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ABSTRACT 
Magnetic properties of three tephra samples 

were studied in detail and one dike sample was 
also examined. The  magnetic oxide grains in the 
dike have a minimum Curie temperature around 
80" C. The  tepllra samples have somewhat higher 
Curie temperatures, ancl they have accurately 
recorded the geomagnetic inclination even 
though some were deposited below sea level. The 
mechanism of acquisition of the magnetic reina- 
rlerlce in the tephra is probably oxidation ok tita- 
nomagnetite to titanomaghemite, evidently in a 
hydrothermal environment. As oxidation and 
cooling proceed, the net magnetization of Surtsey 
volcano is expected to increase. 

INTRODlJCTION 
The  new volcano Surtsey, located southwest 

of Vestmannaeyjar (Westman Islands), Iceland, 
first broke the surface of the sea in late 1803, and 
eruptive activity ceased in mid-1967. The island 
is composed mainly of basaltic teplzra but is co- 
vered by a carapace of lava on the southern and 
southrvestern part (Thorarinsson 1967). In the 
summer of 1979, a cored hole was drilled on the 
east margin of the eastcrn vent and reachecl a 
depth of 181 m, which is 123 In below sea level 
and ~vithin a few meters of the pre-eruption sea 
floor. Almost all of the material penetrated by 
the hole is vesicular glassy basalt tuff (herein re- 
ferred to as tephra); a 2-in-thick lava flow was 
found near the top, and a sub-vertical dike coin- 
plex was encountered between 72 m and 85 m 
(Jakobssoli k: Moore 1980, 1982). Above sea level 
and below 150 m the tephra is fresh or only 

slightly altered, but there is a thick altered zone 
of palagonitized glass between about 80 m and 
125 m. The  extent of development of palagonite 
corresponds to a zone of elevated temperature 
that was measured in the hole after completion of 
drilling; the maximurn temperature was 141" C 
at a clepth of 105 m (Jakobsson & Moore 1982). 

The objectives of this study were to estimate 
the content of magnetic minerals in the tepllra 
(if any), to determine their composition and 
physical state, and to find out if the Surtsey 
tephra retained an accurate memory of the geo- 
magnetic field. 

EXPERIMENTAL RESULTS 
Three core samples of basaltic tephra were ana- 

lyzed. Recovery depths below ground surface and 
recovery temperatures are given in Table I. The 
samples are designated by their recovery depths. 
Sarnplrs 53.3 a d  107.5 were well indurated, but 
sample 150.2 had to be partly impregnated with 
plastic. One oriented specimen (a core 2.5 cm 
in diameter) and several very small cores (300 to 
400 ing) were cut from each sample. Saturation 
magnetization and thermomagnetic experiments 
were done on the small cores. Natural remarlent 
magnetization measurements and conventional 
alternating-field demagnetizations were done on 
the oriented specimens. 

Thermomagnetic curves for samples 53.3 and 
107.5 are shown in Fig. 1. (Because of the plastic 
impregnation, no thermomagnetic curve could be 
obtained for sample 150.2.) Most of the iron in 
these tephra specimens is in paramagnetic form 
(in glass and silicate minerals), and in order to get 
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Fig. 1. Strotlg-field thermomagnetic curves for two tepl~ra samples. Original recovery depths (m) and magnetizing fields arc 
sllown; J is specific magnctizatio~l. I-leating and  cooling curves are i~lclicatecl by arrows. Experiments were clone ill nitrogen. 
Each clashed curve is the paramagnetic susceptibility, calculatetl using the simple Curie law and assuming that a t  (iOO°C nearly 
;ill llle paranlagnetism is clue to iron in silicates and glass. Thus  t l ~ c  fcrrirn:tg~~etism in oxide lnincrals 1,elow the C11r.i~ tempe- 
rature is the vertical difference bel\\~ccn the clnsllctl curve anti the observetl curve (not clashed). 

an adequate signal from the small amounts u l  
ferrirnagnetic oxide present, very large inducing 
fields (5000 and 4000 oersteds) had to be used. 
T h e  paramagnetic contributions to the thermo- 
magnetic curves are sho~vn ill Fig. 1. These are 
obtained by assuming that the contribution to 
total magnetization of the iron in oxides at (500" 
C is very small and by using the simple Curie law 
to extrapolate the silicate paramagnetism clo~vn 
to rooni temperature. This extrapolation was 
confirmed by another experiment described be- 
low. 

