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and VALOC 74 - 3. The mineralogy of the cores from whi ch these speci mens were 

sampl ed ranged in compos iti on from surficial illites (upper 6 meters) to 

smect iti e- r i ch c lays at greate r depths . 

The bioge ni c samples were studied using t he constant head permeability 

test while both falling head and constant head tests we re used in st udying the 

c l ay spec ime ns . Hydrau l i c gradients used for the constant head. t ests were i n 

the range 5 t o 10, while the initial gradients use d in the fall ing head t ests 

were less than 10. Hydrau 1 ic grad ient . ;. ; s a non-d imens iana 1 r epresent at ion 

Of the app li ed hydra ulic pressure gradient. Derived direct ly from Oarcyls l aw 

(equ ation 1) I i t is the ratio of hydrau li c he ad , H, to the length of the 

specimen, L 

-v where ; H = [ ( 12) 

Throughout these t es t s the he ight of the samp le was monitored (to wi t hin 

0. 0025 mm) in order to determine void ratio changes accu r ate ly. 

Figure 3 is a pl ot of the e l og a curve obtained for the three biogenic 

samp les on wh ic h direct permeability measurements were conducted. Simi l ar 

results obta i ned by conso lidati ng a fourth samp le, also selected from t he KNR 

73-4 core at 797-804 cm , usi ng a standard conso l idometer (no back-p ressure), 

is included in Fi gure 3. The loading sequence foll owed whil e studying thi s 

sample was cont inuous (the pau se between lo ads needed to run the direct 

permeability measurement s i n the back -pressured experiment wa s not 

necessary) . In Figure 3 t he val ues corresponding to 0'0 and cJc for each sample 

are indi ca ted . The comparison of a and a ; s a rough measure 
o c 

of the past 

stress history of the sed iment spec imen (Skempt on , 1970) . The 797-804 cm an d 
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Figure 3. Void ratio versus log of vertical stress results (e log 0) 

pertaining to the three biogenic samples analysed (KNR 73-4, 7PC, 345-350 em, 

carbonate-siliceous ooze; 692-699 em and 832-838 em, carbonate ooze) and a 

fourth sample (KNR 73-4, 7PC, 792-796 em, carbonate ooze) studied using a 

standard consolidometer. Maximum preconso lidati on stress and the calculated 

overnurden stresses are indicated by a and a respectively. 
c 0 
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852-859 em sample s are botn normally conso lidated , tllat i s. th e observed 

max imu m preconsolidat i on s tress , 0"0 ~ is appro ximat ely equ dl to the calcu l ated 

over burde n, a. Thi s is t ypical of deep sed sed i ments deposited in t ranqu il 
c 

environments and suggests that secondary can sol id atian occurring du ring the 

d irec t perraeab i 1; ty t es ts does not obscure th e deter m; nat ion of the max imum 

preconso l i da ti an str ess . Th e shallowest samp l e , 345-350 em i s s l ightly 

overconsol idated, \~ hich i s also a well obser ved pllenomenon in deep-sea 

sed iments ( f<1i ll er and Richards, 1969 ; Silva , 1979) . The sample at 696-699 em 

; nd; ca t es apprcc i ab 1 e under conso I i da t ion It/h i ch i s unexpec ted. Accord i n9 to 

Terldglli ' s concept of effec ti ve stress~ this only occurs i n the presence of 

excess pore pressures . The reason f or this anomalous zone of 

unuerconso lidation can not be determined f rom t he availab l e in formation. Th e 

ch!yree of disturuance determined froUl the conso1 idation curves in Figure 3 

sU9gests that our samples ar e of 10\'1 di sturbance . 

Permeability as a function of vo i d ratio and sediement type is summarized 

in Figure 4. Al so inc luded in th is figur e are resu l ts pertaining to the 

second ptli:lse of our exper i me ntation discussed l ater. The illi te and smec t ite 

data sets in Figure 4 each consist of the comb ined permeability vers us void 

ratio cur ves of over twenty samp l es of similar mi neralogical composition~ 

differing ollly sl i ght l y in gra in-s i ze d i stributi on and !.!!.-s itu void r atios . 

Co l lective ly they f orm a self-cons i stent data set r epl"'esen t ing the r ange of 

permt!aL>ility fol'" North Pac ifi c c l ays . For t he three b iogenic samples s tudied, 

data obtaineu from each individual measu r emen t are plott ed (large c i rcle s ) t o 

demu ns trate the se lf-consistency of thcse t es t s. It i s c l ear fr om FigUl"C 4 

tl lJt at s imilar void ratios ther e i s approximate ly onc order of magniturlc 
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Figun! Il . P~ I"HleJLd l ity as a fu nc ti on of vo id r at io for t he bi ogen ic and cluy 

sl!d illlcnts frum th e No:-- t h and Equatoria l Pa c ifi c Oc ~an . Th e da ta fo r t he 

biogenic sedim~n t cons i sts o f t he resu lt s of t hree all illyses . TI1 2 individua l 

val ues f l·om t ile b iogenic sedi me nt s tudy arc plo t ted as l arge so l i d c ircles . 

The c l ay dat a is from Silva et a1. . (1 9BO) and th e cumuht i ve r esults of a 

ser ies of ana l yses o f samples o f s i mil ar mi nera l ogy. The rcsu lts of t Ile fOIlt' 

tests run t o evaluate th e effec t s of back -pressure an ti ve r t ica l s tress al'e 

ill so plat ted and ar e grouped t ogctilcr hy dashed 1 i nes. 
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difference between the permeatJilitic s of smectite and illite. At high vo id 

ratios the permeabilities of illite and the biogenic sediment s are within an 

order of magnitude but differ by an order of magnitude at smaller void 

rati os. From the results of the three biogenic samples studied, i t appears 

that a broad range of permeabilities and void ratios may characterize biogeni c 

sediments ref lecting the complex effect on pore size resulting from the la rge 

variations in grain-size and carbonate content that are possible. 

