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INTKODUCTION 
Arnorig the xenoliths in the Sul tscy ejacarnenta 
there are liulnerour sedimentary rocks. These 
rocks O( cur most abundantly in the tepllra tone 
ol Surtur 11; due to erosion of the tephra they 
gradually beconie exposed and eventually la11 
out and roll do~vn  the slopes. Nunerous block\, 
the l~iggest with a diameter ol approximately I 
m, arc foulid N of the lava pool in the Smtur 11 
crate1 (Plate I A) and nlost ol the present 
~naterial  was collected there in J~lrle lO(j8. 

material was obviously lithilied prior t o  
the Surtsey cruption (November 14, 1963) and 
lrlust derive f rorr~ sedirlielr tary i oc lis in the sea- 
floor ~vliere S~~r t sey  now stands. Ueforc the erup- 
tion the \\later depth rvas about 130 rri and the 
existent e of lithif ied sediments in that position 
deserves sorne attention. T h e  locality is situated 
in the extension 01 the Central Graben of Ice- 
laud, a structure \vhich prol)ably is less than 
(i00,000 years old (RIJTTEN 8i: WENSINK 1960) 
and charat terizecl by glacial ai~cl postglacial vol- 
canism. T h e  Lolie is part of the Mid-Atlantic Rift 
System, and accordillg to thc- concept oL sprencl- 
irrg of the ocean tloors, any seclimelit\ present 
should be very young. T l ~ e  inail1 part ot the Vest- 
maunaeyjar archipelago is only 5,000-(5,000 year\ 
old (JAI<OIlSSOhr 1 CI(i8). 

T h e  geologic setting inrplies that the xeno- 
lithic nlaterial Tvas lithitied in the marine en- 
vironment. Processe\ of that kind are ~lsually 
attributed to cornp~tction due to ovcrburclen, but 
according to the p ~ o p e r t i e ~  of the \edilnents 110 

c onlpaction occurred in this case. Rec elit observa- 
tions support the opinion that submarine lithi- 
lication does take place at or ne,lr the water/ 
sediment interlace both in carbonate sediinents 
(FISCHER cV: GARRISON 1967) and in pyroclas- 

tic sediments (MORGENSTEIN 1967) 1)u t thc 
processes are still rnuch disputecl. 

SEDINIENT C1,ASSIFICATION 
AND DATING 

All sediirients consist of volc;~iiic material doni- 
iliated by sideromelarle glass, but wit11 regard to 
depositiolial conditions they belong to two dil 
ferent groups, one xvhicli indicates high-energy 
transport i111d another which indicates low-energy 
transport. 

'l'he higli-energy type is bedded nncl lnrninatecl, 
of ten wit11 convolute or othei-~vlse clistnr becl 
laniination ;~ncX with repeated graded bedding 
(Plate I A-B). T h e  grain size ranges from silt to 
pebble, and the mnterial is ge~lerally of high 
sphericity, ~oundecl to sub-angular ancl close- 
pa( lted. T h e  grading occurs both ~vithin 5- 10 
crrl thicl, beds and .r\rithin thin laminae, solrie 
inn1 ill thickness. Shell fragment\, more dr less 
rounded ancl often ~\ritll polislied surfaces, zuc 
tonimon but 110 coinplete shells ;ire louncl. All 
c haractel istics indie n te high-energy transport nncl 
the unechanism rvas t ertainly a turbidity current 
flo~v, sonietimes n~ith transitions to mudf lo~ \~ .  

T h e  low-energy type is a massive sedi l~~ent  in 
~vhiclr 110 beddjtig has Ijeen observed. T h e  giaill 
component is a well-sorted irlediu~n to fine sand, 
nnd the material is loose-packed and of mediuiri 
01 high sphericity and rounclness. Fossils ale 
Irequa" ;and range lroiil toraliiinileis to n ~ o l -  
luscs, all unrvorn and well preserved (Plate 1 
(2-1)). rile shells are not in gro~vth position but 
have been gently tleated by the lorces ol trans- 
~ o i t  ;1nc1 cleposition; n~iclamagecl foraminifera1 
tests or thin mollusc shells such as the llentcrl~lirn 
ill Plate I C occur even ~vithont any inteinal 



Plate I .  A. Sedimer~~ary xenolitlr ~vitll sllell fragments a t~t l  gratlctl betltling near Ihc rim of tile lava pool in Su~.t[rr 11. 

