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Abstract — Tio important large-scale geochemical trends are observed in Iceland and the adjoining spread-
ing ridges, one along the ridges and active rift zones, and the other between the rift zones and off-rift areas
of recent volcanism. Along the ridges, basalt compositions are increasingly enriched in incompatible elements
(i.e. elements which preferentially partition into melts) towards Iceland, reflecting enhanced melting of fusible,
fertile components of a heterogeneous mantle. These heterogeneities may be garnet pyroxenites that are de-
rived from recycled oceanic lithosphere. Recent basalts erupted outside the rift zones are more enriched in
incompatible elements than those of the rift zones. These two trends reflect variations in mantle temperature,
compositional structure and flow field as well as the role of tectonics. Mantle melts move rapidly from their
deep source regions towards the surface in porous channels or dykes. These melts mix and cool in lower-crustal
magma chambers before eruptions. The limited basalt production rate away from the rift zones results in a rel-
atively low crustal thermal gradient, facilitating the production of silicic magmas by fractional crystallization
of incoming basalts. However in the hot rift zones, where hydrothermal activity is plentiful, crustal anatexis
may result to produce silicic melts. Thorough mixing of crustal melts and solid crustal material with basalts
may account for the compositional features of large fissure eruptions such as Laki.

INTRODUCTION to other oceanic islands is often linked to anatexis of
these metabasalts. Finally, the presence of glaciers re-
sults in abundant formation of hyaloclastite that upon
subsidence may affect the mechanical strength of the
crust and locations of magma chambers beneath the
currently active volcanoes. The wide range of result-
ing magmatic processes can be studied in great detail
due to excellent exposures. Iceland has therefore be-
come a focus not only for an international community
of mid-ocean ridge specialists but also for those inves-
tigating magmatic processes that may operate in any
global tectonic setting.

Icelandic magmatism is unique for several reasons.
The presence of an island with a substantial shelf that
straddles a spreading ridge is indicative of unusually
high mantle melt production rates: typical ridges are
submerged in kilometres of ocean. Faults and fis-
sures, caused by rifting, open access for rainwater
into the crust’s interior. Interaction of these waters
with hot crustal rocks leads not only to conspicuous
geothermal activity at the surface but also to metamor-
phism of basalt and gabbro at depth. The large pro-
portion of silicic magmas produced in Iceland relative
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Reviews of the origin of Icelandic basalts and sili-
cic formations have been published recently (Jonas-
son, 2007; Sigmarsson and Steinthorsson, 2007) and
will not be repeated here. However, the aim of this
paper is to briefly summarize current understanding
of magma formation and its sources as inferred from
the compositional variability of post-glacial lavas and
tephra. It will start with large-scale variations and ar-
guments pertinent to the existence of a mantle plume
beneath Iceland. After that, second order variations
revealing the probable role of recycled oceanic litho-
sphere in the form of pyroxenites will be discussed
with relevant implications for the scale of mantle het-
erogeneity and melt-homogenisation processes. The
role of deglaciation on mantle melting is given a par-
ticular emphasis. Then, the increasing application of
geochemistry to better understanding of volcano be-
haviour will be addressed. This enterprise concerns
both the fingerprinting of magma migration between
volcanoes and evaluation of timescales of magma pro-
cesses, in addition to the contribution of magma-
derived volatiles to the atmosphere.

THE ICELAND GEOCHEMICAL
ANOMALY

Mid-ocean ridge basalts (MORBSs), including those
from the Reykjanes Ridge (Figure 1) are olivine
tholeiitic basalts. However, along the Reykjanes
Ridge their incompatible element concentration in-
creases systematically toward Iceland reaching a
maximum in the subaerially-erupted basalts (e.g.
Schilling, 1973). Subsequent measurements of iso-
tope ratios in the same samples revealed more radio-
genic Sr and Pb isotope compositions in Icelandic
basalts compared to MORB (Figure 2). These re-
sults were interpreted in terms of mixing between en-
riched basalts derived from a hot mantle plume un-
der Iceland and MORB generated from depleted up-
per mantle. The influence of the Iceland mantle plume
on the basaltic composition reaches at least 60°N.
Prominent V-shaped ridges preserved in the oceanic
crust south of Iceland also record the influence of
the plume on melt generation as far as 58°N. These
ridges reflect periodic southwards propagation of a
melting anomaly beneath the Reykjanes Ridge, most
likely related to pulsed variations in mantle tempera-
ture. (Vogt, 1971; Ito, 2001; White and Lovell, 1997;
Jones et al., 2002).

Figure 1. Map of Iceland showing the
neovolcanic zones and volcanic sys-
tems. The three different rift zones are
RRZ, NRZ and MID respectively, for
the Reykjanes Rift Zone, the Northern
Rift Zone and the Mid-Iceland belt. The
SNVZ and SIVZ stand respectively for
the Snafellsnes Volcanic Zone and the
South-Iceland Volcanic Zone. The ab-
breviations Th, H, K and Gr denote,
respectively, Peistareykir, Hekla, Katla
and Grimsvotn volcanic systems. The
presumed centre of the Iceland plume
is close to the Bdrdarbunga central vol-

*Vestmannaeyjar

cano (Ba). Gj denotes the 1996 erup-
tion site of Gjdlp, and O the Oraefajok-
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ull volcano. —Einfaldad kort af Islandi sem synir iitlinur gosbeltanna og skammstafanir peirra eldstéova og

eldstoovakerfa sem pessi grein fjallar um.
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Hilton et al., 2000; Dixon, 2003; Macpherson et al., 2005a,b. — Landfredilegar breytingar d samsetningu
basalts eftir iithafshryggjunum og rekbeltum Islands. Islenskt berg hefur hlutfallslega hdtt 87 Sr/*0Sr sem lcekk-
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He-samseeta nema hvad ldg hlutfoll pessarra efna meelast einnig { islensku bergi. Pennan breytileika md skyra
me0 blondun mottulbrdoa vr fyrrverandi iithafsskorpu, sem sokkio hefur ofan { mottulinn og komio aftur upp
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More recent studies on Nd, He, Os and Hf iso-
tope compositions, in addition to those of Sr and
Pb, from the Reykjanes Ridge corroborate the ear-
lier results and further confirm the existence of an
enriched mantle source beneath Iceland (e.g. Hilton
et al., 2000). The peak in He-isotope ratio (R/R,
(= [*He/*Helsamples/[*He/*Hel,i;)) in Central Iceland
(Figure 2) indicates that the mantle source of the mag-
mas is closer to primordial noble-gas composition un-
der Iceland than under the adjoining submerged ridges
(Breddam et al., 2000; Graham, 2002; Moreira et al.,
2001). The association of high->He/*He basalts from
oceanic islands with large igneous provinces, hot spot
tracks, slow shear-velocity anomalies and significant
buoyancy flux has been taken as a proof for the exis-
tence of a deep-seated mantle reservoir that is only
sampled by the strongest mantle plumes (Courtillot
et al., 2003). Much effort has been spent on identi-
fying different mantle reservoirs through the isotope
composition of the Icelandic basalts, but without a
general consensus yet. The plots of 2°"Pb/2%4Pb and
208pp/204Ph against 2°Pb/2°4Pb in Figure 3 never-
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theless demonstrate that at least three different mantle
components are needed to explain the isotope compo-
sition of the basalts. Moreover, the mantle-plume hy-
pothesis has been challenged and the anomalous melt
production beneath Iceland attributed to the presence
of fertile recycled crust in the magma source (Foul-
ger et al., 2005). Systematic and fine-scale studies are
required in order to disentangle the effects of mantle
temperature and source fertility in the production of
the Icelandic melting anomaly.