In our measuremen t s we cannot account fo r the effects of time (i.e . slow 

chemical reactions, diagenesis) or effects due to the difference i n 

temperature and hydrostatic pressure between the laboratory and ~- s itu 

environments. If it is va lid for us to assume the se effects are of second 

order~ the measurements allow some inSi ght into the variation of sediment 

permeability as t he process of conso lidation progresses. The va lues of void 

ratiq and permeability shown in Figure 4 correspond to results obtained at 

applied vertical stresses ranging from ~-situ samp l e condition s to that 

corresponding to approximately 200 meters of overburden (8 kg/cm2), based on 

our consolidation measurements and the core descriptions of the Deep Sea 

Drilling Projec t . We can speculate that within the thick accumu lations of 

carbonate- ric h sediments of the equatorial Pacific (Ewing et a1., 1968), 

permeabi li ty will vary by only a factor of two (roughly between 0.6 -

1.2xlO-6 cm/sec) over a depth of 200 meters. To visualize the effect of 

consolidation on the microstructure of the biogenic samp les, we examined cross 

sections of the pore struc ture of these spec imens under a scanning electron 

microscope (SEM), using the technique of Gareau and Honjo (1980). The pores 

of all three specimens can be characterized by thin e long ated vents, less than 
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1.5 microns wide 9 within a flocculated structure of clay-si lt sized 

particles. As consolidation progresses , these elongated vents tend to close 

bringing the flocculated particles closer together . Figures 5, a and b, are 

SEM photographs of the microstructure of the 345-350 em sample before and 

after consolidation (0 and 8 kg/cm2). These photographs were chosen as 

examples because of the large changes in void ratio occurri ng during this 

consolidation test 9 clearly demonstrating the nature of the changes occurring 

in pore structure. Unlike the sample at 345-350 em, the other two biogenic 

specimens studied contained a large component of fcrams. SEM photographs 

suggest that although large voids are included within these forams, their 

contribution to permeability is minor, as they are complete ly isolated within 

the matrix of f iner sized particles. 

(B) Analysis of the Effects of Back-Pressure and Vertical Stress 

The use of back-pressure and in-situ vertical stresses requires a 

substantia l increase in the complexity of the experimental apparatus as we ll 

as the amount of time needed to conduct individual measurements. A ~eries of 

tests were conducted to evaluate the necessity of insuri ng essentially 

complete pore fluid saturation and a stable sediment structure . These tests 

consisted of conducting direct permeability measurements under conditions of 

negligible vertical stress (4 gm/ cm2) and back-pressure varying from 0 t o 

150 psi . low hydraulic gradients (2-S) were used as a precaution against 

altering flow paths by disturbing the sediment fabric (channeling) and thereby 

increasing t he observed permeability. 

Fou r samples were used in this study summar ized in Table 2. Table 3 is 
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rigu re~. $cil lln 'ing electron mi croscope ph otograplls of KNR 73-4 , 7PC, 345 - 350 

em sampl e (il) pri or to emp l acement ill t il e conso li datiun unit and {bl after 

comp l l!tio ll of cunsolidilt i oll tes t run to vert ica l stre5S (If 8 kg/cn? 

{.ltll)lIif ica t ion i s 3000x . 
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Table 2. SU!TrTIary of Prope rti es: Biogenic and Clay S~ll'ples 
Measured At Various Back -Pressures and 4 9~/cm2 Ve r tical Stress 

Sta tion Lilt itode Longi t ude Sal!Q le In i t ia 1 Gra in Size l Speci f i c 
Depth Vol d Gravity 
(cm) Ratio %S~nd %Si 1 t %Clay 

PLD$ 3 B4PV o 57 . 7'N 126 37 . 3' '01' B82- BB6 2 ,99 11 ." 3' 2, 60 

PLOS 4 119PC (1 1 0Il . 0' N) (141 00 , 0 ''01') 290 - 294 1. 94 2 .' " 2,67 

HARA 02 GC 04 3007.0 ' N 157 S2 ,S'w 115-119 3.24 O. I I. .2 2.91 

LL - 44 GPC 3 30 19.9'N 157 49 ,4' W 2185 - 2191 4. 26 '3 \6 2 ,78 

I Sand 9reater than 0 .065mm dlameter. clay less than O, QoZmm diamete r. 

Mine r alogy 

Calc i u~ Ca rbonate Ooze 

Ca" bonate - $ I I i ceo'.ls Oo ze 

I I I i le 

S'llecti te 

~ 

'" N 
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Table 3. Summary of Measurements Run Wi th Variable 
Back-Pressure and N"g llglbl e Verti ca l Stress 

Samp l e Back-Pressure N Permeab i 1 i ty S. D. 
(psi) (em/sec ) (con/sec ) 

ll-44 0 13 3.9E-5 3 . 6E-5 
GPC 3 50 8 7.2E-5 2.6E - 5 

2185 - 2191em 150 8 7.IE-5 2 . 3E-5 

MA 02 0 8 3.0E-8 2 . 8E -0 
GC 04 50 11 1.IE-5 1.IE-5 

115-11gem 150 10 4. IE-6 1. 7E-6 

PlOS 4 0 12 4.5E-7 5.9E - 7 
11~ PC 25 8 3. 4£-6 9 . 3E - 7 

290-294em 50 8 3 . 3E - 6 9 . 6E - 7 
150 10 3 . 8£-6 7. 4E-7 

PlOS 3 ' 0 8 2 . 9[-6 2 . 8E-6 
84 PV 25 6 3. 8E -6 1.3E-5 

882-80GeIO 50 8 3 . 3E-5 5.4E - 7 
100 9 1.4£-6 I . IE-6 
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(:I Strnlillilr y o f tile 'resu l ts of t hese t es t s as d fun c tio n of back-pres::;ure (O-FIO 

psi) . The tabl e li sts the u\l Cr ilgc and standard deviation of the obs erved 

pcrlllcall i 1 i t i cs for the back -pressures as ~1e 11 as the number of measurements 

conJuctcd at that back-pr ess ure . 

