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Abstract At the Krafla central volcano in north-east 
Iceland, two main phases of rhyolite volcanism are 
identified. The earlier phase (last interglacial) is related 
to the formation of a caldera, whereas the second phase 
(last glacial) is related to the emplacement of a ring 
dike. Subsequently, only minor amounts of rhyolite 
have been erupted. The volcanic products of Krafla are 
volumetrically bimodal. Geochemically, there is a series 
of basaltic to basalto-andesitic rocks and a cluster of 
rhyolitic rocks. Rocks of intermediate to silicic compo- 
sition (icelandites and dacites) show clear signs of mix- 
ing. The rhyolites are Fe-rich (tholeiitic), and aphyric to 
slightly porphyritic (plagioclase, augite, pigeonite, 
fayalitic olivine and magnetite). They are minimum 
melts on the quartz-plagioclase cotectic plane in the 
granite system (Qz-Or-Ab-An) .  The rhyolites at Kra- 
fla were produced by near-solidus, rather than near- 
liquidus fractionation. They are interpreted as silicic 
minimum melts of hydrothermally altered crust, mainly 
of basaltic composition. They were primarily generated 
on the peripheries of an active basaltic magma chamber 
or intrusive domain, where sufficient volumes of crust 
were subjected to temperatures favorable for rhyolite 
genesis (850-950 ~ C). The silicic melts were extracted 
crystal-free from their source in response to crustal de- 
formation. 

Key words Rhyolite �9 petrology �9 minimum melts 
near-solidus fractionation �9 mixing �9 Krafia �9 Iceland 

Introduction 

Understanding the production of silicic material in 
oceanic crust is essential in explaining the origin of con- 
tinental crust. Significant amounts of Silicic material 

K. J6nasson 
Nordic VolcanologicaI Institute, University of Iceland, 
IS-101 Reykjavik, Iceland, Fax: +354-1-629767 

have been produced at numerous central volcanoes in 
Iceland, providing excellent opportunities to study 
processes that may have played a major part in generat- 
ing ancient continental material. 

Silicic rocks in Iceland range from subalkaline tho- 
leiitic rhyolites and dacites to peralkaline silicic rocks 
(Jakobsson 1972; Oskarsson et al. 1982). Calc-alkaline 
silicic rocks have also been found (J6nasson et al. 
1992). Theories about the origin of the silicic rocks in 
Iceland can be divided in two main groups. One ex- 
plains the origin of the silicic rocks by fractional crystal- 
lization from basaltic magmas (e.g. Carmichael 1964; 
Macdonald et al. 1990), sometimes coupled with assimi- 
lation or contamination (e.g. Macdonald et al. 1987; Ni- 
cholson et al. 1991). The other explains the origin of 
the silicic rocks by partial melting of crustal basaltic 
rocks (e.g. O'Nions and GrOnvold 1973; Sigvaldason 
1974; Sigmarsson et al. 1991), often hydrothermally al- 
tered (e.g. CIskarsson et al. 1982; Condomines et al. 
1983; Hemond et al. 1988). Partial melting of amphibol- 
ite facies rocks in the lower crust has been proposed to 
explain the origin of the calc-alkaline silicic rocks (J6n- 
asson et al. 1992). Finally, modification of the silicic 
magmas by mixing (e.g. Sigurdsson and Sparks 1981; 
McGarvie et al. 1990) or by remelting (e.g. Sigurdsson 
1977; Marsh et al. 1991) has often been invoked. 

The present study attempts to shed some light on 
these processes by studying in detail the silicic compo- 
nents of volcanic products at a single extensively stud- 
ied volcano: the Krafla central volcano in northern Ice- 
land. The Krafla volcanic system is located in the north- 
ern rift zone of Iceland. The system is composed of a 
central volcano (Fig. 1) , roughly 15 km in diameter, 
and a 100 km long fissure swarm that bisects the volca- 
no. During the last interglacial ( ~  100000 BP) a caldera 
was formed within the central volcano (Saemundsson 
1991). The caldera is now filled to the rims with hyalo- 
clastite rocks and lavas. The silicic rocks of the Krafla 
central volcano are tholeiitic, mainly rhyolites (Table 
1). The volcano has been studied extensively during the 
last two decades because of geothermal exploration 



Fig. 1 Simplified geological 
map of the Krafla central vol- 
cano showing the main tec- 
tonic features and the occur- 
rence of silicic volcanic rocks. 
The inset map shows the neo- 
volcanic zones (shaded) of 
Iceland and the location of 
the Krafla central volcano (ar- 
row). The broken lines outline 
the caldera and the presently 
active fissure swarm. The geo- 
logy is based on the maps of 
Saemundsson (1991) with 
some minor modifications. 
The silicic volcanic rocks are 
concentrated at and around 
the caldera rim and away from 
the central part of the fissure 
swarm 
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and development (e.g. Armannsson et al. 1987) and be- 
cause of a rifting event with nine basaltic eruptions be- 
tween 1975 and 1984 (e.g. Bj6rnsson 1985). 

Occurrence of silicic rocks 

At the Krafla central volcano two main phases of rhyol- 
itic volcanism can be observed, each producing about 
1 km 3 of rhyolite. The first rhyolite phase (around 
100000 B~') produced a small ( < 0 . 0 5 k m  3) rhyolitic 
dome in Hfig6ng (Fig. 1) and the silicic component of a 
composite welded tuff which has been related to the 
formation of the caldera at Krafla (Bj6rnsson et al. 
1977, 1979; Calderone et al. 1990; Saemundsson 1991). 
The tuff is of mixed intermediate composition and has 
a total volume of about 2.5 km 3, containing about 
1 km 3 of the rhyolitic component (Calderone et al. 
1990). This rhyolite phase began with a dome extrusion 
of pitchstone and fine-grained rhyolite. Later, a Plinian 
eruption commenced, producing rhyolitic ash mixed 

with basaltic scoria. This eruption continued with 
Strombolian activity, producing incompletely mixed 
rhyolitic and basaltic pyroclasts. The main source of the 
eruption was near the eastern caldera rim (Calderone 
et al. 1990). Abundant  lithic fragments are found in the 
tuff layer, including gabbroic and granophyric xenol- 
iths, basalt and other volcaniclastic fragments. 

