
OCEANO l OGICA ACTA, 1981 , N" $P ~ 
---~-,------,----,~-

Fine-scale sonar study 

of tectonics and volcanism 

Reykjanes Ridge 
Lateral sonar 

Glo ria 
.. e"lonk~ 

Ride de lI.eykjane~ 
Sonar latéral 

(Huria 
T",..,lonlsme 

on the Reykj anes Ridge 

ABSTRACT 

RÉSUMÉ 

R. C. Searle . A. S. Laughton 
Institutc of Occllnographic Sciences, Wormley. Godal ming , Surre y GUS JU B. U K. 

Wc describc a survey. using medium and long·range (Gloria) sidesc:tn sonurs of the Re ykjanes 
Ridge crest belwec n 58 and 61 "N. The survey extcnded from the pari of the r idge crest 
exhibiting a median valley to tha! wilh an axial high . An axial zone . about 13 km wide. is 
dominated br linear volcanic ridgcs s triking 14° und believed 10 form ovcr fissures Tunning 
lIpproxÎmately normal 10 the sprcading direction. OUlsidc the axi<tl zone the sea·f1oor 
morphology is dominated by inward-facing fnult s striking subpar:Jllel to the Reyk;flnes Ridge 
axis_ and thercfore obl ique tu the sprending directÎon. The s trike of these fnult s is bcl ieved to 
be controlled by the way in which the strength of the lithosphere increases away fro m the ridge 
axis. T he fnults have an average spacing of 2.6 km and a re about 10 km long. This pallern or 
fnulting is essentially the same as thM on "normal" s low·spreadin g and fast-spread ing ridges. 
The major changes observed going from the SW (median valley) part 10 the NE (axilll high) 
part of the ridge are decreases in fault Ihrows, rault-black lill S, and heighls of volcanic ridges. 
The origins of Ihese fe<llUres ilre discussed qualitatively in terms of il changing lempcralure 
struelUre of the lit hosphere along the Ridge axis. 

Ot'twrol. Acw. 1981. Proceedings 26'" Inlcrmltional Geological Congre~:. , Geology of ocea ns 
symposium , l'aris. 7-17 July . 1980, 5-13. 

É tude de déta il a u so na r la lé ra l. de la lec lO niq ue el du vo lcanisme d e la r ide 
de Reykjanes, 

Une étude détaillée de la tectonique e l du volcanisme de la ride de Reykjllnes il é té effectuée 
au moyen ùu sonar latéral Gloria ta longue et moyen ne portée cntre 58 et 61°N. La zone é tudiée 
s'é tend du sud-oues t de la r iùe , caTilctérisé par une vallée axiale, au norù-es t où elle manque . 
La 10ne axiale, qui mesure environ 13 km de large. e~1 dominée par de) c rête) volcaniques 
linéaires orientées sur 14~ et probllblement formées à l'aplomb de fi .... ure~ approximatÎ\'c­
ment nurmales à la direc tion d 'cxpan!>Îon. En dehors de la zonc axiale. la murphologie du fo nd 
c:.t carac térisée pôlr un sy~tème de failles orientées vcr~ l' in térieur ct obl iques pilr TlIpport ll la 
direction d·cxpansion. 
La direction de ces f,lilies nous panlit elle-rnérne contrôlée p;lr la direct ion !->uiva nt laqucllc 
augmc ntc la résistance é lastique dc la lithosphère depuis l'ax e dc la ride . 
Les ra iJIes sont espaeécs de 2.6 km en moyenne. et ont une longueur d'cnviron 10 km. Leur 
distribut ion e!<o t fondamentalement 1;, méme que sur une ride d 'exp:rn .. ion mpide ou lentc. mais 
dont la direction d 'expansion e!>t normale à l'axe. Les changement!-> majeurs qu 'on obse rve, du 
SUÙ-oues t (vallée médiane) llU nord-estlvallée non ell istllllte) , sonlle) suivanle!>; diminution 
du rejet de~ failles : décroissa nce du basculement des blocs faÎllé~ : ct b:li !->!>e de la hauteur des 
ride) volclmiques. Nous expliquon!<o l'origine ùe ces canlc téri~tiques de façon qualitl'tive en 
termes de changements de structure thermique le long de la ride de Reykjanes, 

()(:tmrol. Aer{r. 19ti1. Actes 26< Congrè .. Interna tio nal de Géologie. ctJlloquc Géologie de .. 
océans. Paris. 7-17 juil. 1'J80, 5-13. 
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R C SEARLE A S LAUGHTON 

INTRODU CTIO N 

ln this paper we pre~e nt new data concerning the rine-~calc 
morphoJogy of the Rey kjane~ Ridge. obtaincd principall y 
with twO s ide-scan l!oo nar~ of the 1 nst itute of ûœanographic 
Sc ience~. 

The long-ra nge . 6 kH : towcd sonar. Gloria. i~ cap;lble of 
rapid suneying of a ~wa l h up \0 60 km wide. wi th 
down-rangc resolution of aboul 50 m ,Inu a bcam-widlh of 
2 1/2 giving cro~l!o-range resolulion of 1.3 km or ben eT. Il i~ 
th u;:; ideal for l!o uneying pancrM of faulting ;md \olcanism 
o n a regional scale. The medium-range. hull-mounled l!oonar. 
which u~e~ a 36 kl·l : flcoustic pube . has higher resolution 
(aboul 10 m down and cros~-ra nge l l han Gloria. bUI a more 
limited maximum rangc of about 2.5 km . It can thcrcforc 
only be employed in relatively shallow waler. hut Ihere it i ~ 

lW ideal complement to Gloria. providing finer re~oJu t ion of 
fauh-~carps and volcan ic land-forms. Enough energy i .. 
lransmilled ycrt ic .. lly 50 that there i ~ <.:onlinuous coveTaGe 
ac ross Ihe record . from the side-sca n portion lU what is 
cffcctivcly a bathymctric profile ve rtically beneath the ~ hip 
produced by an echosounder with a very narrow hea nl in the 
fore and .. ft direc tion. 

