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Si~i~cn !1 '~"" hea t !low sta ti ons plus a seismic rcnection, bathymetric, and Ill <t)! netic surveyo r the north 
f1:J;oi; oj' !~:~ G:du i'agos Sprea ding Center have provided additional data to furiher delin cate a low heat 
now zor.e ,, ;':'fc\illla tcly 50 kill \\ide running rrom !lS.SoW to !ISo\\-, . This anom.tl olls. low heat fl o\\' /.o nc 
:!ppca rs ~c bc r~bled to a graben wh ich is round as a con tinu ous, rault-bounded trough, on'set by rract urc 
70;;(,;. nne tr<';~d inf: pa rall el to th e present spread ing center. Thin sedim ent . sym metric magneti c '1IIOI11a-
1iI;", <hOliilig lo::,og rap hy, and a tupog raphic step between the graben and th ~ prescn t spreading ce nter 
sug", ·~ .; : ~r:j~ i~ i.i ,he central rift va lley ora fossi l sp read ing center which jum ped te) the suuth ~4 n1.y . B.P. 
Th~ 1<),-" he", 1; ,.1 \\ meas ureme nts appear to be a m<ln ilesta ti on of our inabili ty to measure cunvecti ve hea t 
Ir:!n5fc:r :~ [ !':" a r~a of thin sediment cover. The thin sediment cover appears tu be caused by (I) the you th 
(; i ' t:-:,· ;',',.,;: r, j ge crest relati\'c to the surrounding sea fl oor and (2) bu rial b) cx trm i",; .ictivity \\'hieh 
!!-,; ;r , ' ;~ ".= c;;~,, ; !1l.1 ed arter the major compollent:; or sea noor ;.preading jU lllpt:d to the presently acti\'C: 
n-:!lC' ';f;..') l. 

._ ._ ;;' :;·;u ;,o(lioD of ,L,,; (ja !apagos Spreading Center 
1,.;~: ;::: ;. : ; \ uje;,; i:i:::d ~nd ntln;,; d the Galapagos Rift Zone by 
Sa/f' :)i;~) ! :ifld NaTOn O!;J Heinz /er [1 %7]) is one ort he most 
COI':';o :"' \ ,.i l' ,h '2 o:ea nic clcer;;::;;;;:: p late boumiaries . In th e ptlSt 
/'c,, ' y,: ,,:" ;ii, C:-:it:n , j\'e coikctio n or geop hys ica l da ta o n this 
ri dge bs b:":';1i accu rnui :!:,;d by vesse ls or th t:: U .S. Nava l 
Oce.m::!;c,,:, hic Olli ee, Scripps In sti tuti on of Oceanography , 
Wood s ;iok Ocean ographic in stitu tiun , and Lllll ont-D l) hen y 
G co io);;",:! Ol)s<:rv.tlo ry . 13tl."Huse it is an eas t-trcJ;di ng sea 
fl oor sjlicauing I'idge '.'Cry near th e mag netic equa tor, th e 
m(\!!Iit,ti,' an<J!1la!ies gc nerat\:(/ by th e Ga lapagus Spreading 
Center ;1fe ur l;l;,ge amplitude and are eas ily currdated rrOJll 
prolile to pru!i!t:: however , cu rrclation \\ 'ith th e geoillagnet ic 
tim e scale is 111 ore dillic ui t. The crestal scq uenecofallonwlies I 
to 2' is or cla ss ic sha pe an d agre..:s ill evt:ry deta il with th e 
th eo retical shape genc r;lt ed hy asslIllling symJlle tri c sea floor 
spreading [Sclaler alld J(lilgord, 1973: Alldersoll el al .. 19751. 
Th e older an o ill a li es , ho wever, are anot her Illatter. To dal t:: th e 
timc sca le co rrelation has been so dilil cult that Sclala alld 
Klilgord [I <)7]] int erprcled a Glom {//' Challellger 16 profik as 
in di ca ling th a t a seg ment ur sea il llC) r nort h o r th e rid ge ax is 
was mi ss in g. whereas fi e)' [1 975 J in terpreted thal saJlle proGIc 
as requiring an add itiona l segmcnt or sea /1001' no rth o r th e 
ri dge axi :; . 

Other geop hys ica l data prese nt rurth er ellll fu sili g anoma lieS. 
The hca t Il o\\' li 'I '; hecn e,\ tensive ly saJllpled \" ith more lhan 
]00 va lues no w nl c;ls ll red on the Gal;lpagos Spreading Cent.:r . 
/\ po rti o ll of th e cres t h:ts h.: cn mapped hy a deeply-t()\\'t.:d 

Copyright © 1976 by th t: 111I1 cric;;:l \ ie'.lr liy, ie;i/ Union. 

in strumcnt package [Klitgord alld Mudie. 1974), and a large set 
of heat /l01\' measuremen ts has been precise ly navi gated in 
rela ti on to the bo ttom by usi ng ocea n bottom tran sr onders 
[Williallls e/ al .. 197-1). The resulting survey delineated an 
oscillatory hea t 11 0\\ p:Lltel'll whie h var ies sys tcma tica ll y with 
distance rrum the crest. Williall/s el af. [ I S'H ) concl uded that 
th e hea t /low p:lt tern reprcse nted strong ev idence rur wide
spread circulati o n or sea\\'at er in to th e ocean ic cr ust a t th e 
ridge crest. Williallls e/ al. [1 974] and R ihalldo ,.{ a/. [1<)7 5] 
modeled th e obse rved patt ern and showed that it cou ld be 
ca used by ce llular con vectio n within the oceani c c rll st. On th e 
nort h flan k, Sclaler alld Klitgord [1973] and SchlieI' e l af. 
[1974] reported a 1L1\\' hea t Il ow lOne II hieh cor rel ated with as 
ye t un expla ined local sedilllent th ick ness variatio ns and possi
hly \\' ith a l'lrge trough on the so uth ern harder llr th e low heat 
il ow ZOlit'. 5cloler e/ (I /. [1 974 ] sliggested th a t th e ca li se or th e 
loll' !.One is high 'clTective perl11eab ilit) ' I\ hi ch allows hydro
th erma l cireu la tilJn ;111<1 cOJl\'eclive he:lt transfe r to dominat e 
th e thermal regime of the /lall k in :1 manne r simi lar tll th at 
prupo\ed to oce llI' lln the cresl. They att ributed this re ll c\\ed 
hydrnth eJ'l lla l e irculatiL>n tn e ither (I) s , ~dilllelit thinning· ~n 
th at basement is in con tact wit h sI:a\\atl:r r:tt hcr th a n blan
keted by imperill ea ble sed illl eli t as tu th e lI o rth and sou th 
[Usl er. 1fJ72 ] and / or (2) de!lyd ra tioll cau \ l'd by heatill g rrom 
be lo\I' [A ndersoll, 1972 J \.,.hich opens rlil ~!;ed cral' ks aild :d .. 
lows rell c\\'Cd circulatilll1 tll occur . Th e Li tter JIl eC h alli ~;m 

shou ld be rcl;llcd wa ge fruill th e crest. \\ herett,; till; forlilcr 
should he related to sec!i lll cnta ti un Jl~ltteJ'il s. 