T h e  two tephra specimens show markedly ir- 
reversible behavior. Large amounts of pure mag- 
netite were produced during heating, commeii- 
cing at about 350"-400" C. This irreversibility 
could arise in two ways: (1) oxidatioii of titano- 
magnetite to magnetite during heating, or (2) 
breakdown of cation-deficient titanomaghemite to 
magnetite plus other oxides during heating (Ozi- 
ma and Ozima 1971). Owing to the large amounts 
of bound water present in the specimens, it was 
not possible to do the heating experiments in 
vacuuni (~,\lhich has been show11 to supress oxida- 
tion effectively); instead, a nitrogen atmosphere 
was used. Because the tephra samples are so young 
and because formatioil of cation-deficient metas- 
table titanomaghemite from stoichiometric tita- 
nornagnetite is evidently a process requiring long 
times and low temperatures (Gromme et al., 
1979), oxidation during the experiment might 
seem to be a sufficient explanatioil for the irre- 
versibility. Weight loss after heating was 3.2 per- 
cent for sample 53.3 and 7.7 percent for sample 

107.5, so that oxidation could have been causecl 
by water expelled I'rorn the palagonite. T h e  ap- 
parent two-stage alteration in specimen 107.5, 
evinced by the two rnaxinla on the heating curve 
(430" and 540" C), is quite unusual. T h e  Curie 
temperatures of the original oxides are difficult to 
iclei~tify because alteration began at lower tem- 
peratures, but they are estimated as 250°+500 C 
for specimen 53.3 and 350°+500 C for specimen 
107.5. 

If we assume that these oxide minerals are 
stoichiometric titanomagnetite, then the corre- 
sponding mol f'ractioiis of ulvospinel in solid so- 
lution are roughly 0.45 and 0.35 for specimei~s 
53.3 aiid 107.5, respectively. These values are 
significantly lower than the mol fraction 0.76 to 
0.8 reported by Steinth6rsson (1972) from a mi- 
croprobe analysis of titanomagnetite in a sample 
ol dolerite from Surtsey. Alternatively, we may 
assume that the original titanomagnetite ill the 
tephra had the same composition as that in the 
dolerite. I n  this case the original Curie tempera- 
tures woulcl have been approximately 0" C, and 
the fact that much higher ones are observed 
.c\~ould be the result of natural lo.c\l-temperature 
oxidation of titanomagnetite to titanornaghemite 
(Readman and O'Reilly 1972). Irving (1 970) has 
suggested that such a process may be accelerated 
by moderate hydrothermal activity. If this inter- 
pretation is correct, then the extent of: oxidatioil 
in specimen 53.3 is 80 percent, and in specimen 
107.5 it is almost 100 percent (Gromme et al. 
1979). 

An attempt to resolve the question was made 



by examining sorne of the magnetic properties of 
a specimen of the dike rock retrieved from a 
clepth of 74.1 m. The rock is well crystallized and 
contains approximately ten percent opaque mine- 
rals, but it is only moderately magnetic, having 
roughly three times the saturation magnetization 
(0.18 emu/gm) at room temperatllre as the ave- 
rage (0.054 emu/gm) of the tephra samples dis- 
cussed below. The  thermomagnetic curve for the 
dike rock is shown in Fig. 2. The starting tempe- 
rature was close to that of liquid nitrogen, and 
the experiment was done in an argon atmosphere. 
Two magnetic phases are present, ancl the curve 
is similar to ones obtained from samples of Ha- 
waiian lava-lake basalt ((';roinine et al. 1969). The 
lower Curie temperature is approximately -140" 
C and represents a ferrian ilmenite. The  higher 
Curie temperature is difficult to estimate; its 
mii~imum value is 80" C on the heating curve and 
(30" C on the cooling curve. This corresponds to 
a stoichiornetric titanomagnetite containing roug- 
hly 70 mol percent of ulvospinel. Hence the un- 
usually low Cnrie temperatures predicted by the 
chemical analyses published by SteintI16rsson 
(1972) are partly confirmed, and it seems likely 
that the magnetic oxide in the tephra samples 
had the same or nearly the same original com- 
position, but has subsequently been oxidized to 
titanomaghemite. Carmichael (1974) has reported 
Curie temperatures of 200" and 500" C for one 
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Fig. 2. Strong-field thermomagnetic curves for dike sample. 
Original recovery depth (m) and magnetizing fieltl are shown; 
J is specific magnetization. Heating and cooling curves arc 
i~~dic;rtcd by arrolvs. Experiment was done in argon. 

specimen of Surtsey lava and a single Curie tem- 
perature ol 550" C lor a seconcl, rnore oxidized 
specimen. These high Curie temperatures (500" 
C and above) are the rewlt of high-temperature 
oxidation (Carmichael 1974, Gronlme et al. 1969). 