There wcre three fell lUres of the Reykj.lne5 Ridge which 
parlicularly inleres led us. Fini . al lhough the ridgc hll~ a 
mean spreadÎng haU-rate of only about 10 mm. Il 1 (T;llwani 
e / 01 .. 1971 : Vogt. Avery. 1974 : Minsler. Jordan . 1'J7X) Ihe 
regional morphology al it~ norther l1 en!.! - ~ubdued relief 
nnd medinn ridge mlhcr thall a medi:lll v;r lle y - is more 
aki n 10 Ihal of il fa~ t spre.rdins ridge. We wished to .. cc if 
thi~ w~\~ also true of the ~m,lll -~çale morphology a nd 
tcctonic~. and to examine how the tr;m~i l ion from median 
high to median valley is lIccompli~hed. 

Secondl y. the Reykjanes Ridge i .. a region wherc highly 
ohlique: J;pre:ad ing with I1U ub,' i uu~ Il <I" .. ru ' '" orr~c:h M;o.:r l\ ~ 
to have becn stable o\t:r il mid-ocean ridge ~egmel1 l ~ome 

1000 km long for the paSI 20 Ma (Vogt. A\'e ry. 1974). The 
regiollilllrcnd of the a.~i~ i .. 36' , m~arJy 30' uiffercnt from the 
.. pre:lding normill direction of 'Jo predicled by the RM2 pole 
o f I\ l ins ler and Jordan (1978). Wc wished 10 de termine 
whe ther the spreading i .. truly oblique even al the s rnillle ~ t 

.. cale . and to examine Ihe errecl of thi~ on the lectonic 
p:lIIern. 

rumlly. we wan led 10 check Ihe prese nce a nd po~~iblc 
nlilure o( the V_sh.,pcd lime-tran .. grc~~ ive ridges poqulaled 
by Vogi (1971). 

SU HVEY 

Our \u rvey wa .. carried out rrom R.R.S. Disco\ er y during 
6 1/2 day~ of J uno.: anù J ul y 1977. The ~ urvcy ;\fca and shi p· ~ 
tTilck arc shown in Figure 1. This area wns c ho~cn beeau~e 
it ~I radd les the 'ran~i l ion frorn medinn va lley to medinn 
ridge ~lnrc\Ure (the change i .. ;'pparent (rom the 2000 m 
i .. ohalh in Ihe insc l of Figu re 1,. A s tandard 10 kH: 
ec ho-sounder . A~J..'lnia GSS3 gravimeter and Varian proton 
magnetomcler were run Ihroughoui the ~ur,ey. and s ingle ­
channel rerrecl ion profiling wa~ e,rrried out during Ihe r ir~1 
-' 1 2 day~. but v.a~ Ihen terminaled beeau~c of equipmenl 
failure ln heav~ ~e;.s. 

Somlr dala 

Gloria data wcre IHoce .. ~ed via two channel~ be fore being 
.. nilloglle lape recorded und photographic;llly di~pla}"ed. 
Eac h channel provides correlation nf Ihe long ou tput pul ~e 
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Figure t 
Trar k r lo art of Dis/·OI·er)' 801 Sl/rrey . ... ill, 500 III is()blllh.f. A rtlU 
withnui Gloria cOl'Uagt Ilrt Slillpled. Rectal1gular box OU/UIl"S /J rta 
of Figrlre 6. Hlllched arta illdiciJ/td pl/Sili()11 of Figllre 8. Illsel : 
rf~;ollal bathylllftr)· (IIIt'/"'$) IIIld /Ot'III;O" of sl"" e)' are/I . 

and correc tio ns for geornèlrie spre:lding lo~ses and tlllenua­
t ion. The one chllnnel i~ recordcd direc tl y r- fi xed gain·'), 
and the: othcr is recorded with i1U10mlUic gain cont rol 
(AGC). The lan er .lIloW5 very hiGh and low-levc1 ~igna l s ta 

hgur~ 2 
Momuge IIf "pnd ~Ilm" Gloria rtrords OIN Ih" su"t, l/rtu. 
Rtcords ... ·t rt ullumllrplllluu tfJ ("" rru " for HJriatimu ill s M/I'J' 
spud. alld scalt 10 "Hl.ti",r"" rallgt ;s tqual to n 'ule IIIIIIIS trurk. 
HIII,·e'·eT. S;'Wt il ;s slall' fl/IIgt. '101 IlOri~lIlIlul runge . thu' is 
displayed. 1101' horblllllli rlUlgt .lClllf ; :; non·Ii/leM. Rtf/trt/ml' are 
rtpruetlted by lig/lt IlrtilS. ,vlllt rlllll diTuûVI1 <!/ 11I ,"'III;fl/"lI/;oll 
"a rits ,..il lr slrlp's C()U"t. 



be accommodated ta the limited dynaOlic range of Ihe 
tape-recorders_ but dis ton s ~ignal le ye l ~ non-line,uly. 

A monlage of the fi xed-gain record s is giyen in Figure 2. A 
typical record from the hull-mounled sonar is shown in 
Figure 3 for one of Ihe oblique c rossings. and a s tack of 
records from the s'Ime son'lr for sorne of the profiles norm'II 
10 the ridge axis is giyen in Figure 4. 

RE SULTS 

Vokank lell tures 

The " fixcd gain" Gloria montage rcyeals an axial zone. 
about 13 km widc , of very high acous lic backscalter 
(appearing as a bro'IlJ . white band in Figure 2). This high 
level of backscalter is distributed fairl y uniformly wilhin Ihe 
ax ial zone . and is intcrpre led as coming from the rough 
surfaces of basaltic laya flows which. in Ihe young. ;Ixial 
c rust. havc 001 yel beeo (overed by sedi ment (Laughton el 
(11 .• 1979). In this cOnle )(1. -- rough" means rough compared 
with Ihe sonar wayelength, which is about 25 cm for Gloria . 

Records from the huJi -mounteu sonar also display high 
backseauer in a s imitar axial z.one. but the higher resolut ion 
of this ins trument a llows sorne structure to he perceiyed 
within this z.one. Mosi of the slrong reflec tors a re ~cen to be 
loba le struc tures from about 1010100 m ;Icross. and they 
are interpreled as individual la ya fl ows. 

