
T h e  Opaque Mineralogy of Surtsey 

T h e  opaque mineralogy ol tlie Surtsey roclzs 
is ot interest because i t  a1 fords insight into the 
relationsliip l)et.iveen volcanic gases and tlie mag- 
ma Irorn ~vliicll they exsolved. Fr~rthcrtnole ,  i n  
a general way changes in tlie oxidation state of 
the cooling nielt ancl roclz are reflected i n  the 
oxide ~ninerals.  

I n  the tollowilig the ini11er;lls \\rill I)e 1)~iel ly  
described, some a11;tlyses reported, ;>nd col-i(lu- 
sions dr a ~ v n .  

Earlier ~vorlc o n  tile opaque minerals i1-t Snrts- 
ey is want. Frorn 1noc1;il ;111;1lyses ol sampler re- 
presenting tlil lerent degrees ol crystill1 isation 
Stein tllhrsson ( I  !)(i(i) louncl tliat ;I sln;lll pel cell- 
tage (0.4-0.8) of " o p a q ~ ~ e s "  ~ ; t s  c~onsisterltly pre- 
sent in the io tk ,  r en~a i i i i l~g  at th;tt lo\v level 
tintil rnore t l~ai i  (iO(j'u ol the irlclt Ilacl cr ystal- 
lised. T h e n  the pertentage startecl to gi.o~v, in- 
t reasirig ivitll degrce ol c ryst;tllisation to  ;rl)out 
10% in Ir~lly crystallilie saniples. .J>~ltol)ssotl 
I!)(iH, I!)(;!)) 1)rielly desc ribecl the orc tr~iller;tls in 
some s;~i~iples Irorn tlie Vestmann Islands (inclucl- 
irlg Surtsey). Accorcling to  h irn the (31 es consist of 
magnetite, ilmellite and  c hroirie-spinel, and  rnay 
reat 11 12'2, I)y volume. Chrome-spinel ot curs in- 
t ludetl in  olivine, and .ivl-tet~ prcseiit ill the 
grour~cl~nass it is 1ie;lvily ronecl to~\larcls rn'igne- 
tite. A prel imii~ary micropio1)c analysis revealed 
35-4OC3/,, 01 hercynite in the cllronlite. 

OYTICAI ,  012SEI<VAT10iSS 
T h e  lour  samples inspected optically a le  de- 

stril~ecl l ~ e l o ~ v .  They  are listed i n  T;rble I. 
In sample SlJ 32 opaque, a1no1lnt to some 5%. 

7'i/nnorrlcrg7re/z(e is dominant .  T h e  clystals tend 
to l ~ e  eq~tidirnensiona) xenomorphit ant1 fre- 

STJ 32 First I;~va, flowed April 1964, about I m 
l~e low s~ir lace of flow. Coll. S. Jalzobsson, 
Airgust llI(i4. Fol ;u~;~lysis, see Steintli6rs- 
son (1 966). 

SIJ I I I,ava, Ilo~vecl April-l\/lay 1965. 
Coll. S. Jalzobsson. 

ST J 18 I,ava, f lo~ved A L I ~ I I S L  l!)tj(j, Iroirl s11i la( e 
01 Tlolv. (:ol I. 5. Ja1zol)sson. 

1242 12o11il) froin ~Olilfr (Aiig~ist I !l(;(j). 
Coll. B. Jol~nseiz. 

quent ly slielet;~l, 0.05-0.1 nlrn ill di;~rneter.  'They 
are  homogeneous, sl~orving n o  ox yexsolntion. 
llrrlr?ri/c crystals constitute less t11;ln lo:{, a1 the 
op ;~que$ .  T h e  grains arc 11 eqiierltly slzeletal and 
telicl to  I)e ac it ul;lr in shape. C:oirip;lratively large 
gr;tins nleastlie 0.7x0.001 or  0.002 mln. ( i l l?  ome- 
,pi?lc.l is only lound  included in ol ivi~ie .  Grains 
situateel near the crystal matgin o r  on  cracks are  
zoned to~varcls tit;lnornagiletite. T h e  crystals sl1o.i~ 
ecluidimensiolial c n l ~ i c  lorln, less than 0.02.5 rnrn 
in diameter (Plate I ,  a). 

