . - - .  
- .  > '  

, . :  . . ., 

' - - - - Date: April'21, 1976 - .  
. - -[)epth.ofise.md water: 11.65.h- --' , -  - .:- - . "  . . .  . . . . 

- .  . :  - - - Depth (m) : T&npernturc ( ' ~ f  D e p t h ( m )  -I'cmpcraturc("~) ' . , 

. . - .  . . - - '  ' (below sca bed), (below sea bed) . . 
. . 



- .  - -.. - .  -. . . . .  : - . , 
. . . . . . . . .- . 

. . .  . . . . . .  . -  - . - . - .  
. . .  

- -  . 
. . 

. . .., . -- - .  - -, I-. .- . . . . .... . ,. . . -. 
. . - -  . . . - .  - .- . - . . . . .  . - -  

- .  

. . . .  . . . .  - 
. , .- 

... . .  - -  , . - .- . . , - ,  
. . . .  

< - . - , - 
. - - -  . . . . . 

. . .  
. . 

. .  
4 -  - - .  

, -  - 
. ,  . . -. . - :  - .  . ,  > - .  - .. , . - . - . -  

. . .  ' t  - .  , 
. - I  

= . - . . . .  r. .- - -. 
:, 46 - -  - - --.; , , -; -- . =. ;: 

. - . . . . . 
, - 

. -.- 
- .  
. - .  - . . . . . .  . - . . 

. , . . . . - - .  
.i - 

. , . . 
- , .  

- ' .  : .  . . . - 
, . 

, . -  , - ' .. -. 
!,: - . Hole PB-2- 
. - . . .  . - . . . . , .  - . . . . . . . . .  . . -  

-. . Lhte: April 26, 197b Depth of i c e a d r a t e r : - 1 1 . 6 5  m -.  . . . . 
. , 

. , -  Y - 
... 

-. - .  

. . - :, Rpt h (m) : Temperature (OC) 

I .  . - k i t h  (m) Te~,,~~era turc ("C) - -  - .  
(below sea bed) (below sea bed) . .- 

, , 
. ,  . 

- . . . 
, - -  

. - 3  . . > - 



Depth of ice and water: 11.65 rn 

Depth (m] Temperature ('C) 
(bclort* sea bed] 

Depth Im3 Tcmpernture ("C) 
(below sea bed) 



. . - . . ,  
1 . .  

. . 
. . - .  

. - 
. . 

. .  , . . 

- - .  , . - .  . .  . 
. .  : 

- - .  
- ,  . . 

, . 
. :-. 

. . . Hole PB--2 
- .  . . .:. . . 

- - I. 
- ...-, 

kt@:. .Jmc,8, 1976 Depthof iceandwater: L 1 . 6 S m  , , - . -- 
- . - .  

Depth (m3 Tentrpsm ture ('C) Depth 00 Ternpera ture ('C) 
(below sea bed) (below sea bed) 



I 

- . . .  - -  . . . . .  ..: - . . 
. - . . .  

. . 
- : . .. 

. . . . -  
- .  - - .  . -  

- .  - .  
- .. . . . . - . -  

. . - .  . . .  
. . 

. .  . . - .  . . .  . . 
. . 

. . . -  - . .  - -  . . .  

. - . .. - 
. . . . . . . - - .- . - . . a .  . .  - -  

. . 
- .  

- .  . . 
. . 

. . . .  - .  . 
. . 

- .  
. . 

- .  
. .  . 49.-. - .  . . . - - - - - - -  

. . . . .  
.- . 

. . - . : <  .. 

. .- - .  . .  - . . 
. . . .  . - - .  

. - 

. . . - 
. . 

. . . - 
. . .  

. . 
. . 

: Hole P B - ~ - - -  . . 

-. -. 

. - 
. . - - - .  . - .  

Date-: May: 1, 1976- . Depthof iceandwater: . . . S . S l l m - -  - ; 
- -  . 

. . 
- .  - 

. . . . 
. . 

. . 

Depth (m) : Tempcraturc ( O C )  Depth (m) l'cmpernturc (OC) - - =-: - :  
- - (below sen bcd) - - (below. sea bed) - .  

. . 
. . .  

. . 

. . 

0.25 20.98 -1-,454. 
. . 

--1.502 - 
. - 

- .  

21.59 -1,458 0.86 -1,401 
1.47 -1,345 22,213 -1.465. 
2.08 . - 1 314. 22.81 -1,473 
2.69 23.42 -1.487 

. . 

-1.295 
. . 3.30 -1,285 - 24,03- -1.510 . . 

3.91 -1.282 24.64 -1,528 - :  
4.52 -1,280 25.25 -1.538 - . . . . 

5,13 -1,278 25.86 - -1,541 . . -- 

. - 

26.. 46 -1.545- 5.74 -1.273 
6.35 -1.273 . 27.07 -1 549. . . 

. . 

6,96 -1,276- 27 . 68 -1.S49 . . .  

7 . 57 -1,287 - 28,291.-.- . . -  -1,545 - . -  . . . . . 

- .  

28.90 -11543- 8 . 18 -1 299 . .  . 

-8.79 -1,312 29 , 51- -1.547 - - - . 

. . 

30.12 --I ,  558 
. . 

9.40 -1.327 . . 

10. GO -1.342 30,73 -1.,571-- .- - -  
. - 10. 62 31.34 -1.580 

. . 

-1.350 1 
1 1 , 2 2  - 1 .-358 31 a 95 -1,592 . - . . - . - - :  
11,53 -1.366 32.56 - 1 5 2  . . .  - 

12.44 -1,573 33,17 -1,576 . .. . 