III all attempt tl) det e rmine the mechan ism or IlIcelWlli sm\ 
rcspo nsihk 1'01' th e Ill\\' heat il uw allLlI11:riy, \Ie cOlltllll'lec./ a 
,een plr ysical survey l)r til e Ilur th l1 al1 K ~) r the G:rI:tpag ()~ I~irt 
LOIIC fro m 2~-] O N,lno_x~ ,, \\' a lld :Jtkll l.rt cd tl) m'Ql tlie t\\o· 
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J; '" :l:. iona l ~:\tcn t of til t: lOll" hCit t now zone, th e trough, and 
,I:. : 'l inne:d scdim t'I I' region. \\'c rcport 16 ne\\' hea t now 
" 'j ~ I fl'lllt.: nt s i n j \ 4r)-' l jon 10 , h p erS IIII S or th '!! !I!)(!. · P "'l }' 

:,',': ',> s l '~ a l sur \'e)' . Qur result s ht:lp to reso lve the-tectonic 
: ... .:S 0 t le a ove-men tl oncd :lIlOm alous feat ures of th e 
ll .:' .. ;1 agos Spread in g Center. 

R EGIO;\Al. SETTING 

': e G illapagos Rift Zone is th e cen tral ri dge segment o f the 
(j ':": '1agos Spreading C\:ntt.:r (F igu re I) . The easternmos t scg
:':," : elf th t.: spreading cen ter, the Costa Rica Rift [Grilli, 19'10], 
:' ' ".In(kd by th e Panama fracture: zone, a transform fault 
<.,: c boundary bet\'; ;:en the Cocos Plate and the Panamu 
B,'':l (\\ hich may be prt o f the Nazca Plate). and by th e 
[:, . .i dol' fructure zo ne . To th e wes t, a segmen t of th e Gala
ro.!;·:" Sp l'~ad in g Center run, fro111 the Ga lapagos fra ctun.: zo ne 
ill : ile J\' azc;J -Pacific-C o;;os tr iple junction at 2° N, 102°W 
IF i ~ ljre I ). The crust go::;;<,ra lt:d by th e G:t!apagos Rift Zone is 
ol.:uried to til ,; non!: .'~d : J Ut!1 by the Cocos and Carneg ie 
,! '~ :' l11k ridges, \\'hch :.--: ~:: I} 'Jght t o be hot spot trails from 
th~ C;alapagos Isi:Jnd., r,c , :;pot [JJorgan, 1973; Hey, 1975; 
I!£i!:;e/l (llld D in:, ! 9-::: : 

T::e crest of th e G:d" f :.;,, ~, Rift l.one ii :S e!,' is marked by a 
di<n(:l lopogra phic r.-" ~" " (. ·Lr,derson t'[ al., 19::>; Johnson el al., 
:9- ',]. Th e ha lrspreiiG:::; -:t\<:' is -- 5. 1 ,'I]l ,/ ),r r: om ilno mal ics I 
l,) : ' [A I/dersol/ 1.'1 ai., ! ~ -:' : Sc!:':il' r ~nd Ki,"f;;.Jrd, 197 J]. T he 
(; ,: <~ d 1l1agnl't ic Jn O jT:~ ' ! :::-- h ~! .. · ~ ~t;Jl)nlalo u sly brge nnlpl i
,<c'';, possibly C<!l! :" ;ci T :C' <,: . Ti t;; nrichm.;nl u~ crusta l basalts 
j'f t\ '-' a gco ch~nlic:jl ~tI"'(: :1-: :: .. ':t'~:tt:r~d rU;j-;hl) i.1 bou t the Ga la
f'" ,,:' " I , land, [Vogi (; (._; . ) ;~.'!j'on , i ~;7 3: Awf!:'i'SO!l et at., 1975 ]. 

.s ,.!aler and ;':fil,s-. . -:. . i ~ ~~ j ni~ ·;'.~ rl t~d ~l C 0n ~~) U r Inap of 

0.:.:<, !l1C! rj on th e (j~iilii;dgu ~ R1f't Zone . S! r~i":C [he COll st rllc

• I, ' i! ' t h :11 r~1 .. ~p . ~ \\, ! .. . · ~' i ,,:\ ~!_· !.~ i lion: h~~ "' · t: ;r=.:~t i y increa scd 
, -

~, :-", l..L. J ~'~~ £ !: ' .. ) i :'i> 

{i i . h,7--iJ rn~, rp,~d J ,.~ =. · == r lI- (·ll :~ l1 on lh·,,: lIt ' C;.ri fl~in k or ,he 
;,;,·,.:ntl: acti':~ ri d:; ..: ", ·, .'_' lL i ;,·,,": i'r'Hn t:S L' 2() ' \\ ~() S6° W along 