The resu l ts of tile f i rst fe\~ direct perrneabi 1 tty tests for all fou r 

s pec imens, conduc t ed Idthout back-pressure , 5110wed unusual l y low 

~l c rl1l ctlll i l iti(!s . Th is i s r e fl ected in Tabl e 3 by the l ar ge stand ard deviations 

at Zel"O back-pressu re . After a l ength of timc,! amounti ng to severa l hundred 

minutes of te s t ing time and several d ilYS of speC i men l"C!sidence i n th e 

coo:;olidiltiutl unit. , tIll! ·measured va l ues of perme ability inc reased , in Sll !]II~ 

CtlSCS by QI"del's uf magn i tude . In Figure" t hese resul ts ar e plott ed as a 

fUrlcLion of VO l O r at io (the samples are identified in t ne upper l ef t twn d 

CUfl ICt"). Hlis figure demonstrates bot ll t he magn i tude of t he scatter in the 

mC il 5lwr.lncnts and the reJt1t i unsh i p of these res ul ts to th<1t obt ai ned ~~ith 

~-~ vert ica l and s ui t able vJ l ues of back - pl"eSSure. All of tile 101-1 

pl!rmeuoility va l ues were me asured \~ithout !Jack-pressure. Two samp l es , LL-44 

,HId PlSOS-3 , unden-/ent dt·astic ch<1ngc 5 i ll pel"mcabi lity dllring tile testing il t 

ZC1"O I><1Ck-l1reSSUrL' \~h;ch ~/e intcrpre t as due to cllannell i ng, re s IJl t i ng in t he ­

enormou s stJnu iwd deviat ions l ist~d in Taole 3. Tile l ar~J (! r va l ues measured 

f\H" tll ~ r~!\ -02 ilnu PLOS-4 sampl es did not oceUI" unt i l Dc1ck- pl·ess ure ~~a s 

dpp l -ied . Il!J~lcver . ttH~ values measured \~e r e not reproduceall l e . Tilese valu es 

{l1"C a 150 i ll terprc ted as r csul t 1119 from cllann e 11 i ng. In con tras t to these 

lIleaSllt'emCl1ts. til e r~ su1ts oLttained us i ng vertical stress and uack -pr essu r e are 

sl! l f-cot1~istellt and highly !"eprodu ceab l e . exhibiting litt l e scattcI" . 

It i s OUI" onin i oll tha t the initia l 10\1 permeab ility nteasurCIH~n ts ar e not 
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r~pre$cntiltivc of the true permeability i!.t th e calcul a t ed void ratio for til" 

fOlll' sarnples studied in this second cxpel"im~nt. We attribu te: tth!SC lo\~ va lues 

to tfl ~ effects of incompll;!te saturatiol1. In tests \'I'here back - pressure is 

applied across sarnples before testing begins, tnis phenomenon is not 

observed . It can be argued that for the samples chosen for th is study it 

unlikely that a supersaturated gas phase such as methane or carbon dioxide 

eX'ists in the pore fluid s in-situ whiCh would release gas bubbles under tile 

conditions existing i n the l aboratory. Hm/cver, the process of samp ling and 

emp lacement i nto tile conso lidation unit cert'ainly introduces gas into the 

system . Most i mpoftant is the exposure of the faces of the specimens , of 

\"/hi ch the surface area ;s very l arge~ to th e atrnospllCl"e tr appi ng vdthin it a 

ldycr of air whictl may account for the observed i nitial low value s o f 

pcnneabi 1 i ty. 

Direct measurements of deep-sea sediment permeab ility such as those 

reported by Pearson and Lister (1973) and Abbott et a1. (1979 , in press) are 

measurements in \~Ilich the effects of back -pressure and vertical stress are 

ass um ed neg ! igible. WiUlOut th e comp lete saturat i on of th e pore fluid and the 

s tab il i ty of trle soil structure , direc t permeab il i ty measu rernell ts may not 

reflect in-situ vil l ues . 

CONCLUS IONS: 

Oirect measurement of the pCI"meability of carbonate-ri Ch biogen i c 

sediments resulted in perrneab il ities vlithin the range of 2- 6 )( 10-6 cm/sec 

f or ca lc ium-c drbonate contents ranging fr om 55 to 90% . Complete satura tion of 

the pore fluid s and a stable microstructure was ensured by the use of 
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uJck-prcss ure (h ydrostat i c ) and vertica l stress r espective ly. Tile stud y of 

the relation ship bet~'Ieen permeability and consolida ti on suggested that wllhin 

tile thi ck s eque nces of carbonate sedimC!nt in the equatorial Pacific. change s 

in pCr"'lIlc ahl t iy of onl y J fact or of hID occur over 200 me t e r of depth . SEN 

pllOtoHraph s of sedimen t microo;tr ucturc sugge s t that th e observ ed Ch ':1I1~J es HI 

pcrrnCull ility can 'be accounted for oy the grallun l c l osing of individu<11 

elul1gd t cd pores occ urr 1119 within a structure consistirlg of flocculate~ clay 

and silt si zed pal't itl es . 