In the second phase, which occurred during the last 
glacial period (Saemundsson 1991), three subglacial 
rhyolite ridges (J6rundur, Hlfdarfjall and Gaesafjalla- 
rani; Fig 1) formed outside the caldera rim. They form 
steep short ridges subparallel to the caldera rim. The 
ridges (subglacial equivalents of domes) rise about 
300 m above their surroundings (800 m asl) with a total 
volume of 0.7 km 3. They are built up of lobes (Gr6n- 
vold 1972; Saemundsson 1972) of lithic rhyolite with an 
outer layer of obsidian and a flow-banded and flow- 
folded, vesicular, glassy rhyolite in between. The lobes 
are enclosed in hyaloclastite that consists of fragments 
of the same material as found in the lobes (type 2 hya- 
loclastite: Furnes et al. 1980). Overall similarity in 
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Table 2 Composition of representative mafic phases in rhyolites from the Krafla central volcano 
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Rhyolite, Rhyolite, Rhyolite 3. phase 
1. phase 2. phase (Viti pumice, 1724) 

1 2 3 4 5 6 7 8 9 10 11 12 13 
Augite Augite Augite Olivine Augite Olivine Augite Augite Pigeonite Augite Pigeonite Pigeonite Olivine 

SiO2 52.46 50.58 49.20 30.12 48.84 29.77 50.88 50.91 50.15 50.92 50.82 50.15 30.66 
TiO2 0.39 0.37 0.30 0.34 0.33 0.33 0.18 0.32 0.23 0.21 
A1203 1.58 1.08 0.82 0.82 0.94 1.09 0.43 0.85 0.50 0.42 
FeO 12.75 18.92 25.44 62.43 26.74 65.55 17.31 19.03 32.06 21.48 33.42 34.53 62.16 
MnO 0.48 0.64 0.77 1.57 0.68 1.62 0.52 0.57 0.97 0.63 1.03 1.04 1.40 
MgO 13.64 8.97 4.99 4.96 3.02 2.35 11.01 10.20 12.01 8.75 9.40 9.70 5.18 
CaO 18.59 18.95 17.54 0.00 18.89 0.00 18.59 17.86 4.00 17.13 5.14 3.87 0.00 
Na20 0.33 0.22 0.21 0.19 0.19 0.20 0.04 0.19 0.10 0.05 
Total 100.23 99.73 99.28 99.08 99.51 99.29 99.78 100.18 99.84 100.27 100.62 99.98 99.40 
Mg-no. 64.8 45.0 25.3 12.1 16.4 5.9 53.9 48.7 39.3 41.3 32.7 32.7 12.7 
Wo 38.8 40.6 39.0 42.5 39.5 38.0 8.6 36.8 11.4 8.6 
En 39.6 26.7 15.4 9.4 32.6 30.2 35.9 26.1 29.0 29.9 
Fs 20.8 31.6 44.2 46.9 27.0 30.9 53.8 36.0 57.8 59.7 

The analyses were carried out at the Nordic Volcanological Insti- 
tute on an ARL SEMQ electron microprobe. Oxide concentra- 
tions are shown in wt.%. Mg-number = 100. Mg/(Mg + Fe 2 + + Mn), 
with iron(III) calculated to give stochiometric results. Wo =Ca, 
En=Mg, Fs=Fe 2+ +Mn. Key to analyses [numbers in paren- 
theses give sample numbers (Table 1)]: 1, augite phenocryst, 
rhyolitic pumice from composite welded tuff layer (8); 2, augite 
phenocryst, pitchstone from Hfig6ng (7); 3, augite phenocryst, 
glassy rhyolite from Gaesafjallarani (10); 4, fayalitic olivine phe- 

nocryst, glassy rhyolite from Gaesafjallarani (10); 5, augite pheno- 
cryst, obsidian from Hlidarfjall (12); 6, fayalitic olivine pheno- 
cryst, obsidian from Hlfdarfjall (12); 7, augite phenocryst, pumice 
from V/ti (17); 8, augite phenocryst, pumice from Viti (17); 9, pi- 
geonite phenocryst, pumice from Vfti (17); 10, augite phenocryst, 
pumice from V/ti (17); 11, pigeonite phenocryst, pumice from Viti 
(17); 12, pigeonite phenocryst, pumice from Vfti (17); and 13, 
fayalitic olivine phenocryst, pumice from Vfti (17) 

shape, composition and age indicates that the ridges 
(domes) represent a distinct short-lived phase in the 
history of Krafla, possibly related to the emplacement 
of a ring dike. 

Subsequently, only small amounts of silicic material 
have been erupted in a few events, all occurring within 
the caldera. For practical reasons, they will be grouped 
together as the third phase of rhyolite volcanism. 
Hrafntinnuhryggur, a small ridge ( < 0.05 km 3) of rhyol- 
ite composition (Fig. 1), formed just inside the south- 
eastern caldera rim during late glacial time. The rhyol- 
ite is aphyric with abundant obsidian. The ridge is pa- 
rallel to the main tectonic trend. Towards the end of 
the last glacial period, a mixed eruption occurred near 
Kr6k6ttuv6tn (Fig. 1), just inside the western caldera- 
rim, producing a series of hyaloclastites and lava flows 
composed of plagioclase porphyritic basalts, basaltic 
andesites, andesites and dacites. The basalts and basal- 
tic andesites contain up to 15% plagioclase megacrysts 
(up to 5 ram). Such megacrysts are also found in the 
andesites and dacites. Two post-glacial eruptions of 
rhyolitic pumice occurred at around 9000 Be (Hveragil 
tephra; Saemundsson 1991), and in 1724 (Viti, Fig. 1). 
The 1724 eruption, which marked the beginning of the 
'MsWatn fires' rifting event (Thoroddsen 1907-15; Sae- 
mundsson 1991), was phreatic, producing mostly ther- 
mally altered material, with minor juvenile rhyolitic pu- 
mice, basaltic scoria and granophyric xenoliths. 

