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Heat Flow Through the So uthern Californ j ; ~ Borderland 

Departlllent of Geo{lIg ica{ Sciences. UniversiTY oj Southem Calljomia 
l.os Angeles. Calijol'lJia 900U7 

UNIVERSITY OF UTAH 
RESEARCH IfJSTITUTE 
EARTH SCIENCE LAB. 

Fift) three new heat nov.' measurements tug~t hcr with 16 publi shed data indicate that th e heat flow 
(average of bes t \'" Iu cs equals 1.74 fleal/cm 2 s) through basins of the southe rn California borderland is in 
terrn e.:iiut<: bet\\ cen hea t nows through th e Sierra Nt:vada <lnd the flasin and Range pro\'inces. In genera l. 
gco t h ~ rm,, 1 ~ r ad ient s in the borderland decre:l s<: with depth ill the sedim ents, corresponding to an increase 
in t'!\!f!llal conduc tivity of 2-3':' per meter. Owing to rapid sedimentation, surface heat nuxcs Illay be 
I,xaliv rT a,Ked fro m their steaJy state val ues by as Illuch as 30%. Topographic corrections are usually Ie,s 
th:m 5'~. S~:lsona l bottom waler temperature variatiom are il lSignifi cant, but long- ter m c1imatit: change ill 
ihe L,s, :' 7,!)()O ) r m;,y have red uced the gracli ent by 2-3%. I\norna lo us "a lues were rouncl in close pro.\
imi t\ r:') i::rh"j;1. ;; current ch ann els. The heat Ilow di stributi on sh,)\\'s twu sign ificant geographic trends. 
i'ir", f:o,~ 1:1)''';" incredsc systemat ically sou theastward in rt'sponsc to a lai C Cenozoic so uth t ast ward
l11i.\'~:; .:,:; :<,1:" ju;],:~ioi1. Secord, heal nows in crease slightly toward th e cont inent, suggesting that the 
o:;·o:,·:·c ~".,.;:" ',~[e fo ;· r.l eo prog ress ive ly I:.tndwa rd . In spee il ic basins t·he measurt:d va lues arc uniform 
( s '~'; ', ! c.f; ~:\ " ,:, ~' :1 ;;, 0.1 HF l : , whac I HFU = Il'cal CI11 - 2 s- ') , hut ill other basi ns. on ly the corrected 
\'"1,-,, .. r·: ;~i:\]f ~:. i n the S:l ll iR Cruz Basin the corrected va lues arc dom in ated by ,i north-south lillcar 
t,~:< 

:~ 

1 h: il.:gion bet\\'ee :-: '. :-. _' ·: ,l~ ~-.!::;1~t ~ho,-e;i:"'e and the con
. , :. i , lope olT S C:_ :~~':-i :~.cl::-':):ilia :.'.iiU i'o n her n Baja 
.,::!, ':',:::: ( ri :;u ie :; 'L'. ix'~;; ;'];'.m~d 'j-, : Con tin en ta l 
: l:_": .il d f,)[ its d::" ;,:. ,.:' j",i!~ HOG r; !::g~ topogra phy 

\'::!' .. '.7 (11::1 E!n~ry, · i . . : ~~;, ~ '~.~. ·Yb;.g t..'f :-~:It h ! n1.ctry the 

' : -- ." , ,':d by ~he !:-!:.:, 

. : /\ r(;!!s ~' . ! :It-: 
.; .:::- ., ._. ~-tl'er:'-.. : !;i~ San to TOllltlS 

:-:. _-.~ ""!~~ > ;'::l :-~se:1~ ~' l: ·=-:i.~ fh") ',V data co l-

"rc.' ·,':;i. ~.: ;. ' . . . L;'. It I :: ~, ,, .; OJ' , '. : :".':,[ exten sive l)' 
·· !fH~;·,':' : . ' . J -, _ - ~ . ;;-: jr-: lr:.~ .., ... ·,)r! d ;'.,::~ , Erner)" 1960; 

I'f ' I , i969}. 'I r: ~l;-·-:· ,:~L·'~· (if ~ r~ in ; tlc ro-::Ks in tile dredge 
· .; -. :~ .-I ::.! th e p rt-S'.':L'e i_i ; ' i':~('it.~s ;:-q u i v ~l!{ 'n t l{l the Fra ncisca n 
;: \,, ~ ,:i,l r i, j,:ild; :1f;C: h.u ·: \ :; h:1',:: k d to the belief that th e 
... ·' ;"t:\.·rL.il J sO ~lth of l he C h '-, ~ liiel h:la i1c~.) is lJ nde rl~liJl by Fran-

· <.,;; b,hc ll1ent [ fUll. 1"71]. The :m::a r;o nh o /' an d in cludin!! 
-.: l :: ., ,~ n cl Isla n i. ex i: ibns a p,'cd o ill ina ntly E]\; \V s tructu ra l 

:- ·.~Ir: . -'.\ hich s llgge ~-a s tha t it is part of th e Tran sverse Ran ge 
' . ,'1"' 1: . • • ; and hen<; c.; is prc5 u rri~ bly unue rlaj n by Prcc::tlnbri an 

.'j C,':lacc:u us plut o ni G r()ck~ . The m ea south or tll e Chanllel 
:- .:ll; ' 'i, cio mi nat ed b)' a nur ,hll'cst s trll c tural patt ern, simil a r 

'he .• lij:tccnt 0 il shorc I\:n insu:;tr Ran ges. However , the 
:' . ::: : ~, !:: ~ R :l il ~ : l' l'lll'ince in clud ing the Los Angelcs Basin i ~ 
- ·· J~r L1.iil by a C·,; tClCcOlIS ba lh ,)lithi c b: tsemen t I Yerkes ct al .. 
' - " ~: ) <1/;1/', . 1 9.~ -I J. To th e wes t or th e borderl a nd th e Pacifi c 
· ':,'.,11 ,1,\,)1' i.) c 1..:: II'<Icl. cri zt:d by abu n ci an t Cenozoi c vo lea no es 
." /e l:,I(d. 1955J. Accord in g to the m ag neti c anol11aly patterns 
i/ ·· . .. If , 1 In uJ. th e oceanic no o r adjae.:nt to th l! IJOrd erlanei 

.,~; ,., Ii< ,!gt: rr<1'~ l 25/11.)', at t ire northern end 10 15 Ill. y . at th e 
.. : h~i: : <.: nd. 