I------• .. ----------j -Il f.l1I .... , 
_ ...... _ ..... " 
1 1" 1 " • 

',-

~'''-' ......---"'">- -,-~ 
~ __ 4 ....... -.... ...... H 

-'....,1 --
Figure 3 
Record from fll t lutll _m olUll t d sm-ar fnr PIUI ('f Ilit obliqut E- W 
cmssink '" Ibt Rtykjunu Ridgt Cft!1 IItur fMrN. N(JU Ihal 1111 Ihis 
ncord rtfltc/iolls arr dark, shlldo ... s IiShl. No carreeliOll Ilfis berll 
made for l'(trialio,1S ill ship 's spud or for sllllu-wlIRe dislOrlion. T/I ~ 
(olal "'id/II (Jf llit rt"f/rd rfflrtUlIlS 5.0 km (m d Iht (..Jt/ll/l ·/rack scult 
;s comprtSs/'d relalil'/' 10 Iht' croSS-IrIId: SI'IIi/' by Il ralro of ahoul 
J: 1. 

A clear evolulion of volcanic land -form~ ean he seen on the 
hull-moun ted sonar records. as c rust fa rther from the :lxis 
heçornes progres.sively covercd by sediment (Fig. 3. 4,. 
Within the aX;;11 zone the ~ea- floor is essential1 y cuvered by 
overlapping flows . At the edb'Cs of this 7.0ne. whÎch ohen 
appear to be fairl y clearly demarcatcd by faull s (although 
not necessari ly the youngcsl faulh). faiTly fiaI. sedimenled 
are:_s seyeral kilomelres aemss are secn. with outcrops of 
basa it hetween them . usually o n higher ground. The le vcJ of 
backscatter from these outcrops is less than in the axia l 
zone. howeyer. The upper surf:.ces (lf lava nows appear 
coyered by seuiment here, but the loba le flow fronls COI n 
s till he c le;uly secn. Going farther from the axis. the 
frequency ;tnd sb'e of la ya outc rops gradu<J lly de t rease. 
al though d iSlinct fl ow front s on isolated hill s and espcciall y 
a t lips on the faull scarps (M ac\lonl.ld , Lu yendyk, 1977) can 
he rcc\)gn ised oui to the lirnils of our surye)' , " bout 80 km 
from Ihe axis. 
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The hull-mountcd sona r records show dis tinct vokanic 
ridges in the axial zone . l.11ughton et al. (1979) concl uded 
(rom a very prel im inary 1000k a l the dala that Ihe hill s had 
constant height. Howeycr . a more detaÎled s tudy now 
rcveills that the)' inCreliSe in heighl from NE 10 SW along 
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the Re ykjaoe~ Rid1le axis. from a mean of about 240 m near 
61 -N 10 about 31!0 m m~ar 58°N (Fig. 5 a). Their widths vary 
from about 3 10 6 km. and Iheir crests are rounded or 
pointec.l . Similar ridgc:s were seen with the hull-mounled 
sonar out~ide the axial rooe. where they are oheo faul!­
bounded 00 Ihe youoger ~ide. Sorne oU-axis ridges have fiat 
tops. ~uggesting they arc capped by sediments or lava 
sheelS. 

These axial ridges were l,Iso seen by Gloria. which revellied 
full Y Iheir linear oalure. They were must dearly seen from 
the 10011 track run paral1el 10 the a.~is, for which a higher 
pulse repetilion flile of one per 20 seconds was used . Part of 
Ihis record is shown in Figure 6. We have not been able 10 

locale cxamplcs of sim il;,r ric.l1les outside the axial lUne with 
Gloria, pre sumably because Iheir relalively 10141 slopes. once 
they have accumulflted enough sedime nt to coyer the lava 
flows. do not backscatter very d ifferently from the sur· 
rounding sea·floor . 
The volcllnic ridge~ are 20 to 30 km long and 3 to 6 km wide. 
Their trends range from about 8 10 20", wilh a mean of about 
14", They overlap ell echelon. wilh parts of up to Ihree 

o 20Km 
\:::1 =~I 

• 

• 

separaIt ridges sometimes crossing a single loprcauing 
flow-lioe . South of 59~N. the end~ of the ridge s ohen curve 
in a sigmoidal manner 10 pardllel major SW-NE trending 
scarps a t the edge of the axial zone. and in fact sorne ridges 
may join or e\'en change continuously into such scarps 
(Fig. 6). The ridges in the soulh lire more clearly ddined. 
possibl y beclluse the y are higher. and they have sharp creSI~ 
which caSI shadow~. 

Figure 6 Il ~ hows rhe detailed bathymetry of the soulhern 
part of the survey area. where we had sufficienl ~oundings 
10 recontour. The contouring was controlled by the Gloria 
dllta. anu in pll rticular lohows Ihe correct orientation of the 
axial volCllnic ridges. Without the benefi t of the sonar it 
would ha ve been extremely difficul!. if nOI impossible, 10 
make the correcl correlations between adjacent sounding 
lincs, since the riU1lelo run obliquel)' from one side of the 
lIxial zone to the other. 

Man y smal1 ci rcular volcanoes were also seen on the Gloria 
images (Fig. 7), Although large ce ntral volc:moes have been 
observed clsewhere by Gloria (unpublis hed data). those 
seen on the Reykjanes Ridge a re ail relati vely small having 

FiGure 6 
u) Dtwiltd ba/hymelry of !WU/lIUII pUri of sun't y 
lifta. ill melres COfruud accordillg ru Ma//he..,:s 
(/9J9). Fa/,II scarps sho"'11 b)' helJ>')' lilles: ship',( 
/rack by dOl/ed IÎlles. Areas duper Ihau 2(}(j(Jm in 
hluck; ! 500-2 000 II! slip/lIed. b) Gloria mnagru· 
IIhs. /li Slime scale Ils (a). /akell lookillg /1) Iht 
$O lllhf'/lSI of Ihe lrack rlllllli"l1 fmm bUi/VIII Iv top 
vf /"m (Il) ur Irfr of Cflllr ... 



diameters of about 1 to 4 km. Ail have the appearanee of a 
bright ring surrounding a central dark a rc:! thought to be il 
cra te r. More were seen near the ridge a;(is than e lsewhere , 
presumably because older ones are covercd by sediment or 
e roded by teetonic processes. Sometimes voicanoes (ohen 
very ciosely spaecd) are al igned along the c res t or n ank (If 
one of the linear volcanic r idges. 