Neither variations in mantle-plume temperature
nor lithospheric thickness alone are able to reproduce
the geochemical trends observed on N-S transects of
the active rift zones (Figure 2). While the E-W trend
of Figure 4 shows enriched compositions in regions of
low melt production, that of Figure 2 demonstrates the
association of enriched compositions with locations
of high melt production along the rift zones and sur-
rounding mid-ocean ridges. For instance, large vol-
ume basaltic eruptions from central Iceland, where
crustal thickness may be >40 km, tend to be more en-
riched than those from locations where the rift zones
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Figure 3. Lead-isotope systematics in post-glacial lavas show that although binary mixing of un-radiogenic and
radiogenic mantle components (or melts therefrom) does account for most of the variation, a third component
is needed to fully explain the isotope ratios observed. Data compiled from Stecher et al., 1999; Chauvel and
Hémond, 2000; Prestvik et al., 2001; Stracke et al., 2003; Thirlwall et al., 2004, and Kokfelt et al., 2006.
Laki-G stands for Laki-Grimsvotn volcanic system. Published error bars are smaller than the symbols. — Fylgni
samscetuhlutfalls blys { bergi frd Nutima synir ad pott skyra megi flest hlutfollin med tveggja pdtta blondun
geislavirks og litt geislavirks mottuls, eda mottulbrddoa, parf pridja pdttinn (meginlandsskorpu?) til ad skyra

allar meeliniourstoournar.
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approach the coast. The sense of these correlations
can be accounted for by the models shown in Fig-
ure 5c,d. If the proportion of the upwelling man-
tle composed of enriched and fusible material such
as garnet pyroxenites increases towards central Ice-
land, it follows that greater volumes of enriched melts
will be generated in this region (Figure 5c, Foulger
et al., 2005). Alternatively, increased plume flow
through the deep part of the melting region under cen-
tral Iceland may both raise melt production rates and
weight the average basalt composition towards that
of enriched melts generated deep in the melting re-
gion (Figure 5d, Maclennan et al., 2001). The 5-10
fold increase in mantle upwelling rates in the deep
parts of the melting region compared to the shallow
region is consistent both with the results of numerical
convection models of plume flow under Iceland (Ito,
2001) and with interpretation of U-series disequilib-
rium data from Iceland (Kokfelt et al., 2003). How-
ever, the relative importance of upwelling rates and
variable presence of garnet pyroxenite in production
of the U-series disequilibrium signature is not yet un-
derstood (Sigmarsson ef al., 1998).

PLUME STRUCTURE, TECTONICS,
AND MANTLE-MELT GENERATION

A regional geochemical study of Recent basalts from
the off-rift zones of Snefellsnes and South Ice-
land shows significant variability in major, trace
and isotope composition that correlates with the dis-
tance along strike of the volcanic zones (Figure 4).
The basalts are more enriched (e.g. higher La/Yb,
87Sr/%6Sr) with increasing distance from the centre
of the Iceland hot-spot beneath NW Vatnajokull (e.g.
Meyer et al., 1986; Sigmarsson et al., 1992a; Furman
et al. 1995; Carpentier and Sigmarsson, 2005; Kokfelt
et al., 2006). Along the Snazfellsnes Volcanic Zone,
the *He/*He increases eastwards from 7R, to 12R,
reaching 18R, in basalts at the junction of Snafells-
nes and the rift-zone crossing Iceland. These correla-
tions are currently taken to reflect larger proportions
of melts from garnet pyroxenite at the periphery of
Iceland (Figure 6). The garnet pyroxenite is thought
to be derived from recycled oceanic lithosphere which
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has been entrained in the convecting lherzolite upper
mantle. Such pyroxenite heterogeneities are expected
to be geochemically enriched and fusible in compari-
son to the depleted and refractory upper mantle lher-
zolites.

Two important trends in basalt composition are
observed with distance from the putative hot-spot cen-
tre. With increasing N-S distance along the active
rift zones from central Iceland the basalts become in-
creasingly depleted e.g. with lower La/Sm (Figure 2).
However, along the E-W axis from the hot-spot cen-
tre to the tip of the Snefellsnes peninsula, or to the
Vestmannaeyjar, the basalts are increasingly enriched
with distance from central Iceland (Figure 4). These
geochemical trends reflect variation in mantle proper-
ties and tectonic style, particularly the transition from
the rift zones, where much of the plate spreading takes
place, to the flank zones, where little extension occurs.

Before the geochemical observations can be inter-
preted in terms of large-scale processes, it is neces-
sary to highlight the importance of small-scale com-
positional heterogeneity in the Icelandic mantle. The
presence of isotopic variation within individual vol-
canic systems, lava flows and melt inclusions from
single specimens indicates that the Icelandic mantle
is compositionally heterogeneous on a length scale of
50 km or less (Hémond et al., 1993; Stracke et al.,
2003; Maclennan, 2008). The amplitude of this com-
positional heterogeneity is important, with >50% of
the range of Pb-isotopic composition of all Atlantic
MORB samples present in melt inclusions from a sin-
gle lava flow (Maclennan, 2008). If the enriched ma-
terial within the mantle is also readily fusible it fol-
lows that the isotopic composition of basalt does not
reflect the average composition of upwelling mantle
in a straightforward way because small degrees of
melting will preferentially sample the enriched het-
erogeneities (Ito and Mahoney, 2005).

Important constraints on mantle melting come
from geophysical and geological estimates of the rates
of mantle-melt production. Along the rift zones, a
number of seismological studies suggest an increase
in crustal thickness from ~20 km near the coast to
>40 km in central Iceland, implying a doubling of the
melt production rates near the focus of the hot-spot
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(e.g. Darbyshire et al., 2000). The lack of significant
crustal thickening associated with the off-rift volcan-
ism of the Snefellsnes Peninsula would then indicate
that mantle melt production rates are lower in such
settings than within the rift zones.