· H.,. i'L ; pose or thi :; st udy IVas to dUc:t'llI ine wh ether hea t 
' .'. ['.1.:,·; r l1 , 0.11 th e ho rd erl a nd \'ine cons isten t \ .... ith tcctoni ~ 

.... .. ·)j· t h,: n o lutioil of' th e \\ ;;, te rn U nited St a te,; . The long 
' ., ',,: lim, CcJ !l Sl:lIlt of' c ru stal rocks preser vcs a rt: co rd or 

" ' \' .. :t Dcpa rtll lc ilt or Earth Sciences, Ull i\'er,i ty or California, 
:, "" " ';". C.d ifornia 1) 250 2. 

(.,l ~ :-rl:,:,t \Ii 1')75 by the ,\ ill' 'I' icltll C copil y, jc; :I Union . 

cru sta l and up p,:r mantle evcnts fa r into the geologic past; 
kilom eters are sca'lt:d into millions of years. Thus the heat flow 
di stribution depends on the IOllg- te rm therma l history 'and 
hence serves as a eont ra int on tecton ic modeling. 

M ETHOD 

Geothcrmal grad ie nts were m easured with o 1l tr igger th er
m istor prob:.:s span'd I m' apart a long a 6.4-111 core: barrel. 
Sedimcnt telllpaatll res we re rec() rd ed in reference to th e ab
sorutely reco rd ed bottolll water tempera ture on a 
galvan u metri c fil Jt~ r'il.;.) rdcr modified from the type desc rib ed 
uy LOlIg.ll'l/i (1 965 ). T ~I~ rl11 a l c( ':lductiv ity was m easurcd ill the 
I. :ho ratoryat 10- or L:i -cIll-dept!l intervals a long eaeh co re by 
1'"' llig th e needle probe tec hni que [ VOIl Hcrzell ((lid AJoxwell, 
!'))9] alld \I as co rrectt:d for in situ tempe rature and prcssure 
1J?<lidWi!, 1960]. All interva l heat flow was obta in ed from th e 
g rad i,:Ii'. and th e a verage therm al resis tivit y over the same 
depth i: ,lcr\' a l. The average of tile int erva l hea t flplV s is ta ken 
as lh L: he:tl no\\' at a give n sll~ (ion. The stalldarei error or a 

givL: n hea t now measurement is be tween 10 and 14%: it is l 'S 

timat ed 1" '0111 th e stancia rd error of the tb el' nwl re";!'>l iv ity al 
th a t station and the ma ximum likely erl'Or of' :1:8,5% fo r th e ill 
terv,tI graciit:nts . 

RES UI.TS 

Th t: results of' 53 new h~a t now meaSllrcfll c nts are li sted 1!1 

Table I. Four nlt:;! suremcnts made on th c continental shL: 11' ofr 
cL:ntr:ti C alifof'llia a re also given . Thcse I'a lues are plotted to 
th e n t: :II'cs t 0.1 pca l/ cm ' s (the heat !l o w unit s w ill hencefo rth 
be uJ11itted fu r conven ie nce) in Fig urc 2 alollg w ith th e e.\is tin g 
data uf Foste r [1962J, Vall I-I e)'::ell [1 964], altei R. Anderson 
and L. A. Lit\\'ver (personal eomnllll1icatioi1, 1973) in the 
bordL:r land and I / (, Il) 'c), {/I/(/ Wasserblll g [197Ij .:l ll d Sass ef ill. 

[1 971J in so uth e"11 Call'ornia. 
Hea t lI u\\ d:tta in the Ilorthern border land a re unilll odall y 

di striilu te e! (i-i g ll rc 3) with a range fr o l11 1. 1 to J.~. About 3·1':;'· 
of th e: ciaLI li t: within til ,; 1l1 odc of' I ,ti- I. X. V;du es hi gher th :lI) 
2.8 (6';.( ) arc exc lud ed I'rul11 the frequeney and CllIl1lrl:ttil'e~ 

curves whi ch ;tn.: dervie cl fr olll a histog ram drawn at a n int a 
I'alof U. 2 b <:C:l ll'C th~)' ar~ very likely the result o f local pe: rtur
h:lti u llo; to be d i'l c;u :ist:cI later . 
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J n general, the interva l gradients decrease slightly with 

am pI c, sedim cnt tcmpemlure p rofi les In 
Bas in a rc , lIolI'n' in Figu re 4 , F o r profiks 
rea ders ,; ~':~ icf'c rrcd to Lee [1 973]. 

th e San Cl emcn te 
In other baSins the 

Thcilii il! c: onducti \' il ies of a ll eorc s:lfnp les 'ra nge b et\\eeI: 

F ig , !. COntJ!l~l\!a ! Bordcrhlnc! and adj oi nin g ph ys iograp hic 
provi nces [,li'k r Moore, :969] . Ba th ymetry is in fathom s ( I fm = 
1 . 8 2 E ~ mi, Dw ... hcd (U~\ ' eS 2r~ physi~)graphj c boundarit;s. 

,) and 2, 6 /l ea l/ em's "C, mo re th an S:~ c-G of the \'a lues falling 
\\ ithin the ra nge of 1, 7-2.0 11CQ I/ cm' soC. Th e standard devia 
ti on in eac h cure lies bctween 2 and be;; . G enc ra ll y. th e cond uc
ti\ity in c: rc ,IS(;S 2-3 r c per meter fro m the lOr to th e bo ttom of 
the core, prob ably as a resu lt of sedi ment compaction . Abru pt 
va riatio ns in co nd uctiv ity wit h depth are observed in the in ner 
basi lI S, Sa Il Pedro Basin, San ta Catalina Basin, and Sa n Diego 
Troug h, where the turbidite constituen ts o f th e sediments are 
higher than th ose in the outer b as ins, T\\'o contrast ing rela
ti ons or conduc ti vity versus dept h are show n, fo r examp le, in 
Figure 5. The vari a tion s in th ermal conduct il'ity ind icate the 
need to ma ke am ple meas uremen ts o f conducti\'ity of ne ar-
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Fig, 2. H ~at nolV U,II:1 froll1 nurthern Burderland (i nc. Iliding publi shed dat,,). Li nes I- I ' . 1[ · 11 ' , a!ld II [·111 ' an.: heat now 
profil e, show n ill I : i ~ urcs 7, ~, and '-J , respec ti l'e ly, T he rq! io n boxed with da shed lilies in Ihe upper fi gure i, tn! ,lrg<:d in the 
lower figure, T he llfhhorc b:l';ins aI',' ind icat,:d by i\, S:llll.l Cata lina Basin : 13 , Sa nt:l Barbara l3 ;\sin: D. S:Ul Di c~!o T rough : 
E, l.as t Corks ilasin; L, S:l ll Clemente lJasin; M, /1 nimai B'lsi n: N, Sa n Ni-:oi:ts Basin: O . Outer il a,: in: P, S"n l\,d ro Ilasin: 
R, Sant a Cr ll !. Il asill ; V, Velcro }1 'lsin; an d W, West Cort!.'s H:lsin. 
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T ABLE I. Hea l fl ow Fr,)1l1 lh ~ SOtllherll (ali l'omia Borderland 

Waler 
Deplh,Il' 

11 1)0 
11 45 
10-10 
970 

1050 

S40 
870 
3]4 
860 

! S.;O 
IJ')J 
19:· t) 

I S?O 
1 b-~tl 
'S?!) 