Figure 7 
Summary of major faults (Iight Unes). axial j'()lca/lie ridllu (/rem')' 
linu} and central l'olcan/les (doIS. dra ... n tll sUlle) ubstn 't d ... ·ill! 
Gloriu . 

TCdonic features 

Outside the axial zone , the Gloria montages show large 
nu mbers of re la tively straigh t, parallel reflectors. with an 
average length 10 km (and maximum of 30 km). sp'leed 
about 3 km apar!. T hey backscauer s trongly. ilnd are only fi 
few hundred metres or Jess in width. Si milar feature s seen 
by Gloria in Ihe Famous Men nnd near Kurchalov Fracture 
Zone have becn interpreled as fault scarps (Whitmarsh. 
Laughton. 1976; Searle, LlIughton. 1977). Mos t of the 
reflecled sound energy wou ld appe!lr to ar ise from back­
scalte ring by basai t or o ther hard rock exposed at the f"ult 
face, sinee in o ther areas s teep searps in sediments are 
reeorded mueh less s trongly. Thal Ihese are scarps and not 
narrow ridges is con!irmed by a pair of overlapping sono­
graphs from near 59' 30'N. 29°45'W (Fig. 8). The li oeations 
clearly show up only when insooified from one s ide , Ihat 
facing the scarp. Insonification from the opposite side 
produces long, lioear shadows thrown by the scarps and 
scattered refleet ions from broad mnes corresponding to Ihe 
dip slopes. The latter rcfleel ions we believe a re from 
oUleropping lava flow s. 

This Interpretation Îs confirmed by numerous crossi ngs of 
the "G loria" lineations with the hull-mounted sonar. The 
greater rcsolution of th is instrument, combined with ils 
narrow-bcam eeho-sound ing capability. allow the steep 
scarps to be identified on the sub-ship trllce and then 
fo llowed oui into the s ide-sc.m Îlmlge. This ins trument also 
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Figure Il 
l'air (Jf Gloriu slIIwj;raphs. eUc/1 of ... hic/l corers rIre harched /lUII of 
Figure 1 bul ... itl! oPl/osite directions of ;'Isollifirarion. 

shows that, wi thin its resolution. the sca rp faces are 
rela lively smooth and featurele ~s compared wi th the typi­
cally lobate volc:lnie terrain. from which they arc re:ldi ly 
dis tinguishable. 

Few scarps were seen wi thin the axial zone. the mean 
dis tance from the ridge axis la the !irs l fa ult being 4.7 km 
(Laughton. Searle. 1979). Ou tside the axial zone, the faul ts 
are spaced o n average 2.6 km apart. which is not significant ­
Iy diffe renl from Ihe spacÎng al o the r sites on the northern 
Mid-A tlant ic Ridge (Laughton, Searle. op. cil.) . The fa ult 
spacing does not vary significantly either with dis tance from 
the axis (providing thickly sedimented a reas a re excluded) 
or along the axis. 

The mean s trike of the faul ts is 28". bu t with considera ble 
variation (standard deviatio$l about 13"). T his mean di rec­
tion is sub-parallel ta the Reykjanes Ridge axis (36"), and 
significantly differe nt from the 14" strike of the a;(ial 
volca nic ridges. However , the Glo ria eehoes from whic h 
these mean trends were measured contain segments exhibit­
ing a continuous spectrum of trends from about 10 to 40". 
They thercfore probllbly comprise 14" volcanie ridges 
(lilthough Ihese have not been expl icitly observed outside 
the ax ial zone) and more obl ique major sca rps h:lVi ng a 
mean str ike near 36°. Positions of the fault s and the axial 
volcanic ridges arc sum m:uised in Figu re 7. 

Heights of the scarps were determined from the eeho-soun­
der portions of the hull-mounted so nar record s. for a total of 
198 scarps throughout the survey lI rea. In contrasl 10 the 
faul t spacing. we found here a vcry significant change as a 
fu nct ion of d is tance along the axis: heigh ts increased from 
II mea n of 96 m in the N E to 275 m in the SW part of the 
survey :trea (Fig. 5 h). Whcn this 1IIong-.ui s vurÎ:ll ion is 
la ken account of , there is no significant variation of height 
wit h dis ta nce from the ax is. Of ail the fa ults examined. only 
6 were seen 10 face oulward (away from the ridge :I;(is). 
Scarp s lopes varied from 20 to 90' over 127 measured 
samples. with a mean of 49". Macdonald and Luyendyk 
(1977) found a men n d ip of 50" from Dceptow s ludies in Ihe 
Famous il rea. 
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Because there ure so few outward-facing (aults and 
because. apart from the "mali median valley in the SW. the 
sea-floor regionalJ)' slopes down away from the riùge axis. 
there mu~t be outwllrù tilting of the fault blocks. From our 
knowledge uf ~C<1 rp height;, (which wc equate wi th fault 
throws) and the regional topographie slope!>. wc ealculate 
tha t tilt!> ranging from r in the NE 106.5· in the SW <1rc 
needed. We e!>tim<1led Ihe Iills of J2 flat-topped fault hloc k~ 

on the assumption that the (now s loping) tops were origi­
nally hori70ntal. Mea~ured slupe~ rangcd from 6 to 30· . wilh 
:1 mean of 11 ° (ave raged over the whole !>urvey area). This is 
nearly Iwice Ihe average dip of til led hlocks found by 
Macdon,llù and Luyendyk (1977) in the F;lIl1oUS area. 
Although thi~ mean dip i~ more Ihan adequa te to explain the 
regional !llope. it is likely that our !lample is bia~eù !>inee 
blo!:k~ wlth ~mtlll or 7ero tilt htl\e not been rccogni~cd. 

