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Abstract — The Tertiary igneous rocks of Greenland, Iceland, the Faeroes and Britain have been the subject of
study and debate for more than a hundred years. Iceland is of particular significance because the coincidence
of a mantle plume with the Mid-Atlantic Ridge combines the two fundamental forces that promote magmatism,
namely the elevated mantle potential temperature induced by the Iceland plume and adiabatic decompression
in response to spreading at the ridge. Furthermore, the exposed Iceland crust contains evidence of major ridge-
Jjumps over the last 16 million years and this relocation of the magmatic focus has been a prominent process
in the evolution of the island. The control on ridge-jumping is clearly related to the interaction of the mantle
plume with the overlying lithospheric plate. This process has had a significant impact on the investigation of
magmatic, tectonic and sedimentary processes. The bulk of the Tertiary region is made of subaerial tholei-
itic flood basalts separated by minor clastic interbeds, usually of volcanic origin. The relatively monotonous
Tertiary lithology is interrupted where central volcanoes occur with their buried palaeotopography, evolved
rocks, hydrothermal alteration and stratigraphic complexities. It has become clear that the range of chemical
composition of Tertiary basalt is much more limited than that seen among Pleistocene and Holocene basalt,
and depleted basalt appears, surprisingly, to be absent from the Tertiary succession. These observations can
be explained by processes of crustal accretion operating today in the active rift zones of Iceland. It is a widely
held assumption that V-shaped ridges observed in the gravity field around the Reykjanes Ridge imply variation
in plume temperature and plume activity. Temporal variations in some isotope ratios in the Tertiary lava flows
seem to coincide with the formation of the V-shaped features, and this could be consistent with a pulsating
plume model.

INTRODUCTION mentary basins to sea-floor spreading with volcanic

The striking similarities between the Tertiary igneous ~ activity confined to the actual spreading axes of the
rocks of Britain, the Faeroes, Iceland and E Greenland ~ NeW ocean basins. However, between 61 and 56 Ma
have long been recognised and their formation and re-  the North Atlantic region saw a massive outburst of
lationship has caused geologists to lock horns in de- volcanic activity across an area extending ~2000 km
bate since the late 1800s. The Iceland Tertiary forma-  from Arctic Canada to Scotland (e.g. Storey et al.,
tions play an important role in the history of the North ~ 2007). Flood basalts of this age are found in Baffin Is-
Atlantic igneous province. Magmatic activity in the land, West Greenland, East Greenland, Northern Ire-
province started at about 61 Ma in a geological event land, and Scotland. Volcanism on this scale requires a
which became in effect the genesis of the North At- sudden increase in the temperature of the mantle be-
lantic Ocean and was to change the course of history ~ neath the region, and the most plausible reason for
in the region. Up until this time the break-up of the this is the initiation of the mantle plume now situated
North Atlantic continents had progressed from sedi- underneath SE Iceland (Figure 1).
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Figure 1. The neovolcanic zones and rift systems in Iceland. A = Northwest rift axis; B = Snafellsnes-Hunafl6i
rift axis; C = Skagafjordur rift axis; MAR = Mid-Atlantic Ridge; WVZ = Western Volcanic Zone; MVZ =
Mid-Iceland Volcanic Zone; NVZ = Northern Volcanic Zone; EVZ = Eastern Volcanic Zone; SISZ = South
Iceland Seismic Zone; TFZ = Tjornes Fracture Zone; SVZ = Snzfellsnes Volcanic Zone; OVZ = Oraefajtikull
Volcanic Zone. Circle represents the approximate centre of the Iceland plume (modified from Jéhannesson and

S@emundsson, 1999) — Gos- og rekbelti Islands.

The Iceland plume has been imaged seismically
and is seen to have a relatively narrow stem with a ra-
dius of ~150 km (e.g. Wolfe et al., 1997; Bijwaard
and Spakman, 1999; Bjarnason, 2008) and to origi-
nate at a depth of >660 km in the mantle (e.g. Shen
et al., 1998). At the time of its origin, however, the
plume is likely to have developed a large mushroom-
like head extending over a radius of ~1000 km (e.g.
Richards et al., 1989). Past positions of the plume
head with respect to the continents can be recon-
structed from known plate motions, and it may have
been close to West Greenland at ~62 Ma (Lawver
and Miiller, 1994). Although the two plates of the
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North Atlantic Ocean are spreading symmetrically,
the whole region is drifting slowly to the northwest
with respect to the Iceland plume. Plate reconstruc-
tions suggest that the plume would have crossed the
East Greenland coast at 40 to 35 Ma (Lawver and
Miiller, 1994) and reached the Mid-Atlantic Ridge at
~25 Ma (e.g. Vink, 1984).

Since ~25 Ma, the ridge has remained linked to
the plume centre. During Anomaly 6 (24—19 Ma ago),
the Mid-Atlantic Ridge axis moved on top of the man-
tle plume and then gradually west of it (e.g. Vink,
1984). However, as the spreading ridge system in Ice-
land continues to drift NW with respect to the plume



it is periodically recaptured by the plume through
the process of rift-relocation or ridge-jumping. This
plume-ridge interaction has been a dominant process
in the formation and tectonic evolution of Iceland.

Today the Mid-Atlantic Ridge is represented on
land by the Western and the Northern Volcanic Zones
(WVZ and NVZ respectively, Figure 1). The WVZ
and NVZ are offset along a region known as the
Mid-Iceland Volcanic Zone (MVZ). The NVZ is con-
nected to the Kolbeinsey Ridge in the north by the
Tjornes Fracture Zone (TFZ). The Eastern Volcanic
Zone (EVZ) is currently propagating to the south with
the Vestmanna Islands representing the tip of the prop-
agator. The EVZ is connected to the WVZ by the
South Iceland Seismic Zone (SISZ). Eventually, a
ridge-jump is expected whereupon the focus of ex-
tension in S Iceland will transfer from the WVZ to
the EVZ (e.g. Semundsson, 1980). The EVZ is thus
a juvenile rift segment which eventually will connect
to the Mid-Atlantic Ridge (e.g. Gudmundsson, 2007).
Geodetic GPS studies are consistent with a propagat-
ing ridge model for S Iceland with the WVZ whilst
the EVZ accommodates 100-55% of plate motion,
decreasing from NE to SW (La Femina et al., 2005).