12-':] 

j l S() 
127(' 

1~:'f; 

i 1:;0 

i 5 ·_. ,~: 

J7ll; 

17iO 
1570 

i 12U 
1450 
11.70 
1700 
I (iJO 
1700 
1180 

1110 
111 0 
I.no 
I ,IW 
11')0 
I l Oll 

10.10 
1500 

24 '10 
2150 
1970 
2330 
1'/40 

Pene
tration , 

III 

4. 2 (4) 
5.3 (5) 
4. 1 (5) 
3.5 (4) 
4.0 (4) 

5. 1 (5) 
5.0 (5) 
5.0 (5) 
.1.9 (·1) 
5.0 (5) 

\Va ler 
Tempera- G rauicnl, 
t tlre, °C " ( / kill 

Sail Diego Trol/gh 
3 . .18 1>6± 11 
3.6 1 12\1 :r: 8 
3.77 109 0 S 
4.0 1 17 1 ., 16 
3.98 92 ± 10 

Sa il Pedro R(;sill 
4.79 162 ± 2 
5.0.\ 89 ± 15 

S-I ± 2 
75 ± 2 

5.46 117 ± 2 

Sail Clemell le Rosill 
6.0 (5) 2.85 91 ± 6 
5.0 (5) 3.04 172 ± 5 
6.0(5) 2.6 1 10~± 4 
4.7 (5) 2.60 109 ± 8 
.1 .5 (4) 2.60 98 ± 0 
5.2(5) 2.60 16 1 ± 13 

Sail /{{ Calalilla Hasil! 
.*-5 (5) 4. 11 155 ± 8 
2. 5 (3) 4.03 102 ± I 
5.0(5) 406 87 ± 10 
4.0 (4) 4.(1 3 96 ± I 
.1.5 (5) 4.02 SY ± ·I 
5. )(5) 4.13 ~2±4 
.t.) ()) 4 .0 1 10-I :l I I 
3.8 (4) 4.02 S7 ± 2 

-1. 5 (4 ) 
,Ui(5) 
4.6 (4) 
-l.5 (5) 
·LO(5) 
,1.9 (3) 
.1.7 (5 ) 

5.2 (5) 
6. '1 (5) 
5.4 (5) 
<l.S (5) 
4.'l (:i) 
' 1.5 (5) 
5. 1 ( I ) 

3. 2 (4 ) 
4 .. 1 (5) 
4.0 (5) 
3.2 (4) 
5.0 (5) 
2. 1 (2) 

Sallla Cnu Basill 
,U6 
4.1 D 
4.20 
4. 20 
4. 19 
4. 1'! 
'1.I 7 

SOli Nicolas Be/" ill 
3.37 
375 
3.76 
3.7C) 
3.75 
3.76 
U3 

.1.9 1 
J.n 
3.1)4 
J.X2 
3.60 

9(, ~ 2 
iO~ :!. 3 
9 1 :i :) 
93 j : 4 
(,I ± 13 
6S:f:: l) 

~~ ± 5 

05 :I: 9 
9 1 :L 10 
'.1·1 ± 5 
96 .f: 6 
X5 :t X 

102 ± X 
79 ± I I 

!O') 1. 2 
125 ± 3 
89 ± 6 
7 1 ± 7 
L' ± 6 
S3 :J. ? 

SOllla Rarham Ua<ill 
5.7( 5) ti.<l7 (i.l+7 
5.7(5) 6.40 (,<J :i l l 

5.0 (3 ) 
6.0 (5) 

La.1I Corti'S Basin 

3.22 
11 2 ± 6 
'Jii .1 5 

Miscd/alll'ollS Lacal ioll 
4. 1 (4) 1 0 1 ~ 3 
'1.2 (5) 113 .l I 
J.O (2) 117 J: " 
4. 7. (3) 207 ± I 
3.1 ()) ! -\ I ~ . . , 

Conduc-
t lbd lt) , 
III cal! 

em s °C . 

(1.90) 
. 1.90 

1. '.14 
1.90 
1.82 .. 

1.93 
1.92 
1.9 2 
1.82 
2.02 

(1.83) 
(I .SS) 
un 
U ;6 
1. 91 
1.85 

1. 83 
1.68 
2.06 
1.89 
1.82 
2.01 
1. ~;4 

1. 9~ 

1.82 
un 
1.7 1 
1.8 I 

( I .X2 ) 
Ul2 
1,63 

1.% 
1. 77 
1.75 
1.72 
I. R5 
I.m 
1.!i2 

( U;2 ) 
(1))2 ) 
(1 .~2) 

un 
I .X: 

(UQ ) 

1.63 
1.7-1 

I.R I 
(Lkl ) 

1.1;<) 
( l .ii·l) 
( 1.39 ) 
( I.R,\) 

1.8 1 

q 

1.63 -= 0. 19 
2.JO ::.. 0 .2 1 
2. 1] .:. 0. 25 
3. 2-l :;: 0.38 
1.8 1 :!: 0.23 

3.08 :!: 0 .30 
1.72 :!: 0. IS 
1.66 :r: 0.2 1 
1.40 ± 0 . 14 
2.3(i ± 0. 24 

1.7 1 ± O. IS 
3.23 ± 0 . .15 
2.00 :!: 0. 17 
2.06 ±- 0 . 18 
I .S7 :l: 0 .20 
2.82 :r: 0.25 

2.S I ± 0.27 
1.70 :;: 0. 16 
1. 77 :!: 0. 19 
l.7 S :r 0. 17 
1.62 :;: 0. 16 
1.8 1 ::: 0. 24 
1.93::: cu n 
l.73 :!: 0. 17 

1.76 ::: 0. 15 
1.9 :' :: 0. 1f' 
1.53..: 0. 14 
1.6g :;: 0. \ 7 
1.22 ::: 0. 12 
1.26 ~~ 0. 11 
1. 5X == 0. 1·1 