2°N lat itude and (2) during e.\.pedition CO(;oto \\', leg 4 (Figure 
I) , we ma pped this t rough as a (;on ti nuous topograph ic i'eature 
f'Yt "'nd ine; fnHH ·86('l \\"l ~ i l8 in LeI8c etj,,;; .. j.t !; II ;; C i a Ii ... H::idgi 
at SsoW. We ha\'(; recontourcd the relTiun fr on 10 

and fr om S4° W to SSe\\! (Figure 2). The resu lts or th t:se t\\' o 
detailed SlIr\'CY '; and addi tio nal La mo nt-D o herty G eo log ica l 
Observatory lin es in th e a'rea werc usecl in the rev isio n of th e 
S f' later alld Kliigord [1973] map. The major new feature or 
Figure 2 is the trough trending cas t-west fr om 2° to 3°N iinc! 
oll'set in at Icus t three places by fract ure zo nes. The trou gh 
appc'ars as a steeply wa ll ed graben \\'ith stcp-fau lted sides as 
sho wil in th t: se ismic renecti on profile trending perpendicul ar 
to th e trough a long 87°'vV lat itude (f'igure 3). Selaler e l al. 
[1974] condu cted a dee p-tow bathymetric and magneti c survey 
o f th e graben a t 2°N, 86°W. They found basement exposed 
alo ng the boundary scarps, sta ir step fa ulting on the so uth ern 
fl anK, and a uniformly sedimen ted grabe n flo or. The inferred 
fractLlr~ zones appear as shoa l reg ions with littl e sed im en t 
cove r connecting offst:l troughs. Tholei iti c pillow basa lt s re
cove red fr om the trough at ~ 2°30'K, 87°30'W are ext remely. 
fres h with littl e manganese and plen tiful g lass, possibly in 
dicating thut the trough is ano ma lously you ng for 'its present 
position rela ti ve to th e Galapagos Rift Zone crest. 

HEAT FLOW MEAS URDIENTS 

Sixteen new heat now stations were ot:eupi ed in and near 
thi s graben on th e north flank of th e Galapagos Rift Zone 
Crable I) . A II geotherm al g radi ents \\ ae measured with a 4-111 
Hullard probe. Thermal conduc ti vi t ies we re meas un.:d on a 
t:O rc wit hin the trough at2 °JO' N , H r ~rJ'\V by using the need le 
probe I1ldhod of VOII Herzell alLd ;t!i/x l\:ell (1 959]. Individual 
stat ion conduct ivit ies were assu meu by lI sing both Iliese new 
va lues and previous measuremeflts with in the survey area frol11 
L.angseth CI (/ 1. [1 966], Sc/aler alld Klilgo /'i. · I 1973], and Selal er 
el al. [1 97-1J. All cond uctivity values from (hcse independent 
sources were wit hin 10% of each othe r. Eac h stat ion \\'as 
eva luated for in strumcntal perrorm ance, and th e loca l env i
ronm ent of each was described in detail (Table 1&) . In the ' 
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Fig . 2. 8a thyrnct ric map o f Galapagos I{in ZOIlC . Locatio n i, inci l';,:icd in I-' i~ur~ i. Dotl ~J i in ~ ; ar~ ,hir lU(~'i u,~ll for 
th e map. Contour, ar~ in c o rr~ Cl ~d me ters. 

m~j ()r it ~ 01' s tations, four geoth erma l grau ient s \\"(: re nh 
stlred. Th ;;,e \\'cn; eva luated fo r sys tcmat ic var iat ion s both 
hel \\t:cn an u amon g individua l dat~ popu lat ion s. ;\11 \Icre 
lin c.n ove r the entire measurem ent ran ge to an a cc llr~lCy of 
:1:: I o c':; (appe ndix). 

Th e 16 'new ly report ed heal 11 0\1' st,lliuns, wh ich bring the 
total number of measurem ent s from 2°_3° N, 86°-88 ° \\' to ·D. 
arc systemat ic enough to be co ntoured , a I'a ri ty with heat n O '.1 

lll e<lS llrCmc nts (!-'igure ·1). The 10\\' heal flc)\'. zone on the north 
fbnk of the Gal ap:lgos Rifl ZOIlt' em be trd ced a, ,I cunl in
ULlU S fe,t[u re fro rn S5° jO'\\, lLl 8S 0

\ , · . L Oll he~ll 11..)\\ I\ :1'i 

cl1n siSlcnt ly mcasured lIi th in a nd j ml to the no rth 01" lhe 
grabe n (Figure 3). T hirty I'~tlues lIilhi n th e k)lI-/ol1(; <1\ ::' ra t't: 

I .J i-: = 1. 13 s.d . I-l FC (I I I H J = ,I en l/ cm' s. I H I· L! X -1 1. ~7 = 

I 1l1 \ ' ·: Ill' ). whcre ~ ! s 1.3 fro lll th ~ n :tnk~ II Itich hal 'c high hee" 
11 0\\' a'. cr il ge 4. 72 .±: 0. 77 S.d . I !feu . Th e therlli~d gr:ldil:lll, ( I I' 
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ct:Hiim eler sccun d. 

Sla tion 

27 11 F2J 
2iiJ-1 F.'_~ 
291 i 125 
.10111 2(dj 
JlllfD 
J 2H F2 ~ 

JJ I 1 1'29 
.141-1 1·30 
J ~ II I : .I1 

31111 F32 
371-11 ·3 3 
J ~ I I F34 
30H13 'i 
110 111 '] (, 
42 111· 37 
.1:; 11 r3,~ 

4·11 1130 
45 111 ··l() 
46111 C1 I 

Latitude 

.1',) ~r:.~' ~ 
2v 57.I' N 
2' 4JA' ;\ 
r~ 'J 5';\ 

r OlJ.I'N 
2°02.1' 0: 
2 ° I ~U' l\ 

2".10 .2'N 
2°'II.5'N 
2°40.J' N 
2°J20'N 
2" 20.'1' 0: 
2°.LU'N 
2° Jf> ,'1' 1" 
2°21)'1\ 
2" 1'). 7' l\ 
2°141' 1" 
4"()U.2'N 
5° 1(..3' i\ 

LOii git~ ! d,.: 

X6° :' 2. 0' \\ . 
~6 ° 59 . ,~' \\ ' 
1)(,° 5-:' 7' \ \ ' 
07 °1)(1..1 ' \\ . 

sro I .J' \\ . 
~7 ° 0J.J' \\ · 

K(, O 5(1 .1 ' \\ ' 
8(,c:i I. I ' \\' 

86°:'2.9'\\ ' 
n ' II . .)'\\ 
'11 7° 13.3' \\ 
87" 15. 2' \\ 
'IS ?" 2(,,')' \V 
~ 7 G 2'i. S' \\ . 
87 ° .15. 1'\\' 
}W -l .I.5' \ \' 
~7 ~ 5~ . 6' \\' 
S7"-I·1.1 '\\ 
X0 ° 37,~ '\\ ' 