Tile re sult s of direct measurements made \'lithout back-press ure and 

verti cdl stres !; showed great scatt er. This variab i lity ;s attr ibuted t o both 

Lll e pl'esencc of gas at tile boundaries of t Ile sampl e and the r esponse of a l'I'e ak 

~cd imenL s truc ture to appli e d hydraulic gradi ents. Unl ess compl e t e s aturat ion 

of th e por~ fluid dnd stability of th e so il structur e i s a s sured, direc t 

pCI'mQatJility rne,ls urelllent s may not refl ect in.- ,!' itu va lu es . 
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AusrRACT: 

Recent report ~ of g~o tllerlllal observati 'Jns in deep sed rises and b ,lSi !IS 

tll in suggest tile transport of Ileat by tile mass movement of fluid through 

setlim ~ !lts nave yet to be verified by independent experimentation. Profiles of. 

temperature and pore \~ater chemistry over a deptil of eleven meters 'o'Jere 

cOlllpared at three sites in ttle equatoria l Pacific Ocedn wtlere tl]ermal evidence 

of hydro t hermal circul ation \"lilS present. Volume flux rates based on the 

geot ilermill dutd werl;! bet\'/~en 6.JxlO - 7 and 2 . 4~10- 6 cm/sec • . approximately 

tllr~(! f)rders of magni tuJc greater th .lll those acc.olllodatcd by the sill fate 

pruf il ~s . 1. 7. - 2.4xtO- ~ cm/5cc . Th is difference is difficu l t t o explain by 

cxpl2rimental unc erta inty . and attempts til account for til e OI)Served g~()thermal 

dJCcl using purely cunductive tn ,~rmal mudc ls arc unsuccessful . MO lel ill g of 

sulfate dep l et i on by the oxid at i on of organi cally bound sulfur suggests 

stJlfdte reduction ("at~s of 1.1 to 2.5xlO-12 m~Vsec~ compatible \.,.1tll other 

puolistred results. 

HY:Jro t hermill convection with i n t ile oceanic crust lia s been sugq~sted as an 

important Ileal trt.lospur t mechanism at bo th spr~ad i tl g centers (lister, 1970 and 

1~ /2 ; Tdli-llI.rli et al., 1971) and in ar ~ as of o l der crust ( Sclater' et al., 1974; 

I\l tderson et .11., 1977). Tile hyJruthenna l circulat i ull of seal'lat e r within the 

oc~atlic crust at active riJge crests lidS been widely accepted as both til e 

aJdJlJr nea t trarl spor-t mecil ~l n ism itl naw ly f orlned crust and d site of chemical 

tr.llls f 'J rrncltiolls i mportant in contl"011111g tile compos iti 'll of seawcltcr. Sclate r 
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eL dl . (IYHOJ eitilnatcd 90% of tile totd l heat los s of t Ile accal's to Ile due to 

pldle c rc atiul l I·litll JO'X of lilis lo ss by iHlvectlull I1 car active Sllr~a .;1'19 

cCllt 2rs . III old {~ r rl.!gioll s . much of tile ol)serv(!d vuriabi lit .Y in hedt f l Ol" 

m~dSuremen t5 11<1 5 beell associdted \.,rittl cOllvccti un cells wi thin the crust. 

i niti a ted dt tfle spread ing axis dlld migrating witl1 the plate . 

Tile existence o f hydro th erma l circulation has been verif -jed at the 

billdf} J.g.JS Spread i ng Center (Williams et a1., 19 79; Corliss et a1., 1979) und 

at th,! crest of t:1C East Pac ifi c t{isc a t 210 N (Sp'iess et a l., 1980). 

NLIIJ- J i IlCJr tempr.!ril ture grad i 0. Jlt measuremCl 1 t s mcldc us i ng tile dcCp-SulJltle rS i b 1 e 

I\LVW so u lll of tll ,,~ Galagdg0s Spreading Center were interprcteJ llY I~ill ioHn'. (' j 

til . (197':.1) using a olle-dimensional mod;.!l ttl,)t assuined tl tC t l"a nspodo of' heat by 

nutll conduction lUld convection tlirouglJ the sp. dim~n l. Flm.,rs of up tu 10- 4 

cIII/sec w~re ca l c\JJ dted~ 

In ttl eir study of tile g,]otIH~rmdl reg i me o f the Indian Ocean , J\nd l: l"son et 

ell. (1 '977) di::;tifl'9uisll(~tI tl'll) thermt11 r eg oimes \.,ritttin oceanic crust on Ute basis 

of gcot1wrIOal ooserviltions: ( 1) a convective r eg ion I·mic!t includes boUt 

sp"l!i1d i ng cente l"S alltl ridge f lanks ~/ll e re convection i s dom in ant , ( 2) tl 

conJuctivc r~gioll ~Ihi ctl include s the basins wllcr e condllction i s th e dominant 

11C.IL trdll sfc r lIll!chanism. Tile naturl! of til e t r'ans i tion be tNecn these two 

r i:!uions i s thOUgllt t el l)c reluted to tIle hydrau li c r csistcillce 0 1' th c ove r l ying 

S(~i lilll..;ol i t 1,IYl.! r offereJ tu ttll? convecti on system , eventu'llly masking the 

effecLs of and conf in ing the circulation to tile crust. Ttl ;S mode l I .... as first 

jH"Uj'JU $t.! tl by Sclilter et al. (1~ 7fj ) and its ')pp l icatioll t o tile datil of the 

I'd c Hie: l.Iy SclJu~ r c t a l. (1~76) ~I as s uccess ful. A second model of t tl e 

[I'llllsitilJn lOIlt:'. proposed by I\nd c rsull e t d l. ( 1977), consis ted of the sea li ng 
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of tne ocenllic crust lly lIydrothermal precipitation . They concluded from 

cumpileJ heat f l o'.1 data that in the Indidtl Ocean the effect:; of convective 

Ilcat exchange persists to crust of approxill1dt~ly 1\0 to 60 m.y. 

GeotherfUIll (;:vidence of ileal transp()rt by tile movement of SCdloJater tit rough 

tn~ sediment cover ill older crustal regions \'Ia5 repol'ted by Anderson et a1 . 