1.74 =': 0. 16 
1.62 :::: 0.14 
1.6-1 I O. 14 
1.6·1 ± 0.14 
1.58 ::: 0 . 14 
I. X4 = 0. 17 
1.44 :!: 0.13 

1.99 :::: 0. 1 S 
2.27 == 0.2 1 
1.63 == 0 .15 
!.JO ::: O. 12 
1.51 ", 0.13 
I.n :::: 0 . 16 

1.1 2 =': 0. 1 I 
UO .~ O . II 

2.05 ± 0 . 13 
1.77 :1: 0. 15 

1.90 -,- 0. 1t; 
2.0~ :r 0.19 
2.2 1 :!: 0 .20 
3.83 .~ 0 .35 
2.5'.) :::: O.2·j 

q, 

1.56 
2.24 
2.05 
.1 . 15 
1.75 

2.94 
1.65 
1.60 
1. 37 
2.32 

1.60 
3.08 
1.82 
1.91 
I.n 
2.6 1 

2.76 
1.68 
1.77 
1.75 
1.110 
1.77 
1.85 
1.68 

1.47 
un 
I A 6 
1.6 1 
1.1 4 
1.17 
1.'10 

1.74 
1. 59 
1.60 
1.6 1 
1.55 
1.75 
IA I 

un 
2. 14 
1.57 
1.2 1 
l Ab 
1M 

1.1 2 
1.20 

1.97 
1.72 

3735 

2.36 
3:40 
3. 10 
4.91 
2.65 

3.32 
1.76 
1.79 
1.83 
2.60 

1.88 
3.0~ 
1.92 
2.0 1 
1.87 
2.74 

3.07 
1.87 
1.97 
1.94 
1.78 
1.97 
2.05 
un 

1.47 
1.82 
1.64 
1.79 
1.33 
1.37 
l AO 

1.7,\ 
1.1 7 
1.72 
1.73 
1.67 
1.88 
I .-II 

1.96 
2.23 
I .C,S 
1.3·\ 
1. 6.~ 

1.7 1 

2. 16 
1.1>9 

.f 

. '--... 

"r' t ..... "" ..: ~""f" 
J ' '.' 
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T ... ~jLE I. (conlinlled ) 

Locat ion 

Stati on N La t. W Long. 
Wat er 
D~pth,11l 

Penc
trat ion , 

m 

\ Va ter 
Tempera

turt. cC 
Grad ien t. 

°C / km 

CO'1d uc
tibil ity. 
m ca ll 
cm s °C q q, q" 

COlllin{'/lwl She({ o.U· Cenlral Cali/umia 
C I 34 °20' 120°:i I' 790 4. 5 (5) 4. 50 130 ± 11 1.89 2.46 ± 0.22 2.45 
C2 35 °00' 121 °02' 590 4.4(3) ~. 75 71 ± 6 1.98 1.42 :1: 0.13 1.39 
CJ 3:'°22' 121 °33' 970 5.5 (5) -U8 70 ± 6 2.26 1.58 1: 0.10 1. 57 
0 1 35°·10' 121 °49' 10 10 4.5 (5) 109 ± 8 1.90 2. 18 ± 0.1 9 2.16 

Penetra tion is pcndral ion of the lowerm ost probe, the nu mhns in parcilt hesescxprcssing the number of probes used in calcu lation. G ra di ent 
is the avcrJg~ gradie nt with st and ard deviat ion . Conduct ivity is therlJ1al conductiv ity: the num bers iu p3rcnthescs a re assu med va lues from 
a nearhy "l;,l io;!. The va lu e q (in IIlicroca lor ies per centim eter square second) is the average of intcn·i.t l heat flows wit h stand ard error 
Ij(a' -;- IPl"', " 'here a is an ass ulll<::d error of 8.5% ill gradi ent an d b is the calculated standard error (in perce nt) of thcrma l resistivity. 
Valu~ 'I, i·; cO II't'.:tl'd for topography, and qc .• is corrected for topography Hnd sl'dill1 cnWlion. 

sh ore ~ej;mcn~s or o f sedi me nt s in areas of extrcme 
topographic rdid wh '~r '~ eit her rapi d, variable , o r sporad ic 
sedin:~ ntati(Jn is lik~ l )· . 

?L:11 L:RBI'>:(j FACTORS ,cu ·; I:CTl NG H EAT FLOW 

T}i ~nV:; ii 'J HE BORDEllLA K D 

Til::: e:;·'.:ls o f t ·. ",,}::~,~!~:,~, con ductivit y and hea t genera ti on 
CO llifa.S<S"c:bs:Jt: :ce and upL fl , scclimentution a nd erosion. 
tem po,,;' ~ '-d ' !Ii:: :Ii :'ttr :',:::e ,C: ;11 pe rature variation , and int t.: r
Sli li ~. i ':. ~: ;" ..:;~::: _ :/: ,;:; :;; ,: (.,; " si riered in thi s sec tion. 

Bouom ;" ~I:~ r l ",/~:),~ i·:: :- ,' r!. Variations in bot lolll water 
tem,"~, :'i' .. ' :' ~:;'),: " " ";:-:! ":"T'. ,'::: ~ha nge, change in oce~nic cir
CU L"Oli . ~ :1 '::"::: ! '. J ".? '.":' " ,'::;[ km perature fluctuati on, and 

0 <:; " \\ 5;1: C';;Pl;S . ..:,j' bi\ ' Ji"; :):1 thc bord erl:lnd the seaso nal 
i':uc' "",>:: d 1]' .. ':. ',0":' '. ~,:·r io '<.!f)' likely neglig ible , since ( 1) 
the ,l:1 :' i.' U: ·; \."r:;;:c W,l!o:, 'cr:' p,,~alure fluc tu a ti on (range (,0(') 

d irn: "i ),e:; [0 ,,';;;l,d i ':c:l;.i~ , .• u dep th of20n m fEmer)" ]960, 
F igure 0-+ ], (2) [ f;~ lc:rrT ~ r<J:",r'; gradients in th e wa ter co lumn 
below ,iii dep ths il Ie k~s than JOoC/km, and (3) the ob
ser\'eJ g:::olheif11:l J gr:lcii(';l[s d:> not reflect th e curva ture typ ica l 
of annll iil botlon, waler tempe rature osc ill a tion s. The la rge 
volu me or nei!rly isnthcrm ~,l water below sill dep ths serves to 
bu ffer annual su rfu\:e wal n tem perature fluclua tioll' . 
Howe\'er, ,m ove rturn pc ri'Jd o f 2 yr estim ated fr olll oxygen 

t!E/\ r FL ow (Jl c ol/clII?' sp.c ) 

I:ig. 3. FI'eq u ~ilcy ancl cllillu lati ve curves o l' hcat now d,ll:1. V'liues 
greilter tl w lI 2)~ ;Ire excluded. Th c solid curl'e rc p re s~nb ob sl'f\cd 
da til ; d;:,ltcd Cllrl'e . data correc ted fur topograph y: do tlcd "tlr\ c. 
data correc ted fo r topog raph y a lld sedimc nta tio n. 

content in the bottom water [Rill el/berg el aI., 1955] suggest s 
that the bottom water may in teract II'ith sha ll ow wa ter with 
peri ods on thi s order or greater. 