D ~ (llh, Pellc l ra· 
I II 

2 13i, 
2870 
26~O 

2gXO 
n 24 
2503 
n7B 
30% 
272 1 
32 14 
2906 
2736 
250() 
19 10 
2593 
25)-;0 
2682 
j(,j 0 
30S() 

liull, em ..'I T/ ..'IZ 

,140 OX ; 
320 3.5-1 
440 2 .~ 

o 
440 2,-1:; 
4'1() .1.11 
4 -~O 2.(,j 
4"10 0 .2 '1 
4'10 (U,J 
4,10 D.OO 
440 0.1-1 
440 2.:ill 
,140 (1.70 

·140 /.3 1' 
' t.lfJ 1.1'1) 
'1,10 2. 1 U 
·140 0 .2·1 

o 
.IOU 1.9 7 

K 

I.SA 
1,0,-1 
I ,(U 
l .liA 
I .SA 
1. 0/1 
I .XA 
l. oA 
l. oA 
I X 4 
1.1'.1 
l .oA 
I .SA 

Q 

4.46 
5.60 
-1.6'1 
0 .52 
1.16 
O.llO 
0.2(, 
.).50 
1.27 
2.50 
3A I 
3. 79 
0.·1-1 

3.5-1 

..'I T,'..'I/. is lit e Ill crllial gradienl In 10 -" o ("Ill, K is Ih crm:ti ClIIHlucli vity in 11I c< tI / CI11 soc. Q I" he'; 11 
II .., ,, I II !l c Ji / cm' s. 
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30f-! 1:26 13 
311-1F27 
J2H I·28 

3.'·1 I 1""'29 
Jil j 11 .10 

J5H FJ I 
36H FJ2 

J7H F33 

3~H F34 
39H F35 
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A N DERSON ET A I. . : H EAT FLO\\' NEAR FOSS IL RIDG E 

TI\ I3LE l b. Eva lu a ti on e,f Heat Flo'.\" I'vka:; uremenls on Coc-o w w .f 

' p" ! "" IIlcP t 'l ! P"rwrm " oc'" p r"i'?g 

'* gtlmt-gntilicm; S ,----------l\c------t071IIt""I-tt-00ct1I}ro~rlllll. \ \" ell sedim d l k d. 
2 g .. " dient s, partia l 

p~ n e tr ali()ll . .10 0 tilt 
4 good gr,'d lc ilis 

bouncecl 
4 gr«d ients 
2 grad icnts, 2 on'sca le bcc:!u,e 

of high hea t flow 
4 cradients 
4 grlllii cnts 

<I gl'a di ents 
4 1i nea r gradient s, full 

pcnetrati on 
" gradients 

" r,ra di en ts 
4 graclients 

" gradie nts 

<I gradients 

4 gradients 
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bo unced 

..10° tilt , 2 gradients. 
par ti a l penetra tion 
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Stution ~t ba st: of 1 ~;3-rn gentle slope. 
No clear caus¢ of till or part ial pe "~t rat i o n. 

Half \I'a}' up II O-rn sca rp. Well sed im en led . 
Low. rolling hill s. 

On si t!c of large scarp of trough \':al l. 
rl a t terra in: > 36-m sediment. 
On lap of 183-rn hill. \ \'ell sedimcntccl . 

G enerally fl a t relief. 
On top of sma ll 91-m hill. Well sedi m<:'1tcd _ 
At ba, ,, of 11 00-111 scarp in troug h fl o,)r . 

> 36-m sediment. 
G entle. \\ e ll -sed i l11cnt~cI fb t terrain. 
On top of hill ( 183-01 hig h ). 72-m sedi m en,. 

On sca rp, IS3-m sediment. Just ul1"3 6-,,-, 
deeper 11 00r of '·alle .... a nd 110-01 s:,<!lio\\ er 
hil l. 

Gently undulati ng , \\cll-sedimentcd ,~<! floo r.. 
I-I :!l f \\ay up I 83-m sC<lrp_ I 8-m sed irr.mt. 

72-m relief. 
At bottom of 5 1 200 m scarp in trough. 

Rock sca rp. 36-01 sediment. 72-m reli c l. 
At base of I 83-m hill. Fl al to south. 

> 36-m ,ecliment. 
n at , ge ntle terrain. At base of 366-m hill. 
In trough floor. We ll -sedime nted 183- m 

scarps on both sides. 
On top of Cocos Ridge . H ard bottom. 

Sha ll ow . 
F lat, ,,'ell sedimentecl. ,,"0 indica ti on 

why there is tilt or parti a l p~netraljo n . 

: c,, :(,~ ' > <"' .;1i1 0 to 10 depen din g upon in; tiUmenta l r erfor mance: , till. perH.'trati on der :h . and 
~'.';: ,:: h :; i _.J>.; ' ~;I ::- i:',a! co ndu ct ivity \vas estim l.~tcd or assumed. Loca l envirOlllllental ut::--crirt ion s :.rrc frorn 

."' ~· '. ii '. ·,·.·n_ , .~ u ~der and seismic rencction record , in area ofe~ch station. All arc t"o-d im ension.! i o nly_ 

[ ht: ,-, .c· ', ~;i ~; ; )f :~; : ' : ;, ~,,"-":-:' rTl:::,", ::; , ; r et~len(s from instr um ent s o f 

u,,;::'" ; ;,s,i[u~ic'iE (Su"' ;-" i:-:Sl; tut ion of Oceanog rap hy. 
\\-,.y,,_L f-ie)i t: C'':i~:Jii"gf"'!i'f; l C >slituti o n, and Lamont- Do herty 

GCtJf;)c- r: ,, 1 U O'ie i'.·" to ; ;. ) ~(j;d (ro m h eal !low probes of three 

flin d~un ("nL:li y diffc'rent dcsips (the 4-m Bullard probe irolll 

Sc ripflS, a 200 m outrigger sho rt probe f ro m Woods H ole. ,~ l1d 

outr igge r p robes 0 11 E"'ing pist.on core rs from L amo nt
D o her ty and Woo d s Hole ) . TIlu s it is h ighly un li ke ly that th e 

lo w heat Il ow va lu es arc d ue to ex pc:rirr.cnw l error. and fur

th e r, th e low h eat flow zone and the gra b en appear to be 

HEAT F LOW SURVE Y OF FOSS IL GALAPAG OS 
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/ :.I u<tlly related. Below, W ',- will attempt to tes t causa lity by 
.,:'.' c'\ :rHl in ing o th er aeo'lhys icai ilaram elc rs of t 

be interpreted as representing th e ma.r:netic anomali es from a 

r-______ ~r~i (~l~~.,e~c~r~e~~t~,-T~h~e;C~o~c~o~to~\\~' ~S~lI~r\~'e~'JL' ~I~l '~ls~p~r~o~v~id~e~'l~f~n~l~a~g~n~e~t~i c~p~rilo~- ________________ ~~ __ ::1' ~ILc::.A0:.o,,\,,'-","I...I-P.;-A-N.Q-...\-fCG-s-s+b-R--I·B6-E--GR-ES--T fil es which contI I' m this latter interpreta tion. The CocOtOIV 
l . .\ " nlcntioned ear lier, Scla ler and Klilgord [1973) interpreted 
·i. :h ~ l!l ag netic anolnalies from th e Glotllar Challenger 16 pronle 
. iFi"c! rc Sa ) as ind icat ing le l th em th a t a secti o n of sea floor lVas 