Hammer hanclle 35 cm. J u ~ t e  1OGX. R .  l'olislied stirfaces of t11rlticlitc ~v i th  rcpeatctl gratletl I~edding and disturl~etl lamination. 
H:! is tile sttrfacc perpc~itliculnr to B1. C;. Massive setliincnt wit11 th i~i ,  unctamaged shells. C a  is the I l e l ~ t n l i r ~ ~ t ~  slicll after pre- 
~xifiltion. Tlterc is ~ i o  sedimctit in  the iritcrior of the sllell, llie insidc is lined .ivith radiating pllillipsitc aggrcg:ltes (1101 visil~lc 
in picture). Length of shell 28 mru. D. M;tssivc sediment rvitli foratninifer, C:cmc~~tir~g isotropic substance fills rnost of the pore 
vollurl~e except rrnbrokcn right chamber of fol-atninifer. Thin  scctiot~, plnuc polarized light. E. hIassivc sctlimellt ~vitlr highly 
birefritigcnt crystalline coating on grains ant1 ~ucakly I~irefringe~tt pore filling. T l i i~ t  section, crossed nicols. 1.'. Electroll stereos- 
c;ui microglxpli of ~nassive setlitiiet~t. 111 lower part of the picture ;t rounclcd sctliment grain ~ v i t h  ratliatirig crystalline coating. 
No i~ldic:ltio~ls of crysti~ls ill t l ~ c  siliceous sril~st;u~cc ~vhicll fills pore volrnl~e. Freshly broken s t~rk~ce .  



Pl;~tc 11. A. Massive sediment ~vitli isotropic cemcllt. S q ~ ~ a r c  ill riglit center scallncd for tlistril)i~tio~i o f  clcmc~its. Sitlc of 
sc111;~c 100 ~nicro~is .  'Chin seclion, planc polarized light. R-1-1. Elcct~.o~i I)c;lm s c a n ~ ~ i ~ i g  i~riages s l~o~ving distri l)utio~~ of respec- 
tively Si, T i ,  Al,  Fe, Mg, Ca ant1 I<. I. Aggrrgatc of Ba-phillipsitc crystals from insiclc o f  L)elttcrli~trtr sllcll. Tliin scctiocl, crossctl 
nicols. J .  C:rcst of sr~bmaritlc slope Ilcar N entl of Surtsey. Transport of  matcrial from rig111 to lefl ill picture. Block ill center 
apl)roximately 1.5 m. Dcp t l~  12 111, June 1958. I<. P~lr thcr  dolvn thc same slrbmal.ille slope as i l l  J .  A s l o ~ ~  gravity-intlt~cul 
crcep goes on ill the sa~itl-si7etl matcrial. Visil~le part of block in center 0.7 111. l lcpth 25 nl, J I I I I ~  1968. 



filling of sediment so it is obvious that no appre- 
ciable compaction affected the sediment between 
deposition and lithification. Evidently lithifica- 
tion was caused by processes not coilnectecl with 
compaction due to overburden. 

The high degree of sorting in the massive sedi- 
ments does not include the fossils of which some 
are foraminifers of approximately the same size 
as the sediment grains but with lower settling 
velocity and some are large mollusc shells which 
nevertheless are out of growth position and cer- 
tainly transported. Regarded as sediment partic- 
les the fossils do not belong to the hydrodynamic 
rkgime adequate for sorting and transport of the 
grain component proper. A two-stage origin is 
therefore proposed with a primary sorting of the 
grains by hydrodynamic forces in ;I shore environ- 
ment, and a secondary gravity transport clo~rn 
a submarir~e slope where a benthic shelly fauna 
became included and where at depth, deposition 
of foraminifers became possible. 

Of tlze faunal content it was possible to identify 
Cyprin,a islandica (I,), Aporrhciis pes pelecani 
(L) ,  Pomaloceros sp. and Dentaliz~~n sp. The or- 
ganisms are marine and common in the sea 
around Iceland today. The calcareous parts still 
retain their original mineralogy; the (:ypl.ina 
shells are pure aragonite and the tubes of the ser- 
pulid worm lJomntoceros consist of Izigh-R4g cal- 
cite of the composition (Mg.12Ca.ss)C03. Both 
mineral polymorphs are metastable phases which 
change rapidly during diagenesis to the stable 

phase low-Mg calcite; the ahsencc ol such changes 
ir, noteworthy. 

A radiocarbon dating of shell material from 
specimens of Cyprina has given an age of 6,000- 
7,000 years BP (preliminary value). 

LITHOLOGY AND CEMENTATION 
The clastic material correspollds to tlze tuffs 

and hyaloclastics in the Vestrnannaeyjar area as 
described by JAICOBSSON (1968). The  main 
component is palagonitized brown sideromelane 
glass and opaque tachylitic glass but phenocrysts 
of olivine and plagioclase are common. 