Four mechanisms for generating the observed re-
lationships between basalt composition and melt pro-
duction rates along the transects of Figures 2 and 4
are displayed on Figure 5. The trends displayed in
the profiles from Snafellsnes, through central Iceland,
to the Vestmannaeyjar (Figure 4) may be accounted
for either by changes in mantle potential tempera-
ture (Figure 5a) or lithospheric thickness (Figure 5b).
Variation in mantle potential temperature with dis-
tance from the plume centre leads to variation in the
extent of melting. Small degrees of mantle melting,
such as those expected under Snafellsnes, encourage
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sampling of fusible, enriched mantle heterogeneities
and the eruption of enriched alkali basalts (e.g. Fit-
ton et al., 2003). Conversely, basalts from Central
Iceland have relatively depleted compositions, in ac-
cordance with the notion that higher potential tem-
peratures in the mantle cause higher degree of melt-
ing and increased relative contribution from lherzolite
melting (Figure 5; Carpentier and Sigmarsson, 2005;
Kokfelt et al, 2006; Sigmarsson and Steinthorsson,
2007). The differing tectonic settings encountered on
the profile of Figure 4 may also control the extent of
melting. The centre of profile (MID) crosses the rift-
zones in central Iceland. However, the ends of this
profile, near the coast, sample regions with limited
lithospheric extension, either in the Snafellsnes flank
zone or in the tip of the propagating SIVZ at the Vest-
mannaeyjar. When extension rates are low, the litho-

Figure 4. Geochemical parameters vs. distance from the assumed plume centre (close to Bardarbunga central
volcano). (a) K2O and TiOy wt%, (b) selected trace-element ratios, (c) Sr and Nd isotope ratios. Higher
potassium and titanium concentrations in basalts farthest away from the plume centre reflect the more alkaline
character of these basalts. Residual garnet appears to control the trace-element pattern in (b) especially be-
neath the periphery of Iceland. This garnet signature could either result from deeper melting and/or indicate a
garnet-rich mantle mineralogy. The more radiogenic Sr-isotope (Pb and He also; see text) composition in the
alkali-rich basalts suggests that they result from the melting of garnet pyroxenite (possibly a recycled crust).
The diluted incompatible-element concentrations (e.g. K and Ti), declining garnet signature and less radiogenic
87Sr/36Sr towards the plume centre are best explained by increasing mantle melting in which lherzolite-derived
melts dominate those from pyroxenites. The elevated melt production beneath Iceland is therefore only in part
attributable to fertile and recycled oceanic crust in the magma source but rather to high potential temperatures
in the mantle plume. Results from MacDonald et al., 1990; Sigmarsson et al., 1992a,b, 2000; Hémond et al.,
1993; Stecher et al., 1999; Chauvel and Hémond, 2000; Prestvik et al., 2001; Thirlwall et al., 2004; Kokfelt
et al., 2006; and Carpentier and Sigmarsson, 2008. — Jardefnafrceedilegir peettir sem fall af fjarlego frd cetladri
midju heita reitsisns (Bdroarbunga). (a) styrkur K2O og TiOs { pyngdarprdsentum, (b) valin snefilefnahlutfoll,
(c) samscetuhlutfoll Sr og Nd. Hcerri kali og titan styrkur ( basalti fjeerst mioju heita reitsins endurspeglar al-
kalisk einkenni pess. Snefilefnahlutfollin eru best skyrd meo tilvist granats i afgangsmottulbergi eftir brdonun
og basaltmyndun. Pdttur granatsins er talinn mestur vestast d Sneefellsnesinu og sydst i Sudurlandsgosbeltinu
sem afleiding dypri mottulbrdonunar ogleda tilvistar ovenju granatriks mottulbergs. Heerri Sr (sem og Pb og
leegri He) samseetuhlutfoll ¢ alkali-rikara basaltinu bendir til ad pau myndist vio uppbredslu granatpyroxenits
sem hugsanlega er gomul lithafsskorpa sem sokkid hefur niour i mottulinn og komio aftur upp med mottul-
stroknum undir Islandi. Uthynntur styrkur utangardsefna (s.s. K og Ti), leegri snefilefnahlutfoll (minna granat ¢
moourberginu) og leegri 87 Sr/%Sr en heerri Y3 Nd/*** Nd i basalti neer midju mottulstroksins eru best skyrd med
aukinni mottulbrddnun par sem lherzolitbrdo yfirgneefir brdo pyroxenitsins i nymyndudu basaltinu. Mikil mott-
ulbredsla undir Islandi verour pvi adeins ad hluta skyro med hringrds iithafsskorpu um mottulinn og bredslu
hennar, og pvi er mjog liklegt ad hdtt mottulhitastig undir Islandi sé rddandi pdttur vio myndun basaltsins.
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Figure 5. Schematic diagrams of processes responsible for controlling regional variations in basalt composi-
tion in Iceland. All show vertical slices through the mantle melting region, with depth increasing downwards
and distance from the centre of Iceland increasing from left to right. The average composition of the melts
generated, in terms of enriched/depleted, is indicated as a function of position above each plot. The vertical
thickness of the hatched area indicates the melt production rate, which correlates with the crustal thickness
in mature rift zones. The depth to the top of the melting region, the solidus of a depleted lherzolite source
and that of an enriched garnet pyroxenite source are marked with dotted lines. The approximate depth of the
lherzolite solidus may be ~100 km under Iceland, with that of the pyroxenite a few tens of kilometres deeper.
The lengths of the vertical arrows indicate the rates of mantle upwelling. This upwelling is responsible for the
adiabatic decompression melting. The thickness of the bar at the base of each plot indicates the proportion of
enriched material present in the upwelling mantle. While the mantle is compositionally heterogeneous on a
length scale of <50 km, the thickness of this bar reflects long-wavelength variations in the mantle composition
(>100 km). In (A) and (B) the degree of enrichment correlates inversely with the melt production rate, while
in (C) and (D) the melt production correlates directly with enrichment of the basalt compositions. (A) High
mantle potential temperature under central Iceland, low under edges. Note the shoaling of the solidi with de-
creasing temperature. The shortened melting column under the edges of Iceland leads to preferential melting of
enriched material. (B) Varying spreading rates, suitable for studying variations along a propagating rift (SIVZ)
or for transitions from rift zones to flanks zones (e.g. mid-Iceland to Snzfellsnes). The thicker lithosphere
at lower extension rates leads to a deeper cap to the melting region and shortened melting column under the
coasts. (C) Variation in the proportion of enriched, fusible material in the upwelling mantle. (D) Variation
in plume upwelling rates. The large arrow, deep in the melting region under central Iceland reflects rapid up-
welling driven by plume-buoyancy. Shallower in the melting region the upwelling is driven by plate separation
alone. See Maclennan et al. (2001) for further details. —Einfaldar skyringarmyndir d ferlum sem taldir eru
skyra breytileika ( samsetningu islenska basaltsins. Myndirnar syna lo0rétt snio i gegnum bre@oslusvedi mott-
ulsins, dypi eykst nidur d vio og fjarlegd frd midju Islands til heegri eftir hverri mynd. Pykkt krossstrikada
sveedisins endurspeglar magn mottulbrdoar sem tengd er skorpupykkt proadra rekbelta. Punktalinur syna efri
mork bredslusveedisins, breedslumork eda solidus skerts lherzolits og granatpyroxenits. Dypi nidur d breds-
lumark lherzolits undir Islandi er metid u.p.b. 100 km. Breedslumark pyroxenits er faeinum tugum km grynnra.
Lengd looréttu orvanna gefur til kynna rishrada mottulsins med tilheyrandi prystilétti og hlutbredslu. Pykkt
skdstrikada sveedisins tdknar hlut frjds mottulefnis (pyroxenits) 1 risandi mottli. Ofug fylgni er d milli frjds
mottulefnis og mottulbrddnunar, myndir (A) og (B), en bein fylgni milli frjosemi mottulefnis og styrk utan-
gardsefna i basalti sem gys d yfirbordi, myndir (C) og (D). (A) Mottulhitastig er heest undir midju landsins
en lewkkar til jadoranna. Breedsluferill mottulefnisins grynnkar meo lekkandi mottulhita og hlutfall pyroxenits
{ heildarbrdoinni heekkar. (B) Pykkt steinhvolfsins (lithosphere) er hdo rekhrada. Aukin pykkt lekkar heildar-
brdonun og heekkar hlut pyroxenitbrdoar. (C) Breytileg hlutfoll frjos mottulefnis (pyroxenits). (D) Breytilegur
rishradi mottulstroks. Hratt ris (long or) er undir midju landinu en d minna dypi hefur rekhradi dhrif d rishrada
mottulefnisins. Likanio er ndnar itlistad { grein Maclennan o. fl. (2001).