In addition to volcanic silicic rocks, granophyric 
rocks have been found in drill cuttings from geothermal 
wells in the central and south-eastern parts of the Kra- 

fla caldera (Fig. 1) (Armannsson et al. 1987). They are 
all highly altered by hydrothermal activity. Granophyr- 
ic rocks are also found as xenoliths in some of the 
rhyolite formations. 

Heidarspordur, a rift segment to the south of the 
Krafla central volcano, produced basalt, basaltic ande- 
site, icelandite and dacite in a series of eruptions at the 
onset of the Holocene (9000-10000 Be). These are, 
however, not directly related to the Krafla central vol- 
cano. It has been suggested that they are a part of a 
separate volcanic system (Saemundsson 1974, 1978, 
1991). 

Petrography and mineral chemistry 

The Krafla rhyolites are aphyric to slightly porphyritic. 
They are fine-grained or glassy (obsidian), occasionally 
vesicular or pumiceous. The phenocrysts are plagio- 
clase, augite, pigeonite, fayalitic olivine and magnetite; 
microlites of apatite and zircon are also found. Sub- to 
euhedral crystals with compositions broadly compatible 
with the host liquid are regarded as equilibrium phases, 
whereas crystals showing signs of resorption, or having 
compositions clearly incompatible with the host liquid, 
are regarded as xenocrysts. The temperatures men- 
tioned in the following are based on pyroxene ther- 
mometry (Lindsley 1983; Fig. 7 in Davidson and Linds- 
ley 1989). Augite alone gives minimum temperatures, 
whereas two pyroxenes or augite-olivine gives equili- 
brium temperatures with an estimated accuracy of 
_+50 ~ . 
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Fig. 2 Compositions of the pyroxene and olivine phenocrysts 
from the Krafla rhyolites. Pyroxene quadrilateral projection of 
Lindsley (1983: 486). Small numbers refer to Table 2. Numbers 1, 
2, 3, 5, 7, 8 and 10 are augites; numbers 9, 11 and 12 are pigeon- 
ites; and numbers 4, 6 and 13 are fayalitic olivines, shaded areas 
indicate observed variation. Thin lines represent apparent equili- 
brium tie-lines, with calculated temperatures 
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The rhyolites from the first phase contain <0.5 
vol.% of plagioclase (An42_45 and An60-67) and green 
augite (Table 2 and Fig. 2). The andesine plagioclase is 
chemically close to equilibrium with the rhyolite liquid, 
whereas the labradoritic plagioclase is clearly xenocrys- 
tic. There are also two populations of augite (Fig. 2), 
ferroaugites (Wo41En27Fs32,) indicating a minimum 
temperature of 850+50~ and xenocrystic augites 
(Wo39En40Fs21) which indicate minimum temperatures 
of 1030+50 ~ C. The xenocrysts represent phenocrysts 
from the coerupted basaltic magma. 

The rhyolites of the second phase (J6rundur, Hli- 
darfjall and Gaesafjallarani) contain up to 7 vol.% phe- 
nocrysts, mainly plagioclase (An34-43), with trace 
amounts of green ferroaugite (Table 2), fayalitic olivine 
(Fosq3, Table 2) and magnetite (Usp58-65); microlites of 
apatite and zircon are also found. The green ferroau- 
gites and the fayalitic olivines were in equilibrium with 
the rhyolite liquids and indicate equilibrium tempera- 
tures of 850 + 50 ~ C to 950 + 50 ~ C (Fig. 2). The compo- 
sitional variation from grain to grain and within grains 
is generally insignificant. In some instances, however, 
the cores of plagioclases display slight reverse zoning, 
followed by normal zoning at the rims (e,g. Anss-An42- 
An4o). 

The silicic rocks of the third phase are more varia- 
ble. The Hrafntinnuhryggur rhyolite is aphyric and var- 
ies from being very fine-grained to glassy (obsidian). 
Phenocrysts in the Krdkdttuv6tn dacites and andesites 
are all of basaltic affinity. The silicic end-member was 
probably aphyric at the time of mixing and eruption. In 
the AD 1724 Vffi pumice, plagioclase phenocrysts 
(An34-48) are found together with augite (Table 2), pi- 
geonite, fayalitic olivine (Foa3) and magnetite pheno- 
crysts. Augite and pigeonite equilibrated at 930 + 50~ 
(Fig. 2). The augites and pigeonites form a trend with 
varying Mg-number. This trend is roughly parallel with 
the isotherms (Fig. 7 in Davidson and Lindsley 1989) 
and zonation can be in either direction. 

The types and compositions of the ferromagnesian 
silicates of the Krafla rhyolites indicate oxygen fugaci- 
ties on or below the FMQ oxygen buffer curve (Carmi- 
chael 1967; Warshaw and Smith 1988). This is also indi- 
cated by the bulk chemical composition. 