The California currenL ol'e r th e outer borderland has been 
nearly constan t in posit ion a nd directio n u uri:1g the past 
12,000 yr, as sugges ted from th e generall y uni form depositi on 
of biogen ic ca rbon ates in Tanner Basin [GorslillP el aI" 1968 ]. 
The associated eountcrcu rrelH over the inner bo rderl and is 
probab ly ste:tdy al so. He nee a significan t cha nge in bottom 
water tcmperatu re resul ti ng from a major shift in c irculation 
patterns shou ld not be expected. 

Turbidity currents which scour and fill may aO'ect neighbor
ing grad io;: nts. Tlt e prese nce of SCOll r chann els has been 
doculT1en ted by M oore [1969] in th e S an Dicgo Trough, a 

bas in which has been over fill ed with sedime nts. Nine hea t flow 
val ue> measured in the t rough yield a trim odal di striblll.ion 
Cr able I and Figu re 6). The two highes t va lu es. (3.24 and 2.53 ) 
were loca ted in the cha nn els, whereas the two small est vu lues 
(1.63 and 1.8 1) were at cha nn el edges . Three (2.30,2.12, and 
2.05) of th e five in term edi a te va lues were meas ured a t di stance 
fr om th e kno wn chan nel s . Thi s correla·tion of heat Oo\\' lI' ith 
pro.\ illlity to ch annel reflects th e effects of microrel ie f (20-30 
m) coupled with e rosion anri / o r sedim en tat ion. Th e rema ining 
t ll'O in terl11cd iate va lll ':: s wcre a lso located wit hin a channel and 
Illay rell ec t til e f.tct tli a t either th e channel is no longer ac tive 
or th e t:llect s of llli crl're li cJ' and erosion an d/ or sed imen tat ion 
arc ba la nc ing ea ch oth c r. A hi gh heat fl ow nea r the 
SOtl th cas tern end of Santa Ca talill<l l3 as in lllay al so havc be<:n 
aO'ectcd by :lJl active wrbidity c ur rent channel, as sugges tcd by 
th e propllsed routcs ofscdimcnt tra nsr o rt in thi s area [E lI1ery , 

1\160; Muo re, 1969 ]. ;\ ppa rent an onn lolls \'a lues at othe r sta
ti ons on the borderLtnd , pa rti cul a rly nca r the base o f steep es
car pm ents, Ill ay a lso be attributable ill SO lll e cases to turbidit y 
Ctlrrents, l:kea use t lie occurrences and eO'l'c ts o f th ese proccs
ses mc poor ly kn own. th ey ca n on ly be cons idered to ha \'c COil 

tributed to th e int ri nsic ,ca ll e r of th e datu . 
C li mat ic' chan ge on th .:: horckrlanc! du rin g til<.: 37.000 yr has 

becl! studi ed by Gorslille al/d Hames [19 72 ], lIsing 'SO/ 'CO 
ratios ill uelltliulli c an cl pLlll kt o ni c fo ram inifera. Ca lc ul:ttio ll s 
based on th e resultant paieutL'lllpCr;llllres suggest t ha t the 
llI easured geo th er mal g rad ient has becn rl'cluccd hy 2.6°C/ kl1l 
ror 0.003 Clll "/ S (appcndi .\), or abo ut a 2-]':;' redu ct ion in th e 
ulldi stur bed heat 00 11' . Thi s dTec t, which 111 ; \ 1' I'ary from basin 
to basin, is pr'obab l) sllla l"r th a n th e e\pcr itl1cn ta l erro r of th e 
hl'at nl)II' lll eaSlI renH:n t, . 

F uur hea t fl o\\' IllC:I :;u ret IH.: nl s IIcre mad.:: in rd a tildy sh:tI
low wall: rs on lh e Cl1r:t inell ta l s l! L' If' r> lfcentra l Ca lif'o rnia I\'here 
a b,l sin :Ind range stru c: tllre is not prese nl . T hey wen: loca ted 



, 
1 
! 

I 
1 

1 
J 
1 
~ 
f 
t 

i 
i 

, 
I 

..t 
·s 

1 
.~ 

~ 
t ;. 
~ , 

LEE " 1\ n IIE :-; YEY: H r,l T Fl.o\\' 3737 

s .. 

x 
1--
" ..,i._ 

~ 

0 

. l.i.' \ around 35= , .. ··: 

2.5 

1-

I 
2-1 

:, ; c;~ n,,:cr \ '. (nCn d C'"\" ':" ) ;~'S rrom t\'1arch 
,' ! d , 1942], Tc ',varJ th e l'lld or 

, ;ji! .. i:;:"r th e u }-) \\ Cr :L _~ ·_-':''': ~t' 3 ;r:2du,-t!! ; ~L i j !.:volvt.:s into a 
iHI!rlh'; r oC eddie~ thr(E ! ;~h \'-'ni.:.:h the CCi.t:-.!a l and oce anic 
\\ .:kr,,: arc interchanged . p f() ~(i bly a fft"l.'!! ng ,,'-J.te l" a t all dept hs 
,' :'1, :1': she lf. The sl:! biiilY u f b:Jltu nl water lerr: pe ra tures under 
, ,;,'ll cun d iti ons is not \; :El\\i1, The patt ern<; ol sed im cnt tran s
;'1),: i!n d ckpus iti on [lrc al so poo rly krlO\\ ' l1 in this area: ap
,' ,: i',lt chall nels wac liOt".:! at ':umc loc:ti it ie;s , l-jcnee th c 
' i li .'!'I} 'If th ese ll1 easur<: I'1cnt, must be rega rded as illr<:ri o r to 
:!1t',e Pleas ured ill the h!lrcinL!I1 c!, 