sphere thickens as conductive cooling from the sur-
face dominates over heating by upwards advection of
mantle. Low extension rates force the top of the melt-
ing region to greater depths and decrease the extent
of melting. Therefore, the transition from rift-zone to

ones, as observed in Figure 4.

Disentangling of the effects of plume tempera-
ture, composition, and flow and tectonics on the basalt
compositions will require both collection of detailed
geochemical datasets and the development of quanti-

off-rift-zone volcanism is expected to correspond to a
change from more depleted basalts to more enriched

tative models of melting of compositionally heteroge-
neous mantle.
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Figure 6. La/Yb, Sm/Yb, Nb/Y and Zr/Y vs. 87Sr/30Sr. Melting trajectories of garnet pyroxenites (Px-1, Px-
2) and spinel lherzolite (with mineralogy and chemical compositions detailed in Carpentier and Sigmarsson,
2008) are shown. Partial melting (%) are indicated for Px-1 and Px-2 along the melting trajectories. Lherzolite
melting trajectory only shows 1% to 50% partial melting. Two different sets of partition coefficients used for
pyroxenites melting result in very similar melting trajectories. For clarity, only mixing model between Px-1
melts and lherzolite melts are presented. The mixing curves were calculated between melts produced by 20,
30, 40, 50, and 100% partial melting of pyroxenite and melts produced respectively by 5, 6, 8, 10 and 20%
partial melting of spinel lherzolite. Mixing curves are marked with 10% mixing increments. All the compiled
basalt compositions can be explained by this model except those having the lowest trace element ratios. These
most likely originate from depleted mantle during upwelling that most likely has lost its most fertile compo-
nents in earlier melting event(s). — Hlutfoll La/Yb, Sm/Yb, Nb/Y og Zr/Y d mdti 3" Sr/%0Sr. Syndar eru léoréttar
breedslukiirfur tvenns konar granatpyroxenits (Px-1 og Px-2) og spinel-lherzolits. Brewdsluhlutfoll i % eru synd
fyrir Px-1 og Px-2 eftir breedslukiirfunum, en adeins bredsluhlutfoll frd 1% til 50% eru synd fyrir bredslu
lherzdlitsins. Tveer utgdfur af dreifistudlum snefilefnanna d milli steinda og brddar gdfu mjog likar niourstoour.
Til einfoldunar eru hér adeins synd blondunarlikon fyrir mismunandi brdoir Px-1 (20, 30, 40, 50 og 100%)
og spinel-lherzolits (5, 6, 8, 10, og 20% hlutbrddir). Skyra md samsetningu langflestra gerda islensks basalts
meo pessu blondunarlikani, adeins basalt meo legstu snefilefnahlutfollin verour ekki skyrt d pennan mdta.
Samsetning pess fellur best ad brewdslu d skertu mottulefni, sem tapad hefur ldgbredslupcettinum vegna ris
mottulstroksins og samfarandi prystiléttis. Samsetning basalts frd Oreefajokli krefst sérteekrar skyringar og er
talio liklegast ad meginlandsskorpa hafi dtt par hlut ad mdli. Skekkjumork meelinga (20 ) eru synd efst til heegri.
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DEGLACIATION, MANTLE MELTING
AND MELT TRANSPORT

Models of mantle melting under spreading ridges
assume adiabatic decompression, followed by rapid
transport of melt to the surface for eruption. Uniquely
amongst the spreading ridges, Iceland has been
glaciated. The effect of glacial unloading on melt-
ing behaviour provides an excellent opportunity not
only to test decompression melting models but also
to constrain melt extraction timescales from the man-
tle. Whereas the last ice age started to wane at ~18
ka, rapid deglaciation and isostatic rebound of Iceland
took place at ~12 ka (Norddahl and Pétursson, 2005).

Deglaciation exposed tuyas and hyaloclastite
ridges which had formed in subglacial eruptions.
The maximum elevation of these subglacial eruptions
above the surrounding plains indicates that the ice
may have been over 1 km thick in places. The ear-
liest postglacial volcanic activity in the rift zones
is dominated by the eruption of large lava shields.
Tephrochronological studies have found that average
eruption rates in the first 2-5 kyr after deglaciation
were 8—50 times higher than those during the last 3—
4 kyr (Jakobsson et al., 1978; Vilmundardéttir and
Larsen, 1986; Semundsson, 1991; Sigvaldason et al.,
1992; Sinton et al., 2005).

Early models of the postglacial volcanic burst fo-
cussed on changes in the stress state in the crust during
glacial unloading (Gudmundsson, 1986; Sigvaldason
et al., 1992). These stress changes allow enhanced
tapping of crustal magma chambers. The presence of
picritic eruptions exclusively in the early postglacial
period indicates that the crustal magmatic storage sys-
tem was perturbed during this time. However, phys-
ical models of processes in magma chambers are not
yet sufficiently advanced for making quantitative links
between changes in eruption volume and chemistry
as a result of deglaciation. An alternative cause of
variation in early postglacial magmatic processes was
proposed by Hardarson and Fitton (1991) who studied
geochemical variations in the Snafellsjokull volcano.
They suggested that glacial unloading perturbed man-
tle melting and resulted in enhanced melting during
deglaciation.