Strong-iield isothermal magrletizatiorl data for 
all three tephra samples are sho~vn in Fig. 3, re- 
presenting the sum of both remanent ancl indu- 
cecl magnetizations. Magnetic saturation occurs 
at 3000 oerstecls for sample 53.3, 4000 oerstecls lor 
sample 107.5, ancl 1500 oersteds lor sample 150.2. 
Straight lines were fitted by least-squares to the 
collinear points in Fig. 3. Tlie intercepts of the 

TABLE I. 
Magnetic and other properties 

Surtsey samples Drctlged pillow basalt 

Explanatioll: XI, is paramagnetic susceptibility. 
J, is saturation magnetization at  room temperature. 

J1., is ~CIII;~IICIICC after rnagnetizatio~l at rooin temperature in 9 kilo-oersteds. 
NRM is natural remanent tnagnetizatiotl. 
MDF is media11 clestructivc ficld. 
Tc is Curie tcmpcraturc. 
Data for dredged pillo~v basalt arc averages for six L-type fragments obtaillcd near active spreading ccntcrs 
(Grommc et al. 1979), except for MDl: xvhicli is the range observed in very young pillow basalt obtained 
fro111 the incdiall valley of the Micl-Atlantic Iliclgc (Ade-Hall et al. 1973, Jollnson and Atwater 1977). 
T h e  geomagnetic inclirration at  Surtsey calc~~latecl from the 1965 I.G.R.F. coefficients is 75.5". 
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Fig.. 3. Strong-field ~xlaglietizatio~i cul.ves for tllrce tcpl~ra 
samples. Recovery tlcptlis (m) of samplcs are s l i ow~~;  J is 
specific magnetization (rematicnt plus induced). The  data 
wcrc taken while reduci~ig the applied fieltl from 9000 ocr- 
stcds lo zero; thlls tlicy represent part of a l~ystercsis loop. 
Solitl lines are least-sq~~arcs fils to tile points they c~icolllpass, 
and dashed lines are cxtr;lpolalions to the zero-field ordinate. 

extrapolated least-squares lines on the magrieti- 
zation axis are the values of saturation magnetiza- 
tion (J.) of the ferrimagnetic oxide minerals in 
the samples (Table 1). The slope of the straight 
line at fields above saturation is the pararnag- 
netic susceptibility of the iron-bearing silicate 
mirlerals and glass. The values of paramagnetic 
susceptibility (X,,) are essentially the same for 
all three samples ('Table l), and they are identi- 
cal to the values obtained by.-extrapolating the 
Curie function frorn 600" C down to room tem- 
perature on the therrnomagnetic diagram. 

After the specimens were magnetized in 9000 
oersteds, their saturation remariences were mea- 
sured, arid the values are given as J,., in Table I. 
The  ratio J,.,/ J, is a good indicator of the magne- 
tic domain state oil the oxides. For titanomagne- 
tite, ratios below about 0.1 indicate multi-domain 
grains. For single-domain grains whose coer- 
civities are controlled by uniaxial magnetostatic 
anisotropy (i.e., shape anisotropy of a ralidomly 
orierltecl assemblage of elongate grains), the ideal 
ratio is 0.50. For single-domain grains of maglie- 
tite or titanomaglietite whose coercivities are con- 
trolled by magnetocrystalline anisotropy (i.e., 
magnetization along [111] easy directions of a 
randomly oriented assemblage of equant grains), 
the ideal ratio is 0.87. Values between 0.1 and 
0.5 represent either mixtures or pseuclosingle- 
domain grains. For all three of the Surtsey sam- 
ples the ratios are between 0.51 and 0.56. Such 
values are unusually higl1 lor basalts (except for 
some submarine pillows) and demonstrate that 
all of the titanomagnetite in the samples is within 
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Fig. 4. Alternating-field dcmagtlctizatio~~ of natlrral rcmanent 
magnetization (NRM) in three tcphra sarnples. O r i g i ~ ~ a l  rcco- 
very tleptlis (m) arc s l~owl~ ,  ant1 tnecli;ut clcstruclive field 
(MIII;) values arc i~idicatetl by sllort arrows. Xotc tllc logs- 
ritli~nic scale ltsed for NRM. 