2 -~  Rhyo[Ric rocks 
Geochemistry 

0 - ~  
0 1 2 3 4 5 6 7 8 9 

MgO (wt.-%) 

Fig. 3 Total Fe as FeO versus MgO in rocks from the Krafla cen- 
tral volcano. Concentrations calculated as 100% volatile-flee. 
Basaltic rocks range from olivine tholeiites to Fe-rich tholeiites 
and basaltic andesites. Clear signs of mixing or hybridism are seen 
in all rocks of andesitic to dacitic composition. Lines for compos- 
ite welded tuff layer and basaltic rocks are based on analyses 
from Calderone et al. (1990) and Nieholson (1990). In addition to 
the composite welded tuff layer, some mixed tephra layers and 
hyaloclastites plot along the same line 

Whole rock analyses of rocks from the Krafla central 
volcano span the whole range from olivine tholeiites to 
rhyolites. Volumetrically, however, the products are bi- 
modal. Basaltic rocks predominate, ranging from oliv- 
ine tholeiites to Fe-rich tholeiites and basaltic ande- 
sites. Rhyolites are also present in significant amounts 
(Fig. 3). Andesitic to dacitic rocks are scarce and they 
all show clear signs of mixing or hybridism between 
silicic and basaltic end-members. These rocks are main- 
ly the mixed Iavas at Krdkdttuv6tn and the composite 
welded tuff layer, as well as mixed tephra layers (e.g 
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Fig. 4 Total Fe as FeO versus CaO in silicic rocks from the Kra- 
fla central volcano. Concentrations calculated as 100% volatile- 
free. Symbols as in Fig. 3. The line separates higher Fe types from 
lower Fe types (Warshaw and Smith 1988). The Krafla rocks are 
of the higher Fe type 

Vfti AD 1724) and hyaloclastites. Nicholson et al. (1991) 
reported smooth, continuous variation trends in the 
chemistry of rocks from the Krafla area. Their variation 
diagrams included the mixed rocks from the Krafla cen- 
tral volcano and intermediate to silicic rocks from the 
Heidarspordur rift segment, south of Krafla, which are 
not directly related to the Krafla central volcano. Re- 
moving these samples from the plots leaves a bimodal 
distribution (Daly gap) with no rocks having SiOa con- 
tents in the range 57-71 wt.%. 

The rhyolites from Krafla have CaO contents 
around 2 wt.%, with FeO varying between 3 and 4.6 
wt.% (Table 1 and Fig. 4). The pumice samples and the 
granophyres from drillholes have higher Ca contents, 
most likely due to contamination with basaltic material 
or hydrothermal calcite. The silicic rocks from Krafla 
are all of the higher Fe type (Warshaw and Smith 
1988). Rocks of the higher Fe type usually precipitate 
orthopyroxene or fayalite, are either peralkaline or me- 
taluminous to subaluminous, and have oxygen fugaci- 
ties on or below the FMQ oxygen buffer curve (War- 
shaw and Smith 1988). Melting experiments have 
shown that if such rocks are generated by equilibrium 
crystallization or melting, then the water pressure was 
less than 1 kb. Higher water pressures lead to the pro- 
duction of rocks with a lower Fe content (e.g. Helz 
1976; Spulber and Rutherford 1983; Thy et al. 1990). 
The compositions of the Krafla rhyolites compare well 
with the composition of a 10% melt (Table 1) of a Ki- 
lauea basalt at 913 ~ C, i kb total pressure and 0.67 kb 

water pressure, leaving a residue of plagioclase (49 
wt.%), high Ca pyroxene (32 wt.%), low Ca pyroxene 
(12 wt.%) and Fe-Ti oxides (7 wt.%) (Spulber and Ru- 
therford 1983). The main difference is that the experi- 
mental melt contains slightly less TiO2 and more PzOs. 
This will be addressed in the discussion. 

The chemistry of the Krafla rhyolites is best de- 
scribed by projections in the granite system (Ab-An-  
Or-Qz-H20).  These components represent around 90 
wt.% of the compositions of the rhyolites. The Krafla 
rhyolites define a cotectic trend from the minimum 
point at An = 0 up along the quartz-feldspar plane (Fig. 
5). They are apparently close to being in equilibrium 
with plagioclase of similar composition to the pheno- 
crysts they contain, and with quartz (e.g. Nekvasil 
1988). Quartz phenocrysts have, however, not been ob- 
served in the rhyolites. The rhyolites are rather low in 
the Or component and far from being saturated with 
potassic feldspar. The rocks from the first phase of 
rhyolitic volcanism define a trend that is slightly dis- 
placed away from the Qz corner relative to the trend 
that the other rocks define (Fig. 5b). This indicates that 
the earliest rhyolites equilibrated at higher total pres- 
sures, or lower partial pressures of water (PH2o/P'rotal), 
than later rocks (Nekvasil 1988). 

The elements that are not included in the granite 
system, primarily Fe, are not abundant in the Krafla 
rhyolites, and they do not correlate with the trend de- 
fined in the granite system. Trace and minor elements 
in the rhyolites have poor correlations internally and 
with major elements (Figs. 6 and 7). The rhyolites plot 
as a cluster rather than defining a clear chemical trend. 
Each unit has its own distinct signature with respect to 
some elements (Fig. 7), however, a feature also seen in 
other Icelandic central volcanoes, such as Torfaj6kull 
(Marsh et al. 1991). This could indicate separate, slight- 
ly different, source compositions, even though the ge- 
netic processes are the same. 

When trace element concentrations in the Krafla 
rhyolites are compared with those of a representative 
basalt from Krafla (e.g. No. 4, Tables 1 and 3), the 
rhyolites are seen to be enriched in Rb, Th and U by a 
factor of 8-12 (Table 3). Assuming that these elements 
are incompatible in all phases present in the Krafla 
rocks, the rhyolites could be produced by 90% crystalli- 
zation from a basaltic magma or 10% melting of basal- 
tic crust. Other elements show less enrichment. The el- 
ements Zr, Nb, Hf and the light rare earth elements 
(REEs) (La-Nd) are enriched by a factor of about five 
compared with the basalt. The middle to heavy REEs 
(Sm-Lu), together with Y, are enriched by a factor of 
about three, with the exception of Eu, which is only 
slightly enriched. Sr is slightly depleted in the rhyolites 
(Table 3). The REE patterns (Fig. 8) can be described 
in terms of the ratios La/Sm and Sm/Lu. The La/Sm ra- 
tio in the rhyolites is almost twice as high as in the tho- 
leiite basalt (Table 3), whereas the Sm/Lu ratio is about 
the same. The transition metals Ni, Co, V, Cr and Sc 
are depleted in the rhyolites, the concentrations being 
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Fig, 5a, b Composition of rocks from the Krafla central volcano 
in the 'granite' system. Symbols as in Fig. 3. Values are calculated 
normative wt.% of the minerals quartz, albite, orthoclase and 
anorthite. The plots are in full size on the right, whereas on the 
left the area of the silicic rocks has been enlarged to show details. 
a Qz, Ab and Or. b An, Ab and Qz. The Krafla rhyolites form 
cotectic trends on the quartz-feldspar plane. The two separate 
trends depicted in b are not separable in a. The rhyolites are not 
saturated with-K-feldspar 

in general about 10 times lower than the concentrations 
in a representat ive basalt (Table 1). 