/(,.1,'(,( !Vi c! cO lldliCliui lj COli lroS! , Birch's [1950J met hod or 
:1)P" !'ii\ phi c CO ITccl ion has bee n ap rli ecl to a l! hea t Il ow 
;n l';;, l' r':l11c nts ill t li r; bo rd e rland, it stt: aJy stale topograph y h e
,i l ,~ ,; y,lln lCd, A n equi valcnt laps:; r,ltr; or I ,SOC/ kill is used , th e 
' " il u~ 0 1' whi ch is not cr uci:.! l because of th e sha ll ow corer 
f'c' lh;;r:'l ion, The rcli cl' with in 3(J kill of a sta ti on is estililated 
'ron: u ,S , Coast an d Ci eodeti c Sur v.;)' bat hYlll ctri c cha rt s 
'.'ith :, sca lc ur I: 250,000 an d a cont u ur interva l o f 50 Ill, Th e 
c'I;'"", fj l' llli c r,Hf: li e r s li ch as ch an nels a ne! hUIllJllock y 
:"!, ',:~r: l pl;y 011 th t: order or 50 III o r less has bccnll cglec lcd 1'0 1' 

I,k' i; tn' detaile d d,tt ;1, For the Sa mt: rC3 <; Oll th e reli ef \\ithin I 
;,ill 11:' <I s ta tiul! i ~ ab o neglected , Wa rm rim clTeets it rc 1I1'g li g i
ric b~l dll S ': land is ra re ly with in 30 kill o f' a sta ti on; wherever 
I ' I; , I I :'lI b t e nd ~ on ly it sma! 1 51) I: d angle, Under th e assu i1Ip

:"'11 1'/ uniform cU llllli ctivit y, c or r ~ ct i on s o r '- I to - I !)'";;, a rc 
"P ;ll, ed: 1Il 0 ~ t concd ioll <; a rc k ss tha n 5~"{; , Resu lls o f' th e 
:llpuYI:.I j'J l l ic co rrec li on '; ar e gj': ,:n in Tabk I (COl ll i11 11 ql )' 

I k ,!l /10\1' reI', a Cl i l) l! d UG to nonhor izullla l bOLl IHhr ies 
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rig . t . H~" l n,,·- ,1,l ta d istr ibution and t ur bi cll iY CU fI'l'nt ch:lIlncls in San Di ego Tr0ugh _ O pen squ:rrc 
rei'r~ " "I1l " dal:r frum Vall Hazcll [1 %-1). Sh aded areas arc channe ls [_~f oorc . 1969 J. 

between d i~si!11 i j,{f medi a can (:a use signifi cant vari a ti on in th e 
surfacc heal !iow. For example, tlie relative hea t flow across a 
scdill1ent-bcd rock contact in ay difrer by as Illuc h as th e cor
rc<; pondi ng conductiv ity ra ti o [Lcc, 1973 ]. Beca use most sta
ti ons \', crc 1,)C ,ttcd at J !:\rgc distance rront bedrock ou tcrops , 
refr action cf rCCIS ~\rC negli gible . Howe ver, ror th e rew st a tions 
locat ed Oil bas in slopes o r in sadd le reg ions wli ere tli e sed i
ment s arc tilin. th e rerraction elfec ts Illay be signifi can t. As

S li ming a two-dimensiona l model, L ee [1 973 ] used the fillit e 
clement method to sh o w th a t th e nct ctrect of conduct ivity con
trast, re li cI', a nd spat ia l bottom water tClllpera ttHe var ia ti on 
expec ted for the bo rd erland has pro bably red uced ba sin flu xcs 
by all average of S';V . 

Sec/ill/elltaiioll. Thcrm al dis turban ces resu ltin g rrom con
stant sedimentation ratcs and in stant aneo us sluillpin g ha\' e 
bc:en d iscu ssed by VOII fl erzell and li rec/o [1 963J, usin g a on e
d imen siona l I II ode!. Th l! trans ient geot henn-a l gradi ent is 
a lways smaller than the steady s t :~ t e gradi ent , and llleasUI' l:d 
hea t flows arc bi:l s ~ d towa rd Illwer va lues. In gc n c r~t1, sedim en
tati on ra tes In th e CO llt ine nt a l Bo rde rl a nd increase 
nortil we;, twa rci and to wa rd til e co ntin en t. Loca ll y, the ra tes 
changc Ilo t on ly from basiil to ba sin but a lso rrom pOint to 

po int withi n a g iven basin. Temp o ra l vari a ti o ns in ra te are a lso 
expected in view of the u llpredic table occurren ce o f tur bidite 
depos it s in th e s~d ill1 elJtary co lull1Jl , ns ev id enced by th e nOIl
linea rity between 'age a nd dept h of the sedim en ts [Emeryalid 
Bray . 1962; / I/II/all and Gofdberg. 196J ]. FUrlhc' rm ore , sin ce: the 
bas in s m e beli eved to have form ed prog ressive ly in la nd frv r11 
M iocc lle to ca rl y Pleis tocenc [Emery, 1960]. th e depositi ona l 
environ me nt was pro ba bly d ras tic a ll y a ltere d each time a n("\\ 
basin was furmed. Th is le ads to an uncert <l in ty in the ae
~lIl11ulatioll til l1c and the extrapo lati on o f sed ime nta tion ra tes 
dete rmi ned frolll pisto n co r<.:s . 

Bccilise sediment a tio n rat es were no t determin ed ro r the 
cores ta ken ill thi s s tud y, we ha ve cxtra poi<lt ed the pub li shed 
da ta [£lII ery and Bray , I %2 ; Gorsline f'I af., 1960 ]. The ex
trapolat ed rat e was gene rally con s istent wi th th e r:lt e es ti m3tc d 
fr om the isopach map of ivfllore [1 969] for the pos to rogen ic 
sed imen ts, a total acc umulat iun tim e o f 10' y r being as sumed . 
f\ to tal accumu lati on tim e o f 10· y r is :11 ';0 co n5i,;tcn l \\ith the 
avr:rage annlla l contr ibution of,sedim ent fro m the sOllt hc:rn 
Ca lil'ornia wa te rshed [:\1oor e, 1969]. T hus we h<lve a5sumed 
this accuillulati o n t imc fo r ou r ca lcul a tiom. 

B:t sccl o n equ a ti on (38) o f Jael{t'r [196:; J. the scd il11 enu ti on 
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': 'c': la lion ratcs from 50 to 11 0 cm/ 1000 ) r :1 t din 'cren t st a-
"" Lim ing a constant th er mal dilTusivity, 0.003 cm'!s. 