the single-domain size range. Depending on exact 
composition, this size range in titanomaglietite is 
certainly less than 1.0 micron alicl probably is bet- 
ween 0.6 and 0.1 microns (Dunlop 1981). Hence 
the oxide particle are probably virtually unob- 
servable using a visible-light microscope. 

The  natural renlanent magnetization (NRM) 
values ancl alternating field demagnetization car- 
ves ol: the oriented specimens are shown in Fig. 
4. The specimens are magnetically hard, unusu- 
ally so for basaltic rocks; the median destructive 
field (MDF) values are approximately 500 to 600 
oersteds, and 10 percent of the NRM survives 
demagnetization at 1000 oersteds. These high 
values are in keeping with the observation that 
all the magnetic grains are single-domain. The  
specif'ic intensities of NRM range from approxi- 
mately 4x10-4 to (3x10-4 ernu/gm. Considering 
the nature and mode of emplacement of these 
rocks, they carry an unexpectedly large NlIM.  

Table I is a summary of the magnetic proper- 
ties of these specimens. For comparison, averages 
for selected dredged fragments of submarine ba- 
salt (L-type, most representative of new seafloor) 
are also given. J, in the Surtsey specimens is much 
more variable than the paramagnetic suscepti- 
bility discussecl above, and this reflects variations 
in both amount and composition of titanomagne- 
tite or titanornaghemite. The uniformity of the 
paramagnetic susceptibility means that nearly all 
the iron is in paramagnetic form and that total 
iron content and its oxidation state are essenti- 
ally the same in all three samples. There is 
roughly from one-third to one-tenth as much fer- 



rimagnetic oxide in the Surtsey tephra as there is 
in unrveathered dredged pillow basalt, ancl the 
amount in each tephra sample is delinitely rela- 
ted to tlie extent ol formation of palagonite 
(Table I). 

A ( rude measure ol the relative elkiciency ot 
acquisition ol NRR4 ir the ratio NRR/I/J,, 
(ass~uning that the intensity of the geomagne;ic. 
lield that producecl the NRR4 ri7as the same lor all 
sarr~ples 1)eing compared). For tlie Surtsey sam- 
ples this ratio ranges li-oln 0.01 to 0.04, and fol 
comparison the average value lor the rrrbrnarine 
pillo\vs is 0.03. I n  other r\~ords, the mechanisrn ot 
px)dnctioil oL NliM in the Surtsey tephra was 
nearly as ellicient, on the average, as tlie acquisi- 
tion ol therrnoremarient magneti~ation (TRNI) 
ill submarine pillorv basalt. T h e  Surtsey ~ e p h r a  
appai-ently recorcled the geomagnetic lielcl dl1 ec- 
tion accurately ar well. When probable orien~a- 
tion errors are considered, tlie measured in[ lina- 
tionr (Table I) do not dif ler signil it a~it ly 1 rorri 
tlre present geomagnetic inclination at Snrtsey. 
Moreover, tlie NRM dircc tions did not change 
clur ing demagneti~ation. Tlre NIiM ol tlre tephl a 
is sukliciently strong lor a magnetic anomaly to 
be visible in a lorv altitude aerornagneti~ survey, 
althoagh magnetic elfects ol the overlying and 
rrnderlying lavas rvoulcl make such an anomaly 
cliff icult to distinguisli. 