Detailed calculations of the effect of glacial un-

Geochemistry of igneous rocks in Iceland

loading on mantle decompression and melting were
performed by Jull and McKenzie (1996). These au-
thors modelled decompressional melting of a homo-
geneous mantle source and showed not only that
deglaciation can increase melting rates by a factor of
30 or more but also that decompression rates are pre-
dicted to increase preferentially in the shallow part
of the melting region. This feature of the depth-
distribution of decompression allows a straightfor-
ward geochemical prediction to be made from the
models because the incompatible trace element com-
position of melt is coupled to its depth of generation,
as demonstrated by the variations in predicted Sm/Yb
shown in Figure 7D. The models predict that the
Sm/YDb of aggregated fractional melt produced during
unloading should be a factor of two lower than that of
melt generated during steady-state activity. Compar-
ison of the model predictions with observations from
Krafla and Theistareykir indicates that deglaciation
has indeed influenced mantle melting under the rift
zones (Maclennan et al., 2002). The observations in
Figure 7C show that early postglacial eruptions tend
to be more MgO rich than those from glacial or more
recent times, indicating that the burst in volcanic ac-
tivity did not result from draining of crustal magma
chambers that had stored melt during the glaciation.
Geochemical variations broadly consistent with the
mantle melting model of Jull and McKenzie (1996)
have also been observed on the Reykjanes Peninsula
(Jakobsson et al., 1978; Gee et al., 1998) and the
Western Rift Zone (Sinton et al., 2005).

The correspondence between the model predic-
tions and the observed eruption rate and geochemical
variations in the rift zones not only provides a ver-
ification of simple adiabatic decompression melting
models but also constrains the upwards melt trans-
port velocities in the mantle: The lag time between
glacial unloading, which causes mantle melting, and
the burst in volcanic activity reflects the melt transport
time from the mantle to the surface. In regions where
good tephrochronological controls are available, the
peak in eruption rates was attained <1 kyr after the fi-
nal deglaciation and rebound (Maclennan et al., 2002;
Sinton et al., 2005). This time lag is reproduced by
melt transport models where the vertical melt velocity
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is >50 m yr—!. Such velocities cannot be supported
by a uniform distribution of porous flow in the mantle
and require focussing of the flow into higher-porosity
melt channels, such as those proposed by Kelemen et
al. (1997).

MIXING AND CRYSTALLISATION OF
BASALTS IN SHALLOW MAGMA
CHAMBERS

Polybaric partial melting of heterogeneous mantle
generates a wide range of melt compositions beneath
individual volcanic systems. These melts are trans-
ported rapidly towards the surface in porous chan-
nels, where some mixing may occur. However, vari-
able melt compositions are supplied from the mantle
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to magma chambers under Iceland. This variability
has been documented by studies of the composition of
olivine-hosted melt inclusions in primitive basalts and
picrites from the rift zones (Gurenko and Chaussidon,
1995; Maclennan et al., 2003a; Maclennan, 2008).
Trace element variation is also present in whole-rock
samples from an individual primitive basalt flow from
Theistareykir (Maclennan et al., 2003b). Concurrent
mixing and crystallisation in lower crustal magma
chambers leads to the production of evolved basalts
with relatively uniform isotopic and trace element
composition.

Efficient mixing can lead to the development
of uniform isotopic compositions for moderately
evolved basalts from individual volcanic systems, par-
ticularly in the SIVZ and flank zones (e.g. Sigmars-
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Figure 7. Influence of glacial unloading on melt generation and composition. A) When the ice-sheet does not
vary in size the decompression and melting of mantle is driven by plate spreading. B) During deglaciation,
decompression in the melting region is dominated by unloading of the ice. C) Theistareykir and Krafla whole-
rock data from Maclennan et al. (2002). Postglacial samples are those erupted between the deglaciation of the
area and 7 ka. Recent samples are erupted between 7 ka and the present day. The length of the arrow labelled
“shallower melting” corresponds to the relative variation in Sm/Yb predicted for aggregated fractional melts
between glacial and early postglacial times by the models of Maclennan et al. (2002). D) Solid lines show
the variation in melting rate with depth for steady-state melting and during the time of glacial unloading. Full
details of the melting model are given in Maclennan et al. (2002, 2003a) and references therein. Note that
during unloading the melting rates are increased throughout the melting region, but that the greatest relative
increase occurs in the shallower parts of the region. The composition of instantaneous fractional melts is shown
as a dashed line. These fractional melt compositions were calculated assuming a uniform lherzolite starting
composition, with the spinel to garnet transition occurring between 80 and 100 km depth. The fraction of melt
generated is <0.05 at depths of >80 km and rises to 0.27 at 20 km depth, close to the base of the crust. Partition
coefficients were allowed to vary during melting in the response to the expected variation in modal mineralogy
during decompression and melting. The Sm/Yb ratios of the instantaneous fractional melts were calculated
under the assumption that Sm/Yb of the mantle source was ~1, close to primitive mantle. If a depleted mantle
source was used then these values should be multiplied by a factor of 0.68. —Ahrif brdadnunar jokla d upp-
breoslu i mottli og kvikusamsetningu. A) Uppbradsla mottulsefnis er hdo rekhrada og mottulhitastigi. B)
Brdonun isaldarjokulsins veldur prystilétti og mottulbrddonun sem stjornast af steerdarbreytingu jokulhorfunar-
innar. C) Niourstoour efnagreininga d basalti frd Peistareykjum og Kroflu. Syni merkt “postglacial” eru af
basalthraunum sem runnu frd lokum isaldar par til fyrir 7.000 drum. Syni merkt “Recent” eru yngri en 7.000
dra. Samkvemt breedslulikani Maclennan o. fl. (2002) vex hlutfall leginnar kviku i jardskorpunni i kjolfar
prystilekkunar vegna jokulhorfunar, og hlutfall Sm/Yb hekkar. D) Samfelldar linur tdkna breytilegan breedslu-
hrada meo dypi vid sisteda breedslu d timabili joklabrdonunar. Horfun jokla hefur mest dhrif d grunnsteda
uppbredslu mottulsins. Brotna linan tdknar reiknada samsetningu upphafsbrddarinnar ad pvi gefnu ad mottul-
efnio sé eingongu uir lherzoliti og ad breedslan byrji d morkum granat-spinel hamskiptanna d 80—100 km dypi.
Neoan 80 km brdonar 5% lherzdlits og eykst hlutbrdonunin ¢ 27% d 20 km dypi ndlegt morkum skorpu og
mottuls, dreifistudlar breytast og endurspegla wtlada steindasamsetningu mottulbergsins og breytingu pess meo
dypi, prystilétti og hlutbrdonun. Jafnframt er gert rdo fyrir ad Sm/Yb hlutfall mottulsins sé ndlegt frumstedum
mottli eda 1. Ef samsetning venjulegs, skerts mottuls veeri notad 1 iitreikningum ber ad ad margfalda Sm/Yb
gildin meo stuolinum 0,68.

son et al., 1992a, 2000; Furman et al., 1995). The
constant isotope ratios can be used as fingerprints for
a given volcano as successfully applied to the 1996
Gjélp eruption that occurred midway between two
large central volcanoes (Figure 8). Mixing is able
to produce large volumes of compositionally uniform
melt, such as the large lava field formed during the
1783—1784 Laki eruption (Sigmarsson et al., 1991a).
However, this magma underwent considerable crustal
contamination and incorporated xenocrysts during as-
cent to the surface (Bindeman et al., 2006).