(197Y); non- l inear telllperatut"e gradients sim i lar to those observed at the 

Galapagos Spreading Center \'/ere observed in the Indian Ocean suggesting flOl'l5 

all the order of magnitude of 10-6 em/sec . Osc ill atory patterns of heat flow 

. Observed ill c losely spaced measurements were .interpreted as resulting from 

cel l ular convecti O!l within the crust and sediment cover. They speculated tllat 

th~ transport of Ileat by geothermal convectioTi lllay OCCU I' over more than one 

tllirJ of the ent i re surface of the ocean fl oor . Similar obs~rvatiotls have 

bc~n mall~ 011 old crllst in the Brazil Basin (Langs~tll and Herman, in press), 

thz equatorial Pac 'ific Ocean (Crowe ct a1. , ;n prepal'ut'ion) and the Guatema 1(\ 

8C1 si n (AnderslJn , personal COlTIillunicatiuII). 

The existence of fluid convection through sediments at the velocities 

predicted OJ the geothermal data would certain ly a l ter Ollf present concepts in 

SUCll fields as pore ('1 a t el" geocllemistry, phys i cal propertit!s of sed iments and 

tne diagiltlesis of sediments. Of prime importance are its implicat i ons on the 

pruposeJ dispJsal of nuclear ~·Iastc within the sedilllcntary env i ronment. 

TIl ere Ilave yet to lJe observations other t han geothermal data that suggest 

tn..: movement of interstitial fluid tht"Ough sediments at velocities of 10-6 -

IU- 5 cra/sec . To cons trilin tnis problem , \'1e compdred the fluid fluxes 

tll",:d icteJ by botll g'~0therltl(l1 and gl~ochcmical data from three piston corcs 

collcctcu in tile equator ial Pac ific Ocean (Figure 1). These cor,.!S are 
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Figure 1. Loca t io~s of the three piston core s i tes ill the equ atoria l Pa cific 

Oc~ arl used in thi s s tudy. 
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s iLu llt.cd \'1ithin the cquatori(11 Pacifi c sediment bulgl.! whietl is a th ick 

uccultlulatioll of biogenic ooz~ r eaching at some points ov er 600 me ters of 

sedimen t. The sediment isopachs of Ewi ng e t a1. (l968) as well as th e t r ends 

of the major tectonic features are included in Figure 1. Cores 5 and G PC arc, 

situated in over 200 meters of sed ime nt th a t completely cover s tIle oceanic 

basement. Core 7PC is located in over 400 meters of sediment. Al though the 

perllll~ab ili ty of these sediments i s quite l ow, 6xlO-7 to 3x l O-6 em/sec 

.( CrO"IC and S i 1 V il , in prcpclra t i I.Jn) . they are one to th'O orders of magn i t ude 

mure permeable tll i1l1 the red c l ays typi c,Jl of the North P(Kific. At ve locities 

of 10-6 - lO-s cOl/sec the distribution of major cations and anions within 

the sedimen tar y layer I'lould be controlled by advection . An exponcntially 

v(lrying chemical gradient similar to the temperature profil e would be 

ptodllced . Since the coefficient of chemical diffusivHy is orders of 

magnitude less than that of t hermJl diffusivity. tile geochemical profile \'Iil l 

hilVP. a greatly reduced e-folu"ing depth, a 1"1 0\'11 119 t il e veloc iti es predicted by 

~ (!nt hcrlllal da t .l to be independent l y checked . Sulfate W,lS used as the chem i cal 

t.racer. Ve l llciti!:s sllggested by these two i ndependent data sets did not agree 

iJ lHI tll c ir variililce 1S dHficult to expJid n. 

'IETIII)U 5: 

The intcr s titial water samples were obt.a ined by squeezing sediment at 

st:!lectcd depthS i n the piston cores s hortly after the core was brougllt aboard 

tll~ ship . Thc Hhljor cations and anions of scawater othcr th an sul fatc WC I"C 

dc lCl"l1I irlcd tJ sill9 ttll~ t echn iqucs sumrndrized lJy Gi eskes (197 4 ), hm-lever . tllr=rc 

1"I(:I"I! IIU resolvdl,l e gradicnts of tll ese spl!ci~s . SulfiltC 1"la s determined by 
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prec ipita ti on of tile sulfate as lead sulfate and d~tcrmini\t i ol1 of th e excess 

lc.td by pulse pt> l arography (Luther and M~yerson. 1975) . 

Hie geothermdl pr()fll es were obtained by attaching tempera tu re sensitive 

prOLlC$ to ttle pi s tOl! core pipe at seven loca tions (Von Herzen and Anderson, 

1~72) anll digitally recording the data to accurac ie s of a fe\'1 ttlOusanths of a 

degree. The rmal conductivity ~Ias measured on core samp l es shipboard using tile 

needle probe technique of Von Herzen and r1axwell (1959). The reduction of 

tll is data is dis cus sed in detail by Crowe et a1. (in pr eparation). 

DISCUSSION OF DATA AND INTERPRETATION OF RESULTS: 

Tile geothermal data ; s presented in Fi gures 2a, 1.1 and c . remperatu r es 

witll error bu)'s arc plott ed as d function of depth . To til l! right uf these 

pro fi'les arc tIle results of tn €~ th errnal conductivity measurements. Figures 

3d , lJ and care Ule correspond ing sulfate concentration:. ve r sus. depth. The 

Veil uc a t tile sed 1merl tis eaWd ter i rl terf ace i s t aken as tha t of seawa tel' of the 

appropriate cnlorinity, 28.75 In,"'. 

For bottl data sets the gover nin g equat ion s are near ly identical, 

differing only in boundary conditions and SO UI"co/si nk t erms . 