DISCUSSION 
T h e  origin of the NRM in the tephra is some- 

thing of a puz~le,  in part because the thermal 
histoiy ol the samples is irlco~npletely kiiorvn. 
For example, diltes were encountered in the in- 
terval 72 to 85 m, ancl it is not knorvn h o ~ v  close 
these or  otlier dikes rnay be to other parts ol the 
drill hole. We might suppose that both the maxi- 
mum in the temperature profile at 105 m and 
the greater degree of induration ol the upper 
tn7o samples result lrom proximity ol  the dikes. 
Then i l  the NRR4 were TRR4 rve ~vould expect 
the lori~est sample to be the least elkiciently mag- 
netized, but tlre opposite is true. Except in the irn- 
~lrediate vicinity of  dikes, the maxiiirurn tempera- 
ture that any sample could have I-eaclred in situ 
is shown by tlle sea-rvater boiling cmve (Jakobs- 
son ancl Moore 1'382). T h e  nleasurecl Curie tem- 
peratures ol  the tepl~ra sampler are  ell above 
this curve, so tlrat only a small fraction of the 
NRM in the teplrra can be partial T R M .  De- 
positional remanent magnetization (DRM) can 
be r ~ ~ l e c l  out as well for several reasons. Many 
of tlre clasts are too large to have been oriented 

by the geomagnetic field as they settled through 
the sea rvater (or through air only in the case of! 
sarnple 53.3). Even under optillla1 conditions of' 
particle size, DRM is a very inefficient process 
compared to T R M .  Finally, considering the tur- 
bulent state ol' an ash or tephra cloud during an 
eruption, i t  is improbable tlrat tlre particles could 
have acquired coherent TRR4's betrveen the mo- 
ment off eruption and the moment of' deposition. 

Tlie NRM must lrave originatecl through an 
isothermal low-temperature processs, at least in 
the part of: tlie volcano that is below sea level. 
T h e  deepest specimen (150.2) has tlre most in- 
tense NIiM and also shorvs the highest efficiency 
ol: NRWI acquisition (Table I), iMoreover, this 
specirnen is virtually unaltered; the palagonite 
rinds are barely resolvable in an optical micro- 
scope (J.(:. Moore, oral communication, 1982). 
I t  liollorvs that the titanomagnetite responsible 
for the NRM must have formed in situ, eviclently 
by precipitation l'rom tlre basaltic glass (partial 
devitrif'ication). Tlle observation tlrat the grain 
size of the titanomagnetite is less than I micron 
is supporting evidence ffor the plausibility of s~rch 
a process. IJlider tlre circumstances the NKM 
rvould be a chernical or crystallization remanent 
magnetization (C:l<1M). Although CRNI has never 
been produced in titalrornagnetite at low ternpe- 
rature in tlre laboratory, at higher temperatures 
(300" C-400" C) the el'f'iciency of the mechanism 
oli acquisition of CRM lras been sho-ct7n to be 
conlparable to that of orclinary TRWI under some 
circumstances (Ikllogg et al. 1970). 

Acquisition ol' NRNI must have preceded tlre 
onset of the hydrothermal activity that caused 
extensive palagonitization higher in the teplira 
cone. Tlre process of hydratioli of glass seems to 
have produced additional magr~etic material, but 
it did not change tlre NRM appreciably. Note 
that sample 107.5 is aln~ost completely altered 
.c\rlrereas sample 53.3 is only moderately altered, 
yet they have iclentical NlIM's. 1,orv-temperature 
oxidation of titanornaglietite to titanomaghemite 
accornpained the palagoriitization of the glass, 
and the Curie temperature increased concorni- 
tantly. Arguing from the eviclence of the dike 
sample, tlle Curie temperature of tlre original 
unoxidized titanomagnetite ~vould have been 
high enough for tlre C:RM to exist, and therefore 
the lorv-temperature oxidation ~vould not have 
produced additional NRM, but would rather 
lrave dilninislled i t  somewhat (Gromme et al. 
1979). 

I t  is interestilig that the Curie temperature of 
the dike sample (at 74.1 m) is lower than the 



temperature ineasmed in the drill hole at that 
depth in late 1979. Hence at that time the dikes 
were essentially nonmagnetic. Tile abrupt in- 
crease that was observed in the magnetic lielcl 
intensity just south of the summit (station Surtsey 
111) between 1968 and 1970 (Sigurgeirsson 1974) 
was probably due to cooling ol  the lava quite 
close beneath the observation station. T h e  impli- 
cation is that the net rnagrletization of Surtsey 
volcano has increased since that time olving to 
slow cooling of dikes, and i t  may still be increas- 
ing. T h e  amount of increase would depend on 
the relative volume of such dikes. 
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