Measured partit ion coefficients for silicic systems 
vary by an order  of magnitude due to variations in melt 
structure (Arth 1976; Mahood and Hildreth 1983; Nash 
and Crecraft  1985). Relative to one another,  however, 
the parti t ion coefficients for different trace elements 
display a consistent pat tern dominated by crystal-chem- 
ical controls (Michael 1988; Sisson 1991). It is therefore  
appropriate to compare  the pat tern produced in the 
rhyolites with the general partitioning patterns of mi- 
nerals present  in the Krafla system. 

The depletion of Sr and the distinct negative Eu 
anomaly in the rhyolites are a strong indication of ptag- 

ioctase control. The  overall pattern of the REEs  (light 
R E E  enrichment and flat, slightly concave pattern for 
the middle to heavy REEs)  indicates that clinopyrox- 
ene was an important  phase in the petrogenesis of these 
rocks. This is supported by the depletions of Cr, Ni, Co 
and Sc. Other  phases do not seem to have affected the 
trace element  pat tern of the rhyolites significantly. Par- 
tition coefficients for the high field strength elements 
(HFSEs) (e.g. REEs,  Y, Zr, Nb and Hf) in or thopyrox- 
ene and olivine are smaller than for clinopyroxene and 
the overall patterns are similar. Their  influence is 
therefore  difficult to discern. The depletion of V indi- 
cates magnetite control. Zircon fractionates strongly 
between the middle and heavy REEs,  the partit ion 
coefficient for  Lu being almost two orders of magni- 
tude greater than for Sm (Mahood and  Hildreth 1983). 
The concentrations of Zr  and Hf  are relatively high in 
the rhyolites and the Sm/Lu ratios are similar in the 
rhyolites and the tholeiite basalt. Zircon has thus evi- 
dently not had much influence on the trace element 
pattern of the Krafla rhyolites. The REEs  and Y parti- 
tion strongly into apatite, whereas Zr  is incompatible 
(Pearce and Norry 1979). As the enrichment of Zr  in 
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the rhyolites is similar to that for the REEs, it does not 
seem likely that apatite played a significant part in their 
genesis, even though P205 contents are lower in the 
rhyolites than in the basalts. The apparent P205 ano- 
maly will be addressed in the discussion. 

Least-squares modeling of fractional crystallization 
(method of Wright and Doherty 1970), based on repre- 
sentative mineral compositions of plagioclase, augite, 
olivine, orthopyroxene, magnetite, ilmenite and apatite, 
indicated that about 80% crystallization from a basaltic 
parent (MgO = 6 wt.%) could produce a magma similar 
to the Krafla rhyolites (Nicholson et al. 1991). Excess 
enrichment of the elements K, Rb, Th and U (indicat- 
ing 90% crystallization) were explained by assimilation 
of a hydrothermally altered wallrock contaminant (Ni- 
cholson et al. 1991). 

The isotope ratios of Sr (0.70317-0.70326) and Nd 
(0.51295-0.51311) do not vary with composition in vol- 
canic rocks from Krafla (Nicholson et al. 1991; Sigmars- 
son et al. 1991; Hemond et al. 1993). In contrast, 6180 
values are significantly lower in the silicic rocks (1.0- 
2.4) than in the basaltic rocks (3.0-4.5), and the same 
holds for (23~ activity ratios (0.955-1.003 and 
1.048-1.145) in post-glacial samples (Nicholson et al. 

1991). The low 6180 values indicate a hydrothermal 
component in the rhyolites, whereas the Th isotope ac- 
tivity ratios indicate a component of relatively old 
crust, at least 50-140 ka (Nicholson et al. 1991; Sigmars- 
son et al. 1991). 

Discussion 

The Krafla rhyolites are chemically very similar to ex- 
perimentally produced melts of tholeiitic basalts, and 
O-isotopes indicate a hydrothermal component. There- 
fore, the following model is proposed and tested to ex- 
plain the generation of the rhyolites of the Krafla cen- 
tral volcano. The rhyolites were produced by near-soli- 
dus, rather than near-liquidus fractionation (i.e. by re- 
moving a small amount of interstitial melt from a rigid 
crystalline framework, rather than by removal of crys- 
tals from an essentially liquid magma). They are silicic 
minimum melts of hydrothermally altered, mainly bas- 
altic crust, equilibrated at PH2o < 1 kb, temperatures of 
850-950 ~ C and oxygen fugacities on or below the FMQ 
oxygen buffer. They are primarily generated on the pe- 
ripheries of an active basaltic magma chamber or intru- 
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Fig. 7 TiO2 versus Zr in silicic rocks from the Krafla area. Con- 
centrations calculated as 100% volatile-free. Each silicic unit has 
its own distinct signature, indicating separate, slightly different 
sources. The concentration of TiO2 (and/or Zr) in the silicic end- 
member of the mixed Kr6k6nuv6tn lavas is much higher than in 
the other silicic rocks 

sive domain, where sufficient volumes of crust are sub- 
jected to temperatures favorable for rhyolite genesis 
(850-950 ~ C). The silicic melts are extracted crystal-free 
from their source in response to crustal deformation. 
Alternative models include fractional crystallization 
coupled with crustal assimilation (Nicholson et al. 
1991). The present data will now be discussed in rela- 
tion to these models. 