Su lfate i s a suitable geocllemical tracer fo r two rea sons . First, ther e 

a r ~ no lI sqeez in g effects ", chemical reactions that alter the s ulfa te 

concentration upon removal froUl ~-situ conditi ons of temperature and pressure 

(Say"lcs and r-'lall/ leiln. 1975) . Second. the only r eaction important involving 

sulfate is i ts reduction coupled to t he oxidation of organic carbo n: 
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Fig ure 2. Temperatu r l! data (with e rror bars) and therma l conduct'ivity as a 

function of depth for (a) 5rC ~ (b) 6PC and (c) lPC. The solid lines are t ile 

temperature profile de fin ed by the best f'it of the parameter s to the observed 

clald. The daShed lines are t he t emperature profiles tlla t would result fr om 

lh ~ f l;,)w velocity suggested by the geocne1nical data. 
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Figure 3. Concentration of sulfate versus depth at (a) 5PC. (b) 6PC and 7PC . 

Tile sulill 1 ines are th e s ulfate profiles defined by the best fit of the 

parameters tu the data. The daShed line s are r epresentative of the sulfdtc~ 

profile s that \'JOuld r es ult from the fl ow velocities suggested by the 

geotllcrmil l delta . 
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+ SO - 2 4 . + HS + 

leading to de pl etion ''lith increasing depth . The deptll distributi on carl be 

mod~d ed with the dif f us ion - advection-reaction equation. At s t e ady state: 

a = + W dc + 
dz J 

( 1 ) 

(2 ) 

\'/t lerc J 'is J ctl cl!1ica l source/s ink fun cti on (pos iti ve for a sourced . z is the 

spatiit l coor<.lina t e (positiv e dO\1m'/~rd), D is the chemical diffu s i on 

coeffic i ent , c is th e concentrat'ion of sulfate and W is the advective ve J.oc lty 

(positive upwards) . Th e so lution to eq uati on 2 ; s 

= f(z) 
J zb 

+ r.:-- --)" (f( z) 
\ Cb- Co n 

z 
-) 
zb 

\·", or o f(l) = ( exp(llz* ) 1)/(oxP(zb/.*) - I), z· = DIN, Co i s th o 

concentration of su lf a t e at sedi ment/sem'later i nt erface an d Cb i s the 

concentration of sulfa te at depth Zb" 

Sim il ar l y. th e gener al steady-state equat ion of heat cOll serva tion for 

transport ill the verticil] uirc~c ti on only i s 

a = l' '! = - k W dT 
dz 

\'/llCrc q is the vert i ca l heat fl ux , z i s verti ca l d i s tance (positive 

tlU \·Jmlu rds) . ~~ 'is the vertical v o l urm~ flux ( po5itive up\~ards)~ k i s t hcrllla l 

diffus i vity ( ~ K/ pCp" p i s fl uitl dens ity. cp i s flui d Ilcat carJcity and 

(3) 

(4 ) 
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K i s the thermal conducti vity of the saturated bulk sediment. Subjec t t o the 

conditions T = 0 at z = 0 (the sed iment/se awater boundary) "and q constant 

(qo) everywhere . t he solution to equation 4 is 

T (z) = (5 ) 

(S leep and Wo l ery . 1978 ; Williams et a1., 1979) . The formulation of equation 

5 incorporating the variation of thermal conductivity wi th depth and the 

var iat ion of the location of the temperature sensors re la tive to the 

sediment/seawater interface is pr esented by Crowe et a1. (in prepa ra ti on) . 

To determine the best estimate and the r ange of model parameters fr om our 

observed data , we ighted least squares fi ts of equati ons 3 and 5 to the data 

were obtai ned by means of stepwise Ga uss -Newton iterations on the undetermi ned 

parameters of th e equations. Crowe et a1. (in preparation) discuss the 

f ormulation of th is non - l inear re gress ion t echn ique . Fr om thi s method we 

oota in toe best fit parameters, the standard deviations and correlation 

coefficients . The best fit of the parameters t o each data set i s shown in 

Figures 2 and 3 oy so lid l ines drawn th rough the data . Table 1 summarizes the 

results of bo th the geothermal and geochemical r es ults ob t ai ned in t his 

manner. 

Th e ind ividua l sulfate analyses were considered t o be of equal weight, 

however. t he t emperature data were aSSigned weights accor di ng t o aSSigned 

error s . The diffusivity of sulfate wa s estimated from t he re l ationsh i p 0 = 

Dp/F (= pDb in McDu f f and Gi eskes . 1976) where Dp ;5 the solution 

d iffusion coefficient, p is porosi t y and F ;s the format ion fac tor. Dp was 



Table 1. Flo\j Ra tes Derived From Geothermal And Geochemic.al DatoS 

Core ld t it ude longitude Deptn! 

5PC 400.0' -114 0\1.8 ' 3869 

tile 4 OU . J' -11410.1' 3934 

7'e I 45.U' -118 22.5 ' 4166 

I o-'!ptn ; II corree ted meters . 
l ti€!olt flux in eal/ernl - sec x 10- 6, 

Geotnerll'la 1 
Heat f1ux2 Vo 1 u~ Flux3 

(10-6 cm/s.:!c) 

2.66 +/-0.11 

1.21 +/ -0 .15 

l. 75 +/-0. 06 

0 . 6 +1-0. 2 

0.8 +/-0.5 

2.4 +/ -0 . 2 

3 Volume flu;( (jlo r osi ty It fluid velocity). 

Geochemica l 
Vo lume Fi I,lx3 Sink 

(10- 12 rn;<I/sec ) (10-9 oil/sec) 

l.8 +/-0.9 

1.9 ... /-1.2 

),8 +/-1.2 

4.1 "'/ -0.9 

1.8 +/ - 1.2 

3. 0 ... / - 1.0 

N 
..... ... 
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taken as the tr 'dcer d iffusi on cclefficient at 20e (5.1 x 1O~6 cm2/sec) 

and F estimated f rom the porosi ty data and the F-p relation for similar 

carbonates, F = l.D7p-1.41 (McDu ff and Ellis, 1979; McDuff , 1978). For t he 

appropriate porosity range of 70 to 80~ , 0 is 2.9 ~ 3.5xl0- 6 cm2/sec. 