DI SCUSS IO N 

Cump~lri~on with other "ork 

Two other high-re:.olulion ~urvey:. have been çarrieu oulon 
the Reykjane,. Ridge. The fir~1 Wa~ Ihe D<!eptow ~urvey of 
Shih et al. (197l1). We have çornptlred our da ta with the 
original Deeptow records in areas where they overlap. and 
most fe,ltures seen on them can also bc observed on our 
records. Howeve r. because of the differing scale of coyer. 
we find that the relat ive sign ificanee of different fea tures 
may he differe nt on the Deep[ow and Gloria records. For 
eX:lmpte, many strong NE-S W se:!rps obse rved by Decplow 
are seen on the Gloria records to be relatively ~ hort .• lnd 
may therefore not be given great s ignificance by us. and 
may not a il appear in diagrams !luch as Figure 7. Anolher 
cxample is J!ivcn by Ihe E-W scarps seen by Decptow near 
the Ridge axis <lt 60~N. Close inspection ~hows that similar 
Irends can be seen in lhal area on Ihe Gloria records: 
howcver they arc very faint. and wc would not nornmlly 
have noticed [hem (tbis may parti)' be due to the fact that ail 
the ~carps face :.outh in an area where none of the Gloria 
passes has 11 northward compone nt of insonification). Othcr 
aspects of our resul t ~ are in good agreeme nl. Shih et al. (op. 
ciL) confjrmed the presence of volcanic ridge!l uending 
about 15° in Ihe axial zone. fi rs t suggested in the bathyme· 
tr ic charI of John~on et (II. (1971). Theyalso found [hat fault 
~carps trend more etlslerly th;ln [he volcani e ridges , [hough 
theif figure of 21 ~ for the Jl1e~,n trend is less Ihan ours of 211 . 
Th is b probably bCC:lU~C thcir ~urvcy wa ~ more clo~cly 
confined to the axi~ Ihan ours. ~o Ihal they ~<lm pled a 
relatively greater proportion of 1~0 trend~ within the a:'lial 
zone jtself. 

T he second high-resolu t ion st ud y was a sOla Il narrow-heam 
echo-~ounder sorvey ;LI 62"N by Jacoby (1980). Thi!> also 
~howed a çentral rough L.one. 15 km wide . containing lm 
eclre/oll volcanic r idge!l and bounded hy fault sç;Lrp ~. The 
axial ridges were a lso found to be ~ub·paralJel 10 the 
spreading normal and oblique 10 the Reykjanes Ridge axis. 
whereas the flanking ~carp:. were round tu be p;lraJielto the 
axis. Jacoby reporled a marked NW-SE a~ymme[ry in hi !> 
su rvey area. bUI our results suggest this is nOI a widespread 
fealure of Ihe Reykjancs Ridge. 

The prc~en ce nf V-shaped ridJ!es 

One objective of our survey WOlS lU check on the concept 
developed by Vogl (1971) that ~outhwe~ter!y rrow of asthe­
nosphere nlong the ridge axis from the Icel:lnd hot spot ha~ 
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gillen rise to V-sh;lped ridge~ in Ihc topograph y of the 
Re ykjanes Ridge. A survey carried out by Vogt :I nd Johnson 
(1972) 10 the we~t of the ridge appeared to give support to 
thi!l ide,l in that " b,lseme nl high tre nding obliquely to Ihe 
axi!l was seen. Our data on hOlh side~ of the ridge ~how Ihat 
the obliq uit y of faulling is not !lymmetrieal about Ihe ridge 
axis and thus cannot give rise to Ihe V-s haped ridge~ 

predic[ed by the Vogl (1971) mode!. On Ihe contrary the 
f:lult trend on both sides has been shown to bc slightly more 
nonherly than the axial trend. However. beciluse Gloria 
does not give good indications of genlle slopes or ~mall 
changes of depth. wc arc unable to rule OUI [he presence of 
subdued V-shaped basemenl ridgel> (produced pcrhaps by 
excess volcanism). What i!l clear i~ Ihat if such ridgcs have 
been produccd. there was no accompanying dislUrbance to 
the tectonie filbric of the Re ykjanes Ridge. 

T he tra nsi tion from media n \·a lh .. y tu axi:!1 high 

As one ~Ipp roaches lcellLnd. there is a grad uai transilion 
from a "normal" slow-spreading ridge with full y developed 
medi:Ln vulley, to the full y "anomalous" Reykjanes Ridge 
wi th weil developed axial high. Jacoby (19KO) emphazi!les 
Ihe presence of a "rift valle y·' a!l far nor[h as 62°N : but we 
feellhb is a misleading use of the term. s incc Ihe sen-floor 
at Ihe ridge axis is con~ ider;lbly shullower than the tops of 
the inward facing scarps which bound his "valley". We 
were unablc to examine the tlxitll high region very full y. but 
our survey did s tradd\e the transi tion. covering the median 
v;llley regime in the sOUlh. an intermed ill te regime in the 
central to northen\ part . and the beginning of the axÎ<l1 high 
in the north. 

ln terms of the local sea hed morphology. Ihis transition is 
accomplishetl principally by il decrcase northwards of the 
throw of the IIL<ljOf fau1t~ l'(Lrallc1 [0 the l id1)c I1xj~. T hul> the 
med ian valley is gradually reduced in ampli tude. unl il its 
sides become lower than the volcanic hills on the axis and it 
es~cntially disappc,lrs ;IS ;1 morphologieal f eature. At leas t in 
the north this effeCI is ernpha~ized by a slight arching of Ihe 
sea-fJoor in the axial region. bUI in [he !louth the topography 
is too rugged to he tlble to discern such a subtle feature. 

The diminution in searp heighu is accompanied b)' a 
decrease in Ihe oUlward tilt of the fllult-blocks. If the 
~e,l-fJuo r were regionally flal, then block tilt~ would have to 
mal!:h fault throws. for a con.~tant fault !lpacing. In facl of 
course the regional s!ope is not zero. but is finite. prod ucing 
il ridge. However. Ihe regional slopes are stil1 SOla Il compar­
ed with those necdcd to compensa te the effeci of faultlng. 
so a decrease in fa ult [hrow must be accompanied by a 
dcercase in block tilt if the rcgional slopes are nOI to change 
drastically. Apart from the axial lune. regiona! slopc~ va ry 
by le!ls than a degree throughout Ihe survey area.l.:ompflred 
with 6° of variation in average tilling. 