SlJ 11 : Op;lqlles estinlatetl allout 5'2). ?'iicr~~o- 
mrrgnc7/z/r dolnit~ates.  T h e  grains are  less than 
0.1 rnlil in diameter, xenoniorpliit , sho~ving pro- 
notint ed sltelet:rl texture. Oxyexsolutioil of il- 
irleiiite is qu i te  pronounced (Plate I, l)). f lrne~li le  
o(cur5 110th as discreet ;~cicular clystals (< 10% 
ot opaques) and  as tlie prorltic t of exsolutioii in 
tlie titanomagnetite. (:/1)ort111~ only occttrs in-  
( lucled in olivinc phenot rysts, ~vl iere  i t  Lrcquent- 
ly shows zoning in tolour  I ~ o m  cl;lrl\ grey to 





Plate 1. ,411 lllc pllotograplls arc t;tkcrl usi~lg a x25 oil-immersio~l objc.cti\re 2nd plallc 11oln:ised light. A) Chrome-sliincl in- 
cludecl in olivillc 11;~s ;I thick rim of tit;~nom;~gnetite. Ullexsolvecl xenomorpl~ic alicl skelclal tilanomagnetitc in lhc groutld- 

inass (sample SU 32). R) Skeletal titanomagnclitc sllowing exsol~itioll of ilmenite (SU I I). C:) Grains of ct~rome-spinel irlclircled 





lighter grey at the margin. This may reflect sub- 
stitution of: A1 for Cr in the structure. One s ~ l -  
phide crystal (pyrite?) was observed associated 
with chrornite. 

SU 18: Opaques constitute less than 1%. 
Chromile is mostly associated with the olivine as 
inclusions, but is also found in the glassy ground- 
mass. Tile largest chroinite crystal tvas observed 
in the groundmass and measured 0.1x0.05 mm. 
A very thin veneer of lighter grey or yellotvish 
was observed on some of the chromite crystals. 
Titnnomagnetite occurs in tiny skeletal forrns all 
over the groundrnass, presurnably lending the 
dark colour and opacity to the sideromelane at 
the lava surface (Plate I, d). 

1242: Tiny crystals (d = 0.02 mrn) of clzromite 
occur both within olivine phenocrysts and with- 
out. T h e  groundrnass is sideromelane glass which 
is quite opaque, but shows red internal reflec- 
tions - probably due to haernatite. 

These sanlples represent four dif terent degrees 
of crystallisation ond oxidation. T h e  latter is of 
twofold nature: (a) Progressive oxidation takes 
plate in the crystallising melt due to the buildup 
of volatile concentration ancl the selective re- 
nioval of ferrous iron illto olivine and pyroxene, 
and (11) the sample is oxidised due to exposure to 
the atmosphere (SU 18, 1242). 

T h e  least crystalline state is represented by 
aample 1242, in which chromite occurs in the 
glass. In  sample SU 18 it is suggested that the 
crystallisatiorl is slightly more advanced, with a 
liercynite-richer compositiorl forming on the 
margin of the Cr-spinel (cf. Evans 8c Moore, 
1968, pp. 103-104). Sample SlJ 32 is crystalline, 
but the titanomagl~etite is homogenous and uri- 
oxidised. Only Cr-spinel protected within oli- 
vine phenocrysts (analysis (5 in Table 11) has sur- 
vived the peritectic reaction with augite (cf. Ir- 
vine, 1967, p. 76). Finally, in SU 11 the titano- 
magnetite shows s~~bsolidus oxidation with the 
exwlution ot ilmenite. 

T h e  sequence of cryst;dlisation in a basaltic 
melt is dependent of the oxidation state. I n  par- 
t icula~,  low oxidatiorr state (high FeO/Fe203 
ratio) favours the early formation of olivine, 
whereas high oxidation state brings about the 
crystallisation of titanomagnetite. C:r is very in- 
sol~lble in basaltic melts (ct. Irvine, 1967, p. 72), 
ailcl it present chromite ~vi l l  be the first mineral 
to form at normal oxygen pressules. From the 
mineralogy oi the sarnples it is evident that 
chrome-spinel was the first mineral to crystallise, 
closely followecl by olivine in which it is in- 
cluded. T h e  i ron- t i tani~~m oxides cl ystallised last. 