FORMATION OF SILICIC MAGMA AND
TIME SCALES OF MAGMA
DIFFERENTATION

Studies of U-series disequilibria in silicic rocks from
Iceland have proven to be valuable in distinguish-
ing between two possibilities for their origin exten-
sive fractional crystallization of basaltic magma, or
partial melting of hydrothermally altered crust. Sev-
eral characteristics of silicic magmas are better ex-
plained by the latter process, as summarized by Jén-
asson (2007), with strongest arguments coming from
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the U-series disequilibria. Lower (?*OTh/232Th) are
observed in silicic rocks compared to intermediate or
basaltic lavas from the same volcano (Figure 9) and
since fractional crystallization cannot alter isotope ra-
tios of heavy elements, this process cannot produce
the silicic magmas, in general. The lower Th-isotope
ratio is readily explained by a two-stage melting sce-
nario: partial mantle melting produces basalts with
Th-excess over U, these basalts will reach radioac-
tive equilibrium between U and Th with time and
form the Icelandic crust with lower Th-isotope ra-
tio than the original basalt. Partial crustal melting
will subsequently generate silicic magmas with lower
Th-isotope ratio (see Figure 9 and Sigmarsson et al.,
1991b). This model is corroborated by variations in
stable isotope ratios such as O, B, Fe and Li (e.g. Hat-
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Figure 8. Histogram of Sr- and O- isotope ratios in his-
torical volcanics of Bdrdarbunga and Grimsvotn vol-
canic systems. Isotope ratios can be powerful trac-
ers of magma origin and migration. A clear exam-
ple is given by the products of the 1996 Gjdlp erup-
tion, which took place midway between Bardarbunga
and Grimsvotn central volcanoes. The products have
the same Sr and O isotope ratios as the basalts from
the latter volcano and, therefore, the magma erupted
at Gjdlp most likely originated at Grimsvotn. — Sulu-
rit med samseetuhlutfollum Sr og O i gosefnum frd eld-
stoovakerfum Bdrdarbungu og Grimsvatna d soguleg-
um tima. Samseetuhlutfoll geta gefio sterkar visbend-
ingar um uppruna kviku og tilfeerslu hennar i skorp-
unni. Gott demi eru gosefni Gjdlpargossins 1996, sem
dtti sér stad mitt d milli megineldstoova Bdrdarbungu
og Grimsvatna. Gosefnin hafa somu samscetuhlutfoll
0g basalt Grimsvatna og pvi verdur ad teljast aod kvikan
sem gaus { Gjdlp sé padan upprunnin.

tori and Muehlenbachs, 1982; Nicholson ez al., 1991;
Rose-Koga and Sigmarsson, 2008; Schuessler et al.,
2008).

It is not surprising that the large proportions of
silicic rocks in Iceland, compared to other oceanic is-
lands, are formed by crustal reprocessing. The rift-
zones open up the crust with faults and fissures caus-
ing high permeability and easy access for rain wa-
ter. Interaction of these waters with hot rock leads
to geothermal activity and consequent alteration and
high-T metamorphism of the basaltic crust. High
geothermal gradients characterise the active rift zones
of Iceland, where melt supply rates from the man-
tle are high. Therefore, the combined action of the
plume, which causes Iceland to be subaerial, and
the rifting at Mid-Atlantic Ridge, results in the ab-
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Figure 9. U-Th equiline diagram 1.20 ]
showing radioactive disequilibria - Average .
between the parent nuclide 2*¥U and 1.15 F orror 7
its product 23°Th that have proved F 1
valuable in resolving the debate on 110 4
the origin of silicic magma in Ice- =, i 1
I?IHC.L Samples in radioactive equ?— ﬁ 1.05 Equiline -
librium would plot on the equi- e C ]
line but Icelandic volcanic rocks 2 1.00F ]

230 . 238 o C ]
show “**Th enrichment over “°°U = E L ]
as do most lavas from oceanic is- S 095 .
lands and mid-ocean ridges. Plot- <L C ® Hekla ]
ted are silicic-basaltic magma pairs 0.90 ! ;':kja -
from five volcanoes, three of which - A Krafla i
were produced contemporaneously 0.85 ¥ Orzefajokull -
in a single eruption. Also are shown E A Snzfellsjokull .
representative basalts (B), icelandite e e R e O
(I), dacite (D) and rhyolite (R) from 0.80 0.85 0.90 0.95 1.00 1.05 1.10
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cic magma has lower Th-isotope ra-

tio inconsistent with fractional crystallization mechanism for their formation. The origin of the silicic magmas
is best explained by partial melting of hydrothermally altered crust. Further evolution from dacites to rhyolites
is often accompanied by fractionation of zircon-bearing assemblages (zircon -) causing much lower U/Th ratio
in the most evolved rhyolites. Accumulation of zircon crystals (zircon +) explains the dacite with 23%U-excess
(to the right of the equiline). — Jafnveegislinurit U og Th sem synir geislavirkt djafaveegi d milli >3U sem
klofnar og myndar skammlifu dottursamscetuna 3°Th. Bergsyni sem veeru 1 geislavirku jafnveegi féllu d “Equi-
line” linuna ((p.e. (**°Th/**3U) = 1) en flest gosberg Islands sem og iithafshryggja og iithafseyja hafa herri
geislavirkni 239Th en sem nemur 233U (p.e. (3°Th/?38U) > 1). A myndinni eru syndar meelinidurstoour d svirum
0g basiskum porum (tengd meo beinni linu) frd fimm eldstodvum par af prji por sem myndudust { sama gosinu.
Jafnframt eru syndar demigerdar niourstoour fyrir basalt (B), islandit (1), dasit (D) og rhyolit (R) frd Heklu.
[ 6llum tilvikum hefur siira bergid leegra Th samscetuhlutfall [(**°Th/**2Th)] sem iitilokar ad hlutkristollun frd
basalti sem liklegt myndunarferli sira bergsins. Aftur d mdoti er hlutbredsla ummyndadrar basaltskorpu talin
besta skyringin og i fullu samremi vio geislavirkt djafnveegi U-Th. Slik hlutbrdo hefur samsetningu dasits sem
myndar rhydlit vio kolnun og kristollun par sem steindin zirkon fellur iit og skilst frd (zircon -) og veldur mun
leegra U/Th hlutfalli © afleiddu kvikunni (rhyoliti). Samsofnun zirkonkristalla (zircon +) skyrir samsetningu
dasits med heerri geislavirkni >>3U en 23°Th.