The sediment particles, regardless of their 
mineralogy and composition, are surrounded by 
a fringe of highly birefringent crystals, 8-10 
microns in size and perpendicular to the grain 
surface (Plate I E-F). The fringe is missing at the 
grain contacts and is thus post-depositional, and 
the fringe/grain boundary is a distinct and 
smooth surface and not a vague or botryoidal 
transition zone. The thickness of the fringe is 
essentially equal on all grains and not related 
to their mineralogy or composition as a reaction 
rim or diager~etic recrystallization. It is here 
interpreted as a crystalline coating of one or 
more authigenic low-temperature minerals, pre- 
cipitated from pore solutions and probably be- 
longing to the zeolite group. 

The rnairi cementing component is a transpar- 
ent isotropic substance, sometimes with a very 
weak birefringence, which fills most of the pore 

- 

SURTSEY I VESTMANNAEYJAR 

ARCHIPELAGO 

I 120' W I 
Fig. 1. Morpllology of the southern part of the Icelandic i i i s~~ la r  sl~elf. T h e  narrowing glacier-scalpturcd shelf (stippled) 
l~roaclens abruptly at  the Vestrnannaeyjar archipelago where postglacial production of pyroclastic material has been consider- 
able. Any previous pattern of transverse sea-valleys in this area is ~nasked by the postglacial sediment sheet. Outer shelf 
boundary = 100 fathoms r= 185 m. From British Adrniralty Charts No. 12, 246, 2733 and 2968. 



space (I'iate I D-F). It is not chemically uniform 
but has an approximate average composition of 
55-60 % Si02,  25-30 % AlzOs and 10 :& CaO- 
K 2 0  with distinct substitutioil Ca:IC. Compared 
to the sideromelanc glass the substance has a 
higher content of Si, A1 and Ca:I< while T i ,  Fe 
aiid Mg are missing (Plate I1 A-H). I t  gelatinizes 
with HC1. T h e  preliminary chemical data sug- 
gest wairakite but whether the cement is an 
ordered miileral or a siliceous gel is still uncer- 
tain. No analcite can be identified in X-ray 
powder diffractograms of the total sediment. 

Although it fills the maill part of the pore 
space, including the interior of most foramini- 
feral tests and other small fossils, the isotropic 
substance does not occur in larger voids such as 
the sediment-free interior of a Dentaliurn shell 
(Plate I C ) .  T h e  inside of this and other empty 
mollusc shells is instead lined with transparent 
phillipsite crystals in radiating aggregates, ap- 
proximately 1 mm across (Plate IS I). T h e  phil- 
lipsite was identified with X-ray powder dif- 
fractometry and the elemental composition deter- 
mined with electron microprobe analysis (Table 

1). T h e  Ua percentage 1.1 % in the phillipsite is 
very high compared to the Ba content of only 
30-100 ppln in the lava and tuff material (JAIC- 
OUSSON 1968). 

No featules iildicate l r l  ~ 1 1 1 ~  bolution 01 pyro- 
tlastic material and the cementiiig components 
must be derived from a source outside the lithi- 
lied sediments. They probably appeared in the 
order crystalline coating - isotropic substallce - 
phillipsite. 

Table 1 
Phillipsite, ~v t .  O/, (on water-free basis, 1 decimal 

figtrre) 
S i 0 2  58.0 
T i 0 2  0.1 
A1203 29.6 
FeO tr. 

MgO - 

CaO 4.2 
SrO - 
BaO 1.1 
Kz 0 5.8 
Na2 0 1.1 

99.9 

Fig. 2. Bottom topograplly arounci Surtsey (from NOIZRMAN Fig. 3. Offshore morpllology at tllc N end of Sttrtscy (from 
1969). Above water are only Surtsey and the sinall skc~.ry Geir- NOIZRMAN 1969). Beach ~natcrial  from S'i'V is builtling out 
fuglaskcr (black). I11 adclitio~l to  Jblnir, Syrtlingr~r and Surtla the ness ancl in the unstable sr~bnlarinc slope there is a grav- 
there are six conspicious pcaks (stippled) on the sea-l,ottom, ity transport of material, constantly as a slow creep and intcr- 

cacll probohly the retnnant of a submarine volcano. rnittetitly as submarine sllnnps or slides. Slump scars antl 
tongues illclicatetl by arrows. 



11ISC:tJSSION 
Frorn thc fnunal content it is clear that the 

sediments found as xenoliths on Surtsey origin- 
ally were laid down in sea-nater, and unless they 
later were sub-aerially exposed the lithitication 
and other diagenetic processes must have taken 
place in the rnariiie environment. Tlle water 
clepth of 130 m is just ~vithin range of the Holo- 
cene eustatic sea-level change, but according to 
the C 1 &  dating the sediments are considerably 
younger than the lowest stand of the sea-level, 
-130 m ~vhich occurred about 15,000 years ago 
(MII,T,IMAN ,Vc EMERY 19(iS). (i,000-7,000 
years ago the sea-level was only 10-20 m lower 
than today, and provided a stable insular shelf, 
the water depth where Surtsey iio~v stands should 
have been at least 100 m ~vlien the sediments 
were deposited. 