The low 6~80 values measured in the Krafla rhyol- 
ites indicate a component of hydrothermally altered 
crust. Therefore, the effect of hydrothermal alteration 
on the bulk chemistry of basaltic rocks must be evalu- 
ated. The circulating hydrothermal fluid at Krafla is of 
meteoric origin. It is dilute and the composition of al- 
teration minerals reflects the parental composition 
(Sveinbjtirnsd6ttir 1992). The absence of hydroxychlo- 
ride and other soluble complexing ions common to sea- 
water indicates a lesser tendency for mobilization of 
metal ions. In the ReydarfjOrdur drill core, eastern Ice- 

land, redistribution of Na20 and K20 as a result of al- 
teration is evident (Flower et al. 1982). Nevertheless, 
the bulk chemistry of the rocks is still basaltic. The 
trace elements Rb, Ba, Sr and the transition metals, are 
possibly mobile during alteration, whereas the HFSEs 
(REEs, Y, Zr, Nb, Hf and Th) are considered to be sta- 
ble (e.g. Wood et al. 1976; Gibson et al. 1982). Hydro- 
thermally altered basaltic rocks found in Krafla drill- 
holes have 6~80 values as low as - 1 0  (Hattori and 
Muehlenbachs 1982). The values found in the rhyolites 
are much higher (1-2.4). Therefore, if the rhyolites ori- 
ginated by partial melting, the protolith has not been 
severely altered. Experiments have shown that the ef- 
fect of slight changes in bulk composition on the com- 
position of a small volume partial melt is minor com- 
pared with the effect of PH2o (Helz 1976). 

The paucity of intermediate rocks representing true 
liquids, and the fact that the rhyolites plot as a cluster 
rather than defining a chemical trend, cast some doubt 
on the use of fractional crystallization models for ex- 
plaining the Krafla data. Furthermore, although it is 
possible to model the evolution of the Krafla rocks with 
a least-squares fitting method (Nicholson et al. 1991), 
some of the basic assumptions are questionable. An 
icelandite sample used in the calculations (KK35) 
comes from the Heidarspordur rift segment to the 
south of Krafla, and is not directly related to the Krafla 
central volcano. A sample of evolved basalt used in the 
calculation (KK08) comes from a composite welded 
tuff, and does not represent a true liquid composition. 
To produce the icelandite from the evolved basalt, 30% 
fractional crystallization is required of a phase assem- 
blage containing 30% magnetite (Nicholson et al. 
1991), which seems rather improbable. 

Melting experiments (e.g. Spulber and Rutherford 
1983; Thy et al. 1990) have shown that equilibrium 
melting or equilibrium crystallization of a tholeiitic bas- 
alt at PH2o<I  kb, temperatures of approximately 
900 ~ C and oxygen fugacities on or below the FMQ oxy- 
gen buffer, can yield a silicic melt similar in composi- 
tion to the Krafla rhyolites. This melt coexists with 
plagioclase and high Ca pyroxene, together with small 
amounts of low Ca pyroxene or olivine, and Fe-Ti ox- 
ides (Spulber and Rutherford 1983). The REE patterns 
of the Krafla rhyolites (Fig. 8) are consistent with such 
a scenario. Pyroxene thermometry indicates equili- 
brium temperatures of approximately 900~ again 
broadly consistent with the results of the melting ex- 
periments. The Krafla rhyolites contain more TiO2 and 
less P205 than the experimental melt (Table 1). The 
Krafla rhyolites crystallized fayalite and magnetite, but 
no ilmenite, and are therefore assumed to have had 
oxygen fugacities close to the FMQ buffer. The experi- 
ments were conducted at lower oxygen fugacities 
(GCH buffer) and had ilmenite as a residual phase 
(Spulber and Rutherford 1983), thus depleting the 
coexisting melt in TiO2.  The experimental melt con- 
tains 0.3 wt.% P205, three times as much as the Krafla 
rhyolites and much more than can be dissolved in the 
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Table 3 Trace element concentrations in samples from the Krafla central volcano 

Basaltic rocks Rhyolites 

1 4 7 8 9 12 13 14 17 

Dacite 

21 

EF 

Rb 1 .78  5.47 65.2 55.1 65.9 74.6 
Sr 105 137 112 96.1 88.7 92.2 
Ba 20.1 69.8 495 411 501 512 
Th 0.17 0.69 6.35 5.94 7.33 7.77 
U 0.06 0.24 1.92 1.75 2.11 2.19 
Y 16.1 32.5 82.1 77.3 95.1 101 
Zr 32.7 95.9 524 387 497 449 
Nb 2.38 8.26 55.1 37.3 47.3 46.8 
HI 1.01 2.73 13.9 11.3 14.4 13.5 

La 2.29 8.22 48.27 41.69 52.15 52.47 
Ce 6.033 20.14 107.9 91.85 111.6 114.7 
Pr 0.877 2.76 13.13 10.94 13.95 13.87 
Nd 4.545 13.24 56.65 45.92 57.98 57.49 
Sm 1.54 3.92 13.17 11.27 13.78 14.03 
Eu 0.65 1.36 2.84 2.32 2.53 2.58 
Gd 1.866 4.45 12.72 11.06 13.09 12.79 
Tb 0.373 0.79 2.17 2.02 2.39 2.55 
Dy 2.60 5.51 14.12 13.26 14.85 15.05 
Ho 0.63 1.23 3.13 3.00 3.64 3.77 
Er 1.579 3.37 8.34 7.90 9.07 9.83 
Tm 0.242 0.51 1.30 1.27 1.54 1.61 
Yb 1.626 3.30 8.39 8.02 9.91 10.35 
Lu 0.231 0.45 1.17 1.09 1.62 1.61 