!ii"r ng north of the G al :lpago, Rift Zone. 111')' [197SJ pro
!." ,-" I alterna tive ly th at the Glomar Challenger 16 profile might 
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4/Tripod combined profile at 87°W (Figure Sa) shows repet i
ti on of anomaly 3, a pa ttern which is diagn os tic of an o mali es 
aboll t a foss il ridge cr(', t. [Herron, 1972). Furthermore, this 
repea ted an omaly 3seqllence appears to be symmetric abollt 
th e trough (Figu re Sa ). This sLl ggests th a.! the trough is a foss il 
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anol11al'.- 2' time (3- 4 m.y. B.P.) an d afrer anolllaly J t im e (6 
Ill.),. B.P. ). Furthcrlllor<: , we C;ln correlate anomalies ol'e- r th e 
entire nonhern nank of th e Galapagos Rift Zone 1'1' 0 111 the 
crcst to th e intersecti on with th e Cocos Rid ge and fro m 
85 .5 ° \\ to 88 °W (Figure Sa). On th e GlolI/a/' C/wllcllger 16 
pron lc at 85 .SoW, the fo ss il rid ge is delineated by repeated 
anom alie s 2', in dicating to us that th e ridge became in:letil e 
mo re r,x ci1 tly than at fir W. (A possible repeated anolTl~1 l y .5 
sequenc,: to the north indica tes an older fo ss il ridge; or the 
cros,i n;o of it iract ure zo ne. Wc have no further data on thi s 
segment of sea floor.) !\t Sl)°W the Coeo tolV 4/ Tripod pronJc 
(Figure .5a i sho ws that two fo ss il ridges might have ex isted , th e 
older <.hll\'.ing symmet ry about allomaly 3 and the younge r 
s ho'.l · ir~ ; sY;;1rn dry about anom aly 2 (Figure Sa). Though a 
sm a ll ju~' ,;xi:i ts ncar th e double 2 symmetry on th e Tripod 
profi le. ~" : ~ )w:,sibi!ity of' the ge ll eration of the extra an oma ly 2 
by the cr':'iji ng e;f a fra cture zone can be eliminated because of 
the r;;i 55ing a noma ly 2 on th e so uth nank (Figure Sa). Coco
to w -\ r' i ,~'i i ies J t S9 °\V ail d 92 .5°W also show anomal y 2 
sy mi': ~ : ; '\ ,,[,out ,1 fossil ri dge which became inactive at that 
ti me (Fi,::::n '; 5b). One Cil ll th erefore conclude from the Illag
ne i;c ·J:.: !co ;f,:tt I. ~.~ Crx()s .. :·' ,!zca accreting boundary has had a 
very CI)1: 1:-;I,,:\ , iX ,=;<t r; ;o:.c(:: wi :h a well-c1eveloped oldt.:r fo ss il 
ri dge S :-- ~:" ;T; e<em! l;',,=, fr;Jn: 85.5° \\' to 88°W which beca me 
exti ne: -. -' 1:1. ". . LLi' . (f ig c, re 6) and a younger fo ss il ridge 

l OS 0° 
I I 

c m :ST (P. :: ST 

Ii !. I S! 97 til l' 

ex tim::t ~ 2 111 Y B P (Fig,! !;; 6) 

TOPOGRAPHIC E\ ' IDE:-:Cr: OF T HE O LD ER FOSSIL RI DG E 

Vogi ('/ al. [1969 J. Selaler el al. [197 IJ . and Allderson and 
Sela/er [1972J ha\e demonstrated that a fo ss il ridge produces a 
distinct topographic signa ture. since subsidence from the ridge 
crest is a functionofage only [Sc/(I[cr el aI., 1971J. ~\ :ly age 
di sc\)nt inuity should prodwe a topogra phic discontinu it:,. T he 
fossil rift va llcy on the no rth fi:l nk of the G a lapagos Rift Zon e 
is at th e crest of the anom a lous shoa li ng in topog raphy noted 
by Schlfer al/d Klilgord [1 973 J (Figure 5a. Glomar Cha/fellger 
16 profile) . Further. on the Cocotow 4 pronle at 81 "\\' , a 
distinct topograp hi c step e.\ists to th e sOllth of the foss ;! crest 
marking the boun d:l ry between crust genera ted a t th e fossil 
ridge and that generated at the presently acti\;e G a lapagos Ri ft 
Zone crest (Figure Sa). A companion step in topography 
whieh should ex ist to the south of the present cres t is obs.:ured 
by the Carn eg ie Rid ge. Similar top og rap h ic and magnet ic 
patterns ha ve been ident ifi ed on th e fl ank of tl ,e Gaia pagos 
Spreadin g Center between 91 ~ \\' and93 ° W [Trehll . 1975: Hey. 
I 975J. Th e present crest of the ac ti ve Galapagos Rift Zon'c has 
a topographic peak , I\'hereas the fossil ridge has a graben or 
central rift valley. Th e changt.: in topog rap hy might incii cate 
that the cessation of spreading on th e fo ssil ridge to ok place 
ovcr a finite time in " 'hich the spreading rate dropped sl o\\ I) to 
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~ r\l . producing crestal topograp hy character isti c o r very slow 
\[l'a ding ridges [ef. Alldersoll alld No/tilllier, 1973]. 