A third change acmss the transition region is a diminution in 
height of voleunic rîdge~. However. tlnle s~ Ihe morphology 
o f Ihese ridges changes suhSlflntial1y with di stance from the 
axis. which ~eems unlikely. this !lhould have no overall 
effeet on the regionaJ bathymetric profiles across Ihe r idge. 

These changes in sea-floor morphology musl reflect differ­
ing conditions in the underlying earth. Wc believe Ihe 
ullimate cause of the changes is a highe r temperature field 
under the northeastern part of the Reykj.lOes Ridge. as a 
result of the proximity of the Iceland hObpol. Thi~ ideu 
receive" sorne su pport frorn the discovery of exten~ive 
ptlrt ial melting bcne3th Iceland it~elf (Ge brande et al .. 
1980). 



There appear to be fou r ways in which inaeased tem pernlU · 
res eould lIf reet the morphology. the final shape of the r idge 
depending on the net effect of a il four . Howevcr. mos t o f 
them do nOI direetly control the detlliled morphology of thc 
seabcd . bU I rathcT Ihey affect the deep-seliled force s tu 
which the brillie lilhosphere responds. The fint efreel i.~ 
s imply inereltsed thermal exp;\ns ion whieh would make a 
hotter ridge shallower. and its sicles s leeper. The next effect 
is a thinning of the lilhosphere . which :.hould result in 
smaller fa ull Ihrows and block li llS (Vening-Meinesz. 1950). 
ThinJ is the effect of a lowered vi:.eos ity. If the viscos ity i:. 
high . upwelling ltnd spreading will leave a depression at Ihe 
axis . flanked by highs (Sleep. Roscndllhl . 1979). Physicall y. 
th is occurs because the viscosity C,IIISCS a fini le time lag 
between separation of the pla tes and upwelling of new 
mate rial to fill the gap. Howe ver . if the viscos i[y is lowered 
suffi cienll y (10 abou t 0.4 x lOI' m2.S- 1) the depression will 
eHectively disappcar (Collette et al .. 19HO). Fina1Jy. higher 
lemperalUres should lead 10 the existence of a broad magma 
c hllmbcr. whic h will isosta tica1Jy r:lise the c rusl above il 
(Rosenda hl. 1976). 

Of [hese fo ur fac tors. the mus t important in dctermining the 
presence or ;Ibsence of a median valley ;lre probably Ihe 
visco:.ity and the presence or absence of a large magma 
c hamber (Sleep . Rosendahl. 1979). There i5 no evidencc of li 
large mllgma chambc r under the par t of the Reykj;mes Ridge 
we hôt\'c surveyed : ,1 seismic rcfrac tion survey near M,oN 
(Bunch. Kennett . 1980) and our unpublished gravily data 
near 59"30 ' N both Îndicllte Iha t no targe magma chamber 
Clm exi~ 1 in thal region. However . li is pos:. Îble Ihat one ma y 
he de veloped fa rther nonh .• Incl we a re in ve .~ tiga(ing that 
po:.s ibiti ty now. 

COlllllurlso n with faSl-spreading ridges 

Se veral workers ha ve sugge ~led s imilarities bc tween the 
Reykja nes Ridge and flls t-spreading ridge~ (Rosendahl. 
1976 ; Lonsdale . 1977 ; S lecp. Rosendahl. 1979). and our 
detai leù observ,ltions tend to cunf irm this. 

Fast spreading ridge .~ have much less rugged topography 
th,lll normal slow-spreuding o nes. and this is certai nly 
chMacteristic also of Ihe northeas tern Reykjanes Ridge wilh 
ilS low f,III1 1 scarps and volcanic r idge s. Lis tcr (1977) 
sugges ted the low rel ief on fa st-sprcading rÎdgcs W ;I :' , 1 Tesult 
of broad sub-axial magm,l chambers decoupling the brittlc 
c rus t from the underlying viscodynilm ic forces. As s tilted 
abo ve thcre is no evidence o f a broad magmôt c hambcr 
unùer the part of the Reykjanes we s tud ied . so perhaps the 
effect is s imply ,1 re~ 1I 1t of a thinner li thosphere. 

ln the NE part of our :.urvey area the axial voJcanic zone is 
raised ;Ibove the regional level. a:. 1S the one on the EaSI 
Paci fic Rise. However. the detailed morphology i:. 
somello'hal differenl. The volcanic hill s we obser\'e wit hin 
the axi,ll zone might he considered analogues of the axial 
shidd volcano of Ihe Eas t Pacifi c Rise : a lt hollgh the latter 
is somewhat narrower , heing onl y 2 km wide (Lonsuale . 
1977). Aiso. Ihe axial vo!canoes of the Reykjanes Ridge 
form a series of overlapping en eelre/OIr ridges , compared 
with the slraight , con tinuous East p,lc in c Rise ax ial volcanu 
(howc:ver. we interpret this en ec/rt/OII pattern as a conse­
que nce of Obliq ue spre,ld ing - see nexl :.ec tion). The Eas t 
Pacifie Rise lIxial volcano has a narrow cres tal graben . 
which we ha ve not obser ved on the Reykjanes Ridge 
vO!cllnîc hills . 

On the Reykjanes Ri(lge mos t of Ihe major faul ts fa ce 
inwards . whereas Lonsdalc (1977) in te rpre ted deep-Iowed 
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siuesean and ec hosounder da ta from Ihe Easl Pacifi e Rise a t 
3.5°S to indicat<:: equal num bers of inw::m l and o ut ward 
d ipping faults . However. a recent (May 1980) Gloria survey 
of the same area o n the East Pacif ic Rise suggeslS tha! . of 
the major fault s viewed by Gloria . by far the gre'lle:. t 
number d ip inWljrds (Searle. un pu blished dllta ). Rea (1975) 
has also concluded thal major normal fault s on Ihe East 
Pacific Rise a re predom inant ly in ward dipping. l'redomi­
nantly inward dipping se;trps are also found al the med ium 
spread ing Gal:tplLgos Rift (Klîtgord . Mud ie. 1974). T he y 
thcrefore see m tO bc: characteristic of a il spreading centres. 
Îrrespeclive of spre;lding Tllle . 