normally high proportion of silicic magmas in Ice- RATE OF MAGMA DIFFERENTATION
land. However, the geothermal gradient is signifi-
cantly lower at the periphery of the island far from
the rift-zones. There, basalt production is limited and
mantle melts readily cool and crystallize to a large

degree, causing the formation of silicic magma with-

The U-series are exceptionally good tracers of the ori-
gin of silicic rocks in Iceland due to the short half-life
of 230Th. In addition, the rapid decay of 2*°Th and
other U-series nuclides provides information about

out much crustal interaction (Martin and Sigmarsson,
2007 and references therein).

the timescales of magmatic processes (Condomines ef
al., 2003). Silicic rocks elsewhere are in most cases
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in U-Th radioactive equilibrium which has been in-
terpreted to reflect a magma differentiation time in
excess of several 100 kyr (e.g. Reagan et al., 2000).
This equilibrium is in contrast with Icelandic dacites
and rhyolites which show significant Th-excesses over
U, in addition to Ra-excesses over Th (Sigmarsson et
al., 1992b). This Ra-Th disequilibrium constrains the
differentiation of the dacites to less than 8000 years,
implying that either the rate of magma differentiation
is faster at Icelandic volcanoes or underestimated else-
where.

Shorter magmatic timescales can be derived
from trace-element and stable-isotope diffusion in
xenocrysts out of equilibrium with the melt. Such
studies are still rare in Iceland, but were employed on

Figure 10. Oxygen isotope com-

Laki products showing that the age of the Laki magma
at the time of its eruption was most likely between
100 and 1000 years (Figure 10; Bindeman et al.,
2006). Further studies of mineral-melt disequilibria
will probably improve constraints on the timescales
of magmatic processes. Crystal-size distributions can
also potentially reveal residence time of magma such
as the 10-20 years for plagioclase crystals in the 1973
Eldfell eruption (Higgins and Roberge, 2007). This
residence time corresponds well with the 10 years dif-
ferentiation time in a magma chamber estimated from
210pp-226Ra disequilibria in basalts from Surtsey and
the 1973 mugearite-hawaiite lavas in Vestmannaeyjar
archipelago (Figure 11; Sigmarsson, 1996). The sce-
nario envisaged is injection of basaltic melt beneath

position in minerals and glasses 9.5
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Grimsvotn eruptions. Both Laki

and Grimsvétn glasses have 680 ~ 45 q@ i
amongst the lowest measured in % o

basalts and reflect crustal contam- = 4 “o® T
ination. The crystals show signif- 2 . average Laki-glass

icant isotope disequilibria with the 9 35 . * / i, T
glass that has not been erased by dif- S L E— Ceet ¥V _______ p¥¥-____ i T*ti*'
fusion due to their short residence o 3[ Tee ¢ . A +i+ 7]
time in Laki magma. Models of 3 +
oxygen diffusivity in olivines imply 251 4 I
magma residence time of 100—1000 .. IY\oIivine and plagioclase in

years before the Laki eruption, con- 2 equilibrium with final melt (glass) o
sistent with 2'°Pb-226Ra-230Th dis- | | | |
equilibrium results (see Bindeman 1.5

et al., 2006). — Surefnissamscetu-
hlutfoll 1 steindum og gjoskugleri

glass Grimsvotn-
tephra

pl CcpX

frd Skaftdreldum dsamt gjosku Grimsvatna. Gler © gosefnum Laka, Lakagiga og Grimsvatna hafa einhver
allegstu 530 gildi sem meelst hafa { basalti um alla verold og eru pessi ldgu gildi talin stafa af skorpumeng-
un risandi mottulkviku. Steindirnar, sérstaklega olivin (ol) syna mikio samsetudjafnveegi vio lokabrdd sem
storknadi sem gjoskugler (160rétt strik syna jafnveegisgildi). Petta djafnveegi bendir til ad flestar steindirnar
séu framandsteindir sem féllu i kvikuna eda sem kvikan reif med sér d leio sinni til yfirbords. Likanreikningur d
[flokti sirefnis um kristallana, sem aod lokum myndi jafna vit mismunandi samseetugildi innan og utan kristallsins,
bendir til ad kvikan hafi dvalio 100-1000 dr nedra fyrir Skaftdreldagosio. Pessi aldur samsvarar niourstooum

geislavirks djafnveegis d milli **°Pb, **Ra og **°Th.
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Figure 11. 2!°Pb-?26Ra disequilib-
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ria (corrected for post-eruptive de- 1.2 =
cay) vs. Th concentrations in lavas L
from the 1973 Heimaey and 1963— §
67 Surtsey eruptions in the Vest-
mannaeyjar archipelago. The con-
stant (21°Pb/??6Ra); in basalt from
the first eruption phase at Surtsey
and the early mugearite and late
hawaiite from Heimaey shows that
fractional crystallization does not
alter this ratio and that lower val-
ues in later basalts from Surtsey are
best explained by magma mixing of
fast-rising mantle melts with signif-
icant 219Pb- deficit (see Sigmars-
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aldar gosefnum Vestmannaeyja. Einsleitt hlutfall (*'°Pb—2?5Ra) { basalti Surtlu og mugeariti og hawaiiti sem
gusu snemma og sidla 1 1973 gosi Eldfells, syna ad hlutkristollun breytir ekki pessi hlutfalli. Leegri gildi ann-
arra gosefna Surtsey eru best skyro meo kvikublondun likra mottulbrdoa sem risio hafa hratt frd myndunarstao
sinum par sem geislavirkni '°Pb er mjog ldg midad vid **SRa

Heimaey during the 1963-67 Surtsey eruption, fol-
lowed by rapid cooling and fractional crystallization
forming evolved hawaiite and mugearite at the top of a
magma chamber. During the decade separating these
two youngest eruptions in the Vestmannaeyjar vol-
canic system, volatiles gradually accumulated, lead-
ing to the 1973 eruption.

VOLATILES

The role of volatiles and a separate gas phase in start-
ing eruptions has long been established. However,
estimates of their mass emissions during Icelandic
eruptions and thus volcanic contribution to the atmo-
sphere are still surprisingly rare. The so-called petro-
logical method, where the difference in volatile con-
centrations measured in non-degassed melt inclusions
found in phenocrysts and that of degassed ground-
mass glasses yields the volatile mass emitted to the
atmosphere (e.g. Sigurdsson, 1982; Devine et al.,
1984; Thordarson et al., 1996), has become an im-

portant tool in discussing past emissions of volatiles.
This approach relies upon proper identification of
phenocrysts versus xenocrysts, since the latter will
lead to an erroneous conclusion. The method can
be improved by taking into account the increased
volatile concentrations caused by fractional crystal-
lization and when applied to the last Hekla eruption
(Figure 12) it yields an estimated mass transfer of 0.1
Mt HCl, 0.2 Mt HF and 4 Mt SO for the 2000 erup-
tion (Moune et al., 2007).