Secause tne r eaction leading to dep le tion is a sink, J < O. fits were made for 

bo th W ::: 0 and J = 0, with the ~I '" 0 fit yie l ding the ma xi mum upward velocity . 

The detailed thermal conduc:tivity measurements, accurate to about 10% 

(Von Herzen and Ma xwe ll, 1959) , reflect the variation of both porosity and 

mineral composition with depth. These sed iment s range in poros i ty from 65 to 

9D~ and in composition from 1% SiD2, 9D% CaCD
3 

to 3D% SiD2, 5D% CaCD 3 

refl ecting respective l y th e glac.ial/interglacial sedimentation regimes 

(Arrhenius, 1952) . Si nce the glac i al sedimentati on rate greatl y exceeds the 

i nt er 9 1 ae; a 1, the core i s predorni nant 1 y carbonate. 

For th e geothermal da ta th ere is some uncertai nt y as to t he actual depth 

of penetration . A li near fit to tn e temperature gradient results in a greater 

depth of penetration for t he pi s t on core than that suggested by the results of 

tne convection mode l. Corehead photographs taken du ring stat ions 5PC and 7PC 

support tne best fit deptn of pe:netration sugges t ed by th e convection mode l 

supporting the observed non-line:arity of the geothermal data. 

DISCUSSIDN : 

In order to reconc i l e the difference between the geo ther mal and 

geochemical data we have examined the ranges of possible best fit parameters 

that successfu ll y describe th e 'observed data. The ranges of th ese parameters 

do not show any compat i bi lity be'tween the two da ta sets. 
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Tne gl.'!ocllemical model seems r e latively reliable. Tile lack of a squeezing 

eff12ct i s il1t1icat~d by the agreement of the extrapolated interface values and 

tile Ivater colullln concentrat ion calculated from the \'later column chlorinity and 

lh e se'lVluter S04/C1 ratio (Figures 3a, b and c). Though Sayles (1979) li as 

inferred some Dxid(lt ion of organically bound S in sediments acculIlulating at 

'Olier rates. it is clear from tile magnitude of the depletion seen here that 

reduct"ioJl is occurring in th ese sediments, i. e. the J<O assumpt ion seems 

sound. Furttlcr, the gradients observed are similar to th ose calculated from 

tile gradient-sedimentation fate r elation reported by Uerner (1 978) . 

Similarly, we can examine whether conductive heat transport theory is 

adl~qulltc t o exp lain thl! observed geothermal datl\. T\~o s imple conduct.ive 

nJ(l(Jels ilre considered ·as a lternat ives to til e proposed convective mode l. Til e 

fir st is d study of the effects of hydrottlermJl c ircul ation confined to \~ i thin 

th l~ crust on til e tc!rupcratu r e structure al tile seawd t er/sed imell t interfdce of 

an impermeable scJimcnt cover . Til e mo{h~l i s formulated uS a impermeable l ayer 

of sedimen t l'Iltll upper and l o'wer boundJI";es at z '" 0 an d z = L respectively . 

The trilnSport of heat wi thin ttlis l ayer i s governed by tlte e qu atl'oll of heat 

dlffu~i Qn: 

o ' dT 
dt (6 ) 

I'lhere k is til(! t herma l diffus 'ivity of t hi s l ayer. Mode lin g the effect uf a 

COllv l!c tion ce ll to be that of an osc ill ato l"Y temperature pr e turbat ion at the 

'IOI~er lI oull dilrY of til e! sediment l ayer , it ca ll be shm" that the observ e d 

ll eJil-linc ar tClIlper<JtlJrC grad i ents cannot be exp l ained by such u model . The 

eff('!c. t of d rclutive molino iJ ~"! tl'Jeen the plate and the convection cell over a 
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wide rang~ of velocities was studied. If the wavelength of the cell is large. 

5 km , (Ribando t et a1., 1976 ; Green, 1980) compared to the thi ckness of the 

sediment layer. 100 -500 meters, the problem reduces to only the vertical 

spatial component and the temporal variable t. The problem is now the one 

dimensional heat diffusion problem with an osc illating temperature at its 

l ower ooundary. For the initial conditions T = a and T : TL at z = 0 and z 

= l respec ti ve ly. and a boundary condition T = Tl + To sin(wt + E) at z = L 

where To ' wand £ are the amplitude, frequency and phase of the 

disturbance. the temperature ' field within the sediment layer is given by 

(Carslaw and Jaegar, 1959, p. 105) 

T(z, t) = 
\z 
l + To A sin(wt + < + ~) + 

~ 

2nk To t n( _ll n(kn 2• 2 sin E - W l2 cos <l sin(T) exp( _kn2it/l2) 
0=1 k2

n
4

tr
4 

+ II/L4 

..... nere A and 4> are the magnitude and phase of tile steady-stdte temperature 

oscillat ion at the point z 

A = 

~ = 

1; = 

w = 

ISinh 1;Z(I+i)1 
sinh filll+i) 

arg { Si nh 
Slnh 

(K) 
1/2 

2 .. 
A 

} 

(7) 
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where v is equal to the relative velocity between the sediment layer and the 

convection cell within the crustal layer and A is the wavelength of the 

convect ion cell. 

The third term of equation 7 is the transient solution . This term dies 

out Quickly depending upon the thermal time constant of the layer, T = k/l 2 

( T(200 mete rs) ; 5000 years; T(400 meters) ; 25,000 years). The 

expression nIlexp (-n2~2t/T) as a function of tIT is plotted in Figure 4 

demonstrating the short time necessary for steady state to be reached, about 

one time constant. 