Lonsdale (1977) de~cri bes a zone of a lmost zero veTlical 
offset fault ing over the East P;lc ific Rise axial volcano. wilh 
inereased vertical movcmen t of te ns of metres beyond 
aboui 1.5 km from Ihe a xis. and anot her inc rease in fa ult 
throws to over a hundred metres al 10-15 km from the a)lis. 
He inte rpreled the increased ve rtical movemen t as a result 
of increasing c ru~ \;I1 (tithospheric) Ihickness. wi th the 
sudden increase at 10-1 5 km occurring where the cru~ t 
moves off the edge of a wide axial magma chllmber. In 
co ntrasl . on the Reykja nes Ridge we obse rve a fairly 
suddcn incrcase in vertical offse t of fa ults from less than 
te ns of melres to over one hundred metres at about 5 km 
from Ihe axis. 

The azilllulhs of the "olca nic ridges a nd normal fa olls 

One of the most important result:. of our survey i5 the 
discovery that the volcanic r idge:. ha ve a d ifferent trend 
from the major normal fault scarps. We rhink it unl ikely tha l 
th is represents a rece nt (ca. 0.6 Ma b.p.) ch'lnge in tectonic 
slyie. and prefer to in [e rprct the d ifrerenee as a rising from 
two sepilrate aspects of a qua~ i -:. t eady -state .'iea-floor 
spreadi ng process . The 14- trend o f the volcanic ridges b 
OIlmost normal to the :.preading direction (which is predicted 
to be 99" by the RM 2 pole of :>.1Îns ter imd Jordan. 1971'1). The 
Irend:. of the volcan ic ridgcs therefore follow the direc tions 
expeeted if they ha ve llccumulated from lavas erupted ,llong 
fis sures normal 10 the spreading direct ion. I n other words , 
Ihe axia l f iss ures sense il horizontal tens ion imposed byand 
in the direc t ion of the separat ion of plates at the ridges axi .. , 
and orient themselves normll l tO this direction. This same 
tensÎo nal fie ld may a lso gi ve rise to some minor fault ing lInd 
open !issur;ng in the axial reglon . These ideas were fir st 
presented by Laughton (1978): recentl y Jacoby (IYSO) has 
publ ished ve ry s imilar concl usions. 

T he observation that the volcani!,: ridges a rc lm eclrelQn and 
that IWO or three can overlap along a flow line would lead to 
problem s of geornetry in the sea· floor spreading proces~ if 
a il of them were ac tivel y spreading s imul taneous ly . ~I uwe­

ver . as a fi ssure grow~ in Te~ponse [0 tensio n. and propag,l­
tes diagonall y ae ro~s Ihe median valley. the stresses in 
neighbouring sectio ns will he relie ved and ac tive fi s:. ure ~ 
there will die . Thus there will be an episodic bÎrth and death 
of Ihe volcanic riuge:. eun ing into young bUI nOI zero age 
c rust, in li way similar to that dcse ribed hy Ballard and Va n 
Andel (1977) in Ihe Famuus a rea . 

We suggest that the 36° direc t ion of the faulting outs ide the 
axial region cornes about mainly as li result of the W:ly the 
s trength of the lithosphere changes in t ime (and therdore 
dis tance from the axis ). The s trength of the young lithos­
phere will incrense away from the axis and should be mainl y 
a fu nclion of lemperature. We expeet Ihe bruad elongation 
of the Reykjanes Ridge a long 36° to refle e t the li lhospheric 
leOlpera ture dis tr ihution. :Ind infer Ihftt for :l given depth the 
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deep isotherms run roughl y rlilr:.llel to the ridge axis. We 
therefore expect the Hncs of equal s trength will also lend 10 

parallel the ridge axis. 

The gradient of lithospheric s trength is there fore oblique to 
the spreading direction. If one imagines a fi ssure or small 
f,lult formed in the axial zone and propagating outward ~ 

along the normal 10 the spreadin g direction. it will cros~ 
progressivel y older <lnd stronger c rus t (Fig. 9). As it approa­
ches li thosphere whose yield lo tress is grealer than the local 
tens ional s lress. il will be unable to break Iha!. and will tend 
10 be deflected parallcl 10 Ihe lines of equal li thosphcric 
s trenglh (i.e. pamllcl 10 the ridge ax is). giving rise to the 
sigmoidal struClUres of the axial zone (Fig. 9 a ). Similarly . 
!aults formed near the edgelo o f Ihe axial region wililend to 
run perpendicular 10 the gradient and therefore parallel to 
the ridge axis. 

Since volcanic and tcc tonic lineations in the axial zone arc 
ncarly norm;11 to the sprcading direc tion . an oblique lithos­
phcric s lrength gradient does not scem to exert il s trong 
influence Ihere. This coulll bc eitheT bccausc the gradient in 
the axial zone is not oblique (because Ihere the iSOlherm 
dis tribution i:r. s trongly influe nced by the intrusion process 
to be parallel to the f is~ures rather Ihan ridge axi lo). or 
bccause the gradient in the a;o;l;ll region. though oblique. is 
not very s teep . This case is represented in Figure ~ b hy 
showing the lithosphere with aln10st constunt thickness 
throughoUl the axi;11 regio n. A I)ossible explanalion for this 
is that tht: local intrusion cenlre (under one ax ial vole;mo) 
C;ln jump about throughout the a;o; ial region. 50 that over li 

long time the time-averaged intrusion zone is quite broad . 
An ;Ibrupl thic kening of the lithosphere might occur a t the 
edge of the axial zone bccause there Illli jor f:l ult ing firs t 
allows cooling water to penetrate deep into the c rUlo L 

The ori!:,in a nd on!iet of major fil ull in},: 

Given th:ll faulting outside tht: a)li:ll region will tend 10 ru n 
par;tllel 10 the ridge axis a nd not perpendicular to the 
spreading direct ion . it Temains to eon~îder why major 
normal faulting of this trend ~ hould bcgin. fai rly abruptly . 
Sorne 5 km from the axis . wh ile the fis~ures and an y minor 
Caults in the axial zone ha ve o nly smaJi vert icOiI off~eb. The 
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Figure 9 
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aMwer must bc intimatcl y oound up with the origin of the 
fault s Ihemselvelo. and the observation thal similnr pilllerns 
of inward.facing normal faulb occ ur al ail spreading a .~h. 
regardless of spreading rate . s ugges t ~ we should look for a 
common meCh:lnism to explain il. Clearly the ra ulting 
mechanism can lIepend neither on spread ing r;lte (at lea lo t. 
Ihere is no strong dependenee) nor on ridge morpholog) 
(presence or absence of a median valley). 