70.2 66.3 47.5 70.7 11.6 
88.4 97.4 133 89.6 0.7 

480 524 379 483 6.8 
7.16 7.36 5.18 7.12 9.7 
2.09 2.21 1.59 2.16 8.3 

98.1 98.2 75.4 71.5 2.8 
512 475 510 421 5.0 

47.4 52.4 40.7 33.4 5.7 
14.0 13.3 12.7 11.2 4.9 

50.83 56.69 43.30 41.88 6.0 
111.1 124.7 91.74 92.17 5.3 

13.48 15.21 10.72 11.15 4.7 
58.12 63.42 43.84 48.38 4.1 
13.97 14.56 9.95 11.63 3.3 
2.50 2.71 2.02 2.89 1.8 

13.00 13.37 9.89 11.37 2.8 
2.48 2.52 1.84 2.01 2.9 

15.19 15.04 11.70 12.46 2.6 
3.67 3.58 2.70 2.97 2.7 
9.32 9.06 6.91 7.37 2.6 
1.54 1.47 1.13 1.21 2.8 

10.01 9.47 7.74 8.21 2.8 
1.55 1.54 1.24 1.27 3.1 

The samples were analysed at the centre de Recherches Pdtrogra- 
phiques et Gdochimiques, France, by J. Govindaraju, using induc- 
tively coupled plasma mass spectrometry. The concentrations are 
in ppm. Sample numbers are the same as in Table 1. The enrich- 
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Fig. 8 Rare earth element patterns of rocks from the Krafla cen- 
tral volcano. They are normalized to the composition of an oli- 
vine tholeiite from Krafla (1 in Table 1). The chondrite-normal- 
ized pattern of this sample is flat with values of about eight times 
chondrite values. It was selected as a representative composition 
for primitive mantle-derived magmas in the area. The overall pat- 
tern of the rhyolites indicates that Ca-rich pyroxene was a con- 
trolling phase in their genesis, whereas the distinct Eu anomaly 
indicates plagioclase control. The patterns of the rhyolites from 
the second phase are virtually identical to each other. Slight var- 
iations are seen between the other rhyolites. The numbers in the 
legend refer to sample numbers in Table 1 

ment factor (EF) is the average concentration in the rhyolites div- 
ided by the concentration in a representative tholeiite basalt from 
Krafla (sample 4) 

Caldera A 

\ Hydrothermal ~ \ 
\ ~ i r c u l a t i o n  / 3 5 0 ~  \ \ / 
" - ~ , \  J , * - ~  J 

~ 3  km 

�9 t magma 
900~ ~!i ~ . . , 

--7 km 

OI- tho le i i te  

Fig. 9 Schematic representation of the thermal environment of 
the active magma chamber or intrusive domain at a period of 
rhyolite genesis. Stars indicate the crustal domains where genera- 
tion of rhyolitic magma is feasible. The thermal gradient away 
from the magma chamber is much steeper upwards than to the 
sides, due to the cooling effect of the hydrothermal system. The 
rhyolitic melts are generated in the temperature interval 850- 
950 ~ C. At  lower temperatures there is hydrothermal alteration; at 
higher temperatures the rocks lose their brittleness and bulk as- 
similation of crust into basaltic magma can occur. The tempera- 
ture interval favorable for rhyolite genesis is much wider to the 
sides of the magma chamber than above it, resulting in the forma- 
tion of a 'halo' of rhyolites around the volcano 
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melt according to apatite solubility studies (Harrison 
and Watson 1984). This probably results from the short 
time-scale of the experiments and the slow diffusivity of 
P2Os. 

The trace element pattern of the Krafla rhyolites, 
compared with a representative tholeiite basalt, indi- 
cates that clinopyroxene and plagioclase were the main 
controlling phases in the formation of the rhyolites. 
This is consistent with the above model, though not 
conclusive. A similar pattern could possibly be pro- 
duced by near-liquidus fractionation from basaltic mag- 
ma. The main difference between the two models is 
that during near-solidus fractionation, the minerals 
only equilibrate with a silicic liquid, whereas during 
near-liquidus fractionation, a large part of the minerals 
removed equilibrate with basaltic to intermediate li- 
quids. Partition coefficients for HFSEs are generally 
much higher in silicic liquids than in basaltic liquids. 
Near-liquidus fractionation would therefore produce a 
greater enrichment in these elements, and less fraction- 
ation between different elements, compared with near- 
solidus fractionation. Owing to the large variation in re- 
ported partition coefficients for silicic systems, this will 
not be modeled quantitatively. 

Experimentally determined solubilities of zircon 
(Watson and Harrison 1983) and apatite (Harrison and 
Watson 1984) indicate that the Krafla rhyolites are very 
close to saturation in both phases (at about 500 ppm Zr 
and 0.1 wt.% P205, respectively). It is therefore not sur- 
prising to find them as small inclusions in phenocrysts 
in the rhyolites. When the Zr and P205 contents of the 
rhyolites are compared with the concentrations in a 
likely source (No. 4 in Tables 1 and 3) it can be seen 
that although Zr is enriched in the rhyolites by an 
amount comparable with that for Nb and Ce, P2Os is 
depleted. It is unlikely that apatite could have been 
present in a basaltic source. The most likely reason for 
the depletion in P2Os is that as the partial melt was sa- 
turated with P205, most of the P205 was left where it 
was originally. Owing to the lack of data on the parti- 
tioning of P into minerals other than apatite, this re- 
mains a problem. 