It is believed that the general tectonic trends in
Iceland as seen today have remained the same for
at least 24 Ma (e.g. Se@mundsson, 1980). Therefore,
two rift segments are always active simultaneously in
S Iceland, one mature and the other juvenile. The tec-
tonic scenario has resulted in a close relationship be-
tween the Iceland plume and the ridge system, where
earthquakes are common in the fracture zones which
accommodate the offset in the spreading axes caused
by the NW motion of the ridge system relative to the
plume.

THE TERTIARY REGIONS

It is conventional to divide the Icelandic bedrock into
four main chronological successions that differ from
the international time-scale in some respects (e.g.
Gradstein et al., 2004). Because of the ongoing de-
bate amongst geologists regarding the terms Tertiary
and Quaternary and their definition in the geological
time scale, the local Icelandic time-scale is used in
this paper:

Tertiary volcanism in Iceland

1. The Holocene and late glacial succession, 0—
0.015 Ma.

2. The Upper Pleistocene succession 0.015-
0.78 Ma.

3. The Plio-Pleistocene succession, 0.78-3.3 Ma.

4. The Tertiary succession, 3.3—16 Ma.

This division has been widely used in the literature
and is based on the distinctive character of volcanic
rock successions formed during each period which
broadly correlate with climate change through time.
The Tertiary and Plio-Pleistocene regions are located
on either side of the active volcanic zones (Figure 1)
and are characterised by basaltic lava series. These
are cut by deep valleys forming the fjord landscapes
which are typical for E Iceland and much of N and
NW Iceland. The Tertiary and Plio-Pleistocene rocks
cover approximately half of the total area of Iceland
(103,000 km?), or 36,000 km? and 15,000 km? re-
spectively.

Systematic mapping on a regional scale has been
carried out in many Tertiary areas but is far from com-
plete. The work of G. P. L. Walker in E Iceland pre-
sented a new perspective on Icelandic geology and
he introduced several new methods and concepts in
his stratigraphic research (see Watkins and Walker,
1977). The section in E Iceland involves an 8.5-km-
thick lava succession which represents a 10 Ma time
interval from about 13.4 Ma. The contribution of
Carmichael (e.g. 1967) to Icelandic petrology, petrog-
raphy and classification of igneous rocks was signifi-
cant and a guideline for many subsequent workers. In
recent years several composite Tertiary sections, each
containing hundreds of lava flows, have been sam-
pled for palacomagnetic remanence direction mea-
surements (see Kristjansson and Jonsson, 2007) and
geochemical studies. Many have been dated by K-
Ar or Ar-Ar radiometric methods (e.g. Watkins and
Walker, 1977; McDougall et al., 1976, 1977, 1984;
S@mundsson et al., 1980; Kristjansson et al., 1980,
1992, 2004; Jancin et al., 1985; Hardarson et al.,
1997).
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THE AGE AND ORIGIN OF ICELAND

Iceland is part of a much larger geological entity lo-
cated at the junction of two large submarine ridges,
the Mid-Atlantic Ridge and the Greenland-Iceland-
Faeroes Ridge. Iceland, and its insular shelf, cover
about 350,000 km? and rises more than 3000 m above
the surrounding deep-ocean floor. About 103,000 km?
of the area is above sea level, the rest surrounding the
island as a 50-200 km wide insular shelf sloping gen-
tly to depths of around 400 m before dropping steeply
to the deep-ocean floor.

The oldest subaerial rocks are found at the NW
and E extremes of the island. In the NW peninsula
they date back to more than 15 Ma (Moorbath et al.,
1968; McDougall et al., 1984; Hardarson et al., 1997,
Pringle et al., 1997) and to about 14 Ma in E Iceland
(e.g. McDougall et al., 1976; Watkins and Walker,
1977). The oldest rocks in N Iceland have been dated
at about 12 Ma (Saemundsson et al., 1980; Jancin et
al., 1985). Zircons with much older ages of 126—
242 Ma reported from E Iceland are believed to be
derived from splinters of continental crust buried un-
der the island (Paquette et al., 2007).

An ancestral Iceland may have formed a land mass
over the mantle plume off the east coast of Greenland.
The Greenland-Iceland-Faeroes Ridge represents a
hot-spot trail which may have been partly above sea
level because of the thermal anomaly caused by the
plume. This is supported by palaeobotanical evidence
which suggests that proto-Iceland was connected to
the continents via a continuous land bridge, or a chain
of islands, from the early Cenozoic and into the mid-
dle Miocene (Grimsson et al., 2007). However, Ice-
land, as we know it today, was probably formed dur-
ing Anomaly 6 when the present day tectonic frame-
work and the plume-ridge interaction were initiated
resulting in excessive volcanism creating a large is-
land.

STRATIGRAPHY AND CENTRAL
VOLCANOES

The bulk of the Tertiary areas is made up of subaerial
tholeiitic flood basalts separated by minor clastic in-
terbeds, usually of volcanic origin. Basaltic volcan-
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ism has mainly been confined to two types of volca-
noes: crater rows and lava shields. Crater rows vary
in length, from being only a short fissure with a sin-
gle or a few craters up to being 80 km, comprising
hundreds of eruptive vents. In the eroded Tertiary pile
the craters have often been weathered away but their
feeder dykes are still visible. The thickness of indi-
vidual lava flows in the pile is most often 5-15 m
but can reach more than 50 m. Some of the largest
and thickest flows are feldspar-porphyritic which of-
ten form series of lavas that are prominent in the Ter-
tiary landscapes and traceable for long distances be-
cause of their thickness and resistance against erosion
(e.g. Watkins and Walker, 1977).

Lava shields are generally thought to be mono-
genetic (Walker, 1971; Jakobsson et al., 1978; Rossi
and Gudmundsson, 1996) and most often emitted
from a single circular crater. Rifting is rarely recog-
nised. The lava flows are of olivine tholeiite or pi-
crite composition and occur mainly at the margins or
outside the fissure swarms associated with the central
volcanoes. During Holocene the shields have been
more productive than the crater rows erupting larger
volumes of lava. Lava shields are also fairly com-
mon in the Plio-Pleistocene formations. In the Ter-
tiary lava pile, on the other hand, shields are rather
rare and seem to have been much less productive
than the crater rows. It has been noted that many
of the postglacial lava shields of Iceland are of early
Holocene or late glacial age which has been related to
glacial isostasy (Sigvaldason and Steinthorsson, 1974;
Jakobsson textitet al., 1978; Gudmundsson, 1986;
Maclennan et al., 2002; Hjartarson, 2003). This may
explain the different lava shield activity during Ter-
tiary and Holocene.