Normal faults can he produced by horizontal tens ion 
(maximum ilnd minimum principal compres:'Î\e ~tresses 

vertical and horizont:11. respectively ; shear planes dipping 
approximately 60°) or vertical shear (extremal principal 
stresses dipping 3pproximately 450

: shear plane nCM vert i­
cl1l). Horizontal ten sion was in voked by Re;l (1975) and 
Lonsdale (1977) to explain normal faultin g on the Ea st 
l'adfic Rise. and Tapponier and Francheteau (1978) have 
~tressed ilS importance at ~low-s pre;lding ridge axes. The 
main difficulty with the tensional hypothc!> is b that it does 
nOI predict the dominance of inward-dipping faulb : bolh 
inward and outwllrd lIipping ones should be equall y likely 
(Veni ng-Meinesz. 1950). Ii also fa ils 10 explain the sudden 
onset of normal Caulting. unles~ one alo~ umes thal Ih is 
corresponds in poloi tion to a sudden increa~e in lithuspheric 
thickness (s ince fault Ihrow would he proport ional 10 this 
Ihickne~~). 

Vertical shcar hils been proposed by several authors inclu­
di 'lg Derreye~ (1970). Osmaslon (1971). Francis (1974). 
Whitmarsh and Luugh ton (1976). Ballard and Van Andel 
(1977) and Laughto n and SCllrlc 0979). 10 aCCOUll1 for 
I;lfge-scale normal faulting on s low-spreading ridges wilh 
med ian valle y~. In the version of Laughton and SCllrle. 
uplifl under the rift mountllins resulling from visco.dynamic 
forces in the mantle also r:tises the newly-formed lithos· 
phere of the rifl floor until its unsupporled weight is 
~urficicnl 10 fra clu roe il . al10wi ng ;1 10 drop down alnns Il 

new faul!. 

The m:lin difficuhy with vertical shea r is th;1I in the case of a 
fas t-spreading ridge (or a hot-spot ridge wilh a large magma 
c hamber). il ie; difficuh to sce how the s tre ~<; can he 
tr;lnlomilled 10 the brillie c rus t in the ;lxial region : it ea nnot 
be IransmiUed via the Ihick lithosphere at the edge of the 
magma chamber . s inec wc know the lit hosphere ilo broken 

l ,-- 1 
, \ ... nl .. 'oultl~ _-".v 

Ia,.ol h"""ptoo.. 00 0 ._:::::.::t_ 

a) Dillgram of plan l' je ... ofaxial 'l'gion of Reykjatles Ridge. sllo"'lng dfl'I.wpm rnl uf axial fiSSIIrts perptlldk .. /a, 10 spreading directioll. T " ... urd 
the edgt nI lire u.Tiul ~one Ott liuurts lire dellected pural/el ln lite axis al Ihe Ridge. and II/ Iltl' edge vI Ih/), "Ot'e .tllTmlll laultsfa,m also liMaI/el If) 
lite axis. i.e. papelldicu/ar 10 l ire fl ,adietll of inueasing Iililuspilerk Mrell!:"t. h) 810('k dlag mlll . l/fIllreJ.\·"II(Uf'I ,l· IV SCille. lltf) ... il//f witte IImetS.I. 
UI/ear l'olcm,k 'Idges lornt IIbu'" Ilu~ liHuru. bm art omilled IrVIII IItI.' ligure fn, cla,ily. 
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by ac tÎve faulting between there and the axial region where 
the firs t faults form . On the o ther hand this meChllnÎSm does 
explain t he consis tent inward dip o f t he normal f;\Ults. s ince 
the shea r ind uced Îs <l lways in the sense thal will tend tu 
uplifl older lilhos phere relative 10 younger. The s hear 
mechanism also offers lin explanll ti u n for the s udden onse t 
of normal faul ting. The li t hosphere is uplifted ra s ter th.tn 
the a;(ial upwelling magma. so is s upportcd by ils own shear 
slrc ngth. not by pressure from bcluw ( Laughton. Searle. 
1979). It s s trenglh w ill inc rease rrom sorne f ini le value and 
Ihe s henr s tress with in il wi ll increase from zero wi t h 
dis tance from Ihe axis. a nd it will brellk lit Ihe point where 
t he stress just exceeds ilS s trength . 

Our observations on Reykjllnes Ridge tend [ 0 favour 
vert ical s hear. If ho rizontal tension produced the major 
f;\Ul ts . t hen the interplllY of Tens ion a long t he spreading 
direction and a s lrengt h grad ient oblique to it would he 
expccted to gÎve rise to fault s of sorne intermediate trend ; 
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whereas in the case of verlicli i s hear wc would cxpect the 
s tress grad ient 10 bc parallel to the s trenglh gradie nt and 
therefo re faults 10 form parallcl 10 the ridge axis. We do 
o bser ve lineamenls whose rllcan trend is in termed iate . but 
as explained above this appears 10 be a rcsult of individual 
lineamenlS comprisi ng a 14° trend inherited from the a",ial 
zone lOgelher with a 36~ trend res ultinll from faultinll 
paralJel to the r idgc axis. 

l n s um illa r y. wc favour the vert ical shear hypot hes is. but 
wc a rc fo rced to recognise the difficu lty o f lransmiui ng 
shcar 10 Ihe briult: c rus t above a broad magma chambc r . 
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