Quartz phenocrysts have not been observed in the 
rhyolites, although projections in the granite system in- 
dicate that the rhyolites were in equilibrium with plag- 
ioclase and quartz (Fig. 5). If the rhyolites originated by 
a small degree of partial melting, they would be ex- 
pected to lie on, or close to, the plagioclase-quartz co- 
tectic plane even though there was no quartz in the re- 
sidue. If the rhyolites were extracted crystal-free from 
their source and then migrated upwards, the decreasing 
pressure would have shifted the plagioclase-quartz co- 
tectic plane towards the Qz corner. Thus only plagio- 
clase would crystallize during ascent in addition to fer- 
romagnesian phases. The amount of plagioclase pheno- 
crysts in the rhyolites varies from trace amounts to 
about 7 vol.% , without affecting their whole rock com- 
position. Some of them, mainly the rhyolites of the sec- 
ond phase, might thus have been stored in a reservoir 

somewhere between the source and the surface, where 
in situ plagioclase crystallization (i.e. crystallization 
without fractionation) would occur, before being 
erupted. If the rhyolites originated by near-liquidus 
fractionation in a deeper magma chamber, they would 
be expected to contain quartz phenocrysts. They could 
be resorbed during ascent, but traces should still be 
found in the rhyolites. Furthermore, near-liquidus frac- 
tionation would be expected to produce a significant 
degree of normal zoning in the plagioclase phenocrysts. 
The slight reverse zoning observed speaks strongly 
against equilibration at slightly cooling conditions, but 
rather indicates a prograde process. 

Silicic liquids have very high viscosities (Shaw 1972), 
unless they are very rich in volatiles. There is no indica- 
tion of a very high volatile content in the Krafla rhyol- 
ites. This imposes great difficulties in using most differ- 
entiation models to explain the generation of the rhyol- 
ites (e.g. McKenzie 1985), especially models of near- 
liquidus fractionation (fractionation of crystals from a 
magma close to its liquidus temperature). It is possible, 
however, to use models of near-solidus fractionation 
(segregation of a silicic minimum melt from a near-soli- 
dus crystal mush). 

When the melt fraction of a rock is below a critical 
melt fraction of approximately 0.25, the rock as a whole 
behaves as brittle material (Arzi 1978; van der Molen 
and Paterson 1979). This allows the relative movement 
of small fractions of silicic melt in response to deforma- 
tion. Cracks can form or reopen in the presence of the 
high fluid pressure of the melt, and propagate as melt- 
filled 'hydrofractures' (Paquet and Francois 1980), thus 
producing silicic veins and segregations. It is interesting 
to note that this process requires the melt fraction to be 
below 0.25. When the melt fraction becomes higher the 
protolith disintegrates and becomes a magma. Al- 
though 0-25% melting of a basaltic rock produces 
rhyolitic and dacitic liquids, a higher degree of melting 
inhibits the separation of intermediate melt and matrix. 
Basaltic magma (mush) is formed instead, which could 
be assimilated by mantle-derived magmas to produce 
crustally contaminated tholeiites (e.g. Oskarsson et al. 
1982). 

The hydrothermal signature (low 6180) found in the 
rhyolites favors partial melting of hydrothermally al- 
tered crust, though remelting of hydrothermally altered 
silicic veins (e.g. Marsh et al. 1991) cannot be excluded. 
The low Th isotope activity ratios (in post-glacial rhyol- 
ites), however, suggest that at least 50000 to 140000 
years old crust (Sigmarsson et al. 1991) was involved, 
and therefore support an origin of the rhyolites by par- 
tial melting of older crust. The trace and minor element 
signatures of the rhyolites indicate that they were 
formed from separate, slightly different sources, though 
the genetic process may have been the same. Granite 
phase relations indicate that the earliest rhyolites (from 
the first phase) equilibrated either at greater depths 
than the later rhyolites or at lower partial pressures of 
water. 
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The  distribution of rhyolitic volcanic rocks at Krafla 
(at or around the caldera rim, away f rom the fissure 
swarm; Fig. 1) can be explained by the long-standing 
thermal  environment  of the active basaltic magma  
chamber  or intrusive domain at the t ime of format ion 
(Fig. 9). The  thermal  gradient away f rom the magma  
chamber  is much s teeper  upwards than to the sides, due 
to the cooling effect of the hydrothermal  system. The 
rhyolitic melts are genera ted in the t empera ture  inter- 
val 850-950 ~ C. A t  lower t empera tu re  there is hydro- 
thermal  alteration; at higher tempera tures  the rocks 
lose their brittleness and bulk assimilation of crust into 
basaltic magma  can occur. The  t empera tu re  interval fa- 
voring rhyolite format ion is much wider to the sides of 
the magma  chamber  than above it, resulting in the for- 
mat ion of a 'halo '  of rhyolites around the volcano. Al- 
ternatively this distribution could be  the result of ring 
dike or cone sheet formation,  providing pathways to 
the surface for the rhyolite magmas,  al though this fails 
to explain why rhyolites have not been  erupted in sig- 
nificant amounts  in the fissure swarm that  cuts through 
the volcano. 

Conclusions 

The rhyolitic rocks of Krafla are generated by near-sol- 
idus fractionation. The  source is most  likely hydrother-  
mally altered crust, mainly of basaltic composition, but 
remelting of hydrothermal ly  altered granophyric  segre- 
gations cannot  be  excluded. The generat ion of rhyolitic 
melts occurs primarily to the sides of the magma  cham- 
ber,  where  large volumes of the crust are subjected to 
the thermal  conditions suitable for rhyolite generation 
(850-950 ~ C). A b o v e  the magma  chamber  the tempera-  
ture decreases sharply because of the cooling effect of 
the hydrothermal  system. At  the wall and roof  of the 
magma  chamber  wholesale melting and assimilation of 
hydrothermal ly  altered crust can occur, resulting in the 
format ion  of crustally contaminated tholeiites and bas- 
altic andesites. The  rhyolitic melts are extracted crystal- 
free f rom their source in response to deformation.  They 
migrate upwards,  crystallizing mainly plagioclase in re- 
sponse to decreasing pressure.  They may  collect in res- 
ervoirs, erupting when encountered by ascending basal- 
tic magma,  or erupt  directly, during the deformat ion 
episode that  extracted them. 
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