.,1 ' , llf top ugrap hic and sedim ent a tion corr~ction s are 
,. :'1 T~ibJc 1 (co lumn q,s)' 
Ii . i' Jl i/erma l cirrl/ lal ioll . The geotherma l iso th erl11 s are 

, .. I:" l1 .1r" lk l u r subparallel to the gm llnd surface evcn in 
.,. , ignifica llt re lief. T hus OJl a given datum with respect 

Ic \'e l, llt t: tc:mperatUl'e is g(;nera lly greater below 
", " IP hi ::: highs t b n below topographic lows. As a result the 
.' <:\ ,If \', ater OIl this daium i" less below topograph ic highs 
. . ::', i·' .iLl'.'. the t urO~rJ P:li c lows. If th e permeability of the 
,:~, :- ,urri cj ':ntly la rge , hydro th erma l circula tion can occur. 

i C,: ,'r '[ il atio n cur re!!t :: wou ld rise benea th topogr ',:,l lie highs 
",: :.'.urn C!l th e I lj P,-,gc~1l'lh i c iO,,"5, th e result bei ng i). a t nows 
.. .. .. :": ['" l" li \'e h :';;;,-0;- ,y-: c: , the ridGes th<\ Il in tli e basins , 

. \ \:J;~:': el l 3 . ~ 3 (-:. ,:',1 i., 2) has bee il obt:liiled fro m th e 
:"';!['c,,,,'.<: r:: b~i,i!l '.'c:: .' :,;' l; "'; ::,,!-t C!r;:me l1 t(; I38s in. This sta
... :"' i, ip clos~ p r(::'. : ~.ry ::J t;~, ~ Sa n (' lernente fault [A/nore, 

:[111.;. ~tr; d (nc kg:-, '. 2:_f: -; . -':' b ~ the r c"u l~ o f hydro therma l 
' ,',.I"llo n thro u.'!h ,',t :·,,'Ji·. z,-'r:c r<ith,~ , t ~13 r: th rough th e in

.: ·'.i'i.,·' of Ihe' b:tsc"'--o: t :c·~k, . A ·lleH:: , ."'~;,!cl:t (1.68, station 
'.: ; ::: the saddie ~": ' . ,,;::.~ 52.:: C lenH:" :l ':: nr d Sa n Nico las 
; ' . ,\!!j ~~ sirnil ar l u "'.~ __ , >: :-"~J ;- b~/ bc) i J:s . Another valu e 

.. ~! :);iJ1 ~\ i ('o l~is S :_;. !~:~:: t !"i :Ul \· 8. ! lJe ~. ; 1 surroundin g 
·'.: .. ::h. I3t(' Ci ll se t h:.. '':-.•. :: :·i~=:.:;.~! iity o f tn e D3.Sernenl rocks is 

.\~~: kn0\\TI :=!nd ~:< '0·:;' ;jL -: ii1~~~ ':.'J :- ~ ;:1t'r:~ :.-, v,'ere Jlladc ill 

I' 

. ;·l:1 ... . ~he n.i ._ ':' ~·" '. c':~'li·J,-: [ n121 c: '(:L~ ! a tion on th ~ 

D !Y~:_ : _ . .' 

:-,-, _',~~:-:H' ;-' " "h:·:h ::lCIuUe 16 va lu es 
/-/:..:":_(·a [ !~.~6~] , :..... :-:.J F-~. ';nderso n and 
C,_1fi']i'i',:1r;j,:: ;t "J!1, ;';73 ), uncorrected 

,,:._~: ·~,) \\S t!lfC.iU:;;·· . .. -. ~-:L-:-~;-:~!n b C' rde :~ 8.nG ave rage about 
.. ~n 

physiogra phic prov inces 111-

':' \: i\~·> Ih :1t this h:: :E nl.~) W lS s!.si1ifi-:antiy l: ig her th a n that 
":~ : l1J::,h the Si , rr:t :~,; \,<: J :, p: o\'i n,:e [Roy ['I ai" 1968 : Sass el 

I'PI ] but Jess t h~in [ ho.L th ro ugh ihe Basin and Rang e 
;' : ,l', I(e [Roy e l ai" 196:-' ] nnu GulrofCaliforn ia ri ft [Lcl\l'lwr 
: 1 ,J.. 1973J. 11 is simiL\:' to ilu\cs th rough the Coas t RaJlges 
)'.;, , l'i ll i., 197 1J. A\t:r :tgc heut no','.s in the Pcn insul ar Ra ll gcs 
·:c I',)l. \\' ell cstabli sheu. Cle'.;:ly, it would bc mo re defi niti\'e to 
:'\ I'l:' .. ~t ' reduced he :'J\ Iluw,' [Roy ('{ ai. , 1972 J between th ese 
~ : l\\ " ·,'.' C;S: ho\\'c \'cr , u"ta' on r:.:d ioac( ivity on tilt.: borderland 
,: ~ i.i, Li ng. Considering the like ly cr us tal struetur (; [Shor (.II/d 

,':" /11, 195 ?i j and th e litho logy [EIII ery , 1960; Krallse, 1965; 
[)".II", 197.1], tile reduced h~at now is probably above ave rage 
.: ~ci ,illli l:ir to that of the Ba:,in and Range prov ince (i. e., 1.4 
H ~' where I HF U "" Itca l Clil - ' s-" ). 

-I '-'i ")[' i'ar!l ic co rrcct ioil li reduce th e average vallie Oil th e 
".1 ; ,_il'f:,mcl from 1. ~ 6 to I ,n , but th e combined cor rect ion s for 
: ,' ;),'~r.t p lt y allli sed imelltation increasc th e average to ~ . ()5 fo r 
:~,i l''{ ill1.tI.C' '01' ot u illl enl. a lion ril tes as di sc ussed ea rlier. 
Ti:·, .. thri; cva lues arc presumab ly biased by th e samp li ng di s
:; . \.!ji,11l ilS \'-ell :1 5 dislli rhill 2 d rects. JI' the 'best' va lli e i'rom 

'.It k",in i~ tak en, tlie av~ rage is I.M ror th e l11 easLlrc ri 
:.:1.1 ',',. 1 J,', Cor th e topographica lly corn,: C(f;d dai a , a lld 1.99 
>" ,Ii,. da til corrected for both topograpliy allli sed imentat ion. 
'. :'1 ks[ a\ '.:ragc fall s within its lnod a! va lues (Figure J ). 