The second te rm of equation 7 ;s the periodic steady-state solution. Of 

interest is the range of wand L for which this t erm is significant. The 

variation of A across the cross section of the slab for different values of ~L 

is shown in Fi gu re 5. A is a maximum for (L < 1.0 . From Figure 5, A ~ z/l 

f or F;l 0( 1.0. If the curvature of equation 7 is compared to that observed in 

our non-linear gradients~ by comparing the re spective second derivative s we 

find that~ for equation 7 

lrol 
TwA ; T cost WI: + £ + $) 

TwA 
<_o_ 

k 

if ~l 0( 1, then A : Amax = z/ l . Therefore w 0( Zk/L2. Equati on 8 is now 

Id < 

The smallest detectable value of d2T/dz 2 in the observed data (Crowe et 

( 8) 

( 9) 
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-Fi gure 4. Non-dimen sionalized plot of r exp( _kn 2u2t/L2) versus ti me 

(from ' equation 7), 
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Fi gur~ 5. Var i dti on of At defin ed in equ at ion 7, acr oss th e cross -sec tion of 

a slab . for a }'ange of va lues fo r (1. 
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dl .• in preparationJ roughly corresponds to the parameters~ Q = D.? HFU, W = 

10- 7 em/sec, and dt a depth of 5 meters (the dverage depth of our data) is 

of order of magnitude 10-8 °C/cm2. For a sediment thickness of over a 

hundred meters, at a depth of 5 meters equation 9 is -of order of magnitude 

To 10- 11 °C/cm2. 

A second possiole model is the thermal effect of the venting of hydro­

tnermal fluids through outcropping porous basement. Sleep and Wolery (1978) 

considered two variations of this model " a crack or fault model and a 

cyl indri ed l outcrop model. In both models a horizontal isotherm, TL' ;S 

imposed at depth l , which for our models will be considered t he lower bou ndary 

of the sediment layer. At the vertical contact between the outcrop and the 

sediment, arbitrary temperature distribution can be imposed. This temperature 

distr ibution is related to the rate at WhiCh fluid exits the outcrop and 

introduces non-linear iti es in the steady state temperature field which decay 

witn distance fr om the contact. Of interest is the rate at which this 

anomalous temperature field dissipates. 

In the crack or fault model, the temperature distribution is governed by 

laplaces's equation 

For tne Doundary conditions T = 0 at z = 0 and T = Tl at z = l. equation 8 

is satisfied by a solution of the form 

T 
\z 

" -L- + 
. mrz mrx sln(-) exp(--) 

L L 

Imposing a general boundary condition at x = 0 equal to F(z) we have 

(8) 

(9 ) 
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B 
n 

= E } F(z) Sin(n~z) di 
o 

( l O) 

The second term in equation 9 is the effect of the anomalous temperature fi e ld 

on the otherwise linear temperature versus depth relationship. The decay of 

this term with distance from the fault i s shown in Figure 6 wh ich i s a 
m 

non-dimens ional plot of t exp(-nnx/l). This figure demonstrate s the lim ited 
n-1 

range of effect of this model. 

For the cy lindrical outcrop model. Lap lace ' s eq uat ion in cy lindri cal 

coordi nate 5 is 

o 

The so luti on to this problem for a sea'10unt of radius R is 

T(z,r) = 

where Ko i s a modif ied Bessel fun ction (Abramowitz and Stegun, 1964), r is 

radial di stance from the seamount/sediment layer contact and Sn is 

(l l ) 

( 1 2) 

determined in the same manner as previously discussed for the crack model. 

The di st r ibution of the temperature field with increasing r decreases as the 

ratio of two Bessel functions. Figure 7 shows the relationship of the sum of 

this ratio as a function of r/L for several value s of R/L. It is clear that 

the anomal ous temperature field in the cylindr i cal model falls off Quickly as 

r increases. 
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Figu re 6. Non -di mens ionalized plot of 1: exp(-mrx/L) ver s us distanc e x (from 
n=l 

equation 9). 



---
o 

-------
cq 
o 

<0 
o 

--,.,...../ 

v o 

/' 
/' 

(7/ x.l1.u-)dxa:I 

/ 
/ 

/ 
/ 

C\J 

o 

I 
I 
/ 

/ 

o 

Q 

<0 o 

C\J 
o 

o 

226 



227 

Figure 7. Plot of 

R + r mrR 
.Ko(n.(--)) /Ko(-) L L 

versus r/L for several values of R/L. 
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Non·steady state solutions to equations 2 and 4 are not able to resolve 

the problem. If the onset of advection is recent, the approach to 

steady-state would be dominated by the advection component of the response. 

Both the thermal and chemical characteristics would show similar behavior. If 

advection had recently ceased t the approach to steady-state would be domina t ed 

by the diffusive component of the response. Since the thermal diffusivity is 

greater, the temperature profile would not show advective be~av; or while the 

chemical profile would. 

CQNCLUSIONS: 

A three order of magnitude discrepancy in the estimated rate of fluid flux 

resulted from the application of a convective/conductive transport model to 

geothermal and geochemi cal profiles observed at three sites in the equatorial 

Pacific Ocean. Rates predicted by geochemical profiles, order of magnitude 

10- 9 cm/sec . are not compatible with those predicted by the thermal 

profiles . order of magnitude 10-6 em/sec. Analysis of the effec ts of simple 

conduct ive thermal models show that temperat ure di s tributions simi l ar to those 

observed dissipate over short distances from the source of the temperature 

perturbation. Non-steady state solution of the convection/conduction 

governing equat ions were also not able to resolve this i ncompatibility . At 

pr~sent we cannot resolve the difference in these data sets. 
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