Galapagos Rift Zone because we measure only th e co nciuct ive 
heat tran sfer with prese:n t techniqu es appea rs va lid . . '\ signifi-
• ;1; i I p:azcltLuL±tcWl-dJ Lten=tt::a:us:tc! tttAJtrg:ij: zt:tg::o;mm--o"B"i1 L '; ' S l:b !.' , ·· .. >; I fHTLK1"IE5s Cll"rTllF'GALAPAGOS RIFT ZO NE 

~---'-.---~"---r--'-'----'-:----r-:.-----..::-::-:-:-;--:-::o::-:--::-;---,fl~oJJ(1c.'J' r~i n~tJ.<.eIU· [-<la.l.clO...Je a.ppears I 0 b.e....~C'Oill'..e.c.llttJJea.tll:a.I.l ... <;p..oL!-\d,.l.Il ,~'" 1l-1 ----------'--:F'--'-
: i drth er evidence for the exi stence of th e fo ss il ridge at the scd iin ent co\er is not sufriei cn tly thick to bl :lnk et ba sement ; 
:- 'O N is found from an examination of th e variation In reli e f. 1" 
.'0 ;)l ent thickness to the north of th e presently ac ti ve crest. Sc/Mer et at. [1 974] class ifi ed the loca l en vironmt:nt of each t .. 
;';;, ne nt thi cknesses at ~2-k m interva ls were determined by heat now sta tion wh ich thc\' occ upi ecl nort h of th e Gala pagos 
l : :'~ the eoeotow 4 seismic refle ction profile at 87°W (Figure Rif! Zone. They attr ibu ted the low heu t fl ow measu rements in 
iI ,', liTl th e crest of the Gal :l)) ~lgos Rift Zone a t OOSO'N to th e th e region to loca l oUl <.:,·opping of basement caused by sedi-
l' ,; r .i !c;e a t 3°30'N (Figure 7) . Sedimel1t thi ck ncss in - ment thick ness var iati ons. We proJlose here th a t a furth er 
;;. '·.':5 liP' ;, !:/ with di stan ce froiTl th e crest to ~2° N; it th en effect of sedim ent thi ckness variations is a lso evident in the 
~: : .; to tlh ' in" il graben and th en thickens agai n to th e Cocos hea t flow di st ribution on th e north flank of th e G a lapagos 
',~.:c . A sedimentatio n rate of 40 m/ m. y, was determined Rift Zone. LO\V measurements were reco rd ed by us no t on ly in 
::,. 1 anoma lies I to 2' on the presen tly act ive crest. Extrapo- sediment ponds near rock outcrops but alsO in are as \\ ith flat 

·n of this rate to th e north produces an age for the fo ss il reli ef (Table I, stat ion 35H F31 ) (Fig ure 3) and no outcropp ing 
. of ~-4 rn .y. B.P. a nd an age d is trjblltion in general ag ree- ro ck Cfable I, station 27H F23 ). These low measu re men ts st ill 
.~ with the magnetic anom aly ident ifications of Figures Sa, correlate with sedi ment thi ckn ess, ho wever, in th at although 
:'.1 d 6. \Vc fee l th at th e correla tl',)f] bd\\'ee n t h(:~e va riou s the sediment cove r is uniformly clraped over the basement , it is 
; (I f geop h)s ical d ala is de finiti ve evidence for tile ex ist- thin (ge nerally < 150 m thi ck ). Perh aps convecti ve tran sfe r of 
,'d' a foss il ridge ce!i le red on the gr;} [;':f1 mapped in Figure hea t by hydrot hermal circulation is possibk through a uni-

, ,; Ihe,) construct<.:d a plot or he:ll i;ow .versus di stance form sediment cover as lo ng as it is thin [A nderson alld H obart, 
!, 0" (ht: pre\i! ntly active crest or .he G3.!U;:Ugos R ift Zone 19 7:, 1. as seen on th e sou tIJ flank of th e G alapagos Spreading 

, 7). The 10Q heat now me''''l!e'11e;; : ~; (Co r so urc~: '" sec C <!: '. a where high heat no w is foulle! in >SO m of sedim~n t 
'. " 7),hys a gross cor reI3 ~i 'Yi v,f ln !wd:m en, i;';::~[ccs, . CO \'",' [Willia/ll s et a/. , 1974]. Though th e sed im entary cover 

now i:ll.·rcases fr om the Cfi~S~ [b ·:eJirn:::nt thici-;:'coss in- requ;(I :cI to pre\'(;nt convect ive hea t transfer on th e south flank 
. -" . decreases as sediment th ick nz:,:., Cl<:Cf<:'lSeS t.:) rh~ ros ~i l is L'·;s than th at o n th e fo ss il ridge. the topograph ic reli e f is 

:l d th en increases again J.S lhe ,;l;(ilm en L thicKl;;:SS in.. ab l.) less, and as Anderson alld Hobart [1976] point o ut, it is 
" fro m til e fossi l ridge to th '~ CGV)S Rid,:-e (!='igu;, 'j j . pr obab ly this rati o wh ich controls th e hea t tra nsfer l11ec ha-

.'. , i ',1 iI, ' r . '. : relat ion was fir st ;e~. G'·:d by LiIi<!1' f i 9 ,; ~ J e n n Isms. 

(' ,::1 ' :' r .':a Rid!,',; and fHlr: ht.; : c'J lO ::'t! . ,;.; _ ~) .l - The variation in the sedim ent cover aprea rs to be tecton" 
:: rk 'J : " IIl Sfcr fro n; ill ·.:;,. ·;"t!r;:',~ii ,: :r'. ,,1;: ;i::1;: ' ; ~hc ica lly contro lkd. But why there is so little sed im ent in th e fo ssi l 

;'" ',iun or .. ,' il tlrermcabie ;'.,:' :=",',,: !:: ~ (''';::~ \'.-n!C'il Cr::n<cc III ri l't valk) rem ains rro blemat ica l. If an instantaneoll s ridge 
" ",J( 1', ,;: ;'. f'; /i!!iallls el ai, [ i :·'-74] <In C; ::'-ci,,'er t' [ af. [197 .+ ) j ilil ',p had occurred in [h is reg ion, th e sediment cover \\'ould 

",.: : corre!8ti ') !l i.n !:,.' .: \~;' on ~ht. C"i:l: i.~P0 :~ {):~ Rift 
.. l· .. ::···· .':'fJd i/;")D:"7rt [I97t< fc;und:.i ;: ;;11,Lir cor r.;i .. Fi t":o 
Cn:--;t '{ i !~ ~i..' .. t Rift . 
P~):I~ U ; ,i~~' ( ~ LH the ~~Ji inent thi,: f.:ncss v;'ir i~tiiOii~ o!' the 

l .l ¢?:~ \::. ! ~: ' ' l one are :aus(;d by th~ c ;,,:i st~ flC'': (\f the L)ssi l 
. TtH !.. · .:on ciu~-: io .l of L:'.: ! e." {i972J ;}:1G St!::l1er e! {J t. 

. ~ 1 tfJ :J~;" ileal rk)\v is nl ea sured on th e nurth n i.~jJk of the 
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no : thin on th e fos sil cres t but woul J be simil a r to th at a t th e 
jU ItJ p boun dary. T he lack or sed iment in th e graben sugges ts 
til,!!. ex tr usive activit y might no t have ceascd when th e acere t
in to plate bOllnd ar')' jumped to th e south. A poss ible explana
ti oll for the exis tence of the above-mentio ned fre sh basa lts in 
the: gmbcn is that subsequent vo lca ni c extrusions occu rred 
after th e ri ci ,!e jump. This vo lcani c act·ivity mi ght have co\e red 
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Fig. ( •. Magnetic ~ n o maly a nu foss il ridge lucaliuns idcn ll licd in .Fig ures Sa anu Sb. 

I 
r 
'I 

I 
/: 
r 
I' 
! II' 

, . 

I 

! 
I 
'I , 
I 
I 

:1 I I I , . . 

1~"7'; .. ~~~riY~i':i;:.i~~.~~~~~~4~~'ft?:~retf'f:.",,,~~~~t;:J.WJ!;:1~~"'!'itY,~~f!'if~J1~Xfi'~~~f.dt_:tf~:k~~.y~~·~:-~~~.; ,m~~~~_~:~:~~~~7~:~~Z'::~:~' ... '. 

,. 
f' .. · 
, .. 

~ . . 

1 
( .-

i 



· . ,,-'"-0 ... - -.-

., .. :$.:;.--
-~\)::~l . 
r~' 

· . .rr.:;':t. . 
. '.::-~~ 

.. , ;:co ...: 

,~-"-' 

:}~~.~>-;. 
-.;':;..(\-

' ~ 'h~ 

.f''';,) 

· ':t;i~$:~~J~.~ 

/\ NDE R.)O:-; ET AI..: H EAT Fl.OW I\:EAR FOSS IL RIDG E 

400 : . 

COCOTOW 4- 87°W 

o 

o 

100 120 

JUMP 
BOUNDARY 

o 
o 

140 160 

o 

o 't 

180 200 

I 

o 1° ;y 
o. 300 

- 200 

100 

~· o 

- ·8 

7 

2 
o 

220 2·10 2 60 280 

DISTANC E (K ml 

ri g. 7. (Top) Sed illl ent thick nesses derived at 2-kl1l interva l, fr om seismic renee'l ion proille or Cocotow ·1, trae!; along 
or w longit ude (Figure 3 ), plott ed vers us distan ce: rrom cres t o r the Ga lapagos Rift ZOlle. ( (J o tt OI11) Hea t !l o\\' v~ducs 
plotted versus distance rrl)111 crest or Ga lapagos Rift ZO ll e. Sou rces are thi s paper, ScI!lil'J' alltl {{lilgol'd [I 9n}. Sclali'l' ('I al. 
[ 197·lJ. Vall I/ e/'Zell alld / llIdel'.>oll (1972 ), Lallg.l'f'liJ 1'1 al. [I %nj, VOII fl rr:ell alltl [ I.retla [1 %3 ], an d Andersun alii/ H obar! 
[ 1976}. 

the noor of tht: gra ben, bUI'ying sed imen t. If this is tru e, then 
th e origina l g r ~lbe n must have bcen much deerer th an it is 
no\\'. 

The cxisknce of th e low heat fl ow zo ne, it s eorre lGtion with 
thin ,edim ents, a nd th e corre la ti o n o f thi s enl' ironill ent Ilith 
hydrotherma l circulation all act ive ridges (Lisler, 1972; I-Vi/
liwlls c l al., 1<)74 J sugges t th at the co nvect ive hydrotherm al 
acti vit )' on the fo ss il rid gc cun tinu ed long afte r th e major 
component o f sea fl l)or sprea uing jUlllped to th e prc'it: ntly 
ac~ i Ill' cen ter. 

TEcrO:-:I C 1 ~ II'Ll C,\TI\)j"S OF Til E RIIlLr. J U,\ll' 

Scloll'r (flld K li lgord [1 973J rt:rorkd th at the Ca rn egie Ridge 

trull cates crust of anoma ly 2' tilll e I'rom ~gO \\, to S()O \ V, 

I\' hereas the Cocos Ridge trull ca tes an omalies 4 to .') frolll 8X° \\' 
to S6°W. They concl uded til al since the Cocos Ridge was 'age 
progn>;s ive' from southwes t to northeast. II'hereas the Carm:gie 
Ridge appeareu to be: 3--4 m.)' . old over the same geographi c 
illterl 'al , tht: tIl'() ridges were tectonically unrelated and lhcrcl'o rc 
eOil ld not be ho t spot ,rails formed as tite Cocos and N~t ,,"~; l pla tes 
moved ol'er th e Galaragos ho t Splll. Hey [1 975J suggested that 
thi s geolile tric dil em rna cou ld be rcsolvl'd if a ro ~;s il ridge 
e,\ isted to tl](.: north o r th e prese nt crest. Then th e Carneg ie 

Ridge I"ould be tru ncat ing o lde r aged cru Slt itan that proposed 
by Selmer !lnd Klilgord [1973 J. Otll' Ill ~ lppillg of th e foss il riu g<,; 
north or the Ga larago:; R ift Zo nc has removcd th e Sela l er !llId 
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· . r.\fl LE 2. Ih eragcs of the Departures of th e Indi viuual Interval 
-.;·':c'la l Gr;tdien ts From th e Average G radient at Each Sta tion 
.: : .,'m Table la and From Additional Ht' ,lt Flow Stations in the 

· " Area Frol 

T;\Il LE 3. CalcuLttion of th e Average D iflcf<:nct· <; BCl"ecn I)cq::st 
tvlca~urcd Therm a l Gradient (340-4-10 em) and Shallo\'.::r G r"dicn ts 

in Percen t or Dec cs t G r:ldient 

~--__ -__________________ --'d~/~/~=~~~------~~~~------~~ 
il.:-___ ~.\-l+seI-tH~Ltt!ttC---------------j 

'. ::7"'. ,a lgebraic depart ure 
. q ~t'an gradient. '10 

. \' . . :.tbsolu ll: \'J lueo fd c
:.I r~ from mean gradi ent, c,;o 

.i .'. depth in ccn tillldcrs. 

70 190 290 
0.2 .. 3.8 5.4 

5.S 6.3 9.0 

~ = 

390 
OJ 

4.2 

.i /i;::u rd [1973) objeclioll to the hoI spol tra il orig in for Cocos 

. :nu Carnegie ridges. 
I, is interesti ng to no te th at the presen t ridge from 95°W to 

\~; - W is the on ly seg ment of tin: Galapagos Spreading Cell
. :,.[ c, hibitill g topog rap hic, m;~ ;;llet i c , and pet rol og ic charac
:~ r iq le~ of th e Galapagos hut spot geoch '~mica I 3n orn;liy [Vogi 
:jI;,i Johnsoll, I'Fi J ; Alldt'TSOII ef d., 1975 ]. n'at is, shoaltopog-

· ·~.!phy . anoln ai ~1ilsly high Ill ag net ic 8. nl) ll1a ly an1p!illldes, and 
· .:u~ !llely hi ~~h FeO* and T iO, cuncc,llr:Hion, ha'.e bceli 
· ;:: .~f' p ed over thi) segl11entof the ()a!&p~lgosS pre~t .. ~i ng Ccnl~r . 
. :;'; '.'. [1975 ) Sl:;c . .-~ s ts th at th e fid:;.e jurnp>.:d iu th ·~ so uth 10 

. ;;:' .,i n near the hut spot. Th is ~, p;)c"rs t,; b,~ J qu it"! <ec'()l~ a ble 

·: .. ',;;u sion, since only that pc> '~I;Jn '.< , '1 (; .-i r.i.:.;~ n(.- \ '-' .. ho\\· ing 
~: ochernical eO'ec ts of prd\ ir;: .l :-, [0 lG.; hOl Sp0t j u:;; ped to 

",' :·) u th. 

1':' r ji.!n:-~ of the G d! :lP :1g'.:S F:i n Z :",p::- is ;t tine~l : r:,:.Jt ~{re 

\' ,~ i. .. k l tu the pn:sen! s tri ~~::, ~i!' ~. i; ~ r~(;f·. e . !h~: t :1 i", Cu.lt:, ~l iiy 
.. ~' . ,: ~ .. :d to. J grjben) th a~ Ih ~ grai.;:':fJ ;:j ih~:' Ci··.,; S7. C'f :.: j'os.;i l 
:~: t~ ':l~(l n r i d ~ :.: s~'~ t e nl .,\·hich ~: : :r:1 p e ·j t '] [! ;t;: S(:Ll h "'"-"; rn.y. 
1,1 tnd th at :hc.~ In\;. hCdi. n:;v.: :':()!"ie cn r' e ~:!tes \l,i tr: sedirnenl 

:\ ; PE:-"': OIX: V .-\RI :\TfU\.· o F TE.\: p~:K:\rLRE GR (\ I ) iE :-~ T ! :J{ iJ.\J 

TIl E S URFACE TO 3()O- C\ i DEPTi I 

'fc 'll pcraturc gradients n .:pnrt ::J in thi :J paper ~ t nd in th e 
'lJr~; by A I!,hrSOIl (l ild Hobart [:)76] t"rom (O(ot<1\\, leg 4, 
:[';;[1' Insti tuti on of Oc;;a n ogr;~tphy, \\ ere u!cu !akd at ave r
!t ,:'~p ths of 7U. 190,290, and .1')0 CI;1 fr on; :he riiii,;,)j" senso rs 
c,' .\1 at 0, 1:10.240,340, and 4-W em fr om th e ~ urr:.l CC 01' the 
.\' .~ l1 t when th e 4.S-m probe ach i(;\'cd fu! ! [1cnclra ti o l1. The 
t:,! il umber 01" such stalions was 27 Crabl e I and A ndersoll 
:f f! o/;orl [1 976, Tablt: I) . Table 2 gives the average 01" the 
~, ,; : ;urc s of Ih e illdi vidual grad ients I'rom th e . average 
t,il,' ll t aL each stat ion wi th rega rd to sign in th e first ro w and 
;!>l ut r':gard to sign in the second . Th e sma ll values in the 
t . "VI' s how th ;: t there is no measurabl e bi as with IT'> P(;ct to 
)" 1: i.e., th e sum ofpl)siti ve and neg;l ti vc depa rtures froll1 

,\ cra gc gradien t is close to ze ro at all th e depths. The 
.. ~ e <l c,solute va lu es of" th e ciepartures for the four dcpths, 
·Iv . 6Q" 6'1(; , 9';6 , anc! 4%, do not indicate an y trend but 
' 1' gi\'e us a meas ure of th e. accuracy oft iJe measurell1ents. 
Instrufll enla l conlr ibution to these er rors is believed to be 
; 'i l11 a !it;r. It is presumed that these errors are prin cipa lly 
d by vari a ti ons in th ermal cond ucti vity ex istin g naturall y 
. \c<iimcnt or rroduccd by th e mi xin g of the sediment by 

" c llctr~ttion of til e probe. 1\11 att empt was made to in 
':t tc thi s lat l<:r liypothesis by assu ming that th e deepest 

',' lit (.I! '90 ) W<lS thc tru c one, sin cc it is least disturbed. an d 

Depth d. cm 

70 
190 
290 

- 0.5 
- 1.1 

2.7 

Di lfcre nc6, ' ;' 

9.0 
9,4 
6.8 

Th e ro llo \\ ing ~qu~l!vn \';,I S used !I) ckr i\'c t~ e algebr<tic ant! ab· 
solute value di !l'cien~e5 : '+" I,~." (g,) d - (g,) 390, (g , ) 390 . 

calculating th t: <I \'eragc diOcrences between thi s gl'adient and 
the shallower ones (g,.o, g\DO, and g,o) ill percent of th e dee pest 
one. Table 3 shows aga in that the ditrercnc <.!s balan ce well with 
regard to sign and that the absolute values of the' departures 
are on th e average 9.0, 9.4, and 6.8%,. or about the same as 

when tiJ.e gradi ents a t th e differen t depths \\'e re cons idered. 
These result s confi rm that the 2-m probe \\ith which mos t of 
the Scripps ln stil uti o ll of Ocea nography and J apanese hea t 
flow stations hal'e been taken penctrates th e ocean mud far 
ellough to yi eld relia ble temperature grad ients. 
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