.J ;1.' I.:TI1;.l :ri c:u l n~: hd j on hcl\\· cen heat fl o\'! and age or til t; 
.1' .:,';1;, (kc <t Jl i1tJlJr [Sc/(I{er ({II,! FI'(II1(II('(e (ll/, 1970J yi t' kls a 20-

ill Y Hoe [or sea Ao or with if I X ~ 20 heat Amy (borde rl a nd 
mean va lue), This age is compatible wi th the age of th e adja-
c(;nt deep sea floor (15-25 m.y,) as Inf erred Irom magneti c 
"nomaly patterns [A I water, 1 97CJJ, Selaler alld Franchele(.lU 
[19 '/O J a lso proposed a ~imi l a r .empir ical rel a tionship between 
continen tal heat flo w and age of the las t thermal event for 
North Ame ri ca, but having a lmost one order of magnitude 
grea te r time decrement. According to th e contin ent al 
rclation ':h ip th'.: borderland mean is also consistent with th e 
termination or th e Mesozoic batholithic emplacement in 
California. Although th e crllst benea th th e borderl a nd is ap
parently continenta l in natu re [Shor and Railt, \958], thi s 
reg ion's proximity to the Pacific oceanic lithosphere cannot 
rul e Ollt, and may in fac t require, oceanic therm al control. 
Thus a lth ough th e mean bo rderland hea t flo w does not perm it 
rcso lution of the age of th e las t tectonic or resultant th ermal 
event, it is consistent with the regio na l tectonic pattern . 

The uncorrected heat flow trend in a direction pa ra llel to th e 
stri ke of th e reL; ional structure (Fipl re 7, profile 1-1') generally 
co nfirm s Von Herzen's [1964J eon<:l cs ion drawn from a few 
sparsely sp aced da ta points th at heat flows decrease 
system atica lly northward in the borderland. Superimposed 
upon 'this trend is a maximum over the divide between th e 
Santa Cruz and San Nicolas basin s (Figures 2 anu 7). The 
trend :.rppcars to eorrclate with inereasin:.; sed imentation rates 
to th e north; th e ma ;; il11ul11 occurs where thermal blanketing 
du e to sedim ents is probably a minimum . As a result of th e ap
pnrcnt correlatio n of hea t flow with sedimentation, we have 
~d 'i u plotted a Ii e;]t fl ow profile al o ng the same treild conT·.ted 
for toprJg rap hy and sedimen ta ti on (Figure 7, do tted curv,,) . As 
expcct l!d , these two curves converge to til,; southeast but 
divergl: to til e no rthwes t. Differentia l s(;d imclll ation rates have 
sig nifican tl y al tt: rcd thc characteristi cs of th e heat nllW trend 
from tht:: Santa Cruz Basin across the C hannel Islanus to the 
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Santa Ba rb ara Basin . Tht heat flo w low is shift ed fl"Om the 
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Jt1 ng heat , ry;"cc, , ~!: ,:; crt ,,; '.::: Ii! n,,:\t flo w to thc sil'cl y frolll northwes t to sO llt h<:<l st and that the development 
· ,': !~ih' aSl ca n be ¢"~;: . i:i ~C . of offshore basins proceeded la nd\\·arcI. 

The gco g r~lphi c j: <:--i:- ..;:ic ~ (". 1 i-~ ea t flC' "' uJta revea led in 
'::1' <dC' .\' r~1,'! ) i!n;-.:~<· ·:'·:;'~'!~,." '-L·-j: C':') :15~ ~ ~ _ !:1 ~ ,) 11 the tectonic 

i 

< ""''; ~'(: "C':": d!"j is beli eved to 
'-'. __ ' :.;ri,;c: .," t: r'l <:nl clue to th e 

.. , ,' ,". ;-n c rj,:;: ' · '.: :"' , an d may a lso 

'.~ .'-" l ~~'. P:·.;c ;'f'( . . ~, :',), :he rorll1ation 
i .. ; ;-: 'x:l, ·. ::-,,~e t :, .' irrp iica tion s from 

::,', c,',,:" :,, ) r~~,' ,i:; n d '-'. ~' " funned prog reso 

I-
1(" 

~ 

IJ 5 0 IOO l.m 
bF~~,~~-"'CcI~ __ =oJ 

A pPE ND!); 

Tcrnpontl va riati on of p:ileol. ,·m per<lt ufc at a r.; \·en loca lity, 
especially in t ilt: illar ine eTlvi r, .. . " ,,·nt, is oftcn c:xpressed as a 
se t of linea r segmen ts con n ec t, ·,~~ discre tely dctermined data 
Pl1illtS , Here we deri ve a so lu tiun' to es timatc the efrect of 
temperat me: var iation 011 geo thermal g radi cli l. 

Consider the case th at th e sem i·i nfin it c region z 2': 0 is ini
ti a ll y at tCl1lpe r;]tu re G + gz and th e plane z = 0 is main tained 

I·' ig. IU. IVl ajor q r; k~ ,lip faulls in thc h"rlkri:lnd 111HI adjaccnl :m,: t. 
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at Mil for t ilJJ G > T o Th e lellllx; rrlj li re V is p ov('!"oed by 

v G + RZ < To (2) 

a nd 

v = 1>(t) z = 0 (3) 

wh ere (I' is the th erm al clifrusivity of th e med ium. The so lution 
V can be outainecl from a combination of /I unci 11', i.e. , 

if 

and 

and 

Uti 
rlZ 

uw 
uz 

: , 
;"", l-' 

en 

~,v 

" 

v = II + \\' 

(111 (}211 

at a ~7~? 

u 0 < 
Ii ~jJ (t ) Z _.-

". 
" , . 

c~: 

,," c -,- ~, 

::-. - '-' 

0 Z 

63, 61J, 

.-:T- :"" 

.~: '.! " 
~., ' ~/ 

(4) 

Tn 
(5) 

0 

~ Tn 
(6) 

0 

(7) 

(8) 

(10) 

Now approxi l/!:tte the pal cOLeli1pe r ~l tlll'e (HI) by 11/ lin ea r 
segments, i.e., 

rj)i f ) oJ + bil -- IJ) I) :s; :s; 1)+1 (II ) 

where 

(lj + l ({i + bi(t i ; I - t i) j 1, 2, .. . , III ( 12) 

II To 

an d 

t ", "' 1 = T 

Near th e slIrf'ace the perturbation frolll th c undistu rhecl 

gradien t is I hcu.fnrc 

(1 3) 

Wi.tll regard to th e present botto m \\'a ter temperature, the 
first term in (13) rep resents the effect of a sudden temperature 
change at f = To. Thi s effect is enhanced or subd ued by subse
qu ent bottom water temperature v?,ri a tions aJ + bj(1 - I). The 
apparent singularity ari sing frolll th e factor (T - 1) - 112 at t 

im = T in facl do es not exist since Q", + bm~T - 1m) = O. 
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