The relatively monotonous Tertiary lithology is
interrupted where central volcanoes occur with their
buried palaeotopography, evolved rocks, hydrother-
mal alteration and stratigraphic complexities. The
bulk of acidic rocks are intrusions and lavas but 30—
40% consist of pyroclastic deposits. In crater re-
gions agglomerate layers are common, lahars are of-
ten found and airborne tephra has frequently been car-
ried long distances downwind from the source form-
ing prominent marker horizons in the Tertiary vol-
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Figure 2. Central volcanoes in Iceland. Tertiary volcanoes; open circles, Plio-Pleistocene; crossed circles
and active volcanoes; brown circles (based on Jéhannesson and Semundsson, 2003a,b) — Virkar og iitdaudar

megineldstéovar d Islandi.

canic pile. Large ignimbrite layers have also proven
to be excellent markers (Walker, 1963; Semundsson
and Noll, 1974; Franzson, 1978, 2006). More than
40 central volcanoes are known in the Tertiary for-
mation (Figure 2) and several individual volcanic sys-
tems have been studied in detail (e.g. Walker, 1963;
Carmichael, 1967; Sigurdsson, 1970; Hald er al.,
1971; Semundsson and Noll, 1974; Jéhannesson,
1975; Franzson, 1978; Jonasson et al., 1992; Geirs-
son, 1993; Hjartarson, 2003; see J6hannesson and Sa-
mundsson, 1998a,b). The lifespan of individual vol-
canic systems has been found to vary from 300 ka to
over 1 million years (e.g. Semundsson, 1980, 1986).
Several central volcanoes probably exist on the shelf
E and W of Iceland as well as on the Iceland-Faeroes

Ridge. These have been inferred from geophysical
surveys and, in some cases, confirmed by dredging
(see Kristjansson and Helgason, 1988).

Central volcanoes can be divided into rift zone and
off-rift central volcanoes, the off-rift complexes often
forming high and prominent stratovolcanoes while in
the rift zone they are lower, except when erupting un-
der glaciers, and frequently form calderas. Only rift
zone central volcanoes are known in the Tertiary re-
gions (Figure 2). The deeply eroded extinct volca-
noes are represented by acid and intermediate rocks
and local cone sheet swarms, whereas the parts of the
volcanic system that are outside the central volcanoes
are represented by a tholeiitic lava pile and swarms of
regional dykes and normal faults. The sheet swarms
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are usually circular or elliptical in shape, several km
in radius and can often be related to intrusive rock
bodies that form the uppermost parts of fossil magma
chambers. The regional dykes occur in well defined
swarms that are several km wide and sometimes tens
of km in length. They usually cut the lava flows in the
strata pile at nearly right angles. The thickness of the
regional dykes ranges from a few cm to over 20 m,
averaging around 5 m and their proportion rarely ex-
ceeds 10% in surface exposures (Semundsson, 1986).

Sediments up to 200 m thick may occasionally be
found in the Tertiary stratigraphy accounting for 5-
10% of the whole (Jakobsson, 1980; Sa@mundsson,
1980). This is far less than seen in younger areas
that were subject to subglacial volcanism. Thin layers
of reddish silty or tuffaceous sediments are the most
common type of interbeds in the Tertiary pile. They
are thought to be mostly of aeolian origin especially of
wind-blown ash that has experienced chemical weath-
ering towards laterite indicating humid warm temper-
ate climate. Prominent sedimentary horizons, for ex-
ample in NW Iceland, can be traced tens of kilome-
tres from fjord to fjord (J6hannesson and Semunds-
son, 1998a,b), and seem to have formed during tran-
sitions when a new volcanic system began to develop
marginal to an older one which was fading out. These
sediments are of terrestrial origin, fluvial or lacustrine,
often with thin ash layers and sometimes with lig-
nite seams and plant impressions. The paleobotanical
records in these sediments reflect the climatic oscil-
lations in the N Atlantic region and indicate a slow
cooling during late Miocene and Pliocene. Diamic-
tite layers of glacial origin are found in the Tertiary of
SE Iceland indicating localised glaciers in the area as
early as 5—4 M.y. ago (e.g. Geirsdottir et al., 2007).

The most widespread Tertiary sedimentary hori-
zons are related to unconformities that seem to repre-
sent rift relocations. An extensive unconformity with
laterite-lignite horizon in NW Iceland marks the ex-
tinction of the NW Iceland rift at about 15 Ma (Hard-
arson et al., 1997). In E Iceland a major sedimen-
tary horizon of this kind has been mapped (see J6-
hannesson and Semundsson, 1998ab). The lava flows
below the unconformity may have originated from
the Snefellsnes-Hunafloi rift zone (SH rift zone),
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whereas flows above originate from the current NVZ.
A similar horizon, found in the Fnjéskadalur valley
in N Iceland, marks the unconformity at the western
boundary between these formations. The well known
Tjornes sedimentary layers (2.5-4 Ma) in N Iceland
probably represent a continuation of this unconfor-
mity (Eiriksson et al., 1990; Simonarson and Eiriks-
son, 2008). Another major sedimentary horizon,
the Hredavatn horizon, in the Borgarfjordur area in
W Iceland, marks the extinction of the SH rift and the
initiation of the presently active WVZ (J6hannesson,
1980; Grimsson, 2007).

On a regional scale the Tertiary plateau lavas dip
gently towards the active or extinct rift zones from
which they were formed (e.g. Semundsson, 1967,
1974; Johannesson, 1980). In E Iceland the dip in-
creases from around 2° at the highest levels (around
1000 m.a.s.l.) to about 7—10° at sea level. Walker
(1960) suggested that the lava flows had reached an
upper limit of around 1.5 km above sea level, at which
dyke frequency was zero and lavas essentially hori-
zontal but this horizon has now been removed by ero-
sion. The upward decrease in dip is accompanied by
thickening of individual lava groups down the direc-
tion of dip, which suggests that the regional dip was
imparted to the pile during its growth (Walker, 1960;
Gibson and Piper, 1972). The dipping of the lava pile
is the result of continuous loading and subsidence of
the rift zone crust which decreases towards the rift
zone margins (Palmason, 1973, 1986).

RIFT RELOCATIONS

For the last 50 Ma the North Atlantic plate system
has been drifting WNW relative to the Iceland plume
(e.g. Vink, 1984, DeMets et al., 1990; Arnadottir et
al., 2008). As the Mid-Atlantic Ridge axis moved
on top of the mantle plume and then gradually west
of it during Anomaly 6, the rift axis has attempted to
maintain its position on top of the plume by repeated
relocations of the rift system to the east leaving be-
hind extinct axial rift zones in the western part of the
island. Such extinct rift zones have been identified as
synclinal structures in the basalt pile (e.g. Semunds-
son, 1967; Jéhannesson, 1980; Vink, 1984; Oskars-
son et al., 1985) and unconformities with sedimen-
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Figure 3. The Iceland crust has been formed in different rift zones (and off-rift zones). The oldest rocks in
NW Iceland originate in the NW-rift zone (A), the lower Tertiary regions in West, North and East Iceland
originate in the Snafellsnes-Hunafl6i rift zone (B) The Holocene and Plio-Pleistocene along with the upper
Tertiary regions mostly originate in the active rift zones of today. The contribution of the Skagafjordur rift zone
(C) and the off-rift zones is also indicated — Myndin synir hvernig jardskorpa Islands hefur myndast ¢ hinum
mismunandi rekbeltum.

Table 1. Rift zones and rift relocations in Iceland — Aldur rekbelta og rekbeltaflutninga.

Rift zone Time of initiation Ref.

Ma
Northwest Iceland rift zone 24 Hardarson et al. (1997)
Snafellsnes — Hunafléi rift zone 15 Hardarson et al. (1997)
Western-Northern rift zone 6-7 Semundsson (1980)
Eastern rift zone 2-3 Semundsson (1980)
Skagafjordur rift zone 1.6-1.7 Hjartarson (2003)
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tary horizons may also relate to large scale rift relo-
cations (Semundsson, 1974). Relocation of the mag-
matic focus through rift-jumping is a prominent pro-
cess in the evolution of Iceland and the exposed Ice-
land crust contains evidence of several rift jumps over
the last 16 Ma (Semundsson, 1967, 1980, 1986; Jo-
hannesson, 1980; Palmason, 1981; Hardarson et al.,
1997; Hjartarson, 2003). It has been proposed that a
complete rift cycle in Iceland lasts for at least 12 Ma
from initial propagation to extinction (Hardarson et
al., 1997).

The control on rift-jumping is probably related to
the interaction of the mantle plume with the overly-
ing, migrating, lithospheric plate. Relocation of active
magmatism towards the plume may simply be a re-
sponse to this migration. What remains unclear, how-
ever, is whether relocation is triggered by episodic in-
crease of magmatic productivity from the plume cen-
tre (Vogt, 1971, 1983; Schilling, 1973; Schilling et al.,
1982) or if the thermal structure generated by plume-
ridge interaction militates against continued magma-
tism remote from the plume centre. The first implies
that deep seated processes inherent within the man-
tle plume trigger ridge relocations (Schilling, 1973;
Schilling et al., 1982), whereas the second points to
shallow processes, where ridge relocations are simply
the result of the gradual migration of the spreading
axis away from the plume centre (e.g. Hardarson et
al., 1997).

Well documented rift relocations in the geologi-
cal record of Iceland are shown in Table 1. The NW
rift zone (Figures 1 and 3) is thought to have formed
some 24 million years ago west of the NW Penin-
sula (Hardarson et al., 1997). It was active for 8—10
million years (until about 15 Ma), but then the fo-
cus of spreading shifted to the east forming the SH
rift which was active for another 8—10 million years
(Hardarson et al., 1997). However, about 6 million
years ago active spreading was relocated to its present
location (Figure 1) forming the WVZ and the NVZ
(Semundsson, 1974, 1980; Jéhannesson, 1980; Krist-
jansson and Jonsson, 1998). The SH rift, however,
remained active until about 7-5 Ma (J6hannesson,
1980; Pringle et al., 1997). The most recent rift re-
location in N Iceland occurred when the Skagafjordur
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rift (Figure 3) became active at 1.7 — 1.6 Ma and a
temporary rift axis (failed rift) was generated (Hjar-
tarson 2003). Plio-Pleistocene rocks found at Skagi
and Skagfjordur point to this rift zone which may also
relate to the fissure swarm which extends north from
the active Hofsjokull central volcano in the MVZ. In
S Iceland the picture is more complicated as the EVZ
(Figure 1) seems to be an evolving spreading axis ini-
tiated about 2-3 Ma (e.g. Se@mundsson, 1980). Sub-
sequently spreading has taken place in both the WVZ
and the EVZ but is fading in the WVZ and increas-
ing in the EVZ (e.g. Jonsson et al., 1997; La Fem-
ina et al., 2005). The EVZ is propagating southwards
into crust that at depth may be 20 million years old,
and may with time replace spreading in the WVZ
(Szzmundsson, 1980; Einarsson, 1991; Foulger, 2006;
Gudmundsson, 2007). The rift relocation scenario de-
scribed above is the one most often referred to but
some variations have also been published (e.g. Jancin
et al., 1985; Foulger, 2006; Garcia et al., 2008).

The extent of rift jumps occurring during rift re-
locations has been somewhat unclear (e.g. Einarsson
1991; Helgason, 1984). The ongoing rift relocation
in S Iceland results in a 100 km displacement and the
displacement that took place during the rift relocation
at 6-7 Ma, when the SH rift zone was replaced by the
North Iceland rift zone, was around 130 km (given
a half spreading rate of 9.1 mm/yr). Since that time
the distance between the extinct and active rift axes
has increased to 190 km because of continued crustal
spreading.

BUILD UP RATES

Combined palaeomagnetic work and radiometric dat-
ing has shown that the buildup rate in the Tertiary ar-
eas varies between 0.4 km/Ma in W Iceland (Table 2)
to 2 km/Ma in N Iceland (see Kristjansson and Jons-
son, 2007). However, local variations are also seen, as
buildup may be expected to be slower at higher alti-
tudes and faster near volcanic centres. It has also been
suggested that variation in production rates is affected
by rift-relocations, the rate being highest just after the
rift has shifted to a new location (Pringle et al., 1999).
The average time interval between Tertiary lava flows
has been estimated at 10 ka in areas away from central



Tertiary volcanism in Iceland

Table 2. Buildup rates of the Iceland lava pile (partly from Kristjansson and Jonsson, 2007). — Upphledsluhraoi

islenska jarolagastaflans.

Area Ages (Ma) Thickness Rate References

(km) (km/Ma)
NW Rift 15-16 0.3 0.3 Pringle et al. (1999)
E-Iceland 3.3-134 8.5 0.8 Watkins and Walker (1977)
NW-Iceland (West) 11.5-14 4.1 1.8 McDougall et al. (1984)
NWe-Iceland (Central) 12-13.6 2.6 1.6 Kristjansson and Johannesson (1996)
NW-Iceland (East) 8-12 3.2 0.7 McDougall et al. (1984)
W-Iceland 2-7 3.5 0.7 Watkins et al. (1977)
W-Iceland 5-11.5 2.5 0.4 Kristjansson and Johannesson (1999)
Trollaskagi 9.5-11 2.5 1 Semundsson et al. (1980)
N-Iceland,lower
Trollaskagi 9-9.5 2.5 3.9 Saemundsson et al. (1980)
N-Iceland upper
N-Iceland 5-9 2.9 0.7 Kristjansson et al. (2004)
N-Iceland (West) 7.3-8.2 1.0 1.1 Kristjansson et al. (1992)
SW-Iceland 2-4.5 2.1 1.0 Kristjansson et al. (1980)

volcanoes (Kristjansson and Jonsson, 2007).

Near the axis of a gentle anticline in the Borgar-
fjorour region, midway between the extinct SH rift
zone and the presently active WVZ (Figure 1), an un-
conformity is overlain by thick sedimentary units (e.g.
Johannesson, 1980; Grimsson, 2007). Lava flows be-
low the unconformity originate from the SH rift zone,
whereas flows above originate from the current WVZ,
the oldest dating back to 6-7 Ma (McDougall et al.,
1977; J6hannesson, 1980). The oldest rocks from the
core of the anticline have been dated at about 13 Ma
(Moorbath et al., 1968) and the youngest lava flows
at 5—7 Ma (Moorbath et al., 1968; Aronson and Sa-
mundsson, 1975; Jéhannesson, 1980; Pringle et al.,
1997). The rocks immediately above the unconfor-
mity in NW Iceland represent the oldest exposed lava
flows from the SH rift zone and these are around
15 Ma old (Hardarson et al., 1997). The initiation
of the SH rift has not been dated but apparently ac-
tivity had slowed down by 9 Ma and the rift had died
out by 7-5 Ma (Jéhannesson, 1980; Kristjansson and
Jonsson, 1998, Pringle et al., 1997). The final stages
of the NW Iceland rift zone, which became extinct by

15 Ma, have been identified and show that about 8
million years separate these two rift extinction events
(Hardarson et al., 1997). However, this does not re-
veal the duration of a full rift zone cycle from initial
propagation to extinction.

CRUSTAL ACCRETION PROCESSES

Proposed models of crustal structure and accretion of
the Tertiary areas generally assume that they were
formed within rift zones and subsequently drifted to
the present position through sea-floor spreading (e.g.
Walker, 1965; Gibson and Piper, 1972; Semundsson,
1980; Palmason, 1986). Structural relationships in-
dicate that the lava pile grew in an axial rift zone
as lenticular units from elongated volcanic systems
which included dyke swarms intersecting the central
volcanoes. These units are thickest in the vicinity of
the central volcanoes.

Crustal accretion in Iceland today occurs predom-
inantly along the active rifts of the WVZ and EVZ
in the south, and the NVZ in the north (Figure 1).
The volcanic productivity is anomalously high rela-
tive to normal segments of the ridge, and the thin and
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weak lithosphere cannot support the mass of the vol-
canics, which therefore subside rapidly. The kinemat-
ics of crustal accretion has been modeled by a num-
ber of authors but, for Iceland, the quantitative model
of Palmason (1973, 1986) has been successful in ex-
plaining the structure, petrology and geochemistry of
the lava pile (e.g. Oskarsson et al., 1985, Steinthors-
son et al., 1985; Hardarson and Fitton, 1997).

In the Palmason model the mass of lava erupted
in the rift axis causes rapid subsidence and burial as
spreading proceeds, such that flows erupted closest to
the axis form the deepest parts of the lava pile (Fig-
ure 4). Only flows erupted or emplaced more than
~15 km from the axis will remain in the top 2 km
of the crust and therefore be available for future sam-
pling. The total relief in the deep valleys of NW and
E Iceland never exposes lava flows deeper than 2 km
in the lava pile at any given location. The Tertiary
lava pile in E Iceland away from central volcanoes
represents an eruption rate equivalent to one lava flow
approximately every 10 ka in each measured profile
(Watkins and Walker, 1977; see Kristjansson and Jon-

SURFACE THERMAL 400
GRADIENT °C/KM

sson, 2007). This is a significantly lower eruption rate
than that experienced at any location in the axial rift
zone and is consistent with the observable part of the
Tertiary pile consisting mostly of the distal parts of
lava flows large enough to have escaped the rift axis
or rocks that were emplaced close to the flanks (Hard-
arson and Fitton, 1997).

The Palmason model is further supported by geo-
chemical arguments. It has been shown that the bulk
of Tertiary and Plio-Pleistocene basalt lavas are re-
markably uniform in composition regarding isotope
and trace element ratios, much more so than basalt
erupted in the neovolcanic zones (e.g. Hardarson and
Fitton, 1994, 1997). The apparent lack of depleted
lava flows in the Tertiary lava pile is also consistent
with the model for crustal accretion in Iceland. The
most depleted samples found in the neovolcanic zones
invariably seem to be small-volume olivine basalt or
picrite flows, which are only generated through the
highest degrees of partial melting, probably follow-
ing removal of the more easily fusible parts of a het-
erogeneous source (e.g. Hardarson and Fitton, 1997).

HEAT FLOW
6 e

200°C
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= 600°C
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Figure 4. The Palmason (1986) model of crustal accretion in Iceland. The diagram represents a section through
the crust across the axial zone, showing isotherms (solid lines), isochrons (broken lines) and material trajectories
(white lines with arrows) — Likan Guomundar Pdlmasonar synir uppbyggingu og myndun jaroskorpunnar.
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Such flows are apparently confined to the actively-
spreading sections of the axial zone and are not likely
to escape from the axial zone. According to the
Palmason model, these flows will ultimately be pre-
served only in the deeper parts of the crust never to be
seen again. Thus, the Tertiary basalt record is heavily
biased against small-volume rift axis flows.

Large flows, on the other hand, which originate
within the axial zone and spread far, or rocks that are
emplaced at the rift flanks, become preserved in the
accessible part of the future lava pile. These origi-
nate from magma reservoirs that can effectively ho-
mogenise the input primary magmas and thereby rep-
resent the average of the available mantle components
at any given time (Hardarson and Fitton, 1997). It
has been shown that such rocks found in the neovol-
canic zones today are indeed relatively homogeneous
in composition and are comparable in composition to
the Tertiary and Plio-Pleistocene lava pile (Hardarson
and Fitton, 1997).

EXCESS SPREADING?

North Atlantic spreading rates are well known from
calculations based on magnetic anomalies parallel to
the Mid-Atlantic Ridge and on radiometric dates. The
average sea-floor spreading north and south of Iceland
is about 1.8 cm/yr and has been estimated to be the
same on land (e.g. DeMets ef al., 1990). These ob-
servations, however, lead to some discrepancies, first
noted by Walker (1975). The oldest rocks, around 14—
16 Ma, are found at the tip of peninsulas in E and
NW Iceland, separated by 480 km. If this age is mul-
tiplied by the spreading rate the outcome is 15 Ma x
18.3 mm/yr = 275 km. This predicted width is about
40% less than the actual width of the country.
Hjartarson (2006) has calculated the drift of 25 re-
liably dated central volcanoes of Tertiary and Plio-
Pleistocene age. All of them seem to have drifted
farther than can be explained by the crustal spread-
ing rate in the North Atlantic. The mean distance
from their suggested place of origin is on average
70% greater than expected which could imply excess
spreading in Iceland. The spreading also seems to
have been symmetrical at the axis with fairly similar
rates towards east and west through time. The sug-
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gested excess spreading rate, however, does not ap-
pear in GPS-measurements monitoring the continu-
ous crustal spreading in Iceland (e.g. Sigmundsson,
2006). Therefore, it must be discontinuous and al-
though it seems regular on a long-time scale it does
not show up in the short-time GPS-data sets available.
Another problem is, that if the active rift zones in Ice-
land were indeed spreading at a rate faster than in ad-
jacent parts of the North Atlantic then there should
be evidence of deformation around Iceland, and such
evidence is lacking.

Efforts have been made to solve the problem by
assuming that ancient oceanic crust or a hidden piece
of continental crust is located somewhere below the
surface between the rift axes (e.g. Foulger and Ander-
son, 2005; Foulger, 2006). This could explain the ap-
parent extra width of Iceland. However, this does not
explain how far many central volcanoes have reached
from their suspected place of origin. Whatever the
underlying cause it is obvious that there are discrep-
ancies between rates and dates in Iceland.

GEOCHEMISTRY

The first modern description of the general petrol-
ogy of Iceland was that of Martin A. Peacock (1925,
1931). His interest was sparked by the rock collec-
tion of Sir George S. Mackenzie, and the basis of his
work was a visit to Iceland in 1924 in the company
of G. W. Tyrrell. Peacock (1925) divided the Iceland
rocks into pre-glacial (Miocene), inter-glacial (Plio-
Pleistocene) and post-glacial (Recent) formations. He
(Peacock, 1925, 1931) distinguished between two
principal rock series, which according to him were
an early calc-alkalic series with rhyolitic differenti-
ates, and an inter- and post-glacial series of mildly
alkalic character with trachytic differentiates. Pea-
cock’s chronological division was on the same lines as
Holmes (1918), who had divided the Icelandic rocks
into three groups, post-glacial, Quaternary (basalt in
part ice striated) and Tertiary basalt.

Subsequent research has shown that the Tertiary
rocks in Iceland belong to the tholeiitic series, rang-
ing from picrite through to rhyolite, but picrites are
relatively rare (Jakobsson, 1980). The abundance of
evolved rocks in Iceland has long been recognised
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and several estimates have been made of their relative
abundance. For example, Walker (1966) found that
approximately 10% of the Tertiary volcanic succes-
sion in E Iceland is made of silicic rocks. Jakobsson
et al. (2008) found the abundance of silicic rocks in
Recent and Upper Pleistocene formations to be 11%.
The silicic rocks are exclusively seen in central volca-
noes and intrusives, some of which do not appear to
be connected to central complexes.

Most of what we know about the geochemical
composition of Iceland at present comes from studies
on the neovolcanic zones, that is on basaltic rocks less
than about 0.8 million years old. Studies on the Ter-
tiary rocks of Iceland have mostly been confined to
the central complexes and intrusive rocks which are
of limited use for petrogenetic studies because they
are composed largely of evolved rocks and have of-
ten suffered from the effects of hydrothermal alter-
ation. However, Wood (1978, 1979) and Wood et
al. (1979) published a large data set for major and
trace elements, including REEs, on basalt from a well-
known palacomagnetic stratigraphic traverse in E Ice-
land (e.g. Watkins and Walker, 1977). Further data
on the E Iceland section comes from the Iceland Re-
search Drilling Project (IRDP) which was undertaken
in the late seventies and the results were published in
the Journal of Geophysical Research (vol. 87, no. BS,
1982). Bailey and Noe-Nygaard (1976) published a
number of major and selected trace element analy-
ses from a profile in NW Iceland and Schilling ez al.
(1982, 1983) published rare earth element results of
basalt broadly distributed throughout Iceland includ-
ing the E, NW and W Tertiary areas. Schilling et al.
(1982, 1983) suggested that blobs rather than a con-
tinuous plume may be rising under the region.

Published radiogenic isotope data from the Ter-
tiary lava pile are mainly for Sr, Nd and Pb (e.g. Welke
et al., 1968; O’Nions and Pankhurst, 1973; Sun and
Jahn, 1975; O’Nions et al., 1976, 1977; Wood et al.,
1979; Hanan and Schilling, 1997; Hardarson et al.,
1997; Hanan et al., 2000). Helium isotope ratios have
been measured in rocks from NW Iceland and they
show among the highest *He/*He values yet reported
for mantle plumes. Isotope data from these rocks
may provide one of the best estimates of the He-Sr-
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Nd-Pb-isotope systematics of the mantle component
common to many plumes (Hilton et al., 1999; Ellam
and Stuart, 2004). Several studies have revealed that
oxygen isotopes show exceptionally low §'%0 in the
more evolved basalt in the rift zones of Iceland and
that these values could not be of mantle origin only.
It appears that the Icelandic crust is progressively de-
pleted in 6'80 with depth as a result of oxygen iso-
topic exchange with, or assimilation of low-§'20 hy-
drothermally altered basalt. As with He-isotopes, few
studies have been carried out on oxygen isotope ratios
in Icelandic Tertiary rocks. However, the results on
mineral separates indicate that the Tertiary rocks are
affected in the same way as in the rift zones but they
have also been subject to secondary alteration which
raises the §'%0 values in whole-rock samples (Hat-
tori and Muehlenbachs, 1982; Jonasson et al., 1992;
Hardarson, 1993; Gautason, 2000).

It was mentioned earlier that while the Tertiary
lava flows do show some impressive and systematic
compositional variations, these are small compared to
the diversity of recent magmatism in the neovolcanic
zone. The only known exception to this general rule
is basalt from the far NW of Iceland beneath an un-
conformity that marks the end of magmatic activity in
the NW Iceland rift (Hardarson et al., 1997). In addi-
tion, depleted basalt has not been found in the Tertiary
lava pile. This was noted by Schilling et al. (1982),
who interpreted it as evidence for a recent influx of
N-MORB-source mantle into the melt zone beneath
Iceland and suggested that the plume is currently en-
tering a declining phase. However, Hardarson and Fit-
ton (1997) suggested that this could simply be an ar-
tifact of crust-forming processes consistent with the
Palmason (1986) crustal accretion model.

One explanation for the extreme elemental and
isotopic variability of neovolcanic basalt might be
that these have fortuitously sampled different mantle
sources to the bulk of Tertiary activity. However, it is
also possible that only rift zone magmas sample the
mantle at a small enough scale to reveal the full range
of mantle heterogeneity beneath Iceland. By contrast,
the bulk of Tertiary lava flows were either erupted on
the rift flanks or represent rift-zone flows large enough
to escape the rift zones and thus be preserved within



the Icelandic crust that is available in outcrop in agree-
ment with PalmasonSs (1986) model. Thus, the com-
position of the Tertiary lavas may represent an average
of the available mantle reservoirs at any given time,
whereas, the neovolcanic basalt records more of the
compositional range. Depleted basalts erupted in the
neovolcanic zones are compositionally distinct from
N-MORB and their absence from the Tertiary suc-
cession could therefore be a product of preservation
rather than the result of waning plume activity (Fitton
et al., 1997, Hardarson and Fitton, 1997).

In a classic paper O’Nions and Pankhurst (1973)
reported a secular decrease in the 87Sr/%Sr of Ice-
landic basalt from around 0.70345 at 15 Ma to about
0.70315 for late- and postglacial basalt (O’Nions et
al., 1976). This could indicate variable degrees of
disequilibrium partial melting of a grossly homoge-
nous mantle source, partial melting of a heteroge-
neous mantle source, or mixing of two or more man-
tle sources, with the plume activity decreasing since
15 Ma. Another explanation is that this variation
and the apparent secular decline in LREE enrichment
from Tertiary to Recent times resulted from pulsat-
ing mantle plume activity (fading output of the prim-
itive plume portion), or increasing plume tempera-
ture, which may also be responsible for rift jumping
(Schilling et al., 1982, 1983; White et al., 1995). Pb
isotopes also show a secular variation, with the high-
est 296Ph/204Pp found in 7-8 Ma basalt, coinciding
with the formation of one of the V-shaped ridges (Fig-
ure 5) south of Iceland (Hanan and Schilling, 1997,
Hanan et al., 2000). This may suggest a link be-
tween a pulsing plume and crustal accretion on the
Reykjanes Ridge. However, the range in Sr and Nd
isotopic ratios from the extinct rift axis in NW Ice-
land is comparable to the range seen in the presently
active rift zone which indicates that similar sources
have been available through the geological history of
the island (Hardarson et al., 1997). To complicate
things though, the bulk of the NW rift lava flows show
Pb isotope ratios that plot within the field of Atlantic
MORB, but such basalt has not yet been found else-
where in Iceland ( Hardarson et al., 1997). It is quite
clear from the above that the Iceland Tertiary holds
many geochemical secrets still to be revealed.

Tertiary volcanism in Iceland

V-SHAPED RIDGES

Prominent diachronous V-shaped features in the grav-
ity field along the Reykjanes Ridge south of Iceland
(Figure 5) are generally interpreted as the effects of
pulses, at 5 to 10 Ma intervals, of hotter (and therefore
more readily melted) mantle moving down the ridge
away from the plume (Vogt, 1971, 1983; Schilling et
al., 1982; White et al., 1995; White and Lovell, 1997;
Ito, 2001; Jones et al., 2002). The troughs (blue in
Figure 5) between successive V-shaped ridges (in red)
may, however, result from relocation of the spread-
ing centre caused by the Mid-Atlantic Ridge drift-
ing slowly to the northwest with respect to the plume
centre (Hardarson et al., 1997). The plume period-
ically recaptures the spreading centre by initiating a
new segment of ridge to the southeast of the old one
which is therefore left stranded and dies. A reduction
in plume flux down the dying rift axis during these
periods of relocation may explain the V-shaped fea-
tures without the need for a pulsing plume. The only
occurrence of depleted basalt in the Icelandic Tertiary
lava pile is in flows formed within the NW Iceland
rift (Figure 1). These flows are composed of depleted
basalt resembling that generated from ambient upper
mantle (true N-MORB), in contrast to depleted basalt
from the neovolcanic zone, and were erupted from a
dying rift axis immediately before spreading relocated
to the southeast (Hardarson et al., 1997). This ap-
parent influx of depleted ambient upper mantle also
coincided with the time (15 Ma) when a trough be-
tween two of the V-shaped ridges began to propagate
from Iceland. This can be seen in Figure 5, which
shows that the outer of the two prominent blue V-
shaped troughs extrapolates to the extinct NW Iceland
rift (Figures 1 and 3). The inner of the two troughs
similarly extrapolates to the extinct SH rift implying
a causal link between spreading-centre relocation and
the V-shaped features, and giving cause to question
the generally accepted pulsing-plume hypothesis. A
reduction in plume flux down the dying rift axis dur-
ing periods of relocation may therefore explain the V-
shaped features without the need for a pulsing plume.

It is also clear that key geochemical source indi-
cators, like Zr, Nb, Y and Sr-, Nd- and Pb isotope
ratios, oscillate with time during the period immedi-
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Figure 5. Free-air gravity field around Iceland from satellite altimetry (Sandwell and Smith, 1997). The
V-shaped features centred on the Reykjanes Ridge southwest of Iceland are interpreted as variations in the
thickness of the ocean crust (thicker in red, thinner in blue). They imply pulses of hotter-than-normal mantle
propagating away from Iceland and are taken as strong evidence for pulsing of the Iceland plume. Alternatively,
they may be due to interruptions in the flow of plume mantle down the Reykjanes Ridge at times of rift relo-
cation. The active rift zones in Iceland are shown in gray. V-shaped ridges extrapolate to the extinct NW-rift
and the Snafellsnes-Hunafléi rift (Figures 1 and 3) — Tulkun pyngdarmeelinga synir legu V-laga hryggja par
sem raudur litur tdknar pykka jardskorpu og bldr punna skorpu. Hryggina md tilka sem afleidingu misvirks
mottulstroks eda rekbeltaflutninga. Lega V-laga hryggja fellur ad kulnudum rekhryggum iiti fyrir Vestfjoroum

og Sncefellsnesi.

ately before the ridge jump (e.g. Hanan and Schilling,
1997; Hardarson et al., 1997). This observation im-
plies that there are significant variations in the melt
regime and/or source composition during this critical
period. The substantial N-MORB component seen in
lava flows from the NW Iceland rift, suggests that de-
pleted upper mantle can only influence the composi-
tion of Icelandic basalt in a dying rift that is too far
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from the plume centre to be dominated by plume man-
tle. However, whether or not the Iceland plume is a
pulsing phenomenon remains unresolved for the time
being.
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AGRIP

Jardsaga Islands er ndtengd atburdum, sem 4ttu
sér stad fyrir um 60 milljén drum, pegar {s-
lenski méttulstrokurinn kom undan meginlandsskorpu
Granlands og Nordur-Atlansthafid ték ad myndast.
Frd peim tima hefur samspil Islands og méttulstréks-
ins skipad veigamikinn sess  jardségu svadisins. Is-
land, eins og vid pekkjum pad { dag, ték ad mynd-
ast fyrir um 20 milljén drum, pegar pl6tuskil Evrasiu-
og Amerikuflekanna rak yfir méttulstrokinn. Ekki
er Oliklegt ad einhvers konar landbrd hafi verid til
stadar milli meginlanda Ameriku og Evrépu um hrid
eftir ad Nordur-Atlanshaf tok ad opnast. Flekakerf-
10 1 heild sinni rekur hagt til nordvesturs midad vid
mottulstrékinn og eftir ad plotuskilin rak vestur yfir
mottulstrokinn hafa rekbelti landsins ferst til austurs
i rekbeltaflutningum (myndir 1 og 3). Slikir atburdir
hafa 4tt sér stad nokkrum sinnum { jardségu landsins
og hafa peir skilid eftir ymis ummerki { jardlagastafi-
anum. Samhverfir V-laga hryggir og pyngdarfravik
er finna m4 4 Reykjaneshrygg sudur af Islandi (mynd
5) benda til ad pykknun tthafsskorpunnar 4 pessum
slédum orsakist af heitu moéttulefni, sem streymir fra
mottulstréknum { pilsum med nokkurra milljéna dra
millibili. Petta matti skyra 4 pann hatt ad islenski
mottulstrékurinn s€ misvirkur en pé er hugsanlegt ad
hryggirnir myndist vegna 6reglu { méttulfleedi samfara
rekbeltaflutningum.

St hefd hefur skapast 4 Islandi ad skipta jard-
sogu landsins 1 fjogur timabil.  Jardlog er til-
heyra bldgrytismynduninni (Tertier) eru 3,3—16 millj-
on dra, gragrytismyndun (Plié-Pleistosen) er 0,8-3,3
milljén dra, mdébergsmyndunin (efra Pleistésen) er
0,015-0,8 milljén dra en jardlog sidjokultima-nitima
(Holocene-late glacial) eru yngri en 15 pisund dra (1.
mynd). Bldgrytis- og gragrytis myndanirnar eru um
pad bil helmingur af flatarmdli landsins. Bldgrytis-
staflinn er tiltdlulega einsleitur, vidast byggdur upp
af 5-15 m pykkum hraunl6gum, sem hladast hvert
ofan 4 annad, en 4 milli peirra sitja punn 16g (raud
millilog) af gososku. Stundum md pé sjd pykk set-
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16g, sem oft hafa myndast vegna rofs pegar eldvirkni
i tilteknum eldstodvakerfum lauk eda pegar rekbeltin
fluttu sig um set en einnig hafa setlagabunkar mynd-
ast { vatni og { sj0, peirra fregastur eru Tjorneslogin.
[ blagrytismynduninni bregdur fra fibreytileikanum
par sem kulnadar megineldst6dvar skjéta upp kollin-
um. I peim finnst préad berg (liparit), sem idulega er
ummyndad vegna jardhita og jardlagastaflinn kring-
um per er oft éreglulegur og brotinn. Ekki faerri en
40 megineldstodvar eru pekktar 1 bldgrytisstaflanum
og er talid ad per hafi verid virkar { 0,3 til lidlega 1
milljén ar.

Upphledsuhradi jardlagastaflans er &di misjafn en
a0 jafnadi hefur eitt hraun runnid 4 hverjum 10 pus-
und drum utan megineldstodvannaen upphledsluhrad-
inn er mun meiri { ndgrenni peirra. Jardefnafraedi
blagrytissveedanna er toluvert einsleitari en { bergi
hinna virku rekbelta. Hugsanleg skyring felst { pv{
hvernig jardskorpa landsins byggist upp og préast (4.
mynd). Einsleitni samsetningar hraunanna er brotin
upp 4 svedum fornra rekhryggja og 4 peim timaskeid-
um pegar rekbelti faerdu sig um set.
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