33,78 - .  - -1,570 13.05 -1,384 
13.60 -1,395 - - 34.39 .-l.SSS- - - . . . . 

1 4 . 2 7  -1,401 35.00 -1.603 -. - 

-14 .98 -1,404 35.61 -1,601 . . .  . .  . 

15.49 -1,405 36,22 -1,590 
-1,410 36,83 -1,575 1:t a 10 

37,44 16.71 -1.402 .. : -4, 574.- . - 

17.32 -1; 407 38.05 -1,579 . . 

17,93 -1,432 38,66 --1,S92 
39,27 -1,588 18.54 -1,452 
39,87 -1,483 

. . 

19.15 -1,450 . . 

- 4Ol15 -1,374 13.-76 -1.449 . .  

20.37 -1, 451 - -  . 



Date: $by 3, 1976 Depth 05  ice and water: ,5.84. rn . . .  

Lkpth (m) Temperature ('C) 
[below sea bed] 

b t h  (m) Tcrnperatvrc ('C) 
(belaw sea bed) 



I 

. . .  . . . . .  . . . .  - -  . - . . . 
. . . .  

. . -  - .  . - 
. . . . . . . . .  , - .. , - , -.. . . .  . . 

-. - I -. . -  . - - .  

. . .  . 
. . . . ., . -. . ,  . 

. . . .  
. . i ,.. r -  

> , ,  , 
- 1 .  - .  - . =  . . . 

,-. - -  
. , 

. . .  
.- . . - 

. . .  

,. . . . - . . . . . . - . ,  .: - , - -  . . . . . . . .  . . , . . . 
, . , - - . - ?  

- .  :: 
- ,  

. . .  
1 -  - , :  

, - ., .- . . 
, = . . .  . . 

. < 
. . . -  

. . 
. . 

- .  
- ,  

. . . . .  - 
. - 

. . 
. . .  

- . - ,  
. . 

. - . . 
1 . : .  

- .  
. - -  

Hole -JB-  3 . ,  

- . 
, , . . .  . . Date: hhy 6, 1976 k p t h  ~f ice and water:- 5 . 3 4 . n l -  - . . . .  

, . 
, - . . .  - .  

- ,  . - 
k p t h  (m) . -Tempcrnturc- ( O C )  . . Depth (m) Tmnpcratu~.~ {o'c) - . .:. . 

(?helow sea bed) (below sea- bed) - , . 
, . . . 

. - . . 
, . 

. . 

0.25 -1.639 : 1 9 . 7 6 ' - -  . . -1 .52& . - '  . . - . 
. . 

0.56 -1, S98 20.37 -1,530 . . '  - -:-. 

, . 0.86 -1,533 20.98 -1.534 . ,  , . . .  . . . 
1,17 -1,474 21.59 - -1,539 - . . - -  ,. 
1.47 -1,471 , 22.20 - 1.544 , . 

1.78 . -1.473 22.81 . , = -1,550 ' -  . . , . - .. .. 

2.08 . ' -1.470 23.42 -1.560 - . ,  

, - 

2.69 -1.443 ' - 24.03 . -1;583 - 
. . 

. . .  3.30 , -1.420 . 24, bJ - . -1,597 
3,91 -1.404 - 2 5 . 2 5  -1,608 . . . ,. 

. 4.52 -1.386 , - 25.86 - 1 , 6 1 8  , .. , 

S i13 - -1,366 . 26.46 - . ' - -1,625 ' , . -  -,;. .; /.. 

s , 7 4  . . -1,360 27,07  -1.G29 . - .  , . , ,  . . . 
. . 6,3S -1,360 , . 27.68 -1,651 _ - - , =  - -  : 

- 6.96 -1.361 28,21) - -1,633 - . .  . , 
-. - 7 . 5 7  -1.363 - . - 28.90 . . -1.635.: : . , . ' > I  

. . 8.18 -1.372 29,51 -1,6J3: . .: - ;.-- 
. . 

8 , 7 9  -1,380 : - .  30.12 - -  -1,658 ' . . . , 

9.40 -1,389 30.73  -1,673 . -  - , - - -- .; .: 
10,01 - -1.398 31.. 34 -1- 681 - - . - -  -.--... 
10,62 -1.406 . 31.95 -1-1 686 , . 

. - 

11,22 -1 .415  32.56- . - -1.690 - . . .  
11.83 -1,423 . 33.17 -1,697 --.. . ,:- 

1 2  ,*Id -1.434 - -  33'78- . - - 1 .705  - - . . 
. - 

13.05 -1,445- 34.39 - -1.715 ': - .  

- 13.66 -1.456 35,OO . -1.726 : . . ,. . 

1 ~ ~ 2 7  -1,464 35.61 4 , 7 3 4  1 
l4,83 - 1,469. 36.22 -1,739 . . 

15.19 
. . - 1 b 4 74 36,&3 -1,743 

16.10 -1.478 ' 37 144 -1.746 ,. 

- > 

Ih.71 -1,479 38.05 . -1,752 - ,  . .  
17.32 -1,484 . 38,66 -1.753 . . 

17.93 . 39.27 . -1',747 . . -1,502 
33,83 

-.  
18.53 -1,521 - 1 . 7 r l O .  - . . . , , .  . 
19.15 -1.526 40.18 -1.734 - . . . . 

40.36 - -1,-&3 - ,:: . . .  . . . . . - . . - . .  
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