Assessment of volatile degassing from the com-
position of volcanic glasses from tephra layers per-
mits discussion of environmental factors such as the
presence or absence of glaciers or ice-caps covering
active volcanoes, for example Myrdalsjokull capping
the Katla central volcano. Phreatomagmatic tephra
erupted during the last 8400 years yields sulphur con-
centrations higher than magmatic tephra due to rapid
cooling when the magma encounters glacial melt-
water. This observation indicates that this glacier
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Figure 12. Volatile evolution be- Hekla 2000 mag
neath Hekla. The halogens and sul- 0.5
phur were measured in melt inclu-
sions from olivines of variable MgO
content and plagioclases in the 1913
basalt close to Hekla, and in olivines
from the 2000 Hekla basaltic ice-
landite and its interstitial ground-
mass glasses (black filled oval sym-
bol). The low S concentrations in
olivines erupted in 2000AD is ex-
plained by their crystallization out
of a partially degassed magma. Re-
gression line calculated through the
analyses of olivine melt inclusions
from the basalts intercept the ori-
gin as expected if fractional crys-
tallization causes variations in the
concentration. The extrapolated in- 0
tercept with the K2O concentration

measured in the 2000 basaltic ice- K20 (cyo)

landite yields the expected concen-

tration of volatiles before degassing. The difference between these expected values and degassed groundmass
values gives improved estimates of volatile mass transfer from Hekla to the atmosphere (see text and Moune
et al., 2007 for further details). — Proun rokgjarnra efna undir Heklu. Styrkur halogena og brennisteins var
meeldur 1 glerinnlyksum 7 olivinsteind af breytilegri samsetningu og plagioklas i basalti frda Lambafitjargosinu
1913 og i dlivin ur basisku islanditi sem myndadist i Heklugosinu 2000, dsamt grunnmassa pess sioarnefnda
(svartar spordskjur). Ldagur brennisteinsstyrkur { innlyksum dlivins frd 2000 gosinu skyrist med kristollun it iir
kviku sem var ad hluta til afgosud. Bestu linur voru reiknadar i gegnum meeliniourstoour vr innlyksum dlivina
ur basaltinu og skera pcer niillpunkt, en slikt gera syni, af breytilegri samsetningu, sem myndast hafa vegna
hlutkristollunar frd somu modurkviku. Framlenging pessarra lina ad K> O-gildi meeldu @ basaltiska islanditinu
frd 2000 gosinu, synir deetladan styrk rokgjarnra efna fyrir afgosun kvikunnar r sioasta Heklugosi. Munurinn
d mill pessa metna styrks og pess sem meeldur var i afgosudum grunnmassanum leidir til beetts mats d magni
eldfjallagass sem Hekla gefur frd sér it { andrimsloftio.
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survived the thermal maxima during the Holocene CONCLUSIONS
(Oladdttir et al., 2007). In-situ analysis of such tephra
sequences also yields time-series that record the tem-
poral evolution of magma plumbing systems beneath
active volcanoes, which can be shown to control the
eruption frequency (Oladottir et al., 2008). Studies of

1. The mantle source of Icelandic magma is en-
riched in incompatible elements and fusible
material compared to that of the adjacent
spreading ridges to the south and the north.

such time-series hold the promise of exciting new re- 2. Variations in melt production rate along the
sults and much improved understanding of volcanoes spreading ridges and rift zones, as reflected
behaviour and evolution, which are of value for haz- by crustal thickness variations at the spread-
ard and risk assessments. ing centre, are controlled by variations in man-
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tle potential temperature, plume upwelling rate
and source fusibility. The relative importance
of these three variables is not yet established.

3. The extent of mantle melting is greater under
the rift zones than off-rift volcanic zones. These
variations may be partly controlled by deepen-
ing of the top of the melting region as a result
of cooling of the plate with age. A decrease
in mantle potential temperature with distance
from the centre of Iceland may also limit the
extent of melting under the off-rift zones.

4. Basaltic melts are transported rapidly from their
mantle source regions towards the crust in chan-
nels. The melt supplied by these channels to
the crust is compositionally heterogeneous on
small length scales. Concurrent mixing and
crystallisation in deep-seated magma reservoirs
effectively homogenises melt before it is fed to-
wards the surface in dykes.

5. Large basaltic lava flows contain minerals
that are compositionally heterogeneous and are
therefore not in chemical equilibrium. Part
of this disequilibrium is caused by addition
of minerals from solid parts of the crust into
magma batches. Magma mixing after crystalli-
sation from diverse melt compositions may also
lead to disequilibrium.

6. Silicic magmas from the periphery of Iceland
are in general produced by fractional crystal-
lization whereas those from the interior are
partial melts of hydrothermally altered basaltic
crust

7. The residence time of magma in crustal cham-
bers is very short, and may be as little as a
decade.

8. Icelandic volcanoes contribute significantly to
the mass-loading of volatiles into the atmo-
sphere.
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Tver mikilvegar breytingar 4 samsetningu gosbergs
md rekja eftir tthafshryggjum nordan og sunnan Is-
lands, eftir rekbeltunum og hlidargosbeltunum. Styrk-
ur utangardsefna (p.e. peirra efna sem illa ganga inn
i kristalbyggingu helstu steinda) { basalti eykst eft-
ir hryggjunum { 4tt ad Islandi, med aukinni hlut-
bradslu frjos og audbraedanlegs bergs i samsettum
mottli. Liklegast er petta audbredanlega berg sam-
sett af granatpyroxeniti sem adur var uthafsskorpa
4 yfirbordi jardar. Nutima basalt frd gosbeltunum
hefur herri styrk slikra utangardsefna en pad sem
myndast { rekbeltunum. Helstu skyringar 4 breyti-
leika { efnasamsetningu er ad finna { mismunandi
hitastigi mottuls, bergfradilegri uppbyggingu, fledi
mottulefnis sem og hugsanlegum dhrifum tekténikur
4 kvikumyndun. Moéttulkvikur risa hratt til yfirbords,
liklegast 1 prongum goéngum, og blandast og kdlna
i djipstedum kvikuprém fyrir eldgos. Hlutfallslega
minni basaltkvikuframleidsla innan hlidargosbeltanna
veldur legri hitastigli, par sem kold skorpa kelir
basaltkviku sem { henni stodvast og studlar ad hlut-
kristollun sem gefur af sér strt berg. I rekbeltunum
er mun herri kvikuframleidsla og strt berg myndast
vid hlutbrddnun skorpunnar. Itarleg blondun bradins
skorpubergs og basalts skyrir samsetningu og breyti-
leika kviku sem kemur upp { stérum sprungugosum
s.s. Skaftdreldum og Eldgj4.
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