Apparently there was a hiatus in the crystallisa- 
tion of the oxides aEter the initial lormatioll of 
the chromite, until the activity of ferric iron in 
the rnelt was high enough to stabilise titano- 
magnetite. T h e  available thrornite reacted with 
the liquid and disappeared. 

TABLE I 1  

Eleclron microprobe ctnalyses of coexisling tit- 
anornagnetite and hnenzoilrnenibes (1-5) and 
one chrome-spinel (6)  jrom Su,rlsey dolerite 
sample 1088. T h e  mineral composilions are re- 
calcz~laled according to tlze methods of Cnr- 
rnichael (1967) ( C )  and Anderson (1968) (A) .  

Fe O 
F e 2 0 y  
T i 0 2  
AI20:+ 

MgO 
MnO 
C r 2 0 R  
CaO 
SiOz 

Total 100.91 99.88 99.34 99.31 99.84 100.43 

TABLE IZI 

log fo2 log £02 

" I< I<,,, from eq. 1 Kc from eq. I 

Ecluilibrium coilsta~lts I<,,, (eq. 1) and lCc (eq. 2), calculateci 

on the hasis of data it1 the JANAF Tables (1965, 1966), (from 
11, D. H o l l a ~ ~ d ,  1970, unpuhlislled) and oxygen fugacities cal- 
culated from a gas analysis from Sultsey: H20  r= 86.13, 51, 
- - 4.58, C ; 0 2  = 5.54, C:O = 0.39 (1;ebr. 21, lS(i5, Sigvaltlason 
K: Elisson, 1968). 



CHEMISTliY 
Coexisting titanoiriagnetite and haernoilmen- 

ite were analysed in one sample with the electron 
lriicroprobe (for descriptioil or sample 1088, see 
Stein th6i sson, 1966). T h e  sarnple is of well-crys- 
tallisecl ophitic dolerite, in ~vhich the titano- 
rrlagnetite sho~rs  abundant exsolution. T h e  ana- 
lyses are reported ill Table 11. They have been 
recalculated accordirlg to the methocl of Car- 
rnichael (1967), whereas the compositioii ol the 
minerals was recalculated both as described X3y 
Carmichael (1 967) and Anderson (1 968). Apply- 
ing tlie composition IJsp77 Mt,:; and Hrn,Img,, 
to the curves o l  1,indsley (Buddington & 1,inds- 
ley, 1964) the temperature ancl lo2 of last equili- 
bration is obtainecl: T = 1020°C, log To2 = 
- 11.5. This point is plotted as a triangle in 
fig. 1. 

These results may be compared wit11 those ob- 
tained from the analyses of volcanic gases in 
Surtsey, reported by Sigvaldasorl & Eli,\on (1968). 
T h e  fo2 of the gas is calculatecl from the ratios 
H 2 / H 2 0  aricl CO/COy,  which are govcrnecl by 
the rcactions 

?4 
( I )  H 2 0  x 11, + 140, ; I<, = [H'l . fo, 

[H20] 

In 'Table 111 are listed the values of the t'rvo 
equilibrium const;tnts at various temperatures, 
arid the corresponding fo,'s. T h e  fo2 - T curves 
are plotted in fig. 1. 

T h e  two curves intersect at T = 900°C:, log 
ljo, -14 atm. Taking these nunlbers at face 
value tlie gases ec~uilibratecl down to 900°C 
whereas the oxide minerals in  this particular 
lava-sample stopped reacting at 1020°C. There 
is, however, an excellent agreement between the 
gas-analyses and the results obtained from tlie 
oxide minerals. T h e  Surtsey magma, accordingly, 
was rather more reducing than basalts hitherto 
reported, as seen in fig. 1, where tile results 
o f  Carmichael & Nicholls (1967) and Andersor~ 
(1 968) for basal tic rocks are plotted. 
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