T h e  glacial subsidence of Iceland :vas llo~vever 
c onsidei able aiid the highest shore-lines are 1-101\~ 

at an altitude ol 100-130 m. They are supposed 
to date from "the terminal phase of the glacial 
period" (JONSSON 1957). The  m a x i r n ~ ~ m  glacier 
gro~vth arid glacial depression should be approxi- 
mately coiilcidellt with the lowest stand ol the 
sea, and the subsequent uplift should be expected 
to lag behind the eustatic sea-level rise, resu!tiizg 
in ;I somewhat greater water depth than 100 In 
at the time of deposition. A sub-aerial exposrrre 
of the sediments before they were included in 
the Surtsey eruption is consequently not likely, 
and this opiniori is also supported by the general 
lack ol solution or ~ v e a t h e ~  ins ~narlts in the 
material. 

T h e  rnoiphology ol the insula~ shell to the east 
with its regular pattern ot transverse sea-valleys 
is attributed to the reshaping effect of Pleistocene 
glaciers (HAKTSOCIC 19(i0), but thi\ pattern is 
abruptly broken by a 11ulge at the Vestmaniia- 
eyjar archipelago (Fig. 1). This is an area where 
extensive submarine volt anisrn has taken place; 
within 700 lzm2 there are at least 60 submarine 
craters and probably all Holoceiie (JAICOBSSON 
1'368). T h e  production of volcanic material dur- 
ing the Surtsey event is: estimated to be l.Y km:  
and about 70% of that is tephra (THORARINS- 
SON 1968). If this value is taken as representative 
tor all eruptions in the Vestmannaeyjar archi- 
pelago, the produced volcanic material ~ \ ~ h i c h  
is n o ~ v  eroded away should be sutficieiit for a 
sediment cover with a thickness of 90 111 over the 
entire area. Doubtlessly the bulge on the insular 
shelf is in part due to the pyioclastic sediment 
sheet from the postglacial submarine volcanism. 
Witllin 8 kni from Surtsey there are at least 6 

peaks on the sea-floor 1v11ic 11 ,Ire rerriri,lnts of 
older crateis but the only part lelt above ~ v a t e ~  i\ 
the small island Geirfuglaslter (Fig. 2). T h e  sedi- 
inents in the xenoliths represent difierent niches 
in an envil onnlent c halac t e ~  ized by erosion ot 
such former equivalents to Surtsey, ,tnd the cle- 
position 01 torrespondirlg beds (,ln be studled 
around this island today. 

T h e  material in the subn~l i  ine slopes ol Sul ts- 
ey is unst~lble and slumps or slldes oc c llr tie- 
quently (Fig. 3). Such slides rnay geneiate mucl- 
ilo~vs or trlrb~dity currents spreading over the 
adjacent sea-lloor and the deposited sediments 
should be close equivalents of the xenolith~c 
turbid~tes. Where the submarine slopes are , ~ t  the 
angle of repose and nelv mater~al is s ~ ~ p p l i e d  at 
the top there is n continuous slo~v creep of 
material ~vhich tin'llly comes to rest n t  the bottoni 
of the slope. Cbnditions of that kind prevail for 
inst<lince at the N end of Surtsey ii~hcre a constant 
supply of beach material along the shore from 
SW IS budding out the ness (NOKRMAN 1968). 
T h e  slow cleep in that slope was observed hy the 
present author during diving operations in Jmre 
1968 (Plate I1 K-I,). T h e  material is sorted by 
\\rave aiid current action ~vlien transpol ted along 
the beach, and some sortirlg is preserved in the 
gravity transport dourn the slope. Big mollusc 
shell5 '15 -cue11 as small lorarnir~ileral te5ts can in 
this way be transported and accumulated together 
wit11 a sediment of quite diiferent hydrodynamic 
properties without wear. T h e  massive sediments 
in the xenoliths were probably formed uncler con- 
ditions similar to these in st~c11 a suhmarinc 
talus. 

Low-temperature lormation of ~eo l i t e  miner,~ls 
In marine sediments with ;in abundance of vol- 
canic inaterial is xvell kno~vn (ARRHENIUS 
19(iS), but only exceptionally do sucll procejses 
c ause cementation (MORGENSTEIN 1967). 
T h e  mechanism behind the rapid arid advanced 
lithification in the xenolithic sediments honi 
Surtsey is yet unkno~vn, but ~vithout cloubt it 
depends ultimately on the submarine